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Abstract

Context: Light availability in forest understoreg essential for many
processes, it is therefore a valuable informatiagarding forest
management. However its estimation is often difficand direct
measurements are tedious. Models can be used tputermnderstorey
light but they often require a lot of field data docurately predict light

distribution, particularly in the case of heterogens canopies.

Aims: The influence of the precision level of crowlescription was
studied with a model, MSLIM, that can be used with both detailed and
coarse parametrization with the aim of reducing tminimum field data

requirements.

Methods: We analyzed the deterioration of the iptEsh quality of light
distribution to the reduction of inputs by comparisimulations to
transmitted light measurements in forests of irgrepcomplexity in three

different locations.

Results: With a full set of parameters to desctiiteetree crown (i.e. crown
extension in at least 8 directions, crown heighd &ngth), the model
accurately simulated the light distribution. Sinfypghg crown description
by a geometric shape with a mean radius of crowtension led to
deteriorated but acceptable light distributionsloietric relationships

used to calculate crown extension from trunk DBHagesly reduced light
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I ntroduction

Light in forest understorey is a fundamental reseudriving many processes
related for example to regeneration growth, vegmiatover and composition,
and animal habitat (Balandiest al. 2009). Light quality is fundamental for
morphogenetic processes, whereas light quantiesifprocesses linked to carbon
acquisition. In this article only light quantity éensidered.

For a long time light in forest has only been cdesed as a factor controlling tree
growth, especially in the case of regular even-agjadds in the temperate area. In
that context, tree density has been managed ta gety dark understorey with
often a bare soil, sign that trees absorbed theimmaw of radiations (Perrin
1963). Nowadays a silviculture closer to naturesqahamed continuous cover
forestry) with natural regeneration is promoted rediscovered (Hale 2009).
Irregular uneven-aged stands often with mixed gseare managed with partial
cutting to create gaps in the forest canopy. Tihyeges favor some patch of light
essential to tree regeneration but also promotedéwelopment of understorey
vegetation that can compete with young trees amdpcomise forest dynamic
(Balandieret al. 2009). Under these conditions, in order to susyaung tree
growth while avoiding too dense understorey vegmtatit is essential to

proportion light by the size of the gaps (Gaueli@l. 2011).
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However estimating light quantity in forest undersy is not so easy (Lieffest
al. 1999). On one hand, visual assessment are strobglged by the
meteorological conditions, the hour of the day #mel operator himself. On the
other hand, direct measurements by sensors ane t@ftious, expensive, require
technical competences, and their results also demen the meteorological
conditions and the solar pathway on the day of oreasent (Pukkaleet al.

1993).

Since the pioneer work of Monsi and Saeki (1953nynmodels simulating light
interception and transmission by plant canopie®lmeen developed (see Myneni
et al., 1989 and Sillon and Puech, 1994 for reviews) afidr an operative
alternative. They are based on, either statistelaltionships between vegetation
characteristics such as cover, leaf area or leah andex (LAIl) and light
transmission, or explicit description of the candpyology and geometry as
elements intercepting light. When forest canophashogeneous, i.e. even-aged
pure regular stands, statistical models predict might quantity in forest
understorey with an acceptable accuracy (Balaradial. 2006b; Haleet al. 2009;
Sonohatt al, 2004). However prediction quality of that typensbdels decreases
drastically with the increase in heterogeneity e stand structure (Balandier
al. 2010). In particular in irregular uneven standstatistical mean has no sense

because it does not reveal the light distributi@ween understorey and gaps
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which is of most interest for the forester. Withathinformation, local light
availability to favor tree regeneration, plant bieasity, or animal habitat for

example can be estimated (Balandieal. 2006a).

In that case, complex models with an explicit 3Balgtion of elements
intercepting light give more accurate results. Tdpmproach of these models
usually involve the use of numerous tracing (stays coming from different
points in the sky to a particular point within teiand and compute transmission
along those rays taking into account foliage charastics, thus generating a
detailed 2D-map of light availability in the unden®y (Cescatti 1997; Brunner
1998; Stadt and Lieffers 2000; Courbeaiual. 2003; Mariscalet al. 2004 ).
However these models require abundant field measants to parametrize them.
These measurements, like a map of tree locatioth@rsite, the 3D-geometry of
each tree crown with information on leaf area dgnsiistribution and clumping
inside the crown, are tedious and often difficult ®¢btain. Moreover, for
management purpose, a detailed 2D-map of lightahiaty in the understorey is
not always required. For the forest manager amdnatn of light transmittance at
the plot level (i.e. percentage of soil per clagstransmitted light, without
knowing the spatial distribution of the light tramsance) can be sufficient.

From a scientific point of view, there is a needidentify the key elements of
plant architecture that are necessary to consilerotrectly predicts different

processes including light transmission, at diffessales. Indeed, "simplifications
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which are unacceptable at a detailed level of mer@tion can become
acceptable at a more integrated level (TardieuDppMowever the difficulty is to
define what the key elements are and the emergiogepties linked to them

related to such or such a scale of description.

