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Abstract: We examined the genetic structure and diversity of eight populations of Eryngium maritimum L. (Sea Holly) along
150 km coastline of the Gulf of Gdansk in Poland. Allozyme electrophoresis revealed two polymorphic loci among the 31 we
tested. The populations showed low levels of genetic diversity (P=6.25, A=1.062, Ht=0.026), with little genetic differentiation
between populations (Fy=0.03), although it was statistically significant (p<0.001). The main directions of currents and wind
indicate no significant limitations to the transport of seeds between populations in the region. Therefore, the grouping of
populations that are mostly congruent with their geographic locations (except HP1) might result from the low efficacy of gene
flow by seeds. The significant genetic differentiation of HP1, even from close neighboring populations, might have arisen
from the founder effect and barriers to the gene flow caused by anthropogenic factors such as forestation and the construction

of breakwaters.
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1. Introduction

Coastal dunes and beaches are fragile habitats shaped
by natural and anthropogenic factors. Intensive eco-
nomic development and urbanization affect their sta-
bility and persistence. Human impacts on the beaches
and dunes in the western part of the Gulf of Gdansk
have led to fragmentation and loss of many habitats
(Gerstmannowa 1995; Gerstmannowa & Lenartowicz
1995; Piotrowska 2002). Increasing tourism and recent
activities such as riding all-terrain vehicles and kite
surfing, have also significantly affected the coastal zone
(Z6%kos, unpubl.).

Eryngium maritimum L. (Sea Holly) belongs to a
particularly vulnerable group of plants in coastal dune
communities. In Poland, Sea Holly has been one of the
few species protected since the early twentieth century
and is now subject to strict legal protection (Regulation
2004). It is rated a nearly threatened taxon (NT) in the
Gdansk region of Pomerania (Markowski & Bulifiski

2004). Historical data on the distribution and abundance
of Sea Holly along the stretch of coast we studied show
that in the past this species was a common component
of sand-dune plant communities (Preuss 1911; Herweg
1914; Chrzanowski 1920; Urbanski 1933) but the num-
ber and the size of its populations have been reduced
because of the increasing fragmentation of its habitat
(Kulesza 1928; Lubliner-Mianowska 1958; Cwiklinski
1978; Z61kos et al. 2007). Habitat fragmentation causes
a decrease in genetic connectivity among plant popula-
tions, which typically leads to greater inbreeding and a
loss of genetic diversity within the fragments over time
(Young et al. 1996; Fischer et al. 2000; Aguilar et al.
2006). It is essential to assess the genetic variation of
populations, their genetic structure and the forces that
shape it to plan proper recovery strategies (Frankham
2005).

Eryngium maritimum is a perennial species of sandy
shores in Europe, North Africa and Asia Minor (Hultén
& Fries 1986). It prefers sandy white dunes, although
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in the Baltic coastal zone it frequently grows on stabi-
lized dunes and beaches. Sea Holly is a clonal plant
with rhizomes that might be more than four metres. The
rhizomes are fragile and deep-reaching, which facili-
tates vegetative reproduction. The above-ground stems
have xeromorphic, wax-covered, spiny leaves and are
usually highly branched with many globular flower
heads (Stasiak 1988). The young shoots occur 2-3 m
from the maternal plant and are often still linked to it
deep under the surface of the dunes (Cwiklinski 1972).

Sea Holly is pollinated by insects (Kulesza 1924;
Bulak & Woch 2007), and usually flowers and fruits in
its fourth to fifth year of growth (Aviziene et al. 2008).
Although Eryngium maritimum flowers abundantly on
Polish shores, it seldom reproduces sexually and few
of the fruits contain well-developed, potentially fertile
seeds (Stasiak 1988; Borzyszkowska unpubl.). Seed-
lings are quite rare under natural conditions and most
perish in summer (Stasiak 1988). Dried stems break off
easily at the base in the dispersal period and the plant is
rolled by wind along the beach, spreading seeds as it
moves. Some plants reach the sea and are further dis-
persed by water. Sea currents might play an important
role in the dispersal of Sea Holly. Westberg and Kadereit
(2008) showed how currents influence geographical
patterns of genetic variation in this species.

