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As the core functional carrier of land resources, cultivated land has a dynamic feedback mechanism between its production, ecological and other functions, and land changes. Analyzing the trade-offs/synergies among cultivated land functions and formulating differentiated zoning control plans is of great significance for achieving sustainable utilization of the land system. Using grids as evaluation units, this paper quantitatively evaluates the production function, living security function, ecological function, and landscape function of the cultivated land in the Sanjiang Plain for 2005, 2010, 2015, and 2020. The Spearman correlation coefficient method and the bivariate spatial autocorrelation analysis method are adopted to reveal the trade-off/synergy among various functions of the cultivated land. Functional zoning is carried out through self-organizing mapping (SOM) to explore the dynamic evolution of each functional zone and propose corresponding development goals and optimization strategies. The findings indicate that: (1) Between 2005 and 2020, the production function continued to increase, and the living security, ecological, and landscape functions showed a trend of fluctuating increase. (2) There are significant trade-offs or synergy relationships among various functions. The functional synergy between the production-living security function and the production-landscape function is most significant. The trade-off between ecological and production functions is the most prominent. (3) This paper innovatively proposes to divide the Sanjiang Plain into six types of cultivated land functional areas, namely, the agriculturally balanced development area; the agro-ecological leisure area; the eco-agricultural development area; the agricultural potential improvement area; the agricultural production-dominated area; and the agricultural living security area, and constructively puts forward the development countermeasures for each functional area. The research results not only reflect the dynamic changes in the functions of cultivated land in the Sanjiang Plain, but also the functional zoning results can provide a scientific basis for the differentiated management and control of regional cultivated land.
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1 INTRODUCTION
As the primary vehicle of food production and an artificial-natural composite ecosystem, cultivated land provides necessary guarantees and services for the sustainable development of human society (Lu et al., 2024). Influenced by various factors such as socio-economic transformation, evolving human demand levels, and advancements in functional cognition, the roles associated with cultivated land have transcended the traditional focus on agricultural production. Its multifunctionality has become increasingly prominent (Lai et al., 2020; Liu et al., 2023). On an international scale, the importance attached to the multifunctionality of cultivated land has been increasing globally. The Food and Agriculture Organization of the United Nations (FAO) underscores the necessity of acknowledging the multifaceted characteristics of cultivated land to uphold social order and foster stable development within rural communities. The Common Agricultural Policy (CAP) of the European Union also reflects the concern for functions such as the production, nutrient cycling, and climate regulation of cultivated land (Schröder et al., 2020). However, for an extended period, China’s cultivated land utilization strategy has been restricted by a unidimensional functional orientation, resulting in significant limitations in both the theoretical development and practical application of multidimensional function integration and coordination mechanisms within the cultivated land system (Li et al., 2023; Wang M. et al., 2024). This has led to complex problems such as soil degradation, overloading of ecological carrying capacity and loss of biodiversity (Zou et al., 2025; Sommer et al., 2023). The diversification and synergistic development of cultivated land functions aligns closely with the core principles of the United Nations Sustainable Development Goals (SDGs), and represents a central strategy for enhancing the resilience of cultivated land systems and promoting the integration of agricultural industries (Zhang S. et al., 2019).
The concept of multifunctionality in cultivated land stems from the broader theoretical framework of agricultural multifunctionality (Xiang et al., 2024; Long et al., 2022; Klein et al., 2014). Continuing within the research framework, most scholars argue that multifunctionality is an inherent attribute of farmland. This attribute addresses human development needs by integrating material, spatial, and functional aspects, thereby supporting the attainment of multidimensional human wellbeing (Jiang et al., 2020). Furthermore, studies have explored its categorized evaluation, trade-offs and synergies, and spatial zoning optimization. Regarding the categorized evaluation, early research primarily concentrated on the ecological, economic, and production dimensions (Chen et al., 2025), while later research is grounded in an integrated perspective that encompasses “production-living-ecology” (Yin et al., 2023; Fang et al., 2025). With the deepening of the research, the classification criteria and evaluation methods tend to be diversified. Based on a comprehensive utilization perspective, many studies evaluates using integrated approaches, including multi-objective decision-making, the entire array-polygon indicator index, and the composite index method (Ma and Jin, 2018; Jiang et al., 2020). The relationships among cultivated land functions are multiple and nonlinear, which can be broadly classified into competitive trade-offs and mutually reinforcing synergies (Zhang Y. et al., 2019; Liang and Li, 2020). At present, methods such as root mean square error (RMSE), bivariate spatial autocorrelation analysis method, correlation coefficient method, land function trade-off/synergy degree (LFTD), and difference comparison method are widely employed to examine the relationships between pairs of cultivated land functions (Bao et al., 2024; Wang X. et al., 2023; Fan et al., 2023), or the coupling coordination model is used to analyze the coordination level among multiple functions (Zhang et al., 2018; Liu et al., 2024). In zonal management, the K-means clustering method, normalized revealed comparative advantage (NRCA), or spatial overlay method is mostly adopted (Zhang J. et al., 2022). The current research still has potential for further refinement. In terms of the selection of the research scope, there are relatively abundant research achievements with administrative units as the research scope, while the research carried out based on natural geographical units is relatively insufficient (Luo et al., 2025). In zoning studies, current research primarily focuses on conducting zoning based on the cultivated land functions at a specific point in time, treating these functions as static attributes. Zoning efforts have failed to effectively incorporate spatiotemporal dimensions, resulting in a limited understanding of the dynamic evolution of functional zones and making it difficult to meet the increasingly complex demands of cultivated land management in practice (Yang et al., 2024). In the zoning method, the commonly used K-means clustering method currently has certain limitations. That is, when there are outliers in the data, the clustering centers are easily disturbed, resulting in the clustering results deviating from the real data distribution. In contrast, the Self-Organizing Map (SOM), through its competitive learning mechanism, can more objectively reveal the distribution characteristics of the data, offering a scientific and reliable basis for the zoning work.
The Sanjiang Plain, often referred to as the “Northern Granary,” is dominated by black soil types, making it one of China’s most important commercial grain production bases and one of the few globally recognized high-productivity agricultural regions. In recent years, the region has faced multiple challenges in land protection, food production, and ecological construction, leading to a reduction in ecological space and degradation of land quality (Dai et al., 2024; Xu et al., 2024). To address this dilemma, it is imperative to transcend the conventional view of cultivated land as serving solely a production function and instead promote its multifunctional and integrated use. In light of these circumstances, systematically evaluating the cultivated land functions and studying the interaction patterns between them have become a common approach to improving land quality and coordinating sustainable socio-economic and ecological development. This study, based on a grid scale, systematically explores the spatio-temporal evolution characteristics of the production, living security, ecological and landscape functions of cultivated land in the Sanjiang Plain from 2005 to 2020, and analyzes the trade-offs and synergies among these functions. Finally, this paper uses the Self-Organizing Map (SOM) method for functional zoning, analyzes the dynamic evolution trends of each region, and combines the actual situation to put forward targeted management suggestions.
