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Funding information partially bridge the research-implementation gap by making their findings

The genetic part of the present study was more accessible. Cypripedium calceolus is the most recognizable orchid of the
partially funded by Natural England (UK) European flora, and is currently facing habitat change and fragmentation, in
addition to threats from collectors and illegal traders. Although several studies
have focused on the ecological and genetic features of the species, a compre-
hensive account of how such aspects can be translated into concrete conserva-
tion recommendations is still missing. In this study, we describe microsatellite
genetic variation in 188 individuals from different Italian populations of
C. calceolus. Our results indicate the need for immediate conservation action
for the most isolated populations in the Central Apennines and north-western
Italy. Although our genetic findings are specific to the Italian populations, our

aim is to review ecological and population genetic aspects in C. calceolus and
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1 | INTRODUCTION

Translating scientific findings into practical guidance is a
challenging but critical task in conservation biology. Nev-
ertheless, the gap between science and practice repre-
sents a common issue in conservation (as reviewed by
Knight et al., 2008), particularly in conservation genetics,
where the disconnect between research and application
spreads from global policy to local implementation
(Funk, Forester, Converse, Darst, & Morey, 2018; Hoban
et al., 2013; Holderegger et al., 2019; Laikre, 2010; Laikre
et al., 2020; Laurance et al., 2012; Shafer et al., 2015;
Vernesi & Bruford, 2009). On one side of the gap between
science and practice are researchers, whose expertise,
often restricted to a specific discipline, often prevents
them from effectively translating their findings into com-
prehensive and jargon-free recommendations (e.g., Britt,
Haworth, Johnson, Martchenko, & Shafer, 2018; Hoban
et al., 2013; Ottewell, Bickerton, Byrne, & Lowe, 2016).
On the other side are practitioners (including local man-
agers to policy makers), who often perceive the few acces-
sible research findings as impractical or unnecessary in
the short-term, especially considering time and financial
constraints (e.g., Holderegger et al., 2019, but see Cook &

their implications for conservation against the existing threats. Therefore, our
detailed guidelines for translocation, habitat management and post-
translocation monitoring can be used to inform conservation strategies in
threatened populations of C. calceolus across its range.

C. calceolus, conservation genetics, effective population size, lady's slipper orchid,
microsatellites, plant translocation, research-implementation gap

Sgro, 2019a; Taylor, Dussex, & van Heezik, 2017). How-
ever, as the failure to incorporate scientific findings into
practical conservation guidelines essentially depends on
miscommunication and lack of collaboration between
researchers and practitioners (Dubois, Gomez, Carlson, &
Russell, 2020; Taft et al., 2020), it can be mitigated by pro-
viding clear indicators for policy (Hoban et al., 2020), and
by combining efforts and expertise on a case-by-case basis
(Britt et al., 2018; Cook & Sgro, 2019b; Hoban, Hauffe,
et al., 2013).

In the present study, we focus on one of the most iconic
species for plant conservation in Europe, the lady's slipper
orchid, C. calceolus L. (Orchidaceae; in Italian: “scarpetta di
Venere”; Figure 1). Although categorised as a Least Con-
cern (LC) species by the IUCN across its global range
(Rankou & Bilz, 2014), C. calceolus has disappeared from
many parts of Europe and Asia due to habitat fragmenta-
tion or habitat change (e.g., stabilisation of substrate,
overshading), and depredations of irresponsible collec-
tors (Cribb, 1997; Devillers-Terschuren, 1999; Fay &
Taylor, 2015; Gofii, Garcia, & Guzmadn, 2015; Jakubska-
Busse et al., 2021; Perazza & Decarli, 2020). The species is
included in the Annex II of the Habitats Directive of the
European Commission (EU, 1992). Extensive research has

FIGURE 1

(a) Cypripedium calceolus in the Dolomites, and (b) on the Apennines at PNALM
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been conducted on C. calceolus in the last decades,
encompassing both genetic (e.g., Brzosko, Wrdblewska, Tal-
alaj, & Wasilewska, 2011; Fay et al., 2009; Gargiulo, Kull, &
Fay, 2021; Kull & Paaver, 1997; Minasiewicz, Znaniecka,
Goérniak, & Kawinski, 2018) and ecological aspects
(e.g., Davison, Nicolé, Jacquemyn, & Tuljapurkar, 2013;
Fay, Feustel, Newlands, & Gebauer, 2018; Garcia, Goni, &
Guzman, 2010; Hurskainen et al, 2017; Khapugin,
Chugunov, & Vargot, 2017; Kull, 1998; Liu et al., 2021;
Nicolé, Brzosko, & Till-Bottraud, 2005; Shefferson, Kull,
Tali, & Kellett, 2012), aimed at improving conservation
strategies, but also clarifying evolutionary questions
(Gargiulo et al., 2019). The most comprehensive studies of
C. calceolus are those of Devillers-Terschuren (1999)
and Kull (1999), and highlight several biological fac-
tors that may have contributed to the decline of the
species, for example limited pollinator availability
(Nilsson, 1979), low fruit-set and low recruitment from
seeds, which can be interconnected. The deceptive pol-
lination system is generally associated with low fruit-
set (Gill, 1989; Neiland & Wilcock, 1998), and implies
that pollinators tend to abandon clumps when they
discover sexual deception, promoting outcrossing
(Jersakova, Johnson, & Kindlmann, 2006; Tremblay,
Ackerman, Zimmerman, & Calvo, 2005; Whitehead,
Linde, & Peakall, 2015). Some authors suggest that
late-acting self-incompatibility leads to low fruit-set in
the species (Pedersen, Rasmussen, Kahandawala, &
Fay, 2012 and references therein; Husband &
Schemske, 1996), although this aspect has not been
thoroughly investigated.

In contrast, longevity (30-100 years; Kull, 1999) pro-
moted by vegetative growth is one of the factors
favouring population persistence and stability (Brzosko,
Wréblewska, & Ratkiewicz, 2002) and counteracting the
effects of genetic erosion (Gargiulo et al., unpublished).
In fact, the clonal shoots (i.e., ramets) emerging from
the same rhizome over the years are responsible for
most of the fluctuations in the apparent number of indi-
viduals in a population, whereas the number of genetic
individuals generated by sexual reproduction (i.e.,
genets) is usually stable (Kull, 1995). Furthermore, the
relationship between the number of ramets and the
number of genets also affects the estimation of the effec-
tive population size, N, that is the ideal population size
generally used to predict the strength of genetic erosion
(e.g., Frankham, 1995; Waples, 2005). In C. calceolus, N,
may be <30% of the genets in the population and <5%
of the number of emerging ramets (Gargiulo et al.,
unpublished), implying that the difference between the
number of ramets and the number of genets must not be
disregarded when examining genetic diversity in this
species.

Such ecological and genetic considerations demon-
strate that conserving C. calceolus requires expertise from
different fields, including pollination biology, demogra-
phy, genetics, microbiology, seed biology, horticulture,
and habitat management in general, as observed for other
orchid species (Calevo et al.,, 2021; Fay, 2018; Gale,
Fischer, Cribb, & Fay, 2018; Phillips, Reiter, &
Peakall, 2020). Moreover, the need for synergy among the
many interested parties, for example, members of
the public, conservation and natural history societies,
local universities and regional and national conservation
bodies, can also hinder conservation actions due to the
difficulty in coordinating efforts.

Among the most successful recovery plans for
C. calceolus, that executed in England (Corkhill, 1996;
Ramsay & Stewart, 1998; Fay & Taylor, 2015; see also
Redshaw, 2019) is a renowned example. In vitro propa-
gated plants (Box 1), reintroduced in the wild in the last
20 years, have now also acquired mycorrhizal partners
(Fay et al., 2018; see Shefferson, Weif3, Kull, &
Taylor, 2005 and Shefferson et al., 2007 for studies about
mycorrhizal specificity in slipper orchids). Moreover, the
species has been propagated on a large scale by the com-
mercial nursery Anthura in the Netherlands, where the
concerted actions of different stakeholders have provided
funds for the restoration of populations in the wild (Gale
et al., 2018). The same nursery was commissioned by the
Swiss Orchid Foundation to propagate plants for translo-
cation using local seeds in Switzerland, where some
populations have been shockingly reduced from thou-
sands to fewer than five individuals in one night
(De Jong & Sprunger, 2020). The translocation experi-
ment achieved a success rate ~80% of the initial 3,000
plants reintroduced in 44 sites (Cribb, 2020; De Jong &
Sprunger, 2020). A similar translocation project is cur-
rently being developed in Germany. A lesson learnt from
these projects is that, unless specialist knowledge and
infrastructure are available, the leap from in vitro to in
situ may never be successful.

In Italy (Bartolucci et al., 2018; GIROS, 2016),
C. calceolus occurs in the Alpine mountain range in
Northern Italy, being particularly abundant in the East-
ern Alps (Bonazza, Caniglia, Moraldo, & Rossi, 2004;
Perazza & Decarli, 2020; Perazza & Lorenz, 2013) and
becoming progressively rarer towards the west
(e.g., Bovio, 2014; Martini, Bona, Federici, Fenaroli, &
Perico, 2012). In the Central Apennines, two populations
occur within the Maiella National Park (hereafter indi-
cated as PNM; Conti, Ciaschetti, Di Martino, &
Bartolucci, 2019) and the Abruzzo, Lazio and Molise
National Park (hereafter indicated as PNALM; Conti &
Bartolucci, 2015). According to the IUCN criteria,
C. calceolus is categorized as Least Concern (LC) on the
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BOX1 In vitro seed germination of Cypripedium calceolus in England

In vitro seed germination of C. calceolus has been intensively investigated in England, with the aim of rescuing
the last wild population (represented by a single plant) and of establishing self-sustaining populations at other
sites where it previously occurred. In particular, the In Vitro Research group at the Royal Botanic Gardens
(RBG), Kew has been working to refine in vitro germination in the absence of mycorrhizal partners (asymbiotic
germination), and to determine and leverage mycorrhizal partners in the wild plant for symbiotic in vitro
germination.

Asymbiotic germination. This was achieved by germinating seeds in vitro by using the “green-pod” method
reported by Ramsay and Stewart (1998), which was developed from the technique pioneered by Malmgren in
Sweden (Cribb, 2020; Malmgren, 1996). Green capsules (45-55 days of maturity after pollination) were col-
lected, and seeds were germinated in vitro over a four- to six-month period. After the development of
protocorms, seedlings with well-developed root systems and shoots were bagged up and chilled at 4°C for
4 weeks before being potted up. The green-pod method is used to produce seedlings every year for reinforce-
ment of the wild population and provide material for use in establishing reintroduction sites. However, natural
recruitment of seedlings still appears to be a potential problem. Changes in weather, especially dry or wet
periods, makes collecting of green capsules of the right maturity difficult in some years, meaning that fewer
plants are available. Nevertheless, in the past few years, plants of C. calceolus have been successfully
reintroduced to several sites in northern England (Cribb, 2020; Fay & Taylor, 2015).

Symbiotic germination. Root samples were collected from one of the naturally recruited seedlings close to
the last naturally occurring plant in the UK wild site. Isolation of pelotons, preparation of in vitro fungal cul-
tures and identification of fungal accessions (i.e., Operational Taxonomic Units, OTUs) using Internal Tran-
scribed Spacer sequencing were completed following the protocols as described by Yokoya et al. (2015). Roots
collected from seedling from the wild site yielded several fungal OTUs, especially two putative mycorrhizal
fungi belonging to the Ceratobasidiaceae clade. Non-mycorrhizal fungal orders that are commonly found in
orchids such as Helotiales and Hypocreales were also abundant in the seedling roots. Cadophora
sp. (Helotiales) was the most dominant non-mycorrhizal fungus (Figure 2). Ceratobasidum albasitensis and
other unidentified OTUs of Ceratobasidiaceae were used for in vitro symbiotic seed germination trials using
mature seeds from the last wild plant and three other individuals. An uncultured Ceratobasidiaceae isolate ini-
tiated seed germination of seeds collected from the wild plant. However, use of these putative mycorrhizal iso-
lates failed to induce seed germination. The developed protocorms failed to progress into fully symbiotic
seedlings. Further sampling of roots from wild-collected samples from mainland Europe may help identify com-
patible mycorrhizal fungi for successful symbiotic seed germination. Symbiotic seedlings are likely to be better
suited for reinforcement/reintroduction (Rafter, Yokoya, Schofield, Zettler, & Sarasan, 2016; Yokoya
et al., 2021), especially for species like C. calceolus as suitable mycorrhizal associates may not be present at (re-)
introduction sites.

Italian Red List (Rossi et al., 2013, 2016). However, the
conservation status of the latter populations is particu-
larly concerning, because of their small sizes (~25 ramets
in PNM and ~720 ramets in PNALM). These populations
have recently been among the targets of the Floranet Life
Project, which has implemented several conservation
actions (Di Martino, Conti, Bartolucci, Ciaschetti, & Di
Cecco, 2016; Box 2). As the Apennine populations of
C. calceolus are the southernmost in Europe (but note
that a disjunct population was recently discovered in
Algeria; Nemer, Rebbas, & Krouchi, 2019), they may be
considered vulnerable “edge populations” (but see Garcia
et al., 2010). This hypothesis is supported by the recent

findings of elevation range shift towards higher eleva-
tions for C. calceolus in the Alpine range (Geppert
et al., 2020; Perazza & Chini, 2020). However, species dis-
tribution/ecological niche modeling includes the Apen-
nines in the area/niche of current and future suitability
for the species, although possibly subject to range con-
traction (Gargiulo et al., 2019; Kolanowska & Jakubska-
Busse, 2020).

