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Abstract

- Introduction Branch size and branch status (dead or alive)
are important characteristics closely related to tree growth
and wood quality. The aim of this study was to design
models for the diameter and status of branches in Atlas
cedar (Cedrus atlantica Manetti).

- Material and methods The models were developed from
data collected on a set of 32 trees with a wide range of heights
(from 3 to 36 m), girths (from 13 to 226 cm), and ages (from 20
to 95 years). A single general segmented model was designed
for both whorl and interwhorl branch diameter, taking into
account the tree and annual growth unit random effects.

« Results The model’s “potential x reducer” form describes
the maximum branch diameter profile along the tree and the
acrotonic gradient observed in annual shoots. The diameter
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and status of every branch were modeled based on the
vertical position on the trunk and on the height of the base
of the living crown. The tree diameter and the branch
diameter were used as additional explanatory variables in
the branch diameter model and the branch status model,
respectively.

- Conclusion The model structure is sufficiently general to be

suited after re-parameterization for many coniferous species
with interwhorl branches such as Spruces, Firs, and Larches.

Keywords Branch diameter - Branch death - Nonlinear
mixed model - Acrotony - Cedrus atlantica

1 Introduction

Living crown development is of great importance for
characterizing both tree growth potential and wood quality.
Living branches support foliage, where photosynthesis and
carbon assimilation occur. The photosynthetic capacity is
thus directly related to branch size and branch survival.
These two features may be used as inputs for process-based
models (e.g., Perttunen et al. 1998) or as outputs of growth
models distributing biomass or allocating carbon to the
different compartments of the tree (e.g., Mikeld 2002;
Letort et al. 2008). Branch growth dynamics are closely
related to stem growth, stem form, and bole volume.

The diameter and the death of branches on a tree stem have
a strong effect on aesthetic and mechanical wood properties.
The insertion of primary branches on the bole results in knots
in wood. Knots increase the heterogeneity of lumber or
veneer, decrease the mechanical strength properties, and are a
drawback for most wood transformations and valorization
processes. Branch diameter and branch status, living or dead,
determine knot size and knot type, tight or loose, which are
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two of the main features for lumber and veneer grading
(Torodoki et al. 2005).

Models predicting branch size along the stem and leaf
density patterns are also useful in providing fuel characteristics
in physical models for fire propagation (Rigolot et al. 2010) as
well as models of canopy structure, which governs airflow
patterns related to seed dispersal by wind (Bohrer et al. 2008).

Models exist for several branch characteristics (mainly for
branch number, branch diameter, and branch status) and have
been applied to various coniferous species (e.g., Mékinen and
Colin 1998, 1999 for Scots pine; Mikinen et al. 2003 for
Norway spruce; Hein et al. 2008 for Douglas fir).

Models describing branch diameter profiles along the
tree bole have developed rapidly over the last 20 years. But
even for species with thin interwhorl branches (Douglas fir,
Norway spruce, Sitka spruce), most models have only
focused on whorl branches (Mikinen et al. 2003; Hein et al.
2007) or branches with a diameter larger than a given value
(e.g., 3 mm in Maguire et al. 1994 or 5 mm in Colin and
Houllier 1991; Roeh and Maguire 1997; Hein et al. 2008).
These models do not account for acrotony, i.c., the
predominance of the branches located at the top of the
annual shoot over the branches situated below.

Furthermore, the existing branch diameter models gener-
ally apply to the maximum or mean whorl branch size (Colin
and Houllier 1992; Roeh and Maguire 1997; Garber and
Maguire 2005; Weiskittel et al. 2007a) although the diameter
of the thinner branches has been modeled with different
approaches. Doruska and Burkhart (1994) modeled the
whorl diameter range (i.e., the maximum and the minimum
diameter within a whorl). For Sitka spruce, Achim et al.
(2006) modeled the mean diameter of whorl branches
separately from the mean diameter of interwhorl branches.
Other authors have modeled individual branch diameter in
two steps: (1) a first model for the maximum branch diameter
of the annual shoot, (2) a second model for the diameter of the
smaller branches of the shoot, expressed relative to the
maximum branch diameter, i.e., the ratio between the diameter
of the branch and the diameter of the thickest branch within
the whorl or the annual shoot (Maguire et al. 1994; Mékinen
et al. 2003; Hein et al. 2007, 2008).

Atlas cedar (Cedrus atlantica Manetti) has been widely
used in recent decades for reforestation in southern Europe,
mainly in France and Italy. This species has high
productivity and provides high-quality timber. Because
Atlas cedar is drought-resistant and has high economic
value, it has potential importance in the replacement of
species more susceptible to drought and in the context of
climate change (Riou-Nivert 2007). No model currently
exists that predicts the branch size and status for Atlas
cedar, although we previously developed a model to predict
the vertical location of primary branches along the stem
(Courbet et al. 2007a).
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The aim of this study was to develop models for branch
basal diameter and branch status with three purposes, filling
the gaps of existing models:

— To provide information on both whorl and interwhorl
primary branches of a tree in a single general model,

—  To predict branch characteristics from only the vertical
branch position along the stem and common tree
descriptors, and

— To parameterize a branch diameter and branch death
model for Atlas cedar, adequate for a wide range of
individual tree sizes.

