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Abstract This study tests whether crown and stem
development in Norway spruce could be described using
a modified profile theory. 29 trees from three age-groups
(25, 67, 86) with different treatments (unthinned, nor-
mally and intensively thinned) were destructively sam-
pled. Crown ratio and crown length varied between age
groups and treatments. Crown width was positively
correlated with crown length, but branch length along
the crown depended on tree age and growing space.
Foliage mass density peaked at a relative crown height of
50-70% in middle-aged and mature stands, while young
crowns were densest and widest at the base. Foliage mass
was predictable from branch and stem cross-sectional
area, provided the distance from the top was included.
The ratio of foliage mass to branch cross-sectional area
increased for 2—4 m down from the tip of the crown, then
started to decrease. The relationship between cumulative
foliage mass and stem cross-sectional area was non-linear
along the stem in the upper crown, but the ratio of
cumulative branch to stem cross-sectional area was linear.
Trees in the mature and unthinned stands had more cross-
sectional area in branches relative to stems than in the
young and thinned stands. We conclude that the profile
theory needs modification regarding (1) crown shape
which varies with age and growing space, and (2) the ratio
of foliage mass to branch area which varies along the
stem. Both aspects emphasise the need to include impacts
of disuse of sapwood pipes in models of crown and stem
development.
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Introduction

The regular structure of trees, based on the idea that the
shape of the organism is stable during the growing
process, is empirically predicted by several allometric
equations (e.g. Braekke 1986; Marklund 1987, 1988;
Kershaw and Maguire 1995; Ingerslev and Hallbdcken
1999; Johansson 1999; West et al. 1999; Turner et al.
2000; Grote 2002; Iloméki et al. 2004). A theory of the
balanced interaction between the tree components is, as
well, widely proposed as a basis for predicting the growth
allocation and structure of trees (Mikeli et al. 2002). The
crown vertical profile has been related to a balanced
relationship between foliage and its supporting structure
in several studies: Shinozaki et al. (1964a, 1964b) created
the widely applied (e.g. Kaufmann and Troendle 1981;
Waring et al. 1982; Oren et al. 1986a; Dvorak et al. 1996;
Mikeld and Vanninen 2001) pipe model theory, and
Chiba et al. developed (1988) the theory of stem growth
related to crown profile increment. Osawa et al. (1991)
developed further this profile theory of tree growth, which
was afterwards tested by Kershaw and Maguire (2000) for
Western hemlock [Tsuga heterophylla Raf. (Sarg.)], and
Balsam fir [Abies balsamea (L.) Mill.], and tested and
applied by Mikeld and Vanninen (2001) for Scots pine
(Pinus sylvestris L.).

The pipe model theory (Shinozaki et al. 1964a, 1964b)
explains that there is a proportional relationship between
foliage and sapwood area. When the tree grows taller and/
or develops more foliage, a corresponding amount of new
sapwood is formed in stems and branches. On the other
hand, when crown rise occurs, a corresponding amount of
sapwood pipes become disused, eventually accumulating
as heartwood in the stems and branches. The profile
theory (Chiba et al. 1988; Osawa et al. 1991) assumes that
active sapwood pipes become disused at the same specific
rate as foliage turns over, that the ratio of sapwood cross-



Table 1 Stand and plot characteristics. Stands are: / young, 2
middle-aged and 3 mature. Thinning intensity in the plot is: a
unthinned, b normal thinning, ¢ intensive thinning. Hye,, is stand
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average height. Dy, is mean diameter at breast height (1.3 m). BA
is stand cross-sectional area

Standpjoc Location Regeneration Site index Age Thinning Hnean Dinean BA Stocking
method (Hi00, m) (years) (intensity)  (m) (cm) (m?ha™") (n ha™")

1, 60°39'N, Natural and 27 25 no 2.6 2.6 1.6 2,323
26°70'E planted

2. 61°49'N, Planted 32 67 no 24.9 26 44 805
29°19'E

2 normal 26.5 28 44 682

2. intensive 26.8 33 40 456

3. 61°11'N, Planted 33 86 no 27.1 26 48 870
26°11'E

3y normal 31.0 33 32 357

3. intensive 29.0 34 31 346

sectional area (or area increment) to the foliage above is
constant over the entire stem, and that the vertical foliage
mass distribution is constant over time, only moving
upward with height growth and crown rise.

When modified appropriately on the basis of empirical
results (Mikeld and Vanninen 2001) and combined with a
carbon balance model, the pipe model and the profile
theory have lead to a realistic description of structural
growth in Scots pine (Mikeld 2002). The carbon balance
model predicts the development of foliage mass, tree
height and crown base, while the vertical distribution of
foliage mass and branch and stem cross-sectional area are
derived using the profile theory. Empirical analysis
showed that as hypothesized by Osawa et al. (1991), the
overall shape of the vertical foliage density distribution
could reasonably be approximated with a function that is
constant over time and over a range of social positions,
although its size varied a lot in both dimensions (Mikeld
and Vanninen 2001). However, the ratio of foliage mass
to branch cross-sectional area is not constant over the
stem, but increases from the top downwards before
decreasing again from the middle crown (Oren et al.
1986a; Dvorak et al. 1996; Kershaw and Maguire 2000;
Mikeld and Vanninen 2001). This is consistent with the
pipe model (Shinozaki et al. 1964a) and the hypothesis
that active sapwood pipes have a longer life span than
foliage and inactivate gradually, leading to “reuse” of old
active pipes by new foliage (Nikinmaa 1992), but implies
that the profile theory has to be modified (Mékeld 2002).

