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Abstract
Plant species that are capable of propagating clonally are expected to be less vulnerable to habitat fragmentation due to their 
long life span. Cypripedium calceolus L. is a rare, clonal, long-lived orchid species. It has suffered marked decline because 
of habitat loss and fragmentation and over-collection, yet an IUCN report on this species does not regard fragmentation as a 
major threat to the species. We applied 13 nuclear microsatellites and cpDNA sequences to identify the patterns of population 
structure, genetic diversity and connectivity of six remnant local populations of C. calceolus in highly fragmented Gdańsk 
Pomerania region (N Poland). Despite severe (80%) loss of localities in the studied area we found that the local populations 
retain high levels of clonal (R 0.86–1) and genetic diversity  (He = 0.572). However, their differentiation is relatively high (FST 
= 0.132 for nuclear SSR and FST = 0.363 for cpDNA) despite close geographic proximity (0.6–57 km). Bayesian cluster-
ing classified populations according to their geographic origin with little admixture. Low genetic connectivity between the 
remnant populations shows that the current gene flow is too low to serve as a cohesive force in a fragmented habitat, which 
may impede a quick response to environmental change. The species’ ability to retain ancestral variation may help withstand 
fragmentation, but in the light of observed extirpation rate it should be rather considered as a factor that only delays local 
populations’ extinction. This leads to the conclusion that habitat loss and fragmentation should be regarded as a real threat 
to stability of C. calcelolus populations.

Keywords Habitat fragmentation · Population differentiation · Gen flow · Connectivity · Nuclear microsatellites · CpDNA · 
Cypripedium calceolus

Introduction

Human-induced habitat loss and fragmentation are serious 
threats to the viability of plant populations that may lead 
to their decline and extinction (Young et al. 1996; Young 
and Clarke 2000; Lienert 2004; Reed 2004; Ouborg et al. 
2006; Aguilar et al. 2006, 2008; Vranckx et al. 2012). The 
primary driver of this process is disintegration of large habi-
tats into small, often isolated patches that in consequence 
leads to overall reduction in population size and numbers. 
Erosion of genetic variation due to random genetic drift 
and inbreeding in populations of reduced size compromises 
their ability to respond to environmental changes and thus 
increases their risk of extinction (Reed 2004). Sensitivity to 
this process largely depends on a plant’s life history charac-
teristics (Herault and Honnay 2005; Honnay and Jacquemyn 
2007; Lindborg 2007; Lindborg et al. 2012). Plant species 
that are capable of propagating clonally are expected to be 
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less vulnerable to habitat fragmentation due to their long 
lifespan (e.g. Honnay and Bossuyt 2005; Bossuyt and Hon-
nay 2006; Van Geert et al. 2008). However, reduced sexual 
reproduction resulting from environmental changes (e.g., 
loss of pollinators or genetically compatible mates in frag-
mented habitats) may lead populations to shift towards a 
predominately clonal reproductive strategy (Barrett 2015; 
Lin et al. 2016). Due to a low frequency of seed production 
and dispersal, clonal plants may be less effective in spread-
ing into new habitat patches and respond more slowly to 
habitat change than non-clonal species, which may result in 
local extinction (Buckley and Frecleton 2010; Zobel et al. 
2010; Wiberg et al. 2016).

Yellow Lady’s slipper (Cypripedium calceolus L.) is an 
emblematic, clonal, outcrossing, orchid species that has suf-
fered a marked decrease in the localities and area occupied 
throughout its Eurasiatic range (Terschuren 1999). Although 
currently it is regarded as a least concern species according 
to the IUCN, in some countries it is included in the red list as 
a threatened species. Fragmentation among its populations at 
varying level of severity was observed in some countries but 
this process was not regarded as a major threat to the species 
(Rankou and Bilz 2014), mainly due to its wide distribution. 
Results of previous genetic studies on C. calceolus showed 
relatively high levels of polymorphism and clonal diversity 
as well as low or moderate levels of population differen-
tiation (Kull and Paaver 1997; Brzosko et al. 2002, 2009, 
2011; Gargiulo et al. 2018), which may support the claim 
that fragmentation has little effect on C. calceolus. However, 
authors attributed these features to persistence of residual 
diversity when the species had a more continuous distribu-
tion and pointed out that observed population differentiation 
may also be fragmentation related (Kull and Paaver 1997; 
Brzosko et al. 2011).

