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The height growth of up to 22-year-old Norway spruces was modelled using the power transformation y* = ct, which
allows to easily linearise the growth curve. Exponent S was estimated from the data of five experimental plantations in
Estonia. The optimal value for f was found to be in between 1/4 and 1/3. The linear dependence of power-transformed
height on tree age is argued also theoretically using simple biophysical assumptions that the increment of the timber
volume of the tree depends on the volume of the photosynthetically active tree crown, while the latter depends on tree
height. The proposed linearisation method is recommended for the preliminary transformation of growth data prior to

the general linear statistical analysis of provenance data.
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Introduction

Growth of forest trees and stands has been one
of the main topics of forest research for many decades.
Over one hundred growth functions are proposed in
the literature. An excellent overwiev and a critical
analysis of a multitude of growth functions are pre-
sented in monographs completed under the supervi-
sion of A. Kiviste (Kusucte 1988, Kiviste ez al. 2002).
Typically, a growth function starts from zero and it can
be expressed in the form

y = cf(), (1)

where y is height, diameter, volume or some other
variable of the tree or stand, ¢ is the age of the tree or
stand, f(?) is some nonlinear transformation of age, and
c is the coefficient of proportionality. Function f{?) has
usually an inflection point and a horizontal asymptote
(Kusucte 1988). Growth of young stands can still be
approximated with some type of concave functions as
y = ct*with a > 1. The function

y=ct* (2)
is called allometric and can be linearised as

log(y) = log(c) + alog(1) A3)

(Kusucte 1988). Some new useful recommendations for
fitting this function to the scattered data of field ex-
periments are given by A. Nilson (Nilson 2002).

In the present paper we focus on the use of
growth functions as means of linearization of the in-
terdependence between tree age and height. We sug-
gest the use of the allometric function in the form of

W= )

and we will motivate this approach both experimen-
tally and theoretically. Allometric transformation (4) is
a simple and effective tool for data linecarisation when
comparing the growth of young spruce stands of dif-
ferent provenance. After this transformation, power-
ful statistical methods of a general linear analysis will
become available. Transformation (4) contains only two
parameters (c and ) describing the intensity of growth
and its linearity. It was found in the master’s thesis
of R. Pihu (2002) that for the up to 22-year-old spruc-
es of Estonian provenance, the choice § = 1/3 in (4)
yields an almost linear relationship between the trans-
formed height 4°33% and tree age. Besides this, the
variance of transformed height does not depend sig-
nificantly on tree height what is essential for the cor-
rectness of statistical inference (homoscedasticity
condition). In the present paper we improve the results
of the above thesis.
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Besides the data analytical argumentation, we
demonstrate that the allometric relationship (4) follows
from a few simple biophysical assumptions about tree
growth, and it can therefore be considered a natural
growth model for young trees. In this analysis, the
height growth rate of trees is expressed mathematically
proceeding from the conjecture that the increment of
timber volume per year depends on the rate of photo-
synthesis in the live crown, while the size of the lat-
ter depends on the height of the tree. This theoretical
argumentation makes linearisation (4) more transpar-
ent compared with commonly used logarithmic trans-
formation (3).

Material and methods
Empirical material

The method of linearisation of the height growth
of young spruces was worked out on the basis of the
material collected from five experimental plantations
during 1997-2000 (Pihu 2002): 1) two plantations in the
Jaarja forest district in South-West Estonia (established
in 1983 and 1985, the age of the measured trees was
22 and 18 years, respectively), 2) one plantation in the
Triigi forest district in North Estonia (established in
1985, age of trees was 17 years), 3) two plantations in
the Ilumetsa forest district in South-East Estonia (es-
tablished in 1987 and 1988, age of trees was 15 and 14
years, respectively).

The measured trees (all of Estonian origin) were
grown from the following seed lot types: 1) seeds from
a plus tree (21 trees); 2) seeds from a random tree (2
trees); 3) seed mixture from several plus trees (6 trees);
4) bulk seed lots from the former Voru and Elva (both
in South-East Estonia) and Viljandi (in South-West
Estonia) forest enterprises. Seeds from plus trees and
random trees were collected from vegetative seed or-
chards.

