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Abstract

In this study, we compared the accuracy of individual-tree height and diameter at breast height (DBH) estimates
derived from drone light detection and ranging (LiDAR), static terrestrial laser scanning (TLS), hand-held SLAM
LiDAR, and integrated multi-platform point cloud monitoring under identical stand conditions in a 54-year-old
Japanese larch (Larix kaempferi) plantation. Values obtained for a total of 43 trees from three 20 m x 20 m plots
were evaluated against field measurements. Among the individual platforms, drone LiDAR showed the highest
accuracy for estimations of tree height (RMSE = 0.580 m, rRMSE = 2.71%), whereas static TLS provided the
most accurate DBH estimates (RMSE = 0.573 cm, rRMSE = 1.80%). Among the integrated datasets, drone + TLS
achieved the highest tree height accuracy (RMSE = 0.418 m, rRMSE = 1.95%), with a DBH accuracy comparable
to that of static TLS (RMSE = 0.603 cm, rRMSE = 1.89%). These results indicate that the complementary
observation geometries of airborne and terrestrial LIDAR can improve the representation of upper-canopy and stem
structures. Under the measurement conditions adopted in this study, drone LiDAR provided relatively rapid data
acquisition for height-oriented monitoring, whereas static TLS offered superior DBH accuracy, albeit at the cost of
longer field acquisition times. Although hand-held SLAM LiDAR provided greater field mobility, its use was
associated with relatively larger errors than those obtained using static TLS. Overall, the selection of appropriate
LiDAR platforms should take into consideration the target structural variable, required accuracy, and field
acquisition time, whereas multi-platform integration may provide complementary information for forest ecosystem
monitoring. Further validation based on a range of different plant species, canopy structures, and phenological
conditions is required before these findings can be generalized to other forest environments.
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Fig. 1. Study area and sample plot locations (St. 1-St. 3).
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Table 1. Site and stand characteristics of the study plots

Variable St. 1 St. 2 St. 3

Dominant species Larix kaempferi

Stand age (yr) 54

Plot size (m? 400

Mean DBH (cm) 26.70 33.74 34.08
Mean tree height (m) 18.69 22.31 22.67
Elevation (m) 326 323 326
Slope () 32 23 47
Aspect (°) 282 79 323
Tree density (trees ha™) 300 350 425




712 A79 - ZA

Table 2. Technical specifications of the LiDAR systems used in this study

Product name Hovermap ST-X Leica RTC360
LiDAR sensing range 0.5-300 m 0.5-130 m
Max point rate 1,920,000 points s 2,000,000 points s*
Field of view 360° x 290° 360° x 300°

Eye safety

Class 1 (1550 nm)

Class 1 (1550 nm)
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Fig. 2. Example of tree height and DBH measurements in the sample plot: (a) tree height and (b) DBH.
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Table 3. Descriptive and accuracy statistics of tree height estimates (n = 43)

Method Fiehﬁ :fihgém) LiDQSaieng(m) Bias(m) RMSE(m) rRMSE() 95%LoA(m) R
Drone LIDAR 244+352  2114+£360 0297 0580 271 - 1285100692 0981
Static TLS (RTC360) 246£352 207387 0627 0989 461 -0889102143 0.965
Handheld SIAMLIDAR 2144 +352 2156+ 414 0122 1237 577 -2318102563 0.922
Drone + SLAM 2464352 21664370 0218 0536 250  -0753t01.188 0.983
Drone + TLS 246+352 21504368 0145 0418 195 -0.632100923 0988

Note: Bias was calculated as the difference between LiDAR-derived and field-measured tree heights (LiDAR - field).
rRMSE (%) was calculated as RMSE divided by the mean field-measured tree height and multiplied by 100 (rRMSE = RMSE / mean field

height x 100).

95% LoA indicates the Bland-Altman limits of agreement calculated as mean difference + 1.96 x standard deviation.
R? represents the coefficient of determination between field-measured and LiDAR-derived tree heights.

TS Pk tist ArjA el @ 2 3712 Bl
A5t AT B AT 22 relative root mean
square error, rRMSE)S /LEO]' o RMSES &%
AZZro] WHO R e ¥ 1002 Hote] HEEE U
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Fig. 3. Bland-Altman plots comparing field-measured and LiDAR-derived tree height across five LiDAR datasets: (a) Drone
LiDAR, (b) Static TLS (RTC360), (c) Handheld SLAM LiDAR, (d) Drone + SLAM, and (e) Drone + TLS (The solid line
represents the mean difference, and the dashed lines indicate the 95% limits of agreement).
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Table 4. Descriptive and accuracy statistics of DBH estimates (n = 43)

Method Fi;/l[zla]?lBiI ;Bm) Li]?\iifiHs(];m) Bias(cm) RMSE (cm) rRMSE (%) 95% LoA (cm) R?
Static TLS
(RTC360) 31.91 + 7.06 31.52 + 7.05 0.393 0.573 1.80 1.220 to 0.434 0.996
Drone LiDAR 31.91 + 7.06 32.29 + 7.17 0.377 1.606 5.03 -2.720 to 3.473 0.952
Handheld
SLAM LiIDAR 31.91 £ 7.06 32.69 £ 7.10 0.776 1.446 4.53 -1.644 t0 3.196 0.970
Drone + SLAM 31.91 £ 7.06 32.32 £ 7.08 0.407 1.053 3.30 -1.518 to 2.332 0.981
Drone + TLS 31.91 + 7.06 31.53 + 7.04 -0.384 0.603 1.89 -1.307 to 0.539 0.996

Note: Bias was calculated as the difference between LiDAR-derived and field-measured DBH values (LiDAR - field).

rRMSE (%) was calculated as RMSE divided by the mean field-measured DBH and multiplied by 100 (rRMSE = RMSE / mean field DBH x 100).
95% LoA indicates the Bland-Altman limits of agreement calculated as mean difference + 1.96 x standard deviation.

R? represents the coefficient of determination between field-measured and LiDAR-derived DBH values.
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