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of Public Administration, Huazhong University of Science and Technology, Wuhan, China

The policy of returning farmland to wetland in the Dongting Lake Region (DLR)
is devised to foster synergy between grain production and ecological protection,
while also effectively mitigating land degradation. However, the connotations and
the spatial spillover effect of farmland use transition (FUT) in this region remain
insufficiently understood. To address these gaps, this study deconstructs the FUT
through farmland spatial transition, functional transition and model transition.
By using the Sparrow Search Algorithm-Projection Pursuit Model for evaluation,
this study analyzes the spatiotemporal pattern evolution characteristics of FUT.
Additionally, spatial econometric model is employed to examine the spatial spillover
effect of FUT. The results demonstrate that FUT in the DLR showed a fluctuating
but overall upward trend. Spatial transition represents an ordinal covariate of
model transition, and the two entities together form a mechanism for synergistic
evolution that exhibits a biased symbiotic relationship. Strengthening the positive
spillover effects of political and socio-economic drivers could promote more
balanced FUT. These findings provide a theoretical basis for integrating ecological
restoration with sustainable agricultural development in the DLR.

KEYWORDS

farmland use transition, Dongting Lake region, spatial spillover effect, ecological
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1 Introduction

The research of land use transition is regarded as a more advanced field within the
discipline of land system science (Meyfroidt et al., 2018; Geels et al., 2023). As global food
demand continues to rise, FUT has become a hot land-use transition research topic (Chen
etal, 2023; Liao et al., 2023; Wang and Huang, 2024). Land use transition research framework
posits that the FUT encompasses dominant morphology transition and recessive morphology
transition (Ge et al., 2020; Long et al., 2020; Zou et al., 2024). The primary objective of FUT is
to support regional economic and social development, with a particular focus on the
innovating land resource management amidst the ongoing urban-rural transition.

Considerable research has been dedicated to investigating farmland use in the lake region,
owing to its potential impact on ecosystems, biodiversity, and water quality (Desta and Fetene,
20205 Asare et al,, 2021; Min et al., 2022). The study area of this research is the DLR, located in
the middle and lower reaches of the Yangtze River. In line with the United Nations Sustainable
Development Goal 2, there are complex trade-offs between farmland use and other land uses in
the DLR. The development of state-owned farms and individual polders in the local area between
the 1950s and the 1980s was the primary factor contributing to wetland loss and increased
vulnerability to floods (Yin et al,, 2019; Dong et al., 2022). As the policy of returning farmland
to wetland gains recognition as a valuable opportunity to enhance ecosystem function and
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combat land degradation in the lake region (Bartolucci et al., 2021; Liu
et al, 2024; Zhang et al, 2024), the Chinese government has
implemented the policy in DLR since 1998. Dominant morphology
transition caused by the policy of returning farmland to wetland has
been confirmed by previous studies (Long et al., 2022; Xiao et al., 2022;
Peng et al., 2023). Since land systems science posits that land is a natural-
economic system comprising multiple elements (Meyfroidt et al., 2022),
it is essential to analyze recessive morphology transition in the areas
where policy of returning farmland to wetland has been implemented.

After constructing the multiple indicators of FUT, scholars have
employed various methods, including the multi-index method (Ma
etal, 2020), and TOPSIS (Wang et al., 2023) to conduct quantitative
assessments. The SSA, a novel artificial intelligence algorithm proposed
in 2020, has since been integrated with the PPM. SSA-PPM is adept at
capturing the intrinsic linkages and structural characteristics of high-
dimensional metrics (Xue and Shen, 2020; Xiang et al, 2022
Awadallah et al., 2023). Therefore, this study uses the SSA-PPM to
assess the FUT levels of DLR.

Land use can exert broad-ranging impacts by shaping the spatial
structure of the landscape and triggering cascading effects on other
land uses in neighboring areas, known as spatial spillover effect
(Kassouri, 2021; Boillat et al., 2022; Zhang et al., 2022). The spatial
spillover effect of land is recognized by Meyfroidt et al. (2022) as one
of the 10 facts of land system science. Existing research has identified
the flow of production factors as a key theoretical mechanism driving
the generation of spatial spillover effect in FUT (Wang et al., 2024b;
Wang et al., 2024a). Nonetheless, the existence of spatial spillovers in
the land use of the DLR remains to be determined.

Further research is necessary to gain a deeper understanding of
FUT. Firstly, the expansion of the number of factors included in the
FUT has rendered existing methodologies incapable of fully utilizing
the data or accessing the internal linkages and structural features of
high-dimensional indicators. Secondly, the research of DLR’s FUT did
not fully incorporate dominant morphology transition and recessive
morphology transition into its analytical framework, the synergistic
relationship between morphologies have also not been explored in
previous research. Finally, it is essential to examine the spatial spillover
effect of the FUT, as demanded by the spatial correlation of farmland
use. Hence, this paper will reveal the underlying meaning of DLR’s
FUT and employs SSA-PPM to quantitative assessment. The
spatiotemporal evolution of FUT from 2000 to 2020 is also analyzed,
followed by investigation of the synergistic relationship and spatial
spillover effect. This paper holds immense theoretical significance in
facilitating a profound understanding of FUT, and it offers a solid
reference to enhance the spatial coherence of DLR’s land use. The
technological route for this paper is shown in Figure 1.