2 STUDY AREA AND DATA SOURCES
2.1 Study area
The Sanjiang Plain is in the northeastern part of Heilongjiang Province, China. Its geographical scope ranges from 45°01′00″N to 48°27′56″N and from 130°13′00″E to 135°05′26″E. It includes a total of 22 cities (counties), namely, Jiamusi City, Hegang City, Shuangyashan City, Qitaihe City, Jixi City, and Yilan County under Harbin City (Figure 1). The Sanjiang Plain mainly consists of cultivated land in terms of land use type. It is rich in cultivated land resources with excellent quality and belongs to a typical black soil area. Compared with 2005, the grain output of the Sanjiang Plain increased by 2.78 times in 2020, accounting for approximately 35% of Heilongjiang Province’s total grain output—1.28 times the proportion in 2005 (Table 1).
[image: Map collage depicting China's Heilongjiang Province. Panel (a) shows China with Heilongjiang highlighted. Panel (b) zooms in on Heilongjiang, highlighting a study area. Panel (c) details the Sanjiang Plain, showing elevation and boundaries, with rivers and study area marked.]FIGURE 1 | General Maps of the Study Areas (a) China, (b) Heilongjiang Province, (c) The Sanjiang Plain.TABLE 1 | Overview table of the Sanjiang plain.	Year/Indicators	Total regional population (10,000 persons)	Regional gross domestic product (billion yuan)	Total agricultural output value (billion yuan)	Grain output (10,000 tons)	Grain sown area (10,000 ha)	Chemical fertilizer application (10,000 tons)	Total power of agricultural machinery (10,000 kW)
	2005	823.95	835.44	182.29	743.70	190.49	24.59	424.53
	2020	679.25	2424.70	1341.18	2811.93	467.56	74.43	1530.70
	Growth rate	−17.56%	190.23%	635.76%	278.10%	145.45%	202.58%	260.56%


2.2 Data sources and preprocessing
The research data mainly involves the geospatial dataset and socio-economic data of cities (counties) in the Sanjiang Plain in 2005, 2010, 2015, and 2020. The geospatial data are mainly as follows: The NPP data are sourced from the Resource and Environment Science Data Platform, with a spatial resolution of 500 m (https://www.resdc.cn/). The GDP data are sourced from the Resource and Environment Science Data Platform, with a spatial resolution of 1 km (https://www.resdc.cn/). The NDVI data are from the MOD13A3 dataset (https://www.earthdata.nasa.gov/), with a spatial resolution of 1 km. The population density data are from Landscan (https://landscan.ornl.gov), with a spatial resolution of 1 km. The land use data are from the Land Use and Cover Dataset (CLCD) of Wuhan University, with a spatial resolution of 30 m (Yang and Huang, 2021). To ensure data uniformity and the accuracy of research results, this study takes land use data as the benchmark and resamples data of various resolutions through nearest resampling techniques. This method determines the new value of a pixel by identifying the center position of the nearest pixel on the input raster. It is applicable to both discrete and continuous data and has wide applicability. The socio-economic data are acquired from the statistical yearbooks and statistical bulletins of cities and counties in 2006, 2011, 2016, and 2021.
3 RESEARCH METHODS
3.1 Evaluation index system
As a natural-economic-social complex, cultivated land possesses the most fundamental productive and ecological functions. Moreover, as the level of social and economic development continuously advances, it also assumes additional roles such as living security and landscape enhancement, which have evolved from its basic functions. Considering the multifunctionality and hierarchical nature of cultivated land, the following evaluation index system is conducted, which includes 4 target levels and 16 index levels, from four dimensions: production, living security, ecology, and landscape (see Table 2).
TABLE 2 | Evaluation index system for the multifunctions of cultivated land in the Sanjiang plain.	Cultivated land function	Evaluation index	Calculation method	Attribute	Entropy weight method weight	Critic method weight	Comprehensive weight
	Production function	Crop output per unit cultivated area	Crop yield/cultivated land area	+	0.1975	0.1943	0.1959
	Crop sowing index	Crop sown area/cultivated land area	+	0.3918	0.2506	0.3212
	Cultivated land reclamation rate	Cultivated land area/total land area	+	0.2397	0.3977	0.3187
	Agricultural output value per unit area	Agricultural output value/cultivated land area	+	0.1710	0.1573	0.1642
	Living security function	Employment security	Number of agricultural employees	+	0.2863	0.2119	0.2491
	Contribution of agriculture to the economy	Agricultural output value/GDP	+	0.1837	0.2025	0.1931
	Rural-urban income equity ratio	Per capita disposable income of rural residents/per capita disposable income of urban residents	+	0.1698	0.3308	0.2503
	Per capita food guarantee rate	Food production/(population × 400)	+	0.3601	0.2548	0.3075
	Ecological function	The habitat quality of cultivated land	InVEST	+	0.1172	0.2148	0.1660
	The chemical load of cultivated land	Fertilizer application intensity	−	0.3986	0.4400	0.4193
	The carbon sequestration and oxygen release	Net Primary Productivity (NPP)	+	0.0857	0.1361	0.1109
	Water yield	InVEST	+	0.3986	0.2091	0.3038
	Landscape function	Separation of cultivated land	Landscape division (DIVISION)	−	0.5136	0.2971	0.4053
	Regularity of cultivated land	Landscape shape index (LSI)	−	0.0651	0.1749	0.1200
	Fragmentation of cultivated land	Patch density (PD)	−	0.0502	0.1832	0.1167
	Vegetation coverage	The dimidiate pixel model	+	0.3712	0.3448	0.3580


3.1.1 Production function (PF)
As a key material basis for grain production, the production function of cultivated land constitutes its core and essential attribute. This study selects crop output per unit cultivated area, crop sowing index, agricultural output value per unit area, and cultivated land reclamation rate as the main characteristic indicators (Wu et al., 2023). Among them, crop output per unit cultivated area can intuitively indicate the output capacity of cultivated land in the actual agricultural production process. It reflects the effectiveness of cultivated land in material production through the specific output quantity of crops. The crop sowing index indicates the production scale of cultivated land. The land reclamation rate reflects, to some extent, the scale of the agricultural production foundation. The agricultural output value per unit area indicator indicates the capacity of cultivated land to generate economic benefits during agricultural production.
