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Abstract

:

High-value timber species play an important economic role in forest management. The individual tree information for such species is necessary for practical forest management and for conservation purposes. Digital aerial photogrammetry derived from an unmanned aerial vehicle (UAV-DAP) can provide fine spatial and spectral information, as well as information on the three-dimensional (3D) structure of a forest canopy. Light detection and ranging (LiDAR) data enable area-wide 3D tree mapping and provide accurate forest floor terrain information. In this study, we evaluated the potential use of UAV-DAP and LiDAR data for the estimation of individual tree location and diameter at breast height (DBH) values of large-size high-value timber species in northern Japanese mixed-wood forests. We performed multiresolution segmentation of UAV-DAP orthophotographs to derive individual tree crown. We used object-based image analysis and random forest algorithm to classify the forest canopy into five categories: three high-value timber species, other broadleaf species, and conifer species. The UAV-DAP technique produced overall accuracy values of 73% and 63% for classification of the forest canopy in two forest management sub-compartments. In addition, we estimated individual tree DBH Values of high-value timber species through field survey, LiDAR, and UAV-DAP data. The results indicated that UAV-DAP can predict individual tree DBH Values, with comparable accuracy to DBH prediction using field and LiDAR data. The results of this study are useful for forest managers when searching for high-value timber trees and estimating tree size in large mixed-wood forests and can be applied in single-tree management systems for high-value timber species.
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1. Introduction


High-value timber species play a significant economic role in forest management. They can be found in very low density [1], while trees with high economic value are often large in size [2], contributing to structural heterogeneity, dynamics, and functions of the forest ecosystem [3,4]. In many different regions, their numbers are declining because they are harvested heavily [5], harvested illegally [6,7,8], and they have often been earmarked for special attention in conservation and forest management practices [5,9]. Due to their high commercial value, the single-tree management system is commonly used for the management of high-value timber species [2,10]. Individual tree information (i.e., tree spatial positions and their stem sizes) of high-value timber species are necessary for operational single-tree management systems. However, forest inventories that acquire individual tree information of high-value timber species that are sparsely distributed within a large area of multispecies mixed forests may not be feasible due to operational costs and labor constraints.



Remote sensing (RS) technology has become increasingly popular for acquiring forest information at large spatial scales [11,12]. Due to their ability for accurate three-dimensional (3D) measurements, airborne laser scanning (ALS) and the recently developed unmanned aerial vehicle digital aerial photogrammetry (UAV-DAP) technologies, among other RS techniques, would provide promising information for high-value trees that could be used for the purposes of single-tree management systems. ALS is an active remote sensing technique that uses light detection and ranging (LiDAR) sensors, providing a range of features related mainly to the trees, including discrete return and full-waveform features [11,13]. However, the use of LiDAR data in practical forest management operations remains costly for forest managers, especially when high spatial and temporal resolution RS data for individual-tree-level analysis are required over a small area [14]. As an alternative to LiDAR data, 3D forest information can be derived from UAV-DAP following a computer-vision-based structure-from-motion technique [15,16,17,18]. Several comparative studies between LiDAR and UAV-DAP data have confirmed the applicability of both data types for forest attribute estimation, with both showing comparable accuracy [19,20,21,22,23,24].



Individual tree spatial position and tree size values for high-value timber species play critical roles in single-tree management systems. Therefore, it is necessary to discriminate the forest canopy at the species level to estimate the spatial positions of individual trees. The applicability of multispectral or hyperspectral data in forest species detection has been demonstrated in previous studies [25,26,27]. LiDAR intensity and waveform data have also been used to classify the forest canopy at the species level [28,29,30]. Some studies have suggested that the accuracy of tree species detection using multispectral or hyperspectral data could improve when combined with LiDAR data [31,32,33]. However, multispectral or hyperspectral data have many constraints in their acquisition and require complex data processing [34]. In this case, the spectral information included in very high-resolution UAV-DAP data would be a cost-effective alternative data source. Therefore, in this study, we examined the use of UAV-DAP for the estimation of individual tree spatial positions of high-value timber species.



The use of LiDAR and UAV-DAP for forest attribute estimation generally follows two common approaches: the area-based approach (ABA) or the individual tree detection (ITD) approach [17,35,36,37,38]. In the ABA, plot- and stand-level forest structural attributes are estimated from vegetation metrics derived from LiDAR and UAV-DAP canopy height models (CHM). In the ITD approach, the CHMs or normalized point clouds are segmented into tree crowns, and variables such as the tree height, crown area, and structural metrics within the segmented tree crowns are extracted. However, the accuracy of tree crown detection largely depends on the forest conditions, i.e., tree density, forest type, and tree species [39,40]. Even though satisfactory results were obtained for conifer trees and plantations [38,41,42], studies suggest that individual tree detection (ITD) algorithms may not produce highly accurate results when the target species are broadleaf species [39,40,43]. The estimation of individual tree size information for large high-value timber trees with highly heterogeneous tree crowns remains a challenging task. In this study, we examine this issue.



