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Abstract The study of glacial relict species has been
focused on understanding how the biogeographic
patterns of species have developed. A number of
studies using phylogenetic and population genetics
approaches have been conducted for terrestrial glacial
relict species, and the mechanisms of their formation
have been elucidated. On the other hand, less focus has
been placed on glacial relict species inhabiting
freshwater systems. In particular, stable lakes can
serve as refugia during a glacial period, but research
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studies on freshwater relict species inhabiting lakes
have not been well conducted. In order to clarify the
mechanism of the glacial relict species in freshwater,
we conducted a molecular phylogeny analysis, diver-
gence time estimation, and a biogeographic recon-
struction on freshwater Valvatidae molluscs, which
have been considered as a glacial relict in the Japanese
Archipelago. Our study shows that the valvatid fauna
in the Japanese Archipelago was produced by multiple
dispersal events from the Asian continent and by
vicariance events during the period of the Pliocene—
Quaternary glaciation. It includes multiple relict
species that survived interglacial periods in different
lakes. These findings suggest that the lakes can serve
as refugia not only during glacial periods, but also
during interglacial periods.
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Introduction

Global climate change, for example, cooling down in
the last glacial period, has dramatic impacts on many
biota and their distribution (e.g., Hewitt, 2004, 1996;
Schmitt, 2007; Xu et al., 2009). One of the best
biogeographic model cases for revealing the impact of
such climate change are glacial relict species (Habel
et al,, 2010c). The glacial relict is a cold-adapted
species or population, which had a widespread distri-
bution in the last glacial period but now has a narrow
geographic distribution in the current interglacial
period (present) (Lomolino et al., 2006; Habel et al.,
2010a). Historically, the formation mechanism of a
glacial relict population by the glacial-interglacial
cycle has been examined using the fossil record and
distribution patterns (Coles & Colville, 1980; Hultén
& Fries, 1986), but recent progress in molecular
phylogeny and population genetics has addressed the
specific time of establishment of disjunctive popula-
tions and distribution transitions (e.g., Habel et al.,
2010b). As a result, many studies in Europe suggest
that the formation of the glacial relict population is
closely connected with the last glacial period (e.g.,
Schonswetter et al., 2003; Schmitt & Hewitt, 2006;
Skrede et al., 2006; Schmitt et al., 2010). On the other
hand, as research studies have progressed, it has also
become clear that the relict species having similar
distribution patterns seem to have different foundation
mechanisms (e.g., Schmitt et al., 2006; Varga &
Schmitt, 2008; Schmitt, 2009).

On the other hand, in the North and East Asian
region where ice sheets were not formed even in the
last glacial maximum (Ray & Adams, 2001), the more
diverse formation mechanisms of glacial relicts are
being unraveled as compared with Europe. For
example, Baba et al. (2001, 2002) suggested that two
relict bird species had immigrated in the last glacial
period and became isolated in the Holocene. Also, in
some species such as the Japanese shrew mouse,
immigration occurred to the Japanese Archipelago in
the last glacial period (Ohdachi et al., 2001). In
contrast, cases of isolation and diversification on a
long time scale were estimated in some Japanese
alpine butterflies (Nakatani et al., 2007a, b, 2012). In
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addition, the various formation patterns, such as
multiple immigration, have been clarified in alpine
plants, which are the most well-studied examples of
the glacial relict species in the Japanese Archipelago
(Fujii et al., 1997, 1999; Senni et al., 2005; Fujii &
Senni, 2006; Ikeda et al., 2006, 2008, 2009, 2012,
2014; Ikeda & Setoguchi, 2007, 2013). Although
formation mechanisms of glacial relict species have
been clarified, most of the research studies were
focused on alpine relicts, and other relict species have
not been treated satisfactorily. In particular, it has been
pointed out that lakes and hot springs can be refugia
both in the short and long term (Martens, 1997,
Bolotov et al., 2017), but there are few research studies
focused on freshwater relict species except for some
crustaceans and fishes in high latitude regions, which
can inhabit the sea (e.g., Viinoli et al., 2001; Kontula
& Viinold, 2003; Dooh et al., 2006; Sheldon et al.,
2008). Therefore, we focused on Japanese valvatid
snails to clarify the formation mechanisms of glacial
relict species in freshwater systems.

