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Abstract

The Alps played an important role in the biogeography of European plants and acted as a refugium for numerous species
during the interglacial cycles. We investigated Nuphar pumila, one of the most emblematic glacial relicts of the Alps, by
carrying out exhaustive literature and field surveys to collect relevant data on its distribution and threats. We further evaluated
the level of introgression with the closely related N. lutea based on microsatellite data from natural populations across the
Alps as well as from all ex situ collections and reintroductions in Switzerland. According to our results, more than 60% of
the known N. pumila populations went extinct, and the species currently presents 37 natural populations in the investigated
area. A large number of populations were affected by eutrophication (69%) and hybridization with N. lutea (53%). Prior-
ity should be given to the in situ conservation of genetically pure populations, while ex situ cultures should be applied to
nearly extinct populations and the genetically pure individuals still present in hybrid populations. N. pumila is an excellent
representative of the wetland/aquatic glacial relicts that are particularly affected by the combination of climate change and
habitat degradation. International integration of research and conservation programs is needed to limit the decline of such
rare species in the Alps.
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Introduction enclaves with benign environmental conditions in areas with

inhospitable regional climates (Woolbright et al. 2014). The

Climate relicts are remnants of past populations that have
become fragmented by climate-driven changes and habitat
loss (Hampe and Jump 2011). These remnants were left
behind during past range shifts and can persist today only in
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Alps, along with the neighboring mountain ranges, played
an important role in forming the biogeographical patterns
in Europe and acted as a refugium for many taxa through-
out several ice age cycles (Taberlet et al. 1998; Brochmann
et al. 2003; Tribsch and Schonswetter 2003; Holderegger
and Thiel-Egenter 2009; Windmaisser et al. 2016). Dur-
ing recent decades, the glacial and postglacial histories of
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«Fig. 1 Nuphar pumila in the Alps and neighboring mountain ranges.
a Flowers of N. pumila with deeply lobed stigmatic discs. b Float-
ing leaves of N. pumila. ¢ Fully introgressed population of N. pumila
at the Lac de Lussy site (LUS, Switzerland); d the Haldensee site
(HAL, Austria), which has one of the most preserved and pure popu-
lations of N. pumila in the Alps; and e the Schlossweiher site (SIG),
which has up to 1000 individuals of N. pumila and is one of the best-
preserved natural populations of the species in southern Germany. f
Ex situ culture of N. pumila from Lac des Joncs (Switzerland) in the
Botanical Garden of the University of Fribourg (BGF)

arctic—alpine and boreal—alpine plant species have been
extensively investigated (Stehlik et al. 2002; Stehlik 2003;
Paun et al. 2008; Ronikier et al. 2012; Winkler et al. 2012;
Eidesen et al. 2013). However, many relict taxa of the alpine
region still await thorough analysis, since only a few punc-
tual studies have explored the conservation status of the
glacial relicts in Europe (Schmitt et al. 2010; Zimmermann
et al. 2010). One of the reasons for this shortfall is the lack
of a uniform definition of a glacial relict and, consequently,
the lack of an exhaustive list of the threatened relicts in
Europe and/or in the Alps (Zimmermann et al. 2010). First,
systematic attempts to enumerate alpine high-mountain and
high-latitude plants with disjunct distributions date to the
beginning of the twentieth century (Kulczynski 1924; Schro-
eter 1926; Wangerin 1932) and were further developed by
Thorn (1960) and Walter and Straka (1970). More recently,
some detailed lists and conservation status assessments of
glacial relicts were published (Reisch 2001; Welk 2001;
Zimmermann et al. 2010); however, the majority of these
lists are concentrated on restricted geographic areas (mainly
Germany). The lack of synthesis of alpine relicts hinders
the development of international and concerted conserva-
tion initiatives.

