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Abstract

In this study we investigated genetic variability of the riffle beetle Elmis maugetii Latreille, 1802 (Coleoptera: Elmidae)
in Europe and North Africa. The samples barcoded in the present study cover the following countries: the Netherlands,
Croatia, Serbia, and Greece. The analysis also includes additional data from Austria, Germany, France, Spain, Slovakia,
France, and North Africa (Morocco). mtDNA sequences of the newly barcoded E. maugetii specimens were compared
to all sequences available for this species in the BOLD and NCBI GenBank databases. The present study also provides
data on population genetic parameters of the species [haplotype diversity, nucleotide diversity, Theta (per site) from Eta,
Tajima’s D value], minimum-spanning networks, phylogeographic structure, and possible corridors of its recolonization
of the European continent in the Pleistocene. Genetic diversity of E. maugetii was found to be lower in northern regions
of Europe. According to the proposed evolutionary history of E. maugetii, the colonization of northern latitudes most
likely started from the Balkan Peninsula (suggested as the species” main glacial refugium in Europe) and proceeded via
Central, Northern, and Western Europe, finally reaching the Pyrenean Peninsula (Spain). The specimens from North Africa
(Morocco) are slightly distinct from the European ones. To judge from data obtained on the genetic structure of popula-
tions of this riffle beetle species, it is characterized by shallow genetic structure within mitochondrial DNA in general.
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Introduction sheets and permafrost extended towards lower latitudes,
approximately 52° and 47° N, respectively (Hewitt 2004,
Lomolino et al. 2015). The climate during the periods of
glaciation was much colder and drier than during intergla-

cial periods, making most of the continent uninhabitable

The Pleistocene is well known for including periods of gla-
ciation and interglaciation, which were repeated thorough-
out the whole epoch. During the periods of glaciation, ice
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for temperate and boreal taxa. Those taxa were forced to
retreat south to refugia on the Iberian Peninsula, the Apen-
nine Peninsula, the Balkan Peninsula, or the area south of
the Caucasus Mountains (Hewitt 1999; Schmitt 2007). An
important feature of these refugia was their isolation from
Central Europe by mountain ranges (the Pyrenees, Alps
and Balkan Mountains), which also had their own ice caps.
Recent studies showed that extra-Mediterranean refugia
are also possible for aquatic insects (e.g., Schmitt and Seitz
2001; Malicky 2006), and could be of great importance for
temperate species and not only for alpine and arctic taxa
(Schmitt and Varga 2012).

Because of range shrinkage and geographic isolation,
during each glacial period subpopulations of species that
were once the same started to diverge genetically from oth-
ers surviving in different refugia. During the interglacial
periods, when the glaciers and perm afrost started to recede,
different lineages from southern refugia started northward
colonization and expanded their ranges. There are several
widely accepted scenarios of recolonization of northern
regions by southern colonists, which differ in regard to
location of the refugia and the directions of dispersal routes
(Taberlet et al. 1998; Hewitt 1999, 2000). Beside Pleisto-
cene climate change, which could act as a factor affecting
intraspecific population structure, the other potentially rel-
evant factors are the species’ dispersial ability, and life his-
tory traits. Latitudinal diversity gradients of lentic and lotic
species may also be expected to differ, as lotic species will
be more dependent on historical factors and distance to gla-
cial refugia, whereas lentic species will be closer to an equi-
librium with current ecological and geographical conditions
(Ribera 2008). However, multiple factors influence disper-
sal ability in addition to habitat stability (Bilton 2001), so
macroecological patterns related to habitat type will mani-
fest as statistical trends, exceptions always being possible
(e.g., Short and Katerino 2009). Also, the lotic-lentic divide
is a simplification of the complexity of freshwater habitats,
which could be further subdivided (e.g., Iversen et al. 2016).

The role of high mountains as genetic barriers has been
shown to be very important for most of the species (Hewitt
2004), and for the European continent, Balkan refugia pro-
vided most of the colonists because the Balkan Mountains
and Dinaric Alps are the lowest among other mountain
ranges isolating refugial areas. Besides colonists from the
Balkans, most of Europe was colonized by colonists from
the Iberian Peninsula, while Northern Europe was colo-
nized by the fewest colonists from the Apennine Peninsula
(Hewitt 1999, 2000).

