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The expansion of non-grain cultivated land poses challenges to sustainable land 
use, particularly in fragile karst mountainous areas. This study focuses on Guizhou 
Province, which has the most extensive karst landforms, to investigate the spatial 
patterns and driving mechanisms of NGPCL in karst plateau mountainous areas. 
Based on the difficulty of restoration and cropping attributes, non-grain cultivated 
land was classified into four categories: planted non-grain crops (PNGC), unplanted 
cultivated land (UCL), engineering recoverable (ENR), and immediately recoverable 
(IMR). Using spatial autocorrelation, hotspot analysis, and the geographic detector 
method, the spatial distribution and clustering patterns of each type were revealed, 
and their driving factors were explored. The results show that: (1) non-grain 
cultivated land accounts for 27.78% of total cultivated land in Guizhou, with ENR 
having the largest area and readily recoverable land the smallest; the conversion 
of cultivated land to forest and orchard land is significant; (2) non-grain cultivated 
land exhibits strong spatial correlation and clustering, with hotspots in the central 
and northeastern regions, cold spots in the southeast regions, and no significant 
clustering elsewhere; (3) among multiple driving factors, distance to residential areas 
is the main factor influencing the spatial distribution of non-grain cultivated land, 
with different dominant drivers for each type, though some internal correlations 
exist. This study provides differentiated regional references and policy implications 
for sustainable agriculture and land use in karst plateau mountainous areas.
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1 Introduction

Grain production underpins social stability and sustainable development across the globe. 
As the bedrock of national well-being, food security is paramount to the long-term stability 
and security of nations (Zuo et al., 2023; Cottrell et al., 2018; UNICEF, 2021). Globally, the 
conversion of cropland to non-grain uses represents a pervasive challenge amid ongoing 
agricultural transformation. This trend is exemplified by widespread cropland abandonment 
in Japan (Osawa et al., 2016), the large-scale re-purposing of farmland in West Java, Indonesia 
(Maryati et al., 2018) and the expansion of non-grain production in China’s Yangtze River 
Delta, which exerts comprehensive impacts on ecosystem services (Wang et al., 2026). 
Collectively, these shifts undermine regional food security. Echoing a global trend, the 
safeguarding of China’s cropland and food security is fundamental to sustainable 
socioeconomic development and constitutes a paramount national strategic imperative. The 
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Third National Land Survey Main Data Bulletin shows that from 2009 
to 2019, 7.47 million hectares of cultivated land were converted to 
forest land and 4.2 million hectares to garden land, indicating a clear 
non-grain production of cultivated land (NGPCL) phenomenon. 
According to field survey data, NGPCL in China is gradually 
expanding. Preliminary estimates suggest that approximately 27% of 
cultivated land is currently used for non-agricultural purposes (Xiang, 
2020). This growing trend poses a significant threat to national food 
security. Guizhou Province shoulders a critical dual mandate: ensuring 
regional food security and maintaining the ecological stability of the 
upper Yangtze and Pearl River basins (Chen et al., 2024). This 
challenge is exacerbated by its uniquely fragmented cultivated land 
resources, which are scarce, shallow in soil depth, and possess weak 
water and nutrient retention capacity (Wang et al., 2004; Dx, 1997). 
As a quintessential example of China’s southwestern karst mountains, 
the trajectory of its land use change serves as a vital reference for 
analogous regions. However, this important issue remains a notable 
gap in the current literature. Constrained by karst landforms, high-
quality cultivated land in Guizhou Province is inherently scarce. This 
scarcity is increasingly challenged by non-grain production, driven by 
urbanization-induced farmland loss (Xiao et al., 2017; Bren D’amour 
et al., 2017; Zhou et al., 2020; Chen, 2012; Seto and Ramankutty, 
2016), rural labor outflow, and agricultural structural adjustments 
(Liang et al., 2023). The expansion of non-grain cropping not only 
reduces the area available for staple crops but also exacerbates rocky 
desertification and disrupts fragile ecosystems (Su B. et al., 2018; El 
Kateb et al., 2013; Martínez-Paz et al., 2019), posing a dual threat to 
both food security and ecological integrity. Moreover, the cultivation 
of forestry and fruit-based cash crops on cultivated land, coupled with 
farmland abandonment, compromises the long-term sustainability of 
food production. Furthermore, the excessive use of pesticides and 
chemical fertilizers, along with degradation of the tillage layer, has 
intensified agricultural non-point source pollution (Bryan et al., 
2018), further jeopardizing the stability and sustainability of food 
production. Given the increasingly prominent NGPCL trend, society 
is seeking scientific governance methods to address this issue (Lewis 
et al., 2009; Su et al., 2022).

In recent years, as NGPCL has gained attention from various 
sectors of society, academic interest has grown, leading to notable 
progress in the field. In defining its concept and connotation, 
academia widely recognizes that driven by the rise of cash crops 
and new export opportunities for fruits and vegetables, farmers 
have adjusted land use by converting cultivated land to these more 
profitable alternatives. This has led to the emergence of NGPCL (Li 
et al., 2021; Su et al., 2020), which, however, remains fundamentally 
an agricultural use (Ran et al., 2022; Jarzebski et al., 2020). Research 
on NGPCL primarily focuses on understanding driving 
mechanisms (Ran et al., 2022; Hu et al., 2023; Belay and Mengistu, 
2019; Plieninger et al., 2016), identifying countermeasures (Lu et 
al., 2024; Dong et al., 2024), and exploring its temporal and spatial 
evolution as well as differentiation characteristics (Su et al., 2020; 
Jiang et al., 2024; Zhang D. et al., 2023; Zhang Z. et al., 2023; Miao 
et al., 2021). In terms of research scope, most studies have been 
conducted at the national (Sun et al., 2021; Feng et al., 2022), 
provincial (Jiang et al., 2024; Bo et al., 2025; Mann et al., 2010), and 
municipal or county levels (Li et al., 2021; Zhu et al., 2022b) 
Commonly used research methods include random forest models 
(Jie et al., 2024), regression analysis (Cheng et al., 2022; Zhao et al., 