3.1.2 Living security function (LSF)
Cultivated land embodies its living security function in the dimensions of employment, economy, and food security by providing farmers with employment opportunities, economic income, and guaranteeing stable food reserves (Wang et al., 2020a). In this study, the number of agricultural employees is selected as an indicator of the role of cultivated land in employment security, as it directly reflects the ability of cultivated land to create job opportunities. (Zhou et al., 2025). The contribution of agriculture to the economy and the rural-urban income equity ratio are selected to demonstrate the critical role of arable land in supporting rural economic development and improving farmers’ income levels (Cai et al., 2022; Wang H. et al., 2023). The per capita food guarantee rate is used to assess the role of cultivated land in ensuring food security, thereby revealing the strength of its support from the perspective of grain supply capacity.
3.1.3 Ecological function (EF)
The ecological function of cultivated land is reflected in its role as a component of the natural ecosystem. Through ecological processes such as material cycling, energy flow, and providing habitats for organisms, it offers various ecological products and services to humanity. To accurately reflect the ecological functions, the following indicators were selected. The habitat quality index is used to measure the extent to which cultivated land guarantees the suitability of habitats. With the help of the chemical load indicator to represent the potential pressure and negative effects borne by cultivated land under the input of chemicals (Wu et al., 2023). The carbon sequestration and oxygen release indicator are used to reflect the carbon sink efficiency of cultivated land in the carbon cycle process and its important contribution to mitigating climate change (Qian et al., 2020). The water yield indicator is employed to reflect the role of cultivated land in maintaining regional water balance and supporting vegetation growth (Yang et al., 2024).
3.1.4 Landscape function (LF)
As people’s needs diversify and rural tourism flourishes, cultivated land, a key component of agritourism landscapes, has attracted more and more attention for its aesthetic value and landscape function. The landscape function belongs to the subjective value construction of the interaction between people and places. Research shows that the landscape pattern characteristics can reflect human visual preferences and aesthetic tendencies to a certain extent, providing an objective path for quantifying subjective perception. Based on the aspects such as the resource scale, aggregation characteristics, boundary regularity, and green environment of the landscape, this paper constructs an evaluation index system (Wang H. et al., 2023; Liu et al., 2024). The fragmentation of cultivated land, the regularity of cultivated land, the separation of cultivated land, and the vegetation coverage are selected as the main evaluation indicators to represent the landscape function of cultivated land.
3.2 Comprehensive evaluation of the cultivated land functions
Based on the evaluation index system for the cultivated land multifunctions, this study first establishes a grid at an appropriate scale to spatialize socio-economic data and conducts dimensionless processing of each functional evaluation index through the index standardization method to ensure data comparability. Then, the CRITIC-entropy weighting method is applied to calculate the weights. Finally, a comprehensive weighting method is employed to calculate the functional indices of cultivated land.
3.2.1 Spatialization of socio-economic data
Concerning relevant literature and taking fully into account the physical geography and socio-economic characteristics of the study area, this research selects a grid of 5 km × 5 km as the basic unit for evaluation (Qi et al., 2019; Li et al., 2022). After determining the appropriate scale of the grid, relevant research is referred to in order to realize the spatialization of socio-economic data. Among them, crop output, agricultural output value, and per capita food guarantee rate refer to relevant research (Yang et al., 2024), while the remaining indicators use the following Formula 1 to spatialize socio-economic data at the city (county) level into each grid.
Xj=XiNi×M(1)
In the formula,  Xj is the socio-economic statistical data within the grid, Xi is the socio-economic statistical data of each city (county),  Ni is the cultivated land area of each city (county), and M is the cultivated land area within the grid.
3.2.2 Index standardization
The evaluation index system covers many aspects such as production, economy, and society. Given the differences in data units and directions across the indices, normalization of the data is performed to improve their comparability and ensure the accuracy of the evaluation results.
Positive Indicator can be expressed by Formula 2
Xij=xij−minxjmaxxj−minxj(2)
Negative Indicator can be expressed by Formula 3
Xij=maxxj−xijmaxxj−minxj(3)
In the formula, Xij  is the data processing result after standardization; xij is the actual value of the j th indicator of the i th evaluation unit; maxxj and minxj respectively represent the maximum and minimum values of the j th indicator.
3.2.3 Weight determination
The CRITIC objective weighting method objectively assigns weights to indicators through the contrast intensity and conflict between indicators, while the entropy weight method determines the indicator weights through the degree of variation of the data itself. Through the combination of two methods for weight determination, the uncertainty caused by data characteristics when using a single method can be reduced, enhancing the robustness of the evaluation results.
The CRITIC objective weighting method can be expressed by Formulas 4, 5.
Cj=Sj∑k=0n1−rjk(4)
w1=Cj∑j=1nCj(5)
Where Sj and Cj respectively represent the standard deviation and information entropy of the j-th indicator, rjk denotes the correlation coefficient between the j th and k th indicators, and w1 is the weight value calculated by the CRITIC objective weighting method.
The entropy weight method can be expressed by Formulas 6–8.
pij=xij∑i=1nxij(6)
ej=−∑i=1npij·⁡ln⁡pijln⁡n(7)
w2=1−ej∑j=1m1−ej(8)
In the formula, pij is the occurrence probability of the jth indicator of the ith evaluation unit, ej is the information entropy of the indicator, and w2 is the weight value calculated by the entropy weight method.
The Comprehensive Weight method can be expressed by Formula 9.
wj=αw1+1−αw2(9)
In the formula, wj is the comprehensive weight value, α serves as the weighting coefficient, which is set to 0.5 based on relevant studies (Tang and Zang, 2021).
3.2.4 Calculation of the functional values of cultivated land
Calculated primarily using the integrated weighting method and the calculation Formula 10 is:
R=∑j=1nXijWj(10)
In the formula, R is the single-function index of cultivated land in the Sanjiang Plain, Xij is the data processing result after standardization, Wj  denotes the weight of the j th indicator. Σj=1n represents the sum of the weighted values across all n indicators.
3.3 Analysis of the trade-off/synergistic relationship of the multi-functions of cultivated land
3.3.1 Spearman correlation coefficient
The Spearman rank correlation coefficient’s sign and magnitude can be used to examine the synergies and temporal trade-offs between the various cultivated land functions. Specifically, the nature of the relationship between two functions is determined by the sign (positive or negative) of the coefficient, while the strength of the relationship is assessed based on the magnitude of the coefficient (Li et al., 2025), as shown in Formula 11.
rSXi,Yi=1−6∑i=1nQi−Ji2nn2−1(11)
In the formula, rSXi,Yi is the correlation coefficient between the function X and the function Y, n is the total number of data pairs. Consider {Xi,Yi} as the variable set of the two functions, arrange Xi,Yi in ascending or descending order to obtain a new sequence {xii,yi}. If Xi is in the q-th position in the sequence, then the rank of Xi is defined as Qi; correspondingly, the rank of Yi is defined as Ji. If rsXi,Yi is positive, the functions X and Y have a synergistic relationship; otherwise, they have a trade-off relationship. The absolute value of rSXi,Yi can reflect the strength of the functional relationship.