2 Data and methods
2.1 Study area

Located in the northeast region of Hunan Province, China, DLR
is composed of 21 county-level units (Figures 2a,b). By the end of

Abbreviations: FUT, Farmland use transition; SSA, Sparrow search algorithm; PPM,

Projection pursuit model; DLR, Dongting Lake Region.
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2020, the farmland area in the DLR was 14,280.81 square kilometers,
with the ratio of farmland accounting for about 45.84%. The floods
that occurred in 1998 prompted the Chinese Government to
implement the policy of returning farmland to wetland, aiming to
maintain the synergy between grain production and ecological
conservation in the DLR. Meanwhile, with the expansion of
farmland and the intensification of agriculture, the ecological
environment of the DLR faces tremendous pressure. Land
degradation, water pollution, loss of biodiversity caused by over-
cultivation and the misuse of chemical fertilizers have created a
pressing need for ecological restoration. Guided by the policy of
returning farmland to wetland, FUT is reshaping the relationship
between people and nature in the DLR. Therefore, this paper takes
DLR as the study area.

2.2 Indicators of DLR'S FUT

2.2.1 Composition of FUT

Building upon existing research (Ma et al., 2020; Ke et al., 2021;
Cui et al., 2024), this paper divides FUT into spatial transition,
functional transition and model transition. Spatial transition refers
to changes in the quantity and spatial patterns of land use, while
recessive morphology transition encompasses transitions in
property rights, inputs, outputs, functions, quality, and management
practices. Given that the function of farmland is the most direct
reflection of recessive morphology, this paper uses function to
analyze recessive morphology transition, examining it from three
aspects: production, living, and ecological functions (Liang et al.,
2020; Wang et al., 2024b). Model transition is defined as the
transition of land use modes within the agricultural sector, it plays
a pivotal role in facilitating FUT. A core aspect of model transition
in the DLR is the integration of three critical components: human-
wetland harmony, advanced technologies, and efficient resource
utilization. The concepts of spatial and functional transitions are
well-established, the
model transition.

following section delves into the

(1) Human-wetland harmony. Human-wetland harmony is central
to the model transition, as it ensures the ecological
sustainability and agricultural productivity (Yang et al., 2020;
Long et al, 2022). When the expansion of farmland
substantially hinders the ecological functions of the wetland,
the government intervenes by implementing the policy of
returning farmland to wetland. To prevent flooding caused by
seasonal changes in the water level of Dongting Lake, the
construction of levee and other engineering safeguards is vital
during the FUT process, ensuring both ecological and
agricultural stability.

(2) Advanced technology. Advanced technology offers significant
potential in addressing the growing challenges of agricultural
labor and land scarcity, which are increasingly exacerbated
by urbanization (Liu and Zhou, 2021). Technological
innovation in agriculture aligns with broader paradigms of
sustainable development and resource optimization. In this
context, the relatively flat terrain of the DLR is crucial in
mitigating the impact of topographical constraints, thereby
facilitating the widespread adoption of technology across the

frontiersin.org


https://doi.org/10.3389/fsufs.2025.1656397
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Tang et al. 10.3389/fsufs.2025.1656397
T L
— i Study Area: i
‘ Statistical Yearbook i | DLR 3
Data i Study Scale:
isti ' FUT
Sourees _ﬂ Statistical reports : 21 County
i Study Period: }
‘ Land Use Data | 2000,2005,2010 !
I 2015,2020 3
v
Constructing the indicator
- system of FUT | | — Assessment of FUT — |---—--- :
| | : Methodology of the |
! Demand of DLR : | |
! 1 ! : assessment: SSA-PPM !
i Grain Ecological | E — . |
' | Production conservation | ! |:> : Synergistic relationship |
: : : : | :
i Y i E A i
i FFT | | Spatio-temporal characteristics i
i g g Sy ]_ ___________________ | D e .[ ______________________
\
FoTTTTTTTTT T Spatial Spillover Effects of FUT Tttt
| Spatlgl SEif:ing Spatial . Examlplng :
i correlation —» » Econometric »  spatial !
! factors b |
: test Model spillovers !
FIGURE 1
The technological route for the research.

region. The geographic advantage of DLR creates ideal
environment for the widespread adoption of agricultural
technologies, such as automated machinery, precision
farming systems.

Efficient resource utilization. Integrating advanced technology
into farmland use is crucial for optimizing agricultural input
management, including energy resources like diesel and
electricity. These technologies help reduce waste and minimize
the environmental impact of energy inefficiencies. Advanced
technology improves operational efficiency while fostering
more sustainable farming practices by minimizing resource
consumption and promoting environmentally responsible use
of energy. Consequently, the adoption of these technologies
offers an economically viable solution to labor and land
shortages, while also serving as a critical step toward creating
a more sustainable and resource-efficient farmland use system.
This transition is essential for ensuring the long-term resilience
and sustainability of the farmland use.

The conceptual framework of FUT is shown in Figure 3.
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2.2.2 Indicators of FUT

This study decomposes FUT into three dimensions: spatial
transition, functional transition, and model transition. The FUT
evaluation indicators is presented in Table 1.

(1) The indicators of spatial transition.

Quantity transition. The area of farmland can reflect the farmland
transition and indicate the status and trends. To enhance regional
comparability, this paper adopts the land reclamation rate (X1) as a
representative indicator. The per capita farmland area (X2) is used as
an indicator of farmland quantity. Per capita farmland area reflects
changes in farmland area while accounting for human factors. This
indicator is crucial for revealing the evolution of regional human-
environment interactions.

