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† Background and Aims To meet the increasing need for rapid and non-destructive extraction of canopy traits, two
methods were used and compared with regard to their accuracy in estimatating 2-D and 3-D parameters of a
hybrid poplar sapling.
† Methods The first method consisted of the analysis of high definition photographs in Tree Analyser (TA) soft-
ware (PIAF-INRA/Kasetsart University). TA allowed the extraction of individual traits using a space carving
approach. The second method utilized 3-D point clouds acquired from terrestrial light detection and ranging
(T-LiDAR) scans. T-LiDAR scans were performed on trees without leaves to reconstruct the lignified structure
of the sapling. From this skeleton, foliage was added using simple modelling rules extrapolated from field
measurements. Validation of the estimated dimension and the accuracy of reconstruction was then achieved by
comparison with an empirical data set.
† Key Results TA was found to be slightly less precise than T-LiDAR for estimating tree height, canopy height
and mean canopy diameter, but for 2-D traits both methods were, however, fully satisfactory. TA tended to over-
estimate total leaf area (error up to 50 %), but better estimates were obtained by reducing the size of the voxels
used for calculations. In contrast, T-LiDAR estimated total leaf area with an error of ,6 %. Finally, both methods
led to an over-estimation of canopy volume. With respect to this trait, T-LiDAR (14.5 % deviation) greatly sur-
passed the accuracy of TA (up to 50 % deviation), even if the voxels used were reduced in size.
† Conclusions Taking into account their magnitude of data acquisition and analysis and their accuracy in trait
estimations, both methods showed contrasting potential future uses. Specifically, T-LiDAR is a particularly
promising tool for investigating the development of large perennial plants, by itself or in association with
plant modelling.

Key words: T-LiDAR, Tree Analyser software, 2-D and 3-D trait extraction, hybrid poplar,
crown reconstruction, digital photographs.

INTRODUCTION

Over the past two decades, numerous studies have been con-
ducted to develop rapid and non-destructive methods of
extracting individual tree characteristics. Such information is
crucial to both forest practitioners and private land owners
for monitoring tree growth and stem quality in plantation
systems or in natural forests where a silvicultural system is
based on selective cutting. Furthermore, these tree character-
istics must be measured with some accuracy to feed models
that predict regeneration processes, dynamics and yield at
the individual (Perttunen et al., 2001; Lambert et al., 2005;
Houllier and de Reffye, 2006) or stand level (Pacala et al.,
1993; Doyon et al., 2006).

Realistic reconstruction of individual trees has been
explored using digitizing devices (Sinoquet et al., 1998;
Farque et al., 2001; Di Iorio et al., 2005; Delagrange et al.,
2006). This technique has the advantage of precisely locating
the positions of tree elements (i.e. leaves, petioles, segments
and branching points) and providing their orientations in a
3-D space. Although the coupling of partial tree digitizing
and simplified reconstruction is possible (Sonohat et al.,

2006), the time and logistic requirements needed for field
data acquisition are considerable. This usually constrains the
digitizing method to small-statured individuals and to more
theoretical questions such as biotic and abiotic variability of
crown light interception efficiency (Delagrange et al., 2006;
Chambelland et al., 2008). Consequently, methods that
would allow rapid and greater operational field data acquisition
(i.e. remote sensing) combined with post-treatment analyses
may represent the best avenue for routine extraction of tree
traits.

In the last decade, two main approaches have been devel-
oped regarding remote sensing at the individual tree level.
First, tree and crown dimensions can be estimated from one
or several digital photographs (Shlyakhter et al., 2001;
Mizoue and Masutani, 2003; Phattaralerphong and Sinoquet,
2005; Tan et al., 2008). Phattaralerphong and Sinoquet
(2007) developed Tree Analyser (TA), which is free software
based on this approach. Several viewpoints are generally
needed to extract 3-D traits from digital photographs, with sub-
sequent estimation of tree volume based on a space carving
procedure (Martin and Aggarwal, 1983; Phattaralerphong
and Sinoquet, 2005). Under natural conditions, such as those
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encountered in the forest understorey, this method faces criti-
cal limitations associated with the lack of contrast between
the target tree and its background (Mizoue and Masutani,
2003). Neubert et al. (2007) and Tan et al. (2008) also devel-
oped methods to reconstruct 3-D crowns from only one picture,
but these techniques were aimed at generating realistic-looking
trees for movie post-production, architectural designs and
games, rather than remote sensing applications for foresters.

The second promising approach uses T-LiDAR (terrestrial
light detection and ranging) to make high resolution laser
scans of vegetation (Hosoi and Omasa, 2006; Xu et al.,
2007; Bucksch et al., 2009; Côté et al., 2009; Rosell et al.,
2009; Yan et al. 2009; Preuksakarn et al., 2010). Extremely
efficient in locating objects in 3-D space, this approach can
assess the complexity of crown organization, but the develop-
ment of robust algorithms making full use of the information is
generally long and complex (e.g. Côté, 2010; Preuksakarn
et al., 2010). Since this approach aims to reconstruct all
elements of the tree, rather than just shapes and volumes,
occlusion might therefore become more detrimental for accu-
rate data acquisition.

