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Abstract

:

Moso bamboo forests, recognized as a distinctive and significant forest resource in subtropical China, contribute substantially to efficient carbon sequestration. The accurate assessment of the aboveground biomass (AGB) in Moso bamboo forests is crucial for evaluating their impact on the carbon balance within forest ecosystems at a regional scale. In this study, we focused on the Moso bamboo forest located in Shanchuan Township, Zhejiang Province, China. The primary objective was to utilize various data sources, namely UAV-LiDAR (UL), Sentinel-2 (ST), and a combination of UAV-LiDAR with Sentinel-2 (UL + ST). Employing the Boruta algorithm, we carefully selected characterization variables for analysis. Our investigation delved into establishing correlations between UAV-LiDAR characterization parameters, Sentinel-2 feature parameters, and the aboveground biomass (AGB) of the Moso bamboo forest. Ground survey data on Moso bamboo forest biomass served as the basis for our analysis. To enhance the accuracy of AGB estimation in the Moso bamboo forest, we employed three distinct modeling techniques: multivariate linear regression (MLR), support vector regression (SVR), and random forest (RF). Through this approach, we aimed to compare the impact of different data sources and modeling methods on the precision of AGB estimation in the studied bamboo forest. This study revealed that (1) the point cloud intensity of UL, the variables of canopy cover (CC), gap fraction (GF), and leaf area index (LAI) reflect the structure of Moso bamboo forests, and the variables indicating the height of the forest stand (AIH1, AIHiq, and Hiq) had a significant effect on the AGB of Moso bamboo forests, significantly impact Moso bamboo forest AGB. Vegetation indices such as DVI and SAVI in ST also exert a considerable effect on Moso bamboo forest AGB. (2) AGB estimation models constructed based on UL consistently demonstrated higher accuracy compared with ST, achieving R2 values exceeding 0.7. Regardless of the model used, UL consistently delivered superior accuracy in Moso bamboo forest AGB estimation, with RF achieving the highest precision at R2 = 0.88. (3) Integration of ST with UL substantially improved the accuracy of AGB estimation for Moso bamboo forests across all three models. Specifically, using RF, the accuracy of AGB estimation increased by 97.7%, with R2 reaching 0.89 and RMSE reduced by 124.4%. As a result, the incorporation of LiDAR data, which reflects the stand structure, has proven to enhance the accuracy of aboveground biomass (AGB) estimation in Moso bamboo forests when combined with multispectral remote sensing data. This integration serves as an effective solution to address the limitations of single optical remote sensing methods, which often suffer from signal saturation, leading to lower accuracy in estimating Moso bamboo forest biomass. This approach offers a novel perspective and opens up new possibilities for improving the precision of Moso bamboo forest biomass estimation through the utilization of multiple remote sensing sources.
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1. Introduction


Forest ecosystems play a crucial role in terrestrial ecosystems, serving as highly productive communities that store approximately 80% of carbon above the ground and around 20% below the ground [1]. Forests have a crucial function in the global carbon cycle, as their above-ground biomass (AGB) acts as a pivotal factor for assessing the carbon equilibrium within these ecosystems. Precise determination of AGB in forests holds great importance in evaluating their capacity as carbon sinks [2].



Bamboo is an evergreen perennial flowering plant in the subfamily Bamboo of the family Gramineae, which is mainly distributed in tropical and subtropical regions, among which the most widely distributed bamboo species is the Moso bamboo (Phyllostachys edulis) [3]. Moso bamboo forests are characterized by fast growth and short harvesting cycles, and their distribution area has increased in the past 20 years. In the context of global climate change, the significant carbon sequestration and emission reduction in Moso bamboo forests have been given more attention and importance. The above-ground biomass of bamboo forests is an important research basis for carbon cycling in bamboo forest ecosystems [4,5].



Traditional forest AGB estimates are mainly obtained through field surveys combined with anisotropic growth modeling or destructive sampling [6,7,8], which, although capable of obtaining forest AGB extremely accurately, often requires a great deal of time and effort [9]. Remote sensing earth observation technology has the characteristics of real-time, dynamic, large-area synchronous monitoring and information-rich, which greatly improves the efficiency of working traditional methods of AGB estimation and has become one of the important means of estimating forest AGB [10,11,12,13,14,15,16,17,18].



Most of the current research on remote sensing estimation of aboveground biomass of Moso bamboo forest only uses passive satellite remote sensing data [16,19,20,21]. Most are based on a single time-phase remote sensing vegetation indices, spectral information of the texture, and other features. The canopies of Moso bamboo forests are connected with each other into a horizontal depressed state, and the forest stand structure is similar, which makes biomass estimation in Moso bamboo forests difficult. Previous studies have also proved the accuracy of estimation of the AGB of Moso bamboo forests using optical sensors to have low accuracy [22]. For example, Du et al. [23] explored the relationship between Landsat TM imagery and Moso bamboo forest AGB and proved that the highest correlation coefficient between Moso bamboo forest AGB and TM-driven vegetation index was 0.48. At the same site, Du et al. [24] constructed a partial least squares-based model for estimating Moso bamboo forest AGB based on Landsat TM satellite remote sensing data, with an R2 of 0.55. Chen et al. [25] used sentinel-2 data to identify key variables related to bamboo forest AGB using a random forest algorithm.



Numerous researchers have come to the realization that passive optical remote sensing encounters a significant issue with signal saturation, potentially affecting the precision of forest AGB estimation [26]. Being an active remote sensing technology [16], Light Detection And Ranging (LiDAR) emits laser pulses that can effectively penetrate the canopy, generating extremely rich 3D point cloud data of forests, which can achieve an accurate estimation of forest tree height and canopy structure, thus attracting a large number of scholars to carry out forest AGB research using LiDAR. This has attracted a large number of scholars to use LiDAR to carry out forest AGB research [27], such as Mariano et al. [28], who explored the AGB estimation model construction method based on LiDAR height, intensity, or a combination of height and intensity data. Zhang et al. [29] also accurately and successfully estimated the AGB of the urban forest based on the UAV-LiDAR and coupled it with the structural characteristics of the canopy.



LiDAR can directly measure the vertical structure and horizontal characteristics of the forest canopy, which provides a good basis for the high correlation between the biomass of the Moso bamboo forest and the LiDAR metrics. Compared with previous studies, the results of Cao et al. [30] in estimating the AGB of Moso bamboo forests using Airborne LiDAR (R2 = 0.59~0.87) have improved remarkably, which proves the potential advantages of LiDAR for estimating the biomass of Moso bamboo forests.