Spatial pattern transition. Diagnosing farmland spatial pattern
transition involves monitoring the long-term changes in the landscape
pattern of farmland. The landscape pattern of farmland serves as a
reflection of the spatial ecological characteristics of farmland parcels.
As socio-economic development progresses, the morphological
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pattern of farmland landscapes is expected to evolve from fragmented
and dispersed states toward more concentrated, contiguous, and
regular configurations. In this context, this paper employs farmland
fragmentation (X3) and farmland landscape edge density (X4) to
quantify and measure this aspect.

(2) The indicators of functional transition.

Production function reflects the quantity of products obtained by
laborers through their production and management activities on
farmland. This paper selects three indicators to measure this aspect:
grain yield (X5), economic crop yield (X6), and farmland value per
unit area (X7).

Living function reflects the capacity of farmland to ensure food
security, generate household income, and provide employment. To
characterize this aspect, this paper selects three indicators: the
proportion of household business income (X8), per capita food security
rate (X9), and the proportion of employees in agriculture (X10).

Ecological functions. Farmland provides new habitat for
biodiversity, and forms unique biological population structures.
Meanwhile, due to its capacity to maintain ecosystem resilience and
support environmental purification, farmland can be considered as
ecological land with significant ecological functions. This study
employs three indicators to measure farmland ecological functions:
farmland ecological service value (X11), fertilizer application per unit
of farmland area (X12), and pesticide application per unit of farmland
area (X13).

(3) The indicators of model transition.
Human-wetland harmony aims to mitigate the negative impact of
farmland on ecosystems. It does so by limiting excessive encroachment

into wetland areas and reducing the possibility of farmland being
inundated during floods in the lake area. Levee infrastructure is an

Frontiers in Sustainable Food Systems

effective engineering measure for controlling floodwaters. Therefore,
this study employs the area of farmland converted into lake wetlands
(X14) and levee density (X15) to quantify the coexistence between
human activities and wetland management known as Human-
wetland harmony.

Advanced technology. Since the 21st century, Chinese farmers
have adopted agricultural mechanization as a key strategy for
promoting sustainable agricultural development. The successful
implementation of agricultural machinery technology into tangible
productivity depends on the widespread dissemination of advanced
usage technology among agricultural operators. To measure advanced
technology, this study employs two indicators: agricultural machinery
power per area (X16) and the proportion of agricultural technology
extension area (X17).

Efficient resource utilization. The primary resources involved in the
process of farmland utilization include land, water, electricity and diesel.
This study uses three indicators to measure efficient resource utilization:
the proportion of water-saving irrigation area (X18), per capita electricity
consumption (X19), and per capita diesel consumption (X20).

2.3 Methods

2.3.1 SSA-ppm

The PPM reduces data dimensionality while preserving the
inherent stability of the original data (Kolkiewicz et al., 2021). SSA, a
widely used population-based optimization method, offers significant
advantages in terms of convergence speed, search precision, and
stability. These qualities make it particularly effective in solving the
optimal solution of the PPM (Xiang et al., 2022). In this study, SSA is
applied to find the optimal projection direction by solving for the
maximum objective function value Q(a) in the projection pursuit
model. SSA-PPM is employed for FUT measurement, effectively
eliminating the interference of subjective assignment methods and
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The conceptual framework of DLR's FUT.

ensuring more reliable evaluation results of FUT. The basic steps of the
PPM include standardizing the original data using the range method,
constructing a projection objective function, optimizing the projection
objective function (Q), and determining the projection values. The
calculation formula can refer to the studies of Xiang et al. (2022) and
Wang et al. (2024a).

2.3.2 Haken model

Farmland use system is influenced by socio-economic factors and
natural elements of the land. This utilization gives rise to an organized
system that exhibits self-organization, characterized by specific spatial
and temporal structures and functions. The components of farmland
use are intricately interconnected, forming synergistic relationships
that facilitate dynamic movement between these elements (Meyfroidt
et al, 2022). Therefore, it is necessary to discuss the synergistic
relationship between spatial transition, functional transition and model
transition. By distinguishing between fast and slow variables, Haken
model can identify ordinal covariates and can represent the synergistic
relationship between elements. Haken model can be referred to the
study of Fang and Zhao, (2024). The ordinal covariates of Haken model

Frontiers in Sustainable Food Systems

are the slow variables in the development of the system, and the slow
variables drive the fast variables and determine the direction of
evolution of the whole system. Set ¢, as the system slow variable and ¢,
as the system fast variable. The equation of motion for the synergistic
development of g, g, is shown in Equations 1, 2.

a1 (t)=(1-1)q (t-1)-aq (t-1)ga (¢ -1) 1)

2 (t)=(1-72) a2 (t-1) +bag (¢ -1) @)

The results of calculating the control parameters of the Haken
model under the conditions of system openness can indicate that there
are the following relations and mechanisms of action between
the morphologies.

a and b are control variables. a reflects the synergistic effect
of g, and g,. When a is less than 0, g, acts as a driver for g, and the
larger the absolute value, the greater the driver. When a is greater
than 0, g, acts as an inhibitor for ¢q,, and the larger the absolute
value, the greater the resistance. b reflects the synergistic effect of
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TABLE 1 The indicators of FUT.