3.3.2 Bivariate spatial autocorrelation analysis method
Bivariate spatial autocorrelation can quantify the spatial association and clustering characteristics between variables, thereby revealing the relationship between them, as shown in Formula 12.
IiMN=XiM−X¯MσM∑j=1nWijXjN−X¯NσN(12)
In the formula, IiMN is the correlation coefficient value of the bivariate local spatial autocorrelation of function M and function N on grid i.  XiM, X¯M, and σM represent the observed value, mean, and standard deviation of function M, respectively, and similarly, XjN, X¯N, and σN follow the same pattern. XiM−X¯MσM and XjN−X¯NσN represent respectively the standardized values of variable M at grid i and variable N at the grid. “H-H” and “L-L” aggregation represent synergy, while “H-L” and “L-H” aggregation indicate trade-off.
3.4 Self-organizing map (SOM) analysis
The Self-Organizing Map, also known as the Self-Organizing Neural Network, is an unsupervised artificial neural network proposed by Finnish scholar Kohonen in the 1980s (Kohonen, 1982). It classifies sample data through a competitive mechanism and outputs the best-fitting category while maintaining the topological structure of the data. This model is composed of a two-layer neural network. The input layer receives preprocessed data and finds out the winning neuron through competition, its neighboring neurons adjust the weight vector according to the rules. Through iterative training, the output layer adapts its weight vectors to fit the data distribution to achieve functions such as clustering and feature extraction. We utilized the “kohonen” package in R 4.4.3 to train a 3 × 2 rectangular neuron grid for 500 iterations with a decaying learning rate to achieve the mapping of the feature space. The weight vector update is shown in Formulas 13–15.
dj=∑i=1nxi−wji2(13)
c=mindj,j=1,2,…,n(14)
In the formula, xi is the input neuron, n is the input quantity, wji is the weight vector of neuron j. Among them, dj is the distance between the input sample i and wji, and c is the winning neuron.
wjit+1=wjit+ηthcjtxi−wjit(15)
In the formula, t represents the number of training iterations. ηt is the learning rate, which gradually decreases as the training progresses and controls the magnitude of the weight adjustment. hcjt is the neighborhood function, and wjit+1 is the updated weight vector.
4 RESULTS
4.1 Temporal and spatial evolution characteristics of cultivated land multifunctions
Based on the evaluation index system, this section performs a spatio-temporal dynamic analysis of the cultivated land functions in the Sanjiang Plain from 2005 to 2020. To compare the spatial changes of the various cultivated land functions, these functions were classified into five levels (Gao et al., 2022): the low-value area (0, 0.2], the sub-low-value area (0.2, 0.4], the medium-value area (0.4, 0.6], the sub-high-value area (0.6, 0.8] and the high-value area (0.8, 1]. The specific results are shown in Figure 2.
[image: Maps show four functions across a region for 2005, 2010, 2015, and 2020: Production (green), Ecological (blue), Living Security (orange), and Landscape (purple). Each function is color-coded from low to high.]FIGURE 2 | Spatial distribution map of the multi-functions of cultivated.Regarding production function, it showed an increasing trend over time, with the average value steadily rising from 0.3710 in 2005 to 0.5074 in 2020, representing an increase of 36.68%. In 2020, the area of high-value areas reached 3.61 times that of 2005 and replaced medium-value areas to become the primary area. Spatially, the southwestern region had a relatively high production function in 2005. By 2020, the scope of the high-value areas had significantly expanded. Northern cities such as Fuyuan and Tongjiang, as well as southeastern cities like Hulin and Mishan, had become high-value areas for production function.
The living security function exhibited a fluctuating trend of initial increase followed by a slight decline, but with an overall upward tendency. The average function value increased from 0.2602 in 2005 to 0.3264 in 2015, but dropped to 0.3138 in 2020, with an increase of 20.60%. In 2020, the overall functional level was predominantly composed of sub-low- and medium-value areas, accounting for 83% of the study area. Compared to 2005, the extent of the low-value regions decreased by 51%. Spatially, the distribution follows a “high on the edges, low in the center” pattern, with low-value areas concentrated in Shuangyashan and Qitaihe. Meanwhile, key grain-producing areas like Hulin, Mishan, and Fujin primarily exhibit medium-value function levels.
Ecological function exhibited an inverted “U”-shaped trend over time. The mean value rose from 0.4886 in 2005 to 0.5329 in 2010, and then dropped to 0.5070 in 2020. Spatially, the ecological function was predominantly characterized by medium-value areas. In 2005, areas such as Huachuan and Jixian, located in the western-central part of the region, exhibited low values. From 2010 to 2015, the extent of sub-high-value areas expanded in the northeast, covering regions such as Fuyuan, Raohe, and Hulin. By 2020, the low-value areas in the southeast had further expanded.
The landscape function exhibited a pattern of initial fluctuation followed by continuous growth. The average value dropped from 0.5293 in 2005 to the lowest value of 0.5112 in 2010, and then continuously rose to 0.5895 in 2020, representing an 11% growth from 2005. The spatial variation of landscape function was relatively small, with high- and medium-value areas collectively accounting for 77% of the study area. These areas were predominantly located in the northern regions, including Fuyuan, Tongjiang, Fujin, and Suibin, as well as in the southwestern regions such as Hulin and Mishan.
4.2 The multifunctional synergy/trade-off relationship of cultivated land
4.2.1 Temporal evolution characteristics of the trade-off/synergy
Based on the quantitative evaluation results of each function, this study systematically analyzed the temporal evolution characteristics of trade-offs/synergies among the functions by using the Spearman rank correlation coefficient method, and obtained the following results: all six combinations composed of the four functions of cultivated land met the significance criterion at the 0.01 level throughout the study period. This finding indicates a notable statistical significance (Figure 3).
[image: Four correlation matrices for the years 2005, 2010, 2015, and 2020. Each matrix shows correlations between PF, LSF, EF, and LF with color-coded circles. Red indicates positive correlation, blue indicates negative. Significant correlations are marked with an asterisk. The color intensity and circle size vary based on correlation strength. A color scale on the right ranges from negative one (blue) to positive one (red).]FIGURE 3 | Spearman correlation coefficient among various functions.Over the past 15 years, the trends in the temporal changes of trade-off and synergy among different arable land functions have been inconsistent. Among them, the production-living security functions have always maintained a significant synergistic relationship. However, the correlation coefficient showed a decline, decreasing from 0.55 in 2005 to 0.35 in 2020—a 36% drop. In contrast, the production-ecological functions generally exhibited a trade-off. Between 2005 and 2010, the correlation coefficient rose from −0.51 to −0.41, and in 2020, it dropped to −0.43, indicating a 15% weakening of the negative correlation during the study period as a whole. Additionally, the production-landscape functions showed a continuously strengthening positive synergy that continued to strengthen over time, with the correlation coefficient remaining steadily between 0.63 and 0.78. The living security-ecological functions exhibited a trade-off, and the correlation coefficient shows a fluctuating evolution trend in the shape of an inverted “N.” After fluctuating from −0.45 in 2005, it rebounded to −0.21 in 2020. The living security-landscape functions exhibited a positive synergy that continued to strengthen, with the correlation coefficient showing an upward trend from 0.24 in 2005 to 0.34 in 2020, a 41% increase. Finally, the ecological and landscape functions alternated between trade-off and synergy. The two showed a trade-off in 2005, shifted to synergy with a correlation coefficient of 0.096 in 2010, and reverted to a trade-off as the coefficient dropped to −0.21 in 2020.
