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Abstract Galium cracoviense is a narrow endemic
diploid species with a highly restricted natural range of
occurrence, confined to a system of limestone outcrops in
an area covering ca. 25 km? in southern Poland. It is an
excellent example of a naturally very rare species which
most probably has persisted in the same area since its di-
vergence. We used the first exhaustive inventory of its
subpopulations, range-wide fine-scale sampling and AFLP
fingerprinting to examine the genetic structure of G. cra-
coviense. The aims of the study were to verify whether this
‘old rare’ species maintains high levels of genetic variation
despite low population resources; to infer from the spatial
pattern of genetic relatedness of individuals any limitations
on dispersal and gene flow that may contribute to mainte-
nance of its highly restricted range; and to place our results
in the context of conservation strategies for G. cracoviense.
Based on AMOVA and PCoA we found high genetic
variation (80 % polymorphic markers) and weak diver-
gence among subpopulations, despite the spatial isolation
of subpopulations (®st = 0.11). The high genetic variation
found in most subpopulations makes them equally impor-
tant reservoirs of genetic diversity. In view of the mi-
crospatial genetic structure of the subpopulations revealed
by autocorrelation analyses, we recommend that if plant
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material or seeds of this species are collected for ex situ
conservation, multiple sampling of neighboring plants
(distances of the first lag in autocorrelation analysis) should
be avoided so that the largest range of diversity can be
covered by sampling.
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Introduction

When assessing the risk of species extinction for conser-
vation purposes it is important to have knowledge of the
dependence between the geographic distribution of
populations and their level of genetic variation and diver-
sity, due to the possibility of genetic depauperation asso-
ciated with often small population sizes and/or the
influence of specific habitat requirements. It has been
shown that small plant populations often face increased
inbreeding depression and reduced genetic variation as a
result of genetic drift (Ellstrand and Elam 1993; Young
et al. 1996; Frankham 2005; Grady et al. 2006). In both
rare and widespread species, range fragmentation often has
detrimental consequences for the genetic diversity of
populations (Honnay and Jacquemyn 2007). A major group
of rare taxa is composed of species considered rare today
but which were much more common in a particular place in
the past. The decline of their population number and size
and the increase of their isolation are typically due to hu-
man influences (e.g. direct or indirect habitat disturbance).
Such taxa, described as ‘new rare species’ (Huenneke
1991), are often endangered by genetic erosion (Ouborg
and van Treuren 1994). The observed strong effects on
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genetic diversity in this group may result from a recent
(i-e., in non-evolutionary time) drop in the regional abun-
dance of populations (Huenneke 1991; Gitzendanner and
Soltis 2000).

Some rare species, described as ‘naturally rare species’
(or ‘old rare species’), are inherently associated with
specific and rare habitats or with a peculiar geographic
location such as an island, mountain range or other geo-
graphically well-delimited area. They form small, re-
stricted and naturally isolated populations over a long
historical period (Holderegger 1997; Pegtel 1998).
Naturally rare species include such groups as narrow en-
demics and relicts (Pegtel 1998). Such species, character-
ized by stenotopic ecology and a naturally fragmented
distribution, are generally expected to have populations
showing higher differentiation and lower variation than in
widespread species (Gitzendanner and Soltis 2000; Cole
2003). On the other hand, there are several examples of
species which, despite their rarity, retain a relatively high
level of genetic variability and low interpopulation differ-
entiation, indicating that they are well adapted to such a
spatial distribution (e.g. Ligularia sibirica, Smidova et al.
2011; Saxifraga paniculata, Reisch et al. 2003). Studies of
this group of species can help improve our understanding
of the effects of random genetic processes on the genetic
structure of populations and on the survival and evolu-
tionary potential of small isolated populations in nature
(Schmidt and Jensen 2000; Escaravage et al. 2011).

