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The elasticity of growth in pure and mixed stands of Norway spruce
(Picea abies [L.] Karst.) and common beech (Fagus sylvatica L.)
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ABSTRACT: This study indicates that the growth of mixed stands with Norway spruce (Picea abies [L.] Karst.) and common beech
(Fagus sylvatica L.) is more stable across a range of stand densities than it is in pure forests of the same species. Typical density-
growth-relationships are derived from 42 long-term experimental areas with 134 plots in total, the oldest of them under survey since
1870. From these results it is apparent that in pure stands maximum growth can be obtained only at medium stand density, whereas
in mixed stands growth is almost unchanged over a range of low, medium and high stand density. The finding that mixed stands
may perform a superior growth to pure stands with either decreasing or increasing stand density has often been overlooked but is

nevertheless of major practical importance.
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Lack of data during the founding period of Forestry
Sciences lead to statements on yield relationships between
pure and mixed stands that were based on faith rather
than knowledge (COTTA 1828; HARTIG 1791; MOLLER
1922; WIEDEMANN 1951). Today, thanks to long-term ex-
periments, the vastly increased knowledge on two-species
mixtures can be consolidated. Mixture effects may vary
considerably depending on species mixture, site, silvi-
cultural treatment and risks. Compared with pure stands
resource utilisation can be improved by almost 30% by
combining early and late successional species, ontogeneti-
cally early and late culminating species, shade-intolerant
and shade-tolerant tree species. However, where ecologi-
cal niches and functional characteristics are similar, spe-
cies may compete for the same resources in crown and
root systems. The consequence may be negative effects
from species interaction and a reduction in productivity by
30% (CANNELL et al. 1992; CASPERSEN, PACALA 2001;
KELTY 1992; PRETZSCH 2003).

Comparisons of growth in pure and mixed stands of Nor-
way spruce and common beech were made by a number
of authors (ASSMANN 1970; LUPKE, SPELLMANN 1999;
PETRI 1966; ROTHE 1997; WIEDEMANN 1942, 1951). All
of these assessments are based on regularly and moder-
ately thinned forests. Divergent conclusions, drawn with
respect to growth and yield in pure versus mixed stands,
are mainly due to site differences. In general, increasing
water availability and decreasing base-saturation and

temperature, increases the competitiveness of spruce
relative to beech (KRAMER 1988; WIEDEMANN 1942;
MOOSMAYER 1957). Differences of total stem volume
production between pure and mixed stands reported for
sites with medium moisture, temperature and base supply
often diminish down to only a few percent, if the findings
are expressed on a dry weight basis rather than on a stem
volume basis.

This paper addresses an aspect of mixed forest research
that is largely neglected in consequence of a severe lack
of appropriate data. The focus of the paper is (i) on the
elasticity of growth in pure stands of Norway spruce and
common beech and (ii) on a comparison with the growth
reaction in mixed stands. Over and above the comparison
of the productivity of pure and mixed stands by CANNELL
etal. (1992), KELTY (1992) or OLSTHOORN et al. (1999)
this contribution presents the following new aspects: The
better ability to buffer and compensate disturbances of the
stand structure may cause a superior productivity of mixed
stands compared with pure stands of Norway spruce and
common beech.

MATERIAL AND METHODS
Database

For the analysis, long-term experimental plots were
selected from pure and mixed stands of Norway spruce
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Table 1. Database for the analysis of the density — growth relation in pure and mixed stands of Norway spruce Picea abies (L.)
Karst. and common beech Fagus sylvatica L. The range of site conditions of spruce and beech is characterised by the top height

in age 100
Spruce light-heavy thin. f. below 9 26 1882-2000 32-143 31-39
Beech light-heavy thin. f. below 10 30 1870-2001 38-179 22-30
Spruce/beech unthinned, moderate thin. f. above 20 60 1991-2000 36-155 32-43 2540
Spruce/beech  light-heavy thin.f. above, mixture portion 3 18 1954-2001 57-121 3641 26-36

and common beech, these being the dominant tree species
in Germany that occupy 54% of the forested area (pure
Norway spruce 28%, pure common beech 9% and Norway
spruce/common beech 17%). The investigation is based
on 42 long-term experimental areas with 134 plots in pure
and mixed stands of Norway spruce and common beech
in Germany. The oldest of these trials are maintained and
remeasured since 1870 regularly by the Chair for Forest
Yield Science, Munich University. Table 1 summarises
species composition, silvicultural treatment, number of
experiments and plots, survey period and age span. The
spectrum of site conditions is characterised by the range
of top height spruce and beech achieve in age 100.

The experimental areas of pure stands of spruce and
beech (Table 1, row 1 and 2) included in this study are
located in South and Central Germany (Bavaria, Saarland,
Lower Saxony, North Rhine-Westphalia). These 9 experi-
ments in spruce stands (26 plots) and 10 experiments in
beech stands (30 plots) belong to the oldest thinning
experiments in the world. Many of these experiments on
thinning from below have been under regular observation
ever since long-term growth and yield experiments were
first established in the mid-19™ century. With few excep-
tions these experimental plots are composed of three plots
identical in site and age, which were consistently treated
since the start of the experiments according to the thin-
ning rules for grades A, B and C (VEREIN DEUTSCHER
FORSTLICHER VERSUCHSANSTALTEN 1902).

