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Isolated and island-like populations at the periphery of a geographic range of a given 
species are usually predicted to have low genetic diversity due to founder effect, habi-
tat fragmentation, and bottleneck and/or inbreeding. As for parasitic plants, they may 
be more vulnerable to environmental and demographic stochasticities, habitat degrada-
tion, and genetic limitation because of their specialized life-history strategies depend-
ing on i.e. host plants. Pedicularis sceptrum-carolinum is a hemiparasitic species with 
a strongly fragmented geographic range in Eurasia whose small, isolated, island-like 
populations are scattered at the periphery of its geographic range. I studied its genetic 
diversity patterns at the western periphery of the species’ range (Poland) using AFLP 
markers in order to unravel how isolation, population size and life-history traits (i.e. 
type of reproduction) influence its population genetic structure. Despite the geographic 
isolation among the four investigated populations (ca. 35–350 km), and irrespective of 
their small population sizes (14–50 individuals) and areas (6–100 m2) they preserved 
relatively high genetic diversity (Fragpoly = 46.7%–54.6%, Shannon’s I = 0.222–0.241) 
in comparison with other polyploid, long-lived and outcrossing perennials, and signifi-
cantly higher than that in the other Pedicularis species. Among the factors generating 
such high genetic diversity is the polyploid origin of this species. Additionally, sexual 
reproduction, the breeding system, and seed dispersal seem responsible for the pat-
terns of within-population spatial genetic structure. The moderate genetic differentia-
tion among populations (FST = 0.154) and the evidence of recent genetic admixture of 
populations, as well as genetic similarity among all investigated individuals suggested 
that gene flow may be relatively high and multi-directional, reflecting recent range 
expansion of the study species in Europe. I considered that the estimates of genetic 
differentiation supported the possibility of repeated colonization from different source 
populations.
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Introduction

The process of range expansion after the last 
glacial maximum in the northern biota of Eura-
sia and North America usually involved founder 
effects and loss of genetic variation (Hewitt 1996, 
2000). The geographically peripheral popula-
tions, or populations in recently inhabited areas, 
often showed lower levels of genetic variation 
as compared with populations from the centre 
of distribution or refugia (Lesica & Allendorf 
1995, Eckert et al. 2008). On the other hand, 
such reduced levels of genetic variation were not 
always found in marginal populations, and this 
fact could be explained by occasional repeated 
inter-population gene flow, such as in wind-polli-
nated tree species (Langerkrantz & Ryman 1990). 
In such cases, no clear spatial trends in within-
population genetic diversity across geographic 
species’ ranges can be expected. The existence 
of historical and contemporary gene flow is also 
a key factor that can prevent strong genetic 
differentiation among peripheral populations 
(Kirkpatrick & Barton 1997) and also allows 
the recovery of genetic diversity after a recent 
genetic bottleneck, founder effect and/or inbreed-
ing (Hansson et al. 2000, Keller et al. 2001).

However, the genetic diversity patterns in 
peripheral populations also depend on other fac-
tors, including the type of reproduction, breeding 
systems, seed dispersal, population size as well 
as habitat fragmentation, environmental hetero-
geneity and human activity (Jump & Peñuelas 
2006, Bizoux & Mahy 2007). Alsos et al. (2012) 
stressed that loss of genetic diversity in plants 
with a northern distribution range due to climate 
warming depends on dispersal adaptations and 
the growth forms of the plant species. The short 
distance-dispersed herbs are expected to enter 
the extinction vortex more rapidly than the long 
distance-dispersal woody species. Both theoreti-
cal and empirical studies also showed that habitat 
fragmentation can erode the genetic diversity 
of populations due to decreased population size 
and inter-population connectivity (Johansson et 
al. 2007). After fragmentation, small populations 
and lower genetic diversity lead to genetic drift, 
higher risks of inbreeding, lower evolutionary 
potential and, consequently, to higher risk of 
extinction (Young et al. 1996). Therefore, knowl-

edge on species traits and population history may 
thus help us forecast which species are at risk.

Pedicularis sceptrum-carolinum (Oroban-
chaceae), moor-king, is a hemiparasitic spe-
cies with a strongly fragmented geographic 
range in Eurasia (Fig. 1) due to the restricted 
distribution of mesotrophic mires and human 
activity (Minayeva et al. 2009). It reaches the 
limit of its continuous distribution in Europe, 
and isolated, island-like populations are scat-
tered in the Alps and Carpathians, as well as 
in the central part of the continent. The natu-
ral habitats of P. sceptrum-carolinum include 
the shores of oligotrophic lakes, rivers, peat-
covered areas and moist meadows (Stoicovici 
1984). Due to changes in land-use practices and 
natural succession on peatlands, natural habi-
tats of P. sceptrum-carolinum are decreasing in 
Europe (Magnes 2003). As a result, the Euro-
pean populations are often small (1–100 indi-
viduals per population) and isolated from each 
other. This species is classified as extinct (Holub 
& Procházka 2000), or as extremely rare and 
endangered in red data books and red data lists in 
Europe (Maglocký & Ferákowá 1993, Ludwig & 
Schnittler 1996, Niklfeld & Schratt-Ehrendorfer 
1999, Kaźmierczakowa & Zarzycki 2001, Mirek 
et al. 2006).

