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Abstract Few conifers are considered invasive in
Europe, yet recent studies indicate that several spe-
cies used for forestry display abundant regeneration
and spread into surrounding natural habitats. Three
species were identified as being particularly at risk in
Belgium, but data is lacking regarding their dispersal.
We characterized the recruitment curves of Tsuga het-
erophylla, Abies grandis and Thuja plicata. Isolated
plantations were monitored and realized dispersal (i.e.
seedlings and recruited regeneration) was recorded
and measured over 750 m in different directions.
We calculated the wave expansion rate and frontier
expansion rate for each planting site and fitted dis-
persal kernels for each site and species. Regeneration
was classified in three size categories (seedlings, sap-
lings and trees above 1.5 m), and the recruitment dis-
tances were analyzed for each size class. The effect of
the forest type (deciduous, coniferous, open or mixed)
on the density of regeneration was also investigated
with regression models. The recruitment curves var-
ied greatly across sites, showing heterogeneous habi-
tat suitability and uneven post-germination processes.
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Considering the frontier expansion rate, the three
conifers appear to spread beyond documented thresh-
old rate of invasiveness. Regeneration density was
higher in coniferous forest type, as well as open areas
for Tsuga heterophylla. An escape effect was noticed
as mean and maximal dispersal distances of saplings
and taller trees were greater than those of seedlings.
Our study indicates that Tsuga heterophylla displays
the highest risk of rapid spread into adjacent natural
habitats, followed by Abies grandis. Thuja plicata
faces more recruitment limitations.

Keywords Alien invasive plant - Gymnosperm -
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Introduction

Introduced tree species can be significant invaders,
leading to various large-scale impacts on ecosystems
(Richardson and Rejmanek 2011; PySek 2016). Coni-
fers, in particular, are troublesome invaders in the
Southern Hemisphere, with notable examples includ-
ing Pinus species in New Zealand and South Africa,
and Cryptomeria japonica (L. f.) D.Don on Réun-
ion Island (Richardson and Rejmének 2004; Rich-
ardson et al. 2004; Edwards et al. 2021). However,
in Europe, reports of conifer invasions are relatively
scarce, despite the extensive use of introduced coni-
fers for timber production.
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The relatively low number of documented conifer
invasions in Europe could be attributed to the recent
history of their introduction, as well as the phyloge-
netic proximity of introduced species to native coni-
fers (Kowarik 1995; Carrillo-Gavilan and Vila 2010).
Alternatively, this scarcity may reflect a lack of
awareness or insufficient research on ongoing spread.
Silviculture is recognized as a major pathway for the
introduction of invasive tree species (PySek 2016) and
Essl et al. (2010) demonstrated that conifers intro-
duced for timber production have a higher likelihood
of escaping cultivation compared to those introduced
for other purposes.

Nevertheless, certain conifer species have exhib-
ited invasive behavior in temperate forests of Europe.
For instance, Picea sitchensis (Bong.) Carriere is
considered invasive in Norway, dense regeneration
of Tsuga heterophylla (Raf.) Sarg. has been reported
in Scotland, and studies in Germany have recom-
mended avoiding the planting of Pseudotsuga men-
ziesii (Mirb.) Franco near sensitive natural habitats
(Forestry Commission Scotland 2015; Nygaard and
@yen 2017; Bindewald et al. 2021). These examples
underscore the potential for conifer species to become
invasive in European temperate forests, highlighting
the need for ongoing monitoring and research to bet-
ter understand and mitigate their spread.

Dispersal is a critical component of the invasion
process, playing a fundamental role in determining
spatial patterns and rates of species spread (Clobert
et al. 2001; Cousens et al. 2008). A detailed exami-
nation of dispersal and recruitment patterns in poten-
tial invaders can thus enhance our understanding of
colonization dynamics, help identify species that are
rapidly spreading, and support efforts to prevent fur-
ther expansion (Kot et al. 1996; Hastings et al. 2005;
Davies and Sheley 2007; Monty and Mahy 2010).