Muslim is a model especially designed to bridge tap between the statistical
and explicit approach. It can be seen as a mutesmixed model in the sense
that the light interception estimation method candhanged at each scale (Da
Silvaet al. 2008). Furthermore, Mslim was designed to to work with any type of
envelope encompassing the vegetation for whicht ligtbenuation is to be
computed, thus allowing precise description of claxpcanopy and crown
shapes. This feature allowed to overcome the céistni to analytically defined
envelope used in other models (Norman and Well®83;1 Cescatti 1997).
Although it was initially dedicated to study ligimterception by isolated trees, its
versatile design and multi-scale approach madadeptation to use at canopy
scale easy. Therefore we were able to use it ttysam&ow the deterioration of the
canopy description influences the accuracy of igjiet lhistogram simulated at the
plot level. Our objective was to specify the minimdield data needed by the
model to be able to accurately simulate the ligktrighution. Our experimental
design was as follow, 1) compare the simulated: ldistribution using the more
detailed description of the canopy with measurdd da the field, 2) analyze the

statistical distance between histograms simulated decreasing levels of
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description and measured data.

Material and Method

1. Forest sitesand plots
Three forest sites located in France with a totalBoplots were used with
increasing canopy structure complexity; 5 monodmeeven-aged stands made
up fromPinus sylvestrid.. or Pinus nigraArnold, 2 mixedQuercus petraed.. -
Pinus sylvestrid.. uneven-aged stands and 1 midales alba— Pinus sylvestris
—Fagus sylvaticd.. uneven-aged stands (Tab.1).
The Scots pine stands are located in the ChainPules a mid-elevation volcanic
mountain range at a place named Fontfreyde (TabTHg elevation is 900 m
a.s.l., mean annual rainfall is about 820 mm, arghmannual temperature is
about 7°C. The soil is a volcanic brown soil at @8 with no mineral deficiency.
The pines were 30 to 50-year-old at time of measarg, with a density ranging
from 500 to 2300 stem Ha(Tab. 1). They are mainly regular even-aged stands
Some other species can be locally present suBletata pendula
The mixed oak — pine stands are located in theoNatiforest of Orleans, in the
sub-part named Lorris. They are typical standseaiperate plain forest with a
mild climate (mean annual rainfall 720 mm; meanuatrtemperature 10.8°C)
and acidic sandy poor soils temporarily floodedwimter or spring. They are
irregular uneven-aged stands. Median DBH are ald®icm, whereas some

individuals, in particular of Scots pine, can red€hcm. Some other species are
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locally present such aBetula sp., Carpinus betulusSorbus torminalisMalus
sylvestrisor Pyrus communis.

The third site is located in the South-East of Eeann the mountainous area
named Mont Ventoux. One plot, VentouxC7, on thetlseun side of the
mountain, 1100 m a.s.l., is an old even-adg&dus nigra plantation, almost
regular, with some pine and beech seedlings, olataafea. The second plot,
Ventoux34, on the northern side of the mountainQOlsh a.s.l., is a mixed
irregular stand with advanced regeneratioAlbies albaandFagus sylvaticavith
some taller saplings almost reaching the open torens of old plantedPinus
sylvestris and some other scattered speckesrljus aria, Acer opalus ...JThe
climate is mountainous with Mediterranean influen@@mean annual temperature
Is 8.6°C and 6.7°C, and mean annual rainfall isO1®8& and 1360 mm, for
VentouxC7 and Ventoux34, respectively). The soiks @ calcosol (VentouxC7)
and a colluvial rendosol (Ventoux34), 20 cm and &0 deep in average,
respectively, with a high stone content (50% anh 7&sp.), both with a silty clay
texture, on a fissured limestonEhe median DBHs approximate 38 and 15 cm

(for the first and the second plot respectivelyfhveiome trees reaching 50 cm.

2. Canopy structure measurements
All trees in a square area, the experimental Ufig.{a), of size approximately
three times the height of dominant trees, weretitled (species), located by their

X, y coordinates, and measured for their totalmeggpnd Diameter at Breast Height
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163 (DBH). Top and bottom crown heights were also mesku_ateral crown extents
164 was assessed by visually projecting to the soitltaracteristic points (i.e. the
165 points that better describe the crown irregulasjtia, at least, four directions, but
166 sometimes with more than 8 directions when necgs$ae azimuth and distance
167 of those points from trunk were then measured {Bignd c).

168

169 3. Light measurements

170 The light measurements were conducted in the dertrae of the experimental
171 wunit. The surrounding zone where dendrometric nreaswere done acts as a
172 Dbuffer zone accounting for the attenuation of theompassing forest (Fig.1a.).
173 The light measurements were achieved using a squareomposed of 64 PAR
174 sensors, namelgolems PAR/CBE &tensors. Each sensor was separated from its
175 neighbour in both direction by 2 to 3.5m dependimgthe considered plot (i.e.
176 depending on the mean size of the trees). Thisamtst was set by previous
177 computation based on geostatistics (data not sheawd)so that two contiguous
178 measurements (points) can be considered as independght measurements
179 were done for each plot during 24h during summeake the full sun course into
180 account. One additional PAR sens@unshine sensor BF2avas positioned
181 outside of the experimental unit in full light toeasure global (total) and diffuse
182 incident radiation. This extra sensor uses an awhyphotodiodes with a
183 computer-generated shading pattern to measureemicgblar radiation and the

184 DI/G ratio, i.e. the diffuse to global radiatiorioa Transmittance for each point in
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the understorey is then computed as the ratiogbt lineasured in the understorey
divided by the incident value. The D/G ratio isgakinto account for simulating

the transmittance with the model.

