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ABSTRACT19

20

Background and Aims The functional structural plant models (FSPMs) allow simulation of21

tree crown development as the sum of modular (e.g. shoot level) responses triggered by the22

local environmental conditions. The actual process of space filling by the crowns can be23

studied.  Although the FSPM simulations are at organ scale, the data for their validation have24

usually been at more aggregated levels (whole crown or whole tree). Measurements made by25
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terrestrial laser scanning (TLS) that have been segmented to elementary units (internodes) offer26

a phenotyping tool to validate the FSPM predictions at comparable levels to their detail. We27

demonstrate in this contribution testing different formulations of crown development of Scots28

pine trees in LIGNUM model using segmented TLS data.29

Methods We made TLS measurements from four sample trees growing in a forest on a30

relatively poor soil from a sapling size to a mature stage. The TLS data were segmented into31

internodes. The segmentation also produced information whether needles were present in the32

internode. We applied different formulations of crown development (flushing of buds and33

length growth of new internodes) in LIGNUM. We optimized the parameter values of each34

formulation using genetic algorithms to observe the best fit of LIGNUM simulations to the35

measured trees. The fitness function in the estimation combined both tree level characteristics36

(e.g. tree height and crown length) as well as measures of crown shape (e.g. spatial distribution37

of needle area).38

Key Results Comparison of different formulations against the data indicates that Extended39

Borchert-Honda model for shoot elongation works best within LIGNUM. Control of growth by40

local density in the crown was important for all shoot elongation formulations. Modifying the41

number of lateral buds as a function of local density in crown was the best way to accomplish42

density control.43

Conclusions It was demonstrated how segmented TLS data can be used in the context of a44

shoot-based model to select model components.45

46

Keywords: Functional-structural model, forest stand, Scots pine, terrestrial laser scanning47
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INTRODUCTION51

52

The three principal interacting processes involved in the growth of a tree, and thus stand53

development, are (Ford and Sorrensen, 1992): (1) resource capture as a response to the54

immediate environment and leading to tree growth, (2) allocation of growth to the development55

of the 3D structure of the tree and, consequently, (3) modification of the immediate56

environment, described as a three-dimensional distribution of the resource flux. The stand57

dynamics result from the interplay of these processes, and is primarily reflected in crown58

development: if the tree can lift its crown to a position that affords sufficient light in59

comparison to its competitors, then it will survive in the stand, otherwise it will become60

suppressed and is liable to die. These growth processes have been modeled in the functional61

structural plant models (FSPMs; Godin and Sinoquet 2005) and other modular plant models in62

various ways.63

growth and form of a modular organism is determined by the rigid rules of iteration64

(branching) and the differential response of each growing point to the local conditions around65

it. The degree of response of each individual module is itself dependent on the degree of66

67

68

In those models, thus, individual buds are created, they develop to growth units that carry69

foliage and buds or die or become dormant if their local conditions are not favorable. This70

process has been modeled at many levels of detail and abstraction. Constraints and strategies of71

arborescent plant growth have been studied at abstract level e.g. by Takenaka (1994), Sterck72

and Schieving (2007), Palubicki et al. (2009) and Palubicki (2013). An example of a generic73

model that can be adjusted to specific conditions is GreenLab (e.g. Cournede et al. 2008). It74

applies a system of equations based on resource acquisition, distribution of resources between75
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sources and sinks and morphological development relying on botanical rules. It has been76

applied for example to beech (Letort et al. 2008) and Mongolian pine (Wang et al 2012). There77

are many models that have been constructed specifically to one species. ECOPHYS for poplar78

(Host et al. 2008), L-PEACH (Da Silva et al. 2014) for peach and MAppleT (Costes et al.79

2008) for apple trees are examples of such models.80

81

Detailed, precise, 3D representations of individual trees are necessary for an accurate82

assessment of any of the above-mentioned models. The laborious destructive measurements83

used so far have limited the extent of validation studies severely. Terrestrial laser scanning84

(TLS) methods have developed quickly. They now provide some superior advantages85

compared to the traditional and partly manual methods to measure trees. TLS methods allow us86

to measure non-destructively and fast 3D characteristics of tree crowns (e.g. Raumonen et al87

2013, Gatziolis et al. 2015 and Potapov et al. 2016) that were earlier very time consuming to88

assess. precise, detailed89

3D representations of individual trees. TLS data are finding their way to fitting detailed tree90

models (e.g. Beyer et al. 2017a, 2017b).91

92

In this paper, we make use of TLS data of trees and demonstrate their use to study different93

rules of development that have been proposed to govern structural organization of tree crowns.94

As rules of development we tested some variants of competition between buds and branches95

for light and space (Perttunen et al 1996, Palubicki et al. 2009), as well as growth controlled by96

the vigor index (Nikinmaa et al. 2003). The rules of development were implemented in the97

shoot-based tree growth model LIGNUM (Perttunen et al 1996, Sievänen et al. 2008). We98

compared the rules of development by observing how well LIGNUM equipped with the99

particular rule matched the actual data of growth of Scots pine trees obtained by TLS. For this100



