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Abstract: The Ranunculus trichophyllus group has a complex evolutionary history and
remains taxonomically unresolved. In central Europe outside the Alps, two tetraploid cytotypes
distinguished as R. trichophyllus A and B have been recognized in previous studies. Another
ecologically specialized taxon, R. confervoides (R. trichophyllus subsp. eradicatus), is reported
to have a disjunct distribution in northern Europe, the Alps and Pyrenees, and mountains and
northern regions of Asia and North America. However, the classification of the populations out-
side northern Europe as R. confervoides has recently been questioned. We studied the R. tricho-
phyllus group in 35 lakes in the Alps and five in northern Europe, involving genome size deter-
mination, sequencing the nuclear ITS region and two non-coding plastid DNA regions, and
recording 10 morphological characters. The populations referred to as R. confervoides in the
Alps did not substantially differ from the northern European ones morphologically, had identical
genome size and shared the plastid haplotypes and ITS genotypes with them. Consequently, we
consider the northern and the Alpine populations to belong to the same species R. confervoides.
Interestingly, we also identified plants that combine morphological characters of R. confervoides
and R. trichophyllus A, even though the latter was not found in the Alps during our study. Their
status remains unclear; they may represent hybrids, but partly they can be a manifestation of
morphological plasticity of these taxa. Nine plastid haplotypes were observed in R. confervoides
and the “intermediate” populations, which contrasts with only two haplotypes identified in each
of the two R. trichophyllus cytotypes outside the Alps. This surprising haplotype diversity may
result from faster fixation of mutations in the Alpine populations due to prevailing isolation and
clonality. Alternatively and not exclusively, this diversity may indicate higher age of the Alpine
R. confervoides. Three hybrids unknown so far were recorded in lakes at the foothills of the Alps:
triploid R. circinatus x R. confervoides, pentaploid hybrids of R. confervoides with an unknown
species, and hybrids between R. trichophyllus B and the same unknown species. In addition,
one putative allohexaploid population of R. confervoides and R. trichophyllus parentage was found.
Given ecological distinctness and prevailing cleistogamy in R. confervoides, its involvement in
multiple hybridizations is rather surprising. However, this species can produce open flowers
when growing on exposed shores of lakes. We hypothesize that in such conditions hybridization
can happen and the hybrids may survive by vegetative growth for a very long time.
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Introduction

Ranunculus sect. Batrachium (henceforth abbreviated as Batrachium) ranks among the
taxonomically most intricate groups of aquatic plants in Europe. This monophyletic
group (Horandl & Emadzade 2012) includes mostly white-flowering aquatic Ranunculus
species with submerged leaves divided into a number of capillary segments and in some
species also with floating laminar leaves; rarely the capillary leaves are absent (Cook
1966, Wiegleb et al. 2017). About 30 species are recognized worldwide (Wiegleb et al.
2017), but recent studies show that this number might be underestimated due to the exis-
tence of morphologically cryptic taxa (e.g. Prancl et al. 2018, 2025, Koutecky et al. 2022),
and some new species have been described recently (Wiegleb et al. 2022, Jopek et al.
2023). In addition, Batrachium also comprises numerous interspecific hybrids (Wiegleb
et al. 2017, Bobrov et al. 2022, Koutecky et al. 2022, Zalewska-Gatosz et al. 2023).

In central Europe outside the Alps, eight or nine Batrachium species are recognized in
the majority of floras and determination keys (e.g. Englmaier 2008, 2016, Pran¢l & Kaplan
2019), with a few additional taxa of an Atlantic distribution reaching westernmost Ger-
many (Wiegleb 2021). The delimitation of the central European species has recently been
studied using genome size and molecular data (Prancl et al. 2018, Koutecky et al. 2022),
with some of them revealed to comprise several cytotypes and/or distinct genotypes. In
addition, at least 10 hybrids of distinct parental combinations, and about 10 additional
hybrid lineages of unknown parentage have been recorded in this area (Zalewska-Gatosz
etal. 2015, 2023, Koutecky et al. 2022).

Ranunculus trichophyllus Chaix sensu lato (thread-leaved water-crowfoot) is a small-
flowered plant with capillary leaves only (Fig. 1). It is distinguished by the following
characters: stem up to 1.5 (-2.5) m tall; leaves capillary, on generative stems up to 6 cm
long, with flaccid segments (sometimes subrigid, especially if incrusted by calcium car-
bonate), as long as or shorter than internodes; flowers often opening under water or
cleistogamous (i.e. with unopened buds only, petals do not fully develop in such flowers);
petals 2-5 (=7) mm long, with lunate nectar pit; pedicels 1-5 cm, slightly recurved;
receptacles hairy, globose (not elongating) in fruit; carpels up to 40; achenes hairy at least
when young (Wiegleb et al. 2017, Koutecky et al. 2022). In central Europe this species is
tetraploid (2n = 32) but two cytotypes with different genome size, marked as cytotypes
A and B, were revealed by Prancl et al. (2018). The ranges of quantitative morphological
characters broadly overlap between the cytotypes, although the cytotype A tends to have
smaller quantitative values of vegetative parts (e.g. stem diameter, leaf length, number of
segments) and flowers (e.g. petal length) than the cytotype B, and with some experience,
numerous populations can be identified morphologically. In addition, the cytotypes have
partly different habitat preferences (the cytotype A prefers acidic while the cytotype B
carbonate-rich waters, Kaplan et al. 2019) and are well differentiated based on molecular
data, especially the internal transcribed spaces (ITS) of the nuclear ribosomal DNA
(Koutecky et al. 2022). In the Alps, one additional taxon is recognized: R. confervoides
(Fr.) Fr. (Englmaier 2008, 2016, Wiegleb 2011), often treated at the subspecific rank as
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Fig. 1. Variability of the Ranunculus trichophyllus group in the Alps. (A) R. confervoides, AT-08-1; the stem
was originally prostrate. (B) R. confervoides/R. trichophyllus A “intermediate”, AT-05-5. (C) R. trichophyllus
B, AT-16-5. (D) R. circinatus x R. confervoides, AT-17-5. (E) R. trichophyllus hybrid, AT-17-1. (F) R. tricho-
phyllus s.1. 6x, SW-13-1. See Supplementary Table S1 for locality details. Note long thin pedicels in hybrids
with no achenes (D, E) or only a few achenes (F) developed, and long adventive roots on the upper nodes (A, B, E).

R. trichophyllus subsp. eradicatus (Laest.) C. D. K. Cook (e.g. Cook 1993, Aeschimann
etal. 2004, Tison & de Foucault 2014, Pignatti 2017, Lauber et al. 2018), or earlier in the
monograph of Cook (1966) as R. trichophyllus subsp. lutulentus (Songeon et E. P. Perrier)
P. Fourn. (subsequently replaced by the earlier epithet R. trichophyllus subsp. eradicatus
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in Cook 1967). This taxon is characterized by stems rooting at almost every node and
often being prostrate, while stems are erect and rooting only at the lowermost nodes in
R. trichophyllus cytotypes A and B (henceforth abbreviated as R. trichophyllus A and B,
respectively). Quantitative characters of R. confervoides are generally at the lower end of
R. trichophyllus group variation: leaves less than 4 cm long with very fine segments, very
small flowers with petals less than 4.5 mm long, and developing only 10-15 (-25) achenes
per flower. It usually flowers underwater and is mostly cleistogamous (Cook 1966, Engl-
maier 2008, 2016, Wiegleb 2011), while chasmogamous (open) flowers generally prevail
in R. trichophyllus (Wiegleb et al. 2017).

