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Abstrakt

Rejsek horsky (Sorex alpinus Schinz, 1837) je drobny zastupce ¢eledi Soricidae, ktery
se vyskytuje Vv horskych lesich stfedni a jihovychodni Evropy. Jeho ostruvkovity areal
rozsiteni zahrnuje Alpy, severozdpadni pohofi Balkanu, Karpaty a izolované oblasti
v Némecku, Ceské republice a Polsku. Tento disjunktni areil rozsifeni rejska horského je
povazovan za ndasledek arealové dynamiky druhu spojené s pleistocennimi oscilacemi
Klimatu.

Cilem této prace bylo prozkoumat fylogeografickou strukturu rejska horského
Vv oblasti stfedni a jizni Evropy. K odhaleni genetické struktury populaci rejska horského byla
pouzita sekvence hypervariabilni domény mitochondrialni kontrolni oblasti. Bylo zpracovano
51 vzorkt z 18 lokalit zahrnujicich vétsinu arealu rozsifeni druhu. Vysledny dataset sekvenci
byl analyzovan pomoci metod populacni a landscape genetiky.

Vysledky ukdzaly mélkou mitochondrialni genealogii s diferenciaci mezi
haploskupinami. To spoleéné s demografickou analyzou naznacCuje populaéni nartst
podporujici hypotézu o expanzi rejska horského beéhem ledovych dob. Po skonceni posledni
doby ledové nasledovala fragmentace arealu rejska a jeho ustup do vyssich nadmoiskych

vysek a vytvoreni reliktnich populaci.

Kli¢ova slova: rejsci, d-loop, landscape genetika, geneticka struktura



Abstract

The Alpine shrew (Sorex alpinus Schinz, 1837) is a small member of family Soricidae,
which is found in mountain forests of central and south Europe. Its patchy range includes the
Alps, the NW Balkans, the Carpathians, and some isolated mountain areas in Germany, Czech
Republic and Poland. The disjunct range of Alpine shrew presumably results from range
dynamics of the species connected with Pleistocene climate oscillation.

The aim of this study was to investigate phylogeographical structure of the Alpine
shrew in the central and SE European mountain systems. To examine genetic structure of
Alpine shrew populations the hypervariable domain of the mitochondrial control region was
used. We processed 51 samples from 18 localities, covering the majority of the distributional
area of the species. Final sequence dataset was analyzed using population and landscape
genetic approaches.

Results revealed shallow mitochondrial genealogy with differentiation among
haplogroups. This pattern, together with demographic analyses suggest population expansion,
corroborated with the hypothesis that during glacial periods the Alpine shrew expanded. End
of the last ice period was followed by fragmentation of the species range and its retreat to

higher elevations and formation of relict populations.

Key words: shrews, d-loop, landscape genetics, genetic structure



Uvod

Na formovani souc¢asného rozsifeni evropské fauny a flory mélo zasadni vliv stiidani
dob ledovych a meziledovych béhem kvartéru (Hewitt, 2004). S opakovanym nartstem
kontinentalniho ledovce na severu Evropy a v oblasti Alp dochazelo k ochlazovani a aridizaci
klimatu a naslednému posunu vegetacnich pasem smérem k jihu kontinentu. V temperatni
oblasti bylo toto obdobi charakteristické ustupem zapojeného lesa a Sifenim stepnich biotopt.
VétSina druht rostlin a zivocichtl se tak stahovala do jiznéji polozenych refugii, ve kterych
preckala panujici nepfiznivé klimatické podminky (Whorley et al., 2004; Krystufek et al.,
2009; van Tuinen et al., 2008) a po otepleni opét rekolonizovala severnéji polozené oblasti
(Hewitt, 1999).

Opacnou dynamiku najdeme u arktickych a vysokohorskych druht, které se
s nastupem doby ledové zacinaly Sifit a zvétSovaly svoje arealy rozsiteni (Schmitt 2007,
Stewart et al. 2010). Nékteré z téchto druhi povazujeme za tzv. glacialni relikty, které se
V soucasnosti vyskytuji v méné ¢i vice fragmentovanych populacich s charakteristickym
disjunktnim arkto-alpinskym rozsitenim (Bhagwat & Willis 2008).

Podobny pattern najdeme i u temperatnich druhtt vykazujicich vyss$i toleranci
k chladu, které ptezivaly doby ledové v severné polozenych refugiich (Stewart & Lister 2001,
Kotlik et al. 2006, Schmitt 2007). Vzhledem k suchému klimatu, panujicimu béhem ledovych
dob, se tyto druhy pravdépodobné stahovaly do vlhéich podhtii velkych horskych systémui
jako napf. do Alp ¢i pohoti karpatského oblouku (Schmitt 2007, Hope et al. 2011). Tato
pasma s vhodnymi podminkami se tdhla podél jednotlivych evropskych pohofi, ktera jimi
byla také propojena, a tvorila tak pfirozeny most pro $ifeni rostlinnych i zivocisnych druht
(Schmitt 2007). Béhem klimatickych oscilaci se tyto chladnomilné druhy nesitily na vétsi
vzdalenosti, ale spiSe se posouvaly Vvramci nadmoiské vysky nebo dochazelo
k opakované fragmentaci jejich populaci (Schmitt 2007, Bhagwat & Willis 2008).

