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ABSTRACT

Segmented regression models are applied successtully to estimate the cambial age of juvenile-mature
wood transition in Scots pinc sample trees from slow-grown stands. Mean ring density, carlywood,
and latewood density profiles from 99 trees were determined by X-ray densitometric analysis of disks
taken at 4-m stem height. The cambial age of transition from juvenile to maturc wood is described
according to segmented regression models based on latewood density profiles. The time scries naturc
of the density data was considered by using generalized nonlinear regression and restricted maximum
likelihood regression procedures. The quadratic-linear fit shows the transition at cambial age of about
22 with a standard deviation of 5 to 7 yr. Segmented regression models arc an effective tool to get
objective estimates of the juvenile-mature wood transition from density profiles.

Keywords:
transition, Scots pine.

INTRODUCTION

Juvenile wood is an important source of be-
tween-tree and intra-tree wood variation, es-
pecially in conifers (Krahmer 1986). Indepen-
dently of whether the effects of juvenile wood
characteristics on end-uses are positive or neg-
ative, it is necessary to have an accurate esti-
mation of the proportion and size of the ju-
venile wood core in a tree or sawlog. This
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Segmented regression, wood density, juvenile wood, mature wood, juvenile-mature wood

permits the separation of juvenile from mature
material, thus minimizing the negative influ-
ences on end products (Sauter 1992).

The concept of juvenile wood and its for-
mation is documented in numerous publica-
tions. Definitions and descriptions of juvenile
wood can be found in Rendle (1959, 1960).
Zobel and van Buijtenen (1989) give a com-
prehensive overview of the state of knowledge



Sauter et al.—JUVENILE-MATURE WOOD TRANSITION IN SCOTS PINE

about juvenile wood. Zobel and Talbert (1984)
describe juvenile wood as forming a central
core around the pith from the base up to the
top of the tree. This central core includes
growth rings up to a certain cambial age. Fur-
ther, the basic information for the juvenile
wood formation is located in the genetic code
of each species. Most authors attribute control
of the growth process to the growth hormone
auxin produced in the live crown of the tree
(Larson 1969). In summary, the proportion of
juvenile wood in a tree is influenced by tree
species, size of growth rings up to a distinct
cambial age, and relationship between the
changes of the live crown and the radial
growth along the stem (Paul 1960; Bendtsen
1978). For second-growth Douglas-fir, Di Luc-
ca (1989) concludes, ““. . . the size and length
of the active live crown seemed to regulate the
quantity and quality of juvenile and mature
wood in the stem.” Kuera (1994) found in
Norway spruce a close relationship between
the formation of juvenile wood and annual
height increments of the tree, which also sug-
gests that the control mechanism of juvenile
wood is related to crown activity.

The point at which the transition from ju-
venile to mature wood occurs is a basic issue
affecting wood quality and product value.
However, it is often difficult to estimate with
sufficient scientific reliability. Di Lucca (1989)
pointed out that species of the genera spruce
(Picea spp.), fir (Abies spp.), and cypress (Cu-
pressus spp.) show an “indistinct juvenile-ma-
ture transition zone,” whereas ‘Douglas-fir
and most hard pines” show a more distinct
transition from juvenile to mature wood.

The issue is further complicated by the fact
that the transition point varies with the wood
characteristic under investigation (Bendtsen
and Senft 1986). Variables that have been con-
sidered are fiber length, fibril angle, longitu-
dinal shrinkage, lignin/cellulose ratio, and
wood density. These characteristics are closely
related to the tracheid differentiation, which
changes with cambial age. While the transition
point or zone for each of these characteristics
is of scientific interest, for practical purposes,
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we are more concerned with those properties
that are closely related to end-product quality
and that can be repeatably and economically
measured. X-ray densitometry, developed by
Polge (1966), provides a very efficient method
for measuring pith-to-bark density profiles,
and because product quality is closely related
to wood density, most research into the juve-
nile-to-mature transition has been based upon
density criteria.

