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Despite the substantial knowledge of the variation in cytotypes at large spatial scales for many
plants, little is known about the rates at which novel cytotypes arise or the frequencies and distribu-
tions of cytotypes at local spatial scales. The frequency distribution, local spatial structure, and role
of habitat differentiation of tetra-, penta- and hexaploid cytotypes of the bulbous geophyte Allium
oleraceum were assessed in 21 populations sampled in the Czech Republic. The ploidy levels deter-
mined by flow cytometry confirmed that there was a mixture consisting of two or three cytotypes
(i.e. 4x+5x, 4x+6X, 5Xx+6x, 4x+5x+6x). In addition, mixtures of cytotypes were found at sites previ-
ously considered to be cytotype-homogeneous. At all sites previously found to contain a mixture of
two cytotypes, no plants with the third ploidy level were found. Although the relative frequencies of
cytotypes varied considerably both among and within populations, mixed populations consisting of
tetra- and hexaploids were usually dominated by tetraploids. This suggests that there are secondary
contacts among cytotypes but there is little gene flow among them except for the rare formation of
hexaploids in tetraploid populations. Cytotypes were not randomly distributed over the study area
but were spatially segregated at either 47.6% or 61.9% of the sites investigated, depending on the
statistical test (Mantel test or average distance test) used. When the composition of habitats at each
of the sites is taken into account, cytotypes were more frequently spatially segregated at sites with
a heterogeneous environment than a homogeneous environment. This implies that the cytotypes are
ecologically differentiated. The frequent co-occurrence of cytotypes, with or without significant
spatial segregation, at many sites with heterogeneous or homogeneous environments, however, sug-
gests that niche differentiation alone is probably ineffective in determining co-occurrence. It is sup-
posed that the prevailing vegetative reproduction associated with local dispersal, a high population
density of the species in a landscape, and non-equilibrial processes influencing the establishment
and extinction of A. oleraceum populations can also support the local co-occurrence of cytotypes.

Keywords: Allium oleraceum, clonal reproduction, coexistence, cytotype, flow cytometry, habi-
tat differentiation, local spatial structure, ploidy

Introduction

Polyploidy is a highly dynamic process, which has had an important role in the evolution
and speciation of angiosperms and evolutionary history of other eukaryotes (Grant 1981,
Thompson & Lumaret 1992, Wendel 2000, Soltis et al. 2003). It is reported that the
increased genetic buffering provided by having extra genome copies and changes in gene
expression (Soltis & Soltis 1999, Otto & Whitton 2000, Wendel 2000, Soltis et al. 2003)
produces novel characters that enable polyploids to adapt to new environments (Levin
1983, Brochmann & Elven 1992, Bretagnole & Thompson 1996, Levin 2002). Conse-
quently, polyploid populations often occupy habitats intermediate between those of their
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progenitors or colonize a wider or different range of habitats (Lewis 1980, Petitetal. 1999,
Levin 2002, Soltis et al. 2003). This ‘adaptive evolutionary scenario’ predicts trends
towards: (i) the parapatry or allopatry of cytotypes at large spatial scales if the fitness of the
cytotypes is a function of an environment that is gradually changing at a geographical
scale (Engen et al. 2002, Johnson et al. 2003), or (ii) partial or complete sympatry with
ecological isolation between cytotypes if the environmental factors have a mosaic struc-
ture (Levin 2002). Forces producing macrogeographic polyploid variation also operate at
a local scale. As most ecological variables are spatially structured (Legendre & Legendre
1998, Koenig 1999), ecological differentiation between cytotypes leads to the expectation
of either a patchy distribution of the cytotypes at a site (Meirmans et al. 2003) or cytotype-
homogeneous populations (Baack 2004).

Some studies have investigated the spatial patterns of cytotypes at mixed-cytotype sites
(Keeleretal. 1987, Lumaret et al. 1987, Keeler 1992, 2004, van Dijk et al. 1992, McArthur
& Sanderson 1999, Meirmans et al. 1999, 2003, Hardy et al. 2000, Husband & Schemske
2000, Suda 2002, Baack 2004, Suda et al. 2004, Schonswetter et al. 2007, Halverson et al.
2008, Hiilber et al. 2009, Kolaf et al. 2009) and the results are inconsistent. Husband &
Schemske (2000), Meirmans et al. (2003), Baack (2004), Suda et al. (2004), Schonswetter
et al. (2007), Hiilber et al. (2009) and Kolaf et al. (2009) found a microspatial structure in
the distribution of cytotypes of Chamerion angustifolium, Taraxacum sect. Ruderalia,
Ranunculus adoneus, Empetrum spp., Senecio carniolicus and Knautia arvensis agg. On
the other hand, Lumaret et al. (1987), Keeler (1992, 2004), van Dijk et al. (1992),
McArthur & Sanderson (1999), Meirmans et al. (1999), Hardy et al. (2000), Suda (2002)
and Halverson et al. (2008) found either no or only a weak local spatial aggregation of
cytotypes of Dactylis glomerata, Andropogon gerardii, Plantago media, Artemisia subgen.
Tridentatae, Taraxacum sect. Ruderalia, Centaurea jacea, Vaccinium sect. Oxycoccus and
Solidago altissima.