Mezi skupiny, které byly obzvlasté ovlivnény pleistocennimi oscilacemi klimatu, patii
vzhledem ke své ekologii hmyzozravci (Eulipotyphla) a zvlasté pak rejskoviti (Soricidae),
ktefi se vyznacuji vysokou rychlosti metabolismu a S tim spojenymi pozadavky na dostatecné
mnozstvi potravy a také nizkou schopnosti disperze. Rejskoviti piedstavuji Ctvrtou nejvetsi
savCi Celed’ s 376 popsanymi druhy (Wilson & Reeder, 2005). Jsou Siroce rozsiteni v Evropé,
Asii, Africe, severni i jizni Americe a obyvaji mnoho typl habitati. Fylogenetické vztahy

uvniti skupiny nejsou jesté zcela vyjasnény (Fumagali et al., 1999; Hutterer 2005).
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V holarktické oblasti je velmi rozsifen rod Sorex se 70 druhy. Na bazalni pozici
fylogenetického stromu podrodu Sorex najdeme rejska horského (Sorex alpinus) (Fumagalli
etal. 1999, Ohdachi et al. 2006), ktery je ziejmé pozistatkem brzké radiace tohoto podrodu
(Fumagali et al., 1999). Jeho aredl rozsiteni je ostrivkovity, vyskytuje se v chladnych lesich
stfedni a jihovychodni Evropy v nadmoiské vysce 300-1600 m n. m. Najdeme ho v Alpach,
V pohotich severozapadniho Balkanu, Karpatech a na nékolika izolovanych lokalitach
v Némecku, Polsku a Ceské republice. V Cechach se vyskytuje v pohrani¢nich horach
(Sumava, Cesky les, Novohradské hory, sudetskd pohoii od Luzickych hor na zipadé az
po Jeseniky na vychod¢). Na vychodé republiky obyvad tadu karpatskych pohoti
(napt. Beskydy, Hostynské vrchy a Bilé Karpaty). Izolovana populace se vyskytuje
na Ceskomoravské vrchoving v oblasti Zd’arskych vrchii (Andéra 2010). Soudasné rozsiteni
rejska horského je povazovano za reliktni (Spitzenberger 1990) a pravdépodobné je jen
poztstatkem vétSiho rozsiteni druhu béhem doby ledové. Ve fosilnim zdznamu se rejsek
horsky vyskytuje az v pozdnim Pleistocénu z lokalit, které se nalézaji v jeho dneSnim arealu
rozsiteni - v Bosné¢ a Hercegoving, Chorvatsku, Slovinsku, Némecku a v Italii (Rzebik-
Kowalska 1998). Nejstarsi nalez, ktery naznacuje mozny alpsky ptivod tohoto druhu, pochazi
ze severni Italie z obdobi stiedniho Pleistocénu (Spitzenberger 2001).

Diky rychlé evoluci sekvenci, kratké generacni dobé a omezenym disperznim
schopnostem jsou rejsci rodu Sorex vybornymi adepty na zkoumani vlivu pleistocennich
klimatickych oscilaci (Stewart & Baker 1994). Jejich vyskyt zasahuje i do borealnich oblasti
a tak lze ptedpokladat, Ze mezi nimi nalezneme i druhy, které piezivaly doby ledové v severné

polozenych refugiich (Vega et al. 2010).
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Abstract. Cold tolerant species often exhibit specific responses to Pleistocene climate oscillations, including range expansions during
glacial periods and altiudinal shifts between glacial and inferglacial periods. Small terrestrial mammals are ideal candidates to study
these processes due to their limited dispersal abilities, short generation time and rapid sequence evolution The aim of this study was
to investigate phylogeographical structure of the Alpine shrew (Sorex alpinus) within its recently fragmented range in the central and
southern European mountain system. To examine its genetic structure, we sequenced the hypervariable domain of the mitochondrial
control region in 51 individuals from 18 localities, covering the majority of the distributional area of the species. We analyzed the
sequence dataset using population and landscape genetic approaches. We discovered shallow mitochondrial genealogy with degree
of differentiation among site-specific haplogroups. This pattern. together with demographic analyses showing population expansion
corroborate the hypothesis that during the glacial periods, 5. alpinus expanded ifs range into lower elevations between northemn and high
mountain system glaciers. This expansion was followed by a postglacial range breakup, retreat to moderate elevations of high mountain

systems, and a formation of relict enclaves in smaller hilly areas.