In our study, we investigated the least water lily [Nuphar
pumila (Timm.) DC, Nymphaeaceae] (Fig. 1), one of the most
emblematic glacial relicts with a very scattered relictual
distribution in the Alps and neighboring mountain systems
(Heslop-Harrison 1955; Meusel et al. 1965; Roweck 1988).
N. pumila is a specialist species that is restricted to moun-
tain lakes with relatively shallow banks and acidic waters.
The species forms floating leaf communities in a specialized
habitat (Oberdorfer 1977) and has been the focus of several
studies [e.g., Heslop-Harrison (1953, 1955), Roweck and
Reinohl (1986), Roweck (1988) and Kozlowski and Egg-
enberg (2005)]. In alpine countries, N. pumila is of special
interest due to its rarity and relict status. In France (Vosges
and Jura), it benefits from regional-level protection (Mikola-
jczak and Ferrez 2005). In Switzerland, the species is endan-
gered (EN, Bornand et al. 2016) and is completely protected
at the national level (Kidsermann and Moser 1999). In Ger-
many and Austria, N. pumila is listed as a category 1 species
(threatened with extinction) (Metzing et al. 2018; Niklfeld

1999), and in France, it is listed as vulnerable (VU; https://
uicn.fr/liste-rouge-france/).

There are only two European species in the genus
Nuphar: the least water lily and the yellow water lily (V.
lutea L..) (Padgett 2007). They are closely related and form
fertile hybrids known as N. X spenneriana (Padgett et al.
1999). Hybridization seems to be very common among the
Nuphar species and has been well documented in North
America (Padgett 1998; Padgett et al. 1998; 2002) and Japan
(Shiga and Kadano 2007, 2008). In the Alps, hybridization
with N. lutea has been described as one of the main threats
to the natural populations of N. pumila (Arrigo et al. 2016).
Surprisingly, hybridization seems to be very rare in Eastern
Europe and Asia (Volkova et al. 2018).

The present paper aimed to address the following ques-
tions and topics: (1) What is the difference between the past
and present distributions of N. pumila in the Alps and the
neighboring mountain ranges (e.g., evaluation of the popu-
lation losses by comparing the number of extant popula-
tions with the historically documented but currently extinct
populations)? (2) What are the main threats to the extant
populations of N. pumila in this region? (3) Which regions
and lakes are the most threatened? (4) How many ex situ col-
lections of N. pumila exist in Switzerland, and what is their
quality? (5) Using molecular methods, we aimed to elucidate
the origin of the ex situ collections and reintroductions of
N. pumila in Switzerland and the level of their hybridiza-
tion with N. lutea. (6) Based on our results, we proposed
the best conservation strategy for the remaining relict and
pure populations of N. pumila in the Alps and neighboring
mountain ranges.

Materials and methods
Present and past distribution

We reconstructed the historical and recent distribution of NV.
pumila and the hybrid N. x spenneriana using peer-reviewed
literature, field studies and surveys conducted by environ-
mental engineering or botanical institutions. The global
distribution of N. pumila has been elucidated from the two
most comprehensive studies on N. pumila and on the whole
genus Nuphar (Roweck 1988; Padgett 2007). The present
and past distributions of N. pumila were determined for the
Alps and neighboring mountain ranges using the precise
list of locations from Roweck (1988), for France with data
from field surveys performed throughout Jura and Vosges
(Mikolajczak and Ferrez 2005; Muller 2006), for Germany
with field sheets from the “Aktionsprogramm zur Sanierung
Oberschwibischer Seen” (https://www.seeprogramm.de),
and for Switzerland with data compiled by Kozlowski and
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Eggenberg (2005) (see Table S1 for a complete list of past
and recent locations).

