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ABSTRACT Accurate estimates of crown cover (CC) are central for a wide range of forestry studies. As direct measurements do
not exist to retrieve this variable in the field, CC is conventionally determined from optical measurements as the complement of gap
fraction close to the zenith. As an alternative to passive optical measurements, active sensors like terrestrial Light Detection And Ran-
ging (LIDAR) allows for characterizing the 3D canopy structure with unprecedented detail. We evaluated the reliability of terrestrial
LiDAR (TLS) to estimate CC using a voxel-based approach. Specifically, we tested how different voxel sizes (ranging from 5-20 cm)
and voxel densities (1-9 points/dm?®) influenced the retrieval of CC. Results were compared against benchmark values obtained from
digital cover photography (DCP).

The trial was performed in hybrid poplar plantations in Northern Italy. Results indicate that TLS can be used for obtaining accurate
estimates of CC, but the choice of voxel size and point density is critical for achieving such accuracy. In hybrid poplars, the best
performance was obtained using voxel size of 10 cm and point density of 8 points/dm?. The combined ability of measuring and map-
ping CC also holds great potential to use TLS for calibrating and upscaling results using coarser-scale remotely sensed products.

KEYWORDS: canopy photography, phase-shift laser scanner, forest structure, canopy gap fraction, voxelization.

Introduction

Canopy cover (CC), defined as the average pro-
portion of ground surface covered by the vertical
projection of tree crowns, is important in forestry
and in land use - land change (LULC) analyses (Chia-
nucci 2020) and is a key variable for accurate model-
ling of leaf area index using optical theory (Nilson
1999, Nilson and Kuusk 2004). In addition, CC is a
major driver of forest reflectance, being therefore
useful for calibration and validation of optical re-
mote sensing data (Chianucci et al. 2016, Chianucci
2020, Tang et al. 2019). Accordingly, accurate in situ
estimates of CC are central for a wide range of fore-
stry studies.

Currently, the main challenges in quantifying CC
are that no direct measurements exist to retrieve
this variable in the field. While visual methods provi-
de subjective and non-replicable measurements, op-
tical methods have been more frequently used to de-
rive this variable from gap fraction measurements
(Chianucci 2020). So far, digital cover photography
(DCP) was considered the best method to indirectly
estimate CC from the complement of gap fraction
measured at the zenith (Chianucci 2016, 2020). As an
alternative to passive optical measurements, active
sensors like Light Detection And Ranging (LiDAR)
have become increasingly popular in the last two
decades. In particular, Terrestrial Laser Scanning
(TLS) has received strong attention for fast, robust
and non-destructive measurements of forest attri-
butes with increasing level of accuracy (Eitel et al.
2010, Grotti et al 2020, Stovall et al. 2018).

TLS is a ground-based laser scanning techno-

logy, which can provide detailed three-dimensional
information to precisely depict forest structure in a
non-destructive, objective, and reproducible man-
ner. While the use of TLS for measuring tree hori-
zontal and vertical forest stand attributes has been
widely explored, additional outputs can also include
three-dimensional reconstructions of individual tree
structure (Coté et al. 2009, Puletti et al. 2019) or ve-
getation profiles (Ashcroft et al. 2014). In addition,
TLS holds strong potential in retrieving canopy attri-
butes like CC due to its ability to precisely measure
both the horizontal and vertical tree crown structure
and arrangement from the 3D point cloud.

After field acquisition, the point cloud can be
used directly or transformed into spatial structures
such as voxels (Hosoi and Omasa 2007). This pro-
cedure, which is needed to normalize the raw point
cloud data, divides the 3D space in small equal bo-
xes, called voxels (or volumetric pixels). Voxels are
means to represent a three-dimensional space using
a regular grid. The use of voxels facilitates complex
and detailed spatial analysis and several previous
studies have utilized them in the analysis of TLS
data, particularly for canopy profiling (Hosoi and
Omasa 2006, Gajardo et al. 2020, Soma et al. 2021, Xu
et al. 2021) and particularly the retrieving of angular
gap fraction (for a review, see Yan et al. 2019). Af-
ter voxelization, each box is defined as “vegetation”
depending on the number of points falling inside it
(usually one). As demonstrated in previous studies
on 3D modelling of forest canopies using TLS data,
one important step involves the definition of voxel
size, a second one the threshold to define a voxel
as “vegetation” or not. Both scan resolution, point
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cloud registration, and voxelization affect the TLS
processing chain. Hence, for reliable quantification
of 3D forest structural indicators, understanding
how voxel size and minimum number of points in
each voxel influence the results is crucial (Soma et
al. 2018, 2020, 2021, Zong et al. 2021).