The objective of this study is to investigate whether,
and under what conditions, a similar modified profile
theory could also be applicable to the moderately shade
tolerant Norway spruce [Picea abies (L.) Karst.]. Defin-
ing such conditions would allow us to describe the crown
dynamics and predict the development of stem structure
in Norway spruce using a model similar to that for Scots
pine (Mikeld 2002). To investigate this, we shall analyse
the vertical foliage density distribution, and the vertical
distribution of the foliage mass : sapwood area relation-
ships, as well as the branch and stem area relationships
along the stem, in Norway spruce trees of different ages,
sizes, and competitive status.

Materials and methods
Materials

The data were collected at the end of the 2001 growing season. The
material consists of trees from three stands (young, middle-aged
and mature) in southern Finland (Table 1). The stands, located on
mineral soil, were classified as the Oxalis type (Cajander 1949),
representing fertile stands with Hjoy ca. 27-33 m (Vuokila and
Viliaho 1980). In the young stand, 5 trees were sampled from one
unthinned plot, while in each of the older stands, a total of 12 trees
were sampled from three plots with different thinning treatments,
including unthinned control, normal commercial thinning, and
intensive thinning (Table 2). A larger number of trees were sampled
from the unthinned and normal thinned plots, because of greater
size variation among these trees.

In the middle-aged and mature stands, the sample trees were
approximately of the same size (diameter at breast height: n=24,
F=3.10, P=0.07, tree height: n=24, F=3.13, P=0.07) (Table 2). The
smallest trees were located in the unthinned plots, and largest in the
thinned plots, of which the maximum tree size appeared to be in the
normally thinned plot. The specific growing space (Hegyi 1974) of
individual sample trees was most limited in the unthinned plots, and
widest in the intensively thinned ones (n=24, F=15.49, P<0.01) in
the two older stands (no thinnings were available for the young
stand).

Crown width was measured in two directions—the maximum
width and the width perpendicular to it. Projected crown area was
estimated as a circle, of which the diameter was the mean of these
two measurements. The trees were felled and each branch in whorls
(no internodal branches were considered) within the living crown
were tallied and measured in the field for their distance from the
treetop, and for diameter over bark at the stem junction immedi-
ately above the basal swelling, after which the tally branch quality
(live, dead) was registered, and stem diameter over bark below each
whorl was measured. Ten living sample branches were taken
systematically throughout the living crown, such that the crown
was divided into ten sections of equal length, and one living branch
was taken from each section at random (no branches were available
in the top section in the young stand).

The fresh sample branches were weighed in the field, put in
plastic bags, and taken to the laboratory where their length and
basal diameter in the horizontal and vertical directions were
measured, and they were oven dried at 70°C for 48 h. The dry mass
of needles and branch wood was determined. The cross-sectional
area of all branches, which was calculated using the field data, was
corrected for systematic measurement error using the laboratory
data of the sample branches. The diameter of seven sample disks,
from different heights of the tree (including the crown base), was
measured for heartwood and sapwood separately.
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Table 2 Sample trees. Stands

are: 1 young, 2 middle-aged and Standpjo; Tree Height (m)  DBH (mm) Crown base (m) Crown width (m)
3 mature. Thinning intensity in 1, 2 2.5 26.5 04 1.40
the plot is: a unthinned, » nor- 3a 2.1 17.0 0.1 1.20
mal thinning, ¢ intensive thin- 21° 4.1 46.5 0.4 2.10
ning. Height is tree height. DBH 33 3.2 38.0 0.2 1.35
is diameter at breast height. 36 2.9 27.5 0.3 1.55
Crown base is height at crown 2, 12 23.2 212.5 12.7 3.75
base. Crown width is mean of 2 26.7 269.0 15.6 3.15
two perpendicular measure- 3 27.1 303.5 12.8 4.35
ments of the crown width 4 253 247.5 12.2 3.30
50 27.3 328.0 10.2 4.90
2y 9 28.0 293.5 10.3 5.95
10° 30.1 319.5 9.6 5.45
11 28.4 318.5 10.4 5.10
2% 27.4 251.0 11.7 3.85
2. 6° 28.1 370.5 11.1 5.00
7 27.8 3355 9.0 5.05
8 25.0 278.0 7.9 5.15
3. 132 24.8 225.0 16.9 3.30
14 29.8 278.0 21.9 3.95
15 31.1 280.0 17.6 3.55
16 29.0 314.5 19.3 3.80
17° 329 357.0 18.7 4.90
3b 182 31.7 310.0 18.3 4.90
19 325 360.5 19.0 4.20
20 33.0 416.5 15.5 5.80
21" 35.0 401.5 17.0 5.80
3. 222 28.7 283.5 12.4 5.15
23 28.5 321.5 11.5 5.15
24° 30.9 372.0 14.3 5.35