Field surveys and sampling for molecular analyses

Our field surveys and sampling covered the entire species
distribution in the Alps and neighboring mountain ranges.
They included all existing populations from Switzerland and
Austria as well as the selected populations from all moun-
tain ranges where N. pumila occurs naturally in France (Jura
and Vosges) and southern Germany (Black Forest, Eastern
Baden-Wiirttemberg and Bavaria). Additionally, all botani-
cal gardens with ex situ collections and introduced popula-
tions in Switzerland were sampled. The field work was con-
ducted and the collections were made in 2014 at the height
of the growing season (June/August). At each study site, we
precisely counted the number of floating leaves of N. pumila
and N. x spenneriana and estimated the number of individu-
als based on the methodology described in Kozlowski and
Eggenberg (2005). The human impact was assessed through
direct observations in the field (especially signs of recrea-
tion and tourism, fishing and swimming activities, as well
as boat traffic in the vicinity of the N. pumila communities)
and discussion with the local administration and scientists.
A comprehensive assessment of the macrophyte vegetation
was conducted, especially for the floating-leaf species, to
analyze the risks of the potential competitors among or in
the direct vicinity of N. pumila (categorized as strong or
extreme depending on the size of the N. pumila population
and competitors) or in the surrounding areas (moderate).
To estimate the risk of future hybridization, we also inves-
tigated the vegetation in each water body to locate N. lutea
individuals. Information on the level of eutrophication of
the investigated water bodies was taken from the published
literature and available field surveys; quantitative data [phos-
phate (PO,) concentration] were available for SIG, STO,
HAL, ABB and SCH through publicly available analyses
mandated by the states (seenprogramm.de; ages.at; sierm.
eaurmc.fr); for BAC, JON, LUS, GRA and KAM, we based
the intensity of the threat on the qualitative data available in
the literature (Kozlowski and Eggenberg 2005; Mikolajczak
and Ferrez 2005); and for FIL, ROH and STI, the intensity of
eutrophication was based on discussions with nature reserve
managers (unpublished data).

For the molecular analyses, the leaves were washed thor-
oughly in water, dried with paper towels and stored in plastic
bags with silica gel (Chase and Hills 1991). Altogether, six
ex situ collections from botanical or private gardens and
three introduced populations were sampled (Tables 1, 2).
The leaf material was retrieved from 6 to 14 individuals
per collection/reintroduction for a total of 73 individuals
(Table 2). Due to a small ex situ collection size, only three
individuals were collected in Uster (UST), three in Wangen
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(WAN), and four in the reintroduced population in Birch-
weiher (BIR). All voucher specimens (one individual per
population) were deposited in the herbarium of the Natural
History Museum in Fribourg, Switzerland (NHMF).

Molecular analyses

The DNA extraction methodology, wetlab procedures and
statistical analysis of SSR genotypes were described in
detail in companion paper published earlier (Arrigo et al.
2016). These data are available online as a unified SSR
call-set (https://datadryad.org/resource/doi:10.5061/dryad
.8f0d4?show=full) that we explore here further to outline
the prevalence of hybrids in the sampling sites and estab-
lish the origin of the ex situ collections. The presence of
the hybrid genotypes was assessed via the hybrid indexes
computed with Hindex V 1.42 (Buerkle 2005). We followed
the procedure described in detail in Arrigo et al. (2016), in
which two sets of specimens representative of N. pumila
and N. lutea are considered a priori. These groups allow
the identification of alleles specific to each species and
the computation of the hybrid index for any individual of
putative hybrid origin. The obtained Hindex values range
from O (for the pure N. pumila) to 1 (for the pure N. lutea
specimens). The first generation (F1s) as well as advanced
generation hybrids (F2s, F3s, F4s, etc.) get Hindex values
near 0.5, while advanced backcrosses diverge towards either
parental pool, with Hindex values trending to O or 1. We
aimed to identify the non-pure genotypes and considered
those individuals with Hindex values ranging between 0.1
and 0.9 to be of putative hybrid origin. This tool is suitable
for the analysis of potentially clonally reproducing species
as it does not require assumptions regarding Hardy—Wein-
berg equilibrium. Additionally, this approach accommodates
mixtures of marker types, allowing the use of all the investi-
gated SSR loci (that were treated as codominant, except for
NLGA7, which was recoded as allelic presences/absences
and declared dominant). The origins of the ex situ specimens
were assessed by checking the SSR genotypes observed in
the expected populations of origin (Arrigo et al. 2016). The
specificity of this approach was possible because all the
populations differed from each other by specific alleles and
had a near-clonal diversity structure (when excluding hybrid
genotypes). This feature allows the non-ambiguous identifi-
cation of the population of origin of any sample.