New data on highly mobile organisms like birds and fly-
ing insects (Wahlberg and Saccheri 2007; Pons et al. 2016;
Drag et al. 2018; Drovetski et al. 2018) show different
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patterns of previously proposed colonization of Northern
Europe.

Central Europe (France, Germany and Austria) can har-
bour Pleistocene refugia as it was recently found for Tri-
choptera analysed at the community level, i.e., the northern
recolonizations following the Pleistocene glaciations origi-
nated exclusively from central regions, instead of Mediter-
ranean refugia, as was previously accepted (Grigoropoulou
etal. 2022). Also, taxonomic turnover and northward phylo-
genetic clustering reveal evidence for environmental filter-
ing in structuring Trichoptera communities across Europe
(Garcia-Raventos et al. 2021). Overall, latitudinal patterns
of taxonomic turnover and variable phylogenetic commu-
nity structure indicate an important role of contemporary
ecological conditions in structuring community composi-
tion, probably by environmental filtering. However, the
signature of biogeographical history is also relevant to
understanding the large-scale distribution of taxa. The per-
manence of caddisfly communities in temperate regions
during Pleistocene glaciations demonstrates the presence
of refugia there and, therefore, broadens the spatial extent
of refugia beyond Mediterranean areas. This contrasts with
theories which placed refugia exclusively in Mediterranean
areas (Garcia-Raventos et al. 2021).

In general, extra-Mediterranean refugia were apparently
often located in the vicinity of water donating mountains
systems as the glaciated Alps, Carpathians or Balkan Moun-
tains which may have received more precipitation during
the kryoxerotic LGM than the adjacent lowland less steppe
areas (Schmitt and Seitz 2001). The southern refugia of tem-
perate species were often surrounded by extended cold-arid
steppe areas, e.g., in the central part of the Balkan Peninsula
and in the Carpathian Basin (Petit et al. 2003).

Additionally, depending on many different factors, the
speed of recolonization of northern parts can vary sig-
nificantly between species and populations from different
refugial areas. In general, there are three differ ent modes
of expansion (Hewitt 2004). The first is rapid expansion,
where northern populations of colonists have reduced allele
diversity and there are huge areas of genetic homogene-
ity (Ibrahim et al. 1996). The rapid pattern is reported for
many species from the Northern Hemisphere (Hewitt 1996;
Schmitt et al. 2002). This phenomenon is also known as
leading-edge colonization because it is more difficult for
populations from other southern refugia to expand once
space has been filled (Hewitt 1993). The second mode of
recolonization is slow expansion to the north by species
which have limited dispersal abilities. In their populations,
genetic diversity is high in the north and they have larger
effective population sizes. These two modes of recoloniza-
tion are at opposite ends of the spectrum, and the third mode
of recolonization, viz., stepping-stone recolonization, is
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situated between them. In deciphering the phylogeographic
signals of a species, it is necessary to consider its natural
history and how it expanded and contracted in its range
(Hewitt 2004).

Recent study on population structure and genetic diver-
sity of freshwater insect lineages from temperate to tropical
streams that differ in dispersal propensity revealed positive
relationship between intraspecific nucleotide diversity ()
and population structure (OST) at a global scale (Salinas-
Ivanenko and Murria 2021). Across Europe, the low esti-
mates of w and the wide array of ®ST values and haplotype
networks found across species, lineages and latitude were
contrary to the biogeographical and dispersal paradigms.
Beyond the macroecological trend found, genetic trajecto-
ries of co-distributed temperate species were disassociated
from their functional traits and probably caused by persis-
tent demographic fluctuations associated with local-scale
habitat instability. Overall, the idiosyncratic relationship
between © and OST across species prevents the establish-
ment of conclusive global patterns and questions the phylo-
geographical patterns established when studying a reduced
number of co- distributed species (Salinas-Ivanenko and
Murria 2021). For aquatic lineages including Elmis, oppo-
site patterns of intraspecific genetic structuring were found
when several species were compared: habitat stability was
positively associated with population genetic diversity
which means that there is not a generalizable model and
northern recolonization, and it is most likely to be idiosyn-
cratic (Salinas-Ivanenko and Murria 2021). Also, for some
plant taxa the low levels of genetic diversity for northern
populations were not the result of founder effects follow-
ing interglacial recolonizations: the low levels of genetic
diversity for northern populations could have been caused
by small effective population sizes in response to fluctua-
tions in distribution ranges following paleoclimatic change
(Peter and Slatkin 2015).