According to Krogulevich (1976), as well 
as Saggoo and Srivastava (2009), the species 
is a tetraploid, with the somatic chromosome 
number 2n = 4x = 32. A division to subspecies 
has been proposed for P. sceptrum-carolinum 
(Li 1949, Hong et al. 1998). In this paper, the 
investigated samples represented P. sceptrum-
carolinum subsp. spectrum-carolinum.

The surveys of Macior (1982) and Macior 
and Tang (1997) showed that Pedicularis spe-
cies all over the world are pollinated almost 
exclusively by bumblebees. Pedicularis scep-
trum-carolinum’s flower structure is different 
from the other Pedicularis species and promotes 
pollination by insects. The upper and the lower 
lip adhere to one another, and they are slightly 
overlapping (Fig. 2). Only the strongest insects 
are able to push the lower lip down to get to the 
nectar at the bottom of the tube, or to the pollen. 
The fact that the flowers are so difficult for most 
insects to get inside is probably why it has such 
poor seed production. Kampny (1995) stated 
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that different strategies, such as dichogamy, 
have evolved to encourage cross-pollination in 
P. sceptrum-carolinum. My own observations 
(unpubl. data) of the Polish populations con-
firmed that vegetative reproduction was possible 
but occurred rarely. Adventitious buds grow at 
the bottom of the shoot as daughter plants, form-
ing small clumps.

Here, I employ AFLP molecular markers to 
test the hypothesis that the highly fragmented 
and small P. sceptrum-carolinum populations at 
the western edge of its range (central Europe, 
Poland) will reveal general patterns of low 
genetic diversity within and restricted gene flow 
among them. Furthermore, despite the flower 
structure of this species promoting outcrossing, 
the populations could be vulnerable to a loss 
of genetic diversity if selfing and/or bi-parental 
inbreeding increased due to habitat isolation and 
small population sizes. Because of inbreeding 
and limited seed dispersal, kinship groups of 
individuals can also be established at the popula-
tion scale. Finally, I conclude with a discussion 
of the conservation strategies for the western 
peripheral P. sceptrum-carolinum populations.

Material and methods

Plant material

The study was based on samples comprising 
67 individuals representing four populations 
(tagged EPI–EPIV) of P. sceptrum-carolinum 
in Poland (Table 1 and Fig. 1). Despite the fact 

that P. sceptrum-carolinum rarely regenerates 
clonally, one leaf sample was taken from clumps 
and/or from single shoots within each population 
in order to avoid the effects of population sub-
structure. In Poland the areas covered by P. scep-
trum-carolinum populations vary greatly, from 

EPIIEPI

EPIV EPIII

0 1000 km

Fig. 1. Locations of the 
sampled populations of 
Pedicularis sceptrum-
carolinum (triangles, for 
the population codes see 
Table 1), geographical 
range of the species (dark 
shading), marginal island 
populations (black dots) 
and maximum extent of 
ice sheet during the last 
glacial maximum (dotted 
lines).

Fig. 2. Flowering shoot of Pedicularis sceptrum-caroli-
num with the upper and lower lips of the flower adhered 
to one another, slightly overlapping (A). Manually 
opened flower (B and C) with hidden anthers inside 
the upper lip (b1) and visible stigma outside the upper 
lip (b2).
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populations, each sample was mapped on the 
grid coordinate system, using measuring tapes, 
to calculate the distance from a reference point. 
Genomic DNA was extracted from dry leaf tis-
sues with the Genomic Mini AX Plant kit (A & 
A Biotechnology, Poland), and then the samples 
were genotyped for AFLP markers.

Open and hand pollination

Open and hand pollination treatments were per-
formed in the EPII population from July to 
August in 2011 (Table 2). I carried out one 
pollination experiment on open inflorescences 
and three pollination experiments on bagged 
inflorescences. The first treatment was (1) open 
pollination (n = 117 flowers), in which all insects 
had access to the flowers (open inflorescence 
without a nylon mesh bag). The three pollination 
treatments on the inflorescences bagged through-
out blooming were as follows: (2) spontaneous 
self-pollination (n = 53 flowers) to determine the 
probability of autogamy without the participation 
of pollinators (insects were excluded by a nylon 
mesh bag); (3) induced self-pollination (n = 13 
flowers) to indicate the presence and level of 
self-compatibility (hand pollination with pollen 
of the same flower); (4) induced xenogamy (n 
= 15 flowers) as cross pollination (hand pollina-
tion with the pollen of several other plants). The 
position of the flower on each inflorescence was 
numbered from the bottom up. In each flower 
in treatment 4, anthers were removed before 
hand pollination to prevent self-pollination. Pol-
lination was done quickly after emasculation to 
avoid the influence of pollinia removal on fertili-
zation potential. All inflorescences were quickly 
rebagged after the 2nd, 3rd and 4th treatments. 
The fruit set consistency is a commonly used cri-

Table 1. Characteristics of four Pedicularis sceptrum-carolinum populations (AFLP loci) at the western periphery of 
the species’ range (Poland). No. = population number, N = approximate population size (individuals), n = number of 
samples analyzed, Fragpoly = proportion of polymorphic fragments, I = Shannon’s diversity index (± SD).