2 Material and methods
2.1 Data acquisition

The explanation of the symbols appearing in the text is
given in Table 1.

2.1.1 Sites, stands, and trees selection and measurement

A total of 32 trees were selected from eight even-aged stands,
where temporary or semipermanent plots had previously been
established, in the southeast of France (five in the Vaucluse
district and three in the Aude district). The stands were chosen
to be as different as possible in terms of growth conditions in
order to sample a wide range of tree sizes. For each of the three
factors, “age,” “competition,” and “site index,” two contrast-
ing levels were selected (old vs. young stand, low vs. high
stand density, low vs. high site quality). One stand was
selected in each of the eight combinations obtained from the
complete three-way factorial design. The site index (i.e., top
height at age 50) was calculated by a specific top height
growth model (Evans 1996). Site index ranged between 9.8
and 25.7 m thereby covering the site index range of the yield
classes used by the National Forest Service for managed
Atlas cedar stands (Courbet et al. 2007b). Stand density was
expressed by the Hart-Becking relative spacing index
(S = 10,746/H0+/N), where N is the number of trees per
hectare and H, is the top height in meters. Contrasting stands
were also selected based on the ratio Hg/Dg and the mean
crown ratio CRg, which accounts for past and present
competition within the stand (Table 2). The four older stands
had been regularly thinned according to the local manage-
ment plans.

Four trees were sampled in each stand, covering the range
of diameters present in the stand. Their girths were selected to
be approximately equal to Cg+20,Cg+0,Cg—o, and Cg—
20, where o is the standard deviation of the girth in the stand,
measured previously on all trees in each plot. This sampling
strategy resulted in a wide range of tree sizes (Table 3).
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Table 1 Stand, tree, and branch attributes
Descriptor Definition Unit
Stand (n=8)
A Age. All the trees were sampled in even-aged stands years
Cg (or Dg) Quadratic mean girth (or diameter) at 1.30 m height cm
Hg Mean height m
Hp Top height m
HLWg Mean height to the lowest live whorl m
CRg =100 Hg;,—% (mean crown ratio which accounts for competition within the stand) %
Hg/Dg Ratio of Hg (m) to Dg (m) which accounts for competition within the stand
N Number of trees per hectare ha™!
S = % (Hart-Becking relative spacing index) %
Hso Site index which refers to the top height of the stand at age 50 m
G Basal area per hectare m?
Tree (n=32)
C (or D) Girth (or diameter) at 1.30 m height cm
H Total height m
H/D Ratio of H (m) to D (m) which accounts for the competitive status of the tree within the stand
HLW Height of the lowest living whorl (i.e., the first whorl from the ground with at least one living branch inserted into each m
of the four quarters of the girth)
HLWrel Relative height of the lowest live whorl (=100 HLW)/H) %
CL Crown length (=H-HLW) m
CR Crown ratio (= 100 CL/H) %
Annual shoot (n=1,507)
MBH Insertion height of the highest branch of the annual shoot on the trunk m
MBD Diameter of the highest branch of the annual shoot mm
SL Shoot length (= height to the highest branch of the shoot — height to the highest branch of the previous annual shoot) m
NB Number of branches in the annual shoot
Branch (n=11,794)
BD Branch diameter mm
BS Branch status (0:dead; 1:alive)
BH Height to the insertion point of the branch on the trunk m
DT Distance of the branch from the top of the tree (=H—BH) m
DTrel Relative distance of the branch from the top of the tree (=100 DT/H) %
DSrel Relative depth in annual shoot (relative distance of the branch from the highest branch of the shoot) (= (height of the

highest branch of the shoot—branch height)/annual shoot length)

The following measurements were taken for each
standing tree: total height, girth at breast height (i.e.,
1.30 m), height of the base of the living crown (Tables 1
and 3).

2.1.2 Branching patterns of Atlas cedar

From a botanical perspective, two types of lateral axes
occur on the main stem in trees of the Cedrus genus: long
and short shoots (Fig. 1). Each year, short shoots form only
a spiral cluster of needles and elongate approximately 1 mm
per year. They tend to be mostly located in the basal section

of each annual shoot of the stem, below the long shoots
(Sabatier and Barthélémy 1999; Courbet et al. 2007a) .
Annual shoots of the main stem could be easily
identified by a cluster of predominant branches at the top.
These branches, usually called “whorl branches,” were
more differentiated in size from the “interwhorl branches”
in older shoots. However, whorl branches were not
separated from interwhorl branches because of the difficulty
in distinguishing them in the young shoots. Branch
diameter diminished in a regular pattern with depth into
shoot, thereby exhibiting a size gradient called acrotony
(Barthélémy and Caraglio 2007). Because the top limit of
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Table 2 Sample stand characteristics

