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Abstract

:

Soil fertility plays a crucial role in crop growth, so it is important to study the spatial distribution and variation of soil fertility for agricultural management and decision-making. However, traditional methods for assessing soil fertility are time-consuming and economically burdensome. Moreover, it is hard to capture the spatial variation of soil properties across continuous geographic space using the conventional methods. As key techniques of digital soil mapping (DSM), spatial interpolation techniques have been widely applied in soil surveys and analysis in recent years, since they can predict soil properties at unknown points in continuous space based on limited sample points. However, further research is needed on spatial interpolation models for DSM in regions with variable climates and complex terrains, which are characterized by strong spatial variation in both environmental variables and soil fertility. In this study, taking a typical hilly area in a subtropical monsoon climate, i.e., Gaozhou, Guangdong Province, China, as an example, the performances of four popular spatial interpolation models (Random Forest (RF), Ordinary Kriging, Inverse Distance Weighting, and Radial Basis Function) for digital soil mapping on available phosphorus (AP) are compared. Based on RF, the spatial variation and its driving factors of the AP of Gaozhou are then analyzed. Furthermore, by selecting three typical truncation lines from different directions, the correlations between environmental variables and AP in different spatial positions are demonstrated. The root mean square error (RMSE) results of the above four models are 32.01, 32.08, 32.74, and 33.08, respectively, which indicate that the RF has a higher interpolation accuracy. Based on the mapping results of RF, the minimum, maximum, and mean values of AP in the study area are 38.90, 95.24, and 64.96 mg/kg, respectively. The high-value areas of AP are mainly distributed in forested and orchard areas, while the low-value areas are primarily found in urban and cultivated areas in the eastern and western regions. Vegetation and topography are identified as the key factors shaping the spatial variations of AP in the study area. Furthermore, the spatial heterogeneity of the influence strength of altitude and EVI is revealed, providing a new direction for further research on DSM in the future, i.e., spatial interpolation models considering the spatial heterogeneity of the influence of environmental variables.
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1. Introduction


In recent years, the contradiction between limited land resources and population growth has become increasingly prominent, and the efficient utilization of land productivity has become an urgent issue [1]. Soil fertility, as the foundation of land agricultural productivity, plays a crucial role, and obtaining high-precision spatial and attribute information about soil fertility is of great significance for land resource management and precision agriculture [2]. Traditional survey methods mainly involve collecting soil samples within a study area, recording their spatial coordinates and determining soil nutrients in the laboratory, followed by expert analysis of the results. However, these approaches require the collection and testing of a large number of samples, which consumes a significant amount of time and economic resources [3]. Moreover, they fail to visually demonstrate the spatial distribution characteristics and spatial variation patterns of soil properties in the study area [4]. Digital soil mapping (DSM) technology can use limited sample points to predict soil properties at unknown points, then obtain a soil fertility distribution map of the entire study area, and allow for an analysis of the driving factors that shape the spatial distribution characteristics and variation pattern of soil fertility, which has become a research hotspot [5,6,7,8].



Currently, DSM primarily relies on spatial interpolation techniques [4], which can be categorized into three main types based on the interpolation model: deterministic spatial interpolation methods [9,10,11,12], geostatistics-based uncertainty interpolation methods [7,13,14], and machine learning methods [15,16,17]. Deterministic spatial interpolation methods mainly include inverse distance weighting (IDW) [9], polynomial interpolation [11,12], and radial basis function (RBF) [10]. IDW establishes the relationship between the predicted point and the sampled points within the defined neighborhood based on the distance decay, where the influence of sampled points on the prediction increases as they approach the predicted point [9]. Polynomial interpolation captures the trend of the prediction data based on global [11] or local [12] sampled points by constructing polynomial functions. When constructing polynomial functions for local sampled points, the study area is first divided into multiple sub-regions, and multiple planes are then fitted to each sub-region, respectively, which can capture the characteristics of local variation within the study area. RBF utilizes the attribute values of each known sampled point within the study area to construct an RBF model and fits an observation surface for the entire study region [10]. In [18], with a forested catchment in Southern Arizona, USA, as an example, a least-squares linear regression model was constructed to learn the correlations between soil properties and environmental variables. An IDW model was then used to interpolate the regression residual. The above combination can capture the correlation between soil properties and the environment, and map the uncertainty of the mapping results. The methods mentioned above have the advantage of quickly constructing prediction models for large spatial areas. However, except for local polynomial interpolation, they struggle to capture the spatial variation characteristics of the data. Moreover, the local polynomial interpolation model requires a manual delineation of sub-region locations and a determination of sub-region sizes, and in order to capture the spatial variation characteristics of the data, it ignores the global correlation between each sub-region.