The family Valvatidae Gray, 1840 (Mollusca:
Gastropoda), is a group of freshwater molluscs, which
is distributed mainly in the high latitude area of the
Northern Hemisphere (Strong et al., 2008; Haszpru-
nar, 2014), and four species have been described in
Japan (Habe, 1990; Masuda & Uchiyama, 2004). Of
these four species, two are endemic to some restricted
lakes (Fig. 1). Valvata biwaensis (Preston, 1916) is
endemic to ancient Lake Biwa and V. kizakikoensis
(Fujita & Habe, 1991) is also endemic to two
connected lakes (Lake Kizaki and Lake Nakatsuna)
(Fujita & Habe, 1991; Masuda & Uchiyama, 2004;
Kihira et al., 2009). Of the remaining two species,
V. japonica (Martens, 1877) has the widest distribu-
tion (Fig. 1), and it is distributed in the middle part of
Honshu Island and further northwards including
Hokkaido Island (Miyadi, 1935; Habe & Kawakami,
1982; Masuda & Uchiyama, 2004; Ito et al., 2005).
V. hokkaidoensis Miyagi, 1935, is distributed only in
Hokkaido and Aomori Prefecture, which is the north-
ernmost prefecture in Honshu Island (Masuda &
Uchiyama, 2004; Ito et al., 2005; Ohyagi, 2010a).
Although the distribution of V. japonica is compara-
tively wide, the distribution in Honshu Island is
discrete, and it is only recorded from Lake Nojiri, Lake
Kawaguchi, Lake Ashinoko, the Sagami-gawa River
drainage, and Lake Ogawara drainage (Habe &
Kawakami, 1982; Kawabe et al., 2006; Ohyagi,
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Fig. 1 A map of localities for the samples collected and
distribution of Japanese Valvatidae. The bars indicate areas
where the samples were collected. The circles and colors
indicate the localities where Valvatidae is recorded. Gray color

2010b). In addition, it is considered that of these
locations in Honshu Island, the only collection records
in recent years are from the Sagami-gawa River
drainage and Lake Ogawara drainage, and valvatid
molluscs of other localities may have become extinct
or nearly extinct. Owing to this discrete distribution in
Honshu Island, the valvatid molluscs in Honshu Island
have been regarded as the relicts of the last glacial
period (Habe & Kawakami, 1982). It is hypothesized
that the Japanese valvatid species had expanded from

L. Nakatsuna

140°E

35°N—

145°E
| |

indicates situation nearly extinction or extinction (there is no
record for more than about 20 years). The locality status in
Hokkaido Island is not clear because of lack of investigation

the high latitude region to the south in the glacial
period, and then they have been regressing during the
interglacial period and now they are left behind in a
stable lake with low water temperature. Although
Habe & Kawakami (1982) concluded that valvatid
species occupying Honshu Island were relicts of last
glacial period because of their fragmented distribution
patterns and age of the Japanese lakes except for Lake
Biwa, the formation mechanisms of distinctive
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distribution (Fig. 1) and the origin of Japanese
valvatid molluscs remain unclear.

Here, we conduct the molecular phylogeny of
Japanese Valvatidae so as to address these unresolved
issues. This attempt will be a good model case for not
only clarifying the origin of relict valvatid mollusca,
but also elucidating the formation mechanism of
freshwater glacial relict species which has not been
adequately studied. In addition, our research will help
to clarify the formation of biota distributions in the
Japanese Archipelago.

Materials and methods
Species sampling

We sampled nine described valvatid species, the
sample comprising 20 individuals from 10 sites from
the Japanese Archipelago, Russian Far East, Mongo-
lia, and Lake Baikal for phylogenetic analysis. These
samples included all four species described from
Japan. Moreover, the sequence data of the world’s
Valvatidae on GenBank are included for comparison
as well with an ‘outgroup’ in phylogeny with reference
to also Clewing et al. (2014). Collected Valvatidae
species were identified by Masuda & Uchiyama
(2004), Starobogatov et al. (2004), Kihira et al.
(2009), Prozorova et al. (2009), and some original
descriptions (Martens, 1877; Preston, 1916; Miyadi,
1935; Fujita & Habe, 1991). The genus name was
provisionally treated as Valvata according to Clewing
et al. (2014), because taxonomic problems of valvatid
genus are not solved yet and are out of scope of the
present research. Detailed information on the samples
examined is given in Table | and in Fig. 1.