Gene flow, which often acts as a cohesive force in plant 
population, is rather negligible in C. calceolus due to con-
straints related to its pollination mechanisms, seed disper-
sal and germination. Fruit set is relatively low, frequently 
below 10% (Kull 1998; Nicole et al. 2005; Pedersen et al. 
2012; Brzosko et  al. 2017b). Although long-distance 
dispersal of its dust-like seeds is expected to occur (Fay 
et al. 2009), effective seed dispersal does not exceed 5 m 
(Brzosko et al. 2017b). C. calceolus also has high specific-
ity for mycorrhizal fungi which are necessary for germi-
nation in nature (Shefferson et al. 2005). Seeds germinate 
at a low rate after long (> 2–3 years) incubation times 
(Rasmussen and Pedersen 2011). This may make seedling 
recruitment rates very low, which is supported by usually 
low (< 10%) percentages of juvenile individuals in popula-
tions (Brzosko et al. 2002; Nicole et al. 2005). These char-
acteristics may negatively affect the ability of the species 
to migrate into new habitat patches in response to climate 

change and habitat fragmentation (Lindborg et al. 2012; 
Marini et al. 2012). Thus, the natural extirpation–colonisa-
tion dynamic of populations may be negatively affected by 
fragmentation, which may compromise their stability long 
before genetic factors become a threat to their persistence.

From nearly 400 localities of this species originally 
known in Poland, more than half are extinct (Piękoś-
Mirkowa and Mirek 2003; Kaźmierczakowa et al. 2014). 
Locally, the decrease can be even more dramatic. Based 
on the literature (from 1818 to 2003) and field studies 
(1993–2014) in Gdańsk Pomerania (northern Poland), we 
noted the extirpation of 21 out of 24 local populations 
(Markowski and Buliński 2004; Olszewski and Minasie-
wicz 2007). Extirpation directly connected with habitat 
loss accounted for only c. 20%, the rest was due to sto-
chastic events (Olszewski and Minasiewicz unpubl. res.), 
which may point to the strong indirect influences of habi-
tat fragmentation on the studied species. Detailed genetic 
study of fine-scale patterns of population connectivity in a 
highly fragmented landscape is needed to shed more light 
on the plant response to this increasingly common threat.

Despite the fact that the population genetics of C. cal-
ceolus was extensively studied previously, a combination 
of variable plastid and nuclear markers has never been 
applied to study populations within such a fine spatial 
scale and fragmentation context. Nuclear markers can 
detect both pollen flow and seed dispersal. Maternally 
inherited chloroplast genome of angiosperms reflects only 
seed gen flow (Birky 1995). Comparative analysis of both 
kinds of markers are widely used approaches for obtaining 
information on genetic structure resulting from different 
types of gene flow (i.e. pollen vs. seed flow; Ennos 1994; 
Petit et al. 2005) and may provide valuable information on 
genetic diversity, and population connectivity of endan-
gered species.

In this study we investigated the genetic diversity and 
fine-scale patterns of population genetic structure of six, 
highly fragmented populations of rhizomatous orchid C. 
calceolus within a narrow geographic area in Gdańsk 
Pomerania. We applied genetic markers with different 
modes of inheritance and mutation rates, namely nuclear 
microsatellite loci (SSR) and plastid DNA (cpDNA). The 
study addressed the following questions: (1) what is the 
level of clonal diversity and genetic diversity and their 
spatial distribution within and among remnant C. calceo-
lus populations in the Gdańsk Pomerania region?; (2) how 
have historic and contemporary events influenced the cur-
rent patterns of genetic structure?; (3) what is the relative 
contribution of seed versus pollen flow to gene flow, and 
what are the consequences of the observed dispersal pat-
terns for population connectivity in fragmented landscape?
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Methods

Study species

Cypripedium calceolus is a perennial orchid distributed 
mostly in boreal Eurasia (Cribb 1997). It grows in wood-
lands, rarely in open scrub, predominantly on calcareous 
soils (Cribb 1997; Kull 1999). Its big, yellow trap flowers 
offer no rewards to the insect. Plants are pollinated by small 
or medium-sized bees, but its pollination specificity is rather 
low (Nilsson 1979; Erneberg and Holm 1999; Antonelli 
et al. 2009). Like all orchids, it produces a large number of 
dust-like seeds that are capable of long-distance dispersal 
(Fay et al. 2009). The species can also reproduce asexually 
by means of rhizomes. C. calceolus is a long-lived species 
with longevity ranging from 25 to 100 years, depending on 
clump size (Kull 1988; Shefferson et al. 2001; Nicole et al. 
2005). However, its development till the first flowering may 
take 10 years, and it is dependent on symbioses with appro-
priate fungi (Shefferson et al. 2005).

