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Abstract

Cultivated land abandonment poses a growing threat to regional food security and sustain-
able land resource allocation in tropical island regions, making the accurate identification
of its spatio-temporal characteristics and driving mechanisms an urgent research priority.
This study addresses existing research gaps by examining cultivated land abandonment in
Hainan Island from 2000 to 2025. Utilizing multi-temporal remote sensing images and a
geographical detector model, this study analyzes the spatio-temporal evolution patterns
and driving mechanisms of abandonment. The findings indicate that the scale of aban-
doned cultivated land exhibits a phased trend characterized by sharp expansion, significant
contraction, and minor fluctuations. Spatially, it displays a pattern of higher values in
the northeast and lower values in the southwest, with coastal areas exhibiting greater
abandonment than inland regions. Natural factors serve as fundamental constraints, socio-
economic factors act as the primary driving forces, and locational factors have gradually
assumed dominance. All factors demonstrate a two-factor enhancement effect following
interaction. This study underscores the necessity for region-specific strategies to mitigate
cultivated land abandonment and promote sustainable agricultural development in tropical
island areas.

Keywords: Hainan Island; cultivated land abandonment; spatio-temporal differentiation;
geographical detector; driving mechanism; remote sensing

1. Introduction
Human activities have significantly transformed land use and land cover globally [1].

The progressive conversion of natural surfaces into artificial or agricultural land, partic-
ularly land consumption, has become a major concern for contemporary societies, given
its implications for environmental sustainability and the long-term availability of land
resources [2,3]. Within this broader context, arable land remains a fundamental resource for
ensuring national food security, promoting rural revitalization, and fostering sustainable
economic and social development [4,5]. In China specifically, despite the implementation
of a stringent farmland protection system that has stabilized the total area of farmland
nationally, persistent issues related to farmland quality, spatial distribution, and utilization
efficiency continue to undermine these protective gains [6,7].

Sustainability 2026, 18, 7836 https://doi.org/10.3390/su18157836

https://crossmark.crossref.org/dialog?doi=10.3390/su18157836&domain=pdf&date_stamp=2026-08-03
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su18157836


Sustainability 2026, 18, 7836 2 of 20

Farmland abandonment is a major problem in parts of Europe, particularly in moun-
tain areas and semiarid environments [8]. The process of urbanization and industrialization
in developed countries is relatively early [9]. The advancement of industrialization and
urbanization, coupled with the migration of rural labor to non-agricultural sectors, has led
to a decline in the comparative benefits of agriculture. In certain regions, farmland has
transitioned from seasonal abandonment to perennial abandonment, which hinders stable
grain production and the establishment of high-standard farmland [10,11]. Consequently,
conducting research on the spatio-temporal evolution and driving mechanisms of farmland
abandonment is of great practical significance.

Studies have shown that land abandonment in China has exhibited a trend of spatial
agglomeration and local diffusion over the past two decades, characterized by significant
phased and regional differentiation [12]. Both domestic and international scholars have
conducted extensive research on land abandonment. In terms of spatio-temporal pattern
identification, various methods utilizing medium- and high-resolution multi-temporal
remote sensing data have been employed to accurately depict the dynamics and distribution
of abandonment across different regions [13].

Cultivated land abandonment constitutes a global phenomenon that poses a signifi-
cant threat to both the ecological environment and food security [14]. Accordingly, both
domestic and international scholars have conducted extensive research on farmland aban-
donment, particularly regarding its driving mechanisms. Existing studies have identified
labor withdrawal and cultivated-land fragmentation as primary causes, with geograph-
ical detector models widely applied to assess the driving effects of multiple factors on
land use transformation [15]. However, existing research lacks a systematic integration
of spatio-temporal evolution, abandonment classification, driving-factor detection, and
control strategies, and further refinement of control measures for specific units, such as
tropical monsoon climate zones, remains necessary [16,17].

Since 1990, China’s rapid industrialization and urbanization have converted approxi-
mately 2.94 × 105 hm2 of cultivated land to non-agricultural use annually, directly threat-
ening national food security [18]. Against this backdrop, Hainan Island becomes central. It
can play a specific role in this context. As a unique tropical agricultural base and southern
seed industry hub, it holds an irreplaceable strategic position in ensuring the supply of
the country’s winter “vegetable basket” and safeguarding the seed industry’s security.
The island’s terrain is characterized by plains, plateaus, and hills, resulting in a complex
agricultural planting structure.

Climate extremes increasingly threaten cultivated land use, as its utilization remains
highly sensitive to seasonal climate variability and market fluctuations [19,20]. Hainan has
been established as the largest special economic zone in China since 1988 [21]. With the
establishment of the Hainan Free Trade Port and the restructuring of rural industries, the
issue of abandoned farmland on Hainan Island has become increasingly prominent and
spatially diverse [22]. This situation arises from constraints related to natural resources,
fragmented farmland, and an aging labor force, thus posing a challenge to regional food
security. In this context, clarifying the spatio-temporal evolution patterns of farmland aban-
donment, quantifying the spatio-temporal differences, and analyzing the driving factors
are of great practical significance for formulating differentiated farmland control policies.

This study focuses on Hainan Island as the research area. Utilizing six periods of
remote sensing images from 2000 to 2025, we apply a time sliding window discriminant
model, a measurement of cultivated land abandonment rates, and a geographical detector
model to illustrate the spatio-temporal characteristics of cultivated land abandonment.
This analysis is conducted from three dimensions: the identification of abandoned land
patterns, an analysis of spatio-temporal evolution, and the detection of driving factors. By
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quantifying the intensity and interactions of natural, socio-economic, and locational factors,
this study aims to reveal the formation mechanisms and differentiation characteristics
of farmland abandonment in island-type regions. Ultimately, the findings are intended
to provide scientific support and practical references for farmland reclamation, optimal
allocation of farmland resources, farmland protection, and rural revitalization.

