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e Backgrounds and Aims Functional —structural models are interesting tools to relate environmental and manage-
ment conditions with forest growth. Their three-dimensional images can reveal important characteristics of wood
used for industrial products. Like virtual laboratories, they can be used to evaluate relationships among species,
sites and management, and to support silvicultural design and decision processes. Our aim was to develop a func-
tional —structural model for radiata pine (Pinus radiata) given its economic importance in many countries.

e Methods The plant model uses the L-system language. The structure of the model is based on operational units,
which obey particular rules, and execute photosynthesis, respiration and morphogenesis, according to their par-
ticular characteristics. Plant allometry is adhered to so that harmonic growth and plant development are achieved.
Environmental signals for morphogenesis are used. Dynamic turnover guides the normal evolution of the tree.
Monthly steps allow for detailed information of wood characteristics. The model is independent of traditional
forest inventory relationships and is conceived as a mechanistic model. For model parameterization, three data-
bases which generated new information relating to P. radiata were analysed and incorporated.

e Key Results Simulations under different and contrasting environmental and management conditions were run
and statistically tested. The model was validated against forest inventory data for the same sites and times and
against true crown architectural data. The performance of the model for 6-year-old trees was encouraging.
Total height, diameter and lengths of growth units were adequately estimated. Branch diameters were slightly
overestimated. Wood density values were not satisfactory, but the cyclical pattern and increase of growth
rings were reasonably well modelled.

e Conclusions The model was able to reproduce the development and growth of the species based on mechanistic
formulations. It may be valuable in assessing stand behaviour under different environmental and management
conditions, assisting in decision-making with regard to management, and as a research tool to formulate hypoth-
esis regarding forest tree growth and development.

Key words: Functional —structural plant model, wood quality, internodes, knots, wood density, growth ring,

photosynthesis, respiration, allometry, plant architecture, carbon allocation, Pinus radiata.

INTRODUCTION

Being able to predict the quality and value of forest products is
much desired by the timber industry. Models can help in this
regard.

Most models of radiata pine (Pinus radiata), the main indus-
trial forest species in New Zealand, Australia and Chile, are
robust empirical models of growth but with little physiological
basis. They predict yield in terms of gross timber volume and
selected wood product per hectare and may include the effects
of management practices (Prodan et al., 1997). However, the
final price and quality of the wood is largely determined by
knots, internode length and wood density (Carson and Inglis,
1988; Mezzano, 1997; Todoroki et al., 2001). Wood quality
also determines pulp and paper properties (Wimmer et al.,
2002). To model wood quality a good understanding of
crown architecture is needed, and if the goal is to develop a
functional model, the eco-physiological behaviour of the
species must be better understood.

Pinus radiata modelling is being used to gain a better
understanding of the physiology and crown characteristics of
the tree, especially by researchers in countries where the
species is an economically important resource, such as New
Zealand, Australia and Chile.

In terms of tree architecture, that of P. radiata corresponds to
Rauh’s model, with a rhythmic pattern of development, the axes
showing indeterminate growth, with lateral flowering. Female
flowering occurs on axis order 1 (the stem) as differentiated
from axes of order 2, and on axes of order 2 (Fernandez,
1994). The rhythmic growth pattern of development as given
by Hallé er al. (1978) describes alternating periods in which
the axis of a tree elongates with periods in which it remains in
a resting state. This has been substantiated for radiata pine by
Jacobs (1937), Fielding (1960), Pawsey (1964), Doran (1974),
Bollmann and Sweet (1976), Jackson er al. (1976) and
Tennent (1986). Nevertheless, there are some indications by
Bollmann and Sweet (1976) and Tennent (1986) that, depending
on environmental conditions, the species does not undergo a true
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period of rest. This is relevant because it may be an opportunistic
strategy for growth, so that the species may take advantage of
occasionally favourable environmental circumstances in other-
wise generally adverse conditions. A growth unit consists of
an internode and the following section of stem containing a
cluster of lateral structures (branches, and/or cones or buds). A
growth unit develops during an uninterrupted period of exten-
sion (Hallé et al., 1978). P. radiata normally produces several
growth units per annual shoot on the main stem and some
usually vigorous branches. Therefore, it is considered to be a
polycyclic species, as shown by Jacobs (1937), Fielding
(1960), Bannister (1962), Bollmann and Sweet (1976),
Fernandez (1994) and Fernandez er al. (2007). However, some
trees in some years occasionally produce only one growth unit
in the main axis, so the model also has to include some type of
switch or activating signal elicited by particular environmental
factors (temperature, photoperiod, water balance). The first
growth unit of an annual shoot in a mature polycyclic individual
is typically a reproductive one bearing female strobili and small
branches, if any (Jacobs, 1937; Bannister, 1962; Bollmann and
Sweet, 1976; Fernandez, 1994). The ensuing growth units may
also carry female reproductive units. The last growth unit,
however, normally does not bear female strobili but strong
branches instead; the latter develop during the following
season. It is also possible to observe in some annual shoots
one or more growth units without female strobili between the
growth unit with female strobili and the last growth unit of the
whole annual shoot (Fernandez et al., 2004). Bannister (1962),
referring to the development of the main axis, indicates that
the number of growth units per annual shoot varies continuously.
Fernandez et al. (2007) have corroborated this phenomenon
during the juvenile stage, and have shown a strong effect of
the phase change from the juvenile to the mature stage on the
architecture of the main stem of the tree, becoming stabilized
after the first flowering. Fernandez et al. (2007) also observed
that despite the fact that flowering took place at different times
in stands of otherwise similar characteristics at different sites,
it occurred when the trees had ‘accumulated’ approximately
the same number of branches in the main axis, 89 on average.
This suggests the operation of genetic labels that promote the
irreversible change from the juvenile (no cone formation) to
the mature phases. As branch number, position and size are
important features of eco-physiological modelling focused on
wood quality, a structural—functional model must take into
account variables that relate to branch development and
production.

Jackson and Gifford (1974) and Jackson et al. (1976) were
some of the first researchers to show and elaborate on the close
relationship between environmental variables and growth of
radiata pine. Subsequently, basic physiological phenomena
such as photosynthesis and respiration and structural features
such as canopy conductance and solar radiation interception
and use efficiency have been studied and introduced into func-
tional models. The influence of atmospheric carbon dioxide,
soil nitrogen and phosphorus supply, and water deficits have
been incorporated and given rise to useful model parameters
that have broadened our knowledge of the growth of
P. radiata (McMurtrie et al., 1992; Sheriff and Mattay,
1995; Medlyn, 1996; Ryan et al, 1996; Sheriff, 1996;
Teskey and Sheriff, 1996; Dewar, 1997; Walcroft et al.,
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1997; Miller et al., 1998; Bown et al., 2007). Carbon partition-
ing among various structural units and its relationship to the
nitrogen status, water deficit and stand age of P. radiata
have been studied by Beets and Whitehead (1996) and by
Rodriguez et al. (2003).

Further developments in modelling are illustrated by more
integral or process-based models of P. radiata. Photosynthesis,
respiration, carbon allocation and net primary productivity
algorithms have been developed for the species and existing
models have been parameterized and tested under different
site, management or climate scenarios. Sheriff et al. (1996)
tested the climate effect on annual net carbon gain, stem
biomass and annual transpiration with BIOMASS. Arneth
et al. (1998) modelled net ecosystem productivity and carbon
allocation with a biochemically based and environmentally con-
strained model. Kirschbaum (1999) parameterized and tested
the model CenW. The model realistically simulated water use,
foliage production and turn-over, foliar nitrogen dynamics,
wood production and stand architecture (not tree architecture)
across a wide range of responses under variable water and nitro-
gen supply in controlled experimental conditions and natural
variations in rainfall. Sands er al. (2000) parameterized the
model PROMOD. The model focuses on stand growth following
canopy closure and predicts closed-canopy leaf area index,
annual biomass production and stand water use. The model
was calibrated to predict peak mean annual stem-volume incre-
ment of a plantation following canopy closure, and is used in
combination with a conventional empirical model to predict
stand development (Sands et al., 2000). In general terms, it is
a practical model for productivity assessment. Magnani et al.
(2004) parameterized and tested the model HYDRALL which
give rise to stand-level results in terms of biomass production
and biomass allocation between compartments.

On a broader scale, basic process-based models such as 3PG
have been used to predict P. radiata growth at a landscape
scale using satellite data as input (Coops, 1999).

In summary, a large number of models and related infor-
mation is already available for radiata pine. But, as far as we
are aware, no functional—structural model specifically devel-
oped for P. radiata, or parameterized for P. radiata, has
been developed. The detailed information necessary for this
required a better understanding and a more comprehensive
view of the species to incorporate more physiological and
structural relationships that underlie the development and
growth of the tree. Our basic aim here was to provide a connec-
tion between tree biomass production, tree architecture
(branches and knots) and wood ring characteristics to establish
a practical link between the forest and industry. The present
functional —structural model has been elaborated, implemented
and validated in order to relate the environmental and manage-
ment conditions of plantations to final industrial products
through their influence on tree growth and architecture,
wood density and number, position and size of knots.