4. Model description
Estimation of light transmission is a process thequires first the stand
reconstruction. Then, the light attenuation witeach crown must be defined so
that the light model can compute the transmittamader the entire canopy.

o Canopy reconstruction

From the dendrometric measurements on the fieldjoakup of the stand is
generated. This generation involves the constrnatiba crown (and trunk) for
each tree of the stand and its positioning. Tonmstact the 3D envelopes of the
trees from the field measurements, we used thet®lakibrary (Pradalet al.
2008). This library contains several geometric niedacluding different types of
envelopes and algorithms to reconstruct the gegnoéfplants at different scales.
In this work, we used thskinned surfacevhich is a generalization of surface of
revolution with varying profiles being interpolatedlhe envelope of a skinned
hull is a closed skinned surface which interpolateset of profiles {R k = 0,...,
K} positioned at angledyx , k =0, . . ., K} around the z axis, where Ktie
number of profiles used to generate the skinnefdser This surface is thus built
from any number of profiles with associated dirctiln such case, a profile is

supposed to pass through common top and bottomspand at an intermediate
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point of maximum radius, i.e. the height of thevenomaximum width. Two
shape factors, £and G, were used to describe the shape of the profiesea
and below the maximum width. Mathematically, twcaagars of super-ellipse of
degree @ and G were used to define the top and bottom part optiodiles, see
Da Silvaet al. (2008) for details. Note that our envelopes canviesved as
extension of Cescatti (1997)'s asymmetric hull wittofiles in any direction
instead of the restricted cardinal directions. Hiixy of our model enabled us to
measure the most adequate profiles in case ofulaegrowns. The 3D envelope
of a tree was thus obtained using a skinned surfmreerated from profiles
defined from an angle, a maximum width and its eissed height and two shapes
factors. The trunk of the tree was represented @dirsder of DBH diameter, the
height of the cylinder being set to the crown batioeight. The 3D representation
of an experimental unit is presented in Fig.2.

o Estimation of light transmission
The light transmission under such reconstructeddst@as computed using the
multi-scale light interception model (MBLIM) presented in Da Silvaet al.
(2008). For each direction of incoming light, a sétbeams was cast and the
attenuation of each beam through the canopy wasasd. In the present study,
the model was a simple two-scale model where theysoenvelopes of crowns
constituted the finest scale and the stand, theseoacale. In replacement of the
delicate estimation of leaf area density (LAD), labgl opacity value, 4 was

associated with each envelope of the reconstrustadd, the trunks were
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considered opaque organs, thus their opacity w&rdwns global opacity were
estimated from field photographs shooting verticdifferent parts of the crown.
Each image was digitized, segmented to black aritevaind then the pixels were
counted usingriafPhotemsoftware (Adamnet al, 2006). The ratio of black pixels
to the total number of pixels yielded the opacifyttee crown while the ratio of
white pixels to the total number of pixels produdbé crown porosity, hence
porosity = 1 - opacity. However, the opacity of leacdividual crown was not
directly estimated using this method because tlyggneatation procedure still
required human intervention. Instead a global dpacalue per species was
estimated over a sample of pictures (Tab.1).SMM allowed then to compute
the light transmission of the canopy by considetimg light attenuation of each
beam. The light attenuation for one beam is contpateording to the opacities
of the crowns encountered along its trajectory aocording to the path length
within each of these crowns. The porosity expresdioat takes the beam
travelling distance into account is related2@Chen and Black 1992; Ross 1981,
Stenberg 2006), the extinction coefficient thatetegs on light direction and leaf

inclination distribution, andlAD, the leaf area density. It can be expressed as:

p:% > (1—exp(—G.LAD.l,)) (1)

beB !

whereB is the set of beants f is its cardinality, and, is the path length of the
beam into the crown. To take this distance intooant we thus need to

determine the quantit@.LAD.
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The global opacity value can be regarded as thétrelsopacity estimation using

Beer-Lambert law in a infinite horizontally homogewis layer:

Py =1-exp(-G.LAI) (2)

This relation yields an expression fGtLAI, whereLAl is the leaf area index. In
the case of crowns with a finite volum¥, the usual definition oL Al can be
extended to be expressed as a function of the te#dl area, TLA, and the

projected envelope areREA (Sinoquetet al. 2007)

TLA
LAl = ——
PEA )

and sincdAD is the ratio of total leaf area to crown volume,

LAD = 1LA 4)
v

We can expresS.LAD as

G.LAI .PEA _ —log(1- py).PEA
v :

G.LAD =

(5)

Using thisG.LAD value with equation (1) naturally leads to a seraénvelope
opacity value thang This is due to the fact that the negative exptaknf a
mean value is less than the mean of negative expiahevalues. Therefore a
numerical approximation was carried out using takie from equation (5) as the
starting value to speed-up convergence. The prosteggped when the opacity
computed using equation (1) was equal to the glopatity within a user-defined

error,e. This G.LAD approximation was done once for each crown anckéch
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direction, and stored for further usage. The crapacity for each beanp,, was

then computed using the expression

P, =1-exp(-G.LAD ) . (6)