5

used an optimization method (Genetic algorithm) but did not aim at parameter estimation, only101

finding general differences between rules of development.102

103

104

MATERIAL AND METHODS105

106

THE APPROACH TO TESTING107

108

We tested the agreement with data from Scots pine trees of rules of crown development that109

were implemented in LIGNUM model (Perttunen et al. 1996, Sievänen et al. 2008), Fig. 1. The110

agreement was measured with the aid of fit statistics (loss function). The data comprised TLS111

measurements of four trees at ages 8, 16, 25 and 33 years.112

113

We compared alternative formulations for model components that were responsible for shoot114

elongation and production of new buds within crown. The parameter values of those model115

components were optimized for best agreement with the TLS data using genetic algorithm116

(Scrucca 2013). Because our focus was on the comparison of alternative rules of development117

we were not interested in the particular values of parameters that produced the best agreement118

with the data. Instead, the optimization served just to find the full potential of the rule of119

development. Parameter estimation would require an identifiability analysis to find out if120

model parameters are determined by the available TLS data. Such attempt warrants a separate121

study with a larger sample.122

123

All the other crown processes included in LIGNUM were left intact and were implemented as124

in Sievänen et al. (2008). Altogether, we tested model components from three categories: shoot125
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elongation, effect of local shoot density in crown and height preference of growth allocation.126

This produced 18 different combinations model components, which were fitted to the data (Fig.127

1). The combinations are detailed in Supplementary material2. In the fitting, many functions128

involved in tested model components were implemented as piecewise linear curves129

parameterized to follow the general shape of the model functions (cf. Fig. 1). The fit statistics,130

that is, loss function combined both tree and shoot level characteristics of trees (Eq. 12). A131

genetic algorithm was used to minimize the loss function with respect of parameter values that132

were specific for each combination of model components. After reaching the best agreement133

with the data, the ranking of alternative model formulations and combinations was compared134

on the basis of value of the loss function.135

136

137

138

TARGET TREES BY TLS139

140

We created a pseudo growth sequence of Scots pine trees by scanning point clouds of four141

Scots pine trees at different ages of even aged stands growing on dryish upland sites (VT in the142

Finnish forest classification system; Cajander 1949) near to each other in the vicinity of143

Helsinki. The stands were even-aged pure Scots pine stands. The ages of forests (and thus the144

trees) were 8, 16, 25 and 33 years, and approximate densities 6600, 3000, 1660, and 1000 trees145

per hectar. The mean heights of forest stands (from youngest to oldest) were 2.5 m, 6.7 m, 10.7146

m and 13.9 m. The sample trees were selected sufficiently close (subjective assessment) to147

average tree. The heights of scanned trees were 2.6 m, 7.2 m, 12.0 m, and 13.6 m (Fig. 9). The148

forests had been managed according to common forestry practices. The scanned trees can149

therefore be considered to present a tree in different phases of pine forest growth.150
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151

The sample trees were scanned from three locations around the tree at distances 3-5 m with152

Riegl VZ-400 scanner with vertical and horizontal point density 40 mdeg. The scans were co-153

registered; the point clouds contained 578308, 7827896, 1533189 and 5024371 points (from154

youngest to oldest tree). Each point cloud was first segmented into individual branches using155

the segmentation method presented in (Raumonen et al. 2013, Calders et al. 2015). The156

segmentation process randomly partitions the point cloud into small subsets whose diameters157

are about few centimetres and whose neighbours are defined. Starting from the bottom of the158

point cloud, which is the base of the stem, we use surface growing with these subsets step-by-159

step adding new layer of neighbours. At each step, bifurcation points are identified by checking160

local connectivity of the top few layers of the subsets. After the bifurcation or branching points161

are determined, the final segments (branches) are defined in the increasing branching order by162

making each segment to reach as far as possible from its base. The result is a division of the163

point cloud into segments (branches) that do not have any bifurcations along them and whose164

volume and surface can be next modelled with consecutive cylinders.165

166

Next each branch was modelled with a number of cylinders whose relative length167

(length/radius) was about a user-given constant. The cylinders were fitted to data using least168

squares method with the aim of reconstructing the woody surface and volume. We observed169

that the cylinders fitted to regions with needles had a tendency to be too large in comparison to170

what can be expected on the basis of tapering of branches. We used this trait of segmentation171

to asses if there are needles in a branch. To recognize if a cylinder was too thick, we employed172

a loose parabola taper correction that enforces a generally decreasing taper and gives the local173

maximum and minimum radius for the cylinders. The parabola taper is defined based on the174

cylinders fitted in the first three quarters of the branch and setting the radius to 2.5 mm at the175



8

tip of the branch. More details of the taper correction can be found in (Calders et al. 2015).176

Now, if the corrected radius was at least 30% lower than the fitted radius, then we took that as177

an indication of existence of needles. If a branch contained cylinders with needles, then we also178

classified the last cylinder in the branch as containing needles. If a cylinder, that is, an179

internode was classified to carry needles, we estimated mass and all-sided area of needles with180

equations from Lintunen et al. (2011). Segmented and needle-added trees are shown in Fig. 9.181