Hg

Stand Parent Stand origin ~ Thinning regime A (years) H, (m) Hso(m) N (ha') Cg (cm) Hg (m) e S (%) G (m*ha) CRg (%)
name rock
Citou Siliceous  Plantation Unthinned 20 8.2 25.7 1171 38 6.5 54 383 13.6 83
Sault Calcareous Plantation Unthinned 27 10.2 21.6 2665 42 88 67 204 38.2 56
Stl Calcareous Plantation Unthinned 32 6.3 11.7 2240 22 4.6 66 36.0 8.9 89
Lub  Calcareous Natural Unthinned 38 8.6 12.3 7661 28 70 80 14.6 46.9 34
regeneration
B24  Calcareous Plantation Regularly 62 12.7 9.8 432 84 11.9 45 4038 243 56
thinned
B34  Calcareous Natural Regularly 77 20.0 13.2 1192 79 183 73 156 59.8 26
regeneration  thinned
R12  Siliceous Plantation Regularly 83 25.7 16.6 335 147 23.1 50 229 57.6 39
thinned
R49  Siliceous  Plantation Regularly 95 34.0 20.7 132 185 33.6 58 275 36.0 36
thinned

See Table 1 for variable definition. The traits in italics were used to choose the stands

the annual shoots was impossible to accurately identify
after few years of growth, the insert point of the highest
branch on every shoot was considered the top limit of the
annual shoot. An annual shoot of the stem is thus delimited
(1) upwards by its highest branch, (2) downwards by the
highest branch of the previous annual shoot.

2.1.3 Branch sampling and measurement

For each sampled tree, we measured (1) the highest branch
in every shoot, (2) every branch in one annual shoot out of
three, starting from the 2-year-old annual shoot, downwards
from the top to the base of the tree (Fig. 1). On these
selected branches, the following characteristics were
recorded:

—  The branch basal diameter measured with a caliper at a
distance from the bole sufficient to avoid the basal
swell. The horizontal and vertical diameters of each
branch were measured to the nearest millimeter in axes
perpendicular to the longitudinal axis of the branch.
The mean diameter was recorded if the two diameters
differed by 1 mm or more in order to avoid bias due to
possible asymmetrical growth;

—  The branch status, noted 0 for dead branches and 1 for
living branches;

—  The branch type (i.e., long or short shoot);

— The insertion height of the branch on the trunk was
measured to the nearest centimeter.

Thirteen ramicorn branches (i.e., abnormally large
branches that project at a particularly acute angle—
30 grades or less—from the main stem, almost always
located at the top the annual shoot) were excluded from this
analysis. Less than 1% of annual shoots contained a
ramicorn branch (13 in 1,507).
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2.2 Data analysis and modeling
2.2.1 Model development

Short shoot diameter Because the growth of the short
shoots is very limited, their diameter remains small and not
very variable compared to long shoots (Table 3). The
determinants of short shoot diameter were investigated
visually using graphics and then modeled by a normal
distribution, separately from long shoot diameter.

Long shoot diameter The model for long shoots was
developed in three steps:

— 1. An individual model was fitted for each tree using all
the branches whose insert height to the bole was
measured:

BDyji = g (61 Xuji) + €xii (1)

where BDy;; was the diameter of the ith branch of the
jth shoot of the kth tree, 8;.was the vector of the fixed
parameters of the kth tree, X,j was the vector of the
explanatory variables and &y; was the random error.
The vector 0, was estimated for each tree separately.
The relative distance of the branch from the top of the
tree and the relative depth of the branch in the annual
shoot were used as explanatory variables;

— 2. Relationships between parameters were examined and
linear regressions were carried out to explain the variabil-
ity of each parameter by individual tree characteristics :

B = A(; Yi) + 1k (2)

where  was the vector of the parameters common to all
the trees, Yy.was the vector of the explanatory variables
for the kth tree and py, was the random error term;
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Table 3 Means, standard deviations, minima and maxima for the
sample tree, shoot and branch characteristics

Attribute Mean standard deviation minimum maximum
Tree (n=32)
C (cm) 76 59 13 226
H (m) 14.67 10.00 3.46 36.10
H/D 66.9 18.2 37.7 120.7
HLW (m) 8.22 7.45 0.41 23.55
CR (%) 52.5 22.0 18.8 94.2
Branch diameter model
Total annual shoot (n=1,507)

MBD (mm) 30.58 23.89 1 194
Sampled annual shoot (n=455)

MBD (mm) 35.42 24.29 3 194

NB 13.00 8.33 1 60
Lateral long shoot (n=6,967)

BD (mm) 13.42 16.65 1 194
Lateral short shoot (n=3,114)

BD (mm) 2.74 0.81 1 7
Branch death model
Annual shoot (n=1,348)

MBD (mm) 30.27 24.72 1 250
Branch (n=11,794 lateral long and short shoots)

BD (mm) 9.93 14.16 1 250
Living branch (n=4,526)

BD (mm) 13.24 17.78 1 250
Dead branch (n=7,268)

BD (mm) 7.87 10.84 1 128

See Table 1 for variable definition.

