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a  b  s  t  r  a  c  t

Information  on  tree  canopy  architecture  is  crucial  in  forestry  practice  because  the  quality  and
price  of  standing  trees  and  final  logs  directly  depend  on  it. Simultaneously,  accurate  empirical  or
functional–structural  models  require  information  based  on field  observations.  Pinus  radiata  is a  polycyclic
species  that  follows  an acrotony  law  when  forming  a new  branch  cluster,  showing  smaller  branches  in
its  base  and  larger  ones  at the top  of  a  forming  cluster.  The  objective  of  this  study  was  to  describe  the
acrotony  of  the branches  in  a  branch  cluster  as a Markov  chain.  Markov  chains  represent  stochastic  pro-
cesses  in  discrete  time  that undergo  a  transition  from  one  state  to  another  among  a finite  number  of
possible  states.  The  probability  of  transition  from  state  i to a state  j  depends  only  on  the current  state,
i.  For modelling  acrotony,  the  relative  vigour  (expressed  as  relative  branch  diameter  in  relation  to  the
largest  one)  of each  branch  was  selected  as  the stochastic  variable  and  the  states  corresponded  to five
possible  relative  size  ranges.

The branches  observed  within  a P. radiata  cluster  were  ordered  following  their  relative  sizes  (from
largest  to  smallest),  and  Markovian  transition  matrixes  were  calculated  for each  branch  cluster  (whorls
of  3–12 branches).  The  transition  matrixes  were  defined  as the  probabilities  of  one  branch  being  fol-

lowed  by  an  equal-sized  or smaller  branch  when  observing  the  cluster  from  the  top  down.  The  obtained
Markov  chain  matrixes  were  used  in a  stochastic  data  simulation,  which  was  validated  with  an  inde-
pendent  dataset.  The  presented  matrixes  can be  incorporated  into  traditional  simulation  models  or
functional–structural  models.  The  validation  results  show  that  the  proposed  methodology  accurately
reflects  the  variability  of  the  branch  sizes  in  a  cluster,  and  we  suggest  its  application  to  other  species  that
display  a clustered  organisation  of  branches.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

The value of the wood as a raw material is affected by its quantity
s well as it quality. While the quantity is a relatively easy parame-
er to measure, quality is more difficult (e.g., it changes depending
n the industry). So it is important to study the tree raw material,
n one hand by the stem diameter/volume and on the other hand
y the potential quality of sawn timber (e.g., branch characteris-
ics and knot locations, sizes and numbers). The quality and price

f standing trees and final logs directly depend on tree structures.
hus, information on the architecture of the canopy, i.e., on branch
umbers, sizes and positions, is crucial in forestry practice because
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branches become knots, which are internal defects of the wood
that directly decrease the mechanical properties of it, as well as aes-
thetic aspects of the final products. Therefore the capacity to predict
the quality and value of forest products is necessary to improve
the wood supply chain. For instance, there are several studies (e.g.,
Grace et al., 1998; Todoroki et al., 2001) that consider the diameter
of the largest branch in a cluster to be an important parameter to
take into account when referring to wood quality.

The architecture of a plant depends on the nature and relative
placement of each of its parts, which at any given time arises from
the balance between the expression of the endogenous growth pro-
cess and exogenous constraints conferred by the environment. The
concept of a balanced structural component for predicting growth

allocation in the structures of trees has been widely studied (e.g.,
Mäkelä et al., 2002; Mäkelä, 2012). Thus, the objective of the archi-
tectural analysis of a tree is, in general, to identify these endogenous
processes through observation (Barthélémy, 2003; Barthélémy and
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araglio, 2007). Within this context, modelling of tree knots based
n branch data is an important aspect.

Tree and wood modelling involves increasing quality param-
ters to support forestry decision-making systems related to the
uantity and quality of products. For these purposes, functional-
tructural models, which require information based on observed
llometric relationships are useful. Modelling of forest tree allom-
try has many applications, from understanding physiological
elationships (e.g., the allometry between sapwood and leaf area,
onserud and Marshall, 1999) to building empirical equations to

