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Abstract: In view of the increasing demand for forest resources in Europe, it is an option to foster
the use of non-native tree species that can keep pace with the rapidly changing environmental
conditions, such as Douglas-fir (Pseudotsuga menziesii). Thus, sufficient knowledge of how to manage
such introduced species is highly required. In this study, we investigate theoretical silvicultural
management options of Douglas-fir for forests in central Europe. We follow a three-step approach:
(i) we collect the current central European management practices based on 434 Douglas-fir stands
managed by 19 forest companies in Eastern Austria and Southern Germany using a survey. (ii) We
calibrate and validate a Douglas-fir parameter set for the tree growth simulator MOSES so that
we are able to (iii) simulate the silvicultural management options of Douglas-fir management.
Our simulation results suggest: in mixed stands, Douglas-fir should be planted in mono-species
patches. This leads to about six times higher productivity compared to a random arrangement.
Natural regeneration is possible but requires active management at further development since the
productivity might decrease up to 86% when growing in association with the highly competitive
native tree species, Common beech (Fagus sylvatica). Intensive tending, as well as thinning, yields
a surplus stem volume production of more than 30% in comparison with a moderate intervention.
Even if our simulation results were not validated in the field, this analysis suggests that modeling as
a heuristic tool is a useful instrument for forest managers in the decision-making process.

Keywords: Douglas-fir; silviculture; growth and yield; modeling

1. Introduction

Current ecological, as well as societal developments, suggest that shortages in the
wood supply will soon be present on a European level. Climate change causes an upwards
shift of the elevation optimum of tree species, regarding altitudinal as well as latitudinal
elevation [1]. Tree species with a principal distribution range at higher latitudes and there-
fore disposing of little alternative area for colonization are projected as losers. In contrast,
species located primarily at lower latitudes at present are predicted to extend their distribu-
tion range and therefore are considered winners [2]. This corresponds to findings of [3,4]
predicting a decline of needle-leaved tree species in the temperate zones of Europe, includ-
ing a noticeable reduction of economically highly relevant tree species, such as Norway
spruce (Picea abies) [5]. Moreover, there is evidence that a percentage of European forests
will be put out of commercial management and attributed to non-managed reserve areas
with predominantly nature conservation purposes [6,7]. At the same time, the demand
for sustainable raw materials such as wood is steadily increasing, especially for pulp and
paper production [8,9].

One adaptation option consists of the so-called response strategy [10], suggesting
a transformation of current ecosystems by changing the present set of tree species in order
to create ecosystems suitable for climate change. In this context, we might practice assisted
migration of native tree species that dispose of high genetic diversity and therefore are
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successful in adapting to environmental changes, such as oak (Quercus spp.) [11], or we
might think to introduce appropriate non-native tree species. In this study, we look at the
promotion of the non-native tree species Douglas-fir (Pseudotsuga menziesii) within central
European forests. Results from research as well as operation suggest that this species copes
well with prolonged drought periods [12–16], whereas most of the native coniferous tree
species require regular rainfall [17]. In addition, this tree species provides high productivity
rates and thus ensures sustainable income for forest companies [18,19].

The Douglas-fir originates from the Pacific Northwest of America and has two distinct
varieties, (i) the coastal or green Douglas-fir and (ii) the interior or blue Douglas-fir [20].
It covers about 830,000 ha of forest land in Europe [21,22]. Promoting Douglas-fir requires
forest management tools and silvicultural experiences. Many available European studies
on Douglas-fir focus on climate adaptability and provenance recommendations [23–30].
Other studies have targeted the ecological effects of introducing Douglas-fir into native
forest communities, including its potential invasiveness [31–36]. A third group explores
the qualitative and mechanical wood characteristics [37–42].

In Germany, Kownatzki [43] investigated Douglas-fir field trials with the result that
if Douglas-fir is planted in mixtures with common beech (Fagus sylvatica), homogeneous
patches are beneficial to ensure its survival. Additionally, a low initial stem number
improves tree stability and promotes social differentiation. Similar findings have been
reported by [44–46]. According to [47,48], the initial stem number is crucial for the tree’s sta-
bility, stand productivity, and timber quality. For further Douglas-fir studies from Europe,
we refer to [49]. In the native range of our tree species, the Pacific Northwest, three principal
treatment approaches can be discerned: no management in old-growth stands, intensive
management at short rotation, and intensive management at long rotation [50–52]. Within
the intensive-management approach, we can observe a tendency to focus on preparative
measures such as advanced genetics on the one hand, and early operations such as me-
chanical site preparation and intensive weed control, on the other hand [53–55]. According
to [54], the concept of commercial thinning originates from Europe and was applied there
a long time before arriving in the Pacific Northwest. For the native range, guidelines for
precommercial as well as commercial tinning were developed, e.g., by [56,57]. Note that
Douglas-fir is non-native within European forests and management findings from North
America may not be applicable to European forests.