Results
Present and past distribution

Nuphar pumila has a boreal distribution from Scandinavia
to Siberia, Japan and Central China (Fig. 2a). Additionally,
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Table 1 Characterization of threats observed in all sampled and investigated study sites

Site (code) Altitude (m NDD/EDD  N. pumila Hybrid indi- Hybridization Eutroph Comp Human impact Presence
a.s.l) individuals viduals N. lutea
Austria
Haldensee 1129 47.49/10.58 1001-2500 0 - - - + No
(HAL)
Germany
Schlossweiher 685 47.71/9.94  501-1000 0 + ++ + - No
(SIG)
Stockweiher 680 47.82/9.83  1001-2500 0 + +++ - + No
(STO)
Filzweiher 714 4791/11.23 0 101-250 +++ - + - Yes
(FIL)
Rohrenmoos 843 47.69/10.49 101-250 101-250 +++ ++ - - Yes
(ROH)
Sticherweiher 880 47.65/10.48 0-10 0 ++ ++ +++ 4+ Yes
(STD)
Schliichtsee 935 47.79/826 0 1001-2500 +++ ++ + ++ Yes
(SCH)
France
Lac de 875 46.54/5.92  0-10 0-10 +++ ++ +++ + Yes
I’Abbaye
(ABB)
Etang 793 47.94/6.61 1001-2500 0 - - - - No
Bachetey
(BAC)
Switzerland
Lac des Joncs 1235 46.51/6.95 0-10 0 - ++ +++  +++ No
(JON)
Lac de Lussy 823 46.54/6.90 0 > 10,000 +++ ++ - - Yes
(LUS)
Gréppelensee 1282 47.21/9.29  >10,000 0 - - - - No
(GRA)
Kémmosteich 511 47.26/8.83  1001-2500 1001-2500 +++ ++ + - Yes
(KAM)
Erliweiher 780 47.30/8.93  101-250 0 + ++ +++ - No
(ERL)
Birchweiher 549 47.35/8.79  51-100 0 + ++ +++ - No
(BIR)
Rathvel (RAT) 1225 46.54/6.98 51-100 0 - ++ +++ - No

Severity of threats: — low, + moderate, ++ strong, +++ extreme. All sites are natural populations, except for ERL, BIR, and RAT, which are

introductions

scattered and disjointed European populations exist in Spain
(Asturias), England, France, Switzerland, Germany, Austria,
the Czech Republic, and possibly in Croatia and Romania.
The study sites (Fig. 2b) reflected the present distribution
of the species in the Alps and adjacent mountain ranges
(Fig. 2¢). In total, 104 historical populations have been listed
in the literature: 37 populations of N. pumila (some of them
with possible hybrid individuals) still exist in the studied
area; while, 67 populations are considered extinct, of which
9 populations were reported in the literature to be composed
entirely of hybrid individuals (based on both morphology
and genetic analysis for two of them [(Lac de Lussy and

Schliichtsee)]). Most of the extant populations (31 out of 37;
84%) occur in the Vosges mountains (France) and in south-
eastern Germany. Only one population exists in Austria,
while three populations exist in Switzerland and two popu-
lations exist in the French Jura (Fig. 2¢). Altogether, 64% of
all known historic populations of N. pumila in the investi-
gated area are extinct today. The most affected regions were
the Black Forest (Germany), which had a population loss
of 100% (6 populations out of 6); Jura Mountains (France),
which had a population loss of 88% (14 populations out of
16); and Switzerland, which had a population loss of 82%
(14 populations out of 17). In the Black Forest, only hybrid
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Hybr. Pgen (%) Ho Rall GW