Kev words: shrews, d-loop. landscape genetics, genefic structure

Introduction

Cold-adapted arctic and alpine species often exhibit
mverse Pleistocene dynamics compared to temperate
taxa, usually expanding their ranges during glacial
periods (Schmitt 2007, Stewart et al. 2010). Many of
these species, known as glacial relicts, survived the
warming climate at the end of the last glacial period
in fragmented populations restricted to interglacial
refugia with characteristic arcto-alpine disjunct
ranges (Bhagwat & Willis 2008). Analogical pattern
was discovered in cold-tolerant temperate taxa, which
might survive glacial periods in higher latitudes
within small patches of climatically favorable
conditions termed northern glacial refugia (Stewart
& Lister 2001, Kotlik et al. 2006, Schmitt 2007).
Persistence of temperate species of small mammals
in northern refugia is facilitated by their biological
traits, such as short generation time high metabolic

rate, cold-tolerance, and habitat generalism (Bhagwat
& Willis 2008). Due to the dry nature of the glacial
climate, many of these species were restricted to the
wetter regions near the foothills of glaciated mountain
systems during the glacial periods (Schmitt 2007,
Hope et al. 2011), which promoted the frequent origin
of different genetic lineages in mdividual European
mountain systems. Populations of above-mentioned
species might undergo episodes of altitudinal shifts
or fragmentation m response to the post-glacial
warming climate, rather than long-distance expansion
(Schmitt 2007, Bhagwat & Willis 2008). There is
biogeographic evidence for several links between
particular mountain systems in Europe, which served
as a bridge for the dispersion of animal and plant
species (Schmitt 2007).

Many lineages in the orders Erinaceomorpha and
Soricomorpha were particularly influenced by
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Pleistocene climatic oscillations, chiefly due to
their high metabolic rate and subsequent trophic
requirements for high food intake, resulting in
dependence on ecosystems with high productivity.
However, the character of adaptive response to
climate change depends upon dispersal capacities
of the respective group. For example, hedgehogs
from the genus Erinaceus underwent pulses of
range contractions and expansions and became a
model group for the role of large Mediterranean
refuges in the phylogeography of Europe (Seddon
et al. 2001, Bolfikova & Hulva 2012). On the other
hand, Mediterranean populations of small mammals
like Sorex shrews often show substantial degree of
endemism and low contribution to genetic diversity of
the species outside the Mediterranean refugia (Bilton
et al. 1998). Considering present common occurrence
of the genus Sorex in temperate and boreal regions,
often crossing the polar circle, these shrews are good
candidates to endure glacial period also in northern
refugia (Vega et al. 2010).

The Alpine shrew (Sorex alpinus Schinz, 1837) is a
small soricomorph with disjunct range in the Alps,
the NW Balkans, the Carpathians. and some isolated
mountain areas in Germany, Czech Republic and
Poland (Spitzenberger 1990, Meinig 2004). It has
been probably extirpated from the Harz Mts. (Gahsche
1994) and Pyrenees (Mitchell-Jones et al. 1999) It
1s a terrestrial and semifossorial shrew restricted to
altitudes between 200 and 2550 m above sea level
(Spitzenberger 1990). It occupies a variety of hunud
habitats, usually along mountain streams, mn hunud
crevices of rocky areas and stone walls and also in
caves (e.g. Kratochvil & Grulich 1950, Hutterer
1982, Spitzenberger 2001). Its recent distribution
1s interpreted as relict (Spitzenberger 1990) and
presumably results from range dynamics during the
Pleistocene (Hewitt 2004).

The Alpme shrew holds the basal position on the
phylogenetic tree of the subgenus Sorex (Fumagalli et
al. 1999, Ohdachi et al. 2006), which 1s of Palaearctic
origin (Hutterer 2005). Its fossil history is not well
known, but the fossil records, origmating mainly from
Late Pleistocene, come from within its current range in
Bosnia and Herzegovina, Croatia, Slovema, Germany
and Italy (Rzebik-Kowalska 1998). The oldest
evidence from the Middle Pleistocene of northern
Italy suggests the Alpine origin (Spitzenberger 2001).
Classical taxonomy recogmized three subspecies
of the Alpine shrew described according to the
morphological characters: the nomunotypic one, S.
alpinus alpinus Schinz, 1837 described from the Alps

(St. Gotthard-Pass, Suisse); S. alpinus hercynicus
Miller, 1909 described from specimens from Harz
Mts. and Krkonose Mts. (ie. Sudetic Mts) and S.
alpinus tatricus Kratochvil & Rosicky, 1952, The
authors designated the population from the High
Tatra Mits. as terra typica of the later subspecies and
stated that it also inhabits several other Slovak and
Czech mountains belonging mostly to the Carpathian
mountam system (Kratochvil & Rosicky 1952).
However, Spitzenberger (1990), reviewed extensive
material from the entire distribution of the species and
found great overlap in body- and skull measurements
between individual populations. Accordmgly, she
suggested not to consider S. a. raricus as a separate
subspecies.