The light transmission of the canopy along one diiibe was estimated by
computing, for each beam, its total opacity resgltirom its travelling through
the canopy, i.e. possibly going through multiplevens, see Da Silvet al. (2008)
for algorithmic and computational details. Expenmta conditions were
simulated by using two sets of incoming radiatiorections. The first set, for
diffuse light, discretized the sky hemisphere instid angle sectors of equal
area, according to the Turtle sky proposed by Deik [1989). The directions
used were the central direction of each solid asgietor. The second set, for
direct light, was used to simulate the trajectdrihe sun, and the directions were
dependant of the location (latitude, longitudeg tlay of the year, and on the time
step used for the sun course discretization (ap@bxdirections in this work).
Each of these directions was associated with ahtiem coefficients derived from
the Standard Over Cast (SOC) distribution of skiialace (Moon and Spencer
1942). The porosity is directly the ratio of tranged light to incident light, a
value of 1 means that all light goes through whilkealue of 0 means that no light
goes through. The grey-level image constituted Hey hleam porosity values is
therefore a shadow map of the canopy transmittadh@eeach defined direction,
MuSLIM was used to compute the opacity values oflieeams and to produce

such an image in a plane orthogonal to the lightefisure both results precision
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285 and fast computation, a lineic density of 150 wsedufor the beam sampling (Da
286 Silva et al, 2008), thus generating 150 x 150 pixels imagéke images were
287 then projected on the ground and rotated accordirige light directions azimuth.
288 Images from each set of incoming radiation direwdiavere merged by using the
289 weighting coefficients producing two intermediateages, one for the integrated
290 transmittance of diffuse light and one for the diréight. Finally, these two
291 images were merged using the diffuse to total r&i&, measured from the extra
292 sensor in the field. The grey-level values of pxdtom 0 (black) to 1 (white),
293 represented the transmittance classes simulatdduSLIM. The simulated light
294 transmittance of the central zone could then be peoed to the field
295 measurements.

296

297 5. Virtual experiments

298 To assess the effect of the deterioration of carsgscription on the simulated
299 light histogram, we generated five different typpésnockups for each stand with

300 decreasing amount of information on canopy architec

301 1. Theasymmetrianockup wherall available dendrometriclata are used to
302 generate asymmetric crowns.

303 2. The simple meanmockup where crowns are represented by simple
304 geometric shapes, cones for pines, spheres otlegransg where the radius
305 of each shape is thmean of the measured radii

306 3. The simple maxmockup where crowns are represented by simple
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328

geometric shapes, cones for pines, spheres otlegransl where the radius
of each shape is threaximum of the measured radii
4. The allometric radiusmockup where crowns are represented by simple
geometric shapes, cones for pines, spheres otlegrang where theadius
of each shape is obtained fraometric relation with DBH
5. Theallometricmockup where crowns are represented by simple geome
shapes, cones for pines, spheres otherwise, anc wheradius of each
shape and thheightof cones are obtained froallometric relation with
DBH.
For every type of mockup, the values for the heghtrown base and for the
height of the cones (except for tldlometric type) are the measured ones.
Allometric relations were defined as linear modetwieen DBH and mean radius
and, for pines, between DBH and height. The reafatiobtained from field
measurements data are described in Tab.2, and $hg®s 3D reconstructions
using two different types of crown shapes.
To complement the attenuation effect of the buffene for low elevation
radiations, it was necessary to add an artificidindrical wall surrounding the
zone of interest. The wall was centered on the nbmaterest with a radius of the
zone of interest size. The height of the wall wetstg the mean base crown height
of trees in the zone of interest. The coefficiehtransmission of the wall (i.e.
wall opacity) was calibrated using in silico sintfida experiments with the stands

of one site and then validated using the otherdstadnom independent sites.
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Adequacy of this method will be discussed further o

6. Model estimation
The model outputs were qualitatively and quantidyi compared to experimental
data. The qualitative estimations were carried byt comparing the light
transmittance Cumulative Distribution Functions Do determine over- and/or
under-represented light transmittance class. Thentgative estimations were
achieved with the Kolmogorov—Smirnov test (K-S Yesind the absolute
discrepancy index, AD (Gregorius 1974; Pommerer@006). The K-S test is a
non-parametric test for the equality of continuoase-dimensional probability
distributions that can be used to compare two sasnfi quantifies the maximum
distance between the empirical CDF of two samplés. null distribution of this
statistic is calculated under the null hypothebat the samples are drawn from
the same distribution. The p-value of the K-S tegresents the level at which
the null hypothesis can be rejected (i.e. a p-vatuB.1 means that the null
hypothesis cannot be rejected at 10% or lower Jevel

The absolute discrepancy index is defined as:

AD:%ZJS -s| ADO[o]] 7)

where n is the number of classgss the relative frequency in class i of the first
distribution, ands; is the relative frequency in class i of the secdrsdribution.

AD is defined as the relative proportion that netxbe exchanged between the
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classes if the first distribution were to be tramsfed into the second distribution.
Correspondingly, 1-AD is the proportion common aihbdistributions, a value of
AD = 1 means that both distributions have no comroass, whereas AD = 0
signifies that the distributions are absolutelyniiieal (Pommerening 2006).

Both quantitative analysis were carried out withhtimeasurements as reference

values and the results are shown in Tab.3.