A simple way to identify the transition be-
tween juvenile and mature wood on the basis
of density profiles from pith-to-bark is to vi-
sually locate a point (cambial age) on the plot-
ted curve where the increase in density be-
comes noticeably smaller. However, this meth-
od cannot provide reliable scientific results. A
statistical approach to the problem is the ap-
plication of segmented regression models,
used by Di Lucca (1989), Cook and Barbour
(1989), Abdel-Gadir and Krahmer (1993) on
second-growth Douglas-fir and Danborg
(1994) on Norway spruce. A principal statis-
tical problem arises when segmented regres-
sion models are used without consideration of
the time series nature of growth ring data from
a pith-to-bark profile. Possible interdependen-
cies in data from adjacent rings could lead to
poor estimates of the cambial age of the ju-
venile-mature wood transition. Statistical
methods considering this fact can lead to tran-
sition point estimates that have smaller bias
and variability.

The objectives of this study were to find the
growth-related density variable that best iden-
tified the juvenile-mature wood transition, and
to fit an appropriate segmented regression
model to pith-to-bark density profiles typical
of slow grown Scots pine, considering the
time series nature of the data.

MATERIAL AND METHODS

A total of 100 trees were sampled from five
different Scots pine stands in southwest Ger-
many. The stands are typical of the existing
resource of this species in the state Rhineland-
Palatinate. Four of the stands are from the
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‘Pfaelzer Wald’ and grow on very poor sites
in terms of tree-available nutrients and water
supply. The fifth stand represents slightly bet-
ter growth conditions in the Rhine Valley. In
both areas the soils are predominantly sandy.
Tree age ranged from 70 to 129 yr. All trees
were dominant or codominant individuals in
the stands, and the tree diameter at breast
height including the bark, ranged from 32 to
35 cm. A rough overview of the average
growth rates in 4-m stem height of the 100
sample trees is given by the following data:
growth period of cambial age 1-20 yr: 2.68
mm (range 0.51-8.14 mm); cambial age 21—
50 yr: 1.15 mm (range 0.24-3.47 mm); cam-
bial age 51-100 yr: 0.86 mm (range 0.11-3.08
mm). After the first 80-100 yr, most sample
trees produced very small growth rings in the
range of 0.1 to 0.25 mm. This effect can be
interpreted as a lack of vigor of the crown
caused by changes in water supply and inter-
tree competition. This kind of wood, known
as ‘starved wood,” is characterized by very
narrow growth rings and small latewood per-
centages.

From each tree a 4-cm-thick disk was taken
at 4-m stem height for analysis of the density
variation from pith-to-bark. A stem height of
4 m was chosen instead of breast height, be-
cause other project objectives required the butt
log to be used for lumber tests. The radial
pith-to-bark strips for the X-ray densitometry
were taken from disk areas free of compres-
sion wood, mostly perpendicular to the slope
direction of the terrain or to the largest radius
of the tree crown.

Density profiles were obtained from each
disk using the X-ray densitometer at the ‘Sta-
tion de Recherches sur la Qualité des Bois,’
[.LN.R.A. in Champenoux, France. Polge
(1978) described the measurement method in
detail. Density measurements were calibrated
to 12% moisture content (weight at 12% MC/
volume at 12% MC). Each ring was divided
into 20 equal length intervals, each represent-
ing 5% of the ring width, and average density
values were computed for each interval. These
averages were used in all further analyses as
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they are more stable than the raw measure-
ments (Danborg 1994). Because Scots pine
has a clearly defined growth ring boundary,
specially adapted software could be used to
eliminate false growth rings almost entirely
(Leban and Dedeckel 1995). A comprehensive
discussion of possible shortcomings of X-ray
densitometry can be found in Schweingruber
(1983).

In order to do a detailed assessment of both
pith-to-bark and intra-ring density profiles, it
was necessary to distinguish earlywood from
latewood. In addition to the standard definition
by Mork (1928), which is based on the ratio
of cell-wall thickness to lumen diameter, there
are two techniques for automatically identify-
ing the earlywood-latewood boundary during
the X-ray scanning process. The simplest is to
use a predefined density threshold; the advan-
tages of this method are outlined in Jozsa et
al. (1987). A ring-specific threshold was used
in this study, computed as the average of the
minimum and maximum density values within
each ring.