In northern Japanese mixed-wood forests, monarch birch (Betula maximowicziana Regel), castor aralia (Kalopanax septemlobus (Thunb.) Koidz), and Japanese oak (Quercus crispula Blume) are major high-value timber species. The production of high-quality and high-value timber from these species is exclusively dependent on the cutting of large trees within the mixed-wood forest. One of the major challenging tasks for forest managers in operational single-tree management systems is the search for high-value timber trees, since they are much rarer than other common conifer and broadleaf species [44]. Considering its high spatial and temporal resolution, costs, and efficient data collection, UAV-DAP could be a useful tool for single-tree management.



Therefore, the objective of this study is to examine the potential use of UAV-DAP to estimate individual tree spatial position and diameter at breast height (DBH) values of high-value timber species. Spectral information derived from UAV-DAP and LiDAR data was used to estimate the trees’ spatial positions. Individual tree DBH Values were estimated from LiDAR and UAV-DAP structural metrics. The results of this study could be useful for forest managers when searching for high-value timber trees based on estimated tree size in large mixed-wood forests.




2. Materials and Methods


2.1. Study Site


The study site was located in the University of Tokyo Hokkaido Forest (UTHF) (Figure 1) in Furano City, on the central Hokkaido Island in northern Japan (43°10–20′ N, 142°18–40′ E, 190–1459 m asl). Uneven-aged mixed forests with coniferous and broadleaf tree species are the main vegetation cover in the UTHF. The predominant conifer species included Sakhalin fir (Abies sachalinensis) and Yezo spruce (Picea jezoensis), while the major broadleaf species included Tilia japonica, Acer pictum var. mono, B. maximowicziana, K. septemlobus, Q. crispula, and Ulmus laciniata. The main silvicultural system in the UTHF is the single-tree selection system, in which trees are periodically selected and harvested with a cutting cycle of 15 to 20 years and a tree removal rate of 10–17% [2]. In addition, the single-tree management technique has been applied for the management of high-value timber species since 1965 [2,45].



Two forest management sub-compartments, 36B (117.03 ha) and 59A (65.2 ha), were intentionally selected as areas of interest, since these compartments were scheduled for management activities in 2020 and 2019, respectively.




2.2. Data


2.2.1. Field Data


Field surveys were carried out during July and August 2019. In total, 213 sample trees of target high-value timber species (monarch birch, castor aralia, and Japanese oak) and 77 sample trees of other common broadleaf trees (A. pictum var. mono, T. japonica, Ulmus spp, and Fraxinus mandshurica) were measured in the field (Figure 1). The measurement parameters for the three high-value timber species included the DBH, tree height, crown lengths in four perpendicular directions, and spatial positions of individual trees. For other common broadleaf species, the DBH and spatial positions were recorded. The DBH was measured using a diameter tape 1.3 m above the ground. The tree height and crown length were measured using a Vertex III hypsometer and transponder (Haglöf Sweden AB, Långsele, Sweden). Tree height measurements were carried out three times and average height values were assumed as the corresponding tree height. Individual tree spatial positions were recorded using a global navigation satellite system (GNSS). We used an R2 integrated GNSS system (Trimble Inc., Sunnyvale, CA, USA) to record individual tree spatial positions, with an accuracy of less than 1 m. The field-recorded coordinates were post-processed using correction data from the base station. We used the nearest official reference point as the base station.



In addition to field-measured trees, we also recorded large trees near field-measured trees that can be easily identified on the UAV-DAP orthophotographs. Therefore, there were 132 trees from high-value timber species and 62 trees from other broadleaf species in sub-compartment 36B (194 broadleaf trees), and 88 trees from high-value timber species and 33 trees from other broadleaf species in sub-compartment 59A (121 broadleaf trees). These datasets were used for the purpose of classifying the forest canopy. Individual tree crowns for all these trees were manually digitized. We used field-measured individual tree spatial positions, visual interpretation of UAV-DAP orthophotographs, and field-measured crown information in manual digitization of individual tree crowns. These manually digitized tree crown polygons were used as reference tree crowns for classification of the forest canopy at the species level, as described in Section 2.3.2. For the individual tree DBH estimations of high-value timber species described in Section 2.3.3, we used 213 field-measured sample trees, their field-measured crown information, and their manually digitized tree crown areas. A summary of the field measurement data for high-value timber species is given in Table 1.