N. pum.

Altitude (m  Claimed/real origin

a.s.l)

Coordinates

Coll. type

Location (canton)

Table 2 Ex situ collections and introductions of N. pumila in Switzerland with genetic statistics

Population code

@ Springer

(NDD/EDD)

0.89
0.89
0.30
0.89
0.89

na

1.13
1.13
1.75
2.01

0.13
0.13
0.75
0.13
0.13

na

20
20
20
20
20
na

635 JON/ION
JON/ION

46.79/7.16

BG

BG Fribourg (Fribourg)
Rathvel (Fribourg)

BGF
RAT
BSG

10

1225
662
436
436
463
448

46.54/6.98

11

KAM/KAM
GRA/GRA

47.44/9.41

BG
BG
BG
PG
PG

BG St. Gallen (St. Gallen)
BG Zurich (Zurich)
BG Zurich (Zurich)

Uster (Zurich)

47.36/8.56

ZUA
ZUB
UST

1.13

na

13

KAM/KAM
KAM/KAM
KAM/KAM
KAM/KAM
KAM/KAM

47.36/8.56

47.35/8.72

na na

na

na

47.41/8.64
47.35/8.79

Wangen (Zurich)

WAN
BIR

na na

na

na

540
780

Birchweiher (Zurich)
Erliweiher (Zurich)

1.49 0.78

0.25

71

14

47.30/8.93

ERL

Collection types: BG, botanical garden; PG, private garden; I, introduction. The claimed origin of the ex situ collection and/or introduction is compared to the origin obtained from the genetic

analysis. Abbreviations of the origin populations: JON, Lac des Joncs; KAM, Kammoosteich; GRA, Gréppelensee; N. pum., number of analyzed/detected pure N. pumila; Hybr., number of ana-

lyzed/detected hybrids (N. X spenneriana). Diversity statistics: Pgen, proportion of different multi-locus genotypes; Ho, observed heterozygosity; Rall, allelic richness; GW, Garza—Williamson

index, na, not available (ex situ collection too small)

populations still exist. South-central Germany lost 58% (19
out of 33) of the populations, and the Vosges mountains lost
45% (14 out of 31) of the populations.

Threats

The most frequent threat detected in the investigated natural
populations (without introductions: ERL, BIR, and RAT)
was eutrophication, which strongly or extremely affected
69% of the sites, followed by hybridization (54%), competi-
tion and human impacts (both 23%) (Table 1). The most
severe pressure, however, came from hybridization, which
was considered extreme in six of the studied water body
sites (46% of natural populations), followed by that of com-
petition, which was considered extreme in three study sites
(23%). Eutrophication was strong in almost all studied sites,
but only one site was considered hypertrophic (STO) due to
the past addition of phosphates for fishing activities. The
human impacts were generally not very severe, as different
protection measures have been undertaken for the conserva-
tion of this species and more generally for ponds and lakes
during recent decades. However, for two very small popula-
tions (STI and JON), the human impacts were still putting
the survival of the species at risk. We did not detect any
very-high-intensity threats for only four populations (GRA,
BAC, SIG, and HAL) (Fig. 1d, e). Furthermore, three popu-
lations were extremely small, possessing no more than ten
individuals (STI, ABB, and JON), and could completely
disappear due to any stochastic event (Table 1).

The populations facing the fewest threats were located at
high altitudes (greater than 1000 m a.s.l. (HAL and GRA)),
where N. lutea was still absent, or in the Vosges mountains
(BAC), where the populations of N. pumila did not seem
to have been impacted by hybridization (Mikolajczak and
Ferrez 2005).