Shrews are good adepts for revealing effects of climate
oscillation in Pleistocene due to their rapid sequence
evolution, which is due to their high metabolic rate
and short generation time (Stewart & Baker 1994). In
this study we aimed to examune the phylogeographic
structure of the Alpine shrew, which is endemic to
mountains of Central Europe. We hypothesize that
the recent disjunct range 1s a relict of a wider glacial
distribution. Since S. alpinus is dependent on cold and
humid conditions, we may use its response to glacial-
mnterglacial cyeles as a proxy to address the history of
mountams and uplands habitats and associated fauna
n Europe.

Material and Methods

Sampling

Tissue samples for this study were collected from
2012 to 2014 in the range of S. alpinus. Tissue samples
were stored m 96 % ethanol until DNA extraction.
The samples comprised 71 individuals from 18
localities, which covers the majority of S\ alpinus

i g . P N~
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H

Fig. 1. Extant range of the Alpine shrew (modified from
www.iucnredlist.org) depicted by violet with sampling localities
shown by dots.
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distribution (Fig. 1). Elaborated material includes
Sudetic Mts. (KrkonoSe Mits. and Jizerské hory Mis.),
the Carpathians, eastern Alps, the Dmaric Mts. (Mt
Sneznik. Sator Mts_, Bjelasnica Mts., Zelengora Mts.
and Komovi Mits) and two isolated small ranges:
Zdarské vrchy Mits. situated between Sudetic Mits.
and Sumava Mts_ and Rhon Mts. in SE Germany

(Fig. 1).

DNA extraction and sequencing

Genomic DNA was exfracted from tissue samples
using the commercial DNeasy® Blood and Tissue
Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. For PCR amplification
of the left domain of mitochondrial control
region (Fumagalli et al. 1996), prumers L15926
(5'TCAAAGCTTACACCAGTCTTGTAAACCS")
from Kocher et al (1989) and H16498
(5'CCTGAAGTAAGAACCAGATG3") from
Southern et al. (1988) were used. The 25 pl PCR
reaction nuxtures contamed lx Taq buffer, 2.5 mM
MgCl,, 200 pM dNTPs, 0.5 uM primers, 1 U Taq
polynierase (Promega, Madison, WI, US.A) and
approximately 50-100 ng of genomic DNA. The
temperature profile for 35 cycles of PCR amplification
was 3 min at 95 °C (initial denaturation step), 1 min
at 95 °C, 1 min at 55 °C (annealing temperature), 1
min at 72 °C, followed by a final extension step of

4 mun at 72 °C. The reaction was purified using the
QILAquick® PCR Purification Kit (Qiagen) or excised
from agarose gel and purified with the QIAquick®
Gel Extraction Kit (Qiagen). The purified products
were sequenced with forward and reverse primers on
the 3130 Genetic Analyzer by Applied Biosystems®
using the BigDye® Termunator v3.1 Cycle Sequencing
Kit (Applied Biosystems®, Waltham, MA TU.SA).

Data analysis

Amplification and sequencing reactions of
mitochondrial control region were successful i 71
mdividuals of the Alpine shrew. Sequences were
compiled in the software Geneious®, version 6.1.8.
(http://www_geneious.com, Kearse et al. 2012). An
alignment of the sequences was performed using
the online program MAFFT, version 7 (Katoh &
Standley 2013), which automatically selects an
appropriate algorithm according to the data size
(Katoh et al. 2002). From the dataset of 71 samples,
20 samples were excluded due to the poor-quality
signal of the PCR product or due to the presence of
nuclear copies of the miDNA (numts) in the targeted
DNA fragment. Numts were distinguished from the
mtDNA sequences as they formed a clade distant
from the rest of the sequences (p-distance ranged
from 0.094 to 0.109). The numts also contained indels
and lacked geographic variation among localities.

Table 1. Details of sampling localities and number of sampled individuals.

