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Abstract

:

Forest above-ground biomass (AGB) is an important index to evaluate forest carbon sequestration capacity, which is very important to maintain the stability of forest ecosystems. At present, the wide use of remote sensing technology makes it possible to estimate the large-scale forest AGB accurately and efficiently. Airborne hyperspectral remote sensing data can obtain rich spectral information and spatial structure information on the forest canopy with the characteristics of high spatial and hyperspectral resolution. Airborne LiDAR data can describe the three-dimensional structure characteristics of a forest and provide vertical structure information related to biomass. Based on the characteristics of the two data sources, this study takes Gaofeng forest farm in Nanning, Guangxi, as the study area, Chinese fir, pine tree, eucalyptus and other broadleaved trees as the research object, and constructs the AGB estimation models of different tree species by fusing airborne LiDAR and hyperspectral features. Firstly, spectral features, texture features, vegetation index, wavelet transform features and edge features are extracted from hyperspectral data. Canopy structure features, point cloud structure features, point cloud density features and terrain features are extracted from airborne LiDAR data. Secondly, the random forest (RF) method is used to screen the features of the two sets of data, and the features with the highest importance are selected. Finally, based on the optimal features of the two data sources, the forest AGB model is constructed using the multiple stepwise regression method. The results show that the texture features extracted by wavelet transform can be used for AGB modeling. The AGB of eucalyptus has high correlation with height features derived from airborne LiDAR, the AGB of other broadleaved trees mostly depends on the wavelet transform texture features from airborne hyperspectral data, while the AGB of Chinese fir and pine tree has high correlation with both height features and spectral features. Feature-fusion-based LiDAR and hyperspectral data can greatly improve the accuracy of the AGB models. The accuracy of the optimal AGB models of Chinese fir, pine tree, eucalyptus and other broadleaved trees is 0.78, 0.95, 0.72 and 0.89, respectively. In conclusion, more accurate estimation results can be obtained by combining active and passive remote sensing data for forest AGB estimation, which provides a solution for carbon storage assessment and forest ecosystem assessment.
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1. Introduction


Forests are important natural resources for maintaining ecological balance and stability. The changes in forest resources and reserves will directly affect the decisions of major national forestry planning [1]. At the same time, as a natural and renewable resource, the quantity and quality of forests will directly affect national economic construction and people’s quality of life [2]. In 2007, a report from the IPCC (United Nations Intergovernmental Panel on Climate Change) pointed out that forestry has multiple benefits and has the dual functions of mitigating and adapting to climate change. This report is an economic and effective measure to increase carbon sequestration and reduce emissions in the next 30–50 years. The Paris Agreement also lists the forestry provisions separately, encourages countries to take actions to protect and enhance forest carbon pools and sinks after 2020, and continues to encourage developing countries to implement and support REDD+ (reducing deforestation, mitigating forest degradation and reducing greenhouse gas emissions). China also put forward the vision of “carbon peaking and carbon neutralization” in 2020, which shows that forest resources play an important role in global climate change and ecological balance. Therefore, it is necessary to monitor and assess the dynamic information of forest resources in time.



China is rich in forest resources and various forest types, which occupy an important position in the terrestrial ecosystem. At the same time, the forest community structure is complex and the biomass is high. More than 80% of the forest vegetation biomass is stored in the ecosystem. Therefore, the study of forest biomass estimation can better evaluate the problems of forest productivity and forest carbon cycle, and provide key data support for the study of global climate change and development trend. At this stage, plantation resources account for a large proportion of China’s forest land resources, accounting for about 40% of the national forest land area, which is of great significance to the development of forest resources and the construction of the ecological environment in China. The plantation is mainly distributed in Southern China, and Eucalyptus, pine tree and Chinese fir are the main tree species. Their wide distribution range and high forest canopy density pose a great challenge to China’s scientific forest management.



At present, remote sensing technology is developing rapidly and is widely used in forest inventory and large-scale real-time monitoring of forest resources [3,4,5,6]. It effectively solves the limitations of being time consuming and labor intensive of traditional manual inventory, can quickly and conveniently obtain a large number of forestry remote sensing basic data, and can realize large-scale and long-time monitoring of forest AGB [7,8,9,10]. Optical remote sensing is the most widely used and popular remote sensing data resource, which can provide spectral and texture features for forest AGB estimation [11,12], but optical remote sensing data also have many limitations. Multispectral optical images have the disadvantages of few spectral bands and narrow wavelength range, which has limitations in describing the physiological and ecological characteristics of forest vegetation [13]. A hyperspectral image adopts imaging spectral technology, which contains hundreds of bands in the imaging spectral domain, with a wide spectral range and a large number of bands, forming continuous spectral curve data, which can meet the needs of spectral information for forest AGB estimation [14,15,16]. However, hyperspectral images also have some problems, such as foreign objects with the same spectrum, different spectra of the same object and weak penetration to ground objects. Different tree species, shrubs and trees with different heights may have similar spectral information, which will affect the inversion accuracy of forest AGB [17,18]. As an active remote sensing technology, light detection and ranging (LiDAR) has incomparable advantages over traditional remote sensing and measurement methods in data acquisition [19]. The laser pulse can obtain the terrain information under the forest canopy through the forest cover, obtain the forest height information or stand density and other information closely related to biomass with high precision, and can be used for high-resolution three-dimensional reconstruction [20,21]. However, although LiDAR data have unique advantages that optical remote sensing data do not have, it is less precise than optical remote sensing data in canopy detection and spatial resolution. Therefore, the combination of these two data has the potential to accurately estimate forest parameters [22,23,24,25].



