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Abstract
Modeling regeneration and growth of juvenile trees is highly relevant for simulating
the growth behaviour of forest stands, which permits evaluating forest management
options for climate change adaption. An important adaptation option is tree species
selection. Douglas fir, a non-native tree species from north western America, was introduced in many Central-European countries and is now one of the most frequent
non-native tree species in Europe. In this study, we develop a regeneration tool to
predict the regeneration establishment and juvenile tree height growth of Douglas
fir in central Europe. We implement this regeneration tool in the tree growth simulator MOSES and test the potential invasiveness using data from 28 Douglas fir dominated stands with natural regeneration located in Austria and southern Germany. Our
results suggest that regeneration establishment and juvenile tree growth is driven
by overstory competition as well as edge effected incidence of light. Douglas fir re1
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generation shows no invasive behaviour, but in contrast requires forest management
to survive.

1. Introduction
Douglas fir (Pseudotsuga menziesii (Mirb.)) is an important non-native tree species in
Europe and has become of increasing interest as an adaptation option to climate
change. It is also considered as a potential alternative to Norway spruce (Picea abies
L. Karst) for low elevations (Lavender and Hermann, 2014) because of its enhanced
drought resistance and excellent growth behaviour (Eilmann and Rigling, 2012; Pharis and Ferrell, 1966).
Within its native distribution range in western North America, two distinct varieties
of Douglas fir are known: (i) the coastal variety (P. menziesii var. menziesii) and the (ii)
interior variety (P. menziesii var. glauca). The coastal variety grows along the coast and
the west phasing slopes of the Rocky Mountain range from British Columbia, Canada to California, USA. The interior variety (also called Rocky-Mountain variety) grows
further east from British Columbia across the Rocky Mountains to New Mexico (USA)
(Eckenwalder, 2009).
The distribution of Douglas fir fir in Europe is the result of a long introduction history,
which started in 1826 (Köble and Seufert, 2001). In Austria the share of Douglas fir on
the total growing stock is about 0.2%, and covers about 10.000 ha (ÖWI, 2016). The
Douglas fir forests are located mainly in the Eastern part of Austria. According to the
Austrian National Forest Inventory, the area of Douglas fir has doubled since 2002
(Gabler and Schadauer, 2008). In Germany 2% of the growing stock are Doulas fir and
the spieces covers about 218.000 ha (BMEL, 2014).
While for the Douglas fir plantations established after the 1960 the seed origin is
known, the old Douglas stands established prior to the 1960, are of unknown origin.
These stands have existed longer than one rotation cycle and produce abundant natural regeneration, which could be referred to as the „second generation”. Hintsteiner
et al. (2018) showed, that most of these old Douglas fir stands originate from the
recommended areas in North America (mainly from the provenances Ashford Elbe
and Snoqualmie River, which are located in the North Cascades from the US state of
Washington, in the north of the river Columbia).
Successful forest management requires information about the regeneration dynamics of forests and how this may be implemented in existing growth models. In
principle two types of growth models are in place: (1) yield tables, which assess the
mean stand development and (2) tree growth models which predict the individual
tree growth according to age, competition and site conditions. A typical example is
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tree growth model MOSES – Modeling stand response (Hasenauer, 2006; Klopf, 2014;
Thurnher et al., 2017). MOSES is parametrized for several important European tree
species including Douglas fir (Mayer, 2014), but lacks a regeneration tool for Douglas
fir.
Regeneration predictions are commonly based on (1) the establishment of regeneration and (2) the juvenile growth and tree mortality (Biber and Herling, 2002; Golser and Hasenauer, 1997; Hasenauer and Kindermann, 2006; Hynynen et al., 2002;
Schweiger and Sterba, 1997) . A regeneration model consists of several equations
which predict the number of juveniles by species, the survival, and height growth of
new established trees. Note that although damage to seedling establishment and
regeneration growth due to browsing, timber harvesting, etc. should be taken into
account, relatively little information is available for Douglas fir.
Forest regeneration tends to be sporadic, i.e. little or no regeneration for some years
and large amounts in those years when it does occur. Thus a two-stage approach of
regeneration modeling is commonly applied (Ferguson et al., 1986; Ferguson and
Carlson, 1993; Miina and Saksa, 2006; Schweiger and Sterba, 1997; Solomon and Leak,
2002), where first, the probability of regeneration on a given plot is predicted and
then the juvenile tree growth is predicted.
The objectives of this study are (1) to apply the regeneration approach suggested by
Hasenauer (1994) for Douglas fir forests in central Europe, (2) to evaluate the model
results and (3) to implement them into the tree growth model MOSES and analyse
the invasiveness of Douglas fir.