Ex situ conservation of N. pumila in Switzerland

No more than three botanical gardens and two private gar-
dens currently grow N. pumila in ex situ cultures. Two
botanical gardens (Geneva and Lausanne) cultivated the spe-
cies in the past but lost their ex situ collections during recent
decades. Table 2 lists all known ex situ cultures and intro-
ductions of N. pumila in Switzerland. Two private gardens
(UST, WAN) have been added to our study since they were
officially assigned conservation purposes by the cantonal
administration, along with three successful introductions of
the species in Switzerland (one in the canton of Fribourg
and two in the canton of Zurich). Three extant populations
in Switzerland (out of four) were held in ex situ cultures.
The population from Kimmoosteich (KAM) encompassed
two botanical gardens (BSG and ZUB), two private gardens
(UST and WAN) and two reintroductions (BIR and ERL).
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Fig.2 Recent and historical
distributions of N. pumila and
the investigated populations:

a the global distribution of N.
pumila, modified from Roweck
(1988) and Padgett (2007); b
the investigated populations

in the Alps and neighboring
mountain ranges; and c the his-
torical and present populations
of N. pumila and its hybrids (N
X spenneriana). Black circles:
pure populations of N. pumila.
White circles: hybrid popula-
tions of N X spenneriana. White
circles with a black dot: V.

1500 km

1000 mi

o d-maps.com

pumila and N X spenneriana
coexisting. Black squares: intro-
ductions. Background maps:
https://d-maps.com/

LUS RAT

JoN

100 km

60 mi

The population from Lac des Joncs (JON) comprised one
botanical garden (BGF; Fig. 1f) and one introduction (RAT).
The population from Grippelensee was only located in one
botanical garden (ZUA). The population from Lac de Lussy
was not kept in any living ex situ culture (Table 2; Fig. 1c¢).
The genetic provenance of the ex situ cultures in Switzer-
land matches their supposed origin. Furthermore, all ex situ
cultures and introductions belonged to the pure N. pumila
genotype, except for one culture in Botanical Garden St.
Gallen (BSG), which contained only hybrid individuals.
This culture should be replaced as soon as possible. This
could be explained by an error during the initial collection
of the specimens or by an accidental hybridization in the
botanical garden.

Discussion

Current conservation status of N. pumila in the Alps
and neighboring mountain ranges

Our results clearly show that the present situation of the
N. pumila populations in the Alps is alarming. Since the
beginning of the twentieth century, important losses in these
populations have worsened the situation of the species in
nearly its entire range in the studied area from France to
Austria. Eutrophication and human impacts have caused

losses in many locations, and the hybridization process has
already erased genetically pure populations from the Black
Forest in Germany.

Although hybridization is a natural process and could
even play an important role in the diversification of species,
it has been shown that the introgression process between
N. pumila and N. lutea leads to the elimination of pure N.
pumila in the long term (Arrigo et al. 2016). Therefore, it
is imperative that conservation efforts both in situ and ex
situ focus on the protection of the remaining genetically
pure populations. In the case of pure individuals that still
remain in hybrid populations, we propose preserving those
individuals in ex situ collections to keep the pure genotype
in the long term. Thus, reintroduction in closed ponds or
after the complete disappearance of the original population
could still be possible in the future. Concerning the entirely
hybrid populations, the importance of conservation must be
considered on a case-by-case basis. While ex situ conserva-
tion of hybrid individuals is not recommended and could
even represent a risk of propagation, in situ conservation
of a hybrid population should be considered the only way
to avoid the complete loss of the hybridized species and
should therefore be implemented (Allendorf et al. 2001).
The active protection of hybrid populations was already pro-
posed in the United Kingdom (Heslop-Harrison 1955) and is
already in action through the Black Forest (e.g., Schliichtsee,
Germany).
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At the global scale, N. pumila is considered a species of
least concern (LC) by the TUCN Red List of Threatened Spe-
cies (Maiz-Tome 2016). However, this assessment incorpo-
rated the North American N. advena and did not follow the
division of the genus proposed by Padgett (2007) in his mon-
ograph. This was surprising since the separation between
the old-world water lilies (sect. Nuphar) and the new world
members of the genus (sect. Astylus) is strongly supported
by morphological and molecular data (Padgett et al. 1999).
This rare relict species is indeed endangered in several coun-
tries around the Alps. Thus, a new global conservation status
assessment of N. pumila was highly desirable.

