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The assessment of biomass and biomass changes due to
environmental influences requires not only stem or merchantable
mass, but also branches and needles. They have been of relatively
little importance to forest managers to date, but their inclusion in
models can make the resulting predictions more precise. A hybrid
method is described to derive regressions for site quality, needle and
branch biomass for individual Picea abies trees. By using Swiss
stand table data on tree density distributions, a traditional yield
table for branch and needle biomass is computed, and from these,
regressions are derived which use only age and site quality as
independent variables. Three tables for typical site qualities are
given. The tabulated regressions include pseudo- probability values,
coefficients of determination and estimated standard error for the
overall models. These biomass fractions comprise a varying fraction
of the tree, being important at low ages and much less so at later
ages.

Introduction

There are two main directions to forest biomass structure research:
ecological, related to the organic matter and energy cycling in the forest
ecosystem, and forest biomass estimation for utilization purposes. Traditional
stem volume yield tables have played a major role in the latter approach, but
there is no comparable information on the temporal development of other
parts of a tree, namely the branches, foliage and different categories of roots.
Studies of carbon cycling are shifting to the global level, and there are a
number of both national and international programmes related to carbon
uptake by plants (Kurz et al., 1992; Kraeuchi, 1993; Nabuurs and Mohren,
1993). The development of methods to estimate the C pool and its annual
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turnover in forest biomass, involving about 70 per cent of the terrestrial
carbon (Global BIOME Program, 1991), is therefore of interest. At present,
the range of turnover estimates is extremely large, varying from 1 to 10 Gt a’
"on the global level (Global BIOME Program, 1991; Kraeuchi, 1993), and for
the territory of the former Soviet Union between 200 Mt a’l (Zavarzin, 1992,
Isaev et al., 1993) and 4360 Mt a' ( Kolchugina and Vinson, 1993). These
discrepancies indicate a major need for the improvement of methods to
estimate forest biomass and carbon budgets in terrestrial ecosystems.

Early descriptions of forest productivity include harvest biomass data per
hectare together with stand indices (e.g. mean height, site index, age, stand
density). There is a wealth of compilations of biomass for different forest
stands (Rodin and Bazilevich, 1967; Madgwick, 1970; Utkin, 1970;
Pozdnyakov, 1975; Stanek and State, 1978; Gholz et al., 1979; Reichle, 1981;
Cannell, 1982; Valentine et al., 1984; Alaback, 1986, 1987, Wharton and
Cunia, 1987; Palumets, 1991). Attempts to describe the multivariate structure
of forest biomass variability have been made, resulting in linear regression
equations of the form Inw,=L(4,dbhhZ) (Usoltsev, 1983), or
(W/V)=L(A,V,S) (Onuchin and Borisov, 1984). (Symbols are listed at the end
of the paper). The latter model has been used in forest biomass inventory, and
acceptable results for total crown biomass have been achieved (Usoltsev,
1995). For other components, such as foliage and roots, it has been observed
that the model can be improved by using N and D,, instead of V' (Usoltsev,
1988b; Usoltsev and Hoffmann, 1997). Consequently, regression equations of
the form:

In(Wy/V)=L(A, S, Dn, N), (1.1)

have been proposed (Usoltsev 1988a,b, 1995). A more recent method to
estimate crown biomass exploits the pipe model (popularized by Shinozaki et
al., 1964a,b) using the stem diameter just below the start of the crown dbc
(White, 1993). Its use is the subject of another paper (Usoltsev et al., 1997).

A large number of stand volume and yield tables has accumulated during
the last 150 years of development of forest mensuration. Today, because of
changing environmental conditions, less time-consuming methods for the
estimation of analogous data for the other biomass compartments need to be
adopted. In this paper, a method for combining traditional forest mensuration
tables and models designed for stem volume with harvest biomass data is
proposed. Unfortunately, root biomass could not be included, because there
were no data available.