The genetic diversity of Sea Holly populations in
Poland has not yet been studied, although low levels of
molecular variation have been shown in Norway (Curle
et al. 2007) and Mediterranean Basin (Westberg &
Kadereit 2008). Clonal reproduction and the low sur-
vival of Sea Holly seedlings in northern localities
(Stasiak 1988; see Curle er al. 2007) might reduce ef-
fective population size. Habitat fragmentation might
compound the decline in genetic variation.

This study aimed to assess the level and patterns of
genetic diversity in E. maritimum populations using
allozyme electrophoresis, and to determine the species
spatial genetic structure and the factors influencing it.
Results of genetic research, together with data on cur-
rent and historical distribution of Sea Holly and habitat
availability, allowed us to work out the best strategy
for the species conservation.

2. Material and methods
2.1. Study sites and sampling procedures

Populations of Eryngium maritimum for genetic re-
search were chosen after field work in the summer of
2006 along a 150 km section of the Gulf of Gdansk
from Wtadystawowo through the Hel Peninsula to
Swibno at Sobieszewo Island (Fig. 1). The entire
western shore, including areas managed by the Polish
Navy, ports authority and the Chancellery of the Presi-
dent of Poland, were investigated. All coastal habitats,
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not only those usually occupied by the species, were
examined. Numbers of Sea Holly shoots and their dis-
tribution were estimated during field studies (Z6tkos et
al. 2007). Eight localities spread along the study area
were chosen for this investigation (Fig. 1, Table 1). Four
of the sites were on the Hel Peninsula, three on the sea-
board (HP2, HP3, HP4) and one on the gulf (HP1). The
other sites: Rewa-Mechelinki (RME), Babie Doty
(BDO), Stogi-Gérki Zachodnie (SGZ) and Sobieszewo
Island (SOI), were in the south-western and southern
Gulf of Gdansk.

Samples for allozyme studies were collected in 2006.
The youngest leaves were collected from 286 flowering
plants at least two meters apart to avoid resampling the
same clone (Table 1). Fresh leaf material was stored at
-70°C before analysis.

2.2. Enzyme electrophoresis

About one cm? of the uppermost leaves was homog-
enized in the extraction buffer (Soltis er al. 1983). 15
enzyme systems were analyzed using three buffer sys-
tems with 11% starch gel. Shikimate dehydrogenase
(SKD, EC. 1.1.1.25), glyceraldehyde-3-phosphate de-

Wiadysfawowo
0

The Gulf
of Gdansk

Vistula Spit

Fig. 1. Location of the studied populations of Eryngium maritimum
along the Gulf of Gdarisk

Explanations: A —towns and villages; B — the studied populations, HP — Hel
Peninsula, RME — Rewa-Mechelinki, BDO — Babie Doty, SGZ — Stogi-
Gorki Zachodnie, SOI — Sobieszewo Island
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Table 1. Number of Eryngium maritimum individuals studied for allozyme diversity collected in particular localities in the Gulf of

Gdansk and their geographic location

Total Number

Locality Code Latitude Longitude number of of sampled

N) (E) individuals individuals
Rewa-Mechelinki RME 54°37°12% 18°30°34™ 3381 47
Hel Peninsula, south side — stretch 1 HP1 54°36°36™ 18°47°45™ 228 28
Hel Peninsula, north side — stretch 2 HP2 54°38°11 18°41°32™ 770 68
Hel Peninsula, north side — stretch 3 HP3  54°41°49™ 18°41°32™ 37 19
Hel Peninsula, north side — stretch 4 HP4  54°45°15™ 18°21°48™ 23 10
Babie Doty BDO  54°34°59™ 18°32°30™ 35 8
Stogi-Gérki Zachodnie SGZ  54°22°20  18°45°20™ 283 34
Sobieszewska Island SOl  54°21°03™ 18°51°14™ 1408 50

hydrogenase (G3PDH, EC. 1.2.1.12), phosphogluco-
mutase (PGM, EC. 5.4.2.2), alcohol dehydrogenase
(ADH, EC. 1.1.1.1), isocitrate dehydrogenase (IDH, EC.
1.1.1.42), malic enzyme (ME, EC. 1.1.1.40) and hex-
okinase (HK, EC. 2.7.1.1) showed a high resolution with
L-histidine HCl/citrate buffer (pH 7.0/7.0) (Cheliak &
Pitel 1984). Diaphorase (DIA, EC. 1.6.2.2), aspartate
aminostansferase (AAT, EC. 2.6.1.1), superoxide
dismutase (SOD, EC 1.15.1.1) and esterase (EST, EC.
3.1.1.-) gave better results with a lithium-borate/Tris-
citrate buffer system (pH 8.3/8.1) (Soltis e al. 1983).
Uridine 5-diphosphoglucose pyrophosphorylase (UDP,
EC. 2.7.7.9), malate dehydrogenase (MDH, EC.
1.1.1.37), 6-phosphogluconate dehydrogenase (6PGD,
EC. 1.1.1.44), glucose 6-phosphate isomerase (GPI, EC.
5.3.1.9) were resolved on a morpholine-citrate system
(pH 6.5) following Wendel & Weeden (1989).

