:' frontiers

in Forests and Global Change

ORIGINAL RESEARCH
published: 21 February 2022
doi: 10.3389/ffgc.2022.844580

OPEN ACCESS

Edited by:

Piotr S. Mederski,

Poznan University of Life Sciences,
Poland

Reviewed by:

Panayiotis G. Dimitrakopoulos,
University of the Aegean, Greece
Hubert Hasenauer,

University of Natural Resources
and Life Sciences, Vienna, Austria

*Correspondence:
Stefan Zerbe
stefan.zerbe@unibz.it

Specialty section:

This article was submitted to
Forest Management,

a section of the journal
Frontiers in Forests and Global
Change

Received: 28 December 2021
Accepted: 26 January 2022
Published: 21 February 2022

Citation:

Lange F;, Ammer C, Leitinger G,
Seliger A and Zerbe S (2022) Is
Douglas Fir [Pseudotsuga menziesii
(Mirbel) Franco] Invasive in Central
Europe? A Case Study From
South-West Germany.

Front. For. Glob. Change 5:844580.
doi: 10.3389/ffgc.2022.844580

Check for
updates

Is Douglas Fir [Pseudotsuga
menziesii (Mirbel) Franco] Invasive in
Central Europe? A Case Study From
South-West Germany

Felix Lange?, Christian Ammer3, Georg Leitinger?, Alexander Seliger®* and
Stefan Zerbe**

" Gruppe fiir Okologische Gutachten GmbH, Stuttgart, Germany, 2 Department of Ecology, University of Innsbruck,
Innsbruck, Austria, ° Silviculture and Forest Ecology of the Temperate Zones, University of Gottingen, Géttingen, Germany,
4 Faculty of Science and Technology, Free University of Bozen-Bolzano, Bolzano, Italy

Worldwide, forestry must face several challenges during the UN Decade on Ecosystem
Restoration. The decline of biodiversity and ecosystem services, ongoing deforestation,
climate change, and biological invasions must be mitigated with forest restoration and
by applying sustainable forest management. Experiences with the integration of non-
native tree species into forest management in many parts of the world show benefits
but also trade-offs regarding sustainability. In Central Europe, Douglas fir [Pseudotsuga
menziesii (Mirbel) Franco], originating from Northern America, has been introduced by
forestry and managed for more than one and a half centuries. Growth characteristics,
drought tolerance, and timber quality are major reasons which make this tree species
attractive for forestry and wood industry. Whether Douglas fir might be invasive with
potential trade-offs regarding biodiversity, uncontrolled regeneration, and spread is not
yet fully understood and controversially debated. We investigated the regeneration of
Douglas fir in the Spessart mountains, a vast woodland in south-western Germany
which has a considerable cover of anthropogenic coniferous afforestations. We sampled
the regeneration of Douglas fir by differentiating height growth classes in various forest-
stand types, taking the distance from mature mother trees, abiotic site conditions
(e.g., water balance and soil properties), light supply, forest-stand characteristics,
ground vegetation, and browsing pressure into account. Also integrating the individual
regeneration of the accompanying tree species, we applied multivariate analyses. Most
of our investigated variables did not show a significant correlation with Douglas fir
regeneration. However, results point to a positive relationship of spontaneous Douglas
fir regeneration at moist and light sites as well as in close distance to potential seed
trees. The analysis of the current invasion potential did not reveal a major risk under the
given site conditions in the study area.
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INTRODUCTION

Worldwide, forestry must face several challenges during the UN
Decade on Ecosystem Restoration. The decline of biodiversity
and ecosystem services, ongoing deforestation, climate change,
biological invasions, natural hazards, and urbanization must be
mitigated with forest restoration and by applying sustainable
forest management (Mansourian et al., 2005; Aerts and Honnay,
2011; Zerbe, 2019). Large-scale forest fires in the tropics (e.g.,
Ferrante and Fearnside, 2020), a still high rate of deforestation
in many countries due to land-use change (Bologna and Aquino,
2020), and the effects of climate change in combination with pests
(Linnakoski et al., 2019) call for immediate action. In addition
to the increasing role of timber as natural resource for many
purposes (McEwan et al., 2020) forests provide a large variety of
ecosystem services (Mengist and Soromessa, 2019).

