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Abstract

We developed a double-digitizing method combiningaad-held electromagnetic digitizer
and a non-contact three-dimensional (3D) laserrsrarThe former was used to record the
positions of all leaves in a tree and orientatiogles of their lamina. The latter served to
obtain the morphology of leaves sampled in the #eethe scanner outputs a cloud of points,
software was developed to reconstruct non-plan&) (Baves composed of triangles, and to
compute numerical shape parameters: midrib curgatorsion and transversal curvature of
the lamina. Combination of both methods alloweddug 3D virtual trees with NP leaves.
The method was applied to young beech tréegus sylvatica) selected in different sunlight
environments (from 1 to 100% of incident light)forest of central France. Leaf morphology
responded to light availability, with more bent gban well lit leaves. Light interception at
the leaf scale by NP leaves was decreased from ¥0%, for shaded and sunlit leaves
compared to planar leaves. At the tree scale, iightception by trees made of NP leaves was

decreased by 1 to 3% for 100% to 1% light, respelti

Keywords : Virtual plants, laser scanner, electromagnetictidigg
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Introduction

Most trees have a strong ability for structural ifiodtion in response to light availability. At
the plant scale, leaf distribution has been reportebe more regular and more clumped in
shaded and sunny environments, respectively (Pé®cdnd Sinoquet 1998; Fargaeal.
2001). Leaf attributes may also change, e.g. iatibm and rolling angles of the whole lamina
show significant changes with regard to irradialese! (Begg 1980; Niklas and Owens 1989;
Heckathorn and DeLucia 1991; Midgley al. 1992; Planchais and Sinoquet 1998). For
example, in a recent study &agus sylvatica data showed that leaf number, mean leaf angle
and leaf dry matter content per unit area increagithl light availability (Balandier et al.
2007). In addition, several species may show sirattchanges affecting the leaf
morphology, such as lamina folding or curling (Iari992; Muraokat al. 1998; Flecket al.
2003; Niinemets 2007). These multiple ways for diag the tree geometry has
consequences for the plant’s ability to intercegititl and usually allows plants to maximize
light capture in low light and protect themselvegsiast photo inhibition of photosynthesis in
excess light (Pearat al. 2005).

Three-dimensional (3D) virtual tree modelling (Rnkgewicz and Lindenmayer 199Weber
and Penn 1995; Lintermann and Deussen 1998, GaainSenoquet 2005) has become a
promising tool for quantifying structural respongeselation with both the geometry and the
spatial distribution of the tree organs. In comborawith radiation transfer models or foliage
projection model, the quantification of light inteption at tree scale has been widely
addressed using virtual tree mock-ups construatech fmeasurements (e.g. Sinoquet and
Rivet 1997, Sinoque&t al. 1998, Sonohatet al. 2006). Measurements are presently
considered to be the most accurate approach totitpisely represent the 3D tree
architecture, because the actual features of tesmmgtry are taken into account. These

processes are typically composed of two stepscaquisition step consisting of capturing the
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geometrical features of the tree organs using alsei digitizing device (e.g. Hanan and
Room 2002), and a reconstruction step in whichréisalting data are converted to a suitable
3D computer mock-up.

Hand-held electromagnetic digitizers (HHEMD) prawia robust way for quantifying the tree
geometry in a systematic manner especially theucamif the spatial position and orientation
of stems and leaves (Sinoquet and Rivet 1997; Qeta# al. 1998; Sonohatt al. 2006).
However, HHEMD are tedious, time-consuming androftet enough precise for accurately
capture the detailed leaf geometry, e.g. measuhadeaf edges (see Rakoceweical. 2000

for white clover digitizing). This is the reason ywimost plant mock-ups constructed from
HHEMD do not integrate the non-planar (NP) lealusture. Indeed leaf shape is often
reduced to planar polygondg facto neglecting a potential influence of leaf curvatardeaf
torsion on the whole-plant light interception.