No.	 Location	C ode	 N	 n	 Fragpoly (%)	 I (± SD)

1	C hełm	E PI	 ~14	 10	 46.7	 0.220 (± 0.254)
2	 Lipsk	E PII	 ~30	 20	 54.6	 0.231 (± 0.269)
3	 Wigry	E PIII	 ~30	 18	 54.3	 0.239 (± 0.225)
4	 Wólka Bodzechowska	E PIV	 ~50	 19	 51.7	 0.241 (± 0.260)

Fig. 3. Population areas and spatial distribution of 
individuals within four Pedicularis sceptrum-carolinum 
populations (black dot = shoot).

one patch of extremely small size, ca. 6–25 m2 
(EPII–EPIV) to ca. 100 m2 (EPI) (Fig. 3). In all 
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terion to estimate reproductive success in plants. 
Because of the low number of flowering shoots 
in the EPII populations (18 in 2011), all shoots 
were taken into the pollination treatments.

AFLP procedure

I followed the AFLP procedure by Vos et al. 
(1995), but modified it according to the Applied 
Biosystems protocol (AFLPTM Plant Mapping). 
First, 12 primer pair combinations were tested in 
four selected samples. The fluorescence-labelled 
selective amplification products were mixed with 
500 Liz labelled size standard (Applied Biosys-
tems) and run on an ABI 3130. From this analy-
sis, I chose three primer combinations that gave 
polymorphic, clear, reproducible fragments of 
homogeneous intensity (i.e. EcoR1-ACA/MseI-
CAC; EcoR1-AGC/MseI-CAG; EcoR1-ACG/
MseI-CAA). Variable fragments in the 70–500 
bp size range were scored as present (1) or absent 
(0) using GENEMAPPER 4.0 (Applied Bio-
systems). To test the repeatability of the AFLP 
results, three individuals from each population 
were completely replicated starting from the 
restriction/ligation reaction of AFLP. Potential 
resampling of clones was checked with AFLPdat 
R-script (Ehrich 2006), but was of insignificant 
importance and thus not corrected for.

AFLP analysis

To infer population structure and assign indi-
viduals to populations I used the model-based 
clustering method described by Pritchard et al. 
(2000), as implemented in STRUCTURE ver. 
2.3.3. The AFLP data sets were coded with a 

top row indicating 1 as the recessive allele in 
STRUCTURE 2.3.3 available also for studies 
using dominant markers for polyploids (Falush 
et al. 2007). In this study, the data were analyzed 
with an admixture model with correlated allele 
frequencies, elaborated by Falush et al. (2003). 
Ten replicates were run for all possible values 
of the maximum number of clusters (K) up to K 
= 4. Following the recommendations of Evanno 
et al. (2005), I calculated the ad hoc statistic ΔK 
based on the rate of change in the log likelihood 
of data between consecutive K values. All runs 
were based on 500 000 iterations after a burn-in 
of 100 000 iterations. The STRUCTURE assign-
ment test takes into account the source popula-
tion of the sample. I set the option GENSBACK 
= 3, which would test each individual for evi-
dence of ancestry from any of the four popula-
tions for three generations. I set MIGRPRIOR= 
0.001, which assumes that the probability of a 
sample’s ancestry being strictly from its prede-
fined population is very high (0.999).

In order to assess levels of genetic diversity, 
I calculated the percentage of polymorphic frag-
ments (Fragpoly) and Shannon’s diversity index 
as I = –Σ(pilnpi). This value was then averaged 
over the polymorphic loci. The FST-statistics of 
the four P. sceptrum-carolinum populations from 
Poland were compared using AMOVA using 
ARLEQUIN ver. 3.1 (Excoffier et al. 2005). 
Ninety-five percent confidence intervals were 
calculated for all FST-statistics by bootstrap re-
sampling (9999 replicas). Genetic relationships 
among the 67 individuals were identified by 
principal component analysis (PCA) plotted with 
MVSP 3.0 (Kovach 1999). I tested the dif-
ferences in average values of PC1 and PC2 
between populations by one-way ANOVA with 
STATSOFT 5.0 (StatSoft Inc., Tulsa).

Table 2. Open pollination and hand pollination treatments in the EPII population of Pedicularis sceptrum-carolinum 
at the western periphery of its range (year 2011).

	 Open	 Spontaneous	 Induced	 Induced
	 pollination	 autogamy	 autogamy	 xenogamy

Examined inflorescences	 9	 5	 2	 2
Examined flowers	 117	 53	 13	 15
Number of flowers (± SD) per inflorescence	 13.0 ± 8.3	 10.6 ± 4.8	 6.5 ± 3.5	 7.5 ± 4.9
Number of fruits	 20	 0	 10	 12
Fruit set value (± SD, %)	 17.0 ± 3.1	 0 ± 0.0	 77.0 ± 2.8	 80.0 ± 2.8
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I also examined the relationships between 
genetic distances on the basis of the AFLP data, 
and spatial distances between each pairwise 
combination of individuals within the four popu-
lations. I calculated the similarity coefficient fol-
lowing the method of Nei and Li (1979), which 
is based on that of Dice (1945). The Dice coeffi-
cients (D) were calculated using NTSYS ver. 2.0 
(Rolf 1997) and then converted into distances as 
1 – D. A Mantel test for correlations of genetic 
and spatial distances between individuals within 
each of the four populations was then performed 
using GENALEX ver. 6. In this work, the dis-
tances were dependent on the area of the popula-
tions, and therefore 10-m intervals were selected 
in EPI, 0.2-m intervals in EPII, and 1-m intervals 
in the EPIII and EPIV populations.