One possible solution to overcome some of the problems
mentioned above is to further develop ecosystems by slightly
altering the combinations of tree species. This approach takes
even forest types into account that do not exist in nature
(Palmer et al., 2004). Such systems are not supposed to substitute
natural systems, but may contribute in reducing the pressure on
the few undisturbed ecosystems. Interestingly, such ecosystems
consciously created to achieve multiple ecological, social, and
economic goals already exist in forestry. Managed forests have
already been composed by combining native with non-native tree
species. Recent studies suggest that a solution for reconciling
production-oriented goals with conservational interests may be
found in mixtures of highly productive non-native and native tree
species (Hildebrandt et al., 2010; Oxbrough et al., 2016).

Since more than one and a half centuries, forestry in
Central Europe introduced non-native (synonymously, also
“alien,” “exotic,” “non-indigenous” used) tree species, particularly
from North America and Asia to enlarge the range of timber
products and facilitate forest management. For some of these
species, experiences of many decades concerning forest ecology,
silviculture, and timber markets have been made. Economically
most important species include Douglas fir [Pseudotsuga
menziesii (Mirbel) Franco], Weymouth pine (Pinus strobus
L.), Red oak (Quercus rubra L.), and Black cherry (Prunus
serotina Ehrh.), all of them originating from North America
(Brundu and Richardson, 2016; Potzelsberger et al., 2020). Due
to climate change, the introduction of other non-native species
is suggested and already in an experimental phase (Messinger
et al., 2015; Frischbier et al., 2019). Benefits and opportunities
of these non-native species can be fast growth, high timber
quality, easy-manageable regeneration, drought tolerance and
thus better adaptation to climate change, and higher revenues
on the timber markets (Potzelsberger et al., 2020). However, if
temperature increase due to climate change continues, a decline
in productivity for Douglas fir is expected in already warm and
dry regions (Eckhart et al., 2019).

However, trade-offs have been observed after the introduction
and the integration of non-native tree species into forest
management. The tree species can run out of control of
silvicultural management and thus, might threaten native
ecosystems during biological invasion (e.g., Terwei et al., 2013;

Brundu and Richardson, 2016; Langmaier and Lapin, 2020).
Biological invasion is hereby defined by Valéry et al. (2008,
p.- 1349) as consisting “of a species’ acquiring a competitive
advantage following the disappearance of natural obstacles to
its proliferation, which allows it to spread rapidly and to
conquer novel areas within recipient ecosystems in which it
becomes a dominant population.” One of the most prominent
examples in Central and Western Europe is Black cherry
which caused numerous activities on its eradication after
having spread increasingly and uncontrolled in coniferous
forests. The history of invasion as well as the change
in the perception of this tree species by stakeholders has
been comprehensively outlined by Starfinger et al. (2003).
Biological invasions can cause considerable economic costs
regarding their trade-offs (e.g., negative impact on land-
use systems and human health) and their management (see
Kowarik, 2010 for Central Europe). As a consequence of
the risks and trade-offs of non-native tree species for land
use, land management, and nature conservation, stakeholders
implemented legal frameworks, international agreements, and
certification schemes which limit an active introduction of non-
native species (e.g., Kowarik, 2010; Bailey et al., 2011).

Douglas fir was planted in Germany since the 1820s (Booth,
1877; Knoerzer and Reif, 2002). Systematic silvicultural trials
for provenances and ecological traits of Douglas fir started in
the late 19th century, suggesting this tree species as a suitable
candidate for forestry (Lavender and Hermann, 2014). Douglas
fir originates from the Pacific Northwest of America and covers
about 830,000 ha of forest land in Europe (Potzelsberger et al.,
2020). It is well investigated regarding biology, forest ecology,
biodiversity, genetics, timber production, and timber quality as
well as marketing (e.g., Podrazsky et al., 2014; Schmid et al,
2014; Eckhart et al.,, 2017; Spiecker et al., 2019; Wohlgemuth
et al., 2019; Eberhard et al., 2021). Various studies identified
light supply on the forest floor, the composition and structure
of understory vegetation, water availability, and the distance of
diaspore sources as main factors for the natural regeneration
of Douglas fir (Lavender et al., 1968; Broncano et al., 2005;
Huth et al,, 2011; Eggert, 2014; Eberhard and Hasenauer, 2018;
Bindewald et al., 2021). Although Douglas fir seedlings have been
reported up to 2 km away from a seed source, the majority of
seeds fall within 100 m of seed parent trees (Barnhart et al,
1996; Broncano et al., 2005; Kennedy and Diaz, 2005). Besides
its benefits and opportunities for forestry and timber production
in Central Europe, however, concerns have been raised on
its potential invasiveness and subsequent trade-offs for forest
ecosystems such as, e.g., the change of the abiotic and biotic
environment (Barnhart et al., 1996; Knoerzer, 1999; Gofiner and
Simon, 2002; Gofiner and Utschik, 2002; Nehring et al., 2013;
Wohlgemuth et al., 2021). Different approaches of invasiveness
evaluations might lead to different assessments and implications
for forestry (Spellmann et al., 2015).