Our staining methodology followed Wendel &
Weeden (1989), Soltis et al. (1983) and Manchenko
(1994) for UDP. Some polymorphic and monomorphic
samples were run at least twice to confirm identified
electromorphs. Genetic bases of the banding patterns
for the enzymes were inferred from the minimal ex-
pected conserved number of isozymes for diploid plants
(Gottlieb 1981; Weeden & Wendel 1989).

2.3. Data analysis

Standard measures of genetic diversity for each
population and across all populations were calculated
using TFPGA software (Miller 1997): percentage of
polymorphic loci (P), number of alleles per locus (A)
and number of alleles per polymorphic locus (Ap), av-
erage observed (Ho) and expected (He) heterozygos-
ity. The gene diversity within each population was cor-
related with the total log population size. The correla-
tion between the log number of sampled plants and gene
diversity was tested by Spearman’s rank coefficient test
implemented in STATISTICA v.9 (StatSoft Inc. 2009)
to determine any sampling bias. Deviations from Hardy-
Weinberg equilibrium (HWE) at each polymorphic lo-
cus and between loci were tested using the exact test
with the Markov Chain algorithm (1000 random per-

mutations) with Genepop v.4.0.10 software (Raymond
& Rousset 1995; Rousset 2008).

The exact test of population differentiation was
carried out to examine the hypothesis of homogeneity
of allele frequencies within each population (10 000
random permutations) using Arlequin 3.0 (Excoffier et
al. 2005). To quantify population differentiation, an
analysis of molecular variance (AMOVA; Excoffier et
al. 1992), based on allele frequencies, as well as the
pairwise F, were calculated using Arlequin 3.0
(Excoffier et al. 2005). Significance levels were ob-
tained after performing 10 000 random permutations.
The tests of differences in genetic diversity measures
(allelic richness, Hs, Ho) between groups of popula-
tion were conducted with FSTAT ver. 2.9.3 (Goudet
2001). The two-sided p-values were obtained after
10 000 permutations.

The UPGMA cluster analysis of pairwise Nei’s (Nei
1978) unbiased genetic distances (D), was calculated
by TFPGA software (Miller 1997) to test for spatial
separation. Gene flow (Nm, the number of migrants per
generation) was assessed by Wright’s method (Wright
1951). To assess dispersal patterns, pairwise F. /(1-
F ) were regressed against In geographic distance
among populations measured along the coast and di-
rectly, across sea and land. Positive regression between
F,, and geographic distance indicate an isolation-by-
distance effect (Rousset 1997) and we tested for this
using the permutation procedure in the Genepop
v.4.0.10 software (Raymond & Rousset 1995; Rousset
2008).

3. Results
3.1. Population resources

We found 6 165 individuals of Eryngium maritimum
in the area we studied (Z6tkos et al. 2007). The largest
of the populations selected for genetic research
(N=3381) was located between the villages of Rewa
and Mechelinki. It contained more than a half of all the
individuals of the species we found during our field
work (Table 1). The second-largest population was
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found on Sobieszewo Island (N=1 408). On the Hel
Peninsula, we located 1 058 individual Sea Hollies in
patches of various sizes and abundance around the pen-
insula, on the seaboard and on the gulf (Fig. 1). The
largest of the four populations we chose on the penin-
sula was HP2 (N=770) and the smallest was HP4
(N=23). In the Stogi to Goérki Zachodnie stretch, we
found 283 individuals. The smallest discrete popula-
tion was found at Babie Doty (N=35) (Table 1).

