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ABSTRACT

Aim To determine relative effects of habitat type, climate and spatial pattern on
species richness and composition of native and alien plant assemblages in central
European cities.

Location Central Europe, Belgium and the Netherlands.

Methods The diversity of native and alien flora was analysed in 32 cities. In each
city, plant species were recorded in seven 1-ha plots that represented seven urban
habitat types with specific disturbance regimes. Plants were classified into native
species, archaeophytes (introduced before ap 1500) and neophytes (introduced
later). Two sets of explanatory variables were obtained for each city: climatic data
and all-scale spatial variables generated by analysis of principal coordinates of
neighbour matrices. For each group of species, the effect of habitat type, climate
and spatial variables on variation in species composition was determined by varia-
tion partitioning. Responses of individual plant species to climatic variables were
tested using a set of binomial regression models. Effects of climatic variables on the
proportion of alien species were determined by linear regression.

Results In all cities, 562 native plant species, 188 archaeophytes and 386 neo-
phytes were recorded. Proportions of alien species varied among urban habitats.
The proportion of native species decreased with increasing range and mean annual
temperature, and increased with increasing precipitation. In contrast, proportions
of archaeophytes and neophytes increased with mean annual temperature.
However, spatial pattern explained a larger proportion of variation in species com-
position of the urban flora than climate. Archaeophytes were more uniformly
distributed across the studied cities than the native species and neophytes. Urban
habitats rich in native species also tended to be rich in archaeophytes and
neophytes.

Main conclusions Species richness and composition of central European urban
floras are significantly affected by urban habitat types, climate and spatial pattern.
Native species, archaeophytes and neophytes differ in their response to these
factors.

Keywords
Archaeophytes, invasive species, neophytes, non-native plants, species richness,
vascular plants.

© 2011 Blackwell Publishing Ltd

DOI: 10.1111/).1466-8238.2011.00704.x
http://wileyonlinelibrary.com/journal/geb 545



Z. Lososova et al.

INTRODUCTION

Large cities harbour a greater proportion of alien plant species
than their surroundings (Pysek, 1998; Roy et al., 1999; Kithn &
Klotz, 2006; Pysek et al., 2010). For example, alien plant species
make up about 40% of the total floras of central European cities,
including approximately 15% of archaeophytes (pre-ap 1500
invaders) and 25% of neophytes (post-ap 1500 invaders; Pysek,
1998). Two major mechanisms, disturbance associated with
pulses of available nutrients (Davis et al., 2000) and alien
propagule pressure (Lonsdale, 1999), have been proposed as the
main controlling factors of the level of plant invasion, and both
of them are of high importance in cities. Firstly, cities are het-
erogeneous environments with mosaics of different habitats,
many of them strongly disturbed and frequently enriched in
nutrients. It has been repeatedly shown that strongly disturbed
habitats in both urban and non-urban settings are more easily
invaded than other habitats (Davis et al., 2000; Chocholouskova
& Pysek, 2003; Celesti-Grapow ef al., 2006; Chytry et al., 2008b).
Secondly, urban habitats are exposed to a high propagule pres-
sure from alien plants, including both cultivated species and
weeds. Many ornamental plants are grown in urban gardens,
parks and residential areas, and some of them may eventually
escape from cultivation and naturalize (Pysek, 1998; Hanspach
et al., 2008; Loram et al., 2008).

Besides disturbances, fluctuations in available resources and
propagule pressure, the distribution of both alien and native
plant species is significantly controlled by climate. In central
Europe, the number of alien species and their proportion rela-
tive to the total flora is generally higher in warm and dry low-
lands than in cooler and wetter areas (Pysek et al., 2002, 2005;
Chytry et al., 2008a; Simonova & Lososova, 2008). However,
little is known about the macroclimatic effects on alien floras
in large cities because comparative studies of urban floras
across large areas based on standardized sampling protocols
are rare (but see Celesti-Grapow & Blasi, 1998; Loram et al.,
2008) and a few published meta-analyses used data from
various sources which may not be directly comparable (Pysek,
1998; La Sorte et al., 2008; Ricotta et al., 2009). Furthermore,
like the native flora, the alien flora also has a distinct distribu-
tion pattern in Europe (Pysek et al., 2008), which means that
variation in its species richness and composition cannot be
explained solely by habitat qualities and climatic variables:
the spatial pattern of the studied sites must be also taken into
account. Cities are not distributed randomly. Their distribu-
tion is a result of historical and environmental factors such
as bedrock type, landscape productivity, land-use history,
development history or planning and management strategies
(Kithn et al., 2004). Urban environments share many charac-
teristics that are absent in habitats of the surrounding land-
scape. Again, little is known about the relative effects of urban
habitats and associated disturbance regimes, climate and
spatial patterns of native and alien urban floras. These issues
can only be satisfactorily resolved by obtaining data sets from
plots across many cities, using standardized sampling
protocols.