Hence, the aim of this study is to develop guidelines for the management of Douglas-
fir in central Europe. We adopt the modeling approach (not being followed by validation in
the field) and apply a three-step approach. First, we want to detect the current core issues
of managing Douglas-fir in the central European context. Second, we aim at developing
an appropriate tool that can reproduce and analyze the growth of Douglas-fir in central
Europe, based on simulation; and third, we use this tool in order to assess alternative
scenarios for the detected treatment issues. Since this study is part of a large Douglas-
fir project (CC Douglas see [58]) supported by 19 forest companies located in Southern
Germany and Eastern Austria [59], we performed the first work step by collecting and
evaluating the experiences of the involved companies with the management of Douglas-
fir, based on a survey. Once the key issues for the management of Douglas-fir stands
are available, the core research interest of the study will be accomplished, including
two aspects:

(i) The calibration of Douglas-fir for the growth simulator (MOSES) as a diagnostic tool
for silvicultural scenario analysis.

(ii) The analysis of the long-term impact of different Douglas-fir management variants by
running scenarios with the growth simulator, MOSES.

2. Materials and Methods
2.1. Identification of the Principal Douglas-Fir Management Issues, Based on a Survey

For the collection of Douglas-fir management practices, we carried out a survey.
The collected information was only used for modeling but not exemplified in field tri-
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als. The stands were located in Austria (Upper Austria, Lower Austria) and Germany
(Bavaria, Baden-Wuerttemberg, Hesse, Rhineland-Palatinate), and the following topics
were assessed: (i) variety/provenance, (ii) site and stand characteristics, the (iii) established
species mixture, (iv) planting methods, as well as experiences with (v) natural regeneration,
(vi) tending, (vii) thinning and (viii) debranching (see Table 1). In total, 19 forest companies
provided management practice information from 434 different Douglas-fir stands, covering
a large variety of site conditions, age classes, and species mixtures.

We grouped the information, and as a result, we defined the following main man-
agement scenarios requested by forest companies: (i) planting options, (ii) enhancing the
survival of natural regeneration, and (iii) thinning strategies to fully utilize the growth
potential of Douglas-fir.

Table 1. Summary of the evaluation of the survey practices of planting Douglas-fir in Central Europe. The information
comes from 19 forest companies that provided management information of 434 Douglas-fir stands. These stands were only
used for the evaluation of the currently practised Douglas-fir management in Central Europe and differ from the stands
listed in Table 2.

Variety/Provenance
The principal variety was coastal Douglas-fir (Pseudotsuga menziesii var. viridis), origins are
Ashford Elbe, Darrington, Snoqualmie River, Trout Lake (USA), Centre Creek, Heffley Lake
(Canada) [25].

Site and stand characteristics

Summer warm and dry climate in the Eastern part of Austria, oceanic climate in the Alpine
foreland of Austria, and low mountain range in Germany, astonished climate at the northern
edge of the Alps; the majority of stands at altitudes 650 m to 850 m, on silicate bedrock with
soil depth 30 cm to 120 cm, 14% on limestone with soil depth <15 cm to 30 cm; water balance
on silicate sites was moderately fresh to fresh, on limestone moderately dry; 76% of stands are
aged <20 years.

Species mixture
The principal associated species were Norway spruce, common beech, silver fir, larch, Scots
pine, sessile oak, maple; with stem number of Douglas-fir smaller 0.3 (44%); greater 0.3 and
smaller 0.5 (21%); greater 0.5 (14%).

Planting

Use of bare-rooted plants was most common (73%); planting operations performed by
concave spade and whole driller (77%), or by planting ditches (18%); spacing from 1.5 × 2.5 m
to 5 × 5 m, most common being 1.8 × 2 m; most common initial stem number 2700/ha;
portion of Douglas-fir on average was 30%; mixture form principally was tree by tree with
Douglas-fir every 5 to 10 m, planting Douglas-fir in rows or groups was rare; planting largely
occurs in spring; frequently reported problem was a fail of Douglas-fir due to insufficient
initial stem number.

Natural regeneration
Establishment of Douglas-fir under the shelter of mature trees by opening up or group
removal; insufficient opening up causes inadequate rooting and poor crown development;
threats come from competitive vegetation, especially native tree species, and game damages.

Tending
Most commonly at top height 2 to 6 m (74%), stem number reduction by 30%; sudden
drop-down of young Douglas-fir after release, as result of poorly developed roots and crowns
(6%); problem was the spread of blackberry (Rubus fruticosus) after release.

Thinning

First thinning at top height 8 to 10m (83%), with removed volume 30–50 m3/ha; subsequent
interventions at intervals 5 to 10 years, with removed volume 50–120 m3/ha; thinning
method was future crop tree selection (68%); mentioned problem was a degradation of the
crown after thinning due to insufficient thinning and too late thinning (16%).

