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Abstract

Complex aquatic systems of karst harbour a rich but little-investigated biodiversity. In
Croatia and Bosnia—Herzegovina karst, temporal springs are inhabited by a group of
minnow-like fishes that retreat to the associated ground water during dry seasons and
spend several months underground. The most abundant species in this group is
Delminichthys adspersus (Heckel 1843), which also has the most fragmented distribution
range. To determine the population composition and dispersal patterns, and to detect
potential underground migration, a large genetic data set comprising 544 specimens of
D. adspersus covering most of its distribution area was analysed. Analysis of mitochon-
drial cytochrome b sequences (~1000 bp) and eight microsatellite loci showed that
D. adspersus comprises at least three subpopulations with gene flow occurring among
them. Coalescent-based analysis revealed a complex migration pattern, with several
unidirectional dispersal paths, including between temporal springs that share no surface
connection. The results of this study suggest the existence of recurrent underground
migration of fish in a karst environment and demonstrate the complexity of its
hydrological network. The findings are relevant to conservation strategies for endemic
karst organisms and karst ecosystems as a whole.
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Introduction

Migration is a distinct feature of the life cycle of many
fishes, ranging from spectacular long-distance spawning
migration of several salmonid species to shorter, less
noticeable movements in other species spanning just a
few kilometres. The causes and reasons for migration
can include reproduction, diet and predator avoidance,
as well as colonization of new niches or newly formed
water bodies (Lucas & Baras 2001). Even though
numerous studies have investigated ecological, physio-
logical, morphological and biogeographical aspects of
epigenic fish migration (Detenbeck ef al. 1992; Bernat-
chez & Wilson 1998; Hegdsen 1998; Allouche et al.
1999; Zardoya & Doadrio 1999; Strecker et al. 2004), we
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are unaware of any that have explicitly studied or
reported underground migration. Published information
on underground fish migration is limited to Atlantic
salmon (Salmo salar), which has been observed to move
through water diversion tunnels built for hydroelectric
power purposes (Gowans et al. 2003), and to a pro-
posed scenario of prehistoric dispersal of softmouth
trout (Salmo obtusirostris; Snoj et al. 2008).

Karst regions comprise irregular limestone or dolo-
mite landscapes containing sinkholes, sinking streams,
caves and well-developed underground drainage sys-
tems, all characterized by a strong interaction between
surface and ground water (Bonacci 1987, 1993; Field
2002). Surface water often arises at the edges of
depressed flat plains or fields (polje), which are sepa-
rated by mountains formed when limestone between
insoluble rocky massifs dissolves away. Such water
sources form permanent or temporal karst springs and
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streams, which can become strong torrents. At the
beginning of the dry season, the water level drops and
recedes underground in the porous karst fields, surviv-
ing sometimes only at the source (Kranjc 2004).

One of the best-studied karst areas, and one well
known for its high level of biodiversity and endemism,
is the Dinaric karst (Bonacci 1987) that stretches from
Slovenia to Albania in the Balkan Peninsula. Endemic
species include Martino’s vole Dinaromys bogdanovi
(Krystufek et al. 2007), S. obtusirostris (Snoj et al. 2008),
the only European stygobiontic amphibian, Proteus
anguinus (Sket et al. 2004), Bryocamptus zschokkei (Cope-
poda), Velkovrhia enigmatica (Hydrozoa) and Troglocaris
sp. (Decapoda) (Sket et al. 2004; Verovnik et al. 2004)
and a group of poorly studied small cyprinids (Telestes,

Phoxinellus and Delminichthys) with the vernacular name
‘gaovice’ (Mrakovcic et al. 2006).

Gaovice, particularly those of the genus Delminichthys,
are restricted to the mouths of springs and associated
ground water. During the dry season, the fish actively
follow water that is withdrawing underground, where
they can live continuously for several months (Zupanci¢
& Bogutskaya 2000; Bogutskaya & Zupanci¢ 2003; Mra-
kov¢i¢ et al. 2006). The most abundant species of this
group is Delminichthys adspersus (Heckel 1843), which
has a fragmented distribution range in southeastern
Croatia and southern Bosnia—Herzegovina. The species
inhabits Red Lake (Crveno jezero; type locality) and
many direct and indirect springs of the Vrljika, Tihaljina
and Matica river systems (Zupanci¢ 2008; Fig. 1). Apart
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Fig. 1 The study area is part of the Dinaric karst of the Balkan Peninsula, ranging from the southeastern Croatia to southern Bos-
nia-Herzegovina. Eighteen sampling locations include type locality Red Lake, and direct and indirect springs of the Vrljika, Tihaljina
and Matica river systems, which cover most of the distribution area of D. adspersus. See text for a detailed description and Table 1

for abbreviations of sampling locations.
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Table 1 Sampling locations for Delminichthys adspersus with respective latitude, longitude, elevation and abbreviations, with the
number of specimens per sampling location, number analysed for mtDNA analysis and group assignment based on genetic structure

and geographic proximity reported (GROUPS)

