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Introduction

During the Early to Middle Miocene the Dinaride
mountain chain harbored a series of intramontane lakes,
collectively termed the Dinaride Lake System (DLS;
Figs 1A–B; Krstić et al. 2003; Harzhauser & Mandic
2008). These tectonically isolated lakes experienced an
outstanding endemic evolution of freshwater mollusks.
Harzhauser & Mandic (2008, 2010) described the DLS
fauna as entity and counted 110 gastropod and 35 bi-
valve species. New investigations by Mandic et al.
(2009, 2011) and De Leeuw et al. (2010, 2011) suggest
that the various basins of the DLS have to be consid-
ered as separate units with different geodynamic, stra-
tigraphic, and paleoenvironmental histories. Conse-

quently, new analyses of the various mollusk
assemblages revealed major differences between single
basin faunas (Neubauer et al. 2011, 2012). Only during
short phases hydrological connection between selected
basins might have persisted to allow temporary faunal
exchange. This combination of enduring isolation driv-
ing endemic evolution and short-term invasions lead to
complex distribution patterns and extensive diversifica-
tions, which are hard to decipher in taxonomic terms.

Neumayr (1880) and Brusina (1897) provided the
first taxonomic papers on the mollusk fauna of the
Gacko Basin. These authors partly provided descrip-
tions and illustrations of few taxa, but never established
a concise taxonomic frame of the whole basin fauna.
Milojević (1966) distinguished between several mollusk
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Abstract

The early Middle Miocene Lake Gacko was part of the Dinaride Lake System (DLS)
and gave rise to a poorly known freshwater mollusk fauna. This was subject to malaco-
logical studies from the late 19th century onwards. Herein, we provide the first thor-
ough taxonomic survey of Lake Gacko including revisions of several taxa. A total
amount of 1,077 specimens was obtained from 17 samples, comprising at least 11
freshwater and 2 terrestrial gastropod species and 6 bivalve species. So far, none of the
described taxa has been documented outside the Dinarides and the DLS, respectively.
The fauna shows variable overlap with other paleolakes of the DLS, proofing once
more the complex biogeographic patchwork of this system. The current paleoenviron-
mental reconstructions are tested and refined by application of a statistical analysis.
This confirms the partition of the sedimentary history of Lake Gacko into three major
depositional phases responding to astronomically forced climate changes. The low di-
verse mollusk assemblage in the initial phase, with abundant pulmonate and rissooid
gastropods, signals a more arid climate with lowered lake level. During the second
interval, the fauna becomes more diverse with common rissooid and melanopsid gastro-
pods. It represents a more humid interval with enhanced precipitation and increased
lake level, entailing the installation of a perennial lacustrine environment. The final
phase is a return to arid conditions with the same elements as in the initial pulmonate-
rissooid assemblage. The sphaeriid Pisidium vukovici n. sp. is introduced as new species.
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units based on rough faunal differences. Krstić et al.
(2009) compiled a faunal synopsis for the lower parts
of the basin infill based on drill cores. However, a com-

plete survey of the fauna from Lake Gacko with taxo-
nomic descriptions is still completely missing. Mandic
et al. (2011) briefly documented the mollusk distribu-
tion and provided a first paleoecological interpretation.
By integration of more samples and by application of a
statistical analysis these results will be herein tested
and modified.

Geological setting

During the Middle Miocene, the Dinaride-Anatolian Is-
land acted as a major paleogeographic barrier between
the Paratethys and the proto-Mediterranean seas
(Fig. 1A). The western part of that land mass comprised
a large-scale freshwater lacustrine environment, termed
the Dinaride Lake System. Today, its deposits represent
sedimentary infills of numerous intramontane basins
distributed throughout the Dinaride Alps and attaining
thicknesses of more than 2000 m (Hrvatović 2006;
Fig. 1B).

The Gacko Basin in southern Bosnia and Herzegovi-
na represents one of those basins (Mojićević & Lauše-
vić 1965; Mirković et al. 1974; Fig. 1C). The architec-
ture of its about 360 meters thick sedimentary
succession can be interpreted as a single lacustrine
transgression-regression mega-cycle (Milojević 1966,
1976; Mandic et al. 2011). The sedimentation started
with detrital deposits representing the initial flooding of
the basin. The subsequent coal building phase marks
the installation of swamp conditions, passing upwards
into limestones originating from hard-water freshwater
lake deposition. Subsequently, dropping water levels
triggered again swamp and mire conditions in the term-
inal phase of Lake Gacko.

