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Abstract Campylopus introflexus is the only inva-
sive moss listed among the 100 most prominent alien
invaders in Europe. The present study shows dot
distribution maps (at 10-years intervals from its
introduction in 1986 to the present) and discusses the
dynamics of its invasion, altitudinal distribution and
ecological preferences. During the 30 years of its
invasion, C. introflexus has spread widely throughout
Poland and is currently known in 248 locations. A total
of 93.1% of these are below 300 m a.s.l., and the
maximum altitude is 780 m. With the passage of time
since its first appearance this alien moss has occupied
larger numbers of substrates and habitats. Currently C.
introflexus is a component of 34 plant communities
belonging to 18 habitat types. The most invaded
habitats include young forest tree plantations and
mature managed forest developed from old plantations
(Pinus sylvestris woodland). This moss is frequently
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found in acidophilous semi-natural forests and inland
dunes with Corynephorus and Agrostis grasslands,
boggy woodland, dry heaths, and ruderal habitats.
Although 30 cryptogam species were found in tufts of
the alien moss, there is no characteristic species
composition that constantly accompanies its presence.

Keywords Adventive moss - Invasive moss -
Cryptogamic plant invasion - Neophyte - Secondary
range - Distribution map

Introduction

The invasion of alien species is currently considered to
be among the most important and difficult problems
confronting nature protection. Compared with vascu-
lar plants, the phenomenon of non-native species
invasion occurs on a much smaller scale in mosses.
There is also a much smaller negative impact on
biodiversity and on socio-economic features (Essl
et al. 2014). On a global scale there are only 106 alien
mosses, including 37 cryptogenic species (Essl et al.
2013). In Europe 21 non-native moss species (1.6% of
the European moss flora) and 11 cryptogenic species
(0.8%) have been identified (Essl and Lambdon 2009).
In Poland, there are three alien moss species (0.4% of
the Polish moss flora), namely Campylopus intro-
flexus, Orthodontium lineare and Leptophascum
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leptophyllum (Ochyra et al. 2003; Fudali et al. 2009).
The first of these is the most highly invasive and is
listed among the 100 most prominent alien invaders
(Lambdon 2009). Molecular studies on Campylopus
introflexus have demonstrated that in its entire native
and secondary ranges it is genetically homogenous
(Stech and Dohrmann 2004; Gama et al. 2017). It is
thus impossible to determine using genetic methods
whether its European invasion is the result of one or
many introductions. Although knowledge of adven-
tive moss invasions remains incomplete, the history of
C. introflexus spread in Europe is one of the best
known and documented. These data, however, pri-
marily refer to Western Europe (Klinck 2010 and the
literature cited there) and to Central Europe (Miku-
laskova et al. 2012; Sziics et al. 2014), and few data
refer to East-Central Europe.

C. introflexus was first discovered in Poland in
October 1986 (Lisowski and Urbarnski 1989). By 2016
30 years had passed since the first record, presenting a
good opportunity to summarize data on the invasion
and ecological preferences of this moss in Poland.
Moreover, production of a distribution map in this
country was attempted nearly 10 years ago (Fudali
et al. 2009). The present study aims to answer the
following main questions: (i) what is the current
distribution of C. introflexus in Poland and what was
the dynamic of its spread? (ii) What substrates and
habitats were invaded by C. introflexus and were its
ecological preferences changed as a result? (iii) With
which native species of bryophytes and lichens does C.
introflexus coexist?

Methods
The study species

Campylopus introflexus is a perennial, acrocarpous,
medium-sized moss that forms yellowish to olive
green or rarely dark green loose tufts or dense mats;
hoary when dry. Shoots are 0.5-7.0 cm tall, with
slender internodes and swollen nodes, tomentum
reddish-brown present or almost absent. Leaves
2.5-6.0 mm in length, straight, erecto-patent when
moist, appressed when dry, lanceolate with entire
margins. Costa strong, excurrent in a dentate hyaline
hair-point, which is conspicuously 90° reflexed;
rarely, in plants growing in shade, hyaline hair-tip
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short or almost lacking. It commonly reproduces
vegetatively by deciduous leaves and fragile stem tips
which facilitate its short-distance spread. Dioicous,
female shoots have terminal perichaetial buds which
frequently produce sporophytes. Plants are occasion-
ally polysetous; setae yellow—brown to pale brown,
5-15 mm long, curved or sinuose. Capsule brown,
slightly asymmetric and curved, furrowed and shrun-
ken when dry; spores pale brown, small 10-14 pm;
ripe sporophytes have been observed in Poland
between March and October.