2. Theoretical Framework
2.1. Man–Land Relationship Areal System and Cultivated Land Use Transition Theory

The Man–Land Relationship Areal System and cultivated land-use transition the-
ory provide the conceptual basis for this study, but they are used here in an operational
rather than purely abstract manner [23,24]. Cultivated land abandonment is interpreted
as a spatial outcome of weakened coordination among agricultural labor, land resources,
production returns, ecological constraints, and policy intervention. In Hainan Island, urban-
ization, rural labor out-migration, terrain fragmentation, and tropical climatic disturbance
jointly reshape the cost–benefit balance of cultivation. This framework therefore guides the
selection of measurable variables for the empirical analysis.

2.2. Multi-Dimensional Driving Mechanisms and Spatio-Temporal Differentiation of Cultivated
Land Abandonment

Land abandonment is a process widespread across many regions of the world, driven
by socio-economic conditions and shifts in land use [25]. Building on this understanding,
the present study organizes its empirical framework around three groups of measurable
drivers: natural constraints (slope, farmland fragmentation, precipitation, and extreme
weather), socio-economic pressure (farmer income, agricultural output, cultivated-land
benefits, planting costs, and labor turnover), and locational conditions (population den-
sity, aging, urbanization, and distance to towns, roads, and settlements). Based on this
framework, the Geographical Detector model is applied to test how these variables explain
spatial heterogeneity in abandonment, and how their interactive effects evolve across the
2000–2010, 2010–2020, and 2020–2025 stages.

2.3. Cross-Scale “Monitoring-Analysis-Control” Comprehensive Analysis Framework

The framework follows a concise “monitoring-analysis-control” sequence (Figure 1).
Multi-temporal remote sensing images are first used to identify the scale, grade, and
spatial pattern of abandonment. Center-of-gravity analysis and Geodetector models then
quantify spatial movement, dominant drivers, and interaction types. The results are finally
translated into differentiated governance zones. Figure 1 has been reformatted as an
operational workflow with unified English labels, font sizes, and caption style.

Figure 1. Operational framework for monitoring, mechanism analysis, and governance zoning of
cultivated land abandonment in Hainan Island.
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3. Materials and Methods
3.1. Overview of the Study Area

Hainan Island, situated at the southernmost tip of China, has geographical coordinates
ranging from 18◦10′ to 20◦10′ N and 108◦37′ to 111◦03′ E. It experiences a tropical marine
monsoon climate characterized by abundant sunlight and warmth, with an average annual
temperature ranging from 22.5 to 25.6 ◦C and annual precipitation between 1600 and
2000 mm. The island’s topography features a high central region, surrounded by lower
areas, with a stepwise transition from Wuzhishan and Yingge Ling to the coastal zones,
which include mountains, hills, plateaus, and plains (Figure 2).

Figure 2. Geographical Location, Elevation, and Land Use Type Distribution Map of Hainan Island.
Note: 11: Paddy field; 12: Irrigated arable land; 21: Orchard; 22: Tea plantation; 23: Other plantation;
24: Forest land; 31: Natural grassland; 32: Artificial grassland; 33: Other grassland; 41: Urban land;
42: Rural residential land; 43: Independent industrial; 45: Transportation land; 46: Mudflat; 51: Rivers
and canals; 52: Lakes; 53: Reservoirs and ponds; 61: Tidal flat; 63: Estuarine delta wetland; 64: Coastal
lagoon; 65: Shallow sea water; 99: Idle land.

High-quality farmland is predominantly located in the coastal plains and river terraces.
In contrast, the central and hilly areas exhibit fragmented and sloping farmland, which
poses a higher risk of being left uncultivated. The influence of monsoon patterns and
topography results in uneven precipitation both temporally and spatially, with only 20% of
the annual precipitation occurring during the dry winter and spring seasons. Seasonal water
shortages, coupled with aging water conservancy infrastructure, have further exacerbated
the instability of agricultural production.

As China’s sole free trade port, characterized by its unique attributes and a significant
breeding base in the south, Hainan faces unbalanced regional development. The eastern
and northern coastal areas boast a developed economy, high levels of urbanization, and a
notable aging and hollowing out of the agricultural labor force.
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In contrast, the ecological conservation areas in the central and western regions lag eco-
nomically, resulting in a lack of enthusiasm among farmers for grain cultivation. Recently,
the structural adjustment of tropical efficient agriculture and the expansion of construction
land have exerted dual pressure on farmland, leading to issues of ‘non-grain use’ and
abandonment. This situation highlights the contradiction between population growth and
land use, providing a typical case study for exploring the spatio-temporal evolution and
driving mechanisms behind farmland abandonment.

3.2. Data Sources and Preprocessing

The data on abandoned farmland in Hainan Island was obtained through the interpre-
tation of Landsat remote sensing images from six time points: 2000, 2005, 2010, 2015, 2020,
and 2025. This data was sourced from the Data Center for Resources and Environmental
Sciences, Chinese Academy of Sciences (http://www.resdc.cn), with a spatial resolution of
30 m. The correction of this data was conducted in conjunction with the land use/cover
product released by the National Earth System Science Data Center and the current land
use map of Hainan Island.

DEM data was acquired from the Geospatial Data Cloud Platform. Among the natural
factor data—average altitude, average slope, average annual temperature, and annual
rainfall—altitude and slope were extracted from the DEM using ArcGIS 10.8.2. In contrast,
temperature and rainfall data were sourced from the Statistical Yearbook. Socio-economic
data, including urbanization rate, the proportion of secondary and tertiary industries in
GDP, total agricultural machinery power, and road network density, were obtained from the
Hainan Statistical Yearbook (2001–2025) and the statistical bulletins on national economic
and social development for each county (city).

Location factor data, such as distances from farmland to rivers and settlements, were
calculated in ArcGIS using tools like clipping and nearest neighbor analysis, based on the
2017 version of the National Basic Geographical Information Database. Data pre-processing
involved unified projection transformation, void filling, and patch filtering of multi-period
land use data to eliminate categorical noise. Through spatial overlay analysis and data
standardization, a comprehensive dataset encompassing natural, social, and locational
factors was constructed to support subsequent analyses of the spatio-temporal evolution
and driving mechanisms of abandoned farmland.