The data of the height of 3190 trees (measured at
the age of 14-22 years) and the averages calculated
earlier for the corresponding provenances (trees of age
2—10 years) were used in the analysis.

Methods of statistical analysis

Prior to analysis, tree height measurements were
transformed using involution /4P where /% is tree height
and the exponent is a fixed number between 0 and 1.
Regression analysis was carried out with the GLM
procedure of the statistical package SAS, Release 8.1.
The transformed heights for various £ were approxi-
mated by the cubic polynomial of time z. Linearity of
time dependence was measured by the value of the F-

statistic corresponding to the null hypothesis “AP
depends on ¢ linearly”.

Results
Empirical results

The regression line for the natural height values
is presented in Figure 1. The yearly height increment
of the older trees is clearly larger than that of the
younger trees. Variation of the height measurements
increases with age. For the trees younger than 14 years,
the plotted height values represent the average val-
ues of about 30 trees and have therefore an even lower
variation.
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Figure 1. Height growth of studied young Norway spruce
trees in Estonia

In Figure 2, the tree heights / are transformed to
h°2?> and plotted against the time z. It can be seen that
after this transformation, regression is almost linear
and the variation of the transformed values is much
more stable. As for the young trees, height 4 is an
average value of about 30 trees, the variance of the
plotted values is still lower than it is for the older trees
presented by single values.

The value 0.25 for f was obtained by experiment-
ing with different a values and estimating the lineari-
ty of dependence visually. To estimate the value of S
more correctly, we calculated for different S values the
corresponding F value. The results are presented in
Figure 3. It appears that for p = 0.285, the value of F
reaches a minimum and hence linearity is the best at
this value.
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Figure 2. Growth of double square rooted height (in cm) of
studied Norway spruce trees in Estonia
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Figure 3. Estimation the optimal exponent for the power
transformation

Theoretical reasoning of the height growth for-
mula of the tree

The empirically established allometric law for the
growth observed in the case of young Norway spruc-
es can be deduced from simple biophysical consider-
ations. Suppose that increment AM of tree biomass M
during the vegetation period is proportional to the size
of the photosynthetically active part of the tree crown.
Assume further that the shape of the tree crown is a
solid of revolutions (like a sphere, an ellipsoid of rev-
olution, a circular cone, etc.). Additionally, assume that

during the growth, this shape does not change except
for its general size.

Next consider two hypothetical extreme situations.
In the first situation, the spruce needles are assumed
to be located on the crown surface only. In this case,
photosynthetic mass is proportional to the crown
surface area and the yearly yield of tree mass is pro-
portional to the crown surface area. Mathematically,

AM ~ 72,

where r is the effective radius which characterises
crown size, and ~ means the proportionality between
the two variables.

In the second situation we assume that the nee-
dles are distributed uniformly over crown volume. In
this case the yearly increment of tree mass is propor-
tional to crown volume:

AM ~ r.

For a real tree, the situation is intermediate be-
tween the above two cases because, in general, the
density of needles decreases from the crown surface
to the stem. Hence, it is reasonable to suppose that

AM ~ r°,

where 2 < a < 3.

The final step in this part of argumentation is to
conjecture that r is proportional to tree height #. We
have then the proportionality

AM ~ he. 5)

Let us now express the annual increment of tree
mass AM in a different way using a geometric argu-
mentation. Suppose that the stem of the tree is a cir-
cular cone with bottom radius R and height /4. Denote
the annual (A7 = 1) increments of R and /# by AR and
Ah, respectively. In this case the annual tree mass
increment is approximately proportional to the incre-
ment of stem volume V-

AV = (R + AR)(h + Ah)/3 - wR*h/3.

