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Abstract

Key message Although first flowering in trees causes
clear changes in main stem morphological trends, we
prove that it does not totally explain changes in wood
density trends.

Abstract The phase change produced by a tree’s first
flowering event (that marks the limit between juvenile and
mature stage) causes changes in the morphological trends of
the main stem. As has been documented in a number of tree
species, the number of growth units per annual shoot, the
annual shoot length, and the growth unit length are some of
the variables that exhibit abrupt changes when first flowering
occurs. Considering the strong impact of first flowering on
tree morphology—and considering also trends that have
been observed in wood density and related variables, we
tested the relationship between the first flowering event and
wood density trend changes in Pinus radiata D. Don at three
different site conditions with differing climates. The rela-
tionship was studied using different criteria to select the
proper variables and methodology. Some interesting rela-
tionships between first flowering and certain variables were
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found, particularly the variables earlywood density, late-
wood density accumulated, latewood proportion, and ring
area. However, these relationships were not consistent
among the three sites. Overall, there is not enough evidence
to conclude that the first flowering causes or contributes to
changes in wood density trends. Our findings suggest that
studies should be conducted on the relationship between the
architectural development of the crown and changes in
internal wood characteristics. We corroborate the suggestion
as reported by Burdon et al. (For Sci 50:399-415, 2004) of
adopting the terms corewood and outerwood instead of
juvenile and mature wood.

Keywords 4 to 6 Pinus radiata - Wood density - Phase
change - Flowering - Tree architecture - Maturity

Introduction

Strong correlations have been found between wood density
and some characteristics such as strength and stiffness;
yield and pulp characteristics among others (Bouffier et al.
2009; Gapare et al. 2006; Kumar 2002; Panshin and de
Zeeuw 1980; Zobel and Sprague 1998; Zamudio et al.
2005; Li and Wu 2005). But high variability in wood
density has been found between species, between individ-
uals of the same species, in the same tree at different
heights, and within growth rings. There are a number of
reasons for this variation, including genetics, cambial
activity, age, seasons, environmental conditions, and sil-
vicultural management (Larson 1969; Koubaa et al. 2002;
Harris and Cown 1991).

In softwoods, the wood produced during the tree’s first
years, called juvenile wood, often differs from the mature
wood produced by an older cambial tissue (Zobel and
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Sprague 1998). These differences include a higher pro-
portion of earlywood (Mansfield et al. 2009), lower den-
sity, higher microfibrillar angle, greater flexibility [or less
stiffness (MoE)], a higher ratio of lignin to cellulose, and
more reaction wood (Clark et al. 2006; Gapare et al. 2006;
Zamudio et al. 2005). The terms “juvenile wood” and
“mature wood” have been discussed by Amarasekara and
Denne (2002), Burdon et al. (2004), and Zobel and Sprague
(1998). The terms core wood, crown-formed wood,
immature wood, inner wood, or pith wood have also been
used for juvenile wood (Alteyrac et al. 2006).

Variation in wood density is correlated with the age; the
variability decrease is correlated with cambial maturity (we
prefer the term “cambial aging”) and with the appearance
of mature wood (Zobel and Sprague 1998). The boundary
between the juvenile and mature wood is diffuse, creating a
transition zone (Alteyrac et al. 2006; Clark et al. 2006;
Gapare et al. 2006). Trees with high density wood have, in
general, sharper gradients in the boundary and less juvenile
wood (Harris and Cown 1991).

It has also been documented that wood density increases
in the stem base until the tree reaches its final height
(Kucéra 1994), while the low density wood is produced in
the crown zone (Zobel and Sprague 1998). The gradient
and the increments of wood density in the radial axis can
vary between trees and sites (Burdon et al. 2004; Harris and
Cown 1991; Mansfield et al. 2009; Zobel and Sprague
1998, Zobel and van Buijtenen 1989), indicating that
genetic and environmental factors contribute to the varia-
tion. Zobel and Sprague (1998) reviewed different vari-
ables that could affect the transition of wood characteristics
from the pith to the bark (or from juvenile to mature wood).

Biologically, the shift from the juvenile stage to matu-
rity is normally related to the development of reproductive
capability. In trees, the appearance of the flowers and their
continuation (Zimmerman et al. 1985) are indicators of the
phase change—i.e., the transition from a juvenile to a
mature phase (Greenwood 1995). The external character-
istics of a tree exhibit variations when the phase change
occurs, typically resulting in a longitudinal asymmetry in
the plant shape (Jones 1999). Vegetative growth slows
considerably in maturity (Meilan 1997; Burdon 1994). The
phase change also can be evidenced by characteristics such
as branching and foliar morphology (Greenwood 1995;
Heuret et al. 2006). Some authors have suggested that this
change is abrupt (Sweet 1972). This behavior has been
documented in Pinus radiata, where the first appearance of
the female cones is associated with abrupt changes in the
annual rates of growth in height, the number of growth
units per year, and the length of each growth unit, with
shorter and more frequent growth units after flowering
begins, with a growth unit defined as a shoot section with a
proximal zone of cataphylls and a distal zone bearing
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lateral buds or axis, that develops during a continuous
growing flush (Fernandez et al. 2007) (Fig. 1). As a poly-
cyclic species, P. radiata can produce one or more growth
units per annual shoot. In a growth unit, the stem portion
between its base and its upper part is normally called
internode.

The morphological and physical changes produced with
the first flowering are in some cases so distinct that we
could hypothesize that first flowering also could be related
to changes in wood characteristics. As far as we know, this
hypothesis has not yet been tested. If there is not a rela-
tionship, then the use of the terms juvenile and mature
wood should be revisited, in order to ensure consistency in
the scientific literature. In this study, we examine trees
from stands in three areas of Chile to assess the possible
correlation between phase change and changes in wood
characteristics.