4.2.2 Spatial evolution characteristics of the trade-off/synergy
This section further investigates the spatial evolution characteristics of trade-offs/synergies among the functions through the bivariate spatial autocorrelation method. The six trade-offs and synergies formed by the four functions of arable land in the Sanjiang Plain exhibit spatial heterogeneity (Figures 4, 5).
[image: Grids illustrate landscape function maps of an area for the years 2005, 2010, 2015, and 2020, showing production, living security, and ecological functions. Colors represent synergy and trade-off levels: orange for high-high synergy, yellow for low-low synergy, light blue for low-high trade-off, and dark blue for high-low trade-off. A scale bar indicates distance.]FIGURE 4 | Spatial trade-off/synergy relationship among cultivated land functions.[image: Four clustered bar charts show the percentage of area across different year labels: 2005, 2010, 2015, and 2020. Each chart includes categories A-B, A-C, A-D, B-C, B-D, and C-D with color-coded sections: orange for H-H, light yellow for L-L, blue for H-L, light blue for L-H, and gray for insignificant. The charts illustrate changes in these categories over time.]FIGURE 5 | Proportion of the area of the trade-off/synergy relationship among the multi-functions of cultivated land (Where A is the EF, B is the PF, C is the LSF, and D is the LF).The proportion of H-H synergy areas for production-living security functions is approximately 20%. In 2005, these areas were mainly concentrated in Fulin, Baoqing and Yilan, among others. By 2020, the area of H-H synergy areas in the northeastern part of Mishan and Hulin had significantly increased. The L-L synergy areas are mainly distributed in southern Raohu, Qitaihe and other places. In addition, the area of the trade-off areas decreased from 12% in 2005 to 8% in 2020, being mainly concentrated in the northeastern part of Raohu and Tongjiang, and scattered in Shuangyashan.
The number of trade-off areas for the ecological-production function was significantly higher than that of synergy areas in 2005, but the synergy areas have expanded in the later stage. Among them, the H-H synergy areas grew in a band-like pattern in the west and were distributed in Raohe, Suibin, and eastern Luobei in 2020. The L-L synergy areas were relatively few and mainly located in Jixi. The H-L trade-off areas were mostly located in Hegang and western Luobei. The L-H trade-off areas were scattered, with the majority in Fujin, Youyi, Jixian, Hunchuan and Huanan.
The synergy areas of production-landscape function dominate the study area, accounting for approximately 50% of its total area. The H-H synergy areas are widely distributed in the north-central part, the southwest, and Hulin City of the area. The L-L synergy areas are relatively scattered, mostly located in the southern region with more undulating terrain. Compared with 2005, the number of trade-off areas in 2020 decreased by 65%, and the area was sporadically distributed in the peripheral areas of the study area.
The ecological-living security function is mainly characterized by trade-off areas, with L-H trade-off areas mostly distributed in Hulin and Fujin, and H-L trade-off areas mainly concentrated in the central region. In 2005, H-H synergy areas were scattered in Yilan and Boli in the southern region. In 2010, they shifted to Fuyuan and Hulin in the northeast. In 2020, they were more scattered but showed an aggregated state in Fuyuan, Yilan, Luobei, and other places. The L-L synergy areas were initially concentrated in Suibin, but later the function of this area improved, turning it into a non-significant area.
The living security-landscape function has seen a significant upward trend in its synergy areas. Its spatial pattern shows certain similarities with that of the production-landscape function. The H-H synergy areas are mainly in the central-northern region, exhibiting agglomeration in Fuyuan, Fujin, Luobei, and Hulin. The L-L synergy areas are mostly located in the central-southern and marginal regions. The L-H trade-off areas are interlaced with the H-H synergy areas in the north. The majority of the H-L trade-off areas are distributed in Jixi, with some are scattered in the southern part of the study region.
The synergy areas of the ecological-landscape function exhibited a trend of first increasing and then decreasing. In 2020, the H-H synergy areas were mainly distributed in a band-shaped pattern in the northwestern part of the study area, encompassing Fuyuan, Tongjiang, Suibin, and western Luobei. The number of trade-off areas increased during the study period. Specifically, the number in 2020 increased by 53% compared to 2005. Spatially, most of the areas exhibited a scattered distribution, though some concentration was observed in Hulin, Baoqing, Fujin, and Huachuan.
4.3 Functional zoning of cultivated land and its spatiotemporal evolution
This study integrates the SOM with multifunctional evaluations of cultivated land to classify spatial units within the study area, enabling a more nuanced understanding of regional disparities. The results show that when the number of clusters is 6, there are substantial differences among the functional clusters, while within-cluster variation remains relatively low (Figure 6).
[image: Six circular charts labeled one to six show varying proportions of four categories: green for production, yellow for living security, orange for ecological, and white for landscape. Each chart varies in segment size, illustrating different focus levels for each category. A legend at the bottom explains the color codes.]FIGURE 6 | Clustering results of the functions of cultivated land in the Sanjiang plain.Then, by analyzing the performance characteristics of each cultivated land function within each functional cluster, a differentiated functional zoning system for cultivated land is scientifically defined (Table 3). The spatial distribution patterns of cultivated land functional zones for each year are shown in Figure 7.