Results

Hand pollination

Fruit set was noted only after open pollination, 
induced autogamy and induced xenogamy, but 
the rate of fruit set varied greatly among these 
treatments in the EPII population (Table 2). 
There was no fruit set from spontaneous auto-
gamy (Table 2). The rate of fruit set in the open 
pollinated plants was relatively low (17%) in 
2011. High rates of fruit set following induced 
autogamy (77%) and induced xenogamy (80%) 
were noted during one year of observation.

Population genetic structure

The AFLP analysis included 280 loci. The error 
rate was 3.1%. Stepwise clustering performed in 
STRUCTURE separated the samples into two 

groups. At K = 2, clusters were not distinguished 
geographically or genetically from each other, 
but specimens from almost all populations rep-
resented a mixture of two diverse genetic back-
grounds (Fig. 4). In the assignment analysis, 54 
(85%) of the total of 67 individuals had recent 
ancestry only within their predefined popula-
tions. Thirteen individuals (three individuals in 
EPI, 5 in EPII, 2 in EPIII and 3 in EPIV) had a 
high probability (p < 0.001) of mixed ancestry.

There was a high percentage of polymorphic 
fragments (Fragpoly = 46.7%–54.6%) and Shan-
non’s diversity index (I = 0.241–0.222) was 
high too (Table 1). Each population had unique 
multilocus genotypes. An AMOVA indicated 
that variation among all populations was moder-
ate (FST = 0.154), and all variance components 
were significantly greater than zero based on the 
permutation tests. The highest FST (0.211) was 
between EPI and PPII, and the lowest (0.130) 
between EPII and EPIII, located in northeast-
ern Poland. As shown by AMOVA, the genetic 
variation partitioned within the four populations 
(84.5%, p < 0.001) was higher than among them 
(15.5%, p < 0.001). The Mantel test indicated 
a lack of relationship between genetic and geo-
graphic distances among the populations. PCA 
ordination, including all individuals, showed 
that in EPIV and EPIII multilocus genotypes 
had a non-random distribution and formed clear 
groups (Fig.  4). The genotypes from EPI and 
EPII mixed with each other and occupied a dif-
ferent plot in the PCA diagram. In PCA analysis 
the first factor explained 15.3% and the second 
8.7% of overall variance (p < 0.05, Fig. 5).

On the smaller population spatial scales, 
weak relationships between genetic and spatial 
distances among pairs of individuals were found 
in two (EPIII and EPIV) out of the four popula-
tions (see Fig. 6).
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0.2

0
EPI EPII EPIII EPIV

Fig. 4. Bayesian clustering 
result for the Pedicularis 
sceptrum-carolinum popu-
lations (for K = 2, each 
individual is represented 
by a vertical line parti-
tioned into K segments), 
generated by STRUC-
TURE software calculated 
from AFLP markers.



Ann. BOT. Fennici  Vol. 50  •  Genetic diversity within populations of Pedicularis sceptrum-carolinum	 295

EPI EPII EPIII EPIV

–0.3

–0.1

0.1

–0.4

–0.5

–0.6

0.3

0.4

0.5

–0.1–0.3–0.4–0.5–0.6 0.1 0.3 0.4 0.5

PC1 (15.3%, p > 0.05)

P
C

2 
(8

.7
%

, p
 >

 0
.0

5)
Fig. 5. Principal compo-
nent analysis (PCA) plot 
showing the genetic dis-
tances among 67 Pedicu-
laris sceptrum-carolinum 
individuals from popula-
tions EPI–EPIV. P values 
for PC1 and PC2 axes 
were obtained using one-
way ANOVA.

Fig. 6. Relationships between the Dice genetic dis-
tance and the spatial distance within four populations, * 
p < 0.05, ** p < 0.001. (D = Dice coefficient).
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Discussion

The fragmentation and decrease of the size of 
P. sceptrum-carolinum populations at the west-
ern edge of the geographic range in Europe is 
occurring faster now than at any time in the past 
due to human activities (i.e. land melioration) 
rather than climatic changes (Magnes 2003; D. 
Wołkowycki pers. comm.). Despite the strong 
isolation between the four investigated popula-
tions (ca. 35–350 km), and irrespective of the 
small population sizes (14–50 individuals) and 
areas (6–100 m2), they preserved relatively high 
genetic diversity (Fragpoly = 46.7%–54.6%, I = 
0.222–0.241) in comparison with other peren-
nial and outcrossing polyploid species (Nybom 
2004). The diversity was also higher than in 
the other Pedicularis species studied so far. In 
P. dasyantha, the percentage of polymorphic 
loci (P) was 3% and the expected heterozygos-
ity (He) was 0.016 (Odasz & Savolainen 1996); 
in P. lanata He was 0.028 (Philipp 1998); in P. 
palustris P was 43% (Schmidt & Jensen 2000); 
and in P. fubishiae P was 0% and He was 0.0 
(Waller et al. 2006). Among the factors gen-
erating such high genetic diversity is probably 
the polyploid origin of P. sceptrum-carolinum. 
In polyploid plants, the generally higher level 
of genetic diversity than in diploids is sup-
ported because of their different modes of inher-
itance, which can allow them to adapt quickly 
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to changing environmental conditions, reducing 
the genetic drift effect (Soltis & Soltis 2000). 
Interesting conclusions were drawn by Husband 
et al. (2008), who analysed autopolyploids. They 
found that autopolyploids had a significantly 
higher outcrossing rate than allopolyploids, and 
that autopolyploids often have mixed or out-
cross breeding systems. My own investigation 
(unpubl. data) of the karyotype of P. sceptrum-
carolinum initially confirmed that it is autotetra-
ploid, and its observed breeding system could be 
adequately captured in this model.