4 Most suppressed tree in the plot

b Most dominated tree in the plot (Fig. 5)

Methods

The vertical distributions of branch length, branch wood mass and
foliage mass were estimated using regression analysis on the
sample branches, and applying the resulting models of the biomass
components to all branches. Branch diameter (or cross-sectional
area) and distance from the top were used as independent variables
as they were measured from all branches. The models were fitted
for trees in different stand age groups or thinning treatments
separately; branch length was fitted for the thinning treatments and
stand age groups, and branch wood mass and branch foliage mass
were fitted for the age groups. The number of sample trees
(Table 2) and sample branch observations was therefore different in
each subgroup.

The following branch length model was determined by inves-
tigating the relationship between the measured branch distance
from the top and the branch length in the sample branches:

y =ax/(x+b) (1)

where y is branch length, and x is the distance of the branch from
the top of the tree, and a and b are parameters. To fit the model
using linear regression, a new variable z was defined for a given
value of b as

2(b) = x/(x+b) (2)

The parameter a of Eq. 1 was found using linear regression with
zero intercept for a range of b -values. The combination of a and b
was chosen that gave the smallest mean square error. The intercept
of the linear regression could be assumed to be zero because it was
not statistically significant (P>0.05) in any of the regressions.

The branch or foliage dry mass was estimated separately for all
individual tally branches, of which the location in the crown and
diameter were measured. The total mass in a crown was calculated
by summing up the predicted (wood or foliage) masses of all living
branches. The vertical distribution of foliage and branch wood mass
density was evaluated for each 20% length of the crown and the

estimate placed at the middle point of the interval (Mékeld and
Vanninen 2001).

The following branch biomass model was selected by investi-
gating the relationship between the measured independent variables
(branch cross-sectional area, distance from tree top) and the dry
mass of foliage and branches in the sample branches:

y= xaAEeC"n et (3)

where y is either foliage mass (Wy) or branch mass (W), x is
relative distance down the living crown (top=0, crown base=1), Ay
is branch cross-sectional area over bark, and a, b, ¢ and n are
parameters. The model was fitted for the three stands separately,
using linear regression on the log-transform of the model when the
exponent n was fixed. Several values of n were tested, and the one
minimising the mean square error was chosen. In the model, the
factor n accounts for the observations that the ratio of foliage
(branch) mass to branch cross-sectional area increased rapidly
when moving down from the top of the crown in older trees and
reduced (for foliage) at base of the crown in young trees (Fig. 4 e,
g). Parameters not significantly different from zero (P>0.05) were
not fitted. The stand-specific parameters were used when estimat-
ing the crown mass of individual trees of the stands. The parameter
d was calculated separately for those individual trees for which it
was found to be significantly different from the parameter
estimated for the whole stand (P<0.01). The comparison was done
using dummy variables.

The linearity of dependence is analysed by log-transformation
equation of the form:

= )

where y is dependent variable, x is independent variable, and a and
b are parameters. We assume that the relationship is linear if
0.95<b<1.05.

The pipe model theory postulates that the cumulative branch
cross-sectional area is linearly proportional to stem cross-sectional



area at any height along the stem, at least for the part of the stem
where no considerable branch shedding has occurred (Shinozaki et
al. 1964a, Fig. 5). In the case of analysing this relationship between
cumulative branch area and stem cross-sectional area down the
crown with linear regression, the number of data points depended
on the number of whorls on the tree of a subgroup. In order to
compare these subgroups, weights were introduced that gave
observations in each of the subgroups (three stands, and two of
them thinned with different thinning treatments) equal relative
weights. The weights were defined as follows:

W= )
where N is the total number of observations and #; is the number of
observations in the subgroup.

The number of sample trees varied between different stands and
thinning treatments. Therefore, in the regression analysis of the
whole data set, weights were introduced that gave observations in
each of these subgroups (three stands, and two of them thinned with
different thinning treatments) equal relative weights. Weighted
regression was used when analysing maximum density of foliage
and branch wood as a function of crown projected area, and branch
wood mass, foliage mass, and branch cross-sectional area as a
function of stem cross-sectional area at the tree level.

Tree height, slenderness, crown dimensions (length, height to
crown base), biomass components, and branch length were com-
pared between age, and thinning categories using one-way
ANOVA, and further the means were compared using Tukey’s test.

Results

Tree height and height to crown base

The trunk height to the base of the living crown (m), and
the length of the living crown (m) varied distinctly
between the stands and the thinning treatments. Crown
ratio (the ratio of crown length to tree height) decreased
with tree age (n=29, F=44.86, P<0.01) being greatest
(91%) in the young stand. In the absolute scale, the
crowns were shorter in the mature stand relative to the
middle-aged stand (n=29, F=33.47, P<0.01). In the
middle-aged and mature stands, height to the crown base
was significantly highest in the unthinned plots and
lowest in the intensively thinned ones (n=24, F=3.45,
P<0.05). The trees in the unthinned plots were the most
slender (n=24, F=3.48, P<0.05) and their crowns were
clearly shorter (n=24, F=12.13, P<0.01) than in the
normally and intensively thinned plots.

