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Abstract Human-assisted introduction of alien
plants is causing ecosystem transformations world-
wide and is considered an important threat to biodi-
versity. We provide a European assessment of habi-
tat levels of invasion in heathlands and scrub and
identify successful alien plants and invasion trends
across biogeographical regions. We analysed a geo-
graphically stratified data set of 24,220 dwarf shrub
and scrub vegetation plots sampled across Europe.
Among the 6547 vascular plant taxa occurring in
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these plots, we identified 311 neophytes (4.8%, i.e.
alien species introduced in Europe or its sub-regions
after 1500 AD) and compared five metrics of the level
of invasion in (i) EUNIS habitats, (ii) broad habitat
groups and (iii) biogeographical regions of Europe.
We related habitat-specific levels of invasion to eleva-
tion and climatic variables using generalized linear
models. Among neophytes, phanerophytes of non-
European origin prevailed. The most frequent neo-
phytes in the plots were Prunus serotina, Robinia
pseudoacacia and Quercus rubra among phanero-
phytes, Impatiens parviflora among therophytes, and
Erigeron canadensis and Solidago gigantea among
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hemicryptophytes. Levels of invasion significantly
differed among habitats and biogeographical regions.
The most invaded habitat was Macaronesian lowland
scrub, followed by riparian scrub, Rubus scrub and
forest-clearing scrub of temperate Europe, and coastal
dune scrub of the Atlantic region. The levels of inva-
sion were low in the shrublands of the Arctic and
Mediterranean regions and decreased with elevation
within habitats. Results suggest that insularity, low
elevation, frequent disturbances, and high availability
or considerable fluctuation of resources promote neo-
phyte invasions in European shrublands.

Keywords Alien plants - Biogeographical regions -
EUNIS - Europe - Level of invasion - Shrubland

Introduction

Human-assisted introduction and subsequent spread
of alien plant species are among the most critical
causes of biodiversity loss worldwide (Courchamp
et al. 2017; Pysek et al. 2020). They have serious neg-
ative consequences for some native species, habitats
and ecosystem functioning (Vila and Hulme 2016;
Carboni et al. 2021), human health and the economy
(Diagne et al. 2021; Novoa et al. 2021). However,
the magnitude of invasion and impacts of alien spe-
cies are often context-dependent and vary by invading
species, habitats and regions (Kalusova et al. 2015;
Kumschick et al. 2015; Ming et al. 2021). Therefore,
identifying successful invaders and vulnerable habi-
tats across regions is crucial for effective decision-
making, alien risk assessment and management (Gal-
lardo et al. 2019).

The extent to which a habitat is invaded by alien
plants is expressed as the level of invasion, which
includes various metrics of alien presence and abun-
dance at a site, in a plant community or in a habitat
(Catford et al. 2012; Guo et al. 2015). Early attempts
to quantify the levels of invasion focused on urban-
ized areas (Celesti-Grapow and Blasi 1998; PySek
1998). With increasing data availability, assessments
of the level of invasion became available for a vari-
ety of systems with increasing complexity, such as
nature reserves (PySek et al. 2002; Landi et al. 2020),
habitats at the country level (e.g. Chytry et al. 2005;
Wiser et al. 2011; Campos et al. 2013; Medvecka
et al. 2014) or entire continents (Chytry et al. 2009).
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Cross-habitat comparisons based on large-scale vege-
tation-plot data sets showed that habitats vary consid-
erably in their levels of invasion (Chytry et al. 2008a),
and these habitat-specific invasion patterns remain
consistent across different regions (Chytry et al.
2008a), and even continents (Kalusova et al. 2015).
Chytry et al. (2008b) showed that although the level
of invasion does not equate to habitat invasibility, i.e.
intrinsic susceptibility to invasion, they are usually
closely related. The accumulation of such evidence
has enabled the formulation of more general rules
of habitat invasion by alien plants. First, the most
invaded habitats are those with frequent disturbance
and a high or fluctuating resource supply (Davis et al.
2000; PySek and Chytry 2014). Second, the level of
habitat invasion depends on the size of the species
pool of potential invaders introduced into a given area
(Kalusova et al. 2014). Thus, the levels of invasion
decrease from human-made habitats to undisturbed,
natural habitat types (PySek et al. 2009), as well as
from lowlands to higher elevations (Medvecka et al.
2014). Third, oceanic islands have been found to have
higher levels of habitat invasion because of the lower
diversity of their native floras with competitively
weaker species (Lonsdale 1999; Hulme 2004; Stier-
stofer and Gaisberg 2005). However, large continen-
tal islands exhibit similar patterns of habitat invasion
levels as mainlands (Vila et al. 2010; Guarino et al.
2021). Habitats and their characteristics are, there-
fore, among the most important predictors of the
spread of alien plants worldwide (Bellard et al. 2016).

The availability of high-quality data on species
co-occurrence across Europe (e.g., European Veg-
etation Archive, EVA; Chytry et al. 2016) has moti-
vated new studies of plant invasion patterns at the
continental scale. Such studies, focused on European
forests (Wagner et al. 2017, 2021) and grasslands
(Axmanova et al. 2021), provided detailed informa-
tion on the invasion process for a number of habitat
types across the continent at fine spatial resolution.
They also revealed geographical patterns in plant
invasions across Europe and identified invasion hot-
spots and the most successful invasive species. How-
ever, such analyses have not yet been performed for
all major habitat types. European shrublands have
not received as much attention as forests or grass-
lands with respect to alien plants, probably due to
their smaller spatial extent, lower economic impor-
tance and recognition as successional or degradation
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stages between open habitats and forests rather than
as habitats themselves. The most comprehensive
study of plant invasions across European habitats so
far (Chytry et al. 2008a) compared the habitat lev-
els of invasion among three climatically contrasting
regions—Mediterranean, subcontinental and oceanic.
They also considered shrublands, but only distin-
guished among coarse units that occurred in the three
study areas. Mediterranean shrublands were also
considered in multiple-habitat invasion studies from
the Iberian Peninsula (Vila et al. 2007), the Balearic
Islands (Vila et al. 2010), Sicily (Guarino et al. 2021)
and other Mediterranean islands (Affre et al. 2010). In
temperate Europe, shrublands were included among
other habitat types in alien plant assessments for the
Czech Republic (Chytry et al. 2005), Moldavia (Sirbu
et al. 2012), Slovakia (Medvecka et al. 2014) and NW
Poland (MyS§liwy 2014). There is insufficient infor-
mation or only anecdotal evidence for other parts of
Europe such as subarctic regions (Milbau et al. 2013).

Despite their smaller area compared to grasslands
or forests, shrublands can be important for plant
invasions because they are transitional habitats that
can accumulate alien species from adjacent vegeta-
tion types and serve as a reservoir and pathway for
their dispersal into other habitats (van Rensburg
et al. 2013). The importance of shrublands can even
increase in the future due to woody plant encroach-
ment after management cessation (Archer et al. 2017;
Deng et al. 2021). Conversion of grasslands to shrub-
lands and woodlands has already been recognized as
a global issue and is assumed to accelerate with cli-
mate change (Criado et al. 2019). In other parts of the
world where shrublands occur over large areas, there
is growing evidence that alien plants can have nega-
tive impacts on shrublands, including replacement of
native biota (Dickens and Allen 2014) and alteration
of ecosystem processes, soil properties, water avail-
ability and fire regimes (Steers et al. 2013; Goldstein
and Suding 2014). Shrublands in Europe are very
heterogeneous and dynamic vegetation dominated by
either dwarf shrubs or taller-growing shrubs, occur-
ring across broad elevational and latitudinal gradients
(Mucina et al. 2016). In general, these shrublands
are supported by environmental factors that slow or
prevent vegetation succession toward woodlands.
These can be harsh climates (e.g. low temperatures,
droughts, high snowpack or a short growing sea-
son), waterlogging or periodical disturbances, either

natural or human-induced. We expect that all of these
factors influence not only the development and dis-
tribution of shrublands, but also the establishment of
alien species in shrubland habitats. They can also lead
to a considerable variation in the levels of invasion in
different shrubland types. However, a comprehensive
synthesis of plant invasions in shrubland habitats at
the European scale is still pending.

