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* Anindividual tree timber growth and quality model toolbox was designed.

» Itrealistically predicts an increase of bending strength with planting density.

*  Prediction was shown to be based on consideration of essential intrinsic variables.
*  Height-diameter-allometry depending on planting density was effective.

*  Consideration of cambial age and knot area ratio was crucial.

Abstract

We designed a streamlined timber growth and quality model that aims at the effect of stand
management on the efficiency of wood resource use. Applying the R based module toolbox to
experimental plots of Douglas fir (Pseudotsuga menziesii [Mirb.] Franco) we analysed essential
model features for reflecting the influence of planting density on board strength. The current ver-
sion realistically predicted a significant increase of centre board bending strength at tree age 40
with initial stand density. Model performance gained clear advantage from a) parameterisation
of height to diameter allometry as dependent on planting density b) consideration of cambial
age and cross-sectional knot area in board strength computation. Crown shape was less decisive.
The model produced a significant effect of planting density even after a whole rotation period of
70 years as well as a realistic spectrum of board bending strength.
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1 Introduction

The earliest tools for the prediction of wood and timber yield were observation based tables for
single species stands that exclusively focused on volume growth. In the course of the 1960s and
1970s they were replaced by empirical models of stand development that were implemented in
computer programs to calculate printed yield tables. During the same period simulators of stand
growth were developed to follow new requirements such as the prediction of volume growth in
mixed forest stands. On the one hand, model evolution lead to observation based individual tree
simulators to capture the effect of local competition in heterogeneous stands. On the other hand,
it resulted in physiological process models that often assume a simplified representation of stand
structure e.g. as a single vegetation layer or an ensemble of interacting cohort layers (Pretzsch et
al. 2008). To describe the effect of a changing weather regime on stand dynamics, structure and
yield, also hybrids of both types were constructed (Mikel et al. 2000; Weiskittel et al. 2010). They
model carbon assimilation mechanistically and describe its allocation within the stand based on
individual tree competition (ibid).

An additional challenge to modelling arose from timber quality management, covering the
whole production chain from stand treatment to sawing. Wood quality models aim to predict the
properties of timber based on measured forest inventory data or assumptions of stand development
in response to scenarios of management or future climate. Following the references in Mékel4 et
al. (2010), their main development phase began in the late 1980s with the SYLVER growth and
sawing simulation system (Mitchell 1988). As also presented by Mikela et al. (2010), a spectrum
of models and modules since has evolved that covers all main types of growth algorithms and may
imply a high level of stem shape and structure detail description (Houllier et al. 1995; Hann et al.
1997; Di Lucca 1999; Todoroki et al. 2005).

Wood quality models may either be used to estimate the volume to quality relation based
on inventory data or on future scenario simulation results. Therefore, they need to predict stem
structure on the spatial scale of individual boards (Mékeld et al. 2010). The most central struc-
ture of the lower stem (butt log) in radial direction adheres to the juvenile growth phase that is
complex and governed by strong competition on the individual tree level (Donato et al. 2012)
but has rarely been covered by individual tree models (e.g. Ritchie and Hamann 2007). Hence,
one likely approach is a backward projection that is based on a known planting pattern and the
current stand structure. This method takes into account the range of diameter growth gained by
wood core or stem disk data.

In strength grading the knot size is a decisive indicating property for wood quality. A crucial
component of any wood quality simulator that reflects the inner structure of stems and logs to com-
pute board strength thus is the vertical and radial positioning and the number of branches as they
have a major impact on strength (Mékinen et al. 2001). Branch growth depends on assimilation
and allocation into branch sapwood and hence on vertical position and local competition (Gort et
al. 2010) which is in turn determined by stand age and spacing.

Branch models for wood quality estimation are typically branch distribution models (e.g.
Houllier et al. 1995), and only few (e.g. Hein et al. 2007) take into account local stand density as
reported by Seifert (2003). However, to capture the effect of management options, local competi-
tion has to be taken into account as crowns may reflect aboveground competition by crown posi-
tion (Muth and Bazzaz 2003), crown dimensions (Thorpe et al. 2010) or details of the hull shape
(Rouvinen and Kuuluvainen 1997). Hence, branch growth and dimension need to be modelled
based on the situation of the immediate aboveground environment of a tree either on the level of
individual branch growth (Seifert 2003) or by means of a competition dependent growth of the
crown’s convex hull as proposed e.g. by Pretzsch et al. (2002).
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Crown and branch architecture and the influence of annual stem growth on the inner structure
of logs and boards have been modelled in high detail by considering the description of tree growth
and resulting stem architecture on a mechanistic level (Kelloméki 1999; Mikeli et al. 2000). As an
approach to describe structure forming processes even on the microscopic scale, Lang and Kaliske
(2013) used the finite elements method to show the influence of bending on fibre direction.