3.2. Loci and alleles scored

We screened 14 of 15 enzyme systems, with 31 loci
(Mdh-1, Mdh-2, Mdh3, Mdh-4, Dia-1, Dia-2, Dia-3,
Pgd-1, Pgd-2, Skd-1, Skd-2 Est-1, Est-2, Est-1 (fluo-
rescent), G3pdh-1, Gpi-1, Gpi-2, Pgm-2, Pgm3, Adh-
1, Adh-2, Aat-1, Aat - 2, Idh-1, Idh-2, Sod-1, Sod-2,
Udp-1, Udp-2, Hk-1, Hk-2) and 34 alleles were included
in the final data analysis. The enzyme ME systems were
omitted because they did not show consistently inter-
pretable banding patterns. The Pgm-1 locus was ex-
cluded from the analysis because of missing data. Two
of the 31 loci were polymorphic (Mdh-2, Udp-1), with
a total of four alleles. No symptoms of loci duplication
or fixed heterozygosity were found. The remaining 29
loci were monomorphic.

3.3. Intrapopulation genetic variation

The percentage of polymorphic loci (P=6.25), the
mean number of alleles per locus and the mean allelic
richness (A=1.06, Ap=2.0) were low and of the same
value across the populations we studied. The average
observed heterozygosity was low (Ho=0.022) and did
not differ significantly from the expected (He=0.026)
under H-W equilibrium. The low value of heterozygos-
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ity was associated with the large number of monomor-
phic loci in the calculations. Ho ranged from 0.019 in
HP2 to 0.028 in BDO and SGZ; He ranged from 0.021
in HP3 to 0.033 in BDO (0.032 in SGZ), (Table 2).

We found no significant correlation between gene
diversity and population size or sample size (p>0.1).
There were no significant deviations from the Hardy-
Weinberg equilibrium except for locus Udp-1 (p<0.05)
in the HP1 and SGZ populations and for locus Mdh-2
in the SOI population, where all were connected with
an excess of homozygotes. General conformity with the
Hardy-Weinberg expectations contradicted the high
average F; (0.134) and F,; (0,160) estimate.

3.4. Population genetic structure

The total genetic diversity (H,) for all populations
was 0.026. We found a small mean genetic divergence
between populations (F,=0.03) as well as a small ge-
netic distance, not exciding D=0.003 (Table 3). How-
ever, the exact tests of population differentiation rejected
the null hypothesis of no differentiation among popu-
lations (p<0.01) and the pairwise F . showed nine signi-
ficant differences in the 28 comparisons (see Table 3).
One of the highest genetic distances (D=0.0021) was
observed in adjacent populations (HP1-HP2), which
might suggest barriers to gene flow between those popu-
lations. For comparison, other neighboring populations
(HP2-HP3) revealed one of the lowest distances
(D=0.0001). The analysis of molecular variance
(AMOVA) partitioned only 3% (Fy=0.3, p<0.01) of
the total variation among population differences.

A dendrogram based on the Nei (1978) genetic
distance (D) and the UPGMA clustering algorithm (Fig.
2) grouped populations in two clusters. The first group

Table 2. Genetic variation of studied population of Eryngium maritimum measured as observed (Ho) and expected (He) heterozygosity

over all loci

RME HPI1 HP2  HP3

HP4 BDO SGZ SOl

Ho 0.026  0.021
He 0.023

0.019

0.023
0.026 0.025 0.021

0.023 0.028 0.028 0.023
0.026  0.033 0.032  0.030

Table 3. Nei’s (1978) genetic distance (below the diagonal) and values of pairwise F . (above the diagonal) between populations of

Eryngium maritimum

RME HP1 HP2 HP3 HP4 BDO SGZ SOI
RME  0.0000 0.0367*  0.0070  -0.0160 0.0270 0.0600 0.0780*  0.0420%*
HP1 0.0009 0.0000 0.0760*  0.0500* 0.0190  -0.0020 0.0380  0.0490*
HP2  0.0002 0.0021 0.0000 0.0030  -0.0240 0.0580 0.0670*  0.0220
HP3  -0.0004 0.0013 0.0001 0.0000  -0.0270 0.0800 0.0930*  0.0520*
HP4  -0.0007 0.0005  -0.0006  -0.0007 0.0000 0.0060 0.0280  -0.0030
BDO 0.0013  -0.0002 0.0013 0.0020 0.0001 0.0000 -0.0370 -0.0150
SGZ  0.0023 0.0012 0.0019 0.0029 0.0009  -0.0012 0.0000  -0.0002
SOI 0.0013 0.0015 0.0006 0.0016 0.0000  -0.0006 0.0000  0.0000

