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Abstract

Light interception controls the growth potential of species and individualant
communitiesHowever, the effectef competition for light on short term vegetation dynamics
are stillpoorly understood. This is in part due to a lack of quantitative methods to estimate
this resource capture by individual plantishin a canopyIn this paper, we studied the light
interception of herbaceous plants with contrasting architectures (monocultures and binary
mixtures) grown at high or lowensity andought to determinthe importanarchitectural
features necessaty account for ligt partitioning among individual plants wasshownthat

the plant populations studied were typical of a wide range of competition intensities, ranging
from sparse plants to dense s&trictured population®lant representations using whole
plant envebpes with homogeneous leaf area density (LA@)enot reliableto estimae light
partitioning irrespective of the accuracy of envelope definition. Accounting for
heterogeneous LAD within planktelped to solve this problem in both sparse and dense
canopes The relative importance of traits however changed with competition intensity and
was different from reports made on isolated pla@itaple envelopebased reconstructisn

were finally showrrobust enough to support parameterisation from a tractabdé tsaits

measured in the fieldrovided that height and vertical LAD gradient were characterised.

Keywords Competition, lightpartitioning,architectural traitsyirtual plans, 3D models

grasslegume mixtures
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1. Introduction

Competition for resaees is one of the major processestrolling plant growttand

explaining thestructure and dynamics of plant communities (dayper 1977;Grime, 1979;
Tilman, 1983). In particular, ompetition for light is of primary importandeecausdét
determineshe energy available for all physiological processes and partially drives the
acquisition of other resourcesdddy, 2001). Furthermore, as light availability declines
exponentially with distanciom the top of the canopy, minor differersda plant size an

have major effeston the quantity and quality of the light availabdesurrogate plantgight

is thus typicallya resourcehat ispreempedby taller plants This asymmetric competition is
considered to be the primary causdothsize inequalityn evenaged populations (Weiner
andThomas 1985; SchwinningandWeiner, 1998 and species succession in productive
habitats €.g.Werger et al.2002; Hautieret al.,2009.

Although plant species vary considerably in tlethitecturemodels predictig light
interception have foceslion a limited number of quantitative features such as total leaf area,
leaf angle distribution and leaf dispersi®oés 1981; CampbelandNorman 2000. In
monospecific plant stands,aW XUELG PHGLXP Y @ &mhdcuRskeracaH FDQR
horizontally homogeneous layef randomsmall particleyis generallyassumedo model

light extinction according to thBeerLambert{ V QMZsiandSaekj 1953), to which a
supplemental leaf dispersion parameter can be introdaeedpiricallydealwith the non
random clumping of foliage (Nilsgri971; Cescat@ndZorer, 2003).Modelling the

competition for light in multispecific canopies basically follows the same principtes a
homogeneous vegetation lay&immington 1984; SinoquetandBonhomme1992. This

madeit possible to calculate light partitioning among spefies the Beer/ DPEHUWY{V ODZ
usinga series ohorizontally homogeneouayers to account for theetweenrspecies

differencesin maximal height andveragevertical distribution of leaf propertieSihoquet et
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al., 2000).Such an approach has been widely used in intercropping mibdisz{eux et al.
2009for a review and has provedccuratdor a wide range of canopy structutesquantify

light partitioning between specig8arillot et al, 2011)

In spite of thesguantitativemethodspur ability to predict shoiime changegranging from

a growing season to a few yearsproductivity and species compositias a result of inter
specific competitions still limited, even in simple cultivated plant communities (Malézieux
et al, 2009; Louarn et al2010).This may arise in part because fage of elementary units
controlling population dynamics in each species (i.e. individual plants in most idaspst
1977) is not considered in these approaches. Indeed plant size distsibupopulations

under severe light competition do not usually follow a Gaussian distribution, but rather a
lognormal or multimodal distributiorQbeidet al.,1967;WeinerandThomas 1985; Gosse et
al., 1988. The representation of a species through an average atadoe in the muki

layers models) may thus no longer be suitable to infer the populai@viourLomnicki,

1988 Berger et al., 20080n the other handanany theoreticanodelsof plant population
dynamicsrelying on quantitative resource partitioniagnong individualsvere developetb
explainselftthinning, FKDQJHYVY LQ SRSXODWLRQYV VLIH VWUXFWXUH I
species compositiofHara, 1988 Tilman, 1988;Damgaargd2004) So far, hese approaches

are however mainly phenomenological and consider resource partitioning qualifatbiedy
simplified partitioning processes (e.g. use of the zone of influence concept which does not
discrimnate between resource types but can be applied with various degrees of asymmetry in
favour of larger plants; HaendWyszomirskj 1994) and/or simplified plant representations
(Tilman, 1988 Chave 1999). Improving ouability to study and model resourcapture at
theplant scale, and light interception in particular, would constitute a breakthrouglo kit

enablesignificant improvemeistin the quantitativepredictions oplant population models.
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In comparison with whole canopight interception andight partitioningbetween species
quantification oflight interception and partitioninigy individual plans into a canopyas
received little attentiofRoss, 1981PearcyandYang 1996. In theory, light interception and
partitioningamongany comporentsof a canopycan easily and accuratebg computed using
light transfer modelgrovidedthatthe explicit geometryi.e. three dimension#BD), is

known and labelled at the organisatiblevel of interest (Chell2005; Da Silva et gl2008).

In practice however it remains difficult to measurgonohat et al2002)andfull geometric
informationis oftenout of reactbecause a tedious and sometimes intractable amount of work
is necessarto collect the corresponding data (e.qg. trees in a foaestpy).Full geometric
informationis also likely to be unnecessary since more simple representation of plant 3D
structurecan be achievetbasically, a crown envelope, an average crown density and a leaf
dispersion parametetat enablgroper quanfication of light interceptiorby isolated plants
(Duursma et al2011) Several strategies basedsimplified plant measurements have
thereforebeen proposed tenable the computation bifht partitioning at the plarievel,

mainly for orchard and forest amagement purposes. Thane basedn the coupling of light
models with simplified envelopleased plant structures (e.g. enveltpsed turbid medium,
NormanandWelles 1983 JohnsorandLaksg 1991; Lawet al.,2001) or stochastic 3D

explicit statisticakreconstructions (Giuliani et aR005; Sonohat et aR006; Louarret al.,
2008y). The rationat behind the possible simplificationsgardingactual plantsvithin a
canopyremainshoweverpoorly understoodThe traitsleading to maximalight intercepton
atone organisatiotevel mayindeednot necessarily lead successtanother For instance,
vertical leaf area gradients are negligible to explain light interception by a single spdcies
are crucial to explain light partitioning in a plant comityrSimilarly the traits important to
considelin theplant structurgepresentation may change between isolated plants and plants

within a community They could alsaliffer according to the intensity of the light competition



125 induced by neighbouring planRoss 1981;HaraandWyszomirskj 1994 Hikosaka et a).
2007). A simulation study byVangandJarvis(1990 allowed to rank the importance tftal
plantleaf area, crown shape, leaf clumping and leaf agigteibutionin the light partitioning
of even-sizemonospecifidree standsYet, a lack of understanding bw thesemain
determinants of light interception may vary with plant architecture and the intensity of the

130 competition for light still hampeithe development akliablesimplified plant stuctures that
could be appliedh broadecological and agronomical contexts. Furthermbeeausehese
approaches were mainly dedicated &ef, a direct assessmensiohplified envelopebased
plantrepresentations against actual 3D structhessnevebeenchallenged so fawithin a
community.

135 By studying herbaceous plantsth contrasédarchitectures grown at high or low levels of
competition for light, the objectives of the presstudywere i) to determingherelative
importance of plant crowrhape total plantleaf area, leaf area clumping and leaf angle
distributionin accouning for light partitioningamongindividual plantsn herbaceous
communities withcontrasted competition intensities and iipssess the performance of

140 simplereconstration methodselying onthesetraits to infer light partitioning fronsimple
field measurementslonoculturesand binary mixtures of grass and legume were chosen as a
modelfor thiscase studyecausehey represent broadrange ofthearchitectural typg
frequentlyencounteredh natural and cultivated plant communities, and because the
exhaustive8D descriptior(i.e. 3D geometry antbpology,Godinet al.,1999 of these plants

145 remains accessihleven atacommunity level A comparison oenvelopebasel models
enabled to test for the relative importance of traitstroliing plant size and leaf properties
The assessmeant a simple model derived from the previous analysis was performed using

only simple field measurements for the parameterisation.



