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Abstract

Height growth, volume per ha, bole length, stem straight-
ness, spiral grain visible on the surface of stems, frequencies
and height of forks were measured in 18 experimental plots
with a total of seven European beech (Fagus sylvatica L.)
provenances. The age in the plots varied between 61 and 65
years. The plots were located at three sites in Denmark. Eco-
nomic returns for the coming 40-year-period were predicted for
the seven provenances.

Stem straightness, spiral grain, bole length and cumulated
economic returns for the future 40-year-period varied signifi-
cantly between provenances. The variation in predicted eco-
nomic returns was mainly due to two Swiss provenances
Sihlwald (CH) and Adlisberg (CH) with cumulated predicted
economic returns 11% and 10% above average, and a German
provenance Rügen with cumulated economic returns 15%
below average. The ranking in economic returns was largely in
agreement with the ranking of provenances concerning stem
straightness, bole length and frequency of severe visible spiral
grain. Sihlwald and Adlisberg were characterised by a higher
frequency of trees with straight stems, below-average spiral
grain and trees with longer boles. Rügen (G) was characterised
by frequently sinuous stems and below-average bole length. 

Key words: Stem straightness, spiral grain, bole length, genetic varia-
tion.

Introduction

European Beech covers 16% (80000 ha) of the forest area in
Denmark (Danmarks statistik 2002), predominantly on soils of
clayey and sandy moraines. The wood of beech is highly valued
and used for e.g. furniture, veneer and plywood. The large area
with beech means that the species is economically important
for Danish forestry. 

Provenances of European beech (Fagus sylvatica L.) have
been imported from the Carpathians, The Netherlands, Bel-
gium, Sweden, and Switzerland to Denmark since the end of
the 19th century (BARNER, 1958) because of frequent poor seed
production in Danish stands and to achieve better growth and
stem straightness compared with Danish provenances. 

Experiences from field tests with the imported provenances
show that the Sihlwald and the Adlisberg provenance from
Switzerland have superior stem straightness and growth, but
larger frequencies of forked trees compared to Danish prove-
nances. Usually, West-Carpathian provenances from Slovakia
and Hungary have superior stem straightness, but also large
frequencies of trees with forks compared to Danish prove-
nances while provenances from The Netherlands are similar to
the Danish provenances (OPPERMANN, 1930; PLOUGHELD, 1933;
HOLM, 1939; TULSTRUP, 1950; OKSBJERG, 1951; BANG, 1968;
GØHRN, 1972; LARSEN, 1985). 

Beech in Denmark, however, is increasingly naturally regen-
erated for ecological and economical reasons (Ministry of envi-
ronment, 2002; HOLTEN-ANDERSEN, 1987; TARP et al., 2000), and
natural regeneration is promoted and implemented in the Dan-
ish National Forest program (Ministry of environment, 2002).
These facts, along with better opportunities to store beech seed
(POULSEN, 1993) reduce the interest of importing beech seed.   

Nevertheless, material from some of the superior prove-
nances might still be used for afforestation and the old tests
with different European beech provenances provide an oppor-
tunity to estimate the repeatability of growth and quality traits
in old material and to examine how the economic returns are
influenced by the choice of provenances with a wide range of
quality. Knowledge, which is important when decisions are
made concerning choice of provenance for afforestation and
whether it is economically feasible to replace a provenance of
poor quality with a provenance of high quality. An economic
estimation of economic returns helps also to judge the impor-
tance of improving the quality in existing stands using selec-
tive thinning, or at least avoiding a negative selective thinning
before natural regeneration. 

The importance of provenances for economic returns has not
been investigated yet to our knowledge. This initiated this
study of the repeatability of growth, quality and economic
returns of seven European beech provenances. The study was
mainly examining the predicted economic returns in the last
40-year period before rotation age where the quality of beech
logs is of major economic importance.     

Material and Methods

Trees were sampled in 18 plots with the following prove-
nances: Sihlwald and Adlisberg from Switzerland (CH), Forêt
de Soignes from Belgium (B), Middachten Allé from The
Netherlands (NL), Sölvesborg from Sweden (S), Rügen, FA
Werder, Stubnitz from Germany (G) and Kokos̆ovce, Sigord for-
est district, Tal S̆tiavnica (Alt. 550–650 m) from the West
Carpathian mountains of Slovakia (SL).  Sixteen of the plots
were placed in two field tests (B80, B90) located in the forests
Søllerup Indelukke and Horse Skov, and two plots were placed
close to each other in the forest Grønholt (Table 1, 2 and Fig.
1).  

The two field tests B80 and B90 contained the same prove-
nance samples from Sihlwald (CH), Kokos̆ovce (SL), Middacht-
en Allé (NL) and Rügen (G), (TULSTRUP, 1950). Provenance
samples from the forest Forêt des Soignes (B) and Sölvesborg
(S) in the two field tests and in the forest Grønholt might be
from different areas of the two forests. Furthermore, the prove-
nance sample of Sihlwald (CH) represented in the forest Grøn-
holt Hegn might originate from a different stand- or area with-
in the forests Sihlwald (CH) than the Sihlwald (CH) samples in
B80 and B90. 

Results and conclusions were the same in almost all cases
using all material, or restricting the material to the plots repli-
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Table 1. – Material for the study.

cating the same seed samples of Sihlwald (CH), Kokos̆ovce
(SL), Middachten Allé (NL) and Rügen (G). The latter results
are consequently only shown and discussed when different
from results and conclusions using the whole material.  