Here we used newly collected field data from 32 cities in
central Europe to: (1) compare the level of invasion in urban
habitats and cities located in different climatic regions of central
Europe; (2) specify the relative importance of urban habitat
types, climate and spatial pattern on the proportions and species
composition of native and alien floras; and (3) quantify the
relationships between the proportions of native and alien
species in urban habitats. We distinguished between two groups
of alien species that are known to have different habitat affinities
(Pysek et al., 2005; Chytry et al., 2008b): archaeophytes (intro-
duced before ap 1500) and neophytes (introduced after Ap
1500; Pysek et al., 2002). We hypothesize that: (1) the propor-
tion of alien species is higher in strongly disturbed urban habi-
tats than those with moderate disturbance levels; (2) alien
species richness is positively related to the richness of native
species; (3) variation in the species composition of urban floras
is related to urban habitat types, climate and the spatial pattern
of the cities, but these factors affect native and alien species in
different ways.

MATERIALS AND METHODS

Species data

We sampled the flora in 32 cities in Belgium, the Netherlands,
Germany, Poland, the Czech Republic, Slovakia, Hungary, Slov-
enia, Austria and Switzerland (Table 1, Fig. 1). For simplicity, we
call this region central Europe even though it exceeds the tradi-
tional delimitation of central Europe to the north-west. Each of
these cities had more than 100,000 inhabitants. The cities were
selected to represent different climatic regions of central Europe.
We used climatic data obtained from the WorldClim data set
(Hijmans et al., 2005) to classify central Europe into regions on
the basis of mean annual temperature higher or lower than 9 °C,
difference between July and January mean temperatures higher
or lower than 19 °C, and annual precipitation higher or lower
than 700 mm. In the ArcGIS 8.3 geographical information
system (ESRI, 2003), we overlaid these areas to obtain eight
climatic regions. The thresholds given above are rounded
medians from the climatic data obtained for about 50 large cities
situated in the study area. In each climatic region, we selected
four cities that, where possible, were not located very close to
each other. The mean distance between pairs of cities within
climatic regions was 250 km. This selection reduced correlations
between climatic variables and helped to separate the effects of
temperature and precipitation on urban biodiversity.

Sampling was performed in 2007-09 from mid June to late
August, i.e. during a period in which the floristic composition of
the studied habitats was quite stable and records of species
occurrence sampled on different dates were comparable. We
avoided the spring period because the comparability of spring
and summer records is limited due to spring annuals and geo-
phytes that usually develop in March—-May and disappear by
early June.

In each city, we focused on seven types of urban habitat:

546 Global Ecology and Biogeography, 21, 545-555, © 2011 Blackwell Publishing Ltd



Native and alien plants in central European cities

Table 1 Basic data on the 32 central European cities studied. The area and population for each city were obtained from Eurostat —
Statistical Office of the European Commission (http://epp.eurostat.ec.europa.eu) and climate data from the WorldClim data set (Hijmans

et al., 2005).
Pop. density Annual Mean July—January
(inhabitants Area Mean annual precipitation  temperature