Study site

The studies were conducted in Gdańsk Pomerania in north-
ern Poland. C. calceolus can only be found in three main 

geographic localities in the region, all of which are in frag-
mented forest patches (Olszewski and Minasiewicz 2007). 
Because we were interested in fine-scale patterns of genetic 
structure, we identified spatially isolated (> 0.5 km) rem-
nant patch as separate population. We identified six local 
populations: three (OL1, OL2, OL3) in Ostrzycki Las Nature 
Reserve, two (BK, JG) in Dolina Kulawy Nature Reserve 
and one (PR) in the vicinity of Prokowo village (Fig. 1a, b; 
Table 1). Both the Ostrzycki Las and Prokowo populations 
have been mentioned in literature since the end of nineteenth 
century, although the actual locations of C. calceolus patches 
in these forest complexes have changed over time (Schultze 
1919 after Abromeit et al. 1898–1940; Machnikowski and 
Fałtynowicz 1982; Olszewski and Minasiewicz, unpubl. 
res.) suggesting that an extirpation–colonization dynamic 
of the species is occurring in these locations. Three local 
populations of the studied species in Ostrzycki Las (average 
distance 1.5 km) were found in calciphilous beech woods. In 
2000, a new patch of C. calceolus was found in a c. 60 year 
old Picea abies (L.) H. Karst forest in Prokowo, in a place 
where improvement cutting coupled with ground layer dis-
turbance occurred a few years earlier (Minasiewicz, unpubl. 
res.). The local populations in Bukówki and Jezioro Głuche 
were not noted until 1980, in spite of extensive botanical 
studies conducted in the area (see Izydorek et al. 2008) and 
presence of suitable habitat. The population in Bukówki 

Fig. 1  a Location of Cypripedium calceolus populations in Gdańsk 
Pomerania. Location of extinct and present populations are marked 
with a cross and dot, respectively. Pie charts reflect the frequency of 
occurrence of each chloroplast haplotype in each population. Haplo-
type colours correspond to those shown in the median-joining net-
work of plastid DNA haplotypes; b The exact locations of C. cal-

ceolus patches in Ostrzycki Las (OL) population. c Median-joining 
network for plastid DNA haplotypes in C. calceolus. The haplotypes 
are indicated by the circles, the size of each circle being proportional 
to the observed frequency of each haplotype. The number of muta-
tions required to explain transitions among haplotypes is indicated 
along the lines connecting the haplotypes by cross hatches
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(BK) is located on the edge of Carpinion betuli forest type. 
Its establishment could have coincided with the site distur-
bance due to construction that led to deposition of lime-rich 
mud excavate in the surrounding area. It is 2.5 km away from 
the small population of the study species located on the SE-
facing, steep shore of Jezioro Głuche (JG) in a planted Pinus 
silvestris L. forest with Juniperus communis L. shrubs. Light 
conditions were relatively good for C. calceolus in all but 
OL1 and OL2 populations, where plants were overshadowed 
by adult Fagus sylvatica L.

Sample collection and DNA extraction

We sampled C. calceolus in all six extant local populations 
in the Gdańsk Pomerania region. The distances between 
populations ranged from 0.6 to 59 km, on average 23 km 
(Fig. 1a, b). Shoots were selected randomly for sampling 
within each local population according to Suzuki et  al. 
(2004). Leaf tips (each measuring 2 cm2) of the uppermost 
leaf were collected and dried in silica gel. A total of 166 
shoots were collected, ranging from 14 to 42 samples per 
local population (Table 1). All necessary permissions were 
obtained from the relevant authorities. Total genomic DNA 
was extracted with a CTAB-based method (Bekesiova et al. 
1999).

Molecular markers and genotyping assays

Samples of C. calceolus were sequenced for the accD-psal 
intergenic spacer (IGS) as described by Fay et al. (2009). 
The sequences were generated on an ABI 3720 automated 
capillary DNA sequencer. Finch TV (Geospiza) was used 
to edit the sequences, and the two complementary strands 
were assembled by AutoAssembler (ABI). All sequences 
were aligned by eye using SeaView v. 4 (Gouy et al. 2010). 
Sequences were deposited in GenBank under accession 
numbers KP902524–KP902531.

Samples of yellow lady’s slipper were also analyzed for 
diversity in species-specific 13 microsatellite loci (Online 
Resources S1; Minasiewicz and Znaniecka 2014). All 

polymerase chain reactions were conducted on an Eppen-
dorf NEXUS GX1 (Eppendorf) following the protocol of 
Minasiewicz and Znaniecka (2014). Microsatellite genotyp-
ing was performed using an ABI 3130 sequencer (Applied 
Biosystem) and LIZ-500 size standard (Applied Biosystem). 
Alleles were manually scored and genotypes were deter-
mined for each individual using GeneMarker (Soft Genet-
ics LLC).

Data analysis

Genetic diversity of sampled populations

Populations were characterized for diversity based on plastid 
DNA as gene diversity and the number of haplotypes and 
haplotype richness using CONTRIB program (Petit et al. 
1998) and were corrected for differences in sample size 
using the rarefaction method.