— 3. 0 was replaced in Eq. (1) using Eq. (2). Mixed
models were used in this third step in order to take into
account possible random effects at the tree and annual
shoot levels. The following general model was then
fitted (estimation of y, Vi, Vij):

BDyji = g(h(W; Vi Vigs Yi); Xigi) + €xji (3)

where vy, vy were the vectors of tree and shoot random
effects which were assumed to follow Gaussian distribu-
tions with parameters V; and V;, respectively.

Branch status Branch survival is related to its size, its
vertical position inside the crown (i.e., the distance from the
apex of the tree and the distance to the base of the living
crown) (Hein et al. 2007; Weiskittel et al. 2007b). Based on
these assumptions model fitting was performed in one step:
tree characteristics were already incorporated in the general
model, including a possible tree random effect. Traditional
linear models could not be used for branch status because it

is a binary variable with only two possible values: 0 for
dead branch or 1 for living branch. Branch status was
therefore modeled using a generalized linear model which
consisted of a linear function and a non-linear link function
that describes how the expected value is related to the linear
predictor (Mikinen and Colin 1999). The following general
model was used to explain the status of the branch, i.e., the
probability for a branch to be alive (PBAy;):

g(PBAkji) = @©Zyji + Wk + Wy + Ekji (4)

where g was the logit link function, ¢ was the column
vector of the parameters, Z; was the raw vector of
explanatory variables, wy and p; were the vectors of
random tree and shoot effects and &j; was the random error.

The models were fitted using the SAS/STAT® software
version 8.1 (SAS Institute Inc. 2000). Linear adjustments
were performed with the REG procedure based on the least
squares method. Nonlinear adjustments were used for
branch diameter. The NLINMIX macro that iteratively fits
a set of generalized estimating equations and the GLIM-
MIX macro based on the restricted pseudo-likelihood
method (Littell et al. 1996) were used for fitting the
nonlinear diameter model and the generalized linear status
model respectively in order to include possible tree and
shoot random effects in mixed general models. Stand level
as a random effect was not included because of the low
number of sampled stands (eight) and the low number of
sampled trees per stand (four). Each stand is a single
combination of age X density X site index with no replication
which may confound actual tree and stand random effects.

2.2.2 Model evaluation

The goodness of fit of the models and the performance of
their fixed effects were evaluated by examining the usual
statistics and plots:

— Mean error E = X (i *?kji) /n, mean absolute error
|E| = =y —j/\kji|/n, mean squared error E? =

2
(i —?kji> /n, or root mean square error (RMSE)

where yj; was a measured observation of branch
diameter or branch status, yyj; was a predicted
observation and n was the number of observations,

— Plot of residuals (i.e., the difference between the
observed value and the predicted value), errors (i.e.,
absolute value of the residual) against explanatory
variables to assess goodness of fit,

— Plot of residuals against variables not included in the
model in order to detect putative minor effects of tree
and stand characteristics (C, H, HLW, CL, CR, H/D, A,
S, H50. cf Table 1),
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Fig. 1 Branching pattern of
Atlas cedar (on the right) and
branch sampling and
measurement (on the leff). This
diagram shows the acrotony, i.e.,
the predominance of the growth
of the upper branches in the
annual shoots exhibiting a size
gradient which becomes more
pronounced with age

For the top branch of every —

annual shoot and for all
branches in one out of every
three annual shoots, the
following measurements were
made: insertion height, basal
diameter, type and status.

—  Plot of studentized residuals (ratio of the residual to its
standard error) to check regression assumptions (homo-
geneity of variance and normality).

2.2.3 Simulation

Branch death and diameter were simulated on two trees which
differed only in their diameter at breast height (25 and 50 cm,
respectively). These two trees represent individuals which
could have grown in two stands under contrasting silvicultural
practices: light thinning in one stand, heavy thinning in the
other stand. The height growth curve was created by the
model established by Evans (1996) in order to reach 21 m at
100 years. The crown ratio was calculated from the H/D ratio
based on an existing relationship (Courbet and Houllier
2002). The branches positions on the stem were simulated by
a pre-existing stochastic model using hidden semi-Markov
chains (Courbet et al. 2007a). The branches were at the same
positions on the two trees.

3 Results

3.1 Branch diameter modeling

3.1.1 Short shoot diameter

The diameter of short shoots showed little variability and

we detected no trend with age or distance from the top of
the tree. Overall short shoot diameter was best modeled by
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ramicorn branch
(not measured)

<—— long shoot

<——— short shoot

ﬁé <— whorl branches

% <—interwhorl branches

«ee - height of the highest branch of each annual
shoot used as the annual growth limit

a normal law N(u, o?) with average pu=2.74 mm and
standard deviation 0=0.81 mm.