However, the four peripheral populations 
of this species appeared to be genotypically 
diverse, suggesting that clonal reproduction is 
rare and could instead occur on a small scale 
of a single maternal shoot. Therefore, within 
these peripheral populations, sexual reproduc-
tion, as well as the breeding system and seed 
dispersal, seem responsible for the patterns of 
within-population spatial genetic structure. The 
very high level of fruit set in the induced auto-
gamy and induced xenogamy experiments, and 
low fruit set from open pollination, showed that 
P. sceptrum-carolinum is a self-compatible but 
pollinator-dependent species. A spatial separa-
tion of the stigma and anthers (Fig. 2) but also 
temporal separation via protogyny was observed 
in the species by Kampny (1995). In the present 
study, after the spontaneous autogamy treatment, 
“automatic” intraflower self-pollination was not 
observed (0% of fruit set). On the other hand, a 
high rate of fruit set following induced autogamy 
(77%) and induced xenogamy (80%, treatments 
at the same time) was noted, which may suggest 
that there is no protogyny in this species. Most 
likely the spatial separation of stigma and anthers 
explains the lack of spontaneous autogamy but 
there still may be occasional selfing. Pollinators 
of P. sceptrum-carolinum, such as bumblebees, 
are known to visit many flowers within the same 
inflorescence (thus promoting geitonogamy; 
Harder & Barrett 1996). The pattern of the floral 
visitations of bumblebees also causes cross-pol-
lination, because bumblebees may also visit just 
one flower per plant and then fly to a flower of 
a different plant. This behaviour follows the 
model for the horizontal pollination sequence 
proposed by Harder and Wilson (1998). There-
fore, the fine-scale genetic results suggested a 

mixed-mating strategy within the P. sceptrum-
carolinum populations at the western periphery 
of its range, balancing between the share of 
outbreeding and/or of biparental inbreeding and/
or selfing. The breeding system together with 
limited dispersal has also contributed to the 
emergence of small kinship groups within popu-
lations (Vekemans & Hardy 2004). On the other 
hand, Ellstrand and Elam (1993) and Raijmann 
et al. (1994) reported that in animal-pollinated 
species, fragmentation may affect the breed-
ing system through changes in the behaviour of 
pollinators, with consequences for the pollen 
transfer which have been ascribed to small popu-
lation size, greater isolation and reduced density. 
As compared with wind-pollinated plants, spe-
cies dependent on pollinators can be more sus-
ceptible to the effects of habitat fragmentation 
because of their reliance on animal behaviour to 
reproduce (Llorens et al. 2011). Moreover, the 
number of flowering shoots is important because 
as populations shrink they become more suscep-
tible to suffering negative effects due to random 
events (Aguilar et al. 2008). Because of the lack 
of autofertility, P. sceptrum-carolinum, similar to 
P. palustris (Karrenberg & Jensen 2000), could 
be at risk of pollen limitation. Nevertheless, the 
high self-compatibility mechanism with a lack of 
autofertility in a few Pedicularis species (con-
trary to the other Pedicularis species in which 
autofertility and self-compatibility occur) might 
represent a phylogeographic constraint in this 
group (Karrenberg & Jensen 2000).

I detected moderate genetic differentiation 
among the populations (FST = 0.154), which 
indicates that gene flow among them was large 
enough to counteract the effects of genetic drift, 
in contradiction to the highest genetic differ-
entiation among P. palustris (FST = 0.05–0.89) 
and P. oederi (FST = 0.55) populations (Schmidt 
& Jensen 2000, Alsos et al. 2012). Moderate 
genetic differentiation among populations, the 
evidence of recent local genetic admixture for 
populations, as well as the genetic similarity of 
individuals suggested that gene flow may be rela-
tively high and multi-directional, reflecting the 
recent range expansion of P. sceptrum-carolinum 
in Europe. Alsos et al. (2012) stressed than seed 
dispersal adaptation appeared to be important in 
determining the rate of loss of genetic diversity 
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within plant species with a northern distribution. 
According to those authors, lower FST values 
were found in species with adaptation to long-
distance dispersal than in species lacking such 
adaptations. Pedicularis sceptrum-carolinum 
seeds (as also those of its congeners) do not have 
morphological adaptations to long-distance dis-
persal, but the fruits and shoots are occasionally 
grazed by animals, which may be vectors of long-
distance dispersal of seeds (Waller & Gawler 
1987; own unpubl. data). Obviously, low genetic 
differentiation among populations does not only 
depend on adaptation to long-distance dispersal 
of seeds, but also on factors such as colonization 
processes, formation and establishment of popu-
lations, habitat fragmentation, and environmental 
heterogeneity. This result contradicts those of 
Alsos et al. (2012), and low genetic differentia-
tion among the populations of P. sceptrum-caro-
linum is more surprising because during the last 
decade a strong decline in the population num-
bers and sizes has been observed in the whole 
Poland. Moreover, their genetic structure is not 
concordant with other marginal plant popula-
tions where founder effects (Pérez-Collazos et al. 
2009, Lewandowska-Sabat et al. 2010, Lauter-
bach et al. 2011) or ‘leading edge’ model of colo-
nization were observed (Hampe & Petit 2005). I 
consider that estimates of genetic differentiation 
were presented as relative measures of connectiv-
ity between patterns of single and rarely repeated 
colonization from the different source popula-
tions. Because of the strong geographic isolation 
of these populations, and the unique multilocus 
genotypes in each of them, they can act as dis-
crete genetic units at the present time.