The second category is the geostatistics-based methods, which is represented by the Kriging series algorithms, such as Ordinary Kriging (OK) [13] and Universal Kriging [14]. These methods establish a variogram based on known sampled points to express the spatial autocorrelation of the spatial objects and predict the attributes of unknown points. In [19], an artificial neural network Ordinary Kriging (ANN-Kriging) algorithm is proposed for soil organic matter (SOM) mapping, which divides the mapping process into two stages. In the first stage, the neural network describing the relationship between SOM and the environmental landscape structure is trained, and the SOM is estimated by a well-trained ANN. The residual of the ANN is then estimated by Kriging in the second stage. Finally, the mapping result of SOM is produced by combining the results of the above two stages. However, Kriging methods require the prediction target to satisfy the assumption of second-order stationarity, which assumes that the variance of attribute values between any two points with the same distance and direction in space is equal. This assumption is clearly not applicable to soil fertility interpolation, which exhibits strong spatial non-stationarity. Moreover, the Original Kriging methods only consider the spatial autocorrelation of the data, overlooking the issue of spatial heterogeneity. To incorporate spatial heterogeneity into Kriging, some researchers have proposed Stratified Kriging (SK) [7], which divides the study area into multiple homogeneous sub-regions and constructs variograms for different sub-regions independently. However, this method faces the same problem as local polynomial interpolation methods, which is how the study area is effectively stratified.



The last category is the machine learning (ML)-based interpolation methods, such as Random Forest (RF) [15,20] and Support Vector Machine (SVM) [16], which have been extensively studied by researchers in recent years due to their strong ability to capture features of data. Studies have shown that ML-based spatial interpolation methods, particularly RF, can effectively capture both the spatial autocorrelation and heterogeneity of the data, and rank the importance of environmental factors with respect to the predicted values [21]. In addition, environmental variables, as important factors driving soil genesis and development, can greatly improve the prediction ability of the model after selecting appropriate environmental variables as features to be added into the model [22]. The environmental variables used in the current DSM model mainly include five major soil-forming factors, i.e., soil-forming parent material, topography, biology, climate, and time [4]. For example, the vegetation factor (e.g., the Normalized Difference Vegetation Index (NDVI), the Ratio Vegetation Index (RVI), the Difference Vegetation Index, and the Soil-Adjusted Vegetation Index (SAVI) derived from remote sensing images) and the topographic variables derived from the digital elevation model (DEM) (e.g., plan curvature and profile curvature) were involved in an RF model to predict soil organic matter content [23]. In [24], the OK, Co-Kriging, RF, and ANN were used to predict the soil fertility at parcel scale in China. The results showed that the RF has the highest accuracy at parcel scale among the four models. In [25], the RF model was used to map the soil classes in Northern Iran utilizing legacy soil maps as a covariate, which improves the accuracy of the model. However, the spatial variations and driving factors of soil available phosphorus (AP) in the coastal hilly areas of Southern China have seldom been studied using RF. Furthermore, current RF-based spatial interpolation models based on environmental variables assign equal weights to the environmental variables for the entire study area after training, with little consideration given to whether the influence strength of environmental variables varies across different spatial locations. The geographically weighted regression (GWR) methods [26] consider the varying influence strength of environmental variables across different spatial locations. However, in most GWR models, it only attenuates the influence strength based on distance. Incorporating anisotropy into GWR is still difficult. In addition, the GWR model is susceptible to the multicollinearity of environmental variables, which greatly reduces the prediction accuracy. In contrast, RF models are not sensitive to multicollinearity and have received much attention.



Motivated by the above considerations, taking Gaozhou as the study area, this paper first uses four popular spatial interpolation models (Random Forest, Ordinary Kriging, inverse distance weighting, and radius basis function) for the DSM of AP in Gaozhou. Subsequently, the spatial variations and driving factors of AP are analyzed based on the RF model. Additionally, an analysis is conducted to determine the correlation between AP and environmental variables, and the heterogeneity of the influence strength of the environmental variables is revealed. The major contributions of this study are summarized as follows:




	
The performance of four popular models (RF, IDW, RBF, and OK) for DSM of AP are shown and compared in a typical hilly area in a subtropical monsoon climate, i.e., Gaozhou.