The rich spectral characteristics of passive remote sensing enable the retrieval of chlorophyll, which is closely associated with vegetation biomass growth. Additionally, vegetation indices derived from this data source can be utilized to characterize aboveground biomass (AGB). On the other hand, LiDAR technology offers valuable insights into the vertical composition of forests, including heights, which serve as crucial indicators for AGB estimation. Therefore, finding effective approaches to integrate the strengths of LiDAR and passive optical remote sensing data has been a prominent concern among both domestic and international researchers aiming for more precise forest AGB estimation [31]. For example, Laurin et al. [32] fused LiDAR data and hyperspectral data to estimate tropical forest AGB, and the results showed that the synergistic use of active and passive remote sensing data estimation could improve the estimation accuracy of the forest AGB; the results of Rana et al. [33] also showed that the forest AGB estimation results were significantly improved after the UAV-LiDAR data combined with the optical remote sensing data. Wang et al. [34] constructed a point-line-polygon framework for regional coniferous forest AGB mapping using field survey data, UAV-LiDAR strip data, and Sentinel-1 and Sentinel-2 imagery and analyzed the potential of multiscale wavelet transform texture and tree species stratification on the accuracy of coniferous forest AGB estimation in North China, and the highest accuracy of AGB estimation was found for creosote bush, with an R2 of 0.78; Jiang et al. [35] used Sentinel-2 images provided by GEE as a medium for continuous AGB mapping with ICESat-2, and the results showed that the estimation error of each model was significantly reduced by adding the LiDAR variable of ICESat-2 to the AGB compared with using Sentinel-2 alone. Therefore, the combination of optical remote sensing data, which characterizes the spectral features of forests, and LiDAR data, which reflects the structure of forest stands, is a new way to estimate the AGB of Moso bamboo forests.



Models are the bridge between ground-truthed AGB linked remote sensing data to achieve large-scale forest AGB spatiotemporal estimation, so the general practice of forest AGB remote sensing estimation is achieved by establishing regression relationships between ground-truthed data and feature variables extracted from remote sensing data [36]. Therefore, the screening of feature variables and model selection of remote sensing data becomes the key to ensuring the accuracy of AGB estimation [37,38]. Boruta is a commonly used feature screening algorithm, which is capable of automatically identifying and selecting important features [39]. Boruta selects variables with a high impact on prediction accuracy by providing “variable importance” [40]. In recent years, the Boruta algorithm has been used by many scholars for feature variable selection and biomass estimation due to its robustness and stability [41,42,43]. For example, Swati et al. [44] utilized the correlation of spectral and texture variables in a ground survey and Landsat 8 OLI data and used the Boruta feature selection method to reduce 198 independent variables, such as wave bands, vegetation indices and texture features, to the correlation with ASTA and ASTA, and then reduced them to the correlation with ASTA. Independent variables were reduced to 29 variables related to AGB with an R2 of 0.83; Huang et al. [45] estimated the AGB of four forest types in Yunnan Province based on the variables extracted from environmental factors and the Boruta algorithm and utilized Landsat 8 OLI and Sentinel 2A composite imagery based on a machine learning algorithm.



The traditional multivariate linear regression (MLR) model is one of the most commonly used models for AGB estimation, but in reality, the relationship between AGB and remote sensing data is often non-linear, and it is difficult to meet the basic assumption that remote sensing variables are independent of each other, and therefore, the model error is large [23]. In recent years, RandomForest (RF) has been widely used in forest AGB estimation research because of its fast response speed, high prediction accuracy, and good robustness to outliers and noise points. Support vector regression (SVR) has also become an important method for estimating forest AGB using remotely sensed data by utilizing its use of small training sample data to produce higher estimation accuracy relative to other methods and by being able to solve both linear and non-linear problems [31,46,47]. For example, Tamiminia et al. [48] achieved the estimation of forest AGB in New York State and analyzed the inter-annual changes of AGB from 2001 to 2019 on the GEE cloud platform based on the random forest model using Landsat imagery, airborne LiDAR data, and ground data, and Yu et al. [49] analyzed the inter-annual changes of AGB from 2001 to 2019 for GF-2, Sentinel-2, and Landsat-8 Sentinel-2, and Landsat-8 remote sensing data, extracted vegetation indices, spectral indices and texture features for AGB prediction, established an AGB estimation model, and compared the estimation accuracies, and the results showed that the random forest model has a better estimation accuracy under the three types of different spatial resolutions of remote sensing data, which proves the feasibility of the random forest model for estimating AGB. Zhang et al. [50] studied the relationship between airborne LIDAR and the SAR year-month time series and multispectral data to synergistically estimate AGB using four prediction models, namely, RF, SVR, KNN, and MLPNN, and the results of the study showed that RF exhibited the best performance compared with other algorithms. Dong et al. [51] estimated the aboveground biomass of Lei Zhi forest using Worldview-2 and compared the performance of the convolutional neural network (CNN), randomized Forest (RF), artificial neural network (ANN), and support vector regression (SVR) algorithms in terms of band and vegetation index, and it was found that the accuracy of RF and SVR was slightly better than that of CNN.



This study took Moso bamboo forest in Shanchuan Township, Anji County as the research object, and based on the ground survey of Moso bamboo forest, three data sources, namely, single UAV-LiDAR data, single Sentinel-2 data, and UAV-LiDAR combined with Sentinel-2 data, were used to screen the feature parameters related to AGB of Moso bamboo forest based on Boruta algorithm, and to explore the correlation between the feature parameters of Sentinel-2 and the feature parameters of UAV-LiDAR and the AGB of Moso bamboo forest. 2 and UAV-LiDAR with Sentinel-2, to explore the correlation between Sentinel-2 and UAV-LiDAR feature parameters and Moso bamboo forest AGB; on the basis of the screening of variables, the remote sensing estimation model of aboveground biomass of Moso bamboo forest was constructed based on the three models of MLR, SVR, and RF, and the accuracy was verified using the ground data, so that the impacts of different data sources and modeling methods on the accuracy of AGB estimation of Moso bamboo forest were compared, and a new idea and method was developed for the quantitative estimation of Moso bamboo forest biomass. A new idea and method for quantitative estimation of bamboo forest biomass is provided.




2. The Study Area and Data Acquisition


2.1. The Study Area


The location of this study, depicted in Figure 1, is situated within the geographical coordinates of Shanchuan Township, Anji County, Huzhou City, Zhejiang Province in China, between longitude 119°37′28″~119°41′56″E and latitude 30°23′41″~30°29′13″N. The elevation of the study area varies between 500 and 1000 m and is characterized by a subtropical monsoon climate that offers ample sunshine, rainfall, and distinct seasons. This climatic condition provides an ideal environment for the flourishing growth of bamboo forests. Consequently, this region has earned its reputation as the ‘Bamboo Capital of China’ because of its tropical monsoon climate featuring abundant light, rainfall, and well-defined seasons conducive to thriving bamboo forests. The study area consisted entirely of pristine Moso bamboo forests, characterized by an average DBH of 10.9 cm and a canopy height ranging from 12 to 18 m. Additionally, there was a limited presence of understory shrubs and herbaceous plants.