The main aim of the present study is to review ecolog-
ical and population genetic aspects in C. calceolus, to pro-
vide precise guidelines for future conservation actions
against the threats to the species. To achieve this, we
describe genetic diversity and differentiation in several
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BOX 2 Cypripedium calceolus in the Central Apennines: observations, in situ and ex situ
conservation interventions

Cypripedium calceolus is included in the LIFE FLORANET project “LIFE15 NAT/IT/000946,” the main objec-
tive of which is to protect and to improve the conservation status of seven vascular plants listed under the Habi-
tats Directive 92/43/EEC, occurring in Natura 2000 areas in the Central Apennines. During the project, started
in 2016 and still in progress, ecological, floristic and taxonomic aspects have been also investigated
(Bartolucci & Conti, 2019; De Castro et al., 2020; Di Musciano et al., 2020). Several concrete actions have been
carried out for in situ and ex situ conservation and management of C. calceolus. The first action was aimed at
obtaining information about the exact distribution and the conservation status of the populations of
C. calceolus. For each site, information about the localization, surface area, population size, habitat, main pres-
sures/threats and conservation measures were evaluated. Each population traced was analyzed according to the
monitoring protocol written by SBI (Italian Botanical Society) and ISPRA (Istituto Superiore per la Protezione e
la Ricerca Ambientale) for the third report under Article 17 of the Habitats Directive (Ercole, Giacanelli,
Bacchetta, Fenu, & Genovesi, 2016). Field investigations showed that the population in the PNM consists of
25 ramets and is currently decreasing, whereas in PNALM the species is in a better state of conservation and
has ~720 ramets (five sub-populations). Some in situ interventions with the aim of reducing the pressures on
single individuals and/or population of C. calceolus have been made through 1) construction of small fencing
structures (five in PNM, ten in PNALM), to protect the plants from domestic (especially horses) and wild ani-
mals (deer, hares, etc.), and from poaching; 2) installation of wooden fences in PNALM with the aim of stop-
ping the passage of domestic animals and humans (350 m) in the habitats that are best known by people; and
3) interventions of small natural engineering to reduce erosion and removal of gravel accumulation along the
Scerto river in PNALM. Finally, in PNALM, in places where tree canopy was shading plants of C. calceolus,
some experimental silvicultural interventions have been carried out. They consisted of prudent, one-off and
ongoing interventions, selecting only some small trees or some branches that were shading the populations,
and modulating them at different times where needed, to obtain semi-shading and not a clear-cut. Monitoring
such interventions will be crucial to understanding their effectiveness and to compare them with “non-inter-
vention” situations. Considering the general decrease in fruiting (data from before the beginning of the project),
we carried out artificial pollinations by withdrawing pollen from one individual with a toothpick and transfer-
ring it to another flower. In PNM, five fruits were obtained from the five (out of seven) hand-pollinated flowers
in 2017, and one fruit from three hand-pollinated flowers in 2018; in PNALM, we obtained 38 fruits from the
65 hand-pollinated flowers in 2017, two fruits from seven hand-pollinated flowers in 2018, 17 fruits from
22 hand-pollinated flowers in 2019 and ten fruits from 14 hand-pollinated flowers in 2020. Concerning the ex
situ actions, we collected seeds in different populations from PNALM and PNM, following international collec-
tion protocols (ENSCONET, 2009). Some of the collected seeds were stored at the Maiella seed bank (Di Cecco
et al., 2020), and some were used to produce new plants by in vitro germination techniques at the Tuscia Germ-
plasm Bank (Figure 3). For C. calceolus, two germination protocols were applied using both mature and imma-
ture seeds. Seedlings were obtained only using immature seeds of PNALM, following the green-pod protocol of
Malmgren (1996). Currently, the seedlings (~100) are growing at the Tuscia Germplasm Bank. In the next
steps, the seedlings will be placed in soil in pots, and will be grown in the nurseries of PNM. Mature plants will
be used to reinforce the existing populations in PNM and PNALM. The development of the species is slow, and
therefore the restocking of the plants will be possible only in about 3 years, during the After-LIFE project
phase. Although at the end of the LIFE FLORANET project the achieved demographic increase for the target
species will be lower than expected, the final improvement of their conservation status will be stronger than ini-
tially planned.

populations of C. calceolus from the Italian range using these recommendations will be population-specific, our
microsatellite markers, and we translate our conservation synthesis linked to the ecology and the population genet-
genetic findings and the current knowledge of the species ics of C. calceolus may inform strategies in other
into conservation recommendations. Although some of  populations throughout the range of the species.
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FIGURE 2
(colored text shows putative mycorrhizal fungi)

2 | MATERIALS AND METHODS

2.1 | Population sampling and nSSR
genotyping

Populations of C. calceolus sampled for the present study
are reported in Table 1 and include the populations ana-
lyzed in Gargiulo et al. (2019). In addition, the population
in the Pesio Valley, isolated at a location in the Western
Alps of Italy, was sampled during Summer 2018. This
population, which was plundered for herbarium speci-
mens at the beginning of 1900s (Isaja & Dotti, 2003), was
re-discovered in 1991, with three sites at different eleva-
tions (Gallino, Ostellino, & Re, 1993). Since then, the
number of individuals has had a significant decline,
despite its secluded location. Between 2017 and 2019,
some conservation strategies were implemented, includ-
ing mitigating soil erosion in the hills surrounding the
valley, artificial pollination, in vitro seed germination,
and rhizome translocation to the botanical alpine garden.
The most conspicuous core of the Pesio Valley population
includes ~100 ramets; at the time of sampling, about half
of the individuals were flowering.

At all sampling sites, leaf fragments were collected
from individuals located at least 20 cm apart whenever
possible, to exclude ramets emerging from the same
rhizome. In Table 1, we make the distinction between
“sampling site” and “population,” with the latter indi-
cating groups of sampling sites at short distances
(<5 km) or characterized by spatial continuity. Such a
flexible designation is used throughout the analyses to
account for ongoing gene flow and to prevent prior
assumptions about genetic groups which may bias
interpretations (Balloux & Lugon-Moulin, 2002). In
fact, gene flow can both occur by wind-dispersal of the
microscopic seeds of C. calceolus and by pollination
mediated by solitary bees (e.g., species of Andrena
Fabricius and Lasioglossum Curtis, probably through

(In Box 1). Putative mycorrhizal and non-mycorrhizal fungi identified from the seedling of British Cypripedium calceolus

sexual deception; Antonelli, Johan Dahlberg, Carlgren, &
Appelqvist, 2009; Przybytowicz et al., 2012; Braunschmid
et al., 2017), which are capable of travelling limited dis-
tances (usually <1 km; Gathmann & Tscharntke, 2002;
Hofmann, Fleischmann, & Renner, 2020; potentially
reaching longer distances; Zurbuchen et al., 2010; Cane &
Love, 2019).

DNA extraction and microsatellite genotyping
followed Gargiulo et al. (2019), except for the DNA sam-
ples from the Pesio Valley, which were extracted using
the E.Z.N.A. Plant DNA Kit (Omega Bio-tek, Norcross,
Georgia, US). In addition to the previously employed
11 nuclear microsatellite loci (Gargiulo et al., 2019), we
analyzed variation for the locus Ccal_50 (Minasiewicz &
Znaniecka, 2014). We performed allele calling in Gen-
eMapper v5.0 (Applied Biosystems) and used Micro-
Checker v2.2.3 (van Oosterhout, Hutchinson, Wills, &
Shipley, 2004) with 1,000 randomizations to inspect the
data set for scoring errors.

2.2 | Genetic diversity and
differentiation

We used the R v3.6.3 (R Development Core Team, 2013)
package poppr v2.8.3 (Kamvar, Brooks, & Griinwald, 2015;
Kamvar, Tabima, & Griinwald, 2014) to assess the occur-
rence of putative clones, represented by identical
multilocus genotypes (MLGs), and to detect deviations
from Hardy-Weinberg proportions with 1,000 permuta-
tions. We kept one representative multilocus genotype for
each group of putative clones and used the obtained data
set in the subsequent analyses to avoid the influence of
vegetative reproduction on the estimation of genetic diver-
sity and differentiation.

We calculated observed heterozygosity (Hop), (unbi-
ased) expected heterozygosity (uHEg) and private alleles in
GenAlEx v6.5 (Peakall & Smouse, 2006). We also
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FIGURE 3 (In Box 2). Seedling of Cypripedium calceolus
germinated at the Tuscia Germplasm Bank

compared private alleles found in the present data set
with private alleles found elsewhere in Eurasia (Gargiulo
et al., 2019). We used FSTAT v2.9.3.2 (Goudet, 2001) to
compute allelic richness and the inbreeding coefficient,
Fis (Weir & Cockerham, 1984). We computed genetic
diversity parameters considering both the sampling site
and the population subdivision, as defined in Table 1.

We used multiple approaches to investigate popula-
tion structure and genetic differentiation. In Arlequin
v3.5 (Excoffier & Lischer, 2010), we performed a hierar-
chical analysis of molecular variance (AMOVA; Weir &
Cockerham, 1984; Excoffier, Smouse, & Quattro, 1992;
Weir, 1996) to test genetic structure within and among
groups of sampling sites at short distances and computed
pairwise population (sampling site) differentiation. For
both analyses, we used the sum of squared size difference
(RST) as a distance method, with 1,000 permutations. In
Structure v2.3.4 (Pritchard, Stephens, & Donnelly, 2000),
we inferred genetic structure through Bayesian cluster-
ing, using the Admixture model and without using sam-
pling sites as a prior assumption. We tested K (number of
genetic clusters) values ranging from 1 to 10, with 10°
burn-in and 10° MCMC replicates, with 30 iterations.
The Structure analysis was run using StrAuto (Chhatre &
Emerson, 2017) and GNU parallel (Tange, 2011). We
evaluated the most likely K both with the LnPr(X|K)
method (Pritchard & Wen, 2003) and with the AK
method (Evanno, Regnaut, & Goudet, 2005), using the
online tool Structure Harvester (Earl & vonHoldt, 2012),
and summarized the results in CLUMPAK (Kopelman,
Mayzel, Jakobsson, Rosenberg, & Mayrose, 2015). As the
method implemented in Structure assumes panmictic
populations (Pritchard et al., 2000), we also carried out a
Discriminant Analysis of Principal Components (DAPC)
in the R package adegenet v2.1.1 (Jombart, 2008;

Jombart & Ahmed, 2011), which is more suitable for
partially clonal populations (Jombart, Devillard, &
Balloux, 2010). We used the cross-validation method to
infer the appropriate number of components (PCs)
to retain for the Principal Components Analysis (PCA). A
scatter plot of the first two PCs was produced to describe
genetic differentiation.

2.3 | Estimation of the effective
population sizes and bottleneck tests

We estimated contemporary effective population sizes
(Ne) for the Italian populations of C. calceolus using the
software NeEstimator v2.1 (Do et al., 2014). We employed
the linkage disequilibrium method LDN,; Hill, 1981;
Waples & Do, 2008) implemented in the software, screen-
ing out alleles with a frequency (p-crit) < 0.02 (Waples &
Do, 2010; Waples, Larson, & Waples, 2016) and com-
puting confidence intervals by jackknifing over individ-
uals (Do et al., 2014; Jones, Ovenden, & Wang, 2016).
The linkage disequilibrium method assumes isolated
populations, which is realistic for the populations at
Maiella, PNALM and Pesio Valley, but less realistic for
the populations located in spatial continuity (e.g., Brenta
Dolomites). Further caveats regarding the estimation of
N, for our data set are (a) the limited number of micro-
satellite markers we employed and the small sample sizes
for the population at Maiella (11) and Gaver (12), which
may give less robust confidence intervals for N.; (b) the
biology of the species and the sampling strategy, as over-
lapping generations and mixed-age adult samples may
produce biased estimates of N, (Waples, Antao, &
Luikart, 2014). The extent of such potential biases, how-
ever, are compensated by the benefits of obtaining even
approximate estimates for N, for conservation decisions
(Frankham, 2021; Garner, Hoban, & Luikart, 2020;
Hoban et al, 2021; Laikre et al., 2021; Luikart
et al., 2021).

We used the software Bottleneck v1.2 (Piry, Luikart, &
Cornuet, 1999) to detect heterozygosity excess possibly
due to a recent reduction in population size, under the
three mutation models implemented in the software,
with default parameters (Infinite Allele Model, IAM,;
Stepwise Mutation Model, SMM; and Two-Phase Model,
TPM, which is considered as the most appropriate model
for microsatellites; Di Rienzo et al., 1994). To assess the
occurrence of a significant number of loci with heterozy-
gosity excess, we performed the sign test and the
Wilcoxon signed-rank test and verified the occurrence of
a shift in the allele frequencies with the qualitative test
of mode-shift (Cornuet & Luikart, 1996; Luikart,
Allendorf, Cornuet, & Sherwin, 1997; Luikart &
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Cornuet, 1998; but see Peery et al., 2012, for a review of
the typical pitfalls of Bottleneck tests).

3 | RESULTS
3.1 | Genetic diversity and
differentiation

We genotyped 218 individuals of C. calceolus for 12 micro-
satellite loci (File S1); no evidence of scoring errors was
found in Micro-Checker. We excluded 30 potential clones
identified with poppr, all detected in individuals from the
same sampling localities. The final data set with no repli-
cated genotypes included 188 individuals.

Population-specific deviations from the Hardy-
Weinberg proportions were found in Pesio Valley (File
S2, Figure S1), mostly associated with positive Fig values
and missing data (File S2, Tables S1 and S2; Figure S2).
Most of the other deviations from the Hardy-Weinberg
proportions depended on deme subdivision (see File S2,
Figure S1). Observed heterozygosity ranged from 0.51
(Rifugio della Liscia) to 0.66 (Tovel), and uHg heterozy-
gosity ranged from 0.47 (Maiella) to 0.70 (Nardis). When
combining sampling sites across short geographical dis-
tances, Hp ranged from 0.51 (PNALM) to 0.65 (Brenta
Dolomites), and uHg ranged from 0.47 (Maiella) to 0.68
(Brenta Dolomites) (Table 1). Private alleles were found
at Scerto, Rifugio della Liscia, Brenta, Nardis, Algone and
Pesio Valley sampling sites. However, when comparing
our data set with the Eurasian data set (Gargiulo
et al., 2019), only two alleles at Nardis and one at Brenta
Valley were truly private. Allelic richness followed the
same trend as uHg, with the lowest value (~2.5) found at
Maiella and the highest values (~5.0) found in the Brenta
Dolomites (Table 1; Figure 4). Inbreeding coefficients,
Fis, ranged from negative to positive values, differentially
displayed in different loci and populations (File S2,
Tables S1 and S2); values averaged across loci were
mostly >0, except in Maiella (—0.20) and Goletto Gaver
(—0.04) (Table 1).