The provenances are of course not representative for the
countries they come from, but represent probably the wide
span in quality, which can be found between beech provenances
throughout Europe. The average number of trees sampled in
each plot was 29 and with a minimum of 21 and a maximum of
43 trees. Age of plots ranged between 61 and 65 years (Table 1).
The field tests are similar in climate (Table 2) and the soil is on
all sites clayey moraine.

The frequency of trees with forks, average stem straightness
scores and mean heights at age 21–26 was evaluated by GØHRN

(1972). 

Measured traits

Diameter at breast height and tree height was measured for
all trees in the plots in the forests Søllerup Indelukke and
Grønholt Hegn. In the forest Horse Skov, the height of 23 trees

was measured within each plot. Heights of the remaining trees
were estimated from height-diameter models elaborated for
each plot using the data from the 23 measured trees and the
non-linear model (NÄSLUND, 1937; JOHANNSEN, 1999)

(1)

where d is the diameter at breast height (cm), h is the total
tree height (m) and c1 and c2 are arbitrary constants. The
heights were estimated using the procedure NLIN in SAS® and
applying the Marquardt method (SAS Institute Inc., 1989). The
constant c1 and c2 was constrained above 0.00001 to avoid neg-
ative relationships between diameters and heights. Total vol-
umes of the individual trees were estimated using a model
developed for beech in Denmark (MADSEN, 1987).

The bole length was defined as length from the ground to the
first living branch belonging to the crown ignoring the influ-
ence of epicormic branches.

Trees with straight boles in two vertical planes at right
angles to each other, (directions North-South and East-West)
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Table 2. – Climate data (1961–1990). Temperatures are from weather stations nearest to the forests (LAURSEN et al.,
1999; CAPPELEN and JENSEN, 2001). Figures for the precipitation at the Danish sites are estimated from FRICH et al.
(1997). 1 Weather station Værløse. 2 Weather station Keldsnor Fyr (from LAURSEN et al., 1999). Climate data for the
provenances in mountain regions may have quite different climate than observed at nearest weather station.

Figure 1. – Location of sites (�) and origin (�) of provenances repre-
sented in the material.

obtained stem straightness scores of one. Trees with sinuous
boles in one of the two vertical planes obtained the score two
and trees with sinuous boles in both vertical planes obtained
the score 3.

A tree was considered to fork if it was dividing into two
branches beneath 3/4 of the total tree height, if the diameter of
the smallest branch was greater than 50% of the largest fork
branch and if the branches and their sub-branches were part of
the crown.  

Spiral grain visible on the standing trees was registered
when the grain deviation from the stem axis was more than 5
cm per meter according to the Danish grading rules (Statens
Forstlige Forsøgsvæsen, 1990). Frequencies of trees with this
severe spiral grain were calculated for each plot. 

Prediction of economic returns

Economic returns were predicted for the coming 40-year
period. The predictions involved for each plot a development of

a thinning plan, a growth model to predict diameter and height
of individual trees 40 years ahead, and a model to predict the
volume and mid-diameter of logs and fuel wood from assumed
harvested trees over the 40-year-period. The prediction of eco-
nomic returns required information about the grade of the logs,
marginal returns for these grades depending on the diameter
of the logs and marginal returns for fuel wood (Figure 2).
Provenances did not prove significantly different for growth
(Table 6 and 7). Thus, only quality differences between the
provenances determined the economic returns.

The impact of economic returns per ha in the 40-year period
on land expectation value per ha were predicted for each plot

Figure 2. – The chart outlines the input and output of models applied to
predict the marginal returns from assumed thinning trees at time t1 in
a plot. The step from t1 to t2 was repeated until t40 where all remaining
trees were assumed felled. The marginal returns from harvested trees
at t1…t40 were summed and divided by the area of the plot to obtain an
economic return per ha. H and d are the height and diameter of individ-
ual trees in the plot. Dg is the diameter equal to the average basal area
of the plot divided by the number of trees in the plot and Hg is the corre-
sponding height.
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according to FAUSTMANN (1849) (e.g. KUULUVAINEN and TAHVO-
NEN, 1999) as

(2)

where EVr is the contribution to the land expectation value
from the 40-year period before rotation age for a plot (DKK/ha)
with discounting rate r, is the volume (m3) of an assortment
k =1…lj between two height levels of the tree j =1…n harvested
at time i =1…m from age a1 of the plot and where lj is specific
to each tree j, MRk is the marginal return (DKK/m3) of the
assortment k, and A is the area (ha) of the plot, r rate of return,
and a2 is the assumed rotation age that equals a2= a1+ m,
though assumed to be 100 for all plots to remove some of the
dependency of age in the discounting. The discounting rates
were 2%, 4% and 7%. These equal real rates since the real tim-
ber prices and felling costs were assumed unaltered over the
40-year-period and in coming generations. The model assumes
that the economic returns of the provenances are the same
before the 40-year-period. This is discussed further in the dis-
cussion section, but was accepted since most of the wood before
age 60 years is sold as fuel wood or as floor logs, and because
the provenances did not prove different regarding growth.   

The sum of economic returns for the period of 40 years, and
limited to one rotation (EV0) was predicted as

(3)

A similar procedure was used to predict economic returns for
a shorter period of 30 years to investigate if the comparative
predicted deviations of provenances for this shorter period
resembled the comparative deviations using a 40-year period. 

Grading

Boles of all trees in the plots were graded according to the
commercial grading rules for flooring and veneer logs (Junck-

ers Industrier A/S, 1998), logs for ice cream sticks (Pallisgaard
A/S, 1994) and ordinary saw mill logs (Statens Forstlige
Forsøgsvæsen, 1990). Thus, a bole was divided into different
sections from the ground and upward according to the grade.
Furthermore, the grades of the boles 10, 20, and 30 years
ahead were estimated as well and this grading was assumed
valid until end of rotation. The estimation of grades assumed a
diameter growth of approximately 7 centimeters per 10 year in
every plot and that branch scars were overgrown. 

