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How does road networks impact
cultivated land multifunctionality?
The role of land fragmentation:
evidence from Hubei Province,
China

Fan Liu?, Weiyan Hu'*, Min Min?, Tian Liu?, Shixiang Li* and
Qi Rong*

!College of Public Administration, Huazhong Agricultural University, Wuhan, China, 2College of
Resources and Environment, Henan University of Economics and Law, Zhengzhou, China

Understanding the influence mechanisms of road networks on cultivated land
multifunctionality (CLM) is critical for optimizing territorial spatial patterns and
achieving sustainable cultivated land resource management. This study considers the
mediating role of cultivated land fragmentation (CLF) and constructs an analytical
framework of “road networks—CLF-CLM" to investigate the impact of road network
accessibility and transfer capacity on CLM in Hubei Province from 2013 to 2022. The
results show that: (1) The enhancement of road network accessibility and transfer
capacity significantly improved the overall level of CLM, promoting production
function and landscape cultural function but inhibiting ecological function. (2)
CLF plays a masking role in the relationship between road networks and CLM,
weakening the positive impact of road networks on the overall CLM. Specifically,
CLF exerted negative effects on production function and ecological function but a
positive effect on landscape cultural function. (3) The influence of road networks
on CLM exhibits variability across major function-oriented zones (MFOZs). These
findings provide a theoretical basis for collaborative among transportation, territorial,
and agricultural departments to develop differentiated road network optimization
plans and zoning strategies for CLF management, thereby promoting synergistic
enhancement of CLM.

KEYWORDS

road networks, cultivated land multifunctionality, cultivated land fragmentation,
major function-oriented zone, Hubei Province

1 Introduction

Road construction (e.g., building all-weather roads), as a key agenda item of the United
Nations Sustainable Development Goals (SDGs), has become a priority infrastructure strategy
for numerous countries and regions worldwide. As of 2022, the global road network totaled
over 36 million kilometers, with an additional 25 million kilometers projected to be added by
2050 (Laurance et al., 2014; Microsoft, 2022). While the expansion of road networks
contributes to increased household income, rural-urban integration, and common prosperity
(Lu et al,, 2022a), it simultaneously encroaches directly and indirectly upon cultivated land
resources (Xiao et al., 2018; Fieden, 2019), threatens food security (Chai et al., 2019), and
degrades the ecological and social security functions of cultivated land (Yu et al., 2019). This
poses significant challenges to the protection of CLM and sustainable agricultural and rural
development. Against the backdrop of persistent global population growth, sharp biodiversity
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declines, and increasing extreme climate events, cultivated land’s
multifunctional roles - encompassing food production, ecological
conservation, climate regulation, and cultural recreation —are under
unprecedented pressure. The sustainable protection and utilization of
cultivated land multifunctionality are thus crucial for agricultural and
rural development. Notably, multifunctionality exhibits distinct
regional characteristics (Wilson, 2009). The combination of CLM
types, developmental levels, and optimization strategies highly
depends on regional resource endowments and developmental
objectives (Jiang et al., 2020). Therefore, formulating differentiated
road network planning and management strategies based on regional
resource endowment characteristics to promote the multifunctional
protection and utilization of cultivated land has emerged as a critical
scientific issue and policy challenge. Addressing this challenge is
essential for achieving sustainable management of cultivated land
resources and reconciling economic development with
conservation imperatives.

Current research has primarily focused on the positive and
negative impacts of roads on specific functions of cultivated land.
Examples include enhanced agricultural output (Tong et al., 2013) and
agritourism development (Tang et al., 2022), or induced negative
effects such as soil heavy metal pollution and biodiversity decline (Wu
et al., 20145 Bennett, 2017; Kim et al., 2017). However, three critical
research gaps remain inadequately addressed. First, road network
characteristics are understudied. Current research on roads’ effects on
cultivated land functions predominantly relies on socio-economic
statistical data to represent road attributes (Tong et al., 2013; Tang
et al,, 2022), resulting in limited attention to detailed road network
characteristics. Second, the underlying mechanism remains unclear.
As physical landscape elements, road networks fragment and occupy
cultivated land, leading to CLF (Asadi et al., 2016; Xiao et al.,, 2018).
CLF is significantly linked to the manifestation of cultivated land’s
production, ecological, and landscape cultural functions (Fathi and
Masnavi, 2014; Looga et al., 2018; Pu et al.,, 2024). Crucially, however,
the specific pathway through which road networks influence CLM via
CLF has not been explicitly investigated or reported. Third, regional
heterogeneity is insufficiently explored. Although studies have
examined the influence of road density and proximity on CLM (Gong
et al,, 20225 Fan et al,, 2023), and investigated the heterogeneity of
factors affecting cultivated land functions across MFOZs (Shi and Liu,
2023), a systematic analysis of the regional variability in road
networks impact on CLM, particularly the differences between
distinct MFOZs, is still lacking.

This study aims to explore the impact of road networks on the
CLM, specifically focusing on the mediating mechanism of CLE, in
order to narrow the research gap regarding the mechanisms through
which road networks influences CLM, and attempt to address the
following research questions: (1) Does the road network affect the
CLM? (2) How does the road network affect CLM through the CLF?
(3) Do the impacts of road networks on CLM vary across major
function-oriented zones? First, we constructs a theoretical analysis
framework “road networks - CLF - CLM,” through a literature review,
and conducts an empirical examination using Hubei Province as a
case study. As a major transportation hub and grain production base
in China, Hubei Province has been facing multiple challenges in
recent years, including road network expansion, reduction in
cultivated land area, declining land quality, and degradation of
ecological functions, providing a highly relevant real-world context
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for this research. Using the data of Hubei Province in 2013 and 2022,
this study employ a fixed effect model to explore the impact of the
road network on CLM, and a mediating effect model to quantify CLF’s
mediating role, and grouped regression analyses to assess
heterogeneity in impacts across MFOZs. The findings provide a
scientific basis for optimizing road network planning and advancing
CLM protection and utilization.

