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Summary - The objectives of this study were i) to establish allometric relationships among stem and crown
dimensions, biomass, and leaf area, ii) to determine the relative aboveground biomass distribution, iii) to quantify
the relationship between leaf area and the water-conducting cross-sectional stem area, iv) to determine the
vertical gradient of the specific leaf area (SLA) and v) to estimate aboveground stand biomass and leaf area
index (LAI). Thirty-eight trees were sampled, ranging in age from 8-59 years. Tree biomass amounts increased
with increasing diameter at breast height (dbh). Nonlinear models on dbh explained more than 90% of the
biomass variance; regressions improved when tree height was used as well. Crown dimensions increased with
stem size. A linear relationship was found between basal area and crown length. Crown projection area was
nonlinearly related to leaf area and crown biomass. The fraction of dry matter present in the stem generally
increased with tree biomass, but differently for trees from different diameter classes. The ratio between leaf and
branch biomass decreased significantly with increasing tree size. The ratio between leaf biomass and leaf area
(SLA) was relatively constant for whole trees, amounting on average to 172 cm?® g-'. SLA generally increased
from the tree top down to the crown base; this pattern did not significantly differ among trees within a stand.
The rate of change decreased with decreasing canopy closure. A strong linear relationship existed between leaf
area and sapwood area: the ratio was affected by the height of the crown base. Aboveground stand biomass
ranged from 6 to 167 ton ha™', and increased linearly with stand age. LAl reached a maximum of seven; the
leveling off was ascribed to self-thinning.
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Résumé - Relations allométriques entre la biomasse et la surface foliaire du hétre (Fagus sylvatica L). Les
objectifs de I’étude étaient i) I’établissement de relations allométriques entre la dimension du tronc, la dimension
de la couronne, la biomasse, et la surface foliaire, ii) le calcul de la distribution de la biomasse aérienne entre
différents organes, iii) la quantification des relations entre la surface foliaire et la section du tronc, iv) I’ établis-
sement du gradient vertical de la surface foliaire spécifique (SLA), et v) I’estimation du biomasse aérienne et
de I’indice foliaire (LAI). Au total, 38 individus ont été échantillonnés, dont 1’Age variait entre 8 et 59 ans. En
général, la biomasse augmente avec le diamétre du tronc a 1,30 m. Des modéles non-linéaires du diametre
expliquent plus de 90 % de la variation de la biomasse. Les régressions étaient améliorées dans les cas ol le
diametre et la hauteur étaient tout deux inclus. La dimension de la couronne augmente avec le diametre du tronc.
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La surface et la hauteur de la couronne augmentent avec le diametre du tronc. La surface de la projection de la
couronne est liée de fagon non-linéaire avec la surface foliaire et la masse de la couronne. Les proportions des
matériaux secs des branches augmente avec la biomasse. La proportion entre la biomasse des feuilles et la
biomasse des branches diminue avec I’augmentation de la hauteur de I’arbre. La relation entre la biomasse des
feuilles et la SLA est constante et a une moyenne de 172 cm? g™'. SLA croit du sommet de la couronne vers la
base de la couronne. Cette relation ne changeait pas entre les arbres dans la parcelle étudiée. La vitesse de
variation de SLA diminue dans des conditions plus ouvertes. La relation linéaire entre la surface des feuilles et
la surface d’aubier est influencée par la hauteur de la base de la couronne. La biomasse aérienne varie entre 6 et
167 t ha™', et croit de fagon linéaire avec 1’age de la parcelle. LAI était entre 3 et 7 : maximum LAI était liée

avec mortalité naturelle.

Fagus sylvatica / allometry / aubier / biomasse / mortalité naturelle

INTRODUCTION

Allometric relationships among tree dimen-
sions, biomass amounts and foliage area form
useful tools when developing mechanistic mo-
dels of forest growth (see Jarvis and Leverenz,
1983; Causton, 1985). Leaf area is generally
considered to play a key role as it is the main
variable controlling radiation interception. The
amount of leaf area is functionally related to the
water-conducting sapwood area (Shinozaki et
al, 1964, Jarvis and Leverenz, 1983), and to the
branch biomass, which mechanically supports
the foliage.