Results of the hierarchical AMOVA indicate most of the
variation (91.3%) partitioned within sampling sites, whereas
7% of the variation was found within groups of sampling
sites at short distances (File S2, Table S3). The highest
pairwise differentiation was found between the individuals
in Maijella population and the ones in Gaver (~0.3), whereas
in general pairwise differentiation was low (<0.15; File S2,
Figure S3). Negative pairwise differentiation values were
detected for a few pairs corresponding to sampling sites at
short distances (Scerto-Rifugio della Liscia, Brenta-Tovel,
Tovel-Algone, Algone-Sporeggio, Nardis-Sporeggio) and for
the pair Tovel-Piana del Gaver, located at greater distances;

2 e WILEY-L 292
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Brenta Gaver Pesio Maiella

FIGURE 4  Allelic richness for the populations of Cypripedium
calceolus as estimated in FSTAT. Values averaged over loci are
indicated by diamonds

most of the pairwise differentiation tests between pairs at
short distances were also non-significant (p-value >0.05)
(File S2, Figure S2).

The modal value for AK (Evanno method) was associ-
ated with K = 3, and the pre-plateau value in the L(K)
plot was K = 4 (File S2, Figure S4). The three genetic
clusters for K = 3 correspond to the groups including
(1) the Apennine populations (Maiella and PNALM),
(2) the Brenta Dolomites and Gaver populations, (3) the
Pesio Valley population (Figure 5). When considering
K = 4, Maiella and PNALM form separate genetic clus-
ters. From the Structure analysis, Pesio Valley represents
the most admixed population, where many individuals
differentially belong to one of the clusters, even when
considering K = 2 for comparison (Figure 5).

After the cross-validation procedure carried out in
adegenet, we retained 48 PCs. The DAPC revealed low
differentiation among populations (Figure 6), especially
among the individuals from the Brenta Dolomites. The
most differentiated individuals were the ones occurring
in the Maiella population, which formed an isolated clus-
ter. Other discrete clusters were those including individ-
uals from Pesio Valley and including individuals from
PNALM and Gaver (Figure 6).

3.2 | Estimation of the effective
population sizes and bottleneck tests

Contemporary N, ranged from 3 (95% CI: 2.3-5.1) in
Pesio Valley, to ~227 (95% CI: 114-1,391) in the Brenta
Dolomites (Table 1). In the Gaver population, we
detected an infinite upper interval for the 95% CI, proba-
bly related to the small number of individuals sampled.
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K=2

K=3

Maiella  Scerto Rifugio Brenta Nardis Tovel Algone Sporeggio | Piana Pesio Valley
della Liscia Goletto
[Maiella]| PNALM I Brenta Dolomites |[Gaver][  Pesio Valley |

FIGURE 5 Structure bar plot for the individuals of Cypripedium calceolus sampled in different Italian populations, considering 2, 3,
4 genetic clusters (K). Names underneath the plot refer to the sampling sites and populations as indicated in Table 1. Small maps on the
right show the predominant genetic cluster found in each population
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FIGURE 6 Results of the Discriminant Analysis of Principal Components (DAPC) for the individuals of Cypripedium calceolus sampled
in different Italian populations. Sampling sites in order of appearance in the map are indicated in the legend below

From the Bottleneck analysis, an excess of heterozy- mutation models and tests performed, in combination
gotes compatible with a recent reduction in population  with a shift in allele frequencies typical of a recent bottle-
size was detected in the Maiella population under all the neck (File S2, Figure S5). At PNALM, Brenta Dolomites
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and Pesio Valley, only the Wilcoxon test under the IAM
model detected an excess of heterozygotes (see details in
File S2, Figure S5).

4 | DISCUSSION
4.1 | Genetic diversity and structure in

the Italian populations of C. calceolus

Our results indicate that genetic erosion threatens the
most isolated populations of C. calceolus in Italy. Without
conservation actions, further isolation and demographic
decline will take the populations at Maiella, PNALM and
Pesio Valley to the brink of extinction.

The Maiella population is currently the most
threatened population, with the lowest values for indi-
ces of genetic diversity (both allelic richness and
expected heterozygosity) and fixed alleles at two loci.
As anticipated from demographic observations, this
population has experienced a recent bottleneck and
appears as the most differentiated (Figure 6). Remark-
ably, the Maiella population also shows a negative
inbreeding coefficient (Table 1), which is against the
expectation of inbreeding/high homozygosity in small,
declining populations (Glémin, Bataillon, Ronfort,
Mignot, & Olivieri, 2001; Frankham, Bradshaw, &
Brook, 2014; see also Angeloni, Ouborg, &
Leimu, 2011). This may depend on different factors
relating to life-history traits: (1) high mortality of
inbred progeny in early life-stages, (2) outcrossing
among different genets and (3) persistence of old
(long-lived) genets (Brzosko et al., 2002; Husband &
Schemske, 1996; Minasiewicz et al., 2018). Regardless
of the explanation, such results show that heterozy-
gous individuals may prevail in small populations, but
they should not be interpreted as assurance of popu-
lation fitness.

The populations at Maiella, PNALM and Pesio Valley
also display critically low estimates of contemporary effec-
tive population size, N, (Table 1), although the estimate for
the Maiella population is likely biased by the small sample
size (producing a wide confidence interval for N.: 95% CL:
2.9-321). The N, estimate for Pesio Valley is the most pre-
cise and reveals an extreme loss of genetic diversity via drift
in recent generations (3.1, 95% CL: 2.3-5.1). Low estimates
for Maiella, PNALM and Pesio Valley are not surprising,
given the declining number of individuals observed
(Chung, Nason, & Chung, 2004; Trapnell & Hamrick, 2006;
Tremblay & Ackerman, 2001), and should be interpreted as
additional evidence for the genetic erosion these
populations are facing (Frankham, 2021; Laikre et al., 2021
and references therein).

In terms of genetic structure, the populations at
Maiella, PNALM and Pesio Valley appear as separate
genetic clusters both in the Structure analysis and DAPC
although, except when pairs include the Maiella popula-
tion, pairwise genetic differentiation is relatively low
(<0.2). For example, some individuals at Gaver and
PNALM are rather similar (Figures 5 and 6), possibly
depending on shared “ancestral” variation, but also on
gene flow in the recent past. The relatively high allelic
richness and N, estimated at Gaver despite the small cen-
sus size also suggest that this population is connected by
gene flow to the populations in the Brenta Dolomites,
from which it is only weakly differentiated (Figures 5 and
6; File S2, Figure S3).

Caveats for the interpretation of the heterozygosity esti-
mates are associated with the polymorphic nature of micro-
satellites (Guichoux et al., 2011; Putman & Carbone, 2014;
Queirds et al., 2015), potentially leading to inflated hetero-
zygosity values or values which are not comparable across
species. In C. calceolus, heterozygosity estimates may be
considerably high even in threatened populations,
depending on the influence of life-history traits explained
above. Although useful as a comparative index among
infraspecific populations, microsatellite heterozygosity
values should not be interpreted as an absolute measure of
genetic diversity (Vili, Einarsson, Waits, & Ellegren, 2008).
From a comparative perspective, values of genetic variation
in the Brenta Dolomites can be used as a baseline for
genetic variation in a stable population of C. calceolus
(Table 1) and, in fact, estimates of genetic diversity in the
Brenta Dolomites are also among the highest population
estimates in Eurasia (Gargiulo et al., 2019).

4.2 | General guidelines for future
conservation actions

Our findings shed light on the genetic diversity in Italian
populations of C. calceolus and can be integrated with
already existing evidence (genetic, demographic and eco-
logical observations) to draw conservation recommenda-
tions against the current threats to the species. The most
urgent conservation action should be aimed at rescuing
the Maiella population (see also Box 2), as the number of
mature individuals (~25 ramets) and the genetic results
raise a concern about population survival in the short-
term. Moreover, we provide general guidelines for practi-
tioners who aim to implement conservation actions in
other threatened populations of the lady's slipper orchid
in Italy (with a specific appendix in Italian, Appendix S1)
and throughout its range. Therefore, we hope to close the
gap between science and practice by providing a review
of the existing knowledge about the species and by
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making genetic results more accessible to the non-aca-
demic/non-scientific community.

4.2.1 | Removing the threats to the
populations in situ

The first action towards the protection of target
populations should be managing or removing the exis-
ting threats in situ (Godefroid et al., 2011; Maschinski &
Albrecht, 2017). One of the greatest threats to
C. calceolus is extirpation, especially by people inter-
ested in growing C. calceolus in their private gardens,
and for illegal trade (Hinsley et al., 2018; Jenkins &
Oldfield, 1992). In the results of a Population Viability
Analysis, Devillers-Terschuren (1999) showed that dig-
ging up only one plant every 5 years had serious conse-
quences even in large populations, leaving no chances
of survival for a population as small as the Maiella pop-
ulation (<50 individuals). Conversely, projections relat-
ing to flower removal were not as alarming, given that
C. calceolus normally shows low fruit-set and high mor-
tality in early life-stages, although we argue that other
unpredictable reproductive constraints may exacerbate
the effect of flower removal. Although the risk of ran-
dom collection cannot be completely ruled out, info-
rming local people, hikers and tourists about (a) the
damage the species may undergo even when removing
a single flower, and of (b) the extremely low chances of
successful cultivation of extirpated plants outside their
habitat will certainly raise awareness. Following the
project conducted in Switzerland, it was proposed that
some of the plants propagated in nursery settings
should be made available to the public for a low price,
as a strategy to reduce the pressure on wild populations
(De Jong & Sprunger, 2020). Unfortunately, this has not
been possible under the present national legislation and
European Union directives.

Further actions to mitigate the natural threats to the
populations have been suggested by Devillers-
Terschuren (1999), Kull (1999), and others, and these
may involve (1) setting herbivore exclusion cages, which
may dissuade both people and herbivores (particularly
those digging up rhizomes, such as wild boar); (2) ensur-
ing the occurrence of appropriate light conditions by
preventing canopy closure (Hurskainen, Jikéldniemi,
Ramula, & Tuomi, 2017). Cypripedium calceolus prefers
semi-shaded habitats that pollinators usually visit at the
time of the day with most sunlight (Devillers-
Terschuren, 1999; Nilsson, 1979). However, clear-cutting
which favors the colonization of other competitive spe-
cies should be avoided (Kull, 1999) because, like many
orchids, C. calceolus is a primary colonizer of disturbed

places, and seedlings prefer sites where competition is
low (Cribb, 1997; Perazza & Decarli, 2020).

4.2.2 | Recommendations for plant
translocation (reinforcement/reintroduction)

We recommend the reinforcement of the populations at
Maiella and PNALM, with the possible introduction of
individuals in suitable sites within the range of the two
National Parks, aiming to promote gene flow between
sites. Such sites must be decided in the field based on the
occurrence of the appropriate conditions (substrate and
light) and lack of disturbance. Likewise, we recommend
population reinforcement in the Pesio Valley, as the pop-
ulation is declining despite being less geographically iso-
lated. If the population size will be increased, gene flow
with the nearby populations on the Alps might be pro-
moted/re-established.

As pointed out in previous works, plant translocations
may represent the last opportunity to rescue a population,
and therefore it should be carefully planned to avoid
wasting resources (Albrecht & Edwards, 2020; Fenu
et al., 2019; Godefroid et al., 2011; TUCN/SSC, 2013; Novak,
Phelan, & Weber, 2021; Van Rossum & Hardy, 2020;
Whiteley, Fitzpatrick, Funk, & Tallmon, 2015). For
C. calceolus, we recommend that practitioners consider the
following aspects when planning the (re)introduction of
individuals in the wild.

a. Life-stages for translocation. Given its complex demog-
raphy characterized by several life-stages, the choice
of the appropriate stage for reintroduction is crucial
for the successful establishment of C. calceolus.

The first step in obtaining a progeny for translocation
is bypassing the fruit-set limitations typical of
C. calceolus, by conducting artificial pollinations.
Genetic diversity within the progeny can be maxi-
mized by selecting as many individuals as possible
(but see point [c]), located at spatial distances which
minimize the risk of choosing related individuals or
clones. Artificial pollinations also guarantee a higher
seed production in C. calceolus, given that the pollen
is directly transferred from one plant to another
(De Jong & Sprunger, 2020).

The highest mortality in terrestrial orchids is associ-
ated with the seed, protocorm and juvenile life-stages
(Shefferson, Jacquemyn, Kull, & Hutchings, 2020).
According to literature reports, individuals of
C. calceolus remain in their protocorm stage for
3 years before the first leaf appears above ground and
enters the juvenile stage (Nicolé et al., 2005 and refer-
ences therein). However, in optimal conditions such
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as nursery settings, germination is much more rapid
(De Jong & Sprunger, 2020). Similarly, the age range
at which first flowering occurs is reported as 6-
10 years (Nicolé et al., 2005; Rasmussen, 1995), but it
can be as little as 18 months in seed-raised plants
(De Jong & Sprunger, 2020). Therefore, to maximize
the reintroduction success, seeds should be germi-
nated in vitro and then reintroduced at a life-stage
that widens the chances of survival, ideally the adult
stage. Apart from the benefit of discarding weak
plants in the early stages of the process (De Jong &
Sprunger, 2020), introducing mature individuals dur-
ing summertime guarantees a quicker response to
population decline, as mature individuals would be
immediately available for gene flow, and the effect of
the translocation intervention may be evident earlier.
Moreover, previous experiments suggest that tran-
slocating flowering-size plants reduces individual
losses due to animal predation.

The availability of resources and infrastructure repre-
sents the main constraint to obtaining the appropriate
life-stage for reintroduction. For example, large
growth chambers may not be available to support
individual growth for several years and hundreds or
thousands of individuals. However, we stress that pro-
ducing high-quality material with the appropriate
propagation method (Godefroid, Le Pajolec, & Van
Rossum, 2016) is especially critical in C. calceolus,
where even a successful experiment can record 50%
losses during propagation (De Jong & Sprunger, 2020).
Propagation settings should ensure that the proper
phytosanitary conditions are met, to reduce the risk of
introducing pathogens together with the translocated
plants (IUCN/SSC, 2013; Rossi, Amosso, Orsenigo, &
Abeli, 2013).

In the absence of appropriate in vitro facilities, scatter-
ing seed from hand-pollinations on bare ground
around mature parental plants may successfully
increase the population and should be preferred to
inaction.