alculate one component of a tree by measuring another (e.g.,
etermining above-ground biomass from crown length, Kantola
nd Mäkelä, 2006). As the canopy represents the centre of pho-
osynthesis and biomass production in a tree, obtaining a deeper
nderstanding of its organisation is of particular interest in highly
roductive forest species, such as Pinus radiata D. Don. In the last
ecades, wood quality modelling based on tree development pro-
esses and crown architecture has increased. For instance, Mäkelä
nd Mäkinen (2003) presented a process-based tree and stand
rowth model to predict the stem structure with a 3D geometry
nd its internal knots, in Scots pine (Pinus sylvestris L.). In this
tudy, statistical models were used to create individual branch
nformation from the vertical profile of branch basal area. Ikonen
t al. (2003) also demonstrated how Scots pine tree stem prop-
rties were linked to the properties of sawn timber. Particularly
hey concentrated on branch growth and distribution in the crown
and the corresponding knottiness of the sawn wood) and the
nfluence of local light conditions on their attained size. Kantola
t al. (2007) adapted an existing process-based growth model,
ipeQual, to Norway spruce (Picea abies [L.] Karst.); it describes
tand development and timber properties (stem taper, heartwood
ormation and branchiness). The model includes a branch mod-
le that calculates the annual dynamics of individual branches and
heir properties in each whorl. All calculations in the branch mod-
le are based on empirical, stochastic models that use tree and
horl level variables as input. Following the same research line,

yhykäinen et al. (2009) developed models for estimating yields
f lumber grades and by-products of individual Scots pine trees
sing stem and crown dimensions as explanatory variables. The
odel uses a data set simulated by a process-based growth model,
hich provides information about stem form and branch proper-

ies. The simulated stems are sawn using the WoodCim sawing
imulator that grades the individual sawn pieces, as well as by-
roducts. For other conifers as Douglas fir (Pseudotsuga menziesii)
ein et al. (2008) modelled branch number, diameter of the thick-
st branch and the relative branch diameter in the cluster, using
on-linear models. As independent variables they used site index,
elative height of the cluster, height diameter ratio and tree diame-
er at breast height among others. Weiskittel et al. (2010) modelled
he number of branches/m of crown, maximum branch diameter in
he crown and relative distribution of branch size within the crown
or five conifers. Particularly, this study highlighted the range of
ariability in key crown structural attributes.

P. radiata is the main species involved in forestry industry in
ustralia, Chile and New Zealand. The industrial and economic

mportance of this species in the last 30 years has stimulated
ntensive studies aimed at improving the productivity and the
uality of its wood. Within a growing season, P. radiata species
ay produce one growth unit per year on the main stem or
ultiple units in a polycyclic sequence (Fernández, 1994; Grace

t al., 1998), and they are therefore considered polycyclic species.
he set of growth units produced during a single growing season

akes up the annual shoot. The polycyclic behaviour of P. radiata

as been demonstrated by many authors, such as Jacobs (1936),
ielding (1960), Bannister (1962), Bollmann and Sweet (1976) and
ernández et al. (2007), among others. However, some of these
logical Modelling 273 (2014) 210– 219 211

trees  may  occasionally produce only one growth unit along the
main axis in some years. Nevertheless, in all cases, the growth
units end with a cluster of branches or of branches and cones.

The  branches of P. radiata and many other forest species
whose branches develop within a cluster generally present varying
degrees of vigour. Barthélémy et al. (1997) explained this phe-
nomenon based on the principle of acrotony, whereby the greatest
vigour of branches is observed in the distal part of a growth unit.
According to Lauri (2007), acrotony is usually defined as an increase
in vigour (e.g., in length, diameter, number of leaves) in the vege-
tative proleptic branches (from dormant buds) moving from the
bottom to the top position of parental growth. In this case, the
basal branches show less vigour than the last branches formed in
the same cluster, showing a gradient of vigour from the bottom
to the top of the cluster (Fig. 1). Pont (2001) demonstrated that
this is the case in P. radiata branching. From the lower branch in
a cluster to the largest one at the top, there is a short distance
and a divergence angle. This angle has been observed in the phyl-
lotaxis of many organs (e.g., leaves, branches, petals) and species,
and in many cases, it is coincident with the golden angle, ω ≈ 137.5
(Prusinkiewicz and Lindenmayer, 1990). The ratio of this angle to
its complement, gr = ω/(360 − ω), corresponds to the golden ratio
(gr), which is widely observed in nature. Pont (2001) demonstrated
that the divergence angle of the branch primordia in P. radiata is
coincident with ω. There have been some attempts to use empir-
ical models to describe the characteristics of P. radiata branches,
and in some cases, the diameter of the largest branch in a cluster
has been taken as a reference unit (e.g., Grace et al., 1998). Sim-
ilarly, Woollons et al. (2002) modelled the internode length and
branch characteristics of P. radiata in New Zealand using traditional
variables employed in common forestry inventories as inputs, such
as tree height, diameter at breast height and the basal area per
hectare of the top 100 stems. Fernández et al. (2007) studied the
evolution of branch number, among other architectural character-
istics, of the species along its life span. Further, Fernández et al.
(2011) developed a functional–structural model for the species,
modelling branchiness, growth unit frequency as well as internode
length throughout different site and stand density scenario, using
functional and also some stochastic models.

