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A contribution to the knowledge of Scots pine (Pinus sylvestris L.)
stem shape

M. KREPELA, J. SEQUENS, D. ZAHRADNIK

Faculty of Forestry and Environment, Czech University of Agriculture, Prague, Czech Republic

ABSTRACT: This is a study on the evaluation of stem shape in Scots pine. The experiments were carried out on 430 stems without
bark, taken from 30 fully analysed sample trees that grew in 5 different locations in the Czech Republic. Generalized Procrustes ana-
lysis was used as the method of study. The stems were described by the use of landmarks. Full Procrustes coordinates were calculated
for all stems, and the full Procrustes mean shape was set for individual sample trees, locations and all stems. For Procrustes tangent
coordinates, variability was examined using the method of principal components. The two most important principal components
were diagrammatized and described. Furthermore, statistical tests of mean shape vectors for individual locations were carried out.
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Stem shape study is one of the most important subjects
of forest mensuration. Traditional forest mensuration de-
scribes the stem shape by the use of form quotients, form
series, stem profiles, form factors. In the last 25 years, not
only “multivariate morphometrics” but also “geometrical
methods” have been developed in biology. These meth-
ods use a finite number of points, called landmarks, for
description of the object’s shape. A landmark is a point of
correspondence on each object that matches between and
within populations (DRYDEN, MARDIA 1998). A shape is
intuitively defined as all the geometrical information that
remains when the location, scale and rotational effects are
filtered out of the object. Two objects have the same shape
if they can be translated, rescaled and rotated to each other
so that they match exactly, i.e. if the objects are similar.
In morphometry, it is often necessary to define an average
shape and the structure of shape variability in a dataset.
For that purpose, we mostly use generalized Procrustes
analysis (GPA) [GOWER (1975), TEN BERGE (1977) in
DRYDEN, MARDIA (1998)] and principal components
analysis.

MATERIAL AND METHODS

The objective of the study was to evaluate full Procrustes
mean shape for all 430 stems of the thirty sample trees ex-
amined by the method of full analysis. Furthermore, we
examined shape variability by the method of principal
components for all stems, individual locations and sample
trees. Examined stems come from five different locations.
The locations Doubravc¢ice, Brnik and Oleska are situated

within the area of the University Forest Enterprise in Ko-
stelec nad Cernymi lesy, the location Tieboti is situated
in the area of the former forest enterprise Tiebon, and the
location Manétin is in the former forest enterprise Plasy.
For the detailed localization of the sources of the mate-
rial, including mensurational characteristics of the source
locations see SEQUENS (1985, 1994).

Selected dominant, exceptionally co-dominant sample
trees were cut down, and their total stem length and tim-
ber to the top of 7 cm 0.b. were measured. Consequently,
width and length of green crown was measured together
with one-year height increments. After debranching, the
sample tree was divided into sections from the lower part
of the stem up to the top section. The first section is 0.6 m
long, the second 1.4 m, and all the following sections are
2 m long. These sections were cut in the middle to obtain
the discs, i.e. each sample tree was cut at 0.3 m, 1.3 m,
3 m and then at every odd metre up to the middle of the
top section of the stem and of the timber to the top of
7 cm o.b. The discs were examined by laboratory meth-
ods. Their diameter increments were measured using the
Eklund mensuration instrument: yearly increments of the
1.3 section, five-year increments of the remaining sections.
Consequently, height analysis was carried out. Table 1
shows the summary of characteristics of the examined
material.

Full ordinary Procrustes analysis

The scheme of shape evaluation, the procedure of the
calculation of full Procrustes mean shape including the
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determination of full Procrustes coordinates using Kent’s
approach (1994) in DRYDEN and MARDIA (1998) was
described in the Czech forestry literature in earlier articles
— KREPELA et al. (2001) and KREPELA (2002). In this
study, some basic terms are explained and shown on a
simplified example:

Consider sample tree No. 26 (see Table 1), from which
we choose two stems at the age of 102 and 57 years. We
place landmarks at the 1/10 of their height and at the top
of the stem. The origin of the system of coordinates is in
the middle of the stem base.