Ranunculus confervoides has been generally considered an arcto-alpine taxon. In the
Alps it has been reported from oligo- to mesotrophic mountain lakes mainly on calcium-
rich bedrocks, mostly in the subalpine and alpine belts (e.g. Cook 1993, Aeschimann et
al. 2004, Englmaier 2008, 2016, Pignatti 2017). It has also been reported from the Pyre-
nees and the Portuguese part of the Sistema Central Mts (Cook 1986), although the latter
is considered erroneous by Pizzaro (1995). It has also occasionally been reported from
outside Europe, namely from Asian mountains and the northern territories of Asia and
North America (Cook 1966, Luferov 2004). However, the occurrence of R. confervoides
in the Alps, the Pyrenees, Asia and North America has recently been challenged by Wiegleb
et al. (2017) and Wiegleb (2021). Under their view, R. confervoides is restricted only to
northern Europe, while the other records belong to the polymorphic R. trichophyllus;
Wiegleb et al. (2017) mention that the Alpine plants are more robust than the northern
ones, without further details. This treatment is also accepted in the recent monographic
book on European aquatic plants (Schou et al. 2023) and Plants of the World Online data-
base (POWO 2024; occurrence in Greenland and the Asian mountains retained).

Until recently, genetic variation of R. confervoides used to be virtually unknown. Prancl
etal. (2018) showed that genome size of R. confervoides (treated as R. trichophyllus subsp.
eradicatus in that paper) is similar to central European R. trichophyllus A, while it is mark-
edly different from R. trichophyllus B. Interestingly, R. confervoides is mostly reported
from alkaline-rich waters, so it seems to be a distinct taxon from R. trichophyllus A, which
prefers acidic waters. Thus, the genome size data thus might be useful to distinguish
between R. confervoides and R. trichophyllus B in alkaline waters. DNA data are very
scarce for R. confervoides. There are no population genetic studies available for that taxon.
In the GenBank database, there are no sequences from the Alps and only one specimen
from northern Europe (Finland) is sequenced for the markers used in the recent phylogen-
etic studies of Ranunculus sect. Batrachium, such as the ITS region and rpl32—trnL."A,
psbE—petl. non-coding plastid regions (Bobrov et al. 2015, Jopek et al. 2023); for the
3’rps16-5"trnK plastid region used on central European Batrachium by Koutecky et al.
(2022) no sequence is available. The available sequences show that this single accession is
closely related to but not completely identical with some R. trichophyllus accessions and
with some other taxa (R. kauffinannii Clerc and R. schmalhausenii Luferov among the
European ones) in the ITS, while the chloroplast haplotype is identical with these taxa and also
with some accessions determined as R. aquatilis L. (Bobrov et al. 2015, Jopek et al. 2023).

As a part of taxonomic revisions of the European Batrachium, we aim at exploring the
diversity of R. trichophyllus group in the Alps and clarifying the status of the ecologically
specialized and long-time recognized but recently challenged R. confervoides. Using
genome size estimation by flow cytometry and sequencing diagnostic DNA regions, we
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ask which taxa/cytotypes/genotypes are present in the Alps. For the lakes in high eleva-
tions, we specifically ask whether (i) these Alpine populations are identical with the
northern European ones and different from the lowland and peri-Alpine R. trichophyllus,
or (ii) the Alpine populations are only a subset of variation of central European R. tricho-
phyllus and are different from the northern European R. confervoides. If the latter is true,
the Alpine populations are expected to comprise only a limited number of genotypes fixed
by autogamy, identical or closely related to central European R. trichophyllus genotypes.

Methods
Plant material

We collected R. trichophyllus s.1. samples in 35 Alpine lakes situated mostly in the Eastern
Alps (Fig. 2), including both high-elevation lakes, where R. confervoides is generally
reported to occur, and lakes in the Alpine valleys and the foothills where “lowland”
R. trichophyllus is expected. A part of the R. confervoides samples comes from our previ-
ous study (Prancl et al. 2018). For comparison, we sampled five R. confervoides popula-
tions in northern Europe (Sweden, Finland, Estonia); one of these populations comes
from the same lake as the plant sequenced by Bobrov et al. (2015). Usually, we collected
five individuals per population and taxon (if several morphological taxa co-occurred);
however, for some sites from the previous study collected by our collaborators fewer or
a single plant are available. As an individual, we consider a distinct cluster of stems; in
dense and continuous populations, we sampled plants at least S m apart. For each sampled
plant we collected material for a herbarium voucher and performed flow cytometry and
DNA extraction from the same ramet. Voucher specimens are preserved in herbaria
CBFS and PRA, and locality details are presented in Supplementary Table S1. The map
of localities (Fig. 2) was prepared using QGIS 3.10.3 (QGIS Development Team 2020)
with the elevation map of Europe as a background (EEA 2022).

Flow cytometry

Genome size was estimated using flow cytometry following methods described in Prancl
et al. (2018). Briefly, we used propidium iodide as a stain and Bellis perennis L. as the
internal standard (2C = 3.38 pg, Schonswetter et al. 2007). Where available, at least three
plants per population and taxon were measured individually, whereas the rest of the pop-
ulation was measured in bulked samples to verify population homogeneity; if multiple
cytotypes were revealed in a bulked sample, all individuals were reanalysed separately.

Chromosome counting

Chromosome counting was performed for selected populations to calibrate the genome
size data, using the methodology from the previous study (Prancl et al. 2018). Briefly,
chromosomes were counted from root tips of adventive roots of cultivated plants or from
seedlings. Roots were pre-treated with p-dichlorobenzene for 3 h at room temperature,
fixed in a 3:1 mixture of 96% ethanol and acetic acid, macerated in a 1:1 mixture of etha-
nol and hydrochloric acid for 10 s and stained with lacto-propionic orcein. Preparations
were made using the squash method.
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Fig. 2. Map of studied localities. Genome size groups are marked using different colours; the Ranunculus
confervoides/R. trichophyllus A group is split into typical R. confervoides and “intermediate” populations (see
the text for details).

DNA sequencing

DNA was extracted from silica-dried leaves of plants analysed by flow cytometry. The
methods were the same as in our previous study (Koutecky et al. 2022). Briefly, DNA
was extracted using a CTAB protocol (Doyle & Doyle 1987) or sorbitol extraction proto-
col (Storchovi et al. 2000), with minor modifications. Three regions that have been found
to provide good resolution at the species level in Batrachium were amplified: the ITS
region of the nuclear ribosomal DNA (using primers ITS-F and ITS4; King et al. 2001
and White et al. 1990, respectively) and two non-coding plastid spacers, rpI32—trnL.U¢
and 3’ rps16-5"trnK (Shaw et al. 2007; for the former, we used internal primers described
in Koutecky et al. 2022). Sanger sequencing was performed by Eurofins Genomics. The
ITS region was sequenced from both directions, the rpl32—trnL."*“ spacer from the inter-
nal primers, and the 3’rps16-5"trnK from the reverse primer and re-sequenced in the
opposite direction when needed. Usually we sequenced 1-2 individuals per population
and taxon; the number of sequenced individuals is shown in Supplementary Table S1.
Intra-individual polymorphisms in the ITS sequences were coded using [IUPAC ambi-
guity codes; because we have not separated the individual ITS copies using molecular
cloning or NGS technologies, we refer to these sequences as “genotypes” instead of
“ribotypes”. Sequences were aligned manually using BioEdit 7.2.0 (Hall 1999). Data
from the two plastid regions were concatenated. For comparison with central European
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taxa, the dataset was supplemented with sequences of the 17 most frequent genotypes of
all taxa (ITS) and all 11 haplotypes (plastid DNA) present in central Europe from
Koutecky et al. (2022). The two alignments (ITS and plastid DNA) were trimmed accord-
ing to the shortest sequence and collapsed into unique genotypes using FaBox 1.5
(Villesen 2007). If individuals within one population showed the same genotypes (ITS or
plastid), only one was retained in the dataset. The plastid data were analysed in PopART
(Leigh & Bryant 2015) using a TCS network (Clement et al. 2002); informative gaps
were coded as unique substitutions to count as one mutation step. The ITS data were
visualized as a phylogenetic network in SplitsTree 6 (Huson & Bryant 2006) using
a NeighborNet algorithm based on P distance and handling of ambiguous states set to
average. The sequence data are deposited in GenBank. Sequences from one individual for
each combination of the cytotype, geographic region (the Alps and northern Europe), plastid
haplotype and ITS genotype are included (accession numbers PQ661805-PQ661841,
PQ661842-PQ661878 and PQ644841-PQ644877 for the rpl32—tmlL"*°, 3’ rps16-5’trnK and
ITS regions, respectively; see Supplementary Table S2). To allow comparison with pre-
vious data, individual genotypes/haplotypes were named according to our other studies
(Koutecky et al. 2022, Prancl et al. 2025), i.e. identical haplotypes from these studies
share identical names.