In this study we assessed the genetic structure of a
naturally rare species, Galium cracoviense Ehrend. (Rubi-
aceae), listed on the global IUCN Red List of Threatened
Plants (Walter and Gillett 1998), in Annex I to the Con-
vention on the Conservation of European Wildlife and
Natural Habitats (Bern Convention), and in Annex II to the
European Habitats Directive. It furnishes a good case study
thanks to its clearly defined and extremely small distribu-
tion range, coupled with the strong likelihood that it rep-
resents an instance of long-term, historical persistence of a
distribution typical of an old rare species. The highly re-
stricted area of G. cracoviense may be a natural conse-
quence of its specific habitat requirements and the
historical conditions of the Pleistocene glaciations in the
region. That is why it is explicitly treated as an old rare
species (Cieslak and Szelag 2009). It grows on calcareous
rock on the northern margin of the Wyzyna Krakowsko-
Czestochowska upland in southern Poland (Kucowa 1967).
The habitat characteristics and the glaciation history of the
area where it occurs support the view that this species has
persisted in the same area since its divergence (Cieslak and
Szelag 2010). Literature data do not document any recent
(anthropogenic) loss of parts of its range (Kucowa 1967,
Walusiak 2010). The very restricted occurrence of G.
cracoviense enabled us to precisely define its total
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population resources as well as to sample its whole range
of distribution and thus the whole extent of its genetic
variation. A high and uniform level of genetic variation
was earlier recorded in a pilot study of three subpopula-
tions of G. cracoviense (Cieslak and Szelag 2009). Since
the distribution of G. cracoviense has never been mapped
systematically before, our first aim was to inventory the
subpopulations in detail over its entire area. Then we
assessed the level of genetic variation and the genetic
structure in all significant, spatially delimited subpopula-
tions of G. cracoviense within its range, using amplified
fragment length polymorphism (AFLP) fingerprinting (Vos
et al. 1995).

In particular, we wanted to test whether an old rare
species maintains high genetic variation despite its low
population resources. We also wanted to understand the
spatial pattern of genetic relatedness of individuals; a
finding of sharp divergence among groups might point to
limitations on dispersal and gene flow as factors main-
taining its very restricted species range. Finally, we con-
sidered the implications of the population’s genetic
structure for strategies to protect G. cracoviense.

Materials and methods
Biology and habitat of Galium cracoviense

Galium cracoviense is a perennial herbaceous plant which
forms clumps, produces numerous shoots 5-10 cm long,
and flowers profusely in May and June (Kucowa 1967). A
single clump consists of one individual having ca. 250-300
flowers; whole clumps bloom, and almost all the flowers
produce fruit. A single flower produces one schizocarp
bearing two seeds. It is insect-pollinated and reproduces
both vegetatively and generatively (Mirek 2004). It is a
diploid species (2n = 22; Piotrowicz 1958). Its range is
limited to a few hills (max. 514 m a.s.l.) surrounding Ol-
sztyn village (Fig. 1). It grows in crevices of calcareous
rock and rocky outcrops of Jurassic age in the Festucetum
pallentis community and rarely on scree at the base of
cliffs. Its subpopulation areas vary from 2 m? (Skatki
Duze) to ca. 4000 m? (Géra Zamkowa). Subpopulation
sizes range from single clumps (Lysa Gora, Skatki Duze) to
compact groups (Goéra Zamkowa, Wzgérze Brodta)
(Walusiak 2010).

The species grows and fruits abundantly on both
northern and southern slopes. It is resistant to spring frost
and begins vegetative growth in early March (Z. Szelag,
personal observations). It winters, with dried aboveground
parts, in places under thick snow cover but also in cre-
vices of bare rock directly exposed to frost. It tolerates
summer rainfall deficits. When autumn begins in late
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September/early October it produces numerous vegeta-
The material was collected from the entire occurrence area

tive shoots.
Plant material

of Galium cracoviense, as inventoried in detail in the first
step of the present study (Fig. 1). Subpopulations were
defined as groups of plants well delimited on the landscape.