Marginal returns for different assortments

Sales prices for flooring logs and veneer logs equalled the
recommended prices in the spring 1998 from Junckers Indus-
trier A/S (1998). Sales prices for flooring logs given in DKK/ton
were converted to DKK/m3 assuming that 1 m3 equals 1.15 ton
(Junckers A/S, 1994). Sales prices of logs for ice cream sticks
equalled the recommended prices in spring 1994 (Pallisgaard
A/S, 1994) prolonged to 1997. This prolongation assumed an
increase as found for veneer logs in the same period (Juncker
A/S 1994, 1998). Sales prices for ordinary saw mill logs
equalled the recommended prices given by the Danish Forest
Association in 1997 (Dansk Skovforening, 1997). Approximate
fuel wood selling prices were close to the prices given in Danish
forest economy tables (Dansk Skovforening, 1995) for fuel wood
processed and transported by the buyers themselves, which is
common practice in Danish forestry. The sales prices were
graduated according to dimensions according to our knowledge
from Danish forestry. Felling and transportation costs for dif-
ferent assortments of logs were estimated as 1995 costs given
in Danish forest economic tables (Dansk Skovforening, 1995).
These were prolonged to equal the 1997 costs using the net
retail index in Denmark for the period 1995-1997 (Danmarks
Statistik, 1997). The 1997-prices were used since they reflected
the prices for different qualities of beech over the last 10 years
and without influence of temporary demands for specific quali-
ties.   

Marginal returns for assortments (DKK/m3), which depend
on grades and mid-diameters of boles, were estimated based on

Table 3. – Marginal returns (DKK/m3) for different assortments of beech logs and fuel wood. Selling prices depend
on the grade (A, B, and C) and the mid-diameter of the log. The demands to grade A, B, and C for veneer (Junck-
ers Industrier A/S, 1998) and ice cream sticks (Pallisgaard A/S, 1994) are more extensive compared with the
demands to A, B, C for saw mill logs (Statens Forstlige Forsøgsvæsen, 1990). Felling and transportation costs for
the assortments are shown in the brackets. Fuel wood was assumed sold to buyers who process and transport the
fuel wood themselves. 
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the above figures as selling prices minus felling and trans-
portation costs (Table 3). The predictions assumed that the real
value of the marginal returns for the assortments was unal-
tered over the 40-year-period. 

Thinning plans

Hypothetical thinning plans were worked out for the plots.
These assumed an equalising thinning to achieve the same
stem number per ha in plots at same site. In priority, the
smallest trees were assumed harvested first and then the trees
of poor quality. Additionally, the thinning plans aimed at creat-
ing an equal distribution of trees in the plots and the plans
assumed subsequently that trees growing beyond a diameter of
50 cm in the middle of the bole were harvested successively.
Finally, it was assumed that the remaining trees were felled at
the end of the 40-year period (Fig. 3). 

Economic returns from the equalising thinning were exclud-
ed from the estimations of economic returns from the prove-
nances to improve the comparisons. Nevertheless, the stem
number per ha in the start of the 40-year period was examined
as covariant since the equalising thinning was not fully satisfy-
ing. 

Growth model

Analyses of variance did not reveal certain provenance dif-
ferences in growth (Table 6 and 7) and height classes of HEN-
RIKSEN and BRYNDUM (1996) were consequently assumed the
same for plots within same site (Table 4). The height class and
thus assumed volume increment per ha for a site was calculat-
ed as the mean height class of plots within the site. The height
class of a plot was estimated from the relation between age and
the height of the mean tree (Hg0) at t0 in the plot. 

The steps in the growth models elaborated for each plot to
predict the height and diameter of thinning trees at time t1
based on information at t0 are summarized below. These steps
were repeated until t40; i.e. height and diameter of thinning
trees at a certain time n (tn) were predicted based on data from
tn-1.  

1. Estimation of the height for the mean tree (Hg0) with a
diameter corresponding to the average basal area of the plot
(Dg0) at t0 using the non-linear height-diameter model (1)
above. Dg0 was estimated as �����4g0/πn0  where g0 is the basal
area of the plot and n0 is the number of trees within the plot at
t0.

Figure 3. – Number of trees assumed felled in a 40-year period in the different sample plots and estimated marginal returns (DKK/ha) from the
felling. All trees are assumed felled after a 40-year period. Marginal returns at time zero were not included in the overall predictions of marginal
returns from the plots. Provenance abbreviations: Adlisberg (AB), FdS1 (Forêt des Soignes, first plot), FdS2 (Forêt des Soignes, second plot), K
(Kokos̆ovce), Midachten Allé (MA), Rügen (R), Sölvesborg (SB) and SW (Sihlwald).
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2. Prediction of height (Hg1) and volume (Vg1) of the mean
tree at t1 using tabulated height- and volume increments by
HENRIKSEN and BRYNDUM (1996) for the given height class of
the plot (Table 4). Thus, Hg1 = Hg0 + δHg01 and Vg1 = Vg01 + δVg01,
where δHg01 and δVg01 are height and volume increments from
t0 to t1 according to the tabulated values by HENRIKSEN and
BRYNDUM (1996). The age of all plots was assumed the same (62
years) to avoid the influence of different ages on the results.
The tabulated values of HENRIKSEN and BRYNDUM (1996) were
extrapolated two years to cover the age between 62 and 102
years.     