Thereby, we obtain two k X m configuration matrices
X, and X (in our example both matrices consist of coordi-
nates from 3 points in 2 dimensions, thus £ =3, m = 2):

~0.102 0.102 0 ] X7= [70.043 0.043 o}
0 0 1513F 0 0 794

A basic technique for comparing shapes is to superim-
pose them and then to note the differences in the positions
of the landmark points.

We define a new origin, which is the centroid of the
object — we remove translation. Configuration matrices
have been centred by

X.=CX

X7=

where C is centering matrix

gy 1
C=I-— 117

I, is the k x k identity matrix, and 1 is the £ x 1 vector
of ones.

X' :[ —0.102  0.102 0 ]
10 [ -5.04333 -5.04333 10.08667

X :[ -0.043  0.043 0 ]
207 (-2.64667 ~2.64667 5.29333

The centroid size is given by

S(X) = ZZ(X ~Xy

i=1lj=1

where X, is the (7, j)-th entry of X and the arithmetic mean
of the j-th dimension is

— 1 &
TR

The centroid size is the square root of the sum of squared
Euclidean distances from each landmark to the centroid.
In our example: S(X)) = 12.354, S(X)) = 6.483.

Now, we compare both centroid configuration matrices
using the method of full ordinary Procrustes analysis
(full OPA).

The method of full OPA (DRYDEN, MARDIA 1998)
involves the least squares matching of two configura-
tions using the similarity transformations. Estimation
of the similarity parameters y, I" and fis carried out by
minimizing the squared Euclidean distance:

OPA (XIC’ ch) = ”ch _ﬁxlcr_ lle"z

where ||X|| = (Tr(X"X))" is the Euclidean norm, I is an
(m x m) rotation matrix, 8> 0 is a scale parameter and y
is an (m x 1) location vector (it is not considered, as the
configuration matrices have been centred).

r=uv

Matrices U and V can be obtained from singular value
decomposition of matrix

X X,

X

_ Tr (X X, 1)
Tr (X" . X,.)

Finally, full Procrustes coordinates of X, onto X, are

X =X T+1 1

In our example we have I' = [1 O] £=0.5247711,

D, (X, X,)=0.0002216511,
(7= |70053527 0053527 0 J
VT (-2.646594 —2.646594 5.293191

Fig. 1. Diagrammatized stem shape of a 102 years

old Scots pine and a 57 years old Scots pine; basis
in 1/10 of height. Triangles compared by the OPA

K1) method
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Graphic matching of both triangles, which show diagram-
matized stem shapes, is presented in Fig. 1. The 102 years
old stem has a wider stem base than the 57 years old
stem.

The term ordinary Procrustes refers to Procrustes
matching of one observation onto another. Where at least
two observations are to be matched, the term generalized
Procrustes analysis is used.

Total amount of 21 landmarks was placed onto the
stem curve of all the 430 stems. The bottom pair was
placed at the height of 0.30 m, the remaining pairs by
1/10s of the stem height. Consequently, full Procrustes
mean shapes and full Procrustes coordinates were cal-
culated for each sample tree, location and, eventually,
for all of the 430 examined stems. All statistical calcula-
tions were performed by the use of S-plus software using
Statistical shape analysis routines written by DRYDEN
(2000).