Seed dispersal is influenced by species traits like
the propagule size and mass and its terminal velocity
and plant height (Caplat et al. 2012; Moravcova et al.
2015; Johnson et al. 2019). Tamme et al. (2014) dem-
onstrated that decent predictions of maximum dis-
persal distances can be achieved using a combination
of simple traits, such as dispersal syndrome, growth
form, seed mass, seed release height and terminal
velocity. Typically, the majority of wind-dispersed
seeds fall near the parental trees, but the smaller
fraction of seeds dispersed over longer distances is
important for species spread.
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While studying seed dispersal is crucial for under-
standing a species’ ability to reach long distances, the
germination and recruitment of seedlings also play a
critical role in determining the abundance and spatial
structure of natural regeneration, as well as popula-
tion dynamics (Amm et al. 2012; Beckman et al.
2020). Realized dispersal, which combines seed dis-
persal with seedling establishment, is influenced by
abiotic and biotic factors that affect the latter process
(Bullock et al. 2006). The distribution of surviving
seedlings can be impacted by the spatial arrangement
of suitable micro-habitats, post-dispersal predation or
diseases, intra- or inter-specific competition as well as
the seedling mortality rate (Amm et al. 2012). Vul-
nerability to predators and pathogens is often believed
to be greater near parent trees, a distance-dependent
process known as the Janzen-Connell effect (Janzen
1970; Connell 1971). As a result, seedling recruit-
ment is expected to be proportionally higher farther
from parent trees—a concept more simply referred to
as the "escape hypothesis" by Howe and Smallwood
(1982). Martin et al. (2010) demonstrated a density-
dependent effect for recruitment curves for both
native and exotic species in closed temperate forests
of Connecticut, where the mean dispersal distance of
seedlings was found to be greater than that of seeds.
The escape hypothesis was also supported in a study
on Pinus halepensis in Israel, where Nathan et al.
(2000) found that the probability of seedlings’ sur-
vival increased with the distance from the plantation.

In a previous study we performed in old forest
arboreta of Southern Belgium (Fanal et al. 2021),
we identified several conifer species displaying an
important natural regeneration density and surpass-
ing the rather subjective but commonly used thresh-
old of dispersal over 100 m from plantings in 50 years
proposed by Richardson et al. (2000). However, the
measurement of dispersal in that study was limited to
a 100-m buffer around the arboreta, resulting in trun-
cated recruitment curves and an incomplete under-
standing of dispersal patterns beyond this distance.

In the present study, we selected the three species
presenting the highest invasive potential identified
by Fanal et al. (2021), based on the combination of
their regeneration density, dispersal distance and size
structure. Tsuga heterophylla, Abies grandis (Douglas
ex D.Don) Lindl. and Thuja plicata Donn ex D.Don.
These three species were planted in several forest tri-
als across Southern Belgium over the last century,
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but to a very limited extent. Taking advantage of
the existence of these isolated stands, we aimed to
describe the recruitment curves of these species to
better document their invasive potential and inform
decision-making for forest managers. In addition,
we tested for a potential escape effect and assessed
whether the surrounding forest type influenced dis-
persal distances and regeneration densities.

Material and method
Study species

Tsuga heterophylla (Western hemlock) is an ever-
green coniferous tree from the Pinaceae family that
can reach a height of 80 m in its area of origin. This
area extends from southern Alaska to northern Cali-
fornia (Christy and Mack 1984). It is a highly shade-
tolerant specie, and seedlings grow well under their
own cover (Schrader 1998). Tsuga heterophylla seeds
are winged and their total length is about 7 mm.
Mean seed weight is 1.75 g (Turner 1985). They are
primarily dispersed by wind. Age of first fecundity is
25 years (Petit et al. 2017). The mature tree produces
seeds every year with a peak production every three
to four years (Christy and Mack 1984). Western hem-
lock was introduced in Belgium for its high growth
rate in regions with sufficient water supply (Galoux
1951). Its appearance in Belgian arboreta dates back
to the beginning of the twentieth century. Despite a
fairly sustained growth, this species was not popular-
ized in Southern Belgium. Very few stands have been
planted, mainly in the region of the Ardennes for site
adequacy.