To date, there have been many studies on the phylogeog-
raphy of insects and their modes of recolonization of North-
ern Europe (e.g., Schmitt et al. 2002; Wahlberg and Saccheri
2007; Drag et al. 2018), but they are mostly restricted to
highly mobile species. Some elmid genera are known
to have non-macropterous wings in at least some species
(Shepard 2019), i.e., the following European genera: Stenel-
mis Dufour, 1835, Macronychus Miiller, 1806 (Segal 1933),
Elmis Latreille, 1798, Limnius Illiger, 1802 and Oulimnius
Gozis, 1886 (Elliot 2008). The Elmidae, commonly known
as riffle beetles, are predominantly found in freshwater
streams. There are about 1500 species known world-wide
(Jach et al. 2016), but probably many more exist which have
not yet been discovered. Riffle beetles are small (0.8—11mm
long) aquatic beetles that are most often found crawling
on various substrates in fast-flowing streams. Only a few

species are found in slow streams or still water. They have
relatively long legs with well-developed claws, and both
adults and larvae are well-sclerotized (Kodada et al. 2016).

Elmis maugetii Latreille, 1802 is a species of the western
Palaearctic with two subspecies (Jach et al. 2016); the nomi-
notypical one, Elmis maugetii maugetii, is distributed in 32
European countries including continental Europe (except
northern Fennoscandia) and is also recorded in Armenia
and Turkey (Kodada et al. 2016). Elmis m. velutina Reiche,
1879 is distributed in Algeria and Morocco. Previously
known as subspecies, E. m. fossulata, distributed in France
(Corsica) and Italy (Sardinia) has meanwhile turned out to
be a distinct species, E. fossulata (Bruvo Madari¢ et al. in
prep), which was already indicated in Jich et al. (2016).
In this paper data on E. m. maugetii and E. m. velutina are
included.

Elmis maugetii occurs in the middle parts of streams
and rivers, approximately in the metarhithral to epipotamal
zone, and also in crenal parts of sufficiently warm lowland
streams. It always occurs farther downstream than Elmis
aenea (Miiller, 1806) and E. rioloides (Kuwert, 1890). It is
usually found in gravel and on moss and submerged wood,
larvae and adults seem to tolerate even slow current and
increased saprobity (Boukal et al. 2007).

Already a common method of taxonomic research, DNA
barcoding is primarily used for specimen identification.
This technique is based on sequencing of a standardized
fragment of the mitochondrial (mt) cytochrome c oxidase
gene subunit I (COI), which bears high interspecific and low
intraspecific variability, thus making possible reliable spe-
cies assignation based on a complete DNA barcode refer-
ence library (Hebert et al. 2003; Ratnasingham and Hebert
2007). The method of DNA barcoding has also been found
to be very useful in Elmidae research, especially in cases
of morphologically similar species (Ciampor et al. 2009;
Ciampor and Kodada 2010). Although barcoding data on
Elmidae are increasing, riffle beetles of the Balkans are still
scarcely covered.

In the present study, we build two main hypotheses con-
cerning the species’ evolutionary history. The first one is
that the Balkan Peninsula is the species” main glacial refu-
gium in Europe, and the second one is that the species’ main
glacial refugium is situated in Central Europe, respectively.
We tested both hypotheses using the intraspecific popula-
tion genetic parameter metrics.

The main goal of this study was to determine genetic
parameters and phylogeographic structure of the studied
species for understanding potential corridors of the recolo-
nisation following Pleistocene glaciations. The study also
provides new data on Elmis maugetii DNA barcoding.

@ Springer
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Fig. 1 Map of analysed E. maugetii individuals in Europe and North
Africa (circle sizes are proportional to the number of specimens). Blue
and yellow circles represent individuals from potential refugial areas
for the species, red and white ones represent specimens from areas
presumably recolonized after the last glacial maximum. Blue- and

Materials and methods
Sample collection and taxa identification

Samples were gathered using a hand net (25x25cm,
500pum mesh size) or specimens were collected by hand.
The multi-habitat sampling procedure (Hering et al. 2004)
was employed, and samples were preserved in pure ethanol
(99.8%) for further processing in the laboratory. Identifica-
tion was done using a Leica MS 5 stereomicroscope, a Carl
Zeiss StereoDiscovery V8 instrument with an AxioCam
ICc5 camera attached, and appropriate taxonomic keys
(Olmi 1976; Friday 1988). A map of the distribution of E.
maugetii specimens analysed is provided in Fig.1.