Morphology

We recorded 10 morphological characters that are used in determination keys to distin-
guish R. confervoides from R. trichophyllus and/or can be used as a measure of plants
“robustness” (Table 1). All measurement were performed from the herbarium material.
In most of the material, we preserved petals or whole flowers in separate paper envelopes
to prevent shape distortion during drying. The summary data for populations are pre-
sented in Supplementary Table S3; the matrix for individuals is available from the corre-
sponding author on request. Populations were classified into groups based on genome
sizes and fertility (Fig. 3). For the purpose of the morphological analysis, one of the
groups, the R. confervoides/R. trichophyllus A genome size group, was divided into three
subgroups, based on geographical origin and presence of the two categorical characters
defining R. confervoides (plants rooting at the upper nodes and stems prostrate to ascend-
ing): (i) R. confervoides from northern Europe, (ii) R. confervoides from the Alps, (iii)
“intermediate group” from the Alps with one or both diagnostic characters missing (these
plants thus look intermediate between R. confervoides and non-Alpine R. trichophyllus
Aj; note that we did not find any sample that unequivocally fits the typical habitus of non-
Alpine R. trichophyllus A, see below). Differences between the groups for individual
characters were tested using one-way ANOVA and Tukey HSD test, if the ANOVA test
was significant. The putative hexaploids were excluded from ANOVA of generative
characters due to the very low number of observations (only two samples available); for
achene number, sterile hybrids were omitted, too. Statistical analyses were performed
and graphs plotted in R version 4.1.2 (R Core Team 2021).
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Table 1. Morphological characters of the studied species.

Growth form Prostrate (growing horizontally at the bottom surface or in the sediment, often with
branched rhizomes and short vertical stems) / ascending (horizontal section shorter than
the erect part of a stem) / erect (+ no horizontal growth)

Stem length Recorded approximately with a precision of 5 cm; only vertical parts of stems were con-
sidered. “>” (i.e. stem longer than) marks incomplete plants with basal parts missing (for
example floating plants and plants from very deep waters)

Rooting Yes / no; evaluated in the upper 1/3 of the stem
on the upper nodes

Stem diameter Measured using a stereomicroscope with a precision 0.05 mm; recorded in the middle of
the internode below the uppermost measured leaf (see leaf length)

Leaf length Including the petiole, precision 1| mm, mean of three leaves. In fruiting plants, three suc-
cessive leaves downwards starting from the leaf that supports the uppermost fruiting
pedicel. If only flowers were present on a plant, three leaves starting from the lowermost
flower. In non-flowering plants, three fully developed leaves from the middle part of a
stem; young leaves on the tops of stems were avoided

Flower type Cleistogamous (permanently closed, pollination takes place in a flower bud stage) / open
(frequently under water) / mixed (both types present) / flowers absent

Petal length Measured using a stereomicroscope with a precision 0.1 mm; one petal per flower, mean
of three flowers if available; only petals from open (chasmogamic) flowers included

Fruiting pedicel Length of the uppermost fruiting pedicel, precision 1 mm

length

Number of achenes Number of mature achenes per one etaerio

Fertility Full (all pistils developed into achenes) / partial (% of pistils developed into achenes) /
sterile (no achenes)
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Fig. 3. Genome size distribution of the Ranunculus trichophyllus group. Samples from the Eastern Alps are
depicted in grey, except for sterile hybrids with genome sizes between 2C = 9.9 and 10.8 pg (red). Samples
from the northern Europe are in blue. The groups are overlaid if two of them are present in the same interval.
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Results
Genome size and ploidy levels

Four main genome size groups can be recognized in the studied material (Fig. 3 for data
on individuals, Supplementary Table S1 for population means): (i) The first group,
median 2C = 7.36 pg, comprises two populations from Hallstéttersee (Austria) of mor-
phologically conspicuous plants with rather rigid leaves with short segments, no flowers
or only with unopened buds, and not developing any fruits (i.e. sterile; we use the word
“sterile” in this sense throughout the manuscript and distinguish such plants from non-
flowering but potentially fertile ones). Based on genome size ranges from the previous
study (Prancl et al. 2018; the same locality was sampled under collection no. B14-118),
these plants are triploid and both the genome size and morphology correspond to a hybrid
of diploid R. circinatus and tetraploid R. trichophyllus A or R. confervoides. The ploidy
was confirmed by direct chromosome counting (2n = 3x = 24; Fig. 4A). (ii) The second
group, median 2C = 8.90 pg, corresponds to R. trichophyllus A or R. confervoides, which
cannot be distinguished based on the genome size (see Prancl et al. 2018). From the mor-
phological point of view, this cytotype contains populations of a characteristic R. confer-
voides habitus as well as populations that are morphologically more or less intermediate
between R. confervoides and non-Alpine R. trichophyllus A (“intermediate group”). All

v
> 2N
X/

Fig. 4. Chromosomes (photograph of cytological preparation on the left with its interpretation on the right):
A — Ranunculus circinatus X R. confervoides, AT-17b, 2n = 3x = 24; B — R. trichophyllus s.1. hybrid, AT-15b,
2n = 5x = 40. Scale bar: 10 pm.
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R. confervoides samples from northern Europe also fell into this group. For two popula-
tions chromosomes were counted: K17-82 (Austria) and SK-16 (Finland). Both popula-
tions were tetraploid, 2n = 4x = 32. (iii) The third group, median 2C = 10.01 pg, contains
fertile plants identified as R. trichophyllus B (tetraploid in central Europe; Prancl et al.
2018, Koutecky et al. 2022), and generally more robust plants that are sterile or do not
develop flowers at all. There is a slight genome size difference between the fertile and
sterile plants with certain overlap. While the fertile plants have genome sizes in the lower
part of this group’s range below 2C = 10.10 pg (median 9.84 pg), the sterile plants have
genome sizes above 2C = 9.90 pg (median 10.24 pg). Chromosomes were successfully
counted for one population of rather robust sterile plants from the Hallstéttersee lake,
Austria (population AT-15b, in the previous study sampled under no. B14-119; mean 2C
= 10.13 pg). This population was pentaploid, 2n = 5x = 40 (Fig. 4B), and is thus most
likely of hybrid origin. (iv) The fourth group was formed by a single population from
Switzerland (SW-13), which has by far the highest genome sizes among the studied sam-
ples, median 2C = 12.85 pg. The genome size of these plants is closest to values expected
for a hexaploid, but we failed to confirm the ploidy by chromosome counting due to the
lack of suitable material.