Baccini A et al. [26] took Africa as the study area, combined spaceborne laser GLAS data with MODIS data to retrieve the forest AGB in tropical Africa and generated the biomass distribution map. The results showed that there was a strong correlation between the height feature of GLAS data and AGB, with R2 of 0.9. Boudreau J et al. [27] combined SRTM, ETM + and airborne LiDAR point cloud data to carry out forest AGB inversion in Quebec, Canada, and constructed an AGB model using the method of feature fusion, with R2 of 0.65. Chen G et al. [28] used LiDAR data, QuickBird data ground survey data to retrieve the tree height, AGB and volume of some forest areas in Vancouver, Canada, using the support vector machine method. The research showed that the performance of SVR is better than that of the multiple regression method. Laurin et al. [29] combined hyperspectral data with LiDAR point cloud data, and estimated the forest AGB in tropical forest areas of Africa. The results showed that the R2 of the model was 0.7, which improved the accuracy by 6% compared with using LiDAR data alone. Li et al. [30] studied the basic distribution of forest AGB in California, USA, by using LiDAR and multi-temporal MODIS data. The results showed that the accuracy was high and R2 was 0.74. Luo et al. [22] took the forest area of Heihe River Basin in Heilongjiang Province as the study area, analyzed the forest AGB in this area, in combination with hyperspectral data and airborne LiDAR data, and concluded that the estimation accuracy using the two set of data was 0.893, and the accuracy using LiDAR data only was 0.872. In comparison, the combination of the two sets of data increases the estimation accuracy. Catherine T de A et al. [31] took the Amazon region of Brazil as the study area, combined hyperspectral data with LiDAR data to establish an AGB estimation model by screening indicative features from 333 features (45 from LiDAR and 288 from hyperspectral). The results showed that the model combining the two data sources can obtain more accurate forest biomass estimation value, and the R2 of best model was 0.70. Wang et al. [32] used Sentinel-2 and airborne LiDAR data to inverse the AGB of mangrove forests in the northeast of Hainan Island. The results showed that the method based on a point line polygon framework proposed in the study can effectively estimate the AGB of this area, and verify the feasibility of this method in different mangrove types.



To sum up, estimating forest AGB based on active and passive remote sensing data can overcome the limitations of a single data source, give full play to the respective advantages of data and realize high-precision estimation of forest parameters. However, most forest AGB estimation research does not consider tree species or only a specific tree species, which makes the research for large-area forest AGB estimation with multiple tree species limited. At the same time, the extraction of feature parameters of optical remote sensing data is mostly the use of spectral reflectance features and gray-level co-occurrence matrix (GLCM) texture features, and there is no in-depth research on the spatial features of optical images. In view of the above problems, taking Guangxi Gaofeng forest farm as the research area, this study discusses the accuracy difference in estimating forest AGB using only single remote sensing data and combining active and passive remote sensing data. At the same time, the spatial and spectral features related to forest AGB are extracted from airborne hyperspectral imagery, and the different AGB modeling of four main dominant tree species in this area are discussed, in order to improve the estimation accuracy of forest AGB and provide a reference for forest carbon storage estimation and ecological assessment in China.




2. Materials and Methods


2.1. Materials


2.1.1. Study Area


The study area is located in Gaofeng forest farm in Nanning, Guangxi province. The geographical location is 108°19′30″~108°23′30″E and 22°56′~23°1′N. The forest farm is dominated by low hills, with an altitude of 70~875 m and a slope of 25~35°. The terrain has little fluctuation, low in the southeast and high in the northwest (Figure 1). The forest farm has a tropical monsoon climate with an annual average temperature of 12.5~28.2 °C, an average rainfall of 1304 mm, sufficient sunshine and an annual average sunshine time of 1550 h. The proportion of non-forest land and forest land is about 1:99, and the forest coverage rate of the whole forest farm is close to 90%. In addition to forest land, the forest farm also includes shrub, nursery, non-standing forest land after cutting, other sparse forest land and non-forested areas, with an area ratio of 1:1:56:29:13. The forest type has typical characteristics of forests in South China, with rich tree species, mainly planted forests. The tree species include Eucalyptus Urophylla, Eucalyptus Grandis X Urophylla, Castanopsis Hystrix, Cunninghamia Lanceolata (Chinese fir) and Pinus Massoniana. The proportion of Chinese fir, pine tree, eucalyptus and other broadleaved trees in the study area is 1:1:5:3; eucalyptus accounts for nearly half.