One additional benefit of crown reconstruction via remote
sensing methods is that the reconstructed individual includes
the imprint left on the tree shape by all past stochastic
events (Pearcy et al., 2005). As a consequence, the extracted
information is expected to mirror reality very closely and it
may represent an invaluable portrait of an individual’s struc-
ture at a given point in time. Such information can be used
(a) as an accurate database for the validation (which is gener-
ally difficult to achieve) of long-term simulations using a func-
tional–structural plant model (FSPM) or (b) as input to those
FSPM modelling exercises.

The reconstruction of individual trees from photographs or
T-LiDAR scans is independent of phyllotaxic or architectural
rules, making these methods easily adaptable to multiple
species (Phattaralerphong and Sinoquet, 2005; Côté et al.,
2009). Furthermore, through the use of L-System grammar
(cf. Prusinkiewicz et al., 2007), bridges between remote
sensing and modelling have already been tested and have
increased the quality of large tree reconstructions (Côté
et al., 2009). Nevertheless, several limitations must first be
addressed to allow a broader use of remote sensing and recon-
struction of in situ trees. In particular, the T-LiDAR approach
needs the development of algorithms specific to individual
species and sizes. These methods also require robust validation
against empirical data, which are usually difficult to obtain.
Here, we proposed to test two methods based on two remote
sensing approaches (i.e. digital photographs and T-LiDAR
scans) for individual tree reconstructions and to apply them
to a deciduous species and in an operational context. More
specifically, we aimed at identifying a method providing (a)
rapid and accurate extraction of traits, thereby allowing the
estimation of growth yields and stem quality of planted trees,
and (b) a spatially explicit reconstruction of leaf area which
may be used to model growth and yields of these planted trees.

The three specific objectives of the study were thus: (1) to
reconstruct the form and volume of a deciduous sapling crown
from either T-LiDAR scans (after developing simple and
robust algorithms and allometric relationships) or digital photo-
graphs after parameterizing the TA software (Phattaralerphong

and Sinoquet, 2007); (2) to extract, from both reconstructions,
some 2-D and 3-D parameters of the sapling and compare
these with empirical measurements; and (3) to evaluate and
discuss future uses for these methods and the opportunities to
link them to FSPM.

MATERIALS AND METHODS

Plant material and growing conditions

The plant used to test both methods of virtual reconstructions
was a hybrid poplar clone (3230) widely used in plantation
systems for afforestation in southern Québec. Planted in June
2008 in a 20 L pot, this sapling originated from a clone
cutting of Populus trichocarpa Torr. & A.Gray (Section
Tacamahaca) × P. deltoides W.Bartram ex Marshall (Section
Aigeiros) and was grown in a nursery for 2 years. The soil
mixture in the pot was composed of sand (1/3 by volume)
and forest peat (2/3 by volume). Fertilization was performed
in July 2008 and in June 2009 using 100 mL of
controlled-release fertilizer (Smartcote, Feed and Forget,
14-14-14 NPK, Spectrum Brands IP Inc., Brantford, ON,
Canada). Watering was provided by an automatic system
(Shrubber Drip Adjustable Flow System, Anteclo,
Longwood, FL, USA) which supplied water to bring the soil
to field capacity (i.e. about 5 L) every 3 d.

Reconstruction from digital images

In September 2009, the hybrid poplar sapling was returned to
the greenhouse for digital photographs, which were taken from
three sides. The three digital photographs were obtained in
such a manner as to allow the image processing software to clas-
sify picture elements as vegetation or background, i.e. to dichot-
omize (‘binarize’) the image into black and white (cf. Fig. 1A).
Photographic documentation included camera focal length,
camera angles (elevation and azimuth), camera horizontal dis-
tance from the sapling and camera height (Phattaralerphong
and Sinoquet, 2007). The black and white digital images were
loaded into TA software v1.20 to extract tree and crown
heights, crown volume and total leaf area (Phattaralerphong
and Sinoquet, 2007). Briefly, TA first defines extreme lateral
and vertical points of the crown for each viewpoint to compute
distances. Secondly, the software creates a volume containing
the whole crown and divides this volume into a regular grid in
3-D space. In doing so, the software produces a set of cubic
bounding boxes or voxels. Thirdly, the number of voxels is itera-
tively narrowed using the information contained in each digital
photograph (see a detailed description of the methods in
Phattaralerphong and Sinoquet, 2005). The size of bounding
boxes is user defined. While smaller voxel sizes increase pre-
cision (Fig. 1B, C), they also dramatically increase the running
time of calculation. Finally, the user has to provide mean leaf
area (Al mean, cm2) and mean leaf elevation angle (ul mean, 8)
to compute total leaf area from the calculated crown volume
(Phattaralerphong and Sinoquet, 2007). Here, no distinction is
made between voxels containing stem or foliage, assuming
that stem represents a small proportion of the whole crown
volume. Mean Al and mean ul were measured on a sub-sample
of 30 leaves randomly selected within the sapling crown. A list
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of parameters and abbreviations used throughout the text is
given in the Appendix.