Conservation of N. pumila in Switzerland

The conservation of N. pumila across Switzerland has
advanced well, both in situ through the monitoring of the
populations and high protection levels of the water bodies
with the species and ex situ through living collections and
introduction trials. It is well accepted that in situ conserva-
tion should be generally prioritized; however, in situ conser-
vation is particularly challenging in the face of direct hybrid-
ization threats (LUS, KAM) or high levels of eutrophication
(JON, LUS, KAM). Even the current human impacts could
be damaging when occurring in populations with very few
individuals (JON). Previous genetic analyses (Arrigo et al.
2016) showed that populations were composed of clonal
individuals. It is, therefore, possible to protect the entire
genetic diversity of a population through a single individual
taken from a water body and cultivated in a botanical garden.
The main difficulties consist of avoiding hybridization and
keeping the culture alive for a long time period. To limit the
eventuality of accidental pollination in an ex situ culture,
it is strongly recommended that all other plants belonging
to the genus Nuphar be eliminated from the surroundings
of the ex situ cultures and that the fruits be prevented from
releasing seeds. Since the materials held in botanical gardens
could be used for reintroduction programs, it is very impor-
tant to know the origins of the ex situ cultures.

In Switzerland, living ex situ collections play an impor-
tant role as a backup of the last three pure N. pumila pop-
ulations in the country and can be used for introduction
programs. Ex situ conservation of pure individuals is par-
ticularly important for the Kdimmosteich (KAM) population,
which is composed of pure and hybrid groups. The fourth
extant Swiss population from Lac de Lussy was composed
only of hybrid individuals and thus does not need to be kept
in any living ex situ culture. More generally, special priority
should be given to preserving pure populations at locations
higher than 1000 m a.s.l., where the chance of hybridiza-
tion is still very low. This has been done in the canton of
Fribourg with the Rathvel population (RAT), which is an
introduction of the population from Lac des Joncs, which

@ Springer

has been declining for years (Kozlowski 2001). However,
this strategy could be compromised in the future by the shift
of the closely related N. lutea towards higher altitudes due
to global climate change. Another strategy could be seed
collection, especially for long-term conservation.

Conservation strategies across the Alps
and neighboring mountain ranges

The in situ conservation of pure N. pumila should be pri-
oritized for the last remaining populations across the Alps.
This is especially the case for populations that are still in
good condition, such as the populations in the Vosges moun-
tains and some populations at high altitudes, e.g., the Grip-
pelensee population in Switzerland and the only known N.
pumila population in western Austria (Haldensee in Tirol,
Fig. 1d). For those populations, in situ measures, such as
the strict limitation of human activities, frequent monitor-
ing of the population and competitive species, avoidance of
eutrophication or any water quality alterations, and preven-
tion of cultivation of other Nuphar species by local individu-
als in adjacent private ponds (particularly important in HAL,
a very touristic spot), should be undertaken to protect the
species in the long term.

In nearly all other investigated populations, hybridiza-
tion, damage to the natural environment and poor popula-
tion dynamics were strongly pronounced, and the survival of
pure N. pumila cannot be guaranteed in the next few decades
by protecting the species only in situ. Based on the genetic
specificity of the species (Arrigo et al. 2016), especially the
clonality of the populations, we considered that conserva-
tion through living ex situ culturing should be prioritized for
the nearly extinct populations or populations with ongoing
hybridization processes. This is the case for the last two
remaining populations in the Jura Mountains (Bellefontaine
and Lac de ’Abbaye). Removing several pieces of the rhi-
zomes for ex situ proliferation probably represents the last
possibility to save the genotype and population of Bellefon-
taine, which was already nearly extinct in 2005 (Mikolajczak
and Ferrez 2005). For the Lac de I’Abbaye population, the
situation is also alarming, with fewer than ten remaining
individuals, which are completely surrounded by vigorous
individuals of Nymphaea alba. Moreover, the hybridization
process has been detected in one individual, making the
future of this small population even more precarious. Ex
situ conservation and introduction in highly suitable habi-
tats seems to be the only way to preserve the last two pure
populations of N. pumila in the Jura Mountains. However,
it would be necessary to perform further genetic analyses to
collect and preserve only the pure individuals.