Basin history and depositional setting have been cur-
rently studied at Gračanica WNW of Gacko by Mandic
et al. (2011). Additionally, a small outcrop (� 1 m thick-
ness) was included from the abandoned Vrbica open-
cast coal-mine NW of Avtovac, representing the bound-
ary interval of the uppermost main coal unit and the
lowermost Mytilopsis unit, respectively (Figs 1C, 2).
The huge outcrop at the Gračanica opencast coal-mine
provided an excellent insight into the lake deposition
on the basin’s paleo-margin. Results from integrated
Ar/Ar geochronology and magnetostratigraphy fixed
the age of the lacustrine deposition into the Langhian,
implying its relation with the Middle Miocene Climatic
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Figure 1. Geography and geological setting of the studied lo-
calities in the Gacko Basin. A. Paleogeographical map of the
Dinaride-Anatolian Island during the Langhian (after R�gl
1998 and Harzhauser & Piller 2007); B. Distribution of DLS
deposits and geographic position of Lake Gacko; C. Geological
map of the Gacko Basin with indication of the studied sections
Gračanica and Vrbica. Numbers and column refer to the gener-
al lithostratigraphic division of the Miocene deposits in the
Gacko Basin as established by Milojević (1966, 1976) and
Mandic et al. (2011).
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Optimum (Mandic et al. 2011). Furthermore, results
from sediment petrography, geophysical logging and
mollusk paleoecology indicated vivid changes of the re-
gional water budget (Mandic et al. 2011). Indeed, the
cyclostratigraphic analysis revealed the presence of two
first order and seven second order transgression-regres-
sion cycles (Fig. 2, right column). These were orbitally
tuned to �400 kyr and �100 kyr eccentricity cycles re-
sulting in an accurate age model for its depositional
duration from �15.8 to �15.2 Ma. The lake level high-

stands were thereby related to eccentricity maxima, ac-
companied by environmental eutrophication events in
consequence to enhanced denudation and terrestrial in-
put into the basin. Dry climate intervals were related to
� 400 kyr eccentricity minima. In the lower part of the
succession they resulted in iterative swamp forest ex-
tension reflected by vast lignite accumulations. In the
upper part they formed pedogenic and palustrine carbo-
nate accumulations, distributed across the basin’s mar-
gin.

Material and methods

For this study 17 samples from three different sites were investigated:
10 from the Gračanica mine, 4 from the Vrbica section, and 3 from
drill cores (near Gacko, exact locality unknown; provided by S. Ćorić,
Geological Survey Vienna, and stored in the collection of the
NHMW) (Fig. 1C). The samples were dissolved with diluted hydrogen
peroxide and washed through a set of sieves (1 mm, 250 mm, 125 mm,
63 mm). Mollusks were counted from the 1 mm fraction only, yielding
a total individual number of 1,077 specimens. In addition, a high
number of specimens was obtained from smaller fractions comprising
mostly juvenile stages and spire fragments. In most cases, these could
not be determined on the species level. As some taxa (e.g. planorbids,
lymnaeids) are prone to fragmentation because of their thin shell
walls, they might be underrepresented in the larger fractions. Some
taxa are exclusively found in smaller fractions (< 1 mm) or in debris
collections and thus do not appear in the quantified record (Fig. 3).

The statistical analysis was compiled using Primer 6.1.10 (Clarke
& Warwick 2001). The data set with percentage values was square
root transformed to limit the contribution of over-represented taxa.
Based on the Bray-Curtis distance measure an average group cluster
analysis (Fig. 4A) and a non-metric multidimensional scaling (nMDS;
Fig. 4B) with minimum stress of 0.01 were generated. For the result-
ing groups factors were defined for a Simper analysis (Tab. 1) to out-
line which taxa were contributing to similarities and dissimilarities,
respectively. Diversity indices were calculated using Past 2.06 (Ham-
mer et al. 2001). Samples with � 25 individuals or those from debris
collections or drill cores (imprecise stratigraphic correlation) were ex-
cluded.