Explanation: * — significant value based on 10 000 permutations
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Fig. 2. Dendrogram of the UPGMA cluster analysis based on Nei’s
(1978) measure of genetic distance (bar). Bar represents value of
genetic distance

consisted of populations from the north of our study
area, on the Hel Peninsula (HP2, HP3, HP4) and
between Rewa and Mechelinki (RME); the second
cluster in the south included Babie Doty (BDO), Gérki
Zachodnie (SGZ) and Sobieszewo Island (SOI) (see Fig.
1). HP1, although situated in the north, differed from
both groups in terms of genetic distances.

These two groups of populations (excluding HP1)
differed significantly in average expected heterozygosity
(0.022 and 0.025, p<0.01, for northern and southern
respectively) as well as allelic richness (1.063 and 1.065
p<0.05). The exact test also showed significant differen-
ces (p<0.001) among groups in allele frequency. Allele
frequency in population HP1 differed significantly from
both of these groups as shown by the exact test (p<0.01).
Regression of pairwise F . values against geographic
distance was low and was not significantly different
from zero (Mantel test) with h=-0.004 (p>0.39) for the
coastline and »=0.003 (p>0.2) for the direct measure.
Excluding the most differentiated population (HP1)
improved correlations, but the results were still statisti-
cally insignificant. The number of migrants per gene-
ration exceeded three individuals (Nm=3.56).

4. Discussion
4.1. Genetic variation

The populations of Eryngium maritimum we studied
showed low levels of genetic diversity. The calculated
parameters (P=6.25, A=1.06, Ht=0.026, F,=0.03) were
considerably lower than those found in other plant spe-
cies with similar biology: allogamic (P=51.07, A=1.85,
Ht=0.251, G(,=0,118) and entomogamic (P=38.83,
A=1.55, Ht=0.393, G, =0.224) (Hamrick et al. 1979;
Loveless & Hamrick 1984). Studies by Curle et al.

(2007) showed a low level of allozyme diversity in
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Fig. 3. The main pattern of dominant sea currents in the Gulf of
Gdansk in autumn and winter

Explanations: A — direction of currents influenced by the western wind, B —
location of the studied populations of Eryngium maritimum (Abbr. as in
Fig. 1)

Norwegian populations of this species. Studies applying
more variable markers (AFLP) than allozymes also
showed low variability of Sea Holly in other parts of
the species range (Westberg & Kadereit 2008). The low
level of diversity is probably associated with a
bottleneck during the postglacial migration from the
Mediterranean refugium (see Hewitt 1999; Clausing et
al. 2000).

4.2. Population genetic structure

Sea Holly populations in the area we studied showed
a weak genetic structure, which was indicated by the
low mean F_ (0.03) as well as the low value of the
intrapopulation component of AMOVA (3%). Westberg
& Kadereit (2008) also noted low and statistically non-
significant value of the last parameter (4.2%, based on
AFLP) for the Sea Holly population in Western France,
where no apparent barriers to gene flow occurred.
Clausing et al. (2000) and Westberg & Kadereit (2008)
reported a significant effect that the direction of sea
currents played on the geographic pattern of Sea Holly
genetic variation. The shoreline configuration, bottom
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topography and water exchange with the Baltic Proper
Sea favor characteristic hydrological conditions
(Kowalik 1975) that might trace the main routes of the
diaspore transport. The main pattern of sea currents cir-
culation (Fig. 3), (see Kowalik 1990) is strongly influen-
ced by the wind direction and is therefore variable, es-
pecially on the sea surface (Jedrasik et al. 2008). West-
ern winds dominate in autumn and winter, when Sea
Holly seed dispersal rate probably peaks. These winds
drive the water eastwards, which causes water to flow
into the Gdansk Basin from the northern part of the Hel
Peninsula (Kowalik 1990; Jedrasik er al. 2008) towards
the north-west, west and south-east. In the same pe-
riod, the eastern and southern winds occur occasion-
ally. The eastern winds blowing parallel to the Vistula
Spit cause a flow of water along the sea shore of the
studied area, while the southern winds cause currents
to flow mainly north-eastwards. Mean current flows
caused by winds, despite of their direction, are often
disturbed close to the outer end of the Hel Peninsula
(Kowalik 1975).