150 2.Materials and Methods
2.1Plant materias and growing conditions
Two experiments were carried out outdoatrthe INRA Lusignan station (46.43°N, 0.12°W)
betweenApril 15 andSeptember 15 in 2009 and 2010. During the first year, pure stands of
alfalfa Medcago staiva.. cv Orca) werestudied at two planting densitigorresponding
155 respectively to @enseplant population (hereafterreferred to asiD for high density460
plants.n?, about 1 rstand) and toan open field with dow densitypopulation é plants
(herénafterreferred to a&D; 50 plants.rif, about 2 Mistand. In the second year, tfetands
studiedconsisted in 50/50 alfalfaedicago ativa L. cv Orca)- tall fescue Festuca
arundinaceaSchrebcv Noria) mixtures at theametwo densitis (i.e. 25 plants.m each at
160 LD and 230 plants.fheach at HD)Each plant was grown in an individual pot (5 cm
diameter x 40 cm high at HD; 10 cm diameter x 25 cm high atdBhsure thaheywere
competing for light onlyln all situationsthe potswere arrangedccording taa hexagon
lattice for planting, sthatall plants were equidiahtwithin the standHarper 1961; Boffey
andVeevers1977). In addition, each individual ithe mixture was surrounded by three of its
165 own species and three oktbther speciedhe mts were filled with a mediummade upof
sterile potting mix, sand and brown soil (1:1:1 v/v). Theye fertiirrigated three times a

day with a complete nutrient solution.

2.2 Size structure characterisation of the studied pojparhat

170 For each stand, plantgere cut to 5 cm above soil level everp 4veeks during the growing
season, at the early bloom stage of alfalfas occurred in particular just following the two
periods of architectural characterisations described in theseetion. At each harvest 100
plants at HD and 60 plants at LD were individually collected, dried (48h at 60°C) and

weighted. $VA\PPHWU\ LQ SRSXODWLRQYV P Do¥iesauicy WULEXWLRQ L
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partitioning among individualsf each speciewere assegsl using the Gini coefficierfG),
which is a measure dtiie relative mean differengee. the arithmetic average of the

differences between all pairsioflividuals Sen 1973; WeinerandSolbrig 1984):

G=

— —

1 jil‘xi xj‘/(2n2;<) Eg. 1

Calculated G Viaes were multiplied by nftn  WR JLYH XQELDYVYWa&uesrBrnQex HV  *
between 0 (all the individuals share resosemgually) and 1 (all the resources captured by a

single individual).$V OLJKW ZDV WKH RQO\ FRQWHVWWas usekd VR XUFH

as an indicator of competition intensity in the different studied populations.

2.3 Threedimensional digiting and plant reconstruction

For each stand, 3Bigitisatiors were performed at two stages of development: once during
vegetative develament in the course of the first growth after sowing (about 650 degree days
after emergence) and once at the endsaframerregrowth period at the early bloom stage of
alfalfa. A group of neighboung plantslocated in the centre efachstandwere indivdually

and carefully extracted from the canopy. This represented 20 plants at LD (on a soil surface of
about 1400 cfi) and 40 plants at HD (on a soil surface of about 90%).drhey were then
measuedindoors using an electroagnetic3D digitizer (3Space &strak, Polhemus Inc.,
Colchester, VT, USA) and 3A software (Adam ef H#999) This enabledus to record the
multi-scale topology of each plant and describe it as a+stdie tree graph (MTG) (Godet

al.,, 1999. At each scale.g. branches, shootkeaves), the planwas regarded as a set of
botanical components of the directly finer scaleanged as a rooted tree graptditionally

the spatial coordinates of all organs and other attributes related to plant/organ gearetry
measuredDetailson thedigitisationmethod arevailablein the article bySinoquetandRivet

(1997). nly those features specific to theo speciestudiednhere are presented below.



In the case ddlfalfa, leaves werenainly describedhroughthe position, length and
200 orientation of the central leafldtateral leafles size and entral kbafletwidth wereonly
measured on a stsample of phytomerfsom each plant. Allometric relationshipgere built
specifically for each planising these dataonsidering) central leafét length as a predictor
of lateral leaflet lengthand ii) leaflet length and phytomer position along the séeam
predictors of leaflet widthDirect measuremesbf the ight and lefthandside leaflets were
205 therefore onlyequiredin thecase of clearsymmetryregardingther sizeor orientation
accordingo the usually regularifoliate pattern.Otherwise, they weradded duringthe
reconstruction procestheir size and geometry being dedufredh the central leaflet by
rotation andheapplication é a plantspecificscaling factorFigureA (supplementary
material) confirm the accuracy of such size estimates as compared tmbasdred lengths.
210 For tall fescue3D led records involvedhe description of anidrib path through a set of at
least thre points andhe systematianeasurement of maximm leaf width.For uncut grass
leaves, v accounted for changm leaf widthalong the leaf using the parabolic relationship
proposed by Prévait al.(1991).Thiswas parameterized usimgultiple leaf width
measurements on a ssample of leaves. For cut leaveg assumethatleaf widthremained
215 constant and equal the maximum leaf width over the whole leaf length.
The reconstruction process was achiewsidg thePlantGL toolkit (Pradal et al2009) in the

Openalea platform (Pradal et,@&008;http://openalea.gforge.inria)frOnly leaves were

considered as parts of the virtual plants in the preseny.sAlfdIfa leaflets were represented

using a uniqugflat 3D meshwith the same allometric propertiasactual leaflets. This mesh
220 was then scaled, rotated and translated wheregeired in ordeto fit the digitised datarall

fescue leaves were repeeged through a succession of trapdeegach leaf segmenAs the

orientatiors of leaf surfaces were not directly measutedy werenferredfor each leaf
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segmenfrom the cross product of the vectors defined by two consecutive segifieatsp

of the leaf conserved the same orientaisthe preedingleaf segment.

Once separately characterised, msdtale plant descriptions were then gathered according to
their actual position and orientation in the standrderto build up virtual canopies. Foof
thesecorresponded to actual canopies at each density (i.e. pure alfalfa legumegstessds
legume mixturestandsat two stages of development). In addition, two supplementary virtual
stands for pure grass were built to serve as cardrml faciltate the analysis of light
partitioning inthe mixtures. Toachieve thisalfalfa plants inthe mixtures were replaced by

tall fescue plants on the basis of the closest dry matter yield at harvest for each stage and

density. Overall, six canopies were tlgenerated at each densiBidqure J.

2.4 Comparison of envel@gased modeigole played by the maiattributes definingplant
envelogs andby within envelopdeaf properties

Usingthedataset of digitised canopies, it was possibleotaparea rangeof simplified plant
structures generated from enveldgesednodels from the literatur@able ). These
particular models werehoserbecausehe series ofvhole plant boundary enveloptsey
represente@hamely plant convex boundary envelope or hudlfipsoid, verticalcylinder and
verticaltessellation prismgorresponded ta regular gradient of simplification associated
with traits simple to understandgmely height, maximal diameter and crown asymmetry,
Fig. 2). A null modelwas also designed ssit representedll plants with the same envelope
irrespective of their actual 3D structutethus considered none of the previous traits and
producedchonoverlapping hexagonal prisnisecause alhe plants were equidistanof the
same heighandbasal area

For each model,epmetric envelopes were fit to each individual 3D digitised plant structure

of the12 studied canopiegsing the PlantGL toolkit in the Openalea platfqfPnadal et aJ.

1C
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2009) In the null model, height was adjusted to the maxicaabpy heightA turbid medium
of discrete small 3D leaf element®r the boundary envelope was then generated within each
envelopgLouarn et al.2008a b). The size of leaf elements (i.e. triangles of 0.5)dmad
previouslybeenoptimised to limitthe computation timeluring light interception calculation
without affecting light partitioningmong plant shoaofslers (i.e. at a finer scale than plant
scale)

In order to discriminate between effects related taeleive size of envelas and to wihin-
envelope leaf propertiesxssuccessive runs of simulations were carriedfaueach of the
geometrical models tested using different assumptions with respbetttalplant leaf area,
leaf area clumping and leaf angleghin envelopegTable 2. The first two sets of
simulationsassumed leaf elements were distributed at random using uniform distributions
along x, y and z axes (homogeneous LAD within envelopes) fiatatiin plant leaf areas:
oneusedthe average plant leaf area for the whsibnd(total leaf area of the species divided
by the number of plants) and the othezdtheactual planteaf areaobtained from the
corresponding digitised plantBhese first two runs aimed at assessing the role of the various
traits involved in planboundary envelope definition and weight it as compared¢vage
plant LAD.