2.2.2. LiDAR Data


LiDAR data were acquired in September 2018 using an Optech Airborne Laser Terrain Mapper (ALTM) Orion M300 sensor (Teledyne Technologies, Waterloo, ON, Canada) mounted on a helicopter. The detail specifications of LiDAR data are summarized in Table 2. Initial data processing, such as classification of points into ground and non-ground classes, were conducted by the data provider (Hokkaido Aero Asahi, Hokkaido, Japan) and data were delivered in LAS format.




2.2.3. UAV Data


We used an Inspire-2 platform mounted with a Zenmuse X5S RGB camera (DJI, Shenzhen, China) for image acquisition. Flight missions were conducted on 8 and 10 July 2019 for compartment 36B and on 11 and 30 July 2019 for compartment 59A. The UAV flight parameters are described in Table 3. The ground control points (GCPs), take-off, and landing points were set in available open areas before the flight missions. A total of 10 GCPs for sub-compartment 36B and 9 GCPs for sub-compartment 59A were collected. The xyz coordinates of the GCPs were recorded with the Trimble R2 GNSS system, with accuracy of less than 1 m. There were a total of 3292 images for compartment 36B and 2231 images for compartment 59A. All imagery had a photo resolution of 5280 × 3956 pixels.





2.3. Data Analysis


2.3.1. RS Data Processing


LiDAR Data Processing


LiDAR data processing, such as generation of the LiDAR digital terrain model (LiDAR-DTM), LiDAR point cloud normalization, and LiDAR canopy height model (LiDAR-CHM) generation, were carried out using the US Forest Service FUSION/LDV 3.8.0 software [46]. The LiDAR-DTM was generated using the GroundFilter and GridSurfaceCreate functions, as well as the CanopyModel function for point cloud normalization and LiDAR-CHM.




Photogrammetric Processing of UAV Imagery


The photogrammetric processing software Agisoft Metashape Professional Edition 1.5.3 (Agisoft, St. Petersburg, Russia) was used for UAV imagery processing. We performed four image processing stages in Metashape: image alignment, building a dense point cloud, building a digital elevation model (DEM), and building an orthomosaic. We used high accuracy for image matching in the image alignment stage, the stage at which the camera location, orientation, and other internal parameters are optimized [47]. After the initial alignment was performed, abnormal points were deleted based on gradual selection procedures in Metashape [47]. We then added GCPs in each corresponding image for a more accurate optimization of the camera locations and orientations, as well as other internal camera parameters. We used medium quality images in building a dense point cloud stage to reduce the image processing time and mild depth filtering to remove the outliers. We followed the Metashape default setting for the DEM building stage and orthomosaic building stage. The detailed photogrammetric procedure was described by Moe et al. [48]. Dense point clouds were exported in LAS format with an average point density of 547.01 points/m2 and orthophotographs with a 3 cm pixel resolution were exported in GeoTiff format for both sub-compartments. We used LiDAR-DTM for normalization of UAV-DAP point clouds.





2.3.2. Classification of the Forest Canopy into Species


Classification of the forest canopy into species was performed through the following steps: image segmentation, variable extraction, variable selection, classification, and accuracy assessment.



Image Segmentation


RGB information embedded in UAV-DAP data can provide more successful delineation for large and highly heterogenous broadleaf tree crowns. The object-based image analysis (OBIA) method was used to delineate forest canopy into individual tree crown [49,50,51]. OBIA is based on a segmentation procedure that starts from individual pixels that are merged to their most similar adjacent regions. This method is particularly suitable in the case of high spatial resolution imagery, in which pixels are significantly smaller than the objects of interest [51]. The information from the three image spectral bands (i.e., red, green, and blue) of UAV-DAP orthophotographs, together with LiDAR normalized point clouds, were used together for image segmentation using a multiresolution segmentation algorithm in the eCognition Developer (Trimble Inc., Sunnyvale, CA, USA). This algorithm chooses the importance (weight) of a data layer (i.e., RGB layers and CHM layer) used for image segmentation. The importance of the CHM layer was set at three times higher than the RGB layers [50].




Variable Extraction


After the segmentation of each tree crown, various spectral and textural variables were extracted from each individual tree crown [52,53,54]. Since the target species were broadleaf trees with high heterogeneity within an individual tree crown, the exact overlap of algorithm-derived tree crowns and manually digitized tree crowns was not achieved. The same problem was also reported in previous studies [50,53,55,56]. Therefore, segmented objects (tree crowns in this case) with a high percentage of overlap were selected for variable extraction. In this study, we selected the largest tree crown objects within the manually digitized tree polygon for variable extraction. Ma et al. [56] selected 60% overlap objects for variable extraction to classify land cover classes. Apostol et al. [50] used enclosed parts of algorithm-derived tree crowns on the target tree crown for variable extraction. Other studies [57,58] used sunlit parts of the tree crown objects for variable extraction for species classification purposes. The variables extracted from individual tree crowns are listed in Table 4.