	
The spatial distribution and variation characteristics of AP in the study area are analyzed.



	
The importance of driving factors that influence the spatial distribution and variation of AP are ranked and analyzed based on RF.



	
The correlation between AP and the influence of environmental variables at different spatial locations and directions are investigated, which reveals the spatial heterogeneity of the influence strength of the environmental factors.









2. Materials and Methods


2.1. Materials


2.1.1. Study Area


The study area is located in Gaozhou, Guangdong, China, with an administrative area of approximately 3276 km2. As shown as Figure 1, Gaozhou is geographically situated between 110°36′46″ E and 110°22′45″ E and between 21°42′34″ N and 22°18′49″ N. Based on the report of the local government (refer to http://www.gaozhou.gov.cn/gzgk/gzjs/content/post_896018.html (accessed on 13 March 2023)), it falls within a subtropical monsoon climate zone, characterized by abundant sunlight and rainfall. The average annual temperature of air is 24.5 °C. The average annual precipitation is 1628.3 mm, and the annual sunshine hours are 1769 h. The topography of Gaozhou is complex, comprising hills, basins, and plains. Overall, the terrain is higher in the northeast and lower in the southwest, with the mountainous areas accounting for about one-tenth of the total area. The highest point is located in the northeastern mountainous region, while the lowest point is in the southwestern riverbed. The above complex environment has brought great challenges to the digital soil mapping of soil fertility.



Gaozhou makes a significant contribution to the agricultural output of Guangdong, with a value reaching approximately 16.587 billion yuan (2.313 billion dollars) in 2021, comprising 24.5% of the regional gross domestic product. The cultivated area for grain crops exceeds 60,000 ha, which accounts for about 82% of the 36,238 ha under the double-cropping system. Its cash crops are mainly oil tea, oil tree, rubber, wampee, guava, pomelo, etc. Crops are biannual or tri-ripe, and this can generate substantial economic benefits. Thus, investigating the spatial variation and driving factors of soil fertility in this area is of great scientific and practical significance.




2.1.2. Data


This study is based on a total of 986 soil samples collected from the soil layer of 0–20 cm of the study area using a stratified random sampling approach [27], and their AP content was determined by the Olsen method [28]. Considering the influence of different land use types on the spatial variation of soil fertility, the sampling was stratified according to the land use classification and randomly sampled in different plots. These samples are divided into training and testing sets in an 8:2 ratio, with 789 and 197 samples, respectively. The distribution of the training and testing sample sets is shown in Figure 2.



Subsequently, considering that the terrain, hydrological, climate, and biological conditions may affect the forming, transformation, and transportation process of phosphorus [29,30,31], 11 relative environmental variables were selected as auxiliary data for the model. These variables include the topographic position index (TPI), topographic wetness index (TWI), aspect, profile curvature, slope, plane curvature, altitude, surface fluctuation, average annual temperature, average annual precipitation, and enhanced vegetation index (EVI). Among these, the TPI, TWI, aspect, profile curvature, slope, plane curvature, altitude, and surface fluctuation can reflect the terrain and hydrological conditions from different dimensions, as they impact the ability of water flows to erode and transport AP. For example, AP is more susceptible to erosion and translocation in ridge areas due to the flowing water, while in valley areas, AP is more likely to be abundant [29]. In terms of climate conditions, the average annual temperature and average annual precipitation are included. Since the vegetation conditions can reflect the biomass [32], the EVI is considered as one of the covariates. It should be noted that parent material is also an important factor influencing AP content, but the high cost of investigation and the difficulty of obtaining data on parent material in the study area meant that it had to be regrettably excluded as a covariate.



The EVI was derived from Landsat 8 remote sensing images, while the average annual temperature and precipitation were interpolated from meteorological station data in Gaozhou. The remaining data were obtained by processing the digital elevation model (DEM) data of the study area from https://srtm.csi.cgiar.org/srtmdata (accessed on 13 March 2023)). All environmental variables are organized in raster format with a pixel size of 30 m, and their spatial distribution is shown in Figure 3.