3.1.2 Long shoot diameter

By examining the plots of branch diameter vs. branch
height (Fig. 2a), a model form was chosen based on the
following assumptions:

— The branch diameter profile along the stem resulted
from two nested trends: (1) at the tree level, the
diameter of the highest branch of each annual shoot
increased downwards from the top of the tree to a
maximum located around the live crown base and then
decreased; (2) within an annual shoot, the branch
diameter progressively decreased from the top to the
base of the shoot thereby showing an acrotonic gradient
(Courbet et al. 2007a). The diameter of the thinnest
branch of every shoot seemed to be equal to a few
millimeters for all shoot ages.

—  First step:
For each tree, the following branch diameter
segmented model was fitted, exhibiting a saw-tooth
shaped curve (Fig. 2a).

If DTrel<b and DSrel=0 (i.e., for the highest branch of
every shoot in the upper part of the tree)

DTrel
BD = a DTrel exp < r© >

b
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If DTrel<b and DSrel>0 (i.e., for all the branches
situated below the highest branch of each shoot of the
upper part of the tree)

DTrel
b

BD = (a DTrel exp (7 ) — d) (1 —DSrel) +d

(5b)

If DTrel>b and DSrel=0 (i.e., for the highest branch of
every shoot in the lower part of the tree)

BD = a bexp(—l — ¢(DTrel b)z) (5¢)
If DTrel>b and DSrel>0 (i.e., for all the branches
situated below the highest branch of each shoot of the
lower part of the tree)
BD = (a b exp <—1 — ¢(DTrel — b)2> - d) (1 —DSrel) +d
(5d)

where a, b, ¢, d and f were positive parameters.
Second step:

The relationships between parameters of individual
models and between parameters and tree and stand

descriptors were investigated. The following relation-
ships were found and used in the third step:

the parameter b was the relative distance where the two
segments (i.e., Eq. 5a and Eq. 5¢) of the model join and
the maximum branch diameter occurred. It was closely
related to the relative distance of the lowest live whorl

from the top of the tree:
b=1.07CR (6)

with R?=0.96 and RMSE=12.3%

TR

I T R Y R
T T T

0 10 20 30 40 50 60 70 80 920 100

b (%)

3 Relationship between parameters ¢ and b provided by an

individual model fitted tree by tree. Cross: observed value. Solid line:
model (Eq. 8)
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The parameter a was related to the diameter at breast
height and to the height of the lowest live whorl by the
following:

a = 0.04664 D + 0.10848 HLW (7)

with R?=0.97 and RMSE=0.496
The two parameters b and ¢ were related as follows

(Fig. 3):

¢ = 0.2440 exp(—0.2079(100 — b)) (8)
with RMSE=0.003
Third step:

The general model was re-formulated taking into
account Eq. 6 and random tree and shoot effects:

if DTrel<CR and DSrel=0 (i.e., for the highest branch
of every shoot in the upper part of the tree)

R (9a)

DTrel
BD = (a + u;)DTrel exp| — + s
if DTrel<CR and DSrel>0 (i.e., for all the branches
situated below the highest branch of each shoot of the
upper part of the tree)

DTrel
CR

BD = ((a + u;)DTrel exp <— ) + v — d) (1 —DSrel) +d

(9b)

if DTrel>CR and DSrel=0 (i.e., for the highest branch
of every shoot in the lower part of the tree)

BD = (a + u;)CR exp(—l — ¢(DTrel — CR)2) T v
%)

Table 4 Value and asymptotic standard error of the general model
parameters and effects

Parameter or effect Value Asymptotic standard error
a 4.901 1072 0.596 107>

as 1.110 107! 0.168 107"

¢ 3.677 107 0.945 1073

I 43751072 0.453 107>

d 3.747 0.138

f 4726 0.084 1072

v, 1.502 107! 0.461 107"

Ve 1.117 10? 0.055 10?
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Table 5 Root mean squared error for the different branch diameter
models

Model Degrees of Root mean squared
freedom error (mm)
No (= initial variance and standard 6,967 16.65
deviation)
Analysis of variance. Tree effect. 6,936 15.45
Individual model with 5 parameters 6,806 8.20
General model with fixed effects 6,962 9.07
with 6 parameters
General model with fixed and 2 5,423 6.88

random effects

— if DTrel>CR and DSrel>0 (i.e., for all the branches
situated below the highest branch of each shoot of the
lower part of the tree)