No. of
specimens
(included in
mtDNA Latitude and Elevation
Location Abbr. analysis) Longitude a.s.l. (m) GROUPS River system
Vrgoracka Matica River MATV 10 (0) / Approx. 30 Southernmost Tihaljina river
Rastocka Matica River MATR 27 (20) N 43 13 07.03 65 locations system
E 017 23 14.29
Draga DRA 16 (15) N 43 13 15.7 76
E 017 30 41.5
Nezdravica NEZ 46 (21) N 43 18 58.45 161 Nezdravica
E 017 23 20.29
Jezerine, Prolozac pPIEZ 53 (19) N 43 27 25.77 269 Vrljika springs Vrljika river
E 017 10 20.93 system
Grbavac GRB 34 (18) N 43 27 06.22 275
E 017 10 36.67
Stari vodovod STR 19 (16) N 43 26 52.41 274
E 017 10 34.1
Blato BL 29 (23) N 43 27 30.59 281 Blato
E 017 06 44.01
Grancice (Imotski springs) GRAN 24 (21) N 43 26 15.48 268 ‘central’
E 017 13 3.82
Medvidovic¢a Draga (Imotski MED 17 (17) N 43 26 18.41 268
springs) E 017 13 41.64
Rebi¢ (Imotski springs) REB 23 (21) N 43 26 05.2 258
E 017 14 26.4
Glavina Donja (Imotski springs) GLD 37 (20) N 43 26 36.76 274
E 017 11 42.93
Udovice (Imotski springs) UbVv 28 (21) N 43 25 39.2 261
E 017 15 15.36
Vinjani Donji, bunar (Imotski BVID 25 (19) N 43 26 05.32 264
springs) E 017 14 26.4
Vinjani Donji (Imotski springs) VID 40 (19) N 43 26 11.35 264
E 017 14 20.33
Grudsko Vrijelo (Grude springs) GRV 24 (15) N 43 23 22.45 263
E 017 22 04.78
Jamine (Grude springs) JAM 40 (15) N 43 22 29.35 273
E 017 23 23.77
Red Lake (Crveno jezero) RED 33 (37) N 43 27 14.84 452 Red Lake

E 017 11 54.93

from information on its phylogenetic position (Freyhof
et al. 2006; Palandaci¢ ef al. 2010; Perea et al. 2010) and
distribution and morphology (Zupanci¢ & Bogutskaya
2000; Bogutskaya & Zupanci¢ 2003; Franicevi¢ & Ticina
2003), little else is known about this species, with pub-
lished information on its biology and ecology being
scarce and vague (Bilopavlovi¢ 1970; Mrakov¢ic et al.
2006). Previous research indicates that D. adspersus is
not generally observed in areas beyond the springs
(authors’ personal observation).

The entangled water network that D. adspersus inhabits
represents an ideal system to study the species’ popula-
tion dynamics. In this study, we analysed the genetic
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structure of populations and compared the distribution of
their genetic diversity with their geographic distributions
in order to determine the population migration patterns of
the species. Finally, we compared the evidence for recur-
rent underground migration with that for other explana-
tions such as recent divergence or secondary contact.

Materials and methods

Sampling sites

In this study, 18 sampling sites were chosen to cover
most of the distribution area of D. adspersus (Zupancic
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Fig. 2 Red Lake (Crveno jezero) is a 500-m-deep sinkhole with
the water level 250 m below the lip.

2008) (Fig. 1, Table 1). Some sites are mutually sur-
face-isolated or belong to separate water systems with-
out surface connection. These include Red Lake
(Crveno jezero, RED), a 500-m-deep sinkhole with a
water level 200-250 m below the lip (Fig. 2, Garasi¢
2001; Bonacci 2006), the Vrljika and Tihaljina rivers sys-
tems, which are connected only underground, and the
intermittent Vrgoracka Matica River (MATV), which
springs and sinks in Vrgoracko field (Kanaet 1959;
DZeba 2010). We also included sites that are periodi-
cally linked via a network of temporal streams or
canals, but because of several obstacles (e.g. distance,
high temperature, drying up, differences in elevation,
strong current at spring outlet), surface fish dispersal
among them is highly unlikely. These sites include Bla-
to (BL), Vrljika River springs (pJEZ, GRB, STR) and
Grude springs (GRV, JAM) (Vrljika river system; DZeba
2010) and the rivers Nezdravica (NEZ), Draga (DRA)
and Rastocka Matica River (MATR) (Tihaljina river sys-
tem; Kanaet 1959). Imotski springs (GRAN, MED, REB,
BVID and VID with the exception of GLD and UDV)
interconnect via overflow drains and flooding (authors’
personal observation, Fig. 1). All sampling sites are
described in more detail in Table 1 and the Supporting
information.

On the basis of the genetic similarity of fish from dif-
ferent sampling sites, described in the Results section,
six panmictic genetic groups were recognized (see
Table 1), representing units for gene flow analysis.