Each subpopulation was sampled evenly and the number of

samples was adjusted to the size of the subpopulation (be-
tween 10 and 30 samples per subpopulation). In total, 200

samples from eight subpopulations (formed of more than

three individual patches) were sampled during one vegeta-

tive season (Table 1). At each locality, samples were col-

lected on transects established along as horizontal a line as

possible. Vertically the transects spanned a few meters de-

pending on landform features.

AFLP procedure

AFLP analysis generally followed the procedure of Vos
et al. (1995), as described in detail by Cieslak et al. (2007).

Prz ymif(y;i(/e

1 km

1 built-up area, 2 Galium

Fig. 1 Distribution range of all Galium cracoviense subpopulations.

Subpopulation codes as in Table 1.

cracoviense subpopulation, 3 woodland, 4 road

pringer

as



932

Conserv Genet (2015) 16:929-938

Preselective and selective primers were used according to
Cieslak and Szelag (2009). Genotyping reproducibility was
tested by including intra- and interplate duplicates of ca.
5 % of the samples (Bonin et al. 2007); reproducibility in
our AFLP analyses was 96 %.

Data analysis

The AFLP profiles were analyzed using Genographer 1.6.0
(http://hordeum.oscs.montana.edu/genographer), which
was applied to read fragments in the 50-500 bp range and
to code scores into a binary absence/presence (0/1) matrix.

The number of polymorphic bands and the expected
heterozygosity index (H;) (Nei 1978) were calculated for
the whole species and for each subpopulation separately
(also in relation to all bands, %yy,). Private bands (Mp)
and discriminating bands (Md) (Cieslak et al. 2007) were
checked for the subpopulations.

Relationships between individuals were analyzed based
on a Nei and Li (1979) distance matrix and tested by
principal coordinates analysis (PCoA) computed using
FAMD 1.108 beta (Schliiter and Harris 2006) and the
neighbor-joining method implemented in SPLITStree 4.10
(Huson and Bryant 2006). Support for the branches was
estimated by bootstrapping (10° replicates). Isolation by
distance was estimated from pairwise estimates of the Fgy/
(1 — Fgr) ratio (ARLEQUIN v. 3.01; Excoffier et al. 2005)
and log geographic distance (natural logarithm scale).

The nonparametric Spearman rank test was used to
check for correlations between subpopulation size and the
number of polymorphic bands and H; values. Bayesian
analyses were carried out with STRUCTURE 2.2 (Pritch-
ard et al. 2000; Falush et al. 2007). The AFLP data set was
converted with the AFLPdat script (Ehrich 2006) with the
option for dominant markers (Falush et al. 2007). The
analyses were performed using an admixture model with
correlated allele frequencies, 10° iterations and a burn-in of
2 x 10° iterations. Ten replicates for each K were ana-
lyzed for K = 1-10. The numbers of groups were chosen
after the STRUCTURE output files were analyzed in R
software (R Development Core Team 2004) using the
Structure.sum script (D. Ehrich; available from http://
www.nhm.uio.no/ncb/) to visualize the estimated likeli-
hood of each run, the coefficient of similarity between runs,
and Evanno’s AK (Evanno et al. 2005). In the first place the
AK measure was assessed to identify the appropriate
number of clusters of individuals. The following pa-
rameters were further used to select the correct number of
groups: InP(D) values, estimates of posterior probabilities
examined as a function of increasing K, consistency of
probability and grouping over multiple runs, and the ab-
sence of empty groups. Analyses using STRUCTURE 2.2
were done on the Bioportal at the University of Oslo.
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The distribution of genetic variation was examined by
analysis of molecular variance (AMOVA) as implemented
in GENALEX 6.41 (Peakall and Smouse 2006), which
partitions total genetic variation based on pairwise squared
Euclidean distance within versus among subpopulations.
F-statistics were computed under the random mating hy-
pothesis with ARLEQUIN 3.01 (Excoffier et al. 2005).
This provided the unbiased Fgt estimator, ®gr, following
Weir and Cockerham (1984), for which 95 % confidence
intervals were obtained by bootstrapping 1000 replicates
over loci.