Modelling frameworks for wood quality often package modules of high theoretical detail
(Mitchell 1988; Maguire et al. 1991; Meredieu et al. 1999). In contrast, the modelling framework of
this study is marked by a generally lean approach for a module chain that spans from reconstructed
early growth via individual tree inventory through to future prognosis of board strength and grad-
ing. Its basic concept is an actinomorphic perception of the tree with a radially symmetrical convex
crown hull. This work in particular aimed to identify the minimum set of features of a distance
dependent individual tree model that were necessary to capture the effect of planting density on
board strength. It finally evaluated the module set based on the effect of planting density on board
strength of Douglas fir (Pseudotsuga menziesii [Mirb.] Franco) over a whole rotation period.

The investigation was based on the combination and interdisciplinary evaluation of related
tree dimension, stem disk and board strength data from two long term observation sites of pure
Douglas fir stands in south-eastern Germany with one representing rather dry and the other indi-
cating favourable soil climatic conditions. We simulated the development of tree architecture on
scales ranging from stem and crown shape to branch position and size and even into higher detail
via the inner structure of the stem to the knottiness and annual ring width of individual boards.
Based on the final result we derived the bending strength on board level. The current model ver-
sion was evaluated with respect to its quality of reconstruction to age 20 and prognosis to age
40 as compared to an earlier approach (basic model version) that was marked by more simplistic
assumptions regarding both wood structure and height to diameter influence on board strength.
Eventually, the simulated effect of planting density on board strength over a presumed rotation
period of 70 years was studied through comparison of current and basic version as well.

2 Material and methods
2.1 General architecture of the model

The simulation model covers the major relevant linkages reaching from stand management and site
influence via individual tree competition and growth to crown shape and branch dimension and
further down to knottiness, wood density and strength of the individual board. The functionality
of the model may be readily modified by adding or replacement of plug-in computation objects.
Parameter values are provided by a data object and given by site and species. Supplementary file 1
(available at http://dx.doi.org/10.14214/sf.1393) provides basic technical documentation.

Predicted growth is driven by diameter increase as dependent on individual tree size and
position. It starts at the earliest state of the stand that had been recorded on the individual tree level.
Previous growth is reconstructed from first inventory of the tree individual and collective annual
ring data. It covers the early phase of stand development when structure has not been recorded
by inventory of individual trees. All variable values that refer to the starting conditions of predic-
tion will be marked by the adjective setup in the following. Hence, the inventory that had defined
the corresponding stand structure is named setup inventory and any registered diameter at breast
height (1.3 m) setup DBH. Fig. 1 gives an outline of simulated individual tree growth finalised by
logging and sawing.
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Fig. 1. Simulation of individual tree growth, finalised by logging and sawing; tree and crown components are computed
within each time step; thinning and pruning are optional and occasional.

2.2 DBH growth

Potential DBH growth depends on DBH through a unimodal function. Each annual step of growth
prediction multiplies potential growth by competition as based on local density, local DBH domi-
nance and local mean neighbour distance. Local density is expressed through stand density index
(SDI) (Reineke 1933; Pretzsch and Biber 2010). While potential growth was taken from a quantile
regression over stem disk data, the parameters for competition were calibrated using individual tree
plot inventory data. Therefore, growth initially was computed based on local SDI within 2.5 fold
crown radius alone. In a second step, a regression was applied to both, mean neighbour distance
and central tree dominance within 10 m radius as expressed by relation of DBH to the quadratic
mean stem diameter of the nearest neighbour trees. When predicted growth was computed during
simulation the remaining residuals were randomly drawn from a normal distribution and added
after competition had been taken into account. Growth reconstruction guides DBH growth within
quantiles of the DBH growth to DBH distribution based on stem disk data.

2.3 Height, crown and branch growth

Predicted tree height depends on tree DBH as controlled by stand biological age. Within the
current model the relation was separately parameterised for each planting density. In the basic
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version it was considered as independent on early stand density. Reconstructed height is most
simply the setup height divided by setup age. Crown shape is built of convex hulls of circular
cross-section (cylindric shadow crown and paraboloid light crown). Crown size and base height
are computed via allometric relation from stem size. A whorl is generated and appended to
the top of stem each time tree height was computed. It has six equal sized branches at regular
radial position that originate from the stem vertical axis at identical height and vertical angle.
The angle of the branch to the stem axis is close to 90 degrees within the part of the stem that
is sawn to logs. Branch diameter is determined by distance of branch origin to crown mantle
and an empirical regression between diameter and length. It is computed as long as the whorl is
surrounded by the crown and is kept constant at its last computed value if the whorl position is
below crown base. Hence, all branches of a whorl are equal in length and diameter and the size
of each is inferred from the same idealised circular crown cross section based on a regression
through measured data. While the process of branch mortality within the live crown part is not
explicitly described, it is represented by its effect on the average branch size at a vertical position.
Below the allometrically calculated crown base any branch is assumed to be dead. The follow-
ing sections explain the algorithms in detail. Table 1 and Table 2 associate parameter values and
parameterisation sample sizes to each equation.