Neglecting small terms A#? and A%® in this expres-
sion and taking into account that AM is proportional
to AV, we obtain the proportionality

AM ~ h?Ah, (6)

where the increments AM and Ah are related to one
vegetation period. Comparison of (5) and (6) leads to
the equation:
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Ah = kh*-*At,

where k is the coefficient of proportionality and Ak
is the height increment during time period A¢ (for one
vegetation period Ar = 1). If we now consider tree
growth as a continuous process, we can replace dif-
ferences Ak and Af by arbitrary small differentials di
and dr. After that we obtain the differential equation

dh = khe2dr. (7)

Equation (7) has solution A#*“ = ct, where ¢ is
constant. Note that the constant of integration is equal
to 0 if # = 0, then 4 = 0. Taking now into account that
2 < a < 3, we finally obtain the growth formula

W= ct, (8)

where 3 =3 - a and, consequently, 0 < 3 < 1. In other
words, in the age interval where the above assump-
tions hold, some algebraic root of 4 is the linear func-
tion of age. Statistical analysis carried out in the pre-
vious paragraphs has shown that 3 = 0.285 (Figure 3).
Taking f = 0.25, we obtain “the law of the double
square root”. This choice is only slightly better than
the choice of f = 0.333 which was observed in (Pihu
2002) and can be called “the law of the cubic root”.

Discussion and conclusions

The present study showed that for linearisation
of the height growth curve of young spruces of Esto-
nian provenance, the optimal exponent in (8) is 0.285
(Figure 3), which is intermediate between the cubic root
(B = 0.33) and the double square root (§ = 0.25). The
transformation of height is possible by employing the
cubic root or the double square root; however, for
Estonian spruces the latter is superior because it is
closer to the optimum. It follows from the argumenta-
tion of (8) that £ depends on the distribution of nee-
dles in the tree crown. The larger value of S corre-
sponds to the case where the concentration of nee-
dles is larger on the surface of the crown. In this way,
p can be used for the characterisation of tree crown
architecture.

The linear interdependence between age (f) and
a certain algebraic root of the height (%), expressed
by (8), has a universal meaning, whereas exponent £
and proportionality factor ¢ depend on the provenance
of trees, on growth conditions, etc. In particular, g can
be used for comparing the crown architecture of young
spruces of different provenance. A number of simpli-
fications were made to derive (8): height, radius at
breast height and stem diameter were assumed to in-

crease proportionally relative to each other (allome-
try of tree shape), although in reality this assumption
is not strictly satisfied. Also, several factors influenc-
ing the degree of photosynthesis, as light conditions,
needle age (Schultze et al. 1977a, 1977b), needle loca-
tion (Schultze et al. 1977a, Oker-Blom, Kelloméaki 1982),
needle density (Pulkkinen 1991), etc. were implicitly not
taken into account, although they probably varied in
the studied material and inflected the growth curve.
Owing to these simplifications, there is no absolute
coincidence between the straight line and the line
obtained by the root transformation of height.

The straight line in Figure 2 does not pass the
zero point (it crosses the height axis at a value of about
1.5, the corresponding height being about 5 cm). This
means that the dependence (8) is not valid for very
young trees (below 2 years of age).

For the above reasons, (8) is valid only approxi-
mately. Therefore, in his master’s thesis, where the
economic value of selected plus trees was estimated
for further breeding, R. Pihu (2002) used two more
methods in addition to the linearisation of the height
of spruces: comparison of height at different ages and
comparison of the height of trees of the same age. The
method of linearisation of height serves as a comple-
mentary tool for a more thorough investigation of
height as a characteristic. The advantage of this meth-
od over other methods is the fact that growth of trees
will be characterized by only one index, the slope of
the straight line. This method is also justified owing
to the circumstance that originally heteroscedastic
height data are converted to homoscedastic data af-
ter transformation (8), which is important for the val-
idation of related statistical analysis (for variances, see
Figures 1 and 2). In the above master’s thesis, the
results of the comparison of the height growth of
spruces of four different provenances, obtained with
this method, mostly coincided with the results obtained
by other methods.