Extreme weather (X4) was operationalized using two complementary indicators. First,
we calculated the annual number of days with daily precipitation exceeding the 95th
percentile threshold of the baseline climatology (2000–2025) for each county’s representative
meteorological station. Second, we counted the annual frequency of tropical cyclone events
that either made landfall on Hainan Island or passed within a 200 km radius of the island’s
coastline. These two indicators were combined into a composite extreme weather index for
each county-year. Data were obtained from the China Meteorological Administration Data
Service Center (https://data.cma.cn) and the Hainan Statistical Yearbook. To account for
inter-annual variability and align with the study’s temporal analysis periods (2000–2005,
2005–2010, 2010–2015, 2015–2020, 2020–2025), a five-year moving average of the composite
index was calculated for each observation period. This temporal aggregation ensures
that the extreme weather variable captures sustained climatic stress rather than single-
year anomalies, making it compatible with the five-year interval structure of the remote
sensing data.
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3.3. Research Methods
3.3.1. Methods for Identifying Abandoned Farmland

Drawing on prior research on the extraction of abandoned farmland, this study con-
structs a time-sliding window discriminant model based on 30 m resolution land-use data
to identify abandoned farmland at the pixel scale. In this study, abandonment is defined
as a cultivated pixel that converts to natural cover, including forest land, grassland, or
shrub land, while excluding conversion to construction land, and that does not revert to
cultivation within the subsequent observation nodes [6,10,13]. This definition is ecologically
meaningful, as forested and grassland areas play a significant role in supporting human
livelihoods and regional ecosystem services [26].

The sampling years are 2000, 2005, 2010, 2015, 2020, and 2025. Because the dataset is
organized at five-year intervals, the “six-year sliding window” used in this study refers
to a six-node sampling sequence rather than six consecutive calendar years. The pixel
classification includes continuous cultivated land, abandoned land, temporary fallow land,
newly added cultivated land, and continuous non-cultivated land. Natural land does not
include impermeable construction land, which avoids treating permanent construction
conversion as agricultural abandonment. To mitigate classification noise, a 3 × 3 neighbor-
hood majority filter was applied, and misclassified patches were corrected by integrating
high-resolution image interpretation and field investigation in representative sample areas.
The resulting maps were used to calculate abandoned farmland area and abandonment
rates for each county.

3.3.2. Rate of Abandoned Farmland

The cultivated land abandonment rate refers to the proportion of abandoned cultivated
land area relative to the total cultivated land area within the study region [27], calculated
using the following formula:

Pi = (Ai/Si) × 100%,

In the formula, Pi represents the cultivated land abandonment rate (%); Ai denotes
the area of abandoned cultivated land; and Si denotes the total area of cultivated land.
Temporary fallow or restored cultivated land is not included in Ai.

3.3.3. Geographical Detector

The Geodetector model is a widely used method for examining spatial heterogeneity
and for quantifying the explanatory power of potential driving factors [28]. Other spatial
statistical approaches, such as the Getis-Ord statistics [29], could also be considered for
spatial association analysis. This study applies both the factor detector and interaction
detector modules to analyze the drivers of cultivated land abandonment in Hainan Island.
The formula is as follows:

q = 1 − (1/(N sigmaˆ2)) ∗ sum_{h = 1}ˆ{L}(N_h sigma_hˆ2),

In the formula, q represents the explanatory power of a driving factor for the spatial
differentiation of the cultivated land abandonment rate, with a theoretical value range of
[0, 1]. A q value closer to 1 indicates stronger spatial explanatory power. L denotes the
number of strata; N_h and N represent the sample size in stratum h and the total sample
size, respectively; sigmaˆ2 and sigma_hˆ2 denote the variance of the abandonment rate for
the whole study area and for stratum h, respectively.

To make the Geodetector implementation reproducible, the dependent variable Y is
defined as the cultivated land abandonment rate (Pi) for each county-level analytical unit
in each observation period. Explanatory variables are aggregated to the same spatial units
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before factor detection: raster-based topographic, climatic, and fragmentation variables
are summarized using cultivated-land pixels within each unit; distance variables are
summarized by the mean distance of cultivated-land pixels to the nearest target feature;
and socio-economic variables are matched from county-level statistical data.

For each factor, the analytical unit, number of units, discretization method, number of
strata, within-stratum sample-size distribution, q value, and p value are reported together
with the model results. Because q values approaching 1 can be inflated by small strata or
over-discretization, q is interpreted as a measure of spatial explanatory association rather
than direct causal magnitude. Continuous variables are examined under alternative stratifi-
cation schemes, including equal interval, natural breaks (Jenks), and quantile classification;
factors whose rankings remain stable across schemes are treated as robust drivers, whereas
stratification-sensitive factors are discussed cautiously.

4. Results
4.1. Characteristics of the Spatio-Temporal Evolution of Abandoned Cultivated Land Area

Between 2000 and 2025, the scale of abandoned farmland on Hainan Island exhibited
a phased change characterized by “sharp expansion, significant contraction, and moder-
ate fluctuation.” In 2000, the area of abandoned farmland was approximately 89.84 km2,
representing a relatively low proportion of the total cultivated land and indicating spo-
radic abandonment. By 2005, the abandoned area had rapidly increased to 246.90 km2,
approximately 1.75 times the 2000 level. It continued to rise in 2010, reaching 248.71 km2

and stabilizing at this high plateau. This trajectory of rapid expansion followed by a high-
level plateau is consistent with patterns observed in other hilly and fragmented terrain
regions [10,30].

Subsequently, driven by policies such as high-standard farmland construction and
abandoned-land remediation, the abandoned farmland area decreased significantly to
64.34 km2 in 2020 and then slightly increased to 68.52 km2 in 2025. Overall, the problem
has been alleviated during the recent policy period, although marginal agricultural areas
still face persistent abandonment pressure.

From the perspective of temporal evolution, the period from 2000 to 2005 marked a
phase of rapid expansion of abandoned farmland, with the area increasing by approximately
157 km2. Correspondingly, the patches of abandoned farmland significantly increased in
the northern regions of Danzhou, Lingao, and Chengmai, as well as in the eastern area of
Wenchang, evolving from a scattered distribution to a more concentrated patch distribution.