E. maritimum seed migration in either direction is
probably not restricted in the western part of Gdansk
Bay based on the main pattern of sea currents circula-
tion and the dominant wind directions. However, gene
flow between RME and the nearby BDO is unlikely
because the prevailing western winds and the sea cur-
rent parallel to the coast should hamper seed immigra-
tion by water. Transport by land would be blocked by
the cliffs along the shore RME and BDO with no
beaches between them. The cliffs and strong winds
would also prevent insect-mediated pollen flow.

Despite the small genetic differences between the
populations, their clear grouping in the UPGMA analy-
sis, mostly congruent with their geographic locations,
indicated that barriers to gene flow did exist. The lack
of a significant correlation between genetic and geo-
graphical distances in the populations as shown by the
Mantel test also indicated an imbalance between drift
and migration. However, the distance between the popu-
lations was too small to capture such a relationship,
which could also explain this phenomenon. Westberg
& Kadereit (2008) also seldom found a positive corre-
lation over the relatively short distances of the coasts
they surveyed. Other researchers observed strong posi-
tive correlations over long distances (Clausing et al.
2000; Kadereit et al. 2005). The significant differences
in allele frequency among nearby populations indicated
that drift dominated over migration in shaping their
genetic structure. This might occur when gene flow and/
or seedling recruitment is low. As inferred from the di-
rections of the main water currents and the dominant
wind directions, gene flow by seed did not seem to be
restricted in the area we studied, except for BDO and
RME. However, the efficiency of migration might be
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limited by Sea Holly relatively low seed fertility, low
and rapidly declining viability of seeds (Walmsley &
Davy 1997), their low floating ability of two to six days
(Curle et al. 2007; Westberg & Kadereit 2008) and the
low seedling establishment we observed (Stasiak 1988;
Z6tkos, Markowski, unpubl.). The low efficacy of gene
flow by seed could also explain the divergence of the
northern and southern population groups.

RME and the populations on the Hel Peninsula were
probably connected by gene flow in the past. This was
facilitated by the presence of large sand dunes, which
could be associated with the significantly smaller forest
cover on the peninsula, and the land bridge between
Rewa and the peninsula that had existed before sea levels
were raised and the inner part of Puck Bay was formed.
This may explain genetic similarities of these popula-
tions. The genetic divergence of the HP1 population
we found might be a result of isolation. Among the
possible causes are: increasing afforestation of the
eastern Hel Peninsula in the second half of the nine-
teenth century (Tomczak 2005), leading to the separa-
tion of the beaches on the seaboard and the gulf as well
as the construction of breakwaters for the fishing port
more than 120 years ago and a naval base more than 80
years ago near the town of Hel. Local Sea Holly plants
might have died out during the construction and others
might have been introduced accidentally in forms of
rhizomes and seeds in soil taken from remote places.
Substrate enrichment related to the construction works
might also have enabled a higher rate of seed germina-
tion and seedling establishment. On the other hand, the
exclusion of the public from beaches by the military
probably secured the population from the destructive
influence of tourism. Gene flow from the neighboring
seaside populations at Hel (HP2 and HP3) might have
been limited in the past, as it is today, by the difficul-
ties in transport faced by propagules, by land because
of afforestation and by sea. The two breakwaters prob-
ably limit migrant seed access to the shore, thus main-
taining isolation.

The genetic distinctiveness of the populations might
also be explained by local extinctions and the re-esta-
blishment of populations in a relatively short period, so
little time was available for them to reach equilibrium.
However, long-term observations of Sea Holly popula-
tions in the area we studied did not support this theory
because the plants reproduced mainly vegetatively
(Z6tko$, Markowski, unpubl.). Juvenile plants of gen-
erative origin are seldom observed and then only in ex-
traordinary circumstances on enriched substrates, such
as organic debris washed ashore.