Molecular methods

DNA was isolated from individual gastropods, using
the protocol of Sokolov (2000). The muscle tissue was
homogenized in 800 pl of lysis buffer and incubated at
60°C for 1 h. Saturated potassium chloride (80 pl)
was added to the lysate, and the solution was incubated
for 5 min on ice before centrifugation for 10 min. The
supernatant (700 pl) was poured into a new tube,
extracted with a phenol/chloroform solution, and
precipitated with an equal volume of 2-propanol.
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The DNA pellet was rinsed with 70% ethanol, dried,
and dissolved in 50 pl of TE buffer.

To estimate the phylogenetic positions of North and
East Asian Valvatidae, we sequenced fragments of the
mitochondrial cytochrome oxidase subunit 1 (CO1),
mitochondrial large ribosomal subunit (16S) as well as
nuclear large ribosomal subunit (28S). The poly-
merase chain reaction (PCR) and primers are listed in
Table 2. The PCR products were purified with Exo-
SAP-IT (Amersham Biosciences, Little Chalfont,
Buckinghamshire, UK). Sequencing was performed
using a BigDye™ terminator cycle sequencing ready
reaction kit (Applied Biosystems, Foster City, CA,
USA) and electrophoresed using an ABI 3130xl
sequencer (Applied Biosystems, Carlsbad, CA,
USA). The obtained CO1, 16S, and 28S sequences
have been deposited in the DDBJ/EMBL/GenBank
database (Table 1).