2.4 DBH growth details

The equation used for potential growth is the Hugershoff growth function (Hugershoff 1936)
that is commonly used to describe the relation between diameter and growth in annual ring data
analysis. It is given by Eq. 1:

Py =a;y X d x e(—aiaxd) €}

where p, is a g-quantile (%) at a given diameter d (equation by Hugershoff 1936), and a;o to ai»
are parameters (o to a, in Table 1). Within the scope of this work it was adapted to DBH growth
by DBH pairs from stem disks via a 95% quantile regression. Growth prediction is based on the
95% quantile that is reduced by a competition coefficient of local density, neighbour distance and
dominance as shown in Eq. 2:

Ad(d)= pos(d)x e0 + a1x S X(a22 + ayy X D+ ay, x(d—d)) ()

where Ad(d) is growth at diameter d, S'is SDI (Pretzsch and Biber 2010; Reineke 1933), D is mean
distance of nearest neighbours, 4 is the quadratic mean stem diameter of nearest neighbours [cm]
and ay to ap4 are parameters (qoto a4 in Table 1). Nearest neighbour range is within a radius of
10 m around the central tree.

During reconstruction the model uses a reduced set of equations, as outlined in the follow-
ing. Crown closure marks the onset of competition in the early phase of stand development. It is
defined as mechanical contact between crown bases and is based on planting pattern as well as an
assumed crown diameter to DBH ratio. As the course of competition in the past is not known, even
competition determined DBH growth is immediately based on the Hugershoff equation and com-
puted from additional quantiles defined by the same parameterisation data set as potential growth in
prediction. Before crown closure it follows a quantile regression of level 50%. After crown closure
it proceeds between quantiles of growth (p,, Eq. 1), as illustrated by Fig. 2. In detail it is based on
coarse diameter approximations summing up p, over the number of time steps from 1 to n, where
n corresponds to the start year of growth prediction (#)). The resulting diameter approximations
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Fig. 2. Exemplary DBH growth reconstruction inferred from a first inventory DBH larger than the one resulting from
the corresponding time integral over the 50% quantile; reconstructed growth is drawn in grey (idealised as 75% quan-
tile); guiding quantiles q are drawn in black (5%, 50% and 95%).

will be named F,, in the following, e.g. A , for estimation from the 50% quantile. The estimated
Ad(d) is controlled by a weight a as shown in Eq. 3:

Ad(d)=py (d)x a+ gy (d)x(1- o) 3)

where g and g define a growth corridor as either

Po = psand py = psoif B, <d,,< B, (C))
or
Po = pso and gy = pos if Py, <d,y< Ry, (%)

and weight o is defined as

d(tp)—

= S and Ly =3 o and =L, ©)

Thus, Fig. 2 would correspond to a case where Eq. 5 was applied and a was at around 0.2.

A final reconstruction step stretches or shrinks each DBH increment by identical factor, i.e. the

ratio of measured diameter at simulation start to diameter resulting from the reconstructed incre-
ments of Eq. 3.
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2.5 Height, crown and branch growth details

Tree height in prediction was computed from DBH via the Michailov stand height curve (Michailoff
1943). To describe the relation of height to DBH as dependent on stand biological age, both param-
eters of the Michailov curve were controlled by stand quadratic mean stem diameter (QMD) via
linear regression functions as given by Eq. 7:

azp+ azzX dg

h:}lo+(a30+ asy ng)Xe d (7)

where /£ is tree height, £ is breast height (const=1.3 m), d,is QMD, d is diameter at breast height,
and a3 to a3z are parameters (qg to az in Table 2). Crown allometry (Eq. 8, 9) was implemented
as in the SILVA individual tree simulator (Pretzsch et al. 2002). Crown base height is defined as

h
agpt ag X E+ agy X d

B=hx(1-e ) 8)
where / is tree height, d is diameter at breast height, and a4 to a4 are parameters (ag to a, in
Table 2). Crown diameter is given as

asp+ Llsp(lll(d)-F aspX h+ asz X ll’lg

)

C=asyxe

with variable definitions %, d as in Eq. 8 and parameters asg to asq4 ( @ to a4 in Table 2). Branch
diameter is coupled to crown diameter through a linear relationship:

d=ag (ag+ag x ¢). (10)

InEq. 10 # and ¢ are branch diameter and length and ag to as, are parameters (ag to a, in Table 2).
Time of crown closure is based on a crown diameter and estimated age at DBH=5 cm as well as
the planting pattern that determines the tree size when crowns touch. Crown base height is at zero
before canopy closure. It is interpolated between canopy closure and start of the prognosis part of
simulation along DBH via a curve that is initially linear and gradually transitions into the crown
base height equation of SILVA (Pretzsch et al. 2002) that implies a strong and positive influence
of the height to diameter ratio.

2.6 Computation of board strength from board internal structure

Within the current model version board strength computation uses cambial age to distinguish
between juvenile and mature timber. Moreover it is based on two criteria for knot impact of the
biggest branch in board, i.e. (1) the ratio of knot to board cross-sectional area (total knot area
ratio, tKAR) of British Standard BS 4978 (2007) and (2) the DEK value from German standard
DIN 4074-1 (2012) that is defined as the largest ratio among all knots of the minimal surface knot
diameter to the side width of the board on which the knot is visible. Parameterisation depends on
whether cambial age is more or less than 20 years. Wood density computation at board level uses
Eq. 11:

—9n
p=a;yXe A + ap+ a;nz XW (11)

where A is the mean cambial age and WV is mean ring width of the board. The parameter set a7 to
a73 1s named a to a3 in Table 2. Board strength is coupled to Eq. 11 as given by Eq. 12:
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S:£180+ agy Xp+ a82>< £+ 083X¢4+ 084><]C (12)

where £, A, K are DEK, mean cambial age and tKAR and ag to ag4 are parameters (ag to a4 in
Table 2). In the basic model version board strength merely relies on distance from pith and DEK
as inner structural properties and outer grading criteria, i.e. trunk diameter:

p=a90+ a91XW+ a92XD (13)

s=a100+ a1 Xp+ a102><5+ 61103XD+ 61104XT. (14)

Variables W and £ are defined as in Eq. 11 and 12 and according conventions apply to
parameters a, in Table 2. Dis distance from pith at the board cross-sectional centre and 7 is
the top diameter of the enclosing log. Individual board strength is computed by the structural
properties of the board cross sectional area within the stem disk taken at median vertical position
of the log under consideration. The annual rings and the branch projections from the whorl of
biggest branch diameter within the log are intersected with a diameter dependent sawing pattern.
While the horizontal angle between neighbouring branches within a whorl is fixed to 60°, the
rotational position of each whorl is set by random drawing from an equal distribution between
0° and 360° when the inner structure of the log is constructed. A typical stem cross section from
simulation of a pruned future crop tree with board positions and resulting knot interference is
illustrated in Fig. 3. The crucial difference between the current model and the basic model is
summarised in Table 3.

2.7 Site properties
Two sites were investigated. One is named Heigenbriicken and is located in the Spessart region

southeast of Frankfurt. It is marked by a deep root horizon and rather moist climatic conditions.
The other is near Ansbach west of Nuremberg. It is marked by a comparatively shallow root zone
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Fig. 3. Inner structure of boards resulting from application of a sawing pattern to simulated branches and annual rings
from a stem 60 cm in diameter; if branches not pruned (a) and if pruned (b).
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Table 3. Crucial algorithm alternatives implemented in basic (B) and current (C) version.

presumed impact on board version

category of algorithm focus of algorithm strength through alternatives s c
distance from pith, DEK!  x
evaluation of timber structure to board board strength . .
strength strength juvenile and mature by X
cambial age, tKAR?
o measured tree heights ~ dynamics of H/D ratio generalist X
calibration of allometry  to parameters of height ~ crown base height . . .
curve branch growth planting density specific X

I'knot value from DIN 4074-1 (2012)
2 total knot area ratio from BS 4978 (2007)

due to a clay barrier layer. While to a stand age of 20 it was better in productivity, to an age of
30 it was equal and to an age of 40 it was markedly weaker. Site conditions as taken from Rais
et al. (2014b) are presented in Table 4. Both sites are subject to systematic long term observation
backed by regular data collection and permanent data maintenance. The individual tree inventory
on all plots had started in 1989 at age 19 (setup inventory) and had been repeated at five year time
step. Within the scope of this paper the sites will comprehensively be referred to as Favourable
and Dry respectively.

Silvicultural treatment aimed to select trees from the mature stand and preserve them for
future production of high quality sawn timber. The future crop tree system (1) initially marks
individuals for future preservation minimising mutual competition between them and (2) in the
neighbourhood of each future crop tree removes the strongest competitors that are non-future
crop trees. On the experimental sites of this work an exponentially falling guide curve defined the
minimum count of live trees to maintain per unit stand area as dependent on dominant tree height
(Kenk and Hradetzky 1984; Kladtke et al. 2012). Stand density was guided through control and
thinning at each 3 m step along the curve that started from 2000 ha™! at a height of 12 m, via 700
ha'at 21 m and 250 ha! at 36 m, reaching close to the asymptote of 160 ha! at 48 m.

Table 4. Soil and climate properties of the experimental sites.

Ansbach Heigenbriicken
property shallow, dry, poor moist, fertile
(Dry) (Favourable)
AMSL (m) 460 415
location
coordinates 49°13'N, 10°33'E 49°59°'N, 09°22'E
. . . temperature (°C) 1 15.6+0.4 15.3£0.5
climate in growing season
Ist of May to 30th of September precipitation (mm) ! 346+106 379+41
type sand (SI) loamy sand (IS)
soil
depth (cm) 30 >200

I'values based on the climate between the years 1998 and 2008

11



Silva Fennica vol. 50 no. 1 article id 1393 - Poschenrieder et al. - Modelling sawn timber volume and strength. ..

2.8 Parameterisation data

Stem disk data from the site of higher and more general growth potential were preferred for
parameterisation while the sample from the dryer site was still investigated for representation of
dominant trees (sampling restricted to non-future crop trees). For the main focus of the analysis,
exclusively growth parameters of site Favourable were used based on 60 individuals that had
been felled in winter 2011 to sample stem disks and detailed data of crown size, branch length
and diameter. The same trees were used for the calibration of competition and growth residuals
based on the individual tree inventory data. Growth parameters of 100 trees sampled on site Dry
were exclusively used for a preceding sensitivity analysis of tree growth prediction. Computation
of board strength from internal board structure was parameterised including the tree samples from
both sites. Measured strength had been taken from 998 centre boards and 936 side boards. Details
are given in Rais et al. (2014a).