Reconstruction from terrestrial LiDAR scans

Following the photography shoot, the hybrid poplar sapling
was scanned in a large open area. The scanned scene consisted
of the hybrid poplar sapling and four simple geometric objects
arranged at 1 m distances around the sapling. A first set of four
scans (each at a distance of about 12 m) was performed around
the sapling (leaf-on scene) that was only used for validation
(see the ‘Empirical measurements of targeted traits for vali-
dation’ section below). Then, all leaves were carefully har-
vested to measure total leaf area, and a second set of four
scans (leaf-off scene) was performed (at a similar distance to
the target) for sapling reconstruction. Scans were made using
a T-LiDAR device (Ilris-3D, Optech Inc., Vaughan, ON,
Canada) that operates at 1500 nm, and which scans with a
maximum field-of-view window of 40º × 40º. Beam diver-
gence is 0.00974º (leading to a 14 mm beam footprint at
12 m) and the minimum spacing between two beams is
0.00115º. For these scan exercises, only the last pulse was
recorded to allow better sampling of small objects deeper in
the crown.

Scan post-treatment started with the filtering and registration
of point clouds using 3DImageSuite software (PointStream
Inc., Mississauga, ON, Canada). The first filtering removed
all points beyond a 2 m radius circle centred on the sapling
base. The registration procedure for multiple points of view
was performed iteratively to reconstruct the whole 3-D point
cloud scene. To do this, three references (i.e. simple geometri-
cal objects arranged around the sapling) were used to define
‘matching points’. Then, in a second step, a logical registration
procedure merged both sets of points into one co-registered
point cloud. Finally, the point cloud representing the sapling
was isolated and all other points were removed from the 3-D
registered scene (Fig. 2A).

From the leaf-off scene, 210 layers (1-cm widths) were
extracted along the vertical z-axis and were analysed using
Python-based programming within ArcGIS libraries (ESRI
Canada Ltd, Toronto, ON, Canada). For each horizontal
layer, groups of points were defined, based on their distance
to neighbours. Do to this, a 1 cm radius area was centred on
each point (‘buffer’ tool, ESRI Canada Ltd), thereby generat-
ing surfaces composed of overlapping disks. For each layer,
the number of groups was thus equivalent to the number of
union surfaces created (‘dissolve’ and ‘multi-to-single-part’
tools, ESRI Canada Ltd). For each union surface, a centroid
was produced (‘calculate-field’ tool with centroid option,

A B C

FI G. 1. Illustrations of the studied poplar sapling from the horizontal. Black and white digital picture of the crown after image processing (A), the crown volume
as extracted from TA (Tree Analyser) using voxel sizes of 7 cm (B), or 3 cm (C).

A B C D

FI G. 2. Main steps of crown reconstruction from T-LiDAR scans. (A) Registered point cloud of the leaf-off scene (B), reconstructed skeleton, (C) pipe represen-
tation with reconstructed radius (D) and positioned leaves on the reconstructed pipe representation.
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ESRI Canada Ltd) and categorized with two parameters (i, the
layer number and, j, the centroid number in layer i). Then, to
link centroids, a simple bottom-up construction rule based on a
minimum spanning tree calculation was set using i, and cen-
troid distances between one another. These linkage steps per-
mitted the reconstruction of a skeleton, which was built with
a series of line segments (Fig. 2B). Skeleton reconstruction ter-
minated with assignment of a diameter to each line segment,
thereby creating a realistic pipe representation (Fig. 2C). At
each centroid j of layer i, this diameter corresponded to
twice the mean distance (Di, j,mean) of the distances from the
centroid to the edges of its union surface.

The final step in sapling reconstruction was the addition of
foliage. To keep it simple, this canopy reconstruction was
based on four very simple but strong rules as follows. (1)
Each leaf is attached at points equidistant from others on the
current-year shoot only. In other words, leaves only appear
along each axis from its tip to the first ramification. (2) On
each shoot, the number of leaves (Nl) and maximal leaf
length (Ll,max) depend on the current-year length of the shoot
(Ls; Fig. 3A, B):

N1 = 0·19Ls + 5·44 (1)

L1,max = 4·08L0·32
s (2)

(3) As defined by field measurements, the area of a leaf (Al)
is dependent on lamina length [Ll; eqn (3), Fig. 4], which is a
fraction (b) of the maximal leaf length (L1,max) according
to the relative position of the leaves on the shoot [Lrel.pos.;
eqn (4)].

A1 = 0·66L1·80
1 (3)

L1 = bL1,max (4)

where b is a coefficient that varies between 0 and 1 and which
follows these linear equations:

b = 0·98Lrel.pos. + 0·36 (5a)

when 0 , Lrel.pos. , 0.653

b = −0·82Lrel.pos. + 1·53 (5b)

when 0.654 , Lrel.pos. , 1
(4) Leaf angles (rolling, Fl; elevation, ul; and azimuth, Cl)

are set as sets of random values between –5 and 5º for Fl,
between 0 and 45º for ul, and between –20 and 20º, iteratively
shifted by +1208 for each successive leaf on each axis for Cl.