From 2005 to 2010, the area of abandoned land remained at a high level, exhibiting
small fluctuations. Spatially, it displayed a pattern characterized by “greater abundance
in the north and lesser in the south, with more along the coast than inland.” The degree
of contiguous abandoned land in the northern coastal plain and certain central hilly areas
increased, reflecting a continuous trend of marginalization influenced by labor outflow and
irrigation constraints.

From 2010 to 2020, influenced by policies aimed at rectifying abandoned land and
eliminating “non-grain use” throughout the province, the area of abandoned land was
significantly reduced. The scattered abandoned land in most areas saw a notable de-
crease, with only a few small-scale abandoned plots remaining in certain counties, such
as Lingao and Wenchang. From 2020 to 2025, the area of abandoned land exhibited a
moderate upward trend, primarily concentrated in the far northern suburbs and the eastern
marginal agricultural areas. This trend reflects the reality that, following the diminishing
marginal effects of policy interventions, some low-yield farmland continues to face the risk
of abandonment.
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In terms of the spatial distribution pattern, abandoned farmland exhibits characteristics
of being relatively concentrated in the northern and eastern regions while being scattered
in the central and southern areas. In the northern counties of Lingao, Chengmai, and
Danzhou, as well as in the eastern coastal plain regions of Wenchang and Qionghai, the
density of abandoned patches was significantly higher than the provincial average. At
two time points, 2005 and 2010, relatively continuous high-value bands were formed. In
2025, these high-value areas remained concentrated in the far northern suburbs and eastern
marginal agricultural areas (Figure 3).

Figure 3. Spatio-temporal evolution of abandoned farmland in Hainan Island.

These regions are predominantly traditional agricultural zones that were developed
earlier, characterized by fragmented farmland and relatively weak irrigation facilities,
making them highly susceptible to urban expansion, industrial transfer, and labor outflow.
In contrast, mountainous and hilly regions such as Wuzhishan, Baoting, and Ledong in the
central and southern parts of Hainan Island show a relatively small number of abandoned
patches, mainly scattered and point-like. Overall, over the course of 25 years, abandoned
farmland in Hainan Island has transitioned from low-level scattered abandonment to con-
centrated abandonment in the central mountainous areas such as Qiongzhong and Baisha,
and then to overall contraction with residual abandonment in marginal agricultural areas.

4.2. Spatio-Temporal Evolution Characteristics of the Farmland Abandonment Rate

From 2000 to 2025, the levels of cultivated land abandonment on Hainan Island exhib-
ited significant fluctuations. Based on the results of remote sensing image interpretation,
cultivated land abandonment was classified into five severity levels, with Level 1 represent-
ing the least severe and Level 5 the most severe (Table 1). The spatiotemporal variations in
abandonment levels were strongly correlated with regional natural conditions and spatial
disparities in socio-economic development [31].
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Table 1. Grades and types of abandoned farmland, along with their corresponding intervals.

Classification of Abandonment Level Classification Interval of Cultivated Land
Abandonment Rate (%)

Slight Abandonment (No Abandonment) [0~10%]
Mild Abandonment [10~30%]
Moderate Abandonment [30~50%]
Severe Abandonment [50~70%]
Extremely Severe Abandonment [≥70%]

The five-class breakpoints (0~10%, 10~30%, 30~50%, 50~70%, and >70%) were de-
termined using the Jenks natural breaks optimization method (which minimizes within-
class variance and maximizes between-class variance) applied to the county-level aban-
donment rate distribution across all six periods, supplemented by expert judgment to
ensure interpretability.

In 2000, cultivated land abandonment on Hainan Island exhibited significant spatial
differentiation characteristics. The highest levels of abandonment (grade 5) were primarily
concentrated in the central mountainous region, specifically Qiongzhong and Baisha, and
around Wuzhishan in the central region, displaying a block-like distribution. Areas with
medium levels of abandonment (grades 2–3) were predominantly located around the
perimeter of the island. In contrast, the lowest levels of abandonment (grade 1) were
primarily found in Changjiang and Yazhou. The overall pattern reveals a gradient of
severe abandonment in the central mountainous core and low abandonment in the coastal
periphery. This aligns with the natural characteristics of high farmland fragmentation along
the northeastern coast and the significant challenges associated with farming in the central
mountainous region [32].

By 2005, a notable transformation occurred in the distribution pattern of abandoned
land grades. The high-grade abandoned land areas (grade 5) expanded significantly, be-
coming confined to specific locales within central counties and cities such as Tunchang
and Qiongzhong. Additionally, areas classified as medium and above (grades 3–4) be-
came more dispersed, with extensive tracts transitioning into medium abandoned land
areas classified as grade 2–3. At the same time, the extent of low abandoned land areas
(grades 1–2) expanded considerably. This change reflects the implementation effects of
national agricultural support policies in tropical island regions [6].

In 2010, the spatial distribution of abandoned land grades was readjusted. The area
of high-grade abandoned land (grade 5) retreated to the central core, shifting towards
Qiongzhong and Wuzhishan in the central region. Conversely, the area of medium-grade
abandoned land (grades 3–4) expanded significantly, while the area of low-grade aban-
doned land decreased correspondingly [29].

This trend highlights the increasing pressure on cultivated land utilization due to the
continuous loss of the labor force during that period. In 2015, the distribution of abandoned
farmland grades continued to exhibit the central agglomeration feature observed in 2010.
However, the area of high-level abandoned farmland (grades 4–5) diminished, primarily
concentrated in the core mountainous regions of Qiongzhong and Wuzhishan, as well
as certain areas of Baisha, resulting in an ‘island-like’ mosaic distribution. Conversely,
moderately abandoned areas (grades 3–4) extended into the surrounding hilly plateaus,
encompassing Tunchang, Ding’an, and the western part of Qionghai, thereby forming a
ring-shaped distribution band around the central mountainous area.