Plastid haplotypes

Alignment of the two concatenated plastid regions (rpl32—trnL."*® and 3 rps16-5trnK)
was 1,506 bp long and contained 49 polymorphic sites, from which 28 sites are specific
for the rather distant species R. circinatus and R. rionii, which together form the well-sep-
arated R. circinatus haplotype group (Fig. 5). No samples from the Alps belonged to this
group. Three other haplotype groups can be distinguished in the studied material. (i) The
R. peltatus haplotype group includes the most frequent central European haplotype “pelt”
and several minority haplotypes differing by one or two mutations steps, only one of
them present in the Alps. (ii) The R. trichophyllus haplotype group includes two haplo-
types (“trich-A” and “trich-B”) that are also known outside the Alps (Koutecky et al.
2022), and two additional haplotypes unknown so far, one of which is frequent. Both these
haplotypes were found in samples of the R. confervoides/R. trichophyllus A genome size
group and three hybrid populations. (iii) Surprisingly, another haplotype group was
revealed: the R. confervoides haplotype group, which contains five haplotypes differing
by one or two mutation steps (“conf-3" to “conf-7"). All these haplotypes were specific
for the R. confervoides/R. trichophyllus A genome size group. None of them was found
outside the Alps during the previous study (Koutecky et al. 2022), which covered part of
central Europe including southern Germany, northern and eastern Austria, Hungary,
Czechia, Slovakia, and southernmost Poland and involved 258 populations in total,
among them 89 from the R. trichophyllus group.

The R. confervoides/R. trichophyllus A genome size group had five haplotypes from
the R. confervoides haplotype group and four haplotypes from the R. trichophyllus
haplotype group. Among the later, two haplotypes (“‘conf-1"" and “conf-2"") are specific
for R. confervoides/R. trichophyllus A group, while the “trich-A” haplotype (found in
one northern European and one Alpine population) is frequent in R. trichophyllus A out-
side the Alps and the “trich-B” haplotype (one Alpine population, SW-30) is frequent in
R. trichophyllus B (Koutecky et al. 2022). Importantly, there were no haplotypes specific
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Fig. 5. Haplotype network (TCS-type) of concatenated rpl32—trnL.UA and 3’rps16-5'trnK sequences of the
Ranunculus trichophyllus group; for comparison, sequences of all haplotypes found in central Europe outside
the Alps (Koutecky et al. 2022) are included (one sequence per haplotype). The frequencies of haplotypes in
the dataset are represented by circle sizes, and the frequencies of cytotypes defined by genome sizes and fertil-
ity are indicated by colours. Abbreviations: NE — northern Europe. The haplotypes are named after the species
in which the particular haplotype is the most frequent: baud — R. baudotii, circ — R. circinatus, conf —
R. confervoides, flui— R. fluitans, pelt — R. peltatus, rio — R. rionii, trich-A, trich-B — R. trichophyllus cytotypes
A and B, respectively.

for northern European R. confervoides; all haplotypes found in northern Europe were
found also in the Alps. The distribution of the haplotypes revealed in the R. confer-
voides/R. trichophyllus A group does not show any clear pattern (Supplementary Figure
S1). Ranunculus trichophyllus B comprised three haplotypes: two from the R. peltatus
group (“pelt” and “pelt-15") and one from from the R. trichophyllus haplotype group
(“trich-B”). There were no haplotypes specific for the hybrids. Both populations of the
triploid hybrid R. circinatus x R. trichophyllus s.l. from the Hallstéttersee lake had the
“trich-A” haplotype from the R. trichophyllus haplotype group. The sterile hybrids with
genome size similar to R. trichophyllus B had “trich-B” and “conf-1" haplotypes from the
R. trichophyllus group. The unique putatively hexaploid population from Switzerland
(SW-13) had the “pelt” haplotype, similarly as two samples of R. trichophyllus B.

ITS genotypes

The alignment of the ITS region was 696 bp long and contained 57 polymorphic posi-
tions, including three 1 bp indels. The structure of the NeighborNet network (Fig. 6) is
mainly defined by non-Alpine central European genotypes; all samples from the Alps
were similar to one of these genotypes or were additive combinations of them, with one
exception (see below). All samples with genome size of R. confervoides/R. trichophyllus
A clustered in the same part of the network and were close to but not identical with one of
the main genotypes of R. trichophyllus A outside the Alps (CE82). There was no obvious
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Fig. 6. NeighborNet of the ITS sequences of the Ranunculus trichophyllus group; for comparison, the most fre-
quent genotypes in central Europe outside the Alps (Koutecky et al. 2022) are included; the genotypes found in
the R. trichophyllus group in that study are in bold. The frequencies of the Alpine genotypes in the dataset are
represented by circle sizes, and the frequencies of cytotypes defined by genome sizes and fertility are indicated by
colours. Abbreviations: NE — northern Europe; conf, pelt and trich (in the legend) — R. confervoides, R. peltatus
and R. trichophyllus plastid haplotype groups, respectively; CE — central European genotypes; the species’
abbreviations: aqua — R. aquatilis, baud — R. baudotii, circ — R. circinatus, flui — R. fluitans, pelt — R. peltatus,
penic A — R. penicillatus cytotype A, rio — R. rionii, trichA, trichB — R. trichophyllus cytotype A, B, respectively.

difference between samples having R. trichophyllus or R. confervoides plastid haplotype
groups nor between samples from the Alps and northern Europe. Importantly, the most
frequent ITS genotype no. 14 was found in samples having haplotypes from both
R. confervoides and R. trichophyllus haplotype groups and from both geographical
regions. The only slightly different genotype no. 1 is found in a single population from
Switzerland (SW-27) and might be influenced by hybridization, as it additively combines
the R. confervoides-like genotypes with the rather distant central European R. tricho-
phyllus A genotype CE102. Samples classified as R. trichophyllus B clustered close to
genotypes known for this cytotype outside the Alps, and are markedly different from
R. confervoides and R. trichophyllus A. From the two ITS variants known in R. tricho-
phyllus B outside the Alps and marked as groups B1 and B2 in Koutecky et al. (2022) (i.e.
B1: genotypes with a few or no intra-individual polymorphisms, in Fig. 6 represented by
genotypes CE162 and CE 168, and B2: genotypes that additively combine the previous
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with R. circinatus-like sequences, CE15 and CE21), only the B1 group was found in
the Alpine lakes, except for one sample. Genotype no. 17 showed several polymorphic
positions combining the ITS sequence of R. trichophyllus B1 and B2 groups. The puta-
tive hexaploids showed a specific genotype (no. 22) that additively combined sequences
of R. trichophyllus B1 with R. confervoides/R. trichophyllus A. The triploid hybrids
additively combined sequences of R. circinatus with R. confervoides/R. trichophyllus A.
Last, the sterile hybrids with genome size slightly higher than R. trichophyllus B com-
bined a specific sequence unknown so far (several unique polymorphic positions, includ-
ing one 1 bp insertion) with either R. confervoides/R. trichophyllus A (genotypes no. 2
and 3) or R. trichophyllus B (the B2 variant; genotype no. 15).

Morphology and its correlation with molecular data

We analysed differences between the genome size groups in several quantitative morpho-
logical characters that can be considered as a measure of plant “robustness” or are used to
distinguish R. confervoides from R. trichophyllus. We also recorded several categorical
characters (growth form, rooting on the upper node, flower type, fertility) (Table 1, Sup-
plementary Table S3). The R. confervoides/R. trichophyllus A genome size group
showed conspicuous variation and was therefore for the purpose of this analysis divided
into three subgroups based on geographical origin and two categorical characters specific
for R. confervoides (plants rooting at the upper nodes and stems prostrate to ascending):
two R. confervoides groups (the Alps and northern Europe) and a group of plants “inter-
mediate” between R. confervoides and R. trichophyllus A. The latter group is character-
ized by a mixture of characters of these two taxa. In most populations one of the specific
characters was missing (i.e. plants were not rooting on upper nodes or had erect stems); in
one population both characters were missing, but these plants differed from R. tricho-
phyllus A by more slender stems and leaves and cleistogamy, while R. trichophyllus
A has usually open flowers. We did not find any populations that could be unequivocally
classified as R. trichophyllus A.