City Population km™) (km?) Longitude Latitude temperature (°C) (mm year™) difference (°C)
Amsterdam, NL 762,000 4460 219 4°52" E 52°21"N 9.2 827 14.2
Antwerpen, BE 462,000 2260 205 4°25'E 51°12’N 10.1 812 15.2
Augsburg, DE 264,000 1790 147 10°53" E 48°22' N 8.5 868 19.1
Bern, CH 123,000 2390 52 7°27"E 46°57' N 8.5 957 17.9
Bratislava, SK 431,000 1170 368 17°07' E 48°08’ N 9.8 705 21.3
Brno, CZ 405,000 1760 230 16°35" E 49°12' N 9.0 584 20.9
Budapest, HU 1,722,000 3240 525 19°03" E 47°30" N 11.2 627 22.3
Debrecen, HU 207,000 440 461 21°37"E 47°31' N 10.1 646 23.0
Freiburg, DE 222,000 1450 153 7°51"E 48°01" N 10.5 919 18.3
Geneve, CH 186,000 11,730 16 6°07" E 46°12' N 10.1 975 18.7
Groningen, NL 188,000 2320 84 6°34'E 53°13'N 8.6 816 14.6
Halle, DE 232,000 1720 135 11°57"E 51°29'N 9.1 544 18.1
Hamburg, DE 1,769,000 2340 755 9°57"E 53°33' N 8.5 770 17.5
Chemnitz, DE 243,000 1100 221 12°55"E 50°50" N 7.9 644 18.8
Innsbruck, AT 119,000 1120 105 11°23"E 47°16’ N 9.0 945 20.1
Kassel, DE 195,000 1820 107 9°29"E 51°18’ N 9.1 726 17.6
Kéln, DE 1,001,000 2470 405 6°56" E 50°55" N 10.1 820 16.6
Kosice, SK 239,000 980 243 21°15"E 48°43" N 8.7 679 22.7
Krakéw, PL 755,000 2310 327 19°55" E 50°04" N 8.2 722 21.6
Linz, AT 189,000 1970 96 14°17"E 48°17' N 9.2 900 20.6
Ljubljana, ST 280,000 1020 275 14°30" E 46°02" N 10.4 1312 20.6
Maribor, ST 113,000 760 148 15°39’E 46°33" N 9.5 1030 21.1
Miinchen, DE 1,330,000 4290 310 11°33’E 48°08’ N 8.0 958 19.3
Oldenburg, DE 161,000 1570 103 8°12"E 53°08" N 8.8 796 15.7
Ostrava, CZ 337,000 1590 214 18°16" E 49°50" N 8.6 746 20.9
Praha, CZ 1,251,000 2520 496 14°23’E 50°05" N 8.9 560 19.7
Regensburg, DE 134,000 1670 81 12°06" E 49°00" N 8.4 709 20.2
Salzburg, AT 150,000 2290 66 13°02" E 47°48' N 8.9 1211 19.6
Stuttgart, DE 602,000 2900 207 9°10" E 48°46" N 9.3 732 17.9
Szczecin, PL 406,000 1350 301 14°33"E 53°25" N 8.6 591 19.5
Utrecht, NL 300,000 3070 99 5°07"E 52°05" N 9.3 829 14.5
Wiirzburg, DE 133,000 1520 88 9°55" E 49°46’ N 9.6 658 18.9

1. Historical square in the city centre, usually with pre-19th-
century houses and with more than 90% of paved or sealed area.
2. Boulevard with 19th-century houses, lines of trees, small
lawns and more than 70% of paved or sealed area.

3. Residential area with a compact building pattern, consisting
of family houses at least 50 years old and private gardens (garden
cities).

4. Residential area with an open building pattern, consisting of
blocks of flats built in the 1960s—-1980s, with lawns and scattered
trees and shrubs.

5. City park with old deciduous trees (tree cover 10-50%) and
frequently mown lawns.

6. Early successional, recently disturbed site with prevailing
bare ground and sparse vegetation, usually in or around con-
struction sites.

7. Mid-successional site abandoned for 5-15 years, dominated
by perennial grassland with scattered shrubs and young trees.

Each habitat was sampled in 1-ha plots of square or rectangular
shape; the latter was used in habitat patches narrower than
100 m. Due to the restricted access to private gardens in resi-
dential areas with a compact building pattern, 500 m of streets
instead of a 1-ha plot were sampled in this habitat to record
species occurring in accessible public areas and also those
growing in private gardens which were visible from the street. In
total, 224 plots (32 cities X 7 habitats) were sampled. At each site,
all spontaneously occurring vascular plant species were
recorded, including garden escapes and seedlings of spontane-
ously regenerating planted trees and shrubs. Deliberately
planted individuals were not recorded. Taxonomy and nomen-
clature mainly followed Jidger & Werner (2005) and Jéger et al.
(2008). We used species aggregates for some taxonomically intri-
cate taxa or taxa frequently recorded as juvenile individuals that
were difficult to identify. Species aggregates not defined in the
above-mentioned floras were: Cerastium tomentosum agg.:
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Figure 1 Map of the studied cities.

Cerastium biebersteinii and C. tomentosum; Medicago sativa agg.:
Medicago sativa and M. X varia; Oenothera biennis agg.:
Oenothera biennis agg. and Oe. parviflora agg.; Parthenocissus
quinquefolia agg.: Parthenocissus inserta and P. quinquefolia.