These relationships were determined on an independent set
(n ¼ 10; 1–2 branches sampled per sapling) of saplings that
were the same age and from the same clone as the test subject.

Trait extraction from the reconstructed crown

Six traits were estimated using both reconstruction methods.
Tree height (Ht, cm), tree length along the main axis (Lt, cm),
crown height (Hc, cm) and mean crown diameter in four hori-
zontal directions (Dc mean, cm) corresponded to the 2-D traits,
while total leaf area of the crown (Ac, cm2) and crown volume
(Vc, m3) related to 3-D traits. The 2-D trait extraction from
T-LiDAR scans was rapidly achieved using the pipe represen-
tation (Fig. 2C) by searching for extreme values in the point
coordinates on the z-axis (for Ht) and in the respective hori-
zontal directions (for Dc,mean). Hc was retrieved using the
lower z-co-ordinate for the first segment of the first living
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FI G. 3. Allometric relationships used for foliage reconstruction. (A)
Relationships between the number of leaves (Nl) and the length of the current-
year shoot (Ls), and (B) relationships between the maximal leaf length (Ll,max)

and the length of the current-year shoot (Ls).
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used for foliage reconstruction.
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branch, and the upper z-value among all co-ordinates. Lt was
calculated as the length of all segments of the main stem in
the pipe representation (Fig. 2C). Ac was computed after the
addition of foliage (Fig. 2D) by summing the area of each
reconstructed leaf. Finally, Vc was calculated as the sum of
the cylinders that fitted on each shoot. The volume of each
cylinder was obtained by using the Lb (branch length) and
Ll,max (maximal leaf length) of each branch as the cylinder
length and radius, respectively.

After crown reconstruction with TA, the 2-D and 3-D traits
were extracted with two levels of precision (i.e. two sizes of
voxels). Reducing the size of voxels greatly increased the defi-
nition of the reconstruction (cf. Fig. 1B, C) but also exponen-
tially increased the number of elements that need to be
analysed and, therefore, the calculation time. Here, we used
7 and 3 cm for voxelization (hereafter referred to as TA-7
and TA-3, respectively), meaning that for each of the three
viewpoints, about 900 and 4900 voxels were analysed, respect-
ively. After parameterization, extraction of all six traits on a
standard desktop computer took about 2 and 6 h for 7 and
3 cm voxels, respectively. In TA, Lt cannot be estimated
because TA algorithms were not set to isolate and analyse
the stem independently. Thus, no distinction in TA is made
between Ht and Lt, which are given the same value.

Empirical measurements of targeted traits for validation

To validate the quality of trait extractions for both methods,
empirical measurements were made directly on the studied
sapling. Ht was defined as the vertical distance between tree
base and tree top. Lt corresponded to the distance from tree
base to tree top along the main stem. Hc was defined as the ver-
tical distance between the height of the first living branch
insertion point on the main stem and the top of the tree.
Dc,mean averaged the horizontal width of the crown in four
marked directions. Vc was the most difficult trait to acquire
for validation. However, crown volume was assessed using
the registered point clouds of the leaf-on scene obtained
from T-LiDAR scans. From this scene (treated with the
same filtering and registration as the leaf-off scene, cf. the
‘Reconstruction from terrestrial LiDAR scans’ section), 1 cm
wide layers were extracted and each point was transformed
into a 1 cm2 surface (‘buffer’ tool, ESRI Canada Ltd). For
each layer, a union surface was then calculated (‘dissolve’
and ‘multi-to-single-part’ tools, ESRI Canada Ltd) and the
volume was then calculated as the integration of all layer sur-
faces on the z-axis. Finally, total leaf area was measured after
all leaves were harvested with a portable leaf area meter
(Li-3000A, Li-COR Inc., Lincoln, NE, USA).

In a second step, to test the accuracy of sapling reconstruc-
tion from T-LiDAR further, another batch of traits was
selected to validate the reconstruction of finer and more iso-
lated elements. To do so, the height of insertion on the main
stem (Hb; m) and the length (Lb; m, defined as the distance
along the branch from the main stem insertion point to the
branch tip) were measured for each branch, and compared
with reconstructed branches. Finally, using the volume esti-
mate from the leaf-on scene, a vertical profile of biomass
was produced and compared with the vertical distribution of
reconstructed objects of the whole sapling.

Visualization

Visualization of crown volumes that were obtained with TA
(Fig. 1B, C), together with the reconstructed skeleton
(Fig. 2B), pipe structure (Fig. 2C) and whole sapling
(Fig. 2D) obtained from T-LiDAR scans, was achieved using
VegeSTAR v3.2.4 (Adam et al., 2006). For both methods,
visualization allowed us to check the concordance between
the virtual reconstruction and the actual structure.