2 Literature review and mechanism
analysis

2.1 Research on cultivated land
multifunctionality assessment and
influencing factors

Classification and quantitative assessment of cultivated land
multifunctionality (CLM) form the foundation of research. Wilson
(2009) emphasized that CLM exhibits regionally embedded
characteristics, requiring classification based on specific socio-
contextual settings. For instance, the European Union (EU), a major
global grain producer, focuses on resource conservation, recreational
spaces, and landscape cultural functions to avoid overproduction (Vos
and Meekes, 1999). Japan, prone to natural disasters, prioritizes the
disaster prevention and mitigation functions of cultivated land
(Masuda et al., 2022). African nations place greater emphasis on
functions like land-based food security, livelihood sustenance and
improvement, and environmental protection (Simelton et al., 2019).
Chinese scholars frequently categorize CLM into production,
ecological, landscape cultural, and social security (livelihood support)
functions (Fan et al., 2023; Liu et al., 2023). Despite variations in
classification systems across regions and socio-economic contexts, a
consensus exists on partitioning cultivated land functions into
production, ecological, and landscape cultural dimensions. Building
on this framework, researchers employ value-based (Liu et al., 2023)
and comprehensive indicator methods (Jiang et al., 2020; Fan et al.,
2023)to quantify CLM. Among these, the comprehensive indicator
approach is widely adopted in CLM assessments due to its accessibility
of data and computational simplicity. Utilizing this method, scholars
have subsequently investigated the spatiotemporal evolution, supply-
demand matching, and trade-oft/synergy relationships of CLM
(Zhang et al., 2021; Gong et al., 2022; Liu et al., 2023).

Cultivated land constitutes a complex system integrating natural
and socio-economic elements, with its multifunctionality emerging
from the integrated effects of these system components (Jiang et al.,
2020; Zou et al., 2021). Consequently, investigating the drivers of CLM
from the perspective of natural and socio-economic factor inputs has
gained significant scholarly attention. Regarding natural factors, one
strand of research focuses on internal elements such as temperature,
precipitation, and soil type within the cultivated land system and their
impact on CLM (Zhao et al, 2021). Another strand emphasizes
landscape-level processes, examining complex ecological interactions
among landscape elements. This approach aims to enhance CLM—
particularly production and ecological functions—by optimizing
landscape configuration around cultivated land to improve pollination
services, biodiversity, microclimates, and hydrological conditions
(Robinson et al.,, 2022; Xin et al., 2024). For socio-economic factors,
some scholars explore micro-level agricultural practices, analyzing
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how fertilizer inputs affect both crop production functions and
environmental functions like biodiversity and greenhouse gas
emissions (Ullah et al, 2020). Others adopt a macro-policy
perspective, examining the influences of urbanization, socio-
economic development, and trade policy interventions on CLM
(Moon, 2010; Yu et al., 2019; Shi and Liu, 2023). However, how natural
and socio-economic factors interact synergistically to enhance CLM
requires further exploration.

2.2 Road networks, cultivated land
fragmentation, and cultivated land
multifunctionality

As conduits for factor mobility, roads influence the spatial flow of
input and output elements at both natural and socio-economic levels,
thereby facilitating the manifestation of cultivated land functions. On
the one hand, numerous studies recognize roads’ positive role in
enabling the flow of socio-economic factors such as fertilizers,
agricultural technologies, and machinery, contributing significantly to
enhanced agricultural output and land use efficiency (Tong et al,
2013; Lu et al,, 2022b). Tang et al. (2022) further demonstrated that
roads facilitate urban-rural population mobility, increasing demand
for agricultural open spaces, pastoral landscapes, and rural culture,
thereby promoting agritourism development and elevating the
landscape cultural function of cultivated land. Conversely, other
literature examines the negative impacts of roads, including the
dispersal and deposition of tire wear particles, fuel exhaust, and heavy
metal dust, which detrimentally affect surrounding soil quality,
farmland biodiversity, ecological integrity, and ecosystem services
(Wu et al., 2014; Bennett, 2017; Kim et al., 2017; Zhou et al., 2020).
While the aforementioned research primarily focuses on roads’
impacts on singular functions of cultivated land (production, ecology,
or landscape culture), studies by Gong et al. (2022) and Fan et al.
(2023) acknowledge roads’ influence on CLM, yet treat roads merely
as control variables. Consequently, dedicated systematic research
specifically investigating roads’ impact on CLM remains relatively
scarce. Furthermore, Shi and Liu (2023) identified heterogeneity in
CLM influencing factors across MFOZs, necessitating differentiated
protection and utilization policies. Critically, however, whether the
influence of roads on CLM exhibits similar heterogeneity across
MFOZs has not received adequate scholarly attention.

Roads exhibit dual attributes, serving not only as conduits for
factor mobility but also as significant physical landscape elements. The
expansion of road networks occupies and fragments cultivated land
resources. CLF characterized by small plot sizes, spatial dispersion,
and irregular shapes (Li and Cai, 2022), is closely linked to input
factors and its complex effects on cultivated land functions have
prompted scholarly debate. One body of research emphasizes CLF’s
negative impacts, arguing that compared to large, contiguous plots,
small and scattered parcels restrict agricultural machinery use and
increase reliance on fertilizers and pesticides (Zenka et al., 2016; Wang
et al., 2020). This not only adversely affects agricultural productivity,
crop yields, and output value (Latruffe and Piet, 2014; Looga et al.,
2018) but also poses threats to the ecological environment of cultivated
land. Conversely, other literature acknowledges potential benefits of
CLE Studies suggest CLF enables farmers to access plots with diverse
soil types, slopes, and microclimates, promoting diversified cropping
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systems (Latruffe and Piet, 2014; Qiu et al., 2020) and enhancing
landscape attractiveness (Fathi and Masnavi, 2014). Critically,
however, empirical investigation into whether road networks influence
CLM through CLF remains lacking.