Materials and methods

Three unmanaged stands of P. radiata D. Don were sam-
pled. The stands are located in three different sites under
different climate regimes in a latitudinal gradient between
central and southern Chile: La Trupa, in a relatively dry
and temperate environment, and Villucura and Lemunantd,
areas with more rainfall but colder temperatures (Table 1).
We sampled 17, 7, and 10 trees, respectively, at these sites.
The year 1998 was an extremely dry year in La Trupa
(302 mm precipitation in comparison with the average of
785 mm), distorting some behavioral variables; therefore,
data from 1998 were excluded from the analysis.

In each stand, healthy and well developed trees with
diameters close to the average value for the stand were
felled. In each tree, the first flowering position was deter-
mined by the presence of female cones or cone scars.
Measurements included total tree height and diameter at
breast height (DBH). Applying the methodology used by
Fernandez et al. (2007), a growth unit is a shoot section that
develops during a continuous growing season showing a
proximal zone of cataphylls and a distal zone bearing lat-
eral buds or axis. In each growth unit the total length, basal
diameter, number of lateral branches, number of female
strobili (cones), state of the cones (alive or aborted), and
presence of lateral buds were determined.

A disk at the base of the tree and at the base of the
growth unit presenting the first evidence of flowering was
taken (Fig. la). Each disk was oven dried (30-50 °C),
polished, and scanned at a 300 dpi resolution. Ring
boundaries were determined and measured with Adobe ©®
Photoshop ®Cs4 Extended; the results were corroborated
with visual analysis of the disks. Total tree age and first
flowering age were assessed.
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Fig. 1 a Disk positions at the base of the tree and at the base of the
first flowering growth unit; b a view of variations in the wood and
their positions in the ring; ¢ the X-ray density profiles corresponding
to the growth ring sections, which indicate a good boundary

In each basal disk sampled, a radial section strip was
analyzed by X-ray in the FP INNOVATION Laboratory
(FPINNOVATIONS, Canada). Radial Sects. 18 mm wide
and 1.67 mm in height were chosen so as to avoid com-
pression wood, knots, wounds, or cracks. They were
extracted using a Soxhlet with a solution of cyclohexane/
ethanol (2:1) for 24 h, an ethanol solution for 8 h, and then
a hot water bath for 8 h (Koubaa et al. 2002; Savva et al.
2010). After the extraction, the samples were air dried to
prevent warping and stabilized at 12 % humidity. The
samples were X-rayed to obtain wood density measure-
ments using a QTRS-01X Tree-Ring Scanner (QMC,
Knoxville, Tennessee), with a linear resolution of 0.04 mm
for each measurement (Savva et al. 2010).

Analysis of external architectural features
and flowering age

A comparison was conducted between sites for several
variables: first flowering age, total height at the first flow-
ering, number of cones in the first flowering growth unit,
accumulated number of growth units, and accumulated
number of branches at the first flowering. Data normality was
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determination. EWD earlywood density; LWD latewood density;
MXD maximum ring density; MND minimum ring density; Db
boundary between early and latewood inside a ring

assessed with Kolmogorov—Smirnov test; the Student’s t test
using the statistical package Minitab 15® was applied to
compare pairs of sites. When necessary, the Wilcoxon rank-
sum test was applied (to non-normal or small data sets).

Comparison of wood characteristics between sites

A description and comparison of wood characteristics was
conducted between sites. The different sites were sampled
at different ages; thus, the comparison was made based on
the cumulative values of the different variables during the
first 13 rings.

Analysis of wood density profiles and selection
of variables

From the X-ray profiles, total ring boundary (RB) and ear-
lywood (EW) and latewood (LW) boundaries were deter-
mined. The following variables were calculated for the
inside of each ring: average ring density (RD), earlywood
density (EWD), latewood density (LWD), maximum density
(MXD), minimum density (MND) (Fig. 1b), ring area (RA),
earlywood area (EWA), latewood area (LWA), and, as the
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Table 1 Description of sites and stands

Stand name La Trupa Villucura Lemunantd
Location VI Region “del Libertador Bernardo VIII Region “del Bio Bio”, IX Region “de la Araucania”,
O’Higgins”, “Provincia Cardenal Caro” “Provincia de Bio Bio” “Provincia de Cautin”
Latitude 34°43'40"S 37°33'27"S 39°29'30.26"S
Longitude 71°53'8"0 71°53'46"0 72°20'58.63"0
Altitude (meters over 130 499 408
sea level)

Climate classification® Mediterranean with oceanic influence

Average annual temperature (°C)"

Minimum 7.1 (2.1)

Average 12.7 (3.2)

Maximum 18.4 (4.4)
Average annual 785 (301)

precipitation (mm)®

San Pedro de Alcantara
Soil Classification Alfisol

Stand density (trees 1600
per ha)

Soil series®

Plantation year 1993
July-2009
Plantation age (years) 16

Sampling date

Number of sampled 17
trees

Silvicultural None
management

Average tree height 19 (1.4)

(m)’

Average Diameter at
1.3 m (cm)!

18 (1.6)

Temperate Mediterranean

6 (2.6)

13 (9.7)
19.8 (5.8)
1432 (426.7)

Santa Barbara
Andisol
1333

1991
January-2010
19

7

Pruning in the first meter
26 (2.8)

23 (9.5)

Oceanic fresh

7.3 (2.3)
12.4 (7)
17.3 (4.6)
2073 (325)

Lumaya
Andisol
1111

1992
February-2010
18

10

Pruning in the first meter
20 (1.6)

26 (3.8)

Precipitation and temperatures correspond to the life period of each stand

* Climate type according to the Santibdfiez and Uribe (1993) classification

® For temperature, rainfall and tree parameters average values are given, followed by the standard deviation in brackets (SD)

¢ Instituto Nacional de Investigacion Agropecuaria (1985) and Centro de Informacion de Recursos Naturales (1996)

ratio between latewood area and total ring area (LWA/RA),
latewood proportion (LWP).