Faunal composition and
paleobiogeography

The investigation yielded a total of 13 gastropod (13
genera) and 6 bivalve species (3 genera). These are
Melanopsis lyrata Neumayr, 1869 (Fig. 5), Bithynia juri-
naci Brusina, 1884 (Fig. 6), Fossarulus moniliferus
Brusina, 1876 (Fig. 6), Prososthenia neutra Brusina,
1897 (Fig. 7), Bania valvatoides (Brusina, 1874)
(Fig. 8), Galba sp. (Fig. 9), Radix korlevici (Brusina,
1884) (Fig. 9), Gyraulus pulici (Brusina, 1897)
(Fig. 10), Orygoceras dentaliforme Brusina, 1882
(Fig. 10), Planorbarius sp. (Fig. 11), Ferrissia illyrica
(Neumayr, 1880) (Fig. 11), Carychium sp. (Fig. 12),
Vertigo sp. (Fig. 12), Mytilopsis frici (Brusina, 1904)
(Fig. 13), Mytilopsis jadrovi (Brusina, 1892) (Fig. 14),
Mytilopsis sp. (Fig. 14), Pisidium bellardii Brusina,
1884 (Fig. 14), Pisidium vukovici n. sp. (Fig. 14), Unio
rackianus Brusina, 1874 (Fig. 15). Two further species
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Figure 2. Section Gračanica, mine pit B with position of the
mollusk samples. Those correlated from the Vrbica section and
drill cores are colored in gray. Bars indicate non-stratified,
unit-related samples; dashed bars indicate uncertain correlation
of samples from drill cores (modified after Mandic et al.
2011).
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recorded for the Gacko Basin, i.e. Stalioa parvula Neu-
mayr, 1880 and Euchilus elongatus Neumayr, 1880,
could not be detected in the course of this investigation.
All taxonomic descriptions, except that for the new
species, are provided as supplementary material.

All recorded freshwater taxa that were determined on
species level are endemic to the Dinaride Lake System.
Nevertheless, there are notable differences concerning
the distribution of the various taxa within the lake sys-
tem. Distinct faunistic relationships of the Gacko Basin
fauna on the species level are evident for the Drniš Ba-
sin (57.9 %) and the Sinj Basin (52.6 %). In contrast,
the roughly equally distanced Kupres Basin shares only
a single taxon accounting for 5.3 % similarity (Orygo-
ceras dentaliforme). However, notable faunal overlaps
are known between the Sinj/Drniš basins and the
Kupres Basin (39 %; Neubauer et al. 2012), which are
geographically closer to each other than to the Gacko
Basin. The stratigraphic age of the considered deposits
is comparable, ranging around 15.8 to 15.0 Ma (Neu-
bauer et al. 2012). Most probable, faunal exchange was
performed via hydrological connections, which existed
to the Sinj and Drniš basins but not (or only for short
episodes) to the Kupres Basin. These connections are
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likely to have occurred during the several transgression
maxima in the history of the Gacko Basin (Mandic
et al. 2011). This is emphasized by the appearance of
several taxa only within certain units (e.g. Bithynia juri-
naci, Orygoceras dentaliforme, Mytilopsis jadrovi, Unio
rackianus). However, a unit-related trend, meaning higher
percentages of invaders in specific intervals, could not be
detected.

Results of the statistical analysis

The distribution of samples within the succession is
heterogeneous. The statistically analyzable samples
were confined to three section intervals: 3.5–6.0 m
(Unit A; 5 samples), 33.0–34.0 m (transition between
units C/D1; 3 samples), and 39.5 m (transition between
units D1/D2; 2 samples). In between, only few samples
were taken because of the generally poor preservation.
Samples were either too small for a significant quanti-
fication or were collected from debris.

The stratigraphic grouping of the samples is reflected
in the faunal contents as proven by the statistical analy-
sis (Figs 3, 4). The cluster analysis shows two main
groupings at a similarity level of 60 %, which corre-
spond to the two lower intervals termed as Fossarulus-
and Melanopsis-assemblages in Milojević (1966) and
Mandic et al. (2011). Group 1, with 71.7 % average si-
milarity, is dominated by Gyraulus pulici, followed by
Bania valvatoides and Fossarulus moniliferus. Group 2
is largely defined by Prososthenia neutra, Fossarulus
moniliferus and Melanopsis lyrata, with an average si-
milarity of 70.1 % (Tab. 1). These obvious faunal differ-
ences are proven by an average dissimilarity between
the two groups of 53.6 %.