WOOD DENSITY TRENDS

The sampling method produced usable den-
sity profiles for 99 sample trees, which in-
cluded the whole range of growth rings from
pith-to-bark. The data obtained and processed
consisted of average values for ring width,
mean ring density, earlywood width, early-
wood density, latewood width, and latewood
density for each growth ring. The density var-
iables reflect the textural changes of the tra-
cheids caused by age-dependent development
of the cambium cells and are thus suitable for
further consideration (Danborg 1994). The
first step of the analysis was to select the ap-
propriate density variables in order to deter-
mine the transition between juvenile and ma-
ture wood for the Scots pine material. For each
sample tree, all density variables were plotted
as pith-to-bark profiles and visually assessed.

The plots show more or less uniform curve
patterns for the density variables mentioned
above. Mean ring wood density increases from
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FiG. 1. Development of mean wood density from pith-
to-bark for test tree No. 66 at 4-m stem height.

pith-to-bark with a slightly steeper slope in the
first 20 yr from the pith (e.g., tree No. 66, Fig.
1). Such a trend was expected, although dif-
ferences between growth zones near the pith
and towards the bark in Scots pine are not as
strong as usually found in most conifers, e.g.,
Douglas-fir. This type of curve is not suitable
for a clear differentiation between juvenile and
mature wood. Once the segmented regression
models, described later, were applied, it was
deduced that the use of mean density was not
appropriate, because of low coefficients of de-
termination and a large range of ages for tran-
sition from juvenile to mature wood.

In a second approach, earlywood density
was considered. The earlywood density pro-
files taken from the Scots pine disks showed
very low variation and curves without increas-
ing or decreasing trends (e.g., tree No. 66, Fig.
2). This type of curve characterized all the
sample trees, with very few exceptions. These
findings are similar to those for western hem-
lock (Jozsa et al. 1997); however, we observed
a slight decrease of earlywood density for the
first few growth rings. Abdel-Gadir and Krah-
mer (1993) reported for second-growth Doug-
las-fir, a decreasing earlywood density for the
first rings near the pith, followed by an in-
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crease until stable mature wood conditions
were reached.

Latewood density curves of the analyzed
Scots pine trees first increased rapidly for
about twenty years and thereafter either re-
mained at a relatively high density level (Fig.
3), increased slightly, or decreased. The radial
development of latewood density can be di-
vided into two different zones interpreted as
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Jjuvenile and mature growth. This indicates the
need for two separate regressions to obtain
reasonable fits for the whole profile from pith-
to-bark. The juvenile section is best described
by a quadratic curve. Regardless of the trend
direction, the mature part of the curve can be
described best with a linear expression, al-
though large yearly density variations are ob-
served. For the purpose of determining the ju-
venile-mature wood transition, only the late-
wood density data gave reasonable results, and
produced visibly identifiable breakpoints in
the segmented regression models applied to
the pith-to-bark density profiles.

STATISTICAL PROCEDURES

The first step was to analyze the time series
nature of the data using the ARIMA (Auto-
regressive Integrated Moving Average) con-
cept, developed by Box and Jenkins (1970),
which determines the most suitable model for
the data set of individual sample trees. The
objective of this step was to find a general
time series process that generates most of the
individual tree time series. The second step of
the statistical analyses was a simulation. Data
sets were generated corresponding to the time
series derived in step one, and segmented non-
linear regressions were then performed and
used to estimate the parameter X, the juvenile-
to-mature transition point. The following sta-
tistical procedures were compared; the first
two considered the time series nature of the
data and the third did not:

a) nonlinear segmented regression after data
transformation corresponding to the time
series model found (GNLIN)

b) restricted maximum likelihood segmented
regression considering the time series na-
ture of the data (REML)

¢) nonlinear segmented regression (NLIN)

To determine the most suitable statistical
approach, the three procedures were applied to
data sets with known x, and time series struc-
ture, and the bias and variability of the result-
ing parameter estimate x, were compared. In
a third step, the estimated transitions at cam-
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TABLE 1. Frequencies of ARIMA (p,0,q)-models after
selection according to SBC-criterion for n = 99 trees.

Without
trend With trend
Model elimination elimination
p=1 21 67
p=2 12 7
q=1 | 19
p=1lqg=1 63 6
p=2q=2 2 0

Note: A polynomial of 3% order serves as trend function.

bial age x, from juvenile to mature wood were
derived for a quadratic-constant function and
a quadratic-linear function on the basis of
measured data.