The effect of environmentally independent processes (‘non-adaptive scenario’) might
account for the contradictory nature of the results. Polyploids must originate within popu-
lations of their progenitors, thus, at least the establishment of a new cytotype must occur in
sympatry with its progenitors. Subsequent spatial separation between the new cytotype
and its progenitors is usually directed by frequency-dependent mating success, which
gradually leads to the elimination of the minority cytotype (‘minority cytotype exclusion’;
Levin 1975, Ramsey & Schemske 1998). The coexistence of cytotypes may therefore be
of a temporary nature (Husband & Schemske 1998, Baack 2005). Recent studies (Burton
& Husband 1999, Mandakova & Miinzbergova 2006, Dorken & Pannell 2007) indicate
that ‘the minority cytotype exclusion” mechanism works not only in primary hybrid zones
but also in zones of secondary contact between cytotypes (sensu Petit et al. 1999). This
mechanism is based on many strict assumptions (Levin 1975, Petit et al. 1999) and mixed
populations often occur despite the reproductive disadvantage of the minority cytotype
(Husband 2004). Several theoretical models evaluating the fate of autotetraploids that
arise within populations of their diploid progenitors show that the coexistence of the
cytotypes is maintained by partially fit triploids (Husband 2004), selfing (Levin 1975),
greater vegetative reproduction of polyploids (Gibby 1981, Rodriguez 1996), asynchron-
ous flowering and shifts in pollinator preferences (Fowler & Levin 1984, van Dijk &
Bijlsma 1994, Segraves & Thompson 1999). Moreover, the models developed by Felber
(1991) and Rodriguez (1996) show that when the diploid cytotype produces a rather high
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frequency of 2n gametes and/or cytotypes differ in fitness, fecundity, longevity and levels
of self-compatibility (but see Mable 2004), tetraploids can become established and sur-
vive in populations. Li et al. (2004) and Baack (2005), using simulation models, show that
over a short distance, seed and pollen dispersal, polyploid establishment and persistence
should be possible even in the absence of niche separation or recurrent polyploid forma-
tion via unreduced gametes. A combination of the above mentioned factors may also lead
to the spatial segregation of cytotypes regardless of niche differentiation between
cytotypes. Finally, Halverson et al. (2008) suggest that theoretical predictions of unstable
cytotype coexistence may simply be irrelevant in many cases because plant populations
have not reached the equilibrium at which all cytotypes but one are locally excluded.

Allium oleraceum L. is a wide-ranging clonal bulbous geophyte, which occupies a mul-
titude of different habitats in Europe (Duchoslav 2001a, Heggstrom & Astrém 2005,
Karpaviciené 2008). It comprises triploid (2n = 3x = 24), tetraploid (2n = 4x = 32),
pentaploid (2n = 5x= 40) and hexaploid (2n = 6x = 48) cytotypes (Krahulcova 2003,
Astrém & Haggstrom 2004, Karpaviciené 2007). Recently the distribution and ecological
differentiation among cytotypes in a sample of 325 populations in the Czech Republic
were studied (Safafova 2004, Duchoslav et al. 2010). All cytotypes (4x, 5x, 6x) except
triploids were recorded. The distribution of tetra- and hexaploids is largely parapatric,
while that of pentaploids with other cytotypes is sympatric. The results provide evidence
for niche differentiation among cytotypes. Tetraploids occur equally in both natural and
ruderal habitats but are usually confined to sites with a high content of organic carbon,
a high pH and often under stress, e.g. shaded. Pentaploids occur in a wide range of habitats
on soils that are usually intermediate chemically between those where the 4x and 6x
cytotypes grow. Hexaploids apparently occupy a different ecological niche than the other
cytotypes since they inhabit mostly human-influenced and often disturbed and exposed
habitats with soils rich in phosphorus (Duchoslav et al. 2010). Ecological differentiation
among cytotypes therefore accounts for the predominance of cytotype-uniform popula-
tions (77%) in this survey. However, 22% and 1% of the populations consisted of two and
three cytotypes, respectively. Though larger populations and areas with environmental
conditions intermediate between those found in uniform populations of respective
cytotype pairs were found in mixed populations (Duchoslav et al. 2010), there is no infor-
mation on the spatial structure and habitat differentiation of cytotypes at mixed-ploidy
sites of A. oleraceum.

The local spatial structure of cytotypes within mixed-cytotype sites of A. oleraceum
were investigated in this study. The aim was to determine whether: (i) cytotypes are spa-
tially segregated within sites, (ii) differences in ecological niche observed among
cytotypes at a regional geographical scale (Duchoslav et al. 2010) occur at a microgeo-
graphic scale at a site, and (iii) microhabitat differentiation is a major driving force deter-
mining spatial segregation. In addition, detailed sampling was used to check whether pre-
viously observed cytotype combinations (i.e. 4x+5x, 4x+6x, 5x+0x; Safarova 2004,
Duchoslav et al. 2010) were a consequence of the sampling procedure failing to detect rare
cytotypes, which is suggestive of inter-cytotype gene flow within populations.
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Material and methods
Plant material

Allium oleraceum L. (Alliaceae) is a bulbous geophyte occurring throughout most of
Europe (Meusel et al. 1965). It mainly occurs in western, central and eastern Europe and
southern Scandinavia. In the Czech Republic, the species is common and its distribution is
concentrated between 300 and 500 m a.s.l. (Duchoslav 2001a). It grows in a wide range of
natural and human-influenced habitats ranging from rocky ground and dry grasslands
through field margins and road ditches to scrub and deciduous forests (Duchoslav 2001a, b,
Karpaviciené 2002, 2004, 2008, Heggstrom & Astrom 2005).

The plant has 14 leaves, which are linear to filiform, with fistular bases that ensheath
the lower half of the scape. The terminal bulb of non-flowering plants and the major offset
bulb of flowering plants replace the parent bulb at the end of the growing season. Plants
often form a non-dormant daughter bulb. At the top of the scape of sexually mature plants
there is a loose lax umbel with a few (0-30) hermaphrodite, protandrous flowers and many
bulbils (10-60). Each flower can potentially produce six seeds (Stearn 1980), but seed
production varies considerably and seedling establishment is low (Duchoslav 2000,
Karpavigiené 2002, Astrom & Haggstrom 2004, Ohryzek 2007).

Sampling

Twenty-one sites selected from a database based on previous research on this species
(Safafova 2004, Duchoslav et al. 2010) were sampled in the Czech Republic in early
spring in 2005-2007 (for details of the sites see Appendix 1). This selection included three
sites with penta- and tetraploids, four with tetra- and hexaploids, eight with penta- and
hexaploids, two with tetra-, penta- and hexaploids, and four (one tetraploid, one hexaploid
and two pentaploid sites) that were initially considered to be single-cytotype sites
(Safafova 2004) but subsequently a genetic study identified them as cytotype-mixed sites
(Staiikova 2005). Except for the cytotype-mixed sites with tetra-, penta- and hexaploids,
the numbers of sites sampled for each cytotype combination roughly corresponded to the
frequencies of sites with these cytotype combinations in the Czech Republic (Duchoslav et
al. 2010).