Sample collection and DNA isolation

A total of 544 individual samples were collected using
electrofishing or fish traps (Fig. 1, Table 1). Most sam-
ples were collected between 2007 and 2010 with the
exception of those from MATV, which dated from 1999.
In this last sample set, mitochondrial DNA (mtDNA)

amplification failed. Nevertheless, because of the highly
demanding sampling conditions at this location, we
included these samples for microsatellite analysis for
which we obtained good results. A sample set from
Red Lake was composed of two subsets originating
from 2007 (n = 5) and 2010 (n = 35).

Genomic DNA was isolated from fin tissue preserved
in 96% ethanol, using the salt extraction procedure of
Miller et al. (1988).

Microsatellite DNA

Eight microsatellite loci, isolated and characterized from
related cyprinid species and optimized to amplify in
D. adspersus in two multiplex PCRs (see Supporting
information), were chosen for genotyping of all the col-
lected individuals. Genotyping was performed on an
ABI-3130 automated capillary sequencer using GENES-
CAN Analysis Software 3.7. Microsatellite data were pro-
cessed using GENEMArPER 4.0 (ABI) and edited by eye.
Automated binning of allele sizes was performed with
TANDEM 1.07 (Matschiner & Salzburger 2009). Possible
null alleles, stuttering and large allele drop-out were
tested using Micro-checker (Van Oosterhout et al. 2004).
The average numbers of alleles, expected and observed
heterozygosity were estimated with Arlequin.

Population structuring within the data set was
assessed using the Bayesian-clustering iteration method
(programs sTRUCTURE 2.3.1 (Pritchard et al. 2000; Falush
et al. 2003, 2007; Hubisz et al. 2009) and Baps (Corander
et al. 2003; Corander & Marttinen 2006; Corander et al.
2006, 2008), assuming no a priori assignment of individ-
uals. In STRUCTURE, inferences on the number of clusters
are based on an ad hoc approximation with a generally
unknown performance (Pritchard et al. 2000), while BaPs
calculates posterior distribution of partitions among the
sampling units into nonempty classes, each with non-
identical allele frequency parameters (Corander et al.
2008). The chosen settings for sTRUCTURE and BAPs that
ensure MCMC convergence are described in the Sup-
porting information. The method of hierarchical sTruc-
TURE partitioning suggested by Vahid et al. (2007) was
also applied. With this approach, the most differenti-
ated cluster was excluded from the analysis, allowing
for more precise clustering of the remaining individu-
als. Also, each excluded cluster was investigated for
possible hidden substructures (see Supporting informa-
tion). To meet the requirements of Bayesian methods
for unlinked genetic markers, the independence of the
chosen microsatellite loci was verified with pairwise
tests for linkage disequilibrium (Slatkin & Excoffier
1996) implemented in Arlequin (see Supporting infor-
mation).

© 2012 Blackwell Publishing Ltd
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The amount of interpopulation genetic differentiation
of D. adspersus was quantified by computing Fsr values
for all pairs of sampling sites. Pairwise tests of genetic
differentiation were conducted using Arlequin (Fsy;
1000 permutations, 5% missing data and nominal levels
0.05, 0.01 and 0.001). Fig (Weir & Cockerheim 1984) was
calculated using Fstat 2.9.3.2 (Goudet 2001) for the
groups pooled according to pairwise Fsr analysis. In all
tests, P-values were adjusted using Bonferroni correc-
tion (Rice 1989).

Hierarchical amova was carried out using Arlequin,
where variance components were estimated for three
hierarchical levels: among groups, between sampling
sites within groups and within sampling sites.

In order to determine the direction and amount of
gene flow between six groups (see Table 1), pairwise
analyses with the isolation-with-migration model (IM,
as implemented in the software IMa2; Hey & Nielsen
2007) were performed. For each analysis, up to 36 indi-
viduals were drawn at random from the two included
groups. Where possible (given sufficient number of
samples), multiple independent runs with a different
set of individuals were performed to assess the run con-
vergence and data reliability (see Supporting informa-
tion for details).

Previous versions of IMa2 provided estimates for the
timing of gene flow events that have commonly been
used to infer the mode of speciation (Niemiller et al.
2008; Nadachowska & Babik 2009). However, recent
simulation studies (Becquet & Przeworski 2009; Stras-
burg & Rieseberg 2011) have shown that these estimates
are unreliable, and the software authors have removed
the estimation of migration times from the latest version
of the program. We could not therefore use these esti-
mates to investigate whether gene flow is recent or his-
torical. Instead, a genetic assignment method for direct
real-time estimation of first-generation migrants (Pae-
tkau et al. 2004), implemented in Geneclass2 (Piry et al.
2004), was applied (for chosen settings, see Supporting
information) to assess whether gene flow is recent.

