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Abstract

Key message A model of wood formation processes in

pines predicted 80 % of mean wood density variation

from inputs of carbohydrate allocation and tree water

status from several varied sites.

Abstract Numerous factors determine how wood prop-

erties vary as a tree grows. In order to model wood for-

mation, a framework that considers the various xylogenetic

processes is required. We describe a new model of xylem

development and wood formation in pines (parameterised

for the commercially important species, Pinus radiata D.

Don). In this paper, we use as inputs simulated daily data

from the CaBala stand growth model which, in turn, takes

into account site and daily weather conditions, and silvi-

culture. It incorporates a first attempt at predicting

microfibril angle (the angle of cellulose microfibrils rela-

tive to the vertical axis of the cell, MFA) based on metrics

of cambial vigour and carbohydrate allocation. It also

predicts tracheid dimensions and wall thickness, and from

these data, wood density. Pith-to-bark and intra-annual

variation in predicted wood properties was realistic across

a wide range of site types, although juvenile wood prop-

erties were weakly predicted. The model was able to

explain 50 % of the variation in outerwood MFA and

70–80 % of the variation in outerwood and mean sample

wood density respectively, from 17 study sites. The model,

early results from which are very promising, provides a

useful framework for testing concepts of how formation

occurs, and to provide insights into areas where further

research is needed.

Keywords Cambium � Pinus radiata � Secondary
thickening � Carbohydrate allocation � Wood density �
Microfibril angle � Xylem

Introduction

Wood is one of the most abundant and vital resources in the

world, representing a renewable source of energy, fibre and

construction material (Zhang et al. 2014). Laid down con-

tinuously in perennial plants, the formation of wood occurs

as a series of inter-related processes, beginning with the

division of cells in a narrow meristem called the cambium

and ending with the formation of empty conduits with

thickened, lignified walls (Philipson et al. 1971). The col-

lective processes of xylem differentiation are generally

referred to as ‘‘xylogenesis’’ (Wardrop 1981). Over recent

decades a growing body of research has accumulated con-

cerned with the question of xylogenesis, particularly focus-

sed on a range of molecular biochemical and biophysical

aspects of the process (see for example Fromm 2013; Har-

ashima and Schnittger 2010; Li et al. 2012; Oda and Fukuda

2012; Zhang et al. 2014). It is important to incorporate these

new insights into predictive models that capture aspects of

xylem formation to better explain wood property variation in

trees growing under a wide range of conditions.

Many of the physical properties of xylem tissue (e.g.

wood density) are a function of varying durations and rates

of cellular enlargement and secondary wall thickening
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(Fritts 1976). Much research has been directed at quanti-

fying and understanding variation in xylem developmental

dynamics, in softwoods (e.g. Denne 1971, 1976; Horacek

et al. 1999; Lupi et al. 2014; Rossi et al. 2006b, 2008;

Skene 1969, 1972) and hardwoods (e.g. Catesson and

Roland 1981; Drew and Pammenter 2007; Lachaud 1989;

Ridoutt and Sands 1994). This has informed the develop-

ment of a range of models designed to simulate cambial

activity and ultimately wood property variation (Deckmyn

et al. 2006; Deleuze and Houllier 1998; Drew et al. 2010;

Fritts et al. 1999; Hölttä et al. 2010; Kramer 2002;

Meicenheimer and Larson 1983; Vaganov et al. 2006;

Wilson 1964; Wilson and Howard 1968). Nevertheless,

there is much about wood formation that is not understood,

with room for improvement in our models.

In a commercial context, faster growth rates achieved by

improvements in breeding and silviculture have frequently

resulted in harvestable volumes at younger ages, but often with

negative wood quality implications (Apiolaza et al. 2013;

O’Hehir and Nambiar 2010). To deal with this, there is an

increasing shift in the management and breeding of commer-

cial species like Pinus radiata D. Don towards wood quality

improvement (Wu et al. 2008) and the focus of research into

wood quality variation needs to deal with the nexus between

site, silviculture, genetics and the value of products (Downes

and Drew 2008). In landscapes where growing conditions are

highly variable, the interactions of site, genotype, management

and climate, particularly over time, are beyond the scope of

easily implemented empirical approaches. In this paper we

describe a new model of wood formation processes in pines,

applicable across broad regional landscapes. While focused on

P. radiata D. Don, a species of major commercial importance

globally (Gavran and Parsons 2011), we believe the model

could be applicable to softwoods generally.

The model takes a simple approach to handling cambial

division, tracheid growth and wall thickening, relying mainly

on a small set of readily available/simulated variables, with

fluctuating tree water status and carbohydrate balance being

of primary importance as drivers. We hypothesized that this

approach would be sufficient to explain variation in within-

tree (pith-to-bark patterns) and site mean wood density, as

well as tracheid dimensions in plantation-grown P. radiata

across a range of growing conditions. Further, we hypothe-

sized that this could be achieved with a single set of con-

straining parameters, making the model relatively generic.

Materials and methods

Model development approach

The model we report here based on existing concepts of

wood formation in the literature, as well as on insights

gained into short-term growth responses and wood for-

mation dynamics from ongoing research. It represents in

some regards an advancement/adaptation of an earlier

framework developed for Eucalyptus spp (Drew et al.

2010), although it introduces a completely new approach to

some elements of modelling xylem differentiation.

Study sites

For the development and testing of the model in the form pre-

sented in this paper, we used data from 17 sites at which P.

radiata had been established commercially, or in research trials

(Table 1). We defined 21 site 9 management 9 climate

regimes (hereafter termed ‘‘scenarios’’) for analysis, as at some

sites treesweremanaged inmultipleways.That is, although trees

wereat the same‘‘site’’, theywere treatedas separate studycases.

Six of the sites were established as ‘‘model development’’

sites at which detailed measurements of tree stem growth

were made using automated electronic point dendrometers.