In our study, we use the most comprehensive data
set of European heathland and scrub vegetation avail-
able to date. We analyze these data on two scales to
reveal both fine-resolution patterns of habitat inva-
sions and more general patterns in broadly defined
habitats in different regions. At the finer scale, we use
EUNIS level 3 habitats based on a recently revised
habitat classification system (Chytry et al. 2020). At
the coarser scale, we track the variation in invasion
levels across broader habitats and biogeographical
regions with different compositions of native species
pools, macroclimates and landscapes. In all analyses,
we also distinguish between groups of alien species
according to their non-European or European origin.
The European distribution of alien plants introduced
from other continents depends on invasion pathways
and histories (Riera et al. 2021), time since intro-
duction (Lambdon et al. 2008) and climate match
between native and invaded regions (Thuiller et al.
2005; Cao Pinna et al. 2021). Therefore, non-Euro-
pean aliens can be represented and distributed differ-
ently across European regions than aliens of Euro-
pean origin, which generally have shorter distances
to overcome and a higher chance of being introduced
into a similar environment.

Based on the conclusions of previous studies from
other habitat types (Wagner et al. 2017, 2021; Giulio
et al. 2020; Axmanova et al. 2021), we hypothesize
that, at a local scale, the level of neophyte invasion
in European heathland and scrub habitats is highly
variable and depends on the ecology of different habi-
tat types. In particular, (H1) high levels of invasion
should occur in naturally or human-disturbed scrub
habitats that have constantly or temporarily high
resource availability, while in contrast, low levels
of invasion are expected in heathlands and scrub on
poor soils without frequent disturbance. At a coarser
scale, we expect the levels of invasion in European
shrublands to differ among biogeographical regions.
Specifically, (H2) scrub habitats on Macaronesian
islands should be more invaded than scrub habitats
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of mainland Europe, reflecting higher invasibility of
oceanic ecosystems; and (H3) scrub habitats in warm
lowland and coastal regions of the European main-
land should be more invaded than those at high eleva-
tions or northern latitudes of Europe, reflecting less
severe abiotic constraints and larger pools of alien
species.

Methods
Data set

We used an initial data set of vegetation plots with
known geographical coordinates from the Euro-
pean Vegetation Archive (EVA; Chytry et al. 2016),
which were classified to habitat types according
to the European Nature Information System (i.e.,
EUNIS habitats). The classification was performed
using the EUNIS-ESy expert system (v. 2020-06-
08; Chytry et al. 2020). We selected 63,318 plots
belonging to EUNIS habitat group S (heathlands and
scrub) and heathland and scrub habitat types belong-
ing to EUNIS habitat group N (coastal habitats). We
assessed 45 habitat types at Level 3 of the EUNIS
classification and grouped them into 11 broader habi-
tat types (i.e., broad habitats) to investigate patterns
of plant invasions in both finer and coarser categories
of heathland and scrub habitats.

We filtered the initial data set to allow invasion
comparisons among habitats. We removed plots: (i)
classified into transitional categories between differ-
ent types of heathland and scrub habitats; (ii) sam-
pled before 1970; (iii) with a size outside the range
of 1-100 m2. We also retained plots of unknown size,
assuming they were within the plot-size ranges tra-
ditionally used to survey such vegetation types (see
also Axmanova et al. 2021). European heathlands and
scrub habitats have not been thoroughly studied by
vegetation and invasion ecologists compared to Euro-
pean forests and grasslands, which is reflected in the
smaller data set and less balanced coverage of vege-
tation-plot data across European countries. Therefore,
we further resampled the filtered data set applying
spatial and compositional criteria to reduce the effect
of pseudoreplications and spatial autocorrelation in
densely sampled regions. Using an iterative proce-
dure, we randomly selected one plot from each pair of
plots that had similarity in species composition > 0.8
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(Bray—Curtis similarity) and, at the same time, were
located within 1 km distance (following DiviSek and
Chytry 2018). We also removed plots representing
rare EUNIS habitats, of which <20 plots remained in
our data set after the application of filtering and resa-
mpling procedures. The final data set used for analy-
ses contained 24,220 plots. A list of vegetation-plot
databases from EVA with their contribution to the
final data set can be found in Supplementary Informa-
tion, Table S1. An overview of the 45 EUNIS habitats
included in the final data set with numbers of plots
and their assignment to 11 broad habitat categories is
available in Supplementary Information, Table S2.

Species status

We considered only vascular plant taxa and uni-
fied their nomenclature across the vegetation plots
according to the Euro+Med PlantBase (2021), or
The Plant List (TPL 2013) for those taxa not listed
in Euro+Med. We assigned each taxon the status of
native, neophyte (i.e., alien species introduced after
1500 AD) or unknown, considering each region of
Europe separately (see the delimitation of regions
in the next section). We distinguished only neo-
phytes, while archaeophytes were not separated
from native species following the Euro+Med Plant-
Base approach. To assess the status of each species,
we used Euro+Med PlantBase, DAISIE (2009), the
GIoNAF database (van Kleunen et al. 2019), avail-
able national/regional checklists, and the knowledge
of local experts (see a list of sources used for species
status assignments in Supplementary Information,
Table S3). We excluded taxa with unknown status.
Some species or subspecies have dual status, i.e. they
can be native in some European regions and neophyte
in other regions. Due to this fact, we followed sta-
tus assigned at the infraspecific level in statistics for
particular regions, however, for habitat summaries
across regions, we used the species-level status. Thus,
if at least one subspecies was native, we considered
the species native. Neophytes were further divided
into groups according to their origin: (i) neophytes
of non-European origin; (ii) neophytes of European
origin (i.e. species with dual status in Europe); and
(iii) neophytes of other origin (including anecophytes
and hybrids). We also classified neophytes to eight
life forms (see sources in Supplementary Informa-
tion, Table S4) and geographical regions of origin (10
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world’s regions; POWO 2021; with additional catego-
ries of anecophytes and hybrids).

European regions

To assess the status of species across Europe and
examine geographical patterns of invasions, we
delimited 50 European regions. Regions usually cor-
responded to political units (i.e., countries), except
for large islands or archipelagos (the Balearic Islands,
Corsica, Crete, Sardinia, Sicily, Svalbard, Madeira
and the Canary Islands) and the European part of
Russia. For the latter, we have adopted the subdivi-
sion into seven regions from the Euro+Med Plant-
Base: North Russia, Northwestern Russia, Kalinin-
grad, Central Russia, South Russia, East Russia and
Caucasus Russia. The list of regions with numbers of
plots and neophytes recorded can be found in Supple-
mentary Information, Table S5.

To analyze the main biogeographical and macro-
climatic gradients in Europe, we also assigned each
plot to one of nine biogeographical regions accord-
ing to the European Environmental Agency (EEA
2016), including Alpine, Arctic, Atlantic, Boreal,
Continental, Mediterranean, Macaronesian, Pannon-
ian and Steppic (including Black Sea) biogeographi-
cal regions. In addition, we characterized each plot
based on its geographical coordinates by two climatic
variables, annual mean temperature (°C) and annual
precipitation (mm), and elevation (m) using ArcGIS
10.8 (ESRI 2011). We obtained climatic variables
from Chelsa (Karger et al. 2017) and elevation from
Jarvis et al. (2008).