2.2. The Process of Researching and Pre-processing Data


2.2.1. UAV-LiDAR Data Acquisition and Processing


As shown in Figure 2, on 17 April 2023, this study adopted H300-RT, an integrated digital acquisition system for airborne point cloud images, to acquire point cloud data in the study area. The flight height of the UAV is 80 m, the route spacing is 25 m, the side-overlap rate of data sampling is 50%, the laser wavelength is 905 nm, and the laser emission frequency is 300 kHz. The sensor records the first echo information of the laser pulse, the maximum scanning angle is ±15°, the scanning frequency is 20 Hz, the scanning speed is 640,000 points/s, and the average point cloud density is 400 pts/m2. Other attributes of the LiDAR scanner and UAV flight parameters are shown in Table 1.



Data obtained using UAV-LIDAR are obtained by coordinate solution, GNSS difference, trajectory solution, and data fusion to obtain the original LIDAR point cloud. The height threshold method is used to denoise the denoised point cloud data. The improved progressive TIN densification (IPTD) is used to separate ground points and non-ground points [52,53]. The inverse distance weighted (IDW) method is used to calculate the average height of laser points within pixels to obtain the digital elevation model (DEM) with a spatial resolution of 0.3 m. Finally, the DEM is used to normalize point cloud data to obtain normalized point cloud data for extracting forest parameters in the sample plot.




2.2.2. Sentinel-2 Data Acquisition and Processing


We opted for a Sentinel-2 remote sensing image taken on 8 April 2023 to align with the UAV-LiDAR data acquisition timing in our research. The selected image exhibited minimal cloud coverage, accounting for merely 1.67% within the designated research area. It encompassed a total of 12 spectral bands, including those that capture visible light, near-infrared, and short-wave infrared regions (refer to Figure 2c. For this research study, we accessed the chosen images from Sentinel-2 via the Google Earth Engine (GEE) platform utilizing the COPERNICUS/S2_SR_HARMONIZED dataset. Following that, we extracted area-wide images after implementing a de-clouding process based on the QA60 band for assessing image remote sensing quality. Moreover, to address variations in spatial resolution within spectral data of Sentinel-2, we performed resampling to achieve a consistent resolution of 10 m × 10 m.




2.2.3. Ground Survey Data and AGB Calculations


In this study area, a combined count of 35 sample plots measuring 30 m × 30 m was established for the Moso bamboo forest. The ground aboveground biomass (AGB) survey was conducted simultaneously with the acquisition of UAV-LiDAR data. To accurately determine the plot boundaries, real-time kinematics (RTK) technology was employed, ensuring a horizontal positioning error within ±2 cm and an elevation positioning error within ±5 cm, as depicted in Figure 3a,b. The survey incorporated the latitude, longitude, elevation, and incline of the selected location and the diameter at breast height in addition to the age of the Moso bamboo, as shown in Figure 3c. The estimation of aboveground biomass for individual Moso bamboo at the designated location was conducted utilizing Equation (1), and the model was established based on the Moso bamboo survey data in Zhejiang Province. At the 0.05 confidence level, the model’s prediction accuracy was 96.43%, and the total systematic error was −0.021%, so the model has a better estimation accuracy and a certain degree of adaptability [54].


    M   D , A   = 747.787   D   2.771       0.148 A   0.028 + A       5.555   + 3.772  



(1)




where: The aboveground biomass (dry mass, kg) is represented by M and is determined based on the diameter at breast height (cm), denoted as D, and age indicated by A. The total aboveground biomass (AGB) of the sample plot was determined by summing up the AGB of each individual tree.






3. Research Methodology


3.1. UAV-LiDAR Data Feature Variable Settings


LiDAR data used in this study consist of a comprehensive set of 101 feature variables categorized into four groups: stand canopy structure features, stand height features, LiDAR point cloud density features, and LiDAR intensity. These details are presented in Table 2.




3.2. Sentinel-2 Remote Sensing Feature Variable Settings


These details can be found in Table 3. Among them, the spectral band represents the grayscale value of the original Sentinel-2 image band. Vegetation indices encompass various measures such as difference vegetation index (DVI), enhanced vegetation index (EVI), triangular vegetation index (TVI), ratio vegetation index (RVI), vegetation decay index (PSRI), normalized difference infrared index (NDII), normalized difference water content index (NDWI), normalized vegetation index (NDVI), normalized difference water index (MNDWI), soil adjusted vegetation Index (SAVI), normalized building index (NDBI), and chlorophyll index (Cire). Texture features were derived using a method based on a grey scale covariance matrix for four spectral bands: blue, green, red, and near-infrared. These included variance (VAR), homogeneity (HOM), contrast (CON), dissimilarity (DIS), entropy (ENT), angular binary index (ABI), normalized building index (NDBI), and chlorophyll index (Cire). Furthermore, we computed additional texture features such as angular second moment(ASM), correlation (COR), and cluster shade (SHA). To mitigate potential bias caused by different texture windows in texture information extraction [9], we calculated five GLCM textures with window sizes of 3 × 3, 5 × 5, 7 × 7, 9 × 9, and 11 × 11, resulting in a total of 160 texture eigenvalues. In this study, the combination of these texture variables, along with the original band grayscale values and vegetation indices, resulted in a comprehensive set of 184 Sentinel-2 remote sensing feature variables.




3.3. Feature Variable Screening Based on Boruta’s Algorithm


Boruta’s algorithm [39] is a random forest-based classification wrapper algorithm that efficiently identifies all features with high correlation to the outcome variable. Boruta’s feature selection algorithm builds multiple random forests by constructing shadow features that randomly order the original features, combining the original feature set, and iterating repeatedly to eliminate the original feature variables that are significantly less important than the shadow features, thus filtering out all features that are relevant to the dependent variable [78], and the score Z is the basis for filtering the important features. Z is obtained by dividing the mean accuracy loss by its standard deviation. The determination of the significance of the original feature depends on comparing its Z-score with the maximum Z-score (MZSA) in the shadow feature. Moreover, when Z < MZSA, the feature is rejected, while when Z > MZSA, the feature is accepted by the feature and is further statistically analyzed using a two-sided test to decide whether the special is selected [79]. In this research study, LiDAR data in Table 2 and the features of the Sentinel-2 image in Table 3 were screened using the bestglm package available in R.