@ Springer

red-coloured individuals represent a COI barcoding fragment (includ-
ing our individuals) with 25 individuals (557 base pairs), yellow- and
white-coloured samples represent 42 specimens genotyped for the 3’
part of the COI gene (822 base pairs)

Molecular analyses

Samples from ethanol were dried, and DNA was extracted
using a commercial kit (innuPREP DNA Mini Kit, Jena)
according to the manufacturer’s protocol. Primers LCO
1490 and HCO 2198 (Folmer et al. 1994) were used to
amplify the barcoding COI fragment, and PCR was con-
ducted in a 25ul volume of reaction mixture containing 1 x
GoTaq™ reaction buffer (Promega), 2 mM MgCl,, 0.2 mM
dNTP mix (BioLabs), 0.2 uM of each primer, 0.75 units of
GoTaq polymerase (Promega), and 3—5ul of template DNA,
the mixture being filled to the final volume with doubly dis-
tilled H,O. The PCR cycling conditions were as follows:
initial denaturation at 95°C for 2min; 38 cycles of 95°C
for 40s; annealing at 46°C for 40s; elongation at 72°C for
50s; and final elongation at 72°C for 10min. The obtained
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Tabl(?‘ 1 Barcoded E. maugetii Taxon Population Database# Latitude N Longitude E Country
specimens used for assessment of - 7 T T *Northern KU907029 517624 109967 Germany
genetic diversity in Europe (the .
sequences of specimens barcoded E. m. maugetii *Northern KU910083 51.7624 10.9967 Germany
in this study are in bold). The E. m. maugetii *Northern KU911631 50.7813 7.62743 Germany
populations from “northern” E. m. maugetii *Northern KU908250 50.5386 6.9707 Germany
regions are marked with *, and E. m. maugetii *Northern KU911322 50.9643 10.3644 Germany
from “southern” with ** E. m. maugetii *Northern KU908094 50.9643 10.3644 Germany

E. m. maugetii *Northern HM422008 47.731 11.31 Germany

E. m. maugetii *Northern HM401302 48.961 11.399 Germany

E. m. maugetii *Northern HM376142 49.032684  12.65791 Germany

E. m. maugetii *Northern MF458697 44.389444 5.731389  France

E. m. maugetii *Northern MF458698 44.321389 5.78638 France

E. m. maugetii *Northern KJ381194 48.446414  15.395811  Austria

E. m. maugetii *Northern KJ381196 48.446414  15.395811  Austria

E. m. maugetii *Northern RMNH.INS.542,702 50.846718 5.88484 Netherlands

E. m. maugetii *Northern RMNH.INS.542,701 50.846718 5.88484 Netherlands

E. m. maugetii *Northern RMNH.INS.542,700 50.846718 5.88484 Netherlands

E. m. maugetii *Northern RMNH.INS.542,678  50.846718 5.88484 Netherlands

E. m. maugetii *Northern RMNH.INS.542,677  50.846718 5.88484 Netherlands

E. m. maugetii **Southern ELMEU106-18 45.55024 17.89949 Croatia

E. m. maugetii **Southern ELMEU096-18 44.261111  21.619167  Serbia

E. m. maugetii **Southern ELMEU097-18 44.261111 21.619167  Serbia

E. m. maugetii **Southern ELMEU098-18 43.455023  19.774398  Serbia

E. m. maugetii **Southern ELMEU107-18 43.429444  21.373056  Serbia

E. m. maugetii **Southern ELMEU109-18 41.03843 24.26926 Greece

E. m. maugetii **Southern ELMEU102-18 41.03843 24.26926 Greece

PCR products were checked for quality and quantity on 1%
agarose gel purified using exonuclease I and the FastAP™
thermosensitive alkaline phosphatase enzymatic system
(ThermoFischer Scientific) according to the manufactur-
er’s specifications and sent for sequencing to Macrogen
Europe Inc. (Amsterdam). Contigs of forward and reverse
sequences were created, and the final editing was performed
in Sequencher v. 5.1, Gene Codes Corporation, Ann Arbor,
MI USA http://www.genecodes.com.