The included experiments Sachsenried 02, Sachsenried
03, Denklingen 05, Ottobeuren 08, Sachsenried 67, Sach-
senried 68, Eglharting 72, Eglharting 73 and Paderborn
697 in spruce stands (ASSMANN 1956, 1970; PRETZSCH
2002; ROHLE 1994) and Kirchheimbolanden 11, Wald-
brunn 14, Fabrikschleichach 15, Elmstein 20, Lohr 24,
Mittelsinn 25, Rothenbuch 26, Hain 27, Haiger 333 and
Saarforst 1606 in beech stands (FRANZ et al. 1993; LUPKE,
SPELLMANN 1999; PRETZSCH 2002; SCHOBER 1972) have
been the subject of numerous evaluations. Out of the ex-
periments established since 1870, about half have remained
under observation to this day. Correspondingly, the age span
thus covered by measurements is fairly long (cf. Table 1,
age span). The top heights at age 100 show Norway spruce
to grow on good to excellent sites (31 to 39 m) and common
beech on average to good sites (22 to 30 m). The Stand Den-
sity Index (SDI; REINEKE 1933) of Norway spruce varies
during the survey period between 664 and 1609, the SDI
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of common beech between 250 and 1,183. Basal areas and
remaining volume vary from between 23.9 to 89.5 m*ha
and 118 to 1,637 m*/ha for Norway spruce and from 13.0 to
48.3 m*haand 47.6 to 795 m*/ha for common beech.

The analyses of the density-growth relationships in
mixed stands are based on the age series Freising 813,
Schongau 814 and Nordhalben 811 with in all 60 plots
(20 plots in pure stands of Norway spruce, 20 plots in
pure stands of common beech and 20 in mixed stands
of spruce and beech). The mixed stand plots (Table 1,
row 3) represent different development phases and stand
densities, from unthinned conditions to heavy thinning.
They cover an age span of 36 to 155 years and represent
an artificial time series of stand growth. Increment cores
were taken for tracing back tree and stand growth. With
top heights of 3243 m in Norway spruce stands and
25—40 m in common beech stands the plots vary from me-
dium to very good site conditions. For Norway spruce and
common beech, respectively, the range of stand basal arca
varies from 37.8 to 93.9 m*haand from 18.6 to 60.6 m*ha,
the standing volume from 368 to 1,551 m*/ha and from
134 to 914 m*/ha and the periodical annual growth from
11.2 to 32.7 m*/ha/a and from 5.5 to 28.9 m*/ha/a.

A second dataset is provided by the long-term experi-
mental areas Zwiesel 111, 134 and 135 in the Bavarian
Forest (Table 1, row 4). They are amongst the very few
mixed stand plots under observation where crown maps,
stem charts etc. were taken for decades. Each covers
a wide spectrum of intermingling proportions and includes
structures ranging from individual to group mixtures. On
all plots common beech is the tree species with the lowest
height; its average height is surpassed by that of the Norway
spruce by 5—10 m. Basal area, remaining volume and annual
volume growth therefore differ widely in the current inven-
tory: basal areas from 29.7 to 67.9 m%ha, remaining volume
338 to 1,069 m*ha stemwood and annual volume growth
from 7.8 to 17.1 m3/ha/a. These experiments have already
been the subject of publications, inter alia by KENNEL
(1965), PRETZSCH (1992, 2003), PRETZSCH et al. (1998),
and we shall therefore not repeat the basic results.

METHODS
On the plots up to 20 successive inventories were done

in which the removed and residual trees were measured,
making it possible to accurately quantify the volumes re-
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moved during thinning, the response of the remaining stand
and, consequently, the cumulative volume production of
the plots. This calculation followed the DESER standard
of the German Association of Forestry Research Institu-
tions (JOHANN 1993; PRETZSCH 2002, p. 185). Volume of
standing stock results from the sum of all individual trees,
using form functions according to FRANZ et al. (1973) to
calculate the volume. All data on stock refer to cubic metres
standing stock with bark and diameters > 7 cms. A sound
comparison between mixed stands varying in species por-
tions must consider the specific wood density of the species
and their different growing space requirements. The vo-
lume growth (m?/ha/a) was transformed to stem dry matter
(t/ha/a) using wood density 0.39 and 0.56 t/m? for Norway
spruce and common beech, respectively (KENNEL 1965).
Based on investigations on the experimental area Zwiesel
111, inter alia by ASSMANN (1970) and KENNEL (1965),
for Norway spruce and common beech the conversion
factors 0.7 and 1.44 respectively were found in order to
calculate from their basal area portion the respective con-
tribution to crown cover area and mixture proportion. Thus,
basal area of common beech was increased by the factor
1.44 in order to make it comparable with Norway spruce
and to consider the specific contribution of Norway spruce
and common beech to total density in mixed stands. For the
analysis of the density-growth relationship, the plots with
the highest density were assumed to represent 100% and
the other plots were compared to these.