Locality Mountain system Country Abbrevitation Coordinates N;'E;iz:f
Tizerské hory Sudetic Mts. Czech Republic CZ-TH S0°4T N 15°18'E 1
Obii dil Krkonose-Sudetic Mts.  Czech Republic CZ-0D 50°43' N 15°43'E 7
Lysecinsky potok Krkonose-Sudetic Mts.  Czech Republic CZLY S0°42" N 15°49'E 1
Homi Albefice Krkonose-Sudetic Mts.  Czech Republic CZ-HA 50°41'N 153°50'E 2
Rhén Mountains Rhon Mts. Germany DE-RH 30°20" N 09°56'E 2
Eiizanky Zdarské vrchy Mis. Czech Republic CZ-KR 490°41' N 16°03'E 1
Tatranska Javorina ~ Carpathians Slovakia SK-TI 49°14' N 20°08'E 2
Pravétinsky potok  Sumava Mis. Czech Republic CZ-PR 49°01' N 13°4T'E 2
Selenec Carpathians Slovakia SE-SE 48°35' N 19°00' E 3
Stozec Sumava Mits. Czech Republic CZ-ST 48°50'N 13°51'E 1
Landl eastern Alps Austria ATTA 47730 N 14°43'E 1
Zelenica eastern Alps Slovenia SL-ZE 46°25' N 14°12'E 3
Sné#nik Dinaric Mts. Slovenia SL-SN 45°3T N 14°22'E 20
Lotrioara Valley Carpathians Romania RO-LV 45°33' N 24°02'E 1
Sator Dinaric Mts. Bosnia and Herzegovina BA-SA 44°00'N 16°35'E 1
Bijeladnica Dinaric Mts. Bosnia and Herzegovina BA-BT 43°42'N 18°15'E 1
Zelengora Dinaric Mts. Bosnia and Herzegovina BA-7E 43°21"N 18°32'E 1
Komovi Dinaric Mts. Montenegro ME-KO 42°40'N 19°38'E 1
109
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High degree of sequence conservation m d-loop-
like nuclear copies, contrasting with rapid mutation
rate in mitochondrial d-loop, was ascertained also
in other studies (Zhang et al. 2006). Consequently,
51 sequences were used for further phylogeographic
analyses as final dataset. Three regions with low
consensus values resulting from a large amount
of nussing data or high degree of sequence
polymorphisms consisting of indels were excluded
to avoid incorrect identification of homologies. Two
regions with low consensus values (56 bp at the 5
end and 106 bp at the 3’) were excluded because of
a large number of missing sequences. One section of
316 bp from the R1 varnable region (Fumagalli et al.
1996) was excluded due to occurrence of indels (e g
Warnow 2012). Alignment (both unedited and edited
versions) 1s accessible at TreeBASE (hitp:/purl
org/phylo/treebase/phylows/study/TB2:518503).
Locality descriptions and sample sizes are given in
Table 1. Sequences were collapsed to haplotypes mn
DnaSp version 5.10.1 (Librado & Rozas 2009) and
the haplotypes were submitted to GenBank (accession
numbers: KT725725-KT725775).

Relationships among mitochondrial haplotypes
were visualized using a median-joming network
implemented m the software NETWORK, version
4.613 (Bandelt et al. 1999). Nucleotide polymorphism
and haplotype diversity was calculated in the program
DnaSP, version 5.10.1 (Librado & Rozas 2009).
Best model of nucleotide evolution of mgroup was
evaluated in IModelTest 2.1.7 (Darriba et al. 2012).
Bayesian inference analysis implemented i the
program MrBayes (Ronquist et al. 2012) was used
to reconstruct phylogenetic relationships among
haplotypes. Analysis consisted of two runs with four
chains (one cold and three heated) and was run for
20000000 generations of Markov Cham Monte Carlo
(MCMC) simulations sampled every 100 generations.
Burn-in period was set to 25 %. Convergence of
the two runs was verified in AWTY (Wilgenbusch
et al. 2004). Runs were checked for stationarify
and convergence by the cumulative plots that show
posterior probabilities of splits at selected mcrements
over an MCMC run, and by the bivariate plot of the
split frequencies. Resulting Bayesian tree was edited
in program FigTree v1.4.2. (http://tree bio.ed.ac.uk/
software/figtree/).

Landscape genetic method implemented in R (R Core
Team 2015) package Geneland (Guillot et al. 2008)
was used to assess the spatial distribution of genetic
variability of haplotypes in the dataset. Initially,
the analysis was performed five times with 100000

MCMC iterations, a thinming of 100, number of
populations (K) varying from K = 1 to K = 10, and
with an uncorrelated allele frequency model. Finally,
the analysis was re-mun for the best X with 1000000
iterations, a burn-mn of 100 iterations and a thinming
of 1000, other parameters had identical settings
Geneland recognized four groups in our data and
these groups were treated separately for calculations
of the summary statistics of genetic variability which
were computed in DnaSP version 5.10.1 (Librado &
Rozas 2009).

The occurrence of 1solation by distance (IBD) was
tested by calculating correlation between matrices
of p-distances and matrices of geographic distances
among localities. Matrix of p-distances between
sequences was calculated in MEGA 5 (Tamura et al.
2011) and matrices of geographic distances among
individuals were estimated in Geographic distance
matrix generator 1.2.3. (Ersts 2011). Regression line
was calculated using the RMA method (Reduced
Major Axis). The significance of the correlation was
tested with a Mantel test on Isolation by distance web
service V3.23 (Jensen et al. 2005). IBD was tested by
plotting the parameter p-distance against the logarithm
of geographic distance.