Conversely, other emerging 3D capture devices fagmon-contact laser scan digitizers
(NCLSD) have been used for various plant measureiuah reconstruction (e.g. Tanaia

al. 1998; Kaminuma 2004; Ria al. 2005; Dornbusclet al. 2007). Indeed, NCLSD are able
to rapidly quantify the surface of an object undefestigation as a dense set of points and
consequently they seem potentially useful for miaugl3D virtual trees at a fine scale. A
drawback of this type of device is that organs tha overlaid are not "viewed" by the
scanner, e.g. a twig under a leaf, and thus natidered. Other drawback is the segmentation
task which is needed to clearly distinguish subskemints related to the plant organs such as
leaves and stems. In practice automatic segmentegimains an open problem due to holes,
spikes, hidden parts, and data points that do eftmnlg to the scanned tree (Hargral.
2004). Therefore the segmentation task must in wexsts be manually achieved (Dornbusch

et al. 2007) through numerous fastidious interactive ialaitions.
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The present work was an attempt to combine therddgas of HHEMD and NCLSD for
building 3D virtual trees composed by NP leavesthis goal, a four-step reconstruction

protocol was investigated: i) a 3Space Fastrackd?ols HHEMD (_www.polhemus.coin

was used to describe the location and orientatfaall deaves in the tree, and the maximum
width and length of each leaf was manually measwrngll a ruler; ii) a Konica VIVID 910

NCLSD ( www.konicaminolta.con) was used for capturing the geometry of a sarople

leaves leading for each digitized leaf to a dereteos 3D points; iii) each set of leaf points
was processed to extract numerical parametersriiegtilne leaf 3D morphology, and derive a
normalized triangulated leaf model by fitting a sktriangles onto the 3D leaf data points; iv)
the HHEMD data were combined with the triangulatales in order to get 3D tree mock-
ups with NP leaves. This framework was applied onng European beech tredsagus
gylvatica) selected in different sunlight environments inefi in central France, in order to
investigate how morphological leaf parameters chamgth light availability and the

consequences on light capture ability.

Material and methods
Tree selection in a light gradient

Eleven young beech trees were selected in the €hdéa Puys, a mid-elevation volcanic
mountain range situated in the Auvergne region m@née (45°42' N, 2°58' E). All trees
except one were located in a forest dominate®ibys sylvestris. Light availability for each

sapling was estimated as follows. A digital fishegenera fixed in a self-levelling device was
positioned just above the sapling, with the canudijactive perpendicular to the soil surface.
The camera was connected to a PC for real-timeoghaph segmentation into sky and
vegetation pixels, and for analysis of light availidy in percent of above canopy value

(%light) with software PiafPhotem (Adaehal. 2006). The trees were chosen in the range of
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%light between 1 and 100%, i.e. from the limit @&ebh growth in the very shade to open
area. Trees were separated in four light classabl€Tl). Beech height ranged between 0.4

and 1.1 m, and included between 110 and 3400 leaves

Tree mock-up reconstruction process

We only considered leaves in this study. While gde§ and branches participate to the
modification of canopy architecture and thus, iedily, to light interception, leaf distribution
in space takes into account these features antintieefor digitizing the tree (see below) is
accordingly reduced. A four-step 3D tree mock-uporestruction method was developed.
First, the HHEMD was used to measure all leaf pwsst and orientation angles of each tree,
and the maximum width and length of each leaf waaumally measured with ruler. This step
was realised in a non-destructive manner, by digiitgy and measuring the trees directly in
their natural environment. Second, 3D laser scdnsir@ individual leaves per tree (three
leaves in each of the lower, middle and upper péarthe tree) were produced with the
NCLSD. The scans were realised on freshly harvektades which were transported (in
about one hour of travel) in plastic bag from theafde des Puys to a scanning lab. Third,
each set of 3D scanner leaf points was computaerepsed to extract leaf shape parameters
and to produce a normalized triangulated leaf moBelrth, the triangulated leaf models
were positioned in the tree structure accordintpéd positions, orientations and dimensions

measured in step one.