2.2. Methods


The RF model, validation method, and truncation lines analysis method will be explained in this section, while the details of OK, IDW, and RBF can be found, respectively, in [9,10,33].



2.2.1. Random Forest for Spatial Interpolation


RF is an ensemble learning method that combines multiple classification or regression trees [34]. In the context of interpolation problems, the RF algorithm first repeatedly selects a certain number of samples from the dataset through bootstrapping, and these samples are used as training samples for each tree. During the training process of each tree, the node splits are performed by randomly selecting a subset of features from all available features for comparison. Through multiple iterations, multiple decision trees are constructed, with each decision tree trained on randomly selected training samples and features. Finally, the predictions from the multiple decision trees are aggregated using weighted summation to obtain the final prediction results. Typically, the average of predictions from multiple trees is used as the final prediction value, which is shown as Figure 4.



For spatial interpolation, there are many ways to incorporate spatial information into the RF model, such as including spatial coordinates [35] or distance maps [36] as covariates. Reference [21] reported a Random Forest Spatial Interpolation (RFSI) algorithm that considers spatial context information, i.e., neighboring observations and their distances to the target points, as covariates, which exhibits high performance in many spatial interpolation applications. However, when the sample points are unevenly distributed, modeling with neighboring sample points may reduce the interpolation accuracy in areas with sparse sample points and drastic environmental changes, such as areas of drastic terrain changes. Adding neighboring samples as covariates to the model may also weaken the importance of the remaining essential environmental variables in the model, further deepening the adverse effects on the sparsely distributed areas of sample points. Therefore, the RF model used in this study only considers environmental variables as covariates. Since the distribution of the environmental variables that shape the distribution of the target variables is characterized by spatial autocorrelation, the model still has the ability to implicitly learn the spatial structure of target variables from the environmental variables [21], which has been observed in maps predicted by RF in numerous studies [15,20,21].



The spatial interpolation model based on RF used in this study can be expressed as follows:


  v = P (  x s  ,  x p  , c )  



(1)




where  v  represents the predicted values for all target points,   P ( • )   is the RF model,   x s   and   x p   represent all known sampled points and all target points data, respectively, and  c  is the input environmental variable data corresponding to the sampled points and target points.



Furthermore, the RF model can identify the environmental variables that play a crucial role in the model’s prediction results through importance ranking. Each decision tree constructed mentioned above uses the Gini importance measure of each environmental variable to assess its ability to partition samples. Subsequently, for each environmental variable, the average importance value across all decision trees is calculated to determine its overall importance. Finally, the importance of all environmental variables is ranked.




2.2.2. Validation Methods


For validating the performance of the spatial interpolation models, the sample data were divided into a training set and a testing set with 789 and 197 samples, respectively. The training set was used for model training, while the testing set was used for model validation. The root mean square error (RMSE, Equation (2)) was used to measure the accuracy of the interpolation results, which can indicate the overall error by comparing the predicted values and the observed values of the testing samples set.


  R M S E =     ∑  i = 1  n     (     x   ⌢   i   −  x i   )   2   n    



(2)




where n is the number of points in the testing set.     x   ⌢   i   and xi are the predicted value and observed value of the ith point, respectively.




2.2.3. The Truncation Line Analysis Method


As shown in Figure 5, in the truncation line analysis method, the truncation line is delineated in the continuous space, the variable values on the line are extracted by uniform sampling, and the curve graph of the values of multiple variables on the line is drawn. By plotting the values of multiple variables on the same line, the correlation of different variables at different positions on the line can be visually observed, and this method has been widely used in many studies to analyze the relationship between multiple variables [37,38]. In this study, the correlation, spatial differentiation, and anisotropy of variables were analyzed by selecting truncation lines from different directions.




2.2.4. Statistical Analysis


The variance inflation factor (VIF) [39] and the Pearson correlation coefficient (PCC) [40] were used as statistical analysis methods in this study. VIF is an index to measure the collinearity between variables, which can be formulated as [39]


  V I F  ( x , y )  =  1  1 −    r 2    ( x , y )      



(3)




where x and y are two random variables, and   r 2   is the coefficient of determination obtained by fitting a model for x and y.



PCC is the quotient of the covariance and standard deviation between two variables, which can be used to measure the correlation between two variables, which is defined as [40]


  ρ  ( x , y )  =   E ( x y )    σ x   σ y     



(4)




where   ρ ( x , y )   is the PCC between x and y, and    σ x 2  = E  (  x 2  )    and    σ y 2  = E  (  y 2  )   .