2.1.2. Field Data


In January 2018, a field survey was conducted in Gaofeng forest farm, Nanning, Guangxi province, and the measured sample plot data were collected. According to the terrain and stand characteristics of the study area, sample plots of different sizes were set up. A total of 98 plots are arranged in the study area, including 27 Chinese fir plots, 15 pine tree plots, 35 eucalyptus plots and 21 other broadleaved tree plots. Other broadleaved trees mainly include Dygoxyllum, Lllicium Linn, Magnolia Denudata, Magnoliaceae Glanca Blume and Erythrophleum Fordii Oliv. The diameter at breast height (DBH) of each tree with DBH greater than 5 cm was measured using DBH ruler, the height of each tree was measured with laser altimeter, the coordinates of each tree were measured with total station, and the coordinates of the center and four corners of the sample plots were measured with RTK. The basic information of the sample plots is shown in Table 1.



The AGB of each tree species is calculated using the allometric growth equation of AGB by the measured DBH and tree height. For tree species with more than 20 samples, the number of verification samples is set to a number greater than 10, and the rest are training samples. The tree species with less than 20 samples are modeled and verified by the leave-one method.




2.1.3. Remote Sensing Data


The remote sensing data were obtained by the institute of resource information, Chinese Academy of Forestry Sciences in February 2018 using the Yun-12 fixed wing UAV equipped with RIEGLLMS-Q680i laser scanning system (Horn, Austria) and AISA Eagle II sensor (Oulu, Finland) in sunny weather. The point density of airborne LiDAR point cloud data is 3.35 points/m2, and the data format is .las. The hyperspectral data contains 125 bands, and the data format is .dat. The parameters of laser scanning system are shown in Gao Linghan et al. [33], and the detailed parameters of hyperspectral sensor are shown in Table 2.




2.1.4. Data Preprocessing


The main preprocessing includes radiation calibration, atmosphere correction and terrain radiation correction [34]. Conversion formula was used to complete the radiometric calibration, so as to convert the DN value of the initial image into the radiance value. The fast atmospheric correction method was used to correct the hyperspectral image data, so as to eliminate the influence of atmosphere on the reflection of ground objects [35]. SCS + C correction model is used for terrain correction to eliminate the influence of surface roughness on ground reflectance or brightness [36].



The preprocessing of LiDAR point cloud data is mainly to realize elevation normalization [37]. Firstly, the threshold method is used to remove the noise points generated in the scanning process and retain the important point cloud data in the study area [38,39]. According to the measured forest height, crown width and terrain elevation, the forest threshold range is 0.3~50 m and the search radius is 3 m [40,41]. Secondly, the irregular triangulation filtering TIN algorithm was used to classify the point cloud data and distinguish the ground points and non-ground points [42]. Finally, the ground points were interpolated using TIN interpolation algorithm to generate digital elevation model (DEM) [43], and the non-ground points are interpolated using Kriging interpolation algorithm to generate digital surface model (DSM). The difference operation was performed between DSM and DEM to obtain the canopy height model (CHM). The point cloud data after elevation normalization are shown in Figure 2.





2.2. Methods


2.2.1. Feature Variables Extraction from Hyperspectral Imagery


Hyperspectral imagery has higher spatial resolution and spectral resolution contains richer spectral information and spatial structure information and can obtain more features related to forest AGB. Firstly, the spectral reflectance features, first derivative and second derivative features of 125 bands of hyperspectral data were extracted, respectively (Table 3). Secondly, based on the previous literature [44,45,46], several typical vegetation indices characterizing vegetation coverage and biomass were extracted (Table 4), which included the indices related to atmospheric impedance and topographic characteristics and chlorophyll content and indices representing the characteristics of vegetation leaves. As such, 8 s-order texture features from band 19 (482 nm), band 34 (550 nm) and band 55 (645 nm) were extracted separately based on the GLCM method (Table 5) [47]. These three bands correspond to blue, green and red bands, respectively, with high definition, less interference and obvious ground feature information. In this way, a total of 24 object-based texture features was obtained. Finally, in order to extract more spatial information related to forest structure, wavelet transform [48] and mathematical morphology [49] were used to extract spatial texture features, transformed spectral features and edge features (Table 6).




2.2.2. Feature Variables Extraction from LiDAR


According to the data structure features of point cloud data and comprehensively considering the ecological and spatial structure indicators, the feature parameters of point cloud data were extracted from forest canopy information (including canopy density and leaf area index), point cloud structure information (including height percentile, height maximum and minimum), point cloud density information (including point cloud density parameters at different height levels of point cloud) and terrain information (including slope and aspect). For meaning and abbreviation of each feature variable of point cloud data see Gao Linghan et al. [33]. The important features of point cloud data include height percentile and cumulative height percentile. The height percentile refers to the height of X% points in a unit grid. The cumulative height percentile is the height sum of X% points in a unit grid.