10.3389/fsufs.2025.1656397

System Indicators Calculate Reference symbol
Land reclamation rate (X1) Farmland area/Total land area +
Quantity
Per capita farmland area (X2) Farmland area/ Population +
. . Ge et al. (2018);
Spatial transition Farmland landscape fragmentation (X3) Number of farmland patches/Farmland area Li et al. (2021) —
etal. (202
Spatial pattern Farmland patch boundary length/ Farmland
Farmland landscape edge density (X4) -
area
Grain yield (X5) Grain production/grain crop sown area +
Economic crop output/Economic crop sown
Production Economic crop yield (X6) +
area
function
Planting industry output value/cultivated land
Farmland value per unit area (X7) +
area
Proportion of household business income Farmer household business income/Farmer
+
(X8) household net income Ma et al.
Functional Living
Per capita food security rate (X9) Grain production/regional total population (2020); Li et al. +
transition Function
Proportion of employees in the agriculture Agricultural employment population/total (2021)
¥
(X10) labor force population
Farmland ecological service value (X11) Farmland area x ecosystem value coefficient’ +
Fertilizer application amount per unit area
Ecological X12) Fertilizer application amount/crop sown area -
Function
Pesticide application amount per unit area
Pesticide application amount/crop sown area -
(X13)
Human- The area of farmland returns to wetland
Obtained from land use transfer matrix +
wetland (X14)
harmony Levee Density (X15) Levee length/land area +
Total power of agricultural machinery/
Agricultural machinery power per area (X16) +
Advanced Farmland area
Technology Proportion of agricultural technology Agricultural technology extension area/
¥
Model transition extension area (X17) Farmland area
Proportion of water-saving irrigation area
Water-saving irrigation area/Farmland area +
(X18)
Efficient Zhang et al.
Planting electricity consumption/Crop sown
resource Average electricity consumption (X19) (2019); Cui +
area
utilization et al. (2024)
Diesel consumption in planting industry/crop
Average diesel consumption (X20) +
sown area

"The ecological value index is referenced from Yu et al. (2023).

¢, on g,: When b is less than 0, g, inhibits the growth of g,. When
b is greater than 0, g, facilitates the growth of g,. y, and vy, are
damping coefficients. When v, is less than 0, it means that the q,
has built up a positive feedback mechanism to make itself evolve
in an orderly way, and the larger the absolute value, the higher the
order; when vy, is larger than 0, it means that is in a negative
feedback mechanism to make itself evolve in an orderly way, and
the larger the absolute value, the stronger the disorder. When vy,
is less than 0, q, has established a positive feedback mechanism
that enhances its own ordering; when v, is greater than 0, q, has
established a negative feedback mechanism that enhances its
own ordering.

2.3.3 Spatial econometric model

(1) Global spatial autocorrelation test.

Frontiers in Sustainable Food Systems 06

This study initiates by assessing the spatial correlation of variables
through global spatial autocorrelation analysis. The null hypothesis of
the global spatial autocorrelation test is that there is no spatial
correlation in the model. When the null hypothesis is established,
E[Y]: E[I]: 0. Global spatial autocorrelation is measured using the
Moran index, and the value range of the index is generally [—1, 1].
Less than 0 means negative spatial correlation, greater than 0 means
positive spatial correlation, equal to 0 means no spatial correlation.
The Moran index calculation formula is as follows in Equation 3.

n n

> wi(Yi-Y)(v;-Y)

i=1j=1

Moransl =

— (3)
NOWIT

i=1j=1
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Y is the average value; Yjrepresents the regional observation value;
n represents the number of regions; wy; is the spatial weight matrix.
This study uses a binary 0-1 adjacency space weight matrix, which is
set according to whether the regional units have common adjacency
boundaries in geographic space. When two provinces are
geographically adjacent, the value is 1; when the two provinces are not
geographically adjacent, the value is 0.

(2) Spatial econometric model setting.

The spatial econometric model is the main econometric tool for
analyzing the direct effects and spatial spillover effect. The reasons for the
spatial spillover effect of FUT can be attributed to the proximity of land
locations and the mobility of various factors of production (Wang et al.,
2024b; Wang et al., 2024a). Meanwhile, since the farmland use process is
dynamic, we construct a dynamic spatial Durbin model containing time
lag terms and spatial lag terms to conduct research. The dynamic spatial
Durbin model of FUT is set as follows in Equation 4.

FUT,t = aFUTi)t_l + ﬁW,] X FUT,[ + ﬂ’wlj X FU’I;"t_l
T QX+ ywi x Xig +0zig + 1 + 7 + €

)

w;j represents an n-dimensional spatial weight matrix. I and j
denote regional variables. t represents the current period, while #-1
represents the previous period, with ¢>2. FUT, represents the
explained variable of farmland use transition. FUT; ;_; represents the
explained variable of the first-order time lag of FUT, indicating the
impact of previous-period FUT on the current period. w;; x FUT
represents the spatial lag term of the explained variable of farmland
use transition. w;; x FUT; ;) represents the spatial lag term of the time
lag term of FUT. X denotes control variables. w;; x X;; denotes the
spatial lag term of the control variables.

By taking partial derivatives of the estimated coefficients of the
dynamic spatial Durbin model, we can obtain the direct effects of
explanatory variable changes on the local spatial unit’s explained
variable, and the spatial spillover effect of explanatory variable changes
on the surrounding units’ explained variables. At the same time, the
dynamic spatial Durbin model considers the effects over time.

