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Abstract

The extent of plant invasions was studied in 302 nature reserves located in the Czech Republic, central Europe. Lists of vascular
plant species were obtained for each reserve, alien species were divided into archaeophytes and neophytes (introduced before and
after 1500, respectively). The statistical analysis using general linear models made it possible to identify the effects of particular
variables. Flora representation by neophytes decreased with altitude (explained 23.8% of variance) while, with archaeophytes, the
effect of altitude depended on their interaction with native species in particular vegetation types. The proportion of neophytes
increased with increasing density of human population. Both the number and proportion of aliens plants significantly increased
with increasing number of native species in a reserve. This relationship was affected by altitude, and after filtering out this variable,
the effect remained positive for neophytes but became negative for archaeophytes in humid grasslands. The positive relationship
between neophytes and native species is not a mere side effect of species—area relationship of native flora, but indicates that the two
groups do not directly compete. Vegetation type alone explained 14.2 and 55.5% of variation in proportion of aliens in regions of
mesophilous and mountain flora, respectively. Humid grasslands were the least invaded vegetation type. Positioning the reserve
within large protected sections of landscape significantly decreases probability of it being invaded by potentially invasive alien
species. Within the context of SLOSS debate, a new model — several small inside single large (SSISL) — is suggested as an
appropriate solution from the viewpoint of plant invasions to nature reserves. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Biological invasions have become an important field
of ecology and recently received considerable global
attention (Groves and Burdon, 1986; Macdonald et al.,
1986; Mooney and Drake, 1986; Kornberg and Wil-
liamson, 1987; Drake et al., 1989; PysSek et al., 1995;
Rejmanek, 1996, 1999; Davis et al., 2000; Richardson et
al., 2000a). The introduction of plant species from one
region to another is closely related to human activities
and considerable effort has therefore been invested in
studying patterns of plant invasions in urban environ-
ments and other disturbed habitats harbouring high
proportions of alien species (Kowarik, 1990, 1995;
Pysek, 1998). However, invasions into natural vegeta-
tion have always been of special importance. All alien
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species represent potential endangerment to nature
reserves (Cole and Landres, 1996), and those that are
able to naturalize or become invasive (see Richardson
et al., 2000b for terminology) can replace native flora
or even change ecosystem properties (Vitousek, 1990;
Gordon, 1998) and cause management problems (Ber-
ger, 1993). The knowledge of factors determining an
alien plant’s occurrence is a necessary condition for
effective control. Nature reserves also represent a suit-
able laboratory for studying the nature and effective-
ness of barriers that alien species must overcome to
become naturalized or invasive (Richardson et al.,
2000b).

The importance of nature reserves varies in particular
regions of the world and depends on the degree to which
the landscape has been transformed by humans (Duffey
and Usher, 1988). Studies to date in various kinds of
nature reserves (national parks, biospheric reserves,
small-scale nature reserves) have yielded some general-
ization at a global level (Macdonald et al., 1989). Tropical
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and arid subtropical reserves seem to be less invaded
because of less extreme conditions (Holdgate, 1986).
Reserves situated on islands are more vulnerable than
those located on mainlands (Brockie et al., 1988; Holt,
1992). The degree to which a nature reserve is invaded,
is closely related to the number of human visitors
(Usher, 1988; Lonsdale, 1999). Alien species occur in all
nature reserves, including those in the tropics (Usher,
1988, 1991) and predictions are made that the impor-
tance of alien species in nature reserves will increase in
the future unless effective control measures are adopted
(Macdonald et al., 1989). More recently, it was shown
that nature reserves over the world are invaded about
half as often as sites outside reserves (Lonsdale, 1999).

As far as temperate climatic regions are concerned,
the situation is less disturbing in the Northern (Loope,
1992) than in the Southern Hemisphere (Usher et al.,
1988). However, no comprehensive study has hitherto
been devoted to a detailed pattern of plant invasions
into temperate nature reserves. The territory of the
Czech Republic represents a suitable model for studies
of plant diversity at a wider landscape scale and makes
it possible to analyse the regional pattern of plant inva-
sions into a representative set of natural temperate plant
communities (PySek et al., 2001). The region has vari-
able orography, climate, geology and a number of dif-
ferent habitats can be found even in small areas.
Environmental conditions favour the development of
rich flora, typical of central Europe. The prevailing climate
supports forest expansion (Hejny and Slavik, 1988). A
long-term tradition of nature protection resulting in a
dense network of nature reserves ensures that major
vegetation types are represented in the system of nature
reserves within a relatively large-scale and diverse region
(Marsalkova-Némejcova and Mihalik, 1977).