The Bayesian skyline plot (BSP) which was
implemented in the software DBeast v1.82.
(Drummond et al. 2012) was used to reveal past
changes m population size for the entire dataset as
well as for each group obtained in landscape genetic
analysis separately. The HKY + G model was selected
in jModelTest 2.1.7 (Darriba et al. 2012). Analysis of
BSP was conducted with 30000000 iterations of the
MCMC simulations three times, strict molecular clock
with mutation rate of 1, genealogy and parameters of
the model were stored every 1000 iterations and burn-
in was set to 10000000 iterations. The convergence
of chams was assessed in the program Tracer v1.6.0.
(Rambaut et al. 2014). We also estimated changes
in population size in the past using the mismatch
distribution test implemented i DnaSP. Mismatch
distribution test compares the observed frequencies
of panrwise differences among sequences with the
frequencies expected under demographic models.
Statistical evalvation of musmatch analysis was
conducted in program Arlequin 3.5.2 (Excoffier et al.
2005).

To further assess whether the species experience past
population growth we used summary statistics of
genetic variability of sequences, including neutrality
tests (Fu and Li’s F*, Fu and Li’s D*, Fu’s F's and
Tajuma’s D), computed in DnaSP and Arlequin.
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Fig. 2. Bayesian tree hased on 41 haplotypes of Sorex alpinus. Colours comespond to the results of the tesselation map from Geneland
(Fig. 4). Numbers at nodes indicate posterior probabilities. Sample codes comrespond fo those in Table 1.
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Fig. 3. The median-joining network of 41 haplotypes of Sorex alpinus. The size of the circle is proportional to the frequency of the haplotype
in the dataset, colour codes represent the geographic origin. Small red dots represent hypothetical haplotypes not found in our sample.
Haplotypes from isolated populations at Zdarské vrchy (CZ-KR) and Rhon Mis. (DE-RH1, DE-RH2), and the CZ-0D5 haplotype (shared
Iy four individuals) are labeled. Numbers at branches represent numbers of mutational steps (displayed forn = 1).
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Fig. 4. Tesselation map illustrating spatial distribution of genetic
variability for K = 4, inferred by sofiware Geneland. Black dots
represent sample sites. The first (white) group comprises populations
from the north-westem part of the species range (Sudefic Mis. ).
Second group (green) comprises populations occurming in the
southwestern part of the area (Eastem Alps and Northem Dinarids).
The third group (yellow) consists of populations from the southem
Dinarids. Fourth group (orange) contains populations from the east
part of the species range (the Carpathians).

Results

The comparison of 51 mitochondrial sequences with
the length 579 bp revealed 41 different haplotypes
with 85 polymorphic sites and overall nucleotide
diversity of 0.0199. Genetic distance (p-distance)
between individuals ranged from 0.5 % to 4.2 %.
Best substitution model was HKY + G according fo
Alcatke and Bayesian information criterion. Bayesian
inference analysis produced a shallow tree without
clearly defined groups and with low supports of
nodes (Fig. 2). Analyses in AWTY indicated that
convergence of the runs was reached. The median-
joining network on 41 unique haplotypes revealed
a moderately diversified pattern with particular
geographic differentiation of particular haplogroups

(Fig. 3). Most haplotypes were represented by a single
individual Seven haplotypes were shared by several
individuals. First, haplotype CZ-OD5 was shared
by four individuals (three of them from identical
Krkonofe locality (CZ-OD) one from the disjunct
Rhén Mts.) and another six pairs of specimens shared
their haplotypes. Distant isolated populations from
Rhon Mts. in south Germany and Zd'arské vrchy Mts.
in Czech Republic (CZ-KR) cluster with haplotypes
from Sudetic Mountains (Krkono3e Mis. and Jizerske
hory Mits.), suggesting close relationships among
respective areas. Carpathian haplotypes show evident
relationship with Sudetic populations (Fig. 3).
Landscape genetic analysis revealed four groups (Fig.
4). The first group comprises populations from north-
western part of study area in the Czech Republic,
Austria and Germany (Krkonose Mts., Sumava Mts.,
eastern Alps — Landl and isolated Rhén Mits. and
Zdarské vrchy Mts). Second proup (south-western)
consist of populations occurring in the south-western
part of the study area in Slovenia (south-eastern
Alps and northern Dinaric Mts)). Populations from
southern Dinaric Mts. in Bosma and Herzegovina and
Montenegro (Bjelasnica Mts_, Sator Mts_, Zelengora
Mits. and Komovi Mts.) belong to the third group
(south-western cluster). Fourth group contains
populations from the north-east part of the species
range (the Carpathians, Fig. 4). The mnferred maps of
posterior probabilities of population membership are
given in supplementary material Fig. S1. Summary
statistics of genetic variability were computed for
these four groups (Table 2).