At each site, population size, population area and spatial pattern of individuals was
determined. Because previous research based on sampling and analysing all the plants
within a few randomly located plots of ca 30x30 cm revealed that 95% of plots were
cytotype-homogeneous (Duchoslav et al. 2010) a modified preferential sampling proce-
dure was adopted. Sampling was adjusted to include all the area of the population but
avoid collecting other individuals < 10 cm from a sampled plant in order to minimize the
probability of sampling multiple ramets of individual genets. Overall, 778 plants were
sampled. The numbers of plants sampled ranged from 24 to 83 plants per site (mean 37 per
population) and were proportional to the size of the respective populations. At each site the
exact position of all the individuals sampled were mapped onto a sketch map and the dis-
tances between neighbouring sampled plants and/or clumps of plants were measured.
Fresh leaf tissue was collected from each plant sampled, stored in a plastic bag and
transported to the laboratory for flow cytometric analysis.
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When sampling the distribution of habitats at the sites were recorded along with the
habitat in which each plant occurred. Habitats were defined according to system of habitat
classification used in the NATURA 2000 mapping of the Czech Republic (Chytry et al.
2001, see also Appendix 1). Subsequently, the environment of each population was classi-
fied as either homogeneous, if it inhabited just one habitat, or heterogeneous, if it inhab-
ited two or more adjacent habitats.

Estimate of DNA ploidy level

Approximately 5 cm length of leaf tissue of individual plants of A. oleraceum and the
appropriate amount of the reference standard (7riticum aestivum 'Saxana'; 2C = 34.24 pg
based on repeated measurements through 2007-2008, and calibrated against Hordeum
vulgare with 2C = 10.43 pg, cf. DoleZel et al. 1989) were chopped with a new razor blade
in a Petri dish containing 1 ml of ice-cold LBO1 buffer (DoleZel et al. 1989). The solution
was filtered through nylon mesh (42 pm mesh size) and the samples stained with DAPI (2
pg.ml™" final concentration). The relative fluorescence intensity of the stained nuclei was
analysed using a Partec PAS flow cytometer (Partec GmbH, Miinster, Germany) with an
HBO-100 mercury arc lamp. In each sample, 1000-2000 nuclei in each of the standard
and the test plant G1 peaks were analysed. The DNA ploidy level (Suda et al. 2006) of the
samples was characterized by the ratio of the relative position of their G1 peak and that of
the internal standard. Tetraploid (10 plants from 5 populations), pentaploid (17 plants
from 7 populations) and hexaploid (11 plants from 5 populations) individuals with known
chromosome numbers were used to define the ratio between the relative DNA content of
the Allium cytotypes and the internal standard.

Data analysis

Each sketch map was converted into electronic form using CoreIDRAW 9 (CoreIDRAW,
version 9.397; Corel Corporation) and exported to ArcView GIS software (ArcView GIS,
version 3.1; Environmental Systems Research Institute, Inc.). The distances between the
plants sampled at each site were measured using Bearing & Distance Extension 1.1 in
ArcView GIS. The aggregation of cytotypes was estimated using two different randomiza-
tion analyses. In the first, the correlation between the cytotype identity and spatial distribu-
tion of the individuals sampled at each site was evaluated using the Mantel test (Manly
1991, Fortin & Gurevitch 2001). The inputs were two matrices: (i) a binary matrix of
cytotype identities, and (ii) the matrix of the mutual distances between individuals. The
null hypothesis was that the relationships between the two matrices could have been
obtained by any random arrangement of cytotype identities of the plants. The statistical
significance of the standardized Mantel statistics (ry) was assessed by performing 999 ran-
dom permutations (Legendre & Legendre 1998). In the second analysis, a spatial test
developed by Halverson et al. (2008) was applied, i.e. the average distance between plants
of the same cytotype was calculated and then compared with the distance obtained using
similar calculations for 999 data sets in which cytotype labels were shuffled randomly
among plants. For these calculations, Resampling, Monte Carlo analysis and Mantel test
functions in PopTools software (version 2.7.5; Hood 2006) were used.
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Mantel correlograms (Legendre & Legendre 1998) were used to identify the scales of
variation at six sites where more individuals were sampled. We used 11 distance classes of
unequal widths to overcome the problem of the low number of pairs of observations in
some classes and to improve the power of the tests. Each class has at least 20 pairs of
observations. The standardized correlation coefficients (ry) were computed for each dis-
tance class and the statistical significance of the coefficients was adjusted by sequential
Bonferroni correction (Legendre & Legendre 1998).

The associations between cytotypes and habitats were tested either by a two-tailed
Fisher exact test for 2x2 tables or a chi-square test for > 2x2 contingency tables, respec-
tively (Zar 1996). Only sites with heterogeneous environments were analysed.

Results
Cytotype composition of populations

DAPI staining yielded histograms with coefficients of variance (CV) of both the standard
and sample below 5% in the majority of flow cytometric measurements. The ratios between
the nuclei fluorescence intensity of the samples and the internal standard were 2.4-2.6,
2.8-3.0 and 3.3-3.4 for tetraploids, pentaploids and hexaploids, respectively (Fig. 1).
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0 100 200 300 0 100 200 300 0 100 200
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Fig. 1. — Fluorescence histograms of individual DNA ploidy levels of Allium oleraceum. Nuclei were simulta-
neously isolated from fresh leaf tissue of Allium oleraceum and an internal reference standard, Triticum aestivum
'Saxana’, stained with DAPI and analyzed on a flow cytometer. A: tetraploid plant (population no. 7), B: pentaploid
plant (population no. 16), C: hexaploid plant (population no. 9). The reference peak is marked with an asterisk.

Table 1. — Cytotype structure of populations and tests for spatial segregation and habitat differentiation of
cytotypes of Allium oleraceum at 21 sites. Habitats are labelled with habitat names that are supplemented by more
accurate habitat codes, following Chytry et al. (2001), in Appendix 1. Preferential occurrence of a cytotype in
some habitats at heterogeneous sites is associated with ploidy level (in parenthesis). Last four columns contain
tests for spatial aggregation of cytotypes within sites, i.e. standardized Mantel statistics (ryy) measuring the corre-
lation between spatial distances and cytotype identities and appropriate P values while the P-values in the follow-
ing column (Py) are based on average distance between plants of the same cytotype. The last column contains the
results of two-tailed Fisher exact test or chi-square test (¥) testing the association between habitat types and
cytotypes. The Fisher exact test/chi-square was used in the case of sites with a heterogeneous environment. Statis-
tically significant values (at P <0.05) are in bold. At site no. 20, three separate analyses were performed, each for
a different combination of cytotypes (i.e. 4x+5x, 4x+6x, and 5x+6x). At site no. 21, incidences of minority
cytotypes (4x, 6x) were pooled before all analyses due to the low number of plants with these cytotypes. For
detailed site locations, see Appendix 1.