HHEMD for capturing leaf position and orientation (first step)

A 3Space Fastrack Polhemus HHEMD ( www.polhemus.roras used to digitize all leaves

in each selected tree. This device is composedti@nsmitter and a receiver connected to a
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central unit. Both the transmitter and receivertaona triad of electromagnetic coils. Those
in the transmitter are supplied with alternatindtage, so that they emit alternating magnetic
fields. When located in the magnetic fields, cailghe receiver show induced currents, the
value of them is related to the location and odgah of the receiver with regard to the
transmitter (Polhemus Inc. 1993). In practice, tifamsmitter must be placed near the target
tree for defining a global 3D Cartesian referengdesn(O, X, Y, Z). The receiver is inlayed
into a handle which allows an operator collectindking 3D points on the plant. The
accuracy of the device allows an approximate captesolution of 0.8mm in a volume
depending on the magnetic source, here up to 3onmdrthe transmitter but acquisition is
possible up to 9 m with a more powerful transmitEeach measurement produces 6 data,
namely a triplet of Cartesian coordinates locatimg digitized point in the global reference
system, and the receiver orientation provided dsrkangle tripleti.e. azimuth, elevation and
roll angles. Data acquisition is driven by softw&iafDigit (Doneset al. 2006) available at

http://www2.clermont.inra.fr/piaf/eng/download/doad.php.

For leaf digitizing, the receiver was pointed a¢ goroximal point of the lamina (i.e. the
junction between petiole and lamina) and orienta@ltel to the midrib and to the mean plane
of the lamina (Fig. 1a). The receiver inclinatioaswisually approximated by the leaf axis,
i.e. the line between the proximal and distal poioit the midrib. With this orientation, the
Euler angles were the midrib azimuth, the midriblimation and the roll angle of lamina
around the midrib (Sinoquet al. 1998). During digitizing, leaf length and maximueaf
width along the midrib were manually measured vaittuler, and the data were input in the
same software PiafDigit. The output of the HHEMDasgrements was an ASCII file per
tree. Each file contained the list of tree leavath wheir maximum width and length,

orientation angles and spatial coordinates. Thetedltree mock-ups with planar leaves were
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visualized with the software VegeSTAR also avagabl at

http://www?2.clermont.inra.fr/piaf/eng/download/dolad.php(Adamet al. 2002) (Fig. 2a).

NCLSD for capturing the leaf geometry (second step)

A Konica Minolta VIVID 910 NCLSD ((www.konicaminatcom) was used to capture the

leaf geometry. This device is composed of a sipglallelepiped unit presenting two circular
apertures hosting a laser emitting unit and a ahaoypled device (CCD) camera,

respectively (Fig. 1b).

The VIVID 910 uses a light-stripe method to acquibgect geometry. This technique (Fig. 3)
consists of emitting a horizontal red laser raytigh a cylindrical lens to the object and to
convert the reflected light into distance informatby using an active triangulation principle.
The conversion is achieved through the CCD (he84(0%480 pixels) camera. The process is
repeated by scanning the light stripe verticallytio@ object surface using a rotating mirror.
The result is a dense set of 3D points outlinirgy plrt of the object which is visible for the
CCD. The VIVID 910 is provided with three interclygable receiving lenses allowing an
angular field of view approximately covering 10%im 1 nf. The recommended scan distance
is between 0.6 m and 2.5 m and the scanner resojute. the distance between two digitized
points, varies from 0.039 min 0.090 mm according to the lens. An efficient edied auto
focus technology allows automatically detectiortted optimal scan distance for a given lens
and a given object. The number of digitized poirages with two resolution modes and the
ratio between the object size and the CCD fielgiew. In addition, a 24-bit colour image is
captured at the same time by the CCD camera. Fastody, the VIVID 910 was driven from
the commercial software rapidform2006 (INUS Tecbggl Seoul, Korea). This industrial

software is widely used for computer-aided dessgues, and provides a comprehensive suite
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of tools designed to process real-world data, fBinscanning devices control to parametric
surface reconstruction.