Data analyses

We calculated the level of invasion by neophytes in
European heathlands and scrub vegetation for: (i)
EUNIS Level 3 habitats; (ii) broad habitats; and (iii)
European biogeographical regions. We used differ-
ent metrics of the level of invasion (e.g. Catford et al.
2012; Wagner et al. 2017; Axmanové et al. 2021):

i. Relative neophyte richness in the pooled species
list of all plots in the entire data set and in each
broad habitat and bioregion;

ii. Relative frequency of neophyte occurrence (i.e.,
proportion of records of neophytes across all
plots) in the whole data set;

ili. Mean or quantiles of relative neophyte richness
per plot (i.e., percentage proportion of the num-
ber of neophyte species in a plot) across all plots
of the whole data set and each EUNIS habitat,
broad habitat and bioregion;

iv. Percentage proportion of plots invaded by at
least one neophyte relative to all plots in the
whole data set and each EUNIS habitat, broad
habitat and bioregion;

v. Mean relative neophyte cover (i.e., percentage
cover of neophytes in a plot) across plots of all
broad habitats and biogeographical regions.

We calculated all invasion level metrics separately
for neophytes of non-European and European ori-
gin and for the other origin category. The following
quantiles of relative neophyte richness per plot were
used: 50% to show the median and 80, 85, 90, 95 and
98% to show whether there is a stable trend in the
level of invasion among broad habitats and biogeo-
graphical regions, although not evident in the lower
quantiles due to the prevalence of not-invaded plots
(see also Axmanova et al. 2021). Percentage cover of
neophytes in a plot was calculated using the Jennings-
Fischer formula (Jennings et al. 2009; Fischer 2015)
as the sum of individual species covers, considering
their possible overlap in a plot.

All of the following analyses were performed in R,
v. 4.1.1. (R Core Team 2021). We tested for differ-
ences in mean relative neophyte richness and cover
per plot among broad habitats and biogeographical
regions using the Kruskal-Wallis rank-sum test with
post-hoc multiple pairwise comparison among groups
using Dunn’s test (at P <0.05) available in the pack-
age rstatix v.0.7.0 (Kassambara 2021). Differences in
the counts of particular life forms for native species
and neophytes compared with their expected counts in
the species pool were tested with Pearson’s chi-square
test of independence using the package stats. Three
categories of life forms (i.e. epiphytes, hydrophytes
and lianas) with<5 species in native or neophyte
groups were removed prior to the test, but passively
displayed in the figure. Post-hoc tests of particular
counts for the combination of life form and status
(native/neophyte) were calculated comparing their
standardized residuals [(observed count—expected
count) / \/ expected count] to the normal distribution
of residuals (Beasly et al. 1995) with Bonferroni cor-
rection applied on the significance levels (P <0.005).
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To characterize the geographical patterns of inva-
sion levels across Europe, we assigned all plots to
50 km x50 km UTM grid cells based on their geo-
graphical coordinates. We drew maps of the mean rel-
ative neophyte richness in plots and percentage pro-
portions of invaded plots in a given grid cell across
Europe using the packages raster 3.5-2 (Hijmans
et al. 2021), rgdal v.1.4-3 (Bivand et al. 2020), spa-
tialEco v.1.3-7 (Evans et al. 2021), berryFunctions
v.1.20.1 (Boessenkool 2021) and classint v.0.4-3
(Bivand 2020). We mapped all neophytes together
and neophytes of non-European and European ori-
gin separately. To test the effects of annual mean
temperature, precipitation and elevation, as well as
two-way interactions of the two climate variables
with elevation on mean relative neophyte richness
in plots, we used a generalized linear model (GLM)
with binomial error distribution and logit link func-
tion (Dobson 1990; Douma and Weedon 2019). To
test for the simultaneous effects of the explanatory
variables on the probability that plots are invaded by
at least one neophyte (coded as 0/1), we used a GLM
with the Bernoulli distribution and cloglog link func-
tion because of the predominance of zeros in the data
(Dobson 1990). The multicollinearity of the explana-
tory variables was checked by the variation inflation
factor (VIF) using the VIF function in the package
reghelper (Hughes 2020). All explanatory variables
were standardized prior to the analyses. The signifi-
cance of each GLM was tested with the likelihood-
ratio X2 test (P <0.05). We calculated the percentage
of deviance explained [D2=(null deviance —model
deviance)/null deviance], which corresponds to the
proportion of variation explained (Nakagawa and
Schielzeth 2013), using the glm and anova functions
in the R package stats.

Results
Neophytes in heathland and scrub habitats

The data set contained 6547 vascular plant species, of
which 311 species (4.8%) were neophytes. Neophytes
of non-European origin were more frequent (52.7%)
than neophytes of European origin (40.8%) or neo-
phytes of other origins including anecophytes and
hybrids (7.4%; Fig. Sla). The frequency of occur-
rence of neophytes in vegetation plots was generally
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low, accounting for 4.5% of all species records in the
data set (Fig. S1b); non-European neophytes were
recorded much more frequently (78.2% of neophyte
records) than other neophytes. Life forms representa-
tion in the species pool of European heathlands and
scrub habitats differed significantly among native
species and neophytes (x2=241.5, df=4, P<0.001).
Neophytic phanerophytes and therophytes had higher
counts, whereas neophytic chamaephytes and hemic-
ryptophytes had lower counts than expected (Fig. 1).
The recorded neophytes were mainly from the Medi-
terranean region (including the Mediterranean part of
Europe, North Africa and the Middle East), temperate
Asia, non-Mediterranean parts of Europe and North
America (Fig. 2).

In general, all neophytes occurred in< 1% of the
plots in the entire data set, with many species recorded
in two plots only. The most common neophytes in
European heathland and scrub habitats included those
of non-European origin (Table 1a, b; complete list of
neophytes with plot counts can be found in Supple-
mentary Information, Table S6), namely Impatiens
parviflora, Prunus serotina, Erigeron canadensis,
and Solidago gigantea. Although Impatiens parvi-
flora and Prunus serotina were among the most fre-
quent species in the whole data set, their geographi-
cal distribution was limited, suggesting that they had
invaded heathland and scrub habitats only in a part
of European regions. Most neophytes had a narrow
invaded range and were usually recorded in only one
region. Solidago canadensis invaded more European
regions than Solidago gigantea, but when S. gigantea
was present in a region, it occurred in plots with
higher frequency. Erigeron annuus was also wide-
spread, but occurred less frequently in plots of heath-
land and scrub habitats than E. canadensis.

Levels of invasion in heathland and scrub habitats

Only a low proportion of plots in European heath-
lands and scrub habitats was invaded by at least
one neophyte (7.9% of the total). More plots were
invaded by non-European neophytes only (5.8% of
plots) than by neophytes of European origin only
(1.4%) or by neophytes of unknown origin only
(0.4%). Further 0.4% of plots were invaded by both
non-European and European neophytes. The mean
relative richness of neophytes in all plots of Euro-
pean heathlands and scrub habitats was 0.7% per
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Fig. 1 Proportions of native species and neophytes in the spe-
cies pool of European heathland and scrub habitats that belong
to different life forms. The grey area represents the expected
proportions under the hypothesis of independence of the life
form and native or neophyte status (Pearson’s chi-square
test; x2=241.5, df=4, P<0.001). Proportions of life forms
with<5 species (epiphytes, hydrophytes and lianas) were pas-
sively displayed. Arrows indicate cases where the proportion

of a particular life form is significantly higher (1) or lower (|)
than expected. The significance of the differences was tested
using the comparison of standardized residuals to their normal
distribution with Bonferroni correction applied; -- marginally
significant (P~0.005); * - significant (P <0.005); n=number
of life forms assigned within native species and neophytes
groups
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plot and the mean relative cover of neophytes was
0.9% per plot. Neophytes of non-European origin
reached higher mean relative richness (0.5% per
plot) as well as mean relative cover (0.7% on aver-
age) in all plots than neophytes of European origin
(0.1% and 0.2%).