Variable Selection, Classification, and Accuracy Assessment


Various variable selection and classification algorithms were applied in remote sensing image classification. Non-parametric methods are widely popular for this purpose, as they can be used with arbitrary data distributions [58]. Among non-parametric methods, random forest (RF) is one of the most used classification methods in the field of image classification, as it is simple and does not require sophisticated parameter tuning [58,59]. RF can handle high data dimensionality (i.e., a small number of observations with a high number of independent variables) [60]. Using the object information described in Table 4, image objects derived from multiresolution segmentation were classified into five classes: monarch birch, castor aralia, Japanese oak, other broadleaf, and conifer. Other broadleaf includes the major canopy species of A. pictum var. mono, T. japonica, Ulmus spp, and F. mandshurica. Conifer trees were not measured in the field. We, therefore, used visual interpretation of orthophotographs for digitizing conifer tree crowns. We used 50 conifer tree crowns in each sub-compartment to extract the variables described in Table 4. We divided the data into training and validation data at a ratio of 70:30. We used the randomForest package [61] implemented in R statistical software package [62] for the classification. The accuracy assessment was carried out by generating standard confusion matrix, as applied in previous studies [25,32]. The resulting image objects were assumed as the individual tree locations of high-value timber species.





2.3.3. Estimation of DBH


Although the largest tree crown objects within manually digitized tree crowns were selected for variable selection, these tree crowns may not be useful for the estimation of tree DBH. In previous studies, segmented tree crowns with one-to-one relationships with manually digitized polygons were selected for individual tree parameter estimation (e.g., [63,64,65,66]). In this study, we used manually delineated tree crowns to extract structural variables from LiDAR- and UAV-DAP-normalized point clouds. We used the cloudmetrics function in the FUSION software package to derive the structural variables of individual tree crowns. A total of 30 crown, height, and structural variables (Table 4) were derived for each tree crown, which were used to estimate individual tree DBH Values. For the purpose of comparison, we also predicted the DBH Values using field-measured tree heights and crown areas. We used a linear mixed effects model, considering the sub-compartments as a random effect. For LiDAR- and UAV-DAP-derived metrics, stepwise variable selection was carried and the final models were selected based on Akaike’s information criterion (AIC) [67]. However, the variables with a variance inflation factor (VIF) larger than five were neglected in the final model in order to avoid multicollinearity [68]. The accuracy of the selected models was validated using leave-one-out-cross-validation. The coefficient of determination for fixed effect parameters (marginal R2), root mean square error (RMSE), and Pearson’s correlation coefficient (r) were determined for each species to assess the goodness of fit of the selected model.






3. Results


3.1. Multiresolution Segmentation of Forest Canopy


Comparison between crown areas (CAs) were carried out on three pairs (i.e., field-measured CAs versus manually digitized CAs, field-measured CAs versus multiresolution segmented CAs, and manually digitized CAs versus multiresolution segmented CAs). The results of the comparison are shown in Figure 2. The results indicated the lower correlation between field-measured and multiresolution segmented crown areas for all species. A slightly better correlation was observed between manually digitized crown areas and multiresolution segmented crown areas. Among the three pairs used for comparison, field-measured crown areas and manually digitized crown areas exhibited the highest correlation coefficients. Since the target tree species were large in size and their crown areas were highly heterogenous, tree crown area underestimation was observed in all species (Figure 2). Figure 3 shows the visual comparison between manually digitized tree crowns and multiresolution segmentation-derived tree crowns.




3.2. Variable Selection, Classification of Forest Canopy, and Accuracy Assessment


The results of the RF classification of the forest canopy into three high-value timber species, other broadleaf species, and conifer species are shown in Table 5 and Table 6. Based on 75 validation crowns consisting of 11 monarch birch, 18 castor aralia, 12 Japanese oak, 21 other broadleaf, and 13 conifer trees, an overall accuracy classification value of 73% was obtained with a kappa coefficient of 0.66 in sub-compartment 36B (Table 5). Table 6 shows the results of the classification for sub-compartment 59A. The overall accuracy of 63% was obtained with a kappa coefficient of 0.53 based on the validation data (58 crowns) for 12 monarch birch, 9 castor aralia, 6 Japanese oak, 12 other broadleaf, and 19 conifer trees. Figure 4 and Figure 5 show the important variables for the classification of the forest canopy in sub-compartments 36B and 59A, respectively.