Following Alteyrac et al. (2006) the RA was selected as a
more representative variable of tree growth and ring size than
ring width. RA isrelated to new foliage formed at the time the
ring was formed (Larson 1969; Mikeld 2002) and is thereby
a better expression of the whole growth process. RA, EWA,
and LWA were computed assuming a circular profile of the
rings. The average RD was calculated as weighted average
EWD and LWD, considering the respective areas.

The advantages and drawbacks of different methods for
the demarcation of early and latewood limit in a ring
were analysed, such as the threshold method (Gaspar
et al. 2008; Kumar 2002; Koubaa et al. 2002), the Mork
index (Denne 1988; Koubaa et al. 2002; Kumar et al.
2009; Park et al. 2006), and some mathematical models
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(Pernestal et al. 1995; Koubaa et al. 2002). The method
proposed by Hylen (1999) was chosen because it is
simple and produces good results. Using this method, the
demarcation between earlywood and latewood in each
ring was determined to be the point where density equals
the minimum value plus two-thirds of the difference
between the maximum (MXD) and the minimum (MND).
Equation 1 shows how the boundary (Db) between early
and latewood is calculated:

2
Db = MND + 3 (MXD — MND)

(2 - MXD + MND)

Db =
3

(1)

Wood densities higher than this limit were classified as
latewood densities and lower ones as earlywood densities.
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Inside of a ring, the average of EWD and LWD was
calculated as the averages of all the values below or above
the Db, respectively (Fig. 1a).

In addition to the previous variables, the cumulative
averages of RD, EWD, LWD, and LWP were calculated
(RD_a, EWD_a, LWD_a, LWP_a respectively), weighting
each value according to the respective ring areas. The
average accumulated values obtained along the rings’
profiles represent the average value that could be obtained
if an average wood density had been measured considering
a profile from the pith to the on-going ring.

As first flowering occurs at different ages between loca-
tions and between trees at the same site, the standardization
procedure proposed by Fernandez et al. (2007) was applied.
It consists of establishing the first onset of female flowering
as the zero biological reference date on the main axis,
allowing the expression in common ontogenetical ages the
years before the first flowering as negative values and the
years after the first flowering as positive values.

Each variable was plotted against ontogenetical age for a
graphic elucidation of the best and clearest trends. Also the
OLSCUSUM procedure with bootstrap for time series
change points analysis after Taylor (2000) and Edopka and
Ogbeide (2013) was performed on all the variables. The null
hypothesis indicates that non-significant changes are detec-
ted. The results are expressed as the confidence level that a
change occurred. Typically, 90-95 % is required before one
states that a significant change has beed detected. After
completing both analyses, the best variables were chosen.

Estimation of transition age from juvenile to mature
wood using segmented linear regression

For each tree and each selected wood variable, the transi-
tion age between juvenile and mature wood was estimated
using segmented linear regressions with the program Seg-
Reg, as suggested by Abdel-Gadir and Krahmer (1993);

Alteyrac et al. (2006); Gapare et al. (2006); Mansfield et al.
(2009), and Sauter et al. (1999). This procedure determines
the change of slope in a data series. The model consists of
finding two linear regressions to characterize the variation
in wood characteristics (variable Y) with respect to cambial
age (variable X). With a, b, ¢, and d parameters, and the
transition point (X,) estimated by an optimization proce-
dure to obtain the best coefficient of determination.

Y=aX+b+efor X< X (2)

Y=cX+d+efor X > X, (3)
d—>b

Xo = 4

"Ta—c “)

Once the segmented regression and the change of slope
in the data were determined, a correlation between the first
flowering date and the slope change date for each variable
in each site was established.

Results and discussion

External architectural features and flowering age
results

Table 2 presents the first flowering age and the conditions
of its occurrence, including the average stem height at first
flowering, the number of cones involved in the first flow-
ering, the number of growth units generated before the first
flowering, and the associated number of branches. The
Table 2 also shows the comparison of those parameters
between the different stands.

At the La Trupa site, the onset of flowering began at an
average age of 4 years, significantly earlier than in Villu-
cura and Lemunantd, which flowered with 8 and 10 years,
respectively (Table 2). Among Villucura and Lemunantd,
there are no significant differences for the first flowering

Table 2 First flowering age, height, and architectural variables of the stem for the three sites. Mean comparison (¢ Student test) used to compare

the different sites

Variable La Trupa Villu-cura Lemun-antd La Trupa/ La Trupa/ Villucura/
(n=17) n=17) (n = 10) Villucura Lemun-anta Lemunantd
Average Average Average (sdev) p value p value p value
(sdev) (sdev)
First flowering age (years) 4 (1.1) 9 (4.2) 10 (1.9) 0.030* 0.000* 0.256
Stem height at first flowering (m) 5(1.5) 12 (6.1) 10 (2.7) 0.026%* 0.000%* 0.538
Number of cones at first flowering 2 (1) 3(2) 2 (1) 0.562 0.684 0.392
Number of growth units accumulated 12 (3) 24 (12) 20 (6) 0.036* 0.003* 0.421
before first flowering
Number of branches accumulated before 59 (24) 128 (59) 118 (38) 0.024* 0.001* 0.700
first flowering
Basal area of base disk at 13 years (sz) 215 (50) 669 (132) 446 (107)

n = sample size; average values with standard deviation in brackets; * significant differences with p value <0.05
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age or for the other variables evaluated (stem height at the
first flowering occurrence, number of growth units gener-
ated before the first flowering, number of branches gener-
ated before the first flowering). Compared to the other two
sites, La Trupa is warmer and drier (with an average water
balance that supplies half of the species’ annual require-
ments). The trees flowered earlier, with a shorter number of
accumulated growth units, fewer accumulated branches,
and less total height at the first flowering. This means that
the flowering not only occurred earlier chronologically, but
also earlier in terms of the number of structures and the size
of the trees. Thus, in a first glance we could also expect
some internal differences between La Trupa and Villucura
and Lemunantu.