Empirical models are most commonly used to reflect the nature,
but they do not completely reflect the real response of the stud-
ied tree/branch variables, that depend not only on site and tree
structural considerations (site index, stand density, relative posi-
tion of the branches in the crown, tree dominance) but also on
natural stochastic events that might be affecting the tree and its
components development. As stated by Barthélémy and Caraglio
(2007) the architecture of a plant arises from the balance between
the expression of the endogenous growth process and exoge-
nous constraints conferred by the environment. Thus, the original
architectural plan or model can take multiple expressions that a
deterministic modelling approach do not represent, because by def-
inition, it gives a unique response value under certain input. But the
unpredictable events might be affecting directly or indirectly (for
instance their neighbours) the modelled subject (for us a branch),
generating variations in their expected relative vigour (given by
acrotony). In the seek of modelling natural phenomena and its vari-
ability, we propose stochastic modelling which permits to capture
the rich variability that is normally observed in nature, and particu-
larly Markov chains, that have been used successfully to model tree
architecture (branching, shoot structure, flowering, for instance) as
can be seen in Guédon et al. (2001) and Guédon et al. (2007).

According to Gilks et al. (1996), Markov chains represent

stochastic processes in discrete time and discrete events that
undergo a transition from one state to another among a finite num-
ber of possible states. They are built from simple dependencies
between successive random variables, and thus, the transition from



212 A. Zubizarreta-Gerendiain, M.P. Fernández / Ecological Modelling 273 (2014) 210– 219

Fig. 1. (a) Schema of the arrangement of buds/branches as well as their vigour in a cluster and the ω divergence angle between two consecutive branches in the horizontal
plane; (b) a developing cluster of branches of Pinus radiata and (c) a bud cluster view from the top.
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Table 1
Characteristics of the stands and material.

Los Alamos Santa Gertrudis La Granja San Martín

Location 37◦ 40′ 2′′ S 73◦ 3′ 13′′ W 37◦ 23′ 8′′ S
72◦ 47′ 50′′ W

37◦ 54′ 38′′ S
72◦ 24′ 24′′ W

34◦ 41′ 41′′ S
71◦ 47′ 39′′ W

Stand 1 Stand 2 Stand 1 Stand 1 Stand 1
Site  index (age 20) 34 34 28 27 22
Planting  year 1998 1987 1997 1988 2000
Age  5 16 6 15 9
Stand  density (trees/ha) 1250 1200 1250 1100 1117
Sampled  trees 26  20 20 20 39
Mean  height (m) 5.26  (0.6) 24.2 (2.3) 5.17 (1.24) 19.0 (2.2) 8.6 (2.0)
Mean  DBH (cm) 7.58 (1.29) 24.5 (5.2) 6.3 (2.4) 21.3 (5.48) 10.6 (1.5)
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tate i to a state j depends only on the current state, i, and not on
he sequence of events that preceded it.

Our hypothesis is that P. radiata branches present acrotony
ithin a cluster that is later modulated by stochastic events, such

s local light conditions and the interactions with the nearest
ranches. We  choose Markov chain stochastic modelling because
e think it is particularly suitable for modelling both phenomena

imultaneously; acrotony but also the stochastic alteration of the
riginal programme. The interaction between successive branches
xpressed as the intrinsic acrotony of the species get modelled
hen assuming that a branch is followed by a smaller one from

he top to the base of the cluster. Thus, for example the size of
 certain branch from top to base gives the following branch a
ize limit: it can be equal or smaller. But by the other hand, the
nclusion of a probability distribution of being smaller at differ-
nt scales includes stochasticity that generates variability in the
ranching process. In our case, the model that we propose implies
hat within a cluster of branches, the relative vigour of a branch
epends on the relative vigour of its prior neighbouring branch.
hus, there will be a probability of moving from state i (the state
f a branch) to state j (the state of the following branch in the clus-
er), giving the stochastic chance to the second branch to be equal
r smaller than the previous one. Thus, the main objective of this
esearch is to develop a method to describe the relative branch
ize transition within a cluster that incorporates both the effect of
crotony and the stochastic variability that is commonly observed
n nature.

. Materials and methods

.1.  Materials

For this study, a total of 125 individual trees were examined
rom four different geographical locations and five age cate-
ories: 5, 6, 9, 15 and 16 years of age (Table 1). The inclusion
f different ages is useful to better understand the pattern of
evelopment of the trees, as young trees may  show early char-
cteristics that are difficult to detect in older trees, whereas
ature trees may  reveal later-developing features that are not

resent in juvenile stages. All of the selected stands were unman-
ged.