Abies grandis (Vancouver fir) is an evergreen coni-
fer tree from the Pinaceae family reaching 100 m in
height in its native rage, in western North America
(Riou-Nivert 2001). It is a shade-tolerant specie. Age
of first fecundity is 25 years (Petit et al. 2017). Seeds
are winged and their total length is about 17 mm
(Riou-Nivert 2001). Mean seed weight is 25.0 g
(Turner 1985). They are primarily dispersed by wind.
Abies grandis was introduced in Western Europe dur-
ing the nineteenth century. In Southern Belgium, the
species has been planted in several arboreta, but for-
est plantations are rare (OEWB 2021).

Thuja plicata (Western Red-cedar) is an
evergreen tree from the Cupressaceae family,

originating from western North America (Riou-
Nivert 2001). It is a shade-tolerant specie. Age of
first fecundity is 20 years (Petit et al. 2017). Seeds
are about 6 mm long, with lateral wings about as
wide as the body (Riou-Nivert 2001). Mean seed
weight is 1.10 g (Turner 1985). They are primar-
ily dispersed by wind. Thuja plicata was introduced
in Western Europe during the nineteenth century.
In Southern Belgium, the species has been planted
in several arboreta and different cultivars are used
for ornamental purposes in gardens (Riou-Nivert
2001). Forest plantations are rare.

Based on species traits, Richardson and
Rejmének (2011) predicted high invasiveness for
Tsuga heterophylla and Thuja plicata, but not for
Abies grandis. However, all three species have been
documented as invasive in Great Britain at least
once (Clement and Foster 1994; Welch et al. 2001).
Tsuga heterophylla has shown particularly vigorous
regeneration around plantings in Scotland and Nor-
way, where few native species can survive beneath
its canopy (Oyen 2001; Harmer et al. 2011; For-
estry Commission Scotland 2015). In Germany, it
has also been reported to outcompete native species
(Frischbier et al. 2017).

Study sites

A total of 14 sites were selected across Southern Bel-
gium, comprising 6 sites for Tsuga heterophylla, 4
sites for Abies grandis, and 4 sites for Thuja plicata
(Fig. 1). These sites consisted of isolated, monospe-
cific, and even-aged small stands, each less than 1
hectare in size and at least 50 years old, with plant-
ing dates ranging from 1919 to 1970. All sites were
located at least 2 km from any other plantings of the
same or closely related species to avoid confusion at
the seedling stage. The elevation of the sites ranged
from 197 to 634 m above sea level, with exact loca-
tions provided in Table 1 and illustrated in Fig. 1.
The surrounding environments varied depending
on location but were primarily forested areas, rang-
ing from native beech forests to intensively planted
spruce stands, with occasional open clear-cuts or
grasslands. Western sites (Froidchapelle, Viroinval,
Rochefort) were predominantly surrounded by native
oak and beech forests, while southern sites (Mel-
reux, Laidprangeleux, Saint-Michel, Mirwart) were
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Fig. 1 Location of the study sites for each species in Wallonia, Belgium. Background on the map is the tree cover in 2000 (Hansen

et al. 2013)

characterized by beech and spruce forests on brown-
acidic soils. Northern sites (Baelen, Jalhay) were
situated on peaty soils and were bordered by beech,
spruce, or open grasslands.

Data collection

At each site, three directions were randomly chosen.
A circle sector of 10° and 750 m long was delim-
ited for each direction, starting 20 m inside of the
planting to describe the regeneration under the par-
ent trees as well (Fig. 2). This methods ensures a
constant sampling effort along increasing distance

@ Springer

(Bullock and Clarke 2000). For each 10-m interval,
the number of individuals originating from the nat-
ural regeneration was counted and assigned to one
of the three size classes: 0 t0 0.3 m (A), 0.3to 1.5 m
(B) and more 1.5 m (C). The first class represent
seedlings, the second one saplings and the third one
established trees (Laroque et al. 2001).The type of
forest cover (deciduous, coniferous, mixed or open)
was also noted for each 10-m interval.