For each subpopulation with more than ten individuals
an autocorrelation analysis was performed. It used the bi-
nary matrix of the AFLP profiles and a spatial coordinate
matrix of all sampled individuals. We performed the ana-
lysis with 5-9 distance classes but present only seven
distance classes as a compromise between sample size per
class and the physical distance covered per class. Kinship
coefficients (F;) were computed as described by Hardy and
Vekemans (2002), averaged for each distance class (on a
logarithmic scale), and their standard errors were obtained
by jackknifing over loci. It should be mentioned here that
according to Cavers et al. (2005), for example, our sam-
pling strategy for some subpopulations does not fulfill
standard requirements, since sample sizes within sub-
populations are too low for reliable results to be obtained
(see Table 1). On the other hand, however, all analyzed
individuals were on linear transects (corresponding to
subpopulation shape); that is, they were on strips several
meters wide and several hundred meters long. Since
assessing population structure requires less dense sampling
for a one-dimensional area than for the two-dimensional
areas discussed by Cavers et al. (2005), it seems justified to
ease the sampling requirement; also justifying our strategy
is the compatibility of the results we obtained for the two
least numerous subpopulations (F and H) and for the re-
maining ones, discussed later.

We estimated the regression slopes of kinship coefficients
on the natural logarithm of geographic distances between
pairs of individuals (hereinafter, ‘slope’). Between-location
permutations of individuals were used to check the sig-
nificance of kinship coefficients (Hardy 2003) and regres-
sion slopes (5000 permutations). We calculated parameter
Sp (Vekemans and Hardy 2004) to characterize the strength
of genetic structure, which is independent of the sampling
scheme and thus allows comparison between studies. All
spatial autocorrelation analyses were performed with SPA-
GeDi 1.3 (Hardy and Vekemans 2002). To estimate the
amount of biparental inbreeding we used the approach
proposed by Vekemans and Hardy (2004), and we assumed
that the maximum estimate of biparental inbreeding areas is
equal in value to the point on the axis where the correlogram
curve for the subpopulation crosses this axis.
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Results
Species analysis

We analyzed 200 samples of Galium cracoviense and ob-
tained 157 polymorphic bands (80 % of all bands). The
number of polymorphic bands in the subpopulations ranged
from 97 (62.58 %, pop. G) to 121 (78.06 %, pop. B); the
mean number per subpopulation was 112 (SD = 7.59).
Private or discriminating (fixed) bands were not recorded
from any of the subpopulations. Expected heterozygosity
(Hj) ranged from 0.21 (pop. G) to 0.27 (pops B and C) and
reached 0.24 (SD = 0.17) on average. The nonparametric
Spearman test did not find any significant relationship be-
tween subpopulation size and number of polymorphic
bands (p < 0.09) nor H; (p < 0.09).

AMOVA at species level showed that variation within
subpopulations significantly exceeded variation between
subpopulations: 90.98 and 9.02 %, respectively. Dom-
inance of intrapopulation variation over variation between
subpopulations and between groups also appeared in ana-
lyses incorporating the genetic groups identified in
STRUCTURE: 88.56 %, 11.30 % (p < 0.001) and 0.15 %
(p < 0.38), respectively. ®gp values were substantially
similar (0.09 and 0.11, p < 0.001), indicating high simi-
larity among the G. cracoviense subpopulations. A com-
parison of the ®gr values between subpopulation pairs,
ranging from 0.03 (between B and D) to 0.13 (between G
and H), also supported the prevailing homogeneity of ge-
netic variation across subpopulations. Fgr values differed
significantly from zero.