Statistical analysis

All data analyses were performed in an effort to compare
and validate trait estimations from reconstructed crowns as
compared with actual measured values. First, they consisted
of computing deviations in extracted dimensions as compared
with measured values. These deviations were expressed as a
percentage to be easily comparable. In a second step, the
absolute error of estimated traits was calculated to obtain a
value with corresponding units for these deviations. Finally,
to compare the distribution of biomass along a vertical
profile of the crown, normalized biomass was calculated for
(a) the reconstructed crown from T-LiDAR scans and (b) the
estimated volume from the registered leaf-on scene. To help
in the comparison, the normalized deviation between recon-
structed and actual vertical distributions was calculated along
the vertical profile.

RESULTS

Processing of methods

Crown reconstructions from digital photographs using TA soft-
ware were done following the procedure of Phattaralerphong
and Sinoquet (2007). Data acquisition as reported by
Phattaralerphong and Sinoquet (2007) was quick and software
parameterization was not time-consuming. The two longest
steps in the reconstruction were image processing (i.e. binari-
zation), which may take several minutes for each image, and
calculation time, which may take from 2 to 6 h, depending
on the number of pictures and the size of the voxels chosen.
In contrast, reconstruction from T-LiDAR scans required a
long period of development, including the acquisition of
field data measurements for the production of allometric
relationships. Indeed, no tools based on this laser scanning
approach are presently available in the literature, especially
for deciduous trees. However, T-LiDAR data acquisition was
simple and, once algorithms were developed, processing
required about 8 h to reconstruct the crown and obtain its
associated traits. If data acquisition for both methods faces
the same limitations (mostly wind and occlusion), T-LiDAR
has the substantial advantage over digital photography of
being independent of background and contrast. However, the
T-LiDAR approach represents a much more expensive invest-
ment (about US$150 000 for the instrument and software)
compared with the digital photography (about US$1000).

Accuracy of trait extractions

With both methods, extraction of 2-D traits (Ht, Lt, Hc and
Dc,mean) was acceptable, with respective mean deviations of

Delagrange & Rochon — Sapling reconstruction from digital photographs or T-LiDAR scans 995

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/108/6/991/209221 by guest on 24 April 2024



8.8, 5.4 and 1.6 % for TA-7, TA-3 and T-LiDAR, respectively
(Table 1). On 2-D traits, TA-7 thus showed an absolute error of
about 15 cm, which was reduced to 10 cm when using smaller
voxels of 3 cm. However, when reducing the size of the
voxels, the gain in precision occurred mainly for Hc and
Dc,mean, while deviations were not markedly reduced for Ht

and Lt (Table 1). Moreover, the use of T-LiDAR scans
greatly reduced the mean absolute error made on 2-D trait
extractions to 2.8 cm. Most of this error was attributable to
Hc and Dc,mean (i.e. about 5 cm), while errors on Ht and Lt

were about 1 cm and negative (i.e. led to an under-estimation).
Concerning 3-D traits, trait extraction was much less accu-

rate, especially for crowns that had been reconstructed from
digital photographs (cf. Fig. 1). First, TA-7 showed a deviation
equivalent to 150.7 % of the measured Vc (Table 1). Secondly,
reducing the size of the voxels to 3 cm reduced the deviation to
59.4 % of the measured Vc (Table 1). Thirdly, deviation of Vc

estimated from T-LiDAR scans corresponded to 14.5 % of the
measured Vc (Table 1). Reconstruction from T-LiDAR was
thus reported as the most precise method to approach the
actual volume occupied by all crown elements and, in contrast
to TA reconstruction, T-LiDAR under-estimated Vc. Finally,
extracted Ac values were more accurate than extracted Vc

values. Deviations in Ac reached 31.1, 23.7 and 5.9 % for
TA-7, TA-3 and T-LiDAR, respectively (Table 1). For
T-LiDAR, the estimated Ac under-estimated the measured
value, but the resulting absolute error was of about 0.11 m2

(equivalent to 22 leaves of an average size).

Validation of crown reconstruction from T-LiDAR scans

To test specifically the reconstruction obtained from
T-LiDAR associated with allometric relationships, four
levels of validation were performed. First, the number of
reconstructed branches (n ¼ 18) was compared with the
actual number of branches (n ¼ 19). Reconstruction from
T-LiDAR thus allowed detection and recreation of 95 % of
the total main branches. Secondly, the heights of the main
branch insertions (Hb) for reconstructed branches were com-
pared with their measured heights (Table 2). Deviations of
Hb ranged from 0 to 20 %, and the equivalent absolute error
varied from 0 to 10 cm; for the majority of branches
(n ¼ 14), the error was kept under 5 cm (Table 2). Mean devi-
ation and mean absolute error on Hb thus reached 1.8 % and

3 cm, respectively (Table 2). The third level of validation
concerned the length of main branches (Lb) (Table 3). In
this case, deviations and errors were much higher, varying
from 0.2 to 66.4 % and from 0 to 35 cm, respectively
(Table 3). Interestingly, the highest errors were reported for
shorter branches located in the middle of the crown
(Table 3). Finally, the last level of validation compared the
reconstructed vertical profile of biomass distribution with
the vertical profile of biomass calculated from the leaves-on
T-LiDAR scans (Fig. 5). This comparison showed that
biomass localization was satisfactory, especially below a
height of 1.5 m (Fig. 5). For example, maximum biomass pro-
portion was measured at a height of 60 cm in the actual
profile, whereas maximum biomass proportion was found at