300
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Accordance between the results of previous research (Safafova 2004) and the present
study was found in the composition of cytotypes at cytotype-mixed sites. On the other
hand, four sites that were previously considered to be cytotype-uniform (Safafova 2004)
were in fact a mixture of two cytotypes when repeatedly analyzed (Table 1). At all sites
containing a mixture of two cytotypes (i.e. 4x+5x, 4x+6x and 5x+6x) no plants with a third
ploidy level were detected.

Cytotype relative frequencies varied considerably between sites. At the sites consisting
of tetra- and pentaploids and particularly of tetra- and hexaploids, tetraploids usually dom-
inated but the reverse was also observed, although rarely. On the other hand, frequencies
of both penta- and hexaploids varied at cytotype-mixed sites of penta- and hexaploids. At
sites containing tetra-, penta- and hexaploids, one cytotype dominated over other
cytotypes (Table 1).

Spatial and environmental distribution of cytotypes

At nearly half of the sites (47.6%) the significant Mantel statistics indicated that the
cytotypes were not randomly distributed. When the spatial test based on the average dis-
tance between plants of the same cytotype was applied, the proportion of sites with spa-
tially segregated cytotypes increased to 61.9% (Table 1). Spatial segregation of cytotypes
was observed at all types of cytotype-mixed sites, but was slightly more frequent at sites
with a mixture of tetra- and hexaploids and of penta- and hexaploids than at those contain-
ing a mixture of tetra- and pentaploids. Cytotypes were also spatially segregated at both
cytotype-mixed sites with co-occurrence of three cytotypes.

Cytotypes were more frequently spatially structured at sites with a heterogeneous envi-
ronment (based on the results of Mantel test: 66.7%; average distance test: 75.0%) than at
those with a homogeneous environment (22.2% and 44.4%, respectively) but the differ-
ence between proportions was either significant (Mantel test, pooled data: x* = 4.07,P =
0.044) or insignificant (average distance test: x> = 2.04, P = 0.153). Cytotypes showed
a significant association with different habitats at 5 out of 12 sites with a heterogeneous
environment (Table 1). Except for cytotype-mixed sites with tetra- and hexaploids, there
was a tendency for spatial segregation of cytotypes in heterogeneous environments when
different cytotype compositions were treated separately. Because of the low frequencies of
these, however, the data were not statistically assessed.

Fig. 2 shows examples of contrasting spatial structures of cytotypes at cytotype-mixed
sites, while maps displaying the spatial distributions of cytotypes at all sites investigated
are available in an Electronic Appendix 1. Site no. 18 (Fig. 2A) represents an example of
a ‘perfect’ habitat and spatial separation between cytotypes, in which each cytotype forms
a spatially segregated subpopulation inhabiting only one of two adjacent habitats. This sit-
uation is, however, rare, and cases of partial sympatry but different habitat preferences
between cytotypes are more common (Table 1), as for example, at site no. 3 (Fig. 2B). On
the other hand, spatial segregation of cytotypes was also observed at some sites with uni-
form environments, e.g. sites nos. 8 and 13 (Fig. 2C). There are also several examples of
mutually random distribution of cytotypes at sites with either a uniform (e.g. site no. 15) or
heterogeneous environment (e.g. site no. 14; Fig. 2D).
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Fig. 2. — Examples of contrasting spatial structure of cytotypes at cytotype-mixed sites (A: site no. 18, B: site no.
3, C: site no. 13, D: site no. 14). Each plant sampled is represented by a symbol identifying its ploidy level (O=
4x, O = 5x, A = 6x). Population borders are demarcated by dotted lines and borders between habitats by dashed
lines. Areas lacking Allium plants are not depicted in the real scale; lines ending in arrow-heads denote the dis-
tance between closest individuals. See Appendix 1 for site details.
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Table 2. — Standardized Mantel statistics (ry) of the distribution of cytotypes for different distance classes in some
cytotype-mixed populations of Allium oleraceum. Statistically significant values of ry after sequential
Bonferroni correction (with an experiment-wide error rate of 0.05) are in bold.

Distance Distance Site/ploidy composition
class (m) 3 9 11 13 18 19
4x+5x 4x+6x 5x+6x 5x+6x 5x+6x 5x+6x

1 0-1.9 0.20 0.04 0.24 0.16 0.26 0.07
2 2-4.9 0.10 0.04 0.10 0.23 0.33 0.03
3 5-9.9 0.17 0.09 0.36 0.24 0.24 0.08
4 10-17.4 0.06 0.06 -0.23 0.20 0.32 0.04
5 17.5-24.9 0.09 -0.04 -0.02 0.01 0.00 -0.02
6 25-34.9 0.14 -0.08 0.10 0.03 -0.06 0.04
7 35-59.9 -0.16 0.05 -0.23 0.09 -0.20 0.01
8 60-99.9 -0.30 -0.14 -0.29 -0.29 -0.58 0.03
9 100-149.9 -0.07 0.06 -0.21 0.00
10 150-299.9 -0.08 -0.73 -0.13
11 > 300 0.10 -0.01

Spatial distribution of the cytotypes at a microgeographic scale

Analysis of the spatial distribution of the cytotypes at a microgeographic scale at selected sites
showed that at the majority of sites neighbouring individuals are likely to be of the same
cytotype, as illustrated by positive Mantel statistics for distances smaller than 2 (-10) m.
Except for one site, spatial autocorrelation between cytotypes largely disappeared at moderate
distances. At large distances, negative Mantel statistics were detected at most sites, meaning
that plants that are far apart have different ploidy levels (Table 2). However, after the applica-
tion of Bonferroni adjustment, some significant, mostly positive, correlations disappeared. For
all the populations analyzed the global and microspatial analyses gave similar results.