TABLE 3 | Functional zoning system of cultivated land.	Name of function cluster	Characteristics of the functional area	Type of the functional area
	Function Cluster 1	The production function is significantly manifested, the living security and landscape functions are at a medium level, and the ecological function is relatively weak	Agricultural production-dominated area
	Function Cluster 2	The production and landscape functions are relatively insufficient, while the living security and ecological functions perform well	Agricultural living security area
	Function Cluster 3	All functions are relatively weak	Agricultural potential improvement area
	Function Cluster 4	All functions perform relatively evenly, and there is no significantly backward function	Agriculturally balanced development area
	Function Cluster 5	The ecological and landscape functions are relatively prominent, the production function has no significant advantage, and the living function is seriously insufficient	Agro-ecological leisure area
	Function Cluster 6	The ecological function is remarkable, the landscape function is at a medium level, and other functions are relatively weak	Eco-agricultural development area


[image: Four maps of the same region from 2005, 2010, 2015, and 2020 show different areas colored to represent six function clusters. Each map indicates shifts in spatial functions over time, with a scale of 0 to 300 kilometers. Clusters are differentiated by yellow, blue, pink, green, purple, and orange.]FIGURE 7 | Temporal and Spatial evolution of the function clusters of cultivated land in the Sanjiang plain.The number of agricultural production-dominated areas has shown a steady increase over the years. From 2005 to 2015, these areas were primarily distributed in Huachuan, Huanan, Jixian, and Fujin. By 2020, the distribution range of these areas had further extended eastward, encompassing Mishan, Hulin, Baoqing, and northern Raohe, and was concentrated in the central-northern plain belt with a high reclamation rate. The number of agricultural living security areas has gradually increased, mainly concentrated in Jidong, Yilan, and Jixi in the south, and sporadically distributed in places such as Tangyuan and Baoqing. The agricultural potential improvement areas are predominantly in the peripheral zones and along the borders between cities and counties. These regions have relatively scarce arable land resources and the land is fragmented and scattered, resulting in relatively low performance of land functionality. The number of agriculturally balanced development areas has shown a significant growth trend during the study period. Their spatial distribution exhibits the following characteristics. In 2005, these areas were mostly distributed in Yilan, Fujin, and Baoqing, accounting for approximately 13% of the study region’s total area. In 2020, they expanded towards the north, and multiple regions in Fuyuan, Tongjiang, and Suibin changed from agro-ecological leisure areas to agriculturally balanced development areas. In 2020, the area of the agriculturally balanced development areas accounted for 25% of the total area of the study region, representing an 88% increase compared with that in 2005. The agro-ecological leisure areas were initially concentrated in the northern region, including Fuyuan, Tongjiang, Suibin, Luobei, and Youyi, as well as in the southeastern region, including Hulin and Mishan. Since 2015, the number of agro-ecological leisure areas has shown a continuous decreasing trend. By 2020, their proportion had dropped to 12% of the total area, with most transformed into agriculturally balanced development areas and agricultural production-dominated areas. The number of eco-agricultural development areas showed an upward trend between 2005 and 2010. The number reached its peak in 2010, representing 24% of the total regional area. They were mostly distributed in Hegang and Luobei in the western part, Raohe in the eastern part, as well as Shuangyashan and Qitaihe in the central part. The number of such areas significantly declined between 2010 and 2020. As of 2020, this area represented only 12% of the total study region, marking a 21% decline from 2005.
5 DISCUSSION
5.1 Applicability of cultivated land multifunction index system and evaluation results
The multi-functional evaluation of cultivated land lacks a standardized paradigm, with functional emphases and forms varying across different stages. Current research primarily focuses on the dual attributes of cultivated land: first, its intrinsic role as the core carrier for agricultural production and a critical component of the natural ecosystem, supporting fundamental functions such as food production and material cycling; second, its derived added value, encompassing diverse services like agricultural landscape aesthetics and rural social security. Based on the results of the functional evaluation, it can be concluded that the production function of cultivated land has shown a year-on-year increasing trend, with high-value areas predominantly concentrated in regions such as Fujin, Hulin, and Mishan. These regions feature abundant cultivated land resources and a high reclamation rate, and the extensive crop-sowing areas contribute to relatively high unit-area grain yields. However, in central-southern areas with poor topographical conditions, the production function cannot be fully realized due to the scattered distribution of cultivated land, significant terrain undulations, and steep slopes. Constrained by terrain and natural resource endowments, it is difficult to fully unleash the cultivated land production function, which is similar to Tan’s research results (Tan et al., 2021).
The living security and landscape functions also have shown an upward trend, which is most likely closely related to measures such as the well-facilitated farmland projects vigorously promoted by the government and the continuously increasing agricultural investment (Figure 8). The abolition of the agricultural tax in 2006 led to a continuous increase in the per capita disposable income of farmers. In addition, the General Rules for the Construction of Well-Facilitated Farmland were issued in 2014. By consolidating fragmented plots into standardized fields suitable for mechanized operations, this construction has improved production conditions and contributed to the optimization of rural living environments (Liu et al., 2022; Yusheng et al., 2023). Spatially, the living security function in the central part was relatively low, mainly due to the better economic development in this region. The advancement of the new urbanization plan in 2014 accelerated the development of secondary and tertiary industries, releasing a large number of non-agricultural jobs with more attractive salaries. This led to a decrease in farmers’ comparative income from grain cultivation and a continuous weakening of cultivated land’s employment security capacity. This is similar to the results of the cases in the Poyang Lake Plain and the Dongting Lake area (Xiang et al., 2024; Zhang et al., 2023).
[image: Timeline of policy developments in China from 2005 to 2020. Key events include the abolition of agricultural taxes in 2006, release of the National New Urbanization Plan in 2014, and the proposal of the rural revitalization strategy in 2017. Each event is linked to outcomes like land consolidation and industry integration in agriculture.]FIGURE 8 | The evolution of policies from 2005 to 2020.Although China integrated ecological civilization construction into its national strategy in 2012 and enhanced habitat quality through ecological restoration, the concept of extensive agricultural development has not been fully transformed. This has led to prominent issues of excessive chemical fertilizer and pesticide use, resulting in a decline in ecological functions at a later stage (Song et al., 2022). This phenomenon may also cause issues such as soil pH imbalance and heavy metal accumulation, which are closely linked to land degradation risks. This reflects certain limitations in the current indicator system. This study on ecological functions is only confined to functions related to macro-ecological cycles, such as climate regulation and biodiversity, and lacks exploration of micro-indicators like soil health, which are of great significance for the operation of the internal ecosystem of cultivated land. Direct soil indicators are currently absent from the indicator system, which may lead to biases in assessing regional black soil degradation risks and thus hinder the full revelation of the deep ecological impacts of extensive agriculture. This represents an important direction for future research. In landscape function evaluation, although the objective index system supported by geographic information technology has mature application value, pure objective data is difficult to represent the hidden demands and dynamic perception of society. In the future, public perception data should be obtained via methods such as questionnaires and in-depth interviews to construct a landscape function evaluation system with dual dimensions of “spatial structure-social perception.”
5.2 Analysis of trade-off/synergy among cultivated land multifunctions
In terms of trade-off/synergy relationships, the ecological function shows a certain degree of trade-off with the production, living security, and landscape functions. This suggests that the previous blind pursuit of high grain yields and extensive land use in the Sanjiang Plain has compromised the ecological functions of farmland. The conclusions align with the findings of Zhang, Liu, and Fang, who emphasized the ecological harm caused by an excessively high proportion of intensive agriculture (Liu et al., 2020; Zhang X. et al., 2022; Fang et al., 2025). The trade-off between ecology and landscape is similar to the situation in Shenyang (Qian et al., 2020). This can be attributed to the unreasonable use of chemical fertilizers, which causes non-point source pollution, damages surrounding vegetation habitats, and impairs the landscape function. Whether in Latin America or Africa, overly intensive agricultural production has triggered numerous environmental problems, which impact the global environment and cultural ecosystems (Flachsbarth et al., 2015; Pereira et al., 2025). This indicates that the production-ecology conflict is a problem commonly existing in the world’s intensive agricultural regions.