3. Results


3.1. Results of the Digital Soil Mapping Based on Four Different Spatial Interpolation Models


Based on the sampling points and environmental variable data described in Section 2.1, the RF model was employed to predict the AP across the entire study area. To provide a more comprehensive analysis and highlight the differences and advantages of the RF model, three popular spatial interpolation models, including OK, IDW, and RBF, were also utilized to predict AP in the study area under the same condition. The results obtained from these three models were then compared with RF.



3.1.1. Parameters Setting


For the RF model, there are two important parameters, namely “n-tree” and “m-try”, which control the number of decision trees in RF and the number of features randomly selected from all features for each decision tree, respectively. The values of these parameters impact the generalization ability and computational speed of the model. As per recommendations in a previous study [34], the “n-tree” and “m-try” were set to 500 and the square root of the total number of features, i.e., 3, respectively. As for OK, IDW, and RBF models, their parameters were set as follows:




	
For OK, the nugget, partial sill, lag size, and the number of lags were set to 958.4114, 277.2129, 1150.591, and 12, respectively. The Gaussian Model was chosen as the semivariogram model.



	
For IDW, the power was set to 1.



	
For RBF, the kernel function and parameter were set to Completely Regularized Spline and 0.0846, respectively.



	
The mapping unit for all models, i.e., pixel size, was set to 30 m.









3.1.2. Mapping Results Analysis of Different Models


Under the above setting, the four models were trained using the training dataset, and the mapping results of AP were obtained by the four models as shown in Figure 6. In Figure 1 and Figure 6, it can be observed that the distribution of AP in the study area exhibits a certain spatial pattern. Specifically, the high-value and low-value areas of AP were concentrated in the study area. From Figure 7, the high-value areas are mainly distributed in the orchard and forested regions between 111° E and 111°10′ E in the central part of the study area, while the low-value areas are mainly distributed in the urban and cultivated regions, as well as the orchard area near the urban region and in the eastern and western parts of the study area. The above distribution results show that the content of AP is correlated with the type of vegetation and human activities on the surface. Based on the mapping results of RF, the minimum, maximum, and mean values of AP in the study area are 38.90, 95.24, and 64.96 mg/kg, respectively. Among the four conducted spatial interpolation models, the OK, IDW, and RBF models yield relatively smooth results, but the local distribution and variation characteristics of AP are not easily captured. On the contrary, the RF model produces a more detailed prediction result and thus shows a stronger ability to capture the spatial heterogeneity of the data, making it more suitable for soil fertility interpolation in complex geographical environments. Furthermore, the RMSE was used to measure the mapping accuracy of the models, and the accuracy of the four models was validated using the testing dataset. The RMSE results are shown in Table 1, and these results indicate that the RF model exhibits smaller prediction errors compared to other models, while the RBF has the largest error among the four methods.





3.2. Spatial Variation Analysis of Available Phosphorus over the Study Area


From the mapping results (Figure 6), it can be observed that the AP of the soil in Gaozhou exhibits significant spatial heterogeneity, which means that it does not have the same distribution characteristics in all sub-regions of the study area, indicating non-stationarity and anisotropy in its spatial variations. For example, in the region defined by the blue rectangle in Figure 8, a drastic change from a high to a low value of AP can be observed in the northeast direction, while a relatively stable variation is exhibited in the southwest direction. To explore the role of the geographical environment in shaping the spatial variation of AP in Gaozhou, the RF method was first used to rank the importance of influencing factors and identify the key factors affecting the AP content. Afterwards, by plotting the values of the environmental variables and AP on typical truncation lines, the correlation of the key factors and AP was further visually demonstrated.



Under the settings described in Section 3.1.1, the RF method was used to rank the importance of the environmental variables used in the RF model in this study. The results are shown in Table 2. The importance of the 11 environmental factors is ranked in descending order as follows: EVI, altitude, average annual precipitation, average annual temperature, slope, TPI, TWI, surface fluctuation, plane curvature, profile curvature, and aspect. The results indicate that biological, topographic, and climatic environmental variables are key factors influencing the AP in the study area, with elevation playing a primary role among the topographic variables.