At the fine scale of EUNIS habitats, we found that
four types of EUNIS habitats had relatively high lev-
els of invasion, as measured by both the mean relative
richness of neophytes calculated across plots (Fig. 3)
and the proportion of plots that are invaded (Sup-
plementary Information, Fig. S2). These included
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Table 1 Most frequent neophytes in European heathland and scrub habitats in terms of (a) the percentage of the 24,220 plots in
which the species occurred; (b) the percentage of the 50 European regions where the species occurred

(a) Species name Life form Plot count % (b) Species name Life form Region count %

Impatiens parviflora T 192 0.79 Erigeron canadensis T 20 40.0
Prunus serotina P 132 0.55 Erigeron annuus® H 15 30.0
Erigeron canadensis T 127 0.52 Solidago canadensis H 14 28.0
Solidago gigantea H 117 0.48 Robinia pseudoacacia P 13 26.0
Bidens frondosus T 91 0.38 Solidago gigantea H 13 26.0
Robinia pseudoacacia P 84 0.35 Impatiens glandulifera T 12 24.0
Impatiens glandulifera T 79 0.33 Impatiens parviflora T 12 24.0
Erigeron annuus® T 71 0.32  Bidens frondosus T 11 22.0
Claytonia perfoliata T 73 0.30 Acer negundo P 10 20.0
Oxalis pes-caprae G 55 0.23 Reynoutria japonica G 10 20.0
Echinocystis lobata L 49 0.20 Echinocystis lobata L 9 18.0
Vaccinium macrocarpon C 46 0.19 Oenothera biennis agg.© H 9 18.0
Quercus rubra P 41 0.17 Oxalis stricta G 9 18.0
Solidago canadensis H 38 0.16 Veronica persica T 9 18.0
Epilobium ciliatum® H 36 0.15 Xanthium orientale® T 8 16.0

All listed neophytes are of non-European origin. Life forms: P — phanerophyte, C — chamaephyte, H — hemicryptophyte, G — geo-

phyte, T — therophyte, L — liana

Incl. subsp. annuus and subsp. septentrionalis; ®incl. subsp. adenocaulon and subsp. ciliatum; ‘agg. incl. group of other non-identi-
fied Oenothera taxa; %incl. subsp. californicum, subsp. italicum and subsp. riparium

(i) lowland scrub habitats in Macaronesian islands,
(ii) riparian scrub habitats in various biogeographi-
cal regions of Europe, (iii) Rubus scrub and forest-
clearing scrub in lowland to montane elevation belts
of temperate Europe, and (iv) sand-dune scrub on
the Atlantic and Baltic coasts. In all of these habitats,
neophytes originating from outside Europe prevailed,
with the only exception of Macaronesian garrigue,
where neophytes of European origin accounted for a
higher proportion of invaders. In contrast, heathland
and scrub habitats at high elevations or with xeric
conditions and nutrient-poor soils, including various
arctic, alpine, subalpine and Mediterranean habitats,
generally had low levels of plant invasions.

At the scale of broad habitats, we found the high-
est relative richness of neophytes in species pools of
temperate lowland to montane scrub, Macaronesian
lowland scrub, and riparian scrub. Macaronesian and
riparian scrub also had the highest relative richness
of neophytes in their plots and highest proportions
of plots invaded by at least one neophyte. Neophytes
often reached high relative percentage cover there
(Table 2). The lowest relative richness of neophytes
was found in the species pools of broad scrub habitats
at high elevations (arcto-alpine, oro-mediterranean,
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Macaronesian montane) and in the Mediterranean,
semi-desert and saline scrub, and temperate heath-
lands (Table 2).

High-elevation scrub habitats usually had low
mean relative richness of neophytes in plots (Fig. 4a),
and neophytes reached a very low cover in plots
(Table 2). Mediterranean scrub with a small pool of
neophytes and low mean relative neophyte richness
in plots (Fig. 4a) showed a slightly higher propor-
tion of invaded plots and higher mean relative cover
of neophytes than similarly invaded temperate heath-
lands (Table 2). Semi-desert and saline scrub habitats
had moderate relative richness of neophytes in plots,
although other invasion metrics, i.e. relative richness
of the species pool, proportion of invaded plots and
mean neophyte cover in plots, were low (Fig. 4a).
This pattern is due to the relatively low richness of
native and also to the fact that few neophytes were
able to invade these habitats, but they were present
quite constantly across plots.

An intermediate contribution of neophytes to spe-
cies pools was found in coastal and fen scrub habitats
(Table 2). However, coastal habitats showed a higher
proportion of invaded plots and a relatively high mean
neophyte cover compared to fen scrub (Table 2). This
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EUNIS habitats Mean relative richness of neophytes (%)
0.0 1.0 20 30 4.0

A Macaronesian garrigue
A Canarian and Madeiran xerophytic scrub
] Temperate riparian scrub
O Mediterranean riparian scrub
@ Temperate Rubus scrub
@ Temperate forest clearing scrub
[0 Semi-desertriparian scrub
% Atlantic and Baltic coastal dune scrub
@ Temperate and submediterranean thorn scrub
% Atlantic and Baltic coastal Empetrum heath
’ Thermomediterranean arid scrub
[l Aralo-Caspian semi-desert sand dune with s parse scrub
% Mediterranean and Black Sea coastal dune scrub
@ Lowland to montane temperate and submediterranean genistoid scrub
O Salix fen scrub
@ Mediterranean halo-nitrophilous scrub
4@ Mediterranean maquis and arbores cent matorral
@ Spartium junceum scrub
* Dry heath
Y Wet heath
@ Low steppic scrub
@ Corylus avellana scrub
@ Submediterranean pseudomaquis
@ Lowland to montane temperate and s ubmediterranean Juniperus scrub
Bl Eastern garrigue
o Western Mediterranean mountain hedgehog heaths
@ Western basiphilous garrigue
* Atlantic coastal Calluna and Ulex heath
@ Subalpine and subarctic deciduous scrub [ European neophytes
O Eastern Mediterranean mountain hedgehog-heath
@ Western acidophilous garrigue |
@ Subalpine genistoid scrub of the Amphi-Adriatic region |
0 Central Mediterranean mountain hedgehog-heath
@ Subarctic and alpine dwarf Salix scrub
@ Alpine and subalpine Juniperus scrub
@ Alpine and subalpine ericoid heath
@ Shrub tundra
@ Subalpine Pinus mugo scrub
4 Mediterranean gypsum scrub
@ Western Mediterranean spiny heath
@ Eastern Mediterranean spiny heath (phrygana)
A Canarian mountain hedgehog-heath

I Non-European neophytes

Broad habitats: @ Arcto-alpine % Coastal O Fen A Macaronesian lowland A Macaronesian montane 4 Mediterranean
<> Oromediterranean | Semi-desertand saline [J Riparian ¥¢ Temperate heathlands @ Temperate lowland to montane

Fig. 3 Mean relative richness of neophytes in European heath- Broad habitats are indicated by a symbol next to the habitat
land and scrub habitats, calculated as the proportion of neo- names. Habitats are ranked in descending order of the propor-
phytes of non-European origin (brown) and European origin tion of both neophyte groups to the total number of species

(orange) across all plots assigned to a given EUNIS habitat.
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indicates that despite the relatively small size of its
neophyte pool, coastal scrub is invaded frequently,
especially by non-European neophytes, which are
able to dominate there.

In all broad scrub habitats, neophytes of non-Euro-
pean origin prevailed in the pool of neophytes. The
patterns of mean relative richness and cover of neo-
phytes in the plots were, therefore, mainly determined
by neophytes of non-European origin, while the rep-
resentation of European neophytes and those of other
origin did not differ significantly among broad habi-
tats. A high contribution of neophytes of European
origin was only found for the geographically distinct
Macaronesian lowland scrub (Table 2, Fig. 4c.,f).
Lists of neophyte taxa in each broad habitat can be
found in Supplementary Information, Table S7.