STEP ONE:. ARIMA-MODEL-SELECTION

The ARIMA (p,d,q)-model is a statistical
approach for analyzing univariate or multivar-
iate time series. It is assumed that an output
variable y,, here latewood density, is a time
invariant linear function of the input variable
X,, here cambial age. That function can be con-
sidered a filter. Three time processes are de-
scribed: autoregressive process of p" order
(AR(p)-process), the data in year t depends on
the data in year t—1, t—2, ..., t—p; moving
average process of q" order (MA(q)-process),
random component in year t are depending on
random component in previous years; and an
integrated process or component d, if the time
series is not stationary. For the time series of
each of the 99 sample trees five simple ARI-
MA (p,0,q)-models were calculated (Table 1).
For model selection, the Bayes-criterion SBC
(Schwarz 1978) was used (Mutz 1998).

Table 1 shows that without trend elimina-
tion most of the time series models are mixed
ARIMA (1,0,1)-models or AR (1)-models. Af-
ter recommended trend elimination (polynom
3 order), more than two thirds of the time
series for the sample trees can be expressed by
simple AR (1)-models. Since ARIMA (1,0,1)
and ARIMA (2,0,0) include also an AR (1)-
process, for the following analyses the most
simple case, an AR (1)-process was assumed.
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STEP TWO:. SEGMENTED REGRESSION ANALYSIS
AND SIMULATION

Nonlinear segmented regression analysis
(NLIN)

It is assumed that the radial development of
latewood density from pith-to-bark can be de-
scribed by two functions, one for the steep in-
crease over the first years beginning at the pith
(juvenile wood) and a second for the latter part
of the curve (mature wood). Segmented re-
gression analysis can be used to fit both curve
segments, and the transition x, from juvenile
to mature wood can be determined in one sta-
tistical analysis.

Previous researchers have used nonlinear
least squares procedure (NLIN) (Di Lucca
1989), where the regression parameters are it-
eratively determined by a numerical optimiza-
tion method, e.g., Newton-Raphson, Gaus-
Newton (Judge et al. 1985). The procedure
NLIN of the SAS software package was used
to perform these statistical analyses. This pro-
cedure uses derivatives of nonlinear functions,
which can be problematic if the derivatives of
the functions are not continuous with respect to
all of the parameters. The nonlinear regression
in this form does not consider the data as a time
series, which can lead to poor estimates of the
transition x,. For better estimates, two further
methods will be introduced. Both of them con-
sider the time series nature of wood density
data and the above mentioned AR (1)-process.

Two-stage generalized nonlinear regression
(GNLIN)

The generalized nonlinear regression
(GNLIN) takes the time series nature into ac-
count by transforming the nonlinear function,
the vector of the dependent variable y, and the
error vector € as a first step (Gallant and Goe-
bel 1976; Gallant 1987). This transformation
eliminates the autocorrelation. In a second
step, nonlinear regression can be applied to the
transformed matrixes. As transformation ma-
trix for the data the P-matrix is used, whereas
PPT is the inverse of the covariance-matrix of
the residuals (Judge et al. 1985). For autocor-
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relation of 1 order, an n X n covariance-ma-
trix of residuals A = (a;) has pi' 1 in location
i,j. According to Judge et al. (1985) P is:

Vi-p, 0 O 0 0
—p 1 0 - 0 O

0 - 1 - 0 0

P = M Ip : : . o
0 0 0 - 1 0

0 0 0 —p 1]

A statistical problem of using GNLIN is
that the autocorrelation-coefficient is not
known but only estimated. Technically
GNLIN is performed in two steps. First, the
nonlinear regression (NLIN) is applied to each
of the data series of the sample trees to deter-
mine the residuals. On the basis of the resid-
uals, the autocorrelation of 1% order can be
calculated by SAS procedure AUTOREG
(SAS 1989). In a further step, the data are
transformed and the transition X, is determined
using SAS procedure NLIN (Gallant 1987).