To determine whether stepwise-like mutations have
contributed to genetic differentiation (Hardy et al.
2003), allele size (Rsy) and the allele identity-based
measure (Fsy) were compared by testing whether the
observed Rgr was larger than the value obtained after
permuting allele sizes among alleles within populations
as implemented in SPAGeDI 1.3 (Hardy & Vekemans
2002; 20 000 permutations). To test how changes in
migration rates vs. mutation rates influence population
structure, some simple simulations with Easyror 1.7.4
(Balloux 2001) were performed (see Supporting infor-
mation).

Possible genetic bottlenecks were investigated using
Bottleneck 1.2.02 (Piry et al. 1999). The analysis was

© 2012 Blackwell Publishing Ltd

performed with a two-phased mutation model with
multistep mutations accounting for ten per cent of all
mutations and ten per cent of the variance. Because
fewer than 20 loci were genotyped, Wilcoxon’s test was
used as suggested by Piry et al. (1999).

Mitochondrial DNA

Nucleotide sequences of the mitochondrial cytochrome
b gene were analysed to obtain the supplementary infor-
mation about geographic clustering and demographic
expansion of D. adspersus. The cytochrome b gene was
amplified from a subset of randomly selected specimens
from each sampling location with the exception of
MATV (n = 15-37; Table 1). Detailed information on
PCR and DNA sequencing is reported in the Supporting
information. Sequences were edited by eye and aligned
using the software MEGA 5.0 (Tamura et al. 2011).

In order to assess the population structure in relation
to geographic distribution, a haplotype genealogy was
built on the basis of the phylogenetic tree constructed
using the TrN model of sequence evolution (Tamura &
Nei 1993) and the maximum-likelihood method imple-
mented in pauP* 4.0 (Swofford 2003; for details, see Sup-
porting information). Nucleotide diversity (Nei 1987)
was calculated using the software package Arlequin
3.11 (Excoffier 2007).

The demographic history (information about histori-
cal episodes of expansion or decline) at the species level
was tested by applying mismatch analysis (Li 1977), for
which all variant mtDNA sequences were included. The
distribution of pairwise mutational distances was fitted
to a model of instantaneous population expansion by a
generalized nonlinear least squares procedure (Schnei-
der & Excoffier 1999), as implemented in Arlequin. Sta-
tistical significance of model fit was assessed by
squared deviation and raggedness index (Harpending
1994) and 10 000 bootstrap replicates.

Results

Microsatellites

A total of 544 individuals of D. adspersus from the 18
different sampling locations were scored for eight
microsatellite loci. Individuals that failed to be genotyped
at three or more loci were excluded from the analysis,
which finally resulted in 522 genotyped specimens.

As revealed by Micro-checker analysis, none of the
loci at any sampling site exhibited null alleles, with the
exception of the Ca3 locus in the composed sample set
of Red Lake. After analysing each subset separately,
null alleles were no longer observed. There were no
indications of stuttering or allele drop-out.
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Fig. 3 Bayesian-clustering analyses: Structure (K = 3) and Baps; *MED; **MATV.
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Fig. 4 In hierarchical sSTRUCTURE analysis, stepwise exclusion of the most differentiated group was conducted, allowing for a more
precise clustering of the remaining individuals. Each excluded group was analysed to check for cryptic subpopulations. The analysis

identified six distinct groups.
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Table 2 Population parameters
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GROUP Location abbr. N Fis Pooled Fig Na Hgxp Ho
Southernmost locations DRA 16 0.111 0.012 9.750 0.710 0.796
MATR 27 —-0.031 11.000 0.822 0.798
MATV 10 -0.003 7.250 0.779 0.772
Red Lake RED 33 0.073 0.073 10.750 0.676 0.728
‘central’ GLD 37 0.026 0.016 13.500 0.785 0.806
BVID 25 0.010 13.000 0.773 0.780
REB 23 0.020 13.000 0.785 0.800
GRAN 24 0.030 12.375 0.776 0.795
MED 17 0.060 11.625 0.760 0.807
UDVv 28 0.029 12.875 0.770 0.792
VID 40 —-0.041 15.625 0.832 0.800
GRV 24 0.007 11.500 0.787 0.792
JAM 40 0.021 14.125 0.784 0.801
Nezdravica NEZ 46 0.012 0.012 5.500 0.615 0.622
Vrljika springs pJEZ 53 0.004 -0.024 11.250 0.719 0.721
GRB 34 -0.086 10.375 0.817 0.754
STR 19 0.001 9.250 0.748 0.749
Blato BL 29 -0.013 -0.013 12.625 0.779 0.769

N, number of individuals; Fig (FSTAT) for each population and for pooled groups; N4, average number of alleles per locus; Hgxp,
expected average heterozygosity; Ho, observed heterozygosity (Arlequin).

Abundant microsatellite diversity was observed in
D. adspersus: the average number of alleles across all
loci was 11.4 (SD = +2.4), and expected heterozygosity
across all loci was 0.761 (SD = +0.053). Tests for linkage
disequilibrium found no correlation between the micro-
satellite loci chosen in the present study, thus meeting
the requirements for the Bayesian methods applied
here.