The present paper is directed first to answering the
questions associated with theoretical principles of plant
invasions, i.e. (1) what are the main abiotic factors
determining the extent of invasion by alien plant species
into remnants of central European natural vegetation?
(2) What is the effect of native species on the extent of
invasions, and is there any direct relationship between
native and alien species? We then use the data to test
practical questions which are relevant for nature con-
servation authorities: (3) How do factors such as size
and location of reserves influence the extent to which it
will be exposed to invasion by alien species?

2. Methods
2.1. Data sources
The present study uses data from nature reserves

protected under the nature conservation system of the
Czech Republic. The area studied covers 78 854 km?

within the latitudinal range of 48°30-51°05" and long-
itudinal range of 12°05'-18°50’. In 1996, there were 1757
small-sized protected nature reserves in the Czech
Republic, covering an area of 82.3 km?, i.e. 1.05% of
the territory of the country (Kos and Marsalkova,
1997). Of these, 302 had suitable data for the present
study, and represent 17.2% of the total number of
reserves. Most of the important, larger reserves covering
major habitats were included giving a total sampled
area of 36.5 km? (accounting for 0.46% of the country
territory, and 44.2% of the total area of nature
reserves).

Species lists were obtained for each of the 302 nature
reserves used in the study, from published records from
particular reserves as well as unpublished floristic
inventories deposited at the Agency for Landscape Pro-
tection of the Czech Republic, Prague. These inven-
tories are carried out regularly by professional botanists
who are asked to collect data with standardized meth-
ods. Vascular plant species were classified into native
and alien, the latter group further divided in (1)
archacophytes, i.e. introduced to the country before
A.D. 1500, and (2) neophytes, introduced after that
date. This classification system corresponds to one
widely used in central-European phytogeographical
studies (e.g. Holub and Jirasek, 1967; Schroeder, 1969
for details, and Pysek, 1995 for comparison with other
systems). The only difference is that we did not attempt
to distinguish between taxa introduced by humans from
those having arrived accidentally because this informa-
tion is not generally available, and included both of
these groups under “neophytes”.

Numbers of plant species in each of the three groups
(native, archacophytes, neophytes) as well as the total
species number were recorded for each reserve. The
number of all aliens (further termed just “‘aliens’) was
obtained by summing the numbers of archacophytes
and neophytes.

For each nature reserve, the following characteristics
were obtained:

1. Reserve area.

2. Mean altitude, expressed as the middle value
between minimum and maximum altitude recor-
ded at the reserve territory.

3. Number of native species was used to investigate
the effect of native flora on the extent of invasion;
as shown by Lonsdale (1999), this characteristic
also serves as a suitable surrogate for habitat
diversity.

4. Position of the reserve within the system of pro-
tected areas, i.e. whether or not it was located
within large-scale protected areas such as national
park and protected landscape areas.

5. Density of human population (number of inhabi-
tants per km?) in the respective administrative
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district was taken as a measure of severity of
human impact; the country consists of 77 districts
of average size 1024.94394.1 km? (mean+S.D.).

6. Prevailing vegetation type covering most of the
reserve area. The following categories were recog-
nized: pine forest; beech forest; acidophilous oak
forest; hornbeam forest; spruce forests; scree and
ravine forests; humid grasslands, i.e. meadows,
pastures and saline habitats; wetlands, including
pond shores and alder forests; mires, peat bogs
and fens; dry grasslands, i.e. steppe vegetation
including scrub in dry habitats.

7. Phytogeographical region in which a reserve is loca-
ted. Three basic regions were recognized: Thermo-
phyticum, i.e. a region of thermophilous flora and
vegetation; Mesophyticum with mesophilous flora
and vegetation; Oreophyticum with mountain flora
and vegetation—Hejny and Slavik, 1988.

8. Climatic district: warm, moderately warm, and
cold (Quitt, 1975).

9. January isotherm (mean annual temperature in
January).

Other climatic explanatory variables, i.e. annual total
precipitation, mean annual temperature and June iso-
therm (mean annual temperature in June), appeared
always non-significant in the process of model simplifi-
cations. The climatic parameters were obtained from
GIS layers built by digitalizing the relevant maps
(Vesecky et al., 1958, 50-year averages).