The smallest lens with the fine resolution mode30. mm) was used for capturing the
geometry of 99 leaves, i.e. 9 leaves per beechTiaee leaves were harvested in each of the
lower, middle and upper part of the tree. EachhefQ9 leaves was positioned in front of the
VIVID so that the CCD camera viewed maximum pragelcarea of the leaf (Fig. 1b). The
VIVID was levelled and the leaf axis was set vetti, i.e. parallel to the VIVID Y-axis.
Identification of the leaf axis in both the HHEMM&NCLSD data ensured the geometric
consistency between 3D data at tree and leaf sdalesg our measurements, we overcame
segmentation problem related to the use of NCLSDesall digitised points belonged to the
scanned leaf. Each 3D digitized leaf included betw&0,000 and 30,000 points depending on

leaf size. An image of the 3D data points for atdigd medium-sized leaf is given in Fig. 4a.
Leaf shape parameter extraction and leaf triangulation in 3D (third step)

Three-dimensional data obtained from the NCLSD dach leaf were processed for both
extracting a set of numerical parameters featuttiegleaf morphology and for constructing a
non-planar triangulated model of each harvested Aaa application programming interface
which allows direct access to data structures dgdrithms in rapidform2006 via the
Microsoft Visual C++ programming language was usedevelop a rapidform2006 plug-in.
Extracted morphological parameters were midrib tlerlg (mm), maximum leaf width W
(mm), leaf area A (mA), midrib curvature C (mf), openness angle between two half-
laminas O (°), lamina twirl T (°), transversal catwre angle of lamina TC (°) and symmetry
between the two half-laminas S, i.e. the ratiohef left leaf half width to the total leaf width
along its midrib. The extraction algorithm was lwhem a set of slicing free form NURBS
curves (Piegl and Tiller 1997) equidistantly sulidiivg the leaf along its midrib (Fig. 4b).

The set of 3D points for each leaf was transformméal an oriented set of curves: one curve
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for modelling the midrib, and n curves for modaedlithe transversal shape of the lamina (Fig.
4b). The shape parameters were then extractedtfrenength and the curvature of the (n+1)
curves. The mean, minimal and maximal values ofsthepe parameters were computed for
each leaf from the values of the (n+1) curves. Addal parameters were computed from A,
L and W, namely the ratio W/L, and the allometefficient K defined as the ration between
A and the product L W. One can notice the diffeeehetween the quantification of the
midrib curvature, expressed in rifmand the quantification of the transversal curegy
expressed in degrees (°). The former is the matheamhaifferential curvature of the midrib
curve, i.e the inverse of the radius of the ostugatircle (Piegl and Tiller 1997; Fig. 5). This
curvature has been proved efficient for quantifying oscillations of the midrib because of
its low number of curvature variations. Conversggactical evidences showed us that the
differential curvature was not a good solution fieeasuring the curvature of the transversal
NURBS curves because of their high number of la@alations, often leading to null or
enormous curvature. For this reason, we prefegeddasure the transversal curvature of the
leaf using an angle, which can be interpreted asfierture angle of the half laminas (Fig. 5).
The quantity S is a ratio of two lengths which emants the level of symmetry of the leaf
along its midrib. This ratio is computed for eaditisg curve. It is defined as the ratio
between the left half-lamina width (i.e. the lengththe slicing curve from le left bound of
the leaf until the intersection with the midrib)dathe total width of the leaf (i.e. the total
length of the slicing curve). S varies from 0.0 &very dissymmetric piece of leaf until 0.5
for a perfectly symmetric peace of leaf. Note tha "left" direction is defined by the

direction of the negative abscissa (X-) of the domate system linked to the laser scanner

(Fig 5).
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A triangulated model of each leaf composed of &mgles was also constructed from the
(n+1) curves (Fig. 4c). The triangulated leavesenasrmalized so that the distance between
the proximal and distal point of the lamina in fleaf model was 1. Here n was set to 9,
leading to 72 triangles per leaf. This value isompromise between accuracy in the NP leaf
description and file size. Morphological parameterese exported to Microsoft Excel files
while the triangulated leaves were converted ine8AR format as a set of triangles for
further visualization and light interception comgtinn. We verified that the leaf surface
covered by the digitized points was equivalenti dne given by the triangulated leaf model
in VegeSTAR (R? = 0.98 with a 2% error between galgiven by the digitized and the

triangulated leaves).