The stem provides the physiological and phy-
sical support of the crown. Sapwood area is re-
lated to the amount of water-transpiring foliage
(Jarvis and Leverenz, 1983), stem diameter in-
dicates the amount of biomass that is supported
(Causton, 1985), whereas the relationship be-
tween stem diameter and tree height and/or
crown dimensions will be determined by the
need for mechanical stability (Niklas, 1992).
Stem dimensions therefore form important in-
dicators of crown size.

Not enough data are available yet to build re-
liable mechanistic models (Cannell, 1989). The
present study therefore focused on tree dimen-
sions, biomass and leaf area interrelationships
of beech (Fagus sylvatica L), as part of the de-
velopment of a mechanistic model of forest
growth. The aims of the study were: i) to estab-
lish allometric relationships among stem and
crown dimensions, biomass amounts, and leaf
area, ii) to determine the aboveground dry mat-
ter distribution, iii) to quantify the relationship
between sapwood area and leaf area, iv) to de-

termine the vertical gradient of the specific leaf
area (SLA) within the crown and v) to estimate
aboveground stand biomass and leaf area index
(LAI). The results of this study will be used to
simulate growth and yield of forest stands.

METHODS

Data collection

Thirty-eight trees were selected from six even-
aged beech stands, located in a forest area in the
centre of the Netherlands. To obtain a range of
tree sizes, stands of different ages were chosen.
All stands were growing on acid brown podso-
lic soils in ice-pushed preglacial deposits with
deep groundwater tables (> 5 m below surface).
Stand characteristics were derived from measu-
ring the diameter at breast height (dbh) of all
trees in a certain sample area, and from the
heights of the selected trees (table I). The sizes
of the sample areas varied between 250 and
1 000 m?, including at least 36 trees: the largest
sample consisted of 81 trees. Within the sample
areas the trees were divided into two diameter
classes (‘small trees’ versus ‘large trees’) of
equal tree number: from each class one to three
sample trees were chosen which had dbhs equal
or close to the average dbh of that class. Accor-
ding to the criteria of Kraft (1884), all small
trees could be classified as suppressed indivi-
duals, whereas the large trees were classified as
(co-)dominants.

Sampling took place in the second half of July
and the first half of August, in 1990, 1992 and
1993 (table I). Before felling, vertical crown
projection area was determined. Horizontal
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Table I. Characteristics of the sample stands.

Stand  Cutting age N G Hdom d Hy Ns
(years) (mz.ha']) (m) (cm)

1 8 7200 5.54 35 3.13 1990* 3
2 i1 9920 2.88% 4.2 3.17 1993* 6
3 20 5200 31.42° 10.2 7.81 1990* 4
4 21/22 2920 19.69 9.5 9.27 1992*/1993 10
5 38/40/41 810 26.21 17.8 20.30 1990/1992*/1993 11
6 58/59 360 21.97 225 27.87 1992%/1993 4

N: number of trees per hectare; G: basal area; Hdom: average height of the three highest sample trees; d: average
diameter of the beeches (square root of average tree basal area); Hy: year of harvest; Ns: number of sample trees.
“With 17% of G and 69% of N being Douglas-fir and birch; *with 33% of G and 15% of N being oak; *year of

stand inventory.

crown extension was estimated visually from
the ground in eight different azimuthal direc-
tions: crown projection area was estimated from
the average crown radius. After felling, tree
length was measured. From a subsample of 20
trees, height of the crown base (height of the
lowest living foliage, excluding epicormics)
was measured as well. Random leaf samples
were collected from each crown to determine
average SLA (cm? fresh area/gram dry weight).
The crowns of the 1993 sample trees were divi-
ded into ten horizontal layers of approximately
uniform depth, and at each boundary a subs-
ample of 20-25 leaves was taken to determine
height-related SLA differences. Next, all living
branches and leaves were collected: for each
tree the leaf-bearing branches were cut into
smaller pieces (with a maximum length of 1.5
m) and put into plastic bags, whereas the lea-
fless branch parts were sawn into 4 m pieces.
All biomass samples were taken to the labora-
tory. Stem volume followed from stem diameter
measurements at regular distances along the
stem. From each tree a stem disk was removed
at breast height and taken to the laboratory.