The results of the analysis of quantitative characters are depicted in Fig. 7. The triploid
hybrids R. circinatus x R. confervoides were excluded from this analysis because of con-
spicuously different leaf morphology (segments relatively rigid, short and more or less
oriented in one direction, though not completely in one plane as in R. circinatus) and
absence of floral and fruit characters. All characters except for achene number showed
significant differences between the groups (P < 0.05 in the ANOVA). Plants of R.
confervoides from the Alps had slightly higher values of all characters than plants from
northern Europe, but variation ranges broadly to completely overlapped. The only
marked and statistically significant difference was the fruiting pedicel length, although
also in this character the broad variation range of the Alpine plants included values
observed in the northern plants. The Alpine plants classified as “intermediate” showed
slightly higher values of all characters than the Alpine R. confervoides with a broad over-
lap or were very variable with the variation exceeding both previous groups. The other
three genome size groups showed higher values of stem diameter and erect growth form
with stems longer than ~30 cm (except for some hybrids). Leaf length broadly overlapped
between all three R. confervoides/R. trichophyllus A subgroups and R. trichophyllus B,
while hybrids and the putative hexaploids had significantly longer leaves. All six groups
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Fig. 7. Quantitative morphological characters of the R. trichophyllus group (top — vegetative, bottom — genera-
tive). Median, quartiles and non-outlier range are shown. The number of analysed individuals is shown below
boxes; letters above boxes indicate groups that significantly differ in Tukey HSD test (p < 0.05). The R. confer-
voides/R. trichophyllus A genome size group is depicted in grey. Abbreviations: conf NE — R. confervoides,
northern Europe; conf Alp — R. confervoides, the Alps; interm — the “intermediate” group; trich B — R. tricho-
phyllus B; hybr — R. trichophyllus sterile hybrids; trich sl 6x — the putative hexaploid population (SW-13).

had both cleistogamous and open flowers with variable frequency; the sterile hybrids, if
flowering, had mostly open flowers. Ranunculus trichophyllus B had the smallest open
flowers, while the sterile hybrids and the putative hexaploids had larger flowers (i.e. with
longer petals). The R. confervoides/R. trichophyllus A group had medium flower size, the
“intermediate” subgroup being markedly variable. The sterile hybrids had the longest
pedicels (in this case, pedicels bearing bare receptacles, with no fruits developed). The
number of achenes did not differ between R. confervoides (both geographic groups),
“intermediate” plants and R. trichophyllus B, while it was reduced in putative hexaploids
and achenes were absent in the sterile hybrids.
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While the R. confervoides/R. trichophyllus A group as a whole is supported by mor-
phological and genetic data, its ad hoc defined morphological subgroups are not. The
“typical” R. confervoides plants (i.e. prostrate and rooting on the upper nodes) both from
northern Europe and the Alps had the same plastid haplotypes from both the R. confer-
voides and the R. trichophyllus haplotype groups (Fig. 5) and partly also the same ITS
genotypes (the most frequent genotype no. 14, Fig. 6). The “intermediate” group (lacking
one or both determination characters of R. confervoides, see above) did not substantially
genetically differ from the Alpine R. confervoides. Three out of six populations had
haplotypes from the R. confervoides haplotype group, while the other three from the
R. trichophyllus group, one having the haplotype “trich-B” and two the most frequent
haplotype “conf-1”, which is found also in northern European samples of R. confer-
voides. No “intermediate” sample had the “trich-A” haplotype, despite a certain morpho-
logical similarity to R. trichophyllus A. The ITS genotypes of “intermediate” plants were
either identical to R. confervoides (genotypes no. 6 and 14, the latter found also in sam-
ples from northern Europe) or very similar to them, except for the genotype no. 1, which
seems to be of hybrid origin (Supplementary Table S1).

Discussion
Variation of morphological characters

We observed significant variation in the studied characters that partly reflects the genetic
differences, but partly seems to be related to environmental conditions or breeding system.
This plasticity must be taken into account in determination and taxonomic classification.

The studied vegetative characters are quite variable in Batrachium. The stem length
showed large variation (from less than 10 cm to 1-2 m), which can be interpreted as
a common manifestation of phenotypic plasticity in aquatic plants. However, the stem
length is also obviously correlated with the growth form (prostrate vs erect), which is an
important taxonomic character. Stem diameter, which well separates the R. confervoides/
R. trichophyllus A group from the others, is correlated with the stem length and therefore
the growth form, too. Variability of leaf length seems to correspond to taxonomic differ-
ences and/or ploidy. While R. confervoides/R. trichophyllus A group and R. trichophyllus
B (both tetraploid) had rather short leaves less than 4 cm long, the pentaploid hybrids and
the putative hexaploids had longer leaves; in hybrids, the longer leaves were likely inher-
ited from the second, yet unknown parent.

Floral characters showed significant variation, too. Despite that R. trichophyllus is
reported to form mostly chasmogamous (open) flowers and R. confervoides mostly cleisto-
gamous flowers (Wiegleb et al. 2017), we observed prevailing cleistogamy in most of the
genome size groups (see below). Petal length of open flowers ranged from very small
(~2 mm) to medium-sized (~7 mm) (Fig. 7). Although part of this variation can be related
to genetic differences (the largest flowers were found in the sterile hybrids and might be
inherited from their unknown parent), the proportion of cleistogamy as well as petal
length can be mainly attributed to the environment. Most of the studied plants grow sub-
merged, which leads to more frequent autogamy/cleistogamy (as outcrossing is impossi-
ble in submerged Batrachium that does not have specialized hydrophilous pollen). Even
if open flowers develop under water, they tend to be smaller than flowers of the same
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Fig. 8. Terrestrial form of Ranunculus confervoides with open showy flowers growing on the emerged shore of
a mountain lake with lowered water level (population K18-32, Slovenia, Krnsko jezero lake).

plant above water (personal observation). This is clearly demonstrated in R. trichophyllus
B, which surprisingly had the smallest flowers in our dataset, while outside the Alps it has
a petal length on the upper end of the R. trichophyllus group variation (Koutecky et al.
2022). Outside the Alps this cytotype often grows in rather shallow ponds or alluvial
pools and mostly flowers above water, while in the cold and deep Alpine lakes it usually
does not reach water surface and flowers mostly submerged, with cleistogamous or (more
rarely) small open flowers. Similarly, when submerged open flowers develop in
R. confervoides, they are small with petal length ~2.5-5.0 mm, but terrestrial forms grow-
ing on emerged shores of lakes with lowered water levels may develop larger showy
flowers with petals up to 7 mm (Fig. 8).

Conspicuous variation was observed in fruiting pedicel length. Part of the variation
can be due to taxonomic or geographic differences (R. confervoides from the northern
Europe, the Alps, and the “intermediate” group, Fig. 7), while the long thin pedicels
observed in Batrachium hybrids seem to be connected to their sterility regardless their
parentage. This feature was observed also in various unrelated central European hybrids
(Koutecky et al. 2022).

Taxonomy: Ranunculus confervoides in the Alps or not?

Wiegleb et al. (2017) state that R. confervoides is restricted to northern Europe while the
Alpine plants traditionally classified as R. confervoides or R. trichophyllus subsp. eradicatus
belong to variable R. trichophyllus s. str. Our data support the traditional classification,
but also show presence of yet unknown diversity.
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Five groups were distinguished within R. trichophyllus s.1. in the studied area based on
genome size and fertility (Fig. 3). They were quite well supported also by molecular data
(Fig. 5, 6). Among them, all R. confervoides populations (having prostrate stems and
rooting at upper nodes) belong to a single genome size group, together with populations
that lack one or both diagnostic characters. We marked the later plants as “intermediate”,
because they are morphologically more or less intermediate between R. confervoides and
non-Alpine R. trichophyllus A, and we marked the whole group as R. confervoides/
R. trichophyllus A. Compared to the other genome size groups, it has on average more
slender (shorter and thinner) stems and shorter leaves, although variation ranges of the
morphological traits partly overlap among the individual genome size groups (Fig. 7,
Supplementary Table S3).