2. Methods
The estimation of the probability of regeneration follows the approach suggested by
(Kindermann, 2004), (Hasenauer and Kindermann, 2006) and is a generalized linear
model (GLM):

Where p is the probability of regeneration, a, are the coefficient estimates of the vector x covering the independent variables konk, a measure for competition, dbhmax, the
maximum diameter at breast height by tree species in the overstory of a sample plot,
and Hum the humus type. The competition index konk includes both the competition
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in overstory as well as within regeneration layer:

nrep is the number of stems per ha represented by each tree within a sample plot. For
example, the blow-up factor for a fixed sample area of 16 m² is 625 (10.000/16=625).
mdbh is a proxy for the crown area of a tree. For trees ≤ 1.3 m in height the mdbh is
set to the height of the tree in meters and for taller trees mdbh is calculated by its dbh
in cm plus 1.3. a, b, c are species specific coefficients according to Kindermann (2004)
and are calculated iteratively until the plots with and without regeneration can be
differentiated. Coefficients a, b, c for Norway spruce and Common beech have been
taken from Kindermann (2004).
The density regeneration approach by tree species (NBA) is equal to the regeneration
model (see equation 1) and incorporates the same independent variables, konk, dbhmax and Hum. The only difference is that a Poisson algorithm is used for estimating
the coefficients:

With a the coefficient estimates of the vector x, which consists of the variables konk,
dbhmax,, Hum. Equation (3) is only applied if regeneration establishment is predicted.
Predictions of the height growth of juvenile trees are based on the potential modifier
approach (see Golser and Hasenauer 1997), where in a first step (i) the 5-year height
increment potential of a given tree is derived from site index functions. In a second
step (ii) this potential height increment is reduced to actual height growth applying
two reduction factors, Overstory competition expressed as the CCF, and the competition within the regeneration itself, which is derived as the sum of the trees taller than
the subject tree. The compensation factor SUMD addresses potential compensation
effects in height growth due to the edge effected incidence of light. The equation has
the following form (Golser and Hasenauer 1997):

Where ih is the 5-year height increment, ihpot is the potential 5-year height increment
derived from site index functions, CCF the Crown Competition Factor according to
Krajicek et al. (1961), NTaller the number of trees taller than the subject tree, and SUMD
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the compensation factor of edge effected incidence of light.
The calculation of ihpot (the potential 5 year height increment) requires the selection
of a site index (SI) function. We used the height curve from Mitscherlich/Richards (see
Kindermann and Hasenauer, 2005; Thurnher et al., 2017), which determines the top
height of a tree according to stand age, site index and species specific coefficients.
These coefficients have been taken from Kindermann and Hasenauer (2005), who calibrated the height curve for all main tree species in central Europe, including Douglas
fir. Since we wanted to employ the dominant height development of Douglas fir with
data from Eckmüllner (2015), we re-calibrated the function. The dominant tree height
needed for the definition of site index (SI) was derived according to Pollanschütz
(1975). Missing tree heights of the sampling data were derived according to Peterson
(1985).
The crown competition factor CCF was calculated according to Krajicek et al. (1961)
with coefficients for open grown trees from Hasenauer (1997).
SUMD, the incidence of light, is a compensation factor for the two described competition measures CCF and NTaller, and is quantified by the weighted sum of distances (SUM
of Distances) according to Golser and Hasenauer (1997):

Where Nd is the number of directions, DIST the distance to the stand edge, and DH the
dominant height of the stand.