In the laboratory, projected leaf areas of the
fresh leaf samples were determined using the
Delta-T Image analyses system. The leaf-bea-
ring branches were dried for 2 days at 22-25 °C
in a drying chamber (relative air humidity de-
creased to approximately 30%), to simplify the
separation of foliage and woody parts. After the
leaves had been removed physically, samples

were oven-dried to determine dry weights of the
leaf (24 h; 70 °C) and of the defoliated branches
(48 h; 105 °C), and to estimate total dry
weights. The leafless branch parts were chipped
and weighed; dry weight was determined based
on the ratio between fresh weight and oven-dry
weight of a sample of chipped branch parts. To-
tal branch dry weight followed from summing
the dry weights of the defoliated branches and
the leafless branch parts. Stem dry weight was
determined by multiplying stem volume with a
wood basic density of 550 kg dry weight per m*
fresh volume (Burger, 1950).

As the boundary between sapwood and heart-
wood can be difficult to recognize in beech
(Zimmermann, 1983; Hillis, 1987), the visual
check was accompanied with the application of
several chemical solutions which work on dif-
ferences in chemical composition between
sapwood and heartwood (Bamber and Fukaza-
wa, 1985; Hillis, 1987): we applied ferric chlo-
ride, floroglucinol, fuchsine, safranine and fast-
green, respectively. The cross-sectional area of
each sapwood ring was determined using a di-
gital stem disk analysis system.

Data analysis

Relationships between stem and crown dimen-
sions, biomass amounts and leaf area were ana-
lyzed. Crown silhouette area (horizontal projec-
tion) was derived from crown length and
vertical projection area, assuming that the
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crown can be described by an ellipsoid. Apart
from the total sapwood area at breast height
(saph), also the cumulative area of the most re-
cent growth rings was determined. The area of
only the most recent rings might be closer rela-
ted to total leaf area because, in general, the
contribution of a growth ring to the vertical wa-
ter transport declines with ring aging (Zimmer-
mann, 1983). In order to be able to include data
from younger trees as well, only up to six
growth rings were taken into account.

Biomass distribution was described as a func-
tion of total aboveground biomass. In this ap-
proach, first the ratios of foliage to stem dry
weight and branch to stem dry weight are cal-
culated and related to the total biomass, after a
two-sided logarithmic transformation. The fol-
lowing relationships were analyzed:

In (Wwidws)=ci +c¢2 *In (w))
In (wy/w,) = c3+ ¢4 * In (w))

were w; = tree leaf biomass (kg); wy, = tree
branch biomass (kg); w, = tree stem biomass
(kg); w; = total tree biomass (kg); cj—c4 = re-
gres-sion constants.

From these equations, the mathematical des-
criptions of, respectively, w/w,, wy/w,and wy/w,
were solved as functions of w,.

Regression analyses were carried out using
the GENSTAT statistical package. All regres-
sion estimates presented were significant (at
least) at the 5% level. The fraction of variance
accounted for (R*) has been adjusted for the
number of degrees of freedom.