Levels of invasion of heathland and scrub habitats
across European biogeographical regions

In general, there was an increase in invasion lev-
els from southern to central Europe, followed by a
decrease toward northern Europe (Fig. 5a, d). The
highest relative richness of all neophytes in the spe-
cies pools of European heathland and scrub habitats
was found in the Atlantic, Macaronesian, Continental
and Pannonian regions. The relative richness in spe-
cies pools then decreased towards Steppic, Boreal and
Mediterranean regions and the lowest relative rich-
ness was found at high elevations of the Alpine region
and high latitudes of the Arctic region (Table 3). Sim-
ilar patterns were found for the mean relative richness
and cover of neophytes in plots and proportions of
invaded plots (Table 3; Fig. 4d). However, the Atlan-
tic region, which holds the highest relative richness of
neophytes in species pools, showed only intermediate
values for the other metrics (Table 3). Non-European
and European neophytes also followed this pattern
(Fig. 4e, f), but non-European neophytes were gen-
erally more frequent across biogeographical regions
(Table 3). The only exception included Madeira and
the Canary Islands (Macaronesian biogeographical
region), where neophytes of European origin also
showed relatively high levels of invasion (Table 3,
Fig. 5c¢). Summary statistics of the invasion levels for
particular European regions (countries or islands) can
be found in Supplementary Information, Table SS5.
Local hotspots of neophytes in mainland Europe
indicated by locally high mean relative richness of

neophytes in plots were found in central Europe
(Fig. 5a), especially in Austria, Slovenia, the Czech
Republic and SW Poland in temperate riparian, Rubus
and forest clearings scrub. Other hotspots were found
on the coast of the Balkan Peninsula (Fig. 5a) in the
Mediterranean riparian scrub, in Crete and Spain in
coastal sand dune scrub, and in Germany and Nether-
lands in temperate riparian and Rubus scrub habitats.
Areas with high levels of invasion related to differ-
ent types of riparian scrub habitats were also scat-
tered within Germany and in the interior of the Bal-
kan Peninsula. Local hotspots indicated by the high
proportion of invaded plots (Fig. 5d) were located in
coastal sand-dune scrub of Netherlands and the Bal-
tic countries, in Mediterranean or temperate riparian
scrub of Greece, Italy, Sicily and Spain, on British
Isles in temperate thorn scrub and on Sicily in Medi-
terranean maquis (Table 3, Fig. 5d).

Determinants of the levels of invasion of heathland
and scrub habitats in Europe

The relative richness of neophytes (all origins com-
bined) in plots (Table 4a) and the probability that a
given plot would be invaded by at least one neophyte
in that category (Table 4b) were most strongly influ-
enced by elevation. Both variables decreased along
the elevational gradient from lowlands to high moun-
tains. The second most important factor affecting rel-
ative richness of neophytes was annual mean temper-
ature: plots in warm areas were more invaded than in
cold areas. For the probability of plots being invaded,
annual precipitation was slightly more important pre-
dictor than temperature with a decrease of invaded
plot numbers with increasing precipitation. An
increase in annual mean temperature showed a posi-
tive effect on the probability and relative richness of
European neophytes, however, in neophytes of non-
European origin, it increased only the probability
of plots being invaded, not their relative richness in
plots. The relative richness and probability of a plot
being invaded by non-European as well as European
neophytes decreased in response to increasing annual
precipitation.

There was a significant interaction between ele-
vation and annual mean temperature on the rela-
tive richness and probability of a plot being invaded
(Table 4b). The negative relationship between level of
invasion and elevation is not as pronounced in warm
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Broad habitats
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regions. For example, in the Macaronesian biogeo-
graphical region (Supplementary Information, Fig.
S3), relative richness and probability of plot invasion
by all neophytes regardless of origin and European
neophytes showed no response to elevation. Only the
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relative richness of neophytes of non-European ori-
gin and probability of a plot being invaded by them
decreased with elevation there, whereas the relative
richness of European neophytes peaked at mid-ele-
vations (Fig. S3c). In contrast, in the Mediterranean
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«Fig. 4 Comparison of quantiles of relative neophyte richness
in broad habitats (a—c) and biogeographical regions (d—f). As
the median proportion of neophytes in plots of all broad habi-
tats and regions is zero due to the prevalence of non-invaded
plots, we used quantiles to compare the level of invasion. All
proportions of neophytes in plots within a particular broad
habitat or biogeographical region were ranked in ascending
order, and values corresponding to the position of 50%, 80%,
85%, 90% , 95% and 98% of the data were used. Broad habitats
and biogeographical regions were sorted in ascending order
by the value of the 95% quantile. Quantiles are shown for all
neophytes and separately for neophytes of non-European and
European origin. Neophytes of other origins (anecophytes and
hybrids) are not shown because the values for all quantiles are
Zero

region with similarly high annual mean temperatures,
the effect of increasing elevation remained signifi-
cantly negative for both neophyte groups and both
measures of invasion levels in plots (not shown).

Discussion

Our results show that the levels of neophyte invasions
vary considerably both among individual European
heathland and scrub habitats and across different bio-
geographical regions of Europe.

The most invaded European heathland and scrub
habitats and biogeographical regions

The levels of invasion found in EUNIS shrubland
habitats in our study (mean relative richness of neo-
phytes in plots up to 3.8%) are comparable to those of
shrubland habitats included in the comparative study
for selected European regions by Chytry et al. (2008b;
up to 3.1%). The slightly higher maximum value in
our study results from the inclusion of the heavily
invaded Macaroneasian garrigue (S64) and Madeiran
and Canarian xerophytic scrub (S81+ S82), which
were not included in the previous study. However, the
observed levels of invasion are still lower than in the
most invaded European human-made habitats (mean
relative richness of neophytes>5.6%; Chytry et al.
2008b).

We found the most invaded heathland and scrub
habitats in the Macaronesian biogeographical region
(Canary Islands and Madeira). This can be a result of
the effect of insularity, Macaronesian flora specific-
ity in the European context and the history of human

colonization. High isolation of oceanic islands from
mainlands leads to low species richness (Simberloff
1995), and therefore low functional diversity of native
species and their reduced competitiveness compared
to alien species from mainlands (Sol 2000; Frid-
ley and Sax 2014). Habitats on oceanic islands and
their vegetation are therefore highly vulnerable to
the human-induced introductions (Castro et al. 2010)
which also explains generally high levels of inva-
sion on the studied Macaronesian islands. The effect
of low native richness might not be so important on
continental islands, i.e. those historically connected
to the mainlands, such as those in Mediterranean
Europe, which share many species with adjacent parts
of the continent and where island heterogeneity and
propagule pressure can be of higher importance (Vila
et al. 2010). Mediterranean Europe has a long his-
tory of alien introductions, which can be reflected in
relatively lower proportions of neophytes in the spe-
cies pool (Cao Pinna et al. 2021) compared to the
Macaronesian islands that host high proportions of
neophytes, many of which were introduced relatively
late, since the nineteenth century (Silva et al. 2008).
The high counts of neophytes of European origin
is probably a consequence of the different structure
of Macaronesian native flora, originating more from
the Afrotropical biogeographical realm (Allan et al.
2004; Reyes-Betanacort et al. 2008), the occurrence
of many endemics (Bramwell 1976) and the history
of species introductions from FEurope, especially
from the Mediterranean region (Arévalo et al. 2005;
Exposito et al. 2018). From this perspective, Euro-
pean neophytes in Macaronesia may act in a similar
way as non-European neophytes in the rest of the
study area as they are introduced from overseas to a
unique biogeographical context. However, European
neophytes exhibit a specific distribution pattern on
the islands as a result of their prevalent Mediterranean
origin (Expésito et al. 2018). They reach their high-
est richness at intermediate elevations, whereas the
occurrence of non-European species usually increases
towards lower elevations (Arévalo et al. 2005).
Indeed, we revealed that the mid-elevational Macaro-
nesian garrigue contained a high proportion of Euro-
pean neophytes with a prevalence of Mediterranean
species such as Leontodon saxatilis subsp. rothii,
Lavandula multifida or Reichardia intermedia (Sup-
plementary Information, Table S7), while non-Euro-
pean neophytes, including common drought-tolerant
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«Fig.5 Maps of (a—c) mean relative neophyte richness (i.e.
mean percentage of neophytes in all plots in a grid cell) and
(d-f) percentage of plots invaded by (a, d) all neophytes, (b,
e) neophytes of non-European origin, (¢, f) neophytes of Euro-
pean origin in 50 kmx 50 km UTM grid cells. Only cells for
which more than five plots with geographical coordinates are
available are shown in color. Color scale intervals for the level
of invasion were defined using the k-means algorithm based
on the distribution of relative neophyte proportions and the
frequency of invaded plots in the data set. SV Svalbard, CN
Canary Islands, MD Madeira