3. Data
We obtained 28 Douglas fir stands with natural regeneration growing in Austria and
Germany. The plots with a minimum area of 0.25 ha cover a wide range of bioclimatic
regions (latitude between 47.5° N and 49.0° N, longitude between 8.6° E and 16.4° E
). The share in the basal area of Douglas fir had to be > 75% to be selected. The data
collection followed a hierarchical structure including three layers, (1) the overstory
with trees > 10 cm in dbh, (2) an intermediate layer covering trees > 1.3 m in h but ≤
10 cm in dbh, and (3) the regeneration layer (h ≤ 1.3 m).
Overstory data were collected at a fixed sample plot with a radius of 20 m. Trees
species, dbh, horizontal distance to the plot centre, and azimuth was recorded. Tree
height and heights to life crown was recorded. The same information was collected
on four subplots representing the intermediate layer. Stand age was determined from
increment cores. The summary statistics of the overstory data are given in Table 1.
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Table 1: Summary statistics of the 28 Douglas fir stands. Elev is elevation, Temp is mean annual temperature,
Precip is mean annual precipitation, N/ha is stem number per ha, BA is basal area, V is stem volume, DH is
dominant height, CCF is Crown Competition Factor, SI is site index as dominant height at age 100.

On each Douglas fir stand four regeneration subplots covering a size of 2 x 2 m were
established in four directions 10 m from the plot centre (Golser and Hasenauer (1997).
On these subplots representative trees by height class and species group were selected to record the tree height and 5-year height increment. Three species-groups
(Douglas fir, Other conifers, Other broadleaves) and 4 height classes (1 cm-20 cm; 21
cm-50 cm; 51 cm-100 cm; 101 cm-130 cm) were defined. The group “Other conifers”
include mainly Norway spruce, and “Other broadleaves” mainly Common beech. For
recording trees in the intermediate layer (ranging from h > 1.3 m to dbh ≤ 10 cm), the
size of the four subplots was enlarged to 5 m by 5 m. Again the species group, dbh,
tree height and height to the life crown base was recorded. More details on the recording of regeneration data can be found in Golser and Hasenauer (1997).
Potential compensatory effects on juvenile tree growth due to edge effected incidence of light (see Golser and Hasenauer 1997) were addressed by measuring the distance in 8 directions from the four subplot centres to the stand edge if the distance was
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less than twice the dominant tree height e. g. about 60 m. The humus type was classified according to three categories: mull, mull-behaved decay, decay. A summary of
the available data for calibrating regeneration establishment and juvenile tree height
growth is shown in Table 2 and Table 3.
Table 2: Summary of the regeneration data, where D is Douglas fir, Co Other conifers, Br Other broadleaves,
Re is regeneration (≤ 1.3 m in height), IL is the intermediate layer (> 1.3 m in height and ≤ 10 cm in dbh),
dbhmax is maximum diameter, konk the competition index according to equation (2), Hum is the humus
type, Mull is mull, Mod is decay, MuMo is mull-like decay. “-“ indicates that no adult tree was on the plot.

Seite 40

Benno Eberhard, Hubert Hasenauer

Table 3: Summary of species-specific data for calibrating the 5-year juvenile tree growth.

4. Analysis and results
4.1 Regeneration model for Douglas fir
4.1.1 Regeneration establishment
We start the calibration by assessing the probability of Douglas fir regeneration establishment (PBA) with a logistic regression:

Note that PBA is a binary coded (yes/no) variable. Thus ML (Maximum Likely Hood) procedure is required for deriving the coefficient estimates (Hasenauer and Kindermann,
2006; Monserud and Sterba, 1999; Pretzsch et al., 2002). The estimated coefficients
are given in Table 4. Since we cannot assume that on each plot all the established
regeneration survives, we compare the results from equation (6) with a random number ranging between 0 and 1. If the random number is higher than the calculated
probability, a successful regeneration establishment is assumed otherwise PBA is set
equal to zero.
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4.1.2 Regeneration Density
Once it is decided that regeneration occurs, we can estimate the number of trees by
tree species and per m² (NBA) according to equation (7):

konk is the competition index according to equation (2) dbhmax the maximum diameter at breast height for a given tree species, and Hum the humus type, a, b, c are
the corresponding parameter estimates. Parameter c has three manifestations, mull,
mull-behaved decay, decay. Parameters for Douglas fir are represented in Table 4.

Table 4: Variables and coefficient estimates for the models of probability and density of regeneration of
Douglas fir
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4.1.3 Juvenile tree growth
Next we derived coefficients for calculating juvenile tree height growth according
to equation (4). We also do this for the species groups „Other coniferous” and „Other
broadleaves” so that we can compare the juvenile tree height growth of Douglas fir
with the other species groups on our forest plots. The estimated coefficients follow
a non-linear regression using the statistical software R (Team, 2014). The results are
given in Table 5.
Table 5: Variables and coefficient estimates for the tree juvenile height increment model.