Projected crown area and branch length

Spruce crown is conical and therefore the crowns were
widest at the very base of the living crown. The long
crowned trees had the widest crowns (n=29, R*=0.82,
P<0.01), but branch length along the crown depended
considerably on the age and in the lower crown on the
growth space of the tree. Eq. 1 explained 69-87% of the
variation in branch length (cm), depending on the subset
considered (Table 3).

In the mature stand, the sample branches were longest,
and in the young stand clearly shortest on average in the
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Table 3 Results for the regression analysis of branch length for
different age groups in the whole data set and for different thinning
treatments in the middle-aged and mature stands. Symbols a and b
are parameters of Eq. <equationcite>1</equationcite>, s is standard
error for parameter a, and R? is the percentage of variation
explained by the model. Stands are: / young, 2 middle-aged and 3
mature. Thinning intensity in the plot is: a unthinned, b normal
thinning, c¢ intensive thinning

Branch length for different age groups

Stand a b s R?
1 128 195 13 0.69
2 436 855 18 0.83
3 445 685 16 0.86
All 456 840 11 0.87
Different thinning treatments

Thinning  « b s R?
a 375 360 20 0.79
b 469 865 25 0.81
c 413 645 20 0.87

crown (n=29, F=60.78, P<0.01) (Fig. 1a, b). The differ-
ences were apparent in the modelled branches in the
lower crown (Fig. 1b).

Between the different thinning treatments, there was
significant homogeneity in the branch length particularly
along the upper crown in the middle-aged and mature
stands (no thinnings were available in the young stand)
(Fig. 2a, b). For 5 m down the crown, the branch mean
length was nearly equal in the sample branches, showing
the maximum values in the unthinned and minimum
in the normally thinned forest stands (n=24, F=0.62,
P>0.05). In the lower crown, the branches of unthinned
forest stands were slightly shorter. The crowns tend to be
longest and still vigorous at the bottom crown and
therefore widest in the thinned plots.

Foliage and branch mass of sample branches

There was an almost linear relationship between foliage
mass (g) and branch cross-sectional area (cm?) in the
sample branches (Eq. 4), but the scatter around this
relationship was very large (Fig. 3). The relationship
between branch woody mass (g) and branch cross-
sectional area (cm?) was clearly non-linear but with much
less scatter than the foliage relationship (Fig. 3).

Foliage mass (g) on the sample branches increased
from the tip of the crown downwards (Fig. 4a, b), starting
to decrease in both older stands in the top half of the
crown (Fig. 4b). The branch mass of sample branches also
increased initially, but unlike in foliage, the increase
continued down the crown or levelled off. Largest living
branches, with dwindling but assimilative foliage, were
located at the middle part of the living crown, particularly
in the middle-aged and mature stands (Fig. 4c, d). In the
young stand the dry mass of foliage and branch wood both
peaked at the lower third of the crown (Fig. 4b, d). The
cross-sectional area (mm?) of sample branches along the
crown was similar to branch wood mass (Fig. 4c). Big
dead branches were located at the bottom of the living
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Fig. 1 Branch length for all a b
sample branches: a measured
and b modelled (Eq. 1). Lines
represent the young stand Distance from top (cm) Distance from top (cm)
pluses the middle-aged stand, 0- 0-
and circles the mature stand
A Y
500 500
1000 - 1000 -
1500 1500
o
+
2000 - 2000 - +
2500 T T T , 2500 T T T
0 100 200 300 400 0 100 200 300 400
Branch length (cm) Branch length (cm)
Fig. 2 Branch length for all a b
sample branches: a measured
and b modelled (Eq. 1). Thin- ) )
ning intensity in the plots of Distance from top (cm) Distance from top (cm)
middle-aged and mature stands: 04 0-
circles represent unthinned ©,
plots pluses normally thinned
and lines intensively thinned + °
500 - + 500 -
g8,
099 +
MRS
1000 8 & &%+ 1000 -
p 3
LB o
1500 - F oO% + 1500 Y
- - o + o
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2000 + 2000 - +
2500 . . : ) 2500 : . : .
0 100 200 300 400 0 100 200 300 400

Branch length (cm)

crown, or below it. The size variation of branches of all
qualities in individual trees was large.