Discussion
Cytotype composition of populations and origin of cytotypes

The fine-scale sampling employed in this study revealed more complex patterns of
cytotype structure in some populations previously considered to be cytotype-uniform
(Safafova 2004). These discrepancies are most probably caused by (i) differently delim-
ited areas of the study populations and/or (ii) different sampling procedures used in the
previous and the present study. The previous research employed a strictly hierarchical
sampling design, which could lead to redundancy at the lowest (subsample) scale (Koenig
1999) if the cytotypes are associated with cytotype-homogeneous patches. Only a single
cytotype was detected in 95% of the subsamples (Safafova 2004, Duchoslav et al. 2010),
and visual inspection of the microdistribution of cytotypes within mixed populations (Fig. 2
and Electronic Appendix 1) and the results of the microspatial analysis (Table 2) also sup-
port cytotype homogeneity over short distances. Generally, these observations suggest
that the frequency of cytotype mixtures in A. oleraceum at a landscape scale reported in
previous publications is underestimated (12%, Karpaviciené 2007; 23%, Safaiova 2004,
Duchoslav et al. 2010). In fact, the higher percentage of mixed-cytotype sites in
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A. oleraceum proposed here is more comparable with that recorded for some other well-
investigated plants, such as Andropogon gerardii (Keeler 1992, 2004), Galax urceolata
(Burton & Husband 1999), Senecio carniolicus (Suda et al. 2007) and Vaccinium
oxycoccos (Suda 2002).

Although not expected, the results of the fine screening confirmed the frequent existence
of cytotype mixtures consisting of two cytotypes (i.e. 4x+5x, 4x+6x, 5x+6x) and only the
rare co-occurrence of tetra-, penta- and hexaploids in A. oleraceum. Assuming the origin of
novel polyploids was via commonly accepted pathways, i.e. the fusion of reduced and
unreduced gametes (Bretagnolle & Thompson 1995, Ramsey & Schemske 1998), then only
4x+6x and 4x+5x+6x mixed populations would be present. The supposed (recent) origin of
hexaploid plants from tetraploids is also supported by: (i) the apparently contrasting fre-
quencies of cytotypes within the populations consisting of tetra- and hexaploids, where
tetraploids usually dominated over hexaploids (Table 1), and (ii) identical multilocus
allozyme phenotypes of minority hexaploid plants and dominant tetraploids at two of the
4x+6x sites that were studied (sites nos. 7 and 9; cf. Starikova 2005). A similar pattern is
described e.g. for 2x+4x and 4x+6x mixed populations of Artemisia subgen. Tridentatae
(McArthur & Sanderson 1999) and Dianthus sect. Plumaria (Weiss et al. 2002). Subse-
quently, hybridization between tetra- and hexaploids could lead to pentaploid offspring and
the establishment of 4x+5x+6x mixed populations. Since recent studies have shown that
both the fusion of reduced and non-reduced gametes and cytotype hybridization are repeti-
tive processes in plants (Ramsey & Schemske 1998, Soltis & Soltis 1999, Krahulcova et al.
2000, Peckert & Chrtek 2006, Mraz et al. 2008), polytopic origins for both penta- and
hexaploids can be assumed. The cytotype data available for A. oleraceum at both regional
and European scales (Karpavi¢iené 2007, Duchoslav et al. 2010) only partially support this
mode of establishment of cytotype-mixtures because: (i) the overall frequency of 4x+6x
populations is low in nature, despite the commonness of tetraploids, suggesting either a low
probability of unreduced gamete production in tetraploids and/or a low probability of
hexaploid establishment, and (ii) the gene flow is probably limited between tetra- and
hexaploids as the latter very rarely produce flowers (Ohryzek 2007), which would hamper
pentaploid formation.

The existence of mixed 4x+5x and 5x+6x populations is also difficult to explain by in situ
de novo origin of pentaploids due to: (i) the absence of either hexa- or tetraploid parents and
(i) considerable cytotype variation both within and between populations, suggesting that
‘minority cytotype exclusion’ (Levin 1975) has little effect within these populations. Alter-
natively, we cannot exclude the possibility that tetra- or hexaploids can occasionally be pro-
duced by pentaploids via the fusion of partly reduced or unreduced gametes, respectively.
This mode of mixed-population establishment in A. oleraceum is rather speculative but the
data collected for some species, e.g. Hieracium subgen. Pilosella, show that pentaploids
usually produce both euploid and aneuploid pollen grains ranging from 2x to 3x
(Krahulcova & Krahulec 2000, Krahulcova et al. 2000). Because A. oleraceum pentaploids
occasionally set well-developed seeds (Astrom & Haggstrom 2004, Ohryzek 2007) both
euploids and aneuploids may be included within seed-sets (Fialova 1996). However, no
adult aneuploid plants have been found in nature (Karpavic¢iené 2007, Duchoslav et al.
2010) suggesting they have a reduced fitness. Moreover, mixed 4x+5x and 5x+6x popula-
tions do not show a distinct geographical pattern but are sympatric with single-cytotype pop-
ulations of participating cytotypes (Duchoslav et al. 2010).
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In summary, the data presented show that the local co-occurrence of A. oleraceum
cytotypes is more probably due to secondary contacts but also provides indirect support
for polytopic and repeated polyploid origin, at least in the case of hexaploids. Currently an
analysis of the cytotype composition of seeds, seedlings and adult plants within cytotype-
uniform and mixed populations is being undertaken to gain a deeper insight into the evolu-
tionary processes in this polyploid complex.

Microdistribution of cytotypes

Our results demonstrate a tendency for the A. oleraceum cytotypes in many populations to
be spatially segregated, at least at the spatial scales addressed by our sampling. When the
habitat composition of the sampled sites was taken into account, a clearer picture emerged:
in a homogeneous environment, there was only a weak tendency for the cytotypes to be
spatially separated, while in a heterogeneous environment they were spatially segregated
and there was a more or less clear association of the cytotypes with different habitats. How
can these discrepancies be explained?