The spatial positions of individual trees can be extracted from the classification results. Figure 6 shows monarch birch, castor aralia, Japanese oak, other broadleaf, and conifer tree crowns. These individual tree crowns indicate the tree locations of high-value timber species.




3.3. DBH Estimation


The selected models for DBH estimation using field, LiDAR, and UAV-DAP data are shown in Table 7. Figure 7 showed the correlation between observed and predicated DBH Values for three high-value timber species. The results indicated that the models based on LiDAR data obtained higher correlation coefficients and lower RMSE values. The models based on UAV-DAP revealed a comparable prediction power to LiDAR-based models and field-survey-based models. Among the three data sources, models using field-measured data exhibited the highest RMSE values and lower correlation values for all species. In general, the results showed the higher correlation for castor aralia, while lower correlation values were observed for Japanese oak (Table 7 and Figure 7).





4. Discussion


4.1. Segmentation of the Forest Canopy


In this study, tree crown segmentation was conducted using the multiresolution segmentation method, which showed low segmentation accuracy (Figure 2) for all target high-value timber species. As shown in Figure 3, the crowns of target high-value timber species are largely heterogeneous, which could produce a lower segmentation accuracy. For all target species, underestimation of individual tree crown areas was observed. Deciduous species have a relatively flat outer canopy envelope, and therefore generally have more complex crown structures compared to coniferous species. In addition, the branching patterns of large size deciduous trees lead tree detection algorithms to detect a heterogenous individual tree crown as different tree crowns [69]. In this study, we used spectral bands (i.e., R, G, and B) derived from UAV-DAP together with rasterized LiDAR canopy height models for delineation purposes. The within-crown heterogeneity of large high-value timber species produced different tree crown objects for manually delineated tree crowns (Figure 3). Spectral variation due to shadows within a heterogenous individual tree crown could lead to the segmentation of individual tree crowns into several crowns (Figure 2 and Figure 3).



Higher tree crown detection accuracies were reported for conifer species and plantations in previous studies [38,41]. The results in this study were consistent with previous studies using different tree crown detection algorithms. Studies by [39,40,43] reported that the results of individual tree crown detection algorithms could not produce highly accurate results, especially when the target species were broadleaf species. Using the UAV-DAP-derived canopy height models, Nuijiten et al. [69] accessed the seasonal variation in the results for the delineation of individual tree crown, using a marker-controlled watershed segmentation algorithm in mixed deciduous forest stands. They reported accuracy values of 55% in summer and 77% in autumn. Dalponte et al. [25] used hyperspectral data for the segmentation of the forest canopy, reporting that on average 34% of the area delineated by the tree crown detection algorithm overlapped with the area containing manually delineated tree crowns.




4.2. Classification of the Forest Canopy


We classified the forest canopy into three high-value timber species, other broadleaf species, and conifer species (Table 5 and Table 6). Even though the classification of the forest canopy into two categories of broadleaf and conifer species is highly accurate, as indicated in previous studies [70,71], classification of the forest canopy into several classes can be challenging, especially since our data consisted of R, G, and B bands only. We obtained overall classification accuracy values of 73% and 63% in sub-compartments 36B and 59A, respectively (Table 5 and Table 6, Figure 6). The important variables (Figure 4 and Figure 5) for classification of the forest canopy were different for the two sub-compartments. In sub-compartment 36B, NGRVI appeared to be the best spectral variable for classification, while the mean value of blue was the best variable in sub-compartment 59A. This could be due to the timing of the UAV flight missions between the two sub-compartments. In addition, the weather conditions during the flight missions may have influenced the spectral responses of forest canopy, affecting the classification accuracy.



Lower classification accuracy was observed in sub-compartment 59A. The lower classification accuracy result in the current study could be due to confusion of the spectral signatures of each species. This issue was also highlighted in previous studies [26,55]. The accuracy in the current study was relatively lower than previous studies that used more spectral information, such as multispectral or hyperspectral information. For example, Franklin et al. [26] used multispectral data derived from UAV-DAP to classify a forest canopy into five categories. They reported an overall classification accuracy of 78% for 23 validation tree crowns. A study by Lisein et al. [52] tested multitemporal UAV flights with RGB and color–infrared cameras to determine the best time window for classifying forest species. Using the random forest classification approach, they reported a lower error value of 16% when discriminating 5 different categories of tree species. The use of hyperspectral data and LiDAR data for tree species classification was examined by Matsuki et al. [32] and Dalponte et al. [25]. They reported maximum classification accuracy values of 82% for 16 classes of tree species [32] and 88.1% for 9 classes [25].