Assessment of genetic diversity

Additionally, we downloaded available sequences from the
NCBI GenBank nucleotide database (www.ncbi.nlm.nih.
gov/Genbank) and BOLD database (www.barcodinglife.
com). For analyses, we used two data sets with sequences of
E. maugetii: (1) the COI barcoding fragment (including our
samples) with 25 samples (557 base pairs) (Fig.1: blue- and
red-coloured circles; Tablel); and (2) 42 specimens geno-
typed for the 3’ part of the COI gene (822 base pairs) using
different primers (Murria et al. 2017) (Fig.1: yellow- and
white-coloured circles).

Both datasets we used cannot be directly compared; we

have no sequences of the fragment used in Murria et al.
(2017).

Population genetic analyses

For E. maugetii populations, we estimated nucleotide and
haplotype diversity (Nei 1987), Theta per site from the num-
ber of polymorphic sites per nucleotide (Tajima 1996), and
Tajima’s D value (Tajima 1989) using DnaSP software v.
5.10 (Librado and Rozas 2009) for both datasets. We used
TCS v. 1.21 (Clement et al. 2000) to construct haplotype
networks of two different datasets of the partial COI gene.

In the first dataset, samples of E. maugetii from the Neth-
erlands, France, Austria, and Germany belong to the north-
ern population group, while samples from Croatia, Serbia,
and Greece belong to the southern population group. The
second dataset, used from Murria et al. (2017), is represented
by populations from Central and Western Europe (Slovakia
and France), Spain (South and North) and Morocco.

Results

The first dataset composed of 25 sequences yielded six
haplotypes with two parsimony-informative sites. The min-
imum spanning network (Fig.2) indicates a weak phylogeo-
graphic structure among different haplotypes.

Based on the E. maugetii sequences of the barcod-
ing fragment, the minimum-spanning network revealed
six different COI haplotypes (557bp) distributed in seven

@ Springer
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Fig. 2 Minimum-spanning network among six COI haplotypes (557bp) of E. maugetii (see Tablel). Size of the circles represents relative fre-
quency of the given haplotypes, while each line between nodes (black nodes-undetected haplotypes) indicates a single mutational step

Table 2 Diversity indices across different populations of E. maugetii based on barcoding part of the COI gene (557bp)

Populations N H Hd b 0 Tajima’s D
Southern 7 3 0.714 0.0041 0.00513 -1.03541
Northern 18 4 0314 0.0012 0.00313 -2.0342

Summary statistics include N - sample size; H - number of haplotypes; Hd - haplotype diversity; © - nucleotide diversity; 0 - Theta (per site)
from Eta; Tajima’s D test. Significant values of Tajima’s D test are in bold

countries (the Netherlands, France, Germany, Austria, Croa-
tia, Serbia, and Greece). The most distant haplotype is found
in the population from Serbia, while a common haplotype
was shared in all populations but the Serbian. It is most
likely the Serbian haplotype revealed that just in those areas
there will be higher diversity whereas in Germany there are
the most recent haplotypes. Genetic diversity indices within
populations (using the barcoding fragment) differed among
the populations (Table2). Haplotype diversity, nucleotide
diversity, and Theta per site were significantly higher in the
southern population group than in the northern population
group. For both population groups, Tajima’s D values were
negative, and these values were significant in the case of the
northern population group, whereas for the southern popula-
tion group they were not significant.

The second dataset (822 base pairs of the 3° COI region)
yielded 23 haplotypes with 15 parsimony-informative
sites. The minimum spanning network (Fig.3) indicated a