Test of equality of the mean shape vectors
for each location

Consider two independent random samples X, ..., an

and Y, ..., Yn2 from independent populations with mean
shapes [u,] and [u,]. To test between

Hy: [i,]1=[u,] versus H, @[] # [u,]

we could carry out Hotelling’s T? two sample test in the
Procrustes tangent space (DRYDEN, MARDIA 1998),
where the pole corresponds to the overall pooled full
Procrustes mean shape u (i.e. the full Procrustes mean
shape calculated by GPA on all n, +n, individuals). Let v,
.,V andw,, .., w, be the partial Procrustes tangent co-
ordinates (with pole ). The multivariate normal model is
proposed in the tangent space, where

ViNN(é:l,D, ijN(é:Z,Z), i=

Loon; j=1,.,n,.
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Fig. 2. The row shows the shapes at-3,-2,-1,0, 1, 2, 3,
standard deviations along the first PC (a)
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Table 1. Characteristics of the examined material

Ié?gigi:} forest It;lqlemsl:r?lrp(l)ef Number of Age Height Volu{ne Centroid size PCs o;
types tree stems (years) (m) (m?) (m) B (%)
1 16 28-103 10.3-28.9 0.07-1.21 14.4-40.3 59;25

. 2 18 18-103 7.0-28.9 0.02-1.22 9.7-40.2 75; 12
zDglbraVé“’e 3 17 24-104 8.1-27.6 0.05-1.24 11.3-38.4 74; 2
4 16 28-103 9.6-27.1 0.04-1.32 13.3-37.8 86; 6

5 17 25-105 7.5-29.5 0.03-1.35 10.4-41.1 72,23

6 15 33-103 7.6-23.0 0.03-0.74 10.5-32.0 81;13

7 14 35-100 7.9-23.8 0.03-0.58 11.0-33.1 60; 30

8 14 38-103 7.7-25.5 0.02-1.01 10.7-35.5 80; 14

Brnik 9 15 30-100 8.1-25.0 0.02-0.67 11.3-34.8 77; 16
2M 10 15 30-99 7.0-24.6 0.01-0.60 9.7-34.2 77; 14
11 2964 7.0-19.6 0.02-0.36 9.7-27.3 74; 11

12 9 25-65 8.5-22.7 0.03-0.61 11.8-31.6 74; 6

13 10 23-68 72-21.8 0.01-0.48 10.1-30.4 87,7

14 10 49-94 7.8-22.0 0.01-0.40 10.9-30.6 92; 6

15 1 41-91 6.7-21.6 0.02-0.38 9.3-30.1 90; 7

Oleska 16 11 45-95 7.3-20.6 0.03-0.46 10.2-28.7 88; 10
oM 17 11 40-90 6.7-19.6 0.02-0.23 9.3-27.2 98; 1
18 10 45-90 8.0-21.4 0.03-0.52 11.1-29.8 79; 11

19 11 42-92 7.0-22.0 0.01-0.36 9.7-30.6 18; 72

20 20 23-118 7.0-28.8 0.02-0.72 9.7-40.1 96; 2

Treboii 21 19 27-117 8.0-28.0 0.03-1.43 11.1-39.0 70; 16
00 22 19 32-122 7.5-25.7 0.04-0.80 10.5-35.8 95;3
23 19 27-117 8.0-27.4 0.02-0.87 11.1-38.1 71;22

24 14 45-110 7.0-19.4 0.02-0.38 9.7-27.0 85;8

25 11 58-108 7.4-16.1 0.02-0.17 10.3-22.3 88;7

, 26 13 47-107 7.0-18.2 0.02-0.39 9.7-25.4 97,3
g’lg"?& 27 14 58-123 7.2-17.7 0.02-0.32 10.1-24.6 50; 34
28 15 60-130 6.8-18.7 0.01-0.41 9.5-26.0 75; 21

29 17 54-134 8.1-14.8 0.01-0.15 8.1-20.6 89; 8

30 21 32-132 8.1-18.7 0.03-0.38 11.3-26.0 76; 17

Parameters ¢, ¢,, and ) are estimated by sample means
v, w and sample variance-covariance matrices S, S, (with
divisors n, — 1 and n,— 1 in each group). The Mahalanobis
distance squared between v and w is

D*=@w-w)'S (v—w), where
_ (n,-1DS +(m,-1)8,
n +n,—2

and S is the Moore-Penrose generalized inversion of S.
Under H we have ¢ = ¢,, and we use the test statistic

nn, (n +n,—M-1)

F = D?
oot n)m tn,-2)M

M is the dimension of shape space. The null hypothesis is
rejected if £ > F, w4y M= 1 ().