Native range—C. introflexus is native to the
Southern Hemisphere, where this moss has a pan-
temperate range. C. introflexus is widespread in the
southern part of South America and Africa, southern
and eastern parts of Australia, in Tasmania and in New
Zealand. Its range reaches north to New Caledonia,
Réunion, St Helena, while it has been reported from
most Subantarctic and some Antarctic islands (Grad-
stein and Sipman 1978; Soderstrom 1992; Ochyra
et al. 2008; Klinck 2010).

Non-native, secondary range—Outside its native
range it was first recorded in 1941 at Washington,
West Sussex in Great Britain and in 1942 at Howth
near Dublin in Ireland (Richards 1963). On mainland
Europe, it was initially observed in 1954 in Brittany in
France (Stgrmer 1958) before spreading rapidly
throughout Europe (Gradstein and Sipman 1978;
Soderstrom 1992; Smith 2004; Lambdon 2009; Klink
2010). The current non-native range of C. introflexus
in Europe extends north to Iceland (Klinck 2010),
south-west Norway (@vstedal 1978) and Sweden
(Héllingbick et al. 1985); north-east—along the Baltic
coasts—by the Kaliningrad Province of Russia
(Razgulyaeva et al. 2001), Lithuania (Jukoniené
et al. 2015), Latvia (Abolina and Reriha 2004) to
Estonia (Vellak et al. 2009); east to Ukraine
(Lobachevska and Sokhanchak 2010), Hungary
(Szlics et al. 2014), Turkey (Ros et al. 2013); south
to Italy and the Mediterranean islands (Bealarics,
Corsica, Sardinia) (Ros et al. 2013), and west to
Portugal (Sérgio 1979) it has also been reported from
the Azores, Madeira, and the Canary Islands in
Macaronesia (Ros et al. 2013). C. introflexus fre-
quently grows along the Pacific coasts of North
America and has also been recorded in California,
Oregon, Washington, and southern British Columbia
(Frahm 2007; Carter 2014).
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Ecology—The habitats that C. introflexus occupies
in its native range are similar to those in the secondary
(alien) range. It has a high ecological tolerance, and its
populations are associated with both undisturbed and
anthropogenic sites. In Europe C. introflexus occurs on
a wide range of substrata and in greatly varied habitats.
It is seen most frequently on acid sandy and sandy-
gravelly soils, bare dry peat and less often on decaying
rotten wood, rocks, waste deposits, and roofs of
buildings. Its habitats include coastal grey dunes, dry
sandy grassland vegetation, moorland, raised and
blanket bogs (mostly disturbed or burned), coniferous
forest, forestry tracks, plantations, forest ridges and
clearings and margins of fish ponds (Richards and
Smith 1975; Smith 2004; Lambdon 2009; Klinck
2010; Mikulaskova et al. 2012). In North America C.
introflexus primarily colonizes poor acid soils along
the Pacific coasts in Pine forest and on stabilized sand
dunes. It thrives on sandy soils along trails, at the base
of trees, on the roofs of buildings, and on peat in bogs
(Frahm 2007; Carter 2014). In active volcanic zones in
Antarctica, Iceland, and in central Italy, this moss
grows on geothermal ground and around active vents
emitting sulphur and steam (Chiarucci et al. 2008;
Ochyra et al. 2008; Klinck 2010).

Data sources and data analysis

In the present study we provide data on the occurrence
and ecological preferences of the adventive moss C.
introflexus in Poland as at the end of 2016.

We re-examined over 330 specimens of C.
introflexus from the following herbaria: KRAM,
KTU, LBL, LOD, POZG, SOSN, WA and WRSL.
The above mentioned 8 herbaria are the most impor-
tant, largest, and most active institutions where moss
collections are housed from the whole of Poland. We
checked also the databases of the Global Biodiversity
Information Facility (GBIF), Biological Collection
Access Service for Europe (BioCASE) and e.g. the
catalogue of herbarium S, but they contained few data
about the occurrence of C. introflexus in Poland, being
limited to what was already known from the labels of
specimens housed in Polish Herbaria. Polish publica-
tions in which this species had been mentioned were
also studied. The published data of the species are
reliable, as there are virtually no mistakes in the taxon
designations which were confirmed by the herbarium
collections that we reviewed. C. introflexus is easily