Nuclear microsatellite diversity of all sampled local 
populations was calculated as observed  (Ho) and expected 
 (He) heterozygosity, number of allele per locus (A), num-
ber of effective alleles per locus  (Ae) and the number of 
private alleles, which were calculated in GenAlEx v. 6.5 
(Peakall and Smouse 2012). Private allelic richness (PAR) 
were calculated in HP-RARE (Kalinowski 2005), which uses 
the rarefaction method (40 genes) to correct for sample size 
differences. The inbreeding coefficient FIS was calculated 
in FSTAT (Goudet 2001). Deviations from Hardy–Wein-
berg were tested in GenAlEx. Linkage disequilibrium (LD) 
was estimated in GENEPOP 4.2 (Rousset 2008). Standard 
Bonferroni correction was applied to obtain the proper sig-
nificance for multiple comparisons (Rice 1989). We used 
nonparametric Kruskal–Wallis test implemented in STATIS-
TICA v.10 software to test for differences in diversity indices 
between localities.

SSR viability and clonal diversity assessment

The existence of possible genotyping errors due to stutter-
ing, large allele dropouts, and null alleles was tested using 

Table 1  Details of sampling locations, the amount of area occupied 
by population, the estimates of population size (N), sample sizes for 
SSR and cpDNA in brackets (n), sample size after removal of likely 

clones (Ng), and genotypic richness (R) of the 6 local population of 
Cypripedium calceolus investigated in Gdańsk Pomerania

Local population Code Location Latitude (_N)/
longitude (_E)

Area  (m2) N n Ng R

Ostrzycki Las 1 OL1 Las Ostrzyki Nature Reserve 54.245/18.106 120 70 37 (9) 32 0.86
Ostrzycki Las 2 OL2 54.251/18.107 1000 80 23 (10) 21 0.91
Ostrzycki Las 3 OL3 54.251/18.085 400 80 20 (9) 20 1.00
Prokowo PR Prokowo 54.371/18.140 600 200 42 (10) 37 0.88
Jezioro Głuche JG Dolina Kulawy Nature Reserve 53.971/17.540 70 30 14 (10) 1 0.00
Bukówki BK 53.989/17.556 7000 400 30 (14) 30 1.00
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MICRO-CHECKER 2.2.3 (Van Oosterhout et al. 2004). 
In clonal plants, multilocus genotypes (MLG) may result 
from rhizome spread as well as different sexual reproduction 
events. To investigate this possibility we used the estima-
tor Psex (Arnaud-Haond et al. 2007b). We considered plants 
with identical multilocus SSR genotypes to originate from 
vegetative spread if Psex was < 0.05. These duplicate clonal 
samples were excluded from subsequent analyses of genetic 
diversity. Clonal diversity was assessed within each popu-
lation and across all populations by genotypic richness (R 
Dorken and Eckhert 2001). All calculations were conducted 
using GENECLONE 2.0 (Arnaud-Haond et al. 2007a).

Population differentiation and structure

The geographical structure of genetic variation in plastid 
DNA was analysed using a median-joining (MJ) network 
(Bandelt et al. 1999) based on haplotypes in NETWORK 
4.2.0.1. (http://www.fluxu s-engin eerin g.com). Ten indels 
(duplication events) were down weighted in the analysis.

Nuclear genetic differentiation among geographic popu-
lations was measured using pairwise FST and RST indices 
as calculated in ARLEQUIN v. 3.5 (Excoffier and Lischer 
2010). The statistical significance was tested using 10,000 
permutations. We employed locus-by-locus analysis of 
molecular variance (AMOVA) to partition within—and 
among-population genetic variation. Isolation by distance 
hypotheses of population differentiation were tested based 
on correlation of log pairwise geographic and genetic dif-
ferences (linearized genetic distance FST and  RST according 
to Slatkin 1995) based on plastid and nuclear markers using 
Mantel test (Mantel 1967). All calculations were carried on 
in the program ARLEQUIN v. 3.5 statistical significance 
was obtained with 10,000 permutations.

Population structure was also evaluated using Bayesian 
clustering methods in STRU CTU RE 2.3.3 (Pritchard et al. 
2010). Ten separate runs of STRU CTU RE were performed 
at each K (the number of putative genetically-defined popu-
lations) from 1 to 8 with a burn-in of 250,000 iterations 
and run-length of 1,000,000 Markov chain Monte Carlo 
(MCMC) iterations for each run. The admixture model 
assuming correlated allele frequencies was applied. The 
optimal K was determined by the Evanno method (DK) 
(Evanno et al. 2005) and the maximum likelihood method 
(Pritchard et al. 2000) using STRU CTU RE HARVESTER 
(Earl and von Holdt 2012). CLUMPP software (Jakobsson 
and Rosenberg 2007) was used to average results for each 
K value across runs, and summary barplots were built by 
the program DISTRUCT v.1.1 (Rosenberg 2004). To further 
understand the clustering patterns, genetic distance-based 
principal coordinate analysis (PCoA) was carried out using 
GenAlEx v. 6.5. This multivariate descriptive method is not 
dependent on any model assumption and can thus provide 

a useful validation of Bayesian clustering output (Patterson 
et al. 2006).

