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The invasion of Paulownia tomentosa (Paulowniaceae), a new alien tree species in Central Europe,
native to China, is analysed. By using its distribution in Austria, the invasion of this country is ana-
lysed in detail. The first reports of P. fomentosa in Austria were in the 1960s in Vienna. Since then,
the number of sites has increased exponentially, with a total of 151 sites in 27 grid cells of the
Floristic Mapping project of Austria. The number of sites per grid cell is strongly positively corre-
lated with the minimum residence time in grid cell, which explains 86% of the deviance in the gen-
eral linear model (GLM). The localities are confined to warm lowland areas (below 450 m altitude)
and are concentrated in cities, with 90% of all localities recorded in cities with > 100,000 inhabit-
ants. Paulownia tomentosa typically occurs in small populations of less then 10 individuals (83% of
all records) and behaves as a pioneer species colonizing mainly disturbed urban habitats. Near-natu-
ral habitats, e.g. forest clearings and riparian shrubberies are rarely colonized. In extremely dis-
turbed areas, the average number of vascular plant species is low (8.9 species), as is total plant cover
(17%). As P. tomentosa is currently mostly confined to synanthropic habitats in urban areas, the in-
vasion is not yet a nature conservation issue. In the future, predicted climate change might allow
P. tomentosa to spread beyond its current distribution. The habitat preference in the eastern USA in-
dicates that further spread of P. tomentosa in Central Europe might be accompanied by a switch to
more natural habitats, e.g. forest clearings and forest margins. Thus, the future spread of this species
should be closely monitored.

Keywords: Central Europe, habitat preference, minimum residence time, Paulownia tomentosa,
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Introduction

Biological invasions are acknowledged as a major threat for global biodiversity (e.g. Wil-
liamson 1996, McNeely et al. 2001). Two complementary approaches dominate research
in invasion ecology: The first builds on large data sets (e.g. inventories of alien species in
a given area) and tries to elucidate factors determining invasion success (e.g. Palmer 2006,
Stohlgren et al. 2006). The second approach concentrates on a detailed analysis of the in-
vasion history of one or few alien species (e.g. PySek 1991, Lavoie et al. 2003, Williamson
et al. 2005, Pysek et al. 2007).

Such case studies are needed to improve the knowledge of distributional patterns and
understanding of the underlying mechanisms (Trepl 1984, PySek & Prach 1993). Special
attention should be given to the first stages of spread (PySek & Hulme 2005), as these are
crucial for successful invasions (Williamson 1996, Kowarik 2003a) and eradication is
more feasible at the very beginning of spread (Rejmanek 2000, Wittenberg & Cock 2001);
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unfortunately, data on incipient invasions of aliens are usually scattered and thus poorly
represented in invasion literature (Ricciardi et al. 2000, Mack 2005).

This paper analyses the invasion process of a new alien tree species in Central Europe.
In the last 20 years, there has been an increase in the spread of Paulownia tomentosa in
Central Europe (Nowack 1987, Landolt 1993), but no comprehensive analysis of this phe-
nomenon. Furthermore, P. fomentosa is reported for 25 US states (Remaley 1998) and re-
garded as an invasive tree in E and SE North America (Williams 1983, Simberloff 2000).

This paper summarizes the introduction history and spread of P. tomentosa in Central
Europe and analyses the invasion process in Austria. By using data for this country, the
following questions are addressed: (1) What are the spatio-temporal patterns of spread, (2)
which habitats are colonized, and (3) which factors influence the size of invading popula-
tions?

Material and methods
Study species

The seven species of the genus Paulownia (Paulowniaceae) are naturally restricted to
E Asia. The native range of the empress tree, P. tomentosa (Thunb.) Steud., encompasses
central and W China (Zhao-Hua et al. 1986, Roloff & Birtels 1996). This tree may reach
20 meters in height. The conspicuous cordate leaves are about 40 cm long, the violet, bell-
shape flowers bloom from April to May. Fruits are ovate capsules 3.0-4.5 cm long, the
2.5-4.0 mm long winged diaspores (5000 diaspores weigh 1 g, Kiermeier 1977) are easily
spread by wind (Kumar et al. 1999).