Results

The comparison between the CDF of the measured fighsmittance and the
ones obtained with the different mockups, as shamvrFig.3, were used to
qualitatively assess the quality of the model pai and the effect of
deterioration of crown shape description. The CDifovides an alternate
representation to light transmittance histogramat tfacilitates comparison
between different distributions. The importanceao$pecific light transmittance
class is given by the slope of the CDF at that fpaia. a non represented class
will yield a null slope and the more substantiag ttlass, the steeper the slope
(Fig. 3). The classes of high importance will liketi as main classes whereas the

classes of low significance will be designated asomclasses.

Simulation with asymmetric mockups
The light model using the asymmetric mockups wake dab simulate light

transmission distribution similar to the measurenvath a level of confidence of
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the K-S test above 5% for all stands except FodiBy(3%) and Fonfreydel
(<1%). In that case, the mean comparison yieldestagistically significant
difference for the same two stands. However, thevaldes were below 0.3 for
all stands with a mean of 0.21 (Tab.3).

In the case of Fonfreydel, the measured transmiiggdl were almost evenly
distributed in only two light transmittance clasg@s5] and [5-10]. The simulated
distribution showed the same two main classes amtlunbalance in favor of the
[0-5] class. Although the p-value of the K-S telbwed to reject the hypothesis
that the measured and simulated light distributi@ne similar, the AD value was
below the mean value of all stands. The simulatadsiittance of Fonfreyde2
were almost identical to the measured ones de#atenissing [0-5] class in the
simulation (i.e. simulated CDF slope is null thgbuentire [0-5] class). The best
values for both the p-value and AD were obtainadtiits stand. In the case of
Fonfreyde3 the difference in the standard deviafi@ab.3) between the measured
and simulated light distributions was a good intticaf the fact that the lower
and higher classes, [15-25] and [50-60] respegtiveere not simulated to the
profit of the median classes [30-40] as shown by AkymmetricCDF being
below and then above the CDF of measurements. ©godhtrary, in the case of
Fonfreyde5, the Asymmetric CDF started below and ended above the
measurement one, indicating that the median clagdés20]) were under
simulated to the benefit of the [30-35] class tltdl not appear in the

measurements and the [5-10] one that have verysldvgtance. The highest AD
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values were obtained for these two stands.

The simulated distributions for Lorris38 correctigndered both the main and
minor classes with, however, a less pronounced deakthe [5-10] class
expressed by the more abrupt slope of the measilb&éd There were no missing
or extra classes simulated and the AD was just@alite’ mean value. Similarly to
Lorris38, the main and minor classes of Lorris258ravcorrectly simulated
without any missing or extra classes. Within eagdug, main and minor, some
classes were under-represented to the benefit ®f otfer-represented ones.
However these discrepancies were subsidiary avdhe high p-value and the
below-the-mean AD attest. In the case of VentouxtG&,simulated distribution
reproduced the bell-shape of the measured one itutsightly heavier tails due
to the two extra classes on the sides of the digtan, [35-40] and [65-70]. Note
that the isolated [10-15] measured class was mutilated, as shown by the
advent of a proportion difference between measunésnend simulation.
Similarly to Lorris255, a high p-value and a low Alere observed despite of
these differences. Finally, the simulated distitiutfor Ventoux34, whereas
correctly simulating the two main classes, [0-5§l #+10] accounting for almost
70% of the transmittance distribution, increasesl winbalance between them in
favor of the lowest one. The minor classes wergaakely simulated but without
respecting the discontinuity shown in the measurgsnas indicated by the above-

mean AD.

20 of 44



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

Simulation with the simple mean mockups

Replacing the asymmetric by teenple meamockups significantly reduced the
p-values of the KS test, except for Fonfreydel Badfreyde3, but yielded AD
values below 0.3, except for Fonfreyde5 and Venxthat were similar to the
ones obtained with thesymmetrianockups as shown by the slight increase of the
mean AD to 0.24. The principal effect of this changf crown shape on the
distributions of light transmittance compared te thstributions obtained with the
asymmetriccrowns was to reduce the most represented clagsbe tbenefit of
the minor ones. This was comparable to the cruslkfigct obtained on a
Gaussian function by increasing its variance patamé&he variance increase was
indeed observed for all stands but Lorris255 anedrastingly, the two sample t-
test indicated statistically significant differescir Fonfreyde5, VentouxC7 and
Lorris255. This effect actually benefited Fonfreyddé-onfreyde3 and Lorris38
simulation results. The p-value increased and ARreksed significantly for

Fonfreydel and Fonfreyde3, whereas for Lorris®8) values decreased.

Simulation with the simple max mockups

The simple maxapproach yielded light transmittance distributicthat were
significantly shifted to the lower transmittancasses, i.e. left shifted CDF (Fig.
3). This effect was visible on the simulation réswf all stands but was less
pronounced for Fonfreyde3 and VentouxC7. The dramatrease of the AD

mean value to 0.6 well illustrated this behaviort lbmean comparison was
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437 sufficient to assess the importance of the discreips.