As a contribution to the discussion of a potential invasiveness
of Douglas fir in Central Europe, we investigate the natural
regeneration of this tree species in the Bavarian Spessart
mountains in south-west Germany as a case study. In this
region, Douglas fir has a long silvicultural tradition, dating
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back to the 1880s (Mergner, 2018). We want to identify the
main environmental factors influencing the regeneration of
Douglas fir. Specifically, we hypothesize that the presence of
Douglas fir increases with increasing proximity to seed trees
and with reduced canopy closure of the mature stands. From
these results, we assess and discuss the potential invasiveness
of Douglas fir in the forests of the Spessart mountains and
derive recommendations for the management of this non-
native tree species.

MATERIALS AND METHODS
Study Area

The study area Spessart is a low mountain range with its
highest peak being the Geierskopf (586 m a.s.l.). The Spessart is
located in the very north-west of Bavaria in south-west Germany
and stretches in the north into the adjacent federal state of
Hesse (Figure 1). The bedrock is mainly red sandstone, locally
influenced by loess (Matthes and Okrusch, 1965). Consequently,
nutrient poor and acidic soils prevail throughout the mountain

range. The climate is of sub-oceanic to oceanic character, with
a mean annual precipitation ranging from 700 mm in the lower
mountain altitudes (<300 m a.s.l.) to about 1,000 mm in the
higher altitudes. The mean annual temperatures follow the same
gradient varying between 8 and 9°C in the valley of the river Main
and around 7°C in the upper Spessart (Zerbe, 1999).
Historically, forests in the Spessart underwent multifaceted
phases of anthropogenic influences, with a spatially varying
impact of forest glassworks, hunting, agriculture, and subsequent
afforestation of degraded forest sites about 200 years ago.
Particularly related to the history of hunting, this impact led to
a distinguished separation of main forest types in the northern
and southern upper Spessart (Zerbe, 1999). Thus, coniferous
monocultures with mainly Norway spruce [Picea abies (L.) H.
Karst.], Scots pine (Pinus sylvestris L.), and European larch
(Larix decidua Mill.) are prevailing in the north, whereas
in the south, near-natural broad-leaved forests with beech
(Fagus sylvatica L.) and oak [mainly Quercus petraea (Matt.)
Liebl.] are the main forest types (Zerbe, 2004). Additionally
to the above-mentioned coniferous species, Douglas fir has
been promoted in the northern upper Spessart as forest tree,
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FIGURE 1 | Study area “Sandstein-Spessart” with neighboring natural units [units and topographic names according to Meynen and Schmithtisen (1953) with an
original scale of 1:1,100,000] and the river Main in SW Germany from Zerbe (2003).
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dating back to the second half of the 19th century (Mergner,
2018). Consequently, we focus with our investigations on the
northern upper Spessart. In the southern Spessart, however,
selected habitats which are protected under Annex 1 of the
EU Habitats Directive are included in the study area as
these sites would be under threat of the invasion of a non-
native species, thus losing its unique natural and near-natural
character, respectively.

Methodological Approach

Our methodological approach encompasses three steps which are
(1) the systematic selection of sample sites, (2) field sampling and
analysis of the environmental factors affecting the regeneration of
Douglas fir, and (3) the assessment of the potential invasiveness of
Douglas fir in the Spessart mountains. We aim to investigate the
environmental conditions on those sites where natural Douglas
fir regeneration is expected to occur outside of already existing
stands. These sites of interest are limited and selected through
an approach which combines a systematic scan of potential sites
based on forestry data and nature conservation maps as well as
interviews with foresters. Stands with dominating Douglas fir
were selected from geodata provided by the forest administration,
whereby adjacent areas of these stands were considered being
sites of potential regeneration. Following the results stated by
Sankey (2008), Eggert (2014), and Tschopp et al. (2014), we
searched within a maximum distance from the mother trees
of 200 m. Protected areas are potentially susceptible to an
invasion by Douglas fir (e.g., Knoerzer, 1999). Therefore, we
included nature conservation areas which are protected by the
Annex I of the EU Habitats Directive into our site selection.
Consequently, Tilio-Acerion forests of slopes, screes, and ravines
(EU Code: 9180), siliceous rocky slopes with chasmophytic
vegetation (8220), and Nardus stricta grasslands on siliceous
substrates in mountain areas (6230) were included. In order
to integrate local forest-related knowledge (cp. Parrotta and
Trosper, 2012) into our search for potential regeneration sites,
we contacted those foresters in charge of our investigation area
in the northern Spessart. The foresters were asked whether they
know sites with natural regeneration of Douglas fir in their forest
departments. Overall, a total area of 3,571.3 ha was determined
as sites of interest for our study. A major part of this area
was derived from forestry maps (3,467.0 ha), whereas sensitive
habitats (23.8 ha) and interviews (80.5 ha) contributed only with
small proportions.