Debranching Debranching at top height 8 to 10 m (37%), at 12 to 15 m (44%); debranched section of tree was
between 5 and 10 m (77%); reported problem was the big workload.
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Table 2. Stand and site-specific information on the recorded Douglas-fir stands, covering stand age, N, the stem number;
DH, the dominant tree height; Dq, the mean breast height diameter; V, the stem volume, Elev, the elevation above sea level;
Annual Temp., the mean annual temperature, and Annual Precip., the annual precipitation. The Stands 1–3, 6–8, 11–20, and 29
were established in 2012 and re-measured in 2017 and provide the calibration data (total 17 stands). The remaining 13 stands
were established in 2013/14 and re-measured in 2018/19 and were used for validation. The listed stands below differ from
the stands used for the survey (Table 1).

Stand Age N/ha DH
(m)

Dq
(cm)

V/ha
(m3)

Elev
(m)

Annual
Temp.
(◦C)

Annual
Precip.
(mm)

Geology

1 90 136 35 52 324 290 9.9 600 Loess
2 84 164 43 62 720 460 9.6 720 Boulders in a sand-loam matrix
3 82 211 43 57 721 560 9.1 790 Mica schist, quartz phyllonite
4 40 399 23 32 278 520 9.3 770 Muscovite gneiss
5 38 558 24 32 371 360 9.5 650 Sand and argillaceous marl
6 52 188 27 39 223 370 9.1 570 Granulite
7 108 61 32 62 219 400 9.0 580 Granulite
8 58 748 33 39 822 430 9.1 640 Granulite
9 43 306 31 39 474 440 8.9 620 Magmatized granite-gneiss
10 42 285 29 39 386 410 9.0 610 Paragneis
11 70 165 39 64 595 330 9.4 960 Rubble
12 121 247 39 59 863 530 7.9 710 Granite
13 110 160 53 81 1317 820 7.1 2100 Carbonate-free, fine sandstone
14 109 76 50 82 740 640 8.0 900 Granite
15 105 108 53 77 829 660 7.9 910 Granite
16 104 207 50 73 821 590 8.3 890 Granite
17 54 324 33 50 650 660 8.1 1110 Gravel in sand matrix, fluvial
18 95 221 43 67 821 810 7.7 1450 Sandstone calcareous marl
19 100 226 48 67 1199 480 8.8 960 Silt, clayey-sandy, often gravelly
20 72 360 37 53 695 680 7.3 900 Biotite-granite
21 58 221 39 52 627 480 8.6 780 Impact breccia
22 62 350 39 49 749 670 8.2 1120 Glacial till, silt, sand, gravel
23 109 146 50 78 1158 660 7.9 870 Gravel, silt, clay, often stones
24 40 544 22 32 245 700 7.7 900 Limestone, dolomite
25 41 612 23 32 391 700 7.8 890 Corallian limestone
26 60 298 37 51 673 890 7.0 1050 Limestone, dolomite
27 51 366 34 41 453 450 9.1 970 Limestone, dolomite
28 50 279 32 48 579 520 8.8 1010 Dolomite
29 53 594 32 30 465 290 9.9 600 Variegated sandstone
30 37 910 28 31 873 460 9.6 720 Variegated sandstone

2.1.1. Planting Options Considering in the Modeling

A total of 90% of our reported plantations exhibited severe problems immediately after
planting, resulting in high mortality rates (up to 50%). Within these stands, Douglas-fir was
planted in tree mixtures with Norway spruce and beech. Thus, the simulation exercise will
investigate the effect of different species mixtures according to different planting regimes,
e.g., tree by tree, smaller homogenous species groups, etc. (Exercise 1). The common
silvicultural practice in planting mixed species stands is to create patches of only one
species where the minimum size of these patches should be about the crown area of a fully
mature tree of this species. This addresses the fact that, according to the tree species,
juveniles may need different stand densities to ensure self-pruning or to survive from
neighboring species competition. With this concept in mind, we assumed a plantation
of 2000 juvenile trees as mixed Douglas-fir—common beech—Norway spruce stands.
The plantation arrangements in MOSES cover three scenarios: (i) random, (ii) smaller
patches or squares, and (iii) larger patches in the form of strips. The site index of Douglas-
fir was assumed to be 45, while the site index for beech and spruce was 38, respectively
(applying the site index ratios of stand 18 from Table 2, as described in the following
chapter). Since we were only interested in the competitive behavior, we applied no further
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silvicultural measures. The simulation run is 50 years. The stand layouts are illustrated in
Figure 1 (top).
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Figure 1. Three different planting variants of Douglas-fir within mixed common beech and Norway spruce stands. The
assumed initial stem number in all cases is 2000/ha. The regeneration tool of the MOSES simulator is not active, no tending
or thinning is added, simulation period is 50 years. The figures depict the three plantation layouts; (i) random/associated,
(ii) square, and (iii) strip. We see the top view on the stand before (top section of the figure) and after (bottom section of the
figure) the simulation. The figures on the bottom come directly from the simulator, the dots represent the cross-sectional
area of the stems, and for visibility reasons, the diameters are enlarged at 9:1.