The next two simulation runs explored the importance of heterogeneous LAD distribution
within plant boundary envelopes to explain light partitioning. Empirical functiers

defined from 3D digitised plants to account for relative plant leaf area distributionglgng
and z axesBasically it consisted for each plant in two-dl@sses histograms of relative leaf
area density along either thaxis (vertical distribution) or ithe plane of the maximal plant
diameter (horizontal distributionJhese density functions were used to generateraatom
distribution of leaf area within plant envelop#® first considering the vertical clumping of

leaf area onlyZ) and the secondasidering both vertical and horizontal clumpingZ. In

11



addition, a supplemental reference situation was designed for each plant which consisted in
describingactualleaf aggregation at a finerganisatiorscalethan plant scalé.e. shoots in
275 alfalfaand tillers in tall fescue).ug&han approach was previously showryield plant
representations with suitable leaf dispersions to infer light interceptiomlayed plants
(Sonohat et g12006;Da Silva et al.2008. To do so, he convex boundary galope
geometry was fit to each individual shoots of the plant (instead of the plant as aiwhole)
order toaccount for heterogeneoleaf area between shoots, dispersion of shoots within the
280 plant envelope and voids in terms of LABull, s, Table ).
Finally, thetwo last runs assessed gensitivity of light partitioning to leaf elevation
distribution (g(D). Plant to planteaf angledistributions(defined from the elevation angles of
3D surfaces in the plant digitisations) were replaceddmeric dstributions from the
literature for each plant species (i.e. erectophile and plagiophile distributions for grass and

285 legumes respectivelyinoquetandAndriey, 1993:

Oee( D 2/ S1 cos@D Eqn.2

Opagol B 2/ S1 cos@ D Eqn.3

In a first stepsimulatons were performed wittheleaf angles distributions that best fit actual
leaf propertiesor each specie$n a second steplistributions were switche@e. plagiophile

290 and erect distributions for grass and legume, respectiselgs leaf angles wevapaired

2.5Assessement afsimpleenvelopebased reconstruction methpdrameterisedisingfield

measurements

The previous sensitivity analysis was designed to assess the poteatiatlaipebased
295 reconstructioomodels to build up faithful planepresentation with respect to light

interception properties within a canopy. It howewannot inform us about their practical

usefulness, since parameterisations of boundary envelopes, leaf area surfaces and clumping

12
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functionswere directlyextracted fran 3D plantdigitisations A last set of simulations was
thusperformed using a tractable series of field measurements to patiaeeisimple
envelopebased reconstruction methdtinvolved:
)] handmeasurments ofmaximum height and maximm diameterfor each planto
define the boundary envelope as a vertical cylinder
i) estimates of relative vertical leaf area distributions for each species in all the
studied stands
To do sojeaf area was measured for everyctd layeron a subsample of plants at harvest
using a Licor 3100C planimeter (LiCor Inc., Lincoln, Nebraska). The vertical distribution was
averaged at the canopy level for each spemmeéscanopy talefine a uniqueelativevertical
clumping function for all plants a given situationThe horizontatlumping function was
defined as a Gaussian distribution wih1/6 of maximum enveloge diameterThis enabled
to account for the horizontal leaf aggregation in the center of the plant obsemady
herbaceous planitscluding grasses and alfalfa (Rp$881). Equation2 and3 were used to

define leaf angle distributions in grass and legume respectively.

2.6 Computation of light interceptioby individual plants

Light interception was computed on tleaf surfaces of th8D plantstructuregeither

digitisedor derived from envelope based reconstrugiosing the radiative transfer model
CANESTRA (ChelleandAndrieu, 1998) available in the Openalea platform (Pradal et al.
2008). Radiative budgets of individual leaf elements and of the soil compéarraee
calculated, so that it wakenpossible to precisely sum up the amount of light intercepted by
leaf elements at various scalesluding plant and whole canopy scalEsr envelope based

reconstruction in mixtures the simulations were renderém each species separately by

13



representing thearget species by its simplified 3D representations andttter species with
its digitised structures
Incoming light sources were distributed to simulate an overcastigtkytotal irradiance
325 equallingl on a horizontal plane. These conditions were approximated using 40 light sources
positioned in the centres fifur elevations x 10 azimuth sectotiserelative light intensities
being computed according to the standard overcast model (SOC,avidSperter, 1942).
For the different plant representationg @ompared the amount of lightercepedby each
individual plantexpressed in arbitrary units.pldr(since the incoming PAR intensity was
330 normalised)Canopylight interception efficiencyl(IE) wascalculated for each species as the

proportion of incoming light (%) captured by all plants of this species.

2.7 Statistical analyss
Simulated and measuréice. computed from digitisationgmouns of interceped PAR by
335 individual plants were comparedrfeach standsing the root mean square error (RMSE)

calculated as follows:

Egn. 4

wheres andm are the' simulated and measured values respectivelynasdhe number of
observations.

340 Because the amount of lightptared variedconsiderablypetween individual planis the
two species and between density treatmevesysed a hormalised measure of the model
error, the coefficient of variation of the RMSE (M), to compare the different situations
studied. CVmseis definedas the ratio between the RMSE and the mean of observed.values
The linear correlation between simulated and measured values was assessed Beangoime

345 coefficientr and the Im (linear model) procedurederR software Ittp://www.r-

14
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project.org). Potential bias and discrepancy according to the expected 1:1 line were
quantified using slope of thes = a.m model after testing for nesignificant interceptin
addition,a measure of the balance betw#enrelative goodness of fit of a modeld its
FRPSOH[LW\ L H LWV QXPEHU RI SDUDPHWHUYVY ZDV HVWLP
Criterion (AIC; BurnhamandAnderson 2002 using theAlC procedure under R software
AIC = -2log-likm(X, T + K.Npar Egn. 5
Wherelog-likm(X, T is the maximized loglikelihood for the model and daga,is the number
of parametergtotal number of parameters used to define plant envejepmetry clumping
functions and leaf angle distributiores)dk the penalty peparameter to be usé€ki=2). AIC
valuesthusprovide a means for model selectiona serieof models of increasing
complexity byconsideing a penalty for the number of parameters u§&iden a set of
candidate models for the data, the preferred modekisne with the minimum AIC value.
Forthe modelsve assessed usiagconvex Hull envelopavhich cannotbedescribed by
parametric equatiocontrary to thether envelopetesed), the number of parameters to
define the geometry was assumed etmttie average number of extreme poihdimiting
the convex envelope (20).
Onesample Kolmogoro¥Smirnov testgks.test procedure under R sofwpagainsta
theoretical Gaussian distribution with the same average value and standard dexgegion
used to asess the normality whass distributions in eaghantpopulationsTwo-sample
KolmogoroviSmirnov testsvere used to compare the distributiafiplant leaf area by PAR
irradiance classes for simulated ahgitized 3D structureslhe null hypothesis atlentical

distributiors wasrejectedfor p-values0.05.

3. Results

3.1Size structure in the studied plant populatiahfigh and low density

15



Dry mass distributions of plants in the studied populations are preseritggiia3. At low
density (LD), irrespctive of species ardhtes of measuremengl plant populations
presented a size distribution that did not significantly differed from a normal distril§ption
values > 0.05 for all KS tests)G fcoefficients, accounting for the degree of size inequait

375 the populations, remained low, between 0.17 and 0.26. By contrast, at high density (HD),
plant size distributions were nornaringthe first growth cycle after sowing (stage Bt
significantly differed from normadt the end of the second regrbvteriod (stage Zpr both
the pure legumstandand grasplantsin mixture (KStests pvalues < 0.001)Moreover a
marked positive skewneappeared for aHD populations at this stage. Gini coefficients

380 significantly increased (@n the range 0.30.52) as compared to LD and Hidage 1,
indicating than a higher proportion of total plant biomass was contained in a smaller number
of dominant individualsThe legume component in mixture however displayed an asymmetry

that was clearly less important thiama pure stand.

385 3.2Canopy light interception efficiencies
Light interception efficiencies and light partitioning among species in mixwuees
calculated fronthedigitised plants gathered in virtual stands arelpresented iRigure4. At
HD, theproportion of incomindight reaching the soil surface was véow (below 6% in all
situations) indicating a high canopy light interception efficiency. At LD, this propontam

390 significantly higher, in the 255% range,indicating much more open canogid he only
exception was the pure legume stand at stage 2 where light interception efficiency was similar
to those observed at HD. In mixtures, overall light partitioning between the grass and legume
components was relatively even at LD but was stromgfavour of the legume component at
HD (proportion of light intercepted >80%).