BD = ((a +u)CR exp<71 — ¢(DTrel — CR)2> v — d) (9d)
(1— DSrel)f +d

The relationships achieved in the second step (Eqs. 7 and
8) were included as follows:

a=aD+ a;HLW (9e)
and
¢ = ¢y exp(—c,HLWrel) (91)

where a;, a», c¢1, and ¢, were fixed positive parameters,
common to all trees and shoots; u; and v, were random
parameters, specific to tree and annual shoots, respectively.
The values estimated for the parameters are given in Table 4.
The RMSE of the models are given in Table 5. Figure 2b—f
shows the general model applied to sample trees.
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Fig. 4 Mean residuals and their standard deviation from the branch
diameter model (fixed part of Eq. 9a to 9f) plotted against the distance
of the insert point of the branch from the top of the tree
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Fig. 5 Plot of branch diameter vs. insert height in a sample tree (R12
3). Dot: dead branch. Circle: living branch. The solid line shows the
isoprobability for a branch to be dead or alive according to the model
(Eq. 10). The horizontal dashed line represents the height of the
lowest live whorl (HLW)

The residuals calculated with the fixed part of the model
showed no bias with the distance from the top of the tree
(Fig. 4) and no effect of any tree or stand descriptor.

3.2 Branch status modeling

The probability for a branch to be alive (PBA) was
significantly related to its diameter and its position inside the
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o] |
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Fig. 6 Mean residuals and their standard deviation from the branch

death model (Eq. 10) plotted against the distance of the insert point of
the branch from the top of the tree
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Fig. 7 Branch diameter and branch death simulated for two trees. (a)
Age: 100 years, H: 21 m, D: 25 cm. (b) Age: 100 years, H: 21 m, D:
50 cm. Only one annual shoot out of every five shoots is represented.
Solid line: branch diameter model with only fixed effects. Symbols
represent branch diameter simulated with additional random annual

crown (Fig. 5). The following model accounted for the status
of the branch:

g(PBA) = by + bDT + b3CL + by lOg(BD) (10)

where g was the logit link function and by, b,, b3, and by
were parameters.

The predicted probabilities were transformed into a
binary response (0 or 1) to compute residuals. Branches
with a probability PBA<0.5 were classified as dead and
branches with a probability PBA>0.5 were classified as
living. No significant random effect was found at the tree
level (i.e., the variance was estimated at 0 when the random
effect was included in the model).

The curve of isoprobability for a branch to be dead or
alive effectively differentiated the dead branches from the
living branches (Fig. 5). Plots of residuals did not show any
trend with the distance from the top of the tree (Fig. 6), nor
with any tree or stand descriptor.

3.3 Simulation

Figure 7 shows the simulated diameter and status of the
branches of two trees. The model behavior is consistent
with previous observations. The maximum branch diameter
of every annual shoot increases up to the base of the living
crown and then decreases up to the top of the tree. Within
every annual shoot, the branch diameter clearly decreases
from the top to the base of the shoot as expected. By taking
into account the random shoot effect of the branch diameter
model and the stochastic variability of the two models, the
simulations provide realistic branch diameters and status at
the tree level. Most of the branches below living crown

@ Springer
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shoot and branch effects: circle: alive long shoot, dot: dead long shoot,
empty triangle: alive short shoot, full triangle: dead short shoot. The
line with larges dashes shows the isoprobability for a branch to be
dead or alive. The vertical dotted line is for the CR value.

base are dead whereas above living crown base the
branches died accordingly to their diameter and position
inside the crown: the thinner branches are dead higher in
the living crown compared to thicker branches.

4 Discussion
4.1 Branch diameter model

Most published models of branch profiles have described
branch dimensions using the maximum or mean branch
diameter per annual shoot (e.g., Garber and Maguire 2005;
Achim et al. 2006). In contrast, in this study, all the
branches of each sampled annual shoot were used as
individual observations. Models for pine species have
obviously been developed only for whorl branches since
they do not bear interwhorl branches (Mékinen and Colin
1998; Meredieu et al. 1998). But even for forest tree species
bearing interwhorl branches, the models often apply only to
whorl branches (Hein et al. 2007, 2008) or to branches
whose size exceeds a minimum value (Colin and Houllier
1992; Maguire et al. 1994). Moreover, when models apply
to interwhorl branches, they do not use the precise position
of the branches along the shoot (Hein et al. 2008), although
they sometimes use the rank of the branches ordered from
largest to smallest diameter (Méakinen et al. 2003). Maguire
et al. (1994) predict the maximum branch diameter in the
annual shoot separately from the branch diameter expressed
relative to the maximum branch diameter of the shoot as a
function of relative position in the annual shoot. These two
models are fitted independently from each other and
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provide two maximum diameter predictions which can be
different, and not necessarily compatible.

The main advance of this work is to provide a new
single model for individual branch diameter which accounts
for both whorl and interwhorl branches. In Atlas cedar, as
in Douglas fir, the distinction between whorl and interwhorl
branches is rather arbitrary. Our approach reduces the
pitfalls of modeling them separately.

