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Abstract Trachycarpus fortunei (Arecaceae: Cor-
yphoideae) is an Asian palm that was introduced dur-
ing the nineteenth century in southern Switzerland and
northern Italy as an ornamental plant. In the recent dec-
ades, the palm has become an aggressive invasive spe-
cies in the region. Before this study, the genetic struc-
ture and diversity of the naturalised populations were
unknown. We aimed at understanding the dynamics
of invasion and at comparing the results obtained with
two types of markers. This genetic approach aimed at
tracing back as far as possible the source of invasive
populations comparing historical information found
in literature and invasive genetic patterns. The genetic
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diversity was analysed using eight microsatellites (five
were developed for that purpose) and 31’000 SNPs
identified through GBS analyses. Genetic analyses
were carried out for 200 naturalised individuals sam-
pled from 21 populations in the Canton Ticino (Swit-
zerland) and the provinces of Lombardy and Piedmont
(Italy). The observed general panmixia indicates that
the expansion of 7. fortunei is active in its naturalised
areas. The genetic pattern found for both SNPs and
microsatellites appears to be related to the colonisation
process, with a lack of geographic structure and bot-
tleneck signatures occurring at the colonisation front,
distantly from historical sites. This study gives a better
understanding of the expansion of 7. fortunei and adds
new insights to its ecology.
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Introduction

Current climate changes favour invasion processes
and modify ecosystems’ dynamics, including changes
in plant communities, as demonstrated in the moun-
tain range of the Alps (Carraro et al. 2001; Walther
2003; Pauli et al. 2007; Walther et al. 2007). Such
modifications are also found in the lowlands of South-
ern Alps and more particularly in the Insubric region
which extends from Lake Maggiore to Lake Garda.
This region is considered as transitional between the
warm temperate climate with evergreen broad-leaved
forests and the temperate climate with deciduous and
frost-resistant forests (Klotzli 1988; Walther 2001).
Ongoing changes in species distributions have been
partially explained by the rising winter tempera-
tures measured in the last few decades (Klotzli et al.
1996; Carraro et al. 2001; Walther et al. 2007). For
instance, the number of evergreen broad-leaved alien
(i.e. exotic) tree species is increasing in Switzerland
(Gianoni et al. 1988; Klotzli et al. 1996; Walther
2000, 2001; Berger and Walther 2006; Walther et al.
2007). They can negatively impact ecosystems,
because they are likely to become the dominant ele-
ment in an otherwise deciduous vegetation and, there-
fore, outcompete or suppress other plants due to their
tallness and shade tolerance (Koike 2001; Richardson
and Rejmanek 2011). Trachycarpus fortunei (Hook.)
H. Wendl. (Arecaceae), commonly called the hemp
palm, is one of the most invasive palms worldwide
(Fehr et al. 2020). The species represents a spectacu-
lar example of evergreen broad-leaved forests in the
Insubric region (Walther et al. 2007; Fehr and Burga
2016; Fehr et al. 2020) and the study system of the
present paper.

Originally native from South-East China (Drans-
field et al. 2008), T. fortunei was introduced in Europe
for the first time at the beginning of the nineteenth
century (Siebold 1856; Gay 1861; Jacobi 1998; see
Appendix S2 in Walther et al. 2007). In the middle of
the nineteenth century, Robert Fortune explored the
Chusan province (China) and brought seeds of 7. for-
tunei to western botanical gardens (Gay 1861; Gar-
dener 1971). An increasing number of introductions
(Dutch, English and French) of T. fortunei took place
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during the nineteenth century and the large distribu-
tion to horticulturists began in the second half of the
this century (Gay 1861). In the Insubric region, cur-
rently known for its rich exotic flora (Banfi and Gal-
asso 2010; Schoenenberger et al. 2014), T. fortunei
was introduced as an ornamental plant, especially on
the renowned Isola Madre, i.e. the first botanical gar-
den with exotic plants in the Lake Maggiore region
(Schroter 1936; Pfister 1977; Walther 2000). Tra-
chycarpus fortunei was recorded for the first time in
southern Switzerland in 1882 (Kny 1882; see Appen-
dix S2 in Walther et al. 2007). Exotic plants have
always been an important touristic attraction around
the different lakes (Lodari 2002; Muzzarini 2007),
and T. fortunei is now deeply rooted in the gardening
and landscape practices of the Insubric region.

By the 1950s, T. fortunei had already escaped from
private and public gardens into natural environments,
as it succeeded in colonising some shady and humid
sites in Ticino (Schmid 1956; see Appendix S2 in
Walther et al. 2007). In the 1970s, small sterile palms
were found in forest herb layers and in the 1980s, they
were seen in the shrub layer (Zuber 1979; Gianoni
et al. 1988; see Appendix S2 in Walther et al. 2007).
Seedlings from naturalised palms persisted and
started to compete with the local native flora (Walther
2000; Walther et al. 2007). Since several years, natu-
ralised adult palms occur at reproductive stage in the
tree layer (Fehr and Burga 2016). The species has
become strongly invasive (Fehr et al. 2020) in for-
ests of southern Switzerland (Info Flora 2014) and in
northern Italy (Banfi and Galasso 2010; Galasso et al.
2020) and was accordingly listed on the Swiss Black-
list of invasive neophytes (Info Flora 2014). The rapid
expansion of this species has prompted recent eco-
logical studies on 7. fortunei (e.g. Walther et al. 2007;
Fehr and Burga 2016; Fehr et al. 2020). Walther et al.
(2007) have determined that the mean temperature
of +2.2 °C during the coldest month is the lowest
temperature that the palm tolerates to successfully
spread. In addition, Fehr and Burga (2016) assessed
some ecological factors that also explain the palm’s
spread in the region and discussed the roles played by
the environmental dynamics. In particular, the high
propagule pressure due to cultivated palms and the
increasing portion of forests in which management
was abandoned fuelled the colonisation dynamic of
Trachycarpus fortunei.



Panmixia and active colonisation of the invasive palm Trachycarpus fortunei (Arecaceae)...