The species were classified according to their status as native
or alien, and the alien species were additionally divided accord-
ing to their date of introduction into archaeophytes and neo-
phytes. The classification followed the national lists of alien
plants and specialized databases (Klotz et al., 2002; Pysek et al.,
2002; DAISIE, 2009). Species considered native in a part of a
country were considered native in the whole country. Another
attribute used was the geographical origin of alien species,
which was mainly adopted from the BiolFlor database (Klotz
et al., 2002). Four categories of species origin were recognized:
Europe + western Asia, Asia (except its western part), the Ameri-
cas and others. The last category included species from Africa,
Australia and New Zealand, species of uncertain origin, hybrids
and recent cultigens. The data set was edited using the program
juick 9 (Tichy, 2002).

Data analysis

Patterns in species data were explored with respect to three
groups of explanatory variables: habitat type, climatic data (for

each city: mean annual temperature, mean annual precipitation
and annual temperature range, i.e. the difference between July
and January mean temperatures) and spatial variables (for each
city) generated by the analysis of principal coordinates of neigh-
bour matrices (PCNM; Borcard & Legendre, 2002). PCNMs are
based on the calculation of principal coordinate analysis (PCoA)
of a truncated pairwise geographical distance matrix between
sampling sites (cities in our case). Firstly, a matrix of geographi-
cal distances between the sampled cities was truncated at a dis-
tance determined by the minimum spanning tree technique.
This matrix was then analysed using a part of the ‘Quick explor-
atory PCNM analysis’ function (Borcard, 2008) in R, version
2.9.2 (R Development Core Team, 2010). The resulting 18 prin-
cipal coordinates (spatial axes) with positive eigenvalues were
used as explanatory variables representing the effect of spatial
pattern in further analyses. These coordinates describe spatial
structure of the data set across multiple scales. The spatial struc-
ture of our data set explained by 18 spatial principal coordinates
is unrelated to variations in macroclimate. It is related to species
dispersal ability and it could also be a result of other unmea-
sured factors such as different bedrock types, different land-use
history and human management of the studied cities.
Ordination techniques were used to assess the effects of the
explanatory variables on species composition. Firstly, for the
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whole data set of 224 plots, a variation partitioning algorithm
was applied to determine the net effects of climatic variables
and urban habitat types separately for all species and for
subsets of native species, archaeophytes and neophytes.
Secondly, for the data set of total floras of the 32 cities (i.e. 32
lists of all species recorded cumulatively in seven plots of the
same city), we applied the same procedure to determine the
net effects of climate and space, also separately for all plant
species, native species, archaeophytes and neophytes. The
three above-mentioned climatic variables and 18 spatial axes
were used. Redundancy analyses (RDA) with Hellinger trans-
formation (Legendre & Gallagher, 2001) of the species data
and the variation partitioning algorithm proposed by
Peres-Neto et al. (2006) were used to balance the bias caused
by different numbers of explanatory variables representing
the climate and space. Significances of the net effects of cli-
matic variables and urban habitat types (for individual plots)
and of climatic and spatial variables (for cities) were tested by
Monte Carlo tests with 999 permutations. These calculations
were done using the ‘vegan’ 1.17-2 package (Oksanen et al.,
2010).

Proportions of species are not independent of each other but
add up to one. An increase of one status group will therefore
inevitably lead to the decrease of at least one other group (the
so-called unit sum constraint; Aitchison, 1982). In order to over-
come this problem, we used a multinomial approach based on
log-ratios of proportions, i.e. replacing the observed propor-
tions with the logarithms of ratios of proportions. Log-ratios
have some desirable properties, most importantly the invariance
property, which ensures that the choice of numerator and
denominator in forming the ratios is unimportant (Kiihn et al.,
2006). The calculations were performed using the ‘vglm’ func-
tion in the ‘VGAM’ 0.8-1 package (Yee, 2010) of R, with multi-
nomial family and the proportion of native species as common
denominator.

Furthermore, we related the presence/absence of each species
in the studied cities (response variable) to climatic data
(explanatory variable) using a set of generalized linear models
with binomial distribution and logit link function to determine
which species responded to individual climatic variables. This
analysis was calculated in juice 9 (Tichy, 2002) and the ‘stats’
package of R.

Correlation coefficients, one-way ANOVA and linear regres-
sions between the proportions of native species, archaeophytes
and neophytes, and climatic variables, were calculated using
STATISTICA 9 (StatSoft Inc., 2010).