species such as Opuntia stricta and O. ficus-indica,
prevail in Madeiran and Canarian xerophytic scrub,
which occur in arid lowlands (Janssen 2016) (Supple-
mentary Information, Table S7).

The second most invaded type of European shrub-
lands includes Temperate, Mediterranean, and Semi-
desert riparian scrub (S91, S93 and S94). These
azonal habitats represent local hotspots of neophyte
invasion in shrublands in contrasting biogeographical
regions of mainland Europe and some Mediterranean
islands. Our results, therefore, expand findings of pre-
vious European studies that reported wet and riverine
scrub as habitats maintaining high alien species rich-
ness (Vila et al. 2007; Chytry et al. 2008b; Guarino
et al. 2021). Riparian habitats, including riparian
forests, are known to harbour large numbers of alien
plant species (Kalusovd et al. 2015; Wagner et al.
2017). High invasibility of such habitats is caused
by frequent natural disturbances from river dynam-
ics as well as human-induced disturbance, both cou-
pled with natural or artificial eutrophication and sud-
den increases in nutrient fluxes and water availability
(Richardson et al. 2007). Together with high prop-
agule pressure (Richardson et al. 2007) and a large
species pool of potential invaders (Kalusova et al.
2017), these factors contribute to high invasion levels.
In our data set, we found high mean relative neophyte
richness as well as high proportion of invaded plots
in riparian scrub, but not so strikingly high mean
cover of neophytes. This can be a result of the fre-
quent occurrence of neophytic therophytes (Table S9)
invading from adjacent highly disturbed and open
riparian sites such as river bars (Liendo et al. 2021).
The importance of disturbance and high availability
or fluctuation of resources (Davis et al. 2000) for neo-
phyte invasion into European shrublands is also sup-
ported by the identity of other often invaded habitats,
Temperate Rubus scrub (S32) and Temperate forest

clearings scrub (S38). Both of them are characterized
by increased nutrient availability and frequent distur-
bances due to forestry management. The importance
of Rubus scrub as a reservoir for neophytes may even
increase in the future as its area increases in some
parts of Europe with the abandonment of pastures
(Rodwell 2016).

The third most invaded heathland and scrub habi-
tat in Europe is Atlantic and Baltic coastal dune scrub
(N1A). Similarly to other studies of coastal dune veg-
etation (Campos et al. 2004; Giulio et al. 2020), we
found that Mediterranean and Black Sea coastal dune
scrub (N1B) is less invaded than coastal scrub in the
Atlantic biogeographical region, both in terms of the
relative richness of alien species and the proportion of
invaded plots. In coastal dunes, two factors can lead
to high invasion levels — their dynamic nature with
frequent disturbances and high propagule pressure
from human activities such as recreation and planting
of aliens for sand stabilization (Guarino et al. 2021).
Typical examples of dune scrub invaders in our data
set (Supplementary Information, Table S7) include
Rosa rugosa, which was planted in NW Europe for
sand dune fixation and ornamental purposes (Iser-
mann 2008), and Prunus serotina, originally intro-
duced for wood plantations and now spreading on
stabilized coastal dunes (Weeda 2010). Although the
relative richness of alien species is generally lower in
coastal dune scrub than in Macaronesian lowland and
riparian scrub, neophytes, when present, achieve high
cover in the vegetation. The marked inconsistency
between high relative richness of neophytes in the
species pool of all heathlands and scrub habitats of
Atlantic biogeographical region together (8.1%, high-
est among all regions) and low relative richness in its
coastal dune scrub can indicate a delay in the inva-
sion process. Species can be already present in the
region, but have not spread yet to all suitable habitats.
In addition, the contribution of neophytes to the total
species pool of coastal dune scrub is lower (3.9%)
compared with coastal dune grasslands (7%; Giulio
et al. 2020), which also suggest an invasion debt and
a potential future increase of neophytes within coastal
scrub, possibly due to increasing level of human-
induced disturbances. Despite being less invaded
compared to the Atlantic region, Mediterranean and
Black Sea coastal dunes share the same properties
and thus can be at a higher risk of invasion with the
increase in human pressure too (Guarino et al. 2021).
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Table 3 Levels of invasion in biogeographical regions includ-
ing relative neophyte richness (i.e. the proportion of neophytes
in the pooled species lists of a given broad habitat), mean rela-
tive neophyte richness (i.e. mean proportion of neophytes in

plots assigned to a given bioregion), the proportion of plots
invaded by neophytes and the mean relative neophyte cover
(i.e. mean cover of neophytes in plots assigned to a given
bioregion)

Biogeographical regions

Alpine Arctic Atlantic Boreal

Continental Macaronesia Mediterranean Pannonian Steppic

Absolute species richness 2791 208 1656 546
Relative neophytes richness 1.5 0 8.1 2.8
(%)
- Non-European origin 0.9 0 4.7 1.8
- European origin 0.5 0 2.9 0.9
- Other origins 0.2 0 0.5 <0.1
Mean relative neophyte rich- 0.2 0 0.8 0.4
ness (%)
KW groups b abc c abcd
- Non-European origin 0.2 0 0.6 0.3
KW groups ab a b abc
- European origin <01 O 0.2 0.1
KW groups ns ns ns ns
Number of plots 5376 159 6817 361
% of plots invaded by neo- 2.4 0 7.7 6.7
phytes
- Non-European origin 2.1 0 6.2 4.7
- European origin <01 0 1.6 2.5
- Other origins 0.2 0 0.4 <0.1
Mean relative neophytes cover 0.2 0 1.2 0.9
(%)
KW groups ab a b abc
- Non-European origin 0.2 0 1.0 0.7
KW groups b abc c abed
- European origin 0.0 0 0.1 0.3
KW groups ns ns ns ns

2395 369 3783 681 584
52 6.0 2.7 4.4 33
2.9 3.8 1.7 3.5 24
1.8 2.2 1.0 0.9 0.5
0.4 <0.1 <0.1 <0.1 0.3
1.2 3.1 0.5 1.9 1.1
de e ac e abcde
1.0 2.0 0.4 1.6 0.9
cd d ab c abced
0.1 1.2 0.1 0.3 0.2
ns ns ns ns ns
5393 160 5506 146 300
14.2 28.8 6.5 25.3 12.7
12.1 21.3 39 19.9 10.0
24 10.6 2.5 7.5 2.0
0.1 <0.1 0.5 <0.1 2.0
14 4.7 0.4 39 0.5
cd d ab c abed
0.9 2.6 0.3 3.8 0.4
de e ac de abcd
0.4 22 0.1 0.2 0.1
ns ns ns ns ns

Values were calculated for each of the nine biogeographical regions and for neophytes according to their origin (non-European,
European and other, i.e. anecophytes and hybrids). Differences in mean relative neophyte richness and cover among biogeographi-
cal regions were tested using the Kruskal-Wallis multiple comparison test (KW groups) at P <0.05, and significant homogeneous
groups based on multiple comparisons were indicated by the same letters. Mean values are shown instead of medians, which were
zero. Results for other origins were all non-significant and are therefore not shown. nsnon-significant

The least invaded European heathland and scrub
habitats and biogeographical regions

Low values of both the relative richness of neophytes
in plots and the proportion of invaded plots were
found in two broad groups of European heathlands
and scrub habitats. The first group includes scrub of
the Mediterranean biogeographical region. The sec-
ond group includes heathlands and scrub of the Arctic
biogeographical region, as well as at high elevations,
including various types of alpine, subalpine, oro-
mediterranean and Macaronesian montane habitats.