395
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3.3Influence ototal plantleaf area and relative plant size on light distributiemmong
individual plants
The iight interception propertiesf models producingradually sinplified plants structures
were comparetb those ofdigitisedplants in order to quantifthe relative contribution of

400 variousmorphologicalraits to light partitioningFigure5 shows an example of the
relationships established for each model and eatimVistand studied as well as the statistics
derived.RMSE, the slope of the linear relationship anéwere respectively used to assess
model error, model bias and the proportion of interplant variations explayrteg model
These statistics are samarised inTable3 for all the simulatios comparing model boundary

405 envelopes with the assumption that plaitfiave equal total leaf area (i.e. only traits such as
height, maximal diametemd asymmetry in the shape of trevelopecontributeal to explan
light partitioning). Under this assumption the null modelisconsiders all plants having the
same envelopandthe same leaf area density. Therefore they theoretically all share the light
equallyin a pure stanaith equidistant individualsAs onemight expect, norsignificant

410 relationships withhe light partitioningmeasurd (r°<0.18)werethusfound inall studiedpure
standsgconfirming that relative plant size and/or plant leaf area were required to explain inter
plant variability in lightinterception In mixtures the null modehdditionallyinformed us
about any variability in local microclimate induced by the neighbour species (since the
simulations were rendered for each species separateg§plgsenng the other speciesith

415 its digitisedstructure). Non-significant relationshipsere found ir8 out of4 canopies, but in
one casegfass in mixture, LEL), the stiltholding correlatior{r’=0.49)indicateda
heterogeneous light microclimatethe vicinity of grass plants. The identity afighbour
plants alone did contribute to explain a significant part of ipt&nt variations in light

interceptionin this situation
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420 Addingsimply heightas a parameter to differentiate individual plants (Tessel modele3)
resulted in no improvemeekcept in pure legume standé®th at LD and HDIn thesedour
standsa significant part of inteplantvariancewas explained frclose to 0.5 at HD) but little
or no progress was made about model errors. Plant representiatibasconsidering plant
maximal diameter (Cylinder) or envelope asymmetry in the horizontal plane (Ellijgstid)

425 not generally improve threlationshig between measured and simulated light interception.
Even by considering the exact plant convex boundary envelopes (Hull nretilpnships
were non significant in 4 out of 8 stands at LD (consideringgisss in mixture, LEL since
no change was observed as compared to the null model) and two out of 8 standSteddD.
were preferentially grass stands whereas legume staaldgenerallya higher part of their

430 inter-plant variability in light capture explained by differenaegnvelope sizeup to69to
73% at HD stage 2However, irrespective of the plant stand, model errors witimibet
detailedenvelope representatioamained very high: C¥sechanged between stands
depending on the intgrlant dispersion of lightapture(not shown)but values always
remained close to the estimates made from the null miadeatingthatno progressvas

435 madefrom a quantitative pepective
Table4 presenta seconadtomparison of model boundary envelopes but considering all plants
with their actual total leaf are@&he null model in this series thus represents the case where
plants only differentiate each other by their total leabaAs a counterpart of the Hpll
model inTable3 (plants only differentiate each other by their relative siz& striking that

440 differences in leaf area explatha considerable part of intptant variations in light
interception. At LD, 69 to 99%f variancewasexplained byeaf area aloneAn important
decrease of CyseWas also observedogether with limited biasgdiases, calculated §es1|,
remained belové% exceptfor grasses in mixture and pure legume stggatHD, the

contribution d leaf area alone was smaller lustill explained morénter-plantvariance(22
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445  to 55%, one noignificant relationshipdhan size variability did in most cases (except for
pure legume)Providingsimple dimension traitsuch as height (Tessel modefdadiameter
(Cylinder, Ellipsoid models) in addition to total leaf area resulted in quite opposite effects in
the two speciedn legumes, introducing height and diameter greatly improved model
performance in pure stand at HD (76 to 96% of variance exgalamarked decreased in

450 model error and biases) and had little or no effect at LD and in mixtures am lgiasses,
little or noimprovemeniwasshown On the contraryconsidering these traits resulted in
higher model errors and poorer variance explathad with the null model. These negative
effects were more important at HBan at LD
The most detailed plant representasigHull,p model| Table4), which combined actual plant

455 |eaf area with exact plant convex boundanyelopesperformed clearly keer than all other
models All the relationships between observed and simulated light interception were
significant and explained more than 70% of ifgkamt variance (except for HD grass in
mixture, stage 2)n grasses in particular, a dramatic inceeabmodel performance was
recorded as compared to more singilgpsoids or cylinders, indicating a significant role of

460 relative plant size that was not accounted for by the range of simple em/tdetedo far
(i.e. asymmetry along vertical axi#) legumes, hull representations also clearly helped to
improve predictions in light partitioning, although less than in gragsegft for HD
legumes in mixture Overallhowever, these detailedpresentationsvhich assureda
homogeneous leaf area densitighin plant envelopeglid not prove to be reliable

465 quantitative tools to infer light partitioning at the plant schideed, significant biasegere
observed in mixture@ip to 38% for grasses in mixtur@)d model errors remained hiigh

dense canopsgCVmse 120%in 6 out of 8 situations).

3.4 Influence of clumping and heterogeneous leaf area distributittnin envelops
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470 To further analyse the impact of plant structure on light partitioning, we assessed the role of
heterogeneous leaf area distitibn within plant boundary enveleg. Threecases were
distinguished: one considerifiger envelope description than the plant scale (i.e. hull
envelopes fitted at the shoot scale to account for heterogeneous leaf area between shoots and
heterogeneous sfpersion of shoots within the plant envelope), one considering plant

475 envelopes varying in thewertical leaf area gradientg gimulation$ andthe other
considering vertical and horizontabf areagradients togethexyzsimulations) Table5
presentshe summary statistider hull and cylindeenvelops (seesupplementary material
Table Afor the whole set of modetested). Adding informationon leaf clumping had a
profound influence on estimateglight interceptionUsingshootboundary envelogs

480 (Hull,s) generally led to unbiased simulations and better model predadicompared to
plant envelopewith homogeneous LADHull,p). More than 8% and 95% of inteplant
variancecould beexplainedrespectivelyat HD and LD A two-fold decrease in odel error
was observed in averagmthat HD (CV msereduced from 19% to 10.6%) and LD (fa\e
reduced from 10.3% to 5.8%®redictions considering heterogeneous leaf area distributions

485 were more particularly improved for grasses and for plants in nestumdicating than for
these stands differences in relative LAD distribution rather than in relative plant size
explained inteiplant variance in light interceptioAt LD, asresults were alreadyuite
accurate irrespective tfieboundary envelopgdale 3), clumpingmostly helped to
consolidate tht part of variancevhich wasexplained and to reduce bias.

490 The use ofmore simpleplant envelopes combined with empirical function of leaf area
distribution (Hull,p,z andxyzsimulations) enabled to show thath vertical and horizontal
clumping hadyenerallypositive effecton estimates of light partitioningvVhereaghe
introdudion of vertical gradients was more effectiveimprovingpredictions in light

partitioning at HD £ simulations were as good &gzsimulations in6 out of 8canopie¥ both
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495

500

505

510

515

vertical and horizontal gradients were shdwiplayequivalentroles at LD (z andxyz
simulations preseataregular progressiofiom homogeneous Hull,p toward Hull,s).
Exceptions were observed for pure legustands at LDwvhere homogeneous representations
already performed quite well (thus no improvement was observed with heterogeneous
representations), and fblD gras&sin mixtures where horizontal heterogeneity played a
significant role.

Interestingly, heuseof plantenvelopes more simp(€ylinder)than the exact plant convex
boundaryenvelopegHull,p) did notresulted in a lower ability to predict light partitioning.
The overall impact of clumping compared to relative plant size diffeeéveen théwo
speciegsupplementary materialab. A. In grasses, thenprovementin terms ofmodel
error,achievedoy introducing clumping largely exceeded the differences between simplified
boundary envelope types. legumes on the other hand, the influendedwmping and

relative plant size appear&albeof the same order of magnitude.bothspecies, the best
representationgsing simplified envelopesere usually achieved using cylinders witbr xyz
clumping(Tableb). Irrespective of species and ddgsthis simplified representation
performedbetter(13 out of the 16 canopigthanhull,p envelogswith homogeneous LAD

In almost all casest also performed as well &sill,p envelogs with the same clumping
propertieqz or xyzclumping. In fact, he results were as accurate as reconstructions at the
shoot scaleHull,s) in 12 out of 16 cases, resulting in unbiased quantitative estimates of light
partitioning in all but oneanopy(CVmse>15% andbias>5% onlyfor HD grass in mixturg
stage 1

Theuse of simple envelopegth z or xyzclumpingwasfinally alsosupported by criterions
dedicated to the comparison of models of increasing complé&igyre 6). AIC enables to
identify tradeoffs between accuracy and complexity of the medé&l\ S L F D €hap@ curves

were observed for a majority of situatigiD and LD mixturesyvhen comparing models of
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540

increasing complexitin their boundary envelope definition on the basis of fd@.Fig.

6b,9. This confirmed thathe more parsimonious reconstruasao infer light partitioning
among individuals werbased on envelopes of intermediate complexity. Refining envelope
delimitation beyond the consideration of maximal height and diameter was almost never
rewarded On the other hand, ovemmplifications werefrequenly shown for Tessel and Null
models(significant loss of information visible from the increased AIC value in spite of a
lower number of parameterd)he only exception concerned LD pure staaidstage 1e.g.