2023), spatial lag models (Ren et al., 2023), geographic detectors 
(Zhang Z. et al., 2023; Zhu et al., 2022a), geographically weighted 
regression (Xu et al., 2025), and spatial autocorrelation analysis 
(Zhao et al., 2023). From the perspective of driving mechanisms, 
economic factors (such as cost–benefit considerations), 
institutional factors (such as land transfer dynamics), and 
geographical factors (including resource endowment and location) 
influence the extent of non-grain cultivated land to varying degrees 
(Zhao et al., 2023; Zhu et al., 2022a; Su G. et al., 2018). The impacts 
of NGPCL are understood through a multifaceted lens: while 
strategic NGPCL can enhance agricultural profitability, increase 
farmer incomes, and optimize the agricultural structure (Do et al., 
2020; Gellrich et al., 2007; Anselin, 2002), it concurrently poses 
significant threats. These include the displacement of prime 
farmland and consequent food insecurity, ecological degradation 
such as biodiversity loss and increased fragility, and socio-
economic imbalances in regional development and land use 
efficiency (Long et al., 2025; Wang et al., 2024). In response, recent 
studies have proposed targeted countermeasures. For instance, 
Zhang et al. (2024) advocated for nature-based land restoration 
that integrates land quality with production suitability to mitigate 
ecological threats. Similarly, Song et al. (2025) demonstrated that 
increasing agricultural labor input and improving mechanization 
can curb the expansion of NGPCL, thereby safeguarding 
food security.

Although non-grain land use has been widely discussed in the 
literature, existing studies still exhibit notable limitations in theoretical 
perspectives and regional applicability. First, they have primarily 
focused on major grain-producing regions and economically 
developed areas (Hu et al., 2023; Zhao et al., 2023; Wang et al., 2023), 
neglecting the ecologically fragile karst regions of southwest China. 
Second, few studies have analyzed the characteristics of NGPCL at the 
provincial scale using high-resolution remote sensing-derived land 
use data. This scarcity is particularly pronounced in karst mountainous 
areas, hindering the precise elucidation of non-grainification driving 
mechanisms under complex topographic conditions. Therefore, this 
paper classifies cultivated land according to its actual planting status 
and the difficulty of restoring non-grain cultivated land to grain 
production. Compared with flat terrain and plains or hilly regions 
with better resource conditions, karst areas exhibit complex landforms, 
severe rocky desertification and soil erosion (Xiaoqing et al., 2014), 
and a lack of high-quality cultivated land resources (Wang et al., 
2020). In regions with poor resource endowments, phenomena of 
non-grain production such as land abandonment or agricultural 
structural adjustment are more likely to occur (Su G. et al., 2018; 
Subedi et al., 2021), and the driving mechanisms exhibit pronounced 
geomorphic dependence and regional specificity.

Therefore, this study focuses on the mountainous region of 
Guizhou (Wang et al., 2004; Dx, 1997), an area with the most 
widespread karst topography. The core objectives are to address the 
weaknesses in existing research on NGPCL amid the complex 
geomorphology and unique socioeconomic context of Guizhou’s 
mountainous regions, identify the spatial agglomeration patterns and 
hotspots of different NGPCL types, systematically dissect the driving 
mechanisms of NGPCL induced by topographic constraints, natural 
conditions, and socioeconomic factors, reveal the dominant driving 
pathways of NGPCL, and provide a scientific basis for food security 
and cultivated land conservation in karst mountainous areas.
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2 Materials and methods

2.1 Study area

Located in the heart of southwestern China on the eastern 
Yungui Plateau (Figure 1), Guizhou Province (103°36′–109°35′E, 
24°37′–29°13′N) encompasses 176,167 km2. The province borders 
Hunan, Guangxi, Yunnan, and Sichuan, as well as Chongqing, and 
sits at the strategic watershed of the Yangtze and Pearl River Basins. 
Its topography is high in the west and low in the east, characterized 
by rolling mountains and extensively developed karst landforms that 
cover nearly 70% of its area, making it a representative karst region 
in southern China. This complex terrain has resulted in poor-quality, 
fragmented cultivated land and severe rocky desertification, 
rendering land scarce, inefficiently utilized, and agricultural 
mechanization difficult. Consequently, between the second and third 
national land surveys, the province lost 109,038 hectares of 
cultivated land, exacerbating the prominent issue of 
non-grain cultivation.

2.2 Data sources

The 2022 land use data of Guizhou Province, derived from remote 
sensing interpretation, were obtained from the Ministry of Natural 
Resources of the People’s Republic of China (accuracy is 0.5 meters). 
The 2022 population density data were obtained from LandScan,1 
which provides population spatial distribution data at a 1 km 
resolution. The Digital Elevation Model (DEM) data were obtained 

1  https://landscan.Ornl.gov/

from the official USGS website.2 The 2022 precipitation data were 
obtained from the National Tibetan Plateau Data Center.3

2.3 The definition of NGPCL

According to The Technical Regulations of the Third National 
Land Survey of China, non-grain cultivated land is categorized 
into four types based on planting attributes and restoration 
requirements: planted non-grain crops (PNGC), unplanted 
cultivated land (UCL), engineering recoverable (ENR), and 
immediately recoverable (IMR). PNGC refers to land used for 
cultivating non-grain crops such as vegetables, cotton, oil-bearing 
crops, sugar crops, forage, and tobacco. UCL denotes uncultivated 
land, not designated as fallow, that can be restored to cultivation 
without intervention. ENR refers to cultivated land that has been 
converted to forest, orchard, grassland, or other agricultural uses 
and requires engineering measures to be restored to cultivation. 
IMR refers to cultivated land with an intact topsoil that is 
currently used as forest, orchard, grassland, or other agricultural 
land and can be readily restored to cultivation after clearing.