Generally speaking, current research has explored the impacts of
natural and socio-economic factors on CLM from a cultivated land
system perspective, revealing heterogeneity in their effects across
different MFOZs. As a critical conduit for the flow of both natural and
socio-economic elements, road networks not only exert direct
influences on CLM but may also indirectly affect CLM through their
impact on CLE Multiple Centrality Assessment, a widely adopted
method for characterizing road networks, comprehensively captures
a networK’s capacity for facilitating factor mobility and its spatial
layout as a physical entity. This approach incorporates road hierarchy,
design speed, actual distance, and network connectivity, utilizing
closeness centrality and betweenness centrality metrics to quantify
road network accessibility and transfer capacity, respectively (Liu
etal., 2016; Chakrabarti et al.,, 2022). Consequently, this study employs
closeness centrality and betweenness centrality to measure road
network accessibility and transfer capacity, analyzing their structural
characteristics to elucidate the direct and CLF-mediated pathways
through which road networks influence CLM, while also examining
differential effects across MFOZs. Figure | presents the resulting
theoretical framework.

3 Materials and methods

3.1 Study area

Hubei Province, situated in central China, serves as a core growth
pole driving the development of the middle reaches of the Yangtze
River urban agglomeration, holding significant strategic importance.
In recent years, the provincial government has consistently
strengthened investment in transportation infrastructure, accelerating
road network expansion. By the end of 2022, Hubei’s total road
mileage reached 3.02 x 10° kilometers, an increase of 7.53 x 10*
kilometers (33.17%) compared to 2013 (National Bureau of Statistics,
2023), solidifying its role as a vital national transportation hub
strategically connecting eastern, western, southern, and northern
China. Simultaneously, as a crucial production base for cotton, grain,
and oil crops, Hubei faces severe challenges in cultivated land resource
protection and sustainable utilization. By the end of 2022, its cultivated
land area stood at 4.70 x 10° hectares, representing a decrease of
5.64 x 10° hectares since 2014 (National Bureau of Statistics, 2023).
The province also contends with declining cultivated land quality and
non-point source pollution. In 2019, the proportion of high-quality
cultivated land declined to 50.11% from 50.88% a decade earlier, with
total pollution reaching 2.66 x 10° tonnes. This positions Hubei within
the high-pollution intensity cluster of the middle-lower Yangtze grain
production base, experiencing significant cultivated land degradation
and ecological pressure (Cai et al., 2024; Wen et al., 2024). The
concurrent pressures of road network expansion and complex issues
like declining cultivated land quantity, quality deterioration, and
ecological function degradation underscore the critical challenge
Hubei faces: optimizing road network planning to promote CLM
protection/utilization and reconciling regional development with
conservation. Implementing its Major Function-Oriented Zoning

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1686176
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Liu et al. 10.3389/fsufs.2025.1686176
[ Road networks ]
Mediation
effect
Direct K K 3 Direct
effect Cultivated Land Fragmentation effect
” B
4 \

/ \

! \

| 1

| 1

I (!_H (_Y_MYB )

s Natural . Socio-eco: !

! Cultivated " |

1

| 1

| 1

| 1

| 1

| 1

| 1

I 1

| .

 \ Landform ) \  Urbanization ) :

| 1

1 ]

\ ’

\ 9 . s

t Heterogeneity analysis of the Main Functional-orented Zones ]
FIGURE 1
Theoretical framework diagram. PF, EF and LCF, respectively, represent the production function, ecological function and landscape cultural function of
cultivated land.

(MFOZ) Plan in 2013, Hubei delineated the province into Main
Agricultural Production Zones, Key Development Zones, and Key
Ecological Function Zones. These MFOZs exhibit significant
disparities in socio-economic development levels, natural resource
endowments, regional development demands, and manifested CLM
characteristics. Against this backdrop, this study employs Hubei
Province as a representative case to systematically investigate the
impact mechanisms of road networks on CLM and explore their
differential effects across MFOZs, offering valuable insights for similar
regions. Figure 2 shows an overview of the study area.

3.2 Data sources and processing

Following the implementation of Hubei Province’s Major
Function-Oriented Zoning Plan in 2013, this study selected 2013 and
2022 as critical temporal nodes for analysis, utilizing data spanning
land use, socio-economic statistics, agricultural production, points of
interest in leisure agriculture, temperature, precipitation, net primary
productivity, administrative boundaries, population, and road
network data from 2013 and 2022. Notably, the land use data from the
30 m (CLCD) land use dataset by Yang and Huang (2021), which
includes cultivated land, forest land, grassland, water area, wetland,
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snow and ice, construction land, and unused land across eight
categories. Additionally, administrative boundary, population density,
temperature, precipitation, and net primary productivity data were
sourced from the Resources and Environmental Science Data Center
of Chinese Academy of Sciences (http://www.resdc.cn/, accessed on 1
July 2024). Points of interest in leisure agriculture were acquired from
Amap (https://www.amap.com/, accessed on 1 July 2024), while road
network data was obtained from the Open StreetMap (OSM) website
(https://www.openstreetmap.org, accessed on 1 July 2024). Social and
economic statistics were drawn from the China Statistical Yearbook
(https://www.stats.gov.cn/sj/ndsj/, accessed on 1 July 2024) and China
Rural Statistical Yearbook (https://data.cnkinet/statisticalData,
accessed on 1 July 2024). Referring to Guo et al. (2023), this study
utilized the ArcGIS 10.2 “Create Fishing Grid” and “Intersect” tools to
unify the above spatial data into a 3 km x 3 km grid for analysis.

3.3 Empirical models
(1) Basic model: Panel fixed-effects model.
Panel fixed-effects models models effectively control for time-

invariant variables and mitigate endogeneity arising from omitted
variable bias. This study employs a panel fixed-effects model to analyze
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the impact of road networks on CLM in Hubei Province during the
2013-2022 period. The specific model is formulated as follows:

Yit =C+BiRA; ¢ +B2RT; ¢ +B3Z; ¢ + i +@; +&i¢

Where represents the function of cultivated land in the i-th grid
of year t, including CLM, production funtion, ecological function and
landscape cultural function; RA; and RTj; respectively represent
road network accessibility and transfer capacity of the i-th grid in the
t-th year; Z; , represents the control variable of the i-th grid in year t;
L indicates individual fixed effect, ®i indicates time fixed effect,
€i,t is the random disturbance term; C is a constant term, P1, B2 and
B3 indicates the coefficient to be estimated.