@ Springer

moderate phylogeographic structure among different hap-
lotypes, with some segregation among different popula-
tions (North Spain and Slovakia, as well as South Spain
and Morocco). These populations have similar genetic
structure, with slight differences in base pairs. Members of
the Moroccan population possess private haplotypes, not
found in other (European) populations. Otherwise, there are
haplotypes shared between populations from North Spain,
South Spain, and Slovakia. There are also some private
haplotypes corresponding to these geographical areas. The
genetic diversity indices within populations in the second
dataset differed among the populations (Table3). Haplotype
diversity was lowest in Morocco (0.857), slightly higher in
Spain (0.896), and highest in Slovakia and France (0.939),
while nucleotide diversity was lowest in Spain (0.0036),
somewhat higher in Morocco (0.0045) and highest in Slo-
vakia and France (0.0050). The second region of COI shows
the highest diversity in Slovakia and France but that from
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Fig. 3 Minimum-spanning network of 23 COI haplotypes (822-bp 3’
part of COI) of E. maugetii: the data were taken from Murria et al.
(2017). Size of the circles represents relative frequency of the given

haplotypes, while each line between nodes (black nodes-undetected
haplotypes) indicates a single mutational step

Table 3 Diversity indices across different populations of E. maugetii based on the 3’ part of the COI gene (822bp)

Populations N H Hd T 0 Tajima’s D
Morocco 7 5 0.857 0.00452 0.00646 -1.64292
Spain 23 10 0.896 0.00358 0.00428 -0.57856
Central and West Europe (Slovakia and France) 129  0.939 0.00496 0.00483 0.10792

Summary statistics include N - sample size; H - number of haplotypes; Hd - haplotype diversity; « - nucleotide diversity; 0 - Theta (per site)
from Eta; Tajima’s D test. Significant values of Tajima’s D test are in bold

Morroco seems not to be much lower (Fig.3). Theta per site
was lowest in Spain (0.0043), higher in Slovakia (0.0048),
and highest in Morocco (0.0065). Tajima’s D values were
negative for the populations from Morocco and Spain and
positive for the population in Slovakia. Additionally, the
population from Morocco had significant Tajima’s D values,
while the other two populations had no statistically signifi-
cant Tajima’s D values.

Discussion

Using both studied COI fragments, E. maugetii showed
shallow genetic structure within mitochondrial DNA. This is
considered rare since the great majority of phylogeographic

analyses in various animal and plant taxa revealed the exis-
tence of several mitochondrial lineages in Europe (Comes
and Kadereit 1998; Hewitt 1999; Drag et al. 2018; Drovetski
et al. 2018; Rakovi¢ et al. 2019). For less mobile taxa like
some other aquatic insects, such as Dinaric endemic cad-
disflies Drusus spp. Stephens, 1837, even in one refugial
area (the Balkan Peninsula) there are several mitochondrial
lineages, and this pattern is known as a ‘refugium within
a refugium’, which underlines the complex history of this
refugial region (Previsi¢ et al. 2009). One possible cause of
the shallow genetic structure of E. maugetii is recolonization
of Northern Europe from one refugium in a relatively short
time. This seems to be the case for this species in Europe.
However, even though the present study showed uniform
genetic structure within this species, we have to highlight

@ Springer
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the fact that we did not cover all refugial areas with sam-
pling. Also, in the Greek population we found a widespread
haplotype. But even if the above-mentioned populations are
hypothetically different and potentially represent indepen-
dent evolutionary lineages, these populations did not con-
tribute to the gene pool of Central and Northern Europe.

It is important to highlight the role of extra-Mediterra-
nean refugia for some aquatic insect groups, such as cad-
disflies. At least 13 Central European regions (outside the
Mediterranean area) were found for caddisfly species, with
accumulations or presence of stenendemic species, which
are interpreted as areal cores and as possible refuges during
the last (Wiirm) glacial period for these and other species
(Malicky 2006). Also for montane caddisfly Drusus dis-
color (Rambur, 1842) that past fragmentation is the promi-
nent process structuring the populations across Europe. The
high level of the species’ genetic differentiation between
mountain ranges and estimates of demographic history
provide evidence for the existence of multiple glacial refu-
gia including several in Central Europe showing that these
aquatic organisms reacted differently to Pleistocene cool-
ing than many terrestrial species. They persisted in numer-
ous refugia over multiple glacial cycles (Pauls et al. 2006)
which could also be one of the phylogeographic scenario
for E. maugetii, with existence of more extra-Mediterranean
refugia, particularly in the southern part of Central Europe.
It is also possible the species’ western lineage could contrib-
ute to the colonization of Central Europe and the relatively
higher variability in Slovakia and France as a consequence
of several lineage colonization.