Although I found that genetic diversity 
was relatively high within the western periph-
eral populations of P. sceptrum-carolinum, the 
decline in the number and size of its populations 
is a common phenomenon in the whole Europe 
and Asia. The loss of its natural habitats and 
natural succession in the patches occupied by 
the species is a problem. Knowledge of its biol-
ogy is still scarce, and therefore many questions, 
especially about the relationships between the 
host plants and this hemiparasite within differ-
ent habitats, as well as the longevity of the seed 
bank, are still unanswered. Managing the popu-
lations of P. sceptrum-carolinum, as also those 

of P. palustris, by cutting regimes can lead to the 
conservation of its typical habitats (Schmidt & 
Jensen 2000), and at the present time that can be 
considered the most appropriate method for the 
protection of this endangered plant.

Acknowledgments

I thank Emilia Brzosko, Alicja Buczek, Edyta Jermakowicz, 
Wiaczesław Michalczuk, Renata Piwowarczyk, Izabela Tała-
łaj and Dan Wołkowycki, who helped to collect samples in 
Poland, as well as Beata Ostrowiecka for technical assist-
ance in the laboratory. This research was funded by a grant 
from the Polish Ministry of Science and Higher Education 
(NN303 366135).

References

Aguilar, R., Quesada, M., Ashworth, L., Herrerias-Diego, Y. 
& Lobo, J. 2008: Genetic consequences of habitat frag-
mentation in plant populations: susceptible signals in 
plant traits and methodological approaches. — Molecu-
lar Ecology 17: 5177–5188.

Alsos, I. G., Ehrich, D., Thuiller, W., Eidesen, P. B., Tribsch, 
A., Schönswette, P., Lagaye, C., Taberlet, P. & Broch-
mann, C. 2012: Genetic consequences of climate change 
for northern plants. — Proceedings of the Royal Society 
B 279: 2042–2051.

Bizoux, J. P. & Mahy, G. 2007: Within-population genetic 
structure and clonal diversity of a threatened endemic 
metallophyte, Viola calaminaria (Violaceae). — Ameri-
can Journal of Botany 94: 887–895.

Hong, D., Yang, H., Jin, C. & Holmgren, N. H. 1998: Scro-
phulariaceae. — In: Wu, Z. & Raven, P. H. (eds.), Flora 
of China, vol. 18: 1–212. Missouri Botanical Garden 
Press, St. Louis.

Dice, L. R. 1945: Measures of the amount of ecologic asso-
ciation between species. — Ecology 26: 297–302.

Eckert, C. G., Samis, K. E. & Lougheed, S. C. 2008: Genetic 
variation across species’ geographic ranges: the central-
marginal hypothesis and beyond. — Molecular Ecology 
17: 1170–1188.

Ehrich, D. 2006: AFLPdat: a collection of R functions for 
convenient handling of AFLP data. — Molecular Ecol-
ogy Notes 6: 603–604.

Ellstrand, N. C. & Elam, D. R. 1993: Population genetic 
consequences of small population size: implications for 
plant conservation. — Annual Review of Ecology and 
Systematics 24: 217–242.

Evanno, G., Regnaut, S. & Goudet, J. 2005: Detecting the 
number of clusters of individuals using the software 
Structure: a simulation study. — Molecular Ecol-
ogy 14: 2611–2620.

Falush, D., Stephens, M. & Pritchard, J. K. 2003 Inference 
of population structure using multilocus genotype data: 



298	 Wróblewska  •  Ann. BOT. Fennici  Vol. 50

linked loci and correlated allele frequencies. — Genetics 
164: 1567–1587.

Excoffier, L., Laval, G. & Schneider, S. 2005: ARLEQUIN 
(version 3.0): an integrated software package for popula-
tion genetics data analysis. — Evolutionary Bioinfor-
matics Online 1: 47–50.

Hampe, A. & Petit, R. J. 2005: Conserving biodiversity under 
climate change: the rear edge matters. — Ecological Let-
ters 8: 461–467.

Hansson, B., Bensch, S., Hasselquist, D., Lillandt, B. G., 
Wennerberg, L. & von Schantz, T. 2000: Increase of 
genetic variation over time in a recently founded popula-
tion of great reed warblers (Acrocephalus arundinaceus) 
revealed by microsatellites and DNA fingerprinting. — 
Molecular Ecology 9: 1529–1538.