The model form is consistent with the understanding
gained on branch growth and crown development. The
growth of a branch and its size depend upon both (1) its
depth inside the crown, linked to growth duration or age,
and (2) its position in the annual shoot because of acrotony,
i.e., the predominance of the branches located at the top of
the shoot. The model has a “potential x reducer” form
which provides a saw-tooth profile and fits rather well the
available data (Fig. 2). Equations 5a and 5c can be
interpreted as a model of “potential size” which describes
the thickest branch of every shoot, which is most often the
highest branch in the annual shoot. From the top of the tree,
the size of this branch increases downwards to a maximum
value which is located near the base of the living crown
(Eq. 6) and then progressively decreases to the tree bottom.
The parameter a represents the slope of the model at the
origin (i.e., the top of the tree). It is correlated positively
with the tree diameter at breast height and the height to the
base of the living crown (Eq. 7). This relationship expresses
the evolution of crown shape with tree age: in old trees, the
height growth stops while the diameter of stem and branches
still increases. As a result, the top of the crown becomes flatter.
This phenomenon is general in conifers and particularly
pronounced in Cedrus genus whose mature trees are
characterized by a typical flat-topped crown. Along every
annual shoot, potential branch size is progressively reduced
in Egs. 5b and 5d to take into account the acrotonic gradient
(Courbet et al. 2007a), i.e., the regular decrease of branch
diameter downwards to the base of the shoot. Therefore, the
diameter of interwhorl branches is related to their relative
distance to the top of the shoot.

The model formulation ensures that the model behaves
logically, i.e., the predicted value will always be positive,
whereas the diameter predicted by polynomial models can
theoretically have negative values (Meredieu et al. 1998).
The lower limit of the branch diameter does not exceed a
few millimeters because the thinnest branches die early due
to lack of light penetration inside the crown as a result of
self-shading among branches. The parameter d (Eq. 9b and
9d) represents the thinnest diameter to which the branch
diameter tends at the base of every annual shoot. It was
associated with a shoot random effect.

The highest branch was measured in every annual shoot
while the diameter of all branches was measured in only
one of every three annual shoots. This sample strategy

results in focusing on the “potential” part of the model
which describes the most important part of the crown for
tree growth. On the other hand, many thinner branches
were used in model fitting. Thus, the model predicts precise
diameters for the type of branches which are significantly
involved in wood quality.

This model does not apply to ramicorn branches which
are steep angled and particularly thick. Because they rarely
occur, predicting the occurrence of this type of branch
certainly requires the development of a stochastic model for
branch angle which takes into account the link between
branch diameter and angle to the bole of the tree (e.g.,
Meredieu et al. 1998). This might be the object of further
work based on a specific sampling strategy.

It has been widely recognized that thinning increases
branch diameter, particularly the diameter of the branches
situated in the lower part of the crown which is more affected
by between-tree competition (Mékinen and Hein 2006; Hein
et al. 2007). Contrary to models which explicitly include
stand density (Maguire et al. 1991), the effect of between-
tree competition is taken into account in the model through
the effect on both tree diameter at breast height and base of
living crown (in Eq. 7 and position of the join point).

4.2 Branch status model

After crown closure, light interception by the canopy and
mutual shading between trees limit light penetration to
lower branches which causes branch death and vertical
crown recession, i.e., raising the lower limit of the living
crown. Whorl branch mortality is thus the result of inter-
tree competition.

Branch death can also occur without between-tree
competition. Mortality of thin interwhorl branches is due
to within-crown competition which results in self-shading
among branches in the same tree crown where the light
penetration is reduced even in the crown of open-grown
trees. Protz et al. (2000) considered branch mortality to be
mainly driven by light limitations and to be the result of (1)

Table 6 Parameter estimates and error statistics of the general branch
death model

Parameter Value Asymptotic standard error
by -1.961 0.639

by -9.913 10" 1.425 107"

by 1.841 107" 0.836 107"

by 2.846 0.046

Error

E -1.051 1072

|E| 9.445 1072

E’ 9.445 1072
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lack of light energy to maintain a positive carbon balance
within the branch and (2) the reduction of hydraulic
permeability which is also the result of shading.

Our results show that the status of a branch is related
mainly to size and vertical position, consistent with the
acknowledged role of the light in branch survival. The
probability of branch survival decreases with its depth into
the crown and increases with its diameter and with the
crown length (Eq. 10 and Table 6). Because branch
diameter was included as explanatory variable in the model
of branch status, it was assumed that one common model
was necessary for both whorl and interwhorl branches
which are only distinguishable from each other by their
relative size within annual shoot. The crown length and the
depth into the crown are sufficient to account for the tree
and shoot effects because no significant random effects at
tree and shoot levels were detected in our mixed model.

Our results are consistent with previous studies on various
species which have shown the effect of branch size and
vertical position on branch survival in models which included
similar independent variables (e.g., Mdkinen and Colin 1999
in Scots Pine; Weiskittel et al. 2007b in Douglas fir).
However, some studies have reported significant random
effects (e.g., Hein et al. 2007 in Norway spruce).