2.9 Model setup data

Simulation and evaluation then focused on the rather poor site Dry. The current model version
and the basic version both were run on the same set of plots. Setup DBH was taken from the setup
inventory, while tree height, crown diameter and crown base height were based on DBH via the
relations found on the parameterisation site. Given by planting density per ha (in parentheses), the
number of undisturbed selected plots, each 30m by 30m in size, was 6 (1000 ha!), 5 (2000 ha™!),
3 (4000 ha™'). Table 5 presents the corresponding stand properties at simulation start.

2.10 Model evaluation on measured board strength

To evaluate the quality of prognosis, bending strength of boards was the criterion used. A sample
of non-future crop trees of DBH>25 cm had been taken in winter 2010/2011 (Rais et al. 2014a),
i.e. given by planting density in parentheses 50 (1000 ha™!), 38 (2000 ha!) and 16 (4000 ha™!) at
site Favourable and 14 (1000 ha™"), 30 (2000 ha™') and 16 (4000 ha!) at site Dry. Accordingly,
simulations were run from an age of 19 at setup inventory (referred to as an age of 20 for conveni-
ence) to an age of 40 (2010). As virtual sawing was time expensive, the result set of simulated
felled trees was reduced to a random sample of 20 to 30 at maximum per plot, stratified by DBH
after preselection by DBH>25 cm. Simulated plots where thinned exactly as it had been recorded
within the long term observation database on the individual tree level. Simulation ended with a

Table 5. Stand properties in simulation setup for the evaluation of model versions; stand characteristics from survey
1989.

planting density (ha™)

stand property Heigenbriicken (Favourable) Ansbach (Dry)

1000 2000 4000 1000 2000 4000
QMD (cm) 15 14 12 17 14 13
absolute number of trees 373 1286 1094 497 829 579
absolute number of future crop trees 86 155 108 84 70 44
total area (ha) 0.45 0.81 0.45 0.54 0.45 0.27
number of stems (ha™!) 829 1588 2431 920 1842 2144
corresponding number of future crop 191 191 240 156 156 163
trees (ha™!)
basal area (m? ha™!) 15 24 25 20 27 26
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clearcut but exclusively non future crop trees were selected for virtual sawing. Thus, the number
of simulated sawn trees was reduced to around 20 in all plots. Eventually, the number of trees per
planting density by site Dry and Favourable respectively was 66 of 108, 72 of 128 (1000 ha 1), 112
of 173, 85 of 105 (2000 ha') and 78 of 85, 50 of 52 (4000 ha!) co-dominant and dominant non
future crop trees. As no future crop trees were included, pruning had neither been applied to the real
nor to the simulated trees. All simulations applied the same crosscutting to stems as it was used for
the sampled trees, starting at breast height (1.3 m) with each log of length 4.1 m (Rais et al. 2014a).

2.11 Model evaluation on long term prognosis

In order to assess the long term effect of the modifications within a whole rotation period, both current
version and basic version were run to a stand age of 70 and final clearcut. Thinning in that case was
simulated in accordance to the guide curve. Pruning was simulated as it had occurred in the real plot
at a top height of 15 m up to a maximum height of 6 m and comprised only branches below crown
base and the first whorl above the base of the crown. For virtual sawing, all result trees were pooled
by planting density. A sample of 20 trees at maximum, stratified by DBH, was taken from all felled
trees per decade, resulting in a total of around 100 per planting density taken from roughly 600.

2.12  Result analysis

To evaluate precision and transferability of individual tree growth prediction, simulated and
observed time course of quadratic mean stem diameter (QMD) and total tree volume on the
2000 ha! planting density plots were compared. Total volume was calculated as sum of all indi-
vidual tree volumes. Individual tree volume was approximated by the Denzin formula (Graves
2013) given in Eq. 15.

d2
=—x|1+0.03x(h-30 15
V=150 [ (h=30)] (15)

where v [m3] is tree volume d [cm] is diameter at breast height (1.3 m) and 4 [m] is tree height.
When simulation results were compared to measured data, statistical analyses of board strength
by planting density were confined to boards of a cross sectional area larger or equal 50 cm? in
accordance to the sampling method that had concentrated on strong boards. They were conducted
using the statistical software R (R core team 2014). Probability distributions were compared
(1) visually through box plots, (2) by confidence interval of estimated median (3) the post-hoc
Tukey HSD test (Miller 1981) based on the results of a preceding analysis of variance (Chambers
et al. 1992). In the result section, (1), (2) and (3) will be denoted as VIS, CIM and HSD. The
functions used were boxplot {graphics} with default options for the ranges shown (box marks
interquartile range, IRQ), boxplot.stats {grDevices} and TukeyHSD with aov {stats}. In addition
mean bias (MBE) and mean absolute bias (MABE) of board strength statistics where given and
constructed by bootstrapping (Efron 1979; Davison and Hinkley 1997) to extrapolate on iteration
of the whole model test. Both were computed from 1000 resamplings with laying back and their
confidence intervals estimated nonparametrically by 100 resamplings of the resulting bias collec-
tion using boot {boot} from R (Davidson and Hinkley 1997; Canty and Ripley 2014). MBE and
MABE were expressed as difference between simulated and measured data statistics. Criterion of
significance in general was an a level of 5%. For better comparability to 40 year results, the box
plot evaluations of board strength from 70 year simulations used the same restriction to minimum
board cross sectional area (>50 cm?).
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3 Results