4.3. Consequences of habitat fragmentation

The development of the Tri-city agglomeration
(Gdansk, Sopot and Gdynia), industrial infrastructure



and tourism fragmented the habitat over at least the past
120 years and significantly reduced the size of Sea Holly
populations in the area we studied (Kulesza 1928;
Lubliner-Mianowska 1958; Cwikliaski 1978; Zétko$
et al. 2007). Habitat fragmentation can limit genetic
diversity and demographic processes in plant popula-
tions (Young et al. 1996; Aguilar et al. 2006). The popu-
lations of the Sea Holly we studied, with their low ge-
netic diversity and gradual loss of abundance, might
have been particularly vulnerable to the effects of habi-
tat fragmentation. However, we observed no signifi-
cant correlations between the size of the populations
and their gene diversity. The BDO population was the
smallest we studied but the most diverse, although there
was no reliable information of its occurrence and size
in the past because this stretch of coast had long been a
military area with restricted access. The relationship
between the population size and genetic structure is
rarely straightforward (van Treuren ef al. 1993). Among
the reasons for this, could be possible mismatches
between effective population and census population
sizes. These could be especially pronounced in clonally
propagating plants like E. maritimum. The lack of sig-
nificance might suggest that the populations we sampled
were large enough to maintain genetic diversity. How-
ever, the most likely explanation is that there might have
been too few generations since the habitat became frag-
mented to allow the loss of diversity. Clonally propa-
gating and long-living species can persist long after
habitat fragmentation (Eriksson & Ehrle’n 2001). The
clonal growth of the Sea Holly causes a time laps
between generations, which might buffer the genetic
effect of fragmentation because a drift strongly depends
on the number of generations over which a population
remains small (Barrett & Kohn 1991). On the other
hand, clonal propagation might hasten genetic drift by
reducing the effective population size (Chung & Kang
1996; Jones & Gliddon 1999). However, in long-lived
plants even low seedling establishment can maintain
genetic diversity (Watkinson & Powell 1993; Stehlik
& Holderegger 2000). The effects of a genetic drift was
found to be similarly mitigated in the long-lived clonal
species Calystegia collina (Wolf et al. 2000), Cypripe-
dium calceolus (Brzosko et al. 2002) and Maianthemum
bifolium (Honnay et al. 2006).

The founder effect and isolation caused by anthro-
pogenic and natural factors might have influenced the
genetic structure of Eryngium maritimum populations
in the areas we studied. However, estimating what ef-
fect contemporary fragmentation of costal habitats has
on populations of Sea Holly would require a study on
the current gene flow pattern by pollen and seeds as
well as on the establishment of seedlings.

Biodiv. Res. Conserv. 24: 39-48, 2011

4.4. Conservation implications

The size of the Eryngium maritimum populations in
the part of the Gulf of Gdansk that we studied (more
than 6 000 individuals — Z6tko$ et al. 2007) does not
indicate a need for any radical and expensive approach
to conservation, such as introductions or reintroductions.
However, augmentation of the existing populations
would be desirable, particularly in areas where
Eryngium maritimum occurs sporadically: between the
town of Wiadystawowo and the village of KuZnica along
the seaboard of the Hel Peninsula, as well as in the
stretch between Stogi and Goérki Zachodnie. The simi-
lar values in the genetic variability of all the popula-
tions we studied would allow to obtain an arbitrary col-
lection of seeds for plant multiplying, for possible aug-
mentation of the species populations. Collecting seeds
from the large and diverse population at SOI would seem
to be the most appropriate strategy.

Maintaining the continuity of migration is impor-
tant for the sustainability of the Sea Holly populations,
especially because seeds of this species quickly lose
viability (70% per year — Walmsley & Davy 1997).
A fraction of seeds are transported, at least in the early
stages of migration, on withered shoots blown along
the beach as tumbleweeds and also float on the water.
Therefore, it is inadvisable to fence dunes or beaches.
Fences might hinder the flow of the propagules, leading
to genetic erosion in isolated populations. This is par-
ticularly important for the RME and SOI populations,
which comprise 52.2% and 21.7% respectively of all
plants of this species counted in the study area (Z6tko§
et al. 2007) and which might constitute an important
source of seeds for the entire region.

The most critical threats to the Eryngium maritimum
populations in all the locations we studied comprised
fragmentation and destruction of suitable habitats re-
sulting from the intense anthropogenic pressure associa-
ted with the management of seashores for economic
reasons, particularly tourism. Populations of E.
maritimum in the Gulf of Gdansk should be monitored.
Where economic investment of strategic importance for
the region and country is allowed that might result in
permanent destruction of these species habitats,
threatened populations should be protected by
metaplantation into suitable sites. An example of this
type of compensation and minimization was a
metaplantation of Sea Holly from the site of the Gdansk
Container Terminal to the location on the Sobieszewo
Island (Z6tkos et al. 2010).
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