Yet another approach to describe the distribution of biomass within a
tree is the process model approach. Here, physiological and other processes
which determine forest production are formulated and combined into a model.
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Landsberg (1986) gives a basic set of equations governing weather influence,
stand structure and microclimate, carbon balance of leaves of trees, nutrient
dynamics and tree growth, and water relations, from the physiological point
of view. Dixon (1990) discusses the main physiological processes from the
modeler’s point of view. Hierarchical and compartmentalized process models
have been developed (e.g. Mitchell, 1975; Blake and Hoogenboom, 1988;
Ford and Kiester, 1990; Bassow et al, 1990; Isebrands et al., 1990;
Sievaenen, 1993). Data for input consist of starting values of state variables,
and of coefficients for the model equations which are estimated from process
data, using mostly regression. This approach is not followed any further here,
because stand tables cannot furnish these data.

Materials and methods

There are at least three major approaches of linking forest biomass data
with yield table data. The first involves the use of recursive systems of
regression equations (Amateis et al., 1984; Borders and Bailey, 1986,
Borders, 1989; Usoltsev, 1988a, 1989, 1990), where the dependent variable of
one of the equations becomes the independent variable in the others. Such a
recursive system can be constructed by augmenting equation (1.1) by the
linear regressions:

V=L(A2S)

N=L(4,S5)(.2)

D,=L(4,5S5)

and

S=L (A, Hy.

S is used instead of mean height because of its wider use in yield tables
and better predictive value.

Equations (1.1) to (1.3) were applied to aspen, birch, and stands of Pinus
sylvestris L. In Northern Kazakhstan (Usoltsev, 1988b, 1989, 1990) and to
stands of Picea abies and Pinus sylvestris in the Middle Urals (Usoltsev et al.,
1994) where the qualities (1.2) and (1.3) were taken partly in analytical and
partly in tabular form from yield tables. This approach rests on the
assumption that stands with the same mean height, age, site index, mean
diameter, tree density and stem volume agree in their distribution of biomass
components.

The second approach is oriented to individual trees. It was suggested by
Makarenko and Malenko (1984), and their biomass equations are of the form:

w'? =L (S, D,,, dbh, h). (2)
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Makarenko et al. (1980) compiled yield tables for Pinus sylvestris stands in
each of three regions of Northern Kazakhstan and described mathematically
the age dynamics of the tree diameter distribution, also giving graphs of & vs.
dbh.. Makarenko and Malenko (1984) constructed stand biomass tables by
using (2) and the graphs of h vs. dbh. The precision of these tables is roughly
the same as that of the first approach, since it is assumed that two stands have
the same biomass distribution if they have the same diameter distribution.
This, however, is rather rare (Semechkina, 1978).

The third approach also uses biomass equations for individual trees, but
does not take into account tree diameter distribution. Naturally, these
cstimates are less exact than those of the first two approaches, but they require
less harvest biomass data. Root biomass tables for pine stands in Northern
Kazakhstan of different age classes and ecological conditions were
constructed in this manner (Usoltsev et al.,, 1985; Usoltsev and Vanclay,
1993):

In w; =L(A, dbh, h). (3)
To reach the stand level, equations (3) were modified as:
In(Wy/N) =L (A, D,, H,) (4.1)

and developed into a recursive system of equations ((4.1) and (4.2) taken
together):

N=L(4,S)
Dn=L(4, ) (4.2)
H,=L(4,S),

where equations (4.2) were taken in a tabular expression from yield tables.
Results

Burger (1953) published biomass data for 189 Norway spruce trees, from
15 to 285 years old, harvested in even-aged stands with different ecological
conditions. These data include tree height, age and social status , but not site
index or tree volume. Therefore, elements from all three approaches were
used to compile biomass tables derived from the Swiss yield tables for even-
aged spruce stands ([Badoux], 1983). As an approximation to the missing site
index, following the first approach, a regression cquation in the form of (1.3)
was derived from the yield table. Inspection of the graphs of In(S) vs. In(H,)
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for constant A4 (see Figure 1) suggested the inclusion of terms up to the second
order. Backwards stepwise regression was produced:

InS=L(A H,) =
=ag+a,(Ind)*+ay(InH,)’ +as(InA)(InH,,)+a,(Ind)’ (InH,) +as(ind)(InH,,)’ +
+ag(Ind)’(InH,)’. (5)

Coefficients and goodness of fit are shown down.