Both linear and nonlinear models were tested.
In the case of linear regression analysis the mo-
del was fitted by linear least squares. Linear re-
gression analysis is commonly used in biomass
research after carrying out a so-called two-si-
ded log transformation: a log transformation
(natural logarithm) of both the dependent and
the independent variables (Causton, 1985). In
the case of nonlinear regression analysis the
model was fitted directly by nonlinear least
squares. The presentation of the fitted models
is in accordance with the statistical approach
applied. In the case of linear regression after a
log-log transformation, the power model deri-
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Fig 1. Stem (a), branch (b) and leaf (¢) biomass,
related to diameter at breast height (dbh). Data are
represented by asterisks, the regression equations by
the solid line. Parameter estimates of the regression
equations can be found in table II.
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Table I1. Nonlinear models between tree biomass amounts or leaf area (Y: in kg or mz) and dbh (in cm).

Y Co ci SE ¢/ c2 SE ¢z R?
Leaves 0.375 0.0024 0.0021 2.517 0.253 0.906
Branches * 0.0020 0.0016 3.265 0.236 0916
Crown * 0.0031 0.0023 3.161 0.216 0.924
Stem * 0.0762 0.0224 2.523 0.088 0.979
Total * 0.0798 0.0191 2.601 0.072 0.988
Leaf area 8.560 0.0286 0.0213 2.623 0.218 0.932

The models are of the form Y = ¢y + ¢/*dbh‘?. Standard errors (SE) of the estimates are indicated. The number

of observations is 38. *Intercept not significant.

ved from the log model is presented as well to
facilitate comparison with other models.

RESULTS

Allometric relationships

Stem biomass, branch biomass, leaf biomass,
crown biomass (branches and leaves) and leaf
area were nonlinearly related to dbh (fig 1),
which, in all cases, explained over 90% of the
variance (table II). The relationships did not dif-
fer between trees from different size classes or
stands. Adding tree height as a predicting para-
meter resulted in a slight increase of the regres-
sion coefficients R? (table III). Leaf area and
leaf biomass were strongly linearly interrelated
(R? =0.987); the average ratio (SLA) amounted
to 172 cm? g™,

Stem and crown dimensions generally increa-
sed with increasing dbh, but large variability
occurred. The relationship between dbh and
tree height was best described after a log-log
transformation of both variables:

In(h) = 0.549 + 0.769*In (dbh) R’ =0.934 [la]

Transformed to a power function it reads as
follows:

h=1.732 * dbh"™ [1b]

where h = tree height (m) and dbh = stem dia-
meter at breast height (cm).

Crown base height (subsample of 20 trees
from four different stands) was rather constant
within a stand, but differed significantly be-
tween the stands. Crown length appeared to be
strongly correlated with stem basal area.

¢/=2.897 + 1.432%ba R*=0.888 [2]

where ¢; = crown length (m) and ba = stem ba-
sal area at breast height (dm?).

Crown silhouette area and tree height were
clearly correlated with dbh. Following Niklas
(1992), the product of silhouette area and tree
height was related to dbh, after a two-sided log
transformation (see eq [3a]). Exchanging the
dependent and independent variables revealed

Table III. Nonlinear models between tree biomass amounts or leaf area (Y: in kg or mz) and dbh (in cm) and

tree height (h: in m).

>

Y cl SE ¢t 2 SE ¢2 c3 SE ¢3 R”
Leaves 0.0167 0.0097 2.951 0.283 - 1.101 0.375 0.923
Branches 0.0114 0.0117 3.682 0.373 - 1.031 0.568 0.920
Crown 0.0183 0.0164 3.614 0.339 -1.078 0.507 0.929
Stem 0.0109 0.0028 1.951 0.060 1.262 0.117 0.996
Total 0.0306 0.0119 2.347 0.096 0.590 0.183 0.991
Leaf area 0.2410 0.1230 2.899 0.240 -0.984 0.322 0.942

The models are of the form Y = ¢, *dbh‘®*h**. Standard errors (SE) of the estimates are indicated. The number

of observations is 38.
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that dbh was proportional to the 0.50 power of
the product of tree height and crown silhouette
area.

In (h*c,,) = -0.433 + 1.813*In (dbh)
R =0.899 [3a]

Transformed to a power function it reads as
follows:

h*cy, = 0.649 * dbh'™ 3b]

where c,, = crown silhouette area (m?).