METHODS
Description of the model

This is a single-tree model (Figs 1 and 2) composed of pro-
ductive or operative units connected to one another so that
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Fi1G. 1. Model structure. (A) The tree is a productive system, comprising operative units organized in axes that consist of subsystems starting from a branching

point. Roots are treated as a single entity. The whole system receives energy and supplies for its functioning. System restrictions such as biomass balance, dis-

tribution and plant allometry ensure a harmonic growth. (B) Operative units consist of apical meristems, internodes and cones; each operative unit obeys its

operational rules and generates internal products as net biomass and local architecture. (C) P. radiata presents three types of growth units: a vegetative

growth unit with cataphylls zone (ca), needles zone (ne) and lateral and terminal vegetative meristems (am); a growth unit with male strobili (st) in the zone
between cataphylls (ca) and needles (ne); and a growth unit with female strobili (co) as modified branches in the lateral meristems.
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FiG. 2. Main flowchart of the model.
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fluxes of raw materials and metabolites take place among
them. Each unit obeys operational rules, as in a cellular auto-
mata system. The raw materials are water, minerals from the
soil and atmospheric CO,. Energy sources are solar radiation,
air temperature and wind momentum. Tree system activity is
regulated by, and subjected to, constraints that lead to balanced
growth. The productive units are organized so as to comply
with the peculiar architecture of the species and perform
three main tasks: (1) determining the morphological changes
of the tree (apical meristems); (2) generating metabolites
(photosynthesis) necessary for growth and respiration and
maintenance of structures (internodes with needles); and (3)
consuming metabolites in respiration and growth (cones,
roots and internodes with and without needles). The balance
between photosynthesis and consumption is distributed
among the different structures of the system.

The onset of flowering, quiescence, senescence and death of
structures are modulated through time, leading to the overall
expression of growth and development of the tree. The
general constraints of the system are: (1) distribution of net
biomass production is such that a balance among producers,
consumers and supporting structures is maintained, and (2)
there are limits to the size structures may attain so that the
architecture and the allometry of the species are satisfied.
The simulation has a monthly step. The growth of the tree is
monitored through a monthly feedback evaluation of the con-
ditions of every operating unit. These time lapses produce
monthly increments in stem and branch diameter (ring
width) that lead to intra-annual ring variations. Different pro-
cesses are addressed in the simulation through sub-models
(Fig. 2).

Model programming

The model uses the Lindenmayer system, which produces
three-dimensional (3-D) images of plant development and
growth (Prusinkiewicz and Lindenmayer, 1990). All routines,
including the L-Systems rotation matrix, were programmed
in Basic using Visual Studio (Release 2008; Microsoft), gener-
ating topological, morphological and physiological character-
istics of each operating unit. The subsets of topological and
morphological outputs are visualized in Autocad (Release
10; Autodesk, San Rafael, CA, USA) by means of the
Autolisp programming language. Insertion points of branches
maintain their original positions, and therefore they become
knots inside the stem. At the end of a simulation run a
virtual sawing of the wood reveals the pattern of rings and
the presence and character of knots. Operating units are hier-
archically organized and permit access to a multi-scale level
of information.

Variables and parameters units

If not indicated, units of variables and parameters are:
length, cm; surface area, cm?; volume, cm?; weight, g; time,
months; temperature, °C; precipitation and evapotranspiration,
mm; radiation, cal cm? min~ '; wind speed, m sfl; biomass, g
dry matter; balances, g CO, month™'; photosynthetic and res-
piration rate, g CO, cm™ 2 min~ ; resistance to the flux of
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carbon dioxide, min cm_l; specific leaf area, cm? (g dry
matter)'; and nitrogen content, g N (g dry matter) .

Attributes of operational units

Four operational units are defined: apical meristems (Y) for
each branch order, cones (C), internodes (F) and roots (R). The
first three structures and their state variables are identified with
subscripts ijt (i.e. Fy,), i indicating order of axis and j an
ordinal number to indicate that it is the jth unit of order i,
present at time 7. In the remaining text these subscripts are
shown only if necessary. An internode is the part of a shoot
free of branches or lateral structures, and normally produced
during one growing flush. A growth unit is an internode and
the upper lateral structures such as branches, cones and/or mer-
istems (this upper part of the growth unit is normally called the
cluster or whorl in forestry terms). All the structures are
characterized by hierarchical, morphological, physiological
and topological attributes. Common attributes are: order (o),
I being the main axis, 2 being branches stemming from the
latter, etc.; age (aq.) and month they come about (m); age of
heartwood (@gen, in months); p, indicating whether they are
dead or alive; and elongation (e) indicating whether the inter-
node is in a primary growing condition or only in a secondary
growth. The canopy is divided into 20-cm strata, so an attribute
s identifies the canopy stratum into which the operational unit
is located, based on its z point at the middle of the unit. The
apical meristem (Y) has an initial diameter (d), which is
also the initial diameter of internodes. As P. radiata branches
appear in clusters with acrotony (Pont, 2001), a relative vigour
attribute (v,) (0 to 1) is assigned to every apical meristem rela-
tive to the others in the same cluster. The same relative value is
maintained by the corresponding branch for biomass allo-
cation. The morphology of the internode (F) is defined by its
diameter (d), total length (/), the diameter of heartwood
(dy), length of the sterile zone of cataphylls at the base of
the internode (I.), length covered by needles (/,), total foliar
area (f), projected leaf area (f,), total cross-section area (a)
and total volume (v). The diameter of heartwood (d}) is
related to heartwood cross-section area (a;) and heartwood
volume (v,). The variables a, v and v, can be calculated
from d, [ and d,. The difference between total cross-section
area and heartwood cross-section area is the sapwood cross-
section area or conductive area (as). Sapwood volume (vy) is
the difference between total volume and heartwood volume.

Other morphological traits refer to variables of standing
biomass. Distinctions are made between living (and respiring)
and non-living biomass for calculation of total balance.
Attributes of biomass are total structural biomass (by),
sapwood biomass (by), functional and respiring biomass as a
fraction of sapwood biomass (b,), heartwood biomass (by,)
and foliar biomass (b;). The attributes By, B, and B, are,
respectively, the sum of leaf, live woody biomass (structural
biomass) and total structural biomass on all internodes sup-
ported by and including F. Width and wood density of
monthly rings are r and 8, respectively. Another variable of
the internode is s;;, the Surface Interception Index of the
unit. This is the projected surface area of the internode itself
plus the projected surface area of its foliage. It is used to
compute solar radiation extinction in the canopy, which is
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affected not only by foliage but also by branches. Once photo-
synthesis (py,) and respiration (r,,) in every internode are com-
puted their balance is evaluated (b,). Every internode also has
a cumulative balance of all structures borne by it (By)).

Cones (C) or female strobili are modified branches.
Therefore, they develop along with branches in the cluster,
typically in a low position thereon. In P. radiata they are
only order 2 and 3, being attached to the main stem or to
branches of order 2. Once a cone is differentiated, it grows
continuously until it reaches maturity after 36 months
(Griffin, 1982) and dies. Morphological attributes of cones
are also diameter (d), length (/) and structural biomass (b,).

The root system is described as a single overall unit, only in
terms of a living biomass attribute (Bg). Attributes are sum-
marized in the Appendix, Table Al.

Environmental resources

Environmental variables are incorporated and evaluated
through a water balance and water restriction factor and solar
radiation sub-models. Detailed models are presented in the
Supplementary Data (available online).

Biosynthesis and biomass balance

Biosynthesis is obtained by photosynthesis and respiration
models that are detailed in the Supplementary Data.

Biomass distribution and growth

Sub-models in this module distribute the available matter to
growing leaves and non-leaf structures among various subsys-
tems and units within subsystems. Then, elongation of units,
needle development and increase in diameter are computed.

Biomass distribution

If a positive balance is achieved the surplus biomass is distrib-
uted among four main compartments: trunk plus bark, branches,
foliage and roots, as dictated by allometric relationships.
Research indicates that allometric values may vary with time,
environment and management (Madgwick et al., 1977; Beets
and Whitehead, 1996; Ryan et al., 1996; Arneth et al., 1998;
Rodriguez et al., 2003; Munoz et al., 2005). However, a distinc-
tion should be made between live and dead biomass, especially
in adult trees. The trunk of trees accumulates wood, part of which
progressively becomes heartwood. So, the biomass of the trunk
of older trees becomes an increasing proportion of the total
biomass of the entire tree and the ratio of trunk biomass to
biomass of other structures progressively widens. In this
model itis living, and not total biomass that is considered in allo-
metric relationships among of the four compartments. Sapwood
is the main water-transporting tissue for leaves, so sapwood
biomass is used for biomass allocation computations. Cone
biomass is included in branch biomass because cones are con-
sidered to be modified branches. Also, structural changes take
place at different growth stages because of leaf decay, root turn-
over, branch elimination, death of part of the tissues in the trunk
and branches (heartwood), or loss of structures due to pruning. It
is therefore necessary to keep track of the state of equilibrium
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among the various compartments. If not in balance, biomass is
first allocated so as to restore it, after which it is allocated to
growth of compartments.