Both ecology and genetics are important aspects
to consider in plant invasions. Therefore, genetics of
invasive plants has become an increasingly explored
field in the last decades (Excoffier and Ray 2008;
Currat et al. 2008; Olivieri 2008; Smith et al. 2020).
Several studies have demonstrated that genetics could
play a more important role than environmental con-
ditions to explain species invasiveness: high genetic
variations allow responding to natural selection and
adapting rapidly to new areas (Lavergne and Molof-
sky 2007; Keller et al. 2014), hybridisation processes
and gene rearrangements allow increasing the inva-
sive potential through new gene combinations (Hov-
ick and Withney 2014; Keller et al. 2014), epista-
sis can modify genetics trade-offs and finally some
genes increase invasive characters (Wolf et al. 2000).
Through the increase of gene rearrangements, inva-
sions have also been suggested to favour genetic rev-
olutions (Hallatschek et al. 2007; Excoffier and Ray
2008; Olivieri 2008; Smith et al. 2020). For instance,
Klopfstein et al. (2006) have demonstrated that low-
frequency alleles can reach higher allelic frequencies
during species spatial expansions, a phenomenon
called allele surfing. Using microbial material, Hal-
latschek et al. (2007) have demonstrated that com-
plex patterns could emerge with species expansions,
such as patches with low genetic diversity and allele
frequency gradients among the latter. Regarding the
native range of T. fortunei, a recent study (Mao et al.
2020) has analysed its population genetics in one of
the Chinese provinces, Guizhou, where the species
is native. Using Sequence-related amplified poly-
morphism (SRAP markers), Mao et al. (2020) found
a high genetic diversity and a large genetic differen-
tiation among populations. Their results suggest that
Trachycarpus fortunei has a high potential to respond
to selection and breeding in its native range.

Here, we focused on the genetic variability of T.
fortunei populations in the Insubric region. The pre-
sent study aimed at (1) comparing the results obtained
with eight microsatellites on the one hand and single-
nucleotide polymorphism (SNPs) on the other; (2)
understanding the dynamics of the invasion process
through the analysis of the genetic variation and its
distribution within and among populations, while also
discussing the possible source of naturalised popu-
lations of T. fortunei in the Insubric region; and (3)
comparing the information found in the literature on
the first colonised sites in the region and the genetic

patterns of the invasion. The colonisation direction is
expected to stand from the lake shore vertically up to
the mountain slope, following the feeding behaviour
of birds to move from gardens with cultivated palms
(historical places) to their perching and nesting sites
in the surrounding, peri-urban forests and habitats.

Materials and methods
Sampling

The study area is located in the western side of the
Insubric region and is characterised by mild, sunny,
and dry winters (absolute temperatures are moderate
and regulated by the Alps as a barrier) and by warm
and sunny summers (Klotzli 1988; Walther 2001;
Fehr and Burga 2016). Rainfall and thunderstorms are
severe during summer and the annual precipitation
mean ranges between 1300 to 2300 mm (climatic nor-
mals 1981-2010; MeteoSwiss 2021). The comparison
of the climatic diagrams of Locarno in Switzerland
(deciduous broad-leaved vegetation) with different
locations in Asia (evergreen broad-leaved vegetation)
by Walther (2001) reveals many similarities.

Within this region, we aimed at sampling the
most important populations of 7. fortunei, around
the two main lakes of Ticino (Lake Maggiore and
Lake Lugano), taking also into account the Italian
border area. All samples (assigned to locations)
consisted of leaf material instantly dried in small
plastic bags filled with silica-gel and afterwards
stored at room temperature at the Conservatoire et
Jardin botaniques de Geneve (CIBG). A total of 200
individuals were sampled in April and May 2019
from 21 populations across Ticino (Switzerland),
Lombardy and Piedmont (Italy), with 10 individu-
als/population in most cases, but seven for Isole
di Brissago and three for Isola Madre (Fig. 1 and
Table 1). Populations 1 to 14 belong to the Lake
Maggiore region whereas populations 15 to 21
were sampled in the Lake Lugano region. All the
altitudes have been recorded for each population.
Historical populations were defined based on lit-
erature and all date back from the nineteenth cen-
tury. They are indicated with an asterisk in Fig. 1
and Table 1. Conversely, more recently naturalised
populations were defined by their greater distance
from historical localities and/or by a higher altitude
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Fig. 1 Sampling map of
Trachycarpus fortunei in
Canton Ticino (southern
Switzerland), Lombardy
and Piedmont provinces
(northern Italy) for both
types of markers (microsat-
ellites and SNPs). Historical
naturalised populations
were defined based on
literature and are indicated
with an asterisk

\ Intragna.
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(distance from lake level) and therefore named
“naturalised populations”. Based on literature (Kny
1882; Schmid 1956; Zuber 1979; Agliati and Mon-
dada 1987; Walther et al. 2000; see Appendix S2
in Walther et al. 2007), the populations of Isole di
Brissago and Solduno (next to Locarno) were con-
sidered as the historical ones for the upper part of
Lake Maggiore. On the middle part of the Lake
Maggiore, the population of Isola Madre was con-
sidered as the first historical introduction (Schroter
1936; Pfister 1977; Walther et al. 2000). For Lake
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Lugano, the historical locations were most probably
concentrated at the lake’s shore (such as Caslano,
Melide and Morcote populations), also traditionally
known as touristic sites. Conversely, Biasca, Castel-
rotto, Gandria, Intragna, Manno, Melano, Pianezzo,
Quartino, Tegna and Verscio populations were con-
sidered as more isolated, because distantly located
from the two lakes (and at higher altitudes) and/or
from populations that are larger and older according
to historical records.
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Table 1 Details of the genetic sampling of Trachycarpus fortunei in Canton Ticino (southern Switzerland—CH) and Lombardy and
Piedmont provinces (northern Italy—IT) for both types of markers

Populations and country Abbreviation GPS coordinates Alt. (m) Sampling size Date

1. Isola Madre*—IT M N 45°54'37.9" E 8°32'12.7" 194 03.04.2019
2. Isole di Brissago*—CH 1B N 46°07'53.9" E 8°44'04.1" 196 15.05.2019
3. Ghiffa—IT GH N 45°57'37.8" E 8°36'53.4" 354 10 03.04.2019
4. Cannobio—IT CB N 46°03'28.5" E 8°41'22.6" 220 10 14.05.2019
5. Ronco s. Ascona—CH FM N 46°08'01.4" E 8°43'05.7" 290 10 04.04.2019
6. Solduno*—CH SO N 46°10'17.8" E 8°47'08.3" 330 10 05.04.2019
7. Tegna—CH TE N 46°11'18.6" E 8°44'29.1" 350 10 01.04.2019
8. Verscio—CH VE N 46°11'14.7" E 8°43'42.1" 339 10 05.04.2019
9. Intragna—CH IN N 46°11'00.4" E 8°41'48.8" 468 10 05.04.2019
10. Quartino—CH QU N 46°08'59.8" E 8°53'51.3" 228 10 08.04.2019
11. Maccagno—IT MG N 46°02'41.6" E 8°4428.0" 308 10 15.05.2019
12. Calde—IT CL N 45°56'32.6" E 8°39'46.9" 232 10 02.04.2019
13. Pianezzo—CH PI N 46°10'14.1" E 9°01'54.0" 521 10 08.04.2019
14. Biasca—CH BI N 46°22'16.1" E 8°58'16.0" 380 10 08.04.2019
15. Castelrotto—CH CR N 45°5925.7" E 8°50'11.1" 332 10 09.04.2019
16. Caslano*—CH CA N 45°57'39.8" E 8°53'09.7" 274 10 02.04.2019
17. Manno—CH MA N 46°01'20.7" E 8°54'54.0" 330 10 09.04.2019
18. Morcote*—CH MO N 45°55'56.7" E 8°55'34.3" 387 10 10.04.2019
19. Melide*—CH ME N 45°56'56.7" E 8°56'22.1" 336 10 10.04.2019
20. Melano—CH MN N 45°55'02.8" E8°59'16.9" 350 10 10.04.2019
21. Gandria—CH GA N 46°0024.5" E 9°00'01.3" 430 10 09.04.2019