The production-living security functions have always maintained a synergistic relationship, confirming the dual role of cultivated land as both a carrier for grain production and a foundation for residents’ rural livelihood security. During the research period, the synergistic effect between the two decreased, which was similar to the situation in the Two Lake Plains and the Huang-Huai-Hai region (Ge et al., 2018; Li et al., 2022). This might be attributed to the accelerated advancement of agricultural modernization, the gradual transformation of production and operation models toward scale and specialization, and agricultural machinery subsidies that have promoted the adoption of large-scale agricultural equipment and reduced manual labor demand (Zhang et al., 2024; Meng et al., 2022). The remarkable enhancement of the synergistic effect between production and landscape functions may be attributed to the implementation of land consolidation policies, which also indicates the effective integration of cultivated land’s multiple functions (Fan et al., 2023). Contiguous, regular, and high-quality cultivated land not only facilitates agricultural production, enabling stable and high grain yields but also creates a rural landscape with both practical and aesthetic value for local residents. The synergy between living security and landscape functions also exhibits an increasing trend, a dual outcome of market demand for sightseeing agriculture and national policy support. The Policy encouragement—including the rural revitalization strategy and promotion of agricultural multi-industry integration proposed in central documents—provides a policy basis for leisure agriculture development. In the future, lessons from Portugal can be drawn to further establish a financial incentive mechanism that encourages farmers to adopt eco-friendly agricultural practices and maintain landscape diversity, thereby effectively promoting the synergy and efficiency of landscape-ecological and landscape-living security function pairs (Lu and Li, 2021; Luz, 2024).
Spatially, the western-central region of the study area, including Hegang and Luobei counties, has a favorable natural base. However, the relatively low rate of land reclamation has intensified the trade-off between ecological functions and other land use functions in the area. The northwestern regions, including Suibin, Tongjiang, and the western part of Luobei County, are characterized by “ecology-production” collaborative optimization, with H-H synergy areas expanding in a band-like pattern. This area gradually alleviates functional contradictions through ecological restoration and the improvement of agricultural technologies, and it is a potential area for the synergy between ecology and production. In the southeastern region, Hulin and Mishan, characterized by strong production and landscape functions, exhibit a highly synergistic development pattern between production–living security and production–landscape functions. However, due to the attenuation of ecological regulation ability caused by intensive agricultural production, this region exhibits a notably sharp conflict between ecological and production functions. Tongjiang, Fujin, and Raohe in the central-northern region have contiguous cultivated land that bolsters the synergistic advantages of “production-landscape.” Meanwhile, the undulating terrain in the southern part leads to prominent issues of landscape fragmentation, which necessitates land consolidation to optimize spatial configuration.
5.3 Recommendations for cultivated land development based on functional zoning
This paper analyzes the spatio-temporal evolution characteristics of various cultivated land functional areas in the study area between 2005 and 2020. The results show that the evolution rules are constrained by natural resource endowments and land use intensity, while being linked to regional development strategies and ecological protection demands. Most counties in the Sanjiang Plain are classified as major agricultural production areas and key ecological function zones in the main functional zone planning. Future research should establish a cross-scale system of “county-level strategic guidance - grid-based technical support - township-level implementation.” In fact, the grid-based management of cultivated land has been practiced in many places, which involves implementing multiple levels of management for cultivated land across units such as cities, counties (cities and districts), towns, villages (communities), and village groups. In the future, policy implementation can draw on relevant experiences to innovate the flexible grid system, allowing grid boundaries to be adjusted along administrative village boundaries and effectively connected with national land space planning. Thus, the evaluation results of the grids can be decomposed and transmitted to the actual administrative village scope. Policy implementation should also strengthen the multi-level linkage mechanism and formulate differentiated control policies, with functional zoning serving as the spatial carrier for policy implementation to promote the coordinated pursuit of multiple goals. Based on this, we integrate the proposed zoning categories with national policy orientations and put forward relevant suggestions to facilitate the implementation of national strategic deployments.
The continuous expansion of agricultural production-dominated areas and agriculturally balanced development areas confirms the profound impact of national food security and farmland protection strategies on the spatial pattern of land use. Agricultural production-dominated areas have strong production functions, corresponding to the agricultural space in the “three zones and three lines” and can be prioritized for inclusion in the permanent basic farmland. However, their ecological functions are seriously inadequate. In the future, efforts should focus on strengthening agricultural production advantages while emphasizing ecological conservation and industrial upgrading. The region needs to further promote large-scale and technology-intensive production models, enhance mechanization efficiency through unified varietal selection and standardized management, guide green transformation by matching policies such as cultivated land operation subsidies, and promote conservation tillage (Xie et al., 2022). Meanwhile, it should construct an integrated “crop-livestock” circular agriculture system, innovate the resourceful utilization of agricultural waste, and enhance agricultural practice sustainability (Velasco-Muñoz et al., 2022). Additionally, local governments should strengthen policy combinations, promote socialized services, and establish special funds to break through key technical bottlenecks such as black soil degradation prevention and fertility improvement (Chen and Pei, 2025). Through the joint efforts of production optimization, ecological circulation, and policy-technology empowerment, a collaborative pattern for black soil protection and agricultural development can be formed.
Agriculturally balanced development areas are mainly distributed in regions with high utilization of cultivated land and superior natural resource endowments. In the future, this region should deepen its advantages in balanced agricultural development. On the basis of strictly adhering to the red line for cultivated land, it should explore a comprehensive demonstration of “storing grain in land and technology,” and establish a coordinated optimization mechanism for cultivated land multifunctionality. Technically, this area should form a model of the integration of large-scale agricultural black soil protection and smart agriculture. By promoting precision agriculture technologies, farmers can reduce resource waste, achieve precise resource allocation and efficient utilization at the production technology level (Yang et al., 2023), and reduce the impact on the ecological environment while ensuring grain production capacity. Meanwhile, a network of farmland ecological corridors should be constructed (Shi et al., 2020), strengthening the connectivity and stability of the ecosystem through ecological spatial planning and effectively curbing the problems of wind and water erosion of black soil. Finally, this region should leverage its contiguous high-quality farmland and black soil regional characteristics, deeply explore the “agricultural landscape + farming culture” value in the black soil region, and create a localized black soil rural tourism belt to align with the national rural revitalization strategy.