. Source population for translocation. Traditional guide-
lines recommended selecting source material from
genetically related populations growing in similar
environmental conditions (McKay, Christian, Harri-
son, & Rice, 2005). This would allow reducing the risk
of outbreeding depression (i.e., the reduction of fitness
in the progeny due to the use of excessively differenti-
ated mixed sources; e.g., Edmands, 2007; Frankham
et al., 2011, 2017), genetic swamping (i.e., the replace-
ment of local alleles with the newly introduced alleles;
e.g., Weeks et al, 2011), and maladaptation, when
translocated individuals are not adapted to the recipi-
ent environment. However, such guidelines have been

deemed as too precautionary and even counterpro-
ductive in the case of small and threatened
populations (Broadhurst et al., 2008; Maschinski,
Wright, Koptur, & Pinto-Torres, 2013; Ralls
et al., 2018). Recent studies have demonstrated the
potential of a diverse source population for transloca-
tion (e.g., Pickup, Field, Rowell, & Young, 2013; Van
Rossum, Hardy, Le Pajolec, & Raspé, 2020), which
may also result in a wider adaptive variation and abil-
ity to respond to local threats (Bucharova et al., 2019).
Three possible alternatives exist for the reinforcement
of the Maiella population. The first obvious alternative
would be using local individuals, which would
remove any chance of outbreeding depression. How-
ever, our genetic results show that, even maximizing
genetic diversity in the gene pool of the progeny with
artificial pollination of diverse parents, most of the
original variation in this population is already irre-
placeably lost and genetic rescue with non-local
sources is necessary to prevent any risk of low fitness
in the newly generated progeny. The translocation
experiment in Switzerland was conducted using
strictly local germplasm due to the fear that gene
pools could be swamped by neighboring sites
(De Jong & Sprunger, 2020). However, this led to
smaller sites (with <50 plants) receiving less vigorous
seedlings, casting doubts on their long-term survival
and suggesting the need for a compromise in the
“local is best” paradigm (e.g., Maschinski et al., 2013).
The second alternative for the Maiella population
would be reintroducing individuals from PNALM,
which are the most similar both in terms of genetic
diversity and environmental requirements. As
PNALM is probably facing similar threats in terms of
geographical isolation and reduction of the popula-
tion size, removing potential progeny from this
population should be also associated with local rein-
forcement. These interventions may help re-establish
gene flow between the two National Parks in the
future. This is the alternative that we recommend, in
association with local reinforcement at PNALM, as it
minimizes the risk of outbreeding depression and it
is easier to achieve as an initial effort to restore the
lost genetic diversity.

A third alternative would be to use individuals from
the Alpine range, where there is very low risk of
reducing the local seed bank. Specifically, we ana-
lyzed populations in the Brenta Dolomites, which
have high genetic diversity and seem to encompass
most of the alleles found elsewhere. This alternative
may give interesting results if one of the problems of
the Apennine populations is low fitness but may
swamp unique genetic diversity that may occur in
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the Apennines. Moreover, as we have only consid-
ered neutral genetic variation (associated with micro-
satellite loci), we cannot rule out the risk of
outbreeding depression. However, we have found a
relatively low genetic differentiation among
populations, especially if placed in the context of
Eurasian populations (Gargiulo et al., 2019), which
may also indicate a low risk associated with mixing
locally adapted variants. A further practical limita-
tion associated with this third alternative would be
the necessity for concerted action between local insti-
tutions and stakeholders in Northern and Central
Italy, resulting in further costs and potential barriers.
In the Pesio Valley, we recommend population rein-
forcement using local individuals as the quickest and
most efficient strategy. In fact, genetic diversity in this
population is still high despite the observed demo-
graphic decline and the small effective population size,
suggesting that increasing population size may be suffi-
cient to counteract further decline.

c. How many plants should be translocated? Reintroducing

a limited number of plants may lead to a complete fail-
ure of the reintroduction action (e.g, Van Rossum
et al., 2020). Current guidelines recommend introducing
at least 50 plants in new sites to buffer the expected ran-
dom mortality (Maschinski & Albrecht, 2017), although
the appropriate number of plants to reintroduce also
depends on life-history traits and the biology of the spe-
cies. In C. calceolus, factors such as failure to establish a
mycorrhizal partner, availability of pollinators, low-fruit
set and high-mortality in the early life-stages have also
been observed in large, healthy populations (Rasmussen,
Dixon, Jersakova, & Té&Sitelova, 2015), and need to be
considered even in the best-case scenario.

Once again, we recognize the compromise between the
number of individuals to reintroduce and the available
resources/infrastructure. However, reintroducing an
insufficient number of plants may jeopardize the
experiment or delay the conservation intervention,
considering that results are expected in the long-term
(see next section; Albrecht et al., 2019) and the
expected post-translocation mortality (e.g., Van
Rossum et al., 2020). When there is a benefit in split-
ting costs and resources over the years, a small translo-
cation trial may be attempted in the first year, followed
by further translocations stratified over the years.
However, the risk of delaying the conservation inter-
vention must be considered.

The degree of isolation and genetic diversity found in
the Maiella and PNALM populations, coupled with the
general observations about the ecology/biology of the
species suggest that genetic erosion and isolation may
be only reversed with several hundred individuals. In
the Pesio Valley, re-establishing a stable population

capable of gene flow and long-term survival also
requires several hundred individuals.

Reintroduced individuals should not be planted at high
density (<50 cm apart) to avoid competition for space
between new ramets generated by clonal growth and
new clumps established by seed recruitment.

4.2.3 | Post-translocation monitoring

We recommend establishing a monitoring plan to verify
the successful translocation of C. calceolus. In particular,
the following aspects need to be considered:

a. Cypripedium calceolus has a complex demography
with life-stages of variable lengths. Therefore, F1 juve-
niles should not be expected in the year following the
translocation, even if adult flowering plants were
used. It may take more than a decade to verify
whether a self-sustaining population has been
established.

b. Individuals can become dormant in the juvenile,
young and adult life-stages (Shefferson, Kull, &
Tali, 2005), hence some clumps may not appear above
ground in a particular year.

c. Habitat or population disturbance may not cause an
immediate loss of genetic diversity (delayed genetic
erosion), especially because of the long generation
time promoted by vegetative reproduction.

d. Post-planting monitoring and plant care are essential,
and this can be difficult in remote locations. Clearing
the ground, reducing overhead shading and “garden-
ing” the plants (i.e., watering, removing slugs, etc.)
are also important.

e. Establishing a “honeypot site” in which planted lady's
slipper orchids are displayed for the public, would allow
people to visit under supervision without damaging the
most sensitive populations (see e.g., Fay & Taylor, 2015).

f. Future genetic monitoring may take advantage of the
same set of markers/data we have used in the present
study, considering their broad application in Eur-
asian populations (Gargiulo et al., 2019) and their
degree of polymorphism. Even in the long-term, our
microsatellite data set may be used as a baseline for
comparison, especially in terms of allelic diversity,
allowing the consequences of management to be
tracked.

5 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Our study has provided clear recommendations for the
conservation of C. calceolus, based on the review of
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ecological and population genetic aspects. High-
throughput methods targeting many regions in the
genome of C. calceolus are relatively expensive, given the
large genome size of the species (Gargiulo et al., 2021).
We recognize that further cost reductions associated with
high-throughput methods may allow questions about
adaptive variation, in addition to selectively neutral vari-
ation (Flanagan, Forester, Latch, Aitken, & Hoban, 2018;
Funk, McKay, Hohenlohe, & Allendorf, 2012), to be
addressed, but some populations of C. calceolus require
immediate action, and we cannot afford to wait for such
cost reductions.

Unfortunately, there is also uncertainty associated
with the future implications of climate change (Geppert
et al., 2020; Kramer & Havens, 2009), especially in edge
populations, where conditions may become unsuitable
for the species. While such uncertainty should be consid-
ered in refining strategies (Rusconi, 2017), it should not
discourage their implementation in the first place, as
populations of C. calceolus have primarily disappeared
because of human actions, and therefore it is a human
responsibility to reverse the damage.
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GLOSSARY
adaptive genetic variation associated with repro-
variation ductive fitness of a population in its

environment.

loss of genetic diversity.

movement of genetic variants (alleles)
among populations via gametes or
migrants. These genetic variants will
contribute to the next generation.
increase in genetic diversity and in
reproductive fitness in a small popu-
lation with reduced genetic diversity,
through the introduction of individ-
uals with different/complementary
backgrounds.

genetic erosion
gene flow

genetic rescue
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inbreeding mating between similar individuals
related by descent (including self-
fertilization in plants), with production
of offspring.

inbreeding reduction in the reproductive fitness of

depression a population due to inbreeding.

reinforcement  human-mediated introduction of indi-
viduals into an existing population of
conspecific individuals for genetic
rescue.

translocation human-mediated movement of a spe-
cies, including the reintroduction in an
environment in which the species has
disappeared, and reinforcement for
genetic rescue.

(reproductive)  the number of fertile offspring that sur-

fitness vive to reproductive age, contributed
by an individual (lifetime reproductive
success) (Frankham et al., 2017)

ORCID

Roberta Gargiulo ‘® https://orcid.org/0000-0001-8663-

6568

Martino Adamo ‘© https://orcid.org/0000-0001-7571-3505

Fabrizio Bartolucci ® https://orcid.org/0000-0001-8199-

6003

Giampiero Ciaschetti ‘@ https://orcid.org/0000-0003-3314-

8362

Fabio Conti ‘© https://orcid.org/0000-0001-7391-6691
Valter Di Cecco ‘® https://orcid.org/0000-0001-9862-1267
Luciano Di Martino ‘© https://orcid.org/0000-0003-4410-
1623

Ana Juan © https://orcid.org/0000-0002-2929-3818
Sara Magrini ‘© https://orcid.org/0000-0002-7966-7574
Marco Mucciarelli ‘® https://orcid.org/0000-0001-8256-
7980

Michael F. Fay ‘® https://orcid.org/0000-0003-3491-9093

REFERENCES

Albrecht, M. A., & Edwards, C. E. (2020). Genetic monitoring to
assess the success of restoring rare plant populations with
mixed gene pools. Molecular Ecology, 29, 4037-4039.

Albrecht, M. A., Osazuwa-Peters, O. L., Maschinski, J., Bell, T. J.,
Bowles, M. L., Brumback, W. E., ... Wright, S. J. (2019). Effects
of life history and reproduction on recruitment time lags in
reintroductions of rare plants. Conservation Biology, 33, 601-
611. https://doi.org/10.1111/cobi.13255

Angeloni, F., Ouborg, N. J., & Leimu, R. (2011). Meta-analysis on
the association of population size and life history with
inbreeding depression in plants. Biological Conservation, 144
(1), 35-43.

Antonelli, A., Johan Dahlberg, C., Carlgren, K. H., & Appelqvist, T.
(2009). Pollination of the Lady's slipper orchid (Cypripedium
calceolus) in Scandinavia-taxonomic and conservational

aspects. Nordic Journal of Botany, 27(4), 266-273. https://doi.
org/10.1111/j.1756-1051.2009.00263.x

Balloux, F., & Lugon-Moulin, N. (2002). The estimation of population
differentiation with microsatellite markers. Molecular Ecology,
11, 155-165. https://doi.org/10.1046/j.0962-1083.2001.01436.x

Bartolucci, F., & Conti, F. (2019). Lectotypification of the name
Androsace mathildae Levier (Primulaceae). Phytotaxa, 393,
201-203. https://doi.org/10.3897/italianbotanist.4.21693

Bartolucci, F., Peruzzi, L., Galasso, G., Albano, A., Alessandrini, A.,
Ardenghi, N. M. G., ... Conti, F. (2018). An updated checklist of
the vascular flora native to Italy. Plant Biosystems, 152(2), 179-
303. https://doi.org/10.1080/11263504.2017.1419996

Bonazza, A., Caniglia, G., Moraldo, B., & Rossi, W. (2004). Prelimi-
nary data on the ecology of Cypripedium calceolus L. in a few
populations from Trentino Alto Adige. Journal Europdischer
Orchideen, 36(2), 431-454.

Bovio, M. (2014). Flora vascolare della Valle d’Aosta. Sarre (Aosta):
Repertorio commentato e stato delle conoscenze. Testolin Ed.

Braunschmid, H., Miikisch, B., Rupp, T., Schiffler, I., Zito, P.,
Birtele, D., & Détterl, S. (2017). Interpopulation variation in
pollinators and floral scent of the lady's-slipper orchid Cypripe-
dium calceolus L. Arthropod-Plant Interactions, 11(3), 363-379.
https://doi.org/10.1007/s11829-017-9512-x

Britt, M., Haworth, S. E., Johnson, J. B., Martchenko, D., &
Shafer, A. B. (2018). The importance of non-academic coauthors
in bridging the conservation genetics gap. Biological Conservation,
218, 118-123. https://doi.org/10.1016/j.biocon.2017.12.019

Broadhurst, L. M., Lowe, A., Coates, D. J., Cunningham, S. A,
McDonald, M., Vesk, P. A., & Yates, C. (2008). Seed supply for
broadscale restoration: Maximizing evolutionary potential. Evo-
lutionary Applications, 1, 567-597. https://doi.org/10.1111/j.
1752-4571.2008.00045.x

Brzosko, E., Wréblewska, A., & Ratkiewicz, M. (2002). Spatial
genetic structure and clonal diversity of Island populations
of lady's slipper (Cypripedium calceolus) from the Biebrza
National Park (northeast Poland). Molecular Ecology, 11
(12), 2499-2509. https://doi.org/10.1046/j.1365-294X.2002.
01630.x

Brzosko, E., Wréblewska, A., Tatalaj, I., & Wasilewska, E. (2011).
Genetic diversity of Cypripedium calceolus in Poland. Plant Sys-
tematics and Evolution, 295(1), 83-96. https://doi.org/10.1007/
$00606-011-0464-9

Bucharova, A., Bossdorf, O., Holzel, N., Kollmann, J., Prasse, R., &
Durka, W. (2019). Mix and match: Regional admixture
provenancing strikes a balance among different seed-sourcing
strategies for ecological restoration. Conservation Genetics, 20
(1), 7-17. https://doi.org/10.1007/s10592-018-1067-6

Calevo, J., Gargiulo, R., Bersweden, L., Viruel, J., Gonzilez-
Montelongo, C., Rebbas, K., ... Fay, M. F. (2021). Molecular evi-
dence of species- and subspecies-level distinctions in the rare
Orchis patens s.l. and implications for conservation. Biodiversity
and Conservation, 30, 1293-1314. https://doi.org/10.1007/
$10531-021-02142-6

