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Under changing environmental conditions, biomass development on the tree and the
stand level may differ from today, regardless if the induced change is due to a shift in the
general climate properties or to forest management. Under these conditions, tree biomass
can not be derived from tables based on former investigations but has to be defined
from particular biomass investigations, which generally calculate tree and stand biomass
from sample branches using allometric relationships. Therefore, sample measurements
on harvested trees are needed. In this paper, foliage and branch biomass estimation
for 6 Norway spruces (Picea abies) and 6 beeches (Fagus sylvatica) harvested in a
56-year-old mixed stand in southern Germany is presented. Different allometric models
are investigated to derive branch biomass from branch dimension for both species. The
equations that are based on branch length, foliated branch fraction, and branch diameter
are used for tree and stand level estimates. However, the variation within the 6 trees
of each species was too large for a reliable calculation of stand biomass, especially
in case of beech branch wood. Furthermore, the necessity of allometric relations and
their applicability in individual-tree models is discussed, and the importance of suitable
branch- and tree selection is underlined.
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1 Introduction

The biomass of the various compartments in the
forest, e.g. foliage, branches, and stem wood, is of
general interest to researchers of different scien-
tific backgrounds, working on different scales: 1)
On regional scales, estimations of carbon storage
in forests require information of total tree biomass

(e.g. Kiirsten and Burschel 1993). In these stud-
ies, compartments other than stem wood are often
estimated based on very few — and sometimes
old —investigations (Bachmann 1968). However,
the dependence on these findings to stand proper-
ties and environmental conditions is not known
although it can hardly be assumed as constant
(e.g. Berninger and Nikinmaa 1994, Vanninen et
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al. 1996, Mikeld and Vanninen 1998, Naidu et
al. 1999). Thus, more biomass investigations are
needed to obtain these relationships. 2) Foresters,
who concentrate on the stand level, are mainly
interested in stem wood biomass to determine
thinning intensity and harvest gain. However, in
large trees, particularly if grown without major
competition, the amount of branch biomass can
be considerable and should not be neglected
(Brown 1976, Kendall-Snell and Little 1983).
3) On a smaller scale, ecological studies are
executed to maintain sustainable management
not only for stem wood but also for nutrients.
Balance and flow estimations, however, have to
consider different tree fractions because the nutri-
ent concentration varies with tissue type and each
compartment has different turnover rates. Thus,
the determination of foliage and root biomass
is more important in these studies than can be
assumed from its absolute amount (Martin et al.
1999). 4) In the near future, process based models
are expected to be increasingly applied to forestry
questions, including e.g. tree growth, bole quality,
and disease susceptibility (Mékeld et al. 2000).
These models often consider physiological proc-
esses and growth for each tree compartment (e.g.
Korol et al. 1995, Landsberg and Waring 1997).
Therefore, they require accurate initialization data
of these compartments, which can be provided by
either direct biomass sampling at the plot or by
means of the application of general but reliable
relationships to tree dimensions.

The problem with biomass measurements in
the forest is that they are far too laborious as
to measure a stand in total. Even if only a few
samples are taken, institute facilities are seldom
able to cope with the whole biomass of large
trees. Thus, only a sub-sample of tree biomass
can be taken for further investigation (see e.g.
Monserud and Marshall 1999). On the other hand,
tree variability may be rather high, particularly in
structured and mixed forests (Franz et al. 1989),
which underlines the need of an appropriate scal-
ing methodology.

A number of investigations have demonstrated
a relationship between biomass and basal area
or sapwood area, respectively (e.g. Oren et al.
1986, Berninger and Nikinmaa 1994, Dvorak
et al. 1996, Rayachhetry et al. 2001). These
observations can be explained theoretically by
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assuming that a certain water-transport capacity
is needed for the supply of one unit of foliage
biomass, and that a close relation between sap-
wood area and basal area exists (Shinozaki et al.
1964, Chiba 1998). Thus, once determined, the
relation is expected to be applicable for scaling
foliage biomass from a small sample of trees up
to the whole stand.