Theoretical studies suggest that mixed-cytotype populations should be evolutionarily
unstable except when cytotypes have similar fitnesses and reproduce predominantly via
parthenogenesis (Yamauchi et al. 2004), or have strong pre-zygotic isolation (van Dijk &
Bijlsma 1994, Husband & Schemske 2000, Husband et al. 2002), different microhabitat
preferences (Levin 1975, Fowler & Levin 1984, Rodriguez 1996) and/or local pollen and
seed dispersal (Li et al. 2004, Baack 2005). The latter factors are also responsible for the
fine spatial segregation of cytotypes in a spatially heterogeneous environment, which
results in a mosaic spatial pattern with different cytotypes occupying various local habitats
but failing to colonize globally (Li et al. 2004).

Out of 15 studies, where within-population spatial cytotype structure was analyzed in
detail, six record no spatial structuring. Meirmans et al. (1999) found no spatial correlation
between 2x and 3x cytotypes in an analysis of four transects through a single population of
Taraxacum sect. Ruderalia inhabiting ecologically homogeneous grassland, despite the
significant differences in ecological niches between cytotypes recorded at a landscape
scale. However, they did not consider other mechanisms that might have enabled the
cytotypes to coexist at that site. Hardy et al. (2000) found no obvious spatial segregation of
diploid and tetraploid Centaurea jacea within two mixed populations. Halverson et al.
(2008) found no tendency towards the spatial segregation of diploid, tetraploid and
hexaploid cytotypes at eight cytotype-mixed sites of Solidago altissima and no strong
niche separation among cytotypes. These results are of particular interest because they
indicate that the existence of cytotype mixtures may simply be the result of non-equilib-
rium processes and metapopulation dynamics (Levin 1975) and that these factors play an
important role, especially in disturbance-tolerant plants.

Another three studies indicate that environmentally independent processes may explain
the absence of spatial segregation of cytotypes. Sympatry and coexistence of diploid and
tetraploid Plantago media in one mixed-cytotype population is thought to be a conse-
quence of a pre-zygotic reproductive barrier between cytotypes, which greatly reduces the
disadvantage of the minority cytotype (Van Dijk et al. 1992). McArthur & Sanderson
(1999) record many 2x+4x mixed-cytotype populations in the subgenus Tridentatae of
Artemisia with sympatric or closely parapatric distribution of cytotypes and attribute these
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patterns to the recent origin of tetraploids in diploid populations, but in one case mention
the close parapatry of cytotypes over a fine-scale environmental gradient. Suda (2002)
records sympatry of cytotypes in many Vaccinium oxycoccos populations with intermin-
gling of cytotypes even at a very fine spatial scale of 20 x 20 cm. In this case the existence of
mixed populations is explained by the recurrent formation of cytotypes and their longevity
and mainly vegetative reproduction, which may counteract minority cytotype exclusion.

In nine studies that show spatial segregation of cytotypes the segregation in five of them
is indicated by ecological differentiation. Lumaret et al. (1987) explain the spatial segrega-
tion of diploid and tetraploid Dactylis glomerata in mixed-cytotype populations as a result
of different habitat preferences of the cytotypes, i.e. their different responses to local light
conditions. Similarly, Suda et al. (2004) found mixed populations of three Empetrum
cytotypes in the KrkonoSe Mts. (Czech Republic) and explain their existence in terms of
small-scale patchy distribution of ecologically contrasting habitats for which the cytotypes
show different ecological preferences. Husband & Schemske (2000) found different patches
of plants with different ratios of diploids and tetraploids in a population of Chamerion
angustifolium, but provide no explanation of the causes of this patchy distribution. In a pre-
vious study (Husband & Schemske 1998), these authors, however, speculated that the
patchy distribution of cytotypes may be the result of slight differences in the ecological
amplitudes of the cytotypes. Keeler (1992) did not detect any spatial segregation of
cytotypes in different populations of the grass Andropogon gerardii, despite the contrasting
ecological conditions at the study sites. A re-analysis of this data revealed significant
autocorrelation patterns for two of the four populations and that the lack of a spatial structure
was probably the result of a lack of statistical power and suggested that there is some ecolog-
ical differentiation between the two cytotypes of A. gerardii (Meirmans et al. 2003).
Meirmans et al. (2003) also investigated a diploid—triploid mixed population of Taraxacum
sec. Ruderalia in detail and explain the patchy distribution of cytotypes they recorded in
terms of the influence of elevation. However, these authors argue that elevation alone
explains only a small part of the spatial autocorrelation in the distribution of cytotypes and
that the heterogeneity in the distribution of cytotypes may be predominantly caused by eco-
logical variables that were not measured or by demographic factors. Schonswetter et al.
(2007) found a significant segregation of diploid and hexaploid cytotypes of Senecio
carniolicus along an altitudinal transect in the Eastern Alps, with diploids exclusively at the
higher and both cytotypes co-occurring at the lower altitudes. It was hypothesized that this is
aresult of ecological niche differentiation, but the design of the study prevents the separation
of altitudinal from other ecological effects. At another site where there was little variation in
altitude in the zone where cytotypes of S. carniolicus came into contact, the fine-scale segre-
gation of cytotypes is linked to an environmental gradient, which is also reflected in the
cytotype-associated plant assemblages (Hiilber et al. 2009).

Recently, Kolar et al. (2009) record a non-random distribution of cytotypes in some
mixed-ploidy populations of Knautia arvensis agg. and consider a founder effect and lim-
ited dispersal capacity of Knautia seeds as plausible, though non-exclusive explanations,
of the spatial segregation of cytotypes, rather than only microhabitat differentiation (Kolar
et al. 2009). Only Baack (2004) records a distinct spatial segregation of cytotypes of
Ranunculus adoneus in a mixed population, with a transition zone between diploids and
tetraploids occurring over 3 m, which is explained non-adaptively through reproductive
exclusion of the minority cytotype.
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Non-random distribution of A. oleraceum cytotypes in a heterogeneous environment is
most probably explainable in terms of differences in the ecological niches of the cytotypes
observed in a previous study on A. oleraceum (Duchoslav et al. 2010). A broader realized
ecological niche for tetra- and pentaploid cytotypes than for the hexaploid cytotype and
partial niche overlap among cytotypes could also explain cytotype intermingling under
specific environmental conditions, e.g. in mesic and dry grasslands (e.g. site no. 9). Alter-
natively, at some sites (e.g. sites nos. 3, 18, 21) the pattern may be caused by demographic
factors — different parts of the area may have different colonization histories and the cur-
rent closely parapatric pattern represents secondary contacts between cytotype-different
but uniform populations at an ecotone between habitats (e.g. between forest and field). It is
also not possible to eliminate the possibility that the spatial segregation of cytotypes at
some sites with a ‘homogeneous’ environment is due to the response of cytotypes to fine-
scale variation in the environment. Common garden and reciprocal transplant experiments
are now in progress to clarify the role of ecological differentiation in the microdistribution
of cytotypes in A. oleraceum.