In our case, a = 0.05.
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Subsequently, a test of homogeneity of covariances was
carried out. A formal test such as Box’s M test [Box (1949)
in MARDIA et al. (1979) and in HAVRANEK (1993)]:

H,:[S,]=[S,] versus H : [S ]#[S,]

0
we use the test statistic
v in ,+n,-2)In(det ) ((n, —1)In(det S ) + (n, —1)In(det S))
? 2M2+3M—1[ S ]
6(M+1) n—1 n~1 n+n—-2

1

1-—

2

The null hypothesis is rejected if M, >, b2 (@)

The assumption of equal variances turned out to be
doubtful. Therefore, a Monte Carlo test was carried out
with the null hypothesis that the groups have equal mean
shapes. The data are randomly split into two groups of the
same size as the groups in the data, and the test statistic

J. FOR. SCI,, 50, 2004 (5): 211218
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F, is evaluated for B random permutations 7,...,7,. The
ranking » of the observed test statistic 7, is then used to
give the p-value of the test:

r—1
B+1

p-value=1-—

Table 2. Eigenvalues of the variance-covariance matrix from
the set of Scots pine stems and proportional expression of
variability explained by them

r
Eigenvalue ij' 10 /Ij 1y /lj - 100 (%)
j=1
A 1.691 87
) 0.496 8
A 0.290 3
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Fig. 3. The row shows the shapes at—3,-2,-1,0, 1,2,
3, standard deviations along the second PC ()

For each pair of locations, 1,000 random permutations
were performed.

Variability

The principal component analysis was used to analyse
the shape variability. The sample variance-covariance
matrix of tangent coordinates was calculated for the tree
set:

S=1w-»o-v

where v = % 2,
The orthogonal eigenvectors of S, denoted by x, are the

principal components of § with corresponding eigenval-
ues 4, >4, >...24,>0, where j = min (n - 1, M).
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Fig. 4. Full stem analysis of the sample tree No. 26

The principal component (PC) score for the i-th indi-
vidual on the j-th principal component is given by

8, =70, 7)
The standardized PC scores are
Sy
c.=
i \/’Z
03
n4

0

47-77, 82, 87, 92 97, 107, 102
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Fig. 5. Stem shapes of the sample tree No. 26 expressed by full
Procrustes coordinates
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RESULTS AND DISCUSSION

As can be seen in Table 2, the first three principal compo-
nents (PC) include 98% of all variability. Out of it, the first
two cover 95% of the variability. Figs. 2 and 3 show a series
of stem shapes evaluated in accordance with the first two
PCs. In each row, the middle plot is the mean shape. First
PC is labelled (o). Similarly like in spruce, see KREPELA et
al. (2001) and KREPELA (2002), the first PC is symmetric, it
points across the vertical stem axis. The second PC is asym-
metric. It has an opposite direction in the bottom section (up
to 4/10 of the stem height) and top section of the stem. This
PC is labelled (B) and it has not occurred at spruce amongst
the first three principal components in the cited works of the
authors, nor has the third PC shown in Table 2 occurred at
spruce. It is not caused by the effect of buttresses or hyper-
trophy of the lower part of the stem. Representation of the
first two PCs for each sample tree is shown in Table 1. Full
stem analysis of sample tree No. 26 between the age of 47
and 107 years is presented in Fig. 4. Here, considerable
increment in the last five-year period is noticeable. Figs. 5
and 6 show shape changes in sample tree No. 26. In the age
group of 4777 years, we see only slight changes of PC (a).
In the age group of 77-107 years, the stem steadily widens
in its full length. See also diagrammatized Fig. 1, where the
triangle basis in 1/10 of the stem has widened. In the age
group of 102—107 years, the examined stem had a consider-
able height increment. The increment was not accompanied
by a corresponding diameter increment. It means that PC ()
changed considerably.