Tree leaf area and crown biomass were both
correlated with crown projection area (fig 2).
The relationships were best described by nonli-
near regression equations:

la=338*c,' "™ R =0835 [4]
W= 0699 * ¢, RP=0.919 5]

where la = tree leaf area (m?); Cpa = CIOWN PIO-
jection area (m?); and w., = crown biomass
(kg).

Biomass distribution

The biomass amounts of the tree components
were expressed as fractions of the total above-
ground tree biomass. One tree had many stem
forks; because the boundary between ‘stem’ and
‘branch’ was difficult to define, this tree was
excluded from the calculation of the distribu-
tion curves. In general, the fraction stem bio-
mass increased with increasing tree size, whe-
reas the fraction leaf biomass decreased.
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Fig 2. Relationships between crown projection area
and crown biomass.

However, the regression constants differed si-
gnificantly between trees from different diame-
ter classes. Figure 3 presents the relative bio-
mass distributions for each diameter class
separately. Larger trees in a stand appeared to
have relatively more crown biomass than smal-
ler trees.

The amount of leaf biomass decreased with
increasing branch biomass; no significant dif-
ference between diameter classes occurred. The
ratio between leaf biomass and branch biomass
(L/B ratio) decreased with increasing tree size.
The most significant relationships appeared
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Fig 3. Relative aboveground biomass distribution.
The symbols represent the fractions of stem biomass
(asterisks) and stem-plus-branch biomass (crosses) of
individual trees. The solid lines indicate how, accor-
ding to the regression analysis, the relative amount of
biomass is distributed over, respectively, the stem
(lower part) and leaves (upper part) in the trees.
Results are presented for a) suppressed trees and b)
dominant trees.
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Fig 4. Leaf biomass/branch biomass ratio as a func-
tion of crown biomass.

when the L/B ratio was related to dbh, tree
height or crown biomass (fig 4).

Specific leaf area

Strong variation in SLA was found. SLA of leaf
samples varied between 80 and 340 cm? g™, but
overall SLA was remarkably consistent among
the trees (weighted average SLAwas 172 cm? g7,
with a standard deviation of 16 cm? g'). Figure
5 presents the pattern of change of average SLA
within the crown, derived from data of the 1993
sample trees. In the tree top SLA was 80—
120 cm? g7', increasing to 300-340 cm? g~' at
the crown base. The pattern was consistent
among the stands, though in the youngest stand
height-related differences were less pronoun-
ced. To investigate the role of canopy closure,
SLA measurements were also carried out on a
small solitary tree (height = 2 m). In this tree
SLA showed the same trend, but differences
were less pronounced than in the forest-grown
trees: SLA decreased from on average of
180 cm? g™! at the crown base to 100 cm? g~' at
the tree top.

Sapwood-leaf area relationships

None of the chemical indicators applied indica-
ted any presence of heartwood; thus, hence
sapwood area was considered to be equal to ba-
sal area (without bark) in all sample trees. Tree
leaf area appeared to be strongly correlated with
this sapwood area (say;). Ignoring the nonsigni-
ficant intercept resulted in a leaf area—sapwood
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Fig 5. Mean specific leaf area (SLA) at different
heights within the tree crowns. Heights are expressed
as positions relative to the length of the living crown.
Each SLA value was based on six samples, except for
stand 6 where only two samples per height position
were available.

area ratio of 0.331 m? cm™ (R® = 0.926); how-
ever, the relationship differed significantly be-
tween stands. Stand differences disappeared
when crown dimensions, especially the height
of the crown base, were used as covariables.
Crown length data were available for the subs-
ample (20 trees). In this subsample sa;, explai-
ned 96.2% of the variance in leaf area. This per-
centage was increased to 98.2 when the height
of the crown base was applied as a co-variable.
Equation [6] implies that in case of identical
sap, amounts, trees having the lowest crown
base will have the highest amount of leaf area.

la=0.341*sa,, - 1.674*h,, R =098 [6]

where la = tree leaf area (m?); sap, = tree
sapwood area at breast height (¢cm?); and
he, = height of the crown base (m).