Genetic distances among individuals correlated
positively with geographic distances. Although
1solation by distance was significant, geographic
distance explained only tiny portion of genetic
heterogeneity (R2=0.046, Z =—4 693332, p < 0.001).
Bayesian skyline plot for entire dataset (Fig. 5) as well
as for each group (see supplementary material Fig.
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Fig. 5. Bayesian skyline plot showing changes in the effective population size estimate (N,) over time measured in mutations per site.
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Table 2. Summary statistics of genetic variability for groups resultant from landscape genetic analysis. Abbreviations: standard deviation

(SD), significant value (*).

Number of Number of Nucleotide diversity Haplotype diversity

Region individuals haplotypes =SD ) FuandLisD* FuandLi'sF* Fu'sFs
Sudeten Mts. 18 14 0.0158+0.0023 0954 £0.039 —0.6793 09598 —3.043*
Carpathians 6 6 0.0172+0.0031 1=0.096 —0.5027 —0.5678 -0.967
Alps 23 19 0.0206 = 00019 0.98=0.020 —0.8691 —0.9255 —5.103*
Dinaric Mts. 4 4 0.0168 = 0.0042 1+0.177 —0.1578 —0.1628 0.204

S2) indicated that Alpine shrew underwent population
growth followed by stagnation. Mismatch distribution
test retrieved bimodal distribution of pairwise
genetic distances (Fig. 5). Statistical evaluation of
spatial expansion show that there 1s no support for
stable population, raggedness index = 0.0058 1s not
significant, (1= 7.9358, 6 = 4.7192, 81 = 265.9356).
Although the results of neutrality tests were negative
but not significant, they may point on population
growth in the past (Table 2).

Discussion

Large population in lower altitudes during glacial
period

In this study, we provide information about
phylogeographic structure of the Alpme shrew, which
occurs in the “Alpine archipelago™ without long
distance disjunctions (Schmitt 2009). We found low
differentiation in mitochondrial DNA with evolution
of site-specific haplogroups. This pattern contrasts
with other soricid species associated with high
mountain systems, where deeply divergent genetic
lineages were ascertained m habitat islands. For
example, allopatric differentiation likely occurred
among clades of Sorex bedfordiae species complex,
mhabitmg high mountain systems in southeastern
part of Tibetan Plateau (Chen ef al. 2015). Allopatric
differentiation of this species is connected with sky
island pattern, facilitated by isolation of particular
mountain ridges by large river valleys. In contrast,
shallow phylogeny of S. alpinus with lack of deep
endemic branches implies relatively rapid and recent
differentiation from an ancestral population. Siular
patterns were determined in several clades of other
soricids preferring intermediate elevations as in Sorex
monticolus species complex inhabiting the Rocky
Mountains and adjacent regions in western North
America (Dembosk: & Cook 2001, Himes & Kenagy
2010) or Sorex cinereus in the Appalachians in eastern
North America (Sipe & Browne 2004).

The climatic conditions of glacial periods mcluded
both cooling and desiccation of the environment with

respect to the inter-glacial periods. Temperature drop
resulted in altifudinal shifts of commumities. It is
likely that during glacial peaks, species that recently
avoid habitats above 2500 m asl occurred ex situ
with respect to the current distributional range, that
15, m lower altitudes. Drying of the climate caused
reduction of the forested area and spread of semi-
open and open habitats. Species that exhibit low
dispersal abilities and relatively narrow ecological
niches likely respond to the climatic oscillations of
the Pleistocene by altitudinal shifts rather than long
distance movements. For these species, refugia of the
coniferous mountain forest, restricted to the foothills
of glaciated high mountain systems (Schmitt &
Haubrich 2008), may represent suitable conditions.
However, existence of multiple centers of glacial
survival often results m evolution of two or more
deeply separated lineages, which is not the case of 5.
alpinus. Therefore, we presume that S. alpinus was
fairly continuously distributed during the last glacial
period. The phylogeographic pattern of shallow
divergences among haplotypes corroborates the
hypothesis that the glacial range was more extensive
than the current one. This perspective is also supported
by demographic characteristics. For example, the
BSP shows that the population size culminated before
recent. However, the bi-modal mismatch distribution
could indicate different demographic scenario in
different parts of the range. For example, BSP for the
Alps shows population growth in recent past, probably
concordant with the current interglacial period. This
result corroborates our hypothesis about shift of the
species to lower altitudes during glacial period. As the
Alps were covered with massive glacier during LGM,
the ecological conditions of the region were probably
not suitable for the species in this time. Nevertheless,
evolution of the senufossorial niche i the Alpine
shrew is also consistent with the scenario of a more
continuous range during the last glacial period, as this
species is capable utilizing different depths in the seree
habitats which in turn might have helped stenoecious
organisms to survive during glacial periods.
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Although the distribution of S. alpinus is relatively
continuous, gaps within its range exist between
the Alps and the Dinarids and between the Sudetes
and the Carpathians, with Danube representing the
zoogeographical barrier. In both cases, similar genetic
lineages inhabit habitat islands on neighboring
mountains. This further supports our conclusion that
S. alpinus exhibited continuous population during
the latest glacial period which was subsequently
frapmented and shifted to higher altitudes (Schmitt
2009).