Phylogenetic analyses

There was no gap in the aligned sequences of COl,
and the 16S and 28S sequences were aligned with
MUSCLE v3.8 (Edgar, 2004). To eliminate uncer-
tainty of the alignment in this region, trimAl 1.2
(Capella-Gutiérrez et al., 2009) was used to select
regions of the aligned sequences for analysis (Online
Resources 1, 16S and 2, 28S). First, phylogenetic
relationship was estimated for each locus. The phylo-
genetic trees were obtained using the Bayesian
inference (BI) and maximum likelihood (ML) meth-
ods. Prior to the BI and ML analyses, we used the
program Kakusan4-4.0.2011.05.28 (Tanabe, 2011) to
select the appropriate models of sequence evolution
(Table 3). Based on these models, ML analysis was
performed with 500 iterations of the likely ratchet
(Nixon, 1999; Vos, 2003) using Treefinder (Jobb,
2008) and Phylogears2, v2.2.2012.02.13 (Tanabe,
2012) software. For the ML analyses, we assessed
nodal support by performing bootstrap analyses with
1,000 replications. The BI analysis was performed
using MrBayes v3.1.2 (Ronquist & Huelsenbeck,
2003), with two simultaneous runs. Each run consisted
of four simultaneous chains for two million genera-
tions and sampling of trees every 100 generations. We
discarded the first 2,001 trees as burn-in after exam-
ining convergence and effective sample size (ESS) by
Tracer v. 1.6 (Rambaut et al., 2013), so the remaining
samples were used to estimate phylogeny. Then,
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Table 1 Sample information of Valvatidae used for analyses
Sample nos. Taxon Locality/biogeographic area for RASP GenBank accession nos.
COl1 16S rRNA  28S rRNA
Utl Valvata utahensis USA, Idaho, Snake River Basin/A DQ442640l - -
U2 V. utahensis USA, Idaho, Snake River Basin/A DQ442641I - -
Hul V. humeralis USA, Idaho, Snake River Basin/A DQ442647I - -
Hu2 V. humeralis USA, Idaho, Snake River Basin/A DQ442648" - -
UGSB2287 V. klemmi Greece, K. Tragana, Lake Trichonis/B EU419018%> - -
UGSB0322 V. stenotrema Macedonia, Crni Drin River/B KJ186022° KJ186048> —
UGSBO0317 V. rhabdota Macedonia, Ohrid Bay, Lake Ohrid/B EU418981> KJ186050° -—
UGSBO0342 V. cf. hirsutecostata Macedonia, off Gorica Hill, Lake Ohrid/B EU419001> KJ186049° KJ186068°
UGSB10876 Valvata sp. China, Xizang, inflow to Bangong Co/F KJ186021° KJ186045° KJ186064°
UGSB10889 Valvata sp. China, Xizang, inflow to Bangong Co/F KJ186019°  KJ186043% -
UGSB0353 V. montenegrina Montenegro, Karuc, Lake Skadar/B EU419014> KJ186047° -
UGSB0343 V. cf. piscinalis Germany, Strodehne, outflow of Lake Giilpe/B EU418991> KJ186046° KI186069°
UGSB11827 Valvata sp. Ukraine, Kherson, Dnepr River/B KJ186038° — KJ186062°
UGSB11823 V. cf. piscinalis Russia, Rostow/B KJ186035° KJ186059° —
UGSB11820 Valvata sp. Turkey, Egirdir, Lake Egirdir/B KJ186037° KIJ186061° KJ186066°
UGSBI11145 Valvata sp. Russia, Nizhny Uriy oxbow, Yugan Reserve/C KJ186034> KJ186058° KIJ186063>
Val2l V. amurensis Russia, Primorsky krai, Vladimilo-Petrovka/C ~ # # #
Val22 V. amurensis Russia, Primorsky krai, Vladimilo-Petrovka/C ~ # # #
Val3 V. japonica Japan, Aomori Pref., Doba River/G # - #
Val4 V. japonica Japan, Aomori Pref., Doba River/G # - #
Va8l V. kizakikoensis Japan, Nagano Pref., Lake Nakatsuna/G # # -
Vag2 V. kizakikoensis Japan, Nagano Pref., Lake Nakatsuna/G # # #
Va85 V. japonica Japan, Kanagawa Pref., Sagami-gawa River # # #
drainage/G
Va6 V. japonica Japan, Kanagawa Pref., Sagami-gawa River # # #
drainage/G
Val56 V. confusa Mongolia, Khuvsgul, Delger River/C # # #
Val58 V. confusa Mongolia, Khuvsgul, Delger River/C # # #
Val6l V. biwaensis Japan, Shiga Pref., Lake Biwa/l # # #
Val62 V. biwaensis Japan, Shiga Pref., Lake Biwa/l # # #
UGSB11147 V. frigida Russia, floodplain of the Ugut River/C KJ186026°>  KJ186053° KJ186067°
UGSBI11154 V. sibirica Russia, Lake Egipamynglor/C KJ186033% KJ186057° —
UGSB11156 V. sibirica Russia, floodplain of the Ugut River/C KJ186028° KJ186054° -
Vals0 V. hokkaidoensis Japan, Hokkaido Pref., Lake Toro/H # # #
Val55 V. hokkaidoensis Japan, Hokkaido Pref., Lake Toro/H # # #
Val30 V. middendorffi Russia, Primorsky krai, Nadezhdinsky District/ # # #
C
Val3l V. middendorffi Russia, Primorsky krai, Nadezhdinsky District/ # # #
C
Va5sl1 V. hokkaidoensis Japan, Aomori Pref., Doba River/G # # #
UGSB13305 Valvata sp. China, Yunnan, Lake Lugu/E KJ186020° KJ186044> KJ186065°
UGSBO0324 V. relicta Macedonia, Veli Dab, Lake Ohrid/B EU419008%> KJ186051> KJ186070°
UGSB0327 V. cristata -/B EU418994° EF417137*
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Table 1 continued

Sample nos. Taxon

Locality/biogeographic area for RASP

GenBank accession nos.

COl1 16S rRNA  28S rRNA
Va3 Megalovalvata Russia, Listvyanka, Lake Baikal/D # # #
baicalensis
Va4 M. baicalensis Russia, Listvyanka, Lake Baikal/D # # #
ValO8 M. piligera Russia, Listvyanka, Lake Baikal/D # - #
UGSBI1181 M. piligera Russia, Lake Baikal/D KJ186025°  KJ186052°
Outgroup Cornirostra pellucida - AY296842  FJ917249  FJ917225

Sample no. of specimens in previous studies was named for convenience. 'sequences from Miller et al. (2006), *sequences from
Hauswald et al. (2008), 3 sequences from Clewing et al. (2014), 4sequence from Sonnenberg et al. (2007). See Fig. 1, Miller et al.
(2006), Clewing et al. (2014), and Hauswald et al. (2008) for more detailed locality and information. The locality of Valvata cristata
was not described because we use sequence data generated from multiple specimens. However, biogeographic region was assigned B
because of distribution of species by reference (Gloer, 2002). The total DNA of specimens except for GenBank materials are
preserved in the authors. The number signs (#) indicate GenBank accession no. (now in submit)

Table 2 Information on primers and PCR conditions used in this study

Primers Direction Sequence 5'-3'