Fig. 69 where as presented indhprevious sectiofTab. 4, variations in plant leaf area
accounted for most of the intpfant variation in light interceptionn this case, the null
modelusingactual plant leaf area was the most parsimonious. In all other cases it was also
shown thatAIC decreaseavhenincludingthe parameterslescribing empirical clumping
functions (simulation runs 3 and 4 as compared to run 2). It was thus worth adding these

parametersparticularly for plants at HD and for subordinate plants in mixturesKeygad).

3.5Influence of leaf angle distributions

The sensitivity oenvelopebasedeconstructions tthe distribution ofeafangleswas also
examined taking the two most accuragpresentationgbtained abovat the plant scalas
study case§.e. hull,p and cylinderenvelopes with xyzclumping, Table6). In a first step
distributions from the literatureere substitutetbr each specie® thedistributiors of
elevation anglemeasured from digitisatiosuch a simplification had a remarkalsiyall
impact on light partitioning among individual plantsespective of species and density.
Model erros andthe part of inteiplant variance explainatkever changed by more thaR%
whencomparedo the corresponding simulations with measured distributidaksle5). In a
second stegsimulations were performesitching the distributios between specie¥he two

species behaved quite differently under this assumgtight interception by grass plants
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545 tended to benhancedvhereas it tended to decreaselémumes. These changeasd aquite
smallimpactfor pure stands at HD but increased dramaticalbglel errors at LD (except for
LD pure legume, stage 2) and at HDmixtures. This led to a general degradatiothef
model predictionsinderthese conditiosand a marked overestimation of light interception
for grassegup to 40% to 60% bias in mixtuneand a slightly lessmarkedunderestimation
550 for legumes (up te7% to 11%).The change of leaf angles distribution functions did not
affect the number of pameters so as AIC values were very similar between simulation run 4

and 5 butsignificantly increaseah simulation run 6 (not shown).

3.6 Assessment af simple reconstruction method for herbaceous plants parameterised from
555 field measurements
In orde to assess the potentialsimple envelopdasedeconstruction methodsspractical
guantitative toolssimulations were performedimply using hanemeasuredraits (without
the informationobtainedfrom digitising). Cylinders were used as boundary&opes (height
and maximal diameter measured for each plant in the field) whereas rettical leaf area
560 density distributionsvereinferred from whole canopgistributionsmeasurd for each
speciesFigure? presentghelight interceptionpropertiesat thewholeplantlevel over the
range of canapsstudied In all casestheresults were very similar to those obtained using
relative size and leaf area density inferred ffath3D digitisations.For instance, model error
ranged from 5.1% (pure gastage 2) to 17.5% (pure legurstage 2) at LD and from 11.2%
565 (pure grasstage 2) to 24.9% (grass in mixttsge 2) at HD. Gathering #lletreatments
together demonstrated that the overall predictions of light partitioning among individual
plants wee unbiased and quantitativedgtisfactorypoth at HD and LDModel error
remainedsmall whencompared to plant to plant variations in light capture fGabetween

10% and 14%) anés previously shownyas greateat HD. The quality of the simulations
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wasfinally assessed by comparingeasured and simulatédstributions ofplant leaf area by

PAR irradiance classes for plants of contrasting hierarchical positions in each population
(Figure8). Distributions were not significantly different between sinedaand digitized

plants (KS tests-palues>0.15)in all but onecase (LD legume, stage 1, p=0.04). The

simplified reconstructions were thus faithful enough to calculate within plant light distribution
for a wide range of plants structures (grass andeguiants) andin contrasting competitive
situations The light irradiance classes that were less accuregphgsented concerned top
leaves (I/4 >=0.75) of the most dominant legume plant& gdartile of plant mass), possibly
because those leaves maggent non random local spatial arrangement allowing solar

tracking TravisandReed 1983.

4. Discussion

4.1 The intensity ofompetition for lighthangedn the different plant populations studied
The intensity of an asymmetric competition for researsuch as competition for light, as
been frequently characterised using parameters accounting for size inequality among
individualsof the populatiorfWeinerandSolbrig 1984;WeinerandThomas 1986;Knox et

al., 1989 DamgaarcandWeiner, 2000. The tvo studied density treatments resulted in
contrasted effects on the normalitfyymass distributions and strongly differed with respect to
Gini coefficients associated to each population. Normal distributions at LD and fealu@s
indicated a low level chsymmetric competition (i.e. a low relative impact of larger plants on
the fate of smaller plants). This was corroborated by the general low canopy light interception
efficiency in thesetreatmens at the enaf each of the growth period studied (i.e. M€re
therefore even lower in the course of the regrowahHD on the othehand almost full light
interception by the canopy weapidly achieved anthigh size inequality occurrad plant

populationsGini coefficients markedly increased over time. & close to 0.fpure legume
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595 and grass in mixturayereclose to those observeddérowding herbaceous plant populations
(Weiner, 1985 WeinerandThomas 1986 and indicated that populations were clearly size
structuredThe intensity of competition fdegumesn mixturewas intermediate: it wdewer
than in pure standt HD, indicatinga lower impact of the grass companion than the legume
has on itselfOverall, the sparse and dense experimental canopies did produce contrasted

600 levels of competition folight.

4.2 Accounting for heterogeneity plant 3D structure: what matters within a canoman
differ from isolated plants andepends on competition intensity
The question of how plant structure should be desciibedder tosatisfactoity estimae its

605 microclimate and/or theesourcesvailable at its boundary surfadedongstandingJones
1992 TremmelandBazzaz 1993;Chelle 2005. A myriad of traits contribute to the
delimitationof plantcrown(e.g. EUDQFKLQJ SDWW H U Qarndt@xhé HdgreeroG H OHQ J
leaf aggregation withia plant boundary envelogde.g. branching angles, phyllotaxy, petiole
OHQJWK @ #eEimininiHeoverall plant ability to capturkéght (seeValladeresand

610 Niinemets 2007 for areview).Our results comfmedthat accounting precisely for plant
crown alone, even with an accuratdueof crown LAD (Hull,p with homogeneously
distributed actual leaf areajould lead to significantly biased estimates of ljgdutitioning
These errorand biasesnore parttularly concerned the plants in phgpecific communities
(subordinate grasses in particujdmt were also observed somemonoailturesof the two

615 architectural types representayglthe grass and legumspeciestudied both in sparse and
dense canopgeSimilar results were previously shown thre case of isolated trees without
neighbours (OkeBlom andKelloméki 1983; Da Silva et §l12008). Individual plant
representations with homogeneous envelopes usually led to an overestimation of light capture

in these studies, presumably because these representations did not account for high leaf area
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620 clumping and heterogeneous LAD within tree crovRecently, Duursma et al. (2011)
confirmed on a large dasatof smalldigitised tres that, in additionto an acuratecrown
density representatiomafio betweerull,p surface and total plant leaf argajvas necessary
to account fom measure of average leaf dispersion to quantify light interception by isolated
plants. Our results definitely support this agearfor plantswithin a canopyoo. In

625 particular, ve demonstrad how the consideratiorof foliage aggregation at a finer
organisational scale.¢. shoot scale through Hullssmulation$ could enable to removbe
biases and prediction errors in ligidrtitioningamong individual plantsrrespective of plant
architectural type and canopy openness
If in some cases practical reconstruction solutioight appear tractable by directly applying

630 the plL €HI&G HV F U préipleHORE-Blom andKelloméaki, 1983 Sonohat et gR006;
Da Silva et al.2008 Louarn et al.20083, in many situations the number of inner scale
components still exces@dny reasonable capacity of direct follay in the field (e.g.
characterisatioof all tillersin grassplantsfor the present studyJ.he problem of definingn
affordable plant structurdausremaindargely unresolvedsing such a methothstead, we

635 inferredhereclumping from functionslescribingplant leaf area distribution alongy andz
axes ina 3D spaceSuch a representation was proposed by Ross (198th@oretical study
of solar radiation penetratiamithin pure stands of plantgith variousplantingpatterns and
proportions of overlappingsimilar functions (e.grelative leaf area distribuh along a
vertical axis)alsoprovedpowerfulto account for light partitioning between species in

640 intercropping systemsS(noquetandBonhomme, 1992Sinoquet et al2000;Law et al,
2001;Barillot et al, 2011).The functionsn the present studyereempirically defined from
digitised3D plantstructures andnabledo account for a large part faf areaclumping The
simulations using i¢hull,p with xyzclumping)perfornedas well as th@lant representains

describingeaf aggregation at the shtoscale. Quite remarkablig,wasalso show that the
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645 clumping aspects that mattered (vertical versus horizohtalpingor both) changed witthe
intensity of competition for lightin dense canopies, only vertical distributmiieafareawas
importart. Plant boundary envelopes largely overlapped under these conditions and light
extinction from the top of the canopy wapid As expected from theoretical studies (Ross
1981;Hikosaka et a).2001), inter-plant competitior{as accounted for bylativevertical

650 distributionof leaf area between plantsasshown to beéhe main driver of light partitioning
whereasself-shading(as accounted for by horizontal clumping around a vertical plant axis)
had little or no influencemaybeas a result of a more hnmgeneous LAD in plant envelope
intersectionsln sparse canopies on the other hand, both vertical and horizontal clumping had
important rolesAs compared to isolated plants for which the usesl dispersion parameter

655 originally proposed bWilson (1971 for the Beer/ DPEHUWY{V ODZ Vid BdeoldSHUD W L
for seltshading(Da Silva et al.2008 Duursma et aJ2011), more details about the origin of
LAD heterogeneity might thus be required for plants within a carlaarticular, relative
verticaldistribution with neighbourshould systematicallge considered.