Cane, J. H., & Love, B. (2019). Pollen carryover between sequential
foraging trips by a solitary bee: Implications for distant out-
crossing. Journal of Pollination Ecology, 24, 136-143. https://
doi.org/10.26786/1920-7603%282018%2915

Chhatre, V. E., & Emerson, K. J. (2017). StrAuto: Automation and
parallelization of STRUCTURE analysis. BMC Bioinformatics,
18, 192. https://doi.org/10.1186/s12859-017-1593-0


https://orcid.org/0000-0001-8663-6568
https://orcid.org/0000-0001-8663-6568
https://orcid.org/0000-0001-8663-6568
https://orcid.org/0000-0001-7571-3505
https://orcid.org/0000-0001-7571-3505
https://orcid.org/0000-0001-8199-6003
https://orcid.org/0000-0001-8199-6003
https://orcid.org/0000-0001-8199-6003
https://orcid.org/0000-0003-3314-8362
https://orcid.org/0000-0003-3314-8362
https://orcid.org/0000-0003-3314-8362
https://orcid.org/0000-0001-7391-6691
https://orcid.org/0000-0001-7391-6691
https://orcid.org/0000-0001-9862-1267
https://orcid.org/0000-0001-9862-1267
https://orcid.org/0000-0003-4410-1623
https://orcid.org/0000-0003-4410-1623
https://orcid.org/0000-0003-4410-1623
https://orcid.org/0000-0002-2929-3818
https://orcid.org/0000-0002-2929-3818
https://orcid.org/0000-0002-7966-7574
https://orcid.org/0000-0002-7966-7574
https://orcid.org/0000-0001-8256-7980
https://orcid.org/0000-0001-8256-7980
https://orcid.org/0000-0001-8256-7980
https://orcid.org/0000-0003-3491-9093
https://orcid.org/0000-0003-3491-9093
https://doi.org/10.1111/cobi.13255
https://doi.org/10.1111/j.1756-1051.2009.00263.x
https://doi.org/10.1111/j.1756-1051.2009.00263.x
https://doi.org/10.1046/j.0962-1083.2001.01436.x
https://doi.org/10.3897/italianbotanist.4.21693
https://doi.org/10.1080/11263504.2017.1419996
https://doi.org/10.1007/s11829-017-9512-x
https://doi.org/10.1016/j.biocon.2017.12.019
https://doi.org/10.1111/j.1752-4571.2008.00045.x
https://doi.org/10.1111/j.1752-4571.2008.00045.x
https://doi.org/10.1046/j.1365-294X.2002.01630.x
https://doi.org/10.1046/j.1365-294X.2002.01630.x
https://doi.org/10.1007/s00606-011-0464-9
https://doi.org/10.1007/s00606-011-0464-9
https://doi.org/10.1007/s10592-018-1067-6
https://doi.org/10.1007/s10531-021-02142-6
https://doi.org/10.1007/s10531-021-02142-6
https://doi.org/10.26786/1920-7603%282018%2915
https://doi.org/10.26786/1920-7603%282018%2915
https://doi.org/10.1186/s12859-017-1593-0

GARGIULO Er AL.

,‘ Practice “‘L“““‘*—Wl LEY 17 of 22

Chung, M. Y., Nason, J. D., & Chung, M. G. (2004). Implications of
clonal structure for effective population size and genetic drift in
a rare terrestrial orchid, Cremastra appendiculata. Conservation
Biology, 18(6), 1515-1524.

Conti, F., & Bartolucci, F. (2015). The vascular flora of the National
Park of Abruzzo, Lazio and Molise (Central Italy). An Annotated
Checklist. Geobotany Studies. Switzerland, 254 pp: Springer Interna-
tional Publishing. https://doi.org/10.1007/978-3-319-09701-5

Conti, F., Ciaschetti, G., Di Martino, L., & Bartolucci, F. (2019). An
annotated checklist of the vascular flora of Maijella National
Park (Central Italy). Phytotaxa, 412, 1-90. https://doi.org/10.
11646/phytotaxa.412.1.1

Cook, C. N., & Sgro, C. M. (2019a). Conservation practitioners'
understanding of how to manage evolutionary processes. Con-
servation Biology, 33(5), 993-1001. https://doi.org/10.1111/cobi.
13306

Cook, C. N., & Sgro, C. M. (2019b). Poor understanding of evolu-
tionary theory is a barrier to effective conservation manage-
ment. Conservation Letters, 12(2), €12619. https://doi.org/10.
1111/conl.12619

Corkhill, P. (1996). Raising Cypripedium calceolus from flask.
Orchid Review, 104, 348-352.

Cornuet, J. M., & Luikart, G. (1996). Description and power analy-
sis of two tests for detecting recent population bottlenecks from
allele frequency data. Genetics, 144, 2001-2014.

Cribb, P. (1997). The genus Cypripedium. Portland: Timber Press.

Cribb, P. (2020). An orchid back from the brink. The Alpine Gar-
dener, Special Edition 90th Anniversary, 88, 96-101. https://
www.alpinegardensociety.net/plants/90th-anniversary-edition-
of-the-alpine-gardener/

Davison, R., Nicol¢, F., Jacquemyn, H., & Tuljapurkar, S. (2013).
Contributions of covariance: Decomposing the components of
stochastic population growth in Cypripedium calceolus. The
American Naturalist, 181, 410-420. https://doi.org/10.1086/
669155

De Castro, O., Del Guacchio, E., Di Iorio, E.,, Di Maio, A., Di
Martino, L., Bartolucci, F., & Conti, F. (2020). Barcoding helps
threatened species: The case of Iris marsica (Iridaceae) from the
protected areas of the Abruzzo (Central Italy). Plant Biosystems,
154, 961-972. https://doi.org/10.1080/11263504.2020.1762786

De Jong, C., & Sprunger, S. (2020). A project to reintroduce Cypripe-
dium calceolus in Switzerland. L'Orchidophile, 227, 373-385.

Devillers-Terschuren, J. (1999). Action plan for Cypripedium cal-
ceolus in Europe (No. 100-104). Strasbourg Cedex, France:
Council of Europe.

Di Cecco, V., Di Santo, M., Di Musciano, M., Manzi, A., Di
Cecco, M., Ciaschetti, G., ... Di Martino, L. (2020). The Majella
National Park: A case study for the conservation of plant biodi-
versity in the Italian Apennines. Italian Botanist, 10, 1-24.
https://doi.org/10.3897/italianbotanist.10.52952

Di Martino, L., Conti, F., Bartolucci, F., Ciaschetti, G.,, & Di
Cecco, M. (2016). Conservazione delle piante di interesse com-
unitario (Direttiva 92/43/CEE) dell'Appennino centrale: il
progetto Life Floranet. Notiziario della Societa Botanica
Italiana, 0, 45-46.

Di Musciano, M., Di Cecco, V., Bartolucci, F., Conti, F.,
Frattaroli, A. R., & Di Martino, L. (2020). Dispersal ability of
threatened species affects future distributions. Plant Ecology,
221, 265-228. https://doi.org/10.1007/s11258-020-01009-0

Di Rienzo, A., Peterson, A. C., Garza, J. C., Valdes, A. M.,
Slatkin, M., & Freimer, N. B. (1994). Mutational processes of
simple-sequence repeat loci in human populations. Proceedings
of the National Academy of Sciences, 91(8), 3166-3170. https://
doi.org/10.1073/pnas.91.8.3166

Do, C., Waples, R. S., Peel, D., Macbeth, G. M., Tillett, B. J., &
Ovenden, J. R. (2014). NeEstimator v2: Re-implementation of
software for the estimation of contemporary effective popula-
tion size (Ne) from genetic data. Molecular Ecology Resources,
14(1), 209-214. https://doi.org/10.1111/1755-0998.12157

Dubois, N. S., Gomez, A., Carlson, S., & Russell, D. (2020). Bridging
the research-implementation gap requires engagement from
practitioners. Conservation Science and Practice, 2(1), e134.

Earl, D. A., & von Holdt, B. M. (2012). STRUCTURE HARVESTER:
A website and program for visualizing STRUCTURE output and
implementing the Evanno method. Conservation Genetics
Resources, 4, 359-361. https://doi.org/10.1007/s12686-011-9548-7

Edmands, S. (2007). Between a rock and a hard place: Evaluating
the relative risks of inbreeding and outbreeding for conserva-
tion and management. Molecular Ecology, 16(3), 463-475.
https://doi.org/10.1111/j.1365-294X.2006.03148.x

ENSCONET. (2009). ENSCONET seed collecting manual for wild
species. United Kingdom: European Native Seed Conservation
Network.

Ercole, S., Giacanelli, V., Bacchetta, G., Fenu, G., & Genovesi, P.
(2016). Manuali per il monitoraggio di specie e habitat di inter-
esse comunitario (Direttiva 92/43/CEE) in Italia: Specie
vegetali. ISPRA, Serie Manuali e linee guida, 140/2016] and
updated according to the European Community guidelines for
the fourth report under article 17 of the habitats directive.
Retrieved from  http://cdr.eionet.europa.eu/help/habitats_
artl7/index_html.

EU (European Union). (1992). Council directive 92/43/EEC of
21 May 1992 on the conservation of natural habitats and of wild
fauna and flora. Office Journal, 206, 7-50.

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number
of clusters of individuals using the software STRUCTURE: A
simulation study. Molecular Ecology, 14, 2611-2620. https://doi.
0rg/10.1111/j.1365-294X.2005.02553.x

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A
new series of programs to perform population genetics analyses
under Linux and Windows. Molecular Ecology Resources, 10,
564-567. https://doi.org/10.1111/j.1755-0998.2010.02847.x

Excoffier, L., Smouse, P. E., & Quattro, J. M. (1992). Analysis of
molecular variance inferred from metric distances among DNA
haplotypes: Application to human mitochondrial DNA restric-
tion data. Genetics, 131(2), 479-491.

Fay, M. F. (2018). Orchid conservation: How can we meet the chal-
lenges in the twenty-first century? Botanical Studies, 59(1), 1-6.

Fay, M. F., Bone, R., Cook, P., Kahandawala, I., Greensmith, J.,
Harris, S., ... Lexer, C. (2009). Genetic diversity in Cypripedium
calceolus (Orchidaceae) with a focus on north-western Europe,
as revealed by plastid DNA length polymorphisms. Annals of
Botany, 104(3), 517-525.

Fay, M. F., Feustel, M., Newlands, C., & Gebauer, G. (2018). Infer-
ring the mycorrhizal status of introduced plants of Cypripedium
calceolus (Orchidaceae) in northern England using stable iso-
tope analysis. Botanical Journal of the Linnean Society, 186(4),
587-590. https://doi.org/10.1093/botlinnean/box104


https://doi.org/10.1007/978-3-319-09701-5
https://doi.org/10.11646/phytotaxa.412.1.1
https://doi.org/10.11646/phytotaxa.412.1.1
https://doi.org/10.1111/cobi.13306
https://doi.org/10.1111/cobi.13306
https://doi.org/10.1111/conl.12619
https://doi.org/10.1111/conl.12619
https://www.alpinegardensociety.net/plants/90th-anniversary-edition-of-the-alpine-gardener/
https://www.alpinegardensociety.net/plants/90th-anniversary-edition-of-the-alpine-gardener/
https://www.alpinegardensociety.net/plants/90th-anniversary-edition-of-the-alpine-gardener/
https://doi.org/10.1086/669155
https://doi.org/10.1086/669155
https://doi.org/10.1080/11263504.2020.1762786
https://doi.org/10.3897/italianbotanist.10.52952
https://doi.org/10.1007/s11258-020-01009-0
https://doi.org/10.1073/pnas.91.8.3166
https://doi.org/10.1073/pnas.91.8.3166
https://doi.org/10.1111/1755-0998.12157
https://doi.org/10.1007/s12686-011-9548-7
https://doi.org/10.1111/j.1365-294X.2006.03148.x
http://cdr.eionet.europa.eu/help/habitats_art17/index_html
http://cdr.eionet.europa.eu/help/habitats_art17/index_html
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1093/botlinnean/box104

18 of 22 Wl L EY— Z

GARGIULO Er AL.

Fay, M. F., & Taylor, 1. (2015). 801. Cypripedium calceolus.
Orchidaceae. Curtis's Botanical Magazine, 32(1), 24-32. https://
doi.org/10.1111/curt.12090

Fenu, G., Bacchetta, G., Charalambos, S. C., Fournaraki, C., Del
Galdo, G. P. G., Gotsiou, P., ... De Montmollin, B. (2019). An
early evaluation of translocation actions for endangered plant
species on Mediterranean islands. Plant Diversity, 41(2), 94-
104. https://doi.org/10.1016/j.pld.2019.03.001

Flanagan, S. P., Forester, B. R., Latch, E. K., Aitken, S. N., &
Hoban, S. (2018). Guidelines for planning genomic assessment
and monitoring of locally adaptive variation to inform species
conservation. Evolutionary Applications, 11(7), 1035-1052.
https://doi.org/10.1111/eva.12569

Frankham, R. (1995). Effective population size/adult population
size ratios in wildlife: A review. Genetics Research, 66, 95-107.
https://doi.org/10.1017/S0016672300034455

Frankham, R. (2021). Suggested improvements to proposed genetic
indicator for CBD. Conservation Genetics, 22, 531-532.

Frankham, R., Ballou, J. D., Eldridge, M. D. B., Lacy, R. C,,
Ralls, K., Dudash, M. R., & Fenster, C. B. (2011). Predicting the
probability of outbreeding depression. Conservation Biology, 25,
465-475. https://doi.org/10.1111/j.1523-1739.2011.01662.X

Frankham, R., Ballou, J. D., Ralls, K., Eldridge, M., Dudash, M. R,,
Fenster, C. B., ... Sunnucks, P. (2017). Genetic management of
fragmented animal and plant populations. Oxford: Oxford
University.

Frankham, R., Bradshaw, C. J., & Brook, B. W. (2014). Genetics in
conservation management: Revised recommendations for the
50/500 rules, Red List criteria and population viability analyses.
Biological Conservation, 170, 56-63.