Populations 1 to 14 belong to the Lake Maggiore area. Populations 15 to 21 belong to the Lake Lugano area

Name of the sampled populations with their abbreviation, GPS coordinates, altitude in meters, number of sampled individuals, date

of sampling. Historical populations were defined based on the literature and are indicated with an asterisk

DNA extraction and quantification

DNA was extracted with the kit NucleoSpin Plant II
of Macherey—Nagel following the manufacturer’s pro-
tocol. DNA quantification was performed using the
Qbit dsDNA BR kit of LifeTechnologies and the Qbit
machine of Invitrogen. DNA extracts were stored at
—20 °C for further use.

Molecular analyses: microsatellite markers

Three different strategies were followed to find usable
microsatellite markers for 7. fortunei. First, seven-
teen microsatellite markers identified on the Euro-
pean palm Chamaerops humilis (Arecaceae, Cor-
yphoideae; Molecular Ecology Resources Primer
Development Consortium 2013) were tested (Suppl.
Table 1). Second, three microsatellite markers identi-
fied on the date palm Phoenix dactylifera (Arecaceae,
Coryphoideae): Pdac-011 (PdAAG1-SSR1), Pdac-012

(PdCUC3-ssrl) and Pdac-015 (mPdIRD13) (Suppl.
Table 2), selected from a batch of 18 microsatellites
(Aberlenc-Bertossi et al. 2014; Zehdi-Azouzi et al.
2015), were also tested for amplification on 7. fortu-
nei. Finally, new microsatellite markers were directly
characterized on T. fortunei using the methodology of
Estoup and Martin (1996).

To identify new microsatellite markers, total
DNA from a single individual was digested accord-
ing to Estoup and Martin (1996) with three blunt
end enzymes (Haelll, Alul, Rsal from Promega).
Fragments between 250 and 600 bp were selected
using polyethylene glycol (PEG) beads and differ-
ent washes. The fragments were then ligated into a
pUC19 vector blunt end digested with Smal. Trans-
formation was conducted with Escherichia coli DH5«
competent bacteria (from Thermo Fisher) following
manufacturer’s protocol and grown for 16 h on plates.
A total of 1’302 recombinant colonies were first trans-
ferred on gridded plates then onto nylon membranes
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and used for hybridisation with digoxigenin-labelled
microsatellite probes. Four digoxigenin-labelled
probes (AC),, (AG);,, (TCT);, (AAT), were
obtained with the DIG Oligonucleotide Tailing kit of
Boehringer Mannheim. The immunological detection
of microsatellites was realised with the DIG Nucleic
Acid Detection kit of Roche. The positive recom-
binant colonies containing putative microsatellites
were sequenced on an automated Beckman-Coulter
Sequencer (GenomeLab GeXP) using M13 forward
and reverse primers to access the inserted sequence.
The sequence data analyses and alignments were per-
formed with the Sequencher software version 5.4.6
(Gene Codes Corporation, Ann Arbor, Michigan,
USA) and the BiodEdit software (Hall 1999). For the
ten colonies that gave true microsatellite sequences,
primers were designed with the Primer Design-
ing Tool from NCBI and named according to their
respective number on the gridded plates.

For all tested microsatellite markers, PCR ampli-
fications were conducted on eight individuals from
geographically remote populations using the FastStart
Taq DNA Polymerase kit of Roche with the following
amounts per individual: 10X Buffer (with MgCl,):
2.0 pl; ANTPs 10 mM: 0.4 pl; BSA 5%: 0.2 pl;
Primer F (Forward) and R (reverse) 10 pM: 1.0 pl
each; Taq Polymerase SU/pl: 0.15 pl; Nuclease-Free
water: 14.25 pl and extracted DNA: 1.0 pl (see Suppl.
Tables 1 and 2 for PCR conditions). The resulting
PCR products were checked visually on 2% agarose
gels.

Out of the 30 tested microsatellites, eight micro-
satellites were finally selected based on their ampli-
fication success and polymorphism and were subse-
quently used for the study (Suppl. Table 3). Our final
batch of microsatellites was composed of one of the
17 microsatellites identified on C. humilis, two of the
three tested microsatellites identified on P. dactylifera
and five microsatellites out of the ten that were devel-
oped for the present study. The forward primers for
each were labelled with 5° fluorescent base (Biom-
ers). The multiplex PCR mix was prepared for one
individual as: 2xMaster Mix: 10.0 pl; Q-Solution:
4.0 pl; 6 Primers (4 uM, 3 fluorescent Forward and
3 Reverse): 1.0 pl each and extracted DNA: 1.0 pl,
using the MultiPlex PCR kit of Qiagen. The anneal-
ing temperatures for the three mixes as well as PCR
conditions are indicated in Suppl. Table 3. Genotyp-
ing was achieved on an automatic Beckman-Coulter

@ Springer

Sequencer (GenomeLab GeXP) and alleles, named
according to their length, were recorded on an Excel
spread sheet for further analyses.

Molecular analyses: genotyping by sequencing (GBS)

GBS was used to identify thousands of SNPs on the
sampled individuals, following the protocol devel-
oped by Elshire et al. (2011). GBS libraries construc-
tion, sequence data generation and SNP identifica-
tion were performed at the University of Minnesota
(USA), which transmitted a VCF file. Briefly, the
genomic DNA of T. fortunei samples was digested
using restriction enzyme BamHI. Single-end 100 bp
reads were produced, then demultiplexed fastq files
were generated using Illumina bcl2fastq software,
adapter sequences were trimmed from the 5° and 3°
ends of reads using Cutadapt. The Stacks version
2.0 (Catchen et al. 2013) denovo_map.pl workflow
was used to generate a raw VCF file, first to gener-
ate the loci catalogue from a random selection of 20
samples, then default parameters were used to pro-
duce the raw VCEF file for all samples. This VCF file
was filtered using VCFtools to remove variants with
minor allele frequency < 1%, variants with genotype
rate success <80%, and samples with genotype rate
success < 50%.