2.4 Control variables

This paper selects control variables from three dimensions:
natural, policy, and socio-economic development.

@ Natural factors. Higher precipitation levels typically are
generally linked to increased farmland productivity (Liu et al.,
2020). However, excessive rainfall can lead to flooding, which
poses a significant threat to farmland security, particularly in
flood-prone areas. Simultaneously, forests play a crucial role in
conserving wetland resources and maintaining soil quality. To
account for these influential factors, this paper incorporates
precipitation and forest coverage rate as relevant control
variables in the study.

Policy factors. Land policy is central to national food security
and social stability (Zhou et al., 2021). The proportion of local
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fiscal expenditure to GDP is a key indicator of local government
policy influence. Village committee have been granted increased
control and autonomy over rural land consolidation, which
subsequently affects FUT (Shi et al., 2018). The number of
village committees is used as a proxy for village policy influence.

Socio-Economic development factors. Population growth and
economic development frequently drive the expansion of both
urban and rural construction land, which subsequently affects
FUT. In this study, population density is used as an indicator of
population size, while per capita GDP serves as a measure of
economic development. The improvement in residents’
consumption capacity can change the consumption structure
and guide the green and efficient transition of agricultural
production processes (Yang and Zhang, 2020). To capture this,
the per capita total consumer expenditure is employed as a
proxy for residents’ consumption capacity.

2.5 Data sources

The land use data used in this study were obtained from the
30 m x 30 m remote sensing data for China’s land use, covering the
years 2000, 2005, 2010, 2015, and 2020. This data was provided by the
Data Center for Resources and Environmental Sciences of the Chinese
Academy of Sciences.' The dataset exhibits an accuracy rate of more
than 93% for first-level land use categories and over 90% for second-
level land use categories. Precipitation data is acquired from the China
Meteorological Data Network.? The Statistical Yearbook of Hunan
Province and the Statistical Yearbook of Rural Areas in Hunan
Province are the sources used to obtain other socioeconomic data for
this study. Table 2 shows the descriptive statistics of the data.

3 Results
3.1 The results of SSA-PPM

SSA-PPM is used to calculate the FUT levels. We also compare the
results with those obtained using the RAGA (Real Coding Based
Accelerating Genetic Algorithm). The optimal projection direction
vectors are presented in Figure 4. Qp,, calculated by SSA is 1.0504 and
larger than those calculated by RAGA (1.0020). It demonstrates that
the results computed by SSA are closer to the true optimal solution, as
the objective function of PPM is to seek the maximum value. Thereby,
consistent with existing research (Nguyen et al., 2022), SSA has greater
accuracy and search capability than RAGA.

SSA runs 5.7 times faster than RAGA, consistent with the findings
of Xiang et al. (2022). The sum of the weights of the top 10 indicators
calculated by SSA and RAGA are 2.9663 and 2.5890, respectively, with
standard deviations of t 0.1285 (SSA), 0.0891 (RAGA). According to
the research of Liu et al. (2021), it can be concluded that the indicator
weight identification using SSA effectively retain the information

1
2

https://www.resdc.cn;

http://data.cma.cn/
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TABLE 2 Data descriptive statistics.
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Variables Abbreviations = Calculation Maximum = Minimum  Average Standard
(Sldgelg
Farmland use
FUT - 3.1888 0.9999 2.1542 0.4557
transition
Farmland spatial
Spatial transition - 1.0700 0.1392 0.6383 0.2058
transition
Calculated by SSA-PPM
Farmland functional
Functional transition - 1.6615 0.5109 1.1482 0.2618
transition
Farmland model
Model transition - 0.7043 0.1415 0.3676 1.1046
transition
From China Meteorological
Precipitation PRE mm 2,256 1,016 1,628 209
Data Network
Forest coverage FC Forest land area/County area % 65.12 0.13 26.66 19.12
Local government Local fiscal expenditure to
LGP - 0.2235 0.0089 0.1025 0.0535
policy GDP
The number of village
Village policies VP - 878 36 338.1238 214.7951
committee
Population Number/ County population/
Population POP 2491.3226 182.0789 603.0336 539.9769
area km?
Economic
ED GDP/ population RMB/person 213168.445 3,050 38180.1736 45666.5765
development
Residents’ Consumption amount of
consumption RCC urban and rural residents/ RMB/person 73280.2937 138.2281 12641.64614 15339.5254
capacity population

differences between indicators and further differentiate important
indicators. The sensitivity of indicator weight identification is
proposed in response to the large sum of the top 10 indicators and the
high standard deviation in the calculation results of SSA.

Therefore, the SSA method exhibits better stability, faster
convergence, higher accuracy, and a superior ability to reflect
indicators information than RAGA. The use of SSA-PPM to calculate
FUT is scientifically sound.

3.2 The spatiotemporal pattern of FUT

FUT index is calculated using SSA-PPM, with the optimal
projection vector derived from SSA-PPM serving as the multiplier.
The sum of the standard values of the metrics is then used to derive
spatial transition, functional transition, and model transition. Figure 5
presents the evaluation results of violin plot, and Figure 6 illustrates
the spatial pattern of FUT.