Comparison of general wood characteristics
between sites

Table 3 shows the results of the comparison of accumu-
lated wood characteristics of the first 13 rings between
sites.

Analyzing the general wood characteristics for the three
sites (Table 3), there is a gradient of average wood density,
La Trupa being the site with higher average density and
Villucura the site with lower average density. Villucura has
a higher MXD and a higher total LWD than Lemunantu,
but nevertheless a lower total density. It seems clear that
the low contribution of LWA to the total ring area (around
20 % for the three sites) implies that the earlywood density
values are the more significant contributors to total wood
density values in the three sites.

La Trupa presents significant differences in almost all
the wood characteristics when compared with the other two
sites. There are no significant differences between Villu-
cura and Lemunanti in total ring density, total EWD, total
LWD, or LWP.

Results of the analysis of wood density profiles
and selection of variables

The null hypothesis of the OLSCUSUM procedure with
bootstrap for time series change points indicates that non-
significant changes are detected. The results are expressed
as the confidence level that a change occurred. Typically,
90-95 % is required before determining that a significant
change has been detected. Those confidence levels are
presented in Table 4 by variable and site.

From this analysis, the variables RD, LWD, EWD, and
LWP were chosen because at least in one site per variable
there was evidence of significant changes (confidence level
larger or equal to 90 %). In the case of RD, LWD, and
EWD, the site Lemunantd presented values above 90 %. In
the case of LWP, the variable presented significant changes
in all the three sites. The variable MND was dismissed
because of its confidence levels, indicating that non-sig-
nificant changes in the series tendencies were detected.
Although MXD larger confidence level was 79.6 %, the
variable was chosen after visual inspection. Finally and
regarding RA (and its related EWA and LWA), they pre-
sent consistent changes in the three site conditions after the
analysis and after visual inspection. Therefore the variable
RA is maintained and shown in Fig. 2, although not used in
further analysis because of its high relationship with stand
density conditions.

In addition, a visual inspection resulted in the selection
of the variables LWD_a and LWP_a.

Figure 2 shows the selected variables normalized after
the first flowering year (equal to ontogenetical age 0).

When presented graphically (Fig. 2), some variables
exhibit a clear change at the point of the first flowering (the
“0” ontogenetical age in the graphs). The La Trupa site
shows more marked trend changes, particularly in LWD,
RA, MXD, and LWP. LWD increases until the first

Table 3 Means and standard deviations of wood density and ring area for the first 13 rings in the three sites. Mean comparison significance

(¢ Student) used to compare sites

Variables La Trupa Villucura Lemunanta La Trupa/ La Trupa/ Villucura/
(n=17) n=17) (n = 10) Villucura Lemunantd Lemunanta

Total ring density (kg m73) (RD) 512 (40) 477 (28) 488 (36) 0.027* 0.120 0.487
Total earlywood density (kg m~%) (EWD) 475 (35) 435 (24) 462 (34) 0.006* 0.368 0.073
Total latewood density (kg m™>) (LWD) 666 (46) 610 (37) 589 (44) 0.008* 0.000%* 0.309
Total minimum density (kg m~>) (MND) 386 (33) 358 (15) 386 (23) 0.012%* 0.943 0.009*
Total maximum density (kg m~>) (MXD) 716 (54) 643 (33) 607 (28) 0.001* 0.000%* 0.040%*
Total ring area (cm?) (RA) 215 (50) 669 (132) 446 (107) 0.000* 0.000%* 0.004*
Total earlywood area (cm?) (EWA) 172 (36) 506 (88) 353 (83) 0.000%* 0.000%* 0.004*
Total latewood area (cm?) (LWA) 43 (16) 163 (49) 94 (33) 0.001* 0.001* 0.009*
Total latewood proportion (%) (LWP) 20 (3) 24 (3) 21 (5) 0.011* 0.525 0.118

n = sample size; standard deviation in brackets; critical p value = 0.05
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Table 4 Confidence level
(expressed as a percentage) of

La Trupa (%) Villucura (%) Lemunantd (%)

significant changes detected in

Ring density (RD) (kg m—>
the time series of each variable ing density (RD) (ke )

Ring area (RA) (cm?)
Earlywood area (EWA) (sz)
Latewood area (LWA) (cmz)
Latewood proportion (LWP) (%)

Earlywood density (EWD) (kg m73)
Latewood density (LWD) (kg m?)
Minimum density (MND) (kg m—>)
Maximum density (MXD) (kg m~>)

81.5 71 94.2
32.1 86.6 99.5
65.4 71.8 98.6
37.8 43.1 274
60.9 79.6 68.5
100 99.5 99.9
99.8 91.7 99.5
96.9 70.6 98.8
99.6 93.5 98.9

flowering year, drops for 2 years, then culminates in value
the third year after first flowering. Then it stabilizes for
several years, with a particular peak at the end of the time
series. LWD_a presents even a clearer trend, increasing
until the onset of flowering and then stabilizing. Comparing
LWP and LWP_a, the latter exhibits more marked stabi-
lization, diminishing until one year after first flowering and
then stabilizing. MXD and RA also culminate at the
flowering year and one year later, respectively. Crown
architecture data from La Trupa (data not shown) shows
the same changes after the first flowering as those reported
in Fernandez et al. (2007). The data indicate a steady
increase in the number of growth units per annual shoot
until the onset of flowering, then stabilization in the value.
The data also show that the annual shoot increases in length
until first flowering and then stabilizes, resulting in a
shorter growth unit after first flowering. Thus, in La Trupa,
flowering seems to affect both external and internal char-
acteristics of the trees.