One of the main results of this study is the finding of high
genetic diversity of E. maugetii in the Balkans, and lower
genetic diversity in Central and Northern Europe. The usual
pattern to justify a recolonization of central and northern
Europe by southern refugia is a higher haplotype diversity
in the south, with a rarefaction of the southern diversity
towards the north. Several other species show lower genetic
diversity in northern populations that expanded rapidly
from the Balkans, e.g., beech Fagus sp. L. and crested newt
Triturus sp. Rafinesque, 1815 (Hewitt 1999). In these spe-
cies, southern populations show considerably higher genetic
diversity than in the north, where genetic diversity is low.
Such southern richness can be considered as a product of
repeated major climatic oscillations, in the presence of
which genomes were able to survive on the southern moun-
tainous peninsulas, where suitable habitats could be con-
tinuously ensured by small range changes (Hewitt 1999).
Hence, Northern Europe was probably inhabited by indi-
viduals from the Balkan Peninsula, as in the case of other
taxa, e.g., the meadow grasshopper Chorthippus parallelus
(Zetterstedt, 1821) (Hewitt 2000) or the dunnock Prunella
modularis (Linnaeus, 1758) (Drovetski et al. 2018). The
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existence of many distinct species haplotypes suggests
that phylogeographic divergence was maintained in the
investigated areas during at least the latest glacial period.
Among the Mediterranean peninsulas, the Balkan Penin-
sula has been postulated to be the primary source of post-
glacial expansions because the Alps and the Pyrenees acted
as migration barriers for northward movements of species
from other European refugia (Hewitt 2000). Furthermore,
the Balkans served as a bridge for movements of species
from Asia Minor during the Pleistocene glaciation (Hewitt
1999) because the Balkan region of Europe and Asia Minor
were linked by a land connection during the last glaciation
(Aksu et al. 1999; Tzedakis 2004). Nowadays the Balkans
are also a biodiversity “hotspot” with a great number of
species. High biodiversity in the Balkans can be explained
by the long-term persistence of favourable environmental
conditions within the refugium that allowed for the mainte-
nance of stable and genetically variable populations (Can-
estrelli et al. 2010).

All available data on the 822-bp fragment of the 3’ end of
COI for Elmis maugetii from Europe revealed that nucleo-
tide diversity is lowest in Morocco and Spain and highest
in Slovakia, indicating the potential existence of a species
expansion corridor from Central Europe to the Iberian Pen-
insula. A pattern of colonization of the Iberian Peninsula
from the Balkans was found for the tawny owl Strix aluco
Linnaeus, 1758 (Brito 2005). The species Elmis maugetii
probably colonized Morocco from the Iberian Peninsula.
The lowest diversity in Moroccan specimens can be attrib-
uted to geographical barriers (Gibraltar, the Atlas Moun-
tains), which slowed the rate of the species’ southward
expansion. It is also possible that once established, the pop-
ulation in Morocco diverged from the mainland population,
since all haplotypes found there were private. Exclusive
haplotypes in some areas supposed to be refuge suggesting
long term isolation without subsequent recolonisation. It is
known that the Strait of Gibraltar acted as an important geo-
graphical barrier for some taxa (Escudero et al. 2010; Terrab
et al. 2008).

With respect to the dispersion ability of riffle beetle spe-
cies, it can be assumed that flying adults, i.e., macropterous
forms, could have successfully overcome geographical bar-
riers (e.g., mountain ranges) in the past by flying over them,
presumably on a long-time scale, thereby reaching the most
suitable habitats situated in river gorges and valleys with
optimal conditions for their survival. Mixed populations
also contain brachypterous forms, which are characterized
by a low dispersal ability, as in the case of larval instars,
and can only drift downstream or, occasionally, be carried
with other benthic species to the nearest neighbouring water
body during periods with high water levels and torrents. For
the studied species it is most likely that ecological factors
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affect its “local” longitudinal distribution, particularly in the
light of recent climate change and water pollution.

As a conclusion, it can be asserted that the colonization
of newly established habitats of Elmis maugetii in northern
parts of its range in Europe could have started from the Bal-
kan Peninsula, proposed as likely the species” main glacial
refugium in Europe, and proceeded via Central, Northern,
and Western Europe, finally reaching the Pyrenean Penin-
sula (Spain) and Morocco (North Africa). However, to sup-
port this claim, considerably more material will be needed in
the future, covering in more detail the range of the species.
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