In its native range, P. tomentosa occurs in various habitats, preferring alkaline soils and
moist to semi-dry, open forests (Richter & Bocker 2001, Global Invasive Species Database
2006). It is shade intolerant and not found in dense forests. The average annual tempera-
ture in its native range (ca 10-16°C, Kiermeier 1977) is higher than in Central Europe (ca
7-10°C). Young plants are extraordinarily fast-growing, the terminal branch often grow-
ing more than 1 m/year. Life expectancy is short: most trees die after 60—70 years
(Kiermeier 1977, Remaley 1998).

History of introduction in Central Europe

Paulownia tomentosa was introduced into Central Europe as an ornamental plant in 1834
(Kiermeier 1977). In Germany, the first recorded casual occurrence of P. tomentosa is at
approximately 1925 (Kiermeier 1977). Only in the 1970s and 1980s did the number of re-
corded localities begin to increase, mainly in Rheinland-Pfalz and Baden-Wurttemberg,
the warmest regions of Germany (Kiermeier 1977, Nowack 1987). Paulownia tomentosa
is there currently established in urban areas, rapidly spreading along railways and on ur-
ban-industrial sites (Mazomeit 1995, Richter & Bocker 2001, Schmid 2005).

The spread was delayed in other parts of Germany. In the N Rhineland in W Germany
the first escaped young plant was found in 1987; in 1994, only two additional sites were re-
corded (Adolphi 1995). Although P. fomentosa has been cultivated in the Ruhr basin for
decades, first escaped young plants were recorded only in the mid-1990s (Keil & Loos
2004, 2005). Recently it has spread significantly, namely in large cities, along railways
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and locally in the Ruhr basin and remaining North-Rhine-Westphalia (Adolphi 2001,
Haeupler et al. 2003, Keil & Loos 2004, 2005). In other parts of Germany, P. fomentosa is
rare.

A similar picture can be drawn for other Central European countries. In the list of alien
plant species of Switzerland, P. tomentosa is classified as casual (Wittenberg 2005). In ur-
ban Basel, it occurs “on many places escaped” and is thus classified as “established, al-
though not growing into large trees” (Brodtbeck et al. 1999). In Zurich, the spread started
in 1985, and shortly thereafter the species was listed as fast spreading (Landolt 1993). In N
Italy in the province of South Tyrol, populations of P. fomentosa have only recently been
observed. Nevertheless, the species has been recorded several times and some of the larg-
est populations are already classified as established (Wilhalm et al. 2002). In the Czech
Republic, P. fomentosa is a rare casual alien (Pysek et al. 2002). In SW Slovenia, young
plants were recorded growing near planted trees recently (N. Jogan, personal communica-
tion). In Hungary, the species is included in the list of casual alien plants (Botond & Botta-
Dukat 2004).

Data and statistical analysis

Distribution data on P. fomentosa in Austria have been gathered from many different
sources: Database of the Floristic Mapping project of Austria, herbaria, floristic literature
and unpublished records (for list of sources see Fig. 2). Localities have been assigned to
grid cells of the Austrian floristic mapping. This data was used to produce grid distribution
maps (5 longitudinal minutes x 3 latitudinal minutes, approximately 30 km?, Niklfeld
1998) and to analyse the cumulative number of sites and of occupied grid cells per 5 years
as a measure of invasion rate. Altitudes of every population were extracted from the origi-
nal data sources or by using the digital topographic map of Austria (BEV 2006).
Altitudinal distribution in Austria was analysed using altitudinal classes of 100 m (ALTT).
Data on colonized habitats was extracted from original data sources and assigned to habi-
tat types; habitat classification is based on a modified version of the Austrian habitat type
catalogue (Umweltbundesamt 2005). Data on population size (assigned to three classes:
1-10, 11-100, >100 individuals) and age of oldest plants were recorded for each popula-
tion; the latter were extracted from original sources or during field work, either by count-
ing the annual shoots of the terminal branch or, for older populations, by taking core sam-
ples and counting tree rings (Loacker et al. 2006). Age of oldest plants was used as a proxy
for reconstructing the date of establishment of the respective population. Populations were
deliminated by assuming that plants separated by > 250 m belong to different populations.
This is the maximum distance seeds of wind-dispersed plants regularly travel (Richter &
Bocker 2001, Dullinger et al. 2004).