We estimated the lower limit of needles (crown base) using an equation from Hynynen et al.182

(1994). We compared needle masses against ones computed with the aid of biomass equation183

(Repola et al. 2007) and the correspondence was satisfactory (Supplementary material1).184

185

Finally, the segmented TLS trees were imported into the internal presentation of LIGNUM (see186

Perttunen et al. 1996). The measured trees could be processed, e.g. in the calculation of the loss187

function, just as the simulated trees.188

189

190

191

LIGNUM MODEL192

193

Growth and senescence194

195

The LIGNUM model has been documented e.g. in publications Perttunen et al. (1996, 1998,196

2001) and Sievänen et al. (2008). Here we give a brief summary of its traits relevant to this197

study. LIGNUM grows trees so that, in one year growth cycle, buds flush and produce a198

growth units with length L and number of buds at distal end N (Fig. 2). Both L and N are199

affected by the local conditions in tree crown (e.g. incoming light, branching order). L is also200
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constrained by the requirement that amount of growth is equal to the available resources201

(photosynthates) at tree level, represented by the global coefficient . L and N can be expressed202

in general terms as203

204

(1)205

206

(2)207

208

The function fN specifies the number of lateral buds, as the apical bud is always created. Any209

bud, including the apical one, dies if it cannot produce a new shoot in the extension growth.210

What local conditions are depends on the specific formulation applied and will be explained211

below. The factor  is a global one and determined during each growth cycle so that the carbon212

balance holds (Perttunen et al. 1996):213

214

(3)215

216

where Wnew, Wsecond and Wroot are biomass needed to build new shoots (primary growth), in217

secondary (thickness) growth and in growth of roots, respectively, and P and M are amounts of218

photosynthesis and respiration during the growth cycle. Implicit in Eq. 3 is that the amounts of219

primary, secondary and root growths depend on lengths of new shoots (see Sievänen et al. 220

2008) and thus on .221

222

Part of needles of an internode are shed annually (Perttunen et al. 1996). A branch of any order223

is considered dead when it has lost all its needles. Dead branches are shed.224

225

( )� sec ( )� ( )� �
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226

Radiation calculations227

228

The time step of LIGNUM is one year; we considered the photosynthetically active radiation229

during the growing period, 1200 MJm-2 on a horizontal surface, a typical value for southern230

Finland (Stenberg 1996). We took into account radiation coming from different points in the231

upper hemisphere; we considered the radiation coming from 31 evenly distributed directions232

(six inclinations, five azimuths and zenith direction) (see Perttunen et al. 2001). We calculated233

the transparency of path from an internode to each point in the upper hemisphere separately234

(backward ray casting). We assumed that the radiation distribution of the sky was that of a235

standard overcast day (Ross 1981). The light transmission in the tree crown was calculated236

using a voxel space approach with 0.2 m voxel box side length. We tested this against the237

method of pairwise comparison of shoots (Perttunen et al. 1998) used traditionally in LIGNUM238

and found similarity of results satisfactory (Supplementary material1).239

To speed up simulations we grew only one tree and assumed that it is surrounded by a240

homogeneous forest that grows in the same pace with the tree (cf. Streit et al. 2016).241

242

The course of stand density used in simulations (Supplementary material1) was taken from243

measured stands. The transmission of radiation in the surrounding forest was calculated as244

exp[ 0.14  x distance travelled x leaf area density]. The extinction coefficient 0.14 is that of a245

forest consisting of Scots pine shoots (Stenberg 1996). The absorbed radiation (driving246

photosynthesis) in an internode from each direction was calculated as incoming radiation x247

STAR x needle area. STAR is the shoot silhouette to total area ratio (Oker-Blom and248

Smolander 1988). Total incoming and absorbed radiation at an internode were summed over249

contributions from all directions.250
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251

252

THE COMPONENTS TESTED253

254

Extension growth of new shoots255

256

The first function (onwards LIGNUM) we tried for the length growth of new shoots is the one257

that was originally in LIGNUM (Perttunen et al. 1996). It combines the effects of local light258

(q) and branching order (g)259

260

(4)261

262

the light effect is accounted for with the aid of relative incoming radiation, q = incoming263

radiation / (unshaded incoming radiation). Fig. 3 shows typical shapes of functions and the264

parameterization of their shape as piecewise linear curves and their parameterization.265

266

We tried as the second option the approach by Nikinmaa et al. (2003) that replaces the effect of267

branching order of Eq. 4 with the strength of pathway from tree base to the shoot (onwards268

VIGOR). We measured the strength of pathway with vigor index (v) that uses diameters of269

internodes along the path in the assessment of strength (Nikinmaa et al. 2003). The strength270

values are relative: the strongest pathway has value 1, the others have values in the range (0,271

1].  In this case the local conditions are manifested as272

273

(5)274

( )� ( ) ( )