The pipe model relation, i.e. ratio of foliage mass to
branch cross-sectional area, clearly increased for 1 m
down the crown, peaking at 2—4 m (Fig. 4e). After this
peaking point, corresponding to ca. 10-year-old branches,
the ratio started to decrease. In the lower crown (>10m) of
the older trees the foliage-branch relationship stabilised
and was nearly constant. Regardless of tree age, size, or
stand thinnings, the pipe relation was fairly similar in all
trees at the very top of the crown where the branch cross-
sectional area can be assumed to consist of active pipes
only. The similarity of the relationship across trees was
clearer when taken with respect to absolute rather than
relative crown length (Fig. 4e, f). The ratio of branch

Branch length (cm)

wood mass to branch cross-sectional area increased down
the crown, and stabilised at 5 m (Fig. 4g, h). Young trees
had not reached this tree height, so the ratio increased all
the way down the crown.

The foliage and branch wood mass models (Eq. 3)
gave good fits for foliage and branch biomass in trees.
The coefficient of determination varied between 0.58 and
0.86 for foliage mass, and between 0.87 and 0.95 for
branch wood mass (Table 4). The worst prediction was
for foliage mass in the mature stand, probably because
foliage mass varied considerably in the lower part of the
crown between trees and branches, receding in shaded
branches, while a few branches in good light had a vivid
foliage mass even down in the crown.
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Fig. 3 The relationship between biomass components, and branch
cross-sectional area in the sample branches. Solid circles are branch
woody mass, and circles are foliage mass

Vertical density distribution of foliage
and branch wood mass

The shape of the vertical foliage density distribution
(g m™") varied between stands of different ages (Fig. 5). In
the young stand, the maximum density was reached at
30% relative height from the crown base upwards,
whereas in the older stands, the peak of the foliage mass
was at about 50-70% up the living crown. The living
branch mass (g m™!) was densest at the middle of the
crown or lower.

The foliage and branch wood mass were clearly greater
in dominant than in suppressed trees (Fig. 5). In the
intensively thinned plots, there were no really suppressed
trees left. Suppressed trees of all ages tended to have
shorter crowns with maximum foliage and branch wood
density higher (in relative scale) along the stem than
dominant trees.

The maximum density of foliage and branch wood
(g2 m™!) correlated with the tree and crown dimensions—
stem diameter at breast height and crown base, stem
sapwood area at the crown base, tree height, crown
length, and crown projected area (the linear relationship
between crown projected area and the maximum foliage
density in the whole data set: n=29, R?=0.59, P<0.001,
and the maximum branch wood density: n=29, R?=0.74,
P<0.001) (Fig. 6).
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The ratio of branch cross-sectional area
and foliage mass to stem cross-sectional area

The presumption of linearity in the pipe model was tested
(Eq. 4) between the cumulative branch cross-sectional
area (cm?) and stem cross-sectional area over bark (cm?)
and they were found to correlate linearly throughout the
crown in the whole data set (=987, R?=0.95, P<0.001)
(Fig. 7a). However, the ratio was decreasing in the lower
crown, probably due to shedding of branches. In addition,
the linear regression lines differed between the (age X
thinning) categories, the slope of the line varying in the
range 1.15-1.59, and the intercept in the range 0-29. No
systematic trends related to age or thinning category
could be detected, however.

In order to test further the pipe model ratio of branches
to stem, the top 5 m of the living crown was analysed
separately (for the young trees, this covered the entire
crown), which generally in all tree size classes appears to
be above the maximum foliage density in the crown. This
would suggest that these branches are still growing and
there is neither significant branch shedding nor heartwood
development (Fig. 7b).

The ratio of cumulative branch cross-sectional area to
stem cross-sectional area was larger in the top part than in
the total crown, and the corresponding linear regression
had zero intercept (Table 5). However, the ratio increased
significantly with stand age, being greatest for the mature
stand, as was demonstrated for the unthinned plots (no
thinnings were available for the young stand) (Table 5)
(Fig. 7b). The different thinning regimes also showed
differences; the cumulative branch area relative to stem
cross-sectional area was smallest when normally thinned
and greatest when unthinned (Table 5). The average
number of branches per whorl was four when unthinned
or thinned.

The relationship between cumulative foliage mass (g)
and stem cross-sectional area (cm?) was clearly non-linear
(Eq. 4) in the whole data set, as well as in individual
sample trees of different ages (Fig. 8a). The foliage mass
in the uppermost crown was first accumulating slowly for
0.8 m, after which escalating with simultaneously mul-
tiplying twig surface (Fig. 8b). The upper crown foliage
mass was accumulating most effectively in the mature
trees. In the canopy-shaded branches lower down, the
foliage mass accumulation levelled off (Fig. 8a).