2.2. Statistical analysis

The data were evaluated by analysis of covariance
(ANCOVA) with logit proportion of aliens in individual
reserves as the response variable. Among the explana-
tory variables, prevailing vegetation type, phytogeo-
graphical region, climatic district, and position of the
reserve were treated as factors, whilst number of native
species occurring in the reserve (range 11-547), reserve
area (0.17-4280 ha), density of human population (60—
500 inhabitants per km?), mean altitude (150-1362 m
a.s.l), annual sum of precipitation (475-1700 mm),
mean annual temperature (1.0-9.5 °C), January iso-
therm (=7.5 to —1.0 °C), and June isotherm (8.0-
18.0 °C) were treated as covariates. Calculations were
made using general linear modelling (McCullagh and
Nelder, 1989) in the statistical package GLIM® v. 4
(Francis et al., 1994). The response variable, i.e. the
logit of alien proportion p in each reserve, was expressed
as In [p/(1—p)] where p was the proportion of aliens in
the total number of species in each reserve (aliens plus
native). The logit is a linearization technique that in
GLIM® provides the link function relating the linear
predictor, a+ bx, to the value of the response variable
by expression (see Crawley 1993, pp. 266-268).

1n< P =a+bx)
l—p

To prevent the logits of the aliens estimated from
small samples having an undue influence on the values
of the statistical models, the logits were weighted by the
total number of species in each reserve.

The analysis was first made with the logit proportion
of the total number of alien species in each reserve as
the response variable, and then carried out separately
for the number of archaecophytes and that of neophytes
as response variables. The purpose of each analysis was
to determine the minimal adequate model. In this
model, all parameters were significantly (P <0.05) dif-
ferent from zero and from one another. This was
achieved by a step-wise process of model simplification,
beginning with the maximal model (containing all fac-
tors, interactions and covariates that might be of inter-
est), then proceeding by the elimination of non-
significant terms (using deletion tests from the maximal
model), and retention of significant terms. Standardized
residuals of each analysis were determined, and the
analysis was repeated on the standardized residuals as
the response variables assuming identity link function
and normal errors. The analysis of residuals was repe-
ated on all possible combinations of residuals of sig-
nificant explanatory variables until all the explanatory
variables were insignificant. To gain a complete inven-
tory of the pure effects, all significant results, including
those explaining little variance, were listed.

Because the explanatory variables were often highly
correlated, model simplifications were made by backward
elimination from the maximal models using step-wise
analyses of deviance tables to prevent biases to the model
structures caused by correlation. In the maximal model,
each covariate was regressed on each factor with a dif-
ferent intercept and a different slope. In the first step of
model simplification, the different slopes of each covari-
ate on each factor were in turn replaced by a common
slope of each factor on each covariate. The common
slopes were regressed on the factors one after another, and
changes in residual deviance caused by removal of the
different slopes for each covariate were assessed. After
all covariates with a common slope were assessed, then
all non-significantly different slopes were deleted, and a
reduced model was assessed. The analysis then continued
with the reduced model. In this model, all the remaining
terms were deleted in turn from the reduced deviance
table, and only those leading to a significant increase in
residual deviance were retained. The deletion tests were
repeated on the reduced models until, after removal from
the last deviance table, the minimal adequate model that
only contained significant terms was determined. Thus,
the results obtained were not affected by the order in
which the explanatory variables were removed in the
step-wise process of model simplification.
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The errors in the response variables when expressed as
logits were assumed to be binomially distributed. This
assumption is appropriate for fitting proportional data
(Cox and Snell, 1990) but the adequacy of binomial
errors must be checked for overdispersion. Williams’
adjustment for unequal binomial denominators was
used (Crawley, 1993, pp. 351-353). In this procedure, an
iterative estimate for @ in the equation:

o = 1+ (m — 1)

was determined by equating the value of Pearson’s %2
statistic for the model to its appropriate expected value,
then using l/ajzk] as a weight for the individual binomial
observations (see Collet, 1991, for details). Because the
minimal adequate models using logits did indicate
overdispersion, the analyses were repeated on deviance
tables inflated for the overdispersion determined by the
Williams procedure.

All covariates were standardized (zero mean, variance
one) to achieve comparable influence (in absolute
values) of each covariate parameter. Data on numbers
of native species in each reserve were transformed
(square root), and data on numbers of alien species
(that included zeros) were also transformed by the
square root and coded by adding 0.5 (e.g. Sokal and
Rohlf, 1981, pp. 421-423). The adequacy of fitted mod-
els was checked by plotting standardized residuals
against fitted values, and by the normal probability
plots of the fitted values (Crawley, 1993).