Measurements of radial change in stem size (over-bark)

were made hourly. In conjunction with detailed growth

measurements, cambial micro-core samples were taken from

three sites on four separate occasions in 2010 and 2011

using a Trephor corer (Rossi et al. 2006a), and immediately

placed in FAA fixative solution (35 % distilled water/50 %

ethyl alcohol/% glacial acetic acid/10 % formaldehyde).

Samples were later reduced in size, mounted in resin, and

sectioned to 4 lm. These sections were mounted on slides,

and viewed using a Zeiss Axioscope microscope (Zeiss,

Oberkochen, Germany). The numbers of cells in the divid-

ing (cambial) zone and subsequent stage of permanent

enlargement were counted, based on increasing radial

diameter and the onset of secondary thickening (determined

by detecting birefringence in the cell wall). Wood core

samples were then taken at the end of monitoring, and pith

to bark variation in wood density, tracheid diameter, wall

thickness and microfibril angle (MFA) was measured at

0.025–0.1 mm resolution on 6–12 samples per site using the

CSIRO SilviScan system (Evans 1994; Evans and Ilic 2001).

At all other sites, DBHwas measured only periodically or at

the time of wood sampling, but pith-to-bark variation wood

density and MFA was measured in detail using SilviScan, and

information was also available on the the relationship between

wood property data and sawn board characteristics. These latter

sites were selected as having low, moderate and high average

outer-wood density (based on 50 mm increment cores) taken at

breast height and thus represented much of the variation in the

regional resources from which they were sampled.

Model runs

The model uses as inputs stand-level simulations of forest

growth and canopy processes. In this paper, we used input
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Table 1 Sites used for model development and testing

Scenario Latitude

(South)

Site silviculture summary Basic soil description MAT (�C)/MAP

(mm)

Balmoral 42.00 Planted 1997 at 833 SPH

Dendrometers installed 2008

Silt loam over clay 11.6/610

Blackwarry (Strzelecki ranges) 38.40 Planted 1995 at 1111 stems/
Ha

Thinned 2010 to 595 stems/
Ha

Dendrometers installed 2010

Clay loam over saprolith 10.9/1300

Byjuke 37.50 Planted 1975 at 1600 stems/
Ha

Thinned 1985 to 720 stems/
Ha

Thinned 1989 to 550 stems/
Ha

Thinned 1996 to 250 stems/
Ha

Sand 14.0/640

Caroline HQ 37.90 Planted 1958 at 1736 stems/
Ha

Thinned 1970 to 1070 stems/
Ha

Thinned 1981 to 750 stems/
Ha

Thinned 1988 to 450 stems/
Ha

Thinned 1994 to 250 stems/
Ha

Loamy sand 13.8/775

Emerson’s 38.00 Planted 1976 at 1736 stems/
Ha

Thinned 1983 to 600 stems/
Ha

Thinned 1996 to 340 stems/
Ha

Clay loam 13.7/830

Flynn (2 regimes modelled) 38.25 Planted 1995 at 1111 stems/
Ha

Planted 1995 at 1111 stems/
Ha

Thinned 2008 to 200 stems/
Ha

Dendrometers installed 2011

Sandy loam over clay 14.0/800

Kentbruck 38.05 Planted 1970 at 2000 stems/
Ha

Thinned 1985 to 750 stems/
Ha

Thinned 1993 to 388 stems/
Ha

Thinned 1999 to 250 stems/
Ha

Loamy sand 13.9/840

Kongorong 37.90 Planted 1974 at 2000 stems/
Ha

Thinned 1980 to 630 stems/
Ha

Thinned 1988 to 443 stems/
Ha

Thinned 2000 to 273 stems/
Ha

Clay loam 14.0/760

Long’s 37.70 Planted 1965 at 1379 stems/
Ha

Thinned 1977 to 590 stems/
Ha

Thinned 1983 to 495 stems/
Ha

Thinned 1992 to 250 stems/
Ha

Loamy sand 13.5/840
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from the CaBala model (Battaglia et al. 2004), which

provides detailed daily outputs of the variables required by

our cambial model: daily minimum and maximum leaf

water potential, carbohydrate allocated to stem, stand

density, tree height and crown length. Cabala runs on a

daily time-step, using daily minimum and maximum tem-

perature, relative humidity, rainfall and incoming solar

radiation as key inputs, as well as detailed soil descriptions.

Table 1 continued

Scenario Latitude
(South)

Site silviculture summary Basic soil description MAT (�C)/MAP
(mm)

Longford 38.4 Planted 1972 at 1667 stems/
Ha

Thinned 1984 to 1000 stems/
Ha

Thinned 1991 to 560 stems/
Ha

Sand 11.0/1345

McGillivray’s 37.80 Planted 1970 at 1600 stems/
Ha

Thinned 1982 to 830 stems/
Ha

Thinned 1988 to 440 stems/
Ha

Thinned 1995 to 270 stems/
Ha

Sand 14.0/675

Mt Gambier airport (3 regimes
modelled)