The influence of stand density on branch longevity has
often been reported (e.g., Hein et al. 2008). Our model
accounts implicitly for this effect through the crown length.
Indeed competition for light in closed stands results in
vertical recession of the live crown.

4.3 Prospects

Our models, like most existing models, are static models.
They assume that branch diameter profile and branch
survival can be predicted from common tree measurements
and stand characteristics without knowledge of stand
history (Mékinen and Colin 1998). In constrast to Mékinen
(1999), Forward and Nolan (1961) observed in tree-ring
width profiles from branches located in the lower part of the
living crown that thinning reactivates branch diameter
growth. This may result in discontinuities in the branch
diameter vertical profile at the base of the living crown and
further suggests that this diameter profile may be different
immediately after thinning compared to several years after
thinning, all else being equal. However, in the 16 sampled
trees from thinned stands we did not observe any
discontinuity in the diameter vertical profiles.

Branch diameter profile and branch survival may be
dynamically predicted by branch growth models fitted
from increment data. However, these models are scarce
because regular recording of the diameters of selected
branches over a long time period in permanents plots is
very time-consuming (Weiskittel et al. 2007b). It is also
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risky when it is necessary to climb trees (Maguire and
Hann 1990). Moreover, reconstruction of past branch
dimensions and status is also very difficult (Maguire and
Hann 1987).

The sampling strategy used in this study was designed to
cover a wide range of tree sizes and characteristics and to
develop models suitable in a wide range of tree growth
conditions. But our balanced sample includes only 32 trees,
ecach one being a single representative of a particular
combination of age, competitive position, site index, and
stand density. Due to the small number of trees in the
original sample, it was not possible to have both a
calibration and a cross-validation on balanced independent
subsamples. However, we expect that the validity domain
of the models fitted here is sufficiently large to be applied
to variously sized trees from a wide range of growth
conditions. Nevertheless, it would be important to test these
models on a sample independent from that used here to
check the robustness of the parameters. Validation trees will
have to be chosen in other stands in order to cover a range
of tree size and age at least as wide as that of the calibration
sample. We also expect that the model formulation is
general enough to be applied to other coniferous species. It
would be particularly interesting to fit our model on data
from other coniferous species with interwhorl branches
such as Spruces, Firs, and especially Larches, which also
have long- and short-shoot axes.

The diameter and status models require knowledge of
some tree and branch characteristics, in particular the height
of the insertion point of the branches on the bole. We
previously developed and fitted a model for Atlas cedar that
describes the occurrence, the type (i.e., short shoot or long
shoot) and the position of the branches along the parental
shoot in a wide range of parental shoot lengths (Courbet et
al. 2007a). The height of the base of the living crown is also
used in both models, directly and in the crown ratio in the
diameter model (Eq. 9a-9f) or in crown length in the status
model (Eq. 10). This height can be easily measured. It can
also be calculated from common tree descriptors (A, D, H)
using an existing model available for Atlas cedar (Courbet
and Houllier 2002).

These models describing branch diameter and branch
status, associated with the model previously developed for
branch position along the bole (Courbet et al. 2007a) can be
used to predict wood quality. These traits determine the
size, the type, and the position of knots which are often
used in the grading rules of softwood lumber (e.g., Afnor
Association francaise pour la normalisation 1998). In
combination with models describing stem profile and
internal structure (Courbet 1999; Courbet and Houllier
2002), a complete set of models is now available for the
description of Atlas cedar timber quality from common tree
measurements: total height and diameter at breast height.
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All of these models will be associated with a tree growth
model for regular and pure stands of Atlas cedar which will
predict the diameter and height growth of individual trees.
We have planned to implement these models in the software
platform CAPSIS where a first version of the Atlas cedar
growth model is already available (De Coligny et al. 2003).
It will thus be possible to simulate and test easily the
consequences of various silvicultural practices on growth,
stem form, and branch characteristics (e.g., Fig. 7).

Our models could also be linked to process-based
models which require a description of branchiness or as
parameters for growth models describing the distribution of
biomass or the allocation of carbon to the different
compartments of the tree. This kind of model has not yet
been developed specifically for Atlas cedar.

5 Conclusion

Branch size and branch status are important features which
are directly related to both tree functioning and timber
quality. As expected, the models developed for this study
predict these two characteristics from common tree meas-
urements (diameter at breast height, total height, and height
of the base of the living crown) and branch height. These
two models account for both whorl and interwhorl branches
in single equations. They complete a former branch location
model (Courbet et al. 2007a), thus forming a chain of
consistent models useful in precise evaluation of the
influence of growth on branchiness. It would be particularly
interesting to fit the branch diameter model to other
widespread and economically valuable coniferous species
such as Spruces, Firs, and Larches.
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