Total leaf area also appeared to be correlated
with the area of the most recent growth rings.
Best correlation was with the cross-sectional
area of the three youngest rings (R* = 83.6%).

Stand biomass and leaf area index

Stand biomass and LAI (table IV) were derived
by applying the equations from table II. In fig-
ure 6 some stand totals are compared with data
from the literature, as collected by Cannell
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(1982): all data on beech are included here, co-
vering different sites and management regimes.
Present data showed an almost linear increase
of the total aboveground stand biomass with
stand age (fig 6a). LAI in the closed-canopy
stands generally varied between 5.5 and 7.2
(fig 6b): the low value of stand 2 can be ascribed
to the large contribution to the canopy of the
birches.

DISCUSSION AND CONCLUSION

Allometric relationships

The amounts of biomass presently found are
comparable with data from Burger (1950) and
Pellinen (1986). Dbh explained a large part of
the variation in tree biomass, in accordance with
results of others (Burger, 1950; Kakubari, 1983;
Pellinen, 1986). The relationship between dbh
and stem biomass was stand-independent,
which can be expected as both are cumulative
parameters. The relationship between dbh and
leaf and branch biomass, in contrast, can be ex-
pected to differ between stands, as stand density
will affect crown form and size (Burger, 1950).
Adding parameters accounting for stand struc-
ture will reduce such variability, as was presen-
tly indicated by the increased R? when tree
height was added to the allometric rela-
tionships. In the present data set, however,
though some stand effects were visible, the re-
lationships between dbh and foliage, respecti-
vely, branch biomass did not significantly differ
between stands. The presently established mo-
dels fitted well. However, because the leaf and
branch biomass of the two largest trees had a
relatively strong effect on the parameter estima-
tions, care should be taken when the models are
used for extrapolation.
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Fig 6. Stand data from present research (asterisks) and
from the literature (circles), after Cannell (1982). a)
Stand age versus aboveground biomass; b) stand ba-
sal area versus leaf area index (LAI).

The well-known relationship between dbh
and tree height was confirmed by the present
data set (eq [1]). This relationship can be regar-
ded indicative for the mechanical support func-
tion of the stem. According to Niklas (1992),
dbh is expected to be proportional to the 1.5-2.0

Table IV. Biomass (ton.ha‘l) and leaf area index (LAI) (mz.m’z) of the sample stands.

Stand Leaf Branch Stem Total L/B ratio LAl
1 3.01 0.64 9.96 13.61 4.70 6.58
2 1.28 0.29 4.37 5.94 1.57 2.79
3 3.61 8.45 63.10 75.16 0.43 6.71
4 3.08 9.54 63.90 76.52 0.32 5.53
5 4.22 33.38 126.90 164.5 0.13 7.18
6 3.93 39.49 123.30 166.72 0.10 6.79

L/B ratio: leaf biomass/branch biomass.
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power of tree height when primarily biomass
(static loads) determines stem diameter. Inver-
ting dependent and independent variables in
equation [1] results in an exponent of 1.22,
which is clearly lower. An explanation for this
might be that crown size is ignored. In the case
where wind stress is most important, dbh will
be proportional to the 0.33-0.50 power of the
product of crown silhouette area and the tree
height, depending on the freedom of the base of
the tree to move (Niklas, 1992): the presently
found exponent of 0.50 supports this so-called
constant stress model, implying that especially
wind force will determine the relative incre-
ments in height and diameter.

Biomass distribution

The dry matter distribution pattern presented in
figure 3 is comparable with the general pattern
found in many tree species (see data Cannell,
1982). Presently, relatively large stand mem-
bers had a higher fraction of leaf and branch
biomass than smaller neighbors. Regarding dia-
meter class as an indicator of dominance posi-
tion, this means that dominance position affects
the amount of crown biomass. Cannell (1989)
concludes that in the case of increased inter-tree
competition, a lower fraction of the dry matter will
be allocated towards the branches, and probably
towards the foliage as well. This coincides with
the presently found effect of dominance position.
Dominant trees therefore invest more in the cano-
py, and are thus able to maintain a relatively large
crown. Including an indicator of a tree’s domi-
nance position would hence improve dry matter
allocation keys.