In this study, we tested the ability of phase-shift
TLS to estimate CC in poplar plantations with va-
rying ages (ranging from 6 to 10 years of age). Spe-
cific objectives of this experiment were to quantify
the impact of (i) voxel size (vox ) and (4i) mini-
mum number of points inside each voxel to classify
it as “vegetation” (vox ) on CC retrieval. Different

configurations have bggl tested in terms of vox
(with cubic voxels side ranging from 5 cm to 20 cm)
andvox, ~(from 1to 9 points per voxel). To validate
the results, TLS-derived crown cover was compared
against values obtained from digital cover photo-
graphy (DCP, Chianucci 2016), which is considered
the benchmark method to estimate this variable in

the field (Chianucci 2020).

Material and methods

Definition of canopy cover

Traditional measures of canopy cover consider
crowns as non-transparent envelopes, i.e. conside-
ring within- crowns gaps as part of the canopy; this
is equivalent to the definition of crown cover by
Macfarlane et al. (2007) and canopy cover by Rau-
tiainen et al. (2005). Conversely, foliage cover (sensu
Macfarlane et al. 2007) is considered as the comple-
ment of total gap fraction, taking into account both
within- and between-crowns gaps; this is equivalent
to the definition of effective canopy cover by Rau-
tianien et al. (2005). For the remainder of the study,
canopy cover and crown cover are used as synonym.

Study area

The trial was performed in July 2019 (leaf-on
conditions) in three neighbouring stands of hybrid
poplar plantations differing by age (6, 8 and 10 ye-
ars of age) located in Viadana, Mantova, Northern
Italy (Fig. 1). The inter-row tree spacing was 6 m,
and intra-row spacing was 7 m. The plantations were
established on flat and uniform terrain. In each plan-
tation, a square 50 x 50 m plot was established, in
which DCP and TLS measurements were performed
as described in the next sections.

Digital Cover Photography

Sixteen DCP images were acquired along a grid
of sampling points inside each 0.25 ha plot. Images
were collected under overcast sky conditions using a
digital Nikon D90 single-lens reflex camera equipped
with fixed lens (AF Nikkor 50mm 1:1.8 D), following
the protocols of Chianucci et al. (2020b) and Chia-

Figure 1 - Study area location (green box) and three sites with
stand age (yellow squares).

44.925°N

44.915°N

nucci (2020) as described below. The images were
acquired in raw (NEF) format. The camera was pla-
ced at about 1.3 m height and oriented upward. The
camera was set in aperture-priority mode, with the
aperture set to F10.0; the exposure was set to unde-
rexpose the image by one stop (REV-1) to improve
contrast between sky and canopy pixels (Macfarlane
et al. 2014).

Raw images were first pre-processed using the
‘RAW2JPG’ software (Macfarlane et al. 2014). The
NEF format was converted to 12-bit linear (demo-
saiced), uncompressed portable grey map (pgm)
format using the ‘dcraw’ (Coffin 2011) functionali-
ty. The blue channel of the pgm image was selected
and a linear contrast stretch was applied using the
‘“madjust’ functionality of MATLAB’s (MathWor-
ks Inc., USA) Image Processing Toolbox. Images
were then converted to 8 bits per channel and sa-
ved as JPEG files for subsequent analysis. A gam-
ma adjustment was also applied to the raw images
(Macfarlane et al. 2014). Finally, jpeg images were
classified using a dual thresholding (two-corner me-
thod; Macfarlane 2011).