3.2.1 Spatiotemporal patterns of total transition
Despite a slight decline observed between 2005 and 2015, the FUT
index of DLR has demonstrated an overall fluctuating upward trend.
Figure 5 illustrates that the FUT index values for the years 2000, 2005
and 2010 are concentrated within the range of 1.5 to 2.5. The range of
data concentration areas exhibited an expansion in 2015 and 2020,
with a more pronounced expansion observed in the range of violin
heads in 2020. This suggests a further widening of regional differences.
As illustrated in Figure 6, the spatial pattern of FUT exhibits a
high concentration in the central region and a low concentration in
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the peripheral areas. The mean values for each year are 1.8829, 1.9521,
1.9196, 1.8634 and 1.9565, respectively. The regions with the highest
values in 2000 include Wangcheng, Junshan, Huarong, Xiangyin,
Miluo, Dingcheng, Anxiang, Hanshou, Lixian, Ziyang, Heshan,
Nanxian and Yuanjiang. The counties in Junshan, Huarong, Xiangyin,
Dingcheng, Anxiang, Hanshou, Lixian, Ziyang, Nanxian and
Yuanjiang are all above average in 2020. From 2000 to 2010, Wuling
exhibited the greatest rate of change in transition (10.08%), while
Heshan exhibited the lowest rate of change in transition (0.22%). From
2010 to 2020, Yueyanglou exhibited the greatest rate of change in
transition (27.08%), while Lixian exhibited the lowest rate of change
in transition (0.54%).

3.2.2 Spatiotemporal patterns of spatial transition
As shown in Figure 5, the concentration range of the spatial
transition index decreases from 0.6-0.8 to 0.4-0.6 between 2000 and
2020. There is an overall decreasing trend in the spatial transition
index. Meanwhile, the width of the tail of the violin gradually
increased, and the range increased from 0.7162 to 0.9005. It means
that the overall widening regional disparities in spatial transition
became more pronounced. From 2000 to 2010, high spatial transition
values are concentrated in the central region, while low values are in
the eastern and western regions, as shown in Figure 6. Anxiang,
Huarong, Nanxian and Ziyang are identified as high value areas of
spatial transition. Higher rates of change are observed in Yunxi
(0.2536) and Junshan (0.2037), while Ziyang and Heshan exhibit more
gradual changes. From 2010 to 2020, the high value area shrinks and
shifts to the north-central part of the DLR, with the highest rates of
change occurring in Yueyanglou (0.5269) and Yunxi (0.3894).
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3.2.3 Spatiotemporal patterns of functional
transition

Functional transition is characterized by a decrease followed by
an increase. As shown in Figure 5, the concentration range of the
functional transition index values gradually expand from 2000 to
2020, with the range of the violin tails significantly expands. However,
the value of the ranges decreases from 0.9205 to 0.8109, indicating a
reduction in regional difference. Figure 6 shows that the high value
area shifted from the east to the west from 2000 to 2010, with higher
rates of change in Wuling (0.4478) and Huarong (0.3268), and more
gradual changes in Jinshi and Yunxi. From 2010 to 2020, the range of
high value areas decreases and then expands. Wuling (0.4478) and
Ziyang (0.3729) exhibit the highest rates of change, while Yueyang and
Linli show more stable changes.

3.2.4 Spatiotemporal patterns of model transition
Figure 5 illustrates the range of concentration of the model
transition index, which increases from 0.2-0.3 to 0.4-0.5, indicating
a rise in the level of model transition. The value of ranges increases
from 0.4146 to 0.4167, suggesting that regional differences have
widened, though not significantly. Figure 6 illustrates that from 2000
t0 2010, the high value area for model transition is concentrated in the
central region, while the surrounding counties are low value areas. The
counties with the highest rate of change are Wuling (0.5285) and
Yunxi (0.8022), while the changes in Ziyang and Heshan are relatively
smooth changes. From 2010 to 2020, the high-value area expanded in
all directions, with Nanxian serving as the central hub. In contrast, the
low-value area notably contracted. The most pronounced changes are
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observed in Xiangyin and Dingcheng, Li County and Linli exhibits
more gradual alterations.

3.3 The synergistic relationship of spatial
transition, functional transition and model
transition

As can be seen in Table 3, spatial transition is the ordinal covariate
of model transition among the drivers of FUT. y; =0.0432, y, = 0.2432
, it indicates that spatial transition and model transition establish
negative feedback mechanisms that facilitate their orderly evolution,
and that the degree of order is decreasing. a =0.3004, b=0.3026, it
leads to the conclusion that spatial transition is an inhibitor of model
transition, whereas model transition is a stimulant of spatial transition.
Meanwhile, neither the spatial transition and functional transition nor
the functional transition and model transition exhibit co-evolutionary
mechanisms, indicating a state of disorder.