The distribution pattern of photosynthates follows
Kozlowski and Pallardy (1997): (1) a tree is an integrated
system of consumers and producers competing for a
common pool of metabolites; (2) transport occurs without
restrictions to direction or distance; (3) the route and rate of
translocation are regulated by the strength of sinks; (4) the
demand of upper apical meristems is stronger than lower
apical meristems; (5) fruits or cones are powerful consumers
and often monopolize resources and may inhibit vegetative
development if resources are limited; (6) in pine species that
grow practically year-round, a large proportion of carbo-
hydrates are used for axis elongation; (7) clusters in the
upper part of conifers are the main source of photosynthates
for cambial growth (diameter expansion) and consequently
diameter increment is relatively larger in the crown zone
than further down the trunk; and (8) lower branches of
widely spaced trees are an important source of photosynthates
for the lower part of the tree. As lower branches become pro-
gressively shaded, their capacity to provide carbohydrates to
the trunk diminishes. This means that a low branch gradually
changes from a net producer to a net consumer. This circum-
stance is considered in the overall balance at the branch level.

Distribution of metabolites to the four compartments
(foliage, stem, branches and roots) begins by first checking
the ongoing proportions of each one to the total functional
biomass of the tree at time f. The compartments are: Bp,
total foliar biomass; Bga, total living sapwood biomass of
stem; Bga, total living sapwood biomass of branches; and Bg,
total living root biomass. These proportions are compared
with the expected allometric values ( pg, Psas Poa, Pr) COrrespond-
ing to the proportion of foliar, stem, branch and root living
biomass, respectively. If they are not satisfied, part of total
tree balance By, is distributed so as to match them. Once the
proportionality of the four compartments is restored, the remain-
ing balance B,y is then distributed between the compartments
to generate new growth, and thus the balance designated to
foliage will be Bar, g = BaL: Pg, t0 stem Bap s = Bar: Psa, tO
branches Bap g = BaL: Pbas and to roots Bap g = Bar: p»-
Foliar biomass is held by stems or branches, so if no biomass
is available for these latter structures and only for leaves, the
foliar biomass is retained in the reserve pool.

Structural biomass distribution in subsystem levels

The assignment of structural biomass to branches (Bay,_g) is
done in successive cycles, first allotting the total available
amount to branches of order 2. Cones have priority and they
are the first recipients, according to Kozlowski and Pallardy
(1997). According to Griffin (1982) a cone is assumed to
attain a given final biomass (b.) at maturity when it is 30
months old. Therefore, every month a growing cone will
receive a fraction b./30. The same rate is applied to length
and diameter expansion.

Once cone demands are met the remaining matter available
to branches is distributed under the conditions set by
Kozlowski and Pallardy (1997). A Biomass Distribution
Index (Bp;) was developed to assign due quantities to branches
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of order 2. This index establishes a relative capacity of
branches to incorporate biomass. The Biomass Distribution
Index of the subsystem of basal unit F, is

= [a/Q1P B/ Y BiV*[(Br +By)/ ) (B

+B)1P[(Ack + 1 — age)/Ace]™ )
The first term of eqn (1) is the ratio of solar radiation incident on
the terminal meristem of the branch ij, gy, to the solar radiation
incident upon the tree crown, Q. It is assumed that this ratio
relates directly to growth hormone activity, thus stimulating a
corresponding demand of biomass for the growing branch.

The second term of eqn (1) is the ratio of the branch balance
to the sum of balances of all branches competing for the same
supply. This procedure favours delivery of resources to the
most productive branches in the system. Some branches may
end up with negative balance. In this case, all the cumulative
balances of branches are made positive by adding the absolute
value of the largest negative value. This yields a temporary
positive B} for each order 2 branch, permitting its use in
eqn (1). Thus,

search min{B,;} for all order 2 branches

if min{Balij} < 0 then Balij+

= Baij + | min{Byj}| else Byij" = Bajj. (2)
The third term of eqn (1) is the ratio of the live biomass (foliar By
and structural living wood B,) of an order 2 branch to the sum of
biomass of the same variable of all branches of order 2. This
concept states that larger living branches have priority as recipi-
ents. A larger size, if accompanied by a positive balance, is
interpreted as a greater capacity of the branch to occupy a
larger space and therefore to expose itself to more sunlight. So,
branches of similar age with meristems of similar exposure to
sunlight will obey the relative vigour values in any given cluster.

The fourth term of eqn (1) relates the age of the branch ag,
(equivalent to the age of the supporting internode) to the age
of the whole tree, Agg. It assumes that young branches that
have only a small positive balance are nevertheless benefited
with a biomass supply to make up for this natural initial low
productivity. Exponents 3;, 3>, B3 and B, are relative weight-
ing parameters.

Total net balance for branches (Bar_g) is distributed in a
given branch (B, ) according to

B.» = (Bpi/ ZBDI) - BAL B 3)

Following the same procedure, B, , of a branch of order 2 is
distributed among its branches of order 3, and so on.

Proportion of structural biomass used in elongation and in
diameter increment

Prior operations will have assigned separate amounts of
biomass to the axis and its ramifications. The computed
overall biomass available for growth in each subsystem (stem
or branches) is split between elongation and diameter expan-
sion. Studies by Fielding (1960), Pawsey (1964), Cremer
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(1973), Doran (1974), Jackson et al. (1976) and Tennent
(1986) indicate that: (1) height increment anticipates that of
diameter, and declines before the diameter does; and that (2)
the pattern of growth is influenced more by environmental con-
ditions than by a genetic command for a dormant period, so
that the tree stem can increase in height and diameter during
any time of the year if conditions are favourable.

To simulate allotment of biomass destined to relative
increases in length and diameter of stem and branches, it is
assumed that the proportion between them follows the seasonal
cycle of solar radiation:

Pdiam = aq + (1 — aq) - (gx — Omin)/Omax) €]
Pelong = 1 — Pdiam

where pgiam is the proportion of available biomass used in
diametr.ic expansion anfi Delong 18 .the proportion.employed in
elongation. The coefficient oy adjusts the equation to ensure
a minimum amount to diameter increment. The variables
Omin and Q. correspond to the upper and lower limit of
the solar radiation of the locality under study. So, annual
solar radiation will oscillate between these limits. Thus, the
proportions of biomass allotted to the stem to be used in
elongation (Bar,_s ) and in diameter increment (B, s g) are:
)

BaL_s_.e = BAL_S " Pelong  @and  BaL_s_d = BAL_s - Pdiam-

In the same way, the proportion of biomass allotted to a certain
branch (B, p) of any order is partitioned for elongation
(Bai_b_e) and for diameter increment (B p,_q)-

Elongation growth in active apex

After the distribution of growth to every axis (of order 1, 2,
3 and 4) for elongation has been established, a growing cylin-
der with an initial diameter of the apical meristem (d,,,) is gen-
erated with such a length as to create the volume to
accommodate the allotted biomass. This requires the deﬁnmon
of an initial pith dens1ty (8,), usually around 0-3 gcm 3 Thus,
the new elongation is

Al =4 Bype aw)/(8  7-dn))andl =1_; +Al (6)
where B, p . (or Bor s . for the stem) is the allotted balance
for elongation of a particular branch of order i, ay, is a conver-
sion factor of g CO, to g dry matter and / is length.

Foliar biomass distribution to new elongated structures

After computing elongation of units F, a value Al will have
been generated in every elongating unit, so that total foliar
biomass available to the tree, ABr = Bay,_F ., is distributed
among all those structures. Every unit length of elongated
structure is capable of sustaining a certain amount of leaf
biomass according to its order and is given by the parameter
bsem, leaf biomass per unit length of order i (eqn 7):

(7

bfcm Z.ﬁ:m/SLA =Ny Ny - nfas/SLA

where f,, is foliar area per unit of length of the corresponding
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Fic. 3. Sketch of live foliar and structural biomass of growth units of the tree (b, b,, b3, by) on a given axis and total live biomass accumulated from each unit
upwards (B}, B,, B3, B,). The biomass assigned to a certain growth unit i is the difference between the biomass assigned to B; and the biomass assigned to By ).

TaBLE 1. Average values for the total height and basal diameter without bark of 6-year-old trees of the simulations and validation
samples in two contrasting sites.