(2) Mediating effect model.

In this study, the following two models were constructed using
stepwise regression methods to investigate whether CLF plays a
mediating effect in the relationship between road network and
CLM. The equations are as below:

M; ¢ =C+B4RN; ¢ +B5Z; ¢ +p; + @5 +&i¢
Yit = C+PsRNj ¢ +B7Mj ¢ +BsZi¢ + 1 +0; +Eiy

Where M is the mediating variable, M;  represent CLF of the
i-th grid in the t-th year; RN; represents the road network
characteristics of the i-th grid in the t-th year, which, respectively,
include the road network accessibility and transfer capacity.
Ba, Bs, Bs, B7 and Ps indicates the coefficient to be estimated.
According to the mediation effect test steps, @ when B1 not
significant, the mediation effect does not exist, the termination of
the test; ® when B1, Ba, Bg, B7 all significant, indicating that M play
arole in conduction, X can be affected by Y through M, at this time
the total effect of X on Y is P1, the direct effect is B¢ , the indirect
effect is B4 XB7 . When the sign of the indirect effect and the direct
effect is the same, M plays the mediating effect; when the sign is
opposite, M plays the masking effect.

3.4 Variable selection and measurement

3.4.1 Dependent variables: cultivated land
multifunctionality

Combined with the actual situation of Hubei Province, this study
constructs the classification system of production function, ecological
function and landscape cultural function to evaluate the CLM, and the
calculation methods are as follows:

1. Production function: This refers to the capacity of cultivated
land to produce food crops and cash crops (Zhang et al., 2021),
quantified using the total crop emergy output over a specific
period. The calculation formula is as follows:

n

Ei,t = Zﬁ’j’t Xej XSJ‘
j=1
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SNPP,

E

,jst = NPP, ¢ X

it

E; represents the total crop energy output of grid i in year t; F ; ¢
denotes the total production of crop category j in grid i of year t, which
involves four major crop categories in the study area, including wheat,
rice, cotton, and oilseeds; €j, 8j are the energy value conversion
coeflicients and solar energy value conversion ratios of category j
crops, respectively, which were obtained with reference to the study
(Wang et al,, 2020); NPP, y is the net primary productivity of grid i in
year t, i.e., the total amount of dry matter accumulated by the
vegetation over a fixed period of time; SNPP, is the sum of net primary
productivity of cultivated land in each county in year t; §; is the total
county production of crop category j in year t obtained based on the
statistical yearbook.

2. Ecological function: This denotes the capacity of cultivated
land to provide ecosystem services, including soil and water
conservation, climate regulation, and biodiversity maintenance
(Van Huylenbroeck et al., 2007). Habitat quality serves as the
fundamental prerequisite and foundation for all ecosystem
functions and services. Therefore, this study quantifies the
ecological function using habitat quality, calculated via the
InVEST model. The computational procedure for habitat
quality is detailed in Supplementary Table Al.

3. Landscape cultural function: This refers to the capacity of
cultivated land to provide recreational spaces, cultural
activities, and landscape appreciation opportunities for
residents (Zhang et al., 2021). As vital bases for agricultural
cultural promotion and ecotourism, agritourism demonstration
sites and their surrounding cultivated land possess significant
cultural and leisure value. Therefore, this study quantifies the
landscape cultural function using the reciprocal of the distance
from each cultivated land parcel to its nearest agritourism
demonstration site.

4. Cultivated land multifunctionality: CLM encompasses both
quantity and structure perspectives (Hu et al., 2023). This study
adopts the quantity perspective. The overall CLM level is
computed as a composite weighted sum of the quantified
production, ecological, and landscape cultural function
indicators, with weights determined using the entropy weight
method (Jiang et al., 2020).

3.4.2 Independent variables: road network
characteristics
Referring to Liu et al. (2016), quantifies road network
accessibility and transfer capacity using closeness centrality and
betweenness centrality metrics, respectively (complete calculation
formulas are provided in Supplementary Table A2), through a three-
step procedure: First, applying graph theory principles, roads are
abstracted as edges, and road intersections/endpoints are designated
as nodes, forming a topological road network. Subsequently, based
on the Multiple Centrality Assessment model and incorporating
road hierarchy and actual length, with road travel time as the
impedance, ArcGIS software is employed to quantify the closeness
centrality and betweenness centrality values for each node. Finally,
the accessibility and transfer capacity values for each road segment
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are derived by calculating the mean centrality values of its two
terminal nodes.

3.4.3 Mediating variable: cultivated land
fragmentation

The SPLIT index, as a landscape fragmentation index,
comprehensively reflects the characteristics of the number of patches,
area size, and degree of spatial dispersion to reveal the degree of
fragmentation in which the landscape has been segmented (Li and
Cai, 2022). In this study, we focused on the degree of CLF at the
landscape level, and calculates the SPLIT index for cultivated land
using FRAGSTATS software, with higher values indicating greater
fragmentation severity.

2
SPLIT =

n

2ai
i-1

Where A is the total landscape area of the evaluation unit, is area
of cultivated land patch i.

3.4.4 Control variables

Natural and socio-economic factors play integral roles in
shaping the CLM (Gong et al., 2022; Fan et al., 2023; Liu et al,,
2023). This study incorporates four control variables from these
two domains: (1) precipitation, represented by the regional
average annual precipitation; (2) temperature, measured by the
regional average annual temperature; (3) population density,
quantified as the regional average annual population density; (4)
the level of socioeconomic development, assessed using a
composite index of Points of Interest (POI) density for retail,
cultural/sports, recreational, and daily service facilities within
the region.