Branch wood and foliage mass at tree level

The crowns had twice as much branch mass (kg) as
foliage mass (kg) per cross-sectional area (cm?) of stem or
sapwood at the crown base. Stem sapwood cross-sectional
area (cm?) was a slightly better predictor of foliage mass
(kg) of a tree than stem cross-sectional area (cm?),
whereas the opposite was true of branch wood mass (kg)
and branch cross-sectional area (cm?) (Table 6). Almost
as good predictors for the branch dimensions were
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Fig. 4 Vertical distribution of
foliage mass (a, b) and branch
cross-sectional area (c, d) of the
sample branches as a function
of absolute and relative distance
from treetop. Vertical distribu-
tion of the ratios of foliage mass
(e, f) and branch wood mass (g,
h) to branch cross-sectional
area in the sample branches as a
function of absolute and relative
distance from treetop. Lines
young stand, pluses middle-
aged stand, and circles mature
stand
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Fig. 5 Vertical density distributions of foliage and living branch  Thinning intensity is: a unthinned, » normal thinning, and c¢

wood in selected sample trees as a function of relative and absolute
height. Stands are: / young, 2 middle-aged, and 3 mature stand.

intensive thinning. Thick line is most dominated and thin line is
most suppressed tree in a plot
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Table 4 Dry mass of biomass

. Biomass  Stand a b c d n R? SD
components. Regression equa-
tion is log-transformed. Sym- Foliage 1 1.156  0.650 -2.079 1.078 7 0.86 0.11
bols a, b, ¢, d, and n are 2 1.595  0.975 -6.149 4.387 0.6 0.71 0.24
parameters of Eq. <equa- 3 36.771 1.095 -3750.270 3748.070 0.01 0.58 0.25
tioncite>3</equationcite>, R* is  Branch 1 0.542  0.986 - -1.127 - 0.87 0.11
the percentage of variation ex-  wood 2 0.724  1.219 -1.570 - 0.6 0.95 0.05
plained by the model, and SD is 3 28.507  1.161 —2860.740 2859.570 0.01 0.95 0.05
standard error. Stands are: /
young, 2 middle-aged and 3
mature
Table 5 Regression coefficients (¢) and standard deviations (s) of 4 ) 4
the ratio of cumulative branch cross-sectional area (Ap;) to stem Branch wood (g m") Foliage (g m™)
cross-sectional area (Ay;), measured at stem heights x ;, defined as
the upper 5 m of the living crown (I) for different age groups (no 8000 8000
thinning) and for (II) different thinning treatments (only stands 2 °
and 3). R’ is the percentage of variation. N is number of
observations. Stands are: / young, 2 middle-aged and 3 mature.
Thinning intensity in the plot is: a unthinned, b normal thinning, ¢ 6000 1 6000
intensive thinning. The constant was not significant in any of the
regressions (P>0.05), so the regression is marked down as Api= cA
Different age groups (no thinning) 4000 4 - 4000
Stand,jo ¢ s R? N
1, 1.38 0.029 0.97 76
2. 1.52 0.028 0.97 81
3 2.03 0.059 0.92 103 2000 2000
Different thinning treatments
Thinning c s R? N
a 1.81 0.045 0.90 184 0 ‘ : : 0
b 1.58 0.044 0.91 126 0 5 10 15 20 25 30
c 1.71 0.032 0.97 106

projected crown area or crown length and stem diameter
at crown base or at breast height.

On the basis of the exponent in Eq. 4, foliage mass
correlated linearly with stem cross-sectional area, and
branch cross-sectional area correlated linearly with sap-
wood area. Foliage mass : stem cross-sectional area ratio

Fig. 7 Cumulative branch
cross-sectional area as a func-
tion of stem cross-sectional area
over bark a in the whole data
set, and b defined as the upper
5 m of the living crown by tree
sample trees. Lines represent a
young tree (sample tree 33),
pluses a middle-aged tree (tree
2), and circles a mature tree
(tree 16)

1000 -

Cumulative branch cross-sectional area (sz)

Crown projected area (m?)

Fig. 6 Relationship between maximum branch density in vertical
direction (g m™") and crown projected area (m?). Solid circles are
branch woody mass, and circles are foliage mass

Cumulative branch cross-sectional area (cmz)

250 -
o
o
200 1
o
o
150 - °
o
o +

100 1 o4

o+

o+
+
Ot
50 A Q-{-
o
0 200 400 600 800 0 50 100 150

Stem cross-sectional area (cmz)

) 2
Stem cross-sectional area (cm®)



Fig. 8 Cumulative foliage mass
as a function of stem cross-
sectional area over bark a from
the top to the bottom of the
living crown, and b defined as
the upper 2m of the living
crown by tree sample trees.
Lines represent a young tree
(sample tree 33), pluses a mid-
dle-aged tree (tree 2), and cir-
cles a mature tree (tree 16)

Fig. 9 Relationships between
crown characteristics (total fo-
liage mass, branch wood mass,
and branch cross-sectional area
over bark), and stem cross-sec-
tional area at the crown base.
Pluses are observations under
bark of the stem, and circles
represent stem sapwood
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Table 6 Linear regression coefficients (¢): dry weight of biomass
components (foliage mass, branch wood mass), and branch cross-
sectional area over bark compared to stem cross-sectional area
under bark and sapwood cross-sectional area at crown base (n =29,

P <0.01), and their standard deviations (s). R? is the percentage of
variation explained by the model. The constant was not significant
in any of the regressions (P>0.05)

Branch dimensions Cross-sectional area : stem

Cross-sectional area : sapwood

c s R? c s R?
Foliage mass 0.06 0.005 0.81 0.10 0.008 0.85
Branch wood mass 0.11 0.008 0.88 0.19 0.015 0.84
Branch cross-sectional area 1.38 0.081 0.91 2.33 0.167 0.87

seemed to be independent of stand age (in the whole data
set n=29, F=0.12, P>0.01). The relationships between
branch characteristics (wood mass and cross-sectional
area) and the stem cross-sectional area at the crown base
were non-linear (Fig. 9). In the young stand, branch wood
weighed clearly less per total branch cross-sectional area
or stem cross-sectional area at the crown base than the
branches in the two older stands.