Demographic analyses

Genetic signatures of recent bottlenecks were tested using 
BOTTLENECK 1.2 (Cornuet and Luikart 1996; Piry et al. 
1999) with two-phase mutation model (TPM) recommended 
for microsatellite loci (Di Rienzo et al. 1994). For TPM, 70% 
of mutations were defined as following a stepwise mutation 
model running 1000 replications. The significance of the 
tests was assessed using the Wilcoxon sign-rank test, which 
is the most appropriate test when fewer than 20 microsatel-
lite loci are used (Piry et al. 1999).

To identify individuals that were immigrants into their 
sampled location or were of admixed ancestry we run STRU 
CTU RE analysis with K = 4 and prior population informa-
tion (USEPOPINFO option) and set GENSBACK = 2 (it 
assesses ancestry up to two generations back) (Pritchard 
et al. 2010). The number of burn-in iterations, and the total 
run length were the same as in the previous analysis. Indi-
viduals were considered residents if q > 0.8 for the area 
where they were sampled.

We estimated the ratio of pollen migration (mp) to seed 
migration (ms) following the protocol of Petit et al. (1992) 
using the formula:

where FSTc is cytoplasmic variation among sites and FSTn is 
nuclear variation among sites.

Results

Discrimination of individuals

Samples (166) from six C. calceolus local populations were 
successfully amplified and examined. Thirteen nuclear 
microsatellite loci yielded 77 alleles in total. No loci showed 
the existence of null alleles. The analysis revealed 141 dis-
tinct MLGs present in the dataset. The lowest clonal diver-
sity (R) was noted in JG—the smallest local population both 
in the number of aerial shoots (30) and area occupied. In the 
remaining populations, clonal diversity was high and ranged 
from 1 in BK and OL3, where all the sampled plants repre-
sented different MLGs, to 0.86 in OL1 (Table 1). The  Psex 
value of putative clones in all the populations studied were 
below 0.05 and were considered as having originated from 
vegetative spread, and they were omitted from subsequent 
analyses.

mp

ms

=

[

2
(

1∕FSTc − 1
)

−
(

1∕FSTn − 1
)]

(

1 − 1∕FSTc

) ,

http://www.fluxus-engineering.com
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Plastid and nuclear diversity of sampled 
populations

Eight haplotypes were identified (Fig. 1c) by the combina-
tion of the alleles for the 12 different loci based on vari-
ation within accD-psaI IGS (Online Resources Table S2, 
Table S3) in 62 individuals representing six local popula-
tions of C. calceolus. The local populations had from one to 
three haplotypes (Fig. 1a, b), and they differed in the levels 
of diversity based on haplotype richness (HR 0.000–1.978) 
and haplotype diversity. However, when calculations were 
based on three geographic populations, the level of diversity 
was similar (HR 2.000–2.712 and HD 0.689–0.741).

All studied populations of C. calceolus exhibited similar, 
relatively high level of nuclear genetic diversity (Table 2), 
except JG, in which all sampled shoots represented ramets 
of the same genetic individual. All loci were polymorphic 
with mean observed (Ho = 0.587) and expected (He = 0.572) 
heterozygosity, when JG was excluded from the calculations. 
Furthermore, populations did not differ significantly in their 
calculated diversity indices. However, the number of unique 
alleles and allelic richness after rarefaction differed among 
populations: OL3 (0.55), BK (0.22), OL2 (0.12) and PR 
(0.08). All inbreeding coefficients were low and non-signif-
icantly different from zero except in JG (Table 2).

Neither the global test for Hardy–Weinberg equilib-
rium nor population-level tests revealed any deviation 
from Hardy–Weinberg equilibrium. However, departure 
from the H-W rule was significant at two loci after Bon-
ferroni correction when all three patches from Ostrzycki 
Las were merged, but remained non-significant when only 
OL2 and OL3 were joined, which indicated some sub-
structuring of OL. Several locus pairs showed evidence of 
linkage disequilibrium in three local populations: in OL1 
(Ccal_19–Ccal_25, Ccal_25–Ccal_48, Ccal_25–Ccal_34), 
OL2 (Ccal_9–Ccal_25, Ccal_25–Ccal_50, Ccal_24–Ccal_48) 
and PR (Ccal_7–Ccal_24). Since no consistent pairs of loci 
were linked, all loci were treated as independent because 
any apparent linkage was probably population-specific (see 
Frankham et al. 2002; Zartman et al. 2006).