@ Springer

Both groups experience high levels of abiotic stress
affecting their vegetation, such as low nutrient avail-
ability in poor soils, drought, low temperatures or
short growing seasons (Zefferman et al. 2015).

In the Mediterranean biogeographical region,
heathlands and scrub habitats have previously been
shown to have a low level of plant invasion (Pino
et al. 2005; Vila et al. 2007; Affre et al. 2010). We
have shown that the exceptions are riparian and
coastal scrub habitats, which can form local hotspots
for neophyte occurrences. The lowest relative rich-
ness of neophytes was found in the driest habitats,
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Mediterranean spiny heaths (S71, S72) or gypsum
scrub (S65), where neophytes were absent. The pres-
ence of neophytes increased slightly in the Mediter-
ranean acidophilous and basiphilous garrigue (S61,
S62) and the other Mediterranean shrublands. Most
alien species introduced to Europe are not as tolerant
as native species to xeric conditions, especially sum-
mer droughts (Lambdon et al. 2008), and climatic
matching is therefore critical for successful invasion
to the Mediterranean ecosystem (Cao Pinna et al.
2021). Another explanation for the low neophyte
numbers is the long history of human settlements
and species introductions, which can have resulted
in the resistance of Mediterranean vegetation to new
invasions (Di Castri 1989; Guarino et al. 2021). The
very low richness of neophytes was also found in the
oro-mediterranean hedgehog heaths (S73-75), where
xeric conditions are combined with isolation on high
mountains. In our data set, neophytes in Mediter-
ranean shrublands included (i) species of European
origin native to one part of the Mediterranean and
introduced to another, such as Acanthus mollis subsp.
mollis, (ii) drought-tolerant non-European neophytes,
such as Opuntia ficus-indica, Carpobrotus acinaci-
formis or Oxalis pes-caprae, and (iii) non-European
species with broad ecological tolerance such as Lan-
tana camara or Robinia pseudoacacia (Supplemen-
tary Information, Table S7).

Heathlands and scrub habitats of the Arctic and
Alpine biogeographical regions share many features
that may account for their low levels of invasion by
neophytes. Environmental filtering caused by abiotic
stress (low temperatures and short growing season),
as well as sparse human population and associated
low propagule pressure, are likely to reduce invasions
at northern latitudes or higher elevations. Many alien
species invading areas at northern latitudes originate
from European regions with milder climates (Sand-
vik et al. 2019; Wasowitz 2016) and are concentrated
mainly in human-altered habitats near settlements,
roads or paths (Elven et al. 2011; Ware et al. 2012).
Indeed, plots of Shrub tundra (S11) or Subarctic and
subalpine Salix scrub (S21) in the Arctic biogeo-
graphical region contained no neophytes. However,
with increasing human pressure and disturbance,
subarctic Salix scrub may also be invaded by gener-
alist aliens (Milbau et al. 2013). We also observed
no neophytes or very low levels of invasion across
all heathlands and scrub habitats at high elevations
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of the Alpine biogeographical region. Mountain sys-
tems are known to be less invaded than their sur-
roundings (McDougal et al. 2011). Besides climatic
filtering, isolation and low human activity resulting in
low propagule pressure (Pauchard et al. 2009), inva-
sion to high elevations is also limited by the alien
species pool, which consists of species introduced to
lowlands and adapted to lowland climate (Alexander
et al. 2011, 2016). This is also evident in our data,
where neophytes invading European alpine shrub-
lands are a mixture of species with no clear com-
mon features such as cold adaptations (Supplemen-
tary Information, Table S7). However, some alpine
habitats in mainland Europe have also been shown
as not fully resistant to invasion and can be invaded
in the future as a result of increasing human activi-
ties and climate change (Morgan and Carnegie 2009;
Pauchard et al. 2009).

Our analyses showed that mean relative alien spe-
cies richness as well as the probability of plots being
invaded decreases towards higher elevations; how-
ever, the decrease is slower in plots located in warm
conditions. In temperate Europe, a steady decrease
in relative richness of neophytes with elevation has
been found in several regions (Becker et al. 2005;
Sinisalco et al. 2011; Medvecka et al. 2014). How-
ever, in the Macaronesian biogeographical region,
particularly in the Canary Islands, previous studies
reported a unimodal response with peak alien rich-
ness at mid-elevations. Most alien species of Medi-
terranean origin in the Canary Islands occur at mid-
elevations, where conditions are comparable to those
in Mediterranean Europe (Alexander et al. 2011;
Arévalo et al. 2005; Steinbauer et al. 2016). Mid-
elevations also have a long history of human settle-
ments and related introductions of species (Arévalo
et al. 2005). At higher elevations, the xero-thermic
stress increases, and human influence decreases as
land use shifts from agriculture to forestry (Arévalo
et al. 2005; Steinbauer et al. 2016). This inconsist-
ency resulting from the combination of climatic and
historical factors, is likely reflected in the interaction
of elevation and temperature observed in European
shrublands. In separate analyses of the plots from
the Macaronesian biogeographical region, the level
of invasion by non-European neophytes decreased
steadily with elevation, while neophytes of European
origin showed a sharp decline only at high elevations
(approx.> 1600 m).
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Effects of temperature and precipitation on levels of
invasion

The positive effect of annual mean temperature and
the negative effect of annual precipitation on the rela-
tive richness of neophytes of European origin can be
explained by the Mediterranean origin of many Euro-
pean neophytes. Such species may prefer warm and
dry conditions similar to those of their native range
when introduced to higher latitudes in Europe, espe-
cially in drier lowlands such as those of the Panno-
nian and Continental biogeographical regions. Non-
European neophytes also showed a decrease with
annual precipitation and an increase with annual
mean temperature, although the latter only had a posi-
tive effect on the probability of plots being invaded
and not on their relative richness in plots. This indi-
cates that non-European neophytes of various origins
prefer European scrub habitats in relatively dry and
warm regions such as the Pannonian biogeographical
region. However, harsh, dry conditions such as those
found in the Mediterranean seem more likely to pre-
vent the invasion of many of these species. The trend
toward flora enrichment by non-European neophytes
that prefer relatively drier and warmer conditions has
already been reported from Switzerland (Scherrer
et al. 2022).