All known sites (n = 69) were visited systematically from 2000-2005 in order to ana-
lyse vegetation composition. Accompanying vascular plant species (presence / absence)
and total plant cover were recorded on plots of standardized size (10 m?); the plots were lo-
cated in the centre of the respective population. The taxonomy and nomenclature of vascu-
lar plants follow Fischer et al. (2005), the definition of invasion status is that used by Rich-
ardson et al. (2000) and Pysek et al. (2004).

Some case studies have shown, that the introduction date or minimum residence time
(MRT, time since the first record) can be used to predict the abundance of alien species on
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a (sub)national scale (Wu et al. 2003, Castro et al. 2005). To test the influence of MRT on
the abundance at finer scales, the influence of time on numbers of sites (S) within the grid
cells was analysed.

A generalised linear model (GLM) with a Poisson-error distribution (McCullagh &
Nelder 1989) was used to model the relationship of S with MRT and ALTI. Significance
was tested by dropping terms from the full model (S~NMRT+ALTI) assuming a chi square
distribution. Statistical analyses were carried out in Splus 7.0.

Results
Spread and distribution

The first record of self-sown P. tomentosa plants in Austria is in the mid-1960s in Vienna
(Forstner & Hiibl 1971). Since then, the species has spread markedly within the city
(Adler & Mrkvicka 2003). In other lowland areas of Austria, a significant spread started in
the 1980s, e.g. in Salzburg the first record was reported in 1986 (Strobl 1995) and in Graz
in the early 1980s (Melzer 1991). The number of sites has increased exponentially in Aus-
tria, with a total of 151 in 2005 (Fig. 1). The number of occupied grid cells of the Floristic
Mapping project of Austria has also grown exponentially; currently 27 grid cells (1% of
a total of 2612) are occupied in six of the nine Austrian provinces (Fig. 2). The number of
sites per grid cell is strongly positively correlated with MRT per grid cell (Fig. 3), MRT ex-
plains 86% of the deviance in the GLM (P < 0.001).

The localities of P. tomentosa are confined to lowland areas, showing a strong negative
correlation with increasing altitude (Fig. 3); 81% of the records are for the lowest parts of
Austria (100-300 m a.s.l.), which accounts for only 20.5% of the area of Austria. Never-
theless, the number of sites per grid cell is only moderately correlated with altitude, devi-
ance in the GLM explained by ALTI is 2.6% (P < 0.01).
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Fig. 1. — Cumulative increase in numbers of sites and grid cells of the Floristic Mapping project of Austria occu-
pied by Paulownia tomentosa, recorded at 5-year intervals. Regression lines depict exponential relationship be-
tween cumulative numbers of sites (> = 0.96; p < 0.001) and of grid cells respectively (r* = 0.95; p < 0.001).
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Fig. 2. — Grid distribution maps of Paulownia tomentosa in Austria based on the grid of the Floristic Mapping pro-
ject of Central Europe (Niklfeld 1998). Data sources: Herbaria GJO, GZU, LI, NHM, SZB, WU, Adler &
Mrkvicka (2003), Essl (2003, 2004, 2005), Essl & Stohr (2006), Forstner & Hiibl (1971), Hohla et al. (1998),
Melzer (1991, 1999, 2000), Melzer & Barta (1995, 1996), Strobl (1995), Zechmeister & Grabherr (1998), and
unpubl. data.

The species is mostly confined to urban areas in Austria; 90% of all localities were re-
corded in cities > 100,000 inhabitants. Paulownia tomentosa typically occurs in small
populations of less than 10 individuals (83% of all records); only 2% of the populations
consist of more then 100 individuals.



382 Preslia 79: 377-389, 2007

80

60

number of sites
40

20

4
4
4
4
4

minimum residence time

10 12

number of sites

100 200 300 400 500

altitude

Fig. 3. — Response curves of number of sites (S) per grid cell of Paulownia tomentosa with altitude (A) and mini-
mum residence time (B) derived from GLM using Poisson error distribution. Altitude was held constant at 250 m,
minimum residence time at 20 years. Standard errors of the predicted values are represented by the dotted lines.