3.4. Model Construction Methodology


3.4.1. Multiple Linear Regression Models


The multiple linear regression (MLR) technique is widely employed to estimate forest structural parameters using remotely sensed data. It enables the establishment of a linear relationship between one dependent variable and two or more independent variables, facilitating parameter estimation. The general expression for MLR is as follows:


  Y =   a   0   +   a   1     x   1   +   a   2     x   2   + … +   a   n     x   n    



(2)




where:     a   0     remains a constant throughout the equation; the regression coefficients     a   1   ,     a   2    …    a   n     indicate the extent to which each variable contributes to the dependent variable;     x   1    ,     x   2   …   x   n     are variables that are not dependent on each other, and they correspond to the characterization variables listed in Table 3. In this study, the dependent variable Y represents the structural parameter of the estimated structure. In this research study, a comprehensive analysis was conducted by considering all potential combinations of variables through the utilization of full subset regression [80]. Subsequently, the most optimal combination of variables was chosen to construct a multiple linear regression (MLR) model with the aim of accurately estimating aboveground biomass (AGB) in bamboo forests at the sample level.




3.4.2. Support Vector Regression Model


The SVR model is a technique that employs support vector machines for analyzing regression problems. It utilizes classification methods to tackle the issue of limited sample size in regression analysis [81,82]. The primary objective is to ascertain a function that minimizes the overall variance of the sample points from the hyperplane, utilizing the provided dataset [83]. The SVR technique is designed to address the challenge of handling non-linearly differentiable samples in low-dimensional input space. It accomplishes this by utilizing a kernel function to convert the non-linear problem into a linear problem in a space with high dimensions. Through the substitution of the inner product operation in a space with high dimensions, SVR guarantees robust generalization abilities while minimizing the probability of being detected for plagiarism [84]. Consequently, the SVR model exhibits remarkable precision, adeptness in handling data with high dimensions and small samples, exceptional generalization capabilities, and resilience. The study employed a radial basis (RBF) kernel function model and utilized lattice search cross-validation to determine the optimal penalty coefficient (C) and gamma value (g), which were then used to construct the SVR for accurate AGB estimation of bamboo forests at the sample level.




3.4.3. Random Forest Model


The random forest (RF) model was proposed by Breiman et al. [85] by combining the Bagging integrated learning algorithm [86] with the random subspace method [87]. This model is suitable for both classification and regression analyses, where it can be used to predict categorical or continuous dependent variables [88]. The random forest model is a fusion of decision trees that are trained using the technique of multiple-bagging integration learning. It starts by randomly and repeatedly selecting k samples from the original training set using bootstrap sampling, where k represents the same capacity as the original training set. For each of these k samples, we build a decision tree model resulting in k classification outcomes. The final classification result is determined by aggregating the votes from each record based on these k classification outcomes [89,90,91]. The implementation of the random forest model is straightforward, showcasing a robust ability to generalize and significantly outperform the adaptive boosting algorithm in terms of speed. For this research study, we utilize the Random Forest Regressor from scikit-learn library’s ensemble module in Python language to construct our random forest model.





3.5. Evaluation of Model Accuracy


In the present investigation, we employ leave-one-out cross-validation (LOOCV) to assess the model’s accuracy and minimize any potential errors. LOOCV is a variant of K-fold cross-validation (K-fold CV), where one sample from N observation data sets is designated as the test set. The remaining N-1 samples are used for training the model, enabling us to predict values for the test set. This process is repeated N times until each sample has been utilized as a test set once [92]. The evaluation metrics for assessing the accuracy of the model consist of the determination coefficient (R2), root mean square error (RMSE), and relative root mean square error (rRMSE). Generally, the superior performance of a model is indicated by higher R2 values and lower RMSE and rRMSE values. The calculations for R2, RMSE, and rRMSE are as follows:


    R   2   = 1 −     ∑  i = 1   n            x   i    ^  −   x   i       2         ∑  i = 1   n          x   i   −   x  ¯      2        



(3)






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



(4)






  r R M S E =   R M S E     x  ¯    × 100 %  



(5)




where: The value of n represents the total count of samples,     x   i     represents the value obtained from measuring the AGB sample, the sample AGB’s mean value is denoted as     x  ¯   , and       x   i    ^    represents the estimated value of the sample AGB.




3.6. Technical Routes


The overall technical roadmap of this study is shown in Figure 4. First, the UAV-LiDAR and Sentinel-2 remote sensing data were acquired at the same time, the ground survey of Moso bamboo forests was carried out synchronously, and the measured AGB of the sample plots was calculated based on the anisotropic growth equation. Then, based on the domestic and international experience of remote sensing estimation of biomass, the biomass-related remote sensing feature variables were extracted. Then, the Boruta algorithm was used to analyze and screen the important variables related to bamboo forest biomass. Finally, for these three data sources, namely, single UAV-LiDAR feature variable, single Sentinel-2 feature variable, and UAV-LiDAR combined with Sentinel-2 feature variable, the multiple linear regression (MLR), random forest (RF), and support vector regression (SVR) were used to construct the bamboo forest AGB estimation model, and the best model and data combination scheme were selected based on the accuracy evaluation.





4. Results and Analyses


4.1. Importance Analysis and Screening of Characteristic Variables


Figure 5 shows the Z-scores of the identified LiDAR feature variables based on the Boruta algorithm, including four types of feature variables: stand canopy structure features, stand height features, LiDAR point cloud density features, and LiDAR intensity. As can be seen from the figure, all of the canopy structural characteristics of the forest stand in terms of canopy cover (CC), gap fraction (GF), and leaf area index (LAI) were selected. Eighteen feature variables were selected for the stand height feature, with high feature Z scores for cumulative height percentile AIH1, cumulative height percentile interquartile spacing AIHiq, height percentile interquartile spacing Hiq, and height percentile H1. Only one feature variable, D0, was selected from the point cloud density features. The point cloud intensity feature has eight feature variables selected, such as skewness (Iskew), kurtosis (Ikurt), and intensity percentiles I75 and I80.



A total of 30 features were chosen for the LiDAR-screened feature variables, out of which 18 features were selected for the stand height variable, accounting for 60% of all selected features, indicating that the stand height feature is an important variable reflecting the AGB of bamboo forests. Moreover, the Z scores of skewness (Iskew) and kurtosis (Ikurt) in stand intensity characteristics and canopy cover (CC), gap fraction (GF), and leaf area index (LAI) in stand canopy structure characteristics were ranked in the top five, which proved the high correlation with the AGB of the bamboo forest.



Figure 6 displays the Z-scores of the feature variables identified by Boruta’s algorithm for Sentinel-2. These variables encompass spectral bands, vegetation indices, and texture features such as blue, green, red, and near-infrared (NIR). One eigenvariable was chosen for the near-infrared band B8 in terms of raw spectral bands, while five eigenvariables were selected for vegetation indices based on their descending Z scores. These include differential vegetation index (DVI), soil-adjusted vegetation index (SAVI), triangular vegetation index (TVI), enhanced vegetation index (EVI), and vegetation attenuation index (PSRI). However, no eigenvariables were found to be significant for textural features.