3. Results
3.1. Overall proportion of aliens in reserves

Across all sites (reserves), the mean proportion of
aliens was 6.1% (range 0-25%), of which archaeophytes
contributed 4.1% (0-20.8%) and neophytes 2.0% (0—
11.6%). The correlation between the proportion of
neophytes and archaeophytes was r=0.62. Frequency
distributions were right skewed (Fig. 1), 11.6% of all
nature reserves being without aliens, 17.2% without
archaeophytes, and 24.2% harbouring no neophytes. In
terms of species numbers, there were 1840 native species
(85.1% of the total), 153 archaeophytes (7.1%), and 169
neophytes (7.8%) in the reserves studied.

The Czech flora is estimated to contain up to 2300
native species (Holub and Prochazka, 2000) of which
80% are present in the nature reserves studied in this
paper. Corresponding data for alien plants is estimated at
about 1200 species (Pysek, Mandak and Sadlo, unpubl.
data; 27% present) of which about 250 are archaeophytes
(Opravil, 1980; 61% present) and remaining are neo-
phytes (18% of which are present in the reserves stud-
ied). These data indicate that the fraction of alien plants

invading nature reserves compared to the total number
of species present in the country’s flora is dis-
proportionally lower for neophytes than archacophytes.

3.2. Effect of altitude, climate and human impact on the
representation of aliens

Taken together, the variables used explained 44.0% of
variation in the representation of all alien plants, 26.6%
in archaeophytes, and 23.8% in neophytes (Table 1).

The proportion of aliens and that of neophytes
(Fig. 2A) decreased with increasing altitude (Table 1).
Altitude had no effect on the proportion of archae-
ophytes in the minimal adequate model (Table 1) but
appeared significant if the interaction of the number of
native species with prevailing vegetation type is filtered
out (Fig. 2B).

The decreasing proportion of aliens at higher altitudes
was to a large extent due to the colder climate. When
the effect of altitude is removed, proportion of aliens
was significantly affected by the climatic district, and
increased from cold to moderate to warm climates. The
proportion of aliens in the moderate climatic district
significantly increased with increasing January isotherm
(Table 2).

The proportion of neophytes was positively affected
by the density of human population in the region once
the effect of altitude was filtered out. No significant
effect of human population density on the proportion of
either archaeophytes or all aliens was found (Table 2).

In order to reveal how the effect of abiotic factors on
the proportion of alien species interacted with reserve
area, we filtered out the reserve area from the models
(Tables 1, 2). By doing this, we found that the effect of
altitude on the representation of aliens in a reserve was
partly mediated through the reserve area (percent of
explained variation decreased from 26.0 to 16.5) but the
influence of climate and human density was not mark-
edly affected by it. This is a result of the fact that the
reserve area changes with altitude (standardised
area = 0.000044 + 0.33 standardised altitude, F=36.28;
d.f.=1,300; P<0.001, R>=10.8%).

3.3. Effect of native species and reserve area

Simple regression of the number of aliens on the
number of native species yielded a positive relationship
and explained 70% of variance in the data set (Fig. 3),
corresponding values for archacophytes and neophytes
being 66 and 72%, respectively. Likewise, the propor-
tion of aliens significantly increased with increasing
number of native species in a reserve (Table 1). How-
ever, after filtering out the effect of altitude (which is not
only the main determinant of representation of alien
species but also affects the number of native species—
Pysek et al., 2001), we found an increasing proportion
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ophytes increased with the number of native species in
the reserves with the vegetation types of beech forest,
wetland, mires and dry grasslands, while the opposite
was true in humid grasslands (Table 1). For neophytes,
no significant interaction between the number of native
species and prevailing vegetation type was found.

of neophytes but a decreasing proportion of all aliens
with the number of native species (Table 2).

The proportion of archaeophytes in a reserve was not
significantly affected by the number of native species but
was affected by the interaction of this variable with
prevailing vegetation type. The proportion of archae-
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Fig. 1. Frequency distributions of proportional representation of all (A) aliens, (B) archaeophytes and (C) neophytes shown for all sites, i.e. 302

nature reserves located in the Czech Republic.
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This complex effect of the richness of native flora on
the pattern of occurrence of aliens depends, to some
extent, on the area available to native species. Propor-
tion of aliens alone did not significantly depend on
reserve area (x>=0.05; d.f.=1; P=0.82), and even the
relationship between the number of aliens in a reserve
and its area was at the limits of significance (F=3.75;
d.f.=1,300; P=0.054; R>°=1.2%). When the effect of
native species was filtered out, the proportion of aliens

Table 1

was positively correlated with area but the relationship
was rather weak explaining only 2.3% of variation
(Table 3).