Good site: Los Alamos

Regular site: La Granja

Simulation results

Validation database

Simulation results Validation database

Height (cm)

Mean (s.e.) 692-8 (25-9) 654-8 (299) 4433 (21-8) 4023 (27-7)
Sample size 14 4 11 4

Range 541-2-846-9 596-738 369-7-568-0 314-3-490-2
Basal diameter (cm)

Mean (s.e.) 15-7 (0-74) 12-5 (1-7) 182 (0-66) 14-5 (1-2)
Sample size 14 4 11 4

Range 12.7-23-2 7-8-15-6 15-4-22-6 12-1-17-5

axis, Sy a is specific leaf area, n, is needle area, n, is needle
number per fascicle (particular case for conifers) and ng,g is
number of fascicles per unit length. Following Grace (1987)
we assume that the fascicle is a tube made up (in the particular
case of P. radiata) of three equal sections, and thus the needle
area n, is
ny=ng-G+m-m (3
where nq4 is needle diameter and 7, is needle length. An allo-
metric relationship between needle length and diameter was
derived from Beets (1977). As needle length is easier to
measure, the relationship permits the estimation of needle
diameter:
ng = 0-0628 - 2026 9)
Arelative value was considered, between needle length of order 2,
3 and 4 in relation to needle length of order 1. Thus, ny; = ny;-¢;,
where ¢ is a scaling factor with value less or equal to one. So,
assigning in each step (via a stochastic Monte-Carlo process) a
value of needle length to needles of order 1, needles of order 2,
3 and 4 are assigned length, diameter and area. Also, the
number of fascicles per unit length (ng,s) is different for the

different axis orders. So, a relative value of ng, for the different
orders in relation to needles of order 1 is also used. Thus,
Nfasi = Neas1- M, Where 7 is a scaling factor (0—1). Therefore,
the required leaf biomass demand (Bg_gen) at the tree level and
assuming total coverage of elongated surface is given by
Brgem = ) _ Al brem. (10)
Where available leaf biomass is larger than demand, the new leaf
biomass of unitij (Aby) will cover the whole of the new elongated
stem givingrise toonlyaneedle zone (Al,). By contrast, when leaf
demand is not completely satisfied by available biomass to com-
pletely cover the elongated axis, a partial needle zone (Al,,) and a
cataphylls zone (Al.) are created. If leaf biomass production
exceeds demand the excess is placed in the reserve pool.

Structural biomass distribution for ring growth

The structural biomass employed every month in diameter
increase is spread as a cylindrical mantle forming the annual
growth ring. The width and density of this mantle is not
uniform, as it has to comply with water, mineral and metab-
olite transport properties to satisfy leaf biomass demands
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(Mikeld, 2002), which vary throughout the tree and individual
branches. This condition poses three problems: (1) How much
biomass to deliver to individual growth so that as a whole they
form the wood mantle around the trunk or branches. (2) Once
this is resolved, which is the new conducting area necessary to
satisfy transport requirements? And (3) what is the density of
the new wood matter?

Let B, be the total size (in terms of living biomass) of the
above-ground portion of the tree at time 7 and B, the
maximum size it may attain during its whole life period.
Assuming the operation of the general law of growth (Lotka,
1956) the rate of increase in size in a given time period will
be proportional to the actual size times the degree of increase
that it can still attain, thus

AB't/At = ag - B, - (1 — Bi/Buay) (11)
where AB't is the potential biomass (if available) that the tree
should increase during At, and ag is a proportionality constant.
On integration this statement gives rise to the logistic growth
curve (Salisbury and Ross, 1992). Let by, b,, b3 and b, be
the sizes, in terms of live leaf and non-leaf biomass, of inter-
nodes 1, 2, 3 and 4, respectively (with b; = b + b,;) (Fig. 3);
let B; be the live leaf and non-leaf total cumulative biomass
from internode 1 upwards, i.e. the sum of all biomass of
units supported by F| and B, B; and B, cumulative biomass
over F,, F3 and F,, respectively. Then, following the same
law of growth, but at partial levels of the tree:

Ab/nl/At =ap - By - (1 —B{/Bnax) — aB - B(n+1)l - (I = B{/Bmax)
Ab,m/At = B - (] - Bt/Bmax) . (Bnt - B(n+l)t)'
(12)

The value of Aby, can be considered as the potential biomass
that the structure should receive. The amount of biomass avail-
able for diameter increment at time 7, ABs g4 = BarL_s_d"Qcbs
with Bap_s 4 (corresponding to the balance available for diam-
eter growth in the stem and «, the conversion factor from g
CO; units to g dry matter units), is not sufficient for the
demand of all the structures. In this case the real biomass
that each unit n will receive, Ab,, corresponds to the pro-
portion of its demand and the sum of the demands of all the
units in the corresponding axis. Thus,

Aby = (Ab'w/ Y Ab'w) - ABs . (13)

Diameter increment and wood density

Once the allocation of structural biomass for growth ring
formation in every internode has been determined the next
question to resolve is the resulting density of wood and the
width it will attain. This new monthly ring is related to the
new cross-section that will participate in the transport of
water and minerals.

The available biomass to be deposited in internode F is used
as a basis to determine the width and density of the new growth
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ring assuming that there is an allometric relationship between
leaf biomass (water-demanding structure) and the cross-
sectional area that contributes to that biomass (Maikeli,
2002). Also, it is assumed that the density of wood is nega-
tively correlated with the conductive property of the cross-
sectional area (Santiago er al., 2004; Bucci et al., 2004).
Considering both conditions, the relevant allometric relation-
ship occurs between the whole leaf biomass alive at time ¢
(old and new needles) and the effective conducting area of
the section (i.e. the sections of active cell lumen), correspond-
ing to older rings and the new monthly ring under
construction.

As primary growth precedes secondary growth, determi-
nation of the area needed for transport is based on total leaf
biomass, i.e. the existing leaf biomass plus the newly generated
one. Let A; be the total active conductive cross-sectional area
of wood (sapwood area) of internode F. This area comprises an
effectively conducting area A,y and an area of solid wood A,
(cell walls). Then,

At = Aﬂuxt + Awt~ (14)
An allometric relationship is assumed to exist between the
effective conducting area and leaf biomass (By) above this
area:

Afuxt = Ay — Ayt = o - Bg™* (15)
where w; is a scaling coefficient and w, a scaling exponent
(parameters). Likewise, the total area is made up of an old
area (A,_;) and an increment during time ¢ (AA,); similarly,
the woody area (A,,) is made up of an old area (Ay.1)) and
a new increment during same time ¢ (AAy,).Thus, the incre-
ment in total area is

A= w1 - By + Ay (16)
(A1 + AA) = w1 - (Big—1) + ABi)? + (Aw—1
+ AAy). (17)

An alternative expression can be derived for the area of solid
wood (cell walls, A,,;) based on the volume of solid wood
(Vwy of the internode, the length of the internode (/y),
the biomass of solid sapwood wood (by) and its density,
ie. wall cell density (8,), which is about 1-53g cm °
(Domec and Gartner, 2002). Thus

Vi = bst/‘sw = Awt : ll - Awt = bst/(aw ' ll)- (18)

Therefore, the increase of the total cross-sectional area is

AA = w; - Br—1y + ABr)™* + by—1y/(8w - li—1)

+ Abg /(O - 1) — Ay (19)
The increase in total volume of the internode (AV,) is
AV[ == AAt . lt (20)

and the basic density of wood (dry matter/fresh volume, &) for



1164

Los Alamos site (Site index 34)
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La Granja site (Site index 27)
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Fic. 4. Evolution of cumulated height and diameter at Los Alamos (A, E) and La Granja (B, F); average simulated height and data for Los Alamos (C) and La
Granja (D), and simulated diameter and data for Los Alamos (G) and La Granja (H).

the recently formed monthly wood ring is

& = Aby/AV,. 21
The model does not define a priori the newly formed wood as
earlywood or latewood. The resulting annual ring density
profile based on the monthly rings can be analysed to deter-
mine the limit between early and latewood.

Morphological development

There is a change from the juvenile phase to the mature
phase of the tree, the threshold of which is recognized by
the onset of the first female flower and is accompanied by
changes in the stem architecture (Barthélémy et al., 1997;

Fernandez et al., 2007). Fernandez et al. (2007) showed that
the transition in P. radiata takes place when a critical
number (n,, = 89) of order 2 branches had been reached.
This observation has been incorporated in the model. Also,
the transition from juvenile to mature state causes the value
of certain parameters to change, as explained below.