3.4 Spatial spillover effect of FUT

3.4.1 Spatial correlation analysis

As depicted in Figure 7, the Moran index for FUT in each year is
significantly greater than 0, with values ranging from 0.3500 to 0.5000.
Most county values are distributed in the first and third quadrants,
indicating that high-value areas surrounded by high-value areas and
low-value areas surrounded by low-value areas. This spatial
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TABLE 3 The results of Haken model.
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Serial Model hypothesis Equations of motion Validity
1 @ =spatial transition - - No
g2 =functional transition a1=08733 e~ 0.3581 A(t-1)92(t-1)
-~ ok 2
g2 =0.9178 q2(l‘—1) +O.1692q1(t_1)
2 @ =functional transition 0.9296"* 0.1011 No
Qo =spatial transition =5 q1(t_1) ' q1(t_1)q2(t_1)
_ ok *® 2
go =0.9541 92(t-1) +0.0599 q1(t_1)
3 G4 =spatial transition - - Yes
g2 =model transition G1=0.9568 (1) ~0:8004 H(t-1)92(t-1)
_ sk ok sk D
gp =0.7598 a2(t-1) + 0.3026 q1(t_1)
4 @4 =model transition 111185 0.6513 No
=1. _1)+0. _ _
Qo =spatial transition il Q1(t 1) Q1(t 1)Q2(t 1)
_ sokok 2
go =0.9748 ao(t-1) + 0.13561:71(1‘71)
5 ¢ =functional transition 0.9070*** 0.5705 No
=0. —1) + 0. — —
g2 =model transition i h(t=1) N(t-12(t-1)
_ k% ®xk D
g0 =0.7917 q2(t—1)+0'1444 q1(t—1)
6 .. No
@4 =model transition ok *
=1.2340 _1) +0.9226 _ _
@2 =functional transition il it 1) Q1(t 1)Q2(t 1)
_ sk 2
qo =0.9232 q2(1_1) +1 .3068q1(t_1)

*, *% and *¥* represent significance at the 10, 5 and 1% levels, respectively.

distribution of FUT levels in the DLR is not entirely random but
exhibits strong spatial clustering. Therefore, it is imperative for this
study to use spatial factors to comprehensively understand the spatial
interactions of FUT.

3.4.2 Spatial spillover effect of FUT

This study employes LM tests, Robust LM tests, and LR tests to
determine the appropriate form of spatial econometric model (Results
omitted). The results of the LM and Robust LM tests show that the
Spatial Durbin model performs better than both the Spatial Error
model and the Spatial Lag model. The LR test indicates that this study
should adopt the spatial Durbin model with spatial fixed effects. The
results in Table 4 show that the coeflicient of the time lagged variable
FUT,, is positive and statistically significant at the 5% confidence
level, indicating a significant impact of previous social and economic
development on current land use transition. The coefficient of the
spatial lag term w; x FUT is positive and statistically significant at the
10% confidence level. An increase in FUT levels in neighboring areas
also leads to higher FUT levels in the local area, consistent with the
conclusions drawn from the global spatial autocorrelation analysis.

To accurately analyze the direct and spatial spillover effect of various
varjables on FUT, this study employs partial differential effects
decomposition method. The results are shown in Figure 8. Among the
natural factors, precipitation does not have a significant impact on
FUT. Forest coverage has a significant positive short-term direct effect on
FUT, while its short-term spatial spillover effect and long-term effects are
not significant. Although forests create provide favorable natural
conditions for FUT, the region’s forest coverage cannot expand infinitely.
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Among policy factors, local government policies exert a negative
direct effect on FUT in the short term, with no spatial spillover effect on
FUT. This can be attributed to excessive market intervention and policy
instability, which leave farmers’ land use decisions uninformed. Despite
the Chinese government’s establishment of a redline for land protection,
the lack of transparency in land approval and acquisition procedures has
failed to effectively curb the decline in farmland quantity (Peng et al.,
2020). These factors have prevented policies from producing favorable
direct effects and spatial spillover influences on FUT. The policies of the
village committee do not exhibit a significant positive direct or spatial
spillover impact on FUT, aligning with the findings of Shi et al. (2018).
The lack of attention from village committees toward farmers’ issues has
led to a trust crisis between village committee and villagers.

Within the scope of socio-economic factors, economic
development negatively impacts FUT. Both long-term and short-term
direct consequences of population density on FUT are consistently
adverse. Additionally, the spatial spillover effect of population density
is negligible. The diminishing quantity of farmland and the loss of
ecological diversity in farmland ecosystems can be attributed to the
escalation in population growth and economic development, which
subsequently has a negative impact on FUT.

The consumption capacity of residents have a direct positive effect
on FUT, passing the significance test at a 5% level. Increasing residents’
consumption capacity can promote environmentally-friendly use of
local farmland by altering demand structure. However, this effect does
not extend significantly to neighboring areas due to the insufficient
of by
local governments.