RESULTS

Among the 1180 plant taxa (including species and species aggre-
gates) recorded in all of the studied cities, there were 562 (48%)
native species, 188 (16%) archaecophytes, 386 (33%) neophytes
and 44 taxa identified only to the genus level that could not be
assigned to any species group. The most frequent taxa in almost
all habitats of each city were the European natives Poa annua,
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Figure 2 Numbers of native species (nat), archaeophytes (arc)
and neophytes (neo) in different urban habitat types (a) and
proportion of alien species with different geographical origin (b).
Boxes and whiskers include 25-75% and min/max values,
respectively. Horizontal lines indicate the medians. The same
letters indicate homogeneous groups of habitat types according to
the Tukey post-hoc test at P < 0.05.

Polygonum aviculare agg. and Taraxacum sect. Ruderalia. The
most frequent alien species were the archaeophytes Capsella
bursa-pastoris, Plantago major and Sonchus oleraceus. The most
common neophytes were Conyza canadensis and Erigeron
annuus. Individual 1-ha plots in different urban habitats con-
tained 11-175 (mean 101) plant species, including on average
56% native species, 26% archaeophytes and 17% neophytes. The
mean proportion of native species varied from 48% in city
squares to 65% in city parks, whereas the proportion of archaeo-
phytes was lowest (20%) in city parks and highest (35%) at early
successional sites. The lowest proportion of neophytes (14%)
was in mid-successional sites and the highest proportions (22%)
were in residential areas with a compact building pattern and on
historical squares in city centres (Fig. 2a).
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Table 2 Relationships between the numbers of native species (nat), archaeophytes (arc) and neophytes (neo) observed in urban habitats of

32 central European cities. Pearson’s correlation coefficients are shown.

Residential Residential Early successional ~ Mid-successional
All habitats ~ Square Boulevard  area compact  area open Park site site
Nat versus arc 0.317%%* 0.35 0.43* —-0.18 0.08 -0.27 0.18 0.04
Nat versus neo 0.390%* 0.50** 0.28 0.34 0.11 -0.16 0.39* 0.14
Nat versus (arc + neo) 0.39%%* 0.43% 0.46** 0.08 0.11 -0.27 0.30 0.09
(Nat + arc) versus neo ~ 0.51%** 0.72%**  0.32 0.35 0.27 0.00 0.50** 0.46**
Arc versus neo 0.49** 0.75**  0.26 0.03 0.38* 0.35%  0.41* 0.71**
*P < 0.05; ¥*P < 0.01; ***P < 0.001; coefficients without asterisks are not significant.
Most of the alien species found in the studied cities were of climate  urban habitat type

European and western Asian origins (e.g. Euphorbia peplus,
Geranium pusillum and Hordeum murinum). These species grew | 46* 11.2* | all species
in all of the studied urban habitats. The highest proportion of
American neophytes was found in historical squares (26%); still, . )

. . . L . | 4.7* 14.3* | native species
Eurasian species were the most specious group in this habitat. In
other habitat types, the proportions of American neophytes
varied between 15 and 18%. A large group of alien species came | 6.6 ** 14.4 | archaeophytes
from Asia. These species (e.g. Ailanthus altissima, Duchesnea
indica and Oxalis corniculata) accounted for about 12% of the
species in all urban habitats except both types of successional | 6.8 * 9.5* neophytes
sites, where they were less numerous. Alien species from other

continents (e.g. Citrullus lanatus and Lobelia erinus, both from
Africa) were rare in all urban habitats, representing on average
about 2% of species (Fig. 2b).

Generally, there were positive or non-significant but no nega-
tive relationships between the richness of native species and both
groups of aliens (Table 2). Archaeophyte and neophyte richness
were positively correlated across all of the studied habitats. A
positive relationship between native species richness and the
richness of at least one group of aliens was revealed for both types
of highly urbanized habitats, the historical squares and boule-
vards, and for early successional sites. Other relationships
between native and alien species richness were not significant.

Both urban habitat types and climatic variables had significant
effects on species composition for all groups of plant species
(Fig. 3). There was no shared variation explained jointly by these
two groups of predictors. Habitat types explained a higher pro-
portion of the total variation than climate. Climate was relatively
more important for neophytes than for the other groups.

For cumulative species lists of each city, spatial variables had
a highly significant effect on the composition of all species
groups, but the net effect of climate (after removing the shared
effect of climatic and spatial variables) was not significant. A
considerable amount of variation was shared between space and
climate (Fig. 4). In spite of the weak net effect of climate on total
species composition, some species did respond to changes in
spatially structured climatic variables (Table 3). Of these, most
(117) responded to the differences between July and January
temperatures, whilst a lower number (35) responded to mean
annual temperature (see Appendix S1 in Supporting Informa-
tion for details).

