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a b s t r a c t
Vegetation structure parameters are key elements in the study of ecosystem functioning and global scale
ecosystemic interactions. The detailed retrieval of many of these parameters by direct measurements is
impractical due to the quantity of plant material in trees. Terrestrial LiDAR Scanners (TLSs) have been
shown to hold great potential as an indirect means of estimating plant structure parameters with a high
level of detail, while some studies identified a number of challenges inherent to this approach. In this
study we investigate the use of a voxel-based approach to retrieve leaf area distribution of individual
trees. The approach is based on the contact frequency method applied to co-registered TLS returns from
two or more scanning positions. The contact frequency was computed for voxels being 10, 30, and 50 cm
in size and subsequently corrected for the influence of occlusion effects, leaf inclination, the presence
of non-photosynthetic material, and the laser beam size. The leaf area of voxels for which occlusion
effects were too pronounced was estimated using modeled values based on the availability of light. We
compared the TLS derived leaf area estimates against direct measurements, obtained by the harvesting
of leaves, in a broad-leaved savanna of central Mali. The measured leaf area values of the sampled trees
ranged from 30 to 530 m2 , and crown LAI values between 0.8 and 7.2. The leaf area estimates lay on
average 14% from the reference measurements (general bias). Our method provides vertical as well as
radial distributions of leaf area in individual trees, and lends itself to the estimation of savanna vegetation
structural parameters with a high level of detail.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Canopy structure properties refer to the spatial arrangement
(position, orientation, extent, quantity, and connectedness) of tree
components from different growth forms (Norman and Campbell,
1989). Forest canopies biochemical and structural properties are
commonly used as parameters to model interactions between the
atmosphere and the land surface (Sellers et al., 1997). The amount
of green leaves displayed by the canopy highly impacts radiation
absorption, precipitation interception, and photosynthesis activity
in forests and woodlands (Parker, 1995). Total leaf area could be
argued to be the most important parameter in characterising the
exchange processes between the atmosphere and the land surface
(Scholes et al., 2004).
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Conventionally, the amount of live leaf material in trees is
referred to as Leaf Area (LA) and is expressed in m2 , the leaf area
per volumetric unit (m3 ) is referred to as Leaf Area Density (LAD),
and leaf area per horizontal unit ground area (m2 ) is represented by
the Leaf Area Index (LAI). The LAI is a vertically integrated dimensionless metric (m2 /m2 ) used to quantify canopy foliage at various
spatial scales, from individual tree to whole terrestrial surface. Several definitions for LAI have been proposed to meet the needs of
different purposes (Asner et al., 2003). In this study we will be using
the initial definition of LAI: the total one-sided area of photosynthetic material per horizontal unit ground surface area (Watson,
1947). LAI is variable both in time and space, and because of its
role in the balance of the global carbon budget, significant efforts
have been invested in estimating LAI over large areas using space
borne observations (Gobron, 2008). However, remotely sensed LAI
estimates generally rely on calibration against ground-based measurements (Bréda, 2003).
In situ approaches to measure leaf area and LAI can be classified into two broad categories: direct and indirect. Direct methods
involve counting and measuring leaves, and their application is
generally time consuming (Norman and Campbell, 1989). Numerous indirect techniques have been developed for ground-based
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LAI estimation (Bréda, 2003; Jonckheere et al., 2004; Leblanc and
Fournier, in press). Indirect methods for ground-based LAI measurements have several limitations, namely they provide local
estimates that cannot be extended spatially (Weiss et al., 2004),
they do not account for the presence of non-photosynthetically
active material like trunks and branches (unless the woody-to-total
area is known and accounted for as per Chen and Cihlar, 1996),
and they do not effectively apply to discontinuous canopies like
savannas (Ryu et al., 2010).
Terrestrial LiDAR (Light Detection And Ranging) Scanners (TLSs)
have recently emerged as promising tools for measuring 3D vegetation structure. A TLS is a type of LiDAR system operating from
a terrestrial platform, most often stationary. It provides accurate
measures of distances to objects using a large number of sampling
laser beams within the instrument field of view (FOV) thus creating a cloud of points positioned in 3D space. A TLS estimates these
distances using one of two approaches: measuring either the laps
of time between laser pulse emission and its return signal or the
phase shift between the emitted and received signal. When a laser
beam’s energy comes in contact with an object, its energy is partly
reflected, transmitted, and absorbed in proportions dependent on
the spectrodirectional properties and orientation of the object and
on the travel path of the beam. The received signal is composed of
a series of returns of varying intensities and for a discrete return
TLS, depending on the instrument, the first or last detectable signal
return can be recorded (i.e. the return from the closest or farthest
detectable object along the beam’s travel path). Several studies
have investigated the use of TLS for estimating LAI (Hosoi and
Omasa, 2006; Jupp et al., 2009; Lovell et al., 2003; Moorthy et al.,
2008; Takeda et al., 2008); some are based on the probability of
light transmission through gaps (P0 ) (Monsi and Saeki, 1953, 2005)
also used for hemispherical photography, others on the contact
frequency method (Warren Wilson, 1959, 1960, 1963).
Hosoi and Omasa (2007) have identified three main factors
affecting Leaf Area Density (LAD) and LAI estimates in the context
of TLS measurements: (1) the separation of leaf and wood material
from the point clouds, (2) the effect of spatial orientation of leaf
material, and (3) occlusion effects in point clouds caused by material ‘shadowing’ other material behind it. Other particularities of
TLS data relating to laser beam size have been mentioned in Danson
et al. (2007). In general, the authors recommended that studies
attempting to retrieve spatially explicit LAD and LAI estimates from
TLS measurements need to address these factors.
This paper aims to investigate the use of a voxel-based methodology for estimating the distribution of leaf area in individual trees,
LAD profiles, and tree LAI. It is based on the contact frequency
method and addresses inherent characteristics of TLS data relating
to occlusions and beam size known to influence such estimations.
Previous studies (Hosoi and Omasa, 2006, 2007) which used a
large number of TLS datasets have applied the contact frequency
approach to voxels of dimension approaching the scan resolution
(a few mm). Here, we hypothesise that the theory developed for
contact frequency can be applied to the frequency of laser beam
interceptions going through individual voxels of larger sizes.
2. Theoretical background
The point quadrat method for measuring foliage area originated
in the late 1920s, and was first described by Levy and Madden
(1933). The original technique uses sharp pointed thin physical
probes which are inserted through the canopy. The contact frequency is then obtained from counting the number of times a
probe comes into contact with plant material divided by the length
of the probe. Warren Wilson (1959, 1960) improved the technique
by accounting for the effect of leaf and probe orientation in
inclined-point-quadrats. Later, Ross and Nilson (1965) formulated

the G function describing the mean projection of a unit foliage
area in a particular direction of interest, which can be used with
the point-quadrat method if a priori information on leaf angle
distribution is available.
Warren Wilson (1959) defined contact frequency N(!) as “the
number of contacts with foliage per unit length of point quadrat
(probe)” at an angle ! from the zenith. It is measured in number of
contacts per unit length. When corrected for the effect of probe size,
contact frequency is equal to the apparent foliage denseness (FB ),
defined by Warren Wilson (1960) as “the total area of projections
of all foliage in a unit volume of space onto a plane perpendicular
to a direction oriented at an angle ! from the zenith”. Under these
conditions, and if we assume a uniform distribution of leaves with
respect to the azimuth, inclined point quadrats can be used to estimate Leaf Area Density (LAD) (m−1 ) by using the G function (Ross,
1981):
LAD =

FB (!)
N(!)
=
G(!, !L )
G(!, !L )

(1)

where ! L is the zenith angle of the leaf normal, and G(!, ! L ) can be
expressed as:
G(!, !L ) =

!