Once classified, the total gap fraction was also
further classified into large between-crowns gaps
and small, within-crown gaps. Gaps larger than 1.3%
of the image area were classified as between-crowns
gaps as proposed by Macfarlane et al. (2007). Crown
cover (CC, ,; sensu Macfarlane et al. 2007) was
then estimated as the complement of large between-
crowns gap, including within-crown gaps as part of
the canopy:
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where NT'is the total number of pixels and NL is
the total number of pixels located in the large gaps.
The two-corner classification method and gap size
classification were implemented using the ‘DCP
3.15" software (Macfarlane et al. 2014). An exam-
ple of a cover image that has been classified into
canopy and sky pixels, with the sky pixels further
classified into large, between-canopy gaps, is given
in Figure 2.

Figure 2 - An example of a cover image that has been classified
into between-crowns sky pixels (white), within-crown sky pixels
(grey) and canopy (black). By knowing the number of these pixels,
crown cover (CC) was estimated from the images using Equation
1 (see the text).

Terrestrial laser scanner data collection
and processing

TLS data were acquired using a FARO Focus 3D x
130 (FARO Technologies Inc., Lake Mary, FL, USA).
The instrument uses a phase-shift-based technology
with a maximum range of 130 m and acquires data
with an azimuth scan angle of 360°. It collects the
X, ¥, and z coordinates and the intensity of laser re-
turns with a scan ranging noise of +1 mm (FARO
2013). A complete description of the instrument can
be found in Giannetti et al. 2018.

The TLS device was set to acquire data with
medium resolution and quality (1/5 resolution and
4x quality) for a total of 28.2 million pulses per
scan. Time elapsed per scan was approximately 3
min. Scanning was repeated in five positions sy-
stematically distributed across the stand (similarly
to Figure 1 in Puletti et al. 2019). Up to 12 white
polystyrene registration spheres (14 cm diameter)
were placed throughout each plot to aid in digital
registration of individual scans, as described in the
following section.

For each stand, individual scans were merged
using the automatic registration algorithms includ-
ed in Trimble Real Works® (TRW) software. The
program joins overlapping redundant points to
create one seamless 3D point cloud suited for the
analysis. Details of the operation (settings, crite-
ria, and thresholds) performed by the software are

not declared nor accessible. For further details on
pre-processing methods used in this experiment
please see Puletti et al. 2019.

Vertical profiles of voxelized point clouds
Jor TLS crown cover estimations

Point clouds were first normalized. The ground
level was clearly detectable since shrubs and the
herbaceous cover were absent. In order to reduce
the huge dimension of registered point clouds (i.e.
millions of points), we opted for a voxelization ap-
proach. For consistency with crown cover measu-
red from digital photography (CC, ), CC, con-
siders all voxels as belonging to the canopy. Such
process starts with the creation of vertical profiles
at the stand level and then finds the local minima in
the lower third of tree height (i.e. crown-base detec-
tion, Fig. 3). All “vegetation” voxels over that height
were considered as canopy. Columns of voxels with
any vegetation in them (representing tree stems)
were considered as canopy gaps. CC,, , estimation
process ends with calculation of the percentage
ratio of filled pillars over the total of pillars in the
stand (Fig. 4).

Figure 3 - Example of vertical density profiles (Aschcroft et al. 2014)
obtained by voxelization of 10-year-old stand with a voxel resolu-
tion of 10 cm and minimum number of points inside voxel equal
to 7. The y-axis (2) is the height from the ground, the x-axis (veg)
represents the number of “vegetation voxel” at each Z. The height
obtained with procedure described in par. Vertical profiles of voxe-
lized point clouds for TLS crown cover estimations (2.9 m) was
then used as cut-off to calculate the “canopy pillars” (see text for
further details).
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Figure 4 - On the left, the two-dimensional canopy cover estimated
using the procedure described in par. Voxel site and threshold.
Colour is proportional to the number of “vegetation” voxels in the
pillar. On the right a three-dimensional representation of voxel-ca-
nopy centroids. Both figures refer to 6-years-old stand, voxel size
10 cm, and minimum number of points inside voxel equal to 7.

Voxel sizes and thresholds

Four different cubic voxels sizes were used: v005
(side = 5 cm, volume = 0.125 dm?), v010 (side = 10
cm, volume = 1 dm?), v015 (side = 15 cm, volume =
3.375 dm?) and v020 (side = 20 cm, volume = 8 dm?).