Figure 3 Percentage variation in species composition explained
by the effects of climate and urban habitat types. Percentage
variation explained by either climate or urban habitat type in
redundancy analyses (RDA) is indicated. No shared effects were
detected. The values were adjusted to balance the bias caused by a
higher number of explanatory variables for habitat type than for
climate. *P < 0.05; **P < 0.01.

space shared effect climate
all species | 4.6+ 9.1 [Joans.
native species [ 4+ 8.9 []0.5n.s.
archaeophytes|2.7 n.s. 8.8 | |1.4 n.s.
neophytes | 6.6 ™ 9.8 |0n.s.

Figure 4 Percentage variation in species composition for all
species and the different groups of species found in all plots in
each city explained by the effects of space and climate, and the
shared effect of both. Eighteen principal coordinates of neighbour
matrices (PCNM) with positive eigenvalues were used as spatial
variables. The percentage variation explained by either spatial
variables or climate in redundancy analyses (RDA) is indicated;
these values were adjusted to balance the bias caused by the lower
number of explanatory variables used for climate than for space.
n.s. = not significant; *P < 0.05; **P < 0.01.
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Table 3 Numbers and percentages of

species that responded significantly to Native species ~ Archaeophytes ~ Neophytes
individual climatic variables in
generalized linear models (based on Number of species 262 188 386
merged lists of the species recorded in Difference between July and January mean
seven habitats in each of 32 cities). temperature
See Appendix 1 for information on No. (%) of species responding to the factor 57 (10.1%) 27 (14.4%) 33 (8.6%)
individual species. No. (%) of positively responding species 26 (4.6%) 18 (9.6%) 14 (3.6%)
No. (%) of negatively responding species 31 (5.5%) 9 (4.8%) 19 (4.9%)
Mean annual temperature
No. (%) of species responding to the factor 17 (3.2%) 9 (4.8%) 9(2.3%)
No. (%) of positively responding species 2 (0.4%) 8 (4.3%) 6 (1.6%)
No. (%) of negatively responding species 15 (2.8%) 1(0.5%) 3 (0.8%)
Annual precipitation
No. (%) of species responding to the factor 36 (6.4%) 19 (10.1%) 17 (4.4%)
No. (%) of positively responding species 29 (5.2%) 9 (4.8%) 14 (3.6%)
No. (%) of negatively responding species 7 (1.2%) 10 (5.3%) 3 (0.8%)
Table 4 Multinomial regression on
log-ratios for the proportions of Level of
archaeophytes and neophytes. This Coefficient SE t-value significance
regression breaks the unit sum constraint
of compositional data (proportional data Intercept: log(archaeophytes/natives) —2.688 0.36 -7.4 b
adding up to 1). Log(no. of archacophyte Intercept: log(neophytes/natives) —2.642 0.38 -6.9 b
species/no. of native species) and log(no. A Temperature: log(archaeophytes/natives) 0.031 0.01 2.8 *x
of neophyte species/no of native species) A Temperature: log(neophytes/natives) —0.003 0.01 -0.3 n.s.
in central Buropean cities are explained Temperature: log(archaeophytes/natives) 0.183 0.03 5.5 ok
by the difference between mean July Temperature: log(neophytes/natives) 0.195 0.04 5.5 b
and mean January temperatures (A Precipitation: log(archaeophytes/natives) —0.0005 0.0002 -3.2 **
Precipitation: log(neophytes/natives) —0.00007 0.0001 -0.5 n.s.

Temperature), mean annual temperature

and annual precipitation sum.

n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

There was a clear effect of climatic variables on the propor-
tions of native species, archaeophytes and neophytes (Fig. 5).
The effects of mean annual temperature and the difference
between summer and winter temperatures were significantly
positive and those of annual precipitation were significantly
negative on the log-ratios of archaeophytes over natives.
For the log-ratios of neophytes over natives, the only
significant relationship was positive for mean annual tempera-
ture. This means that increasing annual temperature and
difference between July and January mean temperatures
increased the proportion of archaeophytes (and consequently
decreased the proportion of native species), while precipi-
tation had the opposite effect. The proportion of neophytes
increased with annual temperature. This was true for the
multiple variable model calculated for both groups of alien
species (Table 4), as well as for the single-variable models with
just one climatic variable used as a predictor (detailed results
not shown). After partialling out the spatial effects, mean
annual temperature and difference between summer and
winter temperatures remained significant, but there was no net
effect of precipitation on the proportion of individual species
groups.