2.4 Research framework

To reveal the spatial distribution characteristics of non-grain 
cultivated land and investigate its driving mechanisms, we constructed 
a framework as follows. Step 1: Build a dataset of non-grain cultivated 

2  https://earthexplorer.Usgs.gov/

3  https://data.Tpdc.ac.cn/home

FIGURE 1

Geographical location and topography of Guizhou Province; L denotes low elevation areas; H denotes high elevation areas; Digital Elevation Model 
(DEM) is expressed in meters (m).
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land, combine it with land use data, and classify non-grain cultivated 
land into four types based on restoration difficulty and cropping 
attributes: PNGC, UCL, ENR, and IMR. Land use data provide 
information on the spatial distribution of cultivated land and support 
the identification of different types of non-grain cultivated land. 
Through classification and processing, these data help clarify the 
spatial distribution characteristics of various types of non-grain 
cultivated land. Step 2: The spatial differentiation patterns of overall 
non-grain cultivated land and its various types in Guizhou Province 
are analyzed using global spatial autocorrelation and hotspot analysis. 
Spatial autocorrelation analysis was used to identify the spatial 
clustering patterns of non-grain cultivated land, while hotspot analysis 
further revealed the specific characteristics of these clusters. Step 3: A 
quantitative analysis of the influence of various factors (e.g., 
topography, precipitation, distance from settlements) on the 
distribution of NGPCL was conducted using the Optimal Parameter 
Geographical Detector model. Interaction detection was also 
employed to explore the combined effects of multiple factors. This 
approach reveals the driving forces behind spatial distribution and 
helps identify key influencing factors. Step 4: Propose governance 
recommendations for the prevention and control of NGPCL (see 
Figure 2).

2.5 Research method

2.5.1 Spatial autocorrelation analysis
To characterize the spatial patterns of NGPCL in Guizhou’s karst 

mountainous areas, we employed spatial autocorrelation analysis 
(Sridharan et al., 2007). Given the contiguous, boundary-defined land 
parcels in the study area, we first constructed and standardized a Rook 
contiguity spatial weight matrix. We then calculated the Global 

Moran’s I to quantify the overall spatial autocorrelation of NGPCL 
across the province, with its statistical significance confirmed via a 
Z-test. The formula is as follows (Equation 1):
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In the formula: n represents the number of spatial units; xᵢ and xⱼ 
denote the attribute values in units i and j, respectively; x represents 
the mean value of all units; and wᵢⱼ is the spatial weight matrix. The 
value of Moran’s I (I∈[−1, 1]) indicates the nature of spatial 
autocorrelation: I > 0 suggests a clustering trend and positive spatial 
correlation; I < 0 indicates a dispersion trend and negative spatial 
correlation; and I = 0 denotes a random distribution with no 
spatial correlation.

2.5.2 Spatial hotspot analysis
To identify local clusters of high (hotspots) and low (coldspots) 

values of NGPCL, we performed a hotspot analysis using the 
Getis-Ord ∗

iG  statistic ( ∗
iG ) statistic (Feng et al., 2018). This approach 

reveals the internal spatial heterogeneity of NGPCL and provides a 
geographic basis for targeted management. For this analysis, the study 
area was divided into a 10 km × 10 km grid. We then calculated the 
NGPCL area within each grid cell and applied the ∗

iG  statistic to 
identify statistically significant hotspots and coldspots. The formula is 
as follows (Equations 2, 3):
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FIGURE 2

Research framework.
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In the formula, ∗
iG  represents the clustering index of unit i; wᵢⱼ is 

the spatial weight between units i and j; xj denotes the area of 
non-grain cultivated land in unit j; and n is the total number of spatial 
units. Z is the normalized value, with ( )∗iE G  is the expected value and 
Var ( ∗

iG ) is the variance. When Z > 0 and the p-value is significant, it 
indicates that location i is a hotspot; conversely, when Z < 0 and the 
p-value is significant, it indicates that location i is a cold spot.

2.5.3 Geographical detector model with 
optimized parameters

To identify the driving mechanisms behind the spatial 
differentiation of NGPCL in Guizhou Province, we employed the 
optimal-parameter Geodetector model. Grounded in the theory of 
spatial stratified heterogeneity, it is particularly effective for 
quantifying the explanatory power of various factors on a dependent 
variable’s spatial pattern. By utilizing both factor and interaction 
detection, Geodetector can dissect the individual and combined 
effects of driving variables, making it ideally suited for analyzing 
phenomena with significant spatial autocorrelation (Wang et al., 2016; 
Wang et al., 2010). Unlike traditional regression models constrained 
by linearity or independence assumptions, this approach is well suited 
to unravel the pronounced spatial heterogeneity and complex 
nonlinear relationships stemming from the fragmented topography 
and diverse land-use patterns of Guizhou’s karst region. This provides 
a robust analytical framework for identifying the driving forces of 
such geographical phenomena. We specifically employed the optimal-
parameter Geographical Detector model refined by Song et al. (2020), 
to enhance the accuracy and stability of identifying and quantifying 
spatially stratified heterogeneity. To ensure accurate identification of 
spatial heterogeneity, each driving factor was discretized within the 
model using multiple classification methods (e.g., natural breaks, 
quantile). The model then automatically selected the optimal scheme 
for each factor, ensuring the most accurate representation of its spatial 
stratification. We optimized the spatial scale and classification number 
to maximize explanatory power, which substantially improved the 
accuracy and stability in detecting spatially stratified heterogeneity. 
Finally, the explanatory power and their interactions were assessed 
through permutation tests, ensuring the robustness and reliability of 
our results. This approach not only pinpoints the primary drivers of 
NGPCL in Guizhou Province but also clarifies their differential 
contributions to spatial heterogeneity, thereby establishing a 
theoretical foundation for understanding the NGPCL process in karst 
mountainous regions. The principle of factor detection is as follows 
(Equation 4):
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In the formula, Hh represents the number of units in layer h, and 
h denotes the total number of units in the study area; σ 2

hand σ 2  
represent the variance of the non-grain production rate in layer h and 
in the entire study area, respectively. q represents the explanatory 

power of a factor, with a value range of [0, 1]. A value of 0 suggests that 
the independent variable does not explain the spatial distribution of 
the dependent variable, whereas a higher q value reflects a stronger 
ability to explain spatial differentiation, indicating a more pronounced 
impact on the distribution of non-grain production of cultivated land. 
Interaction factor detection can be used to identify the explanatory 
power of the interactions between different independent variables. 
The judgment criteria are shown in Table 1.