PCR conditions

References

CO1

LCO1490 Forward GGTCAACAATCATAAAGATATTGG
HCO2198 Reverse = TAAACTTCAGGGTGACCAAAAAATCA

16S

16Sar-L Forward CGCCTGTTTATCAAAAACAT
16Sbr-H  Reverse =~ CCGGTCTGAACTCAGATCACGT

72°C 5 min
28S
D23F Forward GAGAGTTCAAGAGTACGTG
D6R Reverse ~CCAGCTATCCTGAGGGAAACTTCG

30 s, 72°C 40 s) x 40,
72°C 1 min

94°C 4 min, (94°C 30 s, 48°C Folmer et al. (1994), PCR
30 s, 72°C 90 s) x 34,
72°C 2 min

condition was slightly
modified

94°C 4 min, (94°C 30 s,40°C  Palumbi et al. (1991), PCR
30s, 72°C 60 s) x 34,

condition was slightly
modified

94°C 3 min, (94°C 15 s, 58°C Park & Foighil (2000),

PCR condition was
slightly modified

Table 3 Information of models of sequence evolution for maximum likelihood and Bayesian analysis

Alignment

Model of sequencing evolution: BI

Model of sequencing evolution: ML

For single gene tree
COl (codon position 1/2/3)
16S
28S

For combined tree
COl (codon position 1/2/3)
16S
28S

F81/HKY + I'/SYM + I
HKY + I
GIR + I

F81 + I''HKY + I'/GTR + I’
HKY + I
GIR + I

HKY + I'/TN + I'/TN + I
R+r
GTR + I

HKY + I'/TN + I'/TN + I’
GIR + I
nR+r

@ Springer
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topologies of these single locus trees (Online
Resources 3-5) were exanimated. As a result, there
was no major inconsistency among the analyzed
sequences in supported tree topology of three loci,
with the proviso that the tree of 28S had low
resolution. Next, phylogenies were estimated by using
combined locus. The same protocols as single locus
analysis were used in combined locus analysis. The
selected model was also shown in Table 3. The ML
analysis was performed with 500 iterations of the
likely ratchet and 1,000 replications of bootstrap
analyses. The two simultaneous runs in BI analysis
consisted of four simultaneous chains for 3,000,000
generations and sampling of trees every 100 genera-
tions. We discarded the first 3,001 trees as burn-in
after checking by Tracer v. 1.6, so the remaining
samples were used to estimate phylogeny.

Divergence time estimation

Estimation of divergence times was performed in
BEAST?2 v. 2.4.4 (Bouckaert et al., 2014) using the
same dataset with the following settings: tree prior =
Yule process, Ngen = 20,000,000, sample-
freq = 1,000. The two different clock models (strict
clock and uncorrelated lognormal relaxed clock) were
adapted for comparison. Substitution models of each
partition were set as follows: COl = HKY + I + T,
16S = HKY + I', 285 = GTR + I'. These models
were selected using Kakusan4-4.0.2011.05.28 (Tan-
abe, 2011) and those available in BEAST2 v. 2.4.4
(Bouckaert et al., 2014). The model of CO1 was
chosen from models in which the molecular clock rate
is being considered in Wilke et al. (2009). A molecular
clock rate (uniform prior) ranging from 0.0126 to
0.0189 (substitutions per site and Ma) was proposed
for the COI gene for different Protostomia groups
using the substitution model: HKY + 7 4+ I'" (see
Wilke et al., 2009). Maximum clade credibility files
were annotated in TreeAnnotator v. 2.4.4 (BEAST
package; burn-in = 10%) summarizing the entire
posterior distribution including a total of 20,001 trees
after log and tree files were checked by Tracer v. 1.6.

Biogeographic analyses
To reconstruct ancestral areas and the likelihood of

dispersal and vicariance events, we used Bayes—
Lagrange (statistical dispersal-extinction—