In this study, foliage and branch biomass is
scaled from the sample branch to tree level in order
to obtain the basis for a total carbon and nutrient
inventory of the (aboveground) stand. Therefore,
branch biomass is calculated with different equa-
tions, which are then compared with respect to
their accuracy and suitability for use with conifer-
ous as well as deciduous tree species.

2 Material and Methods

The described measurements were executed at a
long-term investigation plot in Bavaria, Germany,
which is also used for a range of physiological
studies since 1998 and in which a biomass inven-
tory is thus of particular interest. The intention of
these studies, which are meant to be supported by
the presented investigation, are described together
with the general site and stand characteristics in
Pretzsch et al. (1998).

The plot itself has a size of 5312 m? and accord-
ing to inventory documentation, the spruces are
49 years old, whereas the beeches, which are
planted in groups into the previous spruce stand,
are 56 years old (reference year 1999). The total
number of trees is 443 with 14 trees belonging
to other tree species including pine, larch, maple,
and aspen (see also Table 1).

Six spruces were taken as sample trees in spring
1999 and six beeches were felled in summer 1999
and 2000. All trees stood just outside the investi-
gation plot and were selected in order to represent
the whole diameter range observed inside the
plot. However, the upper range of beech diam-
eter (largest tree with 41 cm diameter at breast
height (dbh)) could not be covered because no
trees above a dbh of 31 cm were available. The
executed measurements include data obtained
from the standing tree, the lying stem, branch-
measurements, and biomass samplings.
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Considering the branch measurements, a main
axis was determined after felling. Each primary
branch along this axis was numbered from
below and insertion height (h;) was recorded.
Next, all these branches were cut from the stem
and diameter of the branch shortly after insertion
(dp), diameter at the point of first foliage insertion
(dy), length of the branch (/p), and average length
of the unfoliated branch fraction (/) was deter-
mined to the nearest 0.1 cm. The diameter values
were measured over bark and were converted to
cross-sectional area (a, and ag, respectively),
assuming the branch circumference is circular.
The length values are defined as chord length
according to Deleuze (1996), which is relatively
simple to measure. For beech branches with a
main axis that changes in angle and direction,
chord length was considered to be the straight
line between branch insertion and the minimum

Table 1. Stand properties as measured in 1999.

Spruce Beech
Age 49 56
Volume (m?3 ha-!) 412 161
Average stem diameter (cm) 28.4 23.5
Upper height (m) 27.9 25.1
Number of living stems (N ha=!) 529 279

and maximum distance to the center of foliage
biomass. In sympodial growing species several
dg-values can be obtained from one branch. In this
case, the diameter of each twig (d; (1-n)) within a
branch was recorded at foliage start and the area
of all twigs were summed up into one a, value.
Although the number of twigs could be quite large
(the maximum value was 30 twigs per branch)
their measurement was not very time consuming,
because the distances between branch insertion
and foliage insertion were quite similar for each
twig. Furthermore, the measurement was made
easier by the fact that the branch was already cut
and laid out on the floor.

It should be noted that also internodial twigs
directly attached to the stem have to be recorded
because — especially in spruce tops — they were
found to build up a significant amount of biomass
(see Table 2). However, these twigs were not
selected for biomass sampling. If small twigs with
only few leaves appeared at the bottom of major
beech-branches, they were treated like attached to
the stem but only twig length and base diameter
(dy = dp) was measured.

Lacking the possibility to determine the actual
minimum sample size, it had been decided
to take one branch of average length in every
second whorl of the spruce trees, to assure that
the sample is evenly distributed across the crown.

Table 2. Number of branches (Nb) and twigs (Nt), sum of branch cross-sectional area (Ab), and biomass of foliage
and branches (kg) of all sample trees given with relative sample size. Biomass is scaled in relation to branch
area at foliage insertion with model 3 (see text for further explanations).