10.3389/fsufs.2025.1686176

4 Results

4.1 Analysis of the impact of road networks
on CLM

4.1.1 Temporal-spatial evolution analysis of road
network characteristics in Hubei Province

Between 2013 and 2022, the road networks in Hubei Province
experienced rapid development, with the number of road segments
increasing from 10,333 to 55,217. At the study area level, road network
accessibility rose from 0.4361 to 0.5214, indicating reduced isolation,
enhanced network connectivity, and an optimized road network
structure. Simultaneously, road network transfer capacity increased
from 0.0105 to 0.0247. This enhancement helps alleviate the pressure
on key hub roads due to transfer and transportation, contributing to
a more robust road network structure (Figure 3).

Analysis of road network characteristics across the MFOZs,
all three types of zones exhibited enhancements in both road
network accessibility and transfer capacity. Key Development
Zones consistently maintained the highest levels, with accessibility
rising from 0.7599 to 0.8012 and transfer capacity increasing from
0.0190 to 0.0319. Although Agricultural Production Zones and
Key Ecological Function Zones showed improvements in
accessibility (rising from 0.4763 to 0.6542 and 0.3268 to 0.6857,
respectively) and transfer capacity (increasing from 0.0135 to
0.0143 and 0.0017 to 0.0112, respectively), their values remained
consistently lower than those in Key Development Zones. Figure 4
visually illustrates these contrasts: roads within Key Development
Zones (Subfigures @ in Figure 4) predominantly form a grid-like
pattern with numerous direct connections, indicating high
connectivity that underpins superior accessibility and transfer
capacity. Conversely, Agricultural Production Zones (Subfigures
® in Figure 4) and Key Ecological Function Zones (Subfigures ®
in Figure 4) contain extensive permanent basic farmland redlines

Legend .
Provincial Level Administrative Regions in China 777~
A 5

| Hubei Province TN

Scope of South China Sea Islands

.| Main Agriculture Production Zone 7

Key Ecological Functional Zone
- Key Development Zone

[: Cultivated Land

FIGURE 2
Study area.
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Temporal-spatial evolution of road network characteristics in Hubei. (A,B) represent the road accessibility capacity of Hubei Province in 2013 and
2022, respectively; (C,D) represent the road transfer capacity of Hubei Province in 2013 and 2022, respectively; RA and RT, respectively, represent the
accessibility and transfer capacity of the road network; MAPZ, KDZ, KEFZ represent Main Agricultural Production Zones, Key Development Zones and

and ecological protection redlines, respectively. Consequently,
road network expansion faces stringent restrictions due to the
avoidance of these rigid protection boundaries. This results in
predominantly discontinuous polygonal topological structures
and dendritic branching patterns, characterized by fewer road
segments and circuit loops, ultimately leading to relatively lower
accessibility and transfer capacity.

4.1.2 Temporal-spatial evolution analysis of CLM
in Hubei Province

From 2013 to 2022, the overall level of CLM in Hubei Province
increased from 0.5219 to 0.5475 (Figure 5). Considerable spatial
disparities emerged across MFOZs: The Key Development Zone
exhibited the highest CLM, followed by the Major Agricultural
Production Zone, while the Key Ecological Function Zone showed
relatively lower performance. These findings align with Hu et al.
(2023) study on CLM evolution and zonal differentiation in Hubei
during 2000-2014.
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Analysis of individual functions reveals divergent evolutionary
trajectories in cultivated land across the study area. Production
function has remained at a relatively high level and has been enhanced,
rising from 0.5571 to 0.5872, an increase of 5.40%. While the
landscape cultural function is relatively low, but it has grown rapidly,
increasing from 0.4965 to 0.5676, an increase of 14.32%. Conversely,
ecological function experienced a marginal decline from 0.5122 to
0.4879. Collectively, Hubei’s CLM exhibits a production-dominant
structure characterized by moderate ecological diminution and
significant landscape-cultural advancement. This functional profile
aligns with Hubef’s status as a vital national agricultural production
base and reflects recent rural revitalization initiatives promoting agro-
industrial chain extension and agritourism integration (Hu et al.,
2023). Spatially, functional evolution and dominant strengths diverge
across zones: In the Major Agricultural Production Zone, production
function remains dominant and ascending; the Key Development
Zone demonstrates comparative advantage in landscape cultural
function; whereas the Key Ecological Function Zone, despite a minor
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ecological function decrease, retains superiority in this dimension
over other zones. These spatial patterns confirm essential concordance
between CLM development and zonal functional positioning,
highlighting the need for differentiated management policies that
explicitly account for MFOZs characteristics.

4.1.3 Baseline regression

This study employed eight regression models (M1-M8, Table 1)
to examine the impacts of road network accessibility and transfer
capacity on CLM. Regarding effect direction, Models M1-M2 revealed
that both road network accessibility and transfer capacity exerted
significant positive effects on overall CLM, indicating their
constructive role in enhancing integrated cultivated land functionality.
Models M3-M8 further revealed that road network accessibility and
transfer capacity positively influenced production function and
landscape cultural function, while exerting significant negative effects
on ecological function. These results suggest that improved road
network accessibility and transfer capacity promote production and
landscape cultural dimensions of CLM but moderately suppress
ecological performance. Collectively, enhanced road network
accessibility and transfer capacity contribute to overall CLM
improvement primarily through production function and landscape
cultural function gains, necessitating targeted strategies for ecological
conservation. In terms of effect magnitude, road network accessibility
consistently exhibited larger absolute regression coefficients than
transfer capacity across all functional dimensions (overall CLM and
individual functions), indicating its stronger relative influence on
various functions of cultivated land.

TABLE 1 Baseline regression results.

Variables

10.3389/fsufs.2025.1686176

4.2 Analysis the driving mechanism of road
networks to CLM—the role of CLF

This study employed stepwise regression to construct
modelsM9-M26 (see Supplementary Tables A3ab), examining
whether the road network indirectly affects CLM through its impact
on CLE Regression coefficients for core variables are presented in
Figure 6.