Population differentiation and structure

A haplotype network based on plastid DNA revealed differ-
ences among populations. Only three of eight haplotypes 
(H1, H2, H3) were shared among local populations, with 
OL sharing three of the four identified haplotypes with other 
populations. BK had all three unique ones. High genetic dif-
ferentiation was observed across populations (FST = 0.363). 
AMOVA results (Table 3) indicate that a high proportion 
of genetic variability was found among populations (36%, 
P < 0.0001), whereas within population variation compo-
nent comprised 64% (P < 0.0001). Pairwise FST compari-
sons among local populations for cpDNA ranged from 0.000 
(OL1/JG) to 1.0 (OL1/Ol2) and were statistically signifi-
cant (P < 0.001), except for the OL3/PR and OL1/JG pairs 
(Online Resources Table S4). No signals of isolation by dis-
tance (P = 0.8) were detected.

Compared to plastid markers, nuclear markers exhibited 
lower, but highly significant (P < 0.001) patterns of genetic 
differentiation (FST = 0.132, RST = 0.127). Similarly to 
plastid markers, AMOVA analysis revealed that most vari-
ance resided within populations at 87% (P < 0.001), whereas 
13% (P < 0.001) of the variance was attributed to differences 
among populations (Table 3). Pairwise comparisons showed 
that the lowest differentiation was found among the local 
populations in Ostrzycki Las. Prokowo and Bukówki showed 
a comparably high level of divergence to Ostrzycki Las as to 
one another (Online Resources Table S5). All of the applied 

Table 2  Genetic diversity of 
studied Cypripedium calceolus 
populations in Gdańsk 
Pomerania

Parameters calculated for nSSR: A average number of alleles/locus, Ae effective number of alleles/locus, 
PA private alleles, AR private allele richness, Ho observed heterozygosity, He expected heterozygosity, and 
FIS inbreeding coefficient. Parameters calculated for cpDNA: H haplotype number, PH private haplotypes, 
HR haplotype richness, HD haplotype diversity

Population A Ae PA PAR Ho He Fis H PH HR HD

OL1 3.8 2.6 0 0 0.578 0.558 − 0.018 1 0 0.000 0.000
OL2 4.1 2.8 1 0.12 0.600 0.591 0.009 1 0 0.000 0.000
OL3 4.8 2.9 7 0.55 0,612 0.600 0.007 2 2 1.000 0.500
PR 3.7 2.5 1 0.08 0.601 0.566 − 0.040 3 1 1.978 0.689
BK 4.4 2.7 3 0.22 0.557 0.547 0.000 3 3 1.608 0.564
JG 1.1 0 0 0.077 0.038 − 1.000 1 0 0.000 0.000

Table 3  Analysis of molecular variance (AMOVA) of Cypripedium 
calceolus for SSR and cpDNA dividing individuals according to the 
genetic clusters in structure (K = 4) with two hierarchical levels

***p value < 0.001

Source of variation nSSR cpDNA

d. f. Percentage of 
variation

d. f. Percentage 
of variation

Among population 3 13.09*** 3 36.28***
Within population 276 86.91 55 63.72
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differentiation metrics were statistically significant. The only 
exception was RST for the OL2–OL3 pair (P = 0.277).

The analysis of individual multilocus genotypes of the 
141 samples using the structure algorithm showed the best 
clustering solution was at K = 3 (ΔK = 241.4) based on the 
Evanno method (Online Resources S6) and at K = 4 based on 
maximum likelihood method [mean Ln P (D) = − 4075.5]. 
Clustering of individuals for K = 3 clearly corresponded to 

geographical groups of local populations (Cluster 1 = OL1, 
OL2, OL3, Cluster 2 = Prokowo, Cluster 3 = Bukówki and 
Jezioro Głuche). Populations retained the same alloca-
tions for K = 4 as for K = 3, except OL1 which was clearly 
separated from OL2/OL3 cluster (Fig. 2). However, K = 4 
provided a better biological explanation than did K = 3, 
and is concordant with the result of pairwise FST and RST. 
When OL1 was joined to OL2/OL3, the Wahlund effect also 

Fig. 2  a Geographical repre-
sentation of the three (K3) and 
b four (K4) clusters assessed 
with STRICTURE software. 
The location, of extinct and 
present populations of Cypripe-
dium calceolus in Gdańsk 
Pomerania are marked with a 
cross and dot, respectively. Pie 
charts reflect the proportional 
membership for K = 3 and K = 4 
in each population. Colours 
correspond to those shown in 
the vertical bar plot; Barplot 
represent proportional member-
ship (q) of each sampled MLG 
of Cypripedium calceolus at 
K = 3 and K = 4, without use 
of prior population informa-
tion (USEPOPINFO = 0). Each 
individual is represented by a 
horizontal bar, and the length of 
each bar indicates possibility of 
membership in each cluster
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suggested that the OL population could be substructured. 
PCoA analysis (Fig. 3) generally confirmed the pattern of 
genetic structure obtained with Bayesian clustering in struc-
ture for K = 4. There was also no significant signal of isola-
tion by distance among populations calculated either by FST 
(P = 0.310) or RST (P = 0.173).