cladogenesis, S-DEC; Beaulieu et al., 2013) and
statistical dispersal-vicariance analysis (S-DIVA; Yu
et al., 2010) in RASP 3.2 (Yu et al., 2015). For these
analyses, we used the same 20,001 trees generated
from divergence time analysis using strict clock model
with BEAST?2 v. 2.4.4 (see above). The first 2001 trees
of those were discarded on RASP 3.2. In addition, as a
condensed tree, we used also the same maximum clade
credibility tree using strict clock model generated
from TreeAnnotator v. 2.4.4. Under both models, the
outgroup was removed before the analyses. The
following nine areas were defined: (A) Nearctic,
(B) Europe and Turkey, (C) North Asia, (D) Lake
Baikal, (E) East Asia excluding Japanese Archipelago,
(F) Tibetan Plateau, (G) Honshu Island, (H) Hokkaido
Island, (I) Lake Biwa. The boundary of areas was
decided for convenience considering the biogeo-
graphic area and the ancient lakes (for detailed region,
see Fig. 3). The S-DIVA models were calculated with
default settings and max areas = 2, allowing for
extinctions. The S-DEC analyses were run with
default settings and max areas = 2.

Results
Phylogenetic relationships

For the molecular phylogenetic analyses, the ESS
values visualized in Tracer v. 1.6 were considerably
greater than 200. The inferred Bayesian phylogenetic
relationships are shown in Fig. 2. Both ML and BI
trees resulted in nearly identical topologies. The
valvatid species formed six major clades and these
were named as “I-VI.” The monophyly of five clades,
excluding clade III, were strongly supported by both
trees [Bayesian posterior probabilities (BPP) = 1.00,
ML bootstrap value (BV) > 76%]. In regard to clade
III, the monophyly was also well supported in ML
method (BV =78%) in spite of BPP =0.90. In
addition, clades I-IV and V-VI formed deeper
monophyletic clades, respectively. These two upper
clades were also well supported by both methods.
All Japanese materials were included in clades III
and IV. These clades also contained materials from
Russian Far East, Mongolia, China, and Siberia. Clade
I was composed of Nearctic materials. Clade II species
were mainly found in the materials from Europe, but
also those from Tibetan Plateau, Turkey, and Western
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Fig. 2 The Bayesian phylogenetic tree inferred from a com-
bined dataset of mtDNA and nDNA sequences (CO1, 168S, and
28S; 1,795 bp). Cornirostra pellucida (Laseron, 1954) is the
outgroup chosen for the tree root. Each number at the terminal

Siberia. Clade V was found in the materials from
Europe, and clade IV from Lake Baikal. Materials of
the same localities of the Japanese valvatid species
showed monophyletic relationships except for two
individuals from the Sagami River (Va85 and Va86).
However, these two individuals were closest to V.
kizakikoensis from Lake Nakatsuna of the Honshu
Island, geographically closest area to the Sagami
River. In clade 1V, V. hokkaidoensis from Honshu
Island and Hokkaido Island did not show a mono-
phyletic relationship. The materials from these local-
ities were phylogenetically closest to the continental
valvatid materials. In clade III, materials of V.
japonica were not monophyletic, and V. biwaensis
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branch of the tree indicates the sample number and species name
(Table 1). Numbers at the branch nodes represent BPP and BV.
On the right side, vertical bars indicate nominal monophyletic
clades

from the Lake Biwa was the most ancestral lineage
within the clade.

Divergence time estimation and biogeographic
analyses

For the molecular clock analyses, the ESS values
visualized in Tracer v. 1.6 were considerably higher
than 200 in each analysis. The inferred Bayesian
phylogenetic relationships using BEAST2 adopted
strict clock model are shown in Fig. 3. We numbered
the cardinal nodes from 1 to 17 for convenience. The
topology of the tree was consistent with those obtained
in MrBayes and Treefinder analyses (Fig. 2). Espe-
cially, the topology of the tree except for the low-
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Fig. 3 Maximum clade credibility tree generated by the
BEAST?2 analysis from the mtDNA and nDNA sequences
(COl, 16S, and 28S; 1,795 bp). The outgroup Cornirostra
pellucida was not shown. On the left side, BPP and the
divergence time are shown. Node bars indicate 95% CI of the
divergence time by SC model analysis. The principal nodes are
named nominal number. Red line indicates 2.75 Ma in which
Northern Hemisphere glaciation started (Ravelo et al., 2004). In

supported clades was perfectly consistent. This result
was also consistent with phylogenetic tree obtained by
uncorrelated lognormal relaxed clock model (not
shown). The mean time values of first divergence of
two valvatid clades including Japanese materials
(nodes 5 and 10) were estimated to be 1.97 and

the right side, the results of two biogeographic analyses by
RASP are shown. The circles beside the branch indicate the
estimated ancestral region and biogeographic events. The
striped color in the circles indicate connected region. Upper is
the result by S-DEC method, lower is the result by S-DIVA
method. The color corresponds to the distinguished region by
author. The detailed information is given in the box in the upper
right