Broken and damaged trees were excluded from the measure-
ents because of their irregular canopy growth. The relevant
easured architectural parameters were total tree height and

iameter at breast height; the length of each growth unit and
he base diameter of every growth unit; the number of branches,

ones and buds at each cluster; and the diameter and length
f lateral branches. From the 125 individuals examined, a total
f 2704 clusters of branches were included in further analy-
es.
2.2. Methods

2.2.1. Data collection and analysis
First, a visual exploratory analysis of the whole dataset based

on histograms and graphs was  performed to obtain the general
patterns of different relationships among the measured tree param-
eters. Based in the literature, several empirical models were tested
as possible metrics for explaining the branch characteristics of our
dataset (e.g., Grace et al., 1999; Kantola et al., 2007).

During the analysis of the architecture of P. radiata, the branches
in each cluster were measured and their diameter was  taken as an
index of vigour. Thus, we assumed that their vigour depended on
the principle of acrotony within the cluster, particularly at the stage
of buds and emerging new branches (Fig. 1a and b), modified by
posterior circumstances.

Next,  the diameters of the branches in each cluster were ranked
from the largest (most vigorous) to the smallest (less vigorous), and
the absolute diameter values were transformed into relative values
(�), defined as the ratio between the particular diameter of a branch
(di) and the diameter of the largest branch (dmax) in a given cluster,
� = di/dmax. Therefore, any cluster always exhibits a branch with
� = 1 and branches with equal or gradually decreasing values of �
(� ≤ 1).

Consequently, the following decision was made regarding mod-
elling: the relative vigour of the branches in a cluster were divided
into five groups or states: state 1 or E1, � [1,0.8); state 2 or E2, �
[0.8, 0.6); state 3 or E3, � [0.6, 0.4); state 4 or E4, � [0.4, 0.2), and
state 5 or E5, � [0.2, 0.0). This means that if a branch exhibits, for
instance, a diameter between 40 and 60% of the diameter of the
largest branch, this branch will be categorised as state 3. We  chose
to divide the relative vigour of branches in five states because a
higher resolution was impractical and did not report more benefits
for modelling purposes.

The  clusters or whorls were grouped according to the num-
ber of branches in each of them. This decision was  taken because
the probability of transition from one state to another was differ-
ent if the cluster had different number of branches, as preliminary
data survey showed. Thus, individual probability matrix should be
build for each type of cluster. All clusters with 3–12 branches were
included in further analyses (i.e., they were a total of 10 cluster
types). Although there were clusters with more than 12 branches
(up to 27), they were rare, and in most cases, they corresponded to
clusters that had suffered some traumatic event, making them very
different from regular branches. Therefore, they were discarded
from further analysis.

Finally,  we assumed that within a cluster (i) we  could sort the

branches according to their relative vigour assuming an order based
on the acrotony of the branches; (ii) the vigour of a branch would
depend on the vigour of its prior neighbour (Fig. 1); (iii) although
the order of appearance of the branches in the cluster is from
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Fig. 2. Markov chain schema. All of the transitions from one state to another (con-
nectors) exhibit a value of 0 ≤ pij < 1 for all i < j, and all states from E1 to E4 show a
pii < 1, meaning that following a branch of certain vigour, there is a probability of
another branch of the same vigour occurring. In the case of state E , there is a prob-
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there was  always a probability of a branch being followed by a
5

bility of p55 = 1 of remaining in the same state (the lowest one), corresponding to
n absorbent state.

he bottom to the top (thus, the first to emerge are the small-
st ones), they are formed almost simultaneously in the bud; and
iv) therefore, the vigor of a branch also depends on the vigor of

 neighbor that is larger and appeared after it. Given these four
ssumptions, we decided to model the relative branch vigour as
rst-order Markov chains.

.2.2.  Markov chain
Once  the 5 states and the 10 types of cluster (from 3 to 12

ranches) were defined, a Markov chain transition matrix for each
ype of cluster was built. For the present study, the transition matrix
n (with n number of branches per cluster) (Eq. (1)) was  defined as
he probabilities pij, of moving from state Ei to state Ej, subject to
he condition that pij = 0 if i > j, as branches are ranked from larger to
maller sizes. It means that if there is a branch of size X that belong
o a state Ei (for instance E2 of relative vigour � [0.8, 0.6)), there is

 probability pij for the next branch top down in the cluster to be in
he same state Ei; means equal in size to the previous one (in the
xample p22 ≥ 0), or smaller (p23 ≥ 0, p24 ≥ 0, p25 ≥ 0) but the next
ranch cannot be larger then the previous one (p21 = 0). For matrix
alculations, 80% of the total dataset was used and 20% was  used for
alidation. The selection of the datasets for the matrix calculation
nd validation was randomly done.