The crowns were lighter (in the two older stands:
n=24, F=9.18, P<0.01) and thin-branched (n=24,
F=12.96, P<0.01) in the unthinned plots. However, the
ratios of foliage mass, branch wood mass, and total
branch cross-sectional area to stem cross-sectional area
under bark at the crown base, did not differ between the
unthinned, normally thinned or intensively thinned sites
(in the whole data set: n=29, P>0.01). The correlations
were slightly weaker when analysed with respect to stem
sapwood, probably because sapwood area is difficult to
define accurately.

Discussion

The present results on the crown dimensions are largely
similar to those of previous studies. The crown ratio is
reducing and the crown radius is enlarging in ageing
Norway spruces (Colin and Houllier 1992; Deleuze et al.
1996; Richardson et al. 2000). In addition, narrow growth
space accelerates crown rise (Colin and Houllier 1992;
Johansson 1992), but in the upper crown does not affect
crown width, as also indicated by the results of Nilsson
and Gemmel (1993), whereas lower down the availability
of growth space seems to control crown horizontal growth
and vertical shape. According to Deleuze et al. (1996) the
crown in open-grown Norway spruce is expanded, while
it remains narrower in trees of denser growth space. On
the other hand, Gilmore and Seymour (1997) have
reported of Abies balsamea that the crown radius down
the crown is widest in short crowned suppressed trees and
narrower in more dominating trees.

Unlike the fairly constant shaped Scots pine crown
(Mikeld and Vanninen 2001), the vertical profile of the
foliage was found to be strongly age-dependent in
Norway spruce (Hakkila 1989; Pulkkinen 1991). In young
spruces (ca. 20 years.) the foliage is densest at the lower
crown, at 30% of relative height, and after canopy closure
in older trees focusing higher up (ca. 60-90 years at 50—

70%). This can be understood by the ecological differ-
ences of the two species. Being as moderately shade-
tolerant as Douglas fir (Maguire and Bennett 1996) or
Balsam fir (Gilmore and Seymour 1997), Norway spruce
maintains its lower branches much longer than Scots pine,
when the shaded part of the crown is extending with tree
age and size.

The maximal foliage density in Norway spruce crown
does not increase with the increase of the projected crown
area as clearly as in Scots pine (Mikeld and Vanninen
2001). The dependence between the two is slightly
weaker for Norway spruce, and the regression passes
more clearly through the origin in Scots pine (Mikeld and
Vanninen 2001). In different aged Scots pine stands the
crown is widest and densest at the middle of the crown. In
the middle-aged and mature forest stands the Norway
spruce crown is widest in the lower part of the crown, but
the densest foliage mass is located in the upper parts of
the crown; the canopy shading in the lower crown directly
reduces foliage mass but has a delayed effect on the
horizontal growth of the crown. Therefore, it is only in the
young Norway spruce stands before canopy closure that
the crown is widest and densest at approximately the
same height at the bottom of the crown. In addition, the
foliage mass in Scots pine is uniformly covering the
crown surface (Mikeld and Vanninen 2001), whereas in
Norway spruce the foliage mass is covering the individual
branches generating gaps in the crown surface. According
to Kuuluvainen (1991), the crown range of Norway
spruce does not indicate directly the foliage density of a
tree; the mean needle density per certain crown-projected
area is smaller in suppressed trees compared to more
dominant ones.

Densely grown Norway spruce is capable of compen-
sating for the lost lower crown needle mass by accumu-
lating the growth in the upper crown, as regards both
height growth relative to diameter growth (Mard 1996),
and the growth of branches and foliage (Maguire and
Bennett 1996; Gilmore and Seymour 1997). In the
unthinned forest stands, the trees are more slender than
in the thinned stands, and the total branch area above a
certain stem area is greater in the upper crown, where the
foliage mass of suppressed trees tends to be densest as
well. The lower branches, which are very much alive in
the thinned stands, are typically dying or dead in the
unthinned stands.



According to Oren et al. (1986a), in different sites
foliage will be distributed differently along the crown. On
the other hand, the ratio of foliage mass to branch cross-
sectional area seems independent of stocking density or
dominance position (Oren et al. 1986a), but dependent on
crown depth. It increases from the top to the middle of the
crown (Oren et al. 1986a; Dvorak et al. 1996; Kershaw
and Maguire 2000; Mikeld and Vanninen 2001), peaking
in Scots pine in the middle crown in all age groups
(Mékeld and Vanninen 2001). Similarly, the present
results show that in Norway spruce the increase and
culmination (at 2-4 m from tip of the crown downwards)
seem to be found as a function of distance in all trees
regardless of age or social position. In the lower crown,
where foliage shedding and heartwood formation occur,
the ratio of foliage mass to branch cross-sectional area
decreases, and in older trees levels off being eventually
nearly constant. This relationship can be utilised for
predictions of foliage mass from branch and stem cross-
sectional area, provided that the distance from the top is
also included (e.g. Mikeld 2002).