Replacing the planar hexagonal leaves by non-planar triangulated leaves (fourth

step)

A specific computer program was developed for @p@the planar hexagonal leaves by the
NP triangulated leaves in the eleven tree mockhupls from the HHEMD. For each planar

leaf in the tree, a normalized triangulated leafdelovas randomly selected among those
owning to the same layer (upper, medium or lowerhe same tree. In order to support the
comparison of planar leaves with NP leaubs, selected normalized triangulated leaf model
was then scaled, rotated and translated in the direeture according to the geometrical
attributes of the planar leaf i.e. L2, Euler angiplet and Cartesian coordinates respectively.
The geometry of the 3D trees with NP leaves wevedas VegeSTAR files as a collection

of triangles for further visualization (Fig. 2b)dahght interception computations.

Computing light interception at leaf and tree scales
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Three-dimensional mock-ups of both, individual kesvand trees were used in software
VegeSTAR for light interception computations (Ada&mal. 2002). In the software, the 3D
scene elements are geometrical primitives assigmiéd false colours. The principle of
VegeSTAR consists of taking a picture of the 3Dngc&rom the sun (or any other light
source) directior) with a virtual orthographic camera (Sinoquetal. 1998). The scene
elements seen on the picture are those lit fromviie direction. The amount of projected
area intercepting light in directiaf is then estimated from the coloured pixel countshie
image. Light interception is finally characterizby the variable STAR (Silhouette to Total
Area Ratio; Carter and Smith 1985; Oker-blom andolander 1988), which is the ratio
between the projected area seen on the image anwbtdd area contained in the scene. As
STAR depends on the incident direct@nthe sky hemisphere was divided in 46 solid angle
sectors of equal measure, according to the Tuikle moposed by Den Dulk (1989).
Directional STAR values were computed for the cantiirection of each solid angle sector.
Directional STAR values then were summed up oversty hemisphere after weighting with
coefficients derived from the Standard OverCastribistion of sky radiance (Moon and
Spencer 1942). The resulting value STAR characterized light interception over the sky
vault. Both directional and hemispherical STAR eswere computed at the individual leaf
scale for the 99 laser-scanned leaves displayddheitizontal leaf axis and null whole lamina
rolling. STAR values were also computed at the sese with planar leaves and NP leaves,
I.e. taking into account the size, orientation kwtion of each leaf in the tree. The use of the
STAR at tree level as an indicator of light intgriten efficiency was previously validated for
beech (Balandier et al. 2007); diameter growthbfomass increment) of young beeches was
related to the combination of STAR, leaf area, awdilable light above the young beeches

with a good accuracy (r2 = 0.86 ; p < 0.0001).
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Statistical data analysis

The analysis of variance of leaf parameters (t&blevas determined using a mixed general
linear model, with the mixed procedure (Proc Mixed)SAS version 8.2 (Christophe et al.
2006). The effects of individual plants were addedandom effects in the error of the model,
using the repeated option in Proc Mixed. The vagacovariance matrix of the error was
specified by an autoregressive model. When dat& w&ealysed by regression (figures 7 to
10) differences in the slopes between differenttligasses were tested with an F test after

linearization if necessary.

Results
Leaf morphology

The leaf morphology depended on the light availaileve the plant. Shaded plants were
almost flat becoming more bent when exposed teeased light above the plant (Fig. 6). A
quantitative analysis of the leaf morphology parergeshowed a significant effect of %light
on the following parameters (Table 2): minimal opess angle between the two half-laminas
(Omin), maximal lamina twirl angle around the midrib,G)), minimal transversal curvature
angle (TGuin), and allometric coefficient K. Midrib curvature did not show any significant
change with %light, although it would contributesioengthen the bent aspect of leaves. The
higher value of K in full light meant that the sameaf area was achieved with smaller leaf

length and leaf width (no significant change wasibin the ratio W/L).

Light interception at leaf scale

A linear regression analysis between individuaf bz@a and its projection averaged over all

sky directions showed differences in light capteféciency according to %light (Fig. 7;
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slopes were statistically different at P < 0.00(Higher light led to lower STAEy, with
slope values of 0.96-0.97, 0.94 and 0.90 for plematiance between 1-15%, 30-40% and
100%, respectively. For any light class, STsaRvalues only showed little variations with

leaf size, since the coefficient R2 was always \regi.