Signals for the generation of a new growth unit

There is ample evidence in the field of agronomy (Chang,
1968; Faust, 1968) that the generation and the time of develop-
ment of organs are closely related to heat or temperature
accumulation. Our analysis of data provided by Bollmann
and Sweet (1976) also suggests an influence of temperature,
and eventually also of photoperiodism on P. radiata
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TABLE 2. Average values for growth unit length (cm) of order 1
at two sites

Good Site: Los Alamos Regular Site: La Granja

Simulation Validation Simulation Validation
results database results database
Mean (s.e.)  57-3 (2-5) 54-1 (3-5) 40-3 (2:9) 452 (59)
Sample size 156 69 97 31
Range 13-3-172:9 14-166 4-6-167-2 10-127

organogenesis. We used the concept of chron () or physio-
logical day as the unit of plant development within a given
range of temperatures, and of rautochron (7) as the total sum
of physiological days required to complete the phase of devel-
opment (Norero, 1987). We used Norero’s proposal of a
general Gomperz-type of equation for the phenological
response of plants to temperature. This function requires two
parameters for cardinal temperatures, a minimum value
(@min) below which there is no reaction to temperature and
an optimal value (¢qp) at which the reaction attains is fastest
rate. Accumulation of physiological time of development
driven by environmental temperature is express as y. Based
on architectural data analysis of the species in different
environments (Fernandez, 2008) a variation was introduced,
so that thermal accumulation is gradually limited by water
deficit or drastically modified by high temperature stress. Thus,

Ti— o
v =1.227 d — @Pmin_ |
Qoopt — @min

—0. T — o _8.
M_443.5.< d gDm‘“).exp.< 8:03

Ta—@min Popt — Prmin Ta—@umin
Popt — Pmin Popt — Pmin

(22)
if Thin < @i then y =0 else

{If et/elmax < 0-2 then Y=%" day . dn © Qmp * (el/etmax)
else v = 7y}

where e/e .« 1S @ water deficit factor (see Suplementary Data
for details), d,y is day duration, d,, is the number of days per
month and «,, is conversion factor of minutes to hours.
Then, f(y) is the accumulation of physiological time as
f(y)=>_v. An apical meristem remains inactive as long as
f(y) < 7. When the thermal accumulation exceeds the tauto-
chron value, f(y) > 7 the apical meristem starts generating a
new ensemble of lateral and terminal meristems that later
elongate to become new internodes. Once the process to
create a new internode has been triggered at time #, the
accumulation of physiological days for each particular meris-
tem continues according to f(y).1 =f(y) — T so as to
deduct the chrons involved in the generation of the previous
meristem ensemble.

Once an internode has been generated, it begins its own
thermal accumulation f(7y). The elongation of the internode
ends when the accumulation exceeds the critical value Tyop
= Qop'T> With ayp being larger or smaller than 1. Values
larger than 1 generate a simultaneous enlargement of growth

1165

units in a given axis, giving rise to a generally smoother
growth curve.

The value of tautochron of axis of order 1 is different during
the juvenile (7= 7j;) and reproductive (7, = 7,,;) stages of
development (Appendix, Table A2). Also, values of tautochron
for branches of order 2, 3 and 4 are proportional to the values of
the order 1 axis, thus for orders 2, 3 and 4, 7; = 7j;.0y and 7,, =
Tm1.0m, With g5 = 1.5, 1.8 and 2.0 for orders 2, 3 and 4, respect-
ively, and o, = 2 for all the orders. These gradients mean that
axes of order 1 and 2 have greater possibilities of exhibiting pol-
icyclism than axes of order 3 or 4.

Number of lateral meristems and differentiation of reproductive
structures

The number of lateral meristems generated is probably
under strong genetic command. The eventual success of
these meristems to become branches, cones or continue in an
inactive state or even die out depends on environmental con-
ditions. An average value of lateral structures of vegetative
growth units or units that bear cones are used (A) to feed a
Poisson simulation procedure; A, is the total number of struc-
tures (cones and branches) in flowering clusters, A, is the
number of vegetative structures in vegetative clusters and A,
is the number of cones in flowering clusters. Cone production
is only possible in a cluster originated from order 1 or order 2
meristems. Also, cone production is possible only if the tree
has reached maturity, i.e. if the transitional limit of branch
number ny,, has been reached. Based on data of Bollmann
and Sweet (1976), a critical day length (c;) was established
as an environmental signal to stimulate the differentiation of
a meristem into a cone, when a new cluster is formed. Thus,
the polycyclic pattern of P. radiata with vegetative and repro-
ductive clusters (Fielding, 1960; Bannister, 1962; Bollmann
and Sweet, 1976) can be simulated.

Phyllotaxis and size relationships of branches in a cluster

Branches of P. radiata that develop into clusters normally
show acrotony (Barthélémy et al., 1997; Pont, 2001), i.e. the
vigour of the first branch to appear in a cluster is lowest and
increases progressively to the largest value in the last branch.
To incorporate this phenomenon in the model, each lateral
meristem in a new cluster receives a relative vigour value
(v, 0-1), corresponding to its ratio in relation to the largest
meristem in the cluster (with value 1). The relative vigour of
lateral meristems in the cluster is characterized by a Markov
chain of first order (Guédon, 1997) whose states are: state 1
(Ey, v [1, 0-8)), state 2 (E,, v [0-8, 0-6)), state 3 (E3, v [0-6,
0-4)), state 4 (E4, v [0-4, 0-2)) and state 5 (Es, v [0-2, 0-0)).
The transition matrix is defined as the probabilities p;; of chan-
ging from state E; to state Ej subject to the condition that p;; =
01if i > j, as meristems are ranked from larger to smaller sizes.
Therefore, starting with the distal branch 1 with v = 1, the
transition matrix indicates the probability that the following
branch will have the same or a lower vigour, and so on.
These relative acrotonic indices are used to distribute available
biomass to growing branches in a new cluster. An example of a
transition matrix for a cluster of n = 6 lateral structures can be
seen in the supplementary material.
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Fi1G. 5. Histograms of simulated growth unit length (cm) and of the validation data for Los Alamos (A and B, respectively) and for La Granja (C and D,
respectively).

The diameter of the largest meristem of order i in the cluster
is given an initial value proportional to the size of the meris-
tem of order (i — 1) from which it sprang, and thus for each
meristem of order i Y; d; = ayy di.; with ayy [0,1]. In the
same way, every apical meristem as it evolves according to
the sequential enlargement of its axis will have a diameter pro-
portional to the preceding internode F, i.e. dy/dp = ayg, dy
being the meristem diameter and df the supporting internode
diameter.

An angle of w = 137-5 is used to obtain a spiral phyllotactic
pattern (Prusinkiewicz and Lindenmayer, 1990), and an angle
ans 18 used for the insertion angle between contiguous axes.

Structural turnover: heartwood formation

As growth rings age they undergo a gradual process leading
to the formation of heartwood (Bamber and Burley, 1983).
Heartwood formation was calculated by assuming a linear
relationship between cambium age of the internode and the
number of rings of heartwood, according to Gjerdrum
(2005): agen = ChiGge + Cho Where age is age of heartwood

TaBLE 3. Basal diameter (cm) of branches of order 2 in Los
Alamos

Simulation results (cm) Validation database (cm)

Mean (s.e.) 1-87 (0-72) 12 (0:73)
Sample size 566 1669
Range 0-47-5-28 0-1-10

and a,. is the age of the internode (also cambial age).
Successive internodes on a given axis are of different age,
the lowermost ones being the oldest, so a heartwood gradient
becomes manifest.

Needle turnover

A logistic function was elaborated to describe the prob-
ability of needles in a given internode being alive (,). This
depends on the age of needles (ay.) and on their position or
depth in the crown (Hye. — Hpj, in cm), related to the degree
of shading of leaves. The latter is the difference between the
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Fi1G. 6. (A, B) Main apex and lateral branches; (C, D) detail of the main apex;

(E, F) close-up of an order 2 branch apex; (G, H) whorl of branches; and (I)

two simulated 5-year-old trees from La Granja (left) and from Los Alamos
(right). Margins of branches are not shown.

height of the tree (Hy..) and the height at which the internode
of order 1 bearing the subsystem of branches under analysis is
located (Hp;). The logistic model is

Ty = [e(,Ur] +M2'age+lL3'(leee_HFi))]/[l+e(lL1+,"L2'age+l~‘v3‘(H!ree_HFi))].

(23)

Coefficient values for the different axis orders are given in the
supplemmentary material.

When needles die a proportion of their biomass (ar) is
redistributed in the system and held as a global reserve. If
the whole internode disappears because the bearing branch is
eliminated a certain amount of leaf biomass is also translo-
cated to the trunk.
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Turnover of roots

To maintain a reasonable root—shoot ratio of the species
(Evans, 1975) it is assumed that a reduction of root biomass
is concurrent with the reduction of leaf biomass. The model
does not consider variations in the root to shoot ratio, as deter-
mined by Magnani et al. (2002) or Mokany et al. (2006). This
will be an important aspect to include in the future.