Regression coefficients and goodness of fit for equation (5) for site quality.
Pseudo-probabilities for all coefficients are < 0,00015

a, 38172 | a, 01332 [ a, -0,06253| a5 0,02527 | R 0,997
a, -0,1353 | a; 02918 | a5 -0,1086 | n 131 s.d. 0,0208

To eliminate the bias introduced by taking the logarithm of S, apshould
be replaced by a,+(s.d.)*/2. following Finney (1941) and Baskerville (1972).
This device is also recommended for equations (6) and (7). Based on the
second approach, but using age instead of S and D,, in (2), the following
regression equations for branches and foliage dry mass were derived from
Burger’s data (table 1).
Inw;=L(A, dbh, S) =
=ap+a,(Ind)+ay(In dbh) +a;(Ind)(In dbh)+a,S+as(InS)+ae(In v). (6)

Sm
30 4 /
2 20
20
16 0
14
129
10
84
50 [ TO 80 %0 100 120

S 4 8 67 8810 14 20 253 40 %0
Hym
Fig. 1. Relationship between site index S and mean height H, for
different stand ages, labeled in years

(In v) is not significant in (In wy, but if this term is included in (In w;) (see
line 3 labeled (In wy)* in Table 1), a slightly higher R?and a smaller s.d. are
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obtained than without this term. The use of v became possible by retrieving
the volumes from the original data records , but they were recorded for only
97 sample trees. Stem volume v was not used in the subsequent computations
for several reasons. First, too many of already scarce data would be lost
without much gain. Second, sticking to the larger data set would tend to give

Table 1
Coefficients and goodness of fit for equations (6) for dry biomass (kg) of
foliage and branches

Constants In wy Inw Inw,
ap -0,8923 0,8939 9,8422
a -0,6451 -2,2271 -3,3238
a, 2,2608 -1,5053 -1,4918
a; - 0,7733 1,0899
ay -0,0460 -0,1737 -
as - 3,1575 -
as - - -0,4642
n 168 161 97
R’ 0,888 0,888 0,919
s.d 0,3760 0,3747 0,3124

Note. All a; of foliage have p<0,01, those of branches have p<0,00002, except
for p(a,)=0,025, p(as)=0,039, all p*<0,008, except for p(ay) *<0,047/

better general predictions , against fitting a smaller set more precisely. Thus
Table 2 was derived by applying (6) and using the coefficients of the first two
lines of Table 1 to each diameter class and subsequent summation. Borrowing
from the third approach (4), S from (5) was used, generating from these
tabulated data the relationship:

InW, = L(4, S) = agta,(Ind)+ay(InA)’+as(Ind)*+a,(InS)+as(InS)*+as(InS)*+
+ay(InA)(InS) +as(InA)(InS)’ +ay(InA)’ (InS)+a,o(InA)’ (InS)*+a, (In4)* (InS) +
+ay(Ind)’(InS)? ™

for foliage and branches. The coefficients are given in Table 3. In addition to
the measured data, artificial data were introduced, using Wi = 1, 4 = 2, at for
every S = 8, 10,...30, to achieve reasonable extrapolation for ages less than
the minimum age given in the yield table. Equations (7) should not be used
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beyond ages A greater than 120 years, because the yield tables only give
tree densities up to this age.

Discussion

A very precise representation of site quality has been derived in (5).
By adding s.d.%2 to the constant term, bias can be corrected. It can now be
used wherever age and mean height are available. Although the stand tables
were generated by visually smoothing growth data, the residuals of (5)
show a reasonably normal behavior, with only eight out of 131 deviating
from normal at the tails.