"/2

0

g(!L ) · S(!, !L )d!L .

(2)

Here, g(! L ) is the foliage orientation function, and S(!, ! L ) is the
absolute value of the cosine of the angle between the probe and
leaf normal directions (Hosoi and Omasa, 2006) and is defined as:
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(4)

The point quadrat method typically explores a volume V of the
canopy often resembling a parallelepiped (voxel) in that statistics
are acquired by passing a probe along a length d at several locations
within an area A such that the resulting N(!) relates to the volume V = A·d. When applying a contact frequency based approach to
TLS data, a voxel based approach thus seems a natural choice. One
should note, however, that TLS data will (1) include returns from
woody components, (2) involve volumes not explored because the
beams were blocked before reaching the target voxel/volume, and
(3) a given laser beam making contact with material within the
target voxel/volume will fail to detect material located behind the
point of contact within that same voxel. These issues will have to
be accounted for when retrieving the quantities necessary to solve
Eq. (1) on the basis of TLS data.
3. Materials and methods
3.1. Study area
The study site is 50 m × 50 m in size and is located in the Soudanian zone of the Sahel, near the city of Segou in Mali, Africa (see
Fig. 1) (latitude: 13.293◦ N; longitude: 6.551◦ W; altitude: 290 m).
This specific location was selected for this study because it is part of
a broader scope study on the characterisation of savanna structure
from multiangular space-borne observations. Savanna ecosystems
occupy 20% of the terrestrial surface. They are characterised by
the coexistence of trees and grass in highly heterogeneous spatial
patterns. Savannas face important anthropogenic pressure, their
dynamics are not well understood. Furthermore, many ecological questions remain, particularly pertaining to the equilibrium
between growth forms and the effect of a changing climate and
higher atmospheric CO2 on this sensitive environment.
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Fig. 1. Location of the study area (indicated with an X) near the city of Segou, Mali. The insert presents an example of a TLS cloud point from one of the shea trees selected
for this study (the upper, middle and lower crown layers used in this study are indicated).

The study area is generally flat, with a mean annual rainfall
between 600 and 1000 mm, which makes it suitable for agriculture. The rainy season lasts about 4–5 months between June and
September. Most of the region is farmed and trees are preserved
when the land is cleared for cultivation. The area selected is largely
dominated by the shea tree (Vitellaria paradoxa), well known for the
shea butter produced from its nuts. The average tree density computed from a 250 ha zone around the study area was 17 trees ha−1 ,
the large majority of which are mature trees. For 25 trees sampled
in the immediate vicinity of the study site, the mean tree height
was 8 m (standard deviation, S.D. = 1.3 m), mean crown diameter
was 6.5 m (S.D. = 1.3 m), and mean diameter at breast height (DBH)
was 40 cm (S.D. = 9 cm). The tree leaves are relatively flat with some
undulation at the edges, and elliptical in shape; statistics on their
size can be found in Table 1. The 50 m × 50 m area was selected
on the basis of containing trees with very low and very high leaf
densities. It contained a total 8 shea trees; the 2 trees with the
highest and lowest leaf densities were selected, and 4 more trees
were selected randomly for a total of 6 trees used for the study. The
number of trees selected was based on the available resources to
carry out direct measurements of leaf area.

by attaching color flagging to 4 branches at each height separating
2 layers. For each layer, the total surface area of all foliage was
measured using the fresh weight to area ratio method (Norman
and Campbell, 1989). All tree leaves were harvested by layer and
weighed using a commercial grade scale. Samples of 15 leaves were
then randomly selected from each bag containing leaves from a
given layer and put in sealed plastic bags for transport to a laboratory where they were weighed using a high precision analytical
laboratory balance. Approximately five hours passed between the
moment the sampled leaves were sealed and the moment they
were weighed in laboratory. The sampled leaves were scanned
immediately after being weighed using a flatbed scanner at a resolution of 300 DPI.
The area of each leaf in the samples was computed by multiplying the number of leaf pixels by the pixel area. Leaf pixels were
identified on the scanned image by performing a classification with
the ENVI software (ITT Visual Information Solutions Inc., USA). The
total leaf area for each layer was computed using the following
equation:

3.2. Direct measurements of leaf area

where ALayer is the total leaf area in a given layer (m2 ), WLayer is the
weight of all leaves in the layer (kg), ALeaf samples is the leaf area of
the sample (15 leaves from each bag) taken from the layer (m2 ), and
WLeaf samples is the weight of the leaf sample taken from the layer

Each of the 6 tree crowns were divided and marked into three
vertical layers (lower, middle, and upper (see Fig. 1)) of equal depth

ALayer =

WLayer · ALeaf samples
WLeaf samples

(5)
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Table 1
Structural parameters of surveyed trees. Leaf size was measured using the Photoshop software (Adobe Systems Inc., California, USA). Leaf length was measured in the direction
of the midrib, and width in the perpendicular direction.
Tree

a
b

DBHa (cm)

Tree height (m)

Crown layer

Leaf area (m2 )

Leaf size
Width (cm) (S.D.)b

Length (cm) (S.D.)b

1

31

7.6

Lower
Middle
Upper
Entire crown

5.65
12.18
11.44
29.3 ± 4.9

3.9 (0.9)
4.0 (0.7)
4.3 (0.6)
4.1

10.2 (1.9)
12.5 (2.6)
12.7 (2.0)
11.8

2

34

7.9

Lower
Middle
Upper
Entire crown

45.44
32.40
27.12
105.0 ± 8.6

3.9 (0.6)
3.8 (0.5)
3.8 (0.7)
3.8

8.8 (1.2)
8.8 (1.4)
8.5 (2.0)
8.7

3

39

7.8

Lower
Middle
Upper
Entire crown

32.12
46.32
26.01
104.5 ± 7.9

4.4 (0.6)
4.5 (0.8)
4.2 (1.0)
4.4

10.7 (1.5)
11.2 (1.7)
10.6 (1.9)
10.8

4

34

7.2

Lower
Middle
Upper
Entire crown

23.18
41.26
36.60
101.0 ± 7.8

3.7 (0.5)
3.5 (0.5)
3.6 (0.5)
3.6

10.4 (1.9)
9.7 (1.6)
10.1 (1.5)
10.1

5

36

7.3

Lower
Middle
Upper
Entire crown

37.52
29.53
58.55
125.6 ± 9.5

4.0 (0.5)
4.0 (0.6)
3.7 (0.5)
3.9

10.4 (1.2)
10.6 (1.4)
9.7 (1.3)
10.2

6

41

8.7

Lower
Middle
Upper
Entire crown

150.52
169.41
209.83
529.8 ± 32.5

4.2 (0.6)
4.0 (0.7)
3.9 (0.5)
4

13.5 (2.3)
12.3 (2.2)
12.2 (2.0)
12.7

Trunk diameter at breast height.
Standard deviation.