37.75 Planted 1995 at 2268 stems/
Ha

Thinned 2000 to 1111 stems/
Ha

Thinned 2007 to 555 stems/
Ha

Planted 1995 at 1111 stems/
Ha

Thinned 2007 to 555 stems/
Ha

Planted 1995 at 555 stems/Ha

Dendrometers installed 2010

Sand 13.7/720

Myora 37.85 Planted 1969 at 1905 stems/
Ha

Thinned 1981 to 750 stems/
Ha

Thinned 1987 to 450 stems/
Ha

Thinned 1994 to 220 stems/
Ha

Loamy sand 13.9/780

Nangeela 37.50 Planted 1977 at 1401 stems/
Ha

Thinned 1988 to 807 stems/
Ha

Thinned 1999 to 375 stems/
Ha

Sand 13.8/650

Ohurakura 40.00 Planted 1993 at 625 SPH

Dendrometers installed 2008

Sand 12.0/1840

Porter’s road 38.90 Planted 1979 at 1736 stems/
Ha

Thinned 1997 to 642 stems/
Ha

Thinned 2002 to 362 stems/
Ha

Clay loam 13.8/870

Reedy Creek 36.25 Planted 1996 at 1600 stems/
Ha

Thinned 2005 to 760 stems/
Ha

Thinned 2010 to 520 stems/
Ha

Dendrometers installed 2011

Sand over clay with water table
present

14.0/500
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It utilises a sophisticated approach to dealing with site

variability, incorporating models of soil water availability

and nitrogen mineralisation. Furthermore, Cabala incor-

porates complex silvicultural simulation elements, taking

into account the effects of different types or levels of forest

thinning, pruning and fertilisation on tree physiological

processes. A set of species- or germplasm-specific param-

eters limits model simulations for a particular scenario.

A single parameter set previously developed for P.

radiata (unpublished data, courtesy of Ms. Jody Bruce and

Dr. Michael Battaglia) was used for all runs. The predic-

tions were tested against pith-to-bark radial profiles of

wood density and MFA data from all study sites and tra-

cheid radial diameter and wall thickness data from a subset

of 6 sites (for which it was available).

Model development and description

Model organisation

At the onset of a simulation, an initial set of hypothetical

cells is created and assigned meristematic status. There-

after, for each daily time step, stand-level data are re-cal-

culated to a tree level (see below) or to the level of a

particular height up the stem (e.g. breast height) for which

the simulation is being run. That is, all relevant environ-

mental variables, as expressed in the CaBala outputs which

are fed into the cambial model, that contribute to xylem

developmental processes are calculated for each day

d. Once the tree- and stem position-level variables have

been calculated, the program considers each cell in the

growing hypothetical population and performs the follow-

ing operations for day on cell c:

1. The allocation of daily carbohydrate to each living

xylem cell.

2. The determination of cell developmental stage.

3. The determination of cell division (only for meristem-

atic cells).

4. Cell enlargement.

5. Cell secondary thickening and microfibril angle.

6. Cell death.

The effects of the varying environmental conditions on

cell growth and differentiation for each day and cell c (if

applicable) are described according to the equations pre-

sented below.

Parameters

To bound predictions in the cambial model, 22 parameters

must be defined for a ‘genotype’ (Table 2). Values listed

in Table 2 represent a functional set indicative of what

would broadly be expected of P. radiata across a range of

sites. They should not necessarily be considered as final

or complete, and indeed, further parameterization is

ongoing.

Tree-level variables

Calculations of variables are first made at an individual tree

level (conceptually, the ‘‘average’’ tree in the stand). As a

result, input stand level data must first be converted to the

appropriate unit. Most critically, the daily NPP (i.e. total

sequestered carbohydrate minus respiratory demand) allo-

cated to the stem for the individual ‘‘average’’ tree X (kg)

on day is calculated (Eq. 1).

NPPstemt
¼ NPPstand=SPH

� �
� 1000

� �
� allocstem ð1Þ

where NPPstand is the NPP for the stand (t/ha), SPH is the

stand density (trees/ha) and allocstem is the allocation to

stem (%) on day.

Cambial surface area on day is calculated using a

3-dimensionally parabolic representation of stem shape.

This calculation requires the diameter of the tree at the

base. For this reason, the model needs to run at two posi-

tions in parallel: the position of interest to the user (e.g.

breast height), and at the base of the tree (nominally 5 cm

above ground level) for a basal diameter estimate. An area

specific available carbohydrate (ASC) value (g/lm2) is

then calculated for tree X on day (Eq. 2).

ASCstem ¼ NPPstemt
� 1000ð Þ�

SAstem � 1012ð Þ ð2Þ

where NPPstemt
is defined in Eq. 1, and SAstem is the sur-

face area of the stem (underbark) (m2) on day.

Carbohydrate allocation

To simulate xylem development at any height up the stem,

a number of position-level variables are calculated at each

time step. First, the total carbohydrate available for the

modeled developing cell file f (g) is calculated (Eq. 3):

Carbsf ¼ ASCstem þ Stored Carbsf
� �

� Tan Areatracheid

ð3Þ

where ASCstem is defined in Eq. 2, Stored Carbsf is the

amount of non-structural carbohydrates (calculated as the

daily sum of ‘‘left over’’ carbohydrates not used on day-1)

in addition to new allocation available for the modeled cell

file f (g) on day, and Tan Areatracheid is the area of the

tangential face of the average tracheid in the cell file (lm2)

on day.

Each day a critical osmotic potential (Wpcrit ) (MPa), is

calculated (Eq. 4), below which the model tries to maintain

the average osmotic potential of the dividing and enlarging
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cells in the modeled cell file (for turgor maintenance). This

depends largely on the water potential in the xylem and the

availability of carbohydrates to drive osmotic potential

(Duan et al. 2013; Hölttä et al. 2010). It is anticipated that

xylem growth occurs predominantly at night when water

potentials are recovering (Downes et al. 1999, 2004;

Zweifel et al. 2005, 2007), and therefore only pre-dawn

xylem water potential (a measure of effective maximum

water availability at the site) is considered. Average turgor

potential in the growing and dividing cell populations is

maintained above or at a target turgor potential (a param-

eter, Wpcrit , in MPa) to prevent desiccation damage, and

under suitable circumstances, facilitate growth. Target

turgor is modified at positions less than fjuv (a parameter, in

m) from the top of the tree, to a minimum of 0.9 9 Wpcrit .

To protect the cambium against very cold temperatures,

Wpcrit is also modified as a function of cold temperature

(coming into effect only below the minimum temperature

for cambial activity (Tmin), with the effect reaching a

maximum at -5 �C).