4.3. Estimation of Individual Tree DBH


In addition to species classification, this study demonstrated the applicability of RS data for the estimation of DBH, which is one of the most important variables for single-tree management purposes. We compared the accuracy of field, LiDAR, and UAV-DAP data for DBH estimation for three high-value timber species. In the DBH estimation models of RS data, the significant variables used for prediction are the tree-height-related variables. The RS variables related to point density did not play an important role in the estimation of individual tree DBH Values. This result is consistent with the previous studies [63,65]. Yu et al. [63] examined the use of LiDAR height and intensity metrics for the estimation of the tree basal area and stem volume in Finland. They found that the best models for estimating individual tree DBH Values were models that included tree crown and height metrics. In addition, a study by Chen et al. [65] also reported that models including LiDAR height and crown metrics rather than intensity metrics seemed to be the best models for individual tree stem volume and basal area estimations. However, all returns (i.e., first, second, third, and final returns) were used to derive the intensity metrics. The intensity metrics derived separately for each return within specific tree crown areas related better to individual tree DBH Values.



The results of the DBH estimation models also revealed that manually delineated tree crown area values, together with tree height values, could better estimate the individual tree DBH Values than field-measured crown area values. The correlation between observed and predicted DBH Values was higher in DBH models that used manually delineated crown area values. Among the tree species, the accuracy of DBH estimation for castor aralia seemed to be higher than for the other two species. Visually, castor aralia was relatively easier to distinguish in most cases. Therefore, manual tree crown delineation could be more accurate for this species than for the other two species. In the literature, field-measured tree crown and tree height values were used to develop the tree diameter estimation models [72,73,74]. RS data could improve the accuracy of these diameter distribution models.




4.4. Considerations for Forest Management


Our study explored the applicability of UAV-DAP for single-tree management purposes. Under single-tree management, identifying tree locations (e.g., Figure 6) and their stem sizes are important and challenging tasks for forest managers. For these purposes, UAV-DAP, having the ability to acquire high spatial and temporal resolution data, could be a useful data source especially where periodic monitoring to facilitate forest management is necessary for compartment-level forest areas.



Even though our classification results were lower than other studies using multispectral or hyperspectral data [25,26,32,53], we assumed that our results were reasonable at lower spectral bands. However, as indicated by the result of sub-compartment 59A, the results indicated that the timing of UAV-DAP flight missions plays an important role in classifying a forest canopy at the species level, especially when a UAV platform with an RGB camera is used. This issue could be overcome by determining the best season and timing for UAV-DAP data acquisition, which would help identify the high-value timber species and their locations, since the target species are deciduous broadleaf species with significant changes in leaf phenology, especially in the autumn. In addition, further inclusion of more spectral bands could improve the accuracy of the classification results. Further research attempts should be undertaken on these issues for single-tree management purposes.



One of the major problems of DBH estimation for high-value timber species is the automatic tree crown delineation accuracy. The lower accuracy in tree crown delineation could lead to significant errors in DBH estimation, since estimation of DBH relies on the crown area and tree height [73,74]. Previous studies also reported the same problem [25,39,69], which is an active area of research. However, we assumed that with forest canopy classification derived from tree location maps, visual interpretation of tree crowns on UAV-DAP orthophotographs would help determine the tree crown area that can be used for tree size estimation. The availability of tree location maps could help reduce the effort and time taken searching for trees within large forest areas. One of the possibilities for DBH estimation is the use of under-canopy UAV laser scanning [75]. Hyyppä et al. [75] applied under-canopy flying UAV laser scanning data to estimate DBH Values, reporting DBH RMSE values of 0.6 cm and 0.92 cm in sparse and obstructed plots, respectively. In addition, mobile laser scanning and personal laser scanning techniques could be alternatives to the DBH estimation method [76,77]. However, given the trade-offs between costs, time, and resolution, our methods presented in this study could be alternative sources of data that acquire individual tree information for sparsely distributed high-value timber species in mixed-wood forests.





5. Conclusions


In this study, we demonstrated the applicability of UAV-DAP and LiDAR data for estimation of individual tree spatial positions and DBH Values. We performed multiresolution segmentation of UAV-DAP orthophotographs, together with rasterized LiDAR CHM, in order to segment the forest canopy into individual tree crowns. We applied object-based image analysis and random forest classification techniques to classify the forest canopy into three high-value timber species, other broadleaf species, and conifer species. The results indicated overall accuracy values of 73% and 63% in sub-compartments 36B and 59A, respectively. The DBH estimation results showed high prediction accuracy when using a manually digitized tree crown area and LiDAR- and UAV-DAP-derived tree height values. The UAV-DAP data had comparable prediction accuracy to field-measured data and LiDAR data. The results of this study could be useful for forest managers when searching for high-value timber trees and estimating tree size in large mixed-wood forests.