To reveal the direct relationship (i.e. not biased by the
area) between alien and native species, the effect of
reserve area was filtered from the number of native
species in analyses indicating a significant relationship
between both groups of taxa. After doing this, the rela-
tionships remained highly significant (with the one

Significant explanatory variables of minimal adequate model of logit-weighted proportions of all aliens, archaeophytes, and neophytes with Wil-

liam’s adjustment of binomial errors®

Explanatory variables  Aliens Archaeophytes Neophytes
Slope £S.E. x2 R?> (%)  Slope=+S.E. X2 R?> (%) Slope£+S.E. x> R? (%)
Mean altitude —0.5410.05 134.80 *** 26.0 NS —0.56+£0.06 93.04 *** 238
(—0.47£0.05)  (84.0 ***) (16.5)
No. native species 0.26+0.04 52.78 *** 10.2 NS NS
(0.094£0.01)  (54.45 **+*¥)  (10.7)
No. native species in reserves with prevailing:
Beech forests NS 1.204£0.25 29.62 *** 7.3 NS
(0.35£0.07)  (36.29 ***)  (8.7)
Humid grasslands NS —1.13+£0.27 14.09 *** 3.7 NS
(—=0.09£0.09)  (1.05 NS) (=)
Wetlands NS 0.25+0.10 5.87 * 1.4 NS
(0.09+£0.03)  (6.89 **) (1.7)
Peat bogs NS 0.424+0.09 18.66 *** 4.6 NS
(0.18£0.03)  (35.82 ***)  (8.6)
Dry grasslands NS 0.33+0.05 34.01 *** 8.3 NS
(0.13£0.02)  (50.57 ***)  (12.2)

2 Covariates are indicated by standardized slope +one standard error (S.E.). Figures in parentheses are values of explanatory variables after fil-
tering out the reserve area. NS=non-significant; d.f.=1 for all models. Total explained variance: aliens: R>=44.0% (55.4%); archaeophytes:

R?>=26.6% (32.8%) neophytes: R>=23.8%.
" P<0.5.
™ P<0.01.
P <0.001.

Table 2

Significant explanatory variables of minimal adequate model of residuals of the logit proportions of all aliens and neophytes (archaeopytes are not

presented because altitude was not significant in the minimal adequate model, see Table 1) after filtering out the effect of mean altitude?®

Explanatory variables Aliens Neophytes
Slope£S.E. F d.f. R* (%)  Slope+S.E. F d.f. R% (%)
Prevailing vegetation type - 4.69 *** 9,297 8.5 - 3.40 *** 9,299 8.4
“-) (4.94 ***)  (9,297) 9.2) ) (3.82 *¥**%)  (9,299) (9.9
Climatic district - 45,15 #** 2,290 18.2 NS
“-) (44.10 ***)  (2,290)  (18.2)
January isotherm in the moderately ~ 0.4440.15 9.26 ** 1,289 1.9
warm climatic district
(0.45+0.15) (8.81 *¥) (1,289) (1.8)
Density of human population NS 0.15+0.06 7.42 ** 1,291 2.0
(0.16£0.06) (8.34 **) (1,291) (24
No. native species —0.2740.06 17.41 *** 1,289 35 0.28+0.06 21.85 *** 1,291 6.0
(—=0.067£0.02)  (10.55 ***)  (1,289) (2.2) (0.052+0.02) (8.05 **) (1,291)  (2.3)

4 Covariates are indicated by standardized slope+one standard error (S.E.). Figures in parentheses are values of explanatory variables after fil-
tering out the reserve area. Significance level is indicated. Total explained variance: aliens total: R>=41.9% (40.6%); neophytes: R>=20% (16.3%).

NS = non-significant.
" P<0.05.
™ P<0.01.
™ P<0.001.
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exception of archacophytes in humid grasslands) while
the slopes of the regression lines, characterizing the
proportion of aliens regressed on the number of native
species, were markedly lower; other parameters of the
respective models changed only slightly (Tables 1, 2).
Hence the reserve area in all but one case strongly
affects only the intensity, but not the very existence of
the relationships between the proportion of aliens and
the number of native species occurring in a reserve. The
positive relationships between the number of native
species and proportion of aliens in a reserve are thus not
mere side effects of species—area relationship of native
flora. However, the negative effect of native flora on
archaeophytes in humid grasslands is mediated through
the area rather than a direct one.