Bioinformatic analyses

The bioinformatics analyses aimed at analysing
microsatellite markers and SNPs on the 21 sampled
populations. Using indices of population genetics, the
dynamic of the invasion was analysed using genetic
variances and their distribution within and among
populations. Bioinformatics analyses were carried
out using both types of markers, when possible, for
comparison.

Genetic diversity

The genetic diversity (He) across all populations and
for each population (for both microsatellites and SNP
markers), and for each microsatellite locus (locus-
by-locus analyses) was analysed with the Hierfstat
package (Goudet 2005) in R (R Core Team 2021).
He was calculated for both type of markers, together
with their standard deviations. For microsatellites,
95% and 99% confidence intervals were calculated
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when normal distribution and homoscedasticity of
He values were confirmed at the 5% level using the
Shapiro-Wilk and Bartlett tests, respectively. Dif-
ferences in genetic diversity among loci and among
populations were additionally tested using the Wil-
coxon—Mann—Whitney signed rank test and the
Kruskal-Wallis rank test, respectively, using a false
discovery rate correction (Benjamini and Yekutieli
2001).

Inbreeding and structure indices

The Arlequin software (Excoffier and Lisher 2010)
was used to compute the inbreeding coefficients
(Fis) over all populations and per population (micro-
satellites and SNP markers) as well as per locus for
microsatellite data. Analyses of molecular variances
(AMOVA) were used to test for any significant defi-
cit or excess of heterozygotes. The Arlequin software
was also used to compute the Fst indices overall pop-
ulations and per populations pair (Suppl. Tables 4, 5,
6, for microsatellites and SNP markers). The Fis and
Fst values were considered as significantly different
from O using a resampling procedure with 10’000 per-
mutations. In addition, the mean Fst per population
with their standard deviation and the 95% confidence
intervals were calculated (when normal distribution
and homoscedasticity of Fst values were confirmed
among populations using Shapiro—-Wilk and Bartlett
tests, respectively, at the 5% level). For microsatel-
lite markers, the genetic structure was also estimated
using the Rst index (Slatkin 1995) that considers the
differences in repetition numbers (length of PCR)
in addition to allele frequencies. The differences
between Fst and Rst (for which the 95% confidence
intervals were also calculated), overall populations
and per each population were tested using the Wil-
coxon-Mann—Whitney signed rank test. For all these
tests, a nominal level of 5% was used.

Dispersion dynamics (microsatellites)

Regarding microsatellite data, the effective number
of alleles (Nae) was calculated according to Maruy-
ama (1970). The allelic richness per population and
per locus was computed with the Fstat software ver-
sion 2.9.4 (Goudet 1995) with a minimum num-
ber of three individuals corresponding to the size
of the Isola Madre population. Differences in allelic

richness among populations were tested using a
Kruskal-Wallis rank test. The number of rare alleles
was calculated as the number of alleles with fre-
quencies lower than 5% within populations. Link-
age disequilibrium among loci was tested with the
Arlequin software (Excoffier and Lisher 2010) and
the significance level assessed using a resampling
procedure of 10000 permutations. Corrections for
multiple tests were applied, using a false discovery
rate correction (Benjamini and Yekutieli 2001). Bot-
tleneck footprints were tested within populations
with the Bottleneck software (Piry et al. 1999) ver-
sion 1.2.02 using 1000 iterations and a significance
level of 5% to detect recent effective population size
reductions. Heterozygote excesses were tested using
the Wilcoxon test under the SMM (stepwise mutation
model) as it is the most precise model for microsat-
ellites according to Di Rienzo et al. (1994) and Zhu
et al. (1999). Although a high number of samples per
population (30 individuals) is preconized, eight loci
are sufficient to detect bottleneck signs according to
Luikart et al. (1998). Except for populations of Isola
Madre and Isole di Brissago, the number of analysed
individuals (10 meaning 20 gene copies) was there-
fore sufficient according to Piry et al. (1999). The dif-
ferent indices (population with significant deficits or
excess of heterozygotes, populations with higher Fst
indices, populations with significant pairs of loci in
linkage disequilibrium, populations that displays sig-
nificant bottlenecks) were mapped (Fig. 2, displayed
in the ArcGis and Photoshop software).

Diversity and structure plots

Principal components analyses (PCA, Suppl. Fig. 1)
were performed with the Hierfstat package (Goudet
2005) in R (R Core Team 2021) for microsatellites
and the SmartPCA software (Patterson et al. 2006) for
SNPs. To represent Reynold’s distances (Reynolds
et al. 1983) on graphs, non-metric multidimensional
scaling analyses with a minimal stress value (MDS,
Suppl. Fig. 2) were performed in R (R Core Team
2021) with the Hierfstat, Mass, Vegan and Reshape2
packages and using the Reynold’s matrices computed
in Arlequin (Excoffier and Lisher 2010). The distinc-
tion between the two lakes was analysed to search for
a possible genetic structure on a larger scale. Graphic
representations and ellipsoids of 95% confidence
intervals of the centroid for each lake region (PCA

@ Springer
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Fig. 2 Synthesis and
comparison of the two types
of markers (microsatellites
and SNPs) in Trachycarpus
fortunei. White circles:
Hardy—Weinberg equilib-
rium (both markers); Blue
circles: Significant excess
of heterozygotes: Manno
(both markers), Intragna
and Pianezzo (SNPs); Red
circles: Significant excess
of homozygotes: Isole

di Brissago and Verscio
(microsatellites); Red
squares: Highest mean pair-
wise Fst indices: Cannobio,
Intragna, Isola Madre and
Manno (both markers),
Tegna (microsatellites)

and Gandria (SNPs); LD:
More than one pair of loci
in significant in linkage
disequilibrium (microsatel-
lites): Cannobio, Caslano,
Gandria, Ghiffa and Manno;
*: Significant signs of
bottlenecks (microsatel-
lites): Gandria, Intragna,
Maccagno, Melano and