Comparison of neophyte invasion in European
shrublands with forests and grasslands

The levels of invasion measured in European heath-
land and scrub habitats as the mean relative neo-
phyte richness in a plot (up to 3.8%) is between val-
ues reported for European grasslands (up to 3.6%;
Axmanova et al. 2021) and forests (up to 4.7%; Wag-
ner et al. 2017). Riparian forests, the most invaded
forest habitats in Europe (Wagner et al. 2017), are
more invaded than the most invaded Macaronesian
scrub habitats and riparian scrub habitats, but these
two scrub habitats are still more invaded than the
most invaded grasslands such as continental alluvial
pastures and meadows, and coastal sand dune grass-
lands (Axmanova et al. 2021). However, the total
share of neophytes in the whole species pool of Euro-
pean heathland and scrub habitats (4.8%) is lower
than for grasslands (6.5%) and forests (7%). Although
the pool of neophytes is more limited in scrub habi-
tats, its species occur more frequently across plots:

4.5% of all species occurrences belong to neophytes
in scrub habitats and only 0.6% in grasslands and 1%
in forests. This indicates greater uniformity in the
composition of neophytes, as the same neophytes
occur across many invaded plots in heathland and
scrub habitats, while the proportion of invaded plots
is lower than in grasslands (7.9% vs 11%).

The neophytes with the highest relative richness
and higher counts than can be expected in the species
pool of European heathlands and scrub, are phan-
erophytes (Supplementary Information, Table S8),
which is a similar pattern to European forests (Wag-
ner et al. 2017). The intentional introduction of many
woody species to Europe for commercial forestry and
landscaping results in large propagule pressure from
tree plantations (Kfivanek et al. 2006), which are an
important source of neophytes not only for forests but
also for shrublands. Moreover, the species pool of
native phanerophytes in Europe is generally small due
to extinctions during Pleistocene glaciation cycles
(Huntley 1993), which is also reflected by the lower
counts of native phanerophytes in our data set (mar-
ginally significant after the correction). European
heathland and scrub habitats and forest habitats share
the most successful non-European woody neophytes,
including Prunus serotina, Robinia pseudoacacia,
Quercus rubra, Amelanchier lamarckii, and Populus
X canadensis, which indicates a significant exchange
of neophytes between them (the other successful neo-
phytic phanerophytes can be found in Supplementary
Information, Table S8). These species are generally
able to establish in a wide range of European heath-
land and scrub habitats, including coastal, fen and
riparian scrub, temperate heathlands and temperate
lowland to montane scrub (Supplementary Informa-
tion, Table S7). The most successful phanerophyte,
Prunus serotina, was recorded in the highest number
of plots, but its occurrence is regionally restricted
and concentrated primarily in temperate heathlands
(50% of invaded plots) and coastal scrub. This cor-
responds to its main European range in the lowlands
of NW Europe on poor, sandy soils (Starfinger 1997).
Neophytic phanerophytes may dominate invaded
shrublands and thus have serious impacts, includ-
ing suppression of native diversity and changes in
vegetation dynamics (Langmaier and Lapin 2020).
These neophytes with dominance tendencies typically
combine various strategies, including competition for
resources, prevention of native recruitment through
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shading, allelopathy, changes in soil properties and
nutrient cycling (e.g. Starfinger 1997; Lazzaro et al.
2018). However, the long-term roles of neophytic
phanerophytes and their impacts on European vegeta-
tion remain poorly understood.

Hemicryptophytes have the second-highest propor-
tion among neophytes of European heathlands and
scrub habitats but are less numerous in their species
pool than can be expected. They are much less rep-
resented among neophytes than among native spe-
cies, which is also similar to the pattern in European
forests (Wagner et al. 2017). This group of neophytes
in shrublands includes mainly competitive hemic-
ryptophytes such as Solidago gigantea, which is also
one of the most successful neophytes in forests and
grasslands as well, whereas Solidago canadensis is
confined to shrublands and grasslands (Wagner et al.
2017; Axmanova et al. 2021). The third group of neo-
phytes that have high proportion in the species pool
of European heathlands and scrub are therophytes,
although their higher count compared to the expected
value in the species pool is only marginally significant
after the correction. Those include the non-European
species Impatiens parviflora, I. glandulifera, Erigeron
annuus and E. canadensis. These species are also
successful in forest invasions (Wagner et al. 2017),
although as a life form, therophytes are relatively
more frequent in European grasslands (Axmanova
et al. 2021). Impatiens parviflora has the advantage of
a broad ecological range (PySek et al. 2012) and shade
tolerance (Tanner 2008), and its spread in forests is
strongly promoted by human activities such as timber
transport (EliaS 1999). Although the species occurs
in many plots in the data set, it is primarily limited
to nutrient-rich and moist conditions in riparian, tem-
perate lowland to montane and fen scrub (Supplemen-
tary Information, Table S7). Impatiens glandulifera
has a similar distribution pattern in shrublands (Sup-
plementary Information, Table S7), and its spread
from populations established along watercourses into
adjacent forests is facilitated by its broad ecological
tolerance, competitiveness under shaded conditions,
and efficient transport of seeds by forestry machinery
(Cuda et al. 2020). Impatiens glandulifera also has
the most frequently reported impact on native diver-
sity in invaded habitats compared to other therophytes
found in scrub habitats (Hulme and Bremner 2006;
Kiettik and Delimat 2019). Erigeron canadensis, and
similarly E. annuus, are not only common in plots
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but also widespread across most of the broad scrub
habitats and European regions. They are widespread
generalists preferring disturbed sites in many habitat
types across Europe (e.g. PySek et al. 2012; Kiizmic
and Silc 2017), and are among the most frequent
neophytes in both grasslands and forests in Europe
(Wagner et al. 2017; Axmanova et al. 2021). The
highest proportions of therophytes generally occur in
scrub habitats with open and patchy vegetation, such
as semi-desert and saline scrub, where they account
for half of all neophytes. They are also common in
disturbed coastal and riparian scrub where they can
take advantage of sites where vegetation cover is
periodically removed (Supplementary Information,
Table S9).

In contrast to grasslands and forests, where the
proportions of neophytes of non-European and Euro-
pean origin were almost equal in the alien species
pool, non-European neophytes prevailed in the alien
species pool in European heathlands and scrub habi-
tats. The range of successful non-European neophytes
in shrublands also included only two species that
have not been mentioned in studies of invasions in
European grasslands and forests: Vaccinium macro-
carpon and Claytonia perfoliata. Vaccinium macro-
carpon is a North American species that occurred in
our data set in plots of coastal dune scrub, fen scrub,
and temperate heathlands. In Europe, it is cultivated
on degraded bogs and naturalized on coastal dunes
and in heathlands in Poland, Lithuania, Switzerland
and the Netherlands (GudZinskas et al. 2014). Clayto-
nia perfoliata is another North American species that
occurs mainly in coastal dune scrub and fen scrub
according to our data set. It was previously reported
especially from NW Europe (GudZinskas 2017),
where it can dominate the herb layer of disturbed
shrublands in spring (Weeda 2010).

Conclusions

We present a continental assessment of patterns of
neophyte invasion in European heathland and scrub
habitats defined at both fine and coarse resolution.
Although shrublands have been less studied as tar-
gets of plant invasions, we show that as a whole,
they exhibit considerable variability in invasion lev-
els and include habitats important for neophytes. We
show that neophytes prefer disturbed shrublands with
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high or fluctuating resource levels, such as coastal
or riparian scrub, and island habitats of Macaron-
esia. In contrast, shrublands in stressed habitats such
as at low elevation of the Mediterranean seem to be
less prone to neophyte invasion. Because many neo-
phytes in European shrublands prefer relatively warm
conditions, their invasion can accelerate with climate
change. Thus, it is likely that nowadays rarely invaded
shrublands, such as those at high elevations (Pauchard
et al. 2009; Alexander et al. 2016) and northern lati-
tudes (Milbau et al. 2013), may be increasingly more
invaded in the future (Pauchard et al. 2009; Alexander
et al. 2016). Also, shrubland types that are invaded to
different levels in different European biogeographical
regions, such as coastal sand dune scrub, are at high
invasion risk if human pressures increase. Because
political boundaries do not usually act as the bar-
riers to dispersal of alien plants, continental-scale
studies with regular updates are needed for success-
ful and up-to-date risk assessments and management
measures.
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