Detection of recent gene flow and demographic 
changes

Analysis with STRU CTU RE software, in which geographi-
cal sampling information for K = 4 was incorporated as a 
prior, revealed there were no individuals exceeding an estab-
lished threshold q value (0.800) for any population other 
than the one in which they were sampled, so no migrants 
were detected over a time period spanning two generations. 
Structure identified a total of 25 individuals with q-values 
ranging from 0.2 to 0.8. These were defined as potentially 
admixed, because they could not be classified as migrants, 
but were not clearly assigned as residents either. Estimated 
pollen migration  (mp) among populations was twice as large 
as estimated seeds migration  (ms), (mp/ms = 2).

Bottleneck tests showed evidence of a recent bottle-
neck in the Ostrzycki Las population (P = 0.045); however, 
when the local populations were analyzed separately, sig-
nificant bottlenecks were found for OL1 (P = 0.047) and 
OL2 (P = 0.027) but not for OL3 (P = 0.684). Additionally, 
Prokowo exhibited a significant heterozygosity excess under 
the TPM allele model (P < 0.001).

Discussion

Clonal and genetic diversity of extant populations

Clonal diversity of the populations (R ranged from 0.86 
to 1.00) was very high except for the smallest population 

(JG) where all sampled shoots belonged to the same genetic 
individual. The populations of Lady’s Slipper Orchid in 
Gdańsk Pomerania still maintains relatively high levels of 
genetic diversity as quantified by nuclear genes both in terms 
of number of alleles (A 3.7–4.8) and heterozygosity  (He 
0.547–0.600) except for the smallest population JG (A = 1.1; 
 He = 0.038). Similar values for genetic diversity parameters 
were also reported for Estonian populations (Gargiulo et al. 
2018) where the same type of molecular marker (nSSR) was 
used.

While heterozygosity requires longer periods of fragmen-
tation before its effects become detectable, rare alleles are 
usually at a greater risk of loss during bottlenecks caused 
by fragmentation (Young et al. 1996; Kramer et al. 2008). 
This effect was shown in other long-lived orchid species 
(Juárez et al. 2011; Chung et al. 2014). Indeed we found 
that populations with the lowest value of private alleles and 
private alleles richness (OL1, OL2 and PR) recently passed 
through a bottleneck. Literature and monitoring data indi-
cate that the events are of a stochastic nature, likely due to a 
plant decrease in the number due to overshadowing in case 
of OL1,OL2 and recent founder event in PR.

The level of clonal and genetic diversity revealed in 
this study may confirm previous observations that genetic 
diversity of C. calceolus is protected from deterioration by 
clonal propagation and longevity of individuals and enables 
long-term stability of the species (Brzosko 2002; Gargiulo 
et al. 2018). This seems to confirm theoretical prediction by 
Honnay and Bossuyt (2005) that clonal plants retain genetic 
variation, which may help them cope better with fragmenta-
tion. However, in the light of observed mass extirpation of C. 
calceolus populations in Gdańsk Pomerania and the extinc-
tion debt concept, it should be rather considered as a factor 
that only delays local populations’ extinction in deteriorated 
habitat with disrupted connectivity between remnant patches 
(Hylander and Erhlen 2013). Detailed data on the extirpa-
tion–colonisation dynamics of this threatened species from 
other parts of its range would help to assess the magnitude 
of the impact that habitat loss and fragmentation may have 
on the species stability.

Population genetic structure and gene flow 
in a fragmented landscape

The results of population level F-statistics based on both 
plastid (FST = 0.363) and nuclear markers (FST = 0.131) 
as well as Bayesian clustering (Fig. 2) and PCoA (Fig. 3) 
are concordant and clearly indicate genetic distinctive-
ness of remnant populations of C. calceolus in Gdańsk 
Pomerania. The most striking pattern revealed by the use 
of the plastid marker is relatively strong, among-popula-
tions differentiation, which was also found at the level of 
local populations (patches). Even patches located no more 

Fig. 3  Principal coordinates analysis (PCoA) of nuclear microsatellite 
genetic variation in Cypripedium calceolus populations from Gdańsk 
Pomerania
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than 3 km apart exhibit substantial differentiation based on 
cDNA diversity (population OL1 and OL2, 0.6 km apart, 
FST = 1.00; OL2 and OL3, 1.5 km apart FST = 0.761). 
Local populations in OL may be remnants of a past, more 
continuous population in the locality as indicated by the 
historical distribution of patches (Fig. 1) and the fact that 
they shared genetic diversity (Fig. 2). However, different 
plastid types in the local populations suggest that current 
seed dispersal may be hindered even over short distance 
(0.6–2.5 km) and/or that plants may encounter infrequent 
windows of opportunity for successful seed germination 
and establishment. Patches largely lost their connectivity 
and are influenced by genetic drift. The two likely old-
est populations (OL and PR), as they were noted in the 
literature from XIX w, located within a range of 15 km, 
share 40% of their plastid types, which may point to their 
historic connectivity, although their divergence based on 
SSRs confirms that current gene flow is insufficient to 
prevent populations divergence. Also, no seed dispersal 
was found between Bukówki and the other studied popu-
lations in the region, as all haplotypes in studied speci-
mens were unique. Nuclear markers confirm the pattern 
revealed by plastid markers. Structure revealed no recent 
(2 generations) migrants; the program assigned the major-
ity of individuals to their populations of origin, classifying 
non-resident ones as admixed, which is congruent with 
the hypothesis of past connectivity rather than recent gene 
flow between populations (Fig. 3). Similar results were 
obtained in PCoA analysis (Fig. 2).