The following variables are discussed in detail: (1) Cu-
mulative volume (CV) = volume of remaining stand at
a given age + volume of all thinnings and self-thinnings
in the past, (2) Periodic annual increment (PAI) = average
volume increment over a defined period, (3) Intermediate
yield (IY) = volume of all thinnings and self-thinnings
since establishment of the stand and (4) Relative interme-
diate yield (RIY) = percentage of cumulative volume that
is removed by intermediate fellings (RIY =1Y/CV . 100).
All volume data are given in cubic meters for compact
wood with bark per hectare. The fact that volume portions
< 7.0 cm were ignored is of negligible significance for the
results. The analysis of the density-growth relationship is
mainly directed at the long-term effects of different densi-
ties and less at temporary growth reactions. For the analy-
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sis of pure stands we therefore selected PAI in periods of
5-12 years as well as CV. Due to the shorter observation
periods for mixed stands we chose, instead, only the
PAI in periods of 5-16 years. As a measure of density we
used midperiod basal area and the Stand Density Index
SDI = N . (25/d) "% (SDI; REINEKE 1933), which quan-
tifies stand density by using both, the stem number per
hectare N and the quadratic mean diameter d.

RESULTS

Density-growth relationship in pure stands

For selected spruce and beech thinning trials Figs. 1 and
2 show the development of the density-growth relationship
from the start of the experiment in the years 1870 to 1907
up to the very last survey. For spruce and beech two trials
each were selected which (1) had been under observation
for the longest possible time and (2) represent unfavour-
able and favourable site conditions (Sachsenried 02 and
Hain 27; Eglharting 72 and Fabrikschleichach 15, resp.).
The average periodic increments (PAI) for the A, B and
C grades (Figs. 1 and 2: o, o, A) were recorded period by
period. Values from the same survey were joined by lines
to emphasize the shape of the density-growth relationship.
In the face of the discussion that stand basal area is the
density measure better known by forest practice, whereas
SDI takes into account the allometric development stage
of the stand and represents a biological more adequate
measure of density (ZEIDE 2003; AVERY, BURKHART
2002) PAI was plotted over SDI. The unfilled circles at
the right end of the growth-density lines represent the A
grade plots. Following the pattern of this circles the end-
period ages are added in the graph. In several cases the
age values were shifted in parallel in order to keep the
growth-density lines clearly arranged.

In most periods an optimum relationship between
density and growth is apparent. The periodic annual
increment (PAI) increases from the C to the B grade and
then decreases in the transition to grade A. This response
pattern is valid for about 90% of the surveyed periods.
The curvature of the optimum curve is pronounced at
the beginning of the survey, in the juvenile phase of the

Fig. 1. Development of the density-growth relation-
ship for the thinning trials Sachsenried 02 (left) and
Eglharting 72 (right) since the start of the experi-
ment in the years 1883 and 1907 respectively. The
periodic annual increment (PAI) is plotted over the
stand density index SDI. The unfilled circles at the
right end of the growth-density lines represent the
A grade plots. Following the pattern of this circles

154 the endperiod ages are added in the graph
/ SDI = Stand Density Index according to REINEKE
10 - 10 . _ . (1933)
6 & 10 12 14 16 18 6 8 10 12 14 16 18 Age=stand age at the end of the period
SDI (x 100) SDI (x 100) 0, e, A =grades A, B and C, respectively
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Hain 27 Fabrikschleichach 15 Fig. 2. Development of the density-growth re-
PAI (m*/ha/a) PAI (m¥ha/a) lationship on thinning trials Hain 27 (left) and
Fabrikschleichach (right) since the start of the
experiment in the years 1870 and 1871, respec-
tively. Shown is the periodic annual increment
151 (PAI) over stand density index SDI. Explanations
cf. Fig. 1
101
2 3 45 6 7 8 9 3 4 5 6 7 8 9 10
SDI (x 100) SDI (x 100)

stand, becomes flatter in middle aged stands and smooth
in mature stands. A shift to the left in the density lines
is evident; SDI is at a maximum at about the time when
height increment reaches its culmination point and then
decreases due to the age-related gradual opening-up of
the stand (ZEIDE 2003). The decrease of the SDI results
from gaps in the crown layer, which occur sporadically
with progressing stand development.

The experimental area Sachsenried 02 is representa-
tive of very good site conditions (mean height at age
100 = 35.4 m). In this trial the optimum curves show a
pronounced bend and are seen to shift considerably in
the course of stand development. The experimental area
Eglharting 72 represents the response pattern of spruce
on sites with a mean height of 30.5 m at age 100. The
optimum curves are flatter and change less markedly with

Cumulative volume (%) age 60

age. For beech, site conditions have a different effect on
the shape of the optimum curve: Optimum curves for the
experimental area Hain 27 (mean height at age 100=31.8)
with very good site conditions are distinctly flatter than
those for Fabrikschleichach 15 (mean height at age 100 =
28.7) and tend to change more markedly and with greater
regularity with progressive stand development.

Fig. 3 represents the cumulative volume for the en-
tire range of B and C grade plots in relation to grade A
(= 100% line). Again, the B and C grades are set in rela-
tion to the respective A grade for each experimental site
so that absolute differences in level are eliminated and
the relative growth responses with approaching maximum
density are more obvious. For the B and C grade plots
the respective basal areas are denoted in relation to the
A grade. Separate evaluations were made for age 60 and

Cumulative volume (%) age 60
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/\ l/_%\ Fig. 3. Cumulative stem volume production
100 I d 100 1 d (CV) on long-term experimental areas of Nor-
way spruce and common beech (left and right,
90 90+ respectively) in relation to thinning for different
c B A c B A age phases. Mean values and standard errors for
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100 years (Fig. 3, top and bottom, resp.). It is remarkable
that in all cases cumulative volume rose by 5—10% with
the transition from grade A to B. This increase is more pro-
nounced at an intermediate rather than a more advanced
age. The transition from grade B to C reveals a reduction
in volume production. For the majority of experimental
plots, volume production for the C grade is however still
higher than for the A grade. The standard error bars show
mainly significant differences between grades B and A
(= 100% line). After 130 years’ experimental research,
we are therefore able to note a distinct increase in growth
from grade A to B and a growth decline beyond grade B.
Approaching maximum density, one can expect an aver-
age decrease in cumulative volume of 5-10%. Expressed
in absolute figures this is equivalent to losses of 80 to
160 m*/ha for Norway spruce and 30-60 m?/ha for com-
mon beech stands at rotation age which are 100 and
130 years, respectively.