Because foliage is concentrated at the end of
the branches (the crown mantle) in order to op-
timize radiation interception (Kellomaki and
Oker-Blom, 1981), relatively more branch bio-
mass will be needed to physically support a unit
leaf biomass when crown size increases. The
decreasing L/B ratio (fig 4) can thus be ascribed
to crown expansion.

The ratio between leaf biomass and branch
biomass was independent of diameter class. A
certain amount of leaf biomass apparently
needs a certain amount of supporting branch

biomass, independent of a tree’s dominance po-
sition, but dependent on its size.

Specific leaf area

SLA varied strongly, both in the vertical and in
the horizontal plane (results not shown): values
between 80 and 340 cm? g~! were found. SLA
generally increased when going from the tree
top downwards (fig 5). Comparable results
have been reported by Decei (1983), Pellinen
(1986) and Gratani et al (1987) in Fagus sylva-
tica, and by Tadaki (1970) in Fagus crenata.
The variation in SLA is due to morphological
differences between sun and shade leaves (Gra-
tani et al, 1987), caused by differences in light
conditions within the canopy (Kellomaki and
Oker-Blom, 1981; Gratani et al, 1987). The pre-
sently found trend of SLA increasing towards
the crown base can hence be explained by the
decrease in radiation availability. This is sup-
ported by the fact that the rate of SLA increase
was lower in the youngest stand and far lowest
in the solitary tree: the light extinction rates here
will be less pronounced due to, respectively, the
relative open canopy (compare the basal areas
in table I) and the absence of neighboring trees.
Thus, stand density affects the rate of change of
SLA with depth in the canopy.

Part of the variability in SLA might also be at-
tributed to seasonal effects, as data collection was
spread over 3 years. However, despite the large
variation in SLA, overall SLA at the tree level was
consistent among the trees. Tree leaf biomass and
tree leaf area were strongly interrelated
(R? = 0.987), implying that at the tree level SLA
is rather independent of stand density.

Sapwood-leaf area relationships

Presently, sapwood area explained 92.6% of the
variance in leaf area (la). However, sapwood
area (sap;,) equaled basal area (without bark): no
heartwood was found, which agrees with re-
marks from Hillis (1987) that in beech, heart-
wood is generally formed only after 80-100
years. Thus, the la/sag;, ratio may as well point
to the mechanical as to the functional support
function of the stem. The significant role of the
height of the crown base in the relationship be-
tween say, and la (eq [6]) is in agreement with
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the pipe model theory (Shinozaki et al, 1964):
when leaf area is related to total cross-sectional
stem area (ba), the la/ba ratio will decrease
when going downward from the crown base to
breast height, because transpiring tissue is lack-
ing here. The length of the branch-free bole thus
affects the la/say, ratio, as is predicted by equa-
tion [6]: the higher the crown base, the lower
the leaf area per unit sapwood area measured at
breast height. It also implies that the water con-
ductivity below the crown is not constant within
the cross-sectional stem area. This can be ex-
plained by the fact that water conductivity de-
creases with ring aging, in conifers, in ring-po-
rous, as well as in diffuse-porous species like
beech (Zimmermann, 1983; Bamber and Fuka-
zawa, 1985). However, due to the smaller ves-
sels in diffuse-porous species when compared
with ring-porous species, more growth rings
can be expected to contribute to the vertical wa-
ter transport in beech than, for example, only
the recent one to three rings as in oak (Rogers
and Hinckley, 1979).