In more detail, each of the two groups can be split
into two clusters as suggested by the cluster analysis (at
a 75 %-similarity level; Figs 3, 4). Samples from Clus-
ter 1 (Unit A) are clearly dominated by pulmonate and
rissooid gastropods (Fig. 3; Tab. 1), namely Gyraulus
pulici, Bania valvatoides and Fossarulus moniliferus.
This cluster, with an average similarity of 81.7 %, is de-
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Figure 5. Morphotypes of Melanopsis lyrata Neumayr, 1869. A. NHMW 2011/0138/0129, sample 0804/039 debris, morphotype
B; B. NHMW 2011/0138/0130, sample 0907/Moll4A, morphotype B; C. NHMW 2011/0138/0131, sample 0907/Moll4A, morpho-
type C; D. NHMW 2011/0138/0132, sample 0907/Moll4A, morphotype C; E. NHMW 2011/0138/0133, sample 0907/Moll4A,
morphotype D; F. NHMW 2011/0138/0134, sample 0907/Moll4A, morphotype E; G. NHMW 2011/0138/0135, sample 0804/039
debris, morphotype E. Scale bar equals 1 cm.
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fined by these 3 taxa only. Cluster 2 (also Unit A), with
a comparable average similarity of 81.3 %, is defined
by Bania valvatoides, Gyraulus pulici, Radix korlevici,
Fossarulus moniliferus and Prososthenia neutra, ac-
counting for 92.8 %. In addition, Unio rackianus (only
record in the section), Pisidium bellardii and P. vukovici
n. sp. appear. While the differences between the two
groups are distinct, deviations between clusters within
the groups are in both cases comparably low. Clusters 1
and 2 show an average dissimilarity of 34.8 %, resulting

from slightly varied values for Gyraulus pulici, Radix
korlevici and Bania valvatoides, and the presence of
Prososthenia neutra and Unio rackianus in Cluster 2.

The following 25 meters of limestone-coal interbed-
dings were inadequate for an analysis. Few findings of
Fossarulus moniliferus, Galba sp., Gyraulus pulici and
Ferrissia illyrica are reported from sample 0907/Moll3
(Unit B1). This is the only occurrence of the lymnaeid
Galba within the whole section. Samples Gacko 1 and
Gacko 2 from roughly correlated drill cores (Unit B2;

Neubauer, T. A. et al.: Middle Miocene freshwater mollusks from Lake Gacko82

Figure 6. A. Fossarulus moniliferus Brusina, 1876, NHMW 2011/0138/0136, sample 090713/1, morphotype A; B. Fossarulus
moniliferus Brusina, 1876, NHMW 2011/0138/0137, sample 090713/1, morphotype A/B; C. Fossarulus moniliferus Brusina, 1876,
NHMW 2011/0138/0138, sample 090713/1, morphotype B; D. Fossarulus moniliferus Brusina, 1876, NHMW 2011/0138/0139,
sample 0804/039 debris, morphotype C; E. Fossarulus moniliferus Brusina, 1876, NHMW 2011/0138/0140, sample 0804/039
debris, morphotype C; F. Fossarulus moniliferus Brusina, 1876, NHMW 2011/0138/0141, sample 0708/GA1, morphotype A;
G. Bithynia jurinaci Brusina, 1884, NHMW 2011/0138/0143, sample 0804/039 debris; H. Bithynia jurinaci Brusina, 1884,
NHMW 2011/0138/0144, sample 0708/GA14, operculum; I. Fossarulus moniliferus Brusina, 1876, NHMW 2011/0138/0142, sam-
ple 090713/2, morphotype A. Scale bars equal 5 mm (A–I, K–L) and 1 mm (M), respectively.
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Fig. 2) provided few remains of Fossarulus moniliferus,
Radix korlevici and Gyraulus pulici.

Cluster 3 from the transition of units C/D1 with cor-
related samples from the Vrbica section yielded three
analyzable samples (Fig. 2). This cluster has an average
similarity of 79.2 %. The most abundant taxa are Fos-
sarulus moniliferus and Prososthenia neutra followed
by Radix korlevici, Melanopsis lyrata, Ferrissia illyrica
and Gyraulus pulici. These 6 taxa contribute with
91.5 % to the average similarity. Additional taxa are