Restricted maximum likelihood regression
(REML)

The restricted maximum likelihood regression
(REML) can be introduced as an alternative to
the nonlinear regression. The advantage is the
simultaneous estimation of regression parame-
ters and autocorrelation (Beach and MacKinnon
1978; Jorgensen 1983). To avoid any problems
with derivatives as mentioned above, x, was set
for each data series analysis. From x, = 5 to x,
= 70 yr, stepwise 66 segmented maximum like-
lihood regressions with consideration of an AR
(1)-process were calculated for each data series,
because in this range the transition from juvenile
to mature wood is expected. For each step the
concentrated log-likelihood function was deter-
mined (Judge et al. 1985). The transition cam-
bial age x, for each data series is assumed where
the likelihood-value is a maximum. The REML
is a restricted log-likelihood regression, because
the parameters of the segmented regression are
estimated in a way, that X, is a maximum of the
quadratic function of the segmented regression.
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Another advantage of REML is the fact that
cambial age is treated as a time-discrete variable,
which corresponds to the form of X-ray densi-
tometry data, where there is one density value
per growth ring or year.

A data simulation closely related to the real
conditions was carried out to find the best fit-
ting method for determining the cambial age
of transition from juvenile to mature wood
based on latewood density. The following seg-
mented regression model for y, was assumed:
if x, < x,

y, = a+ bx, + cx> + y,
otherwise

y, = a + bx, + cxo + d(x, — x,) + u,

with
u[ = pul"| + €l

The x-values (cambial age) range for t from 1
to T. %, is considered the maximum of the qua-
dratic function x, = b/(2*c). According to the
empirical data series, there are two different T
and x, assumed, whereas s_is the standard de-
viation of error component €.

Simulation I: T = 60 and x, = 20:

a=04, b = 0.04, c = 0.001,
d = 0.002, and s _= 0.1
Simulation II: T = 110 and x, = 35:
a= 04, b = 0.07, ¢ = 0.001,
d=0.002, and s =02

€

For the autocorrelation-coefficients p = 0.3, p
= 0.6, and p = 0.9, 40 data sets were created
for each simulation.

In most simulated cases for the data series
T = 60 the calculated bias, which means the
deviation from estimated to real transition val-
ues, is lowest when the NLIN method is used
without considering the time series nature of
the data, regardless of the level of autocorre-
lation (Table 2). In general all three statistical
procedures NLIN, GNLIN, and REML under-
estimate x,. However, the procedures GNLIN
and REML, which consider the time series na-
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TABLE 2. Bias and root mean square error of transition
cambial age xy for three statistical methods of simulated
data sets.

Data set simulation T =60 xo=20 T =110 xy =35

True p Bias RMSE Bias RMSE
0.30 -0.22 355 -020 294
NLIN 0.60 -0.22 2.93 -0.22 2.21
0.90 -0.26 3.37 -0.20 236
0.30 —0.19 3.37 -0.34 2.85
GNLIN 0.60 —-0.24 2.65 -0.29 2.00
0.90 —0.41 2.26 -0.23 1.50
0.30 —-0.30 3.38 -0.25 2.86
REML 0.60 -0.28 278 -030 201
0.90 -0.35 2.11 -0.28 1.38

p = autocorrelation-coefficient.

ture of the data, show smaller root mean
square errors (RMSE). The higher the auto-
correlation, the better GNLIN and REML. per-
form against NLIN. There are only slight dif-
ferences between GNLIN and REML, but with
high autocorrelation REML leads to more ac-
curate estimates.

JUVENILE-MATURE WOOD TRANSITION

The three statistical methods were applied
to data series from 99 sample trees. The fol-
lowing results are focused on latewood pro-
files. The set of Figs. 4a to 4f describe, for
three arbitrarily chosen sample trees, the late-
wood density trend curves with condensed
data on yearly average values. Further, they
contain the fitted regression lines, composed
of two regression segments: one for the juve-
nile growth zone and one for the mature wood
zone as well as the iteratively determined cam-
bial age of transition from juvenile to mature
wood structures. Although only the transition
year is marked, the curves in some cases de-
scribe a transition period rather than a distinct
point. Each tree is represented by a pair of
graphs: one quadratic-constant fit and one qua-
dratic-linear segmented regression.