2.1.2. Survival of Natural Regeneration

According to the survey, re-establishing Douglas-fir under the shelter of mature
trees, mainly in mixtures with Norway spruce and common beech is possible. However,
the reported key problems are high mortality rates of naturally regenerated Douglas-
fir seedlings and juvenile trees. A simulation exercise will focus on the development
of naturally regenerated juvenile Douglas-fir trees in mixtures with spruce and beech
(Exercise 2). For our simulations, we selected the Douglas-fir stand number 18 (see Table 2),
which represents a mature 100-years old mixed species of Douglas-fir—common beech—
Norway spruce forest. The corresponding site indices by species are 45 for Douglas-fir [60],
38 for Common beech as well as Norway spruce [61]. Douglas-fir dominated in the top
layer, while beech was the dominant species in the suppressed layer. The basal area by
species ranges from 67% for Douglas-fir, to 19% for beech, and 14% for Norway spruce.
After initializing MOSES with these data, we activated the regeneration tool for Douglas-fir
and the two associated species and ran the model for a simulation period of 100 years
to assess the arrival of natural regeneration and the future stand development. Again,
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we focused on the spontaneous performance of our tree species in competition with the
associates, and so we added no silvicultural measures. An illustration of the status of this
stand (before the simulation) is given in Figure 2 (top left).
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Figure 2. Development of the natural regeneration of Douglas-fir according to simulation with the generated growth model.
The demonstrated stand corresponds to a sampled Douglas-fir—beech—spruce stand aged 100 years (stand 18, see Table 2).
The simulation period was set as 100 years for the simulation when the regeneration tool was activated. No silvicultural
entries were applied. On the top section of the figure, we see the top view on the stand before and after the simulation. The
dots represent the cross-sectional area of the stems; for visibility reasons, the diameters are enlarged at 9:1. Black dots stand
for Douglas-fir, dark grey dots for spruce, and light grey dots for beech (see also Figure 1).

2.1.3. Tending/Thinning Strategies Considering in the Modeling

From the survey, we learned that tending is done at a dominant tree height between
2 and 6 m, resulting in a stem number reduction of about 30%. Thinning starts at dominant
tree heights between 8 and 10 m, harvesting 30 to 50 m3/ha of the stocking volume if the
stand age is less than 30 years, and harvesting 70 m3/ha and more if the stands are older
than 30 years. Since such a thinning procedure may be characterized by several small
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interventions, the third simulation exercise compares three different thinning strategies
(Exercise 3).

Scenario 1—Questionnaire: We implemented the above-described baseline strategy
taken from the survey as follows: Tending at age 15 with a reduction to 1400 stems/ha,
followed by a first thinning at age 25 with a removal of 50 m3/ha, by a second thinning
at age 40 with a removal of about 70 m3/ha, and by further thinning every 10 to 15 years
with removals of about 70 m3/ha to 100 m3/ha.

Scenario 2—Traditional: Since existing stem number guidelines for Douglas-fir [44] as
a general rule suggest very moderate stem number reductions, which is similar to scenario 1,
we adopted the common thinning practice of Norway spruce stands [62], resulting in the
following assumptions: Tending at age 15 leading to a reduction to 1400 stems/ha, the
first thinning at age 25 with a reduction to 700 stems/ha, the second thinning at age 40
with a reduction to 400 stems/ha, and the third thinning at age 55 with a reduction to
300 stems/ha.

Scenario 3—New: Tending at age 15 with a reduction to 1400 stems/ha, first thinning
at age 25 with a reduction to 600 stems/ha, second thinning at age 35 with a reduction to
275 stems per ha.

In all the scenarios, we assumed Douglas-fir monocultures with an initial stem number
of 2000/ha, a site index of 45, and a final stem number of approximately 200 individuals/ha.
An important part within the scenario analysis consisted of covering the variability in
the thinning effects and the random nature of natural processes. Thus, we executed
10 simulations for each variant and used the mean for comparing the different variants.

2.2. The Tree Growth Model MOSES

As a silvicultural management tool, we use the growth simulator MOSES (MOdeling
StandrESponse) [63–65]. It has been used and evaluated for assessing different management
scenarios within even and uneven-aged mixed species stands.

MOSES runs on the potential-modifier principle, which implies; (i) the calculation
of potential increment rates for both tree height as well as diameter at breast height, and
(ii) two modifiers, crown ratio (as the percentage of the crown length in relation to the
tree length), and an overstory competition index, as reduction factors addressing the
competitive situation of a single tree within the stand. The update of the crown ratio
is derived by the change in height to the live crown base. The overstory competition
index follows the suggestion by [66]. The model operates stepwise, each growth period
comprising five years.

The potential height increment depends on the specific site conditions, expressed
by site index functions that describe the development of the dominant height of a stand.
For our study, we considered the Douglas-fir site index data published by [67] as well
as [60] and re-calibrated the data using a Richard growth function [68]. The potential
breast height diameter increment is derived from the potential tree height increment, and
the crown width needed for the calculation of the overstory competition index is derived
from the tree height at the beginning of a growth period. Both allometric relations (height-
diameter and height-crown width) are quantified by using the open-grown tree dimensions
published by [69].