At Villucura the average RD exhibits a rather steady
increase, although there are some local variations. At the
onset of flowering the trend changes, with an abrupt drop
caused by lower values in both earlywood and latewood.
There is a strong correlation between the drop in latewood
density (LWD) and a drop in maximum density (MXD). In
both cases, the drop begins the third year after the first
flowering (again, using the flowering year as the reference
year). Nevertheless, pine cones mature over a span of three
years (Cremer 1992), and the ongoing production of new
flowers in the following years could be producing a
delayed effect on wood properties. Thus, there is evidence
for a transition age between no flowering and full flowering
capacity. LWD does not show such an evident trend as
LWP_a (Fig. 2f). After the first flowering event, Villucura
LWP_a data stabilizes near 20 %.

Reviewing RA data, Villucura presents variable behav-
ior before the first flowering, reaches a peak at the flow-
ering year, then begins to drop steadily.

All the variables related to wood density (RA, EWD,
LWD, and LWD_a) exhibit less evident trend changes in

Lemunantu than in Villucura. Nevertheless, MXD increases
steadily until 3 years after the first flowering, with the LWD
showing the same trend. Again, changes appear after a delay
of three years after the first flowering, a phenomenon that
could be related to a transition period between first flowering
and full flowering phases. LWP_a stabilizes after the first
flowering. Finally, RA steady increases, culminating 1 year
before the zero ontogenetical age and dropping steadily after
that. Thus, MXD, LWP_a, and RA values are apparently
related to the first flowering event.

RA for Lemunantu shows a marked trend change, strongly
coincident with the first flowering. The same occurs in La
Trupa. Villucura also shows a marked trend change in ring
area, but in this case the values peak 5 years before the first
flowering and then peak again right after flowering. There
seems to be a relationship between ring area and first flow-
ering. Nevertheless, ring area has been considered a variable
strongly related to stand density. The site index, defined as
the height the forest attains at a certain key age (Prodan et al.
1997), has been based on trees’ height and not their diameter,
because the diameter (related to RA) depends strongly on
stand density and competition conditions inside the stand.
Foliage biomass and leaf area are related to the cross-section
area of the tree (Mékeld 2002), and vice versa, as the growth
(and next ring area) in the following season will depend on
the already existing foliage.

Based on stand density, the average DBH of each stand,
and a model that relates maximum branch length with DBH
(another database, data not shown), we estimated stand
closure occurred when La Trupa reached an age of
6-7 years, when Villucura reached an age of 6-7 years, and
when Lemunanti reached an age of 5-6 years. If observing
ring area culmination based on raw data (based on calendar
years and not on ontogenetical age), culmination of RA also
occurs in La Trupa between years 6 and 7; in Villucura in
year 6 and in Lemunantd in year 8. In other words, in La
Trupa and Villucura there is a strong correlation between
estimated stand closure and RA culmination values.

From the perspective of stand characteristics, La Trupa
is a very dense stand, with 1600 trees per ha but with slow
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«Fig. 2 a Average ring density (RD), b earlywood density (EWD),
¢ latewood density (LWD), d latewood density accumulated
(LWD_a), e latewood proportion (LWP), f latewood proportion
accumulated (LWP_a), g maximum density (MXD) and h ring area
(RA) for La Trupa, Villucura and Lemunantu sites. Horizontal scale
expressed in ontogenetical age, with year 0 as the first flowering year.
Values correspond to mean values. Density values in kg m—>, ring
area in cm?. Symbols: La Trupa black square; Villucura black circle;
Lemunantii open circle. Average values with error bars

growth because of a water deficit. Thus, the peak in RA
occurs after the first flowering. As a result, the data do not
permit us to distinguish between the possible effect of
stand closure and the effect of first flowering on RA. Vil-
lucura data support the concept of a correlation between
stand closure and the RA peak, because this semi-dense
stand (1300 trees per ha) with very good growth rates
shows an RA peak 5 years before flowering. In Lemunantu,
a less dense stand than La Trupa and Villucura, but one
with a higher DBH average than those two stands, the RA
peak occurs 1 year before flowering; in this case there is no
coincidence between stand closure date and the culmina-
tion of RA based on calendar year. Alteyrac et al. (2006)
concluded that RA was not a proper variable for defining
the boundary between juvenile and mature wood, and our
data support that conclusion.

Correlation between wood characteristics

Before the segmented regression analysis, a correlation
analysis between the different wood variables was conducted.
The analysis showed that MXD is highly correlated with
LWD (r=0.97, p<0.0001) and that EWD is highly

correlated with RD (r = 0.91, p < 0.0001). Thus, only one
variable from each couple was selected for the trend change
analysis procedure.

Integrating the graphical analysis of the data, the mean
comparison between sitesand the correlation between
variables, and the following set of variables were finally
selected for the segmented regression procedure: (a) EWD;
(b) LWD_a; (¢) LWP_a; and (d) RA. This last variable,
total ring area, is strongly related to stand density as dis-
cussed previously. Thus, it was considered during the
analysis to help elucidate the whole formation process, but
was not used for the final results and conclusions.

Results of the segmented regression analysis

Table 5 presents the means and standard deviations of the
transition age between juvenile and mature wood, as esti-
mated with the selected wood variables.

The transition depends on the variable, varying between
4.27 and 6.36 years in La Trupa, 4.64 and 8.95 years in
Villucura and 4.82 and 9.12 years in Lemunantd.

As an average result using the variables EWD, LWD_a,
and LWP_a, the average transition age is 5.25 years for La
Trupa, 6.68 years for Villucura and 6.55 years for Lemu-
nantd (Table 5).