At the sites of interest, random sample points were laid out
with the random sample function of ArcGIS. The plot size
was chosen according to the limitations of the GPS handheld’s
accuracy (Trimble® Juno SB) at a radius of 10 m around the plot
center. Then, the presence or absence of Douglas fir regeneration
on these plots was determined. Where natural regeneration was
found occasionally on the way between random sample plots,
additional plots were generated.

On 73 sample plots where natural regeneration of Douglas
fir was found, a sub-sample of 5 m x 5 m was taken, by
counting all tree saplings and seedlings. Height growth classes
were differentiated in I: 20-50 c¢m, II: 51-130 cm, III: >130 cm
and DBH <7 cm (Ohse et al., 2017). Data were then calculated

for an area of 1 ha. The nomenclature of plant species follows
Jager et al. (2017). The environmental factors given in Table 1
which potentially influence the regeneration of Douglas fir
were either extracted or calculated based on forest inventories,
open-source data, or recorded in the field (see Table 1 for
specific methods).

The assessment of the potential invasiveness of Douglas fir
in the Spessart mountains was done by ordinary least-square
regression (OLS) based on 73 observations (Table 1). First, all
independent variables were tested regarding multi-collinearity
which is indicated with a variance inflation factor (VIF) higher
than 10 (according to Kutner et al., 2003). To check for non-
linear dependencies, we secondly analyzed the scatter plots for
each metric independent variable and the dependent variable.
Finally, to check the assumption of homoscedasticity of the OLS
regression, the scatterplot of residuals versus predicted values
(residual analysis) was checked.

The invasiveness or potential invasiveness was assessed
according to the model from Heger (2001; Figure 2) and the
survey by Vor et al. (2015) on potentials and risks of non-native
species introduced to Central Europe.

RESULTS

Douglas Fir Regeneration in the Study

Area

On 52 out of 527 random sample plots, that were located
within a radius of 200 m around already existing stands of
Douglas fir, natural regeneration was observed which amounts
for 9.9%. In the areas that were indicated within the foresters’
interviews, four out of 59 sample plots showed evidence of
Douglas fir regeneration (6.8%). In the nature conservation
areas according to the EU Habitats Directive (40 sample plots),
no Douglas fir regeneration was recorded. Considering all
visited random sample plots (n = 626), natural regeneration
of Douglas fir was found in 8.9% of all cases. Additionally,
occasional occurrences were recorded on 105 plots, but were
excluded from the frequency analysis described above because
they were not selected randomly. They contributed only
to the analysis of remote data which is described in the
following paragraph.

The analyses of 161 sample plots where natural regeneration
of Douglas fir was found showed that 95% of all seedlings and
saplings had established in a distance of less than 85 m to the
next diaspore source (Figure 3). The largest distance measured
was 120 m from an already existing Douglas fir stand. The data
of the water regime showed that roughly 85% of the sample
plots with Douglas fir regeneration belong to sites with fairly low
water deficit during summer (transpiration difference between
potential transpiration optimum and actual transpiration of
forest stands, Tp;g of only 0-10 mm according to Mette et al.,
2019). The remaining 15% of the plots showed a higher water
deficit (Tp;g 10-20 mm).

A total of 45% of the plots were located in stands dominated
by Norway spruce (P. abies), followed by 25% beech (F. sylvatica)
and 11% Scots pine (P. sylvestris) and Douglas fir, respectively.
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TABLE 1 | Descriptive statistics of dependent and independent variables used to assess the decisive factors of Douglas fir regeneration and influencing site factors.