n =

⎡
⎢⎢⎢⎢⎢⎢⎣

P11 P12 P13 P14 P15

P21 P22 P23 P24 P25

P31 P32 P33 P34 P35

P41 P42 P43 P44 P45

P51 P52 P53 P54 P55

⎤
⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎣

P11 P12 P13 P14 P15

0 P22 P23 P24 P25

0 0 P33 P34 P35

0 0 0 P44 P45

0 0 0 0 P55

⎤
⎥⎥⎥⎥⎥⎥⎦

(1)

ith pij = 0 if i > j.
When analysing the structure of the Markov chains, we  observed

hat Ej was only accessible from a state of Ei if i ≤ j. This means that
he states were not communicated because even if Ej was  accessible
rom Ei (for i /=  j), Ei was not accessible from Ej. Thus, the Markov
hains could be classified as reducible. All states were transitory
for i < 5), and the last state E5, was absorbent; thus, the chains
ere absorbing Markov chains. When a branch displayed the low-

st vigour (E5), the following branches exhibit the same state (E5),
hich means that once the system was in E5, it is impossible to

bandon it (Fig. 2):

(Xk = E5|Xk−1 = E5) = 1.
he Markov chains were also irregular because all of the transition
atrixes could present 0 (zero) values at any times.
logical Modelling 273 (2014) 210– 219

2.2.3. Statistical analysis
Considering  the cumulative probability transition matrixes, 300

stochastic simulations based on a Monte Carlo procedure were per-
formed to create new data synthetically for each type of cluster.
To guarantee the validity of the transition matrixes, the simulated
dataset and the validation dataset (20% of the original dataset)
were compared. Basic statistical analyses (e.g., calculation and com-
parison of means and standard deviations) and comparisons of
probability distributions were carried out. The normality of the data
distribution was  tested, and because the hypothesis of normality
was rejected for all clusters, non-parametric tests were selected for
performing appropriate comparisons between the simulated and
validation datasets. In this case, the Kolmogorov–Smirnov (K–S)
was used because it is a goodness-of-fit test that assesses the uni-
formity of a set of data distributions. The null hypothesis was that
the data and the validation dataset were drawn from the same
distribution, against the alternative hypothesis that the two dis-
tributions differed. The exact K–S procedure was also conducted
because it is the best procedure whenever it is practically possi-
ble to compute it (van de Wiel, 2002). The K–S test subtracts the
most positive and negative differences between the two  cumulative
distribution functions that are being compared, with the highest
sensitivity being observed around the median value (Stephens,
1970). To achieve a more complete comparison of the distributions,
Kuiper’s test was  used, which compares the tails of the two prob-
ability distributions in addition to the median value. The p-value
obtained in Kuiper’s test refers to the probability of observing a
larger value of the asymptotic Ka (value calculated by the test)
under the null hypothesis of no difference between the two  dis-
tribution classes (SAS Institute Inc., 2009). For the non-parametric
statistical analyses, the PROC NPAR1WAY procedure of SAS (SAS
Institute Inc., 2011) was used.

3. Results

More than the 50% of the clusters contained 5–7 branches. The
mean number of branches was  6 (standard deviation 2.48), and the
mode was also 6 (n = 2704 clusters) (Fig. 3a).

The distribution of the relative branch sizes was variable,
depending on the numbers of branches per cluster (Fig. 3b). In
general, there were few branches within the smallest size class E5
(branches with relative size between 0 and 0.2). On  average, clus-
ters with 6–9 branches tended to have display balanced branch size
distributions, while clusters with more branches accumulated rela-
tively more small branches. Nevertheless, when individual clusters
were examined, the distributions did not follow a common pattern,
as observed in Fig. 4(a, c and e) for clusters with 4, 6 and 9 branches.
This variability supported the need for stochastic modelling, and
our choice of first-order Markov chains was partly supported by
this finding.

One probability matrix was  developed per branch cluster type
(B3–B12) (Table 2). The Markov probability matrix showed the
probability of a branch in state Ei of being followed by a branch
in state Ej, subject to the condition that pij = 0 if i > j, as branches are
ranked from larger to smaller sizes. Thus, to summarise the char-
acteristics of the obtained matrix, (a) pii > 0 for i ≤ 4; (b) pii = 1 for
i = 5; (c) 0 ≤ pij < 1 for all i < j; and (d) pij = 0 for all i > j. This means
that a branch of a certain size can be followed by another branch of
the same vigour or smaller, whereas a branch of the smallest size
(vigour state E5) can only be followed by a branch of the same vigour
state, E5. In matrixes with a small number of branches (B3–B5),
smaller branch from any of the other states. However, in clusters
with larger number of branches (B6–B12), the probability of a large
branch to be followed by a very small one could be 0 (Table 2).
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Table 2
First-order Markov probability matrixes for branch vigour. Vigour state 1, E1, � [1,0.8); vigour state 2, E2, � [0.8, 0.6); vigour state 3, E3, � [0.6, 0.4); vigour state 4, E4, � [0.4,
0.2); and vigour state 5, E5, � [0.2, 0.0); with (Bn: cluster with n branches).