( )�
( ) ( ),

( ) ( ) ( ),
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275

where v is vigor index of the mother shoot and fq is the effect of light as in Eq. 4. Lateral shoots276

are somewhat shorter than apical ones, the effect depends on light conditions mediated by277

function fa. Typical functions with parameters used in the optimization are shown in Fig. 4.278

279

As the third alternative, we applied extended Borchert-Honda (onwards EBH) model in the280

way Palubicki et al. (2009) used it. Borchert and Honda (1984) proposed the model as a281

mechanism to regulate the extent of branching by controlling the distribution of growth282

resource to buds. Palubicki et al. (2009) used the amount of light received by the buds to guide283

the distribution of growth resource. We considered the amount of light intercepted by the284

shoots, that is, the radiation that drives photosynthetic production in LIGNUM. Evaluation of285

the EBH operates in two passes, Fig. 5.  In the first pass, information about the amount of286

radiation that reaches the shoots with needles flows basipetally, and its cumulative values are287

stored within the internodes (Q1, Q2, Q3 and Q in Fig. 5). In the evaluation of path strength288

leading to growing shoots the strength is divided in a branching point according to radiation289

values of the shoots. For the internodes in Fig. 5 the strength values are290

291

(6)292

293

where the parameter  controls whether the flow of strength (S0 in Fig. 5) is biased towards the294

main axis (  > 0.5) or biased towards the lateral branch (  < 0.5). Other number than two295

lateral branches are treated analogously. The strength values of growing shoots are scaled, the296

largest value being equal to 1. The effect of local conditions is then directly proportional to the297

strength values298

299

1 � 0(1� ) 1

(1� ) 1 � 2 �(1� ) 3
2 � 0 2

(1� ) 1 � 2 �(1� ) 3
3 � 0(1� ) 3

(1� ) 1 � 2 �(1� ) 3
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(7)300

301

We allowed that, in the first three branching orders, 1-3,  attained different values 1, 2, 3,302

for orders > 3,  = 3. In the optimization, 1, 2, and 3 were parameters.303

304

305

Shoot growth in lower parts of crown306

307

Shoot growth is controlled directly or indirectly by light in the above formulations. It was308

apparent in initial simulations that crown base rose often relatively fast. We implemented,309

using an ad hoc function fB, a mechanism that boosts (onwards BOOST) shoot growth in lower310

parts of crown by modifying the shoot length of Eq. 1 as311

312

L(local conditions) x fB(z) (8)313

314

where z is relative distance from crown base.  Eq. 8 is applied only to side branches and lower315

order branches (Gravelius order > 2).  This function may be thought to mimic e.g. the effect of316

the red to far-red ratio on shoot growth (cf. Ballaré and Pierik 2017). A typical function fB is317

shown in Fig. 6.318

319

320

Production of buds321

322

( )�
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The number of lateral buds (Eq. 2) is determined as a function of the needle mass of the mother323

shoot. We estimated the parameter values of this function in all combinations of components.324

The total number of buds (cf. Eq. 3) is325

326

(9)327

328

where Wf is needle mass of mother shoot. A typical fN and the parameters used in optimization329

are shown in Fig. 7.330

331

332

Effect of local density in crown333

334

We also tried the alternative in which the local density (needle area density or shoot density)335

affects the extension growth thus considering the available free growing space (cf. Runions et336

al. 2007). In the case of length growth we checked whether there was enough free space around337

the tip of a new shoot (Fig. 8A), henceforth SPACE. If there were shoot(s) closer than a certain338

distance (R) the new shoot was not created. The length of the new shoot in this case can be339

expressed as340

341

342

(10)343

344

where tip equals 1 or 0 depending on closeness of other shoots to new shoots tip. In this case345

the radius R of the necessary circular free space around the shoot tip was optimized.  As an346

alternative to the free space approach we modified the number of lateral buds a flushing bud347

� ( )
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creates: the needle area density in its perception cone affects the number of new buds (onwards348

BUDVIEW). The perception cone is determined by its angle of aperture and height (Fig. 8b).349

In this case the number of buds is equal to350

351

(11)352

353

where af is needle area density in the cone. A typical form of function fc is shown in Fig. 8b. In354

fc, also the opening angle of the cone, ,355

was used in optimization. The height of the cone, was fixed to 0.5 m in the calculations.356

357

COMPARISON OF SIMULATIONS AGAINST THE MEASURED TREES358

359

We evaluated each of the 18 alternative formulations (Supplementary material2) by360

minimizing with respect to relevant parameter values the loss function that measured the361

distance between simulated and TLS trees. We measured the distance in terms of tree height (H362

[m]), total all-sided needle area (Af [m2]), needle area density (df [m-1]), crown radius (Rc [m]),363

and relative distribution of internode lengths in different branching orders ( l, unitless). This364

combination of indices defines a comprehensive metrics for comparison of 3D trees. The value365

of loss function was sum of height, needle area, needle area density, crown width and internode366

length distribution terms: L = LH + LA + LAD + CW + BD. They were calculated as squared367

sums of differences of values from modeled (Hm, Afm, dfm, Rcm, lm ) and measured (H, Af , df ,368