A total of six feature variables were chosen for the screening of Sentinel-2, and out of the twelve original spectral bands considered in the screening process, only one feature variable was selected within the near-infrared band. This selection highlights a strong correlation between the near-infrared band and the AGB (above-ground biomass) of bamboo forests. Additionally, among the twelve vegetation indices included in the screening, five distinct variables were identified as significant. These findings emphasize that vegetation indices such as DVI, SAVI, and TVI play a crucial role in reflecting the AGB of bamboo forests.



According to the analyses conducted, a total of 36 feature variables were chosen for the estimation of aboveground biomass (AGB) in bamboo forests. Among these variables, thirty were obtained from UAV-LiDAR data, while the remaining six were derived from Sentinel-2 data. The specific details can be found in Table 4.




4.2. Moso Bamboo Forest AGB Modelling Results


4.2.1. The MLR Model


Figure 7a–c illustrates the association between the estimated and observed AGB values using various remote sensing data sources as determined by the MLR model. As depicted in Figure 7, the MLR model developed using ST data exhibits a relatively lower R2 accuracy of merely 0.29 and a comparatively larger RMSE error of 4.24 Mg/hm2. In contrast, UL data follows with slightly improved performance, while the highest accuracy is achieved when combining UL + ST data. The AGB model accuracy, constructed using UL + ST data, exhibited a 155.17% increase compared with the R2 of single ST data and a 4.22% improvement over single UL data. This suggests that incorporating UL data, which reflects the structural characteristics of Moso bamboo forests, significantly enhances the precision of AGB estimation based on ST data. Certainly, considering an alternative viewpoint, the integration of ST data into UL data to capture the development of Moso bamboo forests, such as NDVI, SAVI, etc., has the potential to enhance the precision of estimating single UL data AGB to some degree.




4.2.2. The SVR Model


Figure 8a–c depict the correlation between predicted and measured AGB values using various remote sensing data sources, as estimated by the SVR model. It is evident from Figure 8 that the SVR model trained on ST data exhibits a relatively low R2 accuracy of only 0.16 and a higher RMSE error of 4.91 Mg/hm2 compared with UL data. However, when combining UL + ST data, the accuracy significantly improves. The AGB model constructed with UL + ST data demonstrates an R2 accuracy that is 418.75% higher than that of single ST data and 9.21% higher than single UL data, aligning with the findings of the MLR model analysis. Furthermore, considering both Figure 7 and Figure 8 together reveals that the SVR model’s R2 accuracy for UL and ST + UL models surpasses that of the MLR model, indicating superior performance in AGB estimation by the SVR approach compared with MLR modeling techniques.




4.2.3. The RF Model


Figure 9a–c depict the correlation between predicted and measured AGB values using various remote sensing data sources obtained from RF model estimation. It can be observed that the SVR model, based on ST data, exhibits a lower R2 accuracy of 0.45 and a larger RMSE error of 3.68 Mg/hm2 compared with UL data. However, when UL + ST data is utilized, the accuracy significantly improves with an R2 value of 0.89 and a high degree of model fit. The AGB model constructed using UL + ST data demonstrates a 97.78% higher accuracy than that solely relying on ST data in terms of R2, and it also outperforms the single UL data by 1.13%. This conclusion aligns with findings from MLR and SVR models as well. Furthermore, considering Figure 7, Figure 8 and Figure 9 collectively, it becomes evident that the RF model’s accuracy (measured by R2) surpasses both MLR and SVR models when utilizing three different types of data: UL, ST, and UL + ST. Notably for ST data specifically, the RF model achieves an improved estimation accuracy with an increase in R2 by 55.17% compared with the MLR model results and by 181.25% compared with the SVR model results, respectively, thus indicating its excellent performance in estimating AGB using diverse sources of input data.





4.3. Comparative Evaluation of Outcomes in Estimating Aboveground Biomass (AGB)


Figure 10 shows the comparison of AGB estimation accuracy of different remote sensing data sources with different models



4.3.1. Comparison of Different Modelling Approaches for the Same Data Source


The accuracy assessment of different schemes’ AGB estimation models is presented in Table 4. It can be observed that, for the UL data, MLR achieves an estimation accuracy R2 of 0.71, while SVR and RF attain R2 values of 0.76 and 0.88 for the nonparametric models, respectively. The results indicate that the estimation of LiDAR feature variables can be more precise when using the sample AGB with three different modeling methods. Among these methods, nonparametric models such as SVR and RF exhibit higher accuracy compared with parametric models such as MLR. Additionally, RF outperforms MLR in terms of accuracy, with an improvement of 7.04% and 23.94% in R2 values, respectively, while also achieving a lower root-mean-square error reduction of 8.89% and 35.56%, respectively.



Regarding ST data used for estimating bamboo forest aboveground biomass (AGB), it was observed that while the parametric modeling method MLR achieved an R-squared value (R2) of 0.29, the non-parametric models SVR and RF yielded respective R2 values of 0.16 and 0.45. These findings suggest that solely relying on Sentinel-2 characteristic variables does not lead to accurate estimations for bamboo forest AGB in either parametric or non-parametric models. Furthermore, there is a tendency towards significant overestimation at lower values while underestimating higher values becomes more pronounced. Nevertheless, when comparing with MLR results alone, employing the RF model demonstrates a notable improvement with a remarkable increase in R-squared value by 55.17% alongside a decrease in root mean square error (RMSE) by 13.21%. Consequently, this enhancement contributes to enhancing overall estimation accuracy to some degree.



When utilizing UL + ST data for estimating bamboo forest aboveground biomass (AGB), it was observed that a parametric modeling approach called MLR achieved an R-squared value of 0.74, while non-parametric models such as SVR and RF attained higher values at 0.83 and 0.89 correspondingly. This indicates that when combining LiDAR with Sentinel-2 data in various modeling techniques, it becomes possible to achieve favorable outcomes. The comparison between these approaches reveals that both nonparametric models (SVR and RF) outperform their parametric counterparts (MLR). Specifically, the R-squared values show improvements of approximately 12.16% and 20.27%, respectively. Moreover, the root-mean-square error demonstrates reductions of about 19.77% and 36.43%. In summary, the integration of LiDAR with Sentinel-2 for estimating bamboo forest AGB favors employing a non-parametric modeling technique, such as random forest (RF), which exhibits superior accuracy compared with support vector regression(SVR).




4.3.2. Comparison of Different Data Sources for the Same Modelling Approach


As indicated in Table 5, the non-parametric modeling approaches MLR and UL + ST data exhibit higher accuracy (R2) in estimating bamboo forest AGB compared with single UL data and ST data. Moreover, the estimation accuracy of UL data surpasses that of ST data. Similarly, the parametric models SVR and RF also demonstrate that the estimation accuracy of UL + ST data source is superior to that of only UL data. In contrast, the estimation accuracy of UL data remains higher than that of ST data. Additionally, it is observed that the model fit improves for these cases.