Branch elimination: self-pruning

Dead branches are commonly observed in shaded zones of
the canopy of trees of densely populated stands or within
exuberant crowns of individual trees. A compensation pro-
cedure to eliminate branches when the general balance of the
tree is negative was presented. However, vigorous trees that
may never run into negative balances may also exhibit a
natural decay of branches that become inactive in the overall
metabolic system. To simulate an elimination process of
branches of order 2, branches that simultaneously exceed an
age limit (my;,) and a given number of months with consecu-
tive negative balances (my.,) (parameter) are eliminated, i.e.
when they have become systematically inefficient to the
system (but excluding young branches from this elimination
process), in spite of their initial, low productive efficiency.

DATABASES

Most input parameters for the model were obtained from three
original databases.

Database 1. This is a tree crown architecture database of 188
individuals, 5-6, 15—-16 and 23 years old, from four different
geographical and environmental conditions in Chile
(Fernandez and Norero, 2006; Fernandez et al., 2007;
Fernandez, 2008). Two contrasting sites were used for vali-
dation purposes: Los Alamos, with a site index value of 34
(height when 20 years old) almost without water deficit, and
La Granja, with a site index of 27, frequently exposed to
water deficit stress in low-fertility soils. Sampling design and
methodology followed Barthélémy er al. (2002) and
Fernandez et al. (2004). Relevant measured parameters were
tree height, diameter at breast height (dbh), length and base
diameter of every growth unit, number of branches per
growth unit, cones and lateral meristems per cluster, diameter
and length of lateral branches, length of zone with needles and
length of cataphylls or sterile zone of internodes, length of the
needles in all four axis orders, annual ring widths measured at
the basal discs, and discs of growth units at different heights.

Database 2. This consists of magnetic resonance images of
21 fresh discs of ten different trees of different sites, ages and
heights scanned and analysed with a 0-5-T MRI (General
Electric) at the Centro de Imdgenes Biomédicas at the
Pontificia Universidad Catdlica de Chile. Images were
obtained according to a proton density protocol suited for
detecting water in wood (Morales et al., 2004) to detect con-
trast in internal structures. This database was used for heart-
wood formation analysis.

Database 3. This consists of values for the number of needle
fascicles per linear centimetre of all order branches randomly
taken from five 6-year-old trees of P. radiata from a plantation
in the Region VI of Chile.
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DEFINITION OF INPUT PARAMETERS

Table A2 (see Appendix) lists the parameters of the model, the
values used for simulation and their sources. If derived from
databases, the average, standard deviation, sample size and
confidence interval at 95 % level are also given. If values are
taken from the literature, the range when available is also
indicated.

SIMULATION AND VALIDATION PROCEDURE
Modelling starting conditions

The model starts operations with a 1-year-old seed tree in the
field, i.e. 21 months post-germination (including 9 months at
the nursery plus 12 months in the field). The characteristics
of this tree are measured values of a 1-year-old plantation:
height 65 cm, basal diameter 0-6 cm, two growth units of
order 1, and stem, branch, leaf and root biomass of 4.7, 1.2,
5 and 5 g dry matter, respectively, and corresponds to an
average tree in the stand. Time intervals are monthly steps.
Month number 1 is July, assuming that the biological year
starts at the winter solstice (June 21 in the southern hemi-
sphere). Initial stand density was 1100 trees ha™ .

Due to memory restrictions, runs were limited to age 81
months (9 months in the nursery plus 72 months in the field,
6 x 12 months). Hereafter we give years from planting, as it
is usually used in the forestry sector; i.e. when trees are
referred as 6 years old, this means 6 years after plantation
plus 9 months in the nursery (81 months). Graph axes notation
includes the 9 months in the nursery. Graphical representation
does not show needles.

To validate the model two different environmental con-
ditions were evaluated, as represented by the Los Alamos

and La Granja sites. And 80 % of the database from those
sites was used for parameter acquisition [tautochron, needle
length and number of lateral units (i.e. branches and cones)
per growth unit] and 20 % was set apart for the validation
process. The validation process compares the output variables
of the model (tree height and diameter, growth unit lengths,
and basal diameter of branches of order 2) with the same vari-
ables in the validation dataset. Actual data for local climatic
and soil conditions corresponding to the real growth period
of stands were used. According to Cochran (1980), optimal
sample size calculation and a prior sampling variance (assum-
ing a 20 % error), a total of 14 runs for the Los Alamos and 11
runs for La Granja were performed.

A comparison was made between three different stand initial
densities (400, 1100 and 1800 trees ha '). Only the growth
curves were compared.

Statistical analysis

Mean, standard error, and minimum and maximum values
were computed for statistical evaluation of the simulated and
validation results. Wilcoxon’s rank sum test was applied to
compare mean values and the Kolmogorov—Smirnov adjust-
ment fitness test was used to determine if both results belong
to the same distribution. Comparisons of time series of
height and diameter were performed by using the
Kolmogorov—Smirnov non-parametric adjustment fitness
test, as suggested by Barrales ez al. (2004).

RESULTS

As the model was built mainly on physiological and morpho-
logical functions, simulated values were checked against
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known forest inventory data, with crown architecture data
related to wood quality, internode length and basal diameter
of branches of order 2.

Table 1 presents a comparison of average values of height
and basal diameter (without bark) between simulation and
actual measurements in two sites.

According to Wilcoxon rank tests simulated and real diam-
eter and height data were not significantly different at either
Los Alamos (P =0-505 and 0-157, respectively) or La
Granja (P = 0-0264 and 0-279).

Figure 4(A, B) show the height evolution and Fig. 4(E, F)
the diameter evolution of the simulated samples at the two
sites. The growth spurts correspond to seasons of better
growing conditions. As the trees form, the stochastic assigna-
tion of the number of branches per cluster produces diver-
gences between the growth and development of the trees.
A larger number of branches imply a larger crown, a greater
photosynthetic capacity and a higher rate of growth.

Evolution of the average values from the simulations is com-
pared with the average values of the validation samples.
These are shown in Fig. 4(C, D) for height and Fig. 4(G, H)
for diameter.

The evolution of height of simulated and experimental data
for Los Alamos (Fig. 4C) is rather similar, with a slight over-
estimation of the simulated values. The evolution of simulated
diameters (Fig. 4G) underestimates the real values over the
first few years but tends to overestimate them later on. The
Kolmogorov—Smirnov non-parametric adjustment fitness test
(Barrales et al., 2004) of the series of data corresponding to
t =133, 45, 57, 69 and 81 months indicated that height and
diameter were not significantly different (P =0-99 in both
cases).

At La Granja comparisons yielded similar results: the average
value of height simulations overestimates database values
(Fig. 4D). Simulated evolution of diameter underestimates the
true diameter during the first few years but overestimates it
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later on (Fig. 4H). Nevertheless, the Kolmogorov—Smirnov
non-parametric adjustment fitness for # = 33, 45, 57, 69 and
81 months (Fig. 4D, H) indicated that differences for height
(P =0-873) or for diameter evolution (P = 0-99) were not
significant.

Table 2 presents the average values for growth unit lengths
in the stem. The growth unit length includes the internode (F)
length plus the length of the cluster of lateral structures.

Comparison of averages for Los Alamos and La Granja
(Wilcoxon rank sum test) indicated that there were no signifi-
cant differences (P = 0-438 and 0-802, respectively) between
growth unit lengths of the simulated and validation data. The
Kolmogorov—Smirnov adjustment fitness test indicated that
there were also no significant differences between simulated
and validation set distributions (Fig. 5) for Los Alamos
(P = 0-09) and for La Granja (P = 0-212).

Basal diameter of order 2 branches

Knot size is relevant to timber quality, and consequently the
basal diameter of order 2 branches is important to validate. A
sub-sample of order 2 branches was taken from a database of
48-month-old trees at Los Alamos and compared with the
order 2 branches of the 14 simulated trees at the same age
(see Table 3).

Mean diameter of branches differed significantly between
simulated and real values (Wilcoxon rank sum test;
P < 0-0001). Also, distributions differed at least in one
point (Kolmogorov-Smirnov test, P << 0-0001). Therefore,
the model overestimated the basal diameter of order 2
branches, and consequently the size of knots. There were no
data series for the diameter of branches in 6-year-old trees at
La Granja, so this comparison was not made.

Figure 6 presents different views of real and simulated 3-D
structures of the species. A visual comparison of the two sites
trees is also shown. The variable growth unit lengths, as in real
trees, can be observed.

Effect of initial density of stands

Figure 7(A) shows the evolution of simulated height and
Fig. 7(B) of simulated diameter of an average tree growing

under three different initial stand densities (400, 1100 and
1800 trees ha™'). At 60 months the divergence of the curves
illustrates the beginning of competition for supplies, particu-
larly because of shading between the trees.

At both sites the model generated a tree whose height and
diameter 6 years after planting were less at higher stand den-
sities. The lower values at higher stand densities were probably
due to competition for light and water as the predicted height
and diameter were similar at all stocking until 52—54 months,
approximately the time of canopy closure, a condition that sig-
nificantly alters the solar radiation and water balance
parameters.