When genetic structure between genomic compartments 
was translated into a pollen/seed flow ratio (mp/ms = 2) it 
revealed that pollen flow is two times more efficient than 
seed dispersal. Although in orchids and other plants pollen 
flow may be a strong cohesive force (Pinheiro et al. 2014; 
Browne and Karubian 2018), in C. calceolus, due to small 
(rarely longer than 600 m) foraging distance of its putative 
pollinators (Gathmann and Tscharntke 2002; Zurbuchen 
et al. 2010), the homogenizing influence of pollen flow on 
populations’ genetic diversity may be expected only over 
short distances. Effective seed dispersal distances were 
even lower in the studied species and did not exceed 5 m 
(Brzosko et al. 2017b). Although long-distance dispersal of 
its dust-like seeds is also expected to occur (Fay et al. 2009), 
constrains connected to its deceptive pollination mechanism 
(Jersakova et al. 2006) and seed germination (Shefferson 
et al. 2005) do not make it a very efficient cohesive force. 
The high rate of population extirpation in the area, coupled 
with reduced gene flow, may indirectly confirm previous 
observations that low frequency of seed dispersal and/or 
establishment in clonal, outcrossing species may impede a 
quick response to habitat change in a fragmented landscape, 
which may result in local extinction (Buckley and Frecleton 
2010; Zobel et al. 2010).

Habitat fragmentation usually leads to isolation by dis-
tance (Zhao et al. 2013), but it was not observed in this study 
regardless of the marker used. A lack of IBD accompanied 
by a significant level of genetic differentiation among popu-
lations may be caused by overall reduced gene flow or its 
environmental structuring (Orsini et al. 2013). The latter 
is rather less possible, as no relation between genetic and 
environmental (climatic) variation has been observed (Gar-
giulo et al. 2018). The lack of IBD and significant genetic 
structure between naturally fragmented Alpine and Tatra 
populations of C. calceolus (Nicole et al. 2005; Brzosko 
et al. 2011) are well explained by stochastic colonization and 
restricted gene flow in spatially isolated mountain regions. 
A similar pattern was also observed in the lowland Estonian 
populations (Gargiulo et al. 2018). Hence, reduced gene flow 
shown in this study, especially when coupled with founder 
event like the one detected in Prokowo (confirmed by moni-
toring and genetic data: bottleneck and strong LD), may be 
responsible for population differentiation.

In Gdańsk Pomerania where about 80% of C. calceolus 
populations have vanished since the fragmentation process 
has started, about 120 years ago, the extirpation–colonisa-
tion imbalance is clearly visible. The extirpation process 
of the C. clceolus populations was the most intense during 
the first 60–70 years from the beginning of the fragmenta-
tion process. Then, the most of the local population of this 
clonal species, known for its longevity, vanished (Świeboda 
1976; Olszewski and Minasiewicz 2007). Monitoring did 
not confirm either recolonization of vacant, suitable habitat 
or formation of populations in new locations.

This may imply susceptibility of C. calceolus to fragmen-
tation despite clonal and genetic diversity remain largely 
unaffected by it. The combined use of plastid and nuclear 
genetic markers revealed that there is low genetic connectiv-
ity between the remnant populations. Seed dispersal between 
them is either too small or ineffective. This leads to a con-
clusion that changes caused by habitat loss and fragmenta-
tion should be considered as a real threat to stability of C. 
calcelolus populations.

Conservation implications

Bottlenecks and restricted gene flow discovered among the 
local C. calceolus populations studied as well as the rela-
tively small-sized area occupied by most of them (Table 1) 
might negatively influence the persistence of these popu-
lations in the long term. Therefore, management actions 
should be taken to prevent further population divergence. 
First, the management of successional processes (canopy 
closure) should be planned. Reintroduction to locations from 
which C. calceolus has vanished because of natural pro-
cesses, but where environmental conditions remain favorable 
(Olszewski and Minasiewicz, unpubl. res), would also be 
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advisable to reinforce gene flow among populations and to 
slow divergence processes. Supplemental pollination could 
also enhance fruiting success (Ramsay and Stuart 1998; 
Brzosko et al. 2017a) and the frequency of seed dispersal.
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