3.4. Effect of the prevailing vegetation type

To reveal the effect of prevailing vegetation type on the
proportion of aliens, we removed the two main abiotic
determinants, i.e. altitude and climate. In the resulting
model, a significant interaction was found between pre-
vailing vegetation type and phytogeographical district:

A

Neophytes (%)

Standardized residuals
o

Standardized altitude

Fig. 2. The relationship between logit-weighted proportion of (A)
neophytes, (B) standardized residuals of archaeophytes after filtering
out the interaction between the number of native species and prevail-
ing vegetation types, and the standardized altitude. A: logit weighted
proportions of neophytes=—3.964+0.057-0.56+0.065 standardized
altitude (x293.04; d.f.=1; P=5.12"22; R>=23.8%). B: standardized
residuals of archaeophytes=—0.026 (£0.050)-0.43 (£0.05) standar-
dised altitude (F=73.59; d.f.=1,300; P=5.24"1%; R2=19.7%).

the vegetation type was indicated as the only significant
predictor of alien representation in the districts of
mesophilous and mountain flora, explaining 14.2% of
residual variation in the former and 55.5% in the latter
(Table 4).

The representation of aliens in the districts of meso-
philous and mountain flora was markedly lowest in
reserves dominated by humid grasslands (Fig. 4).
Although the proportion of aliens in humid grasslands
did not differ significantly from that in dry grasslands,
spruce and acidophilous oak forests in the district of

Table 3

Significant explanatory variables of minimal adequate model of resi-
duals of the logit proportions of all aliens after filtering out the effect
of the number of native species. Covariates are indicated by standar-
dized slope+one standard error (S.E.)*

Explanatory variables All aliens

Slope£S.E. F  d.f. P R?

Prevailing vegetation type - 7.06 9,299 <0.0001 15.7
Reserve area 0.214+£0.07 9.34 1,291 0.002 2.3

@ Total explained variance R?>=25.0%.

Table 4

Significant explanatory variables of minimal adequate model of resi-
duals of the logit proportions of all aliens after filtering out the effect
of mean altitude, climatic district, and the interaction of the latter with
January isotherm

Explanatory variables All aliens

F d.f. P RrR?
Phytogeographical 2.05 14, 276 0.01 -
districtx vegetation type
Vegetation type in the 2.74 9, 149 0.0005 14.2
district of temperate flora
Vegetation type in the 12.07 6, 58 < 0.0001 55.5

district of mountain flora

sqrt (aliens+0.5)
(o)}

1

0 5 10 15 20 25

sqrt (number of native species)

Fig. 3. The relationships between the number of aliens and number of
native species: 4/ (number of aliens +0.5)=—1.91£0.22+0.42+0.02
/ number of native species (F=608.6; d.[.=1,300; P=3.64""4;
R?=170%).
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Fig. 4. Standardized residuals of the proportion of aliens in particular prevailing vegetation types in the phyteogeographical district of mesophilous
(A) and mountain flora (B) after filtering out the effect of altitude, climatic district and the interaction of the latter with January isotherm (with
standard error bars). The residuals reflect the degree to which particular vegetation types differ in the presence of aliens after filtering out the effects
given above. Horizontal lines show groups not significantly different by using least significant differences (LSD). Figures above/below columns are

sample sizes.

mesophilous flora, the non-significant results in the case
of the latter two vegetation types are obviously caused
by a low number of samples (Fig. 4A). In other vegeta-
tion types, the proportion of aliens was significantly
higher than in humid grasslands. In the mountain flora
district (Fig. 4B), humid grasslands harboured the low-
est proportion of aliens and this difference was sig-
nificantly different from all other prevailing vegetation
types where the number of samples (i.e. the number of
reserves in the given category) allowed the test to be
performed.

3.5. Effect of position within the reserve network

The reserves located outside protected landscape
areas and national parks had on average 2.51% neo-
phytes (S.E.=2.35-2.68%), while reserves located inside
had 1.86% (S.E.=1.67-2.10%), with the difference
being highly significant (x>=8.42; d.f.=1; P=0.0037).
This result was independent of all other explanatory
variables considered.