Variable name (unit) Variable type Min. Max. Mean SD OLS regression (n)
Elevation (m a.s.l.)’ Metric 242 503 382.43 74.04 2
Slope (°)' Metric 1 27 9.99 5.82 2
Aspect (")1 Metric 11 354 187.98 102.77 2
Stand type ()’ Nominal - - - - 2
Water provision ()’ Ordinal 1 3 1.85 0.71 2
Distance diaspore source (m)?2 Metric 2 120 28.22 28.54 2
aDouglas ALL (n trees ha™ " )3 Metric 400 19,600 5,616 4,164 -
aDouglas | (n trees ha~ ', growth class I)° Metric 0 23 5,270 5,427 -
Spruce_ALL (n trees ha=')® Metric 0 48,000 10,092 9,628 1
Fir_ALL (n trees ha=1)3 Metric 0 8,000 604 1,616 1
Pine_ALL (n trees ha~ )3 Metric 0 6,800 208 884 1
Weymouth_ALL (n trees ha™ )3 Metric 0 10,800 1,064 2,012 1
Larch_ALL (n trees ha=1)3 Metric 0 9,600 784 1,832 1
Beech_ALL(n trees ha~ ) Metric 0 14,000 1,556 2,556 1
Oak_ALL (n trees ha~ )3 Metric 0 14,800 344 1,912 1
Birch_ALL (n trees ha= )3 Metric 0 4,800 236 880 1
Rowan_ALL (n trees ha™ )3 Metric 0 6,800 316 964 1
Gap fraction (%)* Metric 10 80 31.60 15.40 2
Indirect site factor (%)* Metric 6 52 18.00 8.50 2
Stand basal area (m? ha~')° Metric 8 38 23.81 6.33 2
Stand volume (m® ha~")8 Metric 97 476 283.15 85.49 2
Browsing_Spruce’” Dichotomous 0 1 - - 2
Browsing_Fir7 Dichotomous 0 1 - - 2
Browsing_Pine” Dichotomous 0 1 - - 2
Browsing_Beech’ Dichotomous 0 1 - - 2
Browsing_Oak’ Dichotomous 0 1 - - 2
Browsing_E’;irch7 Dichotomous 0 1 - - 2
Browsing_Rovvan7 Dichotomous 0 1 - - 2
Browsing_Larch7 Dichotomous 0 1 - - 2
Browsing_Douglas’ Dichotomous 0 1 - - 2
Phytosociological vegetation unit® Nominal - - - - 2
Understory_Height (cm)? Metric 0 40 18.08 9.11 2
Understory_Coverage (%)° Metric 0 90 28.77 28.77 2
Bryophytes_Coverage (%)° Metric 0 95 38.00 33.29 2
Coverage_Bare soil (%)° Metric 0 5 0.07 0.59 2
Organic layer depth (cm)? Metric 4 10 714 1.25 2
Humus type (1)© Nominal - - - - 2
Mineral soil pH ()" Ordinal 4 45 4.2 0.3 2

The column “OLS regression (n)” indicates in which of the two OLS regression models the respective variable was used (cf. section “Results”). Sampling methods are

indicated by superscripts and respective references are given as footnotes.

aDependent variables in two distinct OLS regression analyses.

Methods used:

! Derived with ArcGIS, toolbox function “extract values to points” from Digital Terrain Model (DGM50) (Bayerische Vermessungsverwaltung, 2020), BaSIS (Mette et al.,

2019) and forest inventory data (Bavarian State Forest Research Center, Regensburg).

2Field measurement with measuring tape.
SVisual field record: counts.
4Solariscope Behling SOL 300.

5Dendrometer according to Bitterlich (1952).

6Dendrometer according to Speidel (1955).

’Visual field record according to Ohse et al. (2017).

8Visual field record, classification according to Zerbe (1999) and Council Directive 92/43/EEC.
Visual field record according to Braun-Blanquet (1964) and Dierschke (1994).

"0Visual field record according to Arbeitsgemeinschaft Forsteinrichtung (2016).

"indicator strips, suspension (CaCl) according to Rayment and Higginson (1992).

The predictor “stand type” turned out to be the only predictor
with a significant influence on Douglas fir regeneration. Around
70% of the plots with natural Douglas fir regeneration were

recorded in mixed forest stands and approximately 25% in pure
coniferous stands, whereas only 1.2% of the plots were located in
pure deciduous stands.
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FIGURE 2 | Chronological discrimination of an idealized invasion process into steps and stages. Different stages are reached by overcoming a sequence of steps
during an invasion. The height of each step depends on the ability of the species to overcome environmental limitations; MVP, Minimum Viable Population (from

Heger, 2001, modified).
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Douglas Fir Regeneration and
Environmental Factors on the Sample