Mean shape of Scots pine within the Tfeboii location dif-
fered from those in all other locations, except the Oleska
location. The Manétin location differed from the Brnik and
Doubrav¢ice locations. In the other location pairs, the test
did not show any statistically significant difference.

Fig. 7 shows the full Procrustes mean shapes of Scots
pine in the Doubravéice, Oleska and Tteboii locations. We
see a noticeable difference of the Tiebon location. It is ex-
plained by the second PC. Scots pine stems in the Ttebon
location are narrow in the lower part of the stem and wide

-J

Score ﬁ

1.1 5 LaAF iLx 1.1 1.5 e (]
Scone

Fig. 6.The standardized PC scores of individual stems of the
sample tree No. 26
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Fig. 7. Full Procrustes mean shapes of Scots pine in
Doubravcice, Oleska and Tiebon locations
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in the top part of the stem. This difference is also evident in
comparison with the Brnik and Manétin locations, whose
mean shapes were not included in the figure.

CONCLUSIONS

Shape variability analysis performed by the method
of principal components for all 430 stems of Scots pine
in five locations showed that 95% of variability can be
explained by the first two PCs. The first PC explains 87%
of variability and has the identical graphic effect as the
most prominent PC at spruce — see earlier articles and
studies of the authors. Within 98% of shape variability,
the effect of buttresses was not recorded, in comparison
with spruce. The second PC explains 8% variability. It
is noticeable at Scots pine in Tfebon location. Together
with the Manétin location, the Tiebon location shows
the most marked difference from the other locations. The
difference cannot be caused by the social position of the
tree within the stand, as most of the trees were dominant,
or, exceptionally, co-dominant, nor is it influenced by
the age. It can point, though, to another ecotype of the
tree species.
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Prispévek k poznani tvaru kmene borovice lesni (Pinus sylvestris L.)

M. KREPELA, J. SEQUENS, D. ZAHRADNIK

Fakulta lesnickd a environmentdlni, Ceskd zemédélskd univerzita v Praze, Praha, Ceskd republika

ABSTRAKT: Clanek se zabyva studiem tvaru kmene borovice lesni. Pokusny material tvofilo celkem 430 kment bez kiiry
ziskanych z t¥iceti pIn& analyzovanych vzornikd, které rostly v péti lokalitach CR. Jako metoda zkoumani byla pouZita generali-
zovana Procrustova analyza. Kmeny byly popsany pomoci hrani¢nich bodti. Pro v§echny kmeny byly vypoéteny plné Procrustovy
soufadnice, byl nalezen plny Procrustiiv primér pro jednotlivé vzorniky, lokality a vS§echny kmeny. Dale byla pro Procrus-
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ficky znazornény a popsany. Déle byly provedeny statistické testy mezi stfednimi tvarovymi vektory pro jednotlivé lokality.

Kli¢ova slova: borovice lesni (Pinus sylvestris L.); tvar kmene; Procrustova analyza; analyza hlavnich komponent

Tvar kmene borovice lesni byl zkoumén na tficeti
vzornicich z péti lokalit na izemi CR. Z téchto 30 vzor-
nikti bylo metodou plné analyzy zrekonstruovano celkem
430 kment (tab. 1). Na tyto kmeny bylo umisténo celkem
21 hrani¢nich bodt — prvni dvojice do 0,3 m a dale vysky
stoupaly po 1/10 vysky kmene az po vrchol. Jednotlivé
vysky a tloustky vytvareji konfiguracni matice a z nich
byly metodou zobecnéné Procrustovy analyzy (GPA)
odhadnuty plné Procrustovy tvarové soufadnice a plny
Procrustiiv tvarovy prumér pro vSechny kmeny, jednot-
livé lokality a vzorniky. Metoda GPA byla zjednodusen¢
vysvétlena na metodé bézné Procrustovy analyzy (OPA)
pro dva trojuhelniky, které zjednoduSené reprezentuji
tvar dvou kment starych 102 a 57 let v ramci vzorniku
¢. 26. Na obr. 1 je patrna SirSi zdkladna kmene o stafi
102 let. Zakladny byly umistény do 1/10 vysky kmene.