The R. confervoides/R. trichophyllus A genome size group as a whole is a quite vari-
able assemblage in the Alps. Despite that Wiegleb et al. (2017) state that plants from
Alpine lakes are more robust than the northern European ones, none of the studied quanti-
tative characters fully discriminated the Alpine and northern R. confervoides nor the “inter-
mediate” populations. Among these three subgroups, the northern European R. confer-
voides generally show the lowest, while the “intermediate” plants the highest values of
the quantitative characters, but the variation ranges broadly overlap and differences are
not statistically significant (Fig. 7). The subgroups partly differ only in the stem width
(the “intermediate” plants being significantly different from the northern European
R. confervoides, but the Alpine R. confervoides having values between the two extremes
and not different from either of them) and in fruiting pedicel length (significantly shorter
in the northern European plants). However, the variation of the later character seems to be
underestimated because only a limited number of populations from northern Europe was
available to us. Schou et al. (2023) report pedicel length 1-5 cm for the northern Euro-
pean R. confervoides, which is comparable with the range observed by us in the Alps.

Presence/absence of cleistogamous flowers, which is deemed to distinguish R. confer-
voides from R. trichophyllus, cannot be used to separate these taxa. Cleistogamous flowers
prevailed in all three subgroups of the R. confervoides/R. trichophyllus A group. Only one
population from the Alps with two flowering individuals, classified as R. confervoides,
had only chasmogamous flowers, while in all other flowering populations and ~80% of
individuals cleistogamous flowers strongly prevailed or were the only flower type pres-
ent. Similarly, all populations and ~80% of individuals of R. trichophyllus B had only or
mostly cleistogamous flowers. Chasmogamous flowers prevailed only in hybrids (but
one out of six flowering populations was fully cleistogamous) and in the single popula-
tion of the putative hexaploids (Supplementary Table S3).

Genetic data well discriminated the genome size groups, but did not discriminate any of
the three morphological and geographical subgroups within the R. confervoides/R. tricho-
phyllus A group. We found the same plastid haplotypes and ITS genotypes in the Alps
and northern Europe, despite the limited sampling of the latter. There were no plastid
haplotypes specific for the northern European R. confervoides. The northern European
ITS genotypes did not form any separate cluster in the ITS network and the most frequent
genotype no. 14 was shared between the Alps and northern Europe. The northern Euro-
pean and Alpine R. confervoides appear genetically identical. The plants morphologi-
cally “intermediate” towards R. trichophyllus cytotype A had plastid haplotypes identical
with R. confervoides or very similar (haplotypes “conf-5" and “conf-7" differing in one
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mutation step), with one exception. The population from the Swiss Alps (SW-30) had
haplotype “trich-B”, which is most often found in unrelated R. trichophyllus cytotype B.
Although it had an ITS genotype, which is the most frequent one in R. confervoides (no.
14), presence of a different plastid haplotype may indicate past hybridization; such
incongruence between plastid DNA and the nuclear ITS region has been observed also in
earlier studies (Bobrov et al. 2015, Koutecky et al. 2022). Alternatively, the “trich-B”
haplotype might originate de novo from the haplotype “trich-A”, most common in
R. trichophyllus A and found also in R. confervoides, as these two differ only in the length
of one polyA/T repeat. The ITS genotypes of the “intermediate” plants were identical to
those found in R. confervoides (no. 6 and 14) or very similar to them (no. 12). The only
specific genotype | that was found in one population (SW-27 from the Swiss Alps)
additively combines the common R. confervoides genotype no. 6 with one of the central
European R. trichophyllus A genotypes (CE-102) not found in the Alps, and is likely of
hybrid origin.

In conclusion, our data do not support the view of Wiegleb et al. (2017) that R. confer-
voides is confined to northern Europe and does not occur in the Alps. We support the tra-
ditional view that R. confervoides has a widely disjunct distribution and occurs both in
northern Europe and the Alps. We have shown that at least a part of the Alpine populations
is identical to those from northern Europe in terms of genome size, chromosome count,
genetic variation and morphology. Importantly, one of the sampled R. confervoides popu-
lations from Finland (SK-16) comes from the same lake as the plants sequenced by
Bobrov et al. (2015), a paper coauthored by the same authors as the world Batrachium
checklist (Wiegleb et al. 2017). This sample corroborates that we use the name R. confer-
voides for the same taxon.

Plants of the typical R. confervoides appearance, genome size and genotypes occupy
a much wider range of elevations in the Alps than the usually reported subalpine and
alpine zones (e.g. Aeschimann et al. 2004, Englmaier 2016, Pignatti 2017). We have
found them also in the montane zone, mostly above 1,400 m a.s.l., but sometimes even
below 1,000 m a.s.1., the elevational range of the sampled localities being 589-2,570 m a.s.1.
Occurrence in lower elevations has already been reported by Drozdowski et al. (2015)
from a part of the northern Austrian Alps; our data confirm these records, some localities
being identical. The plants “intermediate” to R. trichophyllus A were found at a similar
elevational range, 692-2,304 m a.s.l. (Supplementary Table S1).

The northern Europe-Alpine disjunction is rather frequent among terrestrial plants,
while rare among the aquatic ones. Apart from R. confervoides, the other examples in
Europe include Stuckenia filiformis (Pers.) Borner, Sparganium hyperboreum Beurl.,
S. angustifolium Michx. or Isoétes lacustris L., although most of these species rarely
occur also in lower European mountains and/or in clear oligotrophic waters in lower ele-
vation in northern part of western and central Europe (Hultén & Fries 1986). Some other
species are found central European mountains, but have more extensive distribution in
western Europe and/or northern part of central and eastern Europe (e.g. Myriophyllum
alternifolium DC., some Potamogeton species, Isoétes echinospora Durieu).

Two questions remain open: (i) What is the taxonomic status of the “intermediate”
populations? (ii) What are the relationships between R. confervoides and other taxa of the
R. trichophyllus group?



Koutecky et al.: Ranunculus trichophyllus in Alpine lakes 209

There are two views on the classification of the “intermediate” populations. One pos-
sible view is that they should be treated within R. confervoides, whose morphological
definition should be expanded. These populations do not substantially differ from
R. confervoides genetically and in genome size and grow in the same habitats and
elevational range. Aquatic plants are known for high level of phenotypic plasticity.
Indeed, Cook (1966) mentioned morphological stability of some populations of
R. confervoides in cultivation, while others developed forms similar to R. trichophyllus
(“subspecies trichophyllus) and conversely, some R. trichophyllus populations pro-
duced R. confervoides-like plants (“generally indistinguishable”) when cultivated in cold
water. It is impossible to link Cook’s results with currently known cytotypes/genotypes
of R. trichophyllus s.1., but it is likely that at least part of the “intermediate” populations
represents this type of variation. Alternatively, the “intermediate” populations could be
hybrids between R. confervoides and R. trichophyllus A or some other lineage of the
R. trichophyllus group. The presence of hybridization is indicated by the SW-27 and SW-30
populations (see above). Although the absence of the “trich-A” haplotype in the “inter-
mediate” populations may seemingly speak against hybridization with R. trichophyllus
A, the pattern cannot be interpreted in this way. First, its complete absence is possible in
hybrids if R. confervoides is always the maternal parent. Second, this haplotype is rarely
found in typical R. confervoides, too, so even presence of the “trich-A” haplotype would
not prove hybridization. The hypotheses above are not mutually exclusive and the “inter-
mediate” morphology could result from a combination of both plasticity and hybridiza-
tion. The current data do not provide enough resolution to answer the origin of the “inter-
mediate” populations and more variable genetic markers are needed.