Rc, l) trees as follows:369

370

(12a)371

372
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(12b)373

374

(12c)375

376

(12d)377

378

(12e)379

380

where, t is tree age (8, 16, 25 and 33 are ages of measured trees), Vc is crown volume and g is381

Gravelius order of internode (MacDonald 1983; stem = 1, branch = 2, etc.). The integral in Eq.382

12c was evaluated with the aid spatial discretization (voxel space, 0.1 m box size) as a sum,383

and wH, wA, wAD, wCW, and wBD are weights.384

385

We applied three sets of values of the weights. First, we determined the values of them with the386

aid of initial runs so that each term had approximately equal contribution in the loss function.387

This was achieved with weight set STANDARD: (wH, wA, wAD, wCW, wBD) = (0.05, 0.002, 0.11,388

10, 10). We varied the values of weights to study the sensitivity of the results obtained with the389

STANDARD set. The loss function consists of terms related to tree size (LH, LA and LCW)390

and crown structure (LAD and BD). We changed the relative importance of size-related and391

crown structure variables by factor 3. The weight set SIZE: (wH, wA, wAD, wCW, wBD) = (0.15,392

0.006, 0.11, 30, 10) increased the importance of LH, LA and LW, and weight set CROWN: (wH,393

wA, wAD, wCW, wBD) = (0.05, 0.002, 0.33, 10, 30) did the same for LAD and BD.394

395

We carried out the minimization with the GA package for genetic algorithms in R (Scrucca396

2013). We ran the minimization until the loss function did not change noticeably any more. It397
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took normally one to two thousand simulation runs (20  40 generations with population size398

50). Otherwise we used the standard settings of GA: elitism, crossover probability, and399

mutation probability were equal to 2, 0.8, and 0.1, respectively. The values of parameters in the400

minimization were restricted within plausible ranges. The parameters that were not in401

minimization (the set of basic parameter values of LIGNUM, Fig. 1) had always the same402

values taken mainly from Sievänen et al. (2008) (Supplementary material1).403

404

We combined the model components from three baskets: shoot elongation (LIGNUM, VIGOR,405

or EBH), spatial control (no spatial control, SPACE or BUDVIEW) and boost of growth in406

lower parts of crown (BOOST or no BOOST). We ran altogether 54 minimization runs of the407

loss function (18 per one set of weight values). The parameters used in each minimization was408

a subset of all 26 parameters in fitting: 1, 2, 3 (Eq. 6), R (Fig.409

8a), and  (Fig. 8b). The parameters used in minimization in each run are shown in410

Supplementary material2.411

412

413

RESULTS414

415

All possible combinations of components produced loss function (with weight set416

STANDARD) values that were not drastically different from each other. The lowest and417

highest loss function values were 31% apart from the mean value (loss function values are in418

the Supplementary material2). The lowest value of the loss function was achieved with EBH,419

BUDVIEW and BOOST combination (Table 1). Visualization of the simulated trees with this420

combination are shown in Fig. 9. EBH shoot elongation was present in all three best loss421
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function values (Table 1) whereas LIGNUM and VIGOR resulted in the three lowest values of422

it. It shows that Extended Borchert-Honda mechanism provides best fit to the data.423

424

Evolution of tree height and needle area varied considerably between the 18 combinations of425

model components, Fig. 10. All combinations of components tended to produce too low needle426

areas at age 34 and at age 26 also too small tree heights (Fig. 10). This is probably because the427

target trees form only a pseudo sequence of trees from a stand: their heights may deviate from428

shape of height growth in one stand. The optimization of parameter values had in some cases429

resulted in growth trajectories with low height (Fig. 10). It happened both with LIGNUM and430

VIGOR shoot elongation and also with enhanced growth in lower crown (BOOST). Low431

height was linked with high needle area reflecting a trade-off between extension growth and432

needle area. The growth curves resulting from different combinations of model components433

show roughly similar shapes. Twists in the needle area curves are probably caused by the434

simplistic way, in which surrounding stand grows at the same pace with the trees (see435

Radiation calculations): it amplifies small fluctuations.436

437

We take an aggregated approach in the analysis of the component combinations: we compare438

the mean effect of a component to values of the loss function across all component439

combinations in Table 2. The measure is difference of the loss function values without and440

with the component relative to mean loss of all combinations. EBH shoot elongation provides441

clearly the best fit with almost all measures: it is inferior to LIGNUM or VIGOR only in442

needle area density. EBH provides clearly much lower values of the loss function in other443

characteristics, both in the ones related to tree size and crown structure. VIGOR and LIGNUM444

are quite equal with some variation in parts of the loss function (Eq. 12). VIGOR is better in445

terms of tree height and succeeds worse with crown width than LIGNUM.446
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447

There are some trends in the mean effects of model components for assessing growing space.448