Descriptive statistics for the estimated cam-
bial ages of transition from juvenile to mature
wood for the methods NLIN, GNLIN, and
REML are summarized in Table 3 (quadratic-
constant fit) and Table 4 (quadratic-linear fit).
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FIG. 4a, b, Quadratic-constant (left) and quadratic-lincar (right) fit of the latewood density pith-to-bark profile of

test trec 25.

FiG. 4c, d. Quadratic-constant (left) and quadratic-linear (right) fit of the latewood density pith-to-bark profile of

test trce 63.

F1G. 4¢, . Quadratic-constant (left) and quadratic-linear (right) fit of the latewood density pith-to-bark profile of

test tree 54.
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TABLE 3.
using quadratic-constant fit.
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Descriptive statistics of cambial age of juvenile-mature wood transition for the segmented regression model

Cambial age of juvenile-mature wood transition X (years)
NLIN GNLIN REML
Stand n X0 SD R2 Xp SD R2 Xg SD R?
Dahn 1 19 18.5 5.21 0.53 18.4 5.28 0.56 18.4 5.36 0.57
Dahn 11 20 19.1 4.85 0.35 18.9 4.99 0.47 18.0 6.28 0.47
Hagenbach 20 19.2 5.60 0.26 19.1 5.67 0.50 19.3 5.58 0.52
Elmstein-Siid | 20 20.0 4.98 0.55 17.0 4.95 0.63 16.7 5.14 0.63
Elmstein-Sid 11 20 14.2 3.73 0.58 14.1 3.29 0.60 14.5 3.64 0.60
All Stands 99 17.5 5.16 0.45 17.4 5.12 0.55 17.4 5.42 0.56

(number of eliminated outliers: NLIN 3, GNLIN 3, REML 4)

Outliers were eliminated (values exceeding the
95%-confidence interval and values < 0). In
summary the three methods converge in the
quadratic-constant as well as in the quadratic-
linear case. However, the use of GNLIN or
REML is recommended because they consider
the time series nature of the data and therefore
reduce the risk of misleading results.

The quadratic-linear model generally yields
higher coefficients of determination than the
quadratic-constant model. REML and GNLIN
produce in both cases comparable average val-
ues for the transition cambial age, whereas
GNLIN produces lower standard deviations
but also more outliers or data series without
convergent estimates. Due to its much better
fit, shown in the graphs and by higher coeffi-
cients of determination, a quadratic-linear
function should be preferred. The juvenile-ma-
ture wood transition was determined at cam-
bial age of about 22 with a standard deviation
5 to 7 yr. However, the transition should be

assumed as a gradual process that takes place
over several years.

CONCLUSIONS

From the three statistical methods de-
scribed, the generalized nonlinear regression
(GNLIN) and the restricted maximum likeli-
hood regression (REML.), considering the time
series nature of the pith-to-bark latewood den-
sity profiles in this study, provided more reli-
able results than nonlinear regression (NLIN)
without consideration of time series nature.
Further, segmented regression analysis proved
to be a practical and objective method to es-
timate the cambial age of transition from ju-
venile to mature wood in a study of Scots
pine. This method can likely be used for most
conifers, within general statistical restrictions.
In addition, these statistical methods may also
be used to analyze pith-to-bark trends of other
wood properties that are correlated with, and
influenced by, annual growth patterns in a tree.

TABLE 4. Descriptive statistics of cambial age of juvenile-mature wood transition for the segmented regression model

using quadratic-linear fit.

Cambial age of juvenile-mature wood transition xg (yr)

NLIN GNLIN REML
Stand n Xg S R? Xg SD R? Xp SD R?
Dahn 1 19 21.4 6.72 0.57 20.5 5.93 0.59 21.4 7.08 0.59
Dahn II 20 23.6 5.76 0.47 233 5.71 0.51 24.2 6.95 0.52
Hagenbach 20 21.7 8.20 0.49 21.2 5.98 0.56 21.0 7.97 0.56
Elmstein-Siid 1 20 207 6.52 0.64 204 4.68 0.67 20.8 6.48 0.67
Elmstein-Siid 11 20 20.9 5.99 0.62 224 7.38 0.63 21.8 6.42 0.63
All Stands 99 21.6 6.65 0.56 215 5.95 0.59 21.8 6.99 0.60

(number of eliminated outliers: NLIN 3. GNLIN 9, REML 5)
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