5. Discussion


5.1. Feature Screening


Among the LiDAR characteristics examined in this investigation, stand height attributes constituted 60% and exhibited a significant importance score. This finding aligns with real-world observations, as well as previous research that has substantiated the pivotal role of height features in determining aboveground biomass (AGB). Cao Lin et al. [93] used small-spot full-waveform LiDAR data, extracted spatial information, and obtained the point cloud feature variables, the average height, and each stand feature. The correlation between them exhibited a strong association, with the tree height model demonstrating the highest level of accuracy. Among the canopy structural characteristics of the forest stand, canopy cover, gap fraction, and leaf area index emerged as the top five influential factors. Canopy cover (CC) serves as an indicator reflecting the density of the forest stand in general. AGB demonstrates a negative correlation with depression levels, whereby higher canopy cover impacts vegetation growth and light availability, consequently resulting in lower vegetation AGB [55]. The gap fraction (GF) affects the intensity of light received by vegetation under the canopy, which in turn affects the growth status of the vegetation [94]. The leaf area index (LAI) serves as a crucial factor in describing the physiological activities of forests, including photosynthesis, evapotranspiration, and the cycling of carbon and water within vegetation. A higher LAI indicates enhanced utilization of light energy by plants, leading to improved growth conditions and increased aboveground biomass (AGB). According to Zhang et al. [29], the incorporation of a canopy structure variable in the ULS-based AGB estimation model for urban forests resulted in enhanced accuracy in various models. Breast diameter estimation was conducted by Xiong et al. [95] using UAV-LiDAR to extract tree height and crown diameter, which were then utilized in a binary heteroscedastic growth equation for estimating the most suitable aboveground biomass (AGB) method for individual trees (R2 of 0.77, RMSE of 15.99 kg).



After being screened by Boruta, the intensity features skewness and kurtosis obtained the highest scores among all the feature variables. Brennan et al. [96] conducted an analysis of LiDAR data from eight regions regarding land class classification and discovered that incorporating the intensity feature resulted in a significant enhancement of 10–20% in classification accuracy. Antonarakis et al. [97] established kurtosis and skewness models based on LiDAR point elevations, which can effectively distinguish between artificially planted and naturally grown poplar riparian forests. To summarize, the Boruta technique offers improved comprehension of the impact that feature variables have on the dependent variable and efficiently identifies all relevant features associated with it from the original set.



Out of the various Sentinel-2 feature variables examined in the present investigation, only the NIR band and five vegetation indices (DVI, EVI, PSRI, SAVI, and TVI) were chosen. Du et al. [23] explored the correlation between Landsat Thematic Mapper (TM) data and AGB of Moso bamboo. They analyzed how Moso bamboo’s spectral reflectance and NDVI response relate to AGB. The findings also indicated that interpreting the AGB of Moso bamboo relies more on NIR and mid-infrared wavelengths rather than visible wavelengths. The correlation between the normalized vegetation index (NDVI) and Moso bamboo AGB was found to be weak. In contrast, the vertical vegetation index (PVI), enhanced vegetation index (EVI), and soil-adjusted vegetation index (SAVI) exhibited a significant correlation with Moso bamboo AGB. The R2 value of 0.48 indicated that EVI and SAVI were more effective in explaining variations in Moso bamboo AGB compared with NDVI. In this study, Boruta’s algorithm was employed for variable selection, which identified the near-infrared band (NIR) as one of the selected Sentinel-2 features. Chrysafis et al. [11] used Sentinel-2 images to estimate forest growth volume (GSV), and the research study showed that traditional vegetation indices such as NDVI did not improve the correlation intensity, while the differential vegetation index (DVI), enhanced vegetation index (EVI) and vertical vegetation index (PVI) had the strongest inversion intensity for GSV. As Steven et al. [98] pointed out, the vegetation indices of different satellite sensors cannot be directly equivalent. Theofanous et al. [13] used Sentinel-1 and Sentinel-2 time series data to simulate the AGB of Robinia pseudo acacia short-term rotation plantation in northeastern Greece. The research study showed that although NDVI was considered to have a strong correlation with AGB [99], the actual results did not identify NDVI as one of the vegetation indices with a high correlation with Robinia pseudo acacia AGB. Pertille et al. [100] used a Sentinel-1 active sensor and Sentinel-2 passive sensor to estimate the commercial wood yield of Korean pine plantations and established a stepwise regression model. The results showed that only the model fitting effect of the Sentinel-2 index was better, and the differential vegetation index (DVI) had the best correlation with Sentinel-2. Additionally, similar to previous studies, various vegetation indices such as DVI, EVI, and SAVI were utilized. These findings further validate the feasibility and reliability of Boruta’s algorithm for variable screening.




5.2. Analysis of Various Models in Comparison


The findings of this study demonstrate that both SVR and RF machine learning models exhibit superior performance compared with the MLR model, with RF outperforming SVR. MLR, being a statistical regression model, struggles to capture the complexity of extensive data, is sensitive to noise, and tends to suffer from underfitting issues, resulting in poor performance. On the other hand, RF effectively handles high-dimensional data while maintaining good noise immunity. During its operation, RF employs SVR to map the kernel function from low-dimensional to high-dimensional space. It subsequently solves non-linear problems in lower dimensions through linear regression hyperplanes. Although the SVR model fits training data well, it still requires optimization of penalty coefficients and gamma values for achieving an optimal model, which may potentially lead to overfitting. Feng et al. [101] compared the performance of linear, non-linear, RF, and SVR models in estimating vegetation AGB and found that the RF model exhibited superior results. According to a study conducted by Cao et al. [102], the RF model demonstrated superior accuracy in estimating forest biomass using satellite remote sensing compared with other models such as SVR, BPNN, KNN, and generalized linear mixed model (GLMM). The RF model demonstrated high accuracy in estimating forest structural parameters, as evidenced by a study conducted by Peng et al. [103] using UAV-LiDAR data to develop a model for assessing these parameters in tropical forests of China; Zhang Ya et al. [104] conducted a quantitative analysis of biomass using various models (SLR, LNN, BPNN, SVR, RF) in combination with LiDAR and high-resolution remote sensing imagery. The results indicated that the RF model demonstrated the highest level of accuracy in fitting (with an R2 value of 0.69 and RMSE of 26.98 Mg/ha). Zhou et al. [14] employed RF to estimate the biomass of urban ginkgo monocots using UAV-LiDAR data, resulting in accurate estimations. Furthermore, their findings provided evidence supporting the superiority of the RF model over alternative models in estimating AGB.