2.2.3. Feature Variables of Three-Level Screening and Modeling


In this study, there are many hyperspectral feature parameters and few sample plots. Putting all features into the model will lead to data redundancy, supersaturation of modeling variables and low model accuracy. The following two-level screening scheme was designed for hyperspectral features: First, the extracted feature sets of 11 categories, such as spectral reflectance features, first derivative features, second derivative features, vegetation indices, GLCM texture features, spectral feature of wavelet transform, horizontal texture of wavelet transform, vertical texture of wavelet transform, diagonal texture of wavelet transform, approximate texture of wavelet transform and edge texture, are successively screened for each tree species according to RF method, and modeled separately by multiple stepwise regression method (MSR) [50]. Compare the model accuracy, eliminate the feature sets with model accuracy less than 0.5, and use the remaining feature sets for subsequent screening and modeling. Then, according to the first screening results, RF screening [51] is carried out again to select the corresponding top ranking features of each tree species. Finally, the optimal model of each tree species based on hyperspectral data is obtained by using the MSR method again. According to the number of training samples and the principle of moderate proportion, the proportion of training samples and independent variables is set as 4:1.



RF method was used to screen the best feature variables derived from airborne LiDAR point cloud data for each tree species. The screening results are shown in Gao Linghan et al. [33]. Then the optimal variables of each tree species screened by airborne hyperspectral and LiDAR data were fused, and the optimal variables of each tree species were screened again by RF method to realize the optimal feature fusion of the two data sources and obtain the final feature variable set. The AGB model of each tree species was established by MSR method to realize the AGB modeling of each tree species based on the feature fusion of multi-source data. The three-level screening and modeling process is shown in Figure 3.



The RF method is a popular feature-selection method, which can realize data reduction and optimization. The decline in target prediction accuracy after removing variables is indicated by %IncMSE, which is the growth of root mean square error rate. When the value is larger, the contribution of the variable is greater. Further, %IncMSE formula is shown in Gao Linghan et al. [33]. MSR method considers the variance contribution value of all variables when introducing variables and sorts them into a regression equation according to their importance. The final equation does not contain unnecessary independent variables. The coefficient of determination R2, the root mean square error (RMSE) and mean absolute error (MAE) were used to compare the accuracy. The formula is as follows:


   R 2  = 1 −   m e a n    (  X m o d e l , i − X o b s , i  )   2    m e a n    (  m e a n  (  X o b s , i  )  − X o b s , i  )   2     



(1)




where: R2 is the coefficient of determination, Xobs, i is the measured value, Xmodel, i is the estimated value, and mean is the average value.


   R M S E =    (  m e a n    (  X m o d e l , i − X o b s , i  )   2   )    0.5      



(2)






  M A E =  1 N    ∑   i = 1  N   |  X m o d e l , i − X o b s , i  |    



(3)




where: RMSE is the root mean square error, MAE is the mean absolute error, N is the number of samples.






3. Results


3.1. Hyperspectral Features Selection


The feature-screening results based on airborne LiDAR data are shown in Gao Linghan et al. [33]. The screening of hyperspectral features eliminates redundant feature parameters and obtains several feature parameters, with the highest correlation between 11 feature sets and AGB of each tree species using the RF method. Four, four, six and three feature parameters were selected for Chinese fir, pine tree, eucalyptus and other broadleaved trees, respectively. The screening results are shown in Figure 4.



It can be seen from Figure 4 that the AGB of Chinese fir has a strong correlation with the derivative features. The AGB of pine trees has a good correlation with the second derivative and the diagonal texture features of wavelet transform, and the texture features of GLCM are removed. The AGB of eucalyptus has a strong correlation with the spectral reflectance features and the vertical texture features of wavelet transform. The AGB of other broadleaved trees has a good correlation with the three texture features of wavelet transform. From the above results, it can be concluded that there is a good correlation between the texture features extracted by wavelet transform and forest AGB, which can be used as an important modeling variable for forest AGB estimation.




3.2. AGB Modeling Using Screened Hyperspectral Features


Based on the features of hyperspectral data screening, the AGB model was constructed by using the multiple stepwise regression method, and its accuracy is shown in Table 7.



It can be seen from Table 7 that the training accuracy of the four tree species is more than 0.75, but the verification accuracy is very different. The training accuracy of pine trees is the best, with accuracy of 0.84, and the verification accuracy is also about 0.8. The training accuracy of Chinese fir is the second. Although the training accuracy of eucalyptus and other broadleaved trees is high, the verification accuracy is very low, indicating that the effect of the model for these two tree species is not ideal, especially the training accuracy and verification accuracy of eucalyptus, as these are all very low. The reason for the deviation between training accuracy and verification accuracy may be that the selected modeling and verification sample plots are uneven, and many attempts can be made in subsequent research. The estimation accuracy of coniferous tree AGB based on hyperspectral data is good, while that of broadleaved tree AGB is low. From the selection of independent variables, it can be seen that coniferous tree AGB is mostly highly correlated with spectral features, broadleaved tree AGB is mostly highly correlated with texture features. Texture features are features after image transformation, and there will be some deviation in calculation, which also makes the estimation results of coniferous tree and broadleaved tree AGB different.




3.3. Feature Screening of LiDAR and Hyperspectral


Firstly, the optimal variables extracted from airborne LiDAR data are shown in Gao Linghan et al. [33]. These are basically the point cloud structure features. These features are fused with the optimal features extracted from hyperspectral data for subsequent feature screening. Then, the RF method was used for the three-level screening of features. The ranking results of the importance features of each tree species are shown in Figure 5.