The test of isolation by distance did not indicate such
isolation, since the pairwise genetic distances measured as
Fs1/(1 — Fgr) versus log geographic distance between
pairs of subpopulations were not found to be dependent;
the  regression line is  described by y=
0.0013(40.0136)x + 0.1219(+£0.0096) (Fig. 2). Neighbor-
joining analysis failed to support spatial clustering. No
groups (neither subpopulation nor geographic) were sig-
nificantly supported (with at least moderate bootstrap
support over 50 %; data not shown), which also indicates
high genetic variation and a lack of divergence within
species.

In PCoA analyses the individuals formed a dense, ho-
mogenous complex along axes 1 and 2 (6.25 and 4.43 %,
respectively) but the specimens within the complex dis-
played a partial correlation with the geographic location of
the subpopulations to which they belong (Fig. 3).

The optimal division within G. cracoviense was found at
K = 2 in the STRUCTURE Bayesian analysis (as indicated
by AK values). However, the genetic groups were not spatially
segregated by subpopulations and their contribution to
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Fig. 2 Relationship between transformed Fgr and log geographic
distance for the eight subpopulations of Galium cracoviense

individual subpopulations varied. One genetic group tended to
dominate in all the subpopulations; the other was present to a
lesser degree. The reverse was the case only for subpopulation
D (Fig. 4).

Population analysis

Spatial autocorrelation functions (SAFs) were determined
for each subpopulation separately (Fig. 5). The analysis
was performed for seven distance intervals, making the
same number of comparisons for each interval. Kinship
coefficients (Fj;) describing the degree of relatedness be-
tween specimen pairs as a function of distance exhibited a
decreasing tendency in each case. The highest positive
values (0.04-0.06) were recorded for the first lag. In all
subpopulations examined, the degree of genetic similarity
was comparable for all individuals growing close together.
For each subpopulation we obtained a negative slope of the
regression line describing the relationship Fj(m). Three
types of dependence curves were identified based on the
shape of the SAF. Type one is characteristic of sub-
populations A and E, showing a continuous monotonic
decrease of Fj; values with the increase of distance between
specimens. Type two is characteristic of subpopulations B,
C, F and H, showing a rapid drop of Fj; to negative values,
then an increase, leveling near zero. The third type, inter-
mediate, was noted for subpopulation D only.

If the intersection between the SAF and the distance axis
is a measure of the size of the occurrence area of the most
genetically similar specimens, such areas are considerably
larger for subpopulations A and E (ca. 59 and 79 m,

@ Springer
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-0.03

Fig. 3 Ordination of individual AFLP profiles of Galium cracoviense
in principal coordinate analysis (PCoA), A first two vectors and
B second and third vectors. Individuals are labeled with subpopula-
tion codes as in Table 1

T I

A B C

respectively) than for the other subpopulations: 14 m for B,
23 m for C, 14 m for D, and 13 m for H. This does not
mean that these areas are more or less homogeneous as one
unit, but only that the distribution of genetically similar
individuals forms a structure within them. The Sp coeffi-
cients for the subpopulations ranged from Sp = 0.043
(pop. A) to Sp = 0.009 (pop. B), the mean for G. cra-
coviense being Sp = 0.022 (SD = 0.011).

Discussion

Endemic and narrowly distributed plants with an island
distribution usually show lower genetic diversity and
higher genetic variability than their relatives having wider
distribution areas (Hamrick and Godt 1996). In Galium
cracoviense we found high genetic diversity and low in-
ternal divergence despite the small total distribution range
and the clear spatial delimitation of subpopulations. Over
80 % of the markers were polymorphic (with much more
than 60 % polymorphic markers in the least variable of the
subpopulations), reflected in high H; values (0.24 on av-
erage). This conclusion, based on comprehensive sampling,
remains in line with an earlier pilot study (Cieslak and
Szelag 2009). Direct comparison of our results with other
studies is problematic, since genetic diversity depends on
numerous factors such as life-history traits, geographic
range, and even the type of molecular method used (Ny-
bom 2004). Nevertheless, in the group of endemic taxa of
rocky/mountainous habitats we find several examples of
species characterized by high genetic variability, for ex-
ample Aster pyrenaeus (Escaravage et al. 2011), Astragalus
albens (Neel 2008), Campanula sabatia (Federica et al.
2012) or representatives of the genus Opisthopappus (Guo
et al. 2013). Further examples of species with high levels of
genetic variability in the population are found in more
widespread alpine species having topographically isolated
populations inhabiting a harsh environment, such as
Eryngium alpinum L. (H; = 0.20; Gaudeul et al. 2000),
Epilobium fleischeri Hochst., Geum reptans L. and Cam-
panula thyrsoides L. (H;j = 0.19, 0.21 and 0.20, respec-
tively; Kuss et al. 2008), or Senecio boissieri DC