Regarding overall CLM levels (Figure 6A), M9 and MI1
demonstrate that road network accessibility exerts significant positive
effects on both CLM and CLE When both variables were incorporated
into M13, regression results showed they simultaneously influenced
CLM significantly, indicating that road network accessibility indirectly
affects overall CLM through CLE. Crucially, the indirect effect of road
network accessibility on CLM (—0.0036 = 0.0425 x —0.0843) opposes
its direct effect (0.2798) in sign. This reveals that CLF exerts a masking
effect (—0.0036), accounting for 1.30% of the total effect (0.2762).
Specifically, CLF weakens the enhancing impact of road network
accessibility on overall CLM. Similarly, CLF demonstrates a masking
effect on the positive influence of road network transfer capacity on
CLM, constituting 2.58% (=0.0004 x 0.0581/0.0009 x 100%) of the
total effect.

Regarding individual cultivated land functions, our prior findings
confirm that road network accessibility and transfer capacity significantly
affect all three cultivated land functions and CLE indicating
their capacity to indirectly influence production function, ecological
function, and landscape cultural function through CLE Crucially, CLF’s
mediating effects diverge substantially across functional types.
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0.0068 —0.0086 —0.0086 —0.0141
—0.0745%** —0.0788* —0.0807#%* —0.1836%**
Urban
0.0259 —0.0283 —0.0284 —0.0563
—0.0306 —0.0101 —0.0085 0.0414
Pop
0.0491 —0.0593 —0.0593 —0.1135
0.2818%*%#%* 0.4713%%* 0.2385%** 0.4021%#%* 0.4012%%* 0.5179%#%* 0.6273%#%%* 0.5435%**
Cons
—0.0051 —0.0080 —0.0063 —0.0076 —0.0076 —0.0083 —0.0382 —0.0123
R-sq 0.0694 0.104 0.0754 0.057 0.0561 0.0803 0.4444 0.4461
Ind-fix Yes
Tim-fix Yes
Obs 18,172

RA and RT, respectively, represent the accessibility and transit capacity of the road network; PE, EF and LCF, respectively, represent the production function, ecological function and landscape
cultural function of cultivated land; ***,**,and*indicate p < 0.001; p < 0.05, and p < 0.1, with t-values presented in parentheses.
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Results of the driving mechanism of road network on CLM. RA, RT denote road network accessibility and transfer capacity, respectively; CLF denotes
cultivated land fragmentation; CLM, PF, EF, LCF denote the overall level of cultivated land multifunctionality, production function, ecological function,
and landscape cultural function, respectively; black solid arrows denote significant positive impacts, and red solid arrows denote significant negative
impacts.
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Results of the heterogeneity analysis of the main functional zones of the road network on the CLM. RA, RT denote road network accessibility and
transfer capacity, respectively; CLF denotes cultivated land fragmentation; CLM, PF, EF, LCF denote the overall level of cultivated land multifunctionality,
production function, ecological function, and landscape cultural function, respectively; black solid arrows denote significant positive impacts, red solid
arrows denote significant negative impacts and dotted line indicates that the result is not significant.

For the production function (Figure 6B), M17 and M18 reveal that the
indirect effects of road network accessibility and transfer
capacity (—0.0058 = 0.0425 x —0.1368, —0.00004 = 0.0004 x —0.1043,
respectively) oppose their direct effects (0.3520 and 0.0019) in sign. This
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demonstrates that CLF exerts significant masking effects on both road
network metrics’ influence on the production function. These masking
effects constitute 1.68% and 2.32% of the total effects (0.3461 and
0.0018), respectively, thereby attenuating the enhancing impacts of
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accessibility and transfer capacity on production function. For the
ecological function (Figure 6C), M21 and M22 indicate that the indirect
effects of road network accessibility and transfer capacity
(—0.0021 = 0.0425 x —0.0577, —0.00003 = 0.0004 x —0.0656,
respectively) align in sign with their direct effects (—0.1095 and —0.0035).
This demonstrates that CLF exerts a significant mediating role in both
road network metrics’ influence on ecological function. These mediating
effects constitute 2.19% and 0.73% of the total effects (—0.1120 and
—0.0036), respectively. Thus, both road network accessibility and transfer
capacity suppress ecological function by intensifying CLE Regarding the
landscape cultural function (Figure 6D), M82 and M83 demonstrate that
the indirect effects of road network accessibility and transfer capacity
(0.0114 = 0.0425 x 0.2697, 0.0001 = 0.0004 x 0.2997, respectively) align
in sign with their direct effects (0.3225 and 0.0015). This indicates CLF
exerts a significant mediating role in both road network metrics
influence on landscape cultural function. These mediating effects
constitute 3.43% and 7.49% of the total effects (0.3340 and 0.0016),
respectively. Thus, enhanced road network accessibility and transfer
capacity improve landscape cultural function by intensifying CLE

4.3 Heterogeneity analysis: based on the
major function-oriented zones

This study employed grouped regression methods to construct
models M27-M30 (see Supplementary Table A4), examining the
heterogeneity of road network impacts on CLM across MFOZs.
Regression coefficients for core variables are presented in
Figure 7.

In the Major Agricultural Production Zone (Figure 7A), road
network accessibility significantly influenced overall CLM, production
function, ecological function, and landscape cultural function, with
effect directions consistent with the study area’s aggregate results.
Conversely, road network transfer capacity showed limited statistical
significance, significantly impacting only overall CLM and ecological
function. Within the Key Development Zone (Figure 7B), both road
network accessibility and transfer capacity exerted significant impacts
on overall CLM and all three constituent functions, exhibiting
directional consistency with aggregate findings. For the Key Ecological
Function Zone (Figure 7C), road network accessibility significantly
affected overall CLM and ecological function, while its impacts on
production function and landscape cultural function failed to reach
statistical significance. Road network transfer capacity showed only a
significant negative effect on ecological function, with other effects
being statistically insignificant.