As can be seen from Figure 5, the feature variables with high importance of Chinese fir and pine trees include features from two data sources, mainly height, spectral and texture features of wavelet transform. The important features of eucalyptus are only correlated with height metrics derived from LiDAR data, and the importance features of other broadleaved trees are texture features of wavelet transform based on hyperspectral data. In terms of tree species structure, eucalyptus belongs to tall trees, with straight and complete trunks and fewer branches. Branches are mostly concentrated in the tree canopy, and the biomass is concentrated in the trunk. Therefore, the biomass is mostly related to the height features. Other broadleaved trees mainly include Castanopsis hystrix Miq., Magnolia denudata Desr., Illicium verum Hook.f., Erythrophleum fordii Oliv. and Magnoliaceae glanca Blume. There is little difference in the height of these tree species, but different tree species have different canopy structure, branch size and leaf shape. Therefore, the forest biomass is mostly related to some shape and texture features. Through the above screening, it can be seen that the AGB of different tree species has the strongest correlation with different features and different data sources.




3.4. AGB Modeling Using Features Fusion


According to the optimal features selected by the three-level screening strategy for each tree species, the AGB models of the four dominant tree species (group) were constructed. The AGB model of other broadleaved trees was constructed based on the features of hyperspectral data (Table 7). The model of eucalyptus was constructed based on the features from airborne LiDAR point cloud data, and the models of Chinese fir and pine tree were constructed based on the fused features of two data sources. The models and accuracy are shown in Table 8.



It can be seen from Table 8 that the training accuracy of Chinese fir and pine trees is 0.78 and 0.95, respectively, the verification accuracy is 0.44 and 0.91, respectively, and the RMSE is 11.02 and 12.94 t/hm2, respectively. For the pine tree, compared with the modeling results from hyperspectral data, the training accuracy (0.84 based on hyperspectral data) and verification accuracy (0.79 based on hyperspectral data) of the fusion-based model has been greatly improved to 0.95 and 0.91, respectively. For Chinese fir, the training accuracy is slightly lower than that of hyperspectral feature-based modeling (R2 is 0.89), but the verification accuracy (0.38 based on hyperspectral data) is improved to 0.44. The training accuracy of eucalyptus AGB model is 0.72 and the verification accuracy is 0.71. Compared with the modeling results based on hyperspectral data, the verification accuracy of eucalyptus is greatly improved and the training accuracy is reduced by 0.06. After three-level feature screening of other broadleaved trees, the optimal features obtained are the same as those extracted from hyperspectral data. Therefore, the final AGB model results are the same. In summary, AGB models of different tree species based on active and passive data greatly improved the accuracy of Chinese fir, pine tree and eucalyptus, and the AGB of other broadleaved trees has the highest correlation with hyperspectral features.




3.5. Forest Above-Ground Biomass Mapping of the Forest Farm


According to the class II survey data of forest resources in Guangxi Province, the distribution area of each tree species within the forest farm is extracted and the corresponding feature variables in each stand area are extracted. The AGB value of each tree species within the forest farm is estimated by using the optimal model of each tree species based on LiDAR data, based on hyperspectral data and based on fused features. The AGB thematic maps of different tree species in the study area based on the optimal AGB model of different data sources are shown in Figure 6.



It can be seen from Figure 6 that the spatial distribution law of biomass of each tree species obtained by the three methods is the same. Chinese fir is mainly distributed in the south and central parts of the study area. Pine trees are distributed in a small range, mainly in the northwest and southeast of the study area. Eucalyptuses are mainly distributed in the east and west of the study area; there is a small distribution in the central and north region. Other broadleaved trees are evenly distributed in the central part and around the study area.



Comparing Figure 6b,c, the AGB of Chinese fir in b is mainly concentrated between approximately 70 and 100 t/hm2, and the AGB of Chinese fir in c is mainly concentrated between approximately 75 and 120 t/hm2. The AGB value of Chinese fir estimated based on airborne hyperspectral data is low, and the minimum AGB value of Chinese fir in b is 11.5 t/hm2 and that in c is 77.5 t/hm2. Compared with the measured AGB of Chinese fir, the smallest measured AGB of Chinese fir is 59.2 t/hm2, and most of the Chinese firs in the forest farm are middle aged and mature forests. Therefore, the minimum value of Chinese fir AGB estimation after feature fusion is more accurate.



The AGB of pine trees in b is mainly concentrated between approximately 120 and 130 t/hm2, and in c is mainly concentrated between approximately 120 and 140 t/hm2. The maximum and minimum values in b are 160 t/hm2 and 95 t/hm2, respectively, and the maximum and minimum values in c are 170 t/hm2 and 91 t/hm2, respectively. It can be seen that the biomass estimation value of the area with high AGB is too small based on hyperspectral data.