3 Results

3.1 Present condition of non-grain 
cultivated land

Guizhou is a typical karst landscape region characterized by 
intense karst development (Luo et al., 2021), rugged and fragmented 
terrain, poor soil quality, scattered cultivated land resources, and 
prominent ecological issues such as rocky desertification and land 
degradation. Under the combined influence of various factors, the 
trend toward non-grain cultivation has become increasingly 
pronounced. Analysis of 2022 land use data reveals that non-grain 
cultivated land in Guizhou Province totaled 11638.70 km2 (Table 2), 
representing 27.78% of the province’s total cultivated land area 
(41894.49km2). ENR was the dominant type, accounting for 58.36% 
of the total, while IMR was the smallest at 566.19 km2. The primary 
conversions were to forest and orchard land, totaling 7211.43 km2, 
with forest land alone constituting the largest portion of 3904.61 km2. 
From a spatial perspective (Figure 3), the NGPCL in Guizhou 
Province is concentrated in the western, central, and northeastern 
regions. ENR is concentrated in the central and northeastern regions, 
PNGC is primarily located in the western and northeastern regions, 
while IMR and UCL are sparsely distributed.

3.2 Spatial pattern and differentiation 
characteristics of non-grain cultivated land

To objectively determine the optimal grid scale, we evaluated four 
resolutions (5 × 5 km, 8 × 8 km, 10 × 10 km, and 15 × 15 km) based 
on the strength of their global spatial autocorrelation (Moran’s I), 
statistical significance (z- and p-values), and overall scale 
appropriateness. The 10 × 10 km scale exhibited the highest average 
Moran’s I, with all corresponding z-values being highly significant 
(p < 0.001), indicating stronger spatial autocorrelation and a more 

TABLE 1  Interaction detection criteria.

Judgment criteria Type of interaction

q (X1∩X2) < Min [q (X1), q (X2)] Nonlinear weakening

Min [q (X1), q (X2)] < q 

(X1∩X2) < Max [q (X1), q (X2)]
Univariate nonlinear weakening

q (X1∩X2) > Max [q (X1), q (X2)] Bivariate enhancement

q (X1∩X2) = q (X1) + q (X2) Independent

q (X1∩X2) > q (X1) + q (X2) Nonlinear enhancement

q (X1 ∩ X2) reflects the explanatory power of the interaction between X1 and X2, with q 
(X1) and q (X2) indicating their respective individual effects.
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defined spatial structure at this resolution. By contrast, the 5 km scale, 
despite yielding higher z-values, is susceptible to local noise due to its 
high grid density. The 15 km scale, on the other hand, suffers from 
excessive spatial smoothing. Therefore, the 10 × 10 km grid was 
selected as the analytical unit.

The use of a multi-scale grid approach is well established in land 
research within karst and mountainous regions. Notable applications 
include studies on sloping cultivated land in Guizhou and on NGPCL 
in Hunan (Xu et al., 2025; Zhang et al., 2020). This body of work 
provides a strong methodological precedent for our study, validating the 
choice of this analytical strategy. Overall NGPCL and the four categories 
(PNGC, IMR, ENR, UCL) show Moran’s I values of 0.61, 0.62, 0.43, 
0.57, and 0.60, respectively, in Guizhou Province. All z-scores passed the 
two-tailed significance test at the 0.01 confidence level. The results 
indicate that the distribution of various non-grain cultivated land types 
in Guizhou Province is characterized by significant positive spatial 
autocorrelation and strong clustering. Variations in Moran’s I indices 
among different types reveal that clustering is not uniform: PNGC and 

ENR show pronounced aggregation, whereas IMR is less clustered. 
These patterns highlight substantial spatial heterogeneity across the 
province. Based on these findings, we conducted spatial hotspot analysis 
to further delineate the specific agglomeration states of non-grain 
cultivated land (see Table 3).

3.3 Spatial hotspot analysis results of 
NGPCL

The results of Guizhou Province’s 2022 hotspot analysis for 
non-grain cultivated land (Figure 4a) indicate that such cultivation is 
mainly concentrated in the central and northeastern regions, while the 
southeastern region appears as a cold spot and the surrounding areas 
show no significant trends. The hotspot areas are primarily located in 
Guiyang City, Zunyi City, and Tongren City, whereas the cold spot 
areas are mainly concentrated in the Qiandongnan Miao and Dong 
Autonomous Prefecture. UCL and ENR exhibited similar patterns 

TABLE 2  Area of different types of non-grain cultivated land in Guizhou Province.

Types Cultivated land (km2) Adjustable land (km2) Total 
(km2)

Paddy 
field

Dry land Irrigated 
land

Forest 
land

Grass 
land

Garden 
land

Other 
agricultural 

lands

UCL 341.28 1884.32 1.41 2227.01

PNGC 189.99 1847.42 16.28 2053.70

IMR 251.11 0.12 292.07 22.89 566.19

ENR 3653.49 4.93 3014.76 118.61 6791.80

Total (km2) 531.28 3731.74 17.69 3904.61 5.06 3306.82 141.51 11638.70

Blank indicates the absence of this category.

FIGURE 3

Spatial distribution of different types of non-grain cultivated land in Guizhou Province; (a) non-grain cultivated land; (b) ENR; (c) IMR; (d) PNGC; (e) 
UCL; L denotes low, and H denotes high non-grain cultivated land area.
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(Figures 4b,e): coldspots dominated Qiandongnan, where complex 
terrain and strict ecological regulations preclude large-scale 
restoration, whereas hotspots were concentrated in the central region 
and the Tongren-Zunyi junction. This pattern reflects a regional focus 
on ecological conservation and traditional agriculture in typical ethnic 
minority areas. In contrast, Guiyang’s status as a provincial capital has 
driven significant urban expansion, while the Zunyi-Tongren border 
has developed specialty agriculture (e.g., tea cultivation), leading to 
widespread ENR, UCL, and PNGC. IMR showed extreme hotspots 
mainly in Tongren City, with scattered hotspots and coldspots in 
surrounding areas (Figure 4c). For PNGC (Figure 4d), there are no 
clustered cold spots; the hotspots are primarily concentrated in the 
western part of Bijie and at the junction of Zunyi and Tongren, with 
the remaining hotspots sporadically distributed across the study area. 
The western region of Bijie lies at a high elevation, making it suitable 
for cultivating hardy economic crops such as alpine tea and medicinal 

herbs. Under the combined influence of ecological agriculture 
initiatives and policy guidance, a substantial area of PNGC has 
developed in this region.