After assigning individuals to K = 1-7 groups using
sTRUCTURE (Fig. 3), the most probable number of clusters
in the data set was estimated to be K = 3, composed of
individuals collected from Nezdravica, from Vrljika
springs and from Red Lake. Other individuals were, to
a varying extent, assigned to all three clusters. Hierar-
chical sTRUCTURE analysis did not reveal hidden clusters
within these three clusters but rather suggested three
more groups (Fig. 4): (i) MATR-MATV-DRA (hereon
referred to as the ‘southernmost locations’), (ii) Imotski
springs and Grude springs (hereon referred to as ‘cen-
tral’) and (iii) Blato.

Cluster analysis with BaPs supported genetic homoge-
neity of Nezdravica, Vrljika springs, Red Lake and the
southernmost locations, while the remaining clusters,
suggested by hierarchical STRUCTURE analysis, repre-
sented genetically mixed groups. The individuals from
Blato were assigned to Vrljika springs and Red Lake,
while the individuals from ‘central’ were mostly
assigned to Red Lake, and a few to the southernmost
locations and Vrljika springs (Fig. 3).

Using pairwise Fgr values, significant genetic differen-
tiation was observed between the six groups previously

© 2012 Blackwell Publishing Ltd

recognized with hierarchical STRUCTURE analysis (for
details, see Supporting information). Fis values (Table 2)
observed in each of the six groups were not significant.

Hierarchical aMova revealed that most of the variation
(93.3%, P < 0.00001) occurred within sampling sites and
6.5% among these six groups (P < 0.00001). However,
molecular variation among sampling sites within the
groups was not significant.

While all the clustering methods used in this study
gave strong support for at least three groups (i.e. Vrljika
springs, Red Lake and Nezdravica), clustering per-
formed with Baps, hierarchical sTRUCTURE and F-statistics
revealed additional panmictic groups (Blato, ‘central’
and southernmost locations) being supported also with
AMOVA. As the IM model assumes that there should not
be other unsampled populations exchanging genes with
the sampled populations, and that populations are more
closely related to each other than to any other sampled
population (Hey, 2007), these six panmictic groups
(Table 1) were employed for the analysis.

These six groups were consistent also with surface
and underground water connections of the study area
and potential barriers between them (Bonacci 2006;
Kanaet 1959).

IMa2 analysis between the six groups revealed a
migration pattern with many unidirectional migration
paths (Fig. 5). The migration rate from Red Lake to
‘central’” was seven times larger than in the opposite
direction. Unidirectional migration was further sug-
gested from Vrljika springs to Blato, and from Blato to
‘central’, as well as from Nezdravica to ‘central’. Also,
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“Central’

Nezdravica

“southernmost locatiol

e \_,

Fig. 5 Migration patterns according to IM model estimates. Arrow width directly corresponds to IMa2’s HiPt estimate of migration
rate (ranging from 0 between RED and Vrljika springs to 4 between Vrljika springs and BL); see Table 3 for details; red numbers cor-

respond to potential first-generation migrants (Geneclass2).

the inferred migration rate from Nezdravica to the
southernmost locations was larger than in the opposite
direction. The only pair of groups with migration rate
estimates between them of zero in both directions was
Vrljika springs and Red Lake. The highest migration
rate was found between Vrljika springs and Blato.

Although Imotski and Grude springs are geographi-
cally remote, they were recognized as the panmictic
‘central’ group. IMa2 analysis was undertaken to see
how the model reacted when it was violated and migra-
tion tested within a panmictic group. The test estimated
relatively high levels of migration (see Table 3),
although the estimated split time was zero, as expected
for molecular information drawn from a single panmic-
tic population (J. Hey, personal communication). On the
other hand, the estimated split time between any tested
pair of the six groups was larger than zero, pointing to
mutual divergence among them.

More detailed information about IM model parameter
estimates (time since divergence, effective population
sizes of ancestral and descendent populations, migra-
tion rates and population migration rates) and their
convergence is reported in Table 3. Of those replicates
that were repeated with other samples from the same
populations, only the results of the replicate with better
run convergence are reported, because the parameter
estimates were very similar.

A total of 84 F, putative migrants were identified
through the use of Geneclass2 (o = 0.05). Migration was
observed mostly within previously detected groups (Bla-
to, Vrljika springs, Red Lake, ‘central’, Nezdravica, south-
ernmost locations), although 32% (26 migrants) took
place between them. The number of putative first-genera-
tion migrants between the groups is indicated in Fig. 5.
The detailed description can be found in the Supporting
information together with the Geneclass2 output file.