3. The mean tree diameter at t1 (Dg1) was then derived in an
iterative process solving the volume model of MADSEN (1987)
with respect to Dg1 using Vg1 and Hg1 from step 2.

4. Prediction of individual tree heights ((h1) at t1. These were
assumed to equal the height (h0) at t0 plus the mean height
increment from t0 to t1, i.e. h1 = h0 + δHg01. This approach was
preferred over estimations from diameter-height regressions
elaborated for each plot, which in the end were expected to give
crude extrapolations.

5. A preliminary prediction of individual tree diameters at t1
considering the position of the tree in the plot using the model:    

d1 – d0 = β1(Dg1 – Dg0) + β2(d0 – Dg0) + β3(Dg1 – Dg0) (d0 – Dg0) (4)

where d1 is the diameter at t1 of an individual tree, βi, i = 1..3
are regression coefficients, and d0 is the individual tree diame-
ter at t0. The model was elaborated to distribute the growth of
a plot to the individual trees of the plot taking their diameters
compared to the average diameter in the plot in consideration.
Three thinning- and production experiments with beech in
Denmark were used as material to derive parameters for model
(4), (Table 5). The material is described in more detail by MAD-
SEN (1987) p. 203. Diameter measurements from at least every
10th year were available within plots of the experiments. A pre-
liminary study included as a start also the squared elements of
the above variables. However, the adjusted R2 proved best for
model (4) with a value of 0.95.

6. Prediction of preliminary volumes for individual trees at t1
from d1, h1, Dg1 above and using the volume model for beech
from MADSEN (1987). 

7. Iterative adjustments of the preliminary diameters d1 to
achieve that the sum of volume increments for the individual
trees equalled the assumed volume increment of the plot δV01.
These diameter adjustments were the same for all the trees in
the plots.

Stem volume and taper model

Compatible stem volume- and taper equations were devel-
oped to estimate volumes and mid-diameters for sections of
tree boles with different grades based on data from 2058 beech-
es from 42 stands (STOLTZE, 2000). This modeling followed the
procedure used for other tree species in Denmark (MADSEN,
1985b; MADSEN and HEUSÉRR, 1993; TARP-JOHANSEN et al.,
1997). 

The total volume models including branches for beech (MAD-
SEN, 1987) were combined with the stem volume equation to
estimate residual firewood volumes of different dimensions. 

Analysis of variance and estimation of genetic values 

Plot means were calculated for tree heights, height of forks
in percent of total tree heights, length of boles, bole percentage
of total tree heights, and stem straightness scores and used for
the analyses of variance. Furthermore, volumes per ha and
percentages of trees within plots with severe spiral grain, per-
centages of trees with straight stems within plots and the esti-
mated economic returns were used for the analyses of variance. 

The mixed model applied to the data was 

Yijk = µ + Si + pj + β1X1ijk + β2X2ijk + β3X3ijk + eijk (5)

where Yijk is the mean of plot k with for provenance j at site i, µ
is the general mean. Si is the fixed effect of site i, pj is the ran-

Table 4. – Assumed volume and height increments at the sites corre-
sponding to the assumed height classes of HENRIKSEN and BRYNDUM

(1996).

Table 5. – Thinning experiment material used to estimate parameters for model (4). Dg0 is the
diameter of a mean tree in the plot at t0, d0 is the individual tree diameter at t0. Dg1 is the
diameter of the mean tree at t1. Parameter estimates for the explanatory variables 1 and 2
were significant (P-value of 0.0001 and 0.0005, respectively), while the P-value of variable 3
was 0.0644). R2 was 0.95. 
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dom effect of provenance j with = 0, Var(pj) = σ2
P where n

is the number of provenances. X1ijk is the age of plot k with
provenance j at site i, and β1 is the corresponding regression
coefficient. X2ijk is the number of stems per ha in plot k with
provenance j at site i and β2 is the corresponding regression
coefficient. X3ijk is the diameter corresponding to the mean
basal areas of plot k with provenance j at site i and β3 is the
corresponding regression coefficient. eijk is the residual/error
with = 0, Var(eijk) = σ2

e, where m is the number of 
plots within site i with provenance j. The error is assumed
N(0, σ2

e) and observations independent. 

Successive F-tests removed non-significant covariates.
Effects with the lowest degree of significance were removed
first. The mean tree diameter (Dg) was only used as covariate
in models concerning bole percentage of total height, stem
straightness, forks and spiral grain instead of stems per ha.
Thus, Dg was assumed to reflect thinning plan differences over
a longer period better than age and the present number of
stems per ha. However, Dg was not used as explanatory vari-
able in the cases of height growth, length of boles, volume per
ha and economic returns to avoid confounding with provenance
growth differences since Dg is a part of the growth.   

The analyses of variance were made using the procedure
GLM in SAS® (SAS Institute Inc., 1989). Normal distribution of
residuals was tested using the Shapiro-Wilk tests in the proce-
dure UNIVARIATE in SAS® (SAS Institute Inc., 1989). Residu-
als were plotted as function of predicted values to check for
variance homogeneity (RUDEMO and SKOVGÅRD, 1984; CHATTER-

JEE and PRICE, 1991). Provenance deviations from the mean
were predicted using the procedure MIXED in SAS® (SAS
Institute Inc., 1989). 

21 to 26-year-old data

An analysis of variance with a linear model similar to linear
model (5) was applied to the plot mean values for stem
straightness scores, heights and frequencies of trees with forks
given in GØHRN (1972). 

Results

Parameter estimates for the model giving the preliminary
diameter predictions are given in table 5. Residuals were rea-
sonable homogenous for the tests, though some heteroscadicity
appeared for test Q (not shown). Nevertheless, the model was
found acceptable for a comparison of the provenances. 