3.4 Analysis results of driving factors of 
NGPCL in Guizhou Province

To explore the driving forces behind NGPCL, this study draws on 
existing research and considers the specific context of Guizhou 
Province, selecting 11 factors from three dimensions for analysis (Jiang 
et al., 2024; Bo et al., 2025; Mann et al., 2010): natural environment, 
locational conditions, and socioeconomic factors. Among natural 
factors, elevation governs hydrothermal conditions, while precipitation 
influences the classification and spatial distribution of cultivated land; 
both ultimately determine its actual use. Furthermore, slope and 

TABLE 3  Spatial autocorrelation analysis of different types of non-grain cultivated land in Guizhou Province.

Types 5 km × 5 km 8 km × 8 km 10 km × 10 km 15 km × 15 km

Moran’s I z Moran’s I z Moran’s I z Moran’s I z

Non-grain 

cultivated land
0.54 64.70 0.63 25.54 0.61 39.98 0.54 22.03

PNGC 0.50 126.24 0.58 58.9 0.62 36.61 0.53 30.72

IMR 0.29 72.85 0.39 46.85 0.43 35.28 0.45 17.86

ENR 0.55 66.21 0.56 41.95 0.57 33.90 0.58 23.57

UCL 0.56 67.05 0.59 44.27 0.60 35.57 0.63 25.46

p value < 0.001 < 0.001 < 0.001 < 0.001

The land use data in 2022 were obtained from the Ministry of Natural Resources of the People’s Republic of China.

FIGURE 4

Hotspot analysis of different types of NGPCL in Guizhou Province; (a) non-grain cultivated land; (b) ENR; (c) IMR; (d) PNGC; (e) UCL; grid size: 
10 km × 10 km; ∗Gi  significance threshold: 0.05 (p < 0.05); spatial weight type: Rook contiguity.
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topographic relief dictate the contiguity and steepness of the land. 
Gentle terrain facilitates large-scale grain cultivation, whereas steep and 
rugged areas entail higher production costs, indirectly driving the 
formation and distribution of NGPCL. Locational conditions, including 
agricultural production convenience, transportation of agricultural 
products, and irrigation, affect the conversion of cultivated land to 
non-grain uses to varying degrees. Regional economic development 
steers the allocation of land resources, as both farmers’ cultivation 
planning and government land policy-making are shaped by the level 
of regional economic development and the opportunity cost of 
planting. Therefore, to investigate the driving factors of NGPCL, this 
study selected indicators from three domains: the natural environment 
(elevation, slope, topographic relief, and precipitation), locational 
conditions (road density, distance to settlements, distance to irrigation, 
and distance to urban land), and socioeconomic factors (population 
density, per capita cultivated land area, and GDP) (see Table 4).

3.4.1 Single-factor analysis of NGPCL
According to the results of the geographic detector analysis 

(Table 5), the spatial distribution of non-grain cultivated land, ENR, 
and UCL in Guizhou Province is mainly influenced by distance to 
settlements, while the dominant factors for PNGC and IMR are 
average elevation and road density, respectively.

The main influencing factors of NGPCL in Guizhou Province are: 
distance to settlements (X7) > population density (X9) > slope 
(X2) > road density (X8) > topographic relief (X3). Among these 
factors, distance to settlements and population density exhibited the 
highest q-values, indicating that the intensity of human activity is the 
dominant driver of non-grain production. In areas in close proximity 
to settlements and with high population density, superior cultivation 
and infrastructure conditions incentivize farmers to plant more 
economically profitable non-grain crops, leading to pronounced 
spatial agglomeration. The explanatory power of slope, topographic 
relief, and road density is secondary; steep and rugged cultivated land 

is characterized by fragmentation and restricted farming conditions, 
which limit the use of agricultural machinery (Tarolli and Straffelini, 
2020) and reduce land use efficiency. Meanwhile, low road density 
constrains the transport of agricultural products, further exacerbating 
the spatial heterogeneity of non-grain production.

For ENR, the main factors are: distance to settlements (X7) > slope 
(X2) > topographic relief (X3) > road density (X8). In areas far from 
settlements, with poor accessibility or complex terrain, cultivation is 
challenging. The difficulty of cultivating land that is remote from 
settlements, poorly accessible, or topographically complex leads 
farmers to abandon it. Subsequently, this abandoned land is more 
readily converted for ecological restoration and is influenced by 
General Office of the People’s Government of Guizhou Province 
(2016) to transition into forestland or cash crops such as fruit trees 
that balance ecological and economic benefits, resulting in 
extensive ENR.

For IMR, the main factors are: road density (X8) > distance to 
settlements (X7). In regions with a well-developed transportation 
network, high farming convenience and greater profitability from cash 
crops, combined with low returns from grain cultivation, drive 
farmers’ preference for economically beneficial crops such as fruit and 
tea trees, resulting in the formation of IMR.

For PNGC, the main factors are: DEM (X1) > precipitation (X4). 
Cool and moist hydrothermal conditions in the high-altitude regions 
of Guizhou are suitable for specialty cash crops such as tea and 
medicinal herbs. Coupled with the general unsuitability of these areas 
for large-scale mechanized grain cultivation, this promotes the 
concentrated distribution of PNGC.

For UCL, the main factors are: distance to settlements 
(X7) > population density (X9) > slope (X2). In areas far from 
settlements with sparse populations, a shortage of agricultural labor, 
combined with poor farming conditions on steep-sloped cultivated 
land, leads to low land utilization. This increases the likelihood of 
abandonment, resulting in the formation of uncultivated cultivated land.

TABLE 4  Factors influencing NGPCL in Guizhou Province.