Finally, the comparison gflantreconstuction modelsve carried oualsoprovided insights

660 onthe balancéo keep betweerelative sizedescriptiondi.e. accurate boundary envelopes)
andleaf area propertiesatal plantarea/eaf dispersiorand leaf anglesRelative size
between plants (and more particularly relative height) was shown to be cru¢i| laat had
a minor rolein sparse canopieb general, the substitution simple rgular shapes such as
cylinders forexact convex boundary envelopes did not result in a reduced ability to predict

665 light partitioningamong plantsas long as empirical clumping functions were properly
defined The counter part was not trugs(mentioned awve,fine envelope description with
poor leafareaproperties performed poorly)leafangle distributions were well approximated
by a generic distribution relevatd each specieseneric distributiontad little or noeffect

on light partitioning(as aleady suggested by Goudriad888) but &aking the wrong
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distribution for one or othesf thespecies led tonajordiscrepancies in all sparse canopies
and in mixturesOverall, he important features to be includedlantreconstructions
changd accordig to canopy openness and competition intensity. Populations typical of a
crowding situation (HD pure legumes and HD grasses in mixuesentedhe approximate
ranking leaf area and vertical clumping > relative height > leaf orientation > other traits
involved in relative size and envelope definition > horizontal clumpimgparse canopies,
the traits involved in defining individual plant porosity weredominantn explaining inter
plant variance in light interception, an approximate ranking béafiarea > leaf orientation
> horizontal clumping > relative height and vertical clumping > other traits involved in
relative size and envelope definitidangandJarvis (1990) pointed oatrankingin
agreement with owsparse canopigesultsfrom asensitivity analysis of their 3D modet
Sitka spruceTheiranalysishowever concerned morgpecific stands of evesize treewnly,
and did not thoroughlinvestigatehe impact of size distributioand interplant heterogeneity

which can be high iderse sizestructuredolant communities

4.3 Smpleenvelopebasedreconstructiormethodscanbe quantitativeools to inferdight
partitioning among individual plantg sparse and dense plant communities

Because full 3D plant characterisas@reobviously not usuallyaccessible for plants within

a canopywe also assessed the performance ahale reconstruction methddertical

cylinders withxyzclumping) based on a tractable series of field measurements (plant height
and maximal diameter; speciedative vertical leaf area density) appeared clearly frorthe
resultingsimulations thathis methodcould bea tool to quantify light partitioning at plant

scale in both sparse and dense canopies and fordh&astedarchitectural types tested

(representative of typical grasses and typical enecbaceousdicotyledon$.
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Strongsimplifying assumptions were assumed with respetiieéalumping functions that are

time consumingo calibratei) relative vertical leaf area distributiomgere the saméor all

plants within a species anereapproximatedy a triangular distribution (i.e. only the

relative height of maximal LADor the speciegvas required for calibration) and ii) plant

LAD follow eda regulaitGaussian distribution alongy axes.Suchassumptions were

supported by the fact that relative vertical distributions do not change a lot during the
vegetative cycle in these herbaceous species and present a preferential leaf aggregation in the
center of the plant (Ros$981).The solution propasd might not be generic (e.g. it cannot

account for voids in envelopes), ltlher distributionsarereadilyavailablethathave proved

to beversatile and powerful for this purpose (e.g. Giuliani e28104).

5. Conclusion

Althoughit concerrda limited number of herbaceous plant species gnomdersemt
controlled conditions, the present stwdgs able to reackeveral conclusionan light
partitioning among individual planthat ardikely to be of generavalue in many plant
communitiesOur findingschangehe pin point of individual plant structure characterisation
from anenvelog definition with average leaf propertiés a more thorougtdescription of
envelog content Satishctorycharacterisationsf light partitioningwere shown to be

possble by usingenvelopebased plant reconstructi®with empirical leaf area clumping
functions.Such an approach explicitly sedhk bridge the gap between resource capture and
plant functioningand could contributéo a clearer understanding of the useéifferent
resources, both abovand belowground, by plants with different hierarchical positions in the
community (HiroseandWerger 1995; Hikosaka et al2003; Werger et 312002 Hautier et

al., 2009).1t could also provide the ground to build qutative population dynamic models
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to account forshorttime changes productivity and species compositiomplant
communitiesas a result of intespecific competition
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Table @aptions
Table 1:Envdope-based models testamd corresponding boundary envelope triaithe 3D

reconstructions

Table2: Within envelope leaf propertiesed in the six simulations rimeach of the

envelopebased models

Table3: Comparison of PAR interception integrattdhe plant scale between digitisations

and the different envelogeased modsitested for the simulation run 1 (uniform LAD, all

plants with the same leaf area). Stage 1 and 2 stand for the two measurement periods studied.
Data are presented through giepe @), coefficient of determinationqrand errors (CVsd

of the relationship for each studied stand. iT$ugscript indicatea significant intercept in

the relationship whereagsindicates a non-significant correlatioretween measured and

simuated values

Table4: Comparison of PAR interception integrated at the plant scale between digitisations
and the different envelogeased modsltested for the simulation r@(uniform LAD within
envelopestotal leaf area defined from platd-plantmeasurements Stage 1 and 2 stand for
the two measurement periods studigdta are presented through the slage doefficient of
determination @) and errors (C\Vsg of the relationship for each studied stand. The

subscript indicatea significant irtercept in the relationship whergasdicates anon

significant correlatiometween measured and simulated values

Table5: Impact of leaf area clumping on the performance of envdiaged modelt

estimatePAR interception at the plant scalihin a canopyVertical (z) and/or horizontal
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(xy2) clumpingwithin theenvelopes arpresented foHull,p and Cylinder envelopes
(simulation runs 3 and 4iull,p results for uniform LAD (simulation run 2) stand for a
reference without clumping, whereas Huikpresent a reference considering clumping at a
finer organisation scale than plan scale (i.e. shbatha are presented through the slape (
coefficient of determination{r and errors (C\sd of the relationshifpetween measured and

simulated planlight interception valuetr each studied stand.

Table6: Impact of leaf elevation distributiomms the performance of envelepased models
to estimatd’AR interception at the plant scalihin a canopyThe eectophil (erect) and
plagiophil (plagio)distributionsused werealefined in eqr2-3. Resultsarepresented foHull,p
and Cylinder envelopes (simulation runs 5 anth&ugh the slopeaj, coefficient of
determination @) and errors (C\Vsd of the relationshifppetween measured and simulated

plant light interception valug®er each studied stand
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Figure @ptions

Figure 1: Representation of a) high density (HD) and b) low density (LD) digitised 3D stands
atthe two measurement periods studigiéhgesl and 2) In mixtures, grasses are repented

in red.

Figure 2. Top views (top) and lateral views (bottom) of the plant boundary eregelop
generated byhedifferentenvelopebasedmodelstestin the case o& pure grass stand at HD

The colaur chart isused tadentify individual plants.

Figure3: Distribution of the dry mass of plants for pure legume stands (top) andlggasse
mixtures (bottom)at the two measurement periods studigiagesl and 2) The Gini
FRHIILFL &Q pvalueg of the Kolmogore®mirnov test are indicated fgrass (gr) and

legume (leg) populations separataty{00at HD; n=60at LD).

Figure 4: Light partitioning at the canopy level between grass, legume and soil components

calculated for each of the 12 digitised 3D stands

Figure 5. Two examples of relatiships betweernterceptedPAR integrated at the plant
scaleusing digitisations andusing an envelopbased modelData aresummarised¢hrough
the slope 4), coefficient of determination {r and model errors RMSE, CVms9 Of the
relationship for eaclsituation The plain linerepresentshe 1:1 bisector whereas the dotted

line represents the correlations between measured and simulated intercepted PAR.
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Figure 6: 8 RPSDULVRQ RI PRGHOV RQ WKH EDWVdaritéridghlfotW KH $NL
simulation runs 1o 4. Data are presented for four contrasting legume (LD stagel, a; HD
955 stage 2, b) and grass (LD mixture stage 1, c; HD mixture stage 2) situatammontal lines
stand for AIC valuesfahe null model in run 1pfain gray line;all the plants represted with
the same 3D structure and total leaf area), and rudaghédgray line, all the plants

represented with the same 3D structure and with their actual leaf area).