438

439 Simulation with allometric mockups

440 The use of thallometric radiusandallometric mockups yielded similar results as
441 illustrated by comparable means and variances iamths mean AD values, 0.345
442 and 0.333, respectively. The effect of this chamjecrown shape on the
443 distributions of light transmittance was similarttee simple meareffect with the
444 addition of a slight shift toward higher transmitta classes, indicated by right
445 shifted CDF (Fig. 3). The p-values were signifitanteduced except for
446 Fonfreydel, Fonfreyde5 and Ventoux34, but onlyHonfreydel this increase of
447 the p-value was associated with a decrease of AD.Q).

448

449 Comparison between all simulations

450 The AD results (Fig.4) show that thasymmetric mockups vyielded the
451 distributions closest to the measurement, dimeple mearapproach deteriorated
452 slightly the results whereas tsample maxapproach had dramatic effect. Using
453 allometric crowns yielded results in between but closer ®simple mearones.
454 These results confirmed the classification trereldgd by the two-sample t-test
455 analysis that showed no statistically significaniffedences between the
456 measurements and thesymmetricand simple meanapproaches on one side,
457 between the twoallometric approaches on the other side and showed the

458 segregation of theimple maxone.
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Discussion

Statistical considering

Our study on the impact of the deterioration of thecuracy of crown
representation on simulated light transmission liggked some statistical issues.
In spatially explicit transmittance models, a sgaléti point to point comparison
approach between measured and modeled transmittgereerally shows little
agreement because small errors in crown locatidtenocoming from errors
during field measurements, yields large local défees in transmittance
(Mariscal et al. 2004), particularly when the proportion of dirgeidiation is
important (Grootet al. 2004). However only considering a mean and vamati
around this mean (e.g. SD) could lead to some®(gg. underestimation of area
fully lighted) due to distribution non centered mean with sometimes a long tail
or several modes. To avoid this problem we comp#redsimulated distribution
of light transmittance to the measured ones usig different non parametric
descriptors, the K-S test and the AD index.

Although commonly used, and mathematically wellrided, the K-S test showed
some limitations when applied to peculiar distribns as the one from
Fonfreydel. The problem stems directly from thet t@sfinition where the
accordance between two distributions is based emiziximum distance between

the CDFs. When the distribution shows very low dispn, a small difference in
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distribution can yield a big maximum distance betweCDFs and therefore a
rejection of the null-hypothesis from K-S test. e contrary, the AD index that
measures the changes required to transform ongbdistn into the other is

robust in regard of the distribution dispersione&though AD is very well suited
to quantify the difference between distributiongmclassify results, the AD value
is not associated with any confidence index. Heniseup to the user to define the
threshold under which distributions will be consate similar. Consequently,
combining the use of the K-S test and the AD ind#awed us to accurately
compare and assess the differences between sichutatd measured light

distributions.

Model evaluation

The goal of the present study was not to validatacto sensusthe model
MuSLIM. Such an evaluation would require an independiata set of light and
tree measurements. Our objective was to evaluatguhlity of light predictions
with increasing deterioration of the crown desadoipt However the comparison
of light measurements (with 64 sensors regularggritiuted on a square grid in
the plot) and the simulation with full asymmetriown description (i.e. crown
radius extension in 4 to 8 directions + crown hemhd length) showed the good
quality of simulated light distribution (K-S p-vau> 0.10 or AD <0.3). Results
are in the range of models using similar scaledestription (e.g. Brunner 1998;

Cescatti 1997; Gersondxt al. 2004; Groot 2004; Mariscait al. 2004; Stadt and
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Lieffers 2000).

As pointed out by Norman and Welles (1983), the moiation of beam path
lengths is a crucial procedure. Due to the multilesadesign of MSLIM, in
addition to the possibility of using any type ofvelope, an analytical resolution
as proposed by Norman and Welles (1983) or Ceqd®87) was not an option.
This task was instead performed by ray tracing rdlyms that determine and
analyse the path of each cast ray among the caoapyn shapes (Wang and
Jarvis, 1990). With the ever increasing computatignower of graphic cards
available to high level operations, this formeripé consuming procedure can

now be executed for many direction without impajrthe model performances.

To avoid the problem of low elevation angles ; in¢erception of light by very far
elements close to the horizon in the field, whematsrepresented in the model,
we had to come up with an alternative to the otadssolution of canopy
duplication or projection on torus. These approachee based on the strong
assumption of canopy homogeneity ; using them withstrongly heterogeneous
stands would introduce a non controlled approxiomathat would, in turn, induce
bias in the results interpretation. Instead we ehts estimate the radiative
parameters of the surrounding environment usingnaerse modeling approach
through the addition of an opaque wall. The walb@ty was calibrated using
Fonfreyde stands data with full asymmetric crowscdigtion. The value was then

used as a parameter to run the simulations forstheds from the two other
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independent sites at the same level of crown degmmi Finally, the model
predictions were compared to the field light measents. The results suggest
that the coefficient of transmission of the walbperly represented the radiative
properties of the environment, at least for lowvat®n angles. Moreover,
considering our objective, the opaque wall approavided a simple solution
saving significant computational time otherwise uieed by the canopy
duplication. This approach seems thus promisingsamghle to set-up but would
benefit from more complete sensitivity analysis,particular on wall size or
position.