Although the importance ranking of environmental factors by RF indicates their respective importance, it does not capture the relationship between the environmental factors and AP so as to further reveal the actual impact of these factors on AP. Therefore, by selecting truncation lines in typical areas within the study area, a comparison was made between the variation trends of AP and environmental variables along these lines. This analysis aims to explore the spatial relationship between environmental factors and AP. The selection of the truncation lines was based on the criterion that there should be a significant change in AP and the key environmental factors along the lines, which aims to reveal underlying relationships through significant variation characteristics. Three truncation lines were selected, as shown in Figure 9. To ensure the representative of the results, the top two ranked factors, EVI and altitude, were chosen as the key environmental factors for analysis. Since the RF model provides more precise predictions, its results were used as a reference for AP in the study area. The analysis results are presented in Figure 10, Figure 11 and Figure 12.



In Figure 10, it can be observed that a positive correlation exists between AP and altitude along Truncation Line 1 within the distance of 0–0.5, while the negative and positive correlations are shown at distances of 1.25–1.75 and 3–3.75, respectively. In the remaining part of Truncation Line 1, there appears to be no significant correlation discernible from the visual analysis of the graph. Furthermore, the relationship between EVI and AP demonstrates a positive correlation within the distance of 0–0.4, followed by a negative correlation within the distance of 0.4–1. These findings collectively highlight the presence of distinct correlations between AP, EVI, and altitude along the same truncation line concurrently. In Figure 11 and Figure 12, it can also be observed that the correlation between EVI, altitude, and AP varies in different spatial positions along the same truncation line. The analysis of these three truncation lines, which pass through different typical areas from different directions, indicates that the influence of environmental factors on AP varies in different spatial positions and directions. This suggests the presence of spatial heterogeneity, i.e., spatial non-stationarity and anisotropy, in the influence strength of environmental variables, which are seldom considered in the spatial interpolation model conventionally used for digital soil mapping.





4. Discussion


4.1. Diagnosis for Collinearity of Key Driving Factors


To exclude the possibility of collinearity between the two key factors (i.e., altitude and EVI) causing the results observed in Figure 10, Figure 11 and Figure 12, the VIF and PCC mentioned in Section 2.2.4 were used. A   V I F ≥ 5   or   V I F ≥ 10   indicates strong collinearity among the variables [39], and while PCC is close to 0, it indicates a weak correlation between variables [41]. The values of VIF and PCC between altitude and EVI are 1.01052 and 0.04535, respectively, which shows that the two variables have weak collinearity and a low correlation.




4.2. The Performance Comparison between the Four Models


In Figure 6, it can be observed that, from a global perspective, the RF produces more fine-grained results, while the OK, IDW, and RBF methods yield smoother results, but only reflect the overall trends. In [42], the conclusion that the RF model can achieve finer spatial resolution was also confirmed in the prediction of soil properties in the semi-arid zone of South India. From a local perspective, on the one hand, RF, by incorporating environmental variables as covariates into the model and not solely relying on observation points, can make predictions even in areas with missing data points. For example, in the unsampled region at the western boundary of the study area, OK, IDW, and RBF methods only predicted values based on the distance-decayed values of neighboring sample points, resulting in an overall representation of low values (shown in green in Figure 6). In contrast, the mapping results of the RF model for the western region do not entirely exhibit low values; there are areas near the boundary that show higher values compared to the eastern part (shown in yellow in Figure 6), which may better satisfy the needs of seamless map integration at the boundaries. In [43], the authors also believe that the Kriging method may not be the best solution under the condition of sparse samples, which was also reported in [44]. On the other hand, the IDW and RBF methods generate numerous scattered high-value points that do not align well with natural features, leading to a lower quality of mapping. In summary, RF and their derived methods are recognized as superior performing mapping methods for a growing number of applications [20,21,36,45,46,47].



However, when comparing the results of RF and OK, the different trends observed in the mapping results of RF for the western region suggest that the mapping results based on RF may deviate from the distribution trend of known observation points. Based on the analysis results in Section 3.2, it can be speculated that this deviation might be attributed to spatial heterogeneity in the influence of the environmental variables. The RF assumes that the effect of covariates are consistent globally, which might lead to such deviations. For example, in flat terrain areas, vegetation may play a dominant role in affecting the AP content, while in steep terrain areas, the topography may primarily influence the AP content due to intensified erosion caused by the terrain [48]. In [49], a case study in the Loess Plateau of China provides insight into the spatially dependent correlations between soil properties and environmental factors from a regional perspective, which demonstrates that there are different factors controlling the spatial variation of the soil properties on a short-range scale and a long-range scale. Besides, as [50] reports, the scale heterogeneity may be enhanced by the interaction of nature or anthropogenic sources of variability. Thus, involving the spatial heterogeneity in the influence of the environmental variables into the model may increase the mapping accuracy, which can also provide more information about how the environment affects the AP content at different positions.