Fieldwork took place from 2018 to 2022, during
summer and autumn. Each sector was visited once.
Sites with Tsuga heterophylla were visited either in
2018 or 2019. For the site of Mirwart, one of the
three sampled sectors could not be completed and
was therefore replaced by one additional sector in
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Fig. 2 Delimitation of a
10° circle sector starting
20 m inside the planting.
The 10-m sections were
delimited with stakes and
the direction was held with
the help of a compass.
Three random directions
were chosen per site

the site of Vecmont. Sites with Abie grandis and
Thuja plicata were visited in 2020 and/or 2022 (see
details in Table 1).

Data analyses

While dispersal curves are built to model seed disper-
sal over the distance from a seed source, recruitment
curves describe the distribution of actual descend-
ants at increasing distance from the parent trees. The
former corresponds either to the predicted density
of seeds as a function of distance, or to probability
density function, also called dispersal kernels, rep-
resenting the distribution of post-dispersal locations
at different distances from the parent trees (Nathan
et al. 2012). Several standardized dispersal kernels
are described in the literature, which perform rela-
tively well according to the studied growth form or
dispersal mode (Bullock et al. 2017). Wald, 2DT,
Lognormal and mixed models (models encompass-
ing two different kernels to explain both short- and
long-distance dispersal) are often preferred for wind-
dispersed species (Bullock and Clarke 2000; Greene
et al. 2004; Martin and Canham 2010; Norghauer
et al. 2011; Loebach and Anderson 2018; Wyse and
Hulme 2021). However, the preliminary choice of a
function is quite subjective, and the best approach is
to fit several functions and assess their relevance with
a best-fit approach and examination of the credibility
of the tail prediction (Bullock et al. 2006).
Richardson et al. (2000) suggested the threshold
of 100 m in 50 years for seed-dispersed alien plants
to be considered invasive. As an application of this
definition, Nygaard and @yen (2017) described the
dispersal of established regeneration Picea sitchensis
around plantings in Norway with two indicators: the
Wave Expansion Rate (WER), which is the median
spread distance divided by the parent stand age minus
their maturity age (Eq. 1), and the Frontier Expansion
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750 m

Rate (FER) is the maximum spread distance divided
by the parent stand age minus their maturity age
(Eq. 2). These indicators allow to discuss invasiveness
with empirical and objective quantitative data.

Median Spread Distance
Parent Stand Age-Age of Maturity
ey

Wave Expansion Rate =

Maximum Spread Distance
Parent Stand Age-Age of Maturity
@)

Regeneration density was calculated based on the
number of individuals and the area of each 10-m
interval of the circle sectors. The regeneration density
values in the 20 m inside the plantings were used in
histograms but excluded for the rest of the analyses.

The “dispfit” package was used to model the prob-
ability density functions for each species. The “disp-
fit” package fits and compares several parameterized
functions usually used in dispersal studies to describe
dispersal curves and predict dispersal distances
(Proenca-Ferreira et al. 2023). For each site as well as
the combination of all sites per species, the best func-
tion was selected based on AIC (Bozdogan 1987).
The parameters value, mean, skewness and kurtosis
were extracted with the “dispfit” package. The pre-
dicted values were plotted with the “ggplot2” package
(Wickham 2016).

We fitted a linear mixed model to test if the maxi-
mum dispersal distance (provided for each sector)
differs significantly with the species. The model
included the site, the time since planting and the year
of sampling as random effects.

To test the influence of the forest cover type
(deciduous, coniferous, mixed or open) on the
regeneration, zero-inflated Poisson regressions were
fitted on count of trees for each species with the
“glmmTMB” package (Brooks et al. 2017) Forest
cover type and distance were set as fixed effects, site,

Frontier Expansion Rate =
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time since planting and year of sampling as random
effects. The distance was also used as covariate for the
zero-inflated part of the model. Overdispersion and
zero-inflation were checked with the “performance”
package. AIC of the models with and without the time
since planting and the year of sampling as random
effect were calculated, and the best model selected.