BUDVIEW is useful or neutral for most of the components of the loss function, only needle449

area is slightly negatively affected. SPACE is useful only for SIZE and tree height. SPACE450

enhances length growth improving the fit to height. Both BUDVIEW and SPACE decrease451

total needle area and they both are not useful for needle area. Overall, BUDVIEW is more452

useful than SPACE whereas SPACE is useful for tree height only. Promoting shoot growth,453

independently of radiation conditions at lower parts of the crown (BOOST) seems not to bring454

benefit to simulations of tree development: it is not useful for any of ALL, SIZE or CROWN.455

If BOOST is present, tree height does not match observations. BOOST increases allocation of456

resources to lower part of crown and away from growth of leader shoot. Also crown width is457

off target; this is because BOOST promotes growing too long branches in the lower crown.458

459

The model components fit together in varying ways. Table 3 shows how the presence of460

various combinations of SPACE, BUDVIEW or BOOST affects the fit to the data of the shoot461

elongation formulations. LIGNUM and VIGOR benefit clearly if BUDVIEW is present.462

Presence of all the other combinations do not improve LIGNUM shoot elongation. VIGOR463

benefits also from the presence of SPACE and BUDVIEW together with BOOST, all other464

combinations are detrimental to the fit to the data. EBH in turn seems to benefit from BOOST465

in all possible combinations. On the other hand, SPACE or BUDVIEW alone do not improve466

the fit to the data of EBH (Table 3). The lowest values of the loss function with different shoot467

elongation formulations were achieved in combinations LIGNUM & BUDVIEW (0.0448),468

VIGOR & SPACE (0.0428), and EBH & BUDVIEW & BOOST (0.0394) showing also that469

the model components fit together in various way. The lowest values with LIGNUM and470
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VIGOR shoot extension were 13% and 9% higher than that of EBH. The combinations471

correspond to the highest values of usefulness in Table 3.472

473

Adjusting parameter values when tree size is important (SIZE set of weights) or crown474

characteristics are important (CROWN set of weights) changes the usefulnesses slightly (Table475

4, loss function values are in the Supplementary material2) but does alter the general picture.476

The order of usefulnesses for shoot elongation is EBH, VIGOR and LIGNUM with all sets of477

weights. The usefulness values of shoot elongation model components with SIZE set of478

weights are quite close to values with STANDARD weights. The usefulness of VIGOR is479

increased considerably with weight set CROWN whereas that of LIGNUM is much decreased.480

VIGOR can thus capture the development crown structure relatively well but LIGNUM does481

not.482

483

The density control (SPACE or BUDVIEW) is not useful at all with SIZE set of weights. For484

CROWN set of weights, the result is similar to the case STANDARD: BUDVIEW is useful,485

SPACE is not. It seems thus that the density control is important for capturing the crown486

development. BOOST is not useful or only marginally useful (with weight set CROWN).487

488

489

DISCUSSION490

491

This study is an example how segmented TLS data can be readily used in the context of a492

shoot-based model. This is one step in the process in which improvements in data collection493

technology, such as TLS, make automatic acquisition of the 3D structures increasingly feasible494

at various spatial scales for developing FSPMs. When forest scale 3D structural data can be495
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easily obtained using TLS and the methods to use them in model assessment are developed496

accordingly, construction and testing of forest FSPMs will be more efficient than before. It was497

not only the 3D structure (i.e. a collection of woody internode cylinders) of trees that we used498

but also information about amounts of needles in the internodes. This kind information will be499

increasingly available from TLS when e.g. analysis of spectral characteristics of the TLS point500

clouds becomes commonplace (Hakala et al. 2012).501

502

Shoot extension based on the Extended Borchert-Honda (EBH) model worked best within503

LIGNUM model in this study. Modifying the number of lateral buds a flushing bud creates as a504

function needle area density (BUDVIEW) turned out to be a useful model component too. This505

result comes from an aggregated analysis in which we made comparisons across all model506

component combinations. Promoting shoot growth in lower parts of crown independently of507

light conditions (BOOST) did not improve the fit to the data with original LIGNUM508

(LIGNUM) or vigor index (VIGOR) formulations of shoot growth. However, BOOST worked509

well with EBH. Density control was useful for all shoot extension formulations, BUDVIEW510

for EBH and LIGNUM and SPACE for VIGOR. The lowest value of the loss function was511

achieved with the combination EBH, BOOST and BUDVIEW. The best combinations for512

LIGNUM and VIGOR employed only BUDVIEW or SPACE. This shows that the components513

fit together in different ways. The lowest loss function values of LIGNUM and VIGOR were514

around ten percent higher than that of EBH. This indicates that these shoot extension515

formulations are also able to account for crown dynamics fairly well with suitable set of other516

model components.517

518

We tested the combinations of model components against the TLS data by minimizing the loss519

function with respect of relevant parameters in the functions using genetic algorithms. We did520
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not test whether all parameters in the combinations were identifiable. It is thus possible that the521

minimum value of the loss function could have been reached with many combinations of522

values of the parameters. We ran the minimization long enough to make sure that the minimum523

of the loss function had been achieved. Our aim was to screen between model components on524

the basis of values of the loss function and we were not particularly interested in values of the525

parameters (the values of parameters were constrained to reasonable ranges). We therefore526

deemed this approach satisfactory. As the genetic algorithms are not very prone to stuck in527

local optima (Scrucca 2013) we trusted that the real minimum of the loss function had indeed528

been found. Another problem with too many parameters with respect of data can be that the529

model follows a peculiarity in the data (overfitting). This could be potentially dangerous for530

our conclusions. However, we summarize results per function (rule of development), not per531

combination of them, we think that the danger of false conclusions due to overfitting is minor.532