QMD as well as total tree volume of the 2000 ha~! planting density plots were plausibly reproduced
by the model over time of test prognosis from age 20 to 40 (Fig. 4). Moreover, the 2.5% and 97.5%
quantiles of simulated DBH were close to the observed range (large dots). Similarity was high in
particular if site specific parameters of potential growth had been used at site Favourable (Fig. 4 A).
Diameter and volume growth over the last ten years were overestimated if the parameter set of site
Favourable was applied to site Dry (Fig. 4 C).

Centre board bending strength at age 40 and grouped by planting density had median values
in the range from 20 to 35 Nmm2 (Fig. 5, Fig. 6). Interquartile ranges of measured board strength
reached from 12 to 20 Nmm2 while the ranges computed from real board structure or simulated by
the model were smaller and lay between 6 and 10 Nmm2. At the parameterisation site (Favourable),
as Fig. 5 Aillustrates, measured bending strength significantly increased with initial planting density
(HSD). Median strength computed on measured board structure (Fig. 5 B and Table 6, MBE) also
was dependent on planting density with a significant increase (HSD). At 2000 ha™! it deviated from
the measured board bending strength by —6% to +4% and at 4000 ha™! by —25% to —2% (CIM).
Median bending strength as simulated by the current model version (Fig. 5 C and Table 6) was
somewhat lower than measured (—21% to —5%) at planting densities of 1000 and 2000 ha™!' and
underestimated by —28% to —12% (CIM), at a planting density of 4000 ha™!. It was similar (VIS)
in the interquartile ranges to the strength data computed on real board structure. The increase of
both computed and simulated board strength median with planting density was significant (HSD).

At the test site (Dry) real board strength (Fig. 6 A) showed a considerable and significant
shift from 1000 to 2000 ha~! (CIM) but only a trend of increase between 2000 and 4000 ha! as
indicated by a difference in distribution skewness (VIS). The median of simulated bending strength
was close to the measured one at 1000 and 4000 ha™! (Fig. 6 B) but underestimated the one at
2000 ha! planting density (VIS, Table 7). As compared to median measured bending strength
it had a more linear relation to the early stand density (VIS, CIM), similar to the measured and
simulated strength median at the site of parameterisation. In contrast, the basic model version
(Fig. 6 C, Basic Version) significantly underestimated board strength at 2000 and 4000 ha~!. Its
median board bending strength showed no significant increase with initial planting density (VIS).
Moreover, it was marked by a notably more underestimated variability.

Cambial age that is a predictor of bending strength in the current model increased in simu-
lated as well as in measured boards and by a similar amount along planting density (CIM). Dis-
tance from pith that had originally been used to differentiate between juvenile and mature wood
underestimated the age of boards from the 4000 ha~! plots by more than 14 +4% both in measured
and simulated data. Radial board position did only to a part reflect the variability of board cambial
age as could be shown by its unprecise prediction of age with a relative residual standard devia-
tion as large as 20%. While in the current model crown base height at simulation start in line with
height to diameter ratio significantly and realistically increased along planting density from 3 m
(1000 ha™') to 6 m (4000 ha'), in the earlier model approach it markedly decreased in median
from 7 m to 3.5 m (site Dry, representative plots 9, 8, 3). If height to diameter allometry had been
calibrated as dependent on planting density, the main underlying variable that is mean tree height
like in reality was around 12 m and suggested a slight increase of around 1 m from the lowest to
the highest planting density. In the basic model it ranged from 17 m down to 12 m. Concomitantly,
the mean biggest branch diameter from each of the two bottom logs (height to 9.5 m) decreased
along planting density in the current model (41.6+0.3 mm down to 31+£0.6 mm) as well as in
reality (36.8£0.9 mm down to (27.9+ 1.5 mm), while in the earlier basic approach the slope of
the relation was slightly positive (31.9£0.4 mm to 34+0.6 mm). Hence, the realistic dependence
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Fig. 4. QMD, DBH quantiles (2.5% and 97.5%) and total tree volume by site using site related parameterisation (rows
A, B) and parameters from site Favourable on site Dry (row C); measured data mean given as +.

of board bending strength on planting density in the current model was related to a corresponding
sensitivity of underlying board, stem and crown structure key properties.

Over a whole rotation period, the board strength distribution of all trees removed, including
the final clearcut, still differed in median and width between current version and basic version if
compared at equal planting density (VIS, CIM, Fig. 7). The positive trend from smallest to highest
initial density in the result of the current model version was retained (CIM). Board strength result-
ing from the basic model version is similarly unaffected by the planting density at plot foundation
as at age 40 and has a remarkably smaller interquartile range (VIS).
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Fig. 7. Board strength by planting density of the current version versus basic version at age 70; the boxplot notches
correspond to the 95% confidence interval (CI) of the median.