The sharp reduction in eco-agricultural development areas reveals the worsening contradiction between regional ecological protection and agricultural development. In the future, the region should adhere to the “ecology-first, green development” orientation for black soil protection and implement the Black Soil Protection Law and the Outline for the Protection Plan of Northeast Black Soil Region. Its development goal is to moderately develop agricultural production on the basis of maintaining ecosystem stability and reducing pressure on cultivated land systems. The region should leverage its existing favorable ecological foundation to establish an ecological and low-disturbance production model, with a focus on developing eco-friendly agriculture and integrating green industries such as ecological tourism and organic agricultural product picking. Meanwhile, green prevention and control technologies should be vigorously promoted. Emerging technologies such as intelligent monitoring, microbiology, and modern equipment should be integrated to strengthen ecological monitoring and protection efforts (Fuentes-Peñailillo et al., 2024). By consolidating ecological advantages through dynamic monitoring and adaptive management, the region is expected to become a benchmark for the development of black soil eco-agriculture.
The increase in the number of agricultural living security areas reflects the strengthening of the cultivated land’s living security function and the continuous expansion of farmers’ income channels. In the future, the district will closely follow the overall requirements of rural revitalization, namely, “prosperous life, pleasant ecological environment, and thriving industries,” to further strengthen the livelihood security function of the region. While ensuring a stable supply of staple agricultural products like grain, concerted efforts should be made to promote the cultivation of distinctive cash crops adapted to local ecological conditions—such as soil composition and climatic factors. On this basis, it is essential to launch leisure agriculture projects to expand income-generating channels, enhance skills training for agricultural workers, and establish an industrial chain consortium of “leading enterprises + cooperatives + farmers” to achieve synergistic benefits for multiple stakeholders.
The agricultural potential improvement areas present a spatial distribution characterized by “edge agglomeration.” The fragmented pattern has led to a lack of economies of scale, reduced landscape connectivity, and an increase in agricultural production costs, among other issues (Ciaian et al., 2018; Wang et al., 2020b). In the future, the region can enhance production efficiency through cultivated land resource integration and planting structure optimization (Deng et al., 2024). Local governments should strengthen the implementation of ownership integration and farmland renovation, merging fragmented cultivated land into moderately scaled management units while improving infrastructure to enhance production conditions (Wang and Zhang, 2017; Hashemi et al., 2024).
The functional transformation of agro-ecological leisure areas reflects the new trend of rural industrial upgrading and agricultural-tourism integrated development (Liang et al., 2020). In the future, these regions should rationally plan the planting layout during the grain production process, optimize the structure of cultivated land use, and develop seasonal agricultural experience projects with the characteristics of cold-region black soil. Meanwhile, emphasis should be placed on the cultivation of interdisciplinary talents. With the integration of agriculture and tourism as the core approach, the revitalization of regional industries and ecology can be promoted. Moreover, the principle of ecological priority should be adhered to in landscape development to strengthen ecosystem restoration and protection. If there are ecological red lines in the adjacent spaces around the region, this area can also serve as an “ecological buffer zone” to prevent large-scale production from affecting the red line area.
5.4 Limitations and deficiencies
This paper extends the analysis of the evolution of cultivated land functions and their interrelationships in the black soil region of Northeast China. However, owing to indicator accessibility constraints, the assessment of cultivated land’s ecological and landscape functions in this paper has certain limitations. Moreover, with only selected temporal nodes analyzed, it is difficult to accurately analyze the development process and driving factors of cultivated land functions. Subsequent work should establish a data system with a longer time series and an evaluation index system that better reflects regional characteristics. By integrating multi-source data and considering functions from a multi-dimensional perspective, the future study aims to comprehensively analyze the dynamic evolution characteristics of cultivated land functions at different development stages, as well as the internal connections and action mechanisms among cultivated land functions. There is also room for improvement in data processing. When it comes to the spatialization of socioeconomic data, the method of grid allocation of county-level statistical data based on the area weighting method is a widely adopted spatial downscaling approach (Wang Y. et al., 2024; Fan et al., 2022). This method provides an important data foundation for conducting cross-scale research, which helps to reveal the intrinsic characteristics of the data and improve the accuracy of geographical models.However, this method predominantly depends on a single land use area as the weighting factor, and thus fails to effectively incorporate diverse auxiliary data sources, such as night light brightness data that reflect the intensity of economic activities and terrain undulation data that indicate population distribution and activities. Consequently, it overlooks the multi-dimensional driving factors of socio-economic activities. Therefore, the spatial heterogeneity characteristics of socio-economic data have not been fully demonstrated in such spatialization results. Coupled with the inherent flaws in the traditional statistical process, potential deviations may occur between the final gridded data and the actual situation. In the future, it is imperative to explore and develop new spatialization methods for integrating multi-source heterogeneous data by leveraging deep learning. By comprehensively utilizing the advantages of data from different sources, it is possible to achieve complementary strengths in resolution and accuracy among the data, thereby optimizing the identification effect of the spatial pattern of socio-economic data and improving the simulation accuracy (Song et al., 2024). Moreover, although this paper has carried out functional zoning of cultivated land in the Sanjiang Plain, subsequent management efforts still need to be further integrated with territorial spatial planning to ensure alignment with the planning objectives, thereby achieving efficient allocation of cropland resources.
6 CONCLUSION
	(1) The cultivated land functions in the Sanjiang Plain show distinct spatiotemporal differentiation characteristics. The production function continuously increased, and the overall functional level was relatively high. The trend of change for both the living security and the ecological functions follows an inverted “U” shape, rose first and then fell. The peripheral areas exhibited significantly higher levels of living security function compared to the central region, while ecological functions were relatively stronger in the western and northern regions than in other areas. The landscape function exhibited a continuous upward trend over time, with a relatively high overall functional level in 2020.
	(2) The relationships among the functions of cultivated land mostly exhibit significant trade-off/synergy in the Sanjiang Plain. Yet there are differences in their development trends. The synergy between the production and living security functions continuously decreases. The trade-offs between production-ecological functions and landscape-ecological functions display a tendency to first ascend and then descend. The trade-off between the living security-ecological functions shows a fluctuating trend in an inverted “N” shape. The synergy between the landscape-production functions and the landscape-living security functions continuously increase.
	(3) The Sanjiang Plain is divided into six types of cultivated land functional areas, namely, the agriculturally balanced development area, the agro-ecological leisure area, the eco-agricultural development area, the agricultural potential improvement area, the agricultural production-dominated area, and the agricultural living security area. Among them, the number of eco-agricultural development areas and agro-ecological leisure areas has significantly decreased, and most of them have been transformed into agricultural production-dominated areas and agriculturally balanced development areas. On this basis, targeted management and control measures are proposed according to the characteristics of different functional zones, aiming to fully leverage the dominant functions of cultivated land and promote a healthy cycle within the agricultural system.
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