Collectively, this study reveals significant heterogeneity in road
network impacts on CLM across MFOZs. The Key Development Zone
exhibits heightened CLM sensitivity to both road network accessibility
and transfer capacity, whereas the Major Agricultural Production
Zone demonstrates CLM responsiveness primarily driven by
accessibility. Conversely, the Key Ecological Function Zone
demonstrates limited overall CLM sensitivity to road networks,
though its ecological function remains vulnerable to adverse impacts
from both accessibility and transfer capacity.

This spatial heterogeneity originates from differentiated
cultivated land use patterns and agricultural product characteristics:
In the highly urbanized Key Development Zone, cultivated land
predominantly supports modern urban agriculture (e.g., vegetables,

Frontiers in Sustainable Food Systems

11

10.3389/fsufs.2025.1686176

fruits, flowers) characterized by high-input requirements,
perishability, and limited storability (Zhou et al., 2025), necessitating
robust accessibility and transfer capacity for rapid product
evacuation and market-distribution linkages. This explains the
zone’s dual sensitivity to both road metrics. Within the Major
Agricultural Production Zone, extensive permanent basic farmland
facilitates large-scale mechanized cultivation of storable field crops
(e.g., wheat, rapeseed, rice), primarily reliant on accessibility for
mechanized farming and bulk transportation with minimal transfer
capacity needs, accounting for the dominance of accessibility
effects. The Key Ecological Function Zone, dominated by
mountainous terrain with poorer-quality cultivated land under
stronger biophysical constraints, exhibits attenuated overall CLM
responsiveness. However, this zone’s combination of high ecological
value, ecosystem fragility, and low resource-environmental carrying
capacity amplifies the negative impacts of road networks—
particularly accessibility enhancements—on ecological function,
rendering it uniquely vulnerable to infrastructure-mediated
ecological degradation.

As evidenced, road network accessibility exerts a more
pronounced and widespread impact on CLM than road network
transit capacity across different types of MFOZs. Given that the
influence of transit capacity remains relatively limited in both Major
Agricultural Production Zone and Key Ecological Function Zone, its
average effect becomes diluted in the full-sample regression, resulting
in a weaker observed overall impact. This pattern not only offers a
compelling explanation for the more dominant role of road
accessibility in the baseline regression results, but also reinforces the
robustness of our research findings by demonstrating consistent
systematic variation in the effects of road networks on CLM among
different functional zones.

5 Discussion and conclusion
5.1 Discussion

5.1.1 Comprehensively understand the impact of
road networks on CLM

Enhancing CLM management has emerged as a global consensus
to address compounding challenges of intensifying food security
pressures, frequent extreme climate events, and ecological degradation
(Jiang et al., 2020; Masuda et al., 2022). As CLM emerges from systemic
interactions within cultivated land systems, current research prioritizes
natural-socioeconomic drivers—including temperature, precipitation,
soil types, fertilizer use, and urbanization—while overlooking the role
of road networks as circulatory conduits for these elements. Leveraging
complex network theory, this study quantifies road network accessibility
and transfer capacity through closeness and betweenness centrality
metrics, systematically revealing their mechanistic impacts on
CLM. This study not only provides theoretical underpinnings for
optimizing territorial spatial configurations and sustainable cultivated
land management, but ultimately offers actionable strategies for refining
road network planning to advance CLM conservation and utilization.

This study initially explores the direct impacts of road networks
on CLM. Results demonstrate that road network accessibility and
transfer capacity have a significantly positive effect on overall CLM
levels, specifically enhancing production function and landscape
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cultural function while suppressing ecological function. This
outcome underscores the urgency of strengthening ecological
conservation during road network expansion, aligning with
Laurance et al. (2014) concern regarding ecological externalities of
infrastructure development and corroborating findings by Fan et al.
(2023). Further analysis reveals that accessibility constitutes a more
critical determinant than transfer capacity across all functional
dimensions. Consequently, optimization strategies should prioritize
maximizing accessibility’s contributions to production and
landscape-cultural functions while minimizing its ecological
footprint. Implementing road network planning strategies that
simultaneously enhance accessibility and ecological compatibility
constitutes the central pathway for optimization. Practically, three-
dimensional infrastructure—including bridges, culverts, and
tunnels—enables avoidance of rigid protection boundaries and
effective connection shortening, serving as dual solutions for
enhancing accessibility while reducing ecological footprints (Zhang
etal., 2024). Therefore, actively advancing such structural solutions
to increase bridge-tunnel ratios represents an actionable strategy to
mitigate road networks’ adverse ecological impacts and promote
sustainable CLM development.

Our study further elucidates the mediating mechanism whereby
road networks indirectly influence CLM through CLE, providing a
theoretical foundation for synergistic management of transportation
infrastructure and cultivated land resources to enhance CLM. These
findings resonate with scholarly emphasis on landscape-scale
coordination for multifunctionality enhancement (Guo et al., 2023).
We demonstrate that road network expansion intensifies cultivated
land fragmentation, which subsequently diminishes the positive
impacts of road infrastructure on overall CLM. Mitigating road-
induced fragmentation is therefore crucial for CLM enhancement.
This necessitates strengthened interdepartmental collaboration
between transportation and cultivated land conservation authorities
to establish coordinated mechanisms integrating road network
planning with farmland protection policies. At the macro-policy level,
leveraging Chinas “multi-plan integration” territorial spatial
governance system should reinforce rigid spatial constraints for
permanent basic cultivated land, rigorously evaluate cultivated land
occupation in road projects, and prioritize bypassing high-quality
contiguous cultivated land to minimize segmentation and
appropriation. In micro-practice, implementing land-saving road
network layouts—including  advancing  three-dimensional
infrastructure to increase bridge-tunnel ratios, reducing slope lengths
and roadbed footprints, and promoting cultivated land contiguity—
constitutes essential technical pathways for fragmentation reduction.