Nb* %sampled  Nt* %sampled  Ab %sampled

Foliage %sampled %internodial Branches %sampled %internodial

SPRUCE

1 167 5.4 186 54 1039 7.6
2 115 9.6 136 74 422 17.0
3 99 9.1 99 10.1 315 138
4 98 9.2 120 83 395 14.1
5 153 7.2 167 6.0 580 13.7
6 88 10.2 88 114 241 165
BEECH

7 26 269 145 241 738 184
8 25 28.0 40 425 76 28.1
9 26 23.1 38 263 139 370
10 21 28.6 177 147 566 15.8
11 34 912 132 947 235 63.9
12 39 59.0 212 467 384 27.8

40.1 7.4 13.4 72.3 8.8 11.7
244 124 1.8 433 125 1.4
170 113 13.9 29.1 10.3 12.4
22.1 135 8.8 37.6 135 8.0
325 8.3 32 57.0 8.8 24
135 10.7 7.3 23.0 142 6.2
45 206 - 1341 229 -
08 156 - 1.2 269 -
1.0 231 - 21.8 364 -
5.1 397 - 1280 213 -
1.7 545 - 446  50.6 -
42 392 - 744 26.1 -

* For spruce, only nodial branches and twigs
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This resulted in sample sizes of 9—11 branches
per tree, which is very close to the sample size
used by Dvorak et al. (1996). With respect to the
beeches, very little sampling experience exists,
but compared to spruce, a higher variability of
biomass distribution within and between trees has
been reported (Burger 1950). Also, the number
of primary branches as defined above is much
smaller than in spruce. Thus, we decided to take
every fourth branch for sampling, starting from
the second-largest branch (except for tree number
11, from which all branches that could be found
after felling were sampled). Table 2 presents the
resulting sampling percentages with respect to
number of branches, number of twigs, and bio-
mass fractions for each tree.

Each sample branch was divided in the com-
partments ‘foliage’, ‘twigs’ (the part of the
branches, which is foliated), and ‘branch wood’
(residual branch biomass that is not included
in the ‘twigs’-compartment). Bark is always
included in the twigs and branch wood fractions
and had not been separately assessed. All foliage
and twigs of every branch were dried (65°C, for 3
days) and weighted. Branch wood was weighted
in the field and only the smaller parts were trans-
ported for dry-weight determination (65°C, for
7 days). The conversion factor obtained for these
parts was used to estimate the dry weight of the
remaining branch wood.

Because first order beech branches vary widely
in length and foliated branch fraction, foliage
and branch biomass could not directly be scaled
from dp, or a, with the same approach that is
intended to be applied to spruce as well. Thus,
relations between biomass and branch dimension
are investigated that could possibly be used for
further scaling to the tree and stand level. Twigs
and foliage are directly related to a,. For estima-
tion of residual branch wood biomass (B,.;) three
approaches are tested, which are either based
on the residual branch volume (V) or on an
estimated pipe model-based biomass (B)):

Bres = VBres X 6ﬁt Model 1
VBres = lg x 3.1416 / 3 X 0.25

X (dp 2 +dp X dg+dy?)
Bres =p1 X Bp Model 2

782

Bres =p2X B, Model 3

B, =agxlyxd

8 = wood density (380 kg m=3 for spruce, and
560 kgm3 for beech (Grosser 1985/1991))

Branch density (6ﬁ,) and the other parameter
values are fitted with weighed least square anal-
ysis. Based on these values the biomass of each
crown compartment is calculated for every tree
from measured branch length and diameter. In
case of the residual branches, the most suitable
model for each tree species has been used for
this calculation (Model 3 for spruce and Model
1 for beech). The obtained biomass values per
tree are then correlated with stem basal area as
independent variable, using a linear and a poten-
tial regression function. Finally, foliage and total
branch wood biomass per hectare is calculated
from stem basal area of every tree in the stand.
Twigs and residual branches are pooled for this
purpose. Basal area has been chosen because it
can easily be measured for a whole stand and
can be compared to other studies (e.g. Oren et
al. 1986, Dvorak et al. 1996, Eckmiiller and
Sterba 2000). On the stand level, parameters
of spruce are used for all other coniferous trees
and parameters of beech are applied to all other
deciduous trees.