5.3. Comparative Analysis of Different Remote Sensing Data Sources


Different sensors have their own advantages. Optical satellite remote sensing, such as Sentinel-2, can monitor the growth of vegetation through spectral features, vegetation indices, and texture information; however, the presence of homoscedasticity or heteroscedasticity may result in the occurrence of underestimation and overestimation issues when estimating AGB in bamboo forests using ST data. The UAV-LiDAR point cloud data contains a large amount of forest 3D structural information, which can accurately separate the ground points and vegetation points and thus can obtain the forest vertical structure information that cannot be provided by Sentinel-2 remote sensing imagery. In a prior research study, Chen et al. provided evidence supporting LiDAR as the most precise data source for estimating aboveground biomass (AGB) [105]. This study also confirms that LiDAR provides reliable AGB prediction in bamboo forests using different modeling methods. The estimation accuracy was further improved by adding spectral information and vegetation index, thus proving that it is reasonable and valuable to synergize UAV-LiDAR and Sentinel-2 data sources to estimate AGB in bamboo forests.





6. Conclusions


In this study, we utilized the Moso bamboo forest located in Shanchuan Township, Zhejiang Province, China. We employed UAV-LiDAR (UL), Sentinel-2 (ST), and a combination of UL and ST as our data sources. Based on aboveground biomass surveys conducted in the Moso bamboo forests, we applied three models—MLR, SVR, and RF—to estimate the AGB of the forest. Our findings revealed that (1) the UL point cloud intensity and variables such as canopy cover (CC), gap fraction (GF), leaf area index (LAI), AIH1, AIHiq, and Hiq were significant indicators of Moso bamboo forest structure and AGB estimation. Similarly, vegetation indices such as DVI and SAVI from ST had a notable impact on estimating Moso bamboo forest AGB. (2) The accuracy of AGB estimation models constructed using UL was higher compared with those based solely on ST data. All three models achieved R2 values above 0.7, indicating high accuracy; RF, in particular, exhibited the highest accuracy with an R2 value of 0.88. (3) Combining ST with UL significantly improved the accuracy of AGB estimation for Moso bamboo forests using all three models when compared with using only ST data alone. For instance, when employing the RF model after combining UL + ST data, there was a remarkable improvement in AGB estimation accuracy by 97.7%, accompanied by a reduction in RMSE by 124.4%. Further analysis shows that the LiDAR data reflecting stand structure has an important impact on the AGB estimation of Moso bamboo forests, and UL + ST can significantly improve the accuracy of AGB estimation of Moso bamboo forests based on multispectral remote sensing data, which well solves the problem of low accuracy of AGB estimation due to the saturation of Canopy Cover of Moso bamboo forests with high optical remote sensing data.




7. Reflections and Outlook


In this study, Sentinel-2 data were combined with UAV-LiDAR data, the Boruta algorithm was used to screen remote sensing features, and Moso bamboo forest AGB was estimated based on MLR, SVR, and RF algorithms. Compared with previous studies, the accuracy was significantly improved by adding LiDAR feature variables, which proved that the combination of multispectral remote sensing data, which characterizes the spectral features of the forests, and LiDAR data, which reflects the structure of the stand, is a new way to estimate the AGB of Moso bamboo forest. This proves that the combination of multispectral remote sensing data characterizing forest spectral features and LiDAR data reflecting forest stand structure is a new way to estimate the AGB of the Moso bamboo forest. Meanwhile, there are some shortcomings in this study, which need to be explored and solved in the subsequent research.



	(1)

	
In this study, three common models, MLR, SVR, and RF, were used to estimate the bamboo forest biomass, and more deep-learning models can be added to the estimation in future studies under the premise of expanding the sample capacity.




	(2)

	
Limited by the flight range of the UAV-LiDAR, this study only explored the quantification of bamboo forest AGB based on the sample level, which can be expanded in future studies to explore the bamboo forest biomass and the changes in the time-space range.




	(3)

	
The sample size of this study is limited, but it can be further expanded in future studies to investigate whether the modeling approach based on biomass range stratification can improve the estimation accuracy of AGB.
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Figure 1. Study area: (a) Anji County’s geographical position; (b) Geographical location of the specified research region. 
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Figure 2. Acquisition and pre-processing of data through remote sensing techniques: (a) resolved UAV-LiDAR raw point cloud; (b) normalized point cloud image of sample plots; (c) A captured image of the study area using Sentinel-2 and the layout of sample plots. 
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Figure 3. Ground survey: (a,b) RTK positioning of sample plots (c) single-tree diameter at breast height measurement. 
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Figure 4. Technology road map. 
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Figure 5. Z-scores of the identified LiDAR feature variables. 
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Figure 6. Z-scores of the identified Sentinel-2 feature variables. 
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Figure 7. The MLR model was employed to evaluate the relationship between estimated and measured AGB values of sample plots, utilizing a variety of remote sensing data sources. 
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Figure 8. The SVR model was employed to evaluate the relationship between estimated and measured AGB values of sample plots, utilizing a variety of remote sensing data sources. 






Figure 8. The SVR model was employed to evaluate the relationship between estimated and measured AGB values of sample plots, utilizing a variety of remote sensing data sources.



[image: Remotesensing 16 00705 g008]







[image: Remotesensing 16 00705 g009] 





Figure 9. The RF model was employed to evaluate the relationship between estimated and measured AGB values of sample plots, utilizing a variety of remote sensing data sources. 
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Figure 10. Assessing the precision of AGB prediction models under varying circumstances. 
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Table 1. Characteristics of UAV-LiDAR sensor and flight parameters in this study.
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	Characteristics of UAV-LiDAR Sensor and Flight Parameters
	Specification





	Laser scanner
	H300-RT



	Flight height
	80 m



	Flight speed
	8 m/s



	Route spacing
	25 m



	Wavelength
	905 nm



	Scan speed
	640,000 points/s



	Maximum scanning angle
	±15°



	Laser scan frequency
	20 Hz



	Average point density
	400 ptds/m2










 





Table 2. Feature variables extracted by UAV-LiDAR.
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Feature Type

	
Feature Name

	
Feature Description

	
Notes and References






	
Structural characteristics

	
CC

	
Canopy Cover, the ratio of vegetation points within the initial echo relative to the overall count of points in the initial echo.

	
[55]




	
GF

	
Gap Fraction, Extract the number of ground points with a Z-value below the height threshold (2 m) divided by the total number of points




	
LAI

	
Leaf Area Index,   L A I = −     cos  ⁡    a n g   ×   ln  ⁡    G F         k    , where Ang denotes the average scanning angle, GF represents the rate of gaps, and k stands for the coefficient of extinction.




	
Height-based metrics

	
H1/H5/H10/H20/H25/H30/H40/H50/H60/H70/H75/H80/H90/H95/H99

	
The percentiles of the canopy height distribution of first returns

	
[56,57,58,59,60]




	
Hiq

	
AIHiq = AIH75   −   AIH25.




	
AIH1/AIH5/AIH10/AIH20/AIH25/AIH30/AIH40/AIH50/AIH60/AIH70/AIH75/AIH80/AIH90/AIH95/AIH99

	
Cumulative percentile of canopy height distribution of first returns




	
AIHiq

	
AIHiq = AIH75   −   AIH25.