1.17 Ma. Furthermore, in these major two clades, the
mean divergence time of well-supported nodes
excluding same locality clades (nodes 12-15, and
17) were, respectively, 0.86, 0.73, 0.58, 0.45,0.20 Ma.
The 95% HPD intervals of these nodes were in the
Pleistocene (> 2.58 Ma). In addition, using
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uncorrelated lognormal relaxed clock model analyses,
the mean divergence among these nodes occurred
during the Pleistocene. The lower 95% HPD interval
of newest node between two localities in Honshu
Islands (node 17) were 0.10 Ma. In the uncorrelated
lognormal relaxed clock model, this value was nearly
same (0.11 Ma). The other detailed information is
given in Table 4.

Two different analyses using RASP estimated
historic biogeographic area and events (Fig. 3). The
valvatids occupied the region where North Asia
(Region C) and two regions in Japanese Archipelago
(Regions H and I) were combined. As for nodes 10, 13,
15, and 16, the results of the two analyses nearly agree
with each other, and the ancestral regions of CI, CG,
CH, CG were estimated, respectively. In addition, in
both analyses, it was estimated that the ancestral
region of node 5 was also CE in spite of three-quarters
proportion in S-DEC analysis. Also, for all of these
nodes, the event of vicariance was estimated by both
analyses. For node 14, ancestral region CG was

estimated by S-DEC, but S-DIV A estimated CG and G
about half a possibility and dispersal event were
estimated by both analyses. The ancestral region of
node 12 was estimated to be C with a possibility of
about three-quarters by S-DEC and half by S-DIVA
and dispersal event were also estimated by both
analyses. Lastly, the estimated principal ancestral
region of the nodes 4 and 8 by both analyses was C. In
these two nodes, the dispersal event was estimated.
The detailed information is given in Table 4.

Discussion

There were two main clades of valvatids uncovered in
our analyses. One clade represented Europe (clade V)
and Lake Baikal (clade VI) and the other one
represented the Nearctic (clade 1), Eurasia (clade II),
and the Russian Far East, Siberia, China, Mongolia,
and the Japanese Archipelago (clades III and IV).
Clade IV contained materials from Russian Far East,

Table 4 Detailed results of divergence time estimation and geographic analyses

Node Divergence time using
nos. strict clock model (Ma)

Mean (lower CI, upper CI) Mean (lower CI, upper CI)

Divergence time using uncorrelated
lognormal relaxed clock model (Ma)

Probability of ~ Number of times for geographic
biogeographic  event

1 8.29 (6.91, 9.74) 7.73 (5.13, 10.50)
2 3.69 (2.97, 4.46) 4.71 (3.13, 6.48)
3 2.94 (2.17, 3.79) 2.05 (0.73, 3.70)
4 2.53 (2.07, 3.00) 3.28 (2.11, 4.60)
5 1.97 (1.55, 2.43) 2.52 (1.30, 3.85)
6 1.93 (1.28, 2.65) 2.03 (0.82, 3.46)
7 1.78 (1.33, 2.24) 2.17 (0.89, 3.64)
8 1.64 (1.26, 2.04) 2.10 (1.11, 3.27)
9 1.62 (1.28, 1.97) 2.22 (1.31, 3.24)
10 1.17 (0.89, 1.46) 1.75 (0.94, 2.73)
11 1.06 (0.84, 1.30) 1.50 (0.87, 2.22)
12 0.86 (0.64, 1.09) 1.22 (0.64, 1.94)
13 0.73 (0.49, 0.98) 1.06 (0.40, 1.88)
14 0.58 (0.40, 0.79) 0.81 (0.39, 1.32)
15 0.45 (0.27, 0.64) 0.71 (0.24, 1.35)
16 0.42 (0.27, 0.58) -