3 Results

In order to scale the sampled biomass fractions to
the tree level, measured foliage and twig biomass
has been plotted against ag, which is supposed to
represent the sapwood area necessary to supply
these biomass fractions (Fig. 1 a—d). The Figure
demonstrates that both biomass fractions are
linearly related to a,. Foliage biomass per sup-
porting area (= slope value) in spruce is more
than 2-fold higher than specific twig biomass and
almost 4-fold as high as the same value for beech.
However, beech branches consist of much more
woody tissue per cross-sectional area than spruce
branches. R? values range from 0.5 to 0.87 and
are higher for beech than for spruce, particularly
in case of the twig biomass. Foliage and twig
biomass is furthermore highly correlated as is
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Fig. 1. Relation between foliage (top) and twig (bottom) biomass and twig cross-sectional area
for spruce (triangles) and beech (circles) (for statistical description see Table 3).
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Fig. 2. Relation between twig biomass and foliage biomass for spruce (triangles) and beech (circles).

demonstrated in Fig. 2. The relation, however, is ~ weighed least square analysis, where observations
considerable closer for spruce than for beech. are weighed inversely to their variance, is applied

It should be noted that the variance in most  to obtain more representative parameters for bio-
cases increases with branch size, whichis aquite  mass estimations. These are presented in Table
common phenomenon with size variables. Thus, 3, which provides also the slope between model
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Table 3. Regression parameter for estimation of foliage, twigs and residual branch wood biomass on the branch
level (Ag = branch cross sectional area at foliage insertion (cm?), Bp = pipe based branch biomass (kg),
Vbres = calculated volume of residual branches (m3), ns = p > 0.05, * = p < 0.05, ** = p < 0.01).

Models it pl p2 p3 Slope 12 rSEE p
SPRUCE
Foliage =pl¥Ag - 0.066 - - 0.94 0.22 0.42 *
Twigs =pl¥Ag - 0027 - - 0.92 0.25 0.42 *
Res. branches = dfit*VBres 393 - - - 0.89 0.78 0.36 wk
=pl*Bp - 1247 - - 0.88 0.76 0.38 o
= p2*Bp"p3 - ~1.045 0.696 0.97 0.79 0.26 ns
BEECH
Foliage =pl*Ag - 0.015 - - 0.99 0.71 0.67 ns
Twigs =pl¥Ag - 0170 - - 0.98 0.59 0.49 o
Res. branches = dfit*VBres 527 - - - 0.99 0.93 0.32 ns
=pl*Bp - 1.722 - - 1.15 0.83 0.51 Hk
= p2*Bp”p3 - - 1.780 0.948 1.13 0.83 0.49 wk
rSEE = Standard error of the estimate relative to the average biomass value
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Fig. 3. Relation between branch biomass as required for pipe-model assumptions below the first
foliage and measured unfoliated branch biomass for spruce (triangles) and beech (circles)
(for statistical description see Model 3 in Table 3).