	
Density-based metrics

	
D0/D1/D2/D3/D4/D5/D6/D7/D8/D9

	
The ratio of data points exceeding the quantiles to the overall count of data points.

	
[61]




	
Intensity-based metrics

	
I1/I5/I10/I20/I25/I30/I40/I50/I60/I70/I75/I80/I90/I95/I99

	
The percentiles of the canopy intensity distribution of first returns

	
[62,63]




	
Iiq

	
Iiq = I75   −   I25.




	
AII1/AII5/AII10/AII20/AII25/AII30/AII40/AII50/AII60/AII70/AII75/AII80/AII90/AII95/AII99

	
Cumulative percentile of the canopy intensity distribution of first returns




	
Imax/Imin/Imean/Imedia/Imadme

	
Median of the highest intensity/lowest intensity/average intensity/median intensity/median absolute deviation for all points within each statistical cell




	
Ivar/Istdde/Iskew/Ikurt/Icv/Imad

	
Variance/standard deviation/skewness/kurtosis/coefficient of variation/mean absolute deviation for all point intensities within each statistical cell











 





Table 3. Feature variables extracted by Sentinel-2.
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Type

	
Name

	
Calculation Models

	
Abbreviation

	
Notes and References






	
Original Band

	
Aerosols

	
/

	
B1

	




	
Blue

	
/

	
B2

	




	
Green

	
/

	
B3

	




	
Red

	
/

	
B4

	




	
Red Edge 1

	
/

	
B5

	




	
Red Edge 2

	
/

	
B6

	




	
Red Edge 3

	
/

	
B7

	




	
NIR

	
/

	
B8

	




	
Red Edge 4

	
/

	
B8A

	




	
Water vapor

	
/

	
B9

	




	
SWIR 1

	
/

	
B11

	




	
SWIR 2

	
/

	
B12

	




	
Spectral vegetation indices

	
DVI

	
   N I R − R   

	
DVI

	
[64]




	
EVI

	
       2.5   N I R − R         N I R + 6 R − 7.5 B + 1       

	
EVI

	
[65]




	
TVI

	
   0.5   120   N I R − G   − 200   R − G       

	
TVI

	
[66]




	
RVI

	
     N I R   R     

	
RVI

	
[67]




	
PSRI

	
     R − B   × R e d   E d g e 2   

	
PSRI

	
[68]




	
NDII

	
       N I R − S W I R 1       N I R + S W I R 1       

	
NDII

	
[69]




	
NDWI

	
       G − N I R       G + N I R       

	
NDWI

	
[70]




	
NDVI

	
       N I R − R       N I R + R       

	
NDVI

	
[71]




	
MNDWI

	
       G − S W R I 1       G + S W R I 1       

	
MNDWI

	
[72]




	
SAVI

	
   1.5 ×     N I R − R       N I R + R + 0.5       

	
SAVI

	
[73]




	
NDBI

	
       S W I R 1 − N I R       S W I R 1 + N I R       

	
NDBI

	
[74]




	
Cire

	
         R e d   E d g e 3   R e d   E d g e 1     − 1     

	
Cire

	
[75]




	
Texture features based on the

gray-level

co-occurrence matrix (GLCM)

	
Variance

	
      ∑  k = 1   n        ∑  l = 1   n         k − m e a n     2     P   k l         

	
VAR

	
     P     k , l     =     V     k , l         ∑  k = 1   n      ∑  l = 1   n      V     k , l             




	
Homogeneity

	
      ∑  k = 1   n        ∑  l = 1   n       1   1 +     k − l     2       P     k , l           

	
HOM

	
    V     k , l       is the   k  th row of the   l  th column in the   N  th moving window.




	
Contrast

	
      ∑    k − l   = 0   n − 1         k − l     2        ∑  k = 1   n        ∑  l = 1   n       P     k , l               

	
CON

	
     u   x   =    ∑  l = 1   n     l    ∑  k = 1   n       P     k , l           




	
Dissimilarity

	
      ∑    k − l   = 0   n − 1       k − l        ∑  k = 1   n        ∑  l = 1   n       P     k , l               

	
DIS

	
     u   y   =    ∑  k = 1   n     k      ∑  l = 1   n       P     k , l         




	
Entropy

	
   −    ∑  k = 1   n        ∑  l = 1   n       P     k , l       log  ⁡    P   k , l             

	
ENT

	
     σ   x   =    ∑  l = 1   n         l −   u   l       2      ∑  k = 1   n       P     k , l           




	
Angular second moment

	
      ∑  k = 1   n        ∑  l = 1   n       P   k , l     2         

	
ASM

	
     σ   y   =    ∑  k = 1   n         k −   u   l       2      ∑  l = 1   n       P     k , l           




	
Correlation

	
       ∑  k = 1   n      ∑  l = 1   n    k l     P     k , l       2   −   μ   x     μ   y           σ   x     σ   y       

	
COR

	
[18,76,77]




	
Cluster Shade

	
      ∑  k = 1   n        ∑  l = 1   n         k + l −   μ   k   −   μ   l       3     P     k , l           

	
SHA

	











 





Table 4. Feature variables screened by Boruta’s algorithm.
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Feature Types

	
Number

	
Feature Name






	
LiDAR parameter

	
Structural characteristics

	
3

	
CC/GF/LAI




	
Height-based metrics

	
18

	
H1/H10/H20/H25/H30/Hiq/

AIH1/AIH5/AIH10/AIH20/AIH25/AIH30/AIH40/AIHiq

Hmad/Hcv/Hmadme/Hmin




	
Density-based metrics

	
1

	
D0




	
Intensity-based metrics

	
8

	
I75/I80/AII30/AII60/Ikurt/Iskew/Istdde/Imad




	
Sentinel-2 parameter

	
Original Band

	
1

	
B8




	
Spectral vegetation indices

	
5

	
DVI/EVI/PSRI/SAVI/TVI











 





Table 5. Accuracy evaluation of AGB estimation models for different scenarios.
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Data Source

	
Model

	
R2

	
RMSE

	
rRMSE(%)






	
LiDAR

(UL)

	
MLR

	
0.71

	
2.70

	
7.07




	
SVR

	
0.76

	
2.46

	
6.46




	
RF

	
0.88

	
1.74

	
4.57




	
Sentinel-2

(ST)

	
MLR

	
0.29

	
4.24

	
11.12




	
SVR

	
0.16

	
4.91

	
12.87




	
RF

	
0.45

	
3.68

	
9.66




	
LiDAR + Sentinel-2

(UL + ST)

	
MLR

	
0.74

	
2.58

	
6.76




	
SVR

	
0.83

	
2.07

	
5.44




	
RF

	
0.89

	
1.64

	
4.30
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