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Direct estimation of growing stock volume at plot, stand, and forest level
using UAV-laser scanning data alone
Stefano Puliti, Johannes Breidenbach, Rasmus Astrup
Introduction: Laser scanning data from unmanned aerial vehicles (UAV-LS data) offer new
opportunities to directly measure single tree biophysical variables and supersede the need of acquiring
field reference data. While previous research demonstrated the possibility to obtain direct measurements
of tree biophysical variables for a selected number of trees, it remained unclear how such measurements
can contribute to the estimation at plot, stand, and forest level. In this study, we developed a new method
to estimate growing stock volume (m3 ha-1) at different spatial scales using UAV-LS data alone.
Materials and methods: We used UAV-LS data collected using a Riegl-VUX 1 sensor with an average
point density of 1130 points m-2. In addition to the remotely sensed data, 58 sample plots were measured
in the field for independent validation with current state-of-the-art. Using the UAV-LS data alone we 1)
detected and segmented single trees, 2) measured diameters at breast height (DBH) of detected trees, 3)
selected two separate samples; one with reliable DBH measurements, one where tree species could be
visually interpreted, 4) modelled DBH and tree species and predicted them for all detected trees, and
lastly 5) used predicted single tree DBH, species, and tree height (i.e. 95th height percentile) to predict
single tree volume based on species-specific allometric functions. The single tree volumes were then
aggregated to either plot, stand, or forest level and these estimates compared to the 58 independently
measured field plots, aggregated into 14 stands within a contiguous forest area. Furthermore, the
precision of the UAV-LS estimates was assessed by adopting a non-parametric boostrapping estimator.
Results: The root mean square difference as percentage of the mean (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅%) decreased when
increasing the spatial scale from plot level (32.2%) to stand (27.1%) and forest level (3.5%). The
���� at
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅% was in all cases smaller than the standard deviation (𝑆𝑆𝑆𝑆 at plot level) or standard error (𝑆𝑆𝑆𝑆
stand and forest level) of the field-based estimates, suggesting that UAV-LS were more precise than a
field survey with a sampling fraction of 16.7%. The estimates based on UAV-LS data were always well
within the 95% confidence intervals of the field-based estimates. At forest level, the precision of the
UAV-LS estimates according to the bootstrapping procedure was of similar magnitude (18.0 m3 ha-1) as
the field-based estimate of the standard error (18.6 m3 ha-1).
Conclusion: Overall, this study demonstrated that UAV-LS data can be used to directly measure DBH
for a sample of trees and how such a sample can be used to estimate 𝑉𝑉 at plot, stand, and forest level.
The main merit of this study was the introduction of a novel workflow through which scattered but
high-quality UAV-LS measurements can be used to model 𝑉𝑉 for each single tree in the area of interest.
While our results are encouraging for further use of UAV-LS in a context of fully airborne forest
inventories, it remains necessary to confirm these findings in a wider range of forest types.
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