Relationship between first flowering age
and transition age between juvenile and mature
wood

A simple regression analysis between the independent
variable “first flowering age” and the dependent variable

Table 5 Mean and standard deviation of the transition age between juvenile and mature wood, based on segmented regression analysis for the

selected variables

Variable Transition age (chronological years)
La Trupa (FFA Villucura (FFA Lemunantid (FFA La Trupa/ La Trupa/ Villucura/
4 years) (1.1 sd) 9 years) (4.2 sd) 10 years) (1.9 sd) Villucura Lemunantd Lemunantd
Mean (sd) n Mean (sd) n Mean (sd) n p value p value p value
EWD 6.36 (2.81) 11 8.95 (3.05) 6 8.41 (3.09) 9 0.128 0.159 0.797
pv = 0.008* pv = 0.982 pv = 0.191
LWD_a 4.27 (1.16) 16 6.23 (2.98) 3 6.66 (2.81) 5 0.243 0.099 0.99
pv = 0.358 pv = 0.433 pv = 0.049%
LWP_a 5.46 (1.84) 17 4.64 (1.11) 6 4.82 (0.81) 10 0.262 0.353 0.935
pv = 0.0008* pv = 0.093 pv = 0.0002*
RA 5.99 (2.54) 17 6.01 (0.42) 7 9.12 (1.19) 8 0.112 0.004* 0.0006*
pv = 0.005* pv = 0.244 pv = 0.1165
Average including 5.25 (2.06) 44 6.68 (3.01) 15 6.55 (2.76) 24 0.153 0.077 0.862
EWD,LWD_a, 5y = 0.01* pv = 0.274 pv = 0.002%
LWP_a

Comparison shown between the variables transition age and first flowering age and between sites
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Table 6 Regression parameters and R? between first flowering age
(independent variable) and the transition between juvenile and mature
wood (dependent variable)

Interecept Coefficient R? p value

Earlywood density (EWD)

La Trupa 6.61 —0.055 0 0.944

Villucura 6.396 0.319 0.16 0.427

Lemunantd 3.526 0.482 0.08 0.439

The three sites 5.047 0.362 0.16 0.046
Latewood density accumulated (LWD_a)

La Trupa 3.772 0.119 0.01 0.674

Villucura 10.66 —0.476 0.68 0.176

Lemunanti —6.684 1.335 0.68 0.086

The three sites 3.44 0.278 0.18 0.04
Latewood proportion accumulated (LWP_a)

La Trupa 5.931 —0.111 0 0.804

Villucura 4.997 —0.041 0.03 0.753

Lemunanti 2.393 0.235 0.3 0.1

The three sites 5.612 0.072 0.03 0.336
Ring area

La Trupa 4.189 0.432 0.03 0.483

Villucura 6.444 0.048 0.23 0.28

Lemunantd 4.34 0.49 0.47 0.062

The three sites 5.091 0.256 0.13 0.038

Mean value and standard deviation in brackets

Pv p value for the mean comparison between first flowering age and
transition age, FFA first flowering age, for comparison information,
n the number of valid samples used in the segmented regression
analysis

“transition age between juvenile and mature wood” was
done for the selected variables (EWD, LWD_a, LWP_a,
RA) in order to detect if the first flowering event is cor-
related to changes in wood characteristics. The results of
the regression analysis are shown in Table 6. The indi-
vidual regression for each site between the first flowering
age and the transition age for the variables LWP_a,
LWD_a, EWD, and RA showed no significant relationship.
When combining the data from all the sites for each vari-
able, LWD_a, EWD, and RA show a more postive rela-
tionship with first flowering age. So, although a tendency is
evident, the significance of the results do not permit the
conclusion that there is a real relationship.

When taking an average of the wood variables with a
better performance (LWD_a, EWD, and RA) and relating it
with the first flowering age (Table 6), at the individual site
level there is not a clear relationship; however, when
combining the site data the coefficient of determination
increases (R* = 0.369, p < 0.0001).

The different approaches to correlating the first flower-
ing age to the transition age between juvenile and mature
wood do not point to a consistent variable at the three

@ Springer

different sites. EWD (Table 5) transition age is coincident
with flowering age in Villucura and Lemunantu, but not in
La Trupa. LWD_a transition age is coincident with first
flowering age in La Trupa and Villucura, but not in
Lemunantd. And LWP_a transition age is coincident with
first flowering age only in Villucura.

We should take in account that all parameter measured
by x-ray densitometry are, due to the analyzing method-
ology, averaged parameters for the tissues, which do not
allow magnification. Maybe a higher resolution by using
e.g., SilviScan analysis with a resolution of 25 um (almost
a double of the resolution used in this research) could raise
the possibility to enhance the significance of the analysis.
Also, the use of the proposed analysis in trees growing
without lateral competence could help to discard the cross
effect of stand closure.

Conclusions

As shown by Fernandez et al. (2007) for Pinus radiata and
by Heuret et al. (2006) for other species such as Pinus
pinaster, the first flowering implies a phase change from
the juvenile to the mature stage in the tree and is related to
a marked change in the species’ stem architecture. Our
results, however, do not provide enough evidence to con-
clude that the first flowering could help to explain the
changes in wood density trends in the radial direction.

To be consistent with the results, we suggest adopting
the terms corewood and outerwood proposed by Burdon
et al. (2004) when refereeing to the radial progression of
wood from the pith to the bark, instead of juvenile and
mature wood, because the radial variation would be not
clearly related to the biological concept of tree maturation.

Future studies could assess the relationship between the
architectural development of the crown and the internal
wood characteristics as proposed by Tondjo et al. (2014),
because as Larson (1969) has shown, wood properties are
related to yearly crown development. Studies with Pinus
radiata involving longer time series might also help elu-
cidate the relationship between wood density and other
developmental factors, although, given the short rotation of
this species, studies of extended length are not always
possible.

Author contribution statement M. Paulina Fernandez as perma-
nent professor and researcher of the Pontificia Universidad Catdlica
de Chile contributed as main researcher, designing the research,
organizing all practical work, supervising the work along the project,
and guiding Barbara Cornejo among other students in her particular
contribution. M. P. Fernandez contribute greatly to data analysis and
final manuscript writing, Barbara Cornejo, as undergraduate student
of the Pontificia Universidad Catdlica, contributed in data collection,
data analysis and initial manuscript writing, as part of her graduate
final work.