5. Conclusions


In this study, taking a typical hilly region, i.e., Gaozhou, as an example, an RF model for the digital soil mapping of AP was established and compared with three other popular spatial interpolation models: OK, IDW, and RBF. The results demonstrated that the RF model outperforms the other three interpolation algorithms in terms of interpolation accuracy and expression capability under the same conditions, since it can indirectly learn the spatial structure of the environmental variables. Based on the mapping results of the RF model, the spatial variation characteristics of AP in the study area were analyzed. The results revealed that high- and low-value areas of AP are relatively concentrated. Furthermore, using the RF importance ranking algorithm, the environmental factors shaping the spatial variation pattern of AP were ranked, and the altitude and EVI were identified as the key driving factors.



Moreover, based on the mapping results of the RF model, three truncation lines passing through typical areas where significant changes of key environmental variables and AP occur within the study area were selected to analyze the correlation between AP and environmental variables. The results revealed that, in addition to the spatial heterogeneity of environmental variables and AP, there is spatial heterogeneity in the influence strength of environmental variables on AP. This implies the presence of spatial non-stationarity and anisotropy in the influence strength of environmental variables, providing directions for further research on high-precision spatial interpolation and digital soil mapping methods considering the spatial heterogeneity of the influence strength of environmental variables.
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Figure 1. Landsat 8 remote sensing image of Gaozhou, Guangdong, China. 
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Figure 2. Map of the distribution of soil sampling points in the study area. 
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Figure 3. Spatial distribution mapping of environmental variable values in the study area. (a) TPI (positive and negative values indicate ridges and valleys, respectively). (b) TWI (a higher value indicates a higher potential humidity). (c) Aspect (aspect is expressed in positive degrees from 0 to 360, measured clockwise from north, and −1 indicates flatness). (d) Profile curvature (positive values indicate a raised terrain, and negative values indicate a depressed terrain). (e) Slope (the range is 0–90, with higher values indicating a steeper terrain). (f) Plane curvature (positive values indicate a raised terrain, and negative values indicate a depressed terrain). (g) Altitude. (h) Surface fluctuation (this variable reflects the height from the surface of the wind speed profile where the wind speed is zero; a higher value indicates a rougher surface). (i) Average annual temperature. (j) Average annual precipitation. (k) EVI. 
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Figure 4. Illustration of the structure of the Random Forest spatial interpolation model. 
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Figure 5. Illustration of the truncation line analysis method. 
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Figure 6. Mapping results of AP based on four spatial interpolation models. 
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Figure 7. Map of land use of the study area (obtained by the imagery of Landsat 8). 
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Figure 8. Illustration of the spatial variation of AP. 
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Figure 9. Three truncation lines that pass through the typical region from different directions. 
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Figure 10. Trend of the normalized values of elevation, EVI, and P on Truncation Line 1. 
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Figure 11. Trend of the normalized values of elevation, EVI, and P on Truncation Line 2. 
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Figure 12. Trend of the normalized values of elevation, EVI, and P on Truncation Line 3. 
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Table 1. RMSE results obtained by the four spatial interpolation models (two decimal places reserved).
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	Model
	RMSE





	RF
	32.01



	OK
	32.08



	RBF
	33.08



	IDW
	32.74
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Table 2. Importance of impact factors based on RF (importance ranking in parentheses).
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	Environment Variables
	TPI
	TWI
	Aspect
	Profile Curvature
	Slope
	Plane Curvature





	importance
	31,970.42 (6)
	31,555.20 (7)
	28,539.34 (11)
	30,073.59 (10)
	32,466.85 (5)
	30706.98 (9)



	Environment Variables
	Altitude
	Surface Fluctuation
	Average Annual Temperature
	Average Annual Precipitation
	EVI
	



	importance
	35,362.74 (2)
	31,330.63 (8)
	33,080.58 (4)
	33,367.12 (3)
	37,989.11(1)
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