results and measurements, r>- and probability
values, as well as the standard error relative to
the mean biomass. It is apparent that the variance
is quite high, particularly for spruce needles and
twigs but slope values indicate almost unbiased
results in all cases. With respect to residual branch
biomass, it is found that only Model 3 for spruce
and Model 1 for beech end up close to the 1:1
slope between simulations and measurements. In
case of beech, it should be noted that the calcu-
lated branch wood density in this model is slightly
smaller as could be expected from other studies
(Burger 1950, Grosser 1985/1991), particularly
if it is taken into account that branch density is
generally higher than stem wood density for this
species (Pellinen 1986). The calculations for
spruce revealed that the potential equation (Model
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3) obtained a better fit than the linear pipe model-
based approach (Model 2). This indicates that the
fraction of the whole branch wood biomass that
is build up particularly for a stability purpose is
slightly decreasing with branch size (Fig. 3).
According to the described relationships,
foliage, twig, and residual branch biomass of
all other branches are estimated for each tree.
Model 3 (spruce) and Model 1 (beech) are used
for further scaling of the branch wood biomass. In
Fig. 4, these biomass sums are plotted against the
stem cross-sectional area at height 1.3 m (basal
area). Although only exponential regressions
are shown in this figure, linear regression equa-
tions had been applied as well and the obtained
parameter values of both methods are presented
in Table 4. In any case, the exponential regres-
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Table 4. Regression parameter for tree biomass estimation from basal area (At = tree basal area, ns = p > 0.05,

*=p<0.05, ** =p<0.01).

Models pl 2 rSEE p
SPRUCE
Foliage =pl*At 0.037 0.77 0.20 ns
Twigs 0.016 0.74 0.20 *%
Res. branches 0.040 - 0.80 0.23 *%
Foliage =pl *e” (p2*At) 9.363 0.0014 0.84 0.16 ns
Twigs 3.872 0.0014 0.82 0.24 *%
Res. branches 6.844 0.0018 0.90 0.11 *
BEECH
Foliage =pl*At 0.006 0.88 0.19 ns
Twigs 0.077 0.84 0.20 ns
Res. branches 0.099 - 0.65 0.71 ns
Foliage =pl *eM (p2*At) 0.498 0.0031 0.94 0.20 ns
Twigs 5.476 0.0033 0.94 0.16 ns
Res. branches 2.714 0.0046 0.94 0.80 *
rSEE = standard error of the estimate relative to the average biomass value
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Fig. 4. Relation of foliage, twig, and branch biomass to stem cross-sectional area for spruce (left)
and beech (right) (for statistical description see Table 4).

sion results in higher 12 values, but the difference
between both regression types is particular obvi-
ous for beech-branch wood, indicating that more
branch wood per basal area is build up in large
trees than in small trees.

Both regression equations that are applied to the
data on tree level are used to estimate the biomass
of foliage and branches on stand level. The results
are presented in Table 5, with twigs and residual
branch wood pooled into one branch compart-
ment. According to the flat slopes of the expo-
nential regression, biomass estimations obtained
with linear and exponential approaches differ only

slightly in case of spruce. Beech biomass estima-
tion of branch wood, however, is approximately
30 percent higher with the exponential approach
than with the linear approach.

4 Discussion

The results presented here can be compared to
other estimations of crown biomass (e.g. Eck-
miiller and Sterba 2000, Rayachhetry et al. 2001)
and will serve as preliminary basis for tree level
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Table 5. Stand level estimation for foliage and branch biomass (t ha!) of the
stand Freising 813/1 (based on branch measurements in spring (spruce)
and summer (beech), and calculated with the linear and the exponential

approach presented in Table 4).

Foliage Branches

Linear Exponential Linear Exponential
Spruce 12.310 13.764 17.994 20.197
Beech 0.736 0.942 21.214 32.858
Other coniferous 0.386 0.386 0.564 0.544
Other deciduous 0.028 0.021 0.812 0.487
Total 13.460 15.113 40.584 54.086

experiments at the investigation site. More impor-
tant, however, a scaling methodology is presented
that is based on physiological considerations and
that uses dimensional information that can actu-
ally be measured in the field (in contrast e.g. to
sapwood area). Since the estimation is based on
the size and foliated fraction of the branches,
the individual competition of the tree is already
included and thus the result should be independ-
ent of stand structure. The presented considera-
tions are comparable to ideas of Kershaw (1995)
and to methods from earlier investigations that
have used foliated branch fraction and branch
diameter for biomass estimation (Kershaw and
Maguire 1995, Monserud and Marshall 1999,
Ponette et al. 2001). Also, branch position was
suggested as a scaling variable (Madgwick and
Jackson 1974, Vanninen et al. 1996) but was not
considered here because it is only a surrogate for
variations in branch morphology.