We used an alpha level of 0.05 for all statistical
tests. All analyses were performed in R Studio 4.3.1
(R Core Team 2022).

Results

On average, the number of individuals recorded per
sector was 614.7 +323.6 (mean=+ SE) for Tsuga het-
erophylla, 2202.9+829.5 for Abies grandis and
89.2+46.37 for Thuja plicata. If we remove the
first 20 m inside the plantings, the numbers drop to
271.6+£192.0, 1528.9+643.6 and 45.8+27 respec-
tively, which means that 44%, 69% and 51% of the
counted regeneration was situated under the planting.
However, 92 to 93% of this under-parent’s regenera-
tion was under 0.3 m high. Maximum regeneration
densities reached 5.27 trees.m™> for Tsuga hetero-
phylla, 55.2 trees.m™> for Abies grandis and 3.02
trees.m ™2 for Thuja plicata.

The raw dispersal data, expressed as the regen-
eration density against the distance from plantings, is
shown for the three species in Fig. 3A, 4A and 5A.

The mean dispersal distance across all sectors was
51.9+15.6 m (mean=+SE) for Tsuga heterophylla,
22.7+3.8 m for Abies grandis and 29.5+11.9 m for
Thuja plicata. Maximum dispersal distances were
565 m for T. heterophylla, 355 m for A. grandis and
265 m for T. plicata. When comparing across sec-
tors, maximum dispersal distance of T. plicata were
significantly lower than the maximum dispersal val-
ues of T. heterophylla and A. grandis (p=0.04, esti-
mate=-141.6). The model’s total explanatory power
was substantial (conditional R*?=0.44) and the part
related to the fixed effects alone (marginal R?) was of
0.16. Time since planting was not retained in the final
model.

Among sites, WER ranged from 0.14 to
6.21 m year! for Tsuga heterophylla, with an
average of 1.41 m year™!. It ranged from 0.11 to
1.22 m year™! for Thuja plicata, with an average
of 0.63 m year™! and from 0.17 to 1 m year™! for

Abies grandis, with an average of 0.44 m year™'.
FER varied from 0.38 to 17.12 m year™! for Tsuga
heterophylla, with an average of 8.20 m year™!. It
ranged from 1.49 to 6.02 m year™' for Thuja plicata,
with an average of 3.56 m year™! and from 2.93 to
10.14 m year™! for Abies grandis, with an average
of 7.04 m year™'.

The probability density functions show right-
skewed, leptokurtic recruitment curves, with
parameters varying greatly between sites (Table S1,
supplementary material). Particularly, the curve of
Mirwart presents a remarkably flat shape and fat tail
and differs greatly from all the other recruitment
curves of Tsuga heterophylla (Fig. 3). In most cases,
most of the seeds fall in the first 100 m of the seed
source. Among all the tested functions, the Wald
function was the most often selected, followed by
the 2Dt function.

Dispersal parameters also varied according to the
considered size class. Looking at Table S2 (supple-
mentary material), mean and median distances are
often higher for trees above 0.3 m (B) and 1.5 m (C)
than for seedlings under 0.3 m (A). If we consider
the 95th percentile of distance, saplings and well-
established trees are found further from plantings
than seedlings: 201.9 (B) and 195.3 m (C) against
93 m for seedlings of Tsuga heterophylla, 85.9 (B)
and 82.7 m (C) against 55 m for seedlings of Abies
grandis and 89.3 (B) and 71.5 m (C) against 48.3 m
for seedlings of Thuja plicata.