Influencing factors Indicator Interpretations Notes

Natural environment factors

Elevation (m) Average elevation within the study unit X1

Slope (°) Average slope within the study unit X2

Topographic Relief (m) Average topographic relief within the study unit X3

Precipitation (mm) Average annual precipitation within the study unit X4

Location factors

Distance to Irrigation (m)
Average distance from non-grain cultivated land patches to the nearest water 

source
X5

Distance to Urban Land (m)
Average distance from non-grain cultivated land patches to the nearest 

urban area
X6

Distance to Settlements (m)
Average distance from non-grain cultivated land patches to the nearest 

settlement
X7

Road Density (km/km2)
Ratio of total road length to total area within the study unit, reflecting 

accessibility
X8

Socioeconomic factors

Population Density (persons/km2)
Ratio of total population to total land area, reflecting population 

concentration
X9

Per Capita Cultivated (hm2/person) 

Land Area
Ratio of cultivated land area to population, indicating land resource scarcity X10

GDP (CNY/km2) Average GDP within the study unit X11

Complete data sources are provided in Section 2.2.
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3.4.2 Interaction analysis of different influencing 
factors on NGPCL

Results from the interaction detection (Figure 5) reveal that the 
combined effects of factors provide greater explanatory power than 
any single factor. Interactions involving locational conditions were 
particularly significant, with the strongest enhancements observed 
between topographic relief and distance to residential settlements, and 
between road density and both distance to settlements and population 
density. Among all combinations, the interaction between distance to 
residential settlements and average elevation demonstrated the highest 
explanatory power for PNGC, IMR, and UCL.

The interactions of topographic relief with distance to settlements 
(X3∩X7) and of slope with distance to settlements (X2∩X7) are the 
dominant factors influencing the spatial differentiation of non-grain 
cultivated land in Guizhou Province (Figure 5a). In karst mountainous 
regions with steep slopes and high topographic relief, severe soil and 
water loss combined with greater distance to settlements and labor 
shortages reduces the feasibility of cultivation, leading to extensive 
non-grain cultivated land. The interaction between distance to 
settlements and any natural or socioeconomic factor consistently 
produces an enhancing effect, indicating that human activity has a 
strong regulatory influence on cultivated land-use patterns and is a 
key factor shaping the spatial pattern of non-grain production.

The interaction between slope and distance to settlements 
(X2∩X7) has the greatest impact on the spatial differentiation of ENR 
(Figure 5b). Notable interactions also include DEM and distance to 
settlements (X1∩X7), topographic relief and distance to settlements 
(X3∩X7), and distance to settlements and road density (X7∩X8). 
Steep slopes, high relief, and high altitude increase the difficulty of 
agricultural operations. This challenge is compounded by poor 
farming accessibility due to distance from settlements, which further 
undermines the sustainability of agricultural production. Ecological 
restoration policies that convert farmland back to forests and 
grasslands tend to be prioritized in these areas, thereby driving the 
spatial clustering of ENR.

The interaction between DEM and distance to settlements 
(X1∩X7) has the greatest influence on the spatial differentiation of 
IMR, PNGC, and UCL (Figures 5c,d,e). Lower annual average 

temperatures in high-elevation areas limit the cultivation of heat-
requiring grain crops such as rice and corn. When these areas are also 
distant from settlements, the increased cultivation costs and labor 
difficulties incentivize farmers to abandon cultivation or switch to 
more profitable non-grain crops such as fruit trees and vegetables. 
This leads to the formation of UCL, IMR, and PNGC. Consequently, 
the interaction between elevation and distance from settlements 
promotes a more concentrated distribution of these non-grain land 
types. Long-term uncultivated farmland gradually transitions 
into IMR.

In UCL (Figure 5e), aside from DEM and distance to settlements 
(X1∩X7), the more significant interactions involve other factors with 
distance to settlements. This indicates that distance to settlements 
(cultivation distance) is the predominant driver of UCL. Cultivated 
land that is remote, high in elevation, and steep is inherently difficult 
to cultivate. Increased farming distances and higher production costs 
lead farmers to abandon it, forming uncultivated land. The interactions 
that are more significant in PNGC (Figure 5d) also include elevation 
and precipitation (X1∩X4) and precipitation and distance to 
settlements (X4∩X7). The interplay of topographic constraints, rainfall 
conditions, and distance from settlements in high-altitude areas favors 
the cultivation of cash crops characterized by flexible management 
and high input–output ratios, collectively shaping the spatial pattern 
of PNGC. In IMR (Figure 5c), other significant interactions include 
slope and distance to settlements (X2∩X7), topographic relief and 
distance to settlements (X3∩X7), slope and road density (X2∩X8), and 
topographic relief and road density (X3∩X8). In areas with steep 
slopes or fragmented terrain, compounded by remoteness from 
settlements and poor accessibility, cultivated land is prone to 
abandonment or conversion to fruit and tree cultivation. The planting 
of tea and fruit trees offers both ecological and economic benefits and 
aligns with the ecological restoration process.

4 Discussion

4.1 Mechanisms influencing the non-grain 
production of cultivated land

The driving factors of NGPCL vary due to differences in natural 
environment, locational conditions, and the level of socioeconomic 
development. Nguyen et al. (2018) demonstrated that in remote areas, 
logistical constraints and high labor costs diminish land-use efficiency, 
making these regions prone to non-grain conversion or abandonment. 
In their study of China’s major grain-producing areas. Osawa et al. 
(2016) found that farmland abandonment in Japan results from the 
combined influence of natural and social factors, with the primary 
drivers varying across regions. Our findings support the notion that 
increasing distance between settlements and cultivated land promotes 
non-grain conversion. This is driven by reduced cultivation incentives, 
as greater distance increases transportation and labor costs. This effect 
is amplified by the complex karst topography, in which rugged terrain 
worsens cultivation and transport difficulties and impedes 
infrastructure development. Consequently, reduced accessibility of 
remote cultivated land weakens agricultural enthusiasm and further 
accelerates the trend toward non-grain uses.

Focusing on the unique karst topography of Guizhou Province, 
this study further investigates the driving mechanisms of NGPCL 

TABLE 5  Single-factor detection results for different types of NGPCL in 
Guizhou Province.