DISCUSSION

To the best of our knowledge, this is the first study using a
standardized sample of field plots related to different urban
habitats across such a large geographical area. Even though we
only sampled a small fraction of the complete city flora in
seven 1-ha plots per city, we found almost the same proportion
of archaeophytes (16%) and a higher proportion of neophytes
(33%) than Pysek (1998) did for the entire flora of central
European cities (15 and 25%, respectively). This is surprising,
because large areas typically contain a larger proportion of
aliens than small areas such as 1-ha plots (Chytry et al., 2005;
Hulme, 2008). The differences in proportions of alien species
may be due to the fact that complete urban species lists often
include species from semi-natural habitats preserved in large
cities, often protected as nature reserves. Such habitats harbour
many native species otherwise absent from human-made habi-
tats, which may increase the proportion of this species group.
However we sampled mainly habitats strongly influenced or
created by humans. Indeed, such high proportions of archaeo-
phytes or neophytes are hardly found in European non-urban
habitats except in some arable fields (Chytry efal., 2005,
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Figure 5 Relationships between the percentage proportions of
native species, archaeophytes and neophytes, and individual
climatic variables. Lines indicate trends of changing percentages of
species belonging to particular groups along the climatic variables.
See Table 4 for the statistics. @ solid line, native species; + dotted
line, archaeophytes; & dashed line, neophytes.

2008a,b; Simonova & Lososovd, 2008). It could be argued that
comparisons with published lists of the total city floras could
be affected by the absence of some spring annuals or geophytes
in our data, especially in view of the fact that some aliens have
an earlier or later phenology than the majority of native

species (Pysek et al., 2003b). Nevertheless, we believe that this
hardly affected our results because unlike in southern Europe
(Celesti-Grapow et al., 2003; Godoy et al., 2009), spring species
that are invisible in summer are relatively few in central
Europe.

Our results indicate that urban habitat types and the specific
disturbance regimes associated with each of them strongly affect
species composition (Celesti-Grapow et al., 2006; Godefroid &
Koedam, 2007; Lososovd et al., 2011). Despite high percentages
of alien species, widespread generalist native species are still the
most common component of the studied urban floras of central
Europe, similar to cities in Britain (Roy et al., 1999) and north-
ern Europe (Melander et al., 2009). In our data, the highest
proportion of alien species was found in historical squares and
boulevards, both situated in city centres, which is also in accor-
dance with case studies from single cities (Chocholouskovd &
Pysek, 2003; Celesti-Grapow et al., 2006; Godefroid & Koedam,
2007; Ricotta et al., 2010).

City parks and mid-successional sites were the two urban
habitats with the highest proportions of native species. Lososovd
et al. (2011) showed that parks are habitats with low alpha and
gamma diversity, whereas mid-successional sites are rich in
species. However, the present study revealed that the low
number of species in parks is due to the low number of aliens
rather than native species. Indeed, parks are suitable habitats for
a large group of native plant species. A mosaic of tree, shrub and
lawn vegetation also provides opportunities for many animal
species (Clergeau et al., 2001). In this context, parks increase the
diversity of central European urban biota.

Although archaeophytes were less numerous than neophytes
in our cumulative species list, they were represented by a
higher proportion in each of the studied habitats. This indi-
cates that individual species of archaeophytes are on average
more common than neophyte species. The highest proportion
of archaeophytes was recorded at early successional sites
(35%). Most of the archaeophytes (66%) in our data set were
annual species able to persist in frequently disturbed habitats.
Similarly, Pysek et al. (2003a) observed that annuals make up
58% of archaeophytes but only 39% of neophytes in the Czech
flora. In our data set, there were only 29% of annual species
among the neophytes. This pattern may have resulted from the
immigration and introduction history of these species.
Archaeophytes have been exposed to frequent disturbances
since the Neolithic, when they migrated to new areas with the
first farmers and became established in regularly disturbed
habitats such as arable land (Pys$ek & Jarosik, 2005). Neophytes
growing in cities are a much more diverse group of species (La
Sorte et al., 2008; Ricotta et al., 2009). The diversity of life-
forms enables neophytes to colonize various urban habitats.
The distribution of neophytes in cities is less affected by dif-
ferences in land use than that of the other species groups
(Fig. 3), and therefore it is less predictable. Similar results were
found for the occurrences of neophytes in human-made
(Simonova & Lososovd, 2008) and other habitats (Chytry et al.,
2008a). These species were introduced relatively recently, there-
fore their adaptation to individual habitats in the non-native
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range is still proceeding (Pysek et al., 2005; Celesti-Grapow
et al., 2006). In contrast, the majority of archaeophytes became
naturalized in central Europe long ago; their distribution, like
the distribution of native species, is much more limited by dif-
ferences between habitats than by climate (Fig. 3). However,
the generally weaker effect of climate than of habitats on both
native species and the two groups of aliens reflects the limited
importance of climatic variation within central Europe, even
though the studied cities were located along a transect more
than 1200 km long from the oceanic Netherlands to continen-
tal Hungary. The opposite pattern was documented from a
north—south transect across Italy, covering the transition from
central European to a Mediterranean climate, along which the
floras of five cities were more affected by climate than by dif-
ferences among urban habitats (Celesti-Grapow & Blasi, 1998).