Funk, W. C,, Forester, B. R., Converse, S. J., Darst, C., & Morey, S.
(2018). Improving conservation policy with genomics: A guide
to integrating adaptive potential into US Endangered Species
Act decisions for conservation practitioners and geneticists.
Conservation Genetics, 20, 115-134. https://doi.org/10.1007/
510592-018-1096-1

Funk, W. C., McKay, J. K., Hohenlohe, P. A., & Allendorf, F. W.
(2012). Harnessing genomics for delineating conservation units.
Trends in Ecology & Evolution, 27(9), 489-496. https://doi.org/
10.1016/j.tree.2012.05.012

Gale, S. W., Fischer, G. A., Cribb, P. J., & Fay, M. F. (2018). Orchid
conservation: Bridging the gap between science and practice.
Botanical Journal of the Linnean Society, 86, 425-434. https://
doi.org/10.1093/botlinnean/boy003

Gallino, B., Ostellino, I., & Re, D. (1993). Contributi alla conoscenza
della flora del Massiccio del Marguareis. Rivista Piemontese di
Storia Naturale, 14, 43-50.

Garcia, M. B., Goni, D., & Guzman, D. (2010). Living at the edge:
Local versus positional factors in the long-term population
dynamics of an endangered orchid. Conservation Biology, 24,
1219-1229. https://doi.org/10.1111/j.1523-1739.2010.01466.x

Gargiulo, R., Ilves, A., Kaart, T., Fay, M. F, & Kull, T.
(Unpublished). High genetic diversity in a threatened clonal
species, Cypripedium calceolus (Orchidaceae), enables long-
term stability of the species in different biogeographical regions
in Estonia. Botanical Journal of the Linnean Society, 186, 560
571. https://doi.org/10.1093/botlinnean/box105

Gargiulo, R., Kull, T., & Fay, M. F. (2021). Effective double-digest
RAD sequencing and genotyping despite large genome size.

Molecular Ecology Resources, 21, 1037-1055. https://doi.org/10.
1111/1755-0998.13314

Gargiulo, R., Pironon, S., Zheleznaya, E., Sanchez, M. D,
Baldzs, Z. R., Podar, D., ... Fay, M. F. (2019). Phylogeography
and post-glacial dynamics in the clonal-sexual orchid Cypripe-
dium calceolus L. Journal of Biogeography, 46, 526-538. https://
doi.org/10.1111/jbi.13528

Garner, B. A., Hoban, S., & Luikart, G. (2020). IUCN Red List and
the value of integrating genetics. Conservation Genetics, 21(5),
795-801. https://doi.org/10.1007/s10592-020-01301-6

Gathmann, A., & Tscharntke, T. (2002). Foraging ranges of solitary
bees. Journal of Animal Ecology, 71, 757-764. https://doi.org/
10.1046/j.1365-2656.2002.00641.x

Geppert, C., Perazza, G., Wilson, R. J., Bertolli, A., Prosser, F.,
Melchiori, G., & Marini, L. (2020). Consistent population
declines but idiosyncratic range shifts in Alpine orchids under
global change. Nature Communications, 11(1), 1-11. https://
doi.org/10.1038/s41467-020-19680-2

Gill, D. E. (1989). Fruiting failure, pollinator inefficiency and speciation
in orchids. In D. Otte & J. A. Endler (Eds.), Speciation and its con-
sequences (pp. 458-481). Sunderland, MA: Sinauer Associates.

GIROS. (2016). Orchidee dTtalia. Guida alle orchidee spontanee (22
edizione ed.). Cornaredo, Milano: Il Castello.

Glémin, S., Bataillon, T., Ronfort, J., Mignot, A., & Olivieri, I
(2001). Inbreeding depression in small populations of self-
incompatible plants. Genetics, 159(3), 1217-1229.

Godefroid, S., Le Pajolec, S., & Van Rossum, F. (2016). Pre-
translocation considerations in rare plant reintroductions:
Implications for designing protocols. Plant Ecology, 217(2),
169-182. https://doi.org/10.1007/s11258-015-0526-0

Godefroid, S., Piazza, C., Rossi, G., Buord, S., Stevens, A. D,
Aguraiuja, R., ... Vanderborght, T. (2011). How successful are
plant species reintroductions? Biological Conservation, 144(2),
672-682. https://doi.org/10.1016/j.biocon.2010.10.003

Goiii, D., Garcia, M. B., & Guzman, D. (2015). Seguimiento dem-
ogrdfico y estado de conservacion de Borderea chouardii y Cypripe-
dium calceolus (Zapatito de la Dama). Madrid: Direccién General
de Calidad y Evaluaciéon Ambiental y Medio Natural, Ministerio
de Agricultura, Alimentaciéon y Medio Ambiente 49 pp.

Goudet, J. (2001). FSTAT, a program to estimate and test gene
diversities and fixation indices. (version 2.9.3.2). Available from
http://www.unil.ch/izea/softwares/fstat.html (updated from:
Goudet J (1995) FSTAT (version 1.2)): A computer program to
calculate F-statistics. Journal of Heredity, 86, 485-486.

Guichoux, E., Lagache, L., Wagner, S., Chaumeil, P., Léger, P.,
Lepais, O., ... Petit, R. J. (2011). Current trends in microsatellite
genotyping. Molecular Ecology Resources, 11(4), 591-611.

Hill, W. G. (1981). Estimation of effective population size from data
on linkage disequilibrium. Genetics Research, 38(3), 209-216.

Hinsley, A., De Boer, H. J.,, Fay, M. F., Gale, S. W., Gardiner, L. M.,
Gunasekara, R. S., ... Phelps, J. (2018). A review of the trade in
orchids and its implications for conservation. Botanical Journal
of the Linnean Society, 186(4), 435-455.

Hoban, S., Arntzen, J. W., Bertorelle, G., Bryja, J., Fernandes, M.,
Frith, K., .. Bruford, M. W. (2013). Conservation genetic
resources for effective species survival (ConGRESS): Bridging
the divide between conservation research and practice. Journal
for Nature Conservation, 21(6), 433-437. https://doi.org/10.
1016/.jnc.2013.07.005


https://doi.org/10.1111/curt.12090
https://doi.org/10.1111/curt.12090
https://doi.org/10.1016/j.pld.2019.03.001
https://doi.org/10.1111/eva.12569
https://doi.org/10.1017/S0016672300034455
https://doi.org/10.1111/j.1523-1739.2011.01662.x
https://doi.org/10.1007/s10592-018-1096-1
https://doi.org/10.1007/s10592-018-1096-1
https://doi.org/10.1016/j.tree.2012.05.012
https://doi.org/10.1016/j.tree.2012.05.012
https://doi.org/10.1093/botlinnean/boy003
https://doi.org/10.1093/botlinnean/boy003
https://doi.org/10.1111/j.1523-1739.2010.01466.x
https://doi.org/10.1093/botlinnean/box105
https://doi.org/10.1111/1755-0998.13314
https://doi.org/10.1111/1755-0998.13314
https://doi.org/10.1111/jbi.13528
https://doi.org/10.1111/jbi.13528
https://doi.org/10.1007/s10592-020-01301-6
https://doi.org/10.1046/j.1365-2656.2002.00641.x
https://doi.org/10.1046/j.1365-2656.2002.00641.x
https://doi.org/10.1038/s41467-020-19680-2
https://doi.org/10.1038/s41467-020-19680-2
https://doi.org/10.1007/s11258-015-0526-0
https://doi.org/10.1016/j.biocon.2010.10.003
http://www.unil.ch/izea/softwares/fstat.html
https://doi.org/10.1016/j.jnc.2013.07.005
https://doi.org/10.1016/j.jnc.2013.07.005

GARGIULO Er AL.

,‘ Practice “‘L“““‘*—Wl LEY 19 of 22

Hoban, S., Bruford, M., Jackson, J. D. U., Lopes-Fernandes, M.,
Heuertz, M., Hohenlohe, P. A,, ... Laikre, L. (2020). Genetic
diversity targets and indicators in the CBD post-2020 global bio-
diversity framework must be improved. Biological Conservation,
248, 108654. https://doi.org/10.1016/j.biocon.2020.108654

Hoban, S., Paz-Vinas, 1., Aitken, S., Bertola, L. D., Breed, M. F.,
Bruford, M. W., ... Laikre, L. (2021). Effective population size
remains a suitable, pragmatic indicator of genetic diversity for all
species, including forest trees. Biological Conservation, 253, 108906.

Hoban, S. M., Hauffe, H. C., Pérez-Espona, S., Arntzen, J. W.,
Bertorelle, G., Bryja, J., ... Bruford, M. W. (2013). Bringing
genetic diversity to the forefront of conservation policy and
management. Conservation Genetics Resources, 5(2), 593-598.
https://doi.org/10.1007/512686-013-9859-y

Hofmann, M. M., Fleischmann, A., & Renner, S. S. (2020). Foraging
distances in six species of solitary bees with body lengths of 6 to
15 mm, inferred from individual tagging, suggest 150 m-rule-
of-thumb for flower strip distances. Journal of Hymenoptera
Research, 77, 105-117.

Holderegger, R., Balkenhol, N., Bolliger, J., Engler, J. O,
Gugerli, F., Hochkirch, A, ... Zachos, F. E. (2019). Conservation
genetics: Linking science with practice. Molecular Ecology, 28
(17), 3848-3856. https://doi.org/10.1111/mec.15202

Hurskainen, S., Jakdldniemi, A., Kaitala, V., Kull, T., Motlep, M.,
Ramula, S., & Tuomi, J. (2017). Temporal cycles and spatial
asynchrony in the reproduction and growth of a rare nectarless
orchid, Cypripedium calceolus. Botanical Journal of the Linnean
Society, 183(2), 316-326. https://doi.org/10.1093/botlinnean/
bow008

Hurskainen, S., Jikdldniemi, A., Ramula, S., & Tuomi, J. (2017).
Tree removal as a management strategy for the lady's slipper
orchid, a flagship species for herb-rich forest conservation. For-
est Ecology and Management, 406, 12-18. https://doi.org/10.
1016/j.foreco.2017.09.056

Husband, B. C., & Schemske, D. W. (1996). Evolution of the magni-
tude and timing of inbreeding depression in plants. Evolution,
50(1), 54-70. https://doi.org/10.1111/j.1558-5646.1996.tb04472.x

Isaja, A., & Dotti, L. (2003). Le orchidee spontanee della Val di Susa
(Piemonte-Italia) primi dati sulla distribuzione di tre orchidee.
Rivista Piemontese di Storia Naturale, 24, 205-215.

TUCN/SSC. (2013). Guidelines for reintroductions and other conser-
vation translocations. Version 1.0. Gland, Switzerland: TUCN
Species Survival Commission viiii + 57 pp. Retrieved from
https://portals.iucn.org/library/sites/library/files/documents/
2013-009.pdf

Jakubska-Busse, A., Tsiftsis, S., Sliwinski, M., Kfenovd, Z.,
Djordjevi¢, V., Steiu, C., ... Kreutz, K. C. (2021). How to protect
natural habitats of rare terrestrial orchids effectively: A compar-
ative case study of Cypripedium calceolus in different geograph-
ical regions of Europe. Plants, 10(2), 404. https://doi.org/10.
3390/plants10020404

Jenkins, M., & Oldfield, S. (1992). Wild plants in trade. Cambridge,
United Kingdom: Traffic International.

Jersakovd, J., Johnson, S. D., & Kindlmann, P. (2006). Mechanisms
and evolution of deceptive pollination in orchids. Biological
Reviews, 81(2), 219-235.

Jombart, T. (2008). adegenet: A R package for the multivariate anal-
ysis of genetic markers. Bioinformatics, 24, 1403-1405. https://
doi.org/10.1093/bioinformatics/btn129

Jombart, T., & Ahmed, I. (2011). adegenet 1.3-1: New tools for the
analysis of genome-wide SNP data. Bioinformatics, 27, 3070-
3071. https://doi.org/10.1093/bioinformatics/btr521

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis
of principal components: A new method for the analysis of geneti-
cally structured populations. BMC Genetics, 11, 94 Retrieved from
http://www.biomedcentral.com/1471-2156/11/94

Jones, A. T., Ovenden, J. R., & Wang, Y. G. (2016). Improved confi-
dence intervals for the linkage disequilibrium method for esti-
mating effective population size. Heredity, 117(4), 217-223.
https://doi.org/10.1038/hdy.2016.19

Kamvar, Z. N., Brooks, J. C., & Griinwald, N. J. (2015). Novel R
tools for analysis of genome-wide population genetic data with
emphasis on clonality. Frontiers in Genetics, 6, 208. https://doi.
org/10.3389/fgene.2015.00208

Kamvar, Z. N., Tabima, J. F., & Griinwald, N. J. (2014). Poppr: An
R package for genetic analysis of populations with clonal, par-
tially clonal, and/or sexual reproduction. PeerJ, 2, e281. https://
doi.org/10.7717/peer;j.281

Khapugin, A. A., Chugunov, G. G., & Vargot, E. V. (2017). Cypripe-
dium calceolus (Orchidaceae) in central Russia: A case study
for its populations in two protected areas in the Republic of
Mordovia (Russia). Lankesteriana, 17(3), 417-431. https://doi.
org/10.15517/lank.v17i3.31577

Knight, A. T., Cowling, R. M., Rouget, M., Balmford, A.,
Lombard, A. T., & Campbell, B. M. (2008). Knowing but not
doing: Selecting priority conservation areas and the research-
implementation gap. Conservation Biology, 22(3), 610-617.
https://doi.org/10.1111/j.1523-1739.2008.00914.x

Kolanowska, M., & Jakubska-Busse, A. (2020). Is the lady's-slipper
orchid (Cypripedium calceolus) likely to shortly become extinct
in Europe? - Insights based on ecological niche modelling.
PLoS One, 15(1), €0228420. https://doi.org/10.1371/journal.
pone.0228420

Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A., &
Mayrose, I. (2015). Clumpak: A program for identifying cluster-
ing modes and packaging population structure inferences
across K. Molecular Ecology Resources, 15(5), 1179-1191.
https://doi.org/10.1111/1755-0998.12387

Kramer, A. T., & Havens, K. (2009). Plant conservation genetics in
a changing world. Trends in Plant Science, 14(11), 599-607.

Kull, T. (1995). Genet and ramet dynamics of Cypripedium calceolus
in different habitats. Abstracta Botanica, 19, 95-104.

Kull, T. (1998). Fruit-set and recruitment in populations of Cypripedium
calceolus L. in Estonia. Botanical Journal of the Linnean Society,
126(1-2), 27-38. https://doi.org/10.1111/§.1095-8339.1998.tb02513.x

Kull, T. (1999). Cypripedium calceolus L. Journal of Ecology, 87(5),
913-924.