The lack of spatial structure in some populations (e.g. sites nos. 1, 2, 4) was probably
the result of a lack of statistical power due to a strongly unbalanced representation of
cytotypes and/or small sample sizes. The spatial aggregation of cytotypes is likely to be
detected at finer scales (centimetres — decimetres) simply because A. oleraceum rarely
produces daughter bulbs (Duchoslav 2000) but does produce high numbers of asexual bul-
bils within inflorescences (Astrom & Haggstrom 2004), which are locally dispersed
around mother plants (Ronsheim 1994, Duchoslav 2001b). On the other hand, seed pro-
duction varies both within and among cytotypes; hexaploids are almost sterile whereas
tetra- and pentaploids produce a variable seed set ranging from zero to 20 seeds per plant
(Astrom & Haeggstrom 2004, Ohryzek 2007). Seed recruitment may, however, be inhib-
ited by competition with clonal bulbils for safe sites (Abrahamson 1980, Eriksson 1997,
Kliber & Eckert 2005). Fialova (2005) observed in a common garden experiment that the
development of clonal progeny from bulbils is faster than that of sexual progeny. As a con-
sequence, small-scale patches commonly occurring in populations of A. oleraceum
(Duchoslav 2001b) are usually cytotype-homogeneous (Duchoslav et al. 2010). The pre-
dominance of vegetative reproduction (aerial bulbils), local dispersal and the longevity of
A. oleraceum can result in the local co-occurrence of cytotypes, as is indicated by theoreti-
cal models (Li et al. 2004, Yamauchi et al. 2004, Baack 2005).

Considerable variation in cytotype composition and absence of spatial structure at
some sites may also indicate that some populations have not reached a state of equilibrium
in which all cytotypes but one are locally excluded. This is suggested for some cytotype-
mixed populations of several species (van Dijk et al. 1992, Hardy et al. 2000, Keeler 2004,
Halverson et al. 2008) and may also be applicable to A. oleraceum, a disturbance-tolerant
hemerophilous species. Some populations of A. oleraceum are either relatively young or
occur at sites at which the environmental conditions have recently changed, the most typi-
cal being abandoned arableland grassland or pasture that has subsequently become over-
grown with shrubs, trees or afforested with plantations of Robinia pseudacacia. Records
of land use at the sites using digitized old maps (2nd military mapping; 1836—1852) and
contemporary aerial maps show that five of the fifteen presently fully or partially forested
sites (sites nos. 4, 9, 11, 14, 18) were grasslands, pastures or arable fields in the past.
A closed forest canopy restricts or even inhibits the completion of the normal life cycle of
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A. oleraceum (Duchoslav 2009), which may induce remnant population dynamics, leading
gradually to cytotype-uniform or even monoclonal populations (Eriksson 1989, Honnay &
Bossuyt 2005) that can become extinct when unfavourable environmental conditions per-
sist. Under such conditions, the effects of reproductive interactions or competitive exclusion
influencing the co-occurrence of cytotypes may be obscured (Halverson et al. 2008).

In summary, our results indicate that the local co-occurrence of A. oleraceum cytotypes is
not a rare phenomenon. When cytotypes co-occur in a heterogeneous environment, they are
usually spatially segregated with a tendency towards habitat segregation. This suggests the
presence of ecological differentiation among cytotypes, which is recorded at a landscape
scale. The frequent co-occurrence of cytotypes, with or without significant spatial segrega-
tion, observed at many sites with either a heterogeneous or homogeneous environment,
however, suggests that niche differentiation alone is insufficient to explain the existence of
mixtures of cytotypes. It is likely that their mainly vegetative reproduction and local dis-
persal, abundance (Duchoslav 2001a) and the non-equilibrium processes influencing the
establishment and extinction of A. oleraceum populations can result in the local co-occur-
rence of cytotypes. Additional research on the relative fitness of cytotypes and the role of
pre- and/or postzygotic reproductive barriers between cytotypes is needed for a better under-
standing of their role in the dynamics of polyploid populations of Allium oleraceum.

See http://www.preslia.cz for Electronic Appendix 1.
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Souhrn

Studie se zabyva Cetnosti cytotypu a jejich prostorovym uspofddanim na jemné prostorové skéle v cytotypoveé
smisenych populacich evropského geofyta Allium oleraceum. Pro podrobné studium bylo vybrano 17 lokalit, na
kterych byly pfedchozim vyzkumem zaznamenany nasledujici kombinace cytotypu: 4x+5x, 4x+6X, SX+6x,
4x+5x+0x, a déle 4 populace, u kterych se tdaje o cytotypovém sloZeni rozchdzely mezi predchozimi studiemi.
Opakovany pruzkum prokézal, Ze v§echny studované populace jsou cytotypoveé smisené, pfi¢emz u zminovanych
17 lokalit potvrdil pfedpokladané slozeni. Byly tak potvrzeny neobvyklé kombinace cytotypt, mj. 4x+5x
a 5x+6x. Ackoliv byly relativni etnosti cytotypt ve smiSenych populacich pomérné heterogenni, ve smisenych
populacich tetra- a pentaploidd a pfedevs§im tetra- a hexaploidu pfevazoval vzdy jeden cytotyp nad druhym. Vy-
raznd disproporce v zastoupeni tetra- a hexaploidd ve smiSenych 4x+6x populacich muze ukazovat na relativné
recentni vznik hexaploidi v piivodné uniformnich tetraploidnich populacich. V zavislosti na pouZzitém statistic-
kém testu bylo zjisténo, Ze na 47,6 % (Manteltv test) respektive 61.9% (test pruimérné vzdalenosti) lokalit vyka-
zovaly cytotypy vzajemné nendhodné prostorové usporadani. Pokud se v analyze zohlednily stanovistni charakte-
ristiky jednotlivych lokalit, byly cytotypy prostorové strukturovany castéji v heterogennim neZ v homogennim
prostiedi. To miZe ukazovat na ptitomnost ekologické diferenciace mezi cytotypy, ktera byla pozorovana v pied-
chozi studii. Byly v§ak zaznamenany i smiSené populace cytotypt, ve kterych byly cytotypy vzajemné jak ndhod-
né, tak i nendhodné prostoroveé uspotfadany, a to jak na lokalitich stanovi§tné homogennich, tak i heterogennich.
Samotnd diferenciace nik mezi cytotypy je tedy nedostate¢nym diivodem vysvétlujicim existenci cytotypove smi-
Senych populaci. Na jejich existenci se patrné podileji i dalsi faktory, mj. prevaZujici vegetativni rozmnoZovani
prostfednictvim pacibulek a dcefinych cibuli spojené s jejich prostorové lokalnim Sifenim, dlouhd Zivotnost je-
dinctl, vysokd populaéni hustota druhu v krajing, a nerovnovazné podminky na Casti lokalit (disturbance,
sekundarni sukcese aj.).
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Appendix 1. — Geographical location (WGS 84), habitat description (incl. habitat codes following Chytry et al.
2001 in parentheses) and DNA ploidy levels for populations of Allium oleraceum at 21 sites.