understanding consumption upgrading directions
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TABLE 4 The results of dynamic spatial Durbin model. confirmed by scholars (Ma et al., 2021; Peng et al., 2023). Therefore,
this paper incorporates the returning farmland to wetland policy into
Variables Coefficients Variables Coefficients the evaluation framework, broadening the connotation of FUT in the
0.3723%* 1.0927%% lake region.
FUT., RCC - . . - . . .
(0.1066) (0.5386) This paper investigates the synergistic relationship among different
0.0758* —0.2098* morphologies. The findings demonstrate that spatial transition, as an
wy x FUT 00831) wx PRE 0.1119) ordinal covariate of model transition, and the two processes together
03733 00161 form a mechanism for synergistic evolution. The expansion and
PRE ) wx FC ! fragmentation of farmland reduce resource efficiency and increase the
(0.2863) (0.3108) ) ) i ) .
risk of natural disasters (Liu et al., 2018). In this context, model transition
EC 06818 wx LGP —0.2623%% can serve as an effective engineering tool to address spatial transition.
(04159) (0.1204) Existing literature supports the notion that the policy of returning
LGP —0.5322% vp —0.429475 farmland to wetlands has successfully mitigated issues such as land
WX
(0.2748) (0.1599) salinization, desertification, and infertility caused by over-cultivation and
—0.1457 —0.2037 unsustainable land-use practices (Bartolucci et al., 2021; Liu et al,, 2024;
VP (0.2423) wx POP (0.3007) Zhang etal., 2024). Synergistic FUT enables a coordinated transformation
- - of spatial, functional, and modal morphologies, effectively reducing land
—0.7162%* 0.4372%% ) :
POP wx ED erosion and restores land quality.
(0.3478) (0.2042) o i . o .
These findings illustrate that an increase in FUT within a local unit
_ ok
ED 1.2827 w x RDD 0.2023 influences FUT in nearby areas. However, the selected explanatory
(0.6138) (0.3202) variables in this study did not yield significant positive spatial spillover
R? 0.7625 effect. The primary reason for this absence is the weak economic
*, #% and *** represent significance at the 10, 5 and 1% levels, respectively, and the standard connections within the middle reaches of the Yangtze River, where the
error values are in parentheses. DLR is located. Factors such as over-concentration of economic factors
and population growth act as major constraints to positive spatial linkages
in the region (Xiao et al., 2021; Lee et al., 2024). Research has shown that
4 Discussion the region must enhance interregional exchanges and cooperation to

Compared to other regions, the FUT of DLR is uniquely
influenced by the ecological vulnerability of the lake system and the
high-intensity socio-economic activities. To address these challenges,
the Chinese government has implemented the policy of returning
farmland to wetland. Unlike previous studies that focused on FUT
from a “spatial-function” perspective, this study adopts the analytical
framework for FUT developed by Ke et al. (2021) and Cui et al. (2024).
It considers the transition of farmland use modes and incorporates the
goal of human-wetland harmony, which is central to the policy of
returning farmland to wetland, as an important aspect of model
transition. The ecological effects of the FUT induced by the returning
farmland to wetland policy, such as enhanced carbon storage, water
purification, and improved habitat quality in the lake area, have been
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foster positive spatial linkages for interregional socio-economic
development (Lv et al., 2023; Song et al.,, 2024). There remains untapped
potential to bolster the generation of positive spatial spillover effect
concerning political and socio-economic factors.

This study deepens the understanding of FUT in DLR through
an examination of its spatial, functional, and model transitions. By
clarifying the concept of FUT, the study enhances the theoretical
framework of land use transition theory, particularly in the context
of developing countries. Meanwhile, it explores the spatial spillover
effect of FUT, advancing the application of spatial econometrics in
land use research. The findings provide practical insights for
optimizing land management policies and promoting coordinated
regional development, ultimately leading to more efficient
farmland use and effective ecological restoration. However, the
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FUT evaluation index system presented in this paper requires
further improvement due to limited data availability. Future
research should focus on measuring the level of synergy between
the spatial, functional, and model transition subsystems and
investigating the impact of the digital economy on FUT. At the
same time, it is also necessary to predict the future transformation
trend of FUT.

5 Conclusion and policy implication
5.1 Conclusion

This study integrates the model transition dimension, particularly
adapted for lake regions, into the theoretical framework, enriching the
understanding of land use transformation in ecologically sensitive
zones. Meantime, it bridges spatial and functional transitions within a
synergistic evolution mechanism and highlights their biased symbiotic
relationship. It incorporates spatial spillover effect as an intrinsic
component of land use transformation processes, thereby extending
the theory’s explanatory power to account for interregional interactions.

The following research conclusions were obtained in this paper.
(1) SSA-PPM is more suitable for computing FUT because it has better
stability, faster convergence and higher accuracy. (2) FUT have
demonstrated a fluctuating upward trend during the period of 2000-
2020, with regional disparities becoming more pronounced. (3) Spatial
transition serves as an ordinal covariate of model transition, forming
a mechanism for synergistic evolution that exhibits a biased symbiotic
relationship between the two entities. However, this mechanism is not
observed in the case of functional transition. (4) The augmentation of
FUT in neighboring areas contributes to the enhancement of FUT in
the local region. However, there is a need to refine the positive spatial
spillover effect of political and socio-economic factors on FUT.
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5.2 Policy implication

The government should implement demand-driven land use
policies and establish clear guidelines on the extent of farmland
reclamation near lakes, ensuring that ecological preservation is
prioritized alongside food security objectives. Coordinated
development of cultivated land use and wetland conservation
should be promoted through government-led land consolidation
and other engineering interventions. In addition, it is vital for the
government to implement policies that promote the adoption of
advanced agricultural technologies, enabling a transition to more
sustainable and efficient farming practices.

Enhancement of transportation infrastructure is a pivotal
factor in the formation of constructive spatial connections
between the political, economic, and social elements that shape
land use patterns. The phenomenon of spatial spillover effect is
evident in the evolution of land use dynamics. This study
highlights a positive spatial correlation in land use within the
DLR. However, the spillover effects of various influencing factors
on land use patterns require further exploration. Given that a
large portion of the DLR is covered by water bodies, the
development of transportation infrastructure is constrained. To
address this, each county in the DLR should allocate sufficient
funding and employ advanced techniques in infrastructure
development to improve regional connectivity, thereby enhancing
the effectiveness of policies and fostering stronger socio-
economic ties across the area.
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