The phylogenetic relationships of R. confervoides with other Batrachium species
remain unclear. The previous studies (Bobrov et al. 2015, Jopek et al. 2023) show that
R. confervoides is close to some genotypes of R. trichophyllus (s.1.) as well as the other
species — namely Eurasian R. kauffmannii, Asian R. mongolicus (Krylov) Serg. and
R. ashibetsuensis Wiegleb — but is rather distant from other R. trichophyllus genotypes.
This is confirmed by our study. All R. confervoides samples clustered in the same part of
the ITS network and are close to one of the central European R. trichophyllus A geno-
types (genotype no. 82 from Koutecky et al. 2022). The apparent similarity of R. confer-
voides with this genotype as well as identical genome size and existence of “intermedi-
ate” populations may even suggest that they could be merged into one taxon. However,
we do not support this view, especially because of a certain differentiation manifested by
the existence of R. confervoides-specific haplotypes and existence of well differentiated
ITS genotypes specific for R. trichophyllus A (genotypes no. 102 and 85, the latter being
the additive combination of genotypes no. 82 and 102). Ranunculus trichophyllus B is
clearly different in genome size and DNA sequences and less related to R. confervoides
than some other, morphologically very distinct species, such as the heterophyllous, large-
flowered R. peltatus Schrank. However, due to limited variation of the markers used, the
current knowledge does not allow full understanding of the phylogeny of the Batrachium
group. More variable markers and analytical approaches taking possible reticulations
through hybridization and allopolyploidy into account are needed.

Due to the unresolved phylogeny, we refrain from proposing any taxonomic and
nomenclatural changes at the moment. At the present level of knowledge we suggest
keeping recognizing R. confervoides (or R. trichophyllus subsp. eradicatus if subspecific
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rank is preferred) as a separate taxon occurring both in northern Europe and the Alps,
owing to its specific morphology, distribution and habitat. However, once the phylogeny
is resolved, the whole R. trichophyllus group requires taxonomic revision, typification of
numerous previously published names and subsequent nomenclature revision.

Unexpected plastid DNA variation

Ranunculus confervoides shows surprisingly high haplotype diversity compared to the
non-Alpine populations of the R. trichophyllus group. Ranunculus confervoides includes
seven plastid haplotypes in the Alps belonging to two distinct, albeit close haplotype
groups. Five of these haplotypes have not been found in the previous study in central
Europe (Koutecky et al. 2022); two additional specific haplotypes were found in the
“intermediate” populations. This is a conspicuous difference from the rather uniform
non-Alpine populations of R. trichophyllus cytotypes A and B with only two haplotypes
each, despite a much more extensive sampling including 89 populations (we omit the
northern European R. confervoides from this comparison due to limited data). We
hypothesize that this unexpected diversity of the Alpine plants reflects faster fixation of
mutations due to small populations sizes and clonality. Ranunculus confervoides is pre-
dominately autogamous and confined to individual lakes, while the non-Alpine R. tricho-
phyllus s.1. may form more extensive populations spreading over adjacent fishponds or
alluvial pools. Certain level of clonality might be expected in all R. trichophyllus s.1. pop-
ulations (similarly to other aquatic plants), but in R. confervoides with prostrate stems
rooting at nodes the clonality seems to be more pronounced. Alternatively and not exclu-
sively, the higher haplotype diversity of R. confervoides may result from higher age of its
genotypes, which are preserved (“frozen”) by frequent clonal reproduction and auto-
gamy, while the non-alpine populations may belong to limited number of more recent
genotypes that spread more effectively (see below).

The possible faster fixation of haplotypes and maintaining differences between popu-
lations of R. confervoides can be reinforced by isolation of the individual lakes.
Batrachium plants can be transferred by birds between lakes (mostly seeds in this case, as
transfer of vegetative fragments is negligible in most of aquatic plants; Li 2014). Within
one watershed, transport is also possible by water (only downstream) or water animals
such as fish (only lakes connected by suitable streams). However, especially the high-ele-
vation lakes seem to be quite isolated due to their rather small size, rugged mountain
landscape between them, and generally low productivity, making them little attractive as
a food source for birds. In opposite, the non-Alpine populations of R. trichophyllus are
much better connected both in terms of landscape structure and migration of fish and
birds and certain gene flow between them is thus more likely.

Nevertheless, isolation is not complete and besides clonal reproduction, sexual reproduc-
tion including outcrossing must be present in R. confervoides in the Alps. The occurrence of
interspecific hybrids (see below) indicates that R. confervoides is occasionally capable of
cross-pollination. Genetic similarity between northern European and Alpine populations and
the number of localities in the Alps suggest that some dispersal between the two areas and
between the lakes must occasionally occur or have occurred in the past. Population genetic
studies with variable markers (such as microsatellites or RAD-seq) would be needed to con-
firm the proposed hypotheses and to estimate the level of the current gene flow.
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Hybridization of the submerged cleistogamous species?

Despite that hybridization is frequent in Batrachium, the species R. confervoides seems
to be rarely involved. There are 29 interspecific hybrids reported in the world-wide
checklist of Batrachium (Wiegleb et al. 2017). In central Europe, Koutecky et al. (2022)
found nine Batrachium hybrids with known parentage among 12 putatively non-hybrid
species and their cytotypes, and 12 additional hybrids of unclear parentage or back-
crosses. Prancl et al. (2018) estimated using flow cytometry that ~15% of samples from
central Europe were hybrids. Frequent occurrence or even dominance of hybrids is
reported from rivers in Poland, Lithuania, and the Volga Basin (Zalewska-Gatosz et al.
2015, 2023, Butkuviené et al. 2020, Bobrov et al. 2022). However, for the mostly
cleistogamous and ecologically specialized R. confervoides hybridization is rather unex-
pected. Only one hybrid has been reported for this species so far: R. confervoides x
R. schmalhausenii from Finland and Russia, based on morphology of examined herbar-
ium specimens without any genome size or genetic data available (Bobrov et al. 2015).
Our data revealed at least three different hybrids of R. confervoides in the Alps. (i)
Triploid plants were found at two sites in the Hallstittersee lake, Austria (populations
AT-15c and AT17b; Fig. 1D). These plants were previously published as R. circinatus x
R. trichophyllus A (Prancl et al. 2018; under collection no. B14-118) based on genome
size only, because R. trichophyllus A does not differ from R. confervoides in the genome
size and participation of the latter in hybridization was not considered. Nevertheless, the
DNA sequences and new collections that allowed us to examine morphology more in
detail show that R. confervoides is the tetraploid parent. Both populations are genetically
identical. The plastid DNA does not determine the parents: both populations have
a “trich-A” haplotype, which is typical for R. trichophyllus A, but is also rarely found in
R. confervoides both in the Alps and northern Europe. The ITS genotype (no. 16) is an
additive combination of R. circinatus and R. confervoides, with two positions specific for the
latter and not found in any sample of R. trichophyllus A (Koutecky et al. 2022). Last,
some individuals have roots on upper nodes, a character typical for R. confervoides. (ii)
Attwo sites in the Hallstittersee lake, we recorded plants that have a genome size slightly
higher than R. trichophyllus B and they were sterile if flowering (no achenes developed).
Both populations (AT-16a, AT-17¢) showed some characters of R. confervoides (pros-
trate growth, one individual also rooting on upper nodes) but were more robust with signifi-
cantly thicker stems and longer leaves (Fig. 7, Supplementary Table S3). One of them was
pentaploid. The ITS genotype (no. 2) showed an additive combination of R. confervoides
with yet unknown sequence, which has several positions unique within the whole R. tricho-
phyllus group, including a 1 bp insertion. The plastid haplotype “trich-B” is probably
inherited from this unknown parent. It might be some yet unrecognized Alpine taxon/
genotype inhabiting sites or habitats not sampled for the present study, such as rivers, or it
might be extinct. (iii) In the Toplitzsee lake and two sites in the Hallstéttersee lake, Aus-
tria, we recorded plants with similar genome size and the same or very similar ITS geno-
types (no. 2 and 3) as the pentaploid hybrid described above, but with “conf-1" plastid
haplotype. These plants were morphologically very similar to the hybrid described
above, but had erect stems only (i.e. no prostrate growth typical of R. confervoides). We
assume that both these hybrids have the same parental combination, while they differ in
which taxon was maternal, i.e. they come from two independent hybridization events.
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In addition to R. confervoides hybrids, we recorded two other cytotypes of hybrid ori-
gin unknown so far. The putative hexaploid population SW-13 has R. trichophyllus B and
R. confervoides/R. trichophyllus A parentage (ITS genotype no. 22) and is probably
a recent allohexaploid that originated from two tetraploids due to occurrence of an
unreduced gamete. Another hybrid (ITS genotype no. 16) was found in the Traunsee
lake, Austria (B20-011). Its parents are R. trichophyllus B and the unknown taxon con-
tributing the specific ITS sequence, as mentioned above.