Site Ploidy level — Geographical coordinates Locality Habitat type  Altitude

" 4x sx 6x Latitude (N) Longitude (E) (ma.s.1)

1 X X 50°07'35" 15°1727" Zehufl, Kozi hirra hill, oak-hornbeam  forest 230
forest (L3.1)

2 X X 50°04'03" 15°10'12"  Veltruby, Nature reserve Veltrubsky forest 180
luh, wet hardwood forest (1.2.3)

3 X X 49°58'39" 15°53'56" Dvakacovice, on the SE margin of ~ grassland & 250
the village, oak-hornbeam forest forest

(L3.1) and adjoining mesic meadow
(T1.1), in a ditch

4 X X 50°14'56" 15°59'37"  Libnikovice, degraded oak-hornbeam forest 270
forest (L3.1) near collective farm
buildings

5 X X 49°29'05" 17°44'05"  Opatovice, 2 km S of the scrub & 350
village, semidry Bromus erectus grassland

grassland (T3.4), partly overgrown
by Prunus spinosa shrubs (K3)
6 X X 48°53'17" 17°34'32"  Suchov, 0.5 km S of the Trnovsky  forest 390
Mlyn settlement, ash-alder forest
growing on alluvium from the brook

(L2.2)
7 X X 49°01'46" 17°16'06" Syrovin, 1 km N of the village, grassland & 290
mesic Arrhenatherum elatius Robinia forest

meadow (T1.1) and adjoining
cultivated Robinia pseudacacia
forest (X9B)
8 X X 49°37'03" 14°00'03" Lazsko, 1 km S of the road to field margin 530
the village of Ostrov, field margins
around small hills partly overgrown
by Pinus sylvestris, Robinia
pseudacacia and eutrophic mesic
scrub (X12)
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Site Ploidy level ~ Geographical coordinates Locality Habitat type ~ Altitude
"% 4x sx 6x Latitude (N) Longitude (E) (ma.s.1)
9 X X 49°33'38" 17°05'19"  Slatinice, 1 km W of the church Robinia forest 270

in the village, secondary Robinia & grassland

pseudacacia forest (X9B) in the
valley of the brook and adjoining
meadow dominated by
Arrhenatherum elatius and
Bromus erectus (T1.1)
10 X X 50°00'49" 16°53'42" Komnatka, 0.5 km N of the village, grassland 380
small mesic Arrhenatherum elatius
meadow (T1.1) by the road
11 X X 49°34'49" 17°02'41"  Ludérov, N edge of the village, Robinia forest 340
secondary Robinia pseudacacia & field
plantation (X9B) on former mesic ~ margin
grassland and adjoining field
margin (X7)
12 X X 49°38'01" 16°44'13"  Jevicko, mesic Arrhenatherum elatius scrub & field 400
meadow overgrown by mesic scrub  margin
dominated by Prunus spinosa (K3)
and adjoining field margin near the
railway-station (X7)
13 X X 49°29'36" 17°04'21" Kostelec na Hané, 2 km SE of the forest 240
railway-station in the village, alluvial
forest (L2.2) along the RomzZe brook
14 X X 49°36'08" 16°38'30" Mala Roudka, SW margin of the forest & 440
village, mesic grassland with grassland
Festuca rubra by the road (T1.1) and
adjoining oak-hornbeam forest (T3.1)

15 X X 50°05'04" 12°49'49"  Becov n. Teplou, ravine forest (L4)  forest 510
near the railway-station

16 X X 49°55'57" 14°07'31"  Srbsko, S margin of the village, the forest 330
Koda valley, wet alluvial forest (L.2.2)

17 X X 49°19'08" 15°13'12"  Vesela, 0.5 km WNW of the village, grassland & 640
stony ridges with acid semidry field margin

grassland (T2.3) and adjoining field
margins (X7)
18 X X 49°33'14" 17°32'59"  Dolni Ujezd, 1 km NE of the village, forest & 340
oak-hornbeam forest (LL3.1) and orchard
adjoining abandoned orchard
invaded by shrubs (X13)
19 X X 49°10729" 17°12'43"  Lisky u KroméfiZe, Nature reserve  steppe & field 290
Oulehla, broad-leaved dry grassland margin
(T3.4) and adjoining field margins

(X7)
20 x X X 49°42'19" 16°59'26" Bila Lhota, 1 km S of the village forest & 300
Meénik, remnants of semidry grassland &

grassland invaded by shrubs (T3.4), ruderal scrub
eutrophic scrub (X8) and oak-
hornbeam forest (T3.1)
21 x X X 49°33'37" 17°36'10" Loucka u Lipniku n. Be¢vou, 0.9 km forest & 300
SE of the village, wet floodplain grassland &
forest (L2.2) in the alluvium of the  field margin
brook, adjoining orchard with
Arrhenatherum elatius (T1.1) and
field margin (X7)