One interest of our model is that crown porositgimaply estimated by a vertical
photograph of tree crown (extension of the methb@&anhamet al. 1999) and
seems to support accurate results in light disiobyghowever the extent to which
this parameter influenced the results needs to bee radequately studied. As
pointed out by Stadt and Lieffers (2000) determamatof leaf and shading

elements (branch, trunk) is often critical in liglkgnsmission modeling.

Effects of crown description deterioration

Our results corroborate that differences in crovwrapg and size is a key
determinant of light transmittance as stated byldmentet al. (2010). Moreover,
this study confirmed the importance of crown shaen simulating spatialized
light transmittance and endorse the sensitivityaoations in the crown geometry

parameters, especially the crown radius paramesealready reported (Beaudt
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al. 2002; Brunner 1998; Cescatti 1997). However a oromean radius with
crown height and spatialization seem to be a gttednate (Courbaudt al. 2003)

to detailed measures (i.e. measurement of cromensidn in 4 to 8 directions)
even though simple shape like spheres and coneknargn to be inadequate
(Mariscal et al. 2004). Other shapes should be tested, more itiaelaith tree
species architecture. Simplifying the crown repnégton in the tRAYci model to
average values for species and canopy strata edsut little reduction in the
model performance (Gersondeal. 2004). Describing tree crown extension with
4 to 8 radius is typically non feasible in practioemanagement or inventory
operations, whereas assessing mean crown diametebeiacceptable in some
cases. Therefore an approach that starts with siraphpes that can later be
deformed using an optimization process (Boudonlaniloguedec 2007; Piboule
et al. 2005) should be considered in further studiesedad previous studies
showed the importance of crown asymmetric plagticitresponse to local light
availability and space, among other factors (\éeidntet al. 2010 and references

in it).

However using amllometric approach would be more comfortable. The problem
is that the use of relationships between tree DBH @own diameter or crown
height often decreased transmittance distributigediption, whereas not for all
stands. With the allometric approach, the modelegged smaller crown than

simple meanthus same effect with shift to higher transmic&nWe only tested
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linear relationships and non-linear functions coblve led to slightly better
results (Beaudeket al. 2002) ; however many authors pointed out that the
predictive functions for crown radius from e.g. DBIds proved elusive (Staett

al. 2000) as they are often highly affected by unadlgid factors such as climate
hazards, stand density, or thinning operations gasbably reflected in the
Fontfreyde's plots). There is often a high varigpiin tree allometry from an
individual to another (Vieillederdt al. 2010). Actually the R2 of the relationships
linking crown diameter to trunk diameter in thaidst are not excellent but in the
range of those commonly found in other studies. (abgput 0.7 in Pinnet al.

2001 or Pukkalat al. 1993).

Effects of the stand complexity

High light variability is generally recorded in &sts due to temporal variations of
the sun path and heterogeneous spatial arrangerhkgiit intercepting elements
in irregular and/or mixed stands (Courbaetdal. 2003; Pukkalaet al. 1993). In
stands with a clumped structure (i.e. tree cluntigsrating with large gaps), only
an approach at tree scale with spatialization @arectly predict transmittance,
whereas in dense stands, a Beer-Lambert law cappieed at the stand canopy
scale (Balandier et al., 2010). It is however int@ot to note that in dense stands,
importance of small gaps within tree crowns dueliféerent causes (diseases,
broken branches, not taken into account in the Isition) can lead to noticeable

differences as such of Fontfreyde 1 (Fig.3) (Beawtleal. 2002). Low density
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591 stands Fonfreyde3 and VentouxC7 are less affegtetidsimple max approach
592 probably because the crown “increase” is not endogtill the 'big' gaps in the
593 canopy. Problems of crown overlaps, in fact veffialilt to quantify in the field,
594 are also probably less critical than in dense stand

595 As already pointed out by Courbaetl al. (2003) or Balandieet al. (2010) the
596 problem is that it is very difficult to generalizesults recorded on a site for a
597 particular stand structure to other sites or stamitts other species or structures.
598 This argues in favor of studying the effect of statructure in interaction with the
599 scale of stand description; this could be doneirfigstance by the use of point
600 process analysis.
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Table 1: Plot description. Each plot was approxiglats0mx 50m

Tables

D.B.H.

Site Latitude ~ Elevation ~Density M ?r?]r)] (HM';‘:_ght (cm) (v Basalarea . species  Dasalarea oo o
LongltUde (m) (stem hél) M edian-M ax) M edian-M ax) (m2 ha_l) (%)
7.3 7 Pinus sylvestris 99.4 0.835
Fonfreydel ?);ggg 920 2353 14.5 16 54 Other species 0.6 0.75 - 0.86
18.4 33
7.2 7 Pinus sylvestris 73.6 0.835
Fonfeyde2 ?);ggg 920 1103 14.5 17 33 Other species 26.4 0.75- 0.6
18.3 42
6.3 9 Pinus sylvestris 90.4 0.835
Fonfreyde3 g;ogég 920 563 14.2 21 22 Other species 9.6 0.75 - 0.46
18.2 37
11.3 9 Pinus sylvestris 96.2 0.835
FonfreydeS| oo 910 710 18.3 28 42 Other species 38  0.75- 046
23 43
4 7 Pinus sylvestris 56.7 0.79
Lorris38 %720%7‘,:.'2 150 664 16.1 17 32 Quercus petraea 34.2 0.867
29.3 71 Other species 9.1 0.75-0.86
3.7 7 Pinus sylvestris 36.7 0.79
Lorris255 goggg 150 607 17 19 24 Quercus petraea 57.5 0.867
22.3 47 Other species 5.8 0.75-0.86
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Table 2: Allometric relation between DBH and cromean radius and height. Linear models of the form