4. Discussion

4.1. Nature of the data and the effect of environmental
factors

Studies focusing on global patterns (Usher, 1988;
Lonsdale, 1999) have yielded useful generalizations but
are necessarily limited in (1) the level of detail desired,
and (2) character of the data which must necessarily be
taken from various sources that often differ in attitude,
classification of plant immigration status, and tax-
onomical approach. This paper concentrates on a single
temperate biome and, by using a large set of nature
reserves that covers a wide range of habitat conditions
and vegetation present in the area, it allows a detailed
analysis of factors determining the extent of invasion on
a regional scale. Working with species lists and using
consistent classification ensures that the data obtained
for particular reserves are directly comparable. In pre-
viously published analyses, the effects of explanatory
variables were often hidden by their covariance structure.
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The statistical approach used in this paper allows us to
evaluate the effects of particular factors, independent of
other variables. The analysis thus gives a sound basis
for unbiased discussion of regional patterns of plant
invasions.

The set of reserves studied may be considered as a highly
representative sample of natural vegetation of the study
area. Hence the pattern found in the present study has
general validity in terms of central European vegetation.

Studies on factors determining the extent of invasion
at a landscape scale are rather rare, and various factors
have been demonstrated to play a role. Timmins and
Williams (1991) surveyed 234 New Zealand reserves and
found the proximity of towns, distance from roads/rail-
way lines, human use, reserve shape and habitat diversity
to be the most important characteristics determining the
degree of invasion. Positive effects of warmer climates
on representation of alien species in the temperate zone
has been repeatedly described (Kowarik, 1990; Dukes
and Mooney, 1999) as well as the decrease of invasive
plants with increasing altitude (Mihulka, 1998). The
dominant effect of altitude found in our study is there-
fore not surprising, and reflects not only biological
effects (many aliens coming from warmer regions are
unable to complete their life cycle) but probably also a
lower rate of diaspore release due to greater distance
from concentrated seed sources. In temperate zones, the
relationship between the extent of invasion and climate
may become crucial in the future as a result of climate
warming (Beerling, 1994; Dukes and Mooney, 1999)
which will probably increase the invasibility of nature
reserves located at higher altitudes.

The present study also seems to support the pre-
viously recognized relationship between the extent of
invasion and number of human visitors (Macdonald et
al., 1988; Usher, 1988; Lonsdale, 1999). Although data
on the number of visitors are not available for the
reserves studied, density of human population in a
region taken as a measure of human impact had a sig-
nificant effect on the invasion by neophytes, a group
most closely related to recent human activities and
potentially more dangerous to nature reserves than are
archacophytes.

4.2. Extent of invasion in particular vegetation types

Nature reserves studied in the present paper are inva-
ded to various degrees, depending on the prevailing
vegetation type. Humid, and dry grasslands to some
extent also seem to be less invaded than other vegeta-
tion types, and this conclusion holds for districts of
both mesophilous and mountain flora. If abiotic factors
such as altitude and climate are removed, proportional
representation of aliens results mainly from their inter-
specific interactions with native species. It can be theor-
ised that such interactions are intensive in communities

dominated by grasses (Pivello et al., 1999). Other studies
have also documented low invasibility of grasslands
(Hobbs and Atkins, 1988; Huenneke et al., 1990; Burke
and Grime, 1996), including savanna (Lonsdale, 1999).

4.3. Relationship between native and alien species:
disturbance and competition

As pointed out by Lonsdale (1999), native richness
describes much of the variation in exotic richness
because it reflects not only the area of the site but also
its habitat diversity. Both negative relationships (Elton,
1958; Fox and Fox, 1986; Case and Bolger, 1991;
Brown, 1995; Tilman, 1997, 1999; Knops et al., 1999)
and positive relationships (Lonsdale 1999, see also May
1973; Case, 1996) between the richness of native flora
and invasion have been reported. Lonsdale (1999) sug-
gested that the positive relationship between alien and
native species richness might simply be that richer plant
communities are evidence of greater habitat diversity:
both native and alien species respond to the greater
habitat diversity in a similar positive way (see also
Levine and D’Antonio, 1999) and there is no causal
relationship between both groups measured at commu-
nity scale. Exotic and native diversities are then sup-
posed to be positively correlated without a casual link.

Nevertheless, our results here demonstrate a positive
effect of the number of native species on the proportion
of neophytes although the amount of variation
explained is always small. The statistical procedure used
ensures that this relationship cannot be considered as
merely a side product of the relationship between
reserve area and native species richness because it
remained highly significant when the effect of area was
removed. However, our results indicate that the rela-
tionship between native and alien richness is a more
complex one (Levine and D’Antonio, 1999; Stohlgren et
al., 1999).