© 2012 Blackwell Publishing Ltd
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1.934 (0.269—4.035)

39.96 (7.536-39.52)

1.22 (0.14-3.98)
0.02 (0.02-1.58)
0.3 (0.1-6.54)

2.34 (0.82-4.62)
0.02 (0.02-1.7)

21.75 (13.25-55.75)
27.25 (15.75-66.25)
20.75 (12.25-60.25)
30.25 (18.75-76.75)
26.75 (18.25-56.25)

2.75 (1.75-4.75)
3.75 (2.25-6.75)
3.25 (1.25-6.25)
0.75 (0.75-1.25)

CENT-GPJS 0.239 (0.149-1.911) ~ 97.75 (40.25-487.2)

RED-GPJS
BL-GPJS

0.00407 (0.03663-2.56)
2.099 (0.1399-7.816)
0.6746 (0.245-1.267)
1.299 (0.3398-30.88)

0.00397 (0.02779-2.322)

12.01 (1.779-36.56)
39.96 (11.09-39.64)

3.25 (1.75-6.25)

0.315 (0.173-1.515)
0.123 (0.027-1.483)
0.689 (0.259-1.899)

4.06 (0.38-11.46)
1.98 (1.34-3.86)
0.02 (0.1-13.14)

5.75 (3.25-419.2)
236.2 (54.75-488.8)
499.8 (36.25-488.2)

1.62 (0.46-4.7)
0.3 (0.06-6.54)

MADR -NEZ

0.01999 (0.6597-38.6)

7.75 (3.25-454.2)

RCENT-JAGR  0.001 (0.001-1.565)
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RCENT, Imotski springs (7 locations); JAGR, Grude springs (2 locations); CENT, Imotski springs + Grude springs; NEZ, Nezdravica; MADR, Matica + Draga; GPJS, Grbavac + Prolozac

Jezerine + Stari vodovod; RED, Red Lake; BL, Blato.

The observed Rgr value of the whole sample set was
0.087, while the Rgr value observed after permutation
was 0.037 (P = 0.0018), and the Fsy value was 0.051. Sig-
nificantly larger Rgr in comparison with Fgr suggested
that stepwise-like mutations contributed to genetic dif-
ferentiation. Simulations performed in Easyror (for
details, see Supporting information) suggested that
equilibrium among isolated groups with occasional
migrants is established after 10 000 generations, while
in the simulated data set Rgy becomes significantly lar-
ger than Fgr as late as after 100 000 generations.

Bottleneck analysis of the data set as a whole and of
the six genetic groups revealed no significant heterozy-
gosity excess and therefore did not support the exis-
tence of recent bottlenecks.

Mitochondrial DNA

Sequencing of the D. adspersus cytochrome b gene
resulted in alignment of 999 bp from 337 individuals
representative of 17 sampling locations (GenBank
Accession Nos. JN101952-JN102110 and JQ315936-
JQ316113). The alignment contained no gaps or missing
data and was collapsed to 74 haplotypes.

The haplotype genealogy exhibited a star-like pattern
delineating three most common and most geo-
graphically widespread haplotypes: 1 (H1; 46% of all
samples), 2 (H2; 19%) and 3 (H3; 7%) with H2 and H3
separated from H1 by only one mutation (Fig. 6). Most
other haplotypes were represented by single specimens,
were private to particular sampling sites and were
divergent from H1 and H2 generally by one substitu-
tion (Fig. 6).

With regard to the six genetic groups, the most
noticeable characteristic of the haplotype network was
the almost complete absence of representatives from
Vrljika springs in the H1 cluster, in which only one
sample from this group was found, and a strong preva-
lence of H1 haplotype (81%) in Nezdravica. On the
other hand, in the H2 cluster, which was common in
Blato, Vrljika springs and ‘central’, only one sample
from the southernmost locations and none from Nezd-
ravica were present. The third largest cluster, H3, com-
prised mostly samples from Vrljika springs, while
‘central” contributed four samples. Most Red Lake sam-
ples (68%) were attributed to haplotype H1, although
some were also attributed to haplotype H2 (8%), while
others were private (24%). A detailed list of haplotypes
at each sampling site is reported in the Supporting
information. Average nucleotide diversity across all loci
was 0.001243 (+0.000873).

Mismatch analysis of the whole sample set detected a
unimodal distribution of pairwise differences among
haplotypes. However, the model of sudden population
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Fig. 6 Unrooted haplotype genealogy based on 337 cytochrome b gene sequences (999 bp). Labels refer to observed haplotypes (in the
text referred to as H1, H2, H3, etc.); colours denote sampling sites, and radii reflect the number of individuals per haplotype.

expansion was rejected (sum of squared deviations;
P =0.041) and significant (P = 0.002) raggedness index
showed variation around the curve, thus suggesting
long-term demographic stability of the species.

Discussion

In the present study, the genetic composition of endemic
cyprinid D. adspersus revealed low differentiation
among geographically isolated populations. Although
the genetic results in combination with hydrological data
favour the hypothesis of recurrent underground migra-
tion, such low interpopulation differentiation could also
be a consequence of long-term process of genetic differ-
entiation and is to be expected in recently isolated sys-
tems. Low mutation rates, as suggested for the genus
Delminichthys (Freyhof et al. 2006), may slow this process
even further. Thus, two scenarios explaining the
observed population genetic structure in D. adspersus
are possible: (i) recent isolation of populations with no
subsequent gene flow among them and (ii) recurrent,
but limited, gene flow among diverged populations.