Ronco s. Ascona. Histori- LD
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plots, Fig. 3) were performed in R using the Ggplot2
package (Wickham 2016). In addition to ellipsoids
of 95% confidence intervals, analyses of variance
(AMOVA) considering the two lake regions (Lake
Maggiore and Lake Lugano) were performed. Two
indices (Fsc, representing the proportion of variation
due to differences among populations within a group,
and Fct, representing the proportion of variation due
to differences between groups of populations) were
used to test whether the grouping criterion is signifi-
cant or not at the 5% level (resampling with 10’000
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permutations). A Bayesian approach was used to
infer K, the optimal number of groups in the datasets
(Pritchard et al. 2000). This method uses multi-locus
genotypes and allows finding the best number of
populations in a dataset, assuming that each inferred
population follows panmixia. For microsatellite data,
the Structure software version 2.3.4 (Pritchard et al.
2000) was used to compute the admixture rates per
individual according to the K clusters, and the Struc-
ture Harvester software (Earl and Vonholdt 2012)
was used to determine the more likely K using the
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Fig. 3 Genetic analyses in Trachycarpus fortunei: PCA Plots
on microsatellites (A) and SNP markers (B) on 200 and 199
individuals, respectively. The individuals are named according
to their population (abbreviations) and coloured according to

Evanno’s DeltaK method (Evanno et al. 2005). Each
run, from K=2 to K=10, was repeated 20 times
and performed with 100’000 burn-in iterations and
100’000 subsequent Monte Carlo Markov chains.
For SNP data, the FastStructure and ChooseK soft-
wares (Raj et al. 2014) were used. For both markers,
the results for the 21 analysed populations (Suppl.
Fig. 3) were then mapped with individuals coloured
according to their assignment to the K panmictic
populations (Fig. 4, displayed in the ArcGis and Pho-
toshop software). The mean number of populations
assigned per individual (proportions higher than 5%)
was calculated to quantify the general admixture per
individual.

Results
Data generation

Over the 200 sampled individuals, one individual was
excluded due to a low number of reads and was not
considered in the following analyses. Over the 199
remaining samples, a total of 73’878 markers were
identified and 30’862 markers (that represent 19’095
loci) were selected after filtering. For the analyses

o1
Dim. 8.8%

the two regions (Lake Maggiore in blue and Lake Lugano in
purple). The ellipsoids represent the 95% confidence intervals
of each region centroid

with Arlequin software version 3.5.2.2 (Excoffier and
Lisher 2010), the allowed level of missing data was
reduced to 5%, which led to a subsample of 13’931
markers out of 30'862.

Genetic diversity, inbreeding and structure indices

Across the study range, the mean genetic diversity is
0.522 (with a standard deviation of 0.048) for micro-
satellite markers and 0.263 (with a standard deviation
of 0.013) for SNP markers. The Fis inbreeding coef-
ficient is 0.028 with a non-significant p value (0.138)
for microsatellite markers and -0.058 with a signifi-
cant p value (0.001) for SNP markers. The Fst index
is equal to 0.068 for microsatellite markers and equal
to 0.079 for SNP markers, both with a significant p
value (0.000).

For the microsatellite locus-by-locus analyses
(Table 2), the comparison between the number of
allele (Na) and the effective number of alleles (Nae)
shows that four loci (named 11, 12, 24 and 63) have
Nae close to their corresponding Na values. The
total number of alleles is 27, the total effective num-
ber of alleles is 19.92 and the total allelic richness is
19.29. The loci 11, 12, 230 and 348 display signifi-
cantly higher genetic diversity than the four others
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Fig. 4 Genetic analyses in Trachycarpus fortunei: structure
Plots mapped on geography with microsatellites (A) and SNP
markers (B) on the 21 analysed populations with individuals
coloured according to Structure and FastStructure results into

(p<0.018). Heterozygosities (Ho) are lower than
expected under Hardy—Weinberg for seven loci out
of eight, and the Fis coefficients indicate that three of
them (24, 230 and 312) exhibit significant heterozy-
gote deficiencies at the 5% level.

The analyses on each population are reported in
Table 3. Based on microsatellite markers, genetic
diversity is not significantly different among popula-
tions (p>0.05 and overlapping 95% and 99% con-
fidence intervals). The population from Isole di
Brissago, that also has the highest allelic richness,
presents the highest genetic diversity (0.622). The
Isola Madre (sampling reduced at three samples) and
Intragna populations exhibit the lowest genetic diver-
sity values (0.417 and 0.427, respectively). The Fis
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two or seven panmictic populations, respectively. Historical
naturalised populations were defined based on literature and
are indicated with an asterisk

coefficients show that Manno population displays a
significant heterozygote excess (p<0.05) whereas
Isole di Brissago and Verscio populations present a
significant deficit of heterozygotes. The Fst indices
are significant (p <0.05) for most pairs of populations
(Suppl. Table 4) and the mean pairwise Fst per popu-
lation indicates that Cannobio, Intragna, Isola Madre,
Manno and Tegna populations are overall more dif-
ferentiated than the others. Fst values were not sig-
nificantly different from Rst values (Suppl. Table 5)
across populations (p>0.05), except in three popu-
lations (Gandria, Intragna and Manno) for which Rst
were significantly higher than Fst (p <0.05).

Based on SNP markers (Table 3), the standard
deviations of genetic diversity per population are
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Table 2 Results of microsatellites analyses, per locus over populations, in Trachycarpus fortunei in its alien range of distribution in

southern Switzerland and northern Italy

Loci Motif Na Nae Ar He

He StDev

95% Cl  99% CI  Ho Hexp  Fis Fis p-value

Tfor-24  [GAl, 2 200 197 0486 0074
Tfor-312  [TCl, 3143 174 0292 0.160
Tfor-262 [TCl,, 3 183 195 0418 0.154
Tfor-230  [TCl, 4 303 290 0633 0.089
Tfor-348  [TCl,s 7 382 334 0653 0.120
Pdac-12  [CTCly 3 300 274 0641 0061
Pdac-11  [CT]l,, 3 282 269 0595 0.090
Chum-63 [GGAl,, 2 199 197 0462 0.116

0.032 0.041 0.370 0500 0.261  0.000
0.068*  0.090* 0260 0.303 0.141  0.028
0.066 0.087 0420 0453 0.074  0.158
0.038*  0.050* 0550 0.676 0.187  0.000
0.051%  0.068%  0.695 0.740 0.061  0.075
0.026 0.034 0.690 0.668 -0.033  0.240
0.038%  0.051*  0.620 0.648 0.043  0.220
0.049 0.065 0475 0498 0.047 0292

Name of each locus (Loci), details of the microsatellites (Motif), number of alleles (Na), effective number of alleles (Nae), allelic
richness with n=3 (Ar), gene diversity (He), standard deviation of gene diversity (He StDev), gene diversity confidence intervals
at 95% and 99% (CI 95% and 99%, with # when normal distribution and homoscedasticity of values were confirmed), observed
heterozygotes (Ho), expected heterozygotes under Hardy—Weinberg (Hexp), inbreeding coefficient (Fis), P-value that Fis is different

from O (Fis p-value)

largely overlapping. The Solduno population dis-
plays the highest genetic diversity (0.278). Can-
nobio, Intragna, Isola Madre, Manno and Melide
populations present lower genetic diversity. The
Fis coefficient per population indicates that three
populations (Intragna, Manno and Pianezzo) show
a significant excess of heterozygotes (p <0.05). The
Fst indices are significant (p <0.05) for all pairs of
populations (Suppl. Table 6). The mean pairwise
Fst per population indicates that Cannobio, Gan-
dria, Intragna, Isola Madre and Manno populations
are overall more differentiated than the others.