(kg). The mean weight of WLayer was 10.3 kg, and the mean weight
of WLeaf samples was 14.5 g. The accuracy of the scale used was evaluated at 0.5 kg (half of the smallest graduation on the scale), and that
for the laboratory balance 0.1 g (accuracy provided by the manufacturer). Considering the resolution used for scanning the sampled
leaves with the flatbed scanner, and the methodology used for classifying the leaf versus background pixels, the accuracy of the surface
measurements on the sampled leaves (ALeaf samples ) was estimated
at 5% of the total leaf surface. These measurement uncertainties
were used to compute the combined uncertainties for each ALayer
estimates using the method described in ISO (1993). The ALayer values and the associated estimated standard deviation values for each
tree are given in Table 1.
3.3. TLS instrument and in situ measurements description
The TLS instrument used in this study was the ILRIS-3D (Optech
Inc., Toronto, Canada). The ILRIS-3D is a long range TLS emitting
laser beam pulses at 1535 nm within a 40◦ × 40◦ field of view window. It uses the beam’s travel time to compute the distance to
targets. For a 20% reflectance target, the instrument can detect a
return signal from 800 m away; while it can also be used for short
range targets to a minimum of about 2 m. This is achieved by using
a dual channel detector, called low and high gain. The low gain
channel measures high intensity returns, while the high gain measures low intensity returns. For any given detectable return signal,
a point is recorded in one of the two channels based on the return
intensity. Intensities of returns are then stored in 8-bit format for
each channel.
The minimum angle between consecutive laser pulses emitted
by the instrument is 26 !rad horizontally and vertically, yielding a
minimum distance between consecutive beams of about 0.5 mm at
a distance of 20 m from the instrument. The angle between pulses
can be programmed to larger values to yield a lower scanning res-

olution. The laser beam has a radius of 6 mm when leaving the
instrument and increases with distance following the relation:
RBeam =

0.17D + 12
2

(6)

where RBeam is the beam radius (mm), and D is the distance to the
target (m). The beam’s energy is however not equally distributed
within this circle of radius RBeam , but rather follows a Gaussian
shape (Optech Inc., personal communication, 2009). The portion
of the beams energy reflected by targets in the direction of the
instrument is measured using a parabolic mirror 2.54 cm in radius
(which we will refer to as RMirror ) concentrating the energy towards
a photodiode located next to the laser source.
The six trees selected for this study were scanned from two
locations on opposite sides of the trees in first return mode. The
choice of return mode was motivated by the fact that most of the
tree foliage is located on the outskirts of the crown, and recording
the first return was assumed to provide most information about
this area of the crown rather than the last return which would
provide more information on the inside or opposite side of the
crown. The scans were performed before and after the harvesting
of leaves and are described in more detail in Table 2. At the resolution used (around 260 !rad between consecutive laser pulses),
each scan took about 20–25 min to complete. The scans were all
performed in very low wind conditions (no movement in tree leaves
could be perceived). For all scans the TLS was placed on a survey tripod about 1.7 m above ground, and at a distance of about
20 m from the scanned tree to ensure the entire crown was well
within the 40◦ × 40◦ field of view window. Each selected tree was
scanned from two positions providing a view line from opposite
directions. This lateral sideways measurement pattern was found
to be advantageous by Van der Zande et al. (2006). The pairs of
scans for each of the six trees were aligned to a common reference
system using the Pointstream 3DImageSuite software (Pointstream
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Table 2
LiDAR scans configuration.
Tree

1
2
3
4
5
6

Distance between scanner and tree trunk (m)

Beam spacing at tree trunk (mm)

Beam diameter at tree trunk (mm)

Scan 1

Scan 2

Scan 1

Scan 2

Scan 1

Scan 2

21
22
18
16
12
22

22
22
19
17
17
22

5.5
6.3
5.3
4.7
5.2
6.3

5.8
5.6
5.4
4.3
4.9
5.7

15.6
15.8
15.1
14.8
14.1
15.8

15.8
15.7
15.2
14.8
14.9
15.7

Inc., Ontario, Canada). This was achieved by using the 3 reference
targets placed on the ground for a first approximate alignment, followed by the iterative closest point algorithm by Besl and McKay
(1992) implemented within the Pointstream software, for which
results gave RMSE values under 3 mm. For the tree with the highest leaf density (tree #6), a third scan of the tree was made in a
direction perpendicular to the two other scans.
To estimate leaf inclination angles, a supplementary scan was
performed at a higher beam density on one shea tree located within
the same 50 m × 50 m area as the other 6 trees selected for this
study. For this scan, the TLS was placed 3 m above the ground, at a
distance of 8 m from the tree trunk, and selecting a scanning configuration resulting in a beam spacing of approximately 1.5 mm at the
tree trunk. This configuration was selected to obtain a scan direction close to the horizontal. It would not have been possible to use
this configuration for the scans of the other six trees because of the
longer scanning time, the reduced field of view and considerations
relating to setup logistics. This scan was made during a time of nonperceptible wind conditions to minimize leaf movement during the
scanning time.
Leaf reflectance measurements were made in the field using an
ASD FieldSpec® FR spectroradiometer attached to the plant probe
accessory (ASD Inc., Boulder, CO, USA) during the same period the
TLS measurements were performed. The reflectance measurements
were made on 6 leaves randomly collected from different heights
in a shea tree located close to the 6 trees selected for the leaf area
estimates. The measurements were made on each leaf within minutes of collecting them, and were done with leaves placed in front
of a sheet of dark material absorbing most of the incident light.
An average of all measurements was computed to obtain a mean

leaf reflectance ˛Leaf = 0.28 at the wavelength of the TLS instrument
(1535 nm).
3.4. Pre-processing of TLS data
The pre-processing of the TLS point clouds served four purposes:
(1) characterising the leaf angle distributions for each layer in the
crown, (2) normalising the TLS return intensities to a common distance, (3) separating foliage and wood within the TLS data on the
basis of the return intensity, and (4) computing a correction factor
for contact frequency (N) errors due to a non-zero laser beam size.
3.4.1. Computing leaf angle distributions
A total of one hundred leaves were randomly selected in equal
proportions from the different vertical layers (lower, middle, and
upper) within the high resolution point cloud described in Section
3.3. Following the method used by Hosoi and Omasa (2007), points
forming a leaf were manually isolated and a plane was fitted to them
using a best fit algorithm provided by the Pointstream software.
The angle between the plane’s normal and the zenith direction was
then computed.
In Fig. 2 we show the leaf angle measurements divided into 9
classes (denoted q) of 10◦ each (from 0◦ to 90◦ ). For each class, ! L
is the midpoint angle of the class. The value assigned to a given
g(! L (q)) is the number of sampled leaves within the class centered
at ! L over the total number of sampled leaves. The leaf angle distribution for the measured tree approaches a uniform distribution
in the lower layer, and tends to be more erectophile in the middle
and upper layers. This can be explained by leaves in the upper part
of the tree being exposed more directly to sunlight compared to