Plots

Throughout all recorded height growth classes, Douglas fir
was the most abundant species in 24 out of 73 plots (33.8%).
More than half of the plots (56%) were dominated by natural
regeneration of Norway spruce. At all sample plots, regeneration
of Douglas fir was coexisting with regeneration of other species
thus not developing toward monospecific stands. Among the
tree regeneration were the most abundant native, broad-leaved,
and late-successional trees beech and oak, native pioneer species
(e.g., rowan and Scots pine) as well as non-native coniferous
tree species, which are cultivated in the forests such as, e.g,
Weymouth pine, silver fir, and European larch (Figure 4). Those
accompanying tree species which were mostly recorded in the
height growth class IIT (>130 cm and DBH <7) were Norway
spruce, beech, Weymouth pine, and European larch, thus partly
tree species native to the Spessart mountains and partly non-
native, however strongly promoted by silviculture during the
past decades. In addition, correlation analysis showed that no

=
Py 20 °
o
o (<]
m 15 R
< ® e
[0} o © °
a 10 0
(_(g Dooo ° ° ° °
3 °g8o
OISR EE
2 ooda © o 8 ¢° °
= 8o % o © °
0 ° . 8 °
0 20 40 60 80 100 120

Distance measured [m]

FIGURE 3 | Douglas fir individuals per ha (1,000 n) by distance measured
[bivariate regression with dependent variable “Douglas fir regeneration (all
height growth classes),” n = 73 plots].

other tree species significantly negatively correlated with Douglas
fir regeneration, indicating that no species has been suppressed
considerably at the sample plots (Table 2).

Analyses of the scatter plots revealed no non-linear
dependencies, the residual analyses revealed no noticeable
patterns, and the Kolmogorov-Smirnov test proved the normal
distribution of the dependent variables “Douglas fir regeneration
(all height growth classes)” and “Douglas fir regeneration (height
growth class I)” [asymp. sig. (two-tailed) > 0.05].

By analyzing correlations between Douglas fir regeneration
and the regeneration of other tree species [OLS regression (1)],
we found that the number of Douglas fir individuals on the
plots (all height growth classes) is positively correlated with
the occurrence of Norway spruce (height growth class I) and
negatively correlated with the occurrence of Weymouth pine
(height growth class III) (Table 3). By considering only the
presence of Douglas fir regeneration in height growth class I as
dependent variable, the number of trees is positively correlated
with the occurrence of rowan (height growth class I), Weymouth
pine (all height growth classes) and European Larch (height
growth class I). However, the number of Douglas fir individuals
is negatively correlated with the height growth class III of
Weymouth pine (Table 4). Both OLS regressions revealed valid
models (p < 0.05), the explanatory value (r* = 0.321) when using
the height growth class I of Douglas fir as dependent variable was
slightly lower than for the OLS regression with all height growth
classes of Douglas fir as dependent variable (r* = 0.390).

For the OLS regression (2) addressing the influence of
environmental factors on the regeneration of Douglas fir, we
considered as dependent variable the presence of Douglas fir
of all height growth classes or only those in the lowest height
growth class I. Thus, the presence of Douglas fir regeneration is
positively correlated with browsing of Norway spruce and oak,
but negatively correlated with the distance to the next diaspore
source and with the diffuse light availability [indirect site factor
(%); Figure 5]. However, the latter result may be due to the fact
that our sample plots were not equally distributed along the light
gradient (see section “Discussion”; Table 5).
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By applying the invasion model of Heger (2001), all four steps
can be revealed for Douglas fir in the Spessart mountains which
means that the non-native species is present (step 1), can establish
spontaneously (step 2) as well as permanently (step 3), and a
spread and colonization can be observed on many sites in the
study area (step 4).

DISCUSSION

Our findings are based on data from 626 randomly and
105 occasionally located sample plots. With less than 10%

TABLE 2 | Number of individuals per ha recorded by tree species (n = 73 plots),
total and with height growth classes I: 20-50 cm, IIl: 51-130 cm, lll: >130 cm
and DBH < 7 cm.