Kull, T., & Paaver, T. (1997). Patterns of aspartate aminotransferase
variation in relation to population size, founder effect, and phy-
togeographic. Proceedings of the Estonian Academy of Sciences,
Biology and Ecology, 46(1-2), 4-11.

Laikre, L. (2010). Genetic diversity is overlooked in international
conservation policy implementation. Conservation Genetics, 11
(2), 349-354. https://doi.org/10.1007/s10592-009-0037-4

Laikre, L., Hoban, S. Bruford, M. W., Segelbacher, G.,
Allendorf, F. W., Gajardo, G., ... Vernesi, C. (2020). Post-2020
goals overlook genetic diversity. Science, 367(6482), 1083-1085.
https://doi.org/10.1126/science.abb2748


https://doi.org/10.1016/j.biocon.2020.108654
https://doi.org/10.1007/s12686-013-9859-y
https://doi.org/10.1111/mec.15202
https://doi.org/10.1093/botlinnean/bow008
https://doi.org/10.1093/botlinnean/bow008
https://doi.org/10.1016/j.foreco.2017.09.056
https://doi.org/10.1016/j.foreco.2017.09.056
https://doi.org/10.1111/j.1558-5646.1996.tb04472.x
https://portals.iucn.org/library/sites/library/files/documents/2013-009.pdf
https://portals.iucn.org/library/sites/library/files/documents/2013-009.pdf
https://doi.org/10.3390/plants10020404
https://doi.org/10.3390/plants10020404
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btr521
http://www.biomedcentral.com/1471-2156/11/94
https://doi.org/10.1038/hdy.2016.19
https://doi.org/10.3389/fgene.2015.00208
https://doi.org/10.3389/fgene.2015.00208
https://doi.org/10.7717/peerj.281
https://doi.org/10.7717/peerj.281
https://doi.org/10.15517/lank.v17i3.31577
https://doi.org/10.15517/lank.v17i3.31577
https://doi.org/10.1111/j.1523-1739.2008.00914.x
https://doi.org/10.1371/journal.pone.0228420
https://doi.org/10.1371/journal.pone.0228420
https://doi.org/10.1111/1755-0998.12387
https://doi.org/10.1111/j.1095-8339.1998.tb02513.x
https://doi.org/10.1007/s10592-009-0037-4
https://doi.org/10.1126/science.abb2748

20 of 22 Wl L EY— Z

GARGIULO Er AL.

Laikre, L., Hohenlohe, P. A., Allendorf, F. W., Bertola, L. D.,
Breed, M. F., Bruford, M. W., ... Hoban, S. (2021). Authors'
Reply to Letter to the Editor: Continued improvement to
genetic diversity indicator for CBD. Conservation Genetics,
22, 533-536.

Laurance, W. F., Koster, H., Grooten, M., Anderson, A. B,
Zuidema, P. A., Zwick, S., ... Anten, N. P. (2012). Making con-
servation research more relevant for conservation practitioners.
Biological Conservation, 153, 164-168. https://doi.org/10.1016/j.
biocon.2012.05.012

Liu, H., Jacquemyn, H., He, X., Chen, W., Huang, Y., Yu, S, ...
Zhang, Y. (2021). The impact of human pressure and climate
change on the habitat availability and protection of Cypripe-
dium (Orchidaceae) in Northeast China. Plants, 10(1), 84.
https://doi.org/10.3390/plants10010084

Luikart, G., Allendorf, F. W., Cornuet, J. M., & Sherwin, W. B.
(1997). Distortion of allele frequency distributions provides a
test for recent population bottlenecks. Journal of Heredity, 89
(3), 238-247. https://doi.org/10.1093/jhered/89.3.238

Luikart, G., Antao, T., Hand, B. K., Muhlfeld, C. C., Boyer, M. C.,
Cosart, T., .. Waples, R. S. (2021). Detecting population
declines via monitoring the effective number of breeders (Nb).
Molecular Ecology Resources, 21(2), 379-393. https://doi.org/10.
1111/1755-0998.13251

Luikart, G., & Cornuet, J. M. (1998). Empirical evaluation of a test
for identifying recently bottlenecked populations from allele
frequency data. Conservation Biology, 12, 228-237.

Malmgren, S. (1996). Orchid propagation: Theory and practice. In
C. Allen (Ed.), North American native orchids: Propagation and
production (pp. 63-71). Germantown, MD: North American
Native Terrestrial Orchid Conference.

Martini, F., Bona, E., Federici, G., Fenaroli, F., & Perico, G. (2012).
Flora vascolare della Lombardia centro-orientale (Vol. 1). Tri-
este: Lint Editoriale.

Maschinski, J., & Albrecht, M. A. (2017). Center for plant conserva-
tion's best practice guidelines for the reintroduction of rare
plants. Plant Diversity, 39(6), 390-395. https://doi.org/10.1016/j.
pld.2017.09.006

Maschinski, J., Wright, S. J., Koptur, S., & Pinto-Torres, E. C.
(2013). When is local the best paradigm? Breeding history influ-
ences conservation reintroduction survival and population tra-
jectories in times of extreme climate events. Biological
Conservation, 159, 277-284.

McKay, J. K., Christian, C. E., Harrison, S., & Rice, K. J. (2005).
“How local is local?””—A review of practical and conceptual
issues in the genetics of restoration. Restoration Ecology, 13(3),
432-440. https://doi.org/10.1016/j.biocon.2012.10.022

Minasiewicz, J., & Znaniecka, J. M. (2014). Characterization of
15 novel Cypripedium
(Orchidaceae) using MiSeq sequencing. Conservation Genetic
Resources, 6, 527-529. https://doi.org/10.1007/s12686-014-0170-3

Minasiewicz, J., Znaniecka, J. M., Gorniak, M., & Kawinski, A.
(2018). Spatial genetic structure of an endangered orchid Cypri-
pedium calceolus (Orchidaceae) at a regional scale: Limited
gene flow in a fragmented landscape. Conservation Genetics, 19
(6), 1449-1460. https://doi.org/10.1007/s10592-018-1113-4

Neiland, M. R. M., & Wilcock, C. C. (1998). Fruit set, nectar reward,
and rarity in the Orchidaceae. American Journal of Botany, 85
(12), 1657-1671. https://doi.org/10.2307/2446499

microsatellite loci for calceolus

Nemer, W., Rebbas, K., & Krouchi, F. (2019). Découverte de Cypri-
pedium calceolus (Orchidaceae) au Djurdjura (Algérie), nou-
velle pour I'Afrique du Nord. Flora Mediterranea, 29, 207-214.
https://doi.org/10.7320/FIMedit29.207

Nicolé, F., Brzosko, E., & Till-Bottraud, I. (2005). Population viabil-
ity analysis of Cypripedium calceolus in a protected area: Lon-
gevity, stability and persistence. Journal of Ecology, 93(4), 716—
726. https://doi.org/10.1111/j.1365-2745.2005.01010.x

Nilsson, L. A. (1979). Anthecological studies on the Lady's slipper,
Cypripedium calceolus (Orchidaceae). Stockholm, Botaniska
Notiser, 132, 329-347.

Novak, B. J., Phelan, R., & Weber, M. (2021). US conservation
translocations: Over a century of intended consequences. Con-
servation Science and Practice, 3, €394.

Ottewell, K. M., Bickerton, D. C., Byrne, M., & Lowe, A. J. (2016).
Bridging the gap: A genetic assessment framework for
population-level threatened plant conservation prioritization
and decision-making. Diversity and Distributions, 22(2), 174-
188. https://doi.org/10.1111/ddi.12387

Peakall, R., & Smouse, P. E. (2006). GENALEX 6: Genetic analysis
in excel. Population genetic software for teaching and research.
Molecular Ecology Notes, 6(1), 288-295. https://doi.org/10.1111/
j-1471-8286.2005.01155.x

Pedersen, H. A., Rasmussen, H. M., Kahandawala, I. M., &
Fay, M. F. (2012). Genetic diversity, compatibility patterns and
seed quality in isolated populations of Cypripedium calceolus
(Orchidaceae). Conservation Genetics, 13, 89-98. https://doi.
0rg/10.1007/s10592-011-0267-0

Peery, M. Z., Kirby, R., Reid, B. N., Stoelting, R., Doucet-Béer, E.,
Robinson, S., ... Palsbell, P. J. (2012). Reliability of genetic bot-
tleneck tests for detecting recent population declines. Molecular
Ecology, 21(14), 3403-3418. https://doi.org/10.1111/j.1365-
294X.2012.05635.x

Perazza, G., & Chini, R. (2020). Nuovo limite altitudinale per piante
fiorite di Cypripedium calceolus in Europa. GIROS Orchidee
Spontanee d’Europa, 63, 529-536.

Perazza, G., & Decarli, M. (2020). Monitoring of Cypripedium cal-
ceolus (Orchidaceae) in the Adamello-Brenta Natural Park
(Italy). Nature Conservation Research (3anosemuas nayka), 5,
178-184. https://doi.org/10.24189/ncr.2020.045

Perazza, G., & Lorenz, R. (2013). Le Orchidee dellltalia
nordorientale. Atlante corologico e guida al riconoscimento.
Rovereto: Edizioni Osiride.

Phillips, R. D., Reiter, N., & Peakall, R. (2020). Orchid conserva-
tion: From theory to practice. Annals of Botany, 126(3),
345-362.

Pickup, M., Field, D. L., Rowell, D. M., & Young, A. G. (2013).
Source population characteristics affect heterosis fol-
lowing genetic rescue of fragmented plant populations.
Proceedings of the Royal Society B: Biological Sciences,
280(1750), 20122058.  https://doi.org/10.1098/rspb.2012.
2058

Piry, S., Luikart, G., & Cornuet, J. M. (1999). BOTTLENECK: A pro-
gram for detecting recent effective population size reductions
from allele data frequencies. Journal of Heredity, 90, 502-503.
https://doi.org/10.1093/jhered/90.4.502

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of
population structure using multilocus genotype data. Genetics,
155, 945-959.


https://doi.org/10.1016/j.biocon.2012.05.012
https://doi.org/10.1016/j.biocon.2012.05.012
https://doi.org/10.3390/plants10010084
https://doi.org/10.1093/jhered/89.3.238
https://doi.org/10.1111/1755-0998.13251
https://doi.org/10.1111/1755-0998.13251
https://doi.org/10.1016/j.pld.2017.09.006
https://doi.org/10.1016/j.pld.2017.09.006
https://doi.org/10.1016/j.biocon.2012.10.022
https://doi.org/10.1007/s12686-014-0170-3
https://doi.org/10.1007/s10592-018-1113-4
https://doi.org/10.2307/2446499
https://doi.org/10.7320/FlMedit29.207
https://doi.org/10.1111/j.1365-2745.2005.01010.x
https://doi.org/10.1111/ddi.12387
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1007/s10592-011-0267-0
https://doi.org/10.1007/s10592-011-0267-0
https://doi.org/10.1111/j.1365-294X.2012.05635.x
https://doi.org/10.1111/j.1365-294X.2012.05635.x
https://doi.org/10.24189/ncr.2020.045
https://doi.org/10.1098/rspb.2012.2058
https://doi.org/10.1098/rspb.2012.2058
https://doi.org/10.1093/jhered/90.4.502

GARGIULO Er AL.

:.-'\-.:' Practice ""‘-‘E’i"‘"“—Wl LEY 21 of 22

Pritchard, J. K., & Wen, W. (2003). Documentation for STRUCTURE
software: Version 2. Chicago: University of Chicago Press.
http://web.stanford.edu/group/pritchardlab/software/
structure2_1.html

Przybytowicz, T., Roessingh, P., Groot, A. T., Biesmeijer, J. K.,
Oostermeijer, J. G., Chittka, L., & Gravendeel, B. (2012). Possi-
ble chemical mimicry of the European lady's slipper orchid
(Cypripedium calceolus). Contributions to Zoology, 81(2), 103-
110. https://doi.org/10.1163/18759866-08102005

Putman, A. I, & Carbone, 1. (2014). Challenges in analysis and
interpretation of microsatellite data for population genetic stud-
ies. Ecology and Evolution, 4(22), 4399-4428.

Queirés, J., Godinho, R., Lopes, S., Gortazar, C., De la Fuente, J., &
Alves, P. C. (2015). Effect of microsatellite selection on individ-
ual and population genetic inferences: An empirical study
using cross-specific and species-specific amplifications. Molecu-
lar Ecology Resources, 15(4), 747-760.

R Development Core Team. (2013). R: A language and environment
for statistical computing. Vienna, Austria: R Foundation for Sta-
tistical Computing. https://www.R-project.org/

Rafter, M., Yokoya, K., Schofield, E. J., Zettler, L. W., & Sarasan, V.
(2016). Non-specific symbiotic germination of Cynorkis
purpurea (Thouars) Kraezl., a habitat-specific terrestrial orchid
from the Central Highlands of Madagascar. Mycorrhiza, 26,
541-552. https://doi.org/10.1007/s00572-016-0691-6

Ralls, K., Ballou, J. D., Dudash, M. R. Eldridge, M. D,
Fenster, C. B., Lacy, R. C., ... Frankham, R. (2018). Call for a
paradigm shift in the genetic management of fragmented
populations. Conservation Letters, 11(2), e12412. https://doi.
org/10.1111/conl.12412

Ramsay, M. M., & Stewart, J. (1998). Re-establishment of the lady's
slipper orchid (Cypripedium calceolus L.) in Britain. Botanical
Journal of the Linnean Society, 126(1-2), 173-181. https://doi.
0rg/10.1111/j.1095-8339.1998.tb02524.x

Rankou, H. & Bilz, M. 2014. Cypripedium calceolus. The TUCN red
list of threatened species 2014: e.T162021A43316125. https://
doi.org/10.2305/TUCN.UK.2014-1.RLTS.T162021A43316125.en.

Rasmussen, H. N. (1995). Terrestrial orchids from seed to
mycotrophic plant. Cambridge, UK: Cambridge University
Press.

Rasmussen, H. N., Dixon, K. W., Jersidkova, J., & Té&Sitelova, T.
(2015). Germination and seedling establishment in orchids: A
complex of requirements. Annals of Botany, 116(3), 391-402.