Driving 
factors

NGPCL PNGC IMR ENR UCL

X1 0.10 0.18 0.03 0.10 0.05

X2 0.23 0.01 0.10 0.25 0.10

X3 0.21 0.02 0.09 0.24 0.09

X4 0.12 0.17 0.01 0.07 0.07

X5 0.02 0.01 0.02 0.02 0.01

X6 0.10 0.01 0.05 0.13 0.09

X7 0.42 0.08 0.10 0.33 0.22

X8 0.23 0.04 0.10 0.18 0.10

X9 0.24 0.02 0.09 0.23 0.11

X10 0.01 0.01 0.06 0.12 0.06

X11 0.10 0.01 0.02 0.14 0.05

The specific meanings of variables X1–X11 are detailed in Table 4.
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(Figure 6). The region’s ecosystem is fragile, with pronounced rocky 
desertification and land degradation (Dx, 1997). The prevalence of 
mountains and hills results in fragmented, low-quality cultivated land, 
making it susceptible to agricultural structural adjustment or 

abandonment (Su G. et al., 2018; Subedi et al., 2021). Under the 
combined influence of topographic constraints and agricultural 
transformation, there has been a significant conversion of cultivated 
land to dual-purpose uses, such as forestland and orchard land, which 

FIGURE 5

Heatmap of interaction detection results for driving factors of NGPCL; (a) non-grain cultivated land; (b) ENR; (c) IMR; (d) PNGC; (e) UCL. The specific 
meanings of variables X1–X11 are detailed in Table 4.

https://doi.org/10.3389/fsufs.2025.1697962
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Cai et al.� 10.3389/fsufs.2025.1697962

Frontiers in Sustainable Food Systems 11 frontiersin.org

balance ecological and economic functions. This trend has been 
further reinforced by the implementation of the Rural Revitalization 
Strategy. Land-use structural adjustments, integral to ecological 
civilization initiatives and rural development, have directly reduced 
grain-producing areas. Concurrently, poverty alleviation campaigns 
have promoted the large-scale cultivation of specialty cash crops like 
tea, fruits, and medicinal herbs. This has boosted farmer incomes, 
creating a demonstration effect that encourages others to follow, 
thereby further accelerating the non-grain conversion trend (Gellrich 
et al., 2007; Anselin, 2002).

In the karst mountainous regions of Guizhou, different 
topographic conditions exert a significant influence on NGPCL types. 
Karst mountainous valley bottoms, characterized by gentle 
topography, gentle topography, convenient transportation, proximity 
to settlements, and an abundant labor force make the area suitable for 
mechanized farming and the transport of high-value cash crops 
(Cherono and Workneh, 2018), promoting the conversion of 
cultivated land to PNGC, IMR, and ENR. On karst valley slopes, steep 
gradients are prone to soil and water loss, and transportation networks 
are inadequate. Consequently, farmers tend to plant fruit and forest 
trees to balance ecological and economic benefits, leading to the 
formation of IMR and ENR. On the valley tops of the karst regions, 
thin soil layers and poor water retention lead to costly grain cultivation 
with low returns. Accompanied by population aging and labor loss 
(Nguyen et al., 2018; Imai et al., 2023), the likelihood of cultivated land 
abandonment increases (Nguyen et al., 2018; Imai et al., 2023), 
forming uncultivated land. Prolonged non-cultivation leads to 
succession toward IMR and ENR.

Compared with regions such as Hokkaido (Osawa et al., 2016), 
China’s major grain-producing areas (Zhao et al., 2023), and West 
Java Province (Maryati et al., 2018), the karst mountainous areas 
are disadvantaged in terms of the quantity and quality of cultivated 
land, topographic conditions, transportation accessibility, and 
ecological environment. Consequently, the drivers of NGPCL 
differ across regions. Yet the expanding area of non-grain 
cultivated land represents a pervasive challenge. Preventing 
further conversion is therefore crucial for safeguarding both food 
and ecological security. Future efforts must prioritize 
strengthening the monitoring and early warning of this trend 
while maintaining ecological security, thereby promoting rational 
utilization and the sustainable development of mountainous 
cultivated land. Finally, we emphasize that the identification of 
driving mechanisms in this study is highly dependent on the 
chosen spatial scale. The influence of these factors varies with 
spatial resolution, and the conclusions derived from the driving 
mechanism analysis are associated with the spatial scale. Finer 
scales tend to amplify the local effects of micro-topographic 
factors such as slope and relief, whereas coarser scales reinforce 
the overall impact of macro factors such as GDP and population 
density and reduce the expression of fine-grained topographical 
or locational variations. The 10 km scale adopted in this study 
strikes a balance between the noise inherent in finer scales and the 
over-smoothing present at coarser scales. This resolution is well 
suited to the spatial characteristics of cultivated land in karst 
mountainous regions and provides a more empirically grounded 
perspective for the analysis of driving mechanisms.

FIGURE 6

Driving mechanisms of NGPCL.
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4.2 Differentiated management and control 
strategies for NGPCL in the karst mountain 
areas of Guizhou

Guizhou Province has poor resource endowments and severe rocky 
desertification. Influenced by topography, climate, and other factors, the 
driving mechanisms vary across non-grain cultivated land types. Its 
complex terrain and landforms significantly influence cultivation 
decisions made by farmers and government bodies. Based on the four 
types of driving mechanisms of non-grain cultivated land identified in 
this study, we propose targeted cultivated land protection strategies.

ENR constitutes 58.36% of the province’s total NGPCL area and is 
the dominant type of non-grain cultivated land that should be prioritized 
for restoration. However, given the high costs associated with its 
reconversion to cultivated land, this paper explicitly defines the 
“restorability” of ENR as a dual dimension of technical feasibility and 
alignment with policy planning. Within Ecological Conservation Red 
Line zones, ENR should be primarily protected to strictly prevent 
ecological damage. Where the illegal occupation of basic or high-
standard farmland has led to the destruction of topsoil and soil quality 
degradation (Dunjó et al., 2003), conditions for grain cultivation must 
be restored through soil reconstruction and fertility restoration 
techniques. Meanwhile, non-basic farmland plots should implement 
ecological buffering and rotational cultivation and recultivation. For 
mountainous ENR, such as in the border area between Tongren and 
Zunyi, which is characterized by significant topographic relief, steep 
slopes, high-altitude hills, and widespread rocky desertification 
(Department of Natural Resources of Guizhou Province, 2022), a slope-
based graded management approach should be applied. This includes 
implementing rocky desertification control and ecological recultivation 
for ENR on slopes of 15–25° and strictly restricting the conversion of 
farmland with slopes greater than 25° to forestland under the Grain-for-
Green Policy. This approach is beneficial for reducing soil and water loss, 
improving the ecological environment, and achieving positive interaction 
between ecological protection and economic development (Amidi et al., 
2020; Rasiah et al., 2015).