Results, restricting the material to the plots replicating the
same seed samples of Sihlwald (CH), Kokos̆ovce (SL), Mid-
dachten Allé (NL) and Rügen (G) are only mentioned when
they were different from results and conclusions using the
whole material.  

Single traits 

The mean bole length was 10.1 metres and the bole percent-
age of total height 39% across all sites using the whole materi-

Table 6. – Results from the analyses of variance. Analyses of variance
are applied on cumulated future economic returns with an assumed
rotation age of 30 and 40 years.

Table 7. – Results from the analyses of variance. Analyses of variance
are applied on cumulated future economic returns with an assumed
rotation age of 30 and 40 years. The material was restricted to replica-
tions of the same seed samples from Adlisberg (CH), Sihlwald (CH),
Kokos̆ovce (SL), Middachten Allé (NL) and Rügen (G). 
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al. Effects of sites were significant. Differences between prove-
nances were close to significant concerning bole length using
the whole material (Table 6). 

Differences were significant when restricting the material to
the provenances Adlisberg (CH), Kokos̆ovce (SL), Sihlwald
(CH), Middachten Allé (NL) and Rügen (G) replicated by the
same seed samples (Table 7). Thus, trees from the provenances
Adlisberg (CH), Kokos̆ovce (SL), Sihlwald (CH) had longer
boles and trees from the provenance Middachten Allé (NL) and
Rügen (G) shorter boles (Table 8). 

The mean percentage of trees with straight stems (score 1) in
the plots was 30% across the sites and using the whole materi-
al. Stem straightness scores and the percentage of straight
trees were significantly different between provenances and
between sites (Table 6 and 7). The percentage of trees with
straight stems was 14% (predicted value) higher for Sihlwald
(CH) and 14% (predicted value) lower for the provenance
Rügen (G) (Table 8). These estimates were significantly differ-
ent from the overall mean of all provenances with P-values of
0.0206 and 0.0247, respectively. Kokos̆ovce (SL) and Adlisberg
(CH) were also above average (Table 8). Results were very simi-
lar restricting the material to the provenances Adlisberg (CH),
Kokos̆ovce (SL), Sihlwald (CH), Middachten Allé (NL) and
Rügen (G) replicated by the same seed samples (Table 8).    

The mean percentage of stems with severe visible spiral
grain in the plots was 8% across sites using the whole material.
Sites and provenance effects proved significant (Table 6), but
predicted deviations from the mean were small, e.g. the per-
centage of trees with severe visible spiral grain was 6% (pre-
dicted value) higher for Sölvesborg (S) and 4.6% (predicted
value) lower for Middachten Allé (Table 8). 

None of the provenance samples of Adlisberg (CH), Sihlwald
(CH), Middachten Allé (NL), Kokos̆ovce (SL) or Rügen (G) were
significantly different when the material was restricted to
encompass plots replicating the same seed samples of these
provenances (Table 7). Thus, the predicted deviation of Middac-
then Allé above is questionable.         

The mean plot height across sites was 26.2 meters, mean
plot DBH was 36 cm, and mean volume per ha was 382 m3/ha.
Site effects were significantly different for volume and diame-
ter and provenance effects were not significant using the whole
material (Table 6). Similar results were obtained restricting
the material to provenance samples originating from the same

stand / sample trees with DBH as an exception. Provenances
proved significantly different in DBH (Table 7) with a slightly
higher (2%) average DBH in the two plots with Sihlwald (CH),
(Table 8).    

The mean plot percentage of forks was 45% and mean plot
height of forks was 12 metres. Neither sites nor provenances
influenced the percentage of forks or height of forks significant-
ly (Table 6 and 7).  

Economic returns

The overall mean cumulated predicted economic returns for
the coming 40-year period was 451,925 DKK/ha across the
three sites using the whole material. The overall mean was
467,892 DKK/ha when the material was restricted to encom-
pass plots replicating the same seed samples of Adlisberg (CH),
Sihlwald (CH), Middachten Allé (NL), Kokos̆ovce (SL) or Rügen
(G). 

Provenances were significantly different from each other
(Table 6 and 7) with Sihlwald (CH) and Adlisberg (CH) showing
the highest cumulated predicted economic returns and prove-
nance and Rügen (G) showing poorest cumulated economic
return (Table 9). Deviations in cumulated economic returns
over the 40-year-period from the mean were respectively 11, 10,
and –19% for Sihlwald (CH), Adlisberg (CH), and Rügen (D).
Almost similar results were obtained examining the influence
on land expectation values using discount rates of 2, 4 and 7%
(Table 9). Absolute predicted deviations ranged from 8900
DDK/ha (Sihlwald) to –9200 DKK/ha (Rügen) for a discount
rate of 2% (Table 9). Absolute predicted deviations were small
using discount rates of 4% and 7% simply stressing that
improvements of the quality are of low value when the discount
rates exceed 2% (Table 9). 

The results changed in favour of the provenance Sihlwald
(CH) when the material was restricted to include only replica-
tions of the same seed samples of Adlisberg (CH), Sihlwald
(CH), Kokos̆ovce (SL), Middachten Allé (NL) and Rügen (G),
(Table 9). 

This change in predicted economic returns for Sihlwald (CH)
was explained by a good appearance of Forêt des Soignes (B)
compared with Sihlwald (CH) in the Forest Grønholt. This con-
trasted the plots with Forêt des Soignes (B) at the two other
sites (Fig. 3). The good appearance of Forêt des Soignes(B) in
the Forest Grønholt Hegn was mainly explained by long boles

Table 8. – Predicted provenance deviations. Mean percentage of straight stems across sites was 30%. Mean percentage of stems with
severe visible spiral grain was 8% in the plots across the three sites. Mean bole length was 10.2 metres for the whole material and 9.8
metres for the restricted material (*).