The results of mtDNA analysis, such as the star-like
distribution of haplotypes and very low number of
mutations among the three central haplotypes, imply a
recent origin of the system (the first scenario). In the
example of Schistura oedipus, a balitorid cave fish from
Thailand, nucleotide diversity was estimated as 1 x 1073
within populations and 5x 10~ between separated
populations (Borowsky & Mertz 2001); the overall level
of nucleotide diversity in D. adspersus is low
(12 x 107 and is in line with intrapopulation nucleo-
tide diversity reported for balitorids, again suggesting
recent origin of the system.

Opposed to the first scenario, the low interpopulation
differentiation inferred from microsatellite data can be
explained by recurrent gene flow (the second scenario),
which can prevent the complete isolation of geographi-
cally isolated populations even with only a few
migrants per generation (Hartl & Clark 1989). The sce-
nario of gene flow among diverged populations is
favoured also by Rsr > Fsr, which indicates a significant
contribution of stepwise-like mutations in the observed
interpopulation differentiation when compared to the
effect of genetic drift, suggesting that the divergence is
not recent (>ca. 10 000 years). On the other hand, if
gene flow exists, low interpopulation divergence is
expected and Rgr should not exceed Fsr. But Rsy > Fsr
does not exclude migration (Hardy et al. 2003) and can
be explained by differentiated populations with a low
level of gene flow between them (e.g. Gavrilets 2003),
suggesting that in D. adspersus the migration rate
among the detected groups is rather limited. Basic
simulations of four populations with a single-step
migration model revealed that Rgr in the simulated data
set becomes significantly larger than Fgr as late as after
100 000 generations, supporting the finding that diver-
gence between populations is not recent (see Results
and the Supporting information). In addition, the mis-
match analysis conducted on the whole sample set
rejected the hypothesis of sudden population expansion,
and no bottlenecks were observed in the whole micro-
satellite sample set or in the genetic groups. This is also
congruent with the geological history of the area, which
was a refuge during the recent ice ages and did not
experience glaciations (Taberlet ef al. 1998). The sce-
nario of gene flow is also congruent with the IMa2
results (Fig. 5), which suggested migration of individu-

© 2012 Blackwell Publishing Ltd
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als among the six genetic groups. Further, the estimated
split time between any tested pair of the six groups was
larger than zero, pointing to mutual divergence among
them, supporting the hypothesis of limited gene flow
between diverged populations.

However, according to Gaggiotti (2011), the IM model
assumes a constant level of migration from initial diver-
gence to the present, meaning that temporal variations
in migration might lead to biased results. Therefore, the
migration rates estimated here could be an outcome of
recent gene flow, migration during a restricted time-
window or secondary contact (in this context under-
stood as hypothetical transfer of fish performed by
humans). The Geneclass2 results, assessing 16% of all
individuals sampled in the present study as putative
first-generation migrants, support the scenario of con-
temporary gene flow. The possibility of secondary
contact cannot be excluded; though no records of fish
transfer were found. As D. adspersus is of no commer-
cial importance (Mrakov¢ic et al. 2006), their transplant-
ing by humans is highly unlikely.

The hypothesis of recurrent gene flow between geo-
graphically isolated populations of D. adspersus thus
appears to be the most likely explanation for the rela-
tively low level of interpopulation genetic differentia-
tion recorded here, and previously performed
hydrological measurements and water tracing (Kanaet
1959; Bonacci 2006; DZeba 2010) support the hypothesis
that the gene flow occurs via subterranean migration.
With three cases discussed below, we present support
for the hypothesis of recurrent underground migration.

The first case is provided by the groups Red Lake and
‘central’. Red Lake is a sinkhole dating back to upper
Miocene (Bahun 2000), with a water level well below the
lip (Fig. 2), and hence completely excluding dispersion
of fish by flooding. However, the existence of at least
two underground canals connected to ‘central’ locations
is known from the hydrological literature (Bonacci 2006),
and our results are in line with those findings. Primarily,
the prevailing haplotype in Red Lake was also most fre-
quent in the ‘central’ group. In addition, Baprs analysis
(Fig. 3) assigned most of the individuals from ‘central’
to the Red Lake group and the hierarchical STRUCTURE
exhibits similarities between the two groups. Further-
more, there were two Fy putative immigrants from ‘cen-
tral” present in Red Lake, while one individual migrated
in the other direction. These numbers are small, but the
method takes into account only the first-generation
migrants, and the canal that connects Red Lake with the
‘central’ area is not active every year but only when pre-
cipitation is high (Bonacci 2006). Migration therefore
probably does not occur in every generation. On the
other hand, IM, which also detects past migration
events, revealed higher migration rates, especially from