Table 2 Parameter symbols, descriptions and values used in the analysis described in this paper

Parameter

symbol used in

the text

Parameter description and units Estimate

parameter

value

Source/s

cSUCCD
The critical concentration of carbohydrates for the

cessation of secondary thickening (g/ml)

0.1 Estimated from sucrose concentrations measured

in xylem sap during the growing season (Sauter

1980, 2000)

aL The proportion of cell length after a cell division 0.9 Estimated

aEZ=CZmax
The target ratio of enlarging to cambial cells (# EZ cells/#

CZ cells)

0.7 Measured and see Barnett (1973)

hmax Maximum wall extensibility (lm/MPa/day) 16 Estimated

MFAmax The maximum angle of microfibrils in the S2 wall layer

(degrees)

70 Barnett and Bonham (2004) and measured

Lmax The maximum length of a mature tracheid (lm) 3000 Skene (1969)

;max The maximum diameter of a mature tracheid (lm) 56 Measured

awallmax
The maximum ratio of wall area to cell cross sectional area

(lm2/lm2)

0.86 See Skene (1969) and measured

DVwallmax
The maximum rate of wall thickening (lm3/day) 20,000 Calculated from data presented in Skene (1972)

and Dodd and Fox (1990)

fMFA Factor determining MFA responsiveness to carbohydrate

allocation across the differentiating zones

0.4 Optimised

tdivmin
The minimum time required between successive cell

divisions (cell cycle) (day)

3 See Skene (1969)

;divmin
Minimum radial diameter for periclinal division (lm) 12 Measured and see Barnett (1973)

Wpmin
The minimum osmotic potential achievable by

differentiating cells in the cambial zone (MPa)

-2.6 Based on estimates in leaves from Woodruff et al.

(2004) and unpublished glasshouse data (pers.

comm. Dr. P. Mitchell)

Tmin The average daily air temperature at which metabolic

activity in the developing xylem is inhibited [deg C)]

4 Estimated from temperatures limiting to growth

suggested in Feikema et al. (2010)

Wpcrit The target turgor for growing cells (MPa) 1 See Steppe and Lemeur (2007)

/D;L Ratio of tracheid length/radial growth (lm/lm) 10 Estimated

fvac Scaling factor to adjust from lumen volume to the

‘‘effective’’ volume for osmotic adjustment

0.055 Optimised

qCW Density of the cell wall (g/cm3) 1.5 Kellogg and Wangaard (1969)

WpYT The cell wall yield threshold (MPa) 0.3 See Steppe and Lemeur (2007) and Meinzer et al.

(2008)

fjuv Distance from crown apex at which juvenile production

completely ceases (m)

8 Estimated based on an 8–10 ring ‘‘juvenile core’’

and assuming height growth *1 m/year

qcmax The rate at which carbohydrate is transferred directly

across the secondary thickening zone during latewood

formation (lm/day)

2 Estimated

;TTD Tracheid tangential diameter (lm) 30 Measured
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Wpcrit ¼ min
Wxmax

�Wpcrit

Tmin � �5ð Þð Þ= Tcrit � �5ð Þð Þ �Wpmin

(

ð4Þ

where Wxmax
is maximum xylem water potential (an input

from CaBala) on day and Wpcrit , Tmin, and Wpmin
are

parameters. The base temperature below which cells are

fully protected against frost damage is set at -5 �C.
The model then optimizes cambial width and the width

of the enlargement zone by trying to ensure that the aver-

age osmotic potential of cells in those zones is equal to or

slightly below Wpcrit .

Annual seasonality

Consideration of seasonality is an important part of the

allocation procedure. Although P. radiata can produce

multiple branch whorls per year, and is highly responsive

to suitable growth conditions (Fernández et al. 2011), it

still produces a clear, annual growth ring in most circum-

stances (Walcroft et al. 1997). That is, even if it produces

false rings, an annual ring will still generally form (even at

sites which are not very cold). The model, induces late-

wood development seasonally, triggered using day length

(Fromm 2013). A number of studies have shown that, in

various conifers, the timing of maximum growth rates

occur around the summer solstice, followed by a decreas-

ing growth rate thereafter (Duchesne et al. 2012; Rossi

et al. 2006c) and the almost immediate onset of latewood

characteristics in cells (Vavrčı́k et al. 2013). The same has

been observed in radiata pine [e.g. Boardman 1988 and in

dendrometer data from our study (data not shown)].

Changes in growth, however, are the culmination of

multiple morphological and phenological changes in the

tree that also occur seasonally, such as induction of

reproductive buds or cone production and associated

changes in hormone balances or other mechanisms of

developmental control (Fernández et al. 2011; Fromm

2013; Paulina Fernández et al. 2007; Savidge and Wareing

1981). It has been shown, for example, that photosynthetic

capacity at the leaf level peaks in many temperate species

at the summer solstice(Bauerle et al. 2012) and Gricar et al.

(2007) showed that prior to the summer solstice, local

cambium heating and cooling had an effect, whereas

afterwards they did not, probably because of hormonal

control. At various times, such as the summer solstice, the

developing zone of xylem in all likelihood enters an altered

physiological state, with changes potentially including a

changed allocation priority associated with maximum

summer drought.

During earlywood formation, allocation to dividing and

enlarging cells is prioritised. The main period of earlywood

formation is defined in the model to occur while day length

is increasing (provided other factors are not limiting), or

while day length is decreasing but still less than 99 % of

the longest day at the site. Thereafter, the priority of direct

allocation to cells in which secondary thickening is

underway is increased. That is, for each day after latewood

has begun, the width of the secondary zone to which car-

bohydrate is directly transferred is increased by an amount

qcmax (a parameter, lg/day).
In the model carbohydrate concentrations decrease in

cells further from the phloem (Uggla et al. 2001). Carbo-

hydrate will be allocated to a cell, provided the osmotic

potential of cell c in the cell file is above the minimum

value possible (Wpmin
). An allocation coefficient (aalloc) is

calculated for each day using an optimization routine to

ensure that the allocation across the zone of cells to which

carbohydrate is allocated exceeds 99 % of the total avail-

able allocation (Allocf) for the whole cell file f, on day. The

allocation of carbohydrate to any cell c (g) is then calcu-

lated as described in Eq. 5.