Further work, for example parameter estimation of a certain combination of rules of533

development, would warrant using a larger data set and more sophisticated methods of534

analysing 3D growth models (e.g. Cournède et al 2012).535

536

Our data of four trees is rather small as a sample. However, the data was used to analyse the537

crown structure of the trees with fine resolution: the TLS data was segmented to branches up to538

sixth branching order and the amounts of needles they carry was also evaluated. This made it539

possible to utilize of needle area and crown structure variables as a part of loss function that540

measures the difference between measured and simulated trees. Due to small number of541

measured trees, we did not have satisfactory information about the variances and covariances542

of the variables that were included into the loss function. With this limited prior information at543

hand we deemed that a linear combination of terms as a loss function is a logical choice. The544

weights were determined so that each term in the loss function was approximately equally545
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important. We did a simple sensitivity analysis on the basis of two groups of variables in the546

loss function: those related to tree size and crown structure. It shows that changes in the loss547

function affects the usefulnesses to some degree but does not alter the main results: the order of548

usefulnesses for shoot elongation (EBH, VIGOR, LIGNUM), the usefulness of density control549

by BUDVIEW and no or only marginal usefulness of promoting growth at lower parts of550

crown (BOOST).551

552

We made the evaluation for a simplified case, in which one tree was simulated but assuming553

that it is surrounded by a homogeneous forest. Tree height, height of crown base etc. of the554

forest was the same with the simulated tree. Density of the forest was the density in which the555

trees had grown. This simple setting may have had its effect on results but it is difficult to556

assess its magnitude. Furthermore, the data of comparison has been obtained from trees taken557

from different forest stands. Even though we tried to make sure that growing conditions (site558

quality, forest management etc.) of the forests had been as accurately as possible, it is not the559

same as measuring one tree at different points of time. This is a common problem in forest560

growth studies (Pretzsch 2009, p. 35). It can be managed by sampling many trees. Due to561

workload of detailed TLS measurements that are suitable for segmentation done in this study,562

sampling of many trees was not possible in our case.563

564

Extended Borchert-Honda model derives shoot growth on the basis of amount of light the565

shoots along the path from the growing shoot to tree base have intercepted. In a junction, apical566

and lateral branches (and shoots) are differentiated with a parameter (µ in Eq. 6). Also VIGOR567

shoot elongation is based on the strength of path from tree base to the shoot but the strength is568

evaluated with the aid of relative thicknesses of the branches. VIGOR method thus relies on569

past performance (accumulated growth) in evaluating the path strength whereas EBH method570
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uses the current condition (light) in assessing the strength. Our results indicate that the growth571

based on current conditions is more suitable. The original LIGNUM shoot elongation considers572

therefore understandable that it did573

not stand out. Both VIGOR and LIGNUM methods make use also of the local light conditions574

(Eqs 3 and 4). The EBH method lumps both effects of light and crown structure along the path575

to one factor (function) that uses only one parameter  dependent on axis order in our case576

that determines relative priorities of apical and lateral directions. It could be that this difference577

in the effect of light (local vs along a path) caused that promoting shoot growth in the lower578

parts of crown (BOOST) was useful for EBH but neither for LIGNUM nor VIGOR. Attractive579

is that EBH employs a low number of parameters, three versus five in LIGNUM and eight in580

VIGOR. In the best fit case, the values of the EBH parameters were 0.614, 0.615 and 0.517 for581

branches, side branches and higher order branches, respectively. These values correspond to a582

rather strong apical preference in the first two orders a lower one in the higher order branches.583

584

We demonstrated how segmented TLS data can be used in the context of a shoot-based model585

to select model components. We could sort out the importance of the components for the586

model. Due to the small size of the data as a pseudo growth sequence, applying the distance587

metric between data and simulations as a simple linear combination and the limited sensitivity588

analysis, the results need to be regarded as preliminary. The study demonstrates the589

applicability of TLS data as a phenotyping tool that can readily operate in model evaluation for590

structural characteristics such as tree height, total needle area, spatial distribution of needle591

area, crown width, and shoot lengths of different branching orders at different tree age.592

593

594
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734

735

FIGURE CAPTIONS736

737

Figure 1. Principle of testing of different combinations of model components. The738

minimization of the loss function (Eq. 12) revealed how well the combination of the739

components fits the data. It was defined as a linear combination of squared error terms between740

simulated trees and those segmented from TLS data (Eq. 12). On the right side, it is shown as741

an example how the functions of shoot elongation of the original LIGNUM formulation742
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(Perttunen et al. 1996) (Fig. 2) were parameterized (as piecewise linear curves) for743