recognized, among other attributes, by the conspicu-
ously 90° reflexed hair points and is unlikely to be
confused with any other species in Poland. The revised
specimens and published data on its occurrence refer
to 248 localities, including collections from 91 stands,
in which we made complete observations and pro-
vided descriptions of the ecological situation. In this
group there are 60 unpublished stations. For 113 sites,
information on species co-occurring with C. intro-
flexus is available. All information on habitat, altitude,
substrates, and associated species was included in a
database. The data gathered during fieldwork and
information from herbarium labels were used to
describe the ecological preferences of the Polish
populations of C. introflexus. A herbarium-based
method has previously been successfully used, among
others, to assess changes in the frequency of mosses in
Sweden (Hedenis et al. 2002) and to reconstruct the
spread of invasive plants (Delisle et al. 2003).

The distribution of C. introflexus is shown on dot
maps at 10-years intervals (Fig. la—c). We also
prepared a curve showing the spread of this alien
species in Poland (Fig. le). Its distribution pattern is
biased to some extent by herbarium sampling intensity
and the research activity of bryologists during field-
work. This impact was higher in the initial phase of
invasion and later became increasingly less signifi-
cant. At first this exotic moss was considered to be a
rare and interesting plant so bryologists started to pay
attention to it and its new stations were published. This
phenomenon is an inherent imperfection of works
based mostly on herbarium data and has already been
discussed by Hedenids et al. (2002), Delisle et al.
(2003), and Hassel and Soderstrom (2005).

Contingency tables were used to examine whether
there had been any significant changes over time in the
frequency of invaded habitats and substrata. The
G-test was used to determine the frequency of these
over three time intervals ending in the years 1996,
2006 and 2016. The data from 1986 were further
included in the next interval as single records derived
before 1996.

To show the diversity of species accompanying C.
introflexus, Nonmetric Multidimensional Scaling
(NMDS) was applied due to presence/absence of
species data with the Bray—Curtis distance. For
habitats, a 1-6 scale of disturbance (rare; occasional;
infrequent; frequent; strong at the initial establish-
ment; strong), and a 1-4 scale of nutrient availability
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Fig. 1 Distribution maps of Campylopus introflexus at 10-years intervals (a—c) altitudinal distribution of its stations (d) and the
invasion curve of this species ? = 0.8621) given as a cumulative number of new localities (e)

(low, rare pulses; low, occasional pulses; medium; (db-RDA), a constrained equivalent of NMDS was
high) were assigned according to Pysek et al. (2010). used to assess the impact of disturbance, nutrient
The years 1986-2016 of recording were included in availability and year (residence time) on the compo-
the analysis. Distance-based Redundancy Analysis sition of species accompanying C. introflexus. R
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language and environment (version 3.4.2), and pack-
ages DescTools and vegan were used in the statistical
analyses (R Core Team 2016).

Nomenclature and terminology

The terminology for plant invasion follows Richard-
son et al. (2011). We adopted the EUNIS habitat
classification (Interpretation manual of EU habitats—
EUR 28, April 2013). The classifications and names of
syntaxa were assigned according to Matuszkiewicz
(2001) and Schaminée et al. (2014). The nomenclature
of mosses was consistent with Ochyra et al. (2003).
Acronyms of the herbaria were assigned according to
the Index Herbariorum (Thiers [continuously
updated]).

Results

The first mention of C. introflexus in 1986 was from
Wielkopolska Province in Western Poland, where this
moss occurred in a Pinus sylvestris plantation
(11.10.1986, leg. S. Lisowski; POZG). Then the
species began to spread quickly. 5 years later, it was
known from 17 stands, and in the following decades,
the number of its localities continued to grow rapidly.
At the end of 2016 C. introflexus had been reported
from 248 stands (Fig. la—e). Initially two centres of
occurrence were observed: the first in north-western
Poland (mainly in the region of prevailing winds from
the Baltic Sea), and the second in southern Poland to
the north of the Moravian Gate separating the
Carpathians and Sudetes (Fig. 1a). Next, the neophyte
spread widely throughout Western Poland (Fig. 1b)
and reached the eastern part of the country in the most
recent decade, but the density of its sites there is much
lower (Fig. 1c). C. introflexus is alowland species, and
93.1% of its sites are below 300 m a.s.l. Its highest
localities reach the mountain lower forest belt. Local
maximum altitudes are in the Central Sudetes, on the
Ubocze Mt. in the Bystrzyckie Mts (alt. 780 m, leg.
M. Smoczyk, 2015), and in Lipnica Wielka in the
Western Carpathians (alt. 750 m, leg. A. Stebel & G.
Voncina, 2013; SOSN).