The upper, assimilatively important part of the crown
(Oren et al. 1986b; Niinemets 1997) with active pipes and
no shedding, seems to remain similar in shape and even
size, once entirely formed in a young tree. The size is
probably related to the life span of needles, which is about
10 years in southern Finland. Kaufmann and Troendle
(1981) observed that the upper part of a larger tree has the
same leaf area to stem sapwood ratio as the entire crown
of a smaller conifer tree. The crown profile of Norway
spruce can therefore be understood as consisting of an
upper, active part with a fairly constant profile, and a
lower part, also with a constant profile, but the ratio of the
two evolving with tree age, and probably also varying
with the social position of the tree.

The clearly non-linear relationship between cumula-
tive foliage mass and stem cross-sectional area along the
stem in the upper crown contradicts the original form of
the pipe model (Shinozaki et al. 1964a). The form of the
foliage mass — branch cross-sectional area relationship
from the top of the crown downwards stimulated the
choice of the equation of foliage mass. Vertically the
foliage mass tends to be densest at the upper half of the
crown with increased shoot surface, which promotes the
vigour accumulation of foliage mass after minor foliage
gain at the very top. Similar results of non-linear
relationship between cumulative foliage mass and stem
cross-sectional area along the stem have been reported
earlier in Scots pine (Mikeld and Vanninen 2001),
Norway spruce (Oren et al. 1986a), and Balsam fir
(Gilmore and Seymour 1997).

The ratio of cumulative branch cross-sectional area to
stem cross-sectional area along the stem can be taken to
represent the pipe model ratio between branch and stem
pipes for the part of the stem where no significant branch
shedding has taken place. Assuming that heartwood
formation proceeds at the same rate in branches and
stems, their ratio should be the same for dead and live
whorls. Again, the present results are similar to earlier
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studies in Scots pine (Kaipiainen and Hari 1985; Mikeld
and Vanninen 2001) showing that a linear relationship
exists between cumulative branch cross-sectional area and
stem cross-sectional area along the stem. However,
notable differences could be found between age classes
and thinning treatments. Trees in the mature and un-
thinned stands had more cross-sectional area in branches
relative to stems than the young and thinned stands.
Interestingly, an opposite observation was made in Scots
pine: younger trees and more dominant trees had a bigger
branch : stem cross-sectional area ratio than older and
more suppressed trees (Mékeld and Vanninen 2001). The
difference between the two species may be related to the
ecological adaptation to shade in Norway spruce.

It is interesting that although there is considerable
variation in crown shape, and the pipe model ratios are
not constant along the stems, the tree-level measures of
the pipe model ratios were found to be very stable. The
ratio of foliage mass to early wood area at the crown base
seems independent of site quality, age, or crown class
(Eckmiillner and Sterba 2000). Furthermore, the foliage-
sapwood ratio and the branch to stem cross-sectional area
ratio at the tree level are almost the same as in Scots pine
(Kaipiainen and Hari 1985; Mékeld and Vanninen 2001).
The main differences between the species therefore
appear to be found in the crown dynamics, manifested
by the crown profile, and can probably be traced back to
differences in the photosynthetic system (Marek et al.
1989; Leverenz and Hinckley 1990; Leverenz 1996).

The prediction of foliage mass have generally not been
able to improve by studies combining sapwood area with
sapwood conductivity when compared with sapwood area
only (e.g. Whitehead et al. 1984). This is actually in line
with the original pipe model theory (Shinozaki et al.
1964a), which perceives the importance of the sapwood
as conductive tissue, but also the aspect of mechanical
support. The pipe model is essentially based on empirical
observation not on theories of tree hydraulics or mechan-
ical strength, although both aspects are likely to be
important if an explanation is sought for the observed
structure. In addition, heartwood formation is an essential
part in the pipe model theory giving an extra dimension to
the model of tree structure.

In order to predict the vertical profile of foliage mass
using branch or stem cross-sectional area information or
modelling the tree growth using vertical foliage distribu-
tion as an input, it is important to realise the structural
differences between the age-independent, regular formed
upper crown (<5m) and the lower part established by the
foliage shedding. In order to obtain a reliable prediction
of the vertical distribution of foliage mass, it is therefore
crucial to include branch location in the crown as an
independent variable in the model for branch foliage
mass. Otherwise, it is conceivable to predict the foliage
mass for upper and lower crown separately. Similarly, the
pipe model assumptions about the relationship between
total foliage and sapwood are practical, when modelling
the growth in a young stand (<10 years). After canopy
closure, the crown rise and foliage shedding is acceler-
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ating, and the growth of stem and branches is regulated
increasingly by the life span of active sapwood pipes.
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