Fig. 2. Proportion of shea tree leaf angle measurements (n = 100) from each crown layer falling within the 9 inclination angle classes of 10◦ each. These measurements are
derived from the orientation of planes fitted to the points forming each of the 100 sampled leaves.
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Fig. 3. Results from the laboratory experiment where Spectralon panels were scanned using the TLS instrument from distances between 5 and 30 m (at 5 m intervals). The
plot shows the TLS return intensities (in digital number, DN) as a function of distance (D) and Spectralon target reflectance (˛). The grey area refers to the range of distances
between the TLS instrument and the trees scanned in the field. The decrease in DN values below approximately 16 m is caused by the base distance between the laser emitter
and parabolic mirror receiving the signal; this instrument response is to be expected with the ILRIS-3D because at short range the beam footprint is only partly visible to the
detector (Pfeifer et al., 2008).

those in the lower part of the crown. Adjusting leaf orientation is
one of the known strategies used by trees to control the amount
of absorbed solar radiation and regulate leaf temperatures (Gates,
1980). The upper layer leaves therefore seem to increase their inclination angle to avoid overexposure and excessive leaf temperature.
A uniform distribution of leaf angle distribution appears to adequately account for the measured statistics of leaf orientation in the
lower layer, while an erectophile distribution seems more appropriate for the upper layer, and the middle layer lies between the
erectophile and spherical distributions.

reflectance values (˛) at the TLS wavelength of 1535 nm were
obtained from the panels’ calibration curves and amounted to
˛ = 7.8%, 28.4%, 49.1%, 86.4%, and 98.6%, respectively. All five panels
were scanned using the same ILRIS-3D instrument as was used in
the field from distances of 5, 10, 15, 20, 25, and 30 m. Fig. 3 shows
the recorded DN as a function of distance D (m) for the five spectral panels. Also indicated are best fitting straight lines allowing to
relate the DN retrieved by the TLS instrument to the distance D of
a Spectralon panel having a reflectance ˛.

3.4.2. Normalising TLS return intensities to a common distance
Laser beam return intensity is not only a function of the target
reflectance and the portion of beam hitting the target; it is also
dependent on the distance between the instrument and the target,
the angle of incidence and the BRDF of the target. In order to separate wood from leaf returns, one should ideally address all of these
issues. Since both the BRDF of the leaf and wood scatterers as well as
their exact orientation with regards to the incident laser beam were
unknown, we decided to proceed under the assumption of lambertian scattering properties and focused on first normalising the TLS
returns intensities to a common reference distance. The intensities
were normalised here to a distance of 20 m since the trees scanned
in the field were located on average at a distance of 19.2 m from the
TLS (distance to the tree trunk). In order to achieve this, we first formulated equations for retrieving a target apparent reflectance from
a given digital number (DN) and distance. By retrieving the target
apparent reflectance, one can then compute the DN that would have
been measured if the target had been located at a distance of 20 m.
To establish the relation between the DNs recorded by the
instrument, the distance from the scanner, and the reflectance
of the targets, an experiment was set up in laboratory using five
Spectralon® reference panels (Labsphere Inc., NH, USA) of nominal reflectances of 5%, 20%, 40%, 80%, and 99%, respectively. Actual

The left (right) panel of Fig. 4 then shows how the slope S
(intercept I) changes as a function of the actual reflectance of the
Spectralon panel (˛). Also indicated here are the second order equations fitted to the slope and intercept values. Inserting these two
equations into Eq. (7) allows expressing DN as a function of distance
and apparent reflectance:

DN(˛) = I(˛) + S(˛) · D

DN = (I2 + S2 · D) · ˛2 + (I1 + S1 · D) · ˛ + (I0 + S0 · D)

(7)

(8)

where S0 , S1 , S2 and I0 , I1 , I2 are the parameters provided in the
left and right panels of Fig. 4 for the slope and intercept equations,
respectively; ˛ is the apparent target reflectance, and D is the distance from the scanner to the target. Eq. (8) can be easily solved
for ˛, thus allowing to relate TLS information (DN and D) to apparent reflectance ˛. Apparent reflectance values were computed for
all points in the TLS dataset. This information was subsequently
used to generate DN values on the basis of Eq. (8) renormalised to
a distance D = 20 m.
3.4.3. Separating photosynthetically active from non-active
material
The absorptance at 1535 nm is higher in leaves than in branches
because the electromagnetic energy of the laser is partly transmitted through the leaves and partly absorbed by the leaves’ water
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Fig. 4. Nonlinear fit of the slope S(˛) and intercept I(˛) values for the relation DN(˛) = I(˛) + S(˛)·D established in Fig. 3 as a function of the actual reflectances of the 5
Spectralon® panels (R2 > 0.99 in both cases).

content. Separation of foliage and bark on the basis of laser beam
return intensities requires finding a proper separation threshold.
In this study, identifying this threshold was done by analysis of
the normalised intensity histograms for scans of trees with foliage
(leaf-on) and without foliage (leaf-off). The bin values for the leafoff histogram were multiplied by a correction factor (between 0
and 1) to compensate for parts of branches not visible to the TLS
in the leaf-on scans. A correction factor was computed for each
tree on the basis of a best fit between the leaf-on and leaf-off histograms at DNs corresponding to wood only. On the basis of Eq.
(8) and ˛Leaf = 0.28, the latter DN range was defined as DN > 18 (at
D = 20 m).
Fig. 5 shows the shape of the histogram of normalised TLS
returns for leaf-on and leaf-off conditions for tree number 2. The
vertical line identifies the DN threshold value for leaf and wood
separation which minimized misclassified points (i.e. it numerically balances the contribution of returns from misclassified wood
and leaf returns. These areas are marked as WL and LW, respectively
in Fig. 5).