Habitats

Paulownia tomentosa is a pioneer species, which colonizes mainly disturbed urban habi-
tats in Austria. It was most frequently recorded growing in crevices between paving stones
(49% of all populations), followed by xerophytic ruderal vegetation (20%), wall crevices
(14%), and railway habitats (10%); these four habitat types account for 93% of all records.
Natural habitats like forest clearings including early reforestation stages and riverbanks
are rarely colonized (7% of all records). It successfully invades extremely dry, disturbed
sites on initial soils. Accordingly, 43% of the 69 investigated populations form
monospecific stands without any accompanying species.
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Table 1. — Plant species associated with invading Paulownia tomentosa, ranked according to decreasing con-
stancy (n = 69 plots of 10 m?). Only taxa with constancy > 5% are shown, neophytes (according to Essl &
Rabitsch 2002) are marked by asterisks. The vegetation types for which the species is indicative are given (after

Mucina et al. 1993).

Species Vegetation type Constancy (%)
Taraxacum officinale agg. ruderal fertilized mesic grassland 29.0
Ailanthus altissima* perennial synanthropic vegetation of mesic habitats 24.6
Poa annua vegetation of trampled habitats 21.7
Polygonum aviculare agg. vegetation of trampled habitats 20.3
Conyza canadensis* annual ruderal vegetation 15.9
Plantago major vegetation of trampled habitats 15.9
Salix caprea pioneer forests 14.5
Sonchus oleraceus annual ruderal vegetation 14.5
Betula pendula pioneer forests 11.6
Artemisia vulgaris perennial synanthropic vegetation of xeric habitats 10.1
Clematis vitalba - 8.7
Epilobium tetragonum perennial synanthropic vegetation of mesic habitats 8.7
Senecio vulgaris annual ruderal vegetation 8.7
Stellaria media annual ruderal vegetation 8.7
Achillea millefolium agg. ruderal fertilized mesic grassland 7.2
Buddleja davidii* perennial synanthropic vegetation of mesic habitats 7.2
Dactylis glomerata ruderal fertilized mesic grassland 7.2
Tussilago farfara perennial synanthropic vegetation of xeric habitats 7.2
Acer pseudoplatanus - 5.8
Arenaris serpyllifolia - 5.8
Bromus sterilis perennial synanthropic vegetation of xeric habitats 5.8
Calamagrostis epigejos - 5.8
Chenopodium album annual ruderal vegetation 5.8
Cirsium arvense annual ruderal vegetation 5.8
Cirsium vulgare perennial synanthropic vegetation of xeric habitats 5.8
Daucus carota perennial synanthropic vegetation of xeric habitats 5.8
Erigeron annuus™ perennial synanthropic vegetation of xeric habitats 5.8
Hordeum murinum annual ruderal vegetation 5.8
Lolium perenne ruderal fertilized mesic grassland 5.8
Populus alba - 5.8
Sagina procumbens vegetation of trampled habitats 5.8

The most frequent of the 133 accompanying species found is Taraxacum officinale

agg., followed by Ailanthus altissima, Poa annua, Polygonum aviculare agg., Conyza
canadensis and Plantago major (Table 1). Average species number at a site is low (8.9
species), as is total plant cover (17%). In total, 24.1% of the accompanying species are
neophytes, but as most of them are rare, they only contribute 6.3% in terms of cover; the
most common neophytes are Ailanthus altissima, Conyza canadensis and Buddleja
davidii.

Discussion
Generality and limitations of the results

The data analysed are not based on a constant sampling effort due to variation in floristic
surveys. This is seen as a possible significant error in documentations of spread (Delisle et
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al. 2003, PySek & Hulme 2005). Nevertheless, in the present case it seems unlikely that re-
cording bias significantly affected the results. First, the integration of all available data
sources should partly level out varying recording intensities (Rich et al. 2006). Second,
P. tomentosa is a very conspicuous and well-known species making even young plants
easily recognizable; thus, even single specimens are frequently recorded (e.g. Melzer &
Barta 1995, 1996, Strobl 1995, Hohla et al. 1998). Previous studies have shown that
floristic data are suitable for reconstructing the pattern of invasion of conspicuous alien
plants (e.g. PySek 1991, 1995, Pysek et al. 2007). Third, there are few records in the com-
prehensive older inventories of alien plants in Austrian cities, whereas the species is found
in cities regularly today (e.g. Vienna — Forstner & Hiibl 1971, Graz — Hamburger 1948).
Furthermore, the invasion history of P. tomentosa in Austria is rather short, making strong
variations in sampling effort less likely.