The maximum AGB of eucalyptus in b is more than 300 t/hm2, and that in c is more than 120 t/hm2. By analyzing the AGB of eucalyptus in small class areas of b and c, respectively, it is found that the maximum AGB of eucalyptus in c is 150 t/hm2, that in b is 700 t/hm2. Compared with the measured AGB of eucalyptus, the measured maximum AGB of eucalyptus is 338.8 t/hm2. It can be concluded that the AGB of eucalyptus in b has a serious oversaturation problem. It shows that the AGB of eucalyptus has little correlation with the features extracted based on hyperspectral data, such as spectral feature and texture feature. The height feature is the key feature to determine the AGB of eucalyptus.



The AGB models of other broadleaved trees in b and c are constructed based on airborne hyperspectral data, and the results are consistent. The AGB of other broadleaved trees in a is calculated based on the optimal model of LiDAR data. The AGB values of other broadleaved trees are mostly between approximately 130 and 190 t/hm2, and the AGB values of other broadleaved trees in c are mostly between approximately 120 and 160 t/hm2, indicating that the AGB values of other broadleaved trees calculated based on LiDAR data are generally greater than those calculated based on feature fusion.



In summary, feature fusion based on different data sources can avoid the problem of data value oversaturation. The estimation results of Chinese firs and pine trees based on feature fusion are better, the results of eucalyptuses based on LiDAR data are the best, and the estimation results of other broadleaved trees based on hyperspectral data are the best.





4. Discussion


4.1. Significance of Multi-Level Feature Screening


In this study, airborne LiDAR point cloud data and hyperspectral data were used to analyze the optimal feature variables of AGB modeling and the AGB estimation models of different tree species were established in a complex plantation in China. The three-level feature screening strategy was adopted in the feature screening of multi-source data. The airborne LiDAR features and hyperspectral features were screened, respectively, and then the fused features of the two data sources were screened. Finally, the selection of the optimal features was completed. At the same time, in the feature screening of hyperspectral data, two-level screening are also carried out. First, the feature screening was carried out based on different feature sets, and then, the final optimal hyperspectral features were screened based on the optimal feature sets. This hierarchical screening strategy can effectively avoid the problem of feature redundancy and effectively reduce irrelevant features in the case of few measured samples.




4.2. Selection of Optimal Feature Variables of Different Tree Species


The optimal feature variables of different tree species are related to the tree structures. Compared with most previous studies, the estimation accuracy of AGB is mostly related to vegetation index and point cloud height features [20,25]. In this study, the best features of Chinese firs and pine trees include spectral derivative features, point cloud height features and wavelet transform texture features. The best feature of eucalyptus is the height feature of point cloud, and the best feature of other broadleaved trees is the texture feature of wavelet transform. This shows that the optimal features of different tree species are different due to the specific vertical and canopy structure, and the texture features extracted by wavelet transform can be used for forest AGB modeling. In the subsequent forest AGB research, the corresponding remote sensing data can be selected according to different tree species to extract relevant feature variables.




4.3. Importance of Tree Species AGB Modeling


It is necessary to distinguish tree species to estimate the AGB models. Based on the optimal features of different data sources, using the MSR method to construct the AGB model by tree species can effectively avoid the problem that the previous AGB model is not targeted. More accurate mapping results can be obtained for forest AGB estimation and large-scale regional mapping with complex tree species composition and structural heterogeneity. At the same time, the canopy structure and tree shape of different tree species are different, and the carbon sequestration capacity is also different [21]. Distinguishing tree species to construct AGB models can improve the estimation accuracy of each tree species and also provide a more accurate reference basis for carbon reserve estimation.




4.4. Existing Problems and Future Research Directions


This study only studies the forest AGB model of Gaofeng forest farm in Nanning, Guangxi. There is no comparative analysis on whether the same tree species in other areas can use the model of this study. It can be extended in the follow-up study. At the same time, this study uses the method of feature fusion to combine the two data sources. Later, we can carry out further research on different data-source fusion methods.





5. Conclusions


This study explored the impact of a single remote sensing data source and active and passive remote sensing data fusion on the estimation accuracy of AGB of different tree species. In data feature extraction, according to the characteristics of different data sources, the feature set was constructed from tree canopy features, point cloud structure features, point cloud density features, terrain features, spectral reflectance, spectral derivative, GLCM texture, wavelet transform features and edge detection features. After three-level feature screening and modeling, the optimal models of AGB of different tree species were obtained. The results are as follows:




	(a)

	
Based on airborne hyperspectral data, the feature set was constructed by using multiple band combinations, wavelet transform and edge detection methods. Through two-level screening and modeling, it can be concluded that vegetation index and texture features based on GLCM have no obvious effect on improving the accuracy of the AGB model. Spectral features and texture features of wavelet transform play a decisive role in the construction of the AGB model. The AGB accuracy of the optimal models of the four tree species based on the optimal features of hyperspectral data was higher than 0.78, but the verification accuracy was very different. The verification accuracy of eucalyptus was only 0.03, which has the problem of over fitting. In conclusion, modeling using only hyperspectral data will have an impact on the estimation results of eucalyptus AGB. This is because for tall tree species, height features are also an important factor affecting the estimation accuracy of AGB.