D E F G

Fig. 4 Results of STRUCTURE analysis for Galium cracoviense. Bar graph of subpopulation assignment of individuals for K = 2.
Subpopulations are separated by vertical lines, and each individual is represented by a thin bar. Subpopulation codes as in Table 1

@ Springer
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Fig. 5 Spatial autocorrelation analysis of Galium cracoviense sub-
populations. Kinship coefficients are plotted against geographic
distance (average distance between all pairs of individuals in a given
distance class). Subpopulation codes as in Table 1

(Hj = 0.19, Peredo et al. 2009). High genetic variation and
high reproductive capacity characterize the isolated, relict
populations of calciphilous species persisting in limestone
rock habitats in Central Europe (Reisch et al. 2003; Vogler
and Reisch 2013). Within-population diversity is influ-
enced by the life-history traits of the species, such as the
type of breeding system. For vascular plant populations the
breeding system can strongly affect the extant genetic

variation (Holsinger and Steinbachs 1997; Schneller and
Holderegger 1996). Unfortunately, no direct experimental
assessment of the breeding system of Galium cracoviense
is available. It is assumed that the species reproduces
vegetatively through rhizomes and, in parallel, generatively
by seeds. Generally, higher genetic variation within
populations has been noted in outcrossing species, whereas
populations of selfing species or species with a mixed
mating system are often less variable genetically (Hamrick
and Godt 1996; Nybom 2004). Based on the high genetic
variation we observed within subpopulations (80-84 %) in
our study, we suspect that outcrossing is likely an impor-
tant factor maintaining the genetic properties of the
subpopulations.

The genetic differentiation we found among G. cra-
coviense subpopulations is characterized by a ®gr value of
0.11. It is lower than the average reported for endemic
plant species (Ost = 0.26, Nybom 2004), and is moderate
to low as compared against the range of values obtained for
endemic plants using AFLP fingerprinting: for example,
Medicago citrina, ®sy = 0.18 — 0.55 (Juan et al. 2004),
Hieracium eriophorum, ®gt = 0.09 (Frey et al. 2012) or
Astragalus albens, gy = 0.01 (Neel 2008). The rather low
®gr value may reflect, in part, the small size of the overall
distribution area (Reisch and Bernhardt-Romermann
2014).

The low genetic divergence and relatively high H; val-
ues found for G. cracoviense are likely the result of regular
interpopulation pollen flow coupled with long life span and
the co-occurrence of individuals representing different
generations. The lack of correlation between geographic
and genetic distance (Fig. 2) and the homogeneity of ge-
netic variation may indicate that historically the population
abundance of this species has not fallen below the critical
threshold that would trigger processes of genetic depau-
peration. Thus, G. cracoviense represents the group of rare
species having a highly restricted distribution and specific
habitat requirements, which are able to maintain high ge-
netic variation and gene flow, thereby preventing strong
differentiation. It seems that genetic factors are not likely
to be the main factors that maintain the extremely restricted
geographic range of this species.