Density-growth relationship in mixed stands

Fig. 4 (left) shows the periodic annual volume incre-
ment plotted over the stand basal areas for the age range
60—100 years of the experimental areas Zwiesel 111, 134
and 135 (black triangles) and Freising 813, Schongau 814
and Nordhalben 811 (black rectangles). The stand basal
areas in the mixed stands were adjusted and the dry mass
calculated as described in the paragraph “Methods”. The
adjusted stand basal areas reach from 37 to 71 m?ha on
the long term experimental plots Zwiesel 111, 134 and 135
and 38 to 85 m*haon the areas Freising 813, Schongau 814
and Nordhalben 811. The values for dry mass increment in
t/ha/a plotted versus the adjusted basal area of the stands in
m?/ha show considerable scattering and there appears to be
no clear relationship between density and growth. Within
this wide range of stand densities periodic annual dry mass
increment lies mainly between 5 and 10 t/ha/a.

As for the even-aged analysis of the density-growth
relationship, the plots with the highest density of the re-
spective experiments were assumed to represent 100% and
the other plots of the same experiments compared to these.
This relative approach is done separately for each experi-
mental area to eliminate absolute differences in growth
between the experiments and to outline the relative growth

Periodic annual increment

responses to density. Fig. 4 (right) is a summary of the re-
sults from both experimental areas and shows the PAI of dry
mass in percent for stands of equal density, as defined by the
following classes: < 50%, 5059, 60—69, 70-79, 80—89 and
90-99%. The relationship between relative increments with
corresponding standard errors and density is fundamentally
different from the corresponding pattern in pure stands.
Obviously, mixed stands are able to largely compensate
for density reductions due to thinning by increased growth
within the remaining stand. Within the observed density
spectrum of 40—100%, increment does not decrease signifi-
cantly despite a 60% reduction in stand density. It can also
be observed that there is no significant decrease in growth
when maximum density is approached, except perhaps
a non-significant tendency towards a decline.

DISCUSSION

The sites, where Norway spruce and common beech are
grown in pure and mixed stands in Germany range from
alkali-rich, warm and dry sites in Central and Northern
Germany favourable for beech; to acidic, cool sites with
heavy precipitation in Southern Bavaria favourable for
Norway spruce. For this reason the published results of
comparisons between growth of pure and mixed stands
depend very much on site conditions. WIEDEMANN (1942,
1951) found spruce-beech mixtures in Northern Germany
where highly productive beech yield approximately the
same dry biomass as corresponding pure stands. For beech
of moderate growth he found that mixed stand biomass
production is about 19% less than in pure beech stands
on identical sites. KENNEL (1965) studied mixtures of
spruce and beech in the Bavarian alpine foothills, the
Bavarian Forest and the Harz in Lower Saxony as did
BURGER (1941) in Switzerland, with similar results. Tak-
ing increment-neutral effects through species interaction
as reference (100% = expected productivity of a mixed
stand as a linear combination of pure stand growth p, and
p, weighted with the mixture proportions m, and m.,, i.e.
p,,=mp,+m,-p,) the effects from species interactions
between spruce and beech range between + 10 and —20%.
In all cases, however, the mixed stand occupies a position
between the corresponding pure stands as far as productiv-
ity is concerned (PRETZSCH 2003).

Dry matter production (%)
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; Fig. 4. Means and standard error of the periodic
1 % annual dry matter production (PAI) in relation to
density for mixed spruce-beech stands Zwiesel
111, 134 and 135 and age series Freising 813,
Schongau 814, Nordhalben 811. The dry matter
production is represented in 10% steps for equal
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Fig. 5. Schematic representation of relationships between stand
density and growth in pure and mixed stands. In mixed stands
the density-growth relationship follows a saturation curve and
an optimum curve in pure stands. This reflects the greater growth
elasticity in mixed stands (black solid line) as compared with
that in pure stands (white solid lines)

The results of this study shows that even though mixed
stands may be inferior or equal in productivity under
“normal” conditions they may develop superiority on
account of their greater elasticity in the face of pertur-
bation or non-treatment. In pure stands an optimum
relationship exists between density and growth. For
mixtures a saturation relationship was found to exist.
This important relationship is schematically represented
in Fig. 5. The mixture (dark solid line) is compared with
two pure stands (white solid lines). The first case (upper
line) assumes the production superiority of pure stands
at average density versus mixture. Whenever density is
reduced due to disturbances of some kind, pure stands
will respond with considerable increment losses and
become inferior. By contrast, growth in the mixed stand
remains stable over a wide range of densities. In the se-
cond instance (lower line) the pure stand is less produc-
tive than the mixture, even under “normal” conditions.
In this case, given positive or negative deviations from
average density, e.g. on account of lack of treatment or

Crown projection area (%) Crown cover (%)

unplanned disruption of stand canopy, the stand becomes
even more inferior.