C. introflexus, almost from its first introduction in
Poland, has produced sporophytes with the initial data
from the Baltic coast (loc. Mierzeja Sarbska, leg.
A. Grabowska, 1989; KRAM and loc. Rowy, leg.

P. Urbaniski, 1990; POZG, SOSN). This adventive
moss produces sporophytes in 18.3% of its localities,
of which 73.8% are located in northern and western
Poland, and the remaining 26.2% in the southern and
central parts of the country. Mature sporophytes have
been recorded between March and October, but 85.7%
of these were observed between June and September.
Plants forming sporophytes most frequently grew on
podzolic soil (53.8%), mineral sandy soil (39.3%) and
occasionally on dry eroded peat (7.1%). These mostly
occurred in young coniferous forest tree plantations
(32.1%) and in mature managed forest (Pinus
sylvestris woodland; 32.1%), and much less often in
semi-natural forests (Leucobryo-Pinetum; 10.7%) or
on European dry heaths (7.2%).

There are significant differences in the substrata
(G =26.5, p=0.02213) as well as in the habitats
(G =50.73, p = 0.03244) occupied by C. introflexus.
In the first years, this species most often inhabited
mineral sandy soil and was rarely found on other
substrates. In the third decade of invasion, it was more
frequently observed on podzolic soil than on mineral
sandy soil, and its frequency on dry eroded peat
escalated; overall, the range of substrates occupied by
this moss has increased (Table 1). Alongside its
prolonged residence time, C. introflexus has inhabited
an increasing number of habitats (Table 2). In the first
decade of invasion, this moss was frequently noted in
Pinus sylvestris plantations and Calluno-Genistetum
dry heaths and less often in the P. sylvestris woodland.
After 30 years of spread it has overcome a number of
biocoenotic barriers and is currently involved in 34
plant communities belonging to 18 habitat types
(Table 2). The most invaded habitats are young forest
tree plantations and mature managed forest (Pinus
sylvestris woodland). C. introflexus also often forms
numerous populations in acidophilous semi-natural
forests, inland dunes with Corynephorus and Agrostis
grassland, boggy woodland, dry heaths, and ruderal
habitats.

In total, 30 cryptogams (2 liverwort species, 25
mosses and 3 lichens) were found in tufts of C.
introflexus (Table 3). Merely 10 mosses and one
lichen species were found with frequencies of more
than 5%, the most common of these being Pohlia
nutans, Ceratodon purpureus, Dicranum scoparium
and Cladonia spp. According to dbRDA only
year = residence time (pseudo-F = 16.17, p = 0.001)
and nutrient availability (pseudo-F = 3.95, p = 0.014)
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Table 1 Frequency of Campylopus introflexus in distinguished types of substrata at 10-years intervals

Name of substrate

Cumulative no of records in

1986 1996 2006 2016
Mineral sandy soil 1 16 31 89
Podzolic soil 3 14 103
Clayey-sandy soil 4 10
Acid podzolic brown soil 2 3 11
Anthropogenic clayey soil 1 3 4
Dry eroded peat 2 5 28
Decaying wood 1 2
Shale outcrops 1

were significant variables (Fig. 2). Residence time
negatively affected species composition, indicating
that none of the species were associated with increas-
ing time. Among other species Polytrichastrum
formosum and Dicranum polysetum are slightly asso-
ciated with relatively higher nutrient availability.