3.4.4. Correcting for the effect of laser beam size
In the point quadrat method, a contact should only be accounted
for when the center of the probe falls within the area of a leaf
(Warren Wilson, 1963). However, when using a probe of a given
diameter, contacts are also recorded when the probe hits the edge
of a leaf while having its center outside the leaf area. This effect will
increase as the leaf size decreases.
To account for the finite size of the laser beam we sought to compute the fraction of returns having their center outside the actual
leaf surface and this for all possible scan angles and leaf orientations. To achieve this, one needs to know the minimum area of the
beam that has to be covered by the leaf to still trigger a return, or
in other words, the fraction of the power of the beam that must
be scattered back to the receiver (I/I0 ). Since the illumination and
viewing geometry of a TLS are approximately identical, one can
write for lambertian targets (Wagner, 2010):
2
˛∗ · " · RMirror
I(!, ϕ)
=
· S(!, !L )
2
I0 (!, ϕ)
D

(9)

Fig. 5. Illustration of the histogram-based approach for separating wood from leaf laser returns from leaf-on and leaf-off TLS point clouds (example of tree number 2 is shown
here). The area denoted as L represents correctly classified foliage returns, and the area labeled W indicates the area correctly classified as wood returns. The area denoted
WL represents wood returns classified as leaves, the LW area represents foliage returns classified as wood. The threshold value to separate wood and foliage returns (vertical
line) is set by balancing the two areas in grey (WL and LW).
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o

θ =0
o
θ = 25

Fig. 6. The ratio of received to emitted energy – computed with Eq. (9) – for the 3
Spectralon panels and their corresponding DN number measured at a distance of
20 m. The solid curve represents a quadratic equation fitted to the data (R2 > 0.99).
A DN of 3 represents the lowest possible return of the low gain channel of the TLS,
and a DN of about 18 relates to the intensity of a return from a laser beam incident
at 90◦ completely covering a Lambertian leaf (with ˛Leaf = 0.28 located at D = 20 m).

where I is the received energy, I0 is the emitted energy, RMirror (m)
is the radius of the parabolic mirror concentrating the received
reflected energy to the photodiode, D (m) is the distance between
the scanner and the target, and S(!, ! L ) is defined in Eq. (3) and
amounts to unity for the spectral experience described in Section
3.4.2.
Eq. (9) can be used to compute I/I0 for the Spectralon panels at
D = 20 m. Fig. 6 shows I/I0 plotted against the DNs recorded during
the experiment described in Section 3.4.2. The solid curve indicates
a second order equation relating I/I0 to DN whereas the dashed line
relates the DN value of a leaf having a reflectance ˛Leaf = 0.28 (DNLeaf
being computed with Eq. (8)) to its corresponding intensity ratio
(I/I0 )Leaf . Finally, the dotted line links the minimum DN (DNMin = 3)
to the corresponding ratio (I/I0 )Min . The latter can thus be interpreted as arising from a laser beam partially hitting/overlapping
with a leaf having a ˛ = 0.28.
Hence, the minimum fraction of the power (fp ) required to trigger a return from a leaf is (I/I0 )Min = fp (I/I0 )Leaf . Note that since fp is
the ratio of two (I/I0 ) quantities, any approximations in Eq. (9) will
cancel out (i.e. S(!, ! L )). Using this approach, the minimum required
fraction of beam power value was found to be 0.219.
In order to compute the maximal distance between the beam
center and a leaf edge to trigger a return in the low gain channel,
we used 3D computer assisted drawing to simulate the intersection of the beam’s energy (having a revolved Gaussian shape in 3D)
with a leaf. These simulations were done at the tip and on the side
of an average elliptical leaf shape modeled using the dimensions
indicated in Table 1. Results show that on the side of an elliptical
leaf, a beam centered outside the leaf area but at a distance smaller
than 2.3 mm from its edge will trigger a return in the low gain channel. On the tip of a leaf, the greater curvature reduces this distance
to 1.9 mm. TLS returns in the high gain channel (i.e. DN < 3) thus
corresponds primarily to laser beams grazing the edge of a leaf or
wood part at D = 20 m and theses rays were disregarded from the
analysis in our retrieval of the contact frequency N.
R )
To compute the fraction of beams with centers off the leaf (NOFF
R
out of all beams capable of triggering a return (NON+OFF ), the Monte
Carlo ray-tracing model of Govaerts and Verstraete (1998) was used
to generate two ellipses, an inner one representing the area of a
typical shea leaf and a larger second one having a minor (major)
radius surpassing that of the smaller ellipse by 2.3(1.9) mm. Simu-

Fig. 7. The correction function H describing the ratio of the number of beam centered
R
) to the total number of beam generating a return from the leaf
on the leaf (NON
R
) as a function of the leaf inclination (! L ) and view angle (!).
(NON+OFF

lations for all possible leaf azimuth and zenith angles were carried
out for a TLS view angle ! = 90◦ (corresponding to a scan parallel
to the ground), and ! = 65◦ corresponding to a scan pointing into
the top of the crown. The results of these simulations can be seen
in Fig. 7, where the horizontal bars represent the average overlap
R (! )/N R
correction factor H(!L ) = NON
(! ) for the ! L intervals
L
ON+OFF L
corresponding to those used in defining the angular distribution of
leaves (see Fig. 2). This was then averaged over the measured leaf
orientation directions (for a given layer in the crown) to yield the
overall overlap correction factor for that layer:
9

H=

1'
H(!L (q)) · g(!L (q))
9

(10)

q=1

3.5. Application of the inclined-point-quadrat method to the
voxelized TLS measurements
A voxel is the 3D counterpart of a pixel in an image and relates
to an elementary volume in 3D Cartesian coordinate space, typically having a square base. To assess the effect of voxel size on
these results, the TLS data were processed using voxels with 10,
30, and 50 cm in side length ($H). More specifically, for each point
in the TLS point clouds, the intensities were normalised to a distance of 20 m, and then identified as leaf material, wood material,
or returns from the high gain channel. For each voxel, the theoretical number of beams (NT ) that could reach the target voxel (if no
beam was stopped by material located between the scanner and the
voxel) was computed. This accounts for the scanning configuration
used and the instrument location with regards to the tree. Next, the
number of beams (NB ) that were prevented from entering the target voxel (because they were interacting with objects outside the
voxel) was calculated. This type of approach was first suggested by
Durrieu et al. (2008), and further adapted by Côté et al. (2011).
Since each voxel can be sampled from two or more different
scans, only the information from the scan having the best “view” of
the voxel is used in our approach (i.e. the scan from which the most
beams enter the target voxel). This corresponds to the scan having
the highest value of NT − NB . Only the information from one scan is
used because information from different scans can have different
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incidence angles (!), thus yielding different G(!). For the selected
scan, a second group of statistics is then generated, namely:
d̄: average distance of theoretical beams traveling through the
target voxel;
NIL : number of returns from inside the target voxel corresponding
to leaf material;
NIW : number of returns from inside the target voxel corresponding
to wood material;
NG : number of beams passing through the target voxel without
interaction;
ıLI , ıG : the average distance traveled by beams hitting leaves and
going through the target voxel, respectively.
When computing NT , one needs to consider the beams for which
returns were recorded by the high gain channel (NIHG ), such that:
NT = NB + NG + NIL + NIW + NIHG , where NIL + NIW + NIHG relate to
the total number of beams which interacted with material inside
the target voxel.
For the observed leaf angle distribution in a given layer, NIL · H
represents the number of returns estimated to be centered on a leaf.
Accounting only for leaves and gaps, and assuming the material is
randomly distributed inside a voxel (which is expected to become
truer as the voxel size increases, the number of leaves within the
voxel increases, and the leaves size is relatively small), the contact
frequency N for the entire voxel volume (if beam contacts with
material located after a contact was made had also been recorded)
is given by:
NV (m−1 ) =

NIL · H · $Vol
NT · d̄

(11)

where $Vol is the inverse of the voxel volume fraction which was
explored by the beams, and is defined as:
NT · d̄

$Vol =

NG · ıG + NIL · H · ıLI + NIHG · ıHG
I

(12)

x,y,z

Using Eqs. (1), (11) and (12), we obtain the LAD (m−1 ) of each voxel:
LADV =

NV
G(!)