Fifty years after ASSMANN’s evaluation and a corre-
spondingly longer observation period and with an even
more comprehensive data material, the optimum relation-
ship between stand density and growth can now be con-
firmed for Norway spruce and common beech in Central
Europe and differentiated according to site conditions and
tree species. The studied common beech stands behave
according to the pattern described by ASSMANN (1970,
pp. 232-233). The optimum curve is flatter on sites where
there is sufficient water and nutrients and steeper where
resources are scarce. The Norway spruce stands exhibit
the opposite behaviour: on poor sites the optimum curve
is flatter but steeper on favourable ones. This inverse be-
haviour in Norway spruce as compared to common beech
is also reflected in all of 1,476 inventories of experimental
areas which form the basis for the Norway spruce yield
tables established by ASSMANN and FRANZ (1963, p. 25,
Figs. 5 and 6). Here, good sites also show a steeper op-
timum curve, which is synonymous with greater growth
losses with the approach to maximum density. There are
less growth losses with approaching maximum density on
poor sites. ASSMANN (1970) and MAR:M@LLER (1945)
attribute the causes for growth losses with the approach
to maximum density or for growth gains with decreasing
density to the unfavourable relation between assimilation
of carbon and respiration of trees subjected to competi-
tion.

The overlapping of different response patterns for Nor-
way spruce and common beech leads to a considerably
wider plateau in the density-growth relationship of mixed
stands than for corresponding pure stands (Fig. 4). The
broad saddle in the resultant curve looks similar to the
much-discussed curve by LANGSAETER (1941, p. 173,
Fig. 3). In contrast to the pure stands under study, the
approach to maximum density causes merely a slight and
statistically insignificant decrease in growth. The greater
growth elasticity in mixed stands of Norway spruce and
common beech is easily understood by taking a look at
the complementary response patterns of Norway spruce
and common beech to density and site conditions (Figs. 1
and 2). One tree species is able to compensate for potential
losses in the other. MITSCHERLICH (1952) and PRETZSCH
(1985) confirm that mixed stands of Norway spruce (Pi-

Fig. 6. Crown projection area and
crown cover in dependence of spe-
cies number and stand age. Left:
Crown projection area increases

Crown cover (%)
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° 'Y crown cover increases with di-
50+ 8 204 /\ 20+ versity. Right: Crown projection
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Crown radius increment (%)
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Fig. 7. Effect of distances between crowns on the
relative crown radius increment for the species
Norway spruce (Picea abies [L.] = Pa) and com-
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—200; [ Pa—~Pa —2004 Fs—Fs Fs). Right: Crown radius increment in beech with
300 . ’ . . . 300 , ' . ' . beech trees as next neighbours (Fs—Fs) and with

4 ) 0 ) 4 4 2 0 2 4 spruce trees as next neighbours (Fs—Pa)

Distance (m)

cea abies [L.] Karst.), silver fir (4bies alba Mill.) and
common beech (Fagus sylvatica L.) are less sensitive to
density variations.

From the experimental plots, which are under survey
at the Chair of Forest Yield Science, Munich was taken a
random sample of 167 plots to analyse their crown maps in
respect to crown projection area and crown cover percent
(PRETZSCH 2002, p. 221). As it is shown in Fig. 6 the
maximum sum of crown coverage increases with increas-
ing species diversity from 200% in monocultures to 240%
in four-species stands (left, upper border line). However,
the relation between covered and total ground area is
mostly between 90 and 95 percent (middle). The twofold
or multiple overlap occurs more often in mixed stands
(middle). With increasing age, however, the covered
ground area tends to decrease only in pure stands (right,
solide line), whereas the multi-layer space sequestration in
mixed stands ensures a stable coverage even if more and
more trees are eliminated due to thinning or because of
natural reasons (right, broken line). Besides higher ground
coverage percentages, this also results in denser stands and
higher growing stocks in old mixed stands compared to
pure stands of the same age.

These findings at stand level are supported by analy-
ses at individual tree level (PRETZSCH 2002, p. 287).
Spruce and beech trees tend to interlock their crowns
much more intensively in mixed than in pure stands.
Fig. 7 demonstrates the relationship between distances
between crowns and crown radius increment for the
experimental areas Zwiesel 111, 134 and 135. The rela-
tive crown radius variations in relation to the distance
of crowns from that of the nearest neighbour are plotted
for both, spruce and beech. A 100 percent change of
radius indicates that the tree shows the increment that
is expected with no lateral crowding of the crown (potential
crown radius increment). The response functions in Fig. 7
demonstrate the decrease in crown radius increment
with increasing overlap of neighbouring crowns (from
the zero value at the x-axis to the left). The different
response curves represent different neighbourhood situ-
ations between Norway spruce (Picea abies L. =Pa) and
common beech (Fagus sylvatica L. = Fs). From these
curves it is apparent that much more overlap occurs in
mixed stands (Pa—Fs and Fs—Pa) than in pure stands
(Pa—Pa and Fs—Fs), and that the same overlap leads to
much less decrease in growth. Hence it can be assumed
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that space sequestration is much more effective in mixed
stands (PETRI 1966).