4 Discussion

As demonstrated by detailed model comparison, sensitivity of centre board bending strength to
planting density was based on selective and plausible refinement of crucial model aspects. The
final drop and bias of simulated growth in the course of test prognosis at site Dry was likely due
to some underestimation of potential QMD increase and determined by an underrepresentation of
dominant trees within the stem disk sample. If site dependence of potential growth is accounted
for, the model toolbox may be applied as an extensible streamlined simulator to support the expert
in estimating the trend of management effects. Variability as currently predicted by the model was
lower as compared to measured data. Hence, at the current state of development it is recommend-
able (1) to discuss the sensitivity of scenario evaluations to an estimated bias of variability or (2)
to parameterise a random generator for residual deviation and to add its result to strength on the
individual board level.

At the site of parameterisation, measured board strength significantly increased with initial
planting density, an effect that could be reproduced by the model due to a refined sensitivity to
cambial age and crown structure. The lower real growth potential and a resulting higher cambial
age of sample boards at site Dry were a likely determinant of underestimated strength at interme-
diate planting density and overemphasis of the linearity within the strength to density relation.
As potential growth data at the dryer site were still to be verified, the effect has yet to be proven.

The improvement of board structure to bending strength computation had a major influence
on board strength median and variability even after a whole rotation period. There is considerable
potential in further refinement of structure to strength translation that lead to a markedly similar
and underestimated data spread when it was both applied to real and simulated boards.

4.1 Extension of the structure to board strength computation had a strong effect

The importance of a board specific strength calculation is likely due to the fact that for softwood
species the majority of the total variation of strength is attributed to differences between boards
within a log (Moore et al. 2013). In detail, a significant positive effect on the quality of strength
prediction from stem and board structure may certainly be attributed to the consideration of cambial
age that is a major determinant of board strength in conifers (e.g. DeBell et al. 2004; Torquato et
al. 2014). This likely holds also true for deciduous tree species, due to a general effect of wind on
bending and fibre direction within the stems of young trees.
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However, one likely improvement within the current version as compared to the basic one
also was to take into account the relative area covered by the branch within the cross sectional area
of the board. The used knot value tKAR (“total knot area ratio”) is defined by the British Standard
BS 4978 (2007) and is one of the most important visual knot parameters in sawn timber strength
grading (Stapel and Van de Kuilen 2014). An analysis of the individual factors which are most
relevant for strength prediction quality might be interesting within the scope of a separate study.

The approaches tried within this work were restricted to macroscopical wood and board
properties. They did not include effects on the microscopic scale, e.g. the impact of wind pressure
on fibre direction. Forest management controls stand density through planting pattern or thinning.
Hence, it will likely take influence on the aerodynamic regime, on stem bending and fibre direction
and eventually on bending strength of sawn timber. An interesting question of further model analysis
could be, whether there is significant improvement, if bending effects are taken into account, e.g.
by including results from fibre direction modelling (Lang and Kaliske 2013).

4.2 Density related H/D allometry is an important indicator of early juvenile
competition

Control of tree height parameterisation through planting density strongly improved the prediction
of board bending strength. It still had a remarkable influence over a whole rotation period, even if
some of the effect of generalised height parameterisation in the basic model was attenuated due to the
convergence of relative crown base height in the long term. Reconstruction of early tree development
exclusively based on the planting pattern and the state of the already established stand is an essential
component of wood quality simulation: As exemplarily measured tree heights and crown base heights
at the age of prognosis start indicate, stand density during the early phase of stand development has
slightly promoted tree height and considerably suppressed diameter growth as also found by Saha et
al. (2012). When a common stand height curve calibration was used for all plots without taking into
account initial planting density as a grouping criterion, trees on plots of smaller planting density and
larger QMD were falsely assigned a larger height than on plots of higher initial density. The height
to diameter ratio is an obvious criterion of preceding early neighbour competition, especially in the
juvenile phase of stands (Pretzsch and Rais, submitted), and also was applied to crown dimensions
within the scope of this study. Hence, decreasing stand density in the basic model promoted crown
base height, reduced branch diameters and raised board strength to an unrealistic level. When stand
height curve parameterisation was grouped by planting density, the clearly furthering effect of plant-
ing density on crown base height was correctly reflected, as the crown model taken from Pretzsch et
al. (2002) is sensitive to early competition via the H to D ratio. The crown dimension model goes in
line with e.g. results given by Mékinen et al. (1999) that the H to D ratio is among the best indicators
for branch increment. It stands to reason that the resulting model improvement to a large part was
due to the concomitant effect on branch diameter development during the juvenile phase.

4.3 Crown gross shape is generally crucial, age dependence recommendable

Within the scope of this study the conifer crown had the shape of an elliptical paraboloid above the
height of maximum crown diameter. While Pretzsch et al. (2002) recommend a reverse truncated
cone for the shadow part of the crown, the authors had favoured the concept of a cylindrical crown
base, as it had represented the measured branch length at age 40 somewhat more realistically. In
addition, the simulation with a truncated conical crown base had not produced a more realistic
branch diameter profile during simulation. Hann (1999) presents a model for the crown hull
shape that reflects the social status within a stand not only by crown height and diameter but also
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by curvature of the light crown longitudinal section. For dominant trees it confirms the concept
of a paraboloid light crown and a cylindrical shadow crown whereas suppressed trees are rather
represented by a cone. The approach could be applied to further improve the simulation of crown
development during the juvenile phase. Within this work a cone crown shape was used in early
model prototypes for mature trees as well as it is a convenient gross estimator of branch length.
The simple cone is infeasible to represent crown volume (Rautiainen et al. 2008). Consequently
it had entailed a notably incorrect prognosis of branch diameter at a given vertical position along
the stem and should be strictly avoided for mature stands.