For spatially concentrated UCL on slopes of less than 15°, protection 
and utilization should be prioritized. This involves optimizing the 
allocation and management of cultivated land resources and, in 
conjunction with grain planting subsidy policies (Wang et al., 2026), 
enhancing farmers’ enthusiasm for grain cultivation to stabilize the scale 
of grain production. For UCL that is of low quality and spatially scattered, 
its comprehensive grain production capacity should be enhanced by 
consolidating fragmented land and equipping it with basic production 
facilities. For UCL on slopes between 15° and 25°, rotational cultivation 
and fallow systems can be implemented to restore land productivity 
while balancing ecological protection. UCL with slopes greater than 25° 
should be incorporated into ecological restoration plans and undergo 
long-term monitoring to ensure a steady enhancement of ecological 
functions. With the diversification of demand for agricultural products, 
the increase in land for non-grain crop cultivation is justifiable in practice 
(Gawdiya et al., 2025; Hufnagel et al., 2020). Therefore, for PNGC outside 
of basic farmland, scientific guidance can be applied to their cropping 
structure. This involves rationally planning the rotation of grain and 
non-grain crops based on their varying nutrient requirements (Liu et al., 
2022) to avoid soil quality degradation from long-term non-grain 
cultivation. As for basic farmland, which serves as the core safeguard area 
for grain production, any PNGC within its boundaries must be strictly 

limited to the cultivation of grain crops to ensure that the bottom line of 
national food security is not breached. IMR is sparsely distributed in 
Guizhou, accounting for only 4.86%. Therefore, for IMR, which is 
predominantly located in Tongren City (Figure 4c), it is necessary to 
strengthen planting planning and control, adopting a prevention-first 
approach to avert its succession into ENR.

Strengthen the management of areas with non-grain cultivated land. 
For hotspot areas of non-grain cultivation, it is necessary to establish 
strict land-use control measures and scientifically guide the rational 
layout of non-grain crops to prevent the expansion of non-grain farming. 
For cold spot areas, technical support and policy assistance for grain 
cultivation should be increased to consolidate their advantages in grain 
production. As the core safeguard zones for grain production, the 
expansion of non-grain cultivation must be comprehensively prohibited 
within Permanent Basic Farmland Protection Zones and Major Grain 
Production Functional Zones to safeguard the bottom lines of food 
security and the stable supply of major agricultural products. The 
government should fully leverage its guiding role in the allocation of 
cultivated land resources (Marson, 2025). This involves consolidating 
contiguous cultivated land at the township or village level to address 
fragmentation and establishing a differentiated subsidy mechanism. 
Grain subsidies should be prioritized for gently sloped cultivated land 
and basic farmland. Through policy incentives and optimized resource 
allocation, the objective is to protect cultivated land resources and 
achieve sustainable land use.

4.3 Limitations and future prospects

While this study, focusing on the karst mountainous areas of 
Guizhou Province, investigates the spatial differentiation and driving 
mechanisms of various types of non-grain cultivated land to provide 
a scientific basis for their protection, it is subject to the following 
specific limitations considering its research design, data support, and 
analytical methods. The primary reliance on cross-sectional data 
makes it difficult to capture the long-term dynamic evolution of 
non-grain cultivation. Furthermore, the analysis did not refine the 
distinctions between different karst landforms, such as karst basins 
and peak-cluster depressions, leading to an insufficient revelation of 
the specificities of non-grain cultivation within each. Consequently, 
the management implications derived are skewed toward the macro 
level, hindering direct guidance for precise, plot-level policy 
implementation. This may limit the comprehensiveness of our 
research findings. Future research can enhance the precision, 
practical value, and operability of this study. This can be achieved by 
integrating long-term time-series remote sensing with field survey 
data, refining the analysis for different karst landforms and plot-level 
management schemes, and conducting an in-depth analysis of the 
coupling pathways among physical geographical conditions, policy 
interventions, and farmer decision-making behavior.

5 Conclusion

This study focuses on the non-grain cultivated land of 2022 in 
Guizhou Province, a typical karst mountainous area. Employing methods 
of Global Autocorrelation Analysis, Hotspot Analysis, and the Optimal 
Parameters-based Geodetector model, we investigate the spatial 
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differentiation characteristics and driving factors of non-grainification. 
The main conclusions are as follows:

	(1)	 In 2022, NGPCL in Guizhou Province constituted 27.78% of the 
total cultivated land area. The ENR type was the most widespread, 
primarily involving the conversion of cultivated land to forests 
and gardens. At the 10 km × 10 km scale, all types of non-grain 
cultivated land exhibited significant spatial clustering (Moran’s I: 
0.43–0.62).

	(2)	 The NGPCL in Guizhou Province was mainly characterized by 
hotspot areas concentrated in the central and northeastern 
regions, cold spots in the southeast regions, and an insignificant 
pattern in the surrounding areas. For ENR and UCL, hotspots are 
concentrated in the central region and the Zunyi-Tongren border 
area, with coldspots in the southeast. IMR hotspots are focused 
on Tongren, while PNGC shows no coldspot areas, with its 
hotspots concentrated in western Bijie and the junction of Zunyi 
and Tongren. This spatial pattern was influenced by multiple 
factors, among which distance to settlements (q = 4.2) emerged 
as the dominant driver. Furthermore, the dominant factors varied 
across different NGPCL types, indicating differentiated 
causal characteristics.

	(3)	 The formation of NGPCL is driven by complex interactions 
among multiple factors. Our interaction detection revealed that 
the synergy between distance to settlements and natural factors 
was the most significant driver, with the strongest interaction 
being X3∩X7 (q = 0.50, 18.3% enhancement), promoting the 
diversity of NGPCL types. Although the dominant drivers of 
different non-grain types vary significantly, they exhibit internal 
connections, with these land types undergoing dynamic 
transitions in which long-term uncultivated land evolves into 
IMR or ENR.
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