TABLE 1. Comparison of measured and extracted 2-D and 3-D traits from digital photographs using Tree Analyser software with
7 cm (TA-7) or 3 cm (TA-3) voxel sizes, and from a reconstructed tree using terrestrial LiDAR scans (T-LiDAR)

Units Measured
Extracted from

TA-7
Extracted from

TA-3
Extracted from

T-LiDAR
TA-7 deviation

(%)
TA-3 deviation

(%)
T-LiDAR measured

(%)

2-D traits
Ht m 2.02 2.13 2.11 2.01 5.4 4.5 (–) 0.5
Lt m 2.05 2.13 2.11 2.04 3.9 2.9 (–) 0.4
Hc m 1.89 2.05 1.98 1.93 8.5 4.8 2.1
Dc,mean m 1.45 1.7 1.59 1.5 17.2 9.7 3.4
3-D traits
Vc m3 0.69 1.73 1.10 0.59 150.7 59.4 (–) 14.5
Ac m2 1.88 2.32 2.19 1.77 31.1 23.7 (–) 5.9

Deviations from measured values are presented as percentages for each of the three methods.

TABLE 2. Measured and extracted (from T-LiDAR) heights of
branch insertion on the main stem

Branch
ID

Measured
height of

insertion (m)

Reconstructed
height of

insertion (m)

Deviation in
height of

insertion (%)

Absolute
error in

height of
insertion (m)

1 0.08 0.08 0.0 0.00
2 0.1 0.08 –20.0 0.02
3 0.13 0.13 0.0 0.00
4 0.4 0.48 20.0 0.08
5 0.47 0.48 2.1 0.01
6 0.52 0.53 1.9 0.01
7 0.55 0.53 –3.6 0.02
8 0.59 0.58 –1.7 0.01
9 0.63 0.63 0.0 0.00
10 0.67 ND
11 0.72 0.73 1.4 0.01
12 0.77 0.78 1.3 0.01
13 0.82 0.83 1.2 0.01
14 0.87 0.83 –4.6 0.04
15 0.93 0.83 –10.8 0.10
16 0.98 0.88 –10.2 0.10
17 1.02 0.98 –3.9 0.04
18 1.05 0.98 –6.7 0.07
19 1.07 1.08 0.9 0.01
Mean 1.8 0.03

Deviation (%) from the measured height and absolute error (m) are
indicated for each branch.

ND, not detected.
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a height of 65 cm in the reconstructed profile. However,
reconstruction failed to locate a significant portion of the
biomass between heights of 75 and 80 cm and in the upper
parts of the canopy, as compared with the profile measured
from the leaf-on scene (Fig. 5B).

DISCUSSION

Method processing and development

As a first objective, our aimwas to develop a rapid and accurate
method for crown reconstruction using T-LiDAR scans. Such
an approach is thought to be particularly promising and is pre-
sently under development by a number of research groups
(Côté et al., 2009; Livny et al., 2010; Preuksakarn et al.,
2010). The theoretical approaches to the reconstruction of
tree crowns from T-LiDAR scans are numerous and generally
differ due to size, shape and species of targeted trees. Here, we
chose to combine a minimum spanning tree approach with
modelling to reconstruct the whole crown. Indeed, T-LiDAR
technology has the ability to capture the 3-D organization of
elements in space, but occlusion and wind generally hinder
precise reconstruction out to the branch tips or leaves. For
large conifers, Côté et al. (2009) settled on the partitioning
between stem and foliage points within the point cloud.
Stem points were used for algorithm-driven reconstruction,
while foliage points were used as attractors for a modelled
reconstruction. For deciduous trees, we argue that using mod-
elling to locate leaves on a precise skeleton built from
T-LiDAR scans of leaf-off scenes will allow a better recon-
struction than reconstructions only from leaf-on scenes.
Indeed, broad leaves represent an important source of occlu-
sion that interferes with detecting branch tips and other
leaves. Furthermore, two arguments reinforced this ‘leaf-off’
approach: (1) the important developments currently occurring
with regards to skeleton reconstruction methods from 3-D
point clouds or 3-D surfaces (Dey and Sun, 2006; Reniers
and Telea, 2007; Runions et al., 2007; Bucksch and
Lindenbergh, 2008; Yan et al., 2009; Bucksch et al., 2010);
and (2) the high quality scans that can be acquired for decid-
uous species during leaf-off periods such as autumn and
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TABLE 3. Measured and extracted (from T-LiDAR) length of
branches

Branch
ID

Measured
branch length

(m)
Reconstructed

branch length (m)

Deviation in
branch

length (%)

Absolute
error

in branch
length (m)

1 1.74 1.70 –2.5 0.04
2 0.86 0.87 1.1 0.01
3 1.00 0.67 –33.3 0.33
4 0.23 0.13 –43.8 0.16
5 0.36 0.29 –20.0 0.08
6 0.39 0.23 –40.9 0.20
7 0.50 0.17 –66.4 0.34
8 0.51 0.21 –58.6 0.35
9 0.59 0.49 –17.7 0.13
10 0.73 ND
11 0.59 0.34 –42.9 0.25
12 0.86 0.80 –6.5 0.06
13 0.83 0.69 –17.2 0.14
14 0.84 0.84 0.2 0.00
15 0.96 0.84 –12.4 0.12
16 0.79 0.63 –20.8 0.16
17 0.9 0.71 –20.9 0.19
18 1.09 1.07 –2.2 0.02
19 1.11 1.06 –4.2 0.05
Mean –22.8 0.15

Deviation (%) from the measured length and absolute error (m) are
indicated for each branch.