B3 1 0.8 0.6 0.4 0.2 B4 1 0.8 0.6 0.4 0.2 B5 1 0.8 0.6 0.4 0.2

1 0.41 0.32 0.15 0.1 0.02 1 0.49 0.31 0.13 0.06 0.01 1 0.54 0.34 0.08 0.03 0.01
0.8  0 0.3 0.46 0.18 0.05 0.8 0 0.35 0.41 0.19 0.05 0.8 0 0.48 0.35 0.13 0.04
0.6  0 0 0.52 0.28 0.2 0.6 0 0 0.4 0.46 0.13 0.6 0 0 0.49 0.4 0.11
0.4  0 0 0 0.78 0.22 0.4 0 0 0 0.59 0.41 0.4 0 0 0 0.61 0.39
0.2  0 0 0 0 1 0.2 0 0 0 0 1 0.2 0 0 0 0 1

B6  1 0.8 0.6 0.4 0.2 B7 1 0.8 0.6 0.4 0.2 B8 1 0.8 0.6 0.4 0.2

1 0.57 0.33 0.08 0.02 0  1 0.6 0.32 0.06 0.02 0 1 0.64 0.3 0.05 0.01 0
0.8 0  0.47 0.36 0.13 0.04 0.8 0 0.52 0.37 0.09 0.01 0.8 0 0.56 0.35 0.09 0.01
0.6  0 0 0.51 0.42 0.07 0.6 0 0 0.55 0.4 0.05 0.6 0 0 0.57 0.39 0.04
0.4  0 0 0 0.79 0.21 0.4 0 0 0 0.72 0.28 0.4 0 0 0 0.72 0.28
0.2  0 0 0 0 1 0.2 0 0 0 0 1 0.2 0 0 0 0 1

B9  1 0.8 0.6 0.4 0.2 B10 1 0.8 0.6 0.4 0.2 B11 1 0.8 0.6 0.4 0.2

1 0.62 0.31 0.06 0.01 0 1 0.64 0.31 0.04 0 0 1 0.62 0.36 0.02 0 0
0.8  0 0.61 0.34 0.06 0 0.8 0 0.65 0.3 0.05 0 0.8 0 0.63 0.31 0.06 0
0.6  0 0 0.6 0.37 0.04 0.6 0 0 0.54 0.43 0.03 0.6 0 0 0.52 0.46 0.01
0.4  0 0 0 0.78 0.22 0.4 0 0 0 0.72 0.28 0.4 0 0 0 0.81 0.19
0.2 0  0 0 0 1 0.2 0 0 0 0 1 0.2 0 0 0 0 1

B12  1 0.8 0.6 0.4 0.2

1 0.59 0.41 0  0 0
0.8 0 0.58 0.39 0.03 0

F
l
g
t
(

F
(
b
a

0.6 0 0 0.65 0.32 0.03
0.4 0 0 0 0.86 0.14
0.2 0 0 0 0 1

or instance, for B6 clusters, large branches (state E1) were not fol-

owed by the smallest branches with vigour of 0.2 (state E5). In
eneral, the greater the number of branches in a cluster, the lower
he probability that a large branch is followed by a very small one
Table 2).

0 
50 

100 
150 
200 
250 
300 
350 
400 
450 
500 

B2 B3  B4  B5  B6  B7  B8  B9  B10  B11  B12  

N
um

be
r o

f c
lu

st
er

s 

Type of cluster (number of branches per cluster)  

0

0.1

0.2

0.3

0.4

B2 B3  B4  B5  B6  B7  B8  B9  B10  B11  B12  

Fr
eq

ue
nc

y 

Type of cluster (number of branches per cluster)  

E5(0.2) E4(0.4)  E3(0.6) E2(0.8) E1(1) 

(a)

(b)

ig. 3. (a) Frequency of number of branches per cluster, with an average value of 6.
b) Observed mean relative branch size distribution per cluster (Bn = clusters with n
ranches) (right). Relative sizes: 0.2 [1, 0.8), 0.4 [0.8, 0.6), 0.6 [0.6, 0.4), 0.8 [0.4, 0.2)
nd 1 [0.2, 0.0).
The initial distribution would always be qo = (1 0 0 0 0), meaning
that the initial state of the sequence of branches will be always the
highest state (E1). The limit distribution, ql = q0 · PT, when T = Bn (Bn,
the branch number for the different types of clusters) would be as
shown in Table 3. The limit distribution was  calculated considering
that the horizon of calculation depends on the number of branches.
However, if we consider a limit distribution where T → ∞, it will
correspond to ql = (0 0 0 0 1).