Traditional application of voxelization in forest
ecosystems uses different voxels size and a mini-
mum number of points inside each voxel to classify
it as “vegetation” (vox,, ) always equal to 1 (see
e.g. Cifuentes et al. 2014). However, despite this is
a reasonable assumption under an operational point
of view, this approach leads to comparing different
densities (i.e. different number of points per unit
volume). To evaluate the effect of vox,,  On Crown
cover estimates, we tested nine different densities,
from 1 to 9 points/dm?®. Voxels with a density higher
than the specified threshold were classified as “ve-
getation”. In the end, 108 different combinations (9
thresholds x 4 voxel sizes x 3 stands) were consi-
dered. The overall effect of all the combinations on
TLS-derived crown cover estimates (CC,, , see par.
2.3.1) was calculated for each stand.

Comparison of CC between DCP and TLS

The relative deviation (RD%) was used as a mea-
sure of performance for evaluating the differences,
in percentage, between the TLS-derived estimates of
crown cover and the benchmark CC, ,, values obtai-
ned from DCP.

Results

CC, ., ranged between 0.37 to 0.63 in stands aged
6 years (0.49 = 0.09), between 0.72 to 0.95 in stands
aged 8 years (0.85 + 0.07) and between 0.66 to 0.95 in

stands aged 10 years (0.82 = 0.07) (Fig. 5).

Registered point clouds were composed of 10.3,
94.9, and 144.3 million points in 6-, 8-, 10-year-old
stands respectively, reduced to 8.5, 39,5, and 59.1
million points after cropping the plot area. The pro-
cess attained a very low plot-level registration error,
and TRW achieved a high-precision scan placement

with mean tension value in single point clouds regi-
stration process of 3.1 mm (sd = 0.9 mm, max = 3.9
mm).

The CC,,, agreed with the range of estimates
from DCP in 8- and 10-years plantation (Tab.1); lar-
gest variability in TLS was found in the 6 years old
plot, where CC,  ranged between 0.10 to 0.74; the
lower performance was found in the vox =5 cm.

Best configuration between voxel sizes and mi-
nimum number of points are v010 7 points, v010 8
points and v005 1 point respectively for 6-, 8- and
10-year-old plots. At higher voxel sizes and lower

number of points, CC,, . is higher than CC, ,

Figure 5 - Boxplots of crown cover estimated from DCP according
to the plantation age.
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Figure 6- Boxplot of relative deviation (as percentage, y-axis) of
canopy cover estimates.
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Table 1
of points per dm?) for each combination. For example: for VOX

- Relative deviation values (as percentage) and threshold densities (i.e. minimum number of points per voxel expressed in number
equal to 8 (see row 8) the number of points dm* is 8.0 when the voxsize

is 10 cm (8 points over 1 dm?®) while is 1.0 when the voxel size is 20 cm (8 points over 8 dm?).

voxmnp voxsize overall
5cm 10 cm 15¢cm 20cm
1 1.5% (8.0) 18.0% (1.0) 24.9% (0.3) 27.5% (0.1) 18.0%
2 -8.4% (16.0) 156.3% (2.0) 23.4% (0.6) 26.3% (0.3) 14.2%
3 -17.0% (24.0) 12.7% (3.0) 22.1% (0.9) 25.4% (0.4) 10.8%
4 -24.1% (32.0) 10.0% (4.0) 21.0% (1.2) 24.6% (0.5) 7.9%
5 -30.2% (40.0) 7.3% (5.0) 19.8% (1.5) 23.9% (0.6) 5.2%
6 -35.3% (48.0) 4.8% (6.0) 18.6% (1.8) 23.3% (0.8) 2.9%
7 -39.0% (56.0) 2.1% (7.0) 17.5% (2.1) 22.5% (0.9) 0.8%
8 -43.9% (64.0) -0.6% (8.0) 16.4% (2.4) 21.8% (1.0) -1.6%
9 -46.2% (72.0) -3.2% (9.0) 15.3% (2.7) 21.2% (1.1) 3.2%

Relative differences between CC, ,and CC,,  a
presented in Figure 6. The overall best conﬁguratlon
was obtained with a voxel size of 10 cm and 8 points
(Tab. 1). CC,, , values are relatively low in 8 and 10
years-old stands with small variations between point-
per-voxel density. For the smallest voxel size (5 cm),
the tendency is to underestimate crown cover me-
asured by DCP, particularly in young plantations (6
years-old) and using higher values of vox,, . Voxel
sizes bigger than 1 cm overestimate actual crown co-
ver, despite for older stands the error is contained in

reasonable values (less than 15%).