960 Figure 7: Relationships betweemeasuredand simulatedPAR interception at plant ses
when using field measuremeribr individual plant reconstruction$he reconstructions used
cylinder boundary envelopes witkyz clumping and leaf angle distributis from the
literature. HD (a) and LD (bare presented in separate panels. The plaardipresentshe
1:1 bisector. Vertical bars indicattee standard deviation of simulations (n=10).

965
Figure8: Distributions of plant leaf area by PAR irradiance classes for simulated (charts) and
measured (lines) 3D structures. Data are presentddupcontrasting legume (LD stagel, a;
HD stage 2, b) and gradsj mixture stage 1, ¢; HD mixture stage 2) situations and for plants
in the four quartiles of biomass in each populafeee Fig. 3) Figures indicate the-ypalues

970 of the KolmogorovSmirnov test verifying whether the two underlying onalimensional

probability distributions differ
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975

TableA

Table A: Comparison of PAR interception integrated at the plant scale between digitisations
980 and the different envelogeased mods tested for the simulation run 3 andDBlata are

presented through the slopa),(coefficient of determination qr and errors (CVsd of the

relationship for each studied stand.

Fig A: Relationship between alfalfa foliole lengths derived from a teiotmigitisation and

985 direct measurement of foliole length with a ruler.
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Table 1

Table 1
Abbreviation Envelope geometry Scale Traits considered in boundary envelopes References
Height Max Diameter Asymetry X Asymetry Y Asymetry Z
Hull,s Convex Hull Shoot X X X X X Da Silva et al. 2008
Hull,p Convex Hull Plant X X X X X Cluzeau, Dupouey & Courbaud 1995
Ellipsoid Ellipsoid Plant X X X X - Mottus et al. 2006
Cylinder Cylinder Plant X X - - - Chave 1999
Tessel Tesselassion prism Plant X - - - - Hirose & Werger 1995; Hikosaka, Sudoh & Hirose 1999
Null model  No model fit Plant - - - - -




Table 2
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Table2

Simulations Plant leaf area

Leaf area clumping

Leaf angle distributions

D OB~ W N P

uniform
digit
digit
digit
digit
digit

uniform
uniform
uniform along xy, digit along z
digit along xyz
digit along xyz
digit along xyz

digit

digit

digit

digit
theoretical distributions

unpaired theoretical distributions




Table 3

Table3
HD LD
stage 1 stage 2 stage 1 stage 2
Envelope ) ) ) 5
a r CVimse(%) a r CVimse(%) a r CVimse(%) a r CVimse(%)
Null model 0.14" 0.16™  30.9 0.07' 0.09™ 458 0.05' 0.13™  33.8 0.10' 0.17™ 321
b Tessel 0.49' 053 23.2 0.38' 0.52 44.9 0.12' 0.48 31.8 0.29' 0.32 37.8
ure . . .
legume Cylinder ~ 0.94 053 19.2 0.45' 0.66 40.9 0.13' 0.42 32.2 0.40' 0.42 355
Ellipsoid  0.94 0.60 18.0 0.47' 0.65 38.6 0.21' 0.52 30.0 0.43'  0.46 34.4
Hull,p 0.93 0.45 20.1 0.50' 0.69 40.7 0.16' 0.42 31.9 051" 0.62 26.6
Null model 0.20' 0.04™ 305 021" 011™  37.2 0.11' 0.18™  18.0 0.02" 0.01™ 195
b Tessel 041' 0.06™  40.8 -0.46' 017™ 501 0.30' 0.14™  17.7 0.11' 0.12™ 189
ure . . . .
grass  Cylinder 038" 0.04™  47.7 -0.40" 0.16™ 483 0.14" 0.15™ 215 0.14" 0.16™ 185
Ellipsoid  0.40' 0.04™  51.0 -0.47" 0.16™ 524 0.23' 0.35 18.6 0.15' 0.15™ 187
Hull,p 054" 021 26.9 0.06' 0.00™  36.4 0.35' 0.41 16.1 0.14" 0.13™ 214
Null model 0.05' 0.01™  22.2 012" 0.07™ 333 0.00' 0.00™ 121 -0.09" 0.07™ 173
Legume Tessel 0.08' 0.02™ 245 022" 0.13™ 302 0.08' 0.04™ 116 -0.08' 0.03™ 181
in Cylinder 0.21" 0.09™ 205 0.35' 0.26 26.7 0.10" 0.07™ 122 0.09' 0.03™ 155
MIXWUre  Eliosoid 023" 0.11™ 193 038" 028 271 019' 020 111 009' 0.02™ 154
Hull,p 0.34" 0.22 17.6 0.97 0.73 15.5 0.18" 0.23 10.4 0.19' 0.15™ 129
Null model 1.85 0.12™  65.6 -0.40' 0.02™ 547 0.29' 0.49 19.2 0.01' 0.00™ 356
Grass Tessel 210 014" 592 -0.58" 0.04™ 520 0.76' 0.66 12.7 0.29' 0.06™ 31.2
in Cylinder 224 013™ 59.9 -0.35' 0.06™ 406 0.77" 0.48 19.1 0.24" 0.05™ 335
mixture . . .
Ellipsoid  1.98 0.14"™ 554 -0.45" 0.08™  41.8 0.87' 0.53 18.3 0.26' 0.05™  30.9
Hull,p 136 0.25 32.1 0.20' 0.06™  30.1 0.67' 0.55 16.6 0.23" 0.03™ 27.6




Table 4

Table4d
HD LD
stage 1 stage 2 stage 1 stage 2
Envelope
a P CVinse(%) a P CVimse(%) a P CVimse(%) a P CVinse(%)
Nullmodel 0.48' 044  30.3 074 055 393 105 099 55 090 062 234
oue TESS®! 095 060 226 081 079 298 105 0.99 49 092 071 210
legume Cylinder 098 071 229 097 095  16.0 1.03 099 4.0 098 0.82 189
Elipsoid  0.98 076 213 096 096 149 104 099 47 098 0.84 17.7
Hull,p 097 080 181 100 093 200 102 099 31 099 094 10.9
Null model 0.98 0.46  18.8 097 021 222 1.00 093 54 104 095 54
oue | TESSE 099 030 328 093 0.16™ 292 100 093 7.7 105 094 55
grass Cvlinder 100 031 385 097 020 274 1.00 0.85 135 106 093 7.0
Elipsoid ~ 1.01 028  41.0 098 018 274 104 083 150 106 094 6.7
Hull,p 100 072 203 101 066  19.6 102 091 9.8 105 0.85 84
Null model 042" 052  16.5 033" 041 263 106 092 54 098 073 63
Legume Tessel 089 046 156 042" 042 235 105 090 5.2 098 067 76
in cylinder 095 042 135 096 049 212 109 089 7.6 105 075 7.0
MIXUre  Eliosoid 095 039  12.7 096 057  17.7 106 087 6.0 105 069 81
Hull,p 097 069 104 102 093 107 104 092 44 103 081 7.3
Null model 2.85 0.64  64.9 058' 0.13™ 510 119 093 165 154 093 351
Grass  Tessel 221 035 57.1 031" 0.03™ 383 110 086 112 145 087 304
in Cylinder 234 038 56.0 022" 0.02™ 3658 112 080 157 151 084 333
MU Elipsoid 197 0.37  49.3 045' 014™ 316 115 079  16.1 145 081 307
Hull,p 137 070  27.0 118 038 232 110 086 114 138 078 27.1