Dispersion dynamic indices (microsatellites)

The differences in allelic richness, calculated for
three individuals, are not significantly different
among populations (p>0.05). Populations with
the highest number of rare alleles are Maccagno,
Manno and Ronco s. Ascona (four rare alleles), fol-
lowed by Calde, Melano and Morcote (three), while
the remaining populations have two or less. The
Biasca, Cannobio, Caslano, Gandria, Ghiffa, Isole
di Brissago, Maccagno, Manno, Morcote, Pianezzo
and Quartino populations display pairs of loci in
significant linkage disequilibrium (p <0.018). Five
populations present bottleneck footprints with sig-
nificant excess of heterozygotes under the SMM
model (Gandria, Intragna, Maccagno, Melano and
Ronco s. Ascona; p <0.05).

General indices: comparisons of marker types

The synthesis map (Fig. 2) illustrates the differ-
ent indices and compares the two types of markers.
Isole di Brissago and Solduno populations show the
highest genetic diversity values with microsatellite
and SNP data, respectively. Conversely, Intragna and
Isola Madre populations display low genetic diversity
with both markers. Globally, Fis values reveal that
populations are at Hardy—Weinberg equilibrium with
microsatellite markers, while they present a slight
excess of heterozygotes with SNP data. For Fis values
per population, significant excess in heterozygotes
were observed in the Manno population with both
markers. Two additional populations (Isole di Bris-
sago and Verscio) present a deficit of heterozygotes
with microsatellite markers and two additional popu-
lations (Intragna and Pianezzo) display an excess of
heterozygotes with SNP markers. The genetic struc-
ture is low with both markers. The mean pairwise
Fst per population indicate that Cannobio, Intragna,
Isola Madre and Manno populations are overall more
differentiated than other populations with both mark-
ers. Within the latter, two population (Intragna and
Manno) show Rst indices significantly higher than F'st
indices with microsatellite data.

Diversity and structure plots

Individuals are graphically represented on the PCA
plots (Fig. 3, Suppl. Fig. 1) and populations on the
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MDS plots (Suppl. Fig. 2). Axes 1 and 2 of the PCA
plots represent 8.3% and 6.1% of the variability for
microsatellites and 8.8% and 5.9% for SNPs, respec-
tively. Individuals of a given population tend to be
found close to each other but they are never grouped
all together. For microsatellite markers, a total of 13
individuals are found outside the 95% confidence
interval: nine of them belong to five populations from
the Lake Maggiore region (Cannobio, Ghiffa, Isole di
Brissago, Maccagno and Tegna) and the remaining to
four populations of the Lake Lugano region (Castel-
rotto, Gandria, Manno and Melano). For SNP mark-
ers, only six individuals are found outside the 95%
confidence interval: two belong to the Lake Maggiore
region (Isola Madre) and the remaining to two popu-
lations of the Lake Lugano region (Caslano and Gan-
dria). With both markers, the two lakes’ ellipses are
largely overlapping. The low differentiation between
the two lake regions is confirmed by AMOVA with
significantly higher Fsc values (0.075 for SNPs and
0.069 for microsatellites, respectively; both p=0.000)
than Fct values (0.002 for SNPs and 0.000 for micro-
satellites, respectively; p equal to 0.110 and 0.470,
respectively).

No obvious structural patterns are observed among
populations (Suppl. Fig. 3). For microsatellite mark-
ers, the most likely number of clusters is K=2. Each
individual is, on average, assigned to 1.9 populations.
According to Evanno’s method, the DeltaK is equal
to 76.74 for K=2 (with Mean LnP(K)= —-2906.27),
while it ranges between 0.07 and 2.09 for higher K
values. For SNP markers, the most likely number of
clusters is K=7 and the mean number of assigned
populations per individual is equal to 2.9. With SNP
markers, two individuals of Isola Madre population
are completely attributed to one cluster. Individuals
of Caslano, Gandria and Manno populations also dis-
play more similar and exclusive patterns. The results
of structure analyses are also illustrated on the sam-
pling map (Fig. 4). With microsatellite markers, two
populations are exclusively attributed to one panmic-
tic population (Intragna and Ronco s. Ascona). The
Biasca, Isola Madre, Quartino and Tegna populations
of the Lake Maggiore region, and Castelrotto and
Manno populations of the Lake Lugano region can
be mostly attributed to the second panmictic popula-
tion. With SNP markers, Quartino, Ronco s. Ascona,
Solduno and Verscio are grouped together and are
distributed on the upper part of the Lake Maggiore.

Cannobio and Melide are grouped together but are
located in the two different regions. Caslano popula-
tion appears more differentiated, as well as Gandria
population. Manno is the most differentiated popula-
tion according to the SNP structure analysis.

Discussion

The genetic analyses on Trachycarpus fortunei popu-
lations in the Southern Alps allowed us to (1) com-
pare the two types of markers and (2) evaluate the
standing genetic variation and its distribution, as well
as to understand gene flows implied in the expansion
process. Finally, (3) by comparing our results with
the introduction historical information found in the
literature, the direction of the colonisation and the
dynamic in isolated populations, especially at the col-
onisation front, could be discussed.

Comparison of microsatellites and SNP markers

Despite differences in marker numbers and genome
coverage, microsatellites and SNPs gave very similar
results, namely: highly significant Fst values equal
to 0.068 and 0.079, respectively; no genetic struc-
ture between the two lakes (0.000 and 0.002, respec-
tively); similar inbreeding coefficients Fis (0.028 and
0.058, respectively); overlapping genetic diversities
among populations and similar levels of variance on
PCA axes for both types of markers. The two types
of markers also point at the same populations for the
most and least diverse samples.