In total, the simulator included the following sub tools: the dominant height function,
the diameter model for open-grown trees, the crown model for open-grown trees, the taper
curve function for the calculation of the volume, the functions for height growth, diameter
growth and crown length, the regeneration tool [70], and the mortality tool.

So far, the MOSES model has been calibrated for eight different central European tree
species, as well as for Sitka spruce in Scotland. The parameter set for Douglas-fir was
accomplished in this study. For this purpose, data from 30 Douglas-fir stands located in
Austria and Germany, covering different ecoregions and expressed by a latitude between
47.6◦ N and 51.7◦ N, and a longitude between 8.6◦ E and 16.4◦ E, were collected. The
sampling aimed at capturing Douglas-fir monocultures as defined by a share in the stem
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number of more than 80%. We established and firstly surveyed the plots between 2012 and
2014, and re-measured all plots between 2017 and 2019, so that, for each tree on a given
plot, the five-year growth information for model calibration was available. We recorded the
dbh (diameter at breast height), the tree height, the height to life crown, the tree position,
and eventual ingrowth or mortality during the five-year period. The threshold for trees to
be recorded was 10 cm at breast height diameter. The 17 Douglas-fir stands which were
established in 2012 and re-measured in 2017, were used for model calibration, and the
remaining 13 stands provided the independent data set for model validation. Summary
statistics of the available plot data are given in Table 2; the collected tree characteristics
(calibration and validation) by age class are shown in Table 3. Please note that this dataset
differs from the 434 above-mentioned Douglas-fir stands of our survey.

Table 3. Characteristics of the trees used for model calibration and validation. The numbers represent the mean as well as
the range (minimum and maximum) values by age class. h is the tree height, ih the five-year height increment, dbh the breast
height diameter, id the five-year diameter increment, hlc the height to life crown base, and ∆hlc the five-year shift upwards
of the height to life crown base.

Age Class
Trees Characteristics of the Trees (Mean, Min, Max)

h (m) ih (m) dbh (cm) id (cm) hlc (m) ∆hlc (m)

Calibration Data

<30 22
17.7 1.52 15.1 1.61 8.02 3.14

(10.8–21.1) (0.101–2.81) (7.12–25.4) (0.110–4.32) (3.11–10.5) (0.122–6.23)

31–50 24
18.23 1.10 15.7 1.31 8.62 2.93

(11.1–21.6) (0.120–2.83) (7.91–26.4) (0.141–4.22) (3.13–11.6) (0.101–7.23)

>50 58
24.0 1.4 25.3 1.73 14.9 1.74

(12.4–47.0) (0.143–2.92) (9.01–56.5) (0.132–3.93) (5.54–26.1) (0.143–4.92)

Validation Data

<30 106
22.1 1.55 22.4 1.38 14.1 1.10

(11.6–29.9) (0.102–2.63) (8.32–49.5) (0.132–5.40) (6.62–25.4) (0.122–3.81)

31–50 103
22.2 1.80 25.2 1.70 11.4 1.70

(12.3–33.7) (0.112–3.62) (7.71–46.2) (0.104–4.62) (5.73–20.0) (0.143–4.11)

>50 124
27.4 1.70 33.5 1.70 16.3 1.75

(11.5–51.0) (0.140–3.52) (9.12–97.1) (0.144–5.02) (5.50–28.1) (0.133–4.15)

The open-grown tree dimensions as mentioned above were assumed to be similar to
those of silver fir, since test data from 14 open-grown Douglas-fir trees have shown that
the relationship between tree height versus crown radius as well as versus dbh are similar
to silver fir. The predicted values (calculated with the silver fir model) were compared
with the observed values, and a Pearson’s correlation test yielded R2 = 0.72 for the crown
widths, and R2 = 0.75 for the diameters.

Since no data for calibrating a mortality function were available, we modified the mor-
tality function for Norway spruce. Based on the stands recorded for the model generation
(see Table 2), we evaluated the mean stand, represented by the mean volume and mean
stem number. By applying common management guidelines as derived from our survey
(Table 1), we adapted the mortality model according to the depicted stem number and
volume of the mean stand at age 100.

3. Results
3.1. Calibration of the Tree Growth Model

The general tree growth approach implemented in MOSES has the following form:

inc = potinc ∗ CRa ∗
(

1− e(b∗COMP)
)
+ ε (1)
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where inc is the actual five-year increment (height or breast height diameter) for each tree,
potinc the pre-defined five-year potential increment (height or breast height diameter)
according to the site conditions, CR is the crown ratio as the percentage of the crown
length in relation to the tree length, COMP the competition index, a and b the parameter
estimates, and ε the remaining error components. COMP consists of the competition at
the beginning (ci) and at the end (cicut) of a growth period and is calculated according to
[c1/(cicut × (1 + c2 × (ci − cicut)))], c1 and c2 representing coefficients. Thus, it explicitly
addresses any crown release (e.g., thinning or mortality) within a given five-year growth
period. ci and cicut were calculated according to [66].