Since in this study no water transport was
measured, the estimation of the number of con-
tributing rings was based on the regression ana-
lysis. The area of the three most recent growth
rings gave the best result statistically, but ex-
plained clearly less of the variation in leaf area
than did total sapwood area. Another reason for
the correlation between leaf area and area of the
recentrings mightbe that this reflects a different
mechanism, for example assimilate transloca-
tion. Nevertheless, regarding the aging of
growth rings, tree leaf area can be expected to
be closer related to the area of a restricted num-
ber of growth rings than to the total basal area.
Additional research on the contribution of sepa-
rate growth rings to vertical water transport is ne-
cessary to determine whether a restricted number
of (sapwood) growth rings contribute to the water
transport, as has been found in some ring-porous
species (Rogers and Hinckley, 1979).

Maximum LAI and natural thinning

The presently found biomass amounts are ra-
ther low, which is apparently due to the relative
young age of the sample stands (fig 6a). Bio-
mass is hence expected to further increase with

stand age. LAI, in contrast, can be expected to
reach a site-dependent maximum value
(fig 6b). According to the data in figure 6b, it
seems that for the present site type a maximum
LAI of seven is reasonable, which is reached as
soon as canopy-closure is complete. Note the
large variability in LAI values in the literature
data (Cannell, 1982), which is probably due to
site differences.

LAI depends on the tree number and the
amount of leaf area per tree, and is not expected
to exceed LAIL,, (Jarvis and Leverenz, 1983;
Landsberg, 1986). Thus, the following rela-
tionship appears:

LALuw = Nua * 12/10 000 (7]
where LAy = site-specific maximum LAT (ha
ha™'); N, = maximum number of living trees

(ha™"); and la,, = average tree leaf area (m™2).

Referring to the presently found linear rela-
tionship between leaf area and basal area, equa-
tion {7] can also be described as:

LA = Nu * 1% (11/4)*dbh’/ 10 000 18]

where r is equal to 0.331 m? leaf per cm? basal
ared.

Assuming a maximum LAT implies that self-
thinning among the stand members will occur
(see Harper, 1977; Landsberg, 1986). The ac-
tual tree number (N) is thus dependent on the
maximum LAI that can be maintained. Replacing
N by N and rewriting equation [8] results in:

dbh =k *N* 19

where k = (40 000*LAI./ (#1))%7.
When expressed interms of stem biomass (see
table I1) this becomes:

262

w,=k, * N [10]

where k; = 0.0762#k>323,

The power represents the slope of the self-
thinning line. The value —1.262 is a little lower
than the generally expected —1.5 (Harper, 1977;
White, 1981), which probably is due to the fact
that stem biomass instead of total plant weight
was used. Another reason might be that in the
case of increasing competition, some trees ini-
tially show decreasing leaf amounts, so maxi-
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mum LAI will be reached just before the onset
of self-thinning.

Equation [9] states that as the trees grow (the
average diameter increases), the number of
trees will decline: the amount of biomass that
can be maintained on a certain site depends on
the site-specific maximum LAI This depend-
ency makes LAI a causal factor when simula-
ting natural mortality in forest stands. A com-
parable theoretical analysis of the role of
maximum LAI was carried out by Landsberg
(1986).

Applying equation [9] with the current para-
meter values also implies that stand basal area
remains constant as long as LAI is at its maxi-
mum value. From G = N* (/40 000)*dbh? and
equation [9] it follows that:

G = (40 000*L AL/ (m*r))y*dbh ™

* (71/40 000)*dbh’ = LALy/r "

Based on the present data and assuming
LAl = 7, G is estimated at 21 m%ha from
equation [11].

Note, however, that although presently no
heartwood was detected, leaf area can be expec-
ted to be proportional to the water-transporting
cross-sectional area rather than to the basal area
(Shinozaki et al, 1964; Cannell, 1989). As are-
sult, the term dbh™ in equation [11] should ac-
tually be (water-transporting-area)~'. Because
this area is generally lower than the tree’s basal
area, G can be expected to gradually increase with
average tree diameter, ie, with stand age.
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