© 2012 Blackwell Publishing Ltd

Red Lake to ‘central’, supporting our hypothesis of
underground gene exchange between these two groups.
The second example of probable underground migra-
tion is provided by D. adspersus inhabiting the superfi-
cially unlinked rivers MATR (Rastocka Matica) and
MATV (Vrgoracka Matica; the southernmost locations).
The fish from these two locations were identified as part
of a single panmictic group, supported by hierarchical
STRUCTURE, BAPS and F-statistics. MATV (Fig. 1) is com-
pletely isolated and has no surface connection to any
other stream. Yet two individuals in MATR were desig-
nated as first-generation migrants from MATV, which
reciprocally received three immigrants from MATR. In
addition to the genetic evidence, dye tracing performed
in 1954 revealed underground water connection
between the rivers MATR and MATYV (Kanaet 1959).
The third case supporting underground migration
comes from the completely surface-separated ‘central’
and southernmost locations (Fig. 1). A genetic signature
of ‘central’ is found in the southernmost locations and
vice versa (Baps; Fig. 3), while migration was also indi-
cated by both Geneclass2 and IM. Considering only sur-
face-water courses, ‘central’ formally belongs to the
Vrljika river system, which ends in sinkhole Sajnovici
(Fig. 1). After passing under the Drinovci Mountain,
part of the Vrljika River reappears as Tihaljina River, to
which the southernmost locations are indirectly linked.
Although the considerable difference in elevation
between Vrljika and Tihaljina Rivers (90 vertical metres
between sinkhole Sajnovi¢i and Pe¢—Mlini, where the
Tihaljina River originates) could present an impassable
upstream barrier for D. adspersus, our results imply the
reverse. On the basis of dye tracing, there is evidence
for underwater connections between Grude springs and
the Tihaljina river system (Kanaet 1959) that seem to be
connected via several estavelas (U-shaped siphons),
which cause water to flow temporarily upstream (Jovic
2003). This phenomenon is not rare in karst systems
and may explain upstream migration of D. adspersus.
Nevertheless, an alternative explanation is migration
through some accessible underground connections.
Based on hydrological measurements, Kanaet (1959)
concluded that the Tihaljina River is supplied not only
by the Vrljika River, but also by other, as yet undiscov-
ered, underground sources, enabling fish migration.
There are at least 86 troglomorphic fish species in the
world, many of them inhabiting karst environments in
Australia, China, USA, Mexico, Thailand and the Mid-
dle East (Romero & Paulson 2001). Most of these spe-
cies are comprised of strictly surface-dwelling,
intermediate and completely stygobiontic populations
that are often mutually isolated. In the example of Asty-
anax mexicanus and Astyanax fasciatus living in the karst
areas of Central and North America (e.g. Mexico and
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Florida), Strecker et al. (2004) suggested recurrent past
invasions of caves, while surface populations sometimes
became extinct. Thus, the complicated population struc-
ture identified is not a consequence of underground con-
nections but rather a consequence of repetitive
colonization from the surface. However, underground
dispersal was speculated by Dillman et al. (2010),
researching troglomorphic percopsiforms, who con-
cluded that the present population structure probably
reflects past connections in subsurface karst materials.
Borowsky & Mertz (2001) found unique invasion with
subsequent dispersion in the fish species S. oedipus, fol-
lowed by isolation and differentiation of populations as a
more probable explanation for the observed genetic
structure than separate subterranean invasions of a com-
mon ancestor. Among epigenic fish species, under-
ground dispersal has been proposed by Snoj et al. (2008)
for softmouth trout (S. obtusirostris) in the Vrljika River.
Even though in these cases underground migration is
considered short-termed or a single event, the possibility
of underground dispersal in well-developed karst sys-
tems observed by other researchers contributes to the
same, but repeated, scenario that we propose for D. ad-
spersus. In the case of this species, we infer continuous
underground migrations as a feature of its biology, and
this inference is supported by the species’” morphology.
While cavefish exhibit reduction in eyes, pigmentation
and the swim bladder, the only possible adaptation to
underground conditions observed in D. adspersus is a
reduction in the number and complexity of scales (Mra-
kovcic et al. 2006). According to Freyhof et al. (2006), Del-
minichthys were trapped in this area by the rise of the
Dinarids eight to ten million years ago. Therefore, we do
not consider the lack of stygobiontic characters in Delmi-
nichthys a consequence of incomplete adaptation, but
rather a consequence of the limited time that the species
annually spends in the underground environment.

To the best of our knowledge, this study gives the first
evidence of recurrent underground migration in epigen-
ic fish and contributes to a better understanding of the
biology and ecology of karstic ichthyofauna, as well as
freshwater fish in general. In addition, it extends the
knowledge of a vulnerable species that may establish a
basis for its protection and contributes to the conserva-
tion strategy of the whole area. Because karst areas are
widely distributed across the world, the findings are rel-
evant to related fish species and other karst inhabitants
and can contribute to conservation strategies for ende-
mic karst organisms and karst ecosystems as a whole.
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