Allocc ¼ Allocf � Allocc�1

� �
� aalloc ð5Þ

where Allocf is the amount of carbohydrate available for

allocation to the entire cell file f (g), Allocc-1 is the allo-

cation previously committed to the cell one position closer

to the phloem than cell c (g) and aalloc (defined above) is

the allocation coefficient for day.

For each cell, a cumulative carbohydrate quantity is

monitored. This total carbohydrate content is used to cal-

culate the osmotic potential of the cell c on day (Eq. 6).

Wpc ¼ u��1 cSUCe
� R� T

� ��
1000 ð6Þ

where u is the osmotic coefficient of sucrose (*1.4), cSUCe

is the effective concentration of sucrose (mol/L) (see

Eq. 7), R is the gas constant (0.0821) and T is the average

temperature (K) on day.

cSUCe
¼ Suc= Vollum � fvacð Þ ð7Þ

where Suc is the quantity of sucrose in solution in the

osmotically active volume of the cell (mol), Vollum is the

lumen volume (L) on day and fvac is a parameter scaling to

the effective volume.

Stages of tracheid development and differentiation

Unlike hardwoods, softwoods produce one main longitudinal

cell type in the xylem (Haygreen and Bowyer 1982). There-

fore all cells on the pith-side of the cambium are considered

merely as ‘‘xylem’’, and onlyxylemcells are followed through

all stages of differentiation. Cells that exit to become phloem

cells are immediately removed from the population and not

considered further (to reduce run time), although with some
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small adjustments, modeling phloem formation is also pos-

sible. In the xylem, cells move through three phases: division,

enlargement and secondary thickening.

The tree will aim to maintain turgor in the developing

cell population (see above) by modulating the size of the

cambial and enlarging zones, while keeping the ratio of

cambial to enlarging zones constant during the peak

growing period. It has been shown in various studies that

turgor is maintained at constant levels in cells in meris-

tematic and expansion zones in plants (Nonami and Boyer

1989; Winship et al. 2010) and a constant ratio of cambial

to enlarging cells, particularly during the early period of

the growing season, is consistent with findings in various

other species (Abe and Nakai 1999; Drew and Pammenter

2007; Drew et al. 2013; Rossi et al. 2006b, 2009; Shep-

herd 1964; Skene 1972) and in radiata pine for this study

(Fig. 1).

For each daily time step, a cell c will exit the cambial

zone and enter the enlarging zone when:

• The ratio of enlarging to dividing cells exceeds a

critical value adjusted as a function of the distance from

the active buds (see Anfodillo et al. 2012; Ridoutt and

Sands 1993, 1994) (Eq. 8).

• A meristematic cell does not exist between cell c and

the enlarging zone and

aEZ=CZ ¼ aEZ=CZmax
� htree � hmodpos

� ��
fjuv: ð8Þ

where htree is the height of tree (m) and hmodpos is the

position on the stem at which the model is operating

(m) on day and aEZ=CZmax
and fjuv are parameters.

Subsequently, after it has exited the cambial zone, a cell

c will exit the enlarging zone and enter the secondary

thickening zone if:

• A growing cell does not exist between cell c and the

secondary thickening zone and

• The average osmotic potential in the dividing and

enlarging cells zone exceeds Wpcrit and

• The number of growing days is greater than or equal to

a critical minimum growing period (set here at 2 days).

Finally, cell c will exit the secondary thickening zone

and cease to differentiate if:

• A secondary thickening cell does not exist between cell

c and the functioning xylem and

• A maximum proportion of wall is reached (a parameter,

awallmax
) or

• The cumulative carbohydrate concentration is below a

threshold (cSUCCD
), or essentially when all carbohydrate

has been used up.

At this point, the cell has undergone apoptosis, lost its

protoplasm, and become a conductive element.

Tracheid expansion

Cells in the dividing zone as well as the ‘‘true’’ enlarge-

ment zone undergo radial and longitudinal expansion. The

rate of tracheid expansion is a process which is predomi-

nantly driven by turgor, and adjusted by the extensibility of

the cell wall and the yield threshold (Abe and Nakai 1999;

Cosgrove 2001; Hölttä et al. 2010; Kutschera 2004).

Fig. 1 The relationship

between the number of cambial

initials and enlarging cells in the

same cell file
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While a cell is in the phase of enlargement, the primary

wall nominal thickness remains constant at 0.2 lm (War-

drop and Harada 1965). Radial wall extensibility (lm/

MPa/day) in the process is predominantly modified by

interactions with neighbours (i.e. a physical impedance

which becomes greater as cells become larger and fill the

available space) and drought severity (assuming that wall

extensibility is an additional control of turgor) (Bo-

goslavsky and Neumann 1998; Cosgrove 2005) (Eq. 9).

hc ¼ hmax � 1� ;c=;max

h i� �
� Wpcrit=Wpmin

ð9Þ

where ;c is the radial diameter of cell c (lm), Wpcrit is the

critical osmotic potential on day (MPa), and hmax, ;max and

Wpmin
are parameters.

In addition to extensibility control, the development of

turgor (MPa) is osmotically adjusted (i.e. by the adjustment

of solute concentration and osmotic potential in the vac-

uole) (Eq. 10).

Wpc ¼ min
Wpcrit

Wxylem �Wpc

�
ð10Þ

where Wxylem is the mean water potential in the xylem at

the modeled stem position (MPa) on day, Wpc , the osmotic

potential of cell c (MPa), is defined above and upcrit
is a

parameter.