How can mostly submerged and cleistogamous R. confervoides from a specific habi-
tat, where other Batrachium species usually do not co-occur, repeatedly hybridize? It
might be indeed a very rare event. However, R. confervoides is able to grow on the wet
substrate after the drop of water level in a lake. This is described from northern Europe
(Schou et al. 2023) and we observed terrestrial plants rarely in the Alps. These terrestrial
forms are able to produce relatively large (petals up to 7.2 mm) showy flowers (Fig. 8),
which most likely allow allogamy. If more species co-occur at a site, hybridization is
likely in such terrestrial conditions.

Large and deep lakes provide a unique combination of conditions that allows Batrachium
hybridization and hybrid survival. All three R. confervoides hybrids were recorded in
a single lake, the Hallstittersee lake; one of the hybrids was also collected in the
Toplitzsee lake, which is only about 25 km upstream in the same watershed. The
Hallstéttersee lake is a large (8.5 km?) and deep (mean depth 65 m, maximum 125 m) gla-
cial lake in the Northern Limestone Alps, located at the relatively low elevation (508 m
a.s.l.). Itis relatively cold (mean annual surface water temperature 11.7 °C), oligotrophic,
with large transparency (mean 6.5 m) (Land Oberosterreich 2024). The lake is flowed
through by the Traun River and several smaller streams and has an extensive watershed
over 600 km?. During our study, we found only hybrids and R. trichophyllus cytotype B
growing in the Hallstéttersee lake, while R. circinatus was recorded only as floating frag-
ments near the lake outlet (Prancl et al. 2018), i.e. brought from other parts of the lake or
from the watershed upstream. The Traunsee lake, where a hybrid between the unknown
taxon and R. trichophyllus B was recorded as floating fragments, is even larger (24 km?)
and deeper lake (mean 95 m, maximum 191 m) located downstream along the Traun river
(Land Oberosterreich 2024). Neither R. confervoides nor the unknown second parental
species were observed in any of the two lakes, but we cannot exclude their presence, as
we explored only a minor fraction of the lakes. Ranunculus confervoides is known from
numerous sites in the watershed (e.g. Drozdowski et al. 2015, and this study). Large and
deep lakes like Hallstittersee and Traunsee provide a combination of habitats suitable for
various Batrachium species, long-term stability (the conditions being similar hundreds or
even thousands of years), and extensive watersheds, from which fruits and vegetative
fragments can be brought. Despite that hybridization of R. confervoides is probably
a very rare event, we hypothesize that at such sites and over long time, the temporal co-
occurrence of different species and their hybridization are likely. The stable conditions
then allow long-term survival and spread of the hybrids by vegetative growth, even after
one or both parents disappeared from a site. Cases of such old and “orphan” hybrid clones
were already documented among aquatic plants (e.g. Preston et al. 1999, Kaplan &
Fehrer 2013, Kaplan et al. 2018). Alternatively (but not exclusively), the hybrids may
have originated elsewhere in the watershed and have been transferred to the lakes, where
they survive. Whether each of the hybrids originated once or repeatedly (i.e. how many
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different clones are present), and whether they are present in other large Alpine lakes,
remains an open question.

Supplementary materials

Fig. S1. Geographic distribution of the plastid haplotypes.

Table S1. Locality details, genome sizes, ITS genotypes and plastid haplotypes.
Table S2. GenBank accession numbers.

Table S3. Morphological characters.

Supplementary materials are available at https://www.preslia.cz
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Neocekavana diverzita v alpskych jezerech: geneticka variabilita, hybridizace
a taxonomie skupiny lakus$niku nifolistého (Ranunculus trichophyllus)

Skupina laku$niku nifolistého (Ranunculus trichophyllus s.1.) ma sloZitou evoluéni historii a zahrnuje nékolik
genotypd, jejichZ taxonomické zhodnoceni neni dosud dofeSeno. Ve stfedni Evropé mimo Alpy se podle
predchozich studii vyskytuji dva tetraploidni cytotypy, oznacované jako R. trichophyllus A a B, které se lisi ve
velikosti genomu a v sekvencich DNA. Dalsi ekologicky specializovany tetraploidni taxon néaleZici do této
skupiny, R. confervoides (R. trichophyllus subsp. eradicatus), je udavan ze severni Evropy, Alp a Pyreneji
a z hor a severnich oblasti Asie a Severni Ameriky. Piislu§nost populaci k tomuto taxonu byla ale nedavno
mimo severni Evropu zpochybnéna. Studovali jsme variabilitu skupiny R. trichophyllus ve 35 jezerech
v Alpach a 5 jezerech v severni Evropé. Méfili jsme velikost genomu, sekvenovali ITS tGsek jaderné DNA a dva
nekddujici aseky plastidové DNA a zaznamendvali 10 morfologickych znakt. V Alpéach jsme nalezli populace
odpovidajici R. confervoides, které se od severoevropskych morfologicky neliSily, mély stejnou velikost
genomu a sdilely s nimi plastidové haplotypy i genotypy v ITS Gseku. Na zdkladé toho usuzujeme, Ze
severoevropské i alpské populace patii ke stejnému druhu, R. confervoides. Zaroven jsme objevili populace,
které kombinuji morfologické znaky R. confervoides a R. trichophyllus A (druhy jmenovany jsme ale v Alpach
nenalezli). Identita téchto rostlin je nejasna. MiiZe jit o kiiZence, ale ¢aste¢né také o projev morfologické plas-
ticity nékterého z uvedenych taxonii. Celkem jsme u R. confervoides a ,pfechodnych® populaci nalezli 9
plastidovych haplotypt, zatimco u obou cytotypt R. trichophyllus mimo Alpy byly nalezeny pouze dva
u kazdého. Tento piekvapivé vysoky pocet haplotypti mohl vzniknout diky rychlejsi fixaci mutaci v alpskych
populacich, které jsou navzajem izolované a prevladéd v nich klondlni rozmnoZovani. Mohl by také indikovat
vetsi stdii druhu R. confervoides ve srovnani s R. trichophyllus s.1. mimo Alpy. V jezerech na Gpati Alp jsme
zaznamenali tfi dosud neznamé kiiZence: triploidniho R. circinatus x R. confervoides, pentaploidniho kiiZence
R. confervoides s dosud nezndimym druhem a kiiZence R. trichophyllus B se stejnym nezndAmym druhem. Déle
jsme nalezli jednu pravdépodobné alohexaploidni populaci vzniklou z R. confervoides a R. trichophyllus B.
Vzhledem k ekologické specializovanosti a prevazujici kleistogamii je opakovand hybridizace R. confervoides
prekvapiva. Tento druh je ale schopen na obnaZenych brezich jezer vytvéret terestrické formy, které maji
nipadné oteviené (chasmogamické) kvéty. Domnivame se, Ze za takovych podminek a pfi spole¢ném vyskytu
s dalsimi laku$niky miZe dochazet k hybridizaci. KiiZenci pak mohou vegetativné piezivat velmi dlouhou

dobu, piipadné se i déle Sifit v rdmci povodi.
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