Discussion and conclusion

In the first report on the occurrence of C. introflexus in
Poland, Lisowski and Urbanski (1989) cited four
specimens collected in the years 1986-1987 at three
stations in the western and north-western parts of the
country. Currently, these specimens are housed in
herbaria KRAM, LBL, POZG and SOSN which
contain fragments of a 2-4-years-old turf of this
species. Thus, it is obvious that this moss had
previously occurred in western Poland. Although it
is relatively large and easy to distinguish, the initial
introduction of C. introflexus in Poland went unde-
tected. The pattern of its distribution in 1996 and in
2006 (Fig. la, b) suggests that C. introflexus first
invaded Poland in the west from Brandenburg and
later from Saxony in Germany, where this moss was
known from numerous areas bordering Poland (Diill
and Meinunger 1989) and from the south, through the
Moravian Gate, from the Moravian-Silesian Region of
Czech Republic (Mikulaskova 2006; Mikulaskova
etal. 2012). If we consider its invasion curve (Fig. le),
and the fact that the precise time of its introduction
was unnoticed (see above), the length of the lag phase
of C. introflexus in Poland was approximately
9-12 years. This is similar to that observed in Britain
and Western Europe, estimated to be approximately
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10 years (Hassel and Soderstrom 2005). After this
period, C. introflexus began to spread aggressively and
the number of its localities in Poland started to
increase exponentially (Fig. 1e). This effect probably
resulted from more attention being paid to this alien
moss; notably, a similarly shaped invasion curve of the
species had previously been observed in Europe (e.g.,
Hassel and Soderstrom 2005; Mikulaskova 2006). In
30 years C. introflexus has reached the eastern border
of Poland, spreading approximately 650 km, and the
current pattern of its distribution is similar to that
observed in the Czech Republic (Mikulaskova et al.
2012). It now occurs almost all over Poland, but is
much commoner in the previously colonized western
and southern parts of the country where most of the
habitats were occupied and, as a consequence, there
was higher propagule pressure (Fig. Ic).

The altitudinal range of C. introflexus in Europe is
small, i.e., it grows up to 400 m a.s.l. in Britain and
Ireland (Smith 2004), 110 m in Sweden (Hillingbick
et al. 1985), and 324 m in Hungary (Sztics et al. 2014).
Its highest locality in Western Europe is likely to be at
1700 m in Lucerne in Switzerland (Martinez et al.
2011) and in Central Europe at 1140 m in Sumava in
the Czech Republic (Mikulaskova 2006). Similarly, in
Poland, 93.1% of C. introflexus sites are located in the
lowlands, whereas only 6.9% are in the uplands and in
the mountains. Its highest locality is at 780 m within
the lower mountain forest belt in the Sudetes Mts.

Although C. introflexus is dioicous, in Europe, male
and female plants are frequently found in its tufts, and
it reproduces sexually (Klinck 2010). In the Czech
Republic, for example, almost 30% of the population
contains fertile plants, which in summer produce
sporophytes (Mikulaskova et al. 2012). In Poland, the
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Table 2 Frequency of Campylopus introflexus in distinguished habitat types and plant communities at 10-years intervals. (In the
shaded column cumulative record values for habitats are shown)

Cumulative no of
Name of habitat Name of community records in:

1986 | 1996 | 2006 | 2016

European Union habitats (in brackets a Natura 2000 code is given; an asterisk “*” indicates a priority habitat):

Shifting dunes along the shoreline with
Ammophila arenaria; white dunes (2120)
Wooded dunes of the Atlantic, Continental
and Boreal region (2180)

Elymo-Ammophiletum : : : 1

Empetro nigri-Pinetum : 2 : 3

Ceratodon-Polytrichum piliferum

3
. grassland H B N
zl;rlll?;d fg;fss Vﬁglsl(; Ir)l (:,in(%o ;g?el) horus Spergulo vernalis-Corynephoretum o - 2 216 24
g & Corniculario-Cladonietum mitis d BN B K
Airetum praecocis 2
Pohlio-Callunetum : : : 5
European dry heaths (4030) Calluno-Genistetum - n 4 n 4 3 13
Active raised bogs (7110%) Oxycocco-Sphagnetea : : : 1
Degraded raised bogs still capable of Oxycocco-Sphagnetea, 1 3
natural regeneration (7120) Scheuchzerio-Caricetea nigrae
Transition mires and quaking bogs (7140) Sch?uchz?rze{alla palustris, 1 1 10
Caricetalia nigrae
Depressions on peat substrates of . . ) .
Rhynchosporion (7150) Rhynchosporion albae 1
Luzulo pilosae-Fagetum A N B B
Luzulo-Fagetum beech forest (9110) Luzulo luzuloidis-Fagetum - - - 3 6
Oak-hornbeam forest (9170) Tilio-Carpinetum . : : 1
B dland (91D0% Picea abies-dominated mire woods d B BN 2 14
oggy woodland ( ) Vaccinio uliginosi-Pinetum : : 2 12
Holly Cross fir forest (4bietetum . . . .
polonicum) (91P0) Abietetum polonicum 1 4
Central European lichen Scots pine L. . .
forest (91T0) Cladonio-Pinetum 2 7
Remaining habitats:
Calamagrostio arundinaceae- |
Quercetum H B B
. Querco roboris-Pinetum .3 9
Semi-natural forests Leucobryo-Pinetum B 1 - 5 5 29
Calamagrostio villosae-Pinetum H E M
Abieti-Piceetum 1 2 5
Mature mapaged forest, developed from Pinus sylvestris woodland . 3 9 58
old plantations
Abies alba plantation HE E M
Betula pendula plantation 2 2 4
Young forest tree plantations Picea abies plantation -1 111 124 2 59
Pinus sylvestris plantation 1 8 20 51
Quercus spp. plantation 1 1
Vegetation of clear cutting areas
. 1 2 3
(logging areas) H B N
Ruderal habitats Drainage ditch vegetation 2 1 8 113
Initial plant communities of sandy 1 5 9