These similarities open the question of the type of
marker that could be used in similar genetic diversity
studies. The microsatellites used here were identified
on Trachycarpus fortunei for the majority of them
(5/8) but also retrieved from other palm species (3/8)
from a batch of 20 markers identified on Chamaerops
humilis (Molecular Ecology Resources Primer Devel-
opment Consortium 2013) and a batch of 18 markers
identified on Phoenix dactylifera (Aberlenc-Bertossi
et al. 2014; Zehdi-Azouzi et al. 2015). Therefore
only 6% (1/17) of C. humilis microsatellites and 11%
(2/18) of P. dactylifera microsatellites could be suc-
cessfully used on our species, being polymorphic and
displaying easily scored patterns. Microsatelllites are
known to be highly specific and their use more or
less restricted to their focal species (Zhu et al. 1999).
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Microsatellites can indeed degenerate or accumulate
imperfect repetition of motifs (Buschiazzo and Gem-
mell 2006), rendering their scoring difficult. Muta-
tions occurring in the flanking region used for primer
definition may moreover produce null alleles that bias
the analyses with higher levels of inbreeding than
expected. In our case, no evidence was found for more
null alleles in the three non-focal microsatellites com-
pared to the focal ones and markers Pdac-11, Pdac-
12 and Chum-63 gave the smallest Fis values among
all (Table 2). Microsatellites are also usually much
more variable (two to seven alleles versus two alleles
maximum in our study) and can be more powerful
at small scales than SNPs (Payseur and Cutter 2006;
DeFaveri et al. 2013). Our analyses therefore suggest
that having more alleles can partly compensate for a
much lower number of markers than for SNPs.

GBS analyses are more costly and much complex
to obtain than microsatellites overall (Puckett 2017),
and might be less reproducible from one laboratory
to the other as they rely on a first step of DNA diges-
tion highly dependent on DNA quality and quantity.
The use of microsatellite markers could therefore be
advised when financial resources are lacking or for
comparisons with other studies. Conversely the GBS
analyses, as they produce markers covering the whole
genome, may allow for other types of analyses such
as association studies. Because of the high number of
scored markers, more powerful tests can be conducted
with GBS settings (see Puckett 2017 for a review).

Invasion dynamics: a high diversity and an overall
panmixia

Mao et al. (2020) showed, using bi-allelic mark-
ers similar to our SNP markers, that Trachycarpus
fortunei displays a high genetic structure among
populations coupled with a high genetic diversity
in the native species range in China. Our values of
genetic diversity from SNP markers are in the same
range as those obtained by Mao et al. (2020), but
the genetic structure is much smaller, pointing to a
lack of geographic pattern in our region. The over-
all genetic diversity observed in 7. fortunei is higher
than expected for an introduced plant but the genetic
diversity among populations in the introduced range
is in line with that reported in other invasive plants,
like Ambrosia artemisiifolia (Asteraceae), Cli-
demia hirta (Melastomataceae), Kochia scoparia
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(Amaranthaceae), Linaria vulgaris (Plantaginaceae),
Poa annua (Poaceae), Pueraria lobata (Fabaceae)
and Solidago canadensis (Asteraceae; see Ward et al.
2008 for a review). As highlighted in Kang et al.
(2007) and Prentis et al. (2009), multiple introduc-
tions increase the genetic diversity of invasive spe-
cies in their introduced range. Our results (Table 3)
identify the highest genetic diversity in 7. fortunei in
the upper part of the Lake Maggiore region. There-
fore, the high genetic diversity observed in the large
and old populations near the Lake Maggiore could
be due to the different historical introductions in
Europe (Gay 1861; see Appendix S2 in Walther et al.
2007) precisely in these locations, and to the impor-
tant diffusion of the species through gardens (Fehr
and Burga 2016). For instance, the Solduno popula-
tion, which shows the highest genetic diversity with
SNP markers, is the closest population to the city of
Locarno and possibly among the oldest naturalised
populations in the whole region. Indeed, T. fortunei
was already planted there at the end of the nineteenth
century (Kny 1882; Agliati and Mondada 1987; see
Appendix S2 in Walther et al. 2007). The high genetic
diversity and the highest allelic richness (micros-
atellite markers) of the Isole di Brissago population
could be due to both old and recent introductions in
the botanical garden settled on these islands. On the
contrary, two populations (Intragna and Isola Madre)
show low genetic diversity with both markers. The
Isola Madre population presently shows the lowest
genetic diversity, which is probably due to the sam-
pling of closely related individuals (see also source of
the invasive alien populations). For Intragna popula-
tion located at the colonisation front (second highest
altitude in the sampling), the low genetic diversity
could be explained by its small population size in the
forest and its recent formation deriving from few cul-
tivated palms in neighbouring gardens. Manno popu-
lation displays the lowest genetic diversity with SNP
markers, also probably due to its isolation.

In our study, the overall high diversity is associated
with a general panmixia (Table 3 and Fig. 2). Indeed,
only two populations display significant heterozygote
deficits with microsatellite data (Isole di Brissago
and Verscio). As described for native vs alien popula-
tions of Cytisus scoparius (Fabaceae) by Kang et al.
(2007), our results support the hypothesis that alien
populations of T. fortunei display the same cross-
pollination system as the native populations. In the
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southern part of the Alps, cross-pollination and the
important fruit propagation therefore prevent inbreed-
ing in naturalised populations. Conversely heterozy-
gotes excesses were found in Intragna, Manno and
Pianezzo populations which can be attributed to their
location at the colonisation front and further away
from the first important cultivated areas of 7. fortu-
nei according to the historical records (Kny 1882; see
Appendix S2 in Walther et al. 2007). Significant signs
of bottleneck events were found with microsatellite
markers in Gandria, Intragna, Melano, Maccagno,
and Ronco s. Ascona populations among which the
first three are considered as isolated. The altitude of
these three populations (Table 1), especially for Gan-
dria and Intragna populations, is higher than that of
other populations. Cultivated individuals in gardens
from different genetic pools were probably concen-
trated at these points of colonisation, increasing the
observed heterozygosity in these small populations.
For Maccagno and Ronco s. Ascona populations, the
explanation of bottleneck signs could be that the for-
est is now covering what was, in the past, a cultivated
or managed area. The two populations are therefore
somehow artificial, although they appeared natural-
ised to us during fieldwork. This would be specific to
cultivated sites that were abandoned after the Second
World War and that are now covered by forest (Fehr
and Burga 2016) or to gardens, not sampled in our
study. Finally, more than one pair of loci were found
in linkage disequilibrium in five populations (Manno,
Caslano and Gandria for the Lake Lugano; Cannobio
and Ghiffa for the Lake Maggiore). As the pairs of
loci were not always the same ones, they most prob-
ably reflect a statistical linkage disequilibrium, rather
than physical linkage among loci. Processes that may
cause such statistical linkage disequilibrium include
genetic drift and bottleneck events (Thornsberry and
Buckler 2003) as it is the case for Gandria. Similarly,
Manno population is most probably the result of a
founding effect leading to a high overall differentia-
tion and isolation.