Finally, concerning the population in southern Germany,
we propose maintaining the conservation measures already
taken in the Black Forest to protect the hybrid populations.
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For the populations in Bavaria and Baden-Wiirttenberg,
which represent the highest concentrations of N. pumila in
the whole alpine area, it is important to prioritize conser-
vation needs. We propose the strengthening of the in situ
conservation measures (e.g., avoiding human impact and
chemical alteration of the water) for pure populations in
a good conservation condition (SIG or even STO if the
eutrophication is drastically limited) as well as the preser-
vation of the pure genotype for very small populations (e.g.,
STI) and populations coexisting with hybrids (e.g., ROH)
by ex situ conservation of pure individuals. Finally, addi-
tional field surveys and analyses should still be conducted
at a regional scale for the rest of the known populations of
south Germany.

Wetland glacial relicts of the Alps

Nuphar pumila belongs to boreal-alpine glacial relicts
(Aeschimann et al. 2004; Varga and Schmitt 2008), which
survive in the Alps and neighboring regions, mainly in wet-
land communities (Reisch 2001; Welk 2001). A dozen of
such boreal glacial relicts are growing in ecologically simi-
lar habitat types (mires, fens, and peatbogs) and thus often
occur in the same protected areas as N. pumila (Kozlowski
and Eggenberg 2005). The dramatic decline and conserva-
tion situation of N. pumila is, therefore, not an exception
among its counterparts, since all these boreal and wetland
glacial relicts are threatened in the Alps. This is especially
the case for Saxifraga hirculus, Juncus stygius, Eriopho-
rum gracile, Carex heleonastes, C. chordorrhiza and Betula
humilis, which are endangered, critically endangered, or
even extinct in several alpine countries (e.g., S. hirculus in
Germany and Austria) (Metzing et al. 2018; Niklfeld 1999).
Betula nana, Carex dioca, C. limosa, Lycopodiella inundata
and Scheuchzeria palustris, although still possessing some
viable populations in several alpine countries, also doubt-
less belong to the group of highly threatened plants. Only
the situations of Trichophorum alpinum, Vaccinium oxycoc-
cos and V. uliginosum seem to be less alarming in the Alps
(Bornand et al. 2016; Metzing et al. 2018; Niklfeld 1999;
https://uicn.fr/liste-rouge-france/).

Similarly, the threat of hybridization is not exclusive to
N. pumila. A similar level of threat has been observed in the
genus Betula, with B. nana hybridizing with B. pubescens
(Anamthawat-Jonsson and Thorsson 2003) and B. humilis
hybridizing with B. pendula and B. pubescens (Natho 1959;
Jadwiszczak et al. 2011, 2012). Moreover, natural hybridiza-
tion between the various species of Carex seems to be quite
frequent. Hybrids of C. chordorrhiza (with C. canescens), C.
dioica (with C. stellulata), C. heleonastes (with C. canescens,
C. tenuiflora), and C. limosa (with C. magellanica, C. palea-
cea, C. rariflora, and C. livida) have been detected in many

regions of the Northern Hemisphere (Cayouette and Cattling
1992).

The threatened alpine occurrences of N. pumila, along
with other wetland glacial relicts, are typical rear edge popu-
lations (sensu Hampe and Petit 2005). They are all particularly
affected by the combination of global warming and habitat
degradation (Hampe and Jump 2011). Their value as long-term
stores of genetic diversity and speciation is inestimable. Such
isolated edge populations are often disproportionally important
for the survival and evolution of a given taxon (Hampe and
Petit 2005). Thus, an international integration of research and
conservation programs is needed to limit the decline of such
threatened species in the Alps.
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