CONCLUSION

The combination of several species is synonymous
with a distribution of risks. As a rule mixed stands are
more elastic in their response to changing site conditions
and show greater resilience in the face of natural losses
or calamities. The productivity relationship between pure
and mixed stands under “normal” conditions may shift
considerably once risks are included. The decisive fac-
tor here, in essence, is the probability of the occurrence
of disturbances and damages. The temporarily dazzling
productivity superiority of artificial pure stands is often
reversed and turns into inferiority if disturbances are
included in the calculation. Mixtures can get over inter-
ruptions and of the crown space by windthrow, storm
damages or biotic calamities, equivalent to an abrupt
reduction in stand density from medium to lower level,
without greater losses in growth.

Total dry matter production (%)

120 7
100 1 ° .Oh. 3
o”
80 - e 9
@
60
40 1
20
mmm Pure stands, spruce or beech
0 ® Mixed stands, spruce and beech
80 60 40 20 0

RIY (%)

Fig. 8. Relationship between percentage of intermediate fellings
(RIY) and the total stem dry matter production in pure stands
(black optimum curve) and mixed stands of Norway spruce and
common beech (points)
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The higher elasticity of growth in mixed stands of
spruce and beech is reflected by Fig. 8. It shows the rela-
tion between the percentage of intermediate fellings RIY
and total stem matter production. Base are the survey re-
sults from the mixed plots ZWI 111, 134, 135 (dots) and
the long-term plots in pure stands of spruce and beech
(black line). The figure emphasises an important conse-
quence for forest management. The total dry mass stem
production of the investigated pure forests is expected
to occur if approximately 40 percent of total yield are
removed regularly from the stand by moderate thinning
prior to final harvest or due to natural reasons. Total pro-
duction is expected to decrease with both, higher or lower
RIY than 40%. Actually, in the analysed pure stands RIY
is found to be between 30 and 50 percent which is in
close distance from the maximum. In contrast, RIY of the
investigated mixed stands varies between 10 and 70 per-
cent without any systematic effect on total dry mass stem
production. This means that intensive thinning or dis-
turbances that result in percentage of intermediate yield
RIY = 50-70% can be compensated in mixed stands but
not in pure stands by increasing growth of the remaining
individuals. Also under discontinued silvicultural treat-
ment or self-thinning (RIY = 10-30%) mixed stands are
more stable in total dry matter production while pure
stands show a significant decrease. The revealed feature
represents an important immanent advantage of mixed
stands of spruce and beech compared to pure forests.

Of course, the above relationships for dry biomass pro-
duction alone do not justify decisions in favour of pure or
mixed stand establishment or a certain stocking density.
The outcome of such decisions could be quite different,
depending on overall conditions and ultimate objectives,
for example if the major aim were quantity (e.g. pulp,
fuelwood, C-storage), quality (e.g. structural wood or ve-
neer), or safety and risk prevention (stabilisation against
storms or erosion control). However, if we recall that
a suitable mixture may raise dry biomass production by
up to 30% and, moreover, ensures that other forest func-
tions are fulfilled, then the above yield relationships may
become the key factor controlling the decisions.

In comparison with annual systems the lifespan of for-
ests is two decimal powers longer and the danger from
risks consequently much greater. Added to which cyclic
disturbances through silvicultural treatment also take
their toll. It is for this reason that the risk distribution in
forests achieved in mixtures carries so much more weight
than in short-lived ecosystems. Risk distribution through
tree species diversity, however, need not necessarily im-
ply a mixture of tree species. This is because the desired
diversification could also be achieved by a mosaic of
spatially separated pure stands of these species. Through
this kind of species separation even likely unfavourable
effects from species interaction and the greater efforts
required to treat species mixtures could be avoided. The
beneficial mixture effects of up to 30%, the greater elas-
ticity against disturbances and savings in stand establish-
ment costs in case of total loss of one species cannot be
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taken advantage of, though, unless species are closely
mixed.

The consequences of the presented relation between
density and growth in pure and mixed stands can be
viewed best by examining windthrow damages, which
are the most important disturbances of forest growth in
Central Europe. In 1990, damages in southern Germany
by means of heavy storms were 4-5 fold higher in spruce
than in beech stands. Extensive research by LUPKE and
SPELLMANN (1999) showed that resistance against wind-
throw was not altered in stands were beech was accom-
panied with spruce. Thus, increased stability against this
kind of damage is achieved only by the replacement of
spruces by beeches, which usually have deeper root
systems and less above ground resistance. No benefit for
individual spruce trees could be derived from the mixture
with beech. However, the ability to compensate growth
losses from removed trees clearly increases with increas-
ing admixture of beech. This demonstrates the faster feed-
back reaction between disturbance and growth increase,
which is caused by a more even space sequestration and
possibly also by the higher crown shape flexibility of
beech. Windthrow damages reduce the stand density and
activate the feedback loop ‘stand structure — resource
availability — growth — stand structure’. The reduction
of standing volume by the disturbance means a shift of the
stand density to the left in Figs. 5 and 8 with immediate
negative effects on growth in pure stands and a buffered
and slighter growth reaction in mixed stands.