Low-grade abandoned areas (grades 1–2) expanded in clusters in Changjiang to the
west and Yazhou and Ledong to the east and south, illustrating a gradient pattern charac-
terized by ‘high in the middle and low around.’ This change reflects the ongoing impact of
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labor force hollowing in the central ecological conservation area, as well as the inhibitory
effects of large-scale agricultural operations on abandonment in the coastal plain areas
surrounding the island. This observation is highly consistent with the developmental stage
of tropical characteristic efficient agricultural structure adjustment [31,33]. The accelerated
transfer of cultivated land during this period has also contributed to this pattern.

In 2020, the spatial pattern of farmland abandonment grades showed a general im-
provement. The incidence of high-grade farmland abandonment decreased and became
more dispersed, while high-grade abandonment was confined to Qiongzhong and Baisha,
and the majority of counties returned to grade 1. Additionally, the area classified as low-
grade abandonment experienced restoration and expansion, reflecting an overall trend
towards dispersion and lower grades. This phenomenon is directly linked to the intensi-
fied efforts in farmland improvement on Hainan Island following the implementation of
national poverty alleviation and rural revitalization strategies [7].

By 2025, new spatial characteristics in the distribution of farmland abandonment
grades are anticipated. High-grade abandonment areas (grades 4–5) are projected to remain
concentrated in the northern suburbs, marginal agricultural zones of Wenchang, and parts
of Qiongzhong. Medium-level abandonment (grades 2–4) is expected to persist in central
regions such as Wuzhishan, Tunchang, and Qionghai, while western and southern areas
will continue to exhibit relatively low abandonment levels (grades 1–3).

Overall, a distribution pattern characterized by “high grades in the northern suburbs
and eastern fringes, medium grades in the central area, and low grades in the western and
southern regions” is anticipated (Figure 4). This indicates that the differentiated charac-
teristics of farmland abandonment across various regions are becoming more pronounced
due to changes in population structure and locational conditions [34].

Figure 4. Spatio-temporal evolution of the cultivated land abandonment rate in Hainan Island.

Because single-dimensional classification limits inter-regional comparison to a su-
perficial level, we further examine the underlying causes of graded spatial disparities by
integrating regional natural endowments, population structure, and policy implementation.
High-abandonment zones (Grade 4–5), concentrated in central mountainous towns such
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as Qiongzhong and Baisha, reflect the compounded effects of severe terrain constraints,
farmland fragmentation, and continuous labor outflow.

Medium-abandonment zones (Grade 2–3) in the central hilly areas are shaped by
seasonal drought and low agricultural profitability, producing temporary idling and lo-
calized risk rather than stable cultivation. Low-abandonment zones (Grade 1), located in
the western and southern tropical planting areas, benefit from comprehensive irrigation
infrastructure and high-value crop industrial chains that sustain farming enthusiasm and
limit land idling. These spatial patterns are further shaped by the timing and intensity of
policy intervention: the expansion of high-grade abandonment in 2005 coincided with rapid
urbanization and unregulated labor migration, whereas the marked decline in abandon-
ment grades by 2020 corresponds to the implementation of comprehensive abandoned-land
remediation policies.

4.3. Shift in the Focus of Farmland Abandonment

As illustrated in Figure 5, the spatial center of gravity of abandoned farmland on
Hainan Island exhibited phased and directional displacement from 2000 to 2025, with
an overall shift toward the southwest. Specifically, the center of gravity moved 312.45 m
southeast from 2000 to 2005, 89.63 m south from 2005 to 2010, 156.78 m southwest from 2010
to 2015, 47.21 m west from 2015 to 2020, and 203.34 m southwest from 2020 to 2025. The
cumulative path length of these segment-by-segment movements was 809.41 m, whereas
the net straight-line displacement between the 2000 and 2025 gravity-center coordinates
was 749.41 m toward the southwest.

Figure 5. Shift of the center of gravity of cultivated land abandonment on Hainan Island. Note:
The southwestward net displacement of the gravity center (749.41 m) reported in this paper refers
to the straight-line Euclidean distance calculated between the gravity center coordinates from the
years 2000 and 2025, rather than the simple algebraic sum of displacement distances for each sub-
period. The migration distance for each stage denotes the path length of directional offset within the
corresponding time interval, which cannot be directly summed to yield the total spatial offset. This
distinction clarifies the difference between the cumulative migration path distance and the final net
straight-line displacement of the gravity center.

These two values describe different distance concepts and therefore should not be
directly equated. Significant disparities were also observed among abandonment lev-
els: severely abandoned areas shifted 12,863.57 m southwest over 25 years, moderately
abandoned areas shifted 5214.36 m southwest, and slightly abandoned areas shifted
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421.89 m southward. The much larger grade-specific displacements are calculated from
smaller and more discontinuous grade-specific patch subsets; they therefore describe re-
distribution within each abandonment class and are not directly comparable with the
all-abandonment centroid.

4.4. Analysis of the Driving Forces Behind Farmland Abandonment

To reveal the underlying mechanisms driving farmland abandonment, this study
employs the geographical detector model and draws upon existing literature. It selects
15 indicators, encompassing natural factors, socio-economic factors, and locational factors,
to analyze their impact intensity and interactions on farmland abandonment. The natural
factors include slope (X1), farmland fragmentation (X2), precipitation (X3), and extreme
weather (X4). Socio-economic factors comprise the per capita income of farmers (X5),
agricultural output value (X6), economic benefits of cultivated land (X7), planting costs
(X8), and labor turnover rate (X9). Locational factors consist of population density (X10),
aging rate (X11), urbanization rate (X12), distance from towns (X13), distance from roads
(X14), and distance from settlements (X15). All q values are interpreted as measures of
spatial association rather than causal coefficients; q values close to 1 require particular
caution and should be supported by p values, adequate within-stratum sample sizes, and
stable rankings across discretization schemes (Figure 6).

Figure 6. Geodetector q values for driving factors of cultivated land abandonment in Hainan Island
(q range: 0–1).