The influence of forest cover type on regeneration
count was evaluated, and although zero-inflation
did not reach statistical significance, residual
graphical analysis from the tested models indicated
that a zero-inflated model provided a superior
fit. Overdispersion was not detected. Deciduous
covers were primarily beech- or oak-dominated
stands, while coniferous covers mainly consisted of
Norway spruce plantations. Open areas comprised
clear-cuts or small forest clearings. A significant
effect of forest cover type on regeneration count
was observed, with the exception of Thuja plicata,
for which model convergence was not achieved.
Although this species tended to favor open areas,
the low sapling count led to high error margins,
precluding the identification of a definitive pattern.
For Tsuga heterophylla, regeneration densities
were significantly higher in open areas (p <0.001)
and under coniferous cover (p<0.001) compared
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«Fig. 3 A Raw data of dispersal of Tsuga heterophylla per site.
Y axis is the mean of the regeneration densities between sec-
tors. X axis is the distance from the edge of the plantation.
Colors indicate the proportion of trees in the size classes: A
for seedlings < 0.3 m, B for saplings between 0.3 and 1.5 m, C
for young trees> 1.5 m. B Comparison of predicted values of
dispersal (probability density functions) for each site and for
the combination of all sites. Best model, based on AIC, is used
each time. C) Proportion of recruited trees found under each
forest cover type

to deciduous cover (Fig. 3C). Abies grandis
demonstrated a clear preference for coniferous cover
(p<0.001) (Fig. 4C). Detailed model parameters
are presented in Table S3 (supplementary material).

Discussion

Before an exotic tree species can be considered as
invasive, it is necessary to document its ability to dis-
perse at significant distance from the planted parent
trees and to regenerate abundantly (Richardson et al.
2000; Nygaard and @yen 2017). Also, its offspring
must be capable of reaching maturity in order to
reproduce and, in turn, create new populations.

The three conifer species under study showed
variable spread patterns and regeneration capacities,
with different proportion of established trees in the
regeneration.

Considering spread capacities, the observed values
of WER for the three species were relatively mod-
est, at least if compared to the 2 m year™' benchmark
corresponding to the proposed dispersal threshold of
100 m from parent trees in less than 50 years by Rich-
ardson et al. (2000). WER was above this threshold
only for Tsuga heterophylla in one site. However, the
FER can be considered a more reliable estimate of
species actual spread (Skarpaas and Shea 2007). Con-
sidering FER, the three species crossed the invasive
threshold in the majority of sites. On average, Tsuga
heterophylla FER was 8.20 m year! but it even
reached 17 m year™! in the most invaded site of Mir-
wart. Abies grandis FER reached 10 m year™!, against
6 m year™! for Thuja plicata.

Wald and 2Dt were the most selected functions
for the dispersal kernels, two distributions that tend
to produce flat tails (Nathan et al. 2012). Tsuga
heterophylla displayed the most important dispersal
distances with one site characterized by a really

flat dispersal curve, with half of the regeneration
exceeding 200 m. For the rest of the sites and species,
curves were very right-skewed with half of the
regeneration in the first 50 m around the plantings.
This is consistent with other observations of recruited
dispersal made in similar studies; in Amm et al.
(2012), the mean of the realized dispersal distance of
A. alba is 5 to 25 m from parent trees. In Nygaard
and @yen (2017), median spread distance of Picea
sitchensis was often under 50 m, except for a few sites
where it reached up to 200 m. As our three species
are wind-dispersed, wind and topography likely
affected dispersal, and therefore our observations
may vary according to the chosen sampling direction.
We did expect dispersal at further distance in the
direction of strongest winds during the period of
seeds release, and we tested this assumption (data not
shown). However, the test was inconclusive because
of the great variations in the direction of strongest
winds between years and sites. Though, considering
this effect, we did sample at least three sectors per site
in varying directions and managed to have a balanced
representation of directions for each species.