Pro stfedni tvarové vektory jednotlivych lokalit,
odhadnuté z tangentovych soufadnic [ty jsou ziskany
z plnych Procrustovych soufadnic jejich pfevedenim
do linearni tangentové sféry podle postupu DRYDENA
a MARDII (1998)], byly provedeny Hotellingovy T? testy
rovnosti stfednich tvarovych vektord. Piedtim byl pro-
veden test homogenity variancné-kovarian¢nich matic.
Test se nazyva Boxtiv M test [Box (1949) in MARDIA
et al. (1979) a in HAVRANEK (1993)]. Shoda varian¢-
né-kovarian¢nich matic nebyla prokdzana, proto byl
proveden neparametricky Monte Carlo test. Pro kazdou
dvojici lokalit bylo provedeno celkem 1 000 ndhodnych
permutaci. Tvarovy primér borovic z lokality Tieboi se
odliSoval od vSech ostatnich lokalit s vyjimkou lokality
Oleska. Lokalita Manétin se odliSovala od lokality Brnik
a Doubravcice. V ostatnich dvojicich lokalit neprokazal
pouzity test na hladin€ vyznamnosti a = 0,05 statisticky
vyznamny rozdil. Na obr. 7 jsou zachyceny plné Procrus-
tovy primérné tvary borovic pro lokality Doubravcice,

Oleska a Tieboii. Vidime zde napadnou odlisnost lokality
Ttebon. Tato odlisnost je vysvétlena hlavni komponen-
tou (B). Kmeny tieboiiské borovice jsou uzké ve spodni
¢asti kmene a Siroké v horni ¢asti kmene. Tato odliSnost
je patrnd i vzhledem k lokalitdm Brnik a Manétin, jejichz
tvarové priméry nebyly pro pirehlednost do obrazku za-
fazeny.

Variabilita byla zkoumana metodou hlavnich kompo-
nent. V souboru 430 kment prvni tii hlavni komponenty
vysvétluji 98 % variability. Obr. 2 a 3 znazornuji graficky
efekt prvnich dvou hlavnich komponent. Prvni hlavni
komponenta byla oznacena (o). Obdobné jako u smrku
— viz KREPELA et al. (2001) a KREPELA (2002) — je jeji
graficky efekt symetricky podél svislé osy kmene. Druha
hlavni komponenta je asymetricka. Jeji graficky efekt ma
opacny smér ve spodni (do 4/10 vysky kmene) a horni
¢asti kmene. Tato hlavni komponenta byla oznacena ().
Tato hlavni komponenta se v citovanych pracich autorti
tohoto ¢lanku u smrku nevyskytovala mezi prvnimi tre-
mi hlavnimi komponentami. Ani v tab. 2 uvedena tieti
hlavni komponenta se u smrku nevyskytovala. Nejde
o efekt kotenovych ndbéhl ¢i zbytnéni spodni casti
kmene. Zastoupeni prvnich dvou hlavnich komponent
pro jednotlivé vzorniky zachycuje tab. 1. Plnd kmenova
analyza vzorniku ¢. 26 mezi stafim 47 az 107 let je za-
chycena na obr. 4. Zde je napadny velky vyskovy ptirtst
v posledni pétileté period€. Na obr. 5 a 6 jsou zachyceny
tvarové zmény vzorniku €. 26. V period¢ 47-77 let do-
chazi u PC (o) jen k malym zménam. V period¢ 77 az
107 let dochéazi k rovhomérnému rozsifovani kmene po
celé jeho délce. Mezi stafim 102—107 let doslo u sle-
dovaného kmene k velkému vyskovému pfirGstu. Tento
ptirtst nebyl doplnén odpovidajicim ptirdstem tloust-
kovym. Doslo tedy k velké zméné u hlavni komponenty
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