Gene flow is generally regarded as being impor-
tant during the colonisation process of new areas (Lee
2002; Puth and Post 2005; Ward et al. 2008). In our
case, a high gene flow was deduced from the overall
low, although significant, Fst values, especially with
SNPs. Dispersal mediated by humans, as well as the
recent colonisation dynamics since the 1970s, are
suggested as the main explanations for the lack of

genetic structure. The small number of rare micros-
atellite alleles (Table 3) could additionally reflect the
active colonisation processes. During species expan-
sions, rare alleles can indeed become more frequent
when they are located at the migration front, some-
thing known as allele surfing (Klopstein et al. 2006;
Excoffier and Ray 2008). Gene flow among popula-
tions and the expansion process towards forests could
therefore explain the small number of rare alleles in
some naturalised populations. Kang et al. (2007)
however suggested that a high genetic diversity may
be more important than admixture during invasions.
When genetic diversity is higher than expected in an
introduced alien species, this could correlate with the
species adaptability in its new environment (Parker
et al. 2003). Understanding the population genetics of
an emerging problematic alien species can therefore
be relevant to understand and prevent future plant
invasions (Lee 2002; Puth and Post 2005; Ward et al.
2008; Olivieri 2008; Hovick and Withney 2014; Gla-
dieux et al. 2015). It might also allow early detection
of the species invasive potential and provide support
in the decision-making process regarding their con-
trol through spatial and reproduction management
strategies or through biocontrol (Nissen et al. 1995;
Ward et al. 2008). However, biocontrol appears more
difficult to succeed for alien species that have been
introduced multiple times from their native range to
the alien range and thus display higher genetic diver-
sity. In the case of T. fortunei, multiple introductions
have already been assessed and their effect confirmed
here. Only a drastic reduction of individuals that
come from different genetic pools and are planted in
gardens may reduce gene flow to forests, leading to a
possible depletion of genetic diversity in the future.

Source of the invasive alien populations

The dispersion of T. fortunei in the Insubric region
and its dynamics are the result of an intensive culti-
vation of the species by humans since the end of the
nineteenth century (Kny 1882; Agliati and Mondada
1987; Lodari 2002; Muzzarini 2007; see Appen-
dix S2 in Walther et al. 2007). By comparing our
results with literature, we could partly trace back the
source of the alien invasive populations of T. fortu-
nei in the western side of the Insubric region. As evi-
denced by PCAs (Fig. 3 and Supplementary Fig. 1),
all naturalised populations of 7. fortunei are made
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of several closely related individuals, most probably
originating from neighbouring gardens, and of other
ones more distantly related, that might result from
crosses with other genetic sources. The latter might
correspond to palms that were successively planted
or that came from other gardens. This pattern sup-
ports the hypothesis of a relatively recent colonisa-
tion (since the 1970s) of T. fortunei from gardens
(Walther et al. 2007). Accordingly, T. fortunei popu-
lations are denser when closer to gardens (Fehr and
Burga 2016). The general genetic admixture is high
(Fig. 4 and Supplementary Fig. 3), certainly also due
to the intensive cultivation and exchanges of individ-
uals through horticulture. The genetic structure, espe-
cially in SNP data, seems to reflect mainly patterns
in population size and degree of isolation: the larger
and continuous populations in the Lake Maggiore
region display less genetic structure than the smaller
and geographically more isolated populations of the
Lake Lugano region. While Mao et al. (2020) found a
genetic structure matching geographic patterns in its
native distribution range, T. fortunei does not display
a well-defined genetic pattern correlated to geogra-
phy in southern Switzerland and northern Italy. This
might be attributed to the important admixture of
cultivated individuals or could also reflect the recent
invasion of this species in these areas, with popula-
tions that did not have enough time to differentiate
according to geography. Some populations such as
Cannobio, Gandria, Intragna, Isola Madre, Manno
and Tegna are however more differentiated than the
average according to structure analyses and mean
pairwise Fst and Rst values (Supplementary Tables 4,
5 and 6). For five of them, their higher differentiation
can be attributed to genetic drift and founder events as
expressed by significant linkage disequilibrium (as in
Cannobio), heterozygote excesses (Intragna, Manno),
bottleneck signs (as in Gandria) or a combination of
the former (Manno, Gandria, Intragna). Accordingly,
Tegna, Intragna and Manno are geographically iso-
lated, whereas Gandria is the third highest popula-
tion in altitude (430 m) after Pianezzo (521 m) and
Intragna (468 m). For the Isola Madre population,
two out of the three sampled individuals (1IM and
2IM) are differentiated in all genetic analyses (Fig. 3
and Supplementary Figs. 1, 2, 3). These two individu-
als seem to have contributed little to the colonisation
process and they might come from a different gene
pool than the one that produced the majority of the
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sampled populations. This is in contradiction with the
hypothesis that the dispersion started from the first
exotic gardens associated to touristic areas (Schroter
1936; Pfister 1977; Walther 2000).

Conclusion

The colonisation of Trachycarpus fortunei, a prob-
lematic invasive species in southern Switzerland (Info
Flora 2014) and northern Italy (Banfi and Galasso
2010; Galasso et al. 2020), results from many factors.
As highlighted in previous studies, the rising winter
temperatures since the seventies (Walther et al. 2007),
as well as the important propagule pressure in dis-
turbed areas (Fehr and Burga 2016), have certainly
played an important role in its dispersion.

In the present study, the genetic patterns of 7. for-
tunei in its naturalised range could be assessed. No
important inbreeding signs were detected, mean-
ing that populations do not only result from a small
genetic pool with crosses among relatives. The
observed general panmixia and the low genetic
structure indicate that the dispersion of 7. fortunei is
active in its naturalised areas, and facilitated by its
successful reproductive strategy through cross-polli-
nation (Jousson et al. unpublished data on develop-
ment and morpho-anatomical studies of flowers and
fruits). New individuals that are widely planted in
gardens near the naturalised populations are likely to
increase the general admixture and diversity, there-
fore reducing inbreeding and increasing the ability of
the species to colonise new areas. Due to heterozy-
gotes excess and bottleneck events that are mainly
found at the colonisation front (geographical points
far from the historical points, e.g. into valleys, and/
or at higher altitude), the direction of the colonisa-
tion could be confirmed from the lakes upwards the
mountain slopes. This study is the first to have unrav-
elled the genetic patterns of an invasive and typically
ornamental species in the western side of the Insubric
region. We could show that some of the historical set-
tlements, such as Isola Madre, probably contributed
little to the colonisation at the genetic level, whereas
others, such as Isole di Brissago and Solduno, are
found within the main genetic pool, which place
them as putative source of colonisation. We hope
to have provided novel and useful data to support
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decision-making processes for effective management
strategies and measures.
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