Trees (2016) 30:859-870

869

Acknowledgments This project was financed by the Chilean
National Science and Technology Commission (FONDECYT), Grant
Number 11085008. We are grateful to Dr. Jennifer Grace (SCION,
New Zealand) for her kind help in the revision of the ring boundary
definition. We also thank Mr. Ariel Mella, private forest owner, and
the Compaifiia Manufacturera de Papeles y Cartones (CMPC) for
allowing the use of stands and trees for the study, and Isabel Rojas
and Catalina Gerstmann for their support in field work. Finally we
thank Prof. Alex Moreno and his staff at the Wood Prototypes Lab-
oratory, at the Facultad de Arquitectura, Diseiio y Urbanismo, Pon-
tificia Universidad Catdlica de Chile, for their kind help in wood
sample processing, and Joaquin Barcel6 for preliminar data analysis.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict
of interest.

References

Abdel-Gadir AY, Krahmer RL (1993) Estimating the age of
demarcation of juvenile and mature wood in Douglas-fir. Wood
Fiber Sci 25:242-249

Alteyrac J, Cloutier A, Zhang SY (2006) Characterization of juvenile
wood to mature wood transition age in black spruce (Picea
mariana (Mill.) B.S.P.) at different stand densities and sampling
heights. Wood Sci Technol 40:124-138. doi:10.1007/s00226-
005-0047-4

Amarasekara H, Denne MP (2002) Effects of crown size on wood
characteristics of Corsican pine in relation to definitions of
juvenile wood, crown formed wood and core wood. Forestry
75:51-61. doi:10.1093/forestry/75.1.51

Bouffier L, Raffin A, Rozenberg P, Meredieu C, Kremer A (2009)
What are the consequences of growth selection on wood density
in the French maritime pine breeding programme? Tree Genetics
Genomes 5:11-25. doi:10.1007/s11295-008-0165-x

Burdon RD (1994) Annual growth stages for height and diameter in
Pinus radiata. New Zeal J For Sci 24:11-17

Burdon RD, Walker JCF, Megraw RA, Evans R, Cown DJ (2004)
Juvenile versus mature wood: a new concept, orthogonal to
corewood versus outerwood, with special reference to Pinus
radiata and P. taeda. For Sci 50:399-415

Centro de Informacion de Recursos Naturales (1996) Estudio
agrolégico VI Regién. Descripcion de suelos materiales y
simbolos. CIREN 114, CIREN, Santiago, pp 570

Clark A, Daniels RF, Jordan L (2006) Juvenile/mature wood
transition in Loblolly Pine as defined by annual ring specific
gravity, proportion of latewood, and microfibril angle. Wood
Fiber Sci 38:292-299

Cremer KW (1992) Relations between reproductive growth and
vegetative growth of Pinus radiata. For Ecol Manag
52:179-199. doi:10.1016/0378-1127(92)90501-Y

Denne MP (1988) Definition of latewood according to Mork (1928).
TAWA Bulletin n.s. 10:59-62

Edopka IW, Ogbeide EM (2013) Bootstrap approach control limit for
statistical quality control. Int J Eng Sci Invent 2:28-33

Fernandez MP, Norero A, Barthélémy D, Vera J (2007) Morpholog-
ical trends in main stem of Pinus radiata D. Don: transition
between vegetative and reproductive phase. Scan J For Res
22:398-406. doi:10.1080/02827580701610261

Gapare W, Wu H, Avarquez A (2006) Genetic control of the time of
transition from juvenile to mature wood in Pinus radiata D. Don.
Ann For Sci 63:871-878. doi:10.1051/forest:2006070

Gaspar MJ, Louzada JL, Silva ME, Aguiar A, Almeida MH (2008)
Age trends in genetic parameters of wood density components in
46 half-sibling families of Pinus pinaster. Can J For Res
38:1470-1477. doi:10.1139/X08-013

Greenwood MS (1995) Juvenility and maturation in conifers: current
concepts. Tree Physiol 15:433-438. doi:10.1093/treephys/15.7-
8.433

Harris JM, Cown DJ (1991) Basic wood properties. In: Kininmonth
JA, Whitehouse LJ (eds) Properties and Uses of New Zealand
Radiata Pine. For Res Inst, Rotorua, p 110

Heuret P, Meredieu C, Coudurier T, Courdier F, Barthélémy D (2006)
Ontogenetic trends in the morphological features of main stem
annual shoots of Pinus pinaster (Pinaceae). Am J Bot
93(11):1577-1587. doi:10.3732/ajb.93.11.1577

Hylen G (1999) Age trends in genetic parameters of wood density in
young Norway spruce. Can J For Res 29:135-143. doi:10.1139/
x98-170

Instituto Nacional de Investigacion Agropecuaria (1985). Suelos
volcanicos de Chile. INIA. Ministerio de Agricultura. Santiago,
Chile. pp 723

Jones CS (1999) An essay on juvenility, phase change, and
heteroblasty in seed plants. Int J Plant Sci 160:105-111.
doi:10.1086/314215

Koubaa A, Zhang SY, Makni S (2002) Defining the transition from
earlywood to latewood in Black spruce based on intra-ring wood
density profiles from X-ray densitometry. Ann For Sci
59:5110-5118

Kucéra B (1994) A hypothesis relating current annual height
increment to juvenile wood formation in Norway Spruce. Wood
Fiber Sci 26(1):152-167

Kumar S (2002) Earlywood-Latewood demarcation criteria and their
effect on genetic parameters of growth ring density components
and efficiency of selection for end-of-rotation density of Radiata
Pine. Silvae Genet 51:241-245

Kumar M, Saranpidéd P, Barnett JR, Wilkinson MJ (2009) Juvenile-
mature wood transition in pine: correlation between wood
properties and candidate gene expression profiles. Euphytica
166:341-355. doi:10.1007/s10681-008-9815-1