4.4 Additional approaches to branch diameter computation are likely candidates for
analysis

Ellsworth and Reich (1993) prove the steep and negative vertical gradient of photosynthetic capac-
ity within the crown that follows the decrease of canopy transmittance in downward direction. In
accordance, crown base height that is an indicator of light attenuation within the canopy was used
to infer branch size from vertical position via a convex crown hull. Colin and Houllier (1992) based
prediction of whorl and branch characteristics by vertical position on the height of the first living
branch as well as the crown base height. Houllier et al. (1995) integrated the alternative approach
to crown shape into a growth prediction model. They estimated the required crown base properties
from the maximum base diameter that would be possible for cone shaped crowns and an empirical
survival time of branches below base height. Moreover, they included variability of branch angle,
branch size and branch count per whorl into model prediction. Weiskittel et al. (2006) have shown
that maximum branch size is the most responsive variable to silvicultural regime among a range
of Douglas fir plantations (5 to 65 years old). Hein et al. (2007) successfully predict the effect of
planting density in a Norway spruce stand (Picea abies [L.] Karst.) with respect to dead branches
within the living crown and branch number as well as branch differentiation on the whorl level.
Hence, additional variability of board strength prediction can likely be explained and modelled
through a higher differentiation of branch and knot properties. Ikonen et al. (2009) applied a mecha-
nistical description of shoot growth based on light interception (Kelloméki and Strandman 1995;
Kellomiki et al. 1999) to predict future board quality. It might also be used to extend our model
e.g. to cover the early phase of stand development and to describe the dynamics of more complex
deciduous tree crown shapes.

4.5 The early growth phase might be replaced by simulation starting in the juvenile
phase

The assumption of this work that inter tree contact at the crown base edge marked the onset of
crown shift was taken from a proven concept of early stand development simulation outlined by
Valentine et al. (2013) for Loblolly Pine (Pinus taeda L.). A more detailed approach to crown and
branch reconstruction was presented by Seifert (2003) who constructed crown shape at simula-
tion start based on competition on the level of vertical layers, each 30 cm high and interpolated
the crown hull back to an assumed state of symmetrical shape before canopy closure. If prognosis
would have to be based on planting pattern and site alone, reconstruction would be omitted. An
intriguing challenge would be to simulate stand dynamics at a developmental stage that has rarely
been described by observation based algorithms. High emphasis was to be put on self-thinning
(review by Reynolds and Ford 2005) and mortality in young stands. Crown shape dynamics as
described by Seifert (2003) might possibly be used to create a variety of possible stand and crown
evolution paths in the course of crown closure supported by stochasticity.
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4.6 The modelling toolbox is open to coupling with physiological biomass growth
models

The description of growth dynamics, competition and allometry within this work was based on
the external observation of individual trees and is insensitive to driving force variability on an
intra-annual time scale. In contrast physiological models are sensitive to weather events and may
take into account the coupling of belowground and aboveground competition as controlled by
water and nitrogen limitation (originally by Schwinning and Weiner 1998). Mikinen et al. (2001)
have shown the influence of nutrient supply on crown characteristics and branch count. Within
environmental change studies, there is a strong requirement for physiological models that predict
base variables of log grading (e.g. Deckmyn et al. 2008; 2009). Due to a modular object oriented
architecture the experimental system that has been presented in this work may be readily coupled
with any physiological model, that exports an interface to transport gross cohort volume growth
or lists of individual trees on annual time step (e.g. via SOAP, Mitra and Lafon 2007).

5 Conclusion

The wood quality toolbox provides model extensions for stem structure development and board
strength prognosis that may even be coupled to the most abstract individual tree representation
with a branchless crown of convex hull shape. It realistically predicted the shift of centre board
bending strength between stands of minimum and maximum initial planting density, due to the
explanation of bending strength by cambial age and knot area ratio and their relation to indica-
tors of early competition. The toolbox is a comprehensive development and testing platform for
generalist and portable board strength algorithms that are compatible to growth simulators with a
purely external tree perception as well as more mechanistic approaches.

Height to diameter allometry is retention of early competition. Hence, if branch size com-
putation implies stem height to diameter ratio and prognosis is based on data of a mature stand,
it is recommendable to couple allometry to planting density. The bending strength and crown
base height algorithms applied both address basic properties of the wood quality model and
mark a threshold of usability. The suggested modelling system is based on the commonly used
statistical R package and is technically convenient to pass within the research community. In
its current state it may be applied to assist the expert in trend prediction of density and pruning
related stand management options. High potential lies in a further explanation of board strength
variability through additional stem structure properties and branch size variation based on theory
of existing related work.
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