Since our UAV-DAP data were taken once in the summer, the results should be generalized carefully with UAV-DAP data taken over different time periods and with different forest types. Further research attempts should be carried out with repeated UAV flight missions throughout spring, summer, and autumn to determine the best time window for identifying individual tree locations of high-value timber species. In addition, the combined used of terrestrial LiDAR, airborne LiDAR, and UAV-DAP data could be of benefit when estimating the DBH Values of individual trees, and should be analyzed further to estimate the stem sizes of high-value timber species.
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Figure 1. Location of the study area. (a) The University of Tokyo Hokkaido Forest. (b) Sub-compartment 36B and 59A. (c) Measured trees in sub-compartment 36B. (d) Measured trees in sub-compartment 59A. 
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Figure 2. Correlations between crown areas derived from field measurements, manual delineation, and multiresolution segmentation of UAV orthophotographs. CA represents crown area. The first, second, and third row represent monarch birch, castor aralia, and Japanese oak, respectively. RS-derived CA represents CA derived from multiresolution segmentation. 
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Figure 3. Individual tree crown results derived from multiresolution segmentation for three high-value timber species: (a) monarch birch, (b) castor aralia, and (c) Japanese oak in sub-compartment 36B; (d) monarch birch, (e) castor aralia, and (f) Japanese oak in sub-compartment 59A. 
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Figure 4. Species separability boxplots for classification of the forest canopy in sub-compartment 36B. 
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Figure 5. Species separability boxplots for classification of the forest canopy in sub-compartment 59A. 
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Figure 6. Individual tree crowns derived from the RF classification, where each tree crown also indicates the individual tree’s spatial position: (a) sub-compartment 36B and (b) sub-compartment 59A. 
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Figure 7. Observed and predicted DBH Values for monarch birch (first row), castor aralia (middle row), and Japanese oak (third row). 
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Table 1. Summary of the statistics for field-measured trees.
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DBH (cm)

	
Height (m)

	
Crown Area (m2)






	

	
Mean (SD)

	
Min–Max

	
Mean (SD)

	
Min–Max

	
Mean (SD)

	
Min–Max




	
Monarch birch

(n = 77)

	
60.1 (10.1)

	
41.8–90.6

	
25.4 (2.7)

	
20.9–32.8

	
182.8 (63.1)

	
69.5–366.1




	
Castor aralia

(n = 73)

	
59.3 (12.9)

	
44.0–94.4

	
23.4 (3.1)

	
14.1–29.7

	
101.9 (44.3)

	
37.4–251.0




	
Japanese oak

(n = 63)

	
74.4 (14.1)

	
44.2–111.2

	
24.7 (2.6)

	
20.4–30.1

	
158.6 (55.1)

	
72.7–305.3








Note: SD, min, and max stand for the standard deviation, minimum, and maximum, respectively; DBH, diameter at breast height.
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Table 2. Light detection and ranging (LiDAR) flight parameters.
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	Parameters
	Description





	Flying speed (km/h)
	140.4



	Flying height (m)
	600



	Course overlap (%)
	50



	Beam divergence (mrad)
	0.16



	Pulse rate (kHz)
	100



	Scan angle (°)
	±30



	Point density (points/m2)
	16.07
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Table 3. Unmanned aerial vehicle (UAV) flight parameters.
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	Parameters
	Description





	Flying height (m)
	120



	Ground sampling distance (cm/pixel)
	2.3



	Longitudinal overlap (%)
	80



	Lateral overlap (%)
	80
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Table 4. Spectral, textural, and structural variables extracted from each tree crown polygon.
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	Variables Names
	Formula

(for Spectral Variables)





	Spectral variables
	



	Mean value of R, G, and B
	   R ¯   ,    G ¯   ,    B ¯   



	Sum of mean R, G, and B
	   R ¯    +    G ¯    +    B ¯   



	Normalized R
	=    R ¯   /(    R ¯    +    G ¯    +    B ¯    )



	Normalized G
	=    G ¯   /(    R ¯    +    G ¯    +    B ¯    )



	Normalized B
	=    B ¯   /(    R ¯    +    G ¯    +    B ¯    )



	Mean brightness
	= (   R ¯    +    G ¯    +    B ¯    )/3



	Normalized Green–Red Vegetation Index (NGRVI)
	= (   G ¯    −    R ¯   )/(   G ¯    +    R ¯    )



	Normalized Red–Blue Vegetation Index (NRBVI)
	= (   R ¯    −    B ¯   )/(   R ¯    +    B ¯    )



	Normalized Green–Blue Vegetation Index (NGBVI)
	= (   G ¯    −    B ¯    )/(   G ¯    +    B ¯   )



	Textural Variables (Grey Level Co-occurrence Matrix (GLCM))
	



	Homogeneity, standard deviation, mean, variance, contrast, dissimilarity, entropy
	



	Structural variables
	



	Maximum height (H-max), mean H, percentile height of 5%, 10–99% (H05, H10–H99), intensity at different H fractions (Int05, Int10–Int99), crown area
	







Note: R, G, and B represent red, green, and blue, respectively.