4.4.1. Analysis of the Impact of Natural Factors

Natural factors represent the fundamental conditions influencing the abandonment
of cultivated land [35]. In terms of temporal dynamics, the impact of natural factors on
the abandonment of cultivated land exhibits significant fluctuations. It is highly correlated
with policy interventions and improvements in agricultural production conditions. In 2000,
the influence of natural factors was particularly pronounced. Among these, the p value for
cultivated land fragmentation (X2) was the highest at 0.9240 (q < 0.01), indicating that the
fragmentation of cultivated land plots is the primary natural factor restricting the utilization
of cultivated land on Hainan Island. The influences of slope (X1) and precipitation (X3)
were recorded at 0.8335 and 0.7827, respectively, both achieving significant levels, while
the influence of extreme weather (X4) was comparatively weaker.
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From 2005 to 2010, the influence of natural factors declined. By 2005, the p values for
X2 and X1 had dropped to 0.6929 and 0.6968, respectively. In 2010, with the exception of X2
(0.5843), the influence of other natural factors weakened further, reflecting the positive ef-
fects of national agricultural support policies. The enhancement of agricultural production
conditions alleviated the constraints imposed by natural conditions on the abandonment
of cultivated land. In 2020, the influence of natural factors rebounded significantly, with
p values for cultivated land fragmentation (X2) and precipitation (X3) at 0.8912 and 0.8012,
respectively, while the slope (X1) recovered to 0.8710, and extreme weather (X4) was mea-
sured at 0.5892. By 2025, the influence of natural factors remained elevated, with p values
for X2, X1, and X3 at 0.8765, 0.8542, and 0.7936, respectively, and X4 at 0.5918, indicat-
ing that the constraining effect of natural background conditions on marginal farmland
abandonment continued to be significant even after the stabilization of policy effects.

Local effect: The high concentration of high-value natural factors and high-value
abandoned land is primarily located in mountainous and hilly regions, such as Wuzhishan
and Qiongzhong in the central area. These regions are characterized by steep slopes and
severely fragmented cultivated land, where the impact of natural conditions on abandoned
land is significant. In contrast, the northern coastal plain exhibits low levels of both natural
factors and land abandonment, indicating relatively weak constraints posed by natural
conditions. By 2025, the area of high agglomeration is expected to slightly expand towards
the marginal agricultural areas in the central region.

4.4.2. Analysis of the Impact of Socio-Economic Factors

Socio-economic factors are the primary driving force behind the abandonment of
cultivated land [36]. The mechanisms are complex, dynamic, and closely intertwined with
urbanization and industrial restructuring in Hainan Island. The agricultural output value
(X6), defined as the total value of all agricultural products generated by agricultural pro-
duction activities within a specific country or region over a designated period, remained a
strong influence on abandonment. In 2000, the p-value of agricultural output value reached
0.8916, indicating that the profit disparity between marginal farmland and traditional
agriculture was a core economic factor driving abandonment [37].

It remained high in 2020 (0.8918) and slightly decreased to 0.8763 in 2025. Concurrently,
the economic benefits of cultivated land (X7) were 0.8810 in 2000, 0.8922 in 2020, and 0.8695
in 2025, suggesting that agricultural industrial transformation has had a sustained influence
on abandonment.

The labor turnover rate (X9) also exhibited a sustained effect, with p values of 0.8907,
0.7596, and 0.5273 from 2000 to 2010, before rebounding to 0.8988 in 2020 and 0.8872 in 2025.
This indicates that the out-migration of young and middle-aged rural labor is a long-term
driver of farmland abandonment on Hainan Island [38]. Planting costs (X8) had a p-value
of 0.8794 in 2000, declined from 2005 to 2015, rebounded to 0.6335 in 2020, and rose to
0.6847 in 2025. The per capita income of farmers (X5) exhibited a relatively weak influence,
with p values not exceeding 0.65, suggesting that its impact on abandonment is less direct
than that of labor loss and agricultural output value [39].

Concerning the local effect, the high-high concentration of socio-economic factors and
abandonment is predominantly found in rapidly urbanizing areas such as Danzhou and
Lingao in the north, as well as Wenchang in the east. These regions exhibit low comparative
agricultural benefits and significant labor loss.

In contrast, tropical high-efficiency agricultural development areas, such as Dongfang
in the west and Sanya in the south, demonstrate low-low agglomeration, characterized
by high agricultural economic benefits and limited abandonment. In 2025, the high-high
concentration area extended into the northern outskirts, where agricultural transformation
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has been relatively slow. As arable land constitutes the foundation of farmers’ livelihoods,
this finding highlights the necessity of targeted land consolidation policies, rather than an
assumption that urban-adjacent farmland carries inherently low abandonment risk [40].

4.4.3. Analysis of Location Factors

Location factors have a profound and lasting impact on the abandonment of culti-
vated land [41]. Against the backdrop of accelerated urbanization and population mobility,
their influence exhibits characteristics of increasing over time and stabilizing. Among the
distance factors, the distance from roads (X14) had a p-value of 0.9151 in 2000, recovered to
0.8967 in 2020, and was 0.9013 in 2025. The distance from towns (X13) and the distance from
settlements (X15) had a significant influence in 2000 and 2005, rebounding to 0.83 and 0.90
in 2020, and reaching 0.8426 and 0.9138, respectively, in 2025. This indicates that the con-
straining effect of arable land accessibility on abandonment continues to strengthen [30,34].
Among the population structure factors, the aging rate (X11) had a p-value of 0.9048 in 2020.

It rose further to 0.9217 in 2025, consistently surpassing all other single factors to
emerge as the strongest key factor for farmland abandonment. This reflects that the
accelerated aging of the rural population in Hainan has rendered the lack of a young
labor force the fundamental problem of land abandonment. The urbanization rate (X12)
had a p-value of 0.6501 in 2000, rebounded to 0.5064 in 2020, and reached 0.5238 in 2025.
Additionally, population density (X10) has a relatively weak impact, indicating that the
relationship between abandoned farmland and population density is not simply linear [31].

Local effect: Location factors and the high concentration of abandonment are primarily
distributed in the northern coastal far suburbs, which are distant from towns and roads
and exhibit a high degree of population aging. In contrast, the areas surrounding towns
demonstrate low agglomeration, characterized by good accessibility to arable land and a
relatively balanced population structure. In 2025, areas of high concentration became more
concentrated in the northern far suburbs and the eastern marginal agricultural regions.