Long-distance dispersal events influence the rate
of invasions by allowing the settlement of new pop-
ulations at far distances, and these events are not as
rare as one might think (Horn et al. 2001). Tsuga
heterophylla seeds have large wings and relatively
small mass, enabling them to be dispersed over long
distances (Owens and Molder 1984; Turner 1985). In
open and moderately windy areas of its native range,
dispersal up to 1150 m from the parent tree has been
reported. In denser stands, however, most seeds are
known to fall much closer to the parents (Owens
and Molder 1984). Despite large wing-like features,
the seeds of Abies grandis are much heavier than the
two other species under study (Turner 1985). Thuja
plicata seeds are small but have small wings, and
observed dispersal in the native range does not exceed
122 m from the parent trees (Arno and Hammerly
1977). Long-dispersal is difficult to detect on experi-
mental setups and requires extensive samplings. In
our case, we did find some regeneration at far dis-
tance from the plantings, exceeding 200 m for Thuja
plicata, 300 m for Abies grandis and even 500 m for
Tsuga heterophylla. These maximal dispersal dis-
tances are congruent with the information available
from the native range.

@ Springer
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Abies grandis
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Thuja plicata
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High densities of regeneration were observed for
the studied conifer species, especially for Abies gran-
dis for which the maximum density measured was 55
trees/m?. These high values are usually observed in
the first 50 m after the planting edge. If a high den-
sity of Tsuga heterophylla and Abies grandis were
found in our sampling, much lower densities were
observed for Thuja plicata. According to Minore
(1990), average annual seed crops of Thuja plicata in
its native range vary greatly but reach several thou-
sands of seeds per ha. Seed production may be lower
in its introduced range, or seed or seedling survival
be low. In its native range, Thuja plicata seeds remain
viable for several years (Minore 1990) and Schop-
meyer (1974) reported germination rates between 34
and 90%, but seedling survival is low. Drought dam-
age seedlings grown in full sunlight and Fungi, birds,
insects, and smothering by fallen leaves of decidu-
ous species are causes of seedling mortality (Arno
and Hammerly 1977). In contrast, Tsuga heterophylla
seeds are viable only into the first growing season
after release and appears to germinate and grow well
on many seedbeds whether rotten wood, litter, or
bare soil (Williamson 1976). For Abies grandis, ger-
mination is variable but relatively low. Over 40% of
seedlings die during the first two tears, due to biotic
agents and drought (Foiles et al. 1990).

For Tsuga heterophylla, 61% of the stems were
saplings between 0.3 and 1.5 m high, and 13% were
above 1.5 m. Amongst these were cone-bearing
mature trees. This clearly shows that not only do the
seeds germinate, but the development of the descend-
ants is common. For Abies grandis, trees over 1.5 m
high represent less than 1% of the regeneration (13
individuals) and saplings 5% (931 individuals none-
theless). Finally, only 2 trees over 1.5 m were found
for Thuja plicata (<1%) and 34 saplings (9%),
against 342 seedlings. The mortality of seedlings in
Southern Belgium seems to be far more important
for Abies grandis and Thuja plicata than for Tsuga
heterophylla.

Not only are recruited trees present for Tsuga het-
erophylla and Abies grandis, but taller trees are found
further from plantings. The probability of seedlings
recruitment is therefore higher with increased dis-
tance from parent trees, which validates the escape
hypothesis for these studied species. This suggests
that the shape of the recruitment curves is dissimilar
to the seed shadow, both because of varying favorable

@ Springer

micro-sites availability and distance-dependent sur-
vival rates. However, we do not have the necessary
data to clarify the process under this escape effect,
i.e. if it is due to competition or herbivory and pest
pressures. Though, regeneration was also dense inside
the plantations, under the parent trees, but most of
this regeneration was under 0.3 m high: dense plant-
ing densities and lack of light reaching the under-
story likely induce competition that hinders seedling
development.