Larson PR (1969). Wood formation and the concept of wood quality.
School of Forestry and Environmental Science Bulletin 74. Yale
University, New Haven

Li L, Wu HX (2005) Efficiency of early selection for rotation-aged
growth and wood density traits in Pinus radiata. Can J For Res
35:2019-2029. doi:10.1139/X05-134

Mikeld A (2002) Derivation of stem taper from the pipe theory in a
carbon balance framework. Tree Physiol 22:891-905

Mansfield SD, Parish R, Di Lucca M, Goudie J, Kang K-Y, Ott P
(2009) Revisiting the transition between juvenile and mature
wood: a comparison of fibre length, microfibril angle and
relative wood density in lodgepole pine. Holzforschung
63:449-456

Meilan R (1997) Floral induction in woody perennials. New Forest
14:179-202

Panshin AJ, de Zeeuw C (1980) Textbook of Wood Technology, 4th
edn. McGraw-Hill Book Co., New York

Park Y-ID, Dallaire G, Morin H (2006) A method for multiple intra-
ring demarcation of coniferous trees. Ann For Sci 63:9-14.
doi:10.1051/forest:2005093

Pernestal K, Jonsson B, Larsson B (1995) A simple model for density
of annual rings. Wood Sci Technol 29:441-449

Prodan M, Peters R, Cox F, Real P (1997). Mensura Forestal (Forest
Mensuration). Serie Investigacién y Educacién en Desarrollo
Sostenible. Deutsche Gesellschaft fiir Technische Zusammenar-
beit (GTZ) GmbH, Instituto Interamericano de Cooperacién para
la Agricultura (IICA): San José, Costa Rica. p 586

@ Springer


http://dx.doi.org/10.1007/s00226-005-0047-4
http://dx.doi.org/10.1007/s00226-005-0047-4
http://dx.doi.org/10.1093/forestry/75.1.51
http://dx.doi.org/10.1007/s11295-008-0165-x
http://dx.doi.org/10.1016/0378-1127(92)90501-Y
http://dx.doi.org/10.1080/02827580701610261
http://dx.doi.org/10.1051/forest:2006070
http://dx.doi.org/10.1139/X08-013
http://dx.doi.org/10.1093/treephys/15.7-8.433
http://dx.doi.org/10.1093/treephys/15.7-8.433
http://dx.doi.org/10.3732/ajb.93.11.1577
http://dx.doi.org/10.1139/x98-170
http://dx.doi.org/10.1139/x98-170
http://dx.doi.org/10.1086/314215
http://dx.doi.org/10.1007/s10681-008-9815-1
http://dx.doi.org/10.1139/X05-134
http://dx.doi.org/10.1051/forest:2005093

870

Trees (2016) 30:859-870

Santibafiez F, Uribe M (1993) Atlas agroclimatico de Chile: regiones
sexta, séptima, octava y novena. Ministerio de Agricultura,
Fondo de Investigacion Agropecuaria, Santiago, p 99

Sauter UH, Mutz R, Munro D (1999) Determining juvenile-mature
wood transition in Scots pine using latewood density. Wood
Fiber Sci 31(4):416-425

Savva Y, Koubaa A, Tremblay F, Bergeron Y (2010) Effects of radial
growth, tree age, climate, and seed origin on wood density of
diverse jack pine populations. Trees 24:53-65. doi:10.1007/
500468-009-0378-0

Sweet GB (1972) The effect of maturation on the growth and form of
vegetative propagules of radiata pine. New Zeal J For Sci
3:191-210

Taylor W (2000) Change point analysis: a powerful new tool for
detecting changes. Retrieved from http://www.variation.com/
cpa/tech/changepoint.html

Tondjo K, Brancheriau L, Sabatier S-A, Kokutse AD, Akossou A,
Kokou K, Fourcaud T (2014) Is the variability of key wood

@ Springer

properties linked with the variability of key architectural traits?
Case of planted Teak in Togo regarding thinning and prove-
nance. Ann For Sci 72:717-729. doi:10.1007/s13595-014-0425-
X

Zamudio F, Rozenberg P, Baetting R, Vergara A, Yaiiez M, Gantz C
(2005) Genetic variation of wood density components in a
radiata pine progeny test located in the south of Chile. Ann For
Sci 62:105-114. doi:10.1051/forest:2005002

Zimmerman RH, Hackett WP, Pharis RP (1985) Hormonal aspects of
phase change and precocious flowering. In: Pharis RP, Reid DM
(eds) Encyclopedia of plant physiology (NS), 11. Springer-
Verlag, Berlin, pp 79-115

Zobel BJ, Sprague JR (1998) Juvenile wood in forest trees. Springer,
Berlin, p 300

Zobel BJ, Van Buijtenen JP (1989) Wood variation: its causes and
control. Springer, Berlin, p 363


http://dx.doi.org/10.1007/s00468-009-0378-0
http://dx.doi.org/10.1007/s00468-009-0378-0
http://www.variation.com/cpa/tech/changepoint.html
http://www.variation.com/cpa/tech/changepoint.html
http://dx.doi.org/10.1007/s13595-014-0425-x
http://dx.doi.org/10.1007/s13595-014-0425-x
http://dx.doi.org/10.1051/forest:2005002

	Is the first flowering event and corresponding maturity phase in trees related to radial wood density changes?
	Abstract
	Key message
	Abstract

	Introduction
	Materials and methods
	Analysis of external architectural features and flowering age
	Comparison of wood characteristics between sites
	Analysis of wood density profiles and selection of variables
	Estimation of transition age from juvenile to mature wood using segmented linear regression

	Results and discussion
	External architectural features and flowering age results
	Comparison of general wood characteristics between sites
	Results of the analysis of wood density profiles and selection of variables
	Correlation between wood characteristics
	Results of the segmented regression analysis
	Relationship between first flowering age and transition age between juvenile and mature wood

	Conclusions
	Acknowledgments
	References