We can now assess the development of the relationship between the ratio predicted/
potential 5-year height increment versus CCF (crown competition). SUMD and NTaller
are kept constant by inserting the mean values of each tree species. The results in
Figure 1 show Douglas fir and the species groupings „Other broadleaves” and „Other
conifers” based on data from this study and Douglas fir compared to the results of
Common beech and Norway spruce obtaining the parameters from Hasenauer and
Kindermann (2006).
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Figure 1: Increase in the relative 5-year height increment of juvenile Douglas fir trees and species groups
versus overstory competition expressed by the CCF (Crown Competition Factor). The figure on top depicts
Douglas fir and the groups Other Broadleaves and Other Conifers based on coefficients calculated in this
study and bottom graph shows Douglas fir with parameters from this study and beech and spruce with
parameters from Hasenauer and Kindermann (2006)

Next the influence of edge effected incidence of light on juvenile tree height growth
expressed by the factor SUMD is shown (see Figure 2) by keeping CCF and NTaller at a
constant level using the mean values by tree species. As shown in Figure 2 the influence of edge effected incident of light for Douglas fir declines to almost zero within
60 m.
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Figure 2: Development of the height-growth rate of juvenile trees versus edge effected incidence of light
expressed by the index SUMD. The results show the compensatory effects. Apparently from an additional
light supply due to edge effected incidence of light the group „Other broadleaves” benefits most.

4.2 Model evaluation
For assessing the predictive power of our regeneration probability model (see equation 6 and Table 4) we compare the estimated probability of regeneration establishment versus the observed regeneration data from our 28 Douglas fir stands. Since the
final decision if regeneration establishment occurs is a combination of a prediction
(see equation 6) and a random number, different prediction runs produce slightly different results. Therefore we simulate 20 prediction runs each for all 28 regeneration
plots and calculate the ratio of correctly predicted stands. For example, if for a given
stand regeneration is predicted and was also evident from the recorded data, the
prediction result is classified as correct. The calculated mean percentage of correct
predictions was 67.3%. That means 19 of the 28 forest stands were correctly classified.
The evaluation of regeneration density predictions follows a correlation between predicted and recorded densities. After applying equation (7) we perform 20 prediction
runs, each comprising all 28 stands. After each prediction run we plot the predicted
numbers of regenerated trees versus the recorded numbers to calculate a correlation
coefficient. The mean of the 20 correlations coefficients was 0.27.
The juvenile tree height increment model was evaluated by calculating the differen-
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ces between predicted 5-year height versus recorded 5-year increment so that the
confidence (CI), tolerance (TI), and prediction interval (PI) (Reynolds, 1984) can be
calculated:

with D̄¯ as mean of differences between predicted and observed values, SD the standard deviation, n the number of observations, t the value from t-distribution, 1 − α/2
the quantile of the t-distribution, n – 1 the degrees of freedom and g the tolerance
factor. Both t-value as well as g-value can be extracted from Kokoska and Nevison
(1989). The results are given in Table 6.

Table 6: Mean difference between predicted and observed juvenile height increment by species and height
class. The confidence interval (CI, α=0,05) shows the mean of the differences between predicted and
observed values, the prediction interval (PI, α=0,05) gives the variation range of the differences between
predicted and observed increment, the tolerance interval (TI, γ=0,95 und α=0,05) indicates the error to be
expected by applying the model repeatedly (Reynolds, 1984).
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4.3 Model integration in MOSES and analysis of invasiveness
The final step of our work is the integration of the Douglas fir regeneration equations
within the tree growth model MOSES to perform simulations according to common
forest management scenarios. We did this for several Douglas fir stands and demonstrate here as an example, the Douglas fir stand No 18 of our data (see Table 1). The
forest has a stand age 95 years, and the potential natural vegetation is Asperulo-Fagetum. The stand covers three tree species, Douglas fir with a relative base are of 67%,
Common beech 19%, and Norway spruce with a 14% share of the total base area.
The mean diameter of Douglas fir trees is 52 cm, Common beech 7 cm, and Norway
spruce 7 cm. Thus the stand comprises an overstory layer dominated by Douglas fir,
intermediate and regeneration layer covering all three species. The tree numbers in
the understory (see Table 2) shows that Common beech is dominant species followed
by Norway spruce and Douglas fir. We simulate the stand for 100 years assuming two
management scenarios:
Variant A assumes in the first 5-year period a removal of 50% of the stem volume for Douglas fir, to initiate regeneration, in the second 5-year period 40% of
the stem number for Common beech is removed and in the fourth 5-year period the remaining 50% of the volume of Douglas fir is assumed to be harvested.
Variant B assumes the same measures, with the only exception that in second 5-year
growth period the stem reduction for Common beech is 80% versus 40% in Variant A.
The results of these simulation runs are depicted in Figure 3.