We next validated the calibrated equations with the available independent data
(Table 3) by comparing predicted versus observed tree data. Figure 3 depicts the results for
the five-year height and diameter increment functions and the calibrated crown model ver-
sus the three key model drivers (i) tree height, (ii) crown ratio, and (iii) competition index.
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Neither regression statistics nor visual analysis of predicted versus observed values
provided any information about the consistency of future model predictions. One pos-
sibility to determine the limits and range of errors in future predictions is to calculate
the confidence, prediction, and tolerance intervals [71]. The confidence interval (CI) for
the mean of the differences (predicted—observed) can be used to evaluate discrepancies
between the expected difference and the estimator:

CI = D± sD√
n
× t1− α

2 (n−1) (2)

where D is the mean of the differences Di, sD the standard deviation of the differences,
n is the sample size, and t is the 1 − α/2 quantile of the t-distribution with n − 1 degrees
of freedom.

The prediction interval PI gives the range of the differences among predictions versus
observations and is defined as:

PI = D±
√

1 +
1
n
× sD × t1− α

2 (n−1) (3)

Finally, the tolerance interval TI provides the limit that contains a specified por-
tion (e.g., 95%) of the distribution of the differences when the model is used repeatedly
(Reynolds 1984):

TI = D± sD × g1−γ, n, 1−α (4)

The tolerance factor (g (1 − γ, 1 − α)) for the normal distribution accounting for the
probability that (1− γ) 100% of the distribution D is within a probability of 1− α can easily
be obtained from statistical tables (e.g., [72]).

The application of Equations (2)–(4) requires that the differences Di are distributed
normally. A Kolmogorov-Smirnoff test (α = 0.05) found no significant differences from
normality. The resulting confidence, prediction, and tolerance interval by site index func-
tion [60,67] for deriving the corresponding potentials are listed in Table 4 and can be
interpreted as follows: with a probability of 95% we are confident that bias for five-year
height increment predictions (ih) using the site index functions of Eckmüllner [60] are
between −0.063 m and 0.13 m and thus not significantly different from zero (=unbiased).
With a probability of 95%, we can be confident that a single future difference in the five-
year height increment predictions will be between−1.69 m and 1.75 m. In repeated model
applications, most of the errors (95%) will be between −2.38 m and 2.44 m and suggest that
no bias or systematic error is evident and that the calibrated Douglas-fir growth functions
will provide consistent and unbiased MOSES simulation runs.

Table 4. Differences between predicted and observed increments within a five-year growth period. The ih denotes the
height increment, id the dbh increment, ∆hlc the change to life crown base, xobs the mean of the observed five-year changes
in height, diameter and height to crown base, Di the mean difference between predicted and observed values, sD the
standard deviation of the differences. CI is the confidence interval, PI the prediction interval, and TI the tolerance interval at
significance level α = 0.05 (see Reynolds 1984). The values between brackets denote the minima and maxima.

Trees xobs (Min, Max) Di sD CI PI TI

Eckmüllner
ih (m) 333 1.68 (0.102–3.62) 0.032 0.87 −0.063 to 0.13 −1.69 to 1.75 −2.38 to 2.44
id (cm) 333 1.6 (0.104–5.40) 0.031 1.11 −0.089 to 0.15 −2.15 to 2.21 −3.02 to 3.08

∆hlc (m) 333 1.53 (0.122–4.15) −0.034 1.31 −0.21 to 0.13 −2.62 to 2.55 −5.32 to 5.26
Bergel

ih (m) 333 1.68 (0.102–3.62) 0.029 0.9 −0.062 to 0.12 −1.74 to 1.79 −2.43 to 2.49
id (cm) 333 1.6 (0.104–5.40) −0.245 1.13 −0.36 to −0.13 −2.47 to 1.98 −3.34 to 2.73

∆hlc (m) 333 1.53 (0.122–4.15) 0.133 1.29 −0.02 to 0.286 −2.41 to 2.68 −3.45 to 3.71
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3.2. Management Scenarios

After implementing the calibrated growth functions into the tree growth simulator
MOSES, it was used as a diagnostic tool to assess the long-term development of different
scenarios for our defined exercises.

Exercise 1. Planting Douglas-fir in mixed species stands.

By conducting simulations, we investigated if Douglas-fir should be planted in associ-
ation or in dissociation with Norway spruce and common beech, and if in dissociation, we
are interested in what happens in the case of enlargement of the size of the mono-species
patches. Figure 1 shows the situation after planting (top) and after the simulated 50-year
growth period (bottom). We observed that Douglas-fir disappeared when growing in
association, and beech dominated the stand after 50 years (bottom left). When planting
Douglas-fir in mono-species groups, a higher survival rate was evident (bottom middle),
which lead to even higher Douglas fir tree dimensions after 50 years at an increased size
of the patches (bottom right). As shown in Table 5, after 50 years, random Douglas-fir
mixtures (association) resulted in stands with 244 Douglas fir stems/ha and 72 m3/ha
stem volume, while dissociated stands grouped in squares exhibit similar Douglas-fir stem
numbers (255 stems/ha) but with 258 m3/ha a much higher stocking Douglas-fir stem
volume, which could be even increased to about 355 stems/ha and 483 m3/ha, if mixtures
were planted in long strips.