SUMMARY

The focus is on the growth reaction pattern of pure
and mixed stands of Norway spruce and common beech
below or above medium stand density, caused e. g. by dis-
turbances, heavy or postponed thinning. The analyses of
the density-growth relationship in pure stands is based on
9 long-term thinning experiments in pure stands of Nor-
way spruce, respectively 10 experiments in pure stands
of common beech in Middle and South Germany. The
investigation in mixed stands of Norway spruce and
common beech are based on age series with 20 experi-
ments and 60 plots located in South and East Bavaria.
Furthermore 3 long-term experiments in the Bavarian
Forest were included. The oldest of these experiments are
maintained and remeasured since 1870 regularly by the
Chair for Forest Yield Science, Munich University. Table 1
summarises species composition, silvicultural treatment,
number of experiments and plots, survey period, age span
and site class.

For selected spruce and beech thinning plots Figs. 1 and
2 show the development of the density-growth relation-
ship from the start of the experiment in the years 1870 to
1907 up to the very last survey. In most periods an op-
timum relationship between density and growth is appa-
rent. The periodic annual increment (PAI) increases from
the C grade (heavy thinning) to the B grade (moderate
thinning) and then decreases in the transition to grade A
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(light thinning). This response patterns is valid for about
90% of the surveyed periods. Fig. 3 represents the cumu-
lative volume for the entire range of B and C grade plots
in relation to grade A (= 100% line). It is remarkable that
in all cases cumulative volume rose by 5-10% with the
transition from grade A to B. This increase is more pro-
nounced at middle rather than at more advanced age. The
transition from grade B to C reveals a reduction in vol-
ume production. For the majority of experimental plots,
volume production for the C grade is however still higher
than for the A grade. The relationship between density
and growth therefore represents an optimum curve. For
Norway spruce the optimum is more pronounced on good
sites than on unfavourable ones, whereas the inverse situ-
ation for common beech is observed.

In mixed stands the relationship between density
and increment is fundamentally different from the cor-
responding pattern in pure stands (Fig. 4). Obviously,
mixed stands are able to largely compensate for density
reductions due to thinning by increased growth within the
remaining stand. Within the observed density spectrum
of 40-100%, increment does not decrease significantly
despite a 60% reduction in stand density. It can also be
observed that there is no significant decrease in growth
when maximum density is approached, except perhaps
a non-significant tendency towards a decline (Fig. 5).

The greater clasticity of growth against a reduction in
stand density can be attributed to the multi-layer stand
structure in mixed stands. Spruce and beech trees tend to
interlock their crowns much more intensively in mixed
than in pure stands. As it is shown in Fig. 6 for 167 lightly
to heavily thinned plots in general, the sum of crown cov-
erage increases with increasing species diversity from
200% in single-species stands to 240% in four-species
stands (left, upper border line). However, the relation
between covered and total ground area is mostly between
90 and 95% (middle). The twofold or multiple overlap oc-
curs more often in mixed stands (middle). With increasing
age, however, the covered ground area tends to decrease
only in pure stands, whereas mixed stands ensure a stable
coverage even if more and more trees are eliminated due
to thinning or because of natural reasons (right). Fig. 7
demonstrates the relationship between distances between
crowns and crown radius increment for the long-term
experiments in mixed stands. Any positive or negative
deviations from average stand density, e.g. on account of
lack of treatment or unplanned disruption of stand canopy,
could be more easily buffered in mixed stands. Mixtures
can recuperate from this kind of disturbance, equivalent
to an abrupt reduction in stand density from medium to
lower level, without significant growth losses. This greater
growth elasticity is the cause of the plateau-shaped den-
sity-growth curve (Fig. 8). In comparison with annual
systems the lifespan of forests is two magnitudes longer
and the danger from risks consequently much greater than
in short-lived ecosystems. It is for this reason that the
greater elasticity of growth may become the key factor
controlling silvicultural decisions.
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Pruznost ristu v nesmiSenych a smiSenych porostech smrku ztepilého (Picea abies [L.]

Karst.) a buku lesniho (Fagus sylvatica L.)

H. PRETZSCH

Technicka univerzita Mnichov, Fakulta lesnickych véd a rizeni zdroju, Nemecka spolkova republika

ABSTRAKT: Studie ukazuje, ze rist smiSenych porosti smrku ztepilého (Picea abies [L.] Karst.) a buku lesniho (Fagus sylva-
vztahli mezi hustotou a ristem vychazeji ze 42 dlouhodobych pokust na celkem 134 plochach, pti¢emz nejstarsi je sledovana
jiz od roku 1870. Z vysledki je ziejmé, ze v Cistych porostech 1ze dosdhnout maximalniho rtistu pouze pii stfedni hustoté po-
rostu, zatimco ve smiSenych porostech se rist pii nizké, sttedni ani vysoké hustoté porostu témét neméni. Poznatek, ze smiSené
porosty mohou vykazovat vétsi riist nez Cisté porosty bez ohledu na snizeni ¢i zvyseni hustoty porostu, se ¢asto piehlizi, ackoliv
ma znacény prakticky vyznam.