Directional STAR values showed high variation witie elevation angle h of the incident
beam direction (Fig. 8). The main source of vasiatwas the angle between the beam
direction and the leaf normal, as directional ST@&R horizontal planar leaf is defined by the
sine functionsin(h), i.e. STAR ranging from 0 to 1 for h betweerafd 90°. However,

directional STAR values of NP leaves showed som#atiens with regard to that of a planar
leaf. For low elevation angles (h<20°), STAR valués\NP leaves was slightly higher than
that of planar leaves, while STAR of NP leaves \esser than that of planar leaves for
h>20°. The magnitude of the deviation for both lamd high elevation angles was related to

%light, with greater deviations for more lightedupls (Fig. 8; P = 0.009).

Light interception at tree scale

STARsky values of the whole trees with NP leaves were le@r than those of trees with
planar leaves (Fig. 9; slope of the regressiondiadéstically different from the 1:1 line at P <
0.0001). In contrast with the leaf scale, the 8d&Rsxy decrease when tree was built with
NP leaves did not depend on %light, and the madeitf STAR reduction was a maximum
of 3.2% for all light classes. Moreover the higP&right, the lower STAR value, leading to a

smaller effect of NP leaves on the absolute SJi&Ralue at tree scale.

For %light below 40%, tree directional STAR incredsvith elevation angle (Fig. 10). For
low elevation angles, trees with %light below 40%owed similar values of directional

STAR around 0.21 without any differences betweeedrwith planar leaves and trees with
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NP leaves. For elevation angles above 20°, diffegenn directional STAR between %light
classes increased with elevation angles (slopeth@fregression line after linearization
statistically different between %light classes at 8.0001), with higher STAR values for the
more shaded plants (Fig. 10). For that elevatiggleanhigher than 20° STAR of trees with
NP leaves was always slightly lower than that eésrwith planar leaves, with the maximum
differences being around 45-50° of elevation. Tree tin full light showed a particular

behaviour with a small bell shaped curve of diwl STAR with elevation and only a very

slight decrease in case of trees with NP leaves.
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Discussion
A double-digitizing method for 3D plant structure

We developed a double-digitizing method to build BR&nts with non-planar leaves (NP
leaves). Indeed only one digitizing method woulditgufficient for this purpose. Contact
digitizers (e.g. hand-held electromagnetic digitizZdHEMD, used here) are not accurate
enough and only allow a rough description of thel@&f shape (e.g. Rakocevic et al. 2000).
Non-contact laser scan digitizers (NCLSD) are bedtéted for continuous surfaces (i.e. their
current use in industrial applications) than foamis where many small surfaces are
distributed in the vegetation volume. This is tleason why laser scanner applications to
building 3D plants deal with simple isolated plawith a few organs (Kaminuma et al. 2004;
barley, Dornbush et al. 2007) or isolated leavexL2004). The scan of a leaf is easy and
very rapid (less than 1 minute) in the lab whereufois easy to do with controlled light
conditions. The scan could be more complicated witdtu organs in the field conditions
with organs moved by the wind and none controlighticonditions leading to many artefacts
in the point cloud. Scanning in the field would a@wsly require plant protection, at least

from wind and light.

Scanner application to more complex whole planfgésently limited by the segmentation of
the 3D data set, as suitable automatic algorithrada the moment unavailable. Moreover
scanner beams only hit the plant organs making pllaat hull, preventing one to get
information inside the plant volume. This problesremphasized in plants with high foliage
density. Dutilleul et al. (2008) used a computeatdgraphy (CT) scanner to get a full
description of the whole plant as a set of 3D gatiaits, i.e. solving the masking effect. This

Is a great improvement but this is limited to snpddints (i.e. able to be inserted within the CT
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scanner). Moreover algorithms for the segmentatdnthe 3D data points, i.e. point

assignation to plant organs, are also unavailable.