Table 5. Simulation results of the identified Douglas-fir planting variants according to different mixtures with common
beech and Norway spruce: Variant 1: random planting, Variant 2: square or small patches, and Variant 3: strip or larger
patches. An illustration of the assumed planting is given in Figure 1. N/ha is the stem number per ha, V/ha is the stem
volume in m3 per ha, hL is the mean height in m, and Dq is the mean diameter in cm.

Random Square Strip

N/ha V/ha
(m3)

hL
(m)

Dq
(cm) N/ha V/ha

(m3)
hL
(m)

Dq
(cm) N/ha V/ha

(m3)
hL
(m)

Dq
(cm)

Spruce 155 5 11 8 411 140 19 22 422 150 19 22
Dou f 244 72 17 20 255 258 23 33 355 483 25 38
Beech 455 747 25 44 488 487 24 34 444 330 23 30

∑ 854 824 1154 885 1222 964

Exercise 2. Natural regeneration of Douglas-fir.

With this exercise, we explored the development of Douglas-fir’s natural regeneration
within Douglas-fir dominated stands. Since these stands often grow on sites that are poten-
tially beech and/or mixtures of spruce and beech, the competitive situation of naturally
regenerated Douglas fir juveniles versus beech and spruce is of interest. Figure 2 shows the
situation before (top left) and after (top right) a 100-years simulation run. Evidently, the
regeneration tools of the three involved tree species were activated, so that the expected
dynamics of the stand development by tree species could be investigated. As shown
(Figure 2 top right), after 100 years in the canopy layer the stand was mainly dominated
by beech, and Douglas-fir almost disappears. This is evident from the Douglas-fir stem
volume development that dropped from 790 m3/ha to 107 m3/ha (Figure 2 bottom right),
corresponding to a minus of 86%. At the same time, Douglas-fir remained present in the
understory, since the stem number increased from 192 to 5570 exemplars/ha.

Exercise 3. Tending and thinning procedures.

Next, we are interested in the growth response expressed by the volume and mean
breast height diameter development of pure Douglas-fir stands according to different
thinning variants. Figure 4 (left hand) displays the run of the stem volume of the three
different thinning variants over 100 years. As shown, the variant New with the most
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intensive thinning after two thirds of the observation, exhibited the best results, ending
up with 1530 m3/ha versus the two other tested variants, Questionnaire and Traditional.
Variant Questionnaire (1169 m3/ha) assumed moderate thinning interventions with the
result that the growth potential of Douglas-fir was not fully utilized. The variant Traditional
(1381 m3/ha) ranged between variants Questionnaire and New. Figure 4 (right) provides
the mean breast height diameter development, and Figure 5 the summed-up values for
remaining volume, removed volume, and volume due to mortality by thinning variant.
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4. Discussion

Introducing Douglas-fir as an additional tree species to enhance forest management of
mixed species forests in central Europe requires management guidelines. Such guidelines
may be derived from long-term experimental plots covering different species mixtures,
age classes, and treatments, or tree growth models. In this study, we identified current
management practices and developed growth parameters for Douglas-fir management in
central Europe as required by the tree growth simulator MOSES (MOdelingStandrESponse)
for simulating management options. Since the validation results with an independent
Douglas-fir growth data set exhibited no bias in the resulting predictions (Figure 3) and
the confidence, prediction, as well as the tolerance interval for the height and diameter
increment and crown model were unbiased (Table 4), we are confident that MOSES provides
unbiased and consistent simulation results.

Since Douglas-fir is often promoted in the lowlands of central Europe where common
beech forests are the dominating potential vegetation, it is of high interest to investigate
the growth of young Douglas-fir trees in association with beech. The success in planting
Douglas-fir in association with beech and spruce (Exercise 1) differs according to the
planting regimes. While planting Douglas-fir in random mixtures with common beech
and Norway spruce (Figure 1, left) will lead to a dominating common beech stand with
only some Douglas-fir trees after 50 years, planting in patches (Figure 1, middle) or larger
groups of strips (Figure 1, right) leads to higher survival rates of Douglas-fir juveniles.
Increasing the size of a planting gap, e.g., squares of 10 by 10 m in size, results only in intra
tree competition and thus ensures a higher survival rate for Douglas-fir after 50 years. As
shown in Figure 1, the larger the areas (square to strip) of planting, the higher the chance
for Douglas-fir to survive competition from neighboring tree species. This corresponds to
findings by [48,73]. The authors conclude that when planting Douglas-fir as an enrichment
of naturally regenerated beech, Douglas-fir trees need to be planted in homogeneous
patches to avoid competition among species. The different Douglas-fir growth driven by
different planting layouts is also evident from the stem volume by scenario. After 50 years,
a randomly planted Douglas-fir stand exhibits a stem volume of 72 m3/ha; if planted in
squares, the stem volume production increases up to 258 m3/ha and reaches even more
than 480 m3/ha if planted in strips (Table 5).