ND, not detected.
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spring (Bucksch and Fleck, 2009). Consequently, we designed
a simple algorithm inspired by the approach of Verroust and
Lazarus (1997) to reconstruct the tree skeleton. On this frame-
work, leaves were added using simple allometric relationships
(see Casella and Sinoquet, 2003). Similar approaches that add
foliage to a reconstructed skeleton have already been used by
Xu et al. (2007) for deciduous trees and by Côté et al. (2009)
for large coniferous trees. In the present study, both com-
ponents of the reconstruction (i.e. skeletization and modelling)
were very simple and robust, but new allometric relationships
have to be established when reconstructing the crown of
another species or clone.

With regard to TA, this tool was developed by Phattaral
erphong and Sinoquet (2005, 2007) and is based on space
carving theory (Martin and Aggarwal, 1983) for volume and
surface estimation. This method is efficient and might be of
interest due its low cost and mobility. However, few develop-
ments have occurred in stereophotogrammetry for forest appli-
cations in the last few years. Indeed, significant developments
based on digital image processing have only arisen in movie
post-production, architectural designs and video games (Seitz
et al., 2006; Neubert et al. 2007; Tan et al., 2008).

Accuracy of the methods for trait extraction and validation of
T-LiDAR reconstruction

Both methods were suitable for extraction of 2-D traits. This
was expected for TA, since Phattaralerphong and Sinoquet
(2005) have already reported on the accuracy of this method
for extracting such dimensions on trees of several species
and sizes. However, we recorded a slightly larger error than
that reported by Phattaralerphong and Sinoquet (2005), an
error which may arise from three contrasting sources. First,
the voxel approach obviously enlarged the reconstructed
crown, leading to over-estimation associated with the selected
size of the voxel; the larger the voxel, the greater the over-
estimation. Secondly, TA algorithms consider that all voxels
contain foliage. This may over-estimate volume, especially
for canopies with low leaf density. Finally, error may have
increased in our more operational context due to our ability
to measure camera distance from the target as well as
camera angles. Indeed, these field constraints may have led
to slight cumulative offsets when combining all photographs.
One important result also concerned the accuracy of extrac-
tions of 2-D traits using the T-LiDAR reconstruction. This
accuracy is associated with the ability of LiDAR scans to
obtain valuable information on an object’s silhouette, where
occlusion is minimized.

With regard to 3-D traits, a greater discrepancy was found
between the two methods with regard to accuracy. As with
2-D traits, errors of TA in these extractions increased due to
the voxel approach and to the field measurements that were
required to determine the relative position of the camera. For
these traits, an additional source of error corresponded to the
three viewpoints that were used here for space carving com-
pared with the eight used by Phattaralerphong and Sinoquet
(2005). Reducing the number of viewpoints obviously
increased the number of voxels retained during space
carving, leading to over-estimation. However, the parameteri-
zation needed in TA to estimate Ac from Vc (i.e. basically, a

quantification of foliage density) largely corrected for the
over-estimation reported in Vc (cf. Table 1). Having good esti-
mates of foliage density and organization in space, mainly
through Al,mean and ul,mean, is sufficient to obtain a plausible
estimate of Ac. Unfortunately, this estimated area is not
spatially explicit, which greatly limits the use of such a trait.
In parallel, 3-D traits estimated from T-LiDAR reconstruction
showed lower deviations from empirical measurements.
However, both Ac and Vc were under-estimated, leading us to
conclude that information was lost during the reconstruction
process. For Ac, our validation exercise showed that one
medium-sized branch in the middle of the crown was missed
by the reconstruction algorithm. This loss of information is
attributable to a combination of factors. First, the inner pos-
ition of the branch within the crown may have led to partial
occlusion in this part of the registered scan. This interpretation
is reinforced by the fact that error on branch length was gener-
ally higher on smaller and lower branches, which are not
clearly emerging from the crown volume (Table 3). These
branches were defined, therefore, by a lower number of
points and by more isolated points, which in turn may be
more easily removed during scan filtering. Another critical
concern related to the algorithm we elaborated is the angle
of branch insertion. Since we used horizontal layers to define
centroids, very horizontal branches, with most of their
biomass contained in a single layer, may be severely under-
estimated. Finally, validation of the vertical profile of
biomass within the crown showed that allometric relationships
used for foliage reconstruction slightly under-estimated Al in
the upper (.1.5m) part of the crown, where larger leaves
are located, compared with the lower portion of the crown.
Nevertheless, despite these observed deviations, final recon-
struction from T-LiDAR using the colonization algorithm
and allometric relationships produced a deviation ,6 %,
which was equivalent to about 22 leaves of an average size
(cf. Fig. 4A).