Total daily radial growth (lm/day) in cell c for day is

then calculated according to Eq. 11:

D;c ¼ hc � Wpc �WpYT

� �
ð11Þ

where hc is the wall extensibility of cell c (Eq. 9) on day,Wpc is

the turgor pressure of cell c (Eq. 10) andWpYT is a parameter.

Growth in the length of the tracheid (lm/day) is mod-

elled as proportional to the radial growth (Eq. 12). This

approach is very simple, and is an area where further

research and development would be of particular value.

DLc ¼ min
D;c� /D;L

Lmax

�
ð12Þ

where D;c is the radial growth rate of cell c on day

(lm/day) (Eq. 11) and /D;L and Lmax are parameters.

Cell division

If cells are in the cambial zone, they will have the potential

to divide. However, for each daily time step, a cell c will

only divide if:

• The radial diameter of cell c exceeds a minimum value

(Hölttä et al. 2010).

• The time since a previous mitosis in cell c exceeds a

minimum duration (tdivmin
, a parameter) (Hölttä et al.

2010; Larson 1969).

• The amount of non-structural carbohydrate accumu-

lated in the cell exceeds the amount required to build a

new cell plate and a nominal quantity of new cellular

organelles and other protoplasmic material.

Each daughter cell has a radial diameter equal to half the

diameter of the mother cell. However, the option exists to

randomize the diameter of the two cells resulting from a

division by between 40 and 60 %. Because anticlinal

divisions are not explicitly modeled, the length of the

daughter cell, as well as the mother cell, following each

periclinal division is reduced as would be expected if the

division was pseudo-transverse. The daughter cell is the

cell which arises on the pith-side of the original mother

cell, following a division.

Tracheid secondary thickening

Secondary wall formation utilizes carbohydrate accumu-

lated in the cell during the stages of division and growth,

as well as any carbohydrate that is subsequently allocated

to the cell directly during the secondary thickening

phase. Once secondary thickening commences, the rate

of change of wall volume for cell c, on day, is calculated

(Eq. 13).

DVwallc ¼ min
DVwallmax

SUCc � 1=qCW

� �
� 1012

(
ð13Þ

where SUCc is the accumulated quantity of carbohydrate

(g) in cell c on day and DVwallmax
and qCW are parameters.

The lumen volume (lm3) of cell c is then re-calculated

(Eq. 14).

Vlumc
¼ max

1� awallmax
ð Þ � Vc

Vlumc
� DVwallc

�
ð14Þ

where Vc is the total volume of cell c (lm3), Vlumc
is the

lumen volume of cell c (lm3), DVwallc is the change in wall

volume in cell c on day (Eq. 13) and awallmax
is a parameter.

If wall volume is greater than awallmax
9 Vc (where Vc is

the volume of cell c) then the cell has reached the maxi-

mum possible wall thickness, and exits the phase of sec-

ondary thickening. Potential cell lumen surface area of cell

c (lm2) (supposing that the cell is a long, narrow rectan-

gular prism) is calculated as (Eq. 15):

SAlumc
¼ Vlumc=Lc ð15Þ

where Vlumc
is the lumen volume of cell c (lm3) (Eq. 14)

and Lc is the length of cell c (lm) on day.

Wall thickness (lm) is finally determined using an

optimization routine that calculates the wall thickness

corresponding to a cell with known tangential and radial

diameter with the calculated lumen surface area.
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Microfibril angle

The mechanism of microfibril angle orientation is still very

poorly understood, particularly in woody perennials (Auty

et al. 2013; Barnett and Bonham 2004; Donaldson 2008).

To our knowledge, no model of MFA adjustment, in the

context of broader framework around cambial activity and

whole–tree physiology, currently exists. MFA has been

linked, however, to rates of growth and subsequent wall

development (Chan 2011; Donaldson 2008) and marked

growth responses after releases from drought (Wimmer

et al. 2002). In addition, findings in model species like

Arabidopsis suggest that Cellulose Synthase A (CesA)

activity as well as cellulose deficiencies can disturb

microtubule orientation (Panteris et al. 2013). Microtubules

are thought to be a key part of microfibril orientation (Chan

2011; Lloyd 2006). If so, cellulose availability and incor-

poration into the cell wall may be expected to impact on

microfibril angle. Thus microfibril angle, given established

links with growth rate, is calculated in the model using a

calibrated function of the distribution of carbohydrate (aal-
loc) across the varying cambial and enlarging zones, and

adjusted from tree age (Eq. 16). Microfibril angle is further

adjusted according to predicted stem slenderness as MFA

has been shown to be negatively correlated with height/di-

ameter ratio in P. radiata (Lasserre et al. 2009). Associated

with mechanical optimization of stem stiffness (Lachen-

bruch et al. 2011), the sensitivity of MFA is adjusted

depending on the height and diameter of the tree (Eq. 16).

MFAc ¼ MFAmax � afMFA�SR
alloc

� �
� #ringsp

�
40

� �2

ð16Þ

where aalloc is the allocation coefficient on day (see section
above), SR is the slenderness ratio of the tree [in this case,

stem diameter at the modeled position (cm)/height above

modeled position(m)] and #ringsp is the ring count at

position p on day and MFAmax and fMFA are parameters.

Results and model performance

Outputs from the CaBala model, upon which wood property

predictions were based, predicted 90 % of the variation in

tree overbark diameter at breast height (DBH) (Fig. 2).

Model outputs

Wood density

Predicted data explained about 80 % of the variation in

average pith-to-bark wood density from 17 sites (Fig. 3).

Average wood density in the outer 50 mm was not pre-

dicted as strongly (R2 = 0.77), but still better than

predictions in the juvenile core (first 10 rings) (R2 = 0.52).