4.4.4. Multi-Factor Interaction Analysis

The interaction detection results from the Geodetector were interpreted using the
standard comparison among q(Xi), q(Xj), and q(Xi_and_Xj). When q(Xi_and_Xj) exceeds
the larger single-factor q value but remains below q(Xi)+q(Xj), the relationship is classi-
fied as dual-factor enhancement; when q(Xi_and_Xj) exceeds q(Xi)+q(Xj), it is classified
as nonlinear enhancement. If an interaction q value remains high but does not exceed
the strongest corresponding single-factor q value, it is reported as a high-intensity joint
association rather than as an enhancement effect. This distinction prevents high interaction
values from being overinterpreted.

In 2000, the overall interaction intensity was relatively strong. The interaction q
value of X6-X14 (agricultural output value × distance from road) was the highest at 0.85,
followed by X7-X8 (economic benefit × planting cost, 0.8465) and X6-X8 (agricultural
output value × planting cost, 0.8331). The combined effect of agricultural economic
conditions and geographical accessibility served as the core driver [8] of abandonment
during that period. The interaction intensity remained high in 2005, with high q values
for X5-X6 (income × output value, 0.8581) and X12-X6 (urbanization × output value,
0.8918), indicating prominent [28] cross-influence among socio-economic factors. In 2010,
the strongest interaction was X2-X3 (fragmentation × precipitation, 0.8536), reflecting the
mutual reinforcement of natural constraints [42].

The interaction q value of X14 with most factors ranged from 0.72 to 0.75, indicating
a significant coupling effect of accessibility factors with other elements [15]. In 2020,
interaction intensity rebounded, generally exceeding 0.6, with high joint q values such
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as X11-X8 (aging × planting cost, 0.8218), X14-X10 (distance from road × population
density, 0.7844), and X6-X14 (output × distance, 0.7629). By 2025, the joint effects remained
high, with X11-X8 (aging × planting cost, 0.8672), X15-X11 (distance from residential
area × aging, 0.8439), and X2-X11 (fragmentation × aging, 0.8265) among the leading
interaction q values. These results indicate that population aging, economic costs, natural
constraints, and spatial distance jointly shape later-stage abandonment, consistent with
findings reported in previous studies [43,44]. However, the specific interaction category of
each factor pair should be determined according to the formal q-value comparison rule,
rather than inferred from the combined effect alone.

Interaction effects were classified based on the relationship between the interaction q-
value and the individual explanatory power of each factor. Dual-factor enhancement occurs
when max[q(Xi), q(Xj)] < q(Xi∩Xj) < q(Xi)+q(Xj), while nonlinear enhancement occurs when
q(Xi∩Xj) > q(Xi)+q(Xj). When interaction effects remain strong but do not exceed the
explanatory power of the dominant single factor, they are considered high-intensity joint
associations rather than enhancement effects.

During 2000–2010, interactions were mainly characterized by dual-factor enhance-
ment, especially among natural and socio-economic factors. The combined effects of
farmland fragmentation and precipitation variability increased abandonment risks by
jointly constraining agricultural production conditions. During 2010–2020, policy interven-
tions weakened the coupling effects between natural and socio-economic drivers, leading
to an overall decline in interaction intensity. From 2020 to 2025, demographic and economic-
location interactions became increasingly important, with population aging, planting costs,
and accessibility barriers jointly shaping residual farmland abandonment patterns.

High-intensity interaction factors showed distinct spatial patterns. In the northern and
eastern coastal plains (e.g., Lingao and Wenchang), farmland abandonment was mainly
driven by the combined effects of labor outmigration and poor accessibility, where low
agricultural returns and transportation constraints accelerated abandonment. In the central
mountainous regions (e.g., Qiongzhong and Wuzhishan), fragmentation and precipitation
interactions dominated, as fragmented farmland and water constraints created persistent
abandonment risks. In northern suburban marginal farmland areas during 2020–2025,
aging farmers, high production costs, and spatial isolation formed a major compound
pressure contributing to continued abandonment (Figure 7).

Figure 7. Interaction Factor Influence of Cultivated Land Abandonment on Hainan Island.
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5. Discussion
5.1. Comparison with Existing Research Results

Cultivated land is the foundation of food production and an irreplaceable resource
for human survival and the national economy [45]. This study reveals a distinct spatio-
temporal pattern of cultivated land abandonment on Hainan Island, characterized by a
gradient of “high in the central mountainous regions and low in the coastal areas, with
inland hilly zones exhibiting higher abandonment rates than coastal plains exhibiting
higher abandonment rates than inland areas.” Additionally, the temporal evolution of land
abandonment is marked by phases of “rapid expansion, significant contraction, and minor
fluctuations.” These findings align closely with existing research on land abandonment
in tropical and subtropical regions of China, particularly studies that emphasize the dual
influences of natural conditions and socio-economic transformations.

The higher abandonment rates observed in the central mountainous core (e.g.,
Qiongzhong, Baisha) align with the findings of Chasia, S. et al. [38], who emphasized
the influence of urbanization and labor migration on land marginalization. In contrast, the
central and southern mountainous areas (e.g., Wuzhishan, Baoting) demonstrate lower
abandonment rates, attributable to the smaller scale of cultivated land and the robust
labor-absorbing capacity of traditional tropical cropping systems, as similarly noted by
Wang, J.F et al. [15]. Furthermore, the southern and western regions benefit from abun-
dant light and heat resources, well-developed irrigation infrastructure, and the large-scale
cultivation of high-value cash crops, all of which enhance agricultural returns and miti-
gate abandonment—reflecting the general pattern observed in the southern hilly areas of
China [39].