(13)

9
'
q=1

g(!L (q)) · S(!, !L (q))

This procedure was first used to non-occluded voxels
(1/$Vol > 0.15) in order to identify the maximum LAIV values which
could be encountered in a given simulated light environment.
(
The
LAIV values of the non-occluded voxels were then binned
x,y,z

where G(!) can be expressed as (Hosoi and Omasa, 2006):
G(!) =

to find less leaf material. In order to minimize the effect of these
“data holes”, a light transmission model (LTM) was used to assign
LAIV values based on the amount of sunlight reaching the affected
voxel. The approach used is based on work by Côté et al. (2009) on
plant architecture modeling.
In order to identify what constitutes an occluded voxel, we
looked at the difference in LAIV when retrieved from one scan
exploring 40–60% of a voxel and from a second scan exploring less
than 40% of the same voxel volume. Fig. 8 plots the difference in
retrieved LAIV values as a function of the explored voxel volume
(1/$Vol, from the scan exploring less than 40% of the target voxel
volume) and provides an estimate of the variability of the results
as we explore less of a voxel volume. The insert in Fig. 8 shows the
cumulative difference between LAIV values obtained under good
and poor sampling conditions, and from this graph a threshold
value for 1/$Vol of 0.15 was chosen to denote an occluded voxel.
The LTM approach was applied using a set of 10 light sources to
simulate the available light at a given voxel within a tree crown. Six
of these light sources were positioned above the tree to simulate
sky illumination conditions. Four light sources were located on the
ground to simulate solar energy reflected from the ground, which
had an albedo of ∼0.4 at % = 1535 nm. Light sources above the trees
were placed on each side of the tree (were the TLS was placed during the field scanning) at a horizontal distance of 30 m from the
tree trunk, 10 m apart and 10 m above the ground. Light sources
positioned on the ground were placed at a distance of 5 m from the
tree trunk, 2 on each scanning side, 3 m apart. The light sources’
positions were selected as such to avoid occluded areas, more frequent in the center of the crown and along the axis perpendicular
to the scanning directions, to be considered as empty spaces allowing light transmission. The amount of light reaching a given voxel
in the crown was estimated from each of these ten sources by first
summing the LAIV values of all voxels located between the voxel
and a given light source, and then averaging the 6 smallest summed
values. The resulting average value for each voxel at coordinates x,
(
y, and z is designated by
LAIV .

(14)

and g(! L (q)) relates to the leaf angle distribution and is described
in Section 3.4.1.
If we integrate LAD over the vertical length of a voxel, one can
define LAI for a given voxel as: LAIV = LADV ·$H. And the leaf area
within the voxel (LAV ) can be obtained from: LAV = LADV ·$H3 .
3.6. Post-processing
3.6.1. Voxel occlusion inside the tree crowns
Occlusion effects are caused by material intercepting laser
beams and stopping them from making contact with material
located further along their path. Areas with a high density of material (for example a tree branch or a crown with very dense foliage)
will intercept a large amount of incoming laser beams. In these situations, a voxel volume might not be sampled by a sufficient number
of beams to allow a reliable calculation of LAIV . In our dataset, this
occurred mostly in the crown center of the tree with very dense
foliage (tree #6). Incidentally, the area most affected by occlusion
is also an area where less sunlight penetrates and where we expect

at intervals of one and plotted against the maximum LAIV values
(LAIMax
V ) that was found within each of these bins. This relationship
(which is shown in Fig. 9) provides an estimation of the maximum
quantity of leaves a tree can grow within a voxel volume given the
available light reaching that voxel. One can see from Fig. 9 (which
shows data from tree #6) that for high light availability values, the
maximum leaf density a voxel can contain is relatively constant up
to a tipping point, from which, as light availability decreases, the
maximum leaf density decreases exponentially. The solid line in
Fig. 9 was generated using the ‘plateau followed by one phase decay’
equation within the Prism software (GraphPad Software Inc., USA).
Similar graphs can be generated for all trees to obtain an estimate
of a probable LAIV value (LAIPV ) that would be generated in a given
light availability condition. We then make the assumption that the
production of leaves within a crown given a light availability condition is uniformly distributed between 0 and the maximum LAIV
value, and compute a LAIPV value from LAIPV = LAIMax
V /2. For each
occluded voxel of each tree, the LAIPV value assigned to the voxel
was obtained using the

(

LAIV value of this voxel and the equation
x,y,z

relating light availability to LAIV generated for the corresponding
tree. When running the LTM and adding leaf material in the crown,
light conditions within the LTM change, hence the model is run
for a number of iterations to adjust the LAIVP according to the new
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Fig. 8. Difference in LAIV values between estimates using data from one of the TLS scans which a good view of the voxel (60% < 1/$Vol > 40%) and estimates based on the
opposite scan which has a poor view of the voxel (1/$Vol < 40%) as a function of the proportion of explored voxel for the poor viewing conditions. The computed differences
for 7900 voxels selected from the six trees used in this study are averaged over bins of 2.5% of explored voxel proportion. The dotted line in the insert represents the 15%
threshold selected for the identification of occluded voxels.

Fig. 9. Maximum LAI value of non-occluded voxels versus an indication of the foliage material the light transmission model had to traverse before reaching this voxel
(

(

LAIV ). The case of tree number 6 is shown here. The function ‘plateau followed by one phase decay’ is fitted to the data with a R2 of 0.81.
x,y,z
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Table 3
Tree LAI values computed using the TLS-based leaf area estimates at different voxel resolutions ($H), with and without applying the light transmission model (LAI$H=X cm ,
and LAILTM
$H=30 cm , respectively), and their relative biases (R.B.) to LAI values computed from the reference leaf area estimates obtained from the leaf harvesting method (LAILH ).
Tree

Crown ground projection (m2 )

LAILH (reference)

LAI$H = 10 cm

R.B. (%)

LAI$H = 30 cm

R.B. (%)

LAI$H = 50 cm

R.B. (%)

LAILTM
$H=30 cm

R.B. (%)