Harder, L. D. & Barrett, S. C. H. 1996: Pollen dispersal 
and mating patterns in animal-pollinated plants. — In: 
Lloyd, D. G. & Barrett, S. C. H. (eds.), Floral biology: 
studies on floral evolution in animal-pollinated plants: 
140–190. Chapman & Hall, New York.

Harder, L. D. & Wilson, W. G. 1998: Theoretical conse-
quences of heterogeneous transport conditions for pollen 
dispersal by animals. — Ecology 79: 2789–2807.

Hewitt, G. M. 1996: Some genetic consequences of ice ages, 
and their role in divergence and speciation. — Biologi-
cal Journal of the Linnean Society 58: 247–276.

Hewitt, G. M. 2000: The genetic legacy of the Quaternary ice 
ages. — Nature 405: 907–913.

Husband, B. C., Ozimec, B., Martin, S. L. & Pollock, L. 
2008: Mating consequences of polyploid evolution in 
flowering plants: current trends and insights from syn-
thetic polyploids. — International Journal of Plant Sci-
ence 169: 195–206.

Johansson, M., Primmer, C. R. & Merilä, J. 2007: Does 
habitat fragmentation reduce fitness and adaptability? A 
case study of the common frog (Rana temporaria). — 
Molecular Ecology 16: 2693–2700.

Jump, A. S. & Peñuelas, J. 2006: Genetic effects of chronic 
habitat fragmentation in a wind-pollinated tree. — Pro-
ceedings of the National Academy of Sciences U.S.A. 
103: 8096–8100.

Kampny, C. M. 1995: Pollination and floral diversity in 
Scrophulariaceae. — Botanical Review (Lancaster) 61: 
350–366.

Karrenberg, S. & Jensen, K. 2000: Effects of pollination and 
pollen source on the seed set of Pedicularis palustris. — 
Folia Geobotanica 35: 191–202.

Kaźmierczakowa, R. & Zarzycki, K. 2001: Polska czerwona 
księga roślin. — Instytut Botaniki im. Władysława Sza-
fera, PAN, Kraków.

Keller, L. F., Jeffery, K. J. & Arcese, P. 2001: Immigration 
and the ephemerality of a natural population bottleneck: 
evidence from molecular markers. — Proceedings of the 
Royal Society B 268: 1387–1394.

Kirkpatrick, M. & Barton. N. H. 1997: Evolution of a spe-
cies’ range. — American Naturalist 150: 1–23.

Kovach, W. L. 1999: MVSP — a multivariate statistical 
package for Windows ver. 3.1. — Kovach Computing 
Service, Pentraeth.

Krogulevich, R. E. 1976: Chromosome numbers of plant spe-

cies from the Tunkinsky Alps (East Sayan). — News of 
Siberian Branch, USSR Academy of Science, Biologica 
15: 46–52.

Lagercrantz, U. & Ryman, N. 1990: Genetic structure of 
Norway spruce (Picea abies): concordance of morpho-
logical and allozymic variation. — Evolution 44: 38–53.

Lauterbach, D., Ristow, M. & Gemeinholzer, B. 2011: 
Genetic population structure, fitness variation and the 
importance of population history in remnant populations 
of the endangered plant Silene chlorantha (Willd.) Ehrh. 
(Caryophyllaceae). — Plant Biology 13: 1–11.

Lesica, P. & Allendorf, F. W. 1995: When are peripheral 
populations valuable for conservation? — Conservation 
Biology 9: 753–760.

Lewandowska-Sabat, A. M., Fjellheim, S. & Rognli, O. 
A. 2010: Extremely low genetic variability and highly 
structured local populations of Arabidopsis thaliana at 
higher latitudes. — Molecular Ecology 19: 4753–4764.

Li, H. 1949: A revision of the genus Pedicularis in China. 
II. — Proceedings of the Academy of Natural Sciences of 
Philadelphia 101: 1–214.

Llorens, T. M., Byrne, M., Yates, C. J., Nistelberger, H. M. & 
Coates, D. J. 2012: Evaluating the influence of different 
aspects of habitat fragmentation on mating patterns and 
pollen dispersal in the bird-pollinated Banksia sphaero-
carpa var. caesia. — Molecular Ecology 21: 314–328.

Ludwig, G. & Schnittler, M. 1996: Rote Liste gefährdeter 
Pflanzen Deutschlands. Schriftenreihe für Vegetations-
kunde. Heft 28. — Bundesamt für Naturschutz, Bonn–
Bad Godesberg.

Macior, L. W. 1982: Plant community and pollinator dynam-
ics in the evolution of pollination mechanisms in 
Pedicularis (Scrophulariaceae). — In: Armstrong, J. A., 
Powell, J. M. & Richards, A. J. (eds), Pollination and 
evolution: 29–45. Royal Botanic Gardens, Sydney.

Macior, L. W. & Tang, Y. 1997: A preliminary study of the 
pollination ecology of Pedicularis in the Chinese Hima-
laya. — Plant Species Biology 12: 1–7.

Maglocký, Š. & Feráková, V. 1993: Red list of ferns and 
flowering plants (Pteridophyta and Spermatophyta) of 
the flora of Slovakia (the second draft). — Biologia, 
Bratislava 48: 361–385.