A Monte Carlo simulation process was followed to generate a
new dataset based on the observed probabilities shown in Table 2.
The generated dataset was  tested against the validation dataset
using the non-parametric Kolmogorov–Smirnov (K–S) test as well
as Kuiper’s test (van de Wiel, 2002; SAS Institute Inc., 2009). No
significant values were obtained for any of the probability distri-
butions (Table 4), meaning that the generated data and validation
data showed the same probability distribution (Fig. 5, Table 4) and,
thus, could be considered as the same.

4. Discussion
The frequency distribution of the number of branches per clus-
ter showed a mean and a mode of 6 branches. Similar results were
obtained in other studies, where a mode between 5 and 8 branches

Table 3
Limit  distribution of the different types of clusters with B3–B12 branches. E1–5,
vigour  states.

E1 (1) E2 (0.8) E3 (0.6) E4 (0.4) E5 (0.2)

B3 0.07 0.12 0.28 0.31 0.22
B4  0.06 0.09 0.18 0.31 0.35
B5  0.05 0.12 0.18 0.27 0.38
B6  0.03 0.08 0.15 0.40 0.34
B7  0.03 0.07 0.15 0.33 0.41
B8  0.03 0.07 0.14 0.32 0.46
B9  0.01 0.06 0.13 0.36 0.47
B10  0.01 0.06 0.09 0.26 0.55
B11  0.01 0.04 0.06 0.36 0.53
B12  0.00 0.01 0.07 0.41 0.51
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Fig. 4. Examples of vigour relationships between branches of a cluster based on their basal diameter; (a) each line corresponds to randomly selected clusters of 4 branches,
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c) of 6 branches and (e) of 9 branches. In parallel, the probability of each type of bra
d) 6 branches and (f) 9 branches.

as observed among P. radiata trees in New Zealand (Madgwick,
994; Grace et al., 1999; Woollons et al., 2002). When we  compared
he frequency distributions of the number of branches per cluster
n our data with those of Grace et al. (1999) (for P. radiata trees
rown in New Zealand) using the Kolmogorov–Smirnov test for two
opulations (hypothesis H0: the two populations are the same), the
esultant p-value was 0.06, meaning that there was  no real evidence
ejecting the null hypothesis. This is an interesting result, consid-
ring that the only common point in the two datasets is the tree
pecies. Site conditions were different between the New Zealand
nd Chilean sites, as were the management regimes and tree ages.
hus, this result could indicate that the number of branches per

luster is a strong species-specific characteristic, though modulated
y environmental conditions.

Madgwick  (1994) studied the acrotony of the branches in P. radi-
ta and concluded that between two consecutive branches, there
igour (E1–E5) among the different branches is shown for clusters of (b) 4 branches,

was  a decrease of 12% in diameter size on average. However, in the
present study, such a clear pattern was  not found. For instance,
Fig. 4 illustrates the large variability observed in branch vigour
sequences in the clusters, indicating that there was no such pat-
tern being followed. At one extreme, there were clusters whose
branches were all of similar vigour, while at the other extreme, a
remarkable gradient could be observed between branches. Grace
et al. (1999) also found that P. radiata branch diameter varies con-
siderably within a cluster. These various combinations might be
due to initial acrotony at the time of the generation of the cluster,
followed later by the elimination of this early influence because of
competition for light or metabolites or due to accidental events that

have taken place throughout the life span of the branches, prior to
the time of measurements.

There  have been many attempts to model branch numbers
and characteristics using empirical models (e.g., Mäkinen and
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Table 4
Kolmogorov–Smirnov (K–S) and Kuiper two-sample test. Values of Pr < 0.05 indicate
differences between the validation and generated datasets.

K-S two sample test Kuiper Two-Sample Test

Pr > D Exact Pr ≥ D Ka Pr > Ka

B3 0.996 0.730 0.410 1.000
B4 0.417 0.136 0.883 0.936
B5 0.220 0.060 1.050 0.756
B6 0.312 0.102 1.337 0.344
B7 0.203 0.057 1.222 0.502
B8 0.674 0.272 1.302 0.389
B9 0.186 0.051 1.090 0.700
B10 0.700 0.291 0.919 0.908
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Fig. 5. Examples of branch vigour frequencies for clusters with (a) 5, (b) 6 and (c) 7
B11 0.992 0.723 0.433 1.000
B12 0.771 0.309 1.062 0.740

olin, 1998; Grace et al., 1998, 1999; Trincado and Burkhart, 2009;
eiskittel et al., 2010). As an initial test, in the present study, we

ntended to model the relative size of the branches in our dataset
ollowing an empirical model presented by Grace et al. (1999), in
hich the relative diameter size was dependent on n: the rank