We found a positive relationship between the numbers of
native and alien species both for the merged flora from different
habitats within the same city and for most of the studied habi-
tats that were analysed separately (Table 2). Significant correla-
tions were revealed both for the strongly disturbed, species-poor
habitats in the city centres and for the species-rich early and
mid-successional sites, often located on city peripheries. This
pattern is consistent with simulation studies based on a null
model of community invasibility, which showed that a positive
relationship between numbers of native and alien species pre-
vails in large areas, whereas the opposite relationship is associ-
ated with small plots that accommodate a few individual plants
(Fridley er al., 2004). Obviously 1-ha plots are already too large
for negative relationships to occur; indeed, positive relationships
were found to prevail in much smaller plots (Chytry et al.,
2005).

Our study demonstrated that besides the climatic control of
native and alien species assemblages, there is a significant
spatial pattern in the large-scale distribution of urban plant
species which is unrelated to variations in the macroclimate.
The spatial pattern reported in our results was related to many
unmeasured factors: besides species dispersal ability, it could
have resulted from environmental and historical factors, such
as bedrock types or history of land use and human manage-
ment of the studied cities. Most neophytes are still spreading
across Europe (Williamson et al., 2009), therefore individual
species can be quite common in some parts of the continent
and absent elsewhere, but their climatic niche is only partly
filled. Thus, these species are not in equilibrium with climate:
the variation in neophyte distribution explained by the spatial
pattern of these cities, but not by climate, is higher than in
native species and archaeophytes. However, the net effect of
spatial pattern is still significant for native species, although it
is weaker than for neophytes. This probably reflects the fact
that native species are constrained by their geographical
ranges. In contrast, the net effect of spatial pattern is not sig-
nificant for archaeophytes in central European cities. It is
probable that many of these species used their long residence
time of several centuries or millennia in central Europe to fill
their potential range and find suitable habitats within this
range (PySek & Jarosik, 2005). The occurrence of many of

Native and alien plants in central European cities

them might be determined more by the availability of suitable
disturbed habitats than by climate. Therefore, they tended to
have a more uniform distribution across the studied cities than
the native species and neophytes.

We identified clear patterns in the proportions of alien and
native species along the climatic gradients. Increasing mean
annual temperature was correlated with increasing proportions
of both groups of alien species, while the increasing difference
between summer and winter temperatures was associated with
an increasing proportion of archaeophytes. This is consistent
with other, more regional, European studies, in which both
archaeophytes and neophytes were shown to occur more fre-
quently in warmer areas at low elevations than in cooler high-
lands (Roy et al., 1999; Pysek et al., 2005; Chytry et al., 2008a;
Simonovéd & Lososovd, 2008). They were also shown to have a
greater representation in habitats of subcontinental Europe
than those of oceanic Europe (Chytry etal., 2008b). For
archaeophytes, this pattern reflects their origin in warm
regions of southern Europe and the Middle East (Pysek et al.,
2002). The high levels of invasion by neophytes in the warm
and dry lowlands of central Europe have often partly been
explained by the higher densities of human populations in the
lowlands and partly by the high temperature requirements of
neophytes, although other mechanisms may be involved as
well.

In conclusion, we showed that variations in the species com-
position of central European native and alien urban flora is
mainly related to differences between the studied habitats and
less so, but still significantly, to variations in the spatial pattern
of the studied cities and their climates. Our results are represen-
tative of central Europe, but they may be specific to this particu-
lar region. Further research is therefore needed to obtain
comparative data from other regions with different genesis of
their native and alien floras, and different human settlement
histories.
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