The regressions (6) for branch and needle biomass of individual trees
depend on dbh, age and site quality only. Following from the value of s.d.
and because of the natural logarithm in (6), we get a relative error for
predicting biomass of about 40 per cent. Thus, the entries of Table 2 should
be seen as being precise to at most the first digit. They have not been
rounded to one significant figure to avoid the introduction of another
source of imprecision and to make it easier to assess their generation vis-a-
vis future improvements. As can be seen from the tables, the foliage
biomass for each site quality varies very little with age, showing a broad
maximum in the middle of the age range. Within the range of prediction
branch biomass drops to a minimum at about 50 years of age and rises from
there with old age and site quality. The minimum of branch biomass with
age varies with site quality and is highest for the medium site quality.

Although equation (6) suffers from a considerable lack of precision, it
was decided to approximate the totals of Table 2 as precisely as these data
permitted, arriving at equation (7) and Table 3, using age and site quality
alone. Although Burger’s data include trees older than 120, (7) cannot be
used for ages above 120 years, because stand table density data are lacking.

This material is preliminary. First, Burger’s data were taken from
experimental and some ad hoc plots. During the last 70 years ecological
conditions may have changed, and with them, site index (Keller, 1978;
Sennov, 1983). Consequently, there is a need to gather new field data.
Second, root biomass distribution are also needed. Third, an attempt to
obtain more tree volumes for Burger’s original data should be made.

Conclusions
For carbon balance calculations there is a particular need of forest

biomass tables which comprise more than stem volume. In this paper it is
shown how recursive regression analysis can combine forest inventory data
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with biomass harvest data. Careful analysis of functional relationships can
lead to good empirical formulae.

Although only a relatively small data set has been available, the
results suggest that it is possible to estimate the biomass of foliage and
branches from stand inventory data. However, uncertainties remain, which
need to be resolved by collecting more data on the biomass of particular
forest components, such as branches, leaves and needles, and most
urgently, on roots. There are seldom considered in national forest
inventories, but current changes in the requirements of such inventories
mean that in the future, more data may be collected that are relevant to
biomass estimation and the whole issue of carbon sequestration in forest
(table 3).

Table 3

Coefficients and goodness of fit of equation (7) for dry biomass of foliage
and branches (t ha™)

in Wf In W, In Wf InW,
ap 7,0126 6,7973 as 0,3544 1,3199
a, -6,6481 1,7212 a, 22,0172 -2,0897
‘a, 3,2511 R as. 0,0484 0,2016
a; -0,3633 0,0535 a, 0,1785 0,1201
a, -8,0522 -12,0978 aj, - "-7,802*10°
as 1,7832 3,1221 n 130 130
as -0,1890 -0,2793 R? 1,000 1,000
a, 6,8172 9,8377 s.d 0,0219 0,0400

Note. All a; of foliage have p<0,0002, those of branches have p<0,016,
except for p(as)=0,079, p(a;;)=0,145.
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List of symbols

A age of tree (years)

a; coefficients of regression equations

dbc stem diameter just below the start of the crown (cm)

dbh stem diameter at breast height (cm)

D,, mean diameter at breast height (cm) = (2 dbh;)/n, summed over the
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stand

h tree height (m)

H,, stand mean height (m)

L polynomial of arguments in following brackets and of logarithms of these
arguments

In natural logarithm

n number of data points used in analysis

N tree density (ha')

P Probability of regression coefficient

R” coefficient of determination of an estimated model

s.d. estimated standard deviation of residuals

S site index, i.e. hei}ght of 100 thickest trees (on 1 ha) at age 50 years (m)
v stem volume (dm®)

¥ stem volume (m*ha™)

w; dry biomass (subscripts: b = branches, f'= foliage) for a tree (kg)

W, dry biomass (subscripts: b = branches, = foliage) for a stand (t ha™)
Z stem density (ha™") divided by the stem density taken from a
corresponding yield table
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