f the branch in the cluster when ranked by the diameter from
argest to smallest. However, as expected, the results were very
oor because of the variability in the relative branch size distribu-
ions (see Fig. 4). In addition to other branch characteristics, the
umber of branches per cluster was modelled (e.g., following the
quation reported by Kantola et al., 2007), but very poor outcomes
ere also obtained in this case. Therefore, the poor results of the

ested empirical models regarding branch characteristics, the vari-
bility of the branch size distributions, and the acrotony of P. radiata
ranches documented by Pont (2001) and by us in newly forming
ranches (unpublished data) were decisive in the choice to follow
he stochastic approach we took using a Markov process. Theo-
etically, our methodology is assuming initial branch development
in the bud stage) with marked acrotonic behaviour and poste-
ior stochastic evolution, considering the particular conditions each
ranch can experience during its lifespan. Our assumption that the
riginal acrotonic behaviour can be altered by subsequent differ-
nces in the environment within the same cluster is consistent with
he results of Grace et al. (1999), who observed a tendency of larger
ranches in the side of the trees facing north in P. radiata in New
ealand.

When observing the transition matrix (Table 2), it is evident that
etween similar clusters (for example, a cluster with 4 branches and

 cluster with 5 branches), there is a similar probability of transi-
ioning from state i to a state j. However, when observing all of the
btained transition matrixes, a gradient is evident. For example,
rom cluster with 3 to clusters with 8 branches, the transition prob-
bility from E1 to E2 increases continuously from 0.41 to 0.64, then
ecomes relatively stable at approximately 0.62. Thus, for mod-
lling purposes, we consider it to be appropriate to work with an
ndependent transition matrix for each type of cluster, instead of a
nique transition matrix constructed with all of the clusters.

The  results of the comparison between the validation and the
imulated datasets (Table 4 and Fig. 5) indicate that the selected
tochastic approach for relative branch size simulation within a
luster is a reliable method. As a modelling approach, we suggest
i) simulation of the number of branches (NB) in a cluster according
o the observed distribution (Fig. 3); (ii) simulation of the relative
izes of the NB using Monte Carlo and the transition matrix; (iii) re-
caling of the relative sizes of the branches to the real sizes based
n the largest branch diameter (model not proposed in this paper);

nd (iv) finally, for 3D modelling purposes, arranging the branches
n a spiral phyllotaxis from the smallest to the largest branch in the
luster, with a vertical distance of d between the insertion point of
he branches and a divergence angle of ω ≈ 137.5◦ (Fig. 1).
branches (B5–B7). Averages for the datasets used for calibration (obs), for validation
(valid)  and the predicted (gen) datasets.

5. Conclusions

The main aim of this investigation was to define the acrotony of

the branches in a branch cluster in P. radiata, using Markov chain
process. Finally, we  concluded that the proposed method permits to
simulate simultaneously the expected acrotony of branches for the
species but modulated by stochastic events, giving special weight to
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he relationship between a branch and its neighbours in the cluster.
ith the proposed method the use of relative size of the branches

llows to utilise the method with different modelling approaches
e.g., functional–structural plant models, empirical models). No

atter the model used to generate the number of branches in the
luster and the diameter of the largest branch of the cluster, then
he rest of the branches sizes are re-scaled according to the results
btained by the Markovian simulation. As there already exist many
odels in the reviewed literature that generates the largest diam-

ter of branches along the stem, our proposed approach could be
oupled easily to them, in order to give a more realistic branches
iameter distribution inside of the clusters.

The proposed method might be very useful in empirical models
f the type presented by Maguire et al. (1994) or by Mäkinen et al.
2003) describing branch characteristics by multivariate methods;
r in models like the one presented by Mäkinen and Mäkelä (2003)
r Kantola et al. (2007) that consider a stochastic distribution of
ranch size within a whorl but based on an uniform distribu-
ion that do not reflect the acrotony of branches. It might also be
seful in wood quality models, extensively reviewed in Mäkelä
t al. (2010), because branch size distribution has an important
ffect on knottiness and final value of wood products. But par-
icularly, it could be beneficial in functional–structural models or

odels that integrate physiological process with the corresponding
lant structure relation, already stressed by different authors like
ourcaud et al. (2008) in their review on modelling approaches,
r in carbon allocation modelling strategies as reviewed in Mäkelä
2012).

In the near future, the presented method should be integrated in
unctional–structural modelling following the approach suggested
y Fernández et al. (2011); when a new cluster is generated, the
elative size of the simulated branches permits appropriate and
ifferentiated carbon allocation for the forming branches, immedi-
tely generating a non-homogeneous cluster, as observed in nature.
he methodology tested here using data from P. radiata could
e applied to other species just by determining the probability
atrixes of the other species. Thus, it would also be interesting

o apply the presented method to other P. radiata trees grown
n other locations as well as to other species that follow the
ranch acrotony and to observe if the Markov chain probabilities
iffer.
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