a*DBH + b were used for both mean radius and height

Tree species Site Slope (a) Intercept (b) RZ
_ Fonfreyde 2.62 13.91 0.72
Pinus ,
Lorris 2.29 50.64 0.57
Ventoux 1.86 69.28 0.83
Quercus petraea Lorris 2.73 129.69 0.60
(ﬁ Fagus sylvatica Ventoux 3.98 75.56 0.82
e
r_sn:d Acer opalus Ventoux 10.10 9.68 0.66
g Fonfreyde 2.35 79.12 0.67
8 Betula pendula Y
s Lorris 2.13 94.36 0.29
Carpinus betulus Lorris 7.18 74.78 0.36
Populus tremula Lorris 4.86 19.90 0.86
L Lorris 3.19 135.01 0.67
Sorbus torminalis
Ventoux 2.88 85.38 0.71
= Fontfreyde 0.08 10.09 0.47
= Pinus Lorris 0.10 10.27 0.64
- Ventoux 0.12 2.25 0.93
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Table 3 Simulation results for the different mgakveconstruction. The p-value of the K-S testthedabsolute discrepancy index (AD)

were obtained with the measured light values aaregice. Means with the same letter indicate thadifference between thaeans are nc

statistically significant at:=10% for an independent two-sample t-test.

Stand\M ockup M easur es Asymmetric Simple Mean Simple M ax Allometric Radius Allometric
T Mean 5.18 419 5.06 0.44 4.29 4.14
B Std 1.3 1.71 2.41 0.57 2 2.02
= p-value 1.3e-5 9.8e-3 <le-5 7.1e-5 3.1e-5
2 AD 0.203 0.063 0.516 0.141 0.172
%‘, Mean 14.7 14.69 15.72 7.19 21.37 20.32
s Std 3.58 3.18 4.62 3.14 4.18 3.89
= p-value 0.987 0.05 <le-5 <le-5 <le-5
2 AD 0.078 0.219 0.75 0.594 0.531
B Mean 38.08° 37.03 39.58 25.8F 48.09 43.18
B Std 9.46 5.73 8.66 9.3 7.71 7.35
= p-value 0.08 0.52 <le-5 1.3e-5 9.8e-3
2 AD 0.281 0.234 0.453 0.406 0.329
‘8 Mean 16.89 19.29 18.87 9.52 16.8F»4 18.324
s Std 4.37 6.68 7.94 6.35 7.43 8.32
= p-value 0.03 0.017 <le-5 9.8e-3 0.05
2 AD 0.281 0.344 0.578 0.406 0.406
© Mean 8.43 8.41 8.61 0.645 15.79 16.09
@ Std 6.85 5.54 5.99 1.31 7.66 7.91
E p-value 0.126 0.029 <le-5 1.9e-5 <le-5
- AD 0.219 0.172 0.781 0.344 0.359
19 Mean 20.8 21.33 25.36 5.49 211 21
% Std 9.93 7.14 7.01 4.99 11.54 11.42
5 p-value 0.758 0.029 <le-5 0.16 0.203
— AD 0.172 0.25 0.844 0.281 0.266
5 Mean 53.34 54.3» 57.38 47.72 55.66 54.87P4
X Std 7.06 5.91 7.5 9.9 7.74 7.68
% p-value 0.52 2e-4 7e-5 0.005 0.017
> AD 0.172 0.359 0.375 0.266 0.281
S Mean 12.258* 8.87 10.54 3.44 16.8% 17.08
§ Std 15.29 11.35 13.52 7.9 19.59 19.74
5 p-value 0.05 9.8e-3 <le-5 0.274 0.188
> AD 0.25 0.266 0.391 0.281 0.281

10 of 44



777

778

779

780

Buffer zone, no light measurement

Central zone

64 PAR
sensor grid Tree height

—_—

Tree height

Captions of Figures

Figure 1 a. Experimental Unit. b. Field data: each dotdbes a tree (its trunk), ai

each arrow defines a specific azimuth and distdrm® the trunk, characterizing

the crown extend. c. Zoom in on the interest zdmeviight measurements where

conducted.
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781

Figure 2: 3D reconstruction of the Lorris255 experimenialt using the
asymmetric crowns, side view(a) and top view(bdl, @sing the crowns from the
allometric radius approach, side view(c) and topw{d) .Colors are used to
visually differentiate between tree species: dadeg for pine (Pinus sylvestris L.),
green for oak (Quercus petraea L.), orangebirch (Betula L.), and brown for

hornbeam (Carpinus betulus L.)
782
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Figure 3: Cumulative Distribution Function (CDF) of ligltansmittance for each
stand and for every mockup type. Note that fobiéty purpose the x-axis scale

was adapted for each stand.
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Figure 4: The points represent the mean of AD calcul&e@ach type of mockup
over all stands, the bars being the standard dexmatSame letter above the bars
indicate that the difference between the meansatastatistically significant at

0=10% for an independent two-sample t-test.
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