One of the most important silvicultural questions of Douglas-fir management is
whether or not natural regeneration occurs and how this regeneration develops in mixtures
with native European tree species. Previous studies have shown that Douglas-fir regen-
erates well [74,75] but may have difficulties surviving due to neighboring competition,
mainly from beech [34,43]. This corresponds to reports included in our survey (Table 1),
suggesting that natural Douglas-fir regeneration has difficulties surviving in mixtures with
native tree species and especially beech, due to sparsely developed roots and crowns as
well as a severe competition-induced mortality. This is fully in line with our simulation
outputs (Exercise 2), illustrating the development of Douglas-fir natural regeneration in
an initially Douglas-fir dominated mixed stand with beech and spruce. As depicted in
Figure 2 (bottom left), our tree species has the capacity to arrive, establish and persist on
the site over the tested growth period. However, after 100 years most of the dominating
Douglas-fir trees disappear due to competition-induced mortality arising, especially from
beech, which gradually enters the top layer (Figure 2, top right).

Comparing this situation to naturally regenerated mixed Douglas-fir stands with
red alder (Alnus rubra) in the Pacific Northwest, we see a very similar eco-physiological
pattern where Douglas-fir was not found beneath red alder, unless management enhanced
the competitive situation [76]. Similar findings are reported for planting trials in Germany
which show that the survival of Douglas-fir strongly requires planting in homogeneous
patches [43]. This is a clear indication that Douglas-fir will require active management to
ensure its survival and that no invasive behavior is evident [70].

Our simulations show that the early stage is decisive for Douglas-fir management.
This is consistent with findings by [49], who demonstrated that the relief of juvenile mixed



Forests 2021, 12, 1040 14 of 17

Douglas-fir stands is highly important for future stand development since it has a strong
impact on the competition but also the root development. In its natural range, Douglas-fir
is a so-called seral species, and as such, it also exhibits the properties of a pioneer [77], with
a high demand for light while showing fast growth [13]. Thus, when cultivating the species
in mixtures, it is important to take early supportive management actions such as accurate
control of the competing vegetation, including the herbaceous stratum and the tree layer,
to ensure both survival as well as high growth rates [54].

Finally, we analyzed different tending and thinning options (Exercise 3) as a powerful
silvicultural instrument how to control the growth of forest stands. Our simulations showed
that the variant New, including early and heavy thinning, in terms of stem volume, is
superior to the two tested alternatives with moderate thinning (Figures 4 and 5). A thinning
regime similar to the here suggested variant New is described by [78] for the Massif
central/Auvergne in France (with stem reduction to 500 stems/ha in 1st thinning and
300 stems/ha in second thinning, versus the reductions to 400 stems/ha and 275 stems/ha,
respectively, suggested here). Apparently, a Douglas-fir stand, being heavily released as
in the variant New, although including little stem volume initially, after a particular time-
period catches up and outperforms (Figure 5, bar plot right hand) a stand that was exposed
to light thinning, as effectuated by variant Questionnaire. Due to the above-mentioned
characteristics of a pioneer species, the remaining young trees react sensitively to the
ameliorated conditions and break out in growth. Furthermore, such a stand shows little
mortality (Figure 5, bar plot right hand). This might be seen in the context that Douglas-fir
reacts sensitively to changes in light availability regarding both growth as well as mortality.
On the other hand, when considering the total available stem volume, including the
remaining and removed volume, the variant Questionnaire with late and moderate thinning
likewise represents a reasonable management option (Figure 5, bar plot left hand).

Our simulation results (Figures 4 and 5) are consistent with empirical data from
a 134 years-old planted Douglas-fir-forest in Lower Austria. This stand exhibits a mean
dbh of 75 cm, a dominant tree height of 56 m, a stem number of 290/ha and a stocking
volume of 2400 m3/ha [79]. This shows that, depending on the site conditions, the potential
for Douglas-fir is very high but requires intensive management.

5. Conclusions

With this study, we investigated management measures for Douglas-fir stands in cen-
tral Europe by exploring the current practices and, based on these management practices,
by developing management corridors for key Douglas-fir management questions (Table 1).
The three key demanded management options are (i) adequate plantation mixtures, espe-
cially in combination with beech, (ii) how to ensure the survival of natural regeneration of
Douglas-fir, and (iii) appropriate tending and thinning regimes to optimize and fully utilize
the growth potential of Douglas-fir in central Europe. Based on the results of our study,
we suggest that Douglas-fir, when mixed with beech, should be planted in homogeneous
patches to ensure its survival. Moreover, the study showed that Douglas-fir regenerates
well, but the survival is strongly affected by beech, suggesting that Douglas-fir exhibits no
invasive behavior. Finally, we can suggest that early and heavy thinning is an appropriate
strategy to fully utilize the growth potential of Douglas fir in central Europe.
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