Table 5

Tableb
HD LD
Envelop  Leaf stage 1 stage 2 stage 1 stage 2
dist. a P CVmse(%) a P CVmse(%) a  F CVmsel%) a ' CVmse(%)
Hullp  uniform 0.97 0.80  18.1 1.00 093 200 1.02 099 3.1 0.99 094 109
Hulls  uniform 1.00 0.88  16.0 0.98 098 11.0 0.95 099 54 0.98 095 124
Pure  Hullp z 097 083 143 1.06 095 189 1.02 099 4.0 1.04 097 9.6
legume  cyiinder z 098 085  14.9 1.03 0.97 138 1.05 0.98 5.5 1.02 090 16.4
Hull,p xyz 098 082 17.6 1.04 095 184 096 097 6.0 1.00 096 9.7
Cylinder xyz 097 084 151 099 098 10.3 099 097 5.0 1.00 089  16.1
Hullp  uniform 1.00 0.72  20.3 1.01 066 19.6 1.02 091 9.8 1.05 085 84
Hulls  uniform 1.00 0.87  10.4 1.00 0.88 109 099 098 34 099 099 22
Pure  Hullp z 100 089 103 1.02 084 133 1.02 097 47 1.05 095 6.2
grass  cylinder  z 1.00 0.90 10.2 1.01 0.92 7.4 1.02 0.97 47 1.05 0.95 6.4
Hull,p xyz 100 0.87 114 1.01 091 9.2 1.01 098 36 1.01 097 3.2
Cylinder xyz 1.00 091 87 1.00 089 88 1.00 097 3.9 1.02 097 3.8
HullLp  uniform 0.97 0.69  10.4 1.02 093 107 1.04 092 44 1.03 081 7.3
Hulls  uniform 0.93 0.81  10.2 1.00 096 7.0 091 098 95 097 099 33
Le@{r‘ime Hull,p z 100 077 7.9 1.04 085 176 1.03 097 26 1.02 098 29
mixture Cylinder ~ z  1.02 058  12.0 099 093 80 1.08 097 7.2 1.05 098 53
Hull,p xyz 097 075 9.6 1.02 084 168 096 0.88 4.9 094 090 7.1
Cylinder xyz 1.00 0.73 9.2 098 0.86 10.6 1.01 090 37 097 081 55
Hullp  uniform 1.37 0.70  27.0 1.18 038 232 110 0.86 114 1.38 0.78 271
Hulls  uniform 0.97 0.90 8.7 1.00 091 105 0.98 0.96 5.1 0.97 0.97 5.3
Grﬁss Hull,p z 094 052 158 1.05 065 18.4 1.04 097 36 1.07 092 65
mixture Cylinder — z  1.18 0.84 152 1.02 035 264 1.04 098 42 1.09 091 89
Hull,p xyz 098 0.76  10.9 1.06 069 204 1.01 098 3.0 1.02 084 51
Cylinder xyz 114 0.81 138 1.05 0.68 165 1.02 099 2.8 1.03 089 4.7




Table 6

10

Table6
HD LD
stage 1 stage 2 stage 1 stage 2
Envelop angle g 9 g g
dist. a P CVme(%) a P CVmse(%) a ' CVmsel%) a ' CVmse(%)

Hullp  plagio 0.98 0.83  16.8 1.04 095 193 096 097 54 099 095 11.2
Pure  Cylinder plagio 0.97 0.83 158 1.00 0.98  10.9 1.00 098 47 0.98 085 17.4
legume Lyp  erect 095 0.80 186 1.03 093 224 0.89 098  11.2 098 095 11.0

Cylinder erect 0.95 0.76  19.3 099 098 12.0 091 097 91 0.97 0.83  19.0

Hullp  erect 1.00 0.85  11.6 1.02 090  10.2 1.01 098 35 1.01 097 38
Pure  Cylinder erect 1.00 0.91 8.8 1.00 0.90 8.8 1.01 0.98 3.9 1.02 0.97 4.1
grass  pHull,p  plagio 1.03 0.81  14.1 1.06 0.87 12.9 1.13 098 117 119 097 16.0

Cylinder plagio 1.02 0.86  11.9 1.05 0.89  10.1 114 098 122 1.21 097 172

Hullp  plagio 0.97 0.77 9.9 1.01 087 148 096 084 55 094 088 75
"egiﬁme Cylinder plagio 1.00 0.75  10.0 0.97 0.84 112 1.01 0.86 4.4 097 076 7.4
mixture Hullp  erect 0.93 0.73  13.4 0.99 0.85 154 0.90 0.89 112 092 085 9.6

Cylinder erect 0.94 072 115 0.96 0.86 86 094 085 6.9 094 084 75

Hullp  erect 0.98 0.75  11.0 1.07 067 228 1.01 098 3.9 1.02 087 47
Griﬁss Cylinder erect 1.14 081 146 1.07 068 183 1.02 098 32 1.04 084 6.1
mixture Hullp  plagio 1.17 0.64  17.6 138 061 314 0.96 0.44  26.7 156 012 431

Cylinder plagio 1.42 0.77  28.6 139 059 318 0.99 045 27.3 1.63 0.13  44.0




e-component Tab A

Supplementary materialTableA

Envelope Leaf

Hull,p
Ellipsoid
Cylinder

Pure Tessel
legume Hull,p
Ellipsoid
Cylinder

Tessel

Hull,p

Ellipsoid

Cylinder
Pure Tessel
grass i p
Ellipsoid
Cylinder
Tessel

Hull,p
Ellipsoid
Cylinder
Le%me Tessel
mixture Hull,p
Ellipsoid
Cylinder
Tessel

Hull,p
Ellipsoid
Cylinder
Gri?‘ss Tessel
mixture Hull,p
Ellipsoid
Cylinder

Tessel

dist.
z
z
z
z
Xyz
Xyz
Xyz

Xyz

N N N N

Xyz
Xyz
Xyz
Xyz

N N

Xyz
Xyz
Xyz

Xyz

Xyz
Xyz
Xyz

Xyz

HD LD
stage 1 stage 2 stage 1 stage 2
a P CVime(%) a P CVimse(%) a P CVmel®) @ P CVimsel%)
0.97 0.83 14.3 1.06 0.95 18.9 1.02 0.99 4.0 1.04 0.97 9.6
0.97 0.80 17.1 1.05 0.97 13.9 1.05 0.99 4.9 1.02 0.93 12.7
0.98 0.85 14.9 1.03 0.97 13.8 1.05 0.98 55 1.02 0.90 16.4
0.95 0.73 17.3 0.84 0.86 23.8 1.06 0.98 5.9 0.94 0.80 19.3
0.98 0.82 17.6 1.04 0.95 18.4 0.96 0.97 6.0 1.00 0.96 9.7
0.97 0.81 17.0 1.01 0.99 9.1 0.98 0.97 4.9 0.99 0.91 15.5
0.97 0.84 15.1 0.99 0.98 10.3 0.99 0.97 5.0 1.00 0.89 16.1
0.93 0.58 19.7 0.79 0.76 29.1 0.99 0.98 5.0 0.88 0.69 23.7
1.00 0.89 10.3 1.02 0.84 13.3 1.02 0.97 4.7 1.05 0.95 6.2
1.08 0.57 21.2 1.02 0.87 10.7 1.04 0.92 8.5 1.05 0.94 6.9
1.00 0.90 10.2 1.01 0.92 7.4 1.02 0.97 4.7 1.05 0.95 6.4
0.98 0.66 141 0.97 0.78 10.6 0.98 0.95 5.5 1.02 0.97 3.9
1.00 0.87 11.4 1.01 0.91 9.2 1.01 0.98 3.6 1.01 0.97 3.2
1.00 0.79 12.6 1.01 0.87 10.4 1.01 0.97 5.0 1.01 0.96 3.8
1.00 0.91 8.7 1.00 0.89 8.8 1.00 0.97 3.9 1.02 0.97 3.8
0.96 0.59 15.0 0.95 0.75 11.9 0.91 0.95 9.9 0.92 0.94 8.3
1.00 0.77 7.9 1.04 0.85 17.6 1.03 0.97 2.6 1.02 0.98 2.9
0.99 0.52 11.9 0.99 0.88 10.5 1.05 0.93 5.1 1.04 0.96 4.4
1.02 0.58 12.0 0.99 0.93 8.0 1.08 0.97 7.2 1.05 0.98 5.3
0.44' 0.45 14.1 0.54' 0.65 19.3 1.05 0.91 5.7 0.96 0.79 6.8
0.97 0.75 9.6 1.02 0.84 16.8 0.96 0.88 4.9 0.94 0.90 7.1
0.97 0.70 10.9 0.98 0.85 11.2 0.99 0.86 4.4 0.96 0.83 5.3
1.00 0.73 9.2 0.98 0.86 10.6 1.01 0.90 3.7 0.97 0.81 55
0.39' 0.45 17.3 0.46' 0.58 21.3 0.98 0.89 3.3 0.88 0.57 13.9
0.94 0.52 15.8 1.05 0.65 18.4 1.04 0.97 3.6 1.07 0.92 6.5
1.12 0.72 16.7 1.03 0.46 21.8 1.08 0.91 8.3 1.14 0.88 12.2
1.18 0.84 15.2 1.02 0.35 26.4 1.04 0.98 4.2 1.09 0.91 8.9
1.09 0.76 15.3 0.95 0.72 17.9 0.96 0.98 4.8 1.01 0.97 3.0
0.98 0.76 10.9 1.06 0.69 20.4 1.01 0.98 3.0 1.02 0.85 5.1
1.16 0.71 17.5 1.05 0.57 19.9 1.03 0.96 5.6 1.03 0.85 5.7
1.14 0.81 13.8 1.05 0.68 16.5 1.02 0.99 2.8 1.03 0.90 4.7
1.01 0.73 16.8 0.83 0.55 24.3 0.86 0.93 15.9 0.88 0.82 13.8
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Figure 2
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e-component Fig A