Different methods are used to scale from the
measured sample of branches up to the tree
level that can be applied to monopodial as well
as sympodial growing species. The models are
rather simple although the effort of measuring
the diameter of each twig can be considerable,
especially in large trees of sympodial grow-
ing species. Referring to the experiences made
during this study, less than one day was needed
for measuring one average tree with three people,
including the registration of crown radii, angle
and inclination of all branches. Some problems
may occur with measuring length and some
additional data, which are hard to determine if
branches are broken, splintered or buried beneath
the tree crown. This is, however, also the case if
other variables, e.g. diameter at the branch base,
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are used as base values for scaling. Furthermore,
since most of the measurements concentrate on
branch dimensions rather than the biomass itself,
and most of the investigations could be executed
in the field shortly after the tree felling, the
requirement for storage and transport capacity
of biomass samples is rather small.

The relatively high variation within the branch
measurements makes it difficult to judge the
applied models. Particularly with respect to the
residual branch biomass over- and underestima-
tion is obtained and r? values varied between
models but the pattern was not the same in the two
tree species. A possible source of this uncertainty
is a variation in branch density, which tended to
decrease with increasing branch size (according
to results not shown here). Another part of the
variation might be attributed to the assumptions
about branch shape, which is either fix (Model
1) or develops according to the relation between
conducting and non-conducting branch wood
fraction. This could possibly be improved by
more sophisticated branch form modeling.

Because of the small sample of trees the
accuracy of biomass estimations on the stand
level can not really be judged. Thus, the results
presented here serve mainly to demonstrate the
differences between estimations with different
scaling methods and to emphasize a careful selec-
tion of sample trees. These should represent the
competition structure of the stand as well as the
boundaries of observed tree sizes. Also, depend-
encies between crown biomass and dimensional
variables other than basal area should be investi-
gated although this relation is expected to be reli-
able from theoretical analyses (Chiba 1998) and
actual observations (e.g. Eckmiiller and Sterba
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2000, Rayachhetry et al. 2001). Since almost all
of these investigations were executed in pure and
even aged stands, the variation of the relation with
stand density and structure, particularly in mixed
stands, may be considerably underestimated as
had been pointed out by Mikeld (1998).

As far as the branch level results are concerned
they could not easily be compared to other stud-
ies that relate biomass directly to branch basal
area. Nevertheless, it is apparent that the rela-
tion obtained here for spruce needle biomass is
somewhat smaller than had been reported earlier
(Oren et al. 1986, Dvorak et al. 1996). On the tree
level, however, spruce needle biomass per basal
area turned out to be similar to that found in
other studies (Droste zu Hiilshoff 1969, Cerny
1990, Eckmiiller and Sterba 2000), whereas
branch biomass was similar to that reported by
Droste zu Hiilshoff (1969) but considerable less
than observed by Cerny (1990). For beeches,
no branch-level comparisons were available, but
approximately twice as much foliage biomass
per basal area as was found in this study had
been reported by Burger (1950). However, branch
biomass per basal area was similar (Burger 1950)
or even smaller (Ellenberg et al. 1986) than pre-
sented here. This result can not be attributed
to the variation within the measurements. More
likely, it indicates a quite large variation of foliage
production between different years as has been
observed in long-term litterfall studies (Ellenberg
et al. 1986, Géttlein pers. comm.).

In forthcoming studies, the presented measure-
ments will be supplemented by more data from
stands of different structure. These data will be
used to link biomass with crown dimension in
order to characterize the competition between
different trees and thus support growth estima-
tions (Iwasa et al. 1984).
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