In addition to the high mountain systems of the Alps
and Carpathians, the space of Central Europe contains
numerous middle high mountamns which still host
glacial relict populations (Schmitt 2009), including S.
alpinus. It 1s likely that these mountains and adjacent
areas with lower altitudes could play substantial
role in Vistulian glacial range of S. alpinus. Similar
phylogeographical structure to that observed in S.
alpinus was ascertained in many other montane
organisms. For example, the distribution of the
butterfly Erebia epiphron includes the high mountain
systems (Alps, Pyrenees) and many isolated range
1slands i moderate altitudes, mcluding Krkonose Mts.
and Jeseniky Mis. in Central Europe and tlus species
exhibits striking genetic similarity between Jeseniky
and some Alpine lineages (Schmitt et al. 2006).
Further sampling in southwestern part of the Alpine
shrew range will be necessary, however, to fully
resolve this i1ssue. It would also be very interesting to
examine museum samples from the Pyrenean region

where the Alpine shrew is now probably extinct
(Mitchell-Tones et al. 1999).

Range breakup in interglacial period and formation
of relict enclaves

Moderate diversification and evolution of shallow
site-spectfic genealogy corroborates the hypothesis
that the range of 5. alpinus became reduced and
frapmented during the latest interglacial period.
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Fig. $1. Maps of probability of population membership from Geneland analysis, black dots represent sample sites. Subpopulations are
displayed by light colours and the contour lines and colour scales denote the values of the posterior probabilities of subpopulation memberships.
Particular panels emphasize the following domains: a) Northem Dinarids, b) Southem Dinarids, ¢) Carpathians, d) Sudetic Mis.

Fig. S2. Bayesian skyline plot for four groups showing changes in the effective population size estimate (Ne) over time measured in
mutations per site. The black line depicts the median estimate, and the margins of the blue area represent the highest 95 % posterior
density intervals (URL: http:/fwww. ivh.czfolia_zoologica/supplemetarymaterials/starcova_et_al_fig._s1,_fig._s2 doc).
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Zaver

Nase studie potvrdila, Ze soucasné rozSifeni rejska horského (Sorex alpinus) je
reliktem jeho rozsahlejsiho vyskytu béhem posledni doby ledové, kdy se vyskytoval
v pfihodném klimatu porosti jehli¢natych lesti v piedhtii velkych zalednénych horskych
systému (Schmitt & Haubrich 2008). Tyto systémy nebyly v prostoru stiedni Evropy a SZ
Balkanu, navzajem pfili§ vzdaleny, coz umoznilo Sifeni druhu a tok geni. Populace rejska
horského méla v této dob¢ spiSe kontinudlni charakter, ktery nevedl k vytvoreni hluboce
oddélenych genetickych linii, ale pouze k mélkym divergencim mezi jednotlivymi haplotypy.
S koncem posledni doby ledové a oteplovanim klimatu dochéazelo k postupné fragmentaci
kontinualni populace rejska a k jeho opétovnému tustupu do vysSich nadmoiskych vysek
(Schmitt 2009). | pies pretrvavajici relativné vhodné podminky pro rejska horského béhem
obdobi Atlantiku a v Epiatlantiku doslo vlivem pozdé¢jsiho odlesnéni k izolaci jednotlivych
populaci a vzniku jeho soucasného arealu rozsiteni.

Vzajemné vztahy recentnich populaci a mira jejich divergence jsou zasadni
pro pochopeni soucasného rozsifeni druhu a jeho evolucni historie zejména v poslednich
dobach ledovych a meziledovych. Vzhledem k nedostate¢cnému fosilnimu zdznamu a obtizné
determinaci druhtl v ramci rodu Sorex se jako nejvice relevantni jevi vyuziti nejmodernéjsich
genetickych metod urcujicich ptibuznost jednotlivych populaci, coz je hlavni piinos této
pilotni prace zkoumajici evolu¢ni historii rejska horského.

Piedlozena studie je pilotnim pokusem objasnit evolu¢ni historii rejska horského, je vSak
nutné podotknout, ze bude jesté nezbytné provést dalsi studie, které podrobnéji prozkoumaji
dalSi aspekty historie a detaily genetické struktury soucasné izolovanych populaci tohoto

druhu.
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