17 0.20 (0.10, 0.30) 0.36 (0.11, 0.68)

analyses
S- S- Dispersal Vicariance
DEC DIVA S-DEC/S- S-DEC/S-
DIVA DIVA
0.06 0.43 172 1/1
0.52  1.00 0/0 1/1
097 1.00 0/0 0/0
0.67  0.99 2/2 0/0
0.67 1.00 0/1 1/0
0.89  1.00 0/0 0/0
1.00  1.00 0/0 0/0
094  1.00 2/2 0/0
1.00  1.00 0/0 1/1
0.78 0.51 0/0 1/1
0.88  1.00 0/0 0/0
0.79  0.27 171 0/0
099  1.00 0/0 1/1
1.00  0.52 1/1 0/0
1.00  1.00 0/0 1/1
1.00  1.00 0/0 1/1
1.00  1.00 0/0 0/0
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China, and the Japanese Archipelago but this lineage
may be distributed widely in Eurasia because of the
distribution area of Valvata sibirica (Middendorff,
1851) or V. frigida (Westerlund, 1873) (Vinarski &
Kantor, 2016). Clades III and IV seem to indicate two
separate origins for the Japanese valvatid populations
as uncovered by our combined analyses. Also inside
clades III and IV, the inferred phylogenetic relation-
ships and results of RASP analyses suggest that
valvatid fauna on the Japanese Archipelago have been
produced by multiple events of dispersal from the
continent followed by geographic isolation. The 95%
CI of the estimated divergence time of BEAST? is
1.26-2.04 Ma (even uncorrelated lognormal relaxed
clock model; 1.11-3.27 Ma) even in the oldest node
(node 5, but BPPs is not sufficient). This means that
separation of the Japanese and continent lineages
seemingly occurred after the late Pliocene or early
Pleistocene (Fig. 3). Although further population
genetic research studies are necessary to estimate the
time when these respective vicariances and dispersals
occurred, dispersal from continent to Japan followed
by vicariance has occurred repeatedly.

It is estimated that the divergence of the six valvatid
clades occurred after 2.75 Ma in both clock models
(Fig. 3; Table 4). The Northern Hemisphere glacia-
tions of the Pliocene—Quaternary started from
2.75 Ma (Ravelo et al., 2004), and the average
temperature declined globally (Quante, 2010). This
cooling has also occurred around the Japanese
Archipelago (Hyodo & Kitaba, 2012). Because of
the onset of glacial periods after the Pliocene,
expansion of distribution range and diversification of
those Valvatidae that adapted to cool environments
have seemingly started, resulting in migration to the
Japanese Archipelago from the continent. Referring to
the geologic history of the Japanese Archipelago, it
has repeatedly been connected to the continent during
the periods of glaciation of Pleistocene (Ono, 1990;
Kitamura & Kimoto, 2004, 2006), and glacial periods
and interglacial periods have occurred repeatedly with
a span of 41,000-100,000 years (Lisiecki & Raymo,
2007). This geologic history is consistent with our
hypothesis.

The present discrete distribution and regional
monophyletic pattern of Japanese valvatid molluscus
may reflect their evolutionary history. Populations of
Valvatidae within the Japanese Archipelago may have
repeatedly expanded during the glacial periods and

have been geographically isolated during interglacial
periods when population ranges contracted. During
the periods of range contraction, the lakes in Japan
potentially provided refugia, because water tempera-
ture of the lakes is relatively stable and low due to
existence of spring water and large water depth in
general. Consequently, the populations are likely to
have persisted mainly in those lakes where the water
temperature was relatively stable and low during
interglacial periods as well as at the present time. In
fact, valvatid molluscs on the Honshu Island have been
recorded only from the lakes or the rivers connected to
lakes (Fig. 1) despite their wide distribution in high
latitude areas of Japan. The latest separation event
among the valvatid species in Honshu Islands is
estimated at 0.10-0.30 Ma (uncorrelated lognormal
relaxed clock model: 0.11-0.68 Ma). This upper 95%
Cl s even older than the last glacial period, suggesting
that geographic isolations appear to have occurred
before the formation of the lakes, and the lakes served
as refugia during the last interglacial period. Some
lakes that have valvatid molluscs were formed in
relatively recent periods (Nitobe, 1975; Kobayashi,
2008), supporting this hypothesis.

Traditionally, valvatid molluscs in Japan have been
considered to be relicts of last glacial period (Habe &
Kawakami, 1982). However, our results suggest that
they have complicated histories, such as multiple
immigrations from the continent and separation of
distributions by evacuation to the lakes, though further
research studies of population genetics are required.
The present findings suggest that the lakes may serve
as not only refugia for temperate-adapted taxa during
glacial periods (Bolotov et al., 2017; Liang et al.,
2017) but also refugia for cold-adapted taxa during
interglacial periods.
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