Spread and distribution

In Austria, P. fomentosa has shown an exponential spread since the 1970s, with no sign of
a decrease in the number of new records. Thus, the saturation phase of its invasions — when
the invasion rate slows down (PySek & Hulme 2005) — has apparently not been reached.
This spatio-temporal pattern of spread seems to be valid for other parts of Central Europe
(Richter & Bocker 2001).

Spread is clearly visible at different spatial scales, as expressed by exponentially grow-
ing number of sites and of occupied grid cells of the Austrian floristic mapping scheme
(Fig. 2). Different processes are operating at these two scales: Whereas local spread de-
pends on increasing seed input from adjacent source populations, long-distance dispersal
is probably only mediated by planting trees in new regions. This finding is underlined by
the high explanatory value of MRT in the GLM (Fig. 3). This indicates that MRT effec-
tively predicts the distribution of alien species both at (sub)national scales (McKinney
2001, Pysek & Jarosik 2005) and finer scales (Miillerova et al. 2005).

Occurrences of P. fomentosa in Central Europe are almost exclusively confined to ur-
ban areas. More than 99% of all records in SW Germany (Richter & Bocker 2001) and
90% of Austrian records have been made in urban areas. Cities offer specific “urban
niches” with characteristic patterns of disturbance (Kowarik 1995, Wittig 2002) and are
especially rich in alien species in Central Europe (Kiihn et al. 2004, PySek et al. 2004, Wal-
ter et al. 2005). The concentration of preferred habitats in urban areas probably contributes
to the relative success there. The significantly warmer climate in cities (up to 2°C warmer
than adjacent rural areas) and higher minimum winter temperatures of 1-3°C in large cit-
ies allow the plants to survive otherwise extreme low temperature events (Wittig 2002).
But even in cities, P. fomentosa strongly prefers microclimatically favoured sites, e.g.
crevices in walls or the gravelled areas along railway tracks (Richter & Bocker 2001).
However, the low predictive value of ALTI in the GLM shows that within climatically fa-
vourable regions increasing altitude only moderately slows down the invasion process.

Although more favourable temperature regimes might explain the preference for urban
areas, note that P. tomentosa is mainly cultivated in cities and that diaspore availability is
therefore strongly biased towards cities (Taylor & Irwin 2004). Currently, populations are
usually small and consist mainly of young sterile plants; accordingly, populations depend
on diaspore input from nearby planted mature trees. Propagule availability from planted
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trees is thus one key factor limiting spread (Kiermeier 1977, Kfivanek et al. 2006). As pop-
ulations grow older, they will become increasingly autonomous of diaspore input from
planted trees. Empirical evidence shows that young individuals of P. fomentosa are fre-
quently observed up to ca 200 m from the parental tree (Richter & Bocker 2001). Long-
distance dispersal up to 3—4 km is recorded rarely in the E USA (Langdon & Johnson
1994). Moreover, frequent planting greatly fosters naturalization and population expan-
sion of alien plant species. This is mainly due to propagule pressure and their ability to
overcome barriers to spread (Kowarik 2003b, Lockwood et al. 2005).

In the future, predicted climate change might allow P. fomentosa to spread beyond its
current distribution limits, pushing altitudinal limits upwards and making areas outside
cities more accessible. The altitudinal limit in SW Germany lies below 300 m a.s.l. (Rich-
ter & Bocker 2001), which is somewhat lower than in Austria, where it is at 450 m; this
altitudinal limit corresponds with an annual mean temperature of 7.5-8.0 °C (ZAMG
2006). Strong negative correlations between invasion success and annual mean tempera-
ture are known for many neophytes in Central Europe (Chytry et al. 2005, Walter et al.
2005). Key limiting factors for the invasion success of P. fomentosa are winter minimum
temperatures and early and late frosts. Old specimens survive winter minimum tempera-
tures of down to —25°C without damage, but young, fast-growing individuals are damaged
by —10°C (Richter & Bocker 2001).