Discussion

The study demonstrated that TLS can be used to
obtain a reliable estimation of crown cover in poplar
plantations. In our comparison, the best results were
obtained with a configuration of 10 cm of vox_,  and8
points per dm? (Tab. 3). Usually, the number of points
per voxel for defining a vegetated voxel is fixed at 1
(see for example Cifuentes et al. 2014). In TLS phase-
shifts, this choice could generate an overestimation
of the vegetated cells due to so-called ghost points
(Cifuentes et al. 2014).

In our experiment, equal (or similar) point-voxel
densities generated by different combinations of
vox,,  and vox,, . have generated different relative
deviations. For example, densities of 8 points per
dm?® can be reached configuring the analysis using
two different combinations: (a) vox, =5 cm; vox,,
= 1; and (b) vox_ A6 = 10 cm; voxmnp = 8. The latter
shows lower relative deviation absolute values (0.6%
instead of 1.5%). Similarly, densities of 2 points per
dm?® can be reached by three types of combinations
(with vox = 10 cm; vox, np = = 2 or with vox = 15
cm; vox,, = =6 and 7), but the one with vox = 10
cm obtained better performances. Our ﬁndmgs are
comparable with results from other studies (see for
example Cifuentes et al 2014) performed on interme-

diate mature forests.

As highlighted by other authors (see for example
Cifuentes et al. 2014), such voxel-based techniques
have a major constrain related to the so-called “ghost
points”; a specific behaviour of phase-shift TLS that
makes the point cloud noisy around the edges of
objects (Newnham et al 2012). Such effect is ampli-
fied when registering multiple scans, creating false
objects, and leading bias results in canopy measure-
ments. The proposed approach highlights how such
drawback can be profitably overcome by fixing the
vox,  threshold at higher densities. Concerning the
weather conditions, as always required when scan-
ning in forests, it must be windless, not extremely
cold, and not rainy or foggy during scan acquisition.

While the produced estimates are broadly consi-
stent with benchmarking values obtained from DCP,
TLS possesses several further advantages which can
enhance the tree crown structure characterization.
Firstly, TLS can also provide 3D crown information,
such as tree crown volume, which can complement
and enhance 2D information available from traditio-
nal optical canopy cover measurements (Chianucci
et al. 2020a). This non-destructive method also al-
lows for an automatic crown volume determination
of a tree, without introducing errors made by opera-
tors during measuring. To do this, the method needs
that a complete 360° scan of the tree crown has to
be captured, i.e. at least three scans are needed for
each tree and a balanced and rational scan acquisi-
tion planning must be performed. Secondly, the com-
bined ability of assessing and mapping crown cover
(see Fig. 4) can further extend the applications of
TLS beyond the scope of traditional tree inventory.
For instance, given that crowns respond promptly to
disturbance (Chianucci 2020), repeated crown mea-
surements can be used to assess tree responses to
thinning, the influence of different tree spacing and
fertilizer trials, and to relate growth to soil moisture
availability, which are critical factors in short-rota-
tion plantations. Finally, the spatially explicit natu-
re of TLS measurements allows better integration
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with different remotely sensed sensors, which can
be used in combination with TLS. In this line, crown
cover maps from TLS can be used for calibrating
metrics obtained from coarser-scale products and
upscaling results using larger-scale remotely sensed
information.

Conclusions

We demonstrated that TLS can be used to effec-
tively estimate CC in poplar plantations following a
voxel-based approach. From a practical viewpoint,
we recommend a setup of vox_, = 10 cm and vox,,
from 4 to 8 (depending on stand age) to achieve a com-
promise between the accuracy of CC estimates, the
size of the scans and the associated processing-time,
simultaneously reducing the issues of ghost points. In
case of denser canopy conditions, we suggest setting
vox,, = 10 and vox,, from 3 to 5. This would repre-
sent an optimal strategy in poplar plantations as those
sampled in the study, which correspond to sparse to
medium dense canopy conditions (the mean leaf area
index in these plantations ranged between 0.3 to 2.3

m’m?; Chianucci et al. 2021).
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