[image: Table] 





Table 5. Confusion matrix for the random forest (RF) classification of broadleaf species into high-value timber species and other broadleaf species based on 75 validation crowns from known tree positions in sub-compartment 36B.






Table 5. Confusion matrix for the random forest (RF) classification of broadleaf species into high-value timber species and other broadleaf species based on 75 validation crowns from known tree positions in sub-compartment 36B.





	
Classified Crowns

	
Reference Crowns

	

	
UA/PA %




	
Monarch Birch

	
Castor Aralia

	
Japanese Oak

	
Other Broadleaf

	
Conifer






	
Monarch birch

	
8

	
2

	
1

	
2

	
1

	
57/73




	
Castor aralia

	
0

	
14

	
0

	
2

	
1

	
82/78




	
Japanese oak

	
1

	
0

	
10

	
3

	
0

	
71/83




	
Other broadleaf

	
1

	
1

	
1

	
13

	
1

	
76/62




	
Conifer

	
1

	
1

	
0

	
1

	
10

	
77/77




	
Overall accuracy

	

	
73 % (kappa = 0.66)








UA and PA stand for user’s accuracy and producer’s accuracy, respectively. 
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Table 6. Confusion matrix for RF classification of broadleaf species into high-value timber species and other broadleaf species based on 58 validation crowns from known tree positions in sub-compartment 59A.






Table 6. Confusion matrix for RF classification of broadleaf species into high-value timber species and other broadleaf species based on 58 validation crowns from known tree positions in sub-compartment 59A.





	
Classified Crowns

	
Reference Crowns

	

	
UA/PA %




	
Monarch Birch

	
Castor Aralia

	
Japanese Oak

	
Other Broadleaf

	
Conifer






	
Monarch birch

	
7

	
0

	
0

	
0

	
1

	
87/58




	
Castor aralia

	
0

	
6

	
0

	
2

	
1

	
67/67




	
Japanese oak

	
0

	
0

	
5

	
6

	
0

	
45/83




	
Other broadleaf

	
1

	
2

	
0

	
3

	
1

	
43/25




	
Conifer

	
4

	
1

	
1

	
1

	
16

	
70/32




	
Overall accuracy

	

	
63 % (kappa = 0.53)








UA and PA stand for user’s accuracy and producer’s accuracy, respectively.
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Table 7. DBH estimation models.






Table 7. DBH estimation models.





	
Species

	
Model

	
Parameter Estimates

	
R2 (Marginal)

	
RMSE (cm)






	

	
Field




	
Monarch birch

	
Intercept

CAf

Field Height

	
33.38 ***

0.08 ***

0.45

	
0.32

	
8.90




	
Castor aralia

	
Intercept

CAf

Field Height

	
16.03 *

0.13 ***

1.29 ***

	
0.47

	
10.57




	
Japanese oak

	
Intercept

CAf

Field Height

	
34.01 **

0.12 ***

0.92

	
0.32

	
14.01




	

	
LiDAR




	
Monarch birch

	
Intercept

CAD

H-max

	
8.75

0.10 ***

1.29 ***

	
0.59

	
7.05




	
Castor aralia

	
Intercept

CAD

H99

	
−11.83

0.23 ***

2.34 ***

	
0.70

	
7.39




	
Japanese oak

	
Intercept

CAD

H99 H30

	
22.43

0.17 ***

3.18 ***−3.06 ***

	
0.54

	
11.87




	

	
UAV-DAP




	
Monarch birch

	
Intercept

CAD

H99

	
16.97 *

0.11 ***

0.97 ***

	
0.56

	
7.30




	
Castor aralia

	
Intercept

CAD

H99

	
0.89

0.22 ***

1.81 ***

	
0.60

	
8.51




	
Japanese oak

	
Intercept

CAD

H99

	
24.51

0.20 ***

1.07

	
0.40

	
13.29








Note: CAf represents field-measured crown area and CAD represents manually digitized crown area, respectively, for UAV orthophotographs. Significance code: *** p < 0.001, ** p < 0.01, * p < 0.05.
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