Overall, there was a tendency for under-prediction of

outerwood density at those sites with the highest average

wood density. The inner core prediction was reduced most

markedly by over-prediction in juvenile wood density at

three sites (Figs. 4, 5).

MFA

The model predictions of MFA were weaker than for

density, with the model explaining 40 % and 50 % of the

variation in average and outer core MFA respectively

(Fig. 3). Model predictions of juvenile core MFA were not

significantly correlated with measured values (P = 0.07).

Overall, the correlation between modelled vs. measured

MFA was significant (P\ 0.001), but this was driven by

two high MFA sites in New Zealand. The correlation was

reduced by the over-prediction of MFA in two treatments

at the Mt Gambier site and under-prediction of MFA at the

Longford site (Fig. 6).

Prediction of trends

The model predictions of tracheid radial diameter and wall

thickness matched measured data (which was only available

at 6 sites) reasonably well (Fig. 4). The model captured the

increase in radial diameter in the first few rings at most sites.

At the unthinned Flynn site, themodel under-predictedmean

ring tracheid radial diameter as the trees experienced puta-

tively high levels of drought in the last 10 years of the sim-

ulation. This was linked to excessively reduced widths of the

simulated enlarging zone, and concomitantly, reduced

enlargement durations (data not shown). Wall thickness

predictions were close to the measured values however. At

the Ohurakura site, although tracheid radial diameter was

predicted reasonably well, average ring wall thickness was

Fig. 2 Tree diameter at breast height (DBH) predicted by the Cabala

model vs. actual measured DBH, with the corresponding one-to-one

relationship indicated by the dotted line
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consistently over-predicted in the last 10 years of the simu-

lation. At Balmoral, wall thickness was over-predicted in the

final years of the simulation and tracheid diameter was over-

predicted in the juvenile core.

The model predicted pith-to-bark trends in wood density

well at most sites (Fig. 5). Wood density in the outer rings

was over-predicted at the very low density New Zealand

sites, due to the over-prediction of wall thickness in those

cases. Wood density at the oldest stand (Caroline),

McGillivrays and Byjuke (all characteristed by high aver-

age wood density) was over-predicted in the early years,

but accurately captured later. Note that unusually high

predictions or data at the end or beginning of series is

related to calculations being performed on partial rings.

Despite the poor correlations between predicted and

actual average MFA, the model did capture the pith-to-bark

trends in MFA well at most sites (Fig. 6). At the Mt

Gambier site, the relatively sudden decline in MFA in the

first few years was not captured. At Longford, although the

pattern of pith-to-bark variation was reasonably accurate,

the model consistently under-predicted MFA. The sudden

increase in MFA following severe thinning at the Flynn site

was well captured by model predictions.

Prediction of intra-annual patterns of wood

variation

The model accurately captured the intra-annual pattern of

wood density variation (Fig. 7). There was, however, a

tendency for the predicted wood density to be higher in the

latewood than was actually measured in outer rings, but

this was associated with large error, mainly because only a

small number of sites actually reached ages[30 years.

The model captured the intra-ring variation tracheid

radial diameter and wall thickness reasonably well at the

five sites from which complete (or nearly complete) pith-

to-bark data was available (Fig. 8). Earlywood tracheid

radial diameter was under-predicted and latewood radial

diameter was over-predicted. The modelled data showed a

slower decline in radial diameter from earlywood to

Fig. 3 Model predicted vs.

measured a wood density,

b modulus of elasticity (MOE)

and c microfibril angle (MFA)

for 20 scenarios. Data are for a

whole ‘‘core’’, average of the

outer 50 mm and for the

average of the first 10 annual

rings (the juvenile core). Solid

lines show regression on

average core data; dotted blue

lines show regression on

outerwood data; dotted grey

lines show the one-to-one line

for the variable (colour figure

online)
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latewood than was observed in the actual data. The pre-

dicted patterns varied widely between modelled scenarios,

however.

Discussion

We have presented a model of fine-scale variation in wood

formation and stem growth processes that essentially uti-

lises only two elements: the carbon allocation balance and

tree water status. Based on this parsimonious approach, the

model did indeed significantly explain variation across 17

diverse stands of plantation-grown P. radiata, constrained

across the full range by a single set of parameters. We

recognise, however, that other factors still influence wood

formation processes in ways which the model is not cap-

turing, and further work is needed. The model represents,

in our view, a framework for thinking about the basic

elements of wood formation from which further research

and model concepts can easily be developed.

There can be no doubt that in reality, the causes of

variation in wood properties are complex, as xylem dif-

ferentiation can take place over several weeks, or even

months, and is influenced by constantly changing condi-

tions in the whole tree (Denne and Dodd 1981; Larson

1994).

Model skill

The accuracy of model predictions of wood density is

promising, with model outputs explaining 80 % of the

variation measured on pith-to-bark core samples from 17

varied stands of P. radiata, each grown under quite dif-

ferent conditions and silvicultural regimes. The model

predictions of averages and trends were also generally

good. This is particularly encouraging because the quality

Fig. 4 Trajectories of modelled

annual (ring) mean tracheid

radial diameter (black circles)

and wall thickness (grey

crosses) shown with minimum

and maximum values of

measured data (blue lines).

Measured data were only

available at some sites (colour

figure online)
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of data available for site and regime was variable, and we

were unable to be sure in some cases how accurately we

had characterised growing conditions. Overall, the model

correctly captured the pith-to-bark, as well as intra-an-

nual, patterns and tendencies in tracheid radial diameter,

tracheid wall thickness and wood density and MFA (see

Burdon et al. 2004). The patterns at both scales are not

constant between different stands of trees, and the model

was able to handle variations in the general tendency,

depending on effects of site or silviculture or weather.

This is one of the strengths of an approach that incorpo-

rates aspects of the wood formation process. We believe

that a particularly novel aspect of the model is the attempt

to model pith-to-bark MFA variation as a function of

cambial vigour and drought limitation. To our knowledge,

our attempt to incorporate a relatively high-level model of

microfibril orientation in a broader framework is the first

of its kind.