Both seed dispersal and environmental
characteristics play an important role in the
recruitment of seedlings (Amm et al. 2012). The great
variation of spread observed in the different sites is
probably due to abiotic and biotic filters. On the seed
dispersal stage, time since fecundity, topography and
local wind conditions can influence the seed rain
spatial distribution (Norghauer et al. 2011; Caplat
et al. 2012). Availability of favorable microsites
(vegetation type, disturbances...) affects the
germination of seeds, while the recruitment stages is
highly dependent on the resource availability and the
structure and composition of the receiving community
(competition, herbivory, pests). The invasibility of the
habitats surrounding the plantings of exotic species
therefore plays a role in the spread of an exotic tree
species (Nygaard and @yen 2017). In our previous
study (Fanal et al. 2021) on the regeneration of exotic
conifers in old arboreta, it appeared that the density of
regeneration was in general higher under coniferous
stands and in forest clearings than under deciduous
tree species. In Amm et al. (2012), the regeneration
of Abies alba was affected by tall beech trees but
facilitated by pine plantations. Calvifio-Cancela and
Rubido-Bara (2013) demonstrated that native forests
are more resistant to invasions from exotic eucalyptus
species than pine plantations. In our study, we found
that regeneration of Abies grandis is facilitated by
conifer plantations, while Tsuga heterophylla favors
open areas (such as forest clearings) and coniferous
stands as well. Climax native beech forest appear
to be particularly resistant to invasions from exotic
conifers, that struggle to find favorable germination
conditions and may suffer from low light availability
(Ligot et al. 2013). Thuja plicata also displayed low
regeneration in the region of the “Hautes Fagnes”
(sites of Jalhay and Baelen), likely because of
dense layers of graminoids like purple moor-grass
(Molinia caeruleae). This detrimental competition
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with graminids was also observed for Sitka spruce in
Coastal Norway (Nygaard and @yen 2017).
Performing a thorough data collection of the real-
ized dispersal around isolated, mature plantings pro-
vides valuable information on the dispersal process
and potential of a species, which is an indubitable
asset in assessing its invasive potential. Still, this
method is particularly time-consuming. A manpower
of almost 100 man day was necessary to conduct
this study, and the important variation between loca-
tions emphasizes the need of multiplying monitoring
sites. Yet, management of an exotic species must be
undertaken before its exponential spread to be effec-
tive. Given the urgency to detect species at risk at an
early stage of invasion, simplified protocols could be
developed to assess the potential of regeneration and
spread. Wyse and Hulme (2021) demonstrated that
modelled dispersal potential is the strongest predic-
tors of spread rates of exotic pines in New-Zealand,
far more efficient that currently used risk assessment
tools. Dispersal models could become part of risk
assessment combining on-site monitoring of mature
plantings with simpler predictors such as species
traits or introduction pathways. Growth and disper-
sal traits have already been identified as predictors
of invasiveness (Grotkopp et al. 2002; Richardson
and Rejmanek 2004; van Kleunen et al. 2010; Fanal
et al. 2022, 2023). In 2014, Tamme et al. (2014)
demonstrated that maximum dispersal distances can
be reasonably predicted using a simple model based
on growth form, dispersal syndrome, and mean seed
mass. For our three species, it estimates maximum
dispersal distances of 408 m (CI=234-712 m) for
Tsuga heterophylla, 325 m (CI=189-558 m) for
Abies grandis, and 274 m (CI=150-502 m) for Thuja
plicata. These estimates are in close agreement with
our observed maximum dispersal distances of 585 m,
375 m, and 285 m, respectively, with most observa-
tions within sites falling within the predicted confi-
dence intervals. This alignment suggests that even
simple trait-based models can be effective in predict-
ing the potential spread of exotic species, underscor-
ing their value in ecological risk assessments and
management strategies. Examined in parallel with
the vulnerability of the receiving ecosystem, and the
foreseen exotic species range evolution under climate
change (Thurm et al. 2018; Puchatka et al. 2023),
such risk assessment tools would provide helpful

information for a smart selection of species used in
future forest plantings.

Conclusion

Given the numerous post-germination events affect-
ing the recruitment of seedlings and the spatial het-
erogeneity of micro-sites suitable for germination,
multiplying sites and transects is a necessity to assess
the invasive potential of exotic conifers based on their
spread. Tsuga heterophylla, Abies grandis and Thuja
plicata all spread outside plantings, but considering
the dispersal distances, measured size classes and
regeneration densities, Tsuga heterophylla is the spe-
cies the most at risk of becoming invasive in suitable
receiving communities. Models predicting maximum
dispersal distances based on functional traits may
prove useful when on-site time-consuming monitor-
ing is not feasible.
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