and loamy slopes and waste tips
Rocky habitats (shale outcrops) Moss community on shale outcrops : : . 1
The classification, names of communities, names of EU habitats and Natura 2000 codes follow the Interpretation manual of EU
habitats (April 2013) and Schaminée et al. (2014)

@ Springer



14

J. Zarnowiec et al.

Table 3 List of species occurring as an admixture in the
Campylopus introflexus tufts

Name of species Frequency (in %)

Liverworts

Cephaloziella divaricata 2.7
Ptilidium ciliare 0.9
Mosses

Pohlia nutans 69.0
Ceratodon purpureus 32.7
Dicranum scoparium 17.7
Polytrichum juniperinum 9.7
Polytrichum piliferum 8.0
Brachythecium albicans 6.2
Hypnum cupressiforme var. cupressiforme 6.2
Pleurozium schreberii 6.2
Dicranum spurium 53
Polytrichastrum formosum 53
Dicranella heteromalla 35
Dicranum polysetum 35
Leucobryum glaucum 3.5
Dicranella cerviculata 2.7
Hypnum jutlandicum 2.7
Orthodicranum montanum 2.7
Polytrichastrum longisetum 2.7
Sphagnum fallax 1.8
Atrichum undulatum 0.9
Campylopus flexuosus 0.9
Herzogiella seligeri 0.9
Hypnum cupressiforme var. lacunosum 0.9
Niphotrichum canescens 0.9
Plagiothecium denticulatum 0.9
Warnstorfia fluitans 0.9
Lichens

Cladonia spp. 15.0
Placynthiella oligotropha 0.9
Trapeliopsis granulosa 0.9

sporophyte-producing population is smaller, amount-
ing to slightly more than 18%, and the sporogones
ripen between March and October (most often in the
period from June to September). Sporophytes were
mainly observed in dry habitats; on strongly moist
substrates there were no plants with sporogones. The
plants produce a large number of small spores that can
be spread over long distances mainly by wind (Hassel
and Soderstrom 2005). It primarily reproduces vege-
tatively by fragments of fragile leaves and tips of
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shoots. The huge mass of these diaspores, not only
carried by the wind but also by animals and human
activity, allows this moss to invade new areas. This
last type of reproduction enhances the success of C.
introflexus in spreading over short distances (Klinck
2010).

C. introflexus, throughout its secondary European
range, invades similar substrates. Most often it grows
on bare peat, nutrient poor acidic sandy soil or on
coniferous forest soil with a thin layer of spruce- or
pine-humus litter. It rarely occurs on other substrates,
e.g., rocks, decaying wood, anthropogenic soil, mine
waste, old walls, etc. (Richards 1963; Hassel and
Soderstrom 2005; Lambdon 2009; Klinck 2010).
These substrates must be dry because a high degree
of water saturation limits its growth (Equihua and
Usher 1993; Mikulaskova et al. 2012; Priede and
Mezaka 2016). During its spread in Poland C.
introflexus gradually broadened its range of substrates
and ultimately occurred on eight types (Table 1).
Initially it primarily inhabited mineral sandy soil
(66.7% of records in the years 1986—1996), while in
the third decade of invasion (2006-2016) it much
more frequently occurred on podzolic soil (41.5% of
records) rather than on mineral sandy soil (35.9%),
and its frequency increased on dry eroded peat
(11.3%).