* Include only material with replications of the same seed samples from Adlisberg (CH), Sihlwald (CH), Kokos̆ovce (SL), Middachten Allé
(NL).
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Table 9. – Predicted provenance deviations from the overall mean in cumulated future economic returns over a 40-year-period (“0% scenario”).
Furthermore, provenance deviations in land expectation value due to different economic returns from the 40-year period. 

* Include only material with replications of the same seed samples from Adlisberg (CH), Sihlwald (CH), Kokos̆ovce (SL), Middachten Allé (NL)
and Rügen (G).

Table 10. – Predicted provenance deviations from the overall mean of cumulated economic returns from harvested trees
over a 30-year-period and harvest of all remaining trees at the end of the 30-year-period. Furthermore, provenance devia-
tions in land expectation value due to different economic returns from the 30-year period. 

* Include only material with replications of the same seed samples from Adlisberg (CH), Sihlwald (CH), Kokos̆ovce (SL),
Middachten Allé (NL) and Rügen (G).

(13.8 meters in contrast to 13 meters for Sihlwald (CH)) and
optimistic quality-grade predictions despite a lower frequency
of trees with straight stems; 30% of score 1, 43% of score 2 and
27% of score 3. The frequency in the Sihlwald (CH) plot was
53% of score 1, 33% of score 2, and 14% of score 3. 

Comparative provenance deviations in cumulated economic
returns were almost similar using a 30-year period instead of a
40-year period (Table 9), but the mean cumulated economic
return for the 30-year period was off course lower (366,100
DKK/ha). The influence on land expectation values using the
30-year period were also similar to the results obtained using
the 40-year period both concerning comparative and absolute
deviations (Table 9). 

The ranking of Sihlwald (CH) and Rügen (CH) as superior
and inferior, respectively, was closely related to stem straight-
ness. Adlisberg (CH) had also above-average stem straightness,
above-average bole length and tended to have a low frequency
of trees with severe spiral grain explaining the comparatively

high economic returns for this provenance. Kokos̆ovce (SL) was
also above average in economic returns, but possibly not as
much as Adlisberg (CH) because of a larger frequency of trees
with visible severe spiral grain.   

Marginal returns for remaining trees after thinning as func-
tion of their predicted diameter at breast height showed that
the differences between provenances were small for diameters
below 25–30 cm but increasing with increasing diameter (Fig.
4). Simply, because most of the wood is sold as fuel-wood or
low-price logs, if diameters at breast height are below 30 cen-
timeters (Table 3). Thus, differences in land expectation values
because of the last 40-year period were to a large extent reflect-
ing differences in land expectation values for a whole rotation. 

Discussion

Stem straightness

The high frequency of straight stems in the Sihlwald and
Kokos̆ovce provenance correspond with previous observations
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Figure 4. – Development in predicted marginal returns for single trees
(DKK) as function of DBH for individual trees remaining after thinning.
Marginal returns are based on the estimation of quality grades for trees
at present, i.e. at age 61–65 years. Provenances: Adlisberg (�), Forêt
des Soignes (O), Kokos̆ovce (�), Middachten Allé (•), Rügen (�),
Sihlwald(*), Sölvesborg (*). A: Søllerup Indelukke. B: Horse Skov. C:
Grønholt Hegn. 

in Denmark (PLOUGHELD, 1933; OKSBJERG, 1951; BANG, 1968;
GØHRN, 1972), and more recent studies comprising Sihlwald
(LARSEN, 1985) and a Slovakian provenance (MADSEN, 1995).
The superiority of the Sihlwald provenance concerning stem
straightness was also found in tests including a variety of
Swiss provenances in Switzerland (BURGER, 1948) and in com-
parison with six German provenances (HOFFMANN, 1961). A
genetic influence on stem straightness has further been shown
from small progeny tests by BURGER (1933). The good perfor-
mance of Sölvesborg (S) found by LARSEN (1985) was not recog-
nised in this material. This might be a coincidence because of
the small number of replications in this study, or it might be
due to different seed samples from the Forest Sölvesborg.     

A significant provenance variation in stem straightness has
also been found in experiments with provenances from North-
ern Germany, where high elevation provenances showed the
best stem form (KLEINSCHMIT, 1985; KLEINSCHMIT and SVOLBA,
1995; KLEINSCHMIT and SVOLBA, 1996). MADSEN (1985a) found
no significant differences in a 24-25-year-old progeny test repli-
cated at six sites with progeny from 27 approved Danish
stands.  

In conclusion, results from this and other studies suggest a
genetic control of stem straightness, though the possibilities of
adjusting for site differences are necessary when selecting
provenances. 

Significant (P-value of 0.0358) provenance differences in
stem straightness scores were also present in the material of
GØHRN (1972). The correlation coefficient was 0.87 (P-value of
0.0117) between provenance stem straightness score estimates
in the material of GØHRN (1972) and the similar estimates in
this study.