Species Total 1 I} L] Pearson  Sign. (two-
correlation tailed)
Picea abies 9,910 6,270 2,946 693 0.030 0.804
Pseudotsuga 5,644 2,130 1,848 1,566 1 -
menziesii
Fagus sylvatica 1,600 856 411 332 0.064 0.594
Pinus strobus 997 394 315 287 —0.066 0.585
Larix decidua 772 293 327 152 —0.032 0.789
Abies alba 620 592 28 0 —0.045 0.712
Quercus petraca et 355 355 0 0 0.037 0.762
Quercus robur
Sorbus aucuparia 231 85 68 79 —-0.125 0.300
Pinus sylvestris 208 163 11 34 —0.084 0.484
Betula pendula 163 79 73 Ihl —0.179 0.135

Correlations refer to the dependent variable “Douglas fir regeneration” and the
respective tree species.

of sample plots where Douglas fir regeneration occurred, we
conclude an ability of Douglas fir to spread naturally, however
not with high probability. As the analysis has shown, barely
any spontaneous regeneration of Douglas fir was recorded in
purely broad-leaved stands (e.g., beech and mixed oak-beech
stands), whereas coniferous and mixed broad-leaved-coniferous
forests, respectively, showed higher frequencies. The findings of
Knoerzer et al. (1995) and Knoerzer and Reif (1996) confirm that
deciduous stands, particularly if European beech is involved, are
the least suitable for Douglas fir regeneration.

Our data reveal that higher soil moisture (Tpiyr < 20 mm),
sufficient light (at least 10% of open field conditions) and
close distance to seed sources are main environmental factors
favoring Douglas fir regeneration in the Spessart mountains. The
highest abundance of Douglas fir regeneration was found in
stands with medium light levels and close distance to diaspore
sources. Thus, our results confirm earlier findings that had
identified the same environmental factors as important drivers
of Douglas fir regeneration in Central Europe (Isaac, 1938;
Lavender et al., 1968; Bindewald et al., 2021). However, this
result needs careful interpretation. First, the number of plots
were not equally distributed along the light gradient. Thus, we
were lacking plots with established Douglas fir regeneration on
plots with high light availability, but we do not know whether
we could not find such plots because high light conditions
restrict Douglas fir establishment or whether we just have
sampled too few plots under such conditions. Second, we did
not observe a clear pattern within the range of approximately
10-30% of full light. Instead, within this range the number
of Douglas fir seedlings at a given light level varied strongly.
We conclude that low to medium light conditions seem to
promote the establishment of Douglas fir. This finding fits
quite well with reports from the home range of Douglas fir
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TABLE 3 | Significant correlation of Douglas fir regeneration (all height growth classes) with the regeneration of Norway spruce (height growth class I) and Weymouth
pine (height growth class Ill), with beta, standard error (SE), t value (t), significance (Sig.), tolerance, and variance inflation factor (VIF).

Unstandardized coefficients

Standardized coefficients t Sig. Collinearity statistics
Beta SE Beta Tolerance VIF

(Constant) 12.113 1.688 - 7175 0.000 - -
Spruce | 0.184 0.083 0.269 2.218 0.030 0.869 1.151
Weymouth IIl —1.653 0.646 -0.310 —2.560 0.013 0.869 1.151

TABLE 4 | Significant correlation of Douglas fir regeneration (height growth class ) with the regeneration of Rowan (height growth class 1), Weymouth pine (all height
growth classes and lll), and European larch (height growth class |), with beta, standard error (SE), t value (t), significance (Sig.), tolerance, and variance inflation factor (VIF).

Unstandardized coefficients

Standardized coefficients t Sig. Collinearity statistics
Beta SE Beta Tolerance VIF
(Constant) 3.931 0.677 - 5.806 0.000 - -
Weymouth |1l —1.980 0.417 -0.712 —4.747 0.000 0.444 2.254
Rowan | 0.969 0.458 0.214 2.115 0.038 0.973 1.027
Weymouth_ALL 0.747 0.161 0.693 4.642 0.000 0.448 2.231
Larch | 0.597 0.298 0.202 2.005 0.049 0.983 1.017
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FIGURE 5 | Dependent variable “Douglas fir regeneration (all height growth classes)” along the gradient of light supply (in %) as indirect site factor (ISF).

TABLE 5 | Significant correlation of Douglas fir regeneration (all height growth classes and for distance to diaspore source only class |) with recorded environmental
factors, with beta, standard error (SE), t value (t), significance (Sig.), tolerance, and variance inflation factor (VIF).

Coefficients
Unstandardized coefficients Standardized coefficients t Sig. Collinearity statistics
Beta SE Beta Tolerance VIF
(Constant) 20.221 2.477 - 8.163 0.000 - -
Browsing_Spruce 17.080 3.567 0.466 4.788 0.000 0.992 1.008
Indirect site factor (%) —0.424 0.120 —0.345 —3.541 0.001 0.990 1.010
Distance diaspore source’ —0.046 0.021 —0.230 —2.178 0.033 0.936 1.069

! Dependent variable: Douglas_|.

in the Pacific Northwest (Hermann, 2003). However, with
increasing size of the seedlings light demand is increasing as well
(Hermann, 2003).