The operation of gene flow among subpopulations is
mostly supported by the spatial distribution of the two main
groups disclosed by STRUCTURE analysis (dominance of
one genetic group but balanced participation of the second
group across subpopulations). On the other hand, it is
difficult to identify the reasons that led to the contribution
of groups in subpopulation D, opposite to that of the rest of
the subpopulations (Fig. 4). This pattern might be treated
as a relict of a rare lineage maintained by long-term limited
gene exchange, but this does not seem very plausible in
view of the generally low genetic isolation between
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subpopulations. The pattern may be a result of a drastic
reduction of population size, possibly the outcome of a
stochastic event, with the edge position of subpopulation D
in the distribution area additionally limiting gene flow
between this subpopulation and other subpopulations in the
range (although this is not clearly reflected by the current
pairwise ®gt values). It is also worth noting that the in-
dividuals usually showed little admixture, in most cases
belonging to one or another of the genetic groups. In
consequence, the genetic groups were not homogeneously
distributed across subpopulations but were grouped, espe-
cially for subpopulation D (Fig. 4). This may suggest an
interplay of factors including (i) spatially restricted seed
dispersal, generating groups of higher kinship (see also
below), and (ii) a higher than expected contribution of
vegetative growth, coupled with long life span of
individuals.

Additionally, some human influence on the genetic
structure, altering natural dispersal patterns, cannot be
ruled out, because for a long time in the past the immediate
area was a site of limestone quarrying as well as sheep
grazing, and today it is a hiking area.

Although the general test did not indicate significant
isolation by distance, a certain spatial structure was sug-
gested by autocorrelation analyses within subpopulations
(Fig. 5). In Galium cracoviense, a barochoric species, the
range of seed dispersal may be the chief factor limiting
gene flow. This is supported by the Sp coefficients calcu-
lated for the subpopulations, which are comparable with
the values found for gravity-dispersed species (Vekemans
and Hardy 2004). Propagules reach the ground towards the
base of the rock wall by gravity, mostly close to the mother
plants. They may be stopped at some small distance,
mostly as they roll down or encounter an obstacle such as a
rock. The range of such seed dispersal is short, and indi-
viduals form groups of higher kinship (as shown in PCoA,
Fig. 3). Furthermore, the availability of suitable sites for
seed germination and plant development may also shape
the local population structure (Sokal et al. 1989). In the
network of crevices in cliffs there are few places where a
root system can be established. Analysis of the SAFs
showed areas with higher genetic similarity of individuals
at the subpopulation level. The relatively low individual-
level admixture in STRUCTURE and the mostly clumped
distribution of individuals representing genetic groups
(Fig. 4) support the conclusions drawn above from the
analysis of Fj;; values versus distance presented in Fig. 5.
On the other hand, on this terrain seeds can sometimes be
dispersed over greater distances by local gusts. Such long-
distance dispersal events lead to gene flow between regions
and prevent the genetic isolation of subpopulations from
increasing (cf. Crema et al. 2009).

@ Springer

Galium cracoviense clearly is a rare species that maintains
high within-population genetic variation and high connec-
tivity among its subpopulations. However, despite its small
distribution range there is some spatial segregation of genetic
variation. Both facets of its reproduction may influence the
genetic structure at various spatial scales by, for example,
increasing the segregation of genetic groups in subpopulations
through vegetative growth, and counteracting strong differ-
entiation through pollen-mediated gene flow and long-dis-
tance seed dispersal events. From the conservation point of
view, the genetic structure of the G. cracoviense population
did not show any clearly divergent units that could serve as the
basis for designating priority conservation units. The high
genetic variation in most subpopulations makes them equally
important reservoirs of genetic diversity. In view of the mi-
crospatial genetic structure revealed in the subpopulations, we
recommend that if plant material or seeds of this species are
collected for ex situ conservation, multiple sampling of
neighboring plants (distances of the first lag in autocorrelation
analysis) should be avoided so that the largest range of di-
versity can be covered by sampling. Finally we draw attention
to subpopulation D, the only one showing the opposite pro-
portion of genetic groups; this curious pattern remains to be
explained.
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