Spiral grain

The presence of severe visible spiral grain in European beech
is a good indication of severe spiral grain in the outer rings
(BIROT et al., 1980; TESSIER DU CROS et al., 1980) and severe
spiral grain at one height level indicates severe spiral grain in
the whole tree. Thus, correlation coefficients in a 100-year-old
material of beech between height levels of 1, 5, and 9 metres
were above 0.84 (BIROT et al., 1980)

The small frequency of severe visible spiral grain in the
provenance Middachten Allé (NL), contradicts results from a
previous investigation of trees at age 55-58 in the trial B80
showing the largest grain angles in trees from this provenance
(BERGSTEDT, 1996). The discrepancy is probably coincidental as
supported by the lack of significant differences between prove-
nances when restricting the material to replications of the
same seed samples of Adlisberg (CH), Sihlwald (CH),
Kokos̆ovce (SL), Middachten Allé (NL) and Rügen (G). The
visual detection of spiral grain is further imprecise. Thus, five
out of eight trees with spiral grain exceeding an angle of six
degrees were not detected using this method in a 100-year-old
beech material (TESSIER DU CROS et al., 1980). Nevertheless,
this uncertainty of methodology the relative small frequency of
trees with severe grain angles in Forêt des Soignes (B),
Sihlwald (CH) and high frequency in Rügen (G) agrees with
the findings of BERGSTEDT (1996). 
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Genetic variation of spiral grain in European beech has also
been found at the individual tree level (KRAHL-URBAN. 1962;
TESSIER DU CROS et al., 1980). (TESSIER DU CROS et al., 1980)
estimate a moderate narrow-sense heritability of 0.66 in a
progeny test and they find a good agreement between grain
angles of mother-trees and their progeny. KRAHL-URBAN (1953)
finds groups of trees within stands with grain angles in a spe-
cific directions indicating a genetic influence from a specific
mother-tree. Spiral grain is increasing with age in European
beech limiting the possibilities for early selection (TESSIER DU

CROS et al., 1980; RICHTER, 1999). 

Height and diameter growth, volume per ha, forks

The few replications of the provenances might explain the
non-significant differences between provenances in height and
diameter growth, volume per ha and frequencies of forks. The
significance between provenances in DBH when restricting the
material to provenance samples originating from the same
stand / sample trees was uncertain due to the small degrees of
freedom for the test, low significance and lack of significance
for height and volume (Table 7). 

Provenance differences in growth have been found in other
provenance tests with European beech provenances (e.g.
PAULE, 1982; LARSEN, 1985; MADSEN, 1985a; MADSEN, 1994;
KLEINSCHMIT and SVOLBA, 1995). One study found above-aver-
age height at age 20 years for Sihlwald (CH) compared with
another Swiss provenance, a Danish provenance and four Ger-
man provenances and two Swedish provenances, among these
Sölvesborg (S), (LARSEN, 1985). Sölvesborg (S) had below-aver-
age height, but the significant height differences were not
recognised for diameter growth (LARSEN, 1985).  

Selective thinning removing trees with forks might have
influenced the non-significant differences between provenances
for this trait. Earlier investigations show that Sihlwald (CH)
and especially provenances from the Carpathians have a large
number of forks compared with Danish material (OPPERMAN,
1930; PLOUGHELD, 1933; HOLM, 1939; OKSBJERG, 1951; GØHRN,
1972). Sihlwald (CH) had also a larger frequency of forks com-
pared with other Swiss provenances (BURGER, 1948). These
observations are supported by two studies with statistical
approaches concerning Sihlwald (CH), (LARSEN, 1985) and
Czech provenances (WORREL, 1992). Other studies suggest that
the provenance ranking over several environments might be
variable (TEISSIER DU CROS and THIEBAUT, 1988; VERNIER and
TESSIER DU CROS, 1996). 

Economic returns of provenances

The ranking of Sihlwald (CH), Adlisberg (CH) and Rügen (G)
as superior and inferior, respectively, was closely related to
stem straightness, occurrence of spiral grain and length of
boles. These provenance samples represent possibly some of
the best and some of the poorest provenance material in
Europe, but it should again be noticed that none of the prove-
nances in this study are representative for the countries or
regions they originally come from. 

Occurrence of severe spiral grain might increase and we did
not have the possibility to account for growth stress and forma-
tion of red heartwood.

Economic returns were possibly overestimated for Sihlwald
(CH) known to have a large frequency of trees with forks
(LARSEN, 1985). This might increase the risk of red heartwood
formation, though this is uncertain (BORNER, 2002), storm dam-
age and split of stems connected with felling (HUSSENDÖRFER et
al., 1996). There is also some uncertainty whether the frequen-
cy of trees with growth stresses is extraordinary high for this

provenance (BERGSTEDT, 1996). However, Sihlwald (CH) might
have a better growth, though it has not been clearly proved yet
(LARSEN, 1985). 

The economic returns from the Kokos̆ovce (SL) provenance
might also be reduced because of larger frequencies of forks
and a tendency, though not significantly in this study, to have
high frequencies of trees with severe spiral grain. 

Studies show early bud burst of East European and Swiss
provenances compared with Atlantic provenances (TULSTRUP,
1950; GØHRN, 1972; MADSEN, 1995; WÜHLISCH et al., 1995;
LIESEBACH et al., 1999) and generally early bud burst and early
growth cessation with decreasing latitude and increasing longi-
tude (WÜHLISCH et al., 1995; CHMURA and ROZKOWSKI, 2002).
This limits the use of these provenances for sites with late
frost.

Parameters likely to influence the prediction of economic
returns were the prediction of quality grades 10–30 years
ahead and the unknown thinning intensity in the plots before
the start of this evaluation. Furthermore, it cannot be excluded
that thinning plans adapted to different discount rates and
rotation ages might change the relations between provenances
marginally.  

Nevertheless, the uncertainty in grading was possibly the
same for all provenances. Stem straightness, which is an
important trait for the quality grades, was also, not surprising-
ly, consistent over time as shown by the high correlation of
stem straightness scores of this study with stem straightness
scores of GØHRN (1972). 