In cases where predictions of wood density did not

match actual data, it was not always possible to determine

specifically the cause of the discrepancy. Given the hier-

archical data flow (i.e., using inputs from a pre-existing

simulation) it was generally not possible to know to what

extent input stand level data were inaccurate. Detailed data

on actual leaf water potential, carbon fixation and alloca-

tion, and even metrics like leaf area index are typically

scarce, covering only brief periods of time (the case in our

study). Thus it was only possible to assess Cabala outputs

on relatively easily measurable metrics such as DBH, for

which reliable data was generally available. Furthermore,

errors in silvicultural information (e.g. timing or intensities

of thinning) or site descriptions would have a marked effect

Fig. 5 Trajectories of modelled annual (ring) mean wood density (black circles) for 20 modelled scenarios shown with minimum and maximum

values of measured data (blue lines) (colour figure online)
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on predicted values. These data were not always known for

the sites used in our study, and certain estimates had to be

made based on general forestry practices or relatively

coarse-scaled soil information. Another issue arises from

wood quality variability not accounted for in the modelling

framework, most notably, compression wood. It is likely

that some reaction wood would have been present in many

samples, which would have introduced uncontrolled vari-

ation. Another important element that is not directly taken

into account in this model is the effect of nitrogen fertility

on early-wood proportion. Although at our study sites we

believe this effect was not of great importance, in cases

where forests are established on highly nitrogen fertile ex-

pasture sites, further model development may be required.

Overall we identified that model performance was weak

in three areas. First, the model tended to under-predict

tracheid radial diameter under conditions of relatively

severe drought (particularly competition-induced instances,

such as in the case of the Flynn site). To what extent the

simulated input values were realistic is not clear. Assuming

they were accurate, however, it was evident that the model

tended to excessively reduce enlargement duration. How-

ever, the control of turgor could also be improved in regard

to tracheid expansion, and more explicit consideration of

the role of other substances in the process, e.g. potassium

(Fromm 2013), could potentially lead to some improve-

ment in the predictions.

Second, the model over-predicted wall thickness in the

latewood at some sites, mainly due to overly strong flow of

carbohydrates as the cambial zone constricted. This prob-

lem may be due in part to errors in the predicted timing of

allocation and carbohydrate flows in the whole tree, as well

as to problems with the embedded concepts of latewood

formation and control itself. In dealing with this issue,

further research is needed around the determination of the

onset of programmed cell death. This is currently

Fig. 6 Trajectories of modelled

annual (ring) mean MFA (black

circles) for 20 modelled

scenarios shown with minimum

and maximum values of

measured data (blue lines)

(colour figure online)
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controlled by the reduction in sucrose concentration in the

cell (Bollhöner et al. 2012). It is also possible that sec-

ondary wall thickening may be tied to the accumulation of

localised serine proteases, regulated in turn by the

expression of protease inhibitor genes (Escamez and

Tuominen 2014). Some initial tests of an implementation

of this idea in the model were promising, yielding similar

results to the approach based on sucrose concentrations

(data not shown).

Third, predictions were consistently weakest in the

juvenile core (the first 10 rings). It is important, in eluci-

dating this issue, to recognise the greater uncertainty

associated with wood property measurements close to the

pith. Few trees are perfectly round, and often trees have

eccentric piths, or cored samples do not follow the radius,

which means that the first few rings cannot be measured as

accurately as outer rings, even though SilviScan is capable

of limited sample re-orientation. Nevertheless, this is only

part of the puzzle. As understanding juvenile wood quality

is of key importance to forest management as rotation

lengths decrease, further work is needed. In the model,

control of juvenile wood formation processes is adjusted as

an elementary function of distance from live-crown. How

this effect actually occurs, however, is undoubtedly highly

complex, involving interactions between multiple factors,

including several hormones, gene expression controls and

carbohydrate gradients (Li et al. 2012; Paulina Fernández

et al. 2007; Plomion et al. 2001). Although it has been our

goal to keep the model as parsimonious as possible, in

order to address some of these model weaknesses, it may

be necessary to increase the sophistication of some

modules.

The usefulness of this modelling approach

for commercial applications

So-called process-based models of forest growth have

improved considerably in recent years, to the point where

they have become useful management tools (Almeida et al.

2004; Battaglia and Sands 1997; Landsberg and Sands 2010;

Fig. 7 Simulated (black lines; lower graphs) and actual (red lines;

lower graphs) intra-annual patterns of wood density variation across a

normalised annual ring. Grey lines show mean ± standard deviation

(for the 5-ring means). Grey lines show mean ± 1 standard deviation

(colour figure online)
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Sands 2004). The value of this approach is that it theoretically

makes scenario exploration possible beyond the bounds of

existing data and field experience. That is, stand growth

responses and tree performance can be forecast under hypo-

thetical future conditions for which there may be little if any

precedent (e.g. increasing average temperatures, changing

rainfall patterns or a new silvicultural intervention). Inasmuch

as it is valuable to understand how tree growth may vary (i.e.

how big trees will get, or volume of wood expected from a

stand), it is also of importance to understand what changing

conditions or management might do to wood quality.

A model framework as we have described makes it

possible to explore the potential result of leaving an

existing site to grow for an extended period into the future,

using modelled climate data. Given increasing levels of

uncertainty around future climate variability, models of

wood formation are potentially very useful for under-

standing future risks in managed forests, both in terms of

productivity and wood quality (cf. Pinkard and Bruce

2011). Forest growers can also explore the potential wood

quality implications of alternative management regimes

(e.g. changing the timing of thinning events). We believe

that the model presented here provides a testable means of

exploring our understanding of several aspects of

xylogenesis, and highlighting areas where further research

may be needed.
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