	(b)

	
AGB models of different tree species were constructed based on multi-source feature fusion. From the results of feature screening, it can be concluded that the optimal features of Chinese firs and pine trees included the features of two data sources. Eucalyptus AGB had the best correlation with LiDAR point cloud data. The top features of other broadleaved trees were the features extracted from hyperspectral data. The training accuracy of the AGB model for each tree species was more than 0.72, and the verification accuracy was quite different. However, after feature fusion, the verification accuracy of Chinese firs and pine trees was improved. The results showed that AGB estimation and mapping in areas with complex tree species composition and high structural heterogeneity must be modeled by tree species. For coniferous trees, the AGB model constructed by combining airborne LiDAR height features and hyperspectral texture features had higher accuracy. The optimal features of the broadleaved tree AGB model will have different choices according to different tree species. For tall broadleaved trees, the AGB model based on airborne LiDAR height features had higher accuracy. Meanwhile, the AGB model for pure forests, such as Chinese firs, pine trees and eucalyptuses, can also be based on the above conclusions.
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Figure 1. Location of the study area and the field survey plots ((a) is the location of Guangxi Province. (b) is the location of Nanning City. (c) is the distribution of each species sample plot, the base map is hyperspectral image of the study area). 
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Figure 2. Elevation normalized point cloud of the study area. 
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Figure 3. Three-level screening and modeling process. 
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Figure 4. The feature importance ranking map after two-level screening of hyperspectral features. 






Figure 4. The feature importance ranking map after two-level screening of hyperspectral features.



[image: Remotesensing 14 02568 g004]







[image: Remotesensing 14 02568 g005 550] 





Figure 5. The feature importance ranking map after three-level screening of fused features. 
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Figure 6. Distribution of forest AGB in the study area based on different data sources ((a) is the AGB map of each tree species based on airborne LiDAR data. (b) is the AGB map of each tree species based on airborne hyperspectral data. (c) is the AGB map of each tree species based on feature fusion.). 
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Table 1. Sample plots information.






Table 1. Sample plots information.





	Tree Species
	Forest Age (Year)
	DBH (cm)
	Tree Height (m)
	Stem Density (n·ha−1)





	Chinese fir
	26 ± 5
	26.9 ± 22.1
	18.8 ± 13.4
	2098 ± 1634



	Pine Tree
	14 ± 7
	12.7 ± 6.6
	6.2 ± 6.0
	1211 ± 667



	Eucalyptus
	15 ± 13
	17.8 ± 14.8
	19.2 ± 17.9
	1610 ± 1034



	Other broadleaved tree
	24 ± 16
	27.2 ± 22.9
	14.9 ± 10.7
	1373 ± 806







Note: m ± n, m is the median of the tree parameters for each tree species, n is the maximum value that this parameter fluctuates up or down.
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Table 2. The main spatial parameters of hyperspectral system.
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	Parameters
	Value





	Spectral range (nm)
	400~1000



	Spectral resolution (nm)
	3.3



	Field angle (°)
	37.7



	Instantaneous field angle (mrad)
	0.646



	Focal length (mm)
	18.1



	Number of spatial pixels
	1024



	Spectral sampling interval (nm)
	4.6



	Quantized value (bits)
	12



	Number of bands
	125
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Table 3. List of the spectral features for hyperspectral data.
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	Type
	Name





	Spectral reflectance
	Band1, Band2…Band125



	First derivative
	X1st1, X1st2…X1st125



	Second derivative
	X2nd1, X2nd2…X2nd125
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Table 4. List of the vegetation indices for hyperspectral data.
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Type

	
Name

	
Formula






	
Broad-band greenness index

	
Normalized differential vegetation index (NDVI)

	
   NDVI =    ρ  800   −  ρ  680      ρ  800   −  ρ  680       




	
Enhanced vegetation index (EVI)

	
   EVI = 2.5  (     ρ  800   −  ρ  680      ρ  800   + 6  ρ  680   − 7.5  ρ  450   + 1    )    




	
Narrow-band greenness index

	
Red edge normalized difference vegetation index (NDVI705)

	
     NDVI  705  =    ρ  750   −  ρ  705      ρ  750   +  ρ  705       




	
NDVI1

	
     NDVI  1  =    ρ  750   −  ρ  740      ρ  750   +  ρ  740   + 0.0001     




	
NDVI2

	
     NDVI  2  =    ρ  756   −  ρ  735      ρ  756   +  ρ  735       




	
Soil adjust vegetation index (SAVI)

	
   SAVI =   1.5 × (  ρ  800   −  ρ  680   )    ρ  800   +  ρ  680   + 0.5     




	
SAVI2

	
   SAVI 2 =   1.5 × (  ρ  800   −  ρ  680   )    ρ  800   +  ρ  680   + 0.5     




	
Light utilization index

	
Photochemical reflectance index (PRI)

	
   PRI =    ρ  531   −  ρ  570      ρ  531   +  ρ  570       




	
Other indexes

	
Transformed chlorophyll absorption in reflectance index (TCARI670.700)

	
     TCARI   670.700   = 3  [   (   ρ  700   −  ρ  670    )  − 0.2  (   ρ  700   −  ρ  550    )  ×  (   ρ  700   /  ρ  670    )   ]    




	
Optimized soil-Adjusted vegetation index (OSAVI670.800)