Bithynia jurinaci (from debris only), the planorbids
Planorbarius sp. and Orygoceras dentaliforme, the ter-
restrial mollusks Carychium sp. and Vertigo sp., and the
dreissenid Mytilopsis sp. Sample 0708/GA14 at the top
of Unit D1, too small to be analyzed, yielded abundant
Bithynia opercula (68.0 %) and Ferrissia illyrica
(28.0 %), followed by Gyraulus pulici (4.0 %). This
composition changes rapidly c. 1 m above. The transi-
tion of units D1/D2 (Cluster 4) with two samples is de-
fined by 6 species accounting for 90.7 % (Melanopsis

Fossil Record 16 (1) 2013, 77–96 83

Figure 7. Prososthenia neutra Brusina, 1897. A, F. NHMW 2011/0138/0145, sample 090713/2; B. NHMW 2011/0138/0146, sam-
ple 0907/Moll4A; C, H. NHMW 2011/0138/0147, sample 0907/Moll4A, distorted specimen; D, G. NHMW 2011/0138/0148,
sample 0907/Moll4A; E. NHMW 2011/0138/0149, sample 0907/Moll4A. Scale bar equals 1 mm.

# 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim museum-fossilrecord.wiley-vch.de



lyrata, Prososthenia neutra, Bania valvatoides, Gyrau-
lus pulici, Fossarulus moniliferus and Mytilopsis jadro-
vi). This is the only occurrence of the dreissenid bi-
valve Mytilopsis jadrovi. The unity of both samples is
confirmed in the analysis by 83.6 % average similarity.
Reduced dissimilarity between clusters 3 and 4
(36.8 %) is rooted in similar abundance values for Fos-
sarulus moniliferus and Melanopsis lyrata. The main
differences concern the presence of Ferrissia illyrica in
Cluster 3 and higher percentage value of Bania valva-
toides in Cluster 4. Interestingly, the dissimilarity levels
between clusters 1 and 4 (51.0 %) and 2 and 4
(42.0 %), respectively, is lower than that between clus-
ters 1 and 3 (66.6 %) and 2 and 3 (53.8 %). In both
cases, this can be explained by the recurrence espe-
cially of Gyraulus pulici and Bania valvatoides in Clus-
ter 4. The major dissimilarity is based on values for
Melanopsis lyrata and Prososthenia neutra, which are
less common or absent in clusters 1 and 2.

The top of Unit D2 is marked by monospecific accu-
mulations of Mytilopsis frici (Brusina, 1904) (Mandic
et al. 2011). The last sample from Unit E1 did not pro-
vide enough material for the analysis. It contains few

individuals of Fossarulus moniliferus, Bania valva-
toides, Radix korlevici and Planorbarius sp. Upsection
(units E2 and F), fossils are poorly preserved, mostly as
molds. Mollusk diversity is comparatively low; all de-
tected specimens belong to Fossarulus moniliferus and
Radix korlevici.

Mollusk paleoecology and
paleoenvironment

This investigation, which provides the first statistical
analysis of the mollusk fauna, allows a refinement of
the interpretation by Mandic et al. (2011) and Krstić
et al. (2009). From the analysis two main groups are
evident, referred to as Fossarulus-assemblage and Mel-
anopsis-assemblage in literature (Milojević 1966; Man-
dic et al. 2011; Fig. 2). The third group, again a Fossa-
rulus-assemblage according to Milojević (1966), yielded
only few and small samples and does not appear in our
analysis. These assemblages, however, are not defined
by the frequent occurrence of their eponymous taxa

Neubauer, T. A. et al.: Middle Miocene freshwater mollusks from Lake Gacko84

Figure 8. Bania valvatoides (Brusina, 1874). A, G. NHMW 2011/0138/0151, sample 0907/Moll4A; B, H. NHMW 2011/0138/
0152, sample 090713/2; C. NHMW 2011/0138/0181, sample 090713/2; D. NHMW 2011/0138/0182, sample 090713/2;
E, I. NHMW 2011/0138/0183, sample 090713/2; F. NHMW 2011/0138/0153, sample 090713/2. Scale bars equal 1 mm.
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Figure 9. A. Radix korlevici (Brusina, 1884), NHMW 2011/0138/0154, sample 090713/1; B. Radix korlevici (Brusina, 1884),
NHMW 2011/0138/0155, sample 090713/1; C. Galba sp., NHMW 2011/0138/0157, sample 0907/Moll3; D. Radix korlevici (Bru-
sina, 1884), NHMW 2011/0138/0156, sample 0804/039 coal. Scale bars equal 5 mm (A–C, E) and 1 mm (D), respectively.