Versatility of the methods

Both the T-LiDAR and digital photography methods were
tested in a more operational context (only three clear view-
points) to assess their ability to extract accurate 2-D and 3-D
traits. For its cost, TA showed very interesting results for
2-D traits, and it would be preferred on isolated trees since:
(a) only Ht, Hc and Dc,mean are targeted; and (b) the back-
ground can be controlled to some extent. For example, this
method may be used to survey height, crown expansion and
yields in plantation systems. However, no more information
can obviously be extracted from these TA reconstructions,
and linkages with FSPM or any dynamic modelling exercises
are extremely limited. In the future, developments in tree
crown reconstructions from digital images may thus depend
on other approaches (Mizoue and Masutani, 2003; Neubert
et al., 2007; Tan et al., 2008). In contrast, T-LiDAR appeared
to be very efficient in estimating both 3-D and 2-D traits. Most
importantly, 3-D traits extracted using this method, such as Ac

and its profile, are spatially explicit and can be coupled to
phylloclimate models (Chelle, 2005) to survey individual
environmental conditions or can even be used to integrate
whole tree photosynthetic production (Adam et al., 2006).
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Moreover, the instantaneous picture obtained of the real tree
from T-LiDAR scans can be used to feed FSPM [e.g.
LIGNUM (Perttunen et al., 1998), YPLANT (Pearcy and
Yang, 1996) and GREENLAB (de Reffye et al., 1997)] to
predict future individual development over longer time
periods.

Conclusions

Taking into account their cost, the magnitude of their data
acquisition and analysis, and their accuracy for trait esti-
mations, digital images or T-LiDAR scans are valuable tech-
nologies to extract information from trees in an operational
context. However, both methods offer very contrasting ser-
vices in terms of reconstruction. Rapid surveys of isolated
trees may be achieved using TA, but not much more can pre-
sently be extracted using such a tool. In contrast, T-LiDAR is a
particularly promising tool for investigating the structure and
development of large perennial deciduous plants. Indeed,
despite a rather substantial investment in time for the initial
parameterization of trait extractions, continuous development
of algorithms greatly expands the number of traits which can
be extracted and constantly simplifies their extraction.
Ultimately, linkages between T-LiDAR-based remote sensing
and FSPM may increase opportunities for tree modelling and
study.
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Côté J-F, Widlowski J-L, Fournier R, Verstraete MM. 2009. The structural
and radiative consistency of three-dimensional tree reconstructions from
terrestrial lidar. Remote Sensing of Environment 113: 1067–1081.

Delagrange S, Montpied P, Dreyer E, Messier C, Sinoquet H. 2006. Does
shade improve light interception efficiency? A comparison among seed-
lings from shade-tolerant and -intolerant temperate deciduous tree
species. New Phytologist 172: 293–304.

Dey T, Sun J. 2006. Defining and computing curve skeletons with medial geo-
desic function. Proceedings of the Symposiumo on Geometry Processing,
143–152.

Di Iorio A, Laserre B, Scippa G, Chiatante D. 2005. Root system architec-
ture of Quercus pubescens trees growing on different sloping conditions.
Annals of Botany 95: 351–361.

Doyon F, Nolet P, Forget E, Pouliot R. 2006. COHORTE: a
distance-independent individual tree model to assess stand growth and
quality grade changes under partial cutting regimes. Conference
Proceedings: IUFRO 1.05 conference on Natural disturbance-based silvi-
culture – Managing for complexity, Rouyn-Noranda, Québec, Canada, 194.
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APPENDIX

Abbreviations, description and units of the parameters used in both

reconstruction methods

Abbreviation Units Description

Al,mean cm2 Mean leaf area
uL,mean 8 Mean leaf elevation angle in the whole crown
Di, j,mean m Mean of all distances of x, y, z points from the

centroid j in the layer i. It becomes the radious
of the pipe object in the layer i in the
reconstruction

Nl Number Number of leaf
Ll,max m Maximal leaf length
Ls m Current-year shoot length
Lb m Branch length
AL m2 Area of a leaf
Ll m Leaf length
Lrel.pos. – Relative position of the leaf on the current-year

shoot
b – Coefficient for the reduction of maximal leaf

length
Fl 8 Leaf rolling angle
ul 8 Leaf elevation angle
Cl 8 Leaf azimuth angle
Ht m Total tree height (vertical distance)
Lt m Total length of the tree (along the stem)
Hc m Crown height (i.e. vertical distance between

the lower and upper point of the crown)
Dc m Crown diameter
Dc,mean m Mean crown diameter (average of the diameter

in four directions)
Hb m Height of the branch insertion on the main

stem
Ac m2 Total leaf area of the whole crown
Vc m3 Volume of the whole crown
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