1
2
3
4
5
6
6a

39.10
55.65
51.59
38.17
53.88
73.98
73.98

0.75
1.89
2.02
2.65
2.33
7.16
7.16

0.80
1.82
2.20
1.87
2.29
3.52

7.1
−3.4
8.5
−29.2
−1.9
−50.9

0.72
1.63
1.99
1.60
2.06
3.37
3.83

−4.4
−13.7
−1.7
−39.5
−11.6
−53.0
−46.5

0.67
1.56
1.90
1.49
1.97
3.21

−10.2
−17.4
−6.1
−43.7
−15.6
−55.1

0.76
2.13
2.56
2.11
2.56
6.24
6.56

1.7
12.7
26.3
−20.1
10.0
−12.9
−8.3

a

TLS-based method uses 3 scans instead of 2.

light conditions recomputed for each model run. The iteration process was stopped when a convergence in the tree leaf area estimate
was reached (less than 0.5% variance between consecutive leaf area
estimates).
3.6.2. Crown edge voxels
In a voxel-based representation of a tree, the voxels located on
the outer edge of the tree crown typically extend into the empty
space surrounding the tree crown. These voxels give rise to a situation within the LTM where voxels having high light availability
(
values (or a low
LAIV values) have low LAIV values. This effect
x,y,z

(hereafter called the “outer edge effect”) offsets the

(

LAIV values
x,y,z

and its amplitude increases with voxel size. To correct for this, an
additional processing step was applied prior to running the LTM.
This involved reducing the size of those voxels located at the edge
of the tree crown such as to minimize the volume of space not
belonging to the actual crown.
4. Results
Fig. 10 shows the results of the TLS-based leaf area (LA) estimates
plotted against the leaf harvesting LA values for all of the 6 trees
used and for various voxel sizes (left panel). Before application of

the light transmission model (LTM), the TLS based estimates at a
voxel resolution of 10 cm are within 9% of the direct measurements
except for trees number 4 and 6. At a resolution of 50 cm, all except
these two latter trees are within 18% of the reference values. After
application of the LTM (right panel), the LA value for tree number 6
is significantly improved (from a 53% difference with the reference
LA value to only 8%), while LA values for trees number 2,3, and 5 lie
above the reference values.
To obtain tree LAI estimates, the crown projection on the ground
was computed for each tree by projecting voxels containing material on the ground plane (using a 10 cm voxel resolution), and
multiplying the resulting number of pixels by the pixels area. The
tree LAI values are obtained from dividing the leaf area by the crown
projection on the ground. The resulting crown ground projections
and the tree LAI values for each of the voxel resolutions used are
presented in Table 3. The latter complements the 1 to 1 plots shown
in Fig. 10 in providing more detail on the agreement between the
TLS-based retrieval and reference values. Comparing the vertical
projection of the crown volume onto the ground surface, we see
that two of the tree crowns are relatively small in size (trees 1 and
4; around 39 m2 ), three are medium (trees 2, 3, and 5; around 53
m2 ), and tree number 6 stands out at 74 m2 .
Vertical profiles of leaf area were obtained by horizontally summing the LAV values for each vertical level in the voxel matrix at a
voxel resolution of 30 cm. The leaf area profiles were retrieved with

Fig. 10. A 1 to 1 plot of leaf area estimates obtained with the TLS and leaf harvesting methods for different voxel sizes (left panel), and with the use of the LTM for correcting
occlusion effects (right panel). The horizontal bars relate to the standard deviation on leaf area estimates obtained from leaf harvesting.
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Fig. 11. Vertical leaf area profiles of trees 1, 3, and 6 with (white) and without (grey) using the light transmission model.

(white) and without (grey) the LTM for trees of low (tree #1), average (tree #3), and high (tree #6) leaf density as shown in Fig. 11.
The maximal LA values attained at a given height in the trees are
2.6 m2 , 7.0 m2 , 10.3 m2 , 6.7 m2 , 10.1 m2 , and 28.2 m2 for the trees
numbered 1–6, respectively. As expected, the usage of the LTM has
the largest impact when the leaf area of the tree is large. From the
differences between white and grey areas we see that occlusions
mostly occur in the middle and upper layers of the crowns. This is

most likely due to the height of the TLS instrument during the scans
providing a better view of the lower than upper layers.
Fig. 12 provides an appreciation of the spatial distribution of leaf
area for the upper, middle, and lower layers of the crowns belonging to the same 3 trees. The effect of applying the light transmission
model on occluded voxels can also be seen in this figure for the case
of tree #6. Gaps in the data can clearly be seen in the center of the
middle and upper layers for tree #6 prior to applying the LTM. The

Fig. 12. Top view representations of trees 1, 3, and 6 where LAIV values are vertically integrated over the 3 crown layers (upper, middle, and lower). The voxel dimension is
30 cm and the scan directions are approximately along the top to bottom and bottom to top of the figure. Tree number 6 is shown before (marked with an asterisk) and after
applying the light transmission model to provide an appreciation of how the holes in the TLS data (white areas in the center of the crown layer) are corrected using retrieved
information on light availability. At the bottom are side views of the actual TLS point clouds of the same trees with wood returns shown in brown color and leaf returns in
green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 13. Side view of tree number 2 showing the results of the separation between laser beam returns originating from wood (left side) and foliage (right side) based on the
return intensities. On the right side, the visible edge of the trunk is composed of returns from beams which partially hit the trunk, generating intensity returns in the same
range as those generated by leaves.

post-LTM representations for the same tree indicate that leaf material was effectively added to areas on the basis of light availability;
less material was added in the center of the middle layer, and more
material was added to the top of the crown receiving lots of light.
The percentages of occluded voxels within the tree crowns
(1/$Vol values bellow 15%) versus the total number of voxels containing material for each tree are: 3% for tree #1, 11% for tree #2,
14% for tree #3, 10% for tree #4, 12% for tree #5, 45% for tree #6
with the 2-scan configuration, and 37.5% for tree #6 with the 3-scan
configuration.

5. Discussion
Visual analysis of the results from the separation of wood and
leaf material within the TLS point clouds tends to show that the
approach used here is effective (see Fig. 13). Normalising the
intensities to a 20 m common distance was a critical step in the
separation process. This is novel in the literature and it provides a
solution to a problem which strongly limited indirect measurement
approaches using optical sensors (Fournier et al., 2003). However,
separating material within the point clouds using return intensities
from single wavelength TLS instruments will most likely always
involve a level of misclassification between leaf and wood components. This is due in part to the spatial arrangement of wood and
leaf parts, their rugosity, and the effect of their respective scattering phase function on the return intensities. Adding a second laser
beam operating in the near-infrared to the instrument could reduce
this ambiguity (Strahler et al., 2008).
Leaf angle distribution function was based on TLS measurements made on one tree with an LAI value comparable to the
average of all sampled trees. It is uncertain if other trees with different LAI had similar leaf angle distributions. Also, the accuracy of
the approach for estimating leaf angle distribution from TLS measurements is unknown, and remains to be validated against direct
leaf angle measurements. However, the effect of leaf angle distribution on the computation of LAI estimates is believed to be relatively
small in comparison with other factors affecting the estimates such
as beam size and occlusion effects, and the separation of the wood
and leaf returns.
Assessing the beam size effect on LAI estimates was highlighted
in this study as being important, and we believe this to be the case
when using measurements made in either first or last return mode.
Here, the minimum necessary portion of the beam hitting a leaf for
a first return to occur was determined using a methodology resting
on the assumption that leaves are Lambertian reflectors. The effect