Figure 10. A, F. Gyraulus pulici (Brusina, 1897), NHMW 2011/0138/0158, sample 0804/039; B, E. Gyraulus pulici (Brusina,
1897), NHMW 2011/0138/0159, sample 090713/2; C. Gyraulus pulici (Brusina, 1897), NHMW 2011/0138/0160, sample 0907/
Moll4A; D. Orygoceras dentaliforme Brusina, 1882, NHMW 2011/0138/0161, sample 0804/039. Scale bars equal 1 mm.
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(Fig. 3; Tab. 1). The Fossarulus-assemblage is domi-
nated by the planorbid Gyraulus pulici, followed by the
hydrobiid Bania valvatoides. Likewise, the Melanopsis-
assemblage is characterized by frequent Prososthenia
neutra and Fossarulus moniliferus rather than by Mela-
nopsis lyrata itself. Nevertheless, the grouping into
three assemblages remains valid based on the largely
deviating faunal compositions (Tab. 1).

The high abundances of the pulmonates Gyraulus
and Radix in the first interval (Unit A, clusters 1 and
2) argue for a low-energy shallow water environment
with dense vegetation (Gl�er 2002). Fossarulus, which

appears throughout the whole section, is thought to be
a pioneer taxon (Mandic et al. 2011). In Lake Sinj re-
presentatives of this fossil genus are found exclusively
in rather calm, shallow water settings, dominated by
hydrobiids (Neubauer et al. 2011). In Lake Gacko it
is, in turn, relatively abundant in nearshore as well as
distal environments and thus is regarded to be a eur-
yoecious taxon. The ecology of the fossil genus Bania
is completely unknown. As its occurrence is often
bound to the presence of Gyraulus, its requirements
concerning water quality and vegetation might be
comparable.
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Figure 11. A–C. Planorbarius sp., apical side, NHMW 2011/0138/0163, sample 0804/039 coal; D–E. Planorbarius sp., apical
side, NHMW 2011/0138/0164, sample 0804/039b; F. Planorbarius sp., umbilical side, NHMW 2011/0138/0165, sample 0804/
039b; G, I. Ferrissia illyrica (Neumayr, 1880), NHMW 2011/0138/0166, sample 0804/039b; H, J–K. Ferrissia illyrica (Neumayr,
1880), NHMW 2011/0138/0167, sample 0804/039. Scale bars equal 1 mm.

museum-fossilrecord.wiley-vch.de # 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



The dominance of pulmonates indicates that these
conditions persisted up to Unit B. Krstić et al. (2009),
however, report massive accumulation of Fossarulus
within limestone intervals of Unit B1 in drill cores,
where this unit attains about 40 m. The corresponding
section interval in the Gračanica mine pit measures
only 2.5 m (Mandic et al. 2011). This discrepancy is
explained by the highly varying sediment infill in the
Gacko Basin, depending on the position in the lake: the
marl units in Unit B are massive in the basin center
and thin out towards the basin margins (Milojević

1966; Mandic et al. 2011). A better correlation between
both sites becomes apparent in the following Unit B2
with abundant pulmonates in both localities.

The second interval (Cluster 3) is marked by the first
occurrence of Melanopsis, with smooth to weakly
sculptured morphotypes, and the conspicuous increase
of Prososthenia and Fossarulus, while pulmonates de-
cline. Species diversity increased significantly with 14
taxa, although most of them are represented by only
few individuals. In contrast, 10 species were detected in
the first interval.
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Figure 12. Terrestrial mollusks. A. Carychium sp., NHMW 2011/0138/0168, sample 0804/039; columellar fold not visible in this
view; B, D. Carychium sp., NHMW 2011/0138/0169, sample 0804/039 coal; C, E. Vertigo sp., NHMW 2011/0138/0170, sample
0804/039b. Scale bars equal 1 mm.