To obtain closer insight into the complex nature of
the relationship between native and alien species, we
need to separate groups of aliens according to their
immigration status. The negative, i.e. presumably com-
petitive relationship to the native flora, was found for
all aliens and obviously reflects the dominating influence
of so-called archaecophytes (introduced as long ago as in
the Neolithic period), while the opposite was true for so-
called neophytes (newcomers to the flora introduced in
the last 500 years). The positive relationship between the
proportion of neophytes and native species richness can
be explained by neophytes invading mostly in disturbed,
heterogeneous environments where the role of direct
competition with native flora can be lower and the pre-
sence of a disturbed site might be crucial for their
establishment and naturalization. This conclusion is
further supported by the positive effect of human pres-
sure (expressed as human population density) on the
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representation of neophytes found in the present paper
(Kowarik, 1990; Wittig, 1991; Pysek, 1998).

These differences in the pattern of occurrence of
groups with various immigration status indicate the
importance of precise classification of species immigra-
tion status, whenever attempts at generalizations are to
be made. Conclusions that Lonsdale (1999) made on the
global scale are supported by our results for the neo-
phytes, a group which better fits the definition of “‘an
alien” in Anglo-Saxon and especially American litera-
ture, because there is often a tendency to consider only
recent newcomers as aliens (Webb, 1985; Pysek, 1995;
Richardson et al., 2000b).

4.4. Implication for nature conservation: SSISL instead
of SLOSS?

One of the most frequently debated theories in con-
servation biology has been whether several small
reserves will contain more species than would a single
reserve of equal total area (SLOSS). Arguments have
been accumulated for support of both views. Large
reserves are able to harbour larger populations and
contain greater habitat diversity but well-designed and
managed small scale reserves can effectively protect
more populations of rare species than a single large area
(Simberloff, 1986; Primack, 2000). However, the debate
seems not to have universal solution because it is tax-
onomically biased: large reserves are more suitable for
protection of large animals, while small areas seem to be
more convenient in the case of invertebrates and plants
(Schulz and Chang, 1998).

In nature conservation, the goal is usually to max-
imize species number per area. Rebelo and Siegfried
(1992) point out that only when target species, i.e. those
that should be protected, have been identified can the
size of the constituent reserves be determined. However,
in theoretical studies on design principles, total species
number in a reserve is usually considered and it is rarely
taken into account that alien species are an undesirable
contribution to this figure. A large fraction of aliens are
potentially invasive (Williamson, 1996) and successful
invasion can have fatal consequences for diversity of
invaded communities (PySek and Pysek, 1995).

The question of whether or not small-scale nature
reserves are more vulnerable to invasions than large
ones has been repeatedly raised (Usher, 1988) but not
rigorously answered. The results of our analysis do not
support the hypothesis that small reserves are more
invaded than large ones. A previous study (PysSek et al.,
2001) showed that the number of native species
increased with reserve area and the relationship
explained 18% of variation in the data. In the present
study, there was a weak significant relationship between
the occurrence of aliens and reserve area only when the
effect of native species was removed. Moreover, remov-

ing the effect of native richness is irrelevant from the
pratical point of view of nature conservation because
the decision about how large a reserve should be cannot
disregard the native species it will harbour. It can
therefore be concluded that from the viewpoint of
reserve invasibility, the size of area does not play an
important role in temperate nature reserves.

This paper demonstrates, in terms of the danger of
invasion, an advantage to reserves surrounded by pro-
tected landscape over those not located inside national
parks or protected landscape areas, because the former
have significantly fewer neophytes. In central Europe,
distinguishing the two groups of aliens according to
immigration status is justified and has a long tradition
(Holub and Jirasek, 1967; Pysek, 1995; Richardson et
al., 2000b). Of these two, only neophytes are dangerous
as potential invaders to nature reserves. All major inva-
sive species in the Czech flora are neophytes (Pysek et
al., 1995; PySek and Prach, 2001).

The results of the present study can therefore con-
tribute to practical issues associated with reserve estab-
lishment and design. It can be concluded that while the
‘natural’ factors such as climate and composition of
native flora are beyond control in the process of estab-
lishment of nature reserves, and reserve area is not
important in terms of reserve invasibility, positioning
the reserve within large protected sections of landscape
significantly decreases probability of it being invaded by
alien species. It appears that such landscapes, subjected
to a special conservation regime, act as effective barriers
to invasive species. For an alien species, it is easier to
invade reserves located in a countryside with diverse
land uses, which is more heavily affected by various
human activities creating opportunities for their dis-
persal. We suggest a new model called Several Small
Inside Single Large (SSISL) which seems to be an
appropriate solution to maximize the species richness of
nature reserves with regard to plant invasions.
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