	
     OSAVI   670.800   =  (  1 + 0.16  )  ×  (   ρ  800   −  ρ  670    )  /  (   ρ  800   +  ρ  670   + 0.16  )    




	
Modified chlorophyll absorption in reflectance index (MCARI)

	
   MCARI =  [   (   ρ  700   −  ρ  670    )  − 0.2  (   ρ  700   −  ρ  550    )   ]   (   ρ  700   /  ρ  670    )    




	
OSAVI

	
   OSAVI =  (  1 + 0.16  )  ×  (   ρ  800   −  ρ  700    )  /  (   ρ  800   +  ρ  700   + 0.16  )    




	
SARVI

	
   SARVI = 1.5 ×  (   ρ  800   − 2 ×  ρ  670   +  ρ  445    )  /  (   ρ  800   + 2 ×  ρ  670   −  ρ  445   + 0.5  )    
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Table 5. List of the second-order texture indices calculated by GLCM for hyperspectral data.
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	Type
	Name
	Formula





	Entropy
	entropy1, entropy2…entropy125
	     ∑   i j = 0   N − 1   P i j ×  (  − l n P i j  )    



	Second moment
	second.moment1, second.moment2…second.moment125
	     ∑   i j = 0   N − 1   P i j ^ 2   



	Variance
	variance1, variance2…variance125
	     ∑   i j = 0   N − 1   P i j ×  (  1 − m e a n  )  ^ 2   



	Mean
	mean1, mean2…mean125
	     ∑   i j = 0   N − 1   i P i j   



	Correlation
	correlation1, correlation2…correlation125
	     ∑   i j = 0   N − 1   P i j ×  [     (  i − m e a n  )  −  (  j − m e a n  )      v a r i a n c  e i  × v a r i a n c  e j       ]    



	Homogeneity
	homogeneity1, homogeneity2…homogeneity125
	     ∑   i j = 0   N − 1   i   P i j   1 +  (  i − j  )  ^ 2     



	Contrast
	contrast1, contrast2…contrast125
	     ∑   i j = 0   N − 1   i P i j × (  i − j  ) ^ 2   



	Dissimilarity
	dissimilarity1, dissimilarity2…dissimilarity125
	     ∑   i j = 0   N − 1   i P i j ×  |  i − j  |    
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Table 6. List of the spatial texture and transform features for hyperspectral data.
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	Types
	Name
	Describing





	Spectral feature
	(BT1, BT2…BT125)
	Spectral features of two-dimensional wavelet transform



	Texture feature
	Horizontal texture (Hor1, Hor2…Hor125)
	Horizontal texture of two-dimensional wavelet transform



	
	Vertical texture (Ver1, Ver2…Ver125)
	Vertical texture of two-dimensional wavelet transform



	
	Approximate texture (App1, App2…App125)
	Approximate texture of two-dimensional wavelet transform



	
	Diagonal texture (Dia1, Dia2…Dia125)
	Diagonal texture of two-dimensional wavelet transform



	Edge feature
	(Edg1, Edg2…Edg125)
	Edge texture of mathematical morphology analysis
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Table 7. Accuracy of AGB model based on hyperspectral data.
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	Tree

Species
	Modeling after

Two-Levels Screening
	Training Accuracy R2
	Verification Accuracy R2
	RMSE (t/hm2)
	MAE (t/hm2)





	Chinese fir
	Y = 94.98 + 46900.41 × 2nd-14 − 71056.38 × 1st-49 − 3306.91 × 1st-93
	0.89
	0.38
	9.67
	7.43



	Pine tree
	Y = 90.93 − 111797.85 × 2nd-51 − 19166.65 × 2nd-95 + 203276.65 × Dia117
	0.84
	0.79
	20.02
	14.37



	Eucalyptus
	Y = −54.84 + 25089.15 × Band46 − 14272.49 × Band65 + 508.42 × Band104 + 350052.48 × Ver6 + 1791491.57 × Ver22 − 378751.92 × Ver38
	0.78
	0.03
	350.14
	194.55



	Other broadleaved tree
	Y = 139.3 −3498000 × Ver19
	0.89
	0.13
	128.47
	94.53
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Table 8. Modeling accuracy of feature fusion.






Table 8. Modeling accuracy of feature fusion.





	Tree

Species
	Modeling after Three-Levels Screening
	Training Accuracy R2
	Verification Accuracy R2
	RMSE (t/hm2)
	MAE (t/hm2)





	Chinese fir
	Y = 96.25 − 5680.31 × 2nd-71 − 6762.93 × 1st-93 − 0.34 × H-variance
	0.78
	0.44
	11.02
	9.15



	Pine tree
	Y = 92.72 − 92027.59 × 2nd-51 − 9579.86 × 2nd-95 + 166851.96 × Dia117 − 5.62 × H-K
	0.95
	0.91
	12.94
	8.95



	Eucalyptus
	Y = −28.6 + 3.6 × H50 + 5.0 × Hc40
	0.72
	0.71
	50.75
	25.48



	Other broadleaved tree
	Y = 139.3 − 3498000 × Ver19
	0.89
	0.13
	128.47
	94.53
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