Despite many controversial contributions to the discussion
on non-native species and their invasion potential, it is widely
agreed on that time-lags and evolutionary effects represent
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uncertainties that make precise predictions of invasion risks
very difficult (Kowarik, 1996; Simberloff, 2011; Heger, 2019).
Careful observations of the current state of regeneration seems
to be, however, a way to detect the potential of invasiveness and
ongoing biological invasions (Simberloff, 2011). This supports
effective management measures. In our study, we revealed
the spontaneous regeneration and spread of Douglas fir in
the Spessart. Thus, according to the model of Heger (2001),
Douglas fir has already reached the final step of an invasion
(cp. Figure 2). This assessment, however, is solely based on
the presence of a non-native species in new localities. Based
on the criteria of Vor et al. (2015), species are considered as
“invasive” if they have negative impacts on site conditions, high
reproductive potential, high spreading potential, suppressing
capacity, and limited management options. The abundance of
established Douglas fir regeneration can function as a proxy for
the success rate of reproductive efforts (Vor et al., 2015). In our
case study, the reproductive potential drastically decreased with
increasing distance to mother trees. Therefore, both reproductive
and spreading potential of Douglas fir in the Spessart are not
considered as high, supporting recent assessments by Vor et al.
(2015) and Bindewald et al. (2021). The correlation analyses
further showed that no other tree species is heavily suppressed
by Douglas fir at the sample plots. Accordingly, suppressing
capacity, too, does not indicate invasiveness of Douglas fir at
the studied plots. As discussed earlier, Douglas fir does not
need much light for successful establishment of its natural
regeneration. However, in later stages its light demand is strongly
increasing (Hermann, 2003). As the light supply in managed
forest stands is relatively easy to control, management options
exist to prevent unwanted regeneration of Douglas fir. This
assessment is also supported by the answers of local foresters who
stated that Douglas fir is always outcompeted by beech and can
easily be controlled by altering stand density. Interestingly, also
Frei et al. (2022) found that Douglas fir is not able to compete with
broad-leaved tree species in managed European beech forests.
Based on the data this study obtained and according to
the above-mentioned criteria, we can conclude that Douglas
fir is not invasive in the Spessart mountains. The fact that
no occurrence of Douglas fir was found in sensitive habitats
provides further support to this reasoning and underlines the
conclusion of Schmid et al. (2014, p. 22) that “the existing
studies suggest that forest ecosystems in Central Europe are
able to deal with the introduction of Douglas fir comparably
well. Until now, no severe ecological or economic consequences
have been detected.” Furthermore, Kleinbauer (2010) found for
a variety of climate change scenarios, that the area of suitable
habitats for Douglas fir is not expected to increase. Therefore,
future climate conditions might not increase the invasion risk
of Douglas fir. However, uncertainties concerning possible time-
lag effects remain. Lavender and Hermann (2014) state that seed
production of mature Douglas fir reaches its maximum at an
age of 200-300 years. According to the cultivation history in the
Spessart (Albrecht, 2008; Mergner, 2018), the first trees might
reach this climax in approximately 80 years. However, in most
cases they will be harvested long before. Another uncertainty
results from the likely increase of forest area where Douglas fir

is cultivated which may increase the risk for invading sensitive
habitats (Holtermann et al., 2008; Schmid et al., 2014). Additional
monitoring and careful observations might be necessary in order
to timely cope with potentially invasive developments due to
time-lag effects and increasing cultivation area.

CONCLUSION

Our results show that the invasiveness of Douglas fir should
be assessed in a differentiated approach. Our findings indicate
that in the study area Spessart mountains where Douglas fir was
strongly promoted in forestry during past decades does not tend
to be generally invasive. On the contrary, across the relatively
broad site conditions of the Spessart mountains, there were no
indications that stands of other tree species worth of protection
are being invaded by Douglas fir. This conclusion is in line with
the large-scale assessment of Bindewald et al. (2021) who found
no evidence for a high establishment and invasion potential of
Douglas fir in Germany. As a precautionary measure, Douglas
fir should, nevertheless, not be grown near dry and species-rich
grassland, sparsely stocked rocky slopes or xerothermic open
oak forests (Ammer et al., 2016). Outside these specific sites,
however, Douglas fir does not seem to have any negative effects on
plant diversity (Thomas et al., 2022). Especially, when mixed with
the shade-tolerant European beech, the invasiveness potential of
Douglas fir in Central Europe can therefore be considered very
limited and controllable at any time.
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