te 18
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Figure 3: Simulation result with MOSES after implementing the regeneration model for Douglas fir. Stand
No 18 is used, the simulation length are 20 5-year growth periods (=100 years). The left plots show the
stand development considering all trees. The plots on the right side show the results only for trees with
a dbh larger 5 cm. The plots in the top line represent moderate clearing of Common beech in the second
growth period (removal of 40% of the stem number) and on the bottom we show results for intensive
clearing of Common beech (removal of 80% of the stem number).
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5. Discussion
The probability of regeneration within a 5-year growth period (equation 6) depends
mainly on the overstory competition and the largest tree by species.
The calibrated model for tree height increment of juvenile Douglas fir (equation 4)
strongly depends on overstory competition expressed by the crown competition factor CCF and edge effected incidence of light expressed by SUMD. The third parameter,
NTaller which addresses the competition within the regeneration exhibited no significant influence (see Table 5).
The residual analysis showed that for 8 of 11 height classes the confidence interval CI
is within 5% probability range and shows no bias, PI the prediction interval and TI the
tolerance interval exhibited no significant differences for all tested height classes and
species groups (see Table 6). The evaluation of the equations (6) and (7) reveals that
for the predictions of regeneration establishment and tree density reliable results can
be expected.
The consistent model behaviour in future application is also demonstrated by the
analyses reflecting from Figures 1 to 3. Figure 1 shows the 5-year height increment of
the three species in dependency of CCF. Both images of Figure 1 (image above and
image below) suggest that even if Douglas fir benefits from an additional availability
of light, Common beech apparently profits more and grows faster. The superiority of
Other broadleaves is striking in Figure 1, picture above. But it is remarkable also in
the Figure 1, picture below, where Douglas fir is compared with Common beech and
Norway spruce from the study of Hasenauer and Kindermann (2006). Thus Figure 1
clarifies that on the investigated plots beech is the main competitor to Douglas fir,
and it´s growing behavior is remarkably in advantage compared to Douglas fir. This
suggests that without supportive interventions Douglas fir will certainly not be able
to maintain the position of principal tree species in the long run, as it is the case at
present on all the 28 plots.
The same result is shown in Figure 2, where the height growth increment by species
depends on SUMD, the compensation factor for edge effected incidence of light. At
a given light level Douglas fir exhibits lower height growth rates versus Common
beech, which indicates that Common beech outcompetes Douglas fir.
Considering the outcome of the performed simulations in MOSES (Figure 3) we can
observe that in variant A (Figure 3, above), which assumes a rather moderate reduction of Common beech trees in the juvenile phase (removal of 40% of the stem number), the main competitor of Douglas fir, i.e. Common beech is superior in both, the
regeneration layer (Figure 3, above, left hand) as well as the top layer (Figure 3, above,
right hand). In variant B (Figure 3, below), which involves a much stronger removal of
Common beech at the juvenile stage (removal of 80% of the stem number), Common
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beech is still superior versus Douglas fir (Figure 3 below, left hand). In the top layer
Douglas fir is clearly the main tree species at the end of the rotation period (Figure 3
below, right hand).

6. Conclusion
The calibrated equations for predicting regeneration establishment, tree density and
juvenile Douglas fir tree height growth reveals unbiased and consistent results. It can
be easily implemented in the tree growth simulator MOSES and in combination with
the Douglas fir growth functions of the overstory trees it provides a simple but easy
to use tool for forest management scenario analysis. The study also demonstrates
that the non-native Douglas fir regenerates well naturally but the juvenile Douglas
fir trees experience strong competition by the native tree species, mainly Common
beech which gradually displaces Douglas fir. This suggests that Douglas fir does not
show any invasive behavior on the investigated stands and, if not promoted by forest
management, it will be displaced by natural succession of native tree species such as
Common beech.
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