744

745

Figure 2. The principle of growth in LIGNUM model: a bud (at the end of a shoot) produces a746

new growth unit consisting of a shoot with length L and three buds (apical one and two lateral747

ones) during one growth cycle.748

749

Figure 3. Typical shapes of functions fq (left panel) and fg (right panel) of Eq. 4 controlling750

shoot length in the formulation according to Perttunen et al. (1996). q is relative incoming751

radiation  = incoming radiation / (unshaded value), g is Gravelius order of the mother shoot752

(MacDonald 1983; stem = 1, branch = 2, etc.)753

control the shape of the functions and were used in the optimization.754

755

Figure 4. Typical vigor index (fv) and apical (fa) functions. v is vigor index (Nikinmaa et al.756

2003) and q is relative incoming radiation  = incoming radiation / (unshaded value). Indicated757

 p11 that were used in the optimization.758

759

Figure 5. The principle of EBH calculation. The intercepted radiation (Q values) are first760

accumulated basipetally, thus Q = Q1 + Q2 + Q3. The strength values (S) flow acropetally761

according to Eq. 6.762

763

Figure 6. A typical shape of function fB of Eq. 8. It is determined by parameters p12, p13, and764

p14 that were used in the optimization.765

766
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Figure 7. A typical function fN (Wf) for number of lateral buds as a function of needle mass of767

mother shoot, Wf re768

used in the optimization.769

770

Figure 8. A: Requirement of free growing space of radius R around the tip of a new shoot: this771

one cannot grow ( tip = 0) since other shoot is inside the growing space, B:  Evaluation of772

needle area density in a cone with /2 half angle with maximum distance D,  and C: a typical773

function reducing the number of lateral buds (Eq. 11) as a function needle area density in the774

cone of perception of a bud (c). D was fixed to 0.5 m the optimizations.775

776

Figure 9. Scanned (left) and best fit trees (right) (combination EBH & BUDVIEW & BOOST)777

at ages 8, 16, 25 and 33 years, heights are those of the scanned trees.778

779

Figure 10. A: Tree heights (solid lines) and heights of crown base (dashed lines) of best fit runs780

of all component combinations versus values of target trees (lines with circles). B: The same781

for needle area. Red (LIGNUM & BOOST), blue (VIGOR & BOOST), green (VIGOR &782

SPACE & BOOST) and cyan (VIGOR & BUDVIEW) colors mark runs that have distinctively783

different evolutions of height or needle area in comparison to the rest of runs.784

785
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Table 1. The combinations that produce three lowest and highest values of the loss function786

with weight set STANDARD: (wH, wA, wAD, wCW, wBD) = (0.05, 0.002, 0.11, 10, 10).787

788

Three lowest values Three highest values

Loss function

value

0.0394 0.0396  0.0427 0.0572 0.0647 0.0703

Combination

EBH

BUDVIEW

BOOST

EBH

BOOST

EBH

SPACE

BOOST

VIGOR

BOOST

LIGNUM

BOOST

VIGOR

SPACE

BOOST

789

790

Table 2. Usefulness1 of model components in percent values for the combined loss function791

(ALL), combination of terms related to tree size (SIZE) and crown characteristics (CROWN)792

as well as for all components of Eq. 12. Positive values mean that loss function values are793

smaller on average when the component is in use and negative values the opposite. LIGNUM,794

VIGOR, EBH and BOOST affect shoot elongation and SPACE and BOOST affect growth795

through local density. Weight set STANDARD was used in the loss function ((wH, wA, wAD,796

wCW, wBD) = (0.05, 0.002, 0.11, 10, 10))797

798
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1Defined as (mean loss without component  mean loss with component) / mean loss of all799

combinations800

2ALL = LH + LA + LAD + CW + BD (Eq. 12)801

3SIZE = LH + LA (Eq. 12)802

4CROWN = LAD + CW + BD (Eq. 12)803

804

805

Table 3. Usefulness1 of combinations of SPACE, BUDVIEW and BOOST in per cent values in806

conjunction with shoot elongation formulations LIGNUM, VIGOR and EBH. Note that807

usefulness is defined here other way than in Table 2. Weight set STANDARD was used in the808

loss function ((wH, wA, wAD, wCW, wBD) = (0.05, 0.002, 0.11, 10, 10)).809

Combination LIGNUM VIGOR EBH

SPACE -20 21 -15

BUDVIEW 19 17 -11

BOOST -20 -7 8

SPACE & BOOST -1 -33 2

BUDVIEW & BOOST -2 9 8
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1Defined as (loss with LIGNUM, VIGOR or EBH only -  loss with combination) / mean loss of810

all combinations811

812

813

Table 4. Usefulness of model components in percent values for the combined loss function814

(ALL = LH + LA + LAD + BD + CW) with weight sets SIZE and CROWN. See Table 2 for815

explanation of symbols.816

817

( ) = ( )

( ) = ( )

818

819

820
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Table 1. Summary of tested model components and parameters in the optimization830
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Table 3. Values of loss function (TOTAL) and its components in the minimization833

runs. SIZE set of weights834
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