Magnes, M. 2003: Maßnahmen- und Pflegeplan für das Edla-
cher Moor (Paltental) zur Erhaltung des Standortes des 
Karlsszepters (Pedicularis sceptrum-carolinum,  Scro-
phulariaceae) und der Strauchbirke (Betula humilis, 
Betulaceae). — Studie im Auftrag der Steiermärkischen 
Landesregierung, Fachabteilung 13C Naturschutz, Refe-
rat 2, Nationalpark und Naturparke: 1–17.

Minayeva, T., Sirin, A. & Bragg, O. 2009: A quick scan of 
peatlands in central and eastern Europe. — Wetlands 
International, Wageningen.

Mirek, Z., Zarzycki, K., Wojewoda, W. & Szeląg, Z. 2006: 
Czerwona lista roślin i grzybów Polski. — Instytut Bota-
niki PAN, Kraków.

Nei, M. & Li, W. H. 1979: Mathematical model for studying 
genetic variation in terms of restriction endonucleases. 
— Proceedings of the National Academy of Sciences 
U.S.A. 76: 5269–5273.

Niklfeld, H. & Schratt-Ehendorfer, L. 1995: Rote Liste 



Ann. BOT. Fennici  Vol. 50  •  Genetic diversity within populations of Pedicularis sceptrum-carolinum	 299

der gefährdeten Farn- und Blütenpflanzen (Pteridophyta 
and Spermatophyta) Österreichs. — In: Niklfeld, H. 
(ed.), Rote Liste der gefährdeten Pflanzen Österreichs: 
33–152. Austria Medien Service, Graz.

Nybom, H. 2004: Comparison of different nuclear DNA 
markers for estimating intraspecific genetic diversity in 
plants. — Molecular Ecology 13: 1143–1155.

Odasz, A. M. & Savolainen, O. 1996: Genetic variation in 
populations of the arctic perennial Pedicularis dasyan-
tha (Scrophulariaceae), on Svalbard, Norway. — Ameri-
can Journal of Botany 83: 1379–1385.

Pérez-Collazos, E., Sanchez-Gómez, P., Jiménez, J. F. & 
Catalán, P. 2009: The phylogeographical history of the 
Iberian steppe plant Ferula loscosii (Apiaceae): a test of 
the abundant-centre hypothesis. — Molecular Ecology 
18: 848–861.

Philipp, M. 1998: Genetic variation in four species of Pedic-
ularis (Scrophulariaceae) within a limited area in West 
Greenland. — Arctic and Alpine Research 30: 396–399.

Pritchard, J. K., Stephens, M. & Donnelly, P. 2000: Inference 
of population structure using multilocus genotype data. 
— Genetics 155: 945–959.

Raijmann, L. E. L., van Leeuwen, N. C., Kersten, R., Oost-
ermeijer, J. G. B., den Nijs, J. C. M. & Menken, S. B. J. 
1994: Genetic variation and outcrossing rate in relation 
to population size in Gentiana pneumananthe L. — Con-
servation Biology 8: 1014–1026.

Rohlf, F. J. 1997: NTSYS-PC numerical taxonomy and multi-
variate analysis system, ver. 2.0. — Exeter Publications, 
New York.

Saggoo, M. I. S. & Srivastava, D. K. 2009: Meiotic studies in 
some species of Pedicularis L. from cold desert regions 

of Himachal Pradesh, India (north-west Himalaya). — 
Chromosome Botany 4: 83–86.

Schmidt, K. & Jensen, K. 2000: Genetic structure and AFLP 
variation of remnant populations in the rare plant Pedic-
ularis palustris (Scrophulariaceae) and its relation to 
population size and reproductive components. — Ameri-
can Journal of Botany 87: 678–689.

Soltis, P. S. & Soltis, D. E. 2000: The role of genetic and 
genomic attributes in the success of polyploids. — Pro-
ceedings of the National Academy of Sciences U.S.A. 97: 
7051–7057.

Stoicovici, L. 1984: Interspecific relationships of the glacial 
relics Swertia perennis L. and Pedicularis sceptrum-caro-
linum L. in a Rumanian fen. — Vegetatio 56: 139–145.

Vekemans, X. & Hardy, O. J. 2004: New insights from fine-
scale spatial genetic structure analyses in plant popula-
tions. — Molecular Ecology 13: 921–935.

Vos, P., Hogers, R., Bleeker, M., Reijans, M., van de Lee, T., 
Hornes, M., Frijters, A., Pot, J., Peleman, J., Kuiper, M. 
& Zabeau, M. 1995: AFLP: a new technique for DNA 
fingerprinting. — Nucleic Acid Research 23: 4407–4414.

Waller, D. M., O’Malley, D. M & Galer, S. C. 1987: 
Genetic variation in the extreme endemic Pedicularis 
furbishiae (Scrophularaicaea). — Conservation Biology 
1: 335–340.

Williams, J. B. & Batzli, G. O. 1982: Pollination and dis-
persion of five species of lousewort (Pedicularis) near 
Atkasook, Alaska, U.S.A. — Arctic and Alpine Research 
14: 59–74.

Young, A., Boyle, T. & Brown, T. 1996: The population 
genetic consequences of habitat fragmentation for 
plants. — Trends in Ecology and Evolution 11: 413–418.

This article is also available in pdf format at http://www.annbot.net