5.1.2 Optimizing road network planning through
differential strategies aligned with Major
Functional Zone positioning to enhance CLM
governance

Significant heterogeneity exists in road network impacts on CLM
across MFOZs, urgently requiring the formulation of differentiated
spatial planning strategies aligned with zonal resource characteristics
and development demands to strengthen CLM management.

The Major Agricultural Production Zone possesses superior
agricultural resource endowments, with its core objective centered on
enhancing agricultural productivity and safeguarding food supply.
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Research demonstrates that CLM in this zone—particularly the PF—
significantly benefits from improved road network accessibility.
Consequently, regional priorities should focus on optimizing
hierarchical road infrastructure, strengthening connectivity, and
enhancing accessibility to reinforce agricultural production capacity.
Notably, such accessibility improvements simultaneously exert
negative ecological impacts on cultivated land, potentially threatening
sustainable agricultural output. To mitigate these infrastructure-
mediated ecological risks while ensuring sustainable production,
implementing shelterbelts along field margins offers a dual-purpose
solution: serving as ecological barriers against pollutants (e.g., dust,
heavy metals) while improving farmland microclimates and providing
essential ecosystem services to support stable crop yields (Robinson
etal., 2022).

The Key Ecological Function Zones exhibit high ecological
endowment and critical functionality, yet face inherent
ecosystem fragility and constrained resource-environmental
carrying capacities, with their core objective centered on
enhancing ecological service provision. Empirical findings
confirm that road network accessibility and transfer capacity in
these zones exert exclusively negative impacts on cultivated land
ecological functionality. Consequently, strategic restraint in
road network expansion is imperative, leveraging the pristine
ecological matrix to integrate ecological corridors into
transportation planning frameworks—effectively mitigating
infrastructure-induced ecological externalities (Qiu et al., 2025).

The Key Development Zone exhibits robust resource carrying
capacity, significant development potential, and high urbanization
levels, with its core objectives centered on population agglomeration
and socioeconomic growth. Empirical findings confirm that enhanced
road accessibility and transfer capacity significantly improve overall
CLM, along with production and landscape cultural function, albeit
at the expense of ecological functionality. Consequently, this zone
should proactively advance road network optimization through
intersection refinement and connectivity reinforcement to elevate
accessibility and nodal functionality, thereby enhancing CLM—
particularly landscape-cultural manifestation—to support regional
development goals. Complementary implementation of ornamental
greenbelts along field margins can simultaneously elevate aesthetic
values while functioning as ecological buffers to mitigate
environmental risks.

5.2 Limitations and future research

This study acknowledges several limitations. First, our
assessment of road network characteristics considered only
hardened roads within Hubei’s administrative boundaries,
excluding non-hardened roads and cross-jurisdictional spatial
linkages, potentially underestimating accessibility and transfer
capacity near administrative edges. Future research could
incorporate remote sensing to identify non-hardened roads and
establish cross-boundary buffer zones centered on Hubei,
analyzing provincial networks within open systems to enhance
boundary-zone accuracy. Second, while CLM encompasses both
aggregate-level (weighted sum of functions within a region) and
structural-level (proportional relationships/configuration among

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1686176
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Liu et al.

functions reflecting diversity and evenness) dimensions, this
study focused exclusively on aggregate CLM. Future research
should consequently investigate the evolutionary patterns of CLM
under both aggregate and structural frameworks alongside their
responses to road network characteristics, thereby establishing a
more comprehensive scientific foundation for CLM governance.
Third, while this
fragmentation of cultivated land using the SPLIT index (capturing

study quantified physical landscape
parcel-scale attributes of size, shape, and spatial distribution), the
conceptual scope of fragmentation extends to encompass land-use
fragmentation (diverse agricultural practices, crop varieties, or
harvest frequencies within parcels) and tenure fragmentation
(multiple ownership structures per parcel) (Ntihinyurwa et al.,
2019). These dimensions influence functional manifestation by
constraining farmers’ scaled operational decisions and
suppressing technological adoption incentives through behavioral
pathways. Consequently, future research should employ multi-
metric approaches to assess these distinct fragmentation
dimensions, rigorously analyze their transmission mechanisms,
and generate actionable scientific guidance for refined landscape

pattern management.

5.3 Conclusion

Clarifying the impacts and driving mechanisms of road networks
on CLM constitutes a critical foundation for optimizing
road infrastructure planning, enhancing CLM performance, refining
territorial spatial configurations, and advancing sustainable cultivated
land management. Leveraging data from China’s Hubei Province for
2013 and 2022, this study examines the effects of road network
accessibility and transfer capacity on CLM and their underlying
mechanisms, building upon comprehensive analyses of spatio-
temporal evolution in both road network characteristics and CLM
patterns. The findings reveal:

1. Enhanced road network accessibility and transfer capacity
significantly elevate the overall level of CLM, concurrently
boosting production function and landscape cultural
function while suppressing ecological function, necessitating
prioritized ecological conservation measures during

road infrastructure expansion.

. CLF exerts a masking effect on road network impacts on CLM,
attenuating the positive influence on overall CLM while
negatively affecting production function and ecological
function, yet positively influencing landscape cultural function.
Establishing collaborative mechanisms between transportation
and cultivated land conservation authorities to coordinate road
planning with cultivated land protection policies—reducing
land segmentation, minimizing occupation, and advancing
farmland consolidation—thus constitutes a critical pathway for
mitigating fragmentation-induced CLM trade-offs and
advancing science-based land management.

3. Significant MFOZs heterogeneity characterizes the impacts
of road network accessibility and transfer capacity on
CLM. The Key Development Zone demonstrates
heightened CLM sensitivity to both road network
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accessibility and transfer capacity, whereas CLM in the

Major  Agricultural Production Zone remains
predominantly driven by accessibility. Conversely, the
Key Ecological Function Zone exhibits attenuated overall
responsiveness to road networks, though its ecological
function shows pronounced vulnerability to negative
accessibility and transfer capacity effects. This spatial
divergence necessitates differentiated road network
optimization strategies aligned with zonal resource
endowments and developmental imperatives to strengthen

CLM governance.
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