Temporally, the significant increase in abandoned farmland between 2000 and 2010
(from 89.84 km2 to 248.71 km2) reflects the rapid processes of industrialization and urban-
ization that triggered a massive out-migration of the rural labor force [46]. The subsequent
decline and stabilization of abandoned farmland (64.34 km2 in 2020 and 68.52 km2 in 2025)
coincide with the implementation of national policies, including high-standard farmland
construction, abandonment remediation programs, and agricultural subsidies. However,
the fact that abandonment has not decreased further suggests the emergence of a “pol-
icy bottleneck,” a phenomenon also observed in other hilly and mountainous regions of
southern China.

Notably, this study identifies population aging (X11) as the most significant single
driver of land abandonment by 2025, surpassing economic factors such as agricultural
output value and labor turnover rates. This finding offers a novel perspective on the evolv-
ing drivers of land abandonment in tropical island regions. It underscores the limitations
of interventions that rely solely on economic or infrastructure-based solutions without
demographic support.

5.2. Theoretical and Policy Implications

Promoting green utilization of cultivated land is the key to balancing resource use and
ecological capacity [47]. The findings underscore the necessity for a multi-dimensional,
phase-sensitive policy framework. First, differentiated regional strategies are required. In
areas with high abandonment rates, particularly the central mountainous areas such as
Qiongzhong and Baisha, policies should prioritize land transfer, scale operations, and the
development of modern agricultural parks. Conversely, the central and southern hilly
regions should capitalize on their comparative advantages in tropical agriculture and under-
forest economies to optimize land utilization. In addition to this, economic incentives can
be a strong tool in this context. In other words, a dynamic, regionally differentiated subsidy
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system should be established to support marginal farmland with low output value, thereby
stabilizing farmers’ incomes and reducing labor turnover.

Furthermore, there is a need for infrastructure improvement. Remote farmlands that
are distant from roads and settlements should be prioritized for investment in transport
and irrigation infrastructure to enhance accessibility and lower production costs. Lastly,
the demographic support mechanisms can be helpful. In light of the increasing impact
of aging populations, rural talent revitalization programs, including entrepreneurship
subsidies, agricultural training, and community-supported agriculture models, are essential
for sustaining a stable agricultural labor force.

5.3. Limitations and Future Research Directions

This study has several limitations. First, the 30 m spatial resolution of Landsat images
may not adequately capture small-scale, fragmented abandonment patterns, particularly in
complex terrains. Second, while the time-sliding-window discriminant model is effective
for identifying perennial abandonment, it may underestimate seasonal or short-term tem-
porary fallow cycles. Third, the Geodetector results are sensitive to spatial unit choice and
continuous-variable discretization. Hainan has a limited number of county-level units, and
very fine stratification may inflate q values when within-stratum sample sizes are small.
Therefore, high q values are interpreted cautiously and should be accompanied by p values,
stratum numbers, and within-stratum sample-size distributions. Fourth, although the
index system includes extreme weather as X4, institutional variables such as land tenure
security, detailed land-transfer arrangements, market price volatility, and event-level cli-
mate hazards are not fully represented because consistent long-term county-level data are
difficult to obtain.

Future research should integrate higher-resolution remote sensing data, such as
Sentinel-2, Gaofen imagery, and UAV validation samples, to improve the detection of
fragmented abandoned plots. It should also apply OPGD or comparable optimized dis-
cretization, permutation-based significance testing, and sensitivity checks using equal
interval, natural breaks, and quantile schemes. Household surveys, land-tenure records,
land-transfer data, crop-price series, and typhoon/drought-event datasets would further
strengthen the behavioral and institutional explanation of abandonment.

Furthermore, the five-grade classification used in this study relies solely on the aban-
donment rate and does not capture patch area or spatial connectivity. We therefore propose
a composite index (I = 0.60Pi + 0.25S + 0.15C), incorporating abandonment rate (Pi), stan-
dardized average patch size (S), and connectivity (C), for refined risk zoning in future
work. This index is designed to distinguish scattered small-scale abandonment (high Pi
but low S and C) from contiguous high-risk zones (high Pi with high S and C). Future
monitoring should adopt this index once consistent patch-level data becomes available for
all periods. Future monitoring should adopt this index to distinguish scattered small-scale
abandonment from contiguous high-risk zones once consistent patch-level data become
available for all periods.

6. Conclusions
Based on multi-temporal remote sensing images spanning 2000–2025, this study

systematically reveals the spatio-temporal evolution and driving mechanisms of cultivated
land abandonment on Hainan Island, yielding four core conclusions.

First, abandonment followed a distinct three-phase trajectory: sharp expansion from
2000 to 2010 (peaking at 248.71 km2), significant contraction through 2020 (falling to
64.34 km2), and minor fluctuation thereafter (rising slightly to 68.52 km2 by 2025). This
pattern indicates that while overall governance has been broadly effective in curbing large-
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scale abandonment, marginal farmland, particularly in fragmented or poorly accessible
plots, remains persistently vulnerable and requires sustained monitoring rather than one-
time intervention.

Second, abandonment displays clear and persistent spatial differentiation, with higher
rates in the northeast and coastal zones than in the southwest and interior. High-value
clusters have remained concentrated in the central highlands throughout the study period,
while the core abandonment belt has gradually migrated from the northeastern coast
toward marginal agricultural zones, a shift that signals evolving, rather than static, land-
use pressure across the island.

Third, abandonment is driven by the evolving interplay of natural, socio-economic,
and locational factors. Farmland fragmentation and slope act as fundamental physical con-
straints; agricultural output value and labor turnover serve as core socio-economic drivers;
and, critically, locational factors such as population aging and distance from roads have
become increasingly dominant in recent years. This progression reflects three distinct mech-
anistic phases—a “natural–economic dominant” stage (2000–2010), a “policy-intervention
dominant” stage (2010–2020), and a “population–location dominant” stage (2020–2025)—
with each transition validated by remote sensing inflection points, Geodetector q-value
mutations, and corresponding agricultural land policy rollouts.

Fourth, building on this spatial and mechanistic differentiation, the study delineates
three governance zones—primary priority zones, secondary regular-control zones, and
tertiary low-risk conservation zones—each paired with tailored management strategies.
Together, these findings offer an evidence-based, phase-sensitive framework for guiding
cultivated land reclamation and sustainable agricultural governance across Hainan and
comparable tropical island regions.
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