To compare the behaviour of the model under thinning and
non-thinning practices, the following simulation was made:
initial plantation density was 1800 trees ha™' and thinning
was performed after 5 years of planting (9 months nursery
plus 5 x 12 months in the field = 69 months), decreasing the
stand to 800 trees ha ' Figure 7(C) shows height evolution
under the two situations and Fig. 7(D) for basal diameter
without bark.

Figure 8(A, B) sketches monthly rings under high and low
initial stand densities. Figure 8(C) reveals neat seasonal
cycles. Narrower monthly rings are formed during less favour-
able growing periods.

Wood density

The density of the simulated timber could not be validated,
as there were no suitable experimental data available.
However, the expected behaviour of the simulated wood
density was not quite fulfilled. In some growth units, wood
density tended to increase (Fig. 9) from pith to bark,
whereas in others it tended to decrease. Ranges of density
values did not hold to expectations. Therefore, this part of
the model needs to be reviewed.

Visual evaluation of the resulting wood

A central objective of this model was to relate tree develop-
ment and growth to the quality of the timber. An advantage of
3-D models is that the resulting simulated timber can be vir-
tually sawn and evaluated. Figure 10 shows a virtual slab
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and a series of 3-inch-thick planks from different points of
view. The slabs are from virtual logs cut up to a useful diam-
eter over or equal to 10 cm. The images of monthly thinner
rings of branches (knots) contrast with the wider rings of
stem wood.

DISCUSSION

The usual parameters of diameter and height of trees have been
adequately simulated by the model when applied to quite
different environmental conditions. This might imply that the
assumed photosynthesis and respiration functions, the allo-
cation rules of metabolite supplies and the allometric relation-
ships are reasonably adequate to mimic the functioning of the
tree. However, simulation runs were limited to trees up to 6
years old and it remains to be shown whether they hold for
older trees.

Predicted growth unit lengths are also of interest. P. radiata
typically produces long and short internodes in any given
growing season depending on the prevailing environmental
conditions. In the model this pattern is achieved as a result
of a thermal accumulation command for initiation of units
and of currently available metabolites (Fig. 5). Comparison
of the distributions reveals close similarity. A considerable
plasticity regarding this phenomenon is attained in the model
by the simultaneous superposition of two or more growing
internodes. The influence of temperature and water deficits
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in the thermal control of the rate of development is in line
with factors involved in cellular expansion (Taiz and Zeiger,
2010). The present model structure allows for further refine-
ments of the mechanisms of cellular extension and internode
elongation incorporating known controlling factors (Vaganov
et al., 2006; Holtta et al., 2010).

The diameter of order 2 branches was overestimated by the
model. One reason for this may be that the allometric function
that relates foliar biomass to cross-section area of order 1
branches differs from order 2 (parameters w; and w,). This
is reasonable; although branches and trunks behave in a
similar way they do not do so in an identical manner.
Another reason may be that simulated branches continue vig-
orous growth longer than real branches and consequently they
reach larger diameters.

In spite of some image imperfections and neglecting the
absence of needles and the rigid representation of branches,
the simulated 3-D evolution of the growth of trees were at
both sites largely visually correct. Another logical outcome
of the model was indicated by a better individual tree develop-
ment under lower initial stand density and thinning conditions.

The monthly ring patterns shown in Fig. 7 matched the
expected narrower rings in January, February and March as a
result of less water availability and higher respiration rates.
The same occurred during June and July, this time due to
lower temperatures and to shorter days in the southern hemi-
sphere. Interestingly, the model was able to generate the
twin peaks pattern of diameter increment observed in
P. radiata by Pawsey (1964), first during spring conditions
and later at the beginning of autumn.

The simulation of wood density values of modelled logs was
not satisfactory. Nevertheless, the changes in density were in
line with changes in environmental conditions.

The relationship between foliar biomass and cell lumen sec-
tions needs to be improved, and efforts to this end are presently
under way at our laboratory incorporating more refined
approaches.

The simulated 3-D images of wood pieces produced under
different environmental and management conditions are
reasonably realistic and emphasize the potential of 3D model-
ling of L-Systems. This three-dimensionality allows for better
description of radiation distribution in the crown and also for
estimating the quality of the resulting timber. There are
already cut-optimizers and log quality evaluator programs,
such as WoodSim (VTT, Finland), to do this. These programs
may be fed by modelled logs of variable size, internode length
and knots, and can carry out virtual sawings for economical
evaluation of the final wood products.

CONCLUSIONS

Pinus radiata is a forest species of complex development and
high plasticity, and thus is a good species to evaluate the
quality and plasticity of the model. The central objective of
the functional—structural model elaborated for this tree
species has in a gross sense generally been met, especially
with respect to the usual diameter and height variables and
wood quality variables. The results of simulations lend
support to the idea that most model assumptions are acceptable
and basically robust as they reflect general laws of plant
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development. Various applications of this model may be envi-
saged: as a virtual laboratory to evaluate relationships among
species, site and management; to aid in silvicultural design
and decision-making processes; as a tool in genetic improve-
ment programmes of clonal silviculture to analyse the potential
behaviour of different genetic lines according to the specific
morphological and physiological parameters of genetic depen-
dence; and to evaluate the probable quality of the wood pro-
duced under various environmental and management
conditions and consequently strengthening the links between
forest practices and industrial processes.

At present the model generates an average tree of a stand. A
more realistic approach would be to extend model capabilities
to generate a stand of many different trees, a common situation
in commercial P. radiata plantations. However, it seems likely
that large forest companies will work with clonal material that
will diminish considerably intra-population variability. Under
that scenario research could be directed to the characterization
and measurement of model parameters of potential genotypes
of productive interest.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and give full details of the models used in relation
to environmental resources, and biosynthesis and biomass
balance.
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APPENDIX

TaBLE Al. Hierarchical, morphological, physiological and topological attributes of apical meristems (Y), internodes (F), cones (C)

and roots (R)

Attribute Meaning Units Value

Hierarchical attributes

0 Axis order of Y, F and C integer 1,2,3,4

Morphological attributes

d Total diameter of Y, F and C cm

) Total length of the Y, F and C cm

I Length with cataphylls in F cm

Iy Length of the F covered with needles cm

a Total cross-section area of F cm?

v Total volume of F cm®

dy Diameter of pith of F cm

dy, Diameter of heartwood section of F cm

ay Heartwood cross-section area of F cm?

Vh Total heartwood volume of F cm’

as Sapwood cross-section area of F cm?

Vs Sapwood total volume of F cm?

f Total foliar area of F cm?

o Total projected foliar area of F cm?

Sii Surface Interseption Index calculated for the unit Fj; adimensional

by Total structural biomass of F g dry matter

by Sapwood or conductive biomass of F g dry matter

b, Functional and respiring structural biomass as a fraction of bg of F g dry matter

by Heartwood biomass of F g dry matter

b Foliar biomass in F g dry matter

b Cone biomass g dry matter

B¢ Sum of all foliar biomass on all internodes supported by and including F g dry matter

B, Total structural functional biomass on all internodes supported and including F g dry matter

B, Total structural biomass (functional and non-functional) supported and including F g dry matter

Br Total foliar biomass of the tree g dry matter

Bsa Total living sapwood biomass of the stem g dry matter

Bga Total living sapwood biomass of branches g dry matter

Br Total living root biomass g dry matter

r Monthly ring width of F cm

6 Monthly ring density of F gem?

Vo Vigour of Y when the cluster is generated adimensional 0-1

Physiological attributes

Uge Age of Y, Fand C months Correlative between years

m Month of creation of Y, F and C months Integer, correlative between years

P Living state of Y, F and C adimensional 0 if dead, 1 if alive

e Elongation signal for F indicating if it is in primary growth or only in secondary adimensional 0 if not elongating, 1 if elongating
growth stage

T Thermophysiological function at Y for a new growth unit generation adimensional

Ugeh Heartwood age of Fj; at time ¢ months

Ph Photosynthesis of foliar structures of F g CO, month ™!

p Respiration of foliar and structural biomass of F g CO, month ™!

ba Photosynthesis and respiration balance of F g CO, month™"

By Photosynthesis and respiration balance of all of the structures supported and including F g CO, month ™'

AGe Age of the whole tree months

Bar Photosynthetic and respiration balance at tree level ¢ CO, month ™!

BaL ¢ Portion of the total balance destined to foliage g CO, month ™!

BarL s Portion of the total balance destined to stem g CO, month ™!

BaL B Portion of the total balance destined to branches g CO, month ™!

Bar r Portion of the total balance destined to roots g CO, month™!