The results seemed further reasonable insensitive to changes
in the assumptions concerning rotation ages, though it cannot
be rejected that rotation ages adjusted specifically to each plot
might change the comparative relations between the prove-
nances marginally. Actually, we did try to predict future eco-
nomic returns for a 50-year-period and to find the optimal rota-
tion ages for the different plots for a discount rate of 2%, but
found only marginally differences from the results using fixed
rotation ages (not shown). Different thinning schedules before
the evaluation have possibly not disturbed the economic com-
parisons between provenances considerably. Thus, the varia-
tion between plots within sites appeared to be small judged on
stem number per ha and Dg (Table 1) and thinning schedules
for plots in the two ordinary provenance field tests (B80, B90)
have been the same as far as possible. The assumed equalising
thinning reduced further a possible bias from earlier different
thinning in the plots.  

The growth model was simple with several assumptions, but
the likelihood that this influenced the ranking and variation
between provenances considerably seemed small since height
and volume increments were the same for all plots within same
sites.  

Economic returns from the period before this evaluation
were unknown, but the plots of marginal returns for single
trees as function of their diameter at breast height suggested
that differences in economic returns between provenances were
small before the 40-year prediction period. 

Conclusively, the predicted variation between provenances in
economic returns for the future 40-year-period seemed reason-
ably certain and reflected possibly differences in land expecta-
tion values as well. This stresses the importance of choosing
the right provenance for afforestation or reforestation to
improve future economic returns. The genetic variation in stem
straightness and spiral grain offers possibly also a good oppor-
tunity to improve future economic returns significantly by
means of selective thinning in existing stands.  
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The difference between the best and the poorest provenance
in land expectation value of 18000 DKK/ha for a discount rate
of 2%, however, do not suggest that it is justifiable to replace a
poor provenance with an superior provenance if a cyclic regime
in beech with natural regeneration is an option. The difference
is simply too large between minimum net present values of
beech in cyclic regimes and expectation values of planted
beech, mainly due to differences in establishment costs
(HOLTEN-ANDERSEN, 1986; HOLTEN-ANDERSEN, 1987). This con-
clusion is even more relevant for discount rates of 4% and 7%
where the advantage of using a high-quality provenance is neg-
ligible.   

Conclusion

Provenance variation in stem straightness, occurrence of spi-
ral grain and length of boles play a significant role for the eco-
nomic returns, emphasising the importance of using the appro-
priate provenances for afforestation. The variation between
provenances, even beside the variation due to the two prove-
nances Sihlwald (CH) and Rügen (G), indicates also that it is
economically reasonable to improve existing beech stands by
means of selective thinning and to secure seed trees of high
quality for the regeneration. 

Nevertheless, the predicted economic returns did not show
that it is economically feasible to replace even a very poor
provenance like Rügen (G) with an economically superior
provenance such as Sihlwald (CH) if natural regeneration is an
option. An introduction of a new provenance requires also that
the provenance is adapted to climate. Thus, a provenance such
as Sihlwald (CH) with comparatively early bud burst is not rec-
ommendable for sites with late spring frost. 

A wide use of a provenance requires also more knowledge
about the wood quality of the provenance e.g. growth tensions,
which might reduce the economic returns significantly.    
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Abstract

The insecticidal activity and the influence of transgenic
hybrid poplar clone 741 carrying a Bacillus thuringensis gene
(BtCry1Ac) and the arrowhead proteinase inhibitor gene (API)
on the growth and development of different defoliating insects
were tested during two years. The transgene expression stabili-
ty during this period was documented.

Bioassays of transgenic poplar clone 741 on the larvae of
Gypsy moth [Lymantria dispar (Linnaeus)], Scarce Chocolate-
tip [Clostera anachoreta (Fabricius)] and other defoliating
insects were carried out annually. The results showed that
three transgenic subclones tested had a high resistance against
these insects, but the insecticidal activity was different
between years and with different insect species. Transgenic
expression was generally stable during the 4 years. The insecti-
cidal activity on the first larvae stage was obvious and
decreased gradually with the development of the larvae (instar
stage). Growth and development of the surviving larvae was
seriously inhibited and delayed and in some cases could not
even complete their development. Nevertheless feeding of
transgenic poplar leaves could not kill the pests entirely. Prop-
er planting strategies are necessary in order to prolong and
optimize their resistance against the pests. 

Key words: transgenic hybrid poplar clone 741, BtCry1Ac and API
genes, insecticidal activity, transgenic expression stability, insect resist-
ance.

Introduction

Inserting foreign DNA and into plants expressing insect-
resistance is a new way to accelerate plant breeding. The
development of transgenic insect-resistant plants provides a
quick and safe approach to pest management. Some articles
reported that the transformation of insect-resistant genes into
poplars (Populus nigra, P. euramericana, P. tomentosa P. tremu-
la x P. tremuloides and P. alba x P. grandidentata), larch (Larix
gmelinii), spruce (Picea asperata) and Formosan sweetgum
(Liquidambar formosana) (YU, 2000; XIE, 1999; ZHU, 1997; WU

et al., 1999). MCCOWAN et al. (1991) obtained regenerated
plants (Populus alba x Populus grandidentata) with resistance
to Gypsy moth (L. dispar (L)) and Tent caterpillar (Malacosoma
neustria testacea [Motschulsky]). TIAN et al. (1993) transferred
the 35S-Ω-Bt-Nos gene into black poplar (Populus nigra) with
the binary vector Agrobacterium tumefaciens LBA4404. WANG

et al. (1997) transferred the 35S-Ω-Bt-Nos gene into hybrid
poplar (Populus euramericana) mediated by a binary vector
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