C. introflexus is a eurytopic moss showing a wide
range of habitat and phytocoenotic preferences. It is
primarily a successful early-successional invader in
open places and gaps where there is little competition
from vascular plants. In various regions of Europe,
depending on environmental conditions, C. introflexus
exhibits slightly different ecological preferences
(Klinck 2010). In Britain and Ireland, it grows mainly
in bogs and moorlands frequently disturbed by man or
fire, and on forestry tracks (Richards 1963; Richards
and Smith 1975; Equihua and Usher 1993). In the
oceanic part of Western Europe, C. introflexus typi-
cally occurs on dry coastal and inland dunes, in sandy
grassland, on heaths, at the margins of pine forest and
in ruderal habitats (Berg 1985; Hassel and Soderstrom
2005; Hasse 2007; Daniéls et al. 2008; Klinck 2010).
In the south-western part of the Scandinavian Penin-
sula and in the Baltic countries, C. introflexus is
frequently recorded on cliff ledges, in disturbed
peatland and at the margins of coniferous forest
(Hallingbidck et al. 1985; Razgulyaeva et al. 2001;
Vellak et al. 2009; Jukoniené et al. 2015; Priede and
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Fig. 2 The biplot of NMDS and passive vectors of explanatory variables are shown

Mezaka 2016). In the Czech Republic in Central
Europe 70% of C. introflexus stands are in coniferous
forest and pine or spruce plantations, and 20% in
disturbed peat bogs (Mikulaskova et al. 2012). In
Poland, C. introflexus demonstrates the ecological
preferences observed in Western Europe, the Baltic
countries, and in the Czech Republic bordering the
south of Poland. Notably, during its spread it con-
stantly expanded the range of invaded habitats and
communities (Table 2). In the first decade
(1986-1996), C. introflexus mostly occurred in young
forest tree plantations (45.8% of records) and in
European dry heaths (16.7%). After 30 years of
invasion it is present in 19 communities from 13 types
of European Union habitat, including two habitats of
priority importance. Among this group, the most
frequently invaded sites are inland dunes with open

Corynephorus and Agrostis grassland (9.7%), boggy
woodland (5.6%) and European dry heaths (5.2%). In
addition C. introflexus is also a component of 15
communities in five types of the remaining habitats,
and is most often recorded in young forest tree
plantations (23.8%), and mature managed forest
developed from old plantations (23.4%). In the last
decade, C. introflexus has also increased in semi-
natural forests (11.7%).

As in other countries in Central Europe, C.
introflexus mainly coexists with eurytopic common
mosses growing in dry, sandy open places or in gaps in
coniferous forest and on dried peat in degraded peat
bogs. The most common accompanying species are
Pohlia nutans, Ceratodon purpureus, Dicranum sco-
parium and Polytrichum juniperinum, among others
(Berg 1985; Mikulaskova et al. 2012; Sziics et al.
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2014). The present study indicates that the species
composition of bryophytes and lichens accompanying
C. introflexus varies according to the type of habitat
and nutrient availability. There has been no charac-
teristic species association accompanying C. intro-
flexus at any time or in any place.

We have not conducted detailed studies of the
effects of C. introflexus on biocoenoses, but repeated
field observations confirm its negative impact on
native vegetation. The patches of dry dune grassland,
heaths and dry pine forest with dense carpets of C.
introflexus are monotonous and floristically poorer
than adjacent areas not colonized by this species. Its
dense carpets limit the development of other plants
and lichens. In Western Poland, in Cladonio-Pinetum,
Zarabska and Rosadziniski (2011) reported that its
aggresive spread threatened the lichen Pycnothelia
papillaria which is known only from several stands in
the country. Notably, C. introflexus increasingly
invades valuable European Union habitats (including
priority ones) and will increasingly affect the species
richness and structure of these sites (Table 2).

C. introflexus has not yet completed its spread in
Poland and the number of its sites will rapidly
increase, especially in the eastern part of the country
and in the lower parts of the Carpathians Mts and
Sudetes Mts in the south. The large areas of sandy and
podzolic soils with coniferous forest create perfect
conditions for the invasion of this exotic alien, which,
in a short time, can become one of the most common
mosses in the country. Thus, C. introflexus is a
transformer that must be strictly monitored.
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