Redshaw, P. (2019). The Lady's-slipper orchid in 1930: A family
secret revealed. The Naturalist, 144, 165-170. https://www.ynu.
org.uk/sites/default/xyzerrt/documents/Naturalist%201102.pdf

Rossi, G., Amosso, C., Orsenigo, S., & Abeli, T. (2013). Linee Guida
per la traslocazione di specie vegetali spontanee. In Quaderni di
Conservazione della Natura, 38. Roma: MATTM - Ist. Sup.
Protezione e Ricerca Ambientale (ISPRA). https://www.
minambiente.it/sites/default/files/archivio/biblioteca/
protezione_natura/qcn_38_linee_guida_traslocazione_
specie.pdf

Rossi, G., Montagnani, C., Gargano, D., Peruzzi, L., Abeli, T.
Ravera, S., .. Orsenigo, S. (2013). Lista Rossa della Flora
Italiana. 1. Policy Species e altre specie minacciate. Rome, Italy:
Comitato Italiano IUCN e Ministero dell Ambiente e della
Tutela del Territorio e del Mare. Stamperia Romana.

Rossi, G., Orsenigo, S., Montagnani, C., Fenu, G., Gargano, D.,
Peruzzi, L., ... Abeli, T. (2016). Is legal protection sufficient to
ensure plant conservation? The Italian Red List of policy spe-
cies as a case study. Oryx, 50, 431-436. https://doi.org/10.1017/
S003060531500006X

Rusconi, O. (2017). Conservation of endangered plants: A roadmap
for the selection of translocation sites. MSc dissertation. Switzer-
land: University of Neuchatel.

Shafer, A. B., Wolf, J. B, Alves, P. C. Bergstrém, L.,
Bruford, M. W., Briannstrom, 1., ... Zielinski, P. (2015). Geno-
mics and the challenging translation into conservation practice.
Trends in Ecology & Evolution, 30(2), 78-87. https://doi.org/10.
1016/j.tree.2014.11.009

Shefferson, R. P., Jacquemyn, H., Kull, T., & Hutchings, M. J.
(2020). The demography of terrestrial orchids: Life history, pop-
ulation dynamics and conservation. Botanical Journal of the
Linnean Society, 192(2), 315-332. https://doi.org/10.1093/
botlinnean/boz084

Shefferson, R. P., Kull, T., & Tali, K. (2005). Adult whole-plant dor-
mancy induced by stress in long-lived orchids. Ecology, 86,
3099-3104. https://doi.org/10.1890/05-0586

Shefferson, R. P., Kull, T., Tali, K., & Kellett, K. M. (2012). Linking
vegetative dormancy to fitness in two long-lived herbaceous
perennials. Ecosphere, 3(2), 1-19. https://doi.org/10.1890/ES11-
00328.1

Shefferson, R. P., Taylor, D. L., Weif}, M., Garnica, S,
McCormick, M. K., Adams, S., ... Lee, Y.-I. (2007). The evolu-
tionary history of mycorrhizal specificity among lady's slipper
orchids. Evolution, 61, 1380-1390. https://doi.org/10.1111/j.
1558-5646.2007.00112.x

Shefferson, R. P., Weif3, M., Kull, T., & Taylor, D. L. (2005). High
specificity generally characterizes mycorrhizal association in
rare lady's slipper orchids, genus Cypripedium. Molecular Ecol-
ogy, 14, 613-626. https://doi.org/10.1111/j.1365-294X.2005.
02424.x

Taft, H. R., McCoskey, D. N., Miller, J. M., Pearson, S. K,
Coleman, M. A., Fletcher, N. K., .. Barbosa, S. (2020).
Research-management partnerships: An opportunity to inte-
grate genetics in conservation actions. Conservation Science and
Practice, 2(9), e218.

Tange, O. (2011). GNU parallel - The command-line power tool;
Login. The USENIX Magazine, 2011, 42-47.

Taylor, H. R., Dussex, N., & van Heezik, Y. (2017). Bridging the
conservation genetics gap by identifying barriers to implemen-
tation for conservation practitioners. Global Ecology and Con-
servation, 10, 231-242. https://doi.org/10.1016/j.gecco.2017.
04.001

Trapnell, D. W., & Hamrick, J. L. (2006). Floral display and mating
patterns within populations of the neotropical epiphytic orchid,
Laelia rubescens (Orchidaceae). American Journal of Botany, 93
(7), 1010-1018.

Tremblay, R. L., & Ackerman, J. D. (2001). Gene flow and effective
population size in Lepanthes (Orchidaceae): A case for genetic
drift. Biological Journal of the Linnean Society, 72(1), 47-62.

Tremblay, R. L., Ackerman, J. D., Zimmerman, J. K., & Calvo, R. N.
(2005). Variation in sexual reproduction in orchids and its evo-
lutionary consequences: A spasmodic journey to diversification.
Biological Journal of the Linnean Society, 84(1), 1-54.


http://web.stanford.edu/group/pritchardlab/software/structure2_1.html
http://web.stanford.edu/group/pritchardlab/software/structure2_1.html
https://doi.org/10.1163/18759866-08102005
https://www.r-project.org/
https://doi.org/10.1007/s00572-016-0691-6
https://doi.org/10.1111/conl.12412
https://doi.org/10.1111/conl.12412
https://doi.org/10.1111/j.1095-8339.1998.tb02524.x
https://doi.org/10.1111/j.1095-8339.1998.tb02524.x
https://doi.org/10.2305/IUCN.UK.2014-1.RLTS.T162021A43316125.en
https://doi.org/10.2305/IUCN.UK.2014-1.RLTS.T162021A43316125.en
https://www.ynu.org.uk/sites/default/xyzerrt/documents/Naturalist%201102.pdf
https://www.ynu.org.uk/sites/default/xyzerrt/documents/Naturalist%201102.pdf
https://www.minambiente.it/sites/default/files/archivio/biblioteca/protezione_natura/qcn_38_linee_guida_traslocazione_specie.pdf
https://www.minambiente.it/sites/default/files/archivio/biblioteca/protezione_natura/qcn_38_linee_guida_traslocazione_specie.pdf
https://www.minambiente.it/sites/default/files/archivio/biblioteca/protezione_natura/qcn_38_linee_guida_traslocazione_specie.pdf
https://www.minambiente.it/sites/default/files/archivio/biblioteca/protezione_natura/qcn_38_linee_guida_traslocazione_specie.pdf
https://doi.org/10.1017/S003060531500006X
https://doi.org/10.1017/S003060531500006X
https://doi.org/10.1016/j.tree.2014.11.009
https://doi.org/10.1016/j.tree.2014.11.009
https://doi.org/10.1093/botlinnean/boz084
https://doi.org/10.1093/botlinnean/boz084
https://doi.org/10.1890/05-0586
https://doi.org/10.1890/ES11-00328.1
https://doi.org/10.1890/ES11-00328.1
https://doi.org/10.1111/j.1558-5646.2007.00112.x
https://doi.org/10.1111/j.1558-5646.2007.00112.x
https://doi.org/10.1111/j.1365-294X.2005.02424.x
https://doi.org/10.1111/j.1365-294X.2005.02424.x
https://doi.org/10.1016/j.gecco.2017.04.001
https://doi.org/10.1016/j.gecco.2017.04.001

22 of 22 Wl L EY— Z

GARGIULO Er AL.

vili, U., Einarsson, A., Waits, L., & Ellegren, H. (2008). To what
extent do microsatellite markers reflect genome-wide genetic
diversity in natural populations? Molecular Ecology, 17(17),
3808-3817.

van Oosterhout, C., Hutchinson, W. F., Wills, D. P. M., &
Shipley, P. (2004). MICRO-CHECKER: Software for identifying
and correcting genotyping errors in microsatellite data. Molecu-
lar Ecology Notes, 4, 535-538. https://doi.org/10.1111/j.1471-
8286.2004.00684.x

Van Rossum, F., & Hardy, O. J. (2020). Guidelines for genetic moni-
toring of translocated plant populations. Conservation Biology.
https://doi.org/10.1111/cobi.13670

Van Rossum, F., Hardy, O. J., Le Pajolec, S., & Raspé, O. (2020).
Genetic monitoring of translocated plant populations in prac-
tice. Molecular Ecology, 29, 4040-4058. https://doi.org/10.1111/
mec.15550

Vernesi, C., & Bruford, M. W. (2009). Recent developments in
molecular tools for conservation. In G. Bertorelle, M. W.
Bruford, H. C. Hauffe, A. Rizzoli, & C. Vernesi (Eds.), Popula-
tion genetics for animal conservation. Cambridge: Cambridge
University Press.

Waples, R. K., Larson, W. A., & Waples, R. S. (2016). Estimating
contemporary effective population size in non-model species
using linkage disequilibrium across thousands of loci. Heredity,
117(4), 233-240. https://doi.org/10.1038/hdy.2016.60

Waples, R. S. (2005). Genetic estimates of contemporary effective
population size: To what time periods do the estimates apply?
Molecular Ecology, 14, 3335-3352. https://doi.org/10.1111/j.
1365-294X.2005.02673.x

Waples, R. S., Antao, T., & Luikart, G. (2014). Effects of overlapping
generations on linkage disequilibrium estimates of effective
population size. Genetics, 197(2), 769-780. https://doi.org/10.
1534/genetics.114.164822

Waples, R. S., & Do, C. (2008). LDNE: A program for estimating
effective population size from data on linkage disequilibrium.
Molecular Ecology Resources, 8(4), 753-756. https://doi.org/10.
1111/§.1755-0998.2007.02061.x

Waples, R. S., & Do, C. (2010). Linkage disequilibrium estimates of
contemporary ne using highly variable genetic markers: A
largely untapped resource for applied conservation and evolu-
tion. Evolutionary Applications, 3(3), 244-262. https://doi.org/
10.1111/j.1752-4571.2009.00104.x

Weeks, A. R., Sgro, C. M. Young, A. G. Frankham, R,
Mitchell, N. J., Miller, K. A., ... Hoffmann, A. A. (2011).
Assessing the benefits and risks of translocations in changing
environments: A genetic perspective. Evolutionary Applications,
4(6), 709-725. https://doi.org/10.1111/j.1752-4571.2011.00192.x

Weir, B. S. (1996). Genetic data analysis II. Sunderland, MA:
Sinauer & Associates.

Weir, B. S., & Cockerham, C. C. (1984). Estimating F-statistics for
the analysis of population structure. Evolution, 38, 1358-1370.

Whitehead, M. R., Linde, C. C., & Peakall, R. (2015). Pollination by
sexual deception promotes outcrossing and mate diversity in
self-compatible clonal orchids. Journal of Evolutionary Biology,
28(8), 1526-1541.

Whiteley, A. R., Fitzpatrick, S. W., Funk, W. C., & Tallmon, D. A.
(2015). Genetic rescue to the rescue. Trends in Ecology & Evolu-
tion, 30(1), 42-49.

Yokoya, K., Zettler, L. W., Bell, J., Kendon, J. P., Jacob, A. S.,
Schofield, E., ... Sarasan, V. (2021). The diverse assemblage of
fungal endophytes from orchids in Madagascar linked to abiotic
factors and seasonality. Diversity, 13(2), 96. https://doi.org/10.
3390/d13020096

Yokoya, K., Zettler, L. W., Kendon, J. P., Bidartondo, M. I,
Stice, A. L., Skarha, S., ... Sarasan, V. (2015). Preliminary find-
ings on identification of mycorrhizal fungi from diverse orchids
in the Central Highlands of Madagascar. Mycorrhiza, 25, 611-
625. https://doi.org/10.1007/s00572-015-0635-6

Zurbuchen, A., Landert, L., Klaiber, J., Miiller, A., Hein, S., &
Dorn, S. (2010). Maximum foraging ranges in solitary bees:
Only few individuals have the capability to cover long foraging
distances. Biological Conservation, 143(3), 669—676. https://doi.
0rg/10.1016/j.biocon.2009.12.003

SUPPORTING INFORMATION

Additional supporting information may be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Gargiulo, R., Adamo,
M., Cribb, P. J., Bartolucci, F., Sarasan, V.,
Alessandrelli, C., Bona, E., Ciaschetti, G., Conti, F.,
Di Cecco, V., Di Martino, L., Gentile, C., Juan, A.,
Magrini, S., Mucciarelli, M., Perazza, G., & Fay, M.
F. (2021). Combining current knowledge of
Cypripedium calceolus with a new analysis of
genetic variation in Italian populations to provide
guidelines for conservation actions. Conservation
Science and Practice, 3(10), e513. https://doi.org/10.

1111/csp2.513



https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1111/cobi.13670
https://doi.org/10.1111/mec.15550
https://doi.org/10.1111/mec.15550
https://doi.org/10.1038/hdy.2016.60
https://doi.org/10.1111/j.1365-294X.2005.02673.x
https://doi.org/10.1111/j.1365-294X.2005.02673.x
https://doi.org/10.1534/genetics.114.164822
https://doi.org/10.1534/genetics.114.164822
https://doi.org/10.1111/j.1755-0998.2007.02061.x
https://doi.org/10.1111/j.1755-0998.2007.02061.x
https://doi.org/10.1111/j.1752-4571.2009.00104.x
https://doi.org/10.1111/j.1752-4571.2009.00104.x
https://doi.org/10.1111/j.1752-4571.2011.00192.x
https://doi.org/10.3390/d13020096
https://doi.org/10.3390/d13020096
https://doi.org/10.1007/s00572-015-0635-6
https://doi.org/10.1016/j.biocon.2009.12.003
https://doi.org/10.1016/j.biocon.2009.12.003
https://doi.org/10.1111/csp2.513
https://doi.org/10.1111/csp2.513

	Combining current knowledge of Cypripedium calceolus with a new analysis of genetic variation in Italian populations to pro...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Population sampling and nSSR genotyping
	2.2  Genetic diversity and differentiation
	2.3  Estimation of the effective population sizes and bottleneck tests

	3  RESULTS
	3.1  Genetic diversity and differentiation
	3.2  Estimation of the effective population sizes and bottleneck tests

	4  DISCUSSION
	4.1  Genetic diversity and structure in the Italian populations of C. calceolus
	4.2  General guidelines for future conservation actions
	4.2.1  Removing the threats to the populations in situ
	4.2.2  Recommendations for plant translocation (reinforcement/reintroduction)
	4.2.3  Post-translocation monitoring


	5  CONCLUSIONS AND FUTURE PERSPECTIVES
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	  ETHICS STATEMENT
	REFERENCES