In consequence, the combination of HHEMD and NCMaih suitable software turns out to
be a reliable approach for rapidly acquiring dethilplant architecture data. A constant
problem with such approaches is the validationhef liuilt mock-up, and particularly of the
light intercepting surface, i.e. leaf area. Whatlddoe a method of reference to measure leaf
area, particularly for NP leaves? A flat-bed scanseprobably no more accurate that the
scanner laser and in case of discrepancy betwebnnbeasurements it would be difficult to
say which is the "true" leaf area. The same probketnue at the tree scale. It was already
assessed by example by Drouet (2003) who companmedt dneasurements of maize
architecture with a 3D-digitization technique. Témnclusion was that both techniques were

effective; the question is more linked to whichaleson we want the spatial data.

Effect of light availability on the leaf morphology and consequences on light capture
ability

Non-planar leaf morphology is significantly depemniden light availability, with flatter leaves

in shaded environment. This is in agreement withdhly study we found on this topic for
broad-leaves species (Fleck et al. 2003). In thevipus study, the 3D leaf shape was
characterised by the average cross-sectional &e@leeen the leaf halves, which was derived
from manual measurements. This angle is simildhécopenness angle O used in the present
study. For beech leaves, Fleck et al. (2003) faautarger range in openness angles, i.e. 170°
to 90-100° for shaded and full lit leaves, respetyi. Of course, using the laser scanner
method allowed us a more detailed characterizatiadghe 3D leaf shape, showing that several

parameters accounting for the 3D shape also reggaiedight availability (Table 2).
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Light capture at both leaf and tree scales decdeasigen the 3D shape of leaves was
emphasised, i.e. for higher light availability. $hs in agreement with the few previous
reported results. At the leaf scale, Fleck et 2008) showed lower interception for smaller
openness angles between leaf halves, and the deciredight interception was higher for

direct than for diffuse radiation. Our results cainbe directly compared to those of Fleck et
al. (2003), because they dealt with direct andudéfradiation at the daily scale. Rather we
showed that differences between planar leaves &htbales in directional light interception

is low for low elevation angles and markedly inaesmafor higher elevation angles.

At the tree scale, the decrease in hemispheritaideption (STABky) due to NP leaves was

a maximum of 3% mainly for the most shaded bee¢Rigs 9 & 10). The absence of strong

differences between light levels might be relatedcompensation from other structural

changes, and among other a higher leaf area demissigrved in sunny beech plants (e.qg.
Planchais and Sinoquet 1998; Delagrange et al.)2@03% decrease of light interception at
the tree scale may seem relatively low, but thsnslar to the effect of other plant processes
on carbon acquisition, e.g. the spatial distributdd leaf nitrogen in tree canopies (Hollinger
1996) and heliotropism in cotton crops (Ehleringad Hammond 1987). The competitive
advantage of such a decrease in light interceptmuld be that NP leaves allow better
irradiance distribution over the tree leaf area bglat penetration into deeper canopy leaves,

with positive consequences on the carbon gain &ypkiint (Niinemets 2007).
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515 Tables

516 Table 1. Distribution of eleven selected youragus sylvatica trees in four light classes in

517 forest stands of central France.
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Light class Class bounds (%light) Number of trees
1 1-5% 4
2 7-15% 3
3 30 — 40% 3
4 100% 1

518
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519 Table 2.Fagus sylvatica leaf morphology parameters per light class, amphitance of

520 differences between light classes (P < 0.001 **& @.01 **, P < 0.05 *, and P > 0.05 Ns).

Parameters Light class P
1-5% | 7-15% | 30-40% | 100%
Leaf area A (mm?) 1398 1412 1380 2258 N
Midrib length L (mm) 55 54 55 65 Ns
L eaf width W (mm) 35 36 34 a7 Ns
Wi/L 0.63 0.68 0.64 0.72 NE
mean | 0.01 0.02 0.02 0.02 N
Midrib curvature C (mm) max 0.05 0.06 0.06 0.06 N
min -0.01 -0.01 -0.02 -0.02 NE
mean | 164.0 165.9 163.6 148.5 N§
Openessangle O (°) max | 174.7 176.8 176.8 17434 N}
min 150.2 150.2 146.3 113.3 **
mean 8.3 8.5 14.2 144 *
Laminatwirl T (°) max 18.0 17.9 35.3 415 *
min 3.9 3.9 45 3.5 Ns
K 0.70 0.71 0.70 074 =
Allometric coefficient K Kdist | 0.65 0.68 0.66 0.71 Ng
Kprox 0.74 0.75 0.76 0.74 NY
mean | 170.1 174.3 170.0 167.5 N§
Transversal curvature TC (°) | max | 179.1 179.2 179.1 178.3 N}
min 152.6 154.7 144.5 1357 *
mean | 0.49 0.52 0.50 0.52 Ng
Symmetry S max 0.55 0.59 0.55 0.55 NS
min 0.42 0.44 0.41 0.42 N9
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Fig. 1. lllustration of two digitizing methods: a) Leafgilizing in a tree with a hand-held