of this assumption on the LAI estimates is unknown and requires
further investigation.
Although the use of a greater number of trees would have
allowed for a more robust determination of the methodology presented here, the resource-intensive methodology selected to collect
the reference leaf area measurements provided a relatively high
level of accuracy (see Table 1 for the estimated standard deviations). Prior to applying the light transmission model (LTM), the
agreement with TLS-based LAI estimates was high except for trees
#4 and #6. The two main factors responsible for the discrepancies
are: (1) the crown shape with regards to the scan orientations in
the case of tree #4, and (2) occlusion effects in the case of tree #6.
For tree #4, the scans were not performed from exactly opposing directions; because of practical limitations in the field they were
oriented at about 30◦ azimuthally from one another (meaning the
scan directions had an angle of 150◦ between them in one direction, and 210◦ in the other). This scanning configuration combined
with the crown shape being highly irregular, appears to have caused
an important part of the crown to contain a much larger amount
of very low intensity returns. These low intensity returns were
recorded by the “high gain” channel of the ILRIS-3D instrument.
This phenomenon is believed to be the main reason for the LAI
underestimation by nearly 30% for that tree. The crown shape had
two sides having an elongated rather than rounded shape which fell
aligned with both scans directions, possibly causing the beams to
graze the leaves typically facing towards the outside of the crown.
The addition of a 3rd scan from a location allowing a more symmetrical view of the crown might have been useful in reducing this
effect.
The error on LAI estimate for tree #6 is clearly due to the blocking
of laser beams by the very dense foliage (occlusion), thus causing gaps in the data. Here we presented an approach to fill in
these gaps exploiting the available information and the relationship
between light availability and leaf density. This type of approach
is complexified by the fact that occluded areas creating holes in
the crown might be considered by the light transmission model as
pathways for light to come into the crown, where in fact there is
undetected shading material present. For such very dense crowns,
beam penetration inside the crown might be improved by combining measurements from both first and last return modes of the TLS,
if this is an available option. In some cases though, the use of a light
transmission model like the one presented here, or other means of
filling information gaps, might still be required and testing of this
method on a larger number of trees is required.
The third scan performed on tree #6 provides additional information on one side of the crown. The 3-scan configuration was
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processed using a voxel size of 30 cm to assess the gain in accuracy associated with an additional scan. Results show that the leaf
area estimate increased from 249 to 283 m2 , i.e. reducing the error
by only 6.5% (53% relative bias for the 2-scan configuration versus
46.5% for the 3-scan configuration). This result suggests that adding
more scans will not alone solve occlusion effects for very dense
crowns.
Such occlusion effects are also expected to be present when
using TLS measurements for estimating leaf area in forest environments having taller trees and a higher tree density. When acquiring
the TLS data from the ground in such environments, occlusion
effects are expected to occur mostly higher up in the trees, as laser
beams are intercepted by leaves in the lower layers. If sufficient
information on leaf density and tree extent in the upper layers can
be obtained, we believe an LTM approach of the type presented
here could be adapted and used in that context also. However, as
occlusion effects become more important, a situation can occur
where information on the spatial extent of the upper layers is insufficient to support approaches based on light availability. In such
cases, an approach developed to correct for these ‘blind regions’
using combined ground-based and airborne small-footprint LiDAR
measurements represents a viable alternative (Hosoi et al., 2010).
The results when using different voxel sizes presented in Fig. 10
(left panel) and Table 3 indicate that (1) for the lower leaf density
tree (tree #1), few occlusion effects occur and the voxel size used
has little effect on the results, which are in accordance with the
reference leaf area values, (2) for trees with LAI values between
about 2 and 3 (trees #2,3,4, and 5), the results using 10 cm voxels
better match the reference values; the values being partly above
and below the reference values, and (3) for the very high leaf density
tree (tree #6), occlusion effects are very pronounced and the voxel
size has little effect on the estimates considering the discrepancy
with the reference values.
Hence, when the number of occlusions is low, our results suggest
that the TLS data can be processed using an approach resembling
the contact frequency method using physical probes going through
leaf material when making contact, as the majority of the volume is
then sampled. A small voxel size approaching the beam resolution
(as was used in Hosoi and Omasa, 2006, 2007) can then be successfully used. As occlusion effects increase, the TLS data processing
rests on the assumption of random distribution of small scatterers in areas where the laser beams do not penetrate. We suggest
that the voxel size to use in these cases has to be increased so that
the volume of a voxel side is larger than the size of the scatterers (leaves). When occlusion effects exceed a certain level (which
remains to be characterised), the use of an approach such as the
LTM presented here has to be applied to fill the gaps in the data.
In this case, a voxel size in the order of 30 cm appears to provide a
balance between a large enough voxel size to satisfy the assumptions of random distribution of small scatterers, and small enough
size to correctly identify the occluded areas and account for foliage
clumping. This is to say that the appropriate voxel size depends on
the tree LAI and the scanning configuration.
Validated 3D Monte Carlo ray-tracing models could be used
in future studies to better assess some of the aspects mentioned
here, in particular the impact of unexplored portions of voxels
and foliage clumping on contact frequency retrieval, and the effect
of the non-Lambertian property of leaves on the normalisation of
return intensities and on the computation of a beam size correction
function.

6. Conclusion
This study presented a novel approach for the retrieval of foliage
density and distribution information from a small number of ter-
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restrial LiDAR scans acquired at 1535 nm on shea trees with LAI
between 0.8 and 7.2. The physically based method consists of 3
main stages: first, point clouds from TLS measurements were analysed for separation of returns originating from wood and leaves
based on the normalised intensity of the return beams at 20 m.
Second, a correction function was proposed as a correction of the
effects of the laser beam width on the estimation of leaf area. And
third, a light transmission model was used for filling predominantly
unexplored voxels arising from occlusion effects.
The level of agreement between the leaf area estimates obtained
from leaf harvesting and the TLS measurements shows the great
potential value of TLSs as stand-alone tools for measuring spatially
explicit individual tree leaf area with a high level of detail. The
differences found suggest that for some crown shapes a 2-scan configuration may cause errors related to grazing of the leaves by the
laser beams (which then generate very low intensity returns), and
that the main limitation in the case of high LAI trees is occlusion
effects (i.e. limited beam penetration inside the crown).
The leaf area estimate based on TLS technology is reproducible
and less dependent on environmental conditions compared to
existing indirect methods like hemispherical photography and
other passive optical methods. The use of TLS measurements with
the appropriate data processing techniques provide a spatially
explicit description of leaf area, which could provide a validation
base for the calibration of aerial LiDAR measurements as well as
other optical earth observing systems, especially those relying on
radiative transfer modeling.
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