It is essential to take into account that investiga-
tion of the height of spruces by the method of line-
arisation is possible only if there exists an approxi-
mate linear interdependence between age and the al-
gebraic root of height. As mentioned above, such
dependence was revealed for spruces aged up to 22
years, for which annual height growth increased with
age (Figure 1). However, it is necessary to know when
the annual increments start to decrease (i.e. when the
point of inflexion in the growth curve is reached),
because from this point of time it is no more possible
to linearise the growth curve with the allometric rela-
tionship (8). Height growth rate starts to decrease
earlier for trees of higher site classes and later for trees
of lower site classes (Krigul 1971, Tappo 1982). Ac-
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cording to the most recent yield table compiled in
Estonia, this decrease starts before 30 years of age
even for site class III (Tappo 1982).

Hence, employment of the proposed linearisation
of height is possible only for young spruces, while
various other methods will be needed for older spruc-
es. Nevertheless, the method of linearisation of early
growth may have a potential in forestry practice for
making conclusions about the genetic growth poten-
tial of trees. Usually, the age at which the breeding
value of a plus tree becomes clear ranges between 1/
3-1/2 of rotation age (Pomenep, llIéndax 1962, Pihel-
gas 1970, OcHoBHbIe nonoxeHus ... 1976, Konosanos,
IMyrag 1978, Quijada 1985, baymanuc, [Tuparc 1990,
[Muparc u ap. 1990, baraes 1998).

The main disadvantage of the proposed method
of linearisation of height is the requirement that field
data should be collected at highly different tree ages
(desirably beginning from the seedling stage), which
is difficult to realize.
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OIEHUBAHUE TEOPETHUYECKHUX MPEJINOCBLJIOK U BO3MOXHOCTEHN
IMPUMEHEHMUMSA KPUBBIX POCTA B MOJIOABIX KYJIBTYPAX EJIM B 9CTOHHUU

T. Méac, P. IInxy

Peztome

Poct 1o BeicoTe 22-NETHHX €JIeil eBpOoIeHCKUX ObLI MozienupoBan GopmMyioit ¥ = ct, rie y - BbIcoTa U ¢ - BO3pacT
JepeBa. DTa almoMeTprdeckas popMyrna Mo3BOISET JETKO JIMHEapH3NPOBaTh KPUBYIO POCTA, IPHUYEM IO CIIE TPEe0OPa30BaHHS
pacceliBaHHe JaHHBIX CTAHOBHUTCS MPUOIM3UTENBHO roMOCcKenacTHIM. [lokazaTens cTenenu £ OleHUBANU MO JaHHBIM ISITH
OTBITHBIX KYIBTYp B DcToHMH. ONTUManbHOe 3Ha4YeHue st S Obuto Mexay 1/4 u 1/3. JIuHeiHyo 3aBUCHMOCTD BBIpaKalu
TaKOKe TEOPETHIECKH, UCXOJIs 3 OMO(PU3NUECKUX COOOpaKeHUH, TIpeoaras B YaCTHOCTH, YTO TOANYHBIA MPUPOCT JepeBa
3aBHCHUT OT BEJIMYNHBI (POTOCHHTETHYECKH aKTHBHOHM YacCTH KPOHBI, KOTOpas NMPONOPHHOHAIBHA BBHICOTE AEpeBa.
IIpenmaraemerii MeTon JTHHEAPU3AIUH PEKOMEHAYETCS Ul IPEIBAPUTEIHHOTO MIPe0Opa3oBaHusl JaHHBIX POCTa IO BEICOTE
nepes O0IMM JTMHEHHBIM CTATUCTHYECKUM aHAIM30M STHX JAaHHBIX.

KnrwueBsble ciioBa: eib eBpOHefICKaH, JIMHeapu3anus KpHBOﬁ poOCTa BBICOTHI, aJlTIOMETPUS POCTa, CTaTHUCTUYCCKHUI
aHaJIn3 pocTa A€peBa
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