electromagnetic digitizer 3Space Fastrack Polhertingspointer is set parallel to the midrib
and the mean plane of the lamina and points thetipmbetween petiole and lamina. b) Leaf
digitizing with a non-contact laser scan digitienica Vi-910 on detached leaves. The light

red triangle mimics the emitted laser plane.
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Fig. 2. Images of three-dimensional plant mock-ups ofsdume treeRagus sylvatica) at 9%
light viewed from the top (first line) or lateral(gecond line). a) Three-dimensional mock-up
made of planar hexagonal leaves. b) Three-dimeabkiomock-up made of non-planar
triangulated leaves. Blue, green and red falseucslare assigned to non-planar leaves in top,

medium and bottom canopy layers.
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Fig. 3. lllustration of the light stripe method used ire tonica Vi-910 scanner: a red laser
beam is emitted through a cylindrical lens in orlegenerate a laser plane. The laser plane is
sent to a rotating mirror in order to scan the ohjReflected light by the object is converted
into distance information by using an active trialagjon principle. The conversion is

achieved through a charge-coupled device camera.
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a) b) C)

Fig. 4. Processing of the three-dimensional leaf pointi¢lacquired with a non-contact laser
scan digitizer (Konica Vi-910) to extract morphalmay parameters and obtain a non-planar
leaf model made of 72 triangles: a) Scaniadus sylvatica leaf made of 18927 coloured
points; b) Nine slicing NURBS (Non Uniform RationBFSpline) curves devoted to the
extraction of leaf morphological parameters anddbrstruction of a triangulated leaf model,

¢) Resulting triangulated leaf model composed ofriédgles.
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Fig. 5. lllustration of five morphological parameters oFagus sylvatica leaf, namely midrib
curvature C, openness angle between two-half lasni@a lamina twirl T, transversal
curvature angle of lamina TC and symmetry betwdmntivo half-laminas S. First slicing
curve, illustration of C (mf) i.e. the inverse of the osculating circle radisisgcond slicing
curve, O (°); third slicing curve, T (°), defined the rotation angle of the segment AB around

the Y axe; fourth slicing curve, TC (°); fifth siig curve, S.
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Light 1% Light 15% Light 37% Light 100%

Fig. 6. Fagus sylvatica leaves as a point cloud originated from the lasanner (Konica Vi-
910) for some young trees sampled under differeght | availabilities. Top panel:

perpendicular view to the main leaf plane. Bottaamgd: parallel view to the main leaf plane
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564 Fig. 7. Silhouette to total leaf area ratio integratedtoa whole sky, STAEy, of individual
565 non-planar leaves dfagus sylvatica in central France under different light availaie,
566 shown as a scatter plot between individual lea& ared projected leaf area averaged over all

567 sky directions.
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569 Fig. 8. Directional STAR (Silhouette to Total leaf Arediod as a function of elevation angle
570 of individual non-planar leaves dfagus sylvatica under different light availabilities in

571 Central France and in comparison with planar legdagk line).

572
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574 Fig. 9. Comparison between silhouette to total leaf aed® rintegrated on the whole sky
575 (STARsky) of Fagus Sylvatica trees under different light availabilities in cextt France

576 calculated on mock-ups with planar and non-plagaves.
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578

579 Fig. 10. Directional silhouette to total leaf area rati®@TAR) as a function of elevation angle
580 of Fagus Sylvatica trees under different light availabilities in cexdtFrance calculated on

581 mock-ups with planar (P) and non-planar (NP) leaves
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