The invasion pattern of P. fomentosa ressembles the early invasion phase of Ailanthus
altissima in Central Europe (Adolphi 1995, 2001), which is the second-most frequent ac-
companying plant species in Austria and also grows syntopically in the native range of P.
tomentosa (Kiermeier 1977). Paulownia tomentosa must currently be classified as casual.
However, if the recent spread continues and escaped plants increasingly produce seed, this
species will probably soon sustain self-replacing populations and will have to be reas-
sessed as naturalized (sensu Richardson et al. 2000, Pysek et al. 2004) in urban areas of the
warmest regions in Central Europe, e.g. E and SE Austria (Vienna, Graz), S and N Swit-
zerland (Tessin, Zurich — Landolt 1993) and SW Germany (Rhine valley and surround-
ings — Richter & Bocker 2001).

Habitats

In Central Europe, invasion of P. tomentosa is currently limited to urban ruderal habitats.
Although the relative importance of habitats differs in SW Germany (40% in wall crev-
ices, 16% in gravel, and 14% in crevices between paving stones, Richter & Bocker 2001),
the general picture corresponds well with the Austrian data. Accompanying plant species
are ubiquitous species typical of synanthropic vegetation. Low total plant cover and spe-
cies numbers are due to extreme site conditions, e.g. partly sealed surfaces, trampling, ex-
tremely high summer temperatures and low water availability during periods of drought.
Paulownia tomentosa is extraordinarily resistent to these stress factors.

Surprisingly, habitat preference in North America is different and natural habitats are
invaded more frequently than in Central Europe (Williams 1983, 1993), although the spe-
cies was introduced there in the same decade as in Central Europe (Remaley 1998) and is
planted regularly in urban areas in both regions. In the E USA, the invasion of forests is
strongly promoted by disturbance, e.g. forest clearings or gaps caused by hurricanes. It is
a pioneer species in gaps of nemoral forests, at forest margins and along roadsides (Wil-
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liams 1993, Simberloff 2000). In the Great Smoky Mountains National Park it is invading
rock habitats and replacing native pine species in dry forests, after natural fire cycles are
restored (Langdon & Johnson 1994). Similarily, intensive logging could promote the
spread of P. fomentosa in forests, as is indicated by several records from forest clearings in
Central Europe (Landolt 1993). The ability of P. tomentosa to spread to near-natural habi-
tats in Central Europe is rarely reported (Landolt 1993, Brodtbeck et al. 1999). Successful
colonization of these habitats, as already seen in the invasion by Ailanthus altissima
(Kowarik & Sdumel 2007), is a potential future scenario.

Habitat change of alien plants is not an uncommon phenomenon and usually makes less
disturbed habitats colonizable (e.g. Trepl 1984, Kowarik 1995, 2003a). The future spread
of P. tomentosa should be closely monitored. Furthermore, factors limiting the spread to
natural areas should be investigated in order to assess future spread and associated risks to
nature conservation.
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Souhrn

Préace analyzuje probihajici invazi Paulownia tomentosa (Paulowniaceae) v Rakousku. Prvni lokality tohoto dru-
hu byly zaznamenany v 60. letech minulého stoleti ve Vidni, poté zacal poCet lokalit exponencialné nardstat.
V soucasnosti je druh zaznamenan na 151 lokalitich v 27 mapovacich polich. Pocet lokalit v mapovacim poli je
korelovan s rokem prvniho vyskytu v poli, ktery v analyze pomoci zobecnénych linedarnich modeld vysvétluje
86% deviance. Paulownia tometosa je vazana na naruSovana stanovisté ve méstech leZicich v teplych niZinnych
oblastech v nadmorské vysce do 450 m n.m; 90% lokalit je uddvano z mést s vice nez 100 tis. obyvateli. Do polo-
pfirozenych stanovist (lesni svétliny, pobiezni kfoviny) proniké ziidka. Invadované porosty se vyznacuji nizkym
poctem druht (v praiméru 8.9) i pokryvnosti bylinného patra (17%). Zatim druh neptedstavuje hrozbu z hlediska
ochrany piirody, to se v§ak miiZze zménit s pfedpovidanym zvySovanim teplot. Ze stanovistni vazby P. fometosa ve

vychodni ¢asti USA, kde druh také invaduje, 1ze usuzovat, Ze pokracujici invaze by mohla zasdhnout pfirozenéjsi
stanovisté, jako jsou lesni svétliny a okraje.
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