Klic¢ova slova: pruznost ristu; vztah mezi hustotou a riistem; mira rizika; diverzita; produktivita; nesmisené a smisené porosty
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Hlavni pozornost je vénovana modelu reakci ristu
v nesmiSenych a smiSenych porostech smrku ztepilého
a buku lesniho pii nizsi ¢i naopak vyssi hustoté porostu,
zpusobené napt. nahodilymi jevy, silnym nebo pozdnim
vychovnym zasahem. Analyzy vztahu mezi hustotou
a rustem v nesmiSenych porostech jsou zalozeny na
deviti dlouhodobych probirkovych pokusech v ¢istych
smrkovych porostech a 10 pokusech v Cistych porostech
buku lesniho ve stfednim a jiznim Némecku. Vyzkum
smisenych porosti smrku ztepilého a buku lesniho je
zalozen na vékovych fadach s 20 experimenty na 60 plo-
chach v jiznim a vychodnim Bavorsku. Navic byla zahr-
nuta i tfi dlouhodoba Setfeni v Bavorském lese. Nejstarsi
z téchto pokust se pravidelné provadéji a méii od roku
1870 na katedfe nauky o produkci lesa Technické univer-
zity v Mnichové.

Tab. 1 shrnuje dfevinnou skladbu, péstebni zasahy,
pocet pokust a ploch, sledované obdobi, vékové rozpéti
a bonitu stanovisté. Obr. 1 a 2 se tykaji vybranych pro-
birkovych pokust smrku a buku a ukazuji vyvoj vztahu
hustota — rist od prvopocéatku experimentu v letech
1870-1907 az k poslednimu Setfeni. Ve vétsiné period
existuje zfetelny vztah mezi hustotou a ristem. Primér-
ny periodicky ro¢ni piirast (PAI) se zvySuje od stupné
C (silna probirka) ke stupni B (mirna probirka) a pak se
snizuje pii prechodu ke stupni A (slaba probirka). Tento
model plati pro zhruba 90 % sledovanych obdobi. Obr. 3
pfredstavuje kumulativni objem pro cely rozsah ploch
stupné B a C ve vztahu ke stupni A (= hranice 100 %). Je
pozoruhodné, ze ve vSech ptipadech stoupl kumulativni
objem o 5-10 % pti prechodu ze stupné A do B. Tento
prirtst je zietelngjsi ve stfednim spiSe nez ve vyS$im
véku porostu. Prechod od stupné B k C znamena snize-
ni objemové produkce. Na vétsiné pokusnych ploch je
vSak objemova produkce u stupné C vyssi nez u stupné
A. Vztah mezi hustotou a ristem tedy piedstavuje opti-
malni kiivku. U smrku ztepilého je optimum vyraznéjsi
na dobrych stanovistich nez na stanovistich nevhodnych,
zatimco u buku je situace opacna.

Ve smisenych porostech je vztah mezi hustotou
a priristem zasadné odliSny od pfislusnych modelt
v nesmiSenych porostech (obr. 4). SmiSené porosty jsou

pochopiteln¢ schopné do znacné miry kompenzovat
snizeni hustoty probirkou zvySenym rlstem hlavniho
porostu. V ramci sledovaného spektra hustoty porostu
od 40 do 100 % nepoklesl pfirtst nijak vyznamné, a to
ani v pfipadé 60% snizeni hustoty porostu. Lze rovnéz
konstatovat, ze rust vyznamné neklesa ani tehdy, blizi-li
se hustota maximu; pouze vykazuje nepatrnou tendenci
k poklesu (obr. 5).

Vétsi pruznost ristu ve vztahu ke snizeni hustoty
porostu lze prisuzovat viceetazové porostni struktufe
smisenych porosti. Koruny smrkd a bukd maji tendenci
vzajemné prorustat daleko intenzivnéji ve smiSenych
nez v nesmiSenych porostech. Jak ukazuje obr. 6, ktery
obecné znazoriiuje 167 ploch se slabou az silnou pro-
birkou, suma plosnych priméti korun se zvysuje s ros-
touci druhovou bohatosti od 200 % v jednodruhovych
porostech az k 240 % u étytdruhovych porostt (vlevo,
horni hranice). Nicméné pomér mezi korunami pokrytou
a celkovou plochou porostu se vétsinou pohybuje mezi
90-95 % (uprostted). Dvouetazovy nebo viceetazovy
piekryv se objevuje mnohem castéji ve smiSenych po-
rostech (uprosted). Se vzrustajicim vékem ma vsak plo-
cha porostu kryta korunami tendenci se snizovat pouze
v Cistych porostech, zatimco ve smisenych porostech se
pokryti neméni, prestoze se stale zvySuje mnozstvi od-
stranénych stromt probirkou nebo v disledku ptirodnich
faktort (vpravo). Obr. 7 ukazuje vztah vzdalenosti mezi
korunami a pfirGstem priméru koruny v dlouhodobych
experimentech provadénych ve smiSenych porostech.
Jakékoli kladné i zaporné odchylky od primérné hustoty
porostu, zptisobené napi. nedostatecnou péci nebo nepla-
novanym narusenim porostniho zapoje, se ve smiSenych
porostech snaze vyrovnaji. Smisené porosty snaze pieko-
naji takovy zasah, jakym mize byt vyrazny pokles hus-
toty porostu z primérné na nizsi uroven bez vyznamného
snizeni rastu. Diky této veétsi ristové pruznosti je kiivka
poméru hustoty a rdstu vyrovnana (obr. 8). Ve srovnani
s ro¢nimi systémy je délka zivota lesti o dva fady vyssi
a riziko je tedy mnohem vétsi nez u kratkodobych eko-
systémil. Pravé z tohoto divodu se vétsi pruznost ristu
muze stat klicovym faktorem, ktery ovliviiuje péstebni
rozhodovani.
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