Topological attributes

(x1, y1, z1)  3-D basal point cm

(X2, 2, 22)  3-D distal position cm

s Position in the kth foliage stratum integer k=1ton
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TABLE A2. Parameters of the model
Confidence Value at
Type of interval validation
atribute® Name Meaning Units Value (95 %) Source process Equations’
E K Extinction coefficient adimensional 0-5 Jarvis et al. (1976) 0-5 (S3), (S6), (S8)
of radiation (Beer’s
law)
E c, Vegetation coverage  adimensional 1-05 Pedrero (2005) 1-05 (S5)
coefficient
P ap, as Plant and soil albedo adimensional 0-15; 0-1 0-15; 0-1 (S8)
E Carbon dioxide 65 x 1077 65 x 1077 (S9)
concentration in the
air
P G0 Respiration factor adimensional 2-2.5 Ryan et al. (1996) 2-5 (S10) (S21) (S25)
(quotient between
respiration at T °C
and T — 10°C)
P Ty Basic respiration per g CO, g N 'h™! 02-023 Norero (1987), and 0-23 (S22)
nitrogen unit derived from Dewar
(1996)
M NN Specific leaf area cm? g_' 62-5-600 McMurtrie et al. 300 (S12) (S16)
(ratio between total (1992), Walcroft
foliar area and foliar et al. (1997), Warren
biomass) and Adams (2000),
Rodriguez et al.
(2003), De Lucia
et al. (2003)
P Joo Proportion of foliar N g N (g dry 0-0128 Adapted from Ryan ~ 0-0128 (S13)
on needles matter) ' et al. (1996)
M SLAP Specific leaf area cm? gfl 19-9-191 McMurtrie et al. 955 (S14)
based on projected (1992) Walcroft et al.
leaf area (1997), Warren and
Adams (2000),
Rodriguez et al.
(2003), De Lucia
et al. (2003)
M Psa Proportion of adimensional 0-39-0-67 After several authors  0-35
functional stem
biomass on the total
(in g CO)
M Dhva Proportion of adimensional 0-09-0-27 After several authors  0-43
functional branches
biomass on the total
(in g CO)
M Pt Proportion of adimensional 0-04-0-15 After several authors  0-08
functional foliage
biomass on the total
(in g CO)
M Pr Proportion of adimensional 0-20-0-23 After several authors  0-14
functional roots
biomass on the total
(in g CO)
M b Final biomass of a g dry matter 1912 (59:4), 1679-214.5  C. Gantz, Forestal 1912
female cone n=25 MININCO, Chile,
pers. comm.
P Bi First exponent related adimensional Iterated 4 (€)]
to radiation in Bpy
(Biomass Distribution
Index)
P B> Second exponent in adimensional Iterated 0-3 (€)]
Bp; related to balance
P B3 Third exponent in Bp; adimensional 0-01 (1)
related to
accumulated biomass
P Ba Fourth exponent in adimensional 0-1 (1)
Bpy related to branch
age
P ay Coefficient in model  adimensional 0-1) 0-4 4)

of elongation/
diameter ratio

Continued
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TaBLE A2. Continued

Confidence Value at
Type of interval (95 validation
atribute® Name Meaning Units Value %) Source process Equations’
M Npast Fascicle number per  integer 52 (1-57), 4.2-6-19 Database 3 analysis 6 (@]
unit of length (cm) n=12
for order i = 1
ny Needles length for cm 13-7 (2-57), 13-28-14-11 Database 1 analysis 137 (8)
orderi=1 n =148
n, Needles number per 3 Standard value for 3 (8,9)
fascicle the species
Si Factor of adimensional (0-1) Database 1 analysis 0-8; 0-65; 0-43
proportionality for order 2, 3
between needles and 4,
length respectively
M N Factor of adimensional 0-1) Database 3 analysis 1-25; 1-50;
proportionality 1-73 for order
between number of 2,3 and 4,
fascicles per linear respectively
cm
M ag Proportionality adimensional 0-1) 1 (11)
constant
M Binax Maximum total living g 72 400 Deduced after several 72 400 (11)
biomass reached by authors
an adult tree
ep Conversion factor g dry matter g~ 0-54 for wood; 0-54; 0-61
from g CO, to gdry  CO, 0-61 for
matter foliage
P [oN Scaling coefficient for adimensional Estimated 0-16 (15)
stem section area
calculation
P W, Scaling exponent for  adimensional Estimated 0-9 (15)
stem section area
calculation
M Oy Cell wall density g cm? 1.53 Domec and Gartner 1.53 (18, 19)
(2002)
M Ny Critical cumulative 89-8 (29-3), 76-09-103-51 Fernandez er al. 89
number of branches n=20 (2007)
produced on the stem
necessary to change
from juvenile to
mature state
P Pmin Cardinal minimum °C 0 Deduced after 0 (22)
temperature for chron Jackson and Gifford
accumulation (1974), Booth and
Saunders (1979),
Hunter and Gibson
(1984)
P Popt Cardinal optimal °C 233 Deduced after 23.3 (22)
temperature for chron Jackson and Gifford
accumulation (1974), Booth and
Sanders (1979),
Hunter and Gibson
(1984)
mn Conversion factor h min~! 1/60 Calculated
from min to h
P T Critical tautochron adimensional 1425-40 (300), 1317-23— Database 1 analysis 14254
value for a new n=32 1533-56
growth unit
generation during
juvenile phase for
order 1
P Tm Critical tautochron adimensional 785-65 699-02— Database 1 analysis 785-7
value for a new (240-4), 872-37
growth unit n=32

generation during
mature phase for
order 1

Continued
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TaBLE A2. Continued

1177

Type of
atribute®

Name

Meaning

Units

Confidence
interval (95
Value %)

Source

Value at
validation

process Equations’

P

Astop

Om

Cl

Qyy

(33

w
Qins

Chi1s Ch2

M1, M2, M3

ar

Myim

Myeg

Coefficient in
tautochron function
for internode
elongation ending
Coefficient of
proportionality
between 7; of order 1
and order 2, 3 and 4
Coefficient of
proportionality
between 7, of order 1
and order 2, 3 and 4
Average of total
lateral structures in a
cluster of order 1
Average of total
lateral structures in a
cluster of order 2
Average of lateral
structures in a
vegetative cluster of
order 1

Average of lateral
structures in a
vegetative cluster of
order 2

Average of lateral
structures in a
vegetative cluster of
order 3

Average of floral
lateral structures
(cones) in a floral
cluster of order 1
Average of floral
lateral structures
(cones) in a floral
cluster of order 2
Critical day length

Coefficient of
proportionality
between meristems
Coefficient of
proportionality
between an apical
meristem and the
supporting internode
Phyllotactic angle

Bending angle in
branches

Regression
coefficients for
heartwood age
estimation
Coefficients of
logistic regression for
needles turnover
Coefficient of
biomass translocation
Age mortality limit
Limit of number of
consecutive months
with negative balance

adimensional

adimensional

adimensional

adimensional

adimensional

adimensional

adimensional

adimensional

adimensional

adimensional

min

adimensional

adimensional

radians

radians

adimensional

adimensional

months
months

Real,
non-negative

7.8 (2:23), 7.64-7.95

n="1755
591 (2:33), 5-61-6-20
n =243
6-26 (2-15), 6-18-6-34
n=2712

4-18 (2-10), 4-12-4.23

n = 5286

209 (1-10),  2:04-2:14

n = 1604

3-18 (1:57), 3.07-3-29

n="1755

2:56 (1-52), 2:37-2-75

n =243

660

0-1)

0-79 (0-12), 0-78-0-80

n =964

2-400351

0-785398

Tterated

Estimated

Estimated

Database 1 analysis

Database 1 analysis

Database 1 analysis

Database 1 analysis

Database 1 analysis

Database 1 analysis

Database 1 analysis

Deduced after
Bollmann and Sweet
(1976)

Database 1 analysis

Corresponding to the
golden angle (137-5°)

Database 2 analysis

Database 1 analysis

A. Norero, unpubl.

2.2

1-5; 1-8; 2 for
order 2, 3 and
4 respectively

2, for order 2,
3 and 4
7-8

591

6-26

418

2-09

3-18

2:56

660

0-8

0-79

2-400351
0-785398
0-2636;
—-4-5731

(23)

025

Continued
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TaBLE A2. Continued

Type of
atribute® Name Meaning Units

Confidence
interval (95
Value %)

Source

Value at
validation
process

Equations’

P Pemin Critical minimal °C
temperature for
enzymatic activity
(carboxylation)

P @ Critical optimal °C
temperature for
enzymatic activity
(carboxylation)

€ Coefficient to

transform from min
to h or from s to min

E Uno Wind speed at 20m  m g7!
height

25

1/60

Norero (1987)

Norero (1987)

After A. Norero
(unpubl.)

-15

25

(S20)

(S20)

(S22)

(S19)

* E, environmental parameter; M, morphological parameter, P, physiological parameter.

7 S, Supplementary Data, available online.