Figure 13. Mytilopsis frici Kochansky-Devid� & Slišković, 1978. A. RV, interior view, anteriorly most proximal part of exterior
LV with transversal ridge preserved, NHMW 2011/0138/0008, Gacko (historical collection); B. Articulated shell, postero-ventral
part of RV visible beneath antero-dorsally shifted LV, NHMW 2011/0138/0034, Gračanica Section, Mytilopsis bed (Unit D2);
C. Fragment of articulated shell showing flabellate dorsal margin, NHMW 2011/0138/0032, Gračanica Section, Mytilopsis bed
(Unit D2); D. Fragment of LV showing thickened margin and posterior sinus (interior view), NHMW 2011/0138/0025, Gračanica
Section, Mytilopsis bed (Unit D2). Scale bar equals 1 cm.
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Today, Melanopsis is known to be a generalist. It oc-
curs in freshwater rivers, ponds, springs, shallow lakes
with inundated marshes, mud and gravel shores of estu-

aries, and oases, tolerating high temperatures and
brackish conditions (Brown 1994; Plaziat & Younis
2005; Bandel et al. 2007). As the hydrobiid Prososthe-
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Figure 14. A–C. Mytilopsis jadrovi (Brusina, 1892), NHMW 2011/0138/0171, sample 0907/Moll4A; D–F. Mytilopsis sp.,
NHMW 2011/0138/0172, sample 0804/039b; G–I. Pisidium vukovici n. sp., holotype, NHMW 2011/0138/0173, RV, sample
090713/2; J. Pisidium bellardii Brusina, 1884, NHMW 2011/0138/0174, RV, sample 0907/Moll4; K–L. Pisidium bellardii Brusi-
na, 1884, NHMW 2011/0138/0175, sample 0907/Moll4, LV. Scale bars equal 1 mm.
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nia is a fossil genus, few data on its ecologic require-
ments exist. Common interpretations assign it to shal-
low freshwater lakes and ponds with low-energy re-
gimes (Esu & Girotti 2001; Harzhauser et al. 2012a;
Neubauer et al. 2011). Gyraulus and Radix are still
present, also indicating shallow, low-energy settings.
Additional pulmonate species are documented includ-
ing Ferrissia and scarce Orygoceras and Planorbarius.
Extant European Ferrissia wautieri is found in lentic to
stagnant waters dwelling among leaves and twigs and
is basically undemanding regarding water quality. Pla-
norbarius corneus lives today in highly vegetated,
standing or slowly running water bodies feeding exclu-
sively on detritus (Gl�er 2002). Herein, also the only
record of the terrestrial mollusks Carychium and Verti-
go is documented signaling a short distance to the
waterside.

At the top of Unit D1 the faunal content is strongly
deviating from earlier/later intervals. The sample (not
in analysis) consists of 3 taxa only, highly dominated
by Bithynia and Ferrissia. Extant Bithynia tentaculata
is a very adaptive and undemanding r-strategist living
in stagnant and moderately running waters on detritus-
rich substrates (Gl�er 2002). Hence, this extremely low

diverse composition featuring almost exclusively highly
adaptive and generally low competitive species suggests
a restricted environment with adverse conditions.

In contrast, only c. 1 m above the second part of the
Melanopsis-assemblage (Cluster 4) is characterized by
a well-balanced faunal composition with about uniform
distribution of abundances. Melanopsis, Prososthenia,
Fossarulus, Bania, and Gyraulus all attain similar per-
centage values reflecting the recovering of the fauna
from the preceding crisis. This is also documented by
the increased morphological variability in Melanopsis;
for the first time, it develops all five morphotypes,
which are considered in detail in the systematic chapter.
This genus is known for its morphologically highly
variable species. Often, distinct morphologies are bound
to certain environmental conditions. Heller & Sivan
(2002) showed strong correlation of morphotypes with
flow current in Pleistocene melanopsids of the Jordan
Valley. Smooth and slender forms represent agitated en-
vironments, dwelling within or in the proximity of riv-
ers. Sculptured shells, in contrast, reflect non-turbulent
habitats. Comparably, the occurrence of sculptured mor-
photypes in Lake Gacko coincides with the establish-
ment of perennial open-lake conditions (Mandic et al.

Fossil Record 16 (1) 2013, 77–96 89

Figure 15. Unio rackianus Brusina, 1874, all specimens from sample 090713/2. A–B, E. NHMW 2011/0138/0176, LV;
C, F. NHMW 2011/0138/0177, LV; D, G. NHMW 2011/0138/0162, RV. Scale bars equal 1 cm.
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2011). Consequently, the low-energy conditions might
have promoted adaptive evolution towards sculptured
forms.

The following Unit D2 comprises grayish lime-
stones signaling partial suboxic bottom conditions
(Mandic et al. 2011). Coinciding with the lake-level
fall and a rising oxygen level at the top of the unit a
monospecific accumulation of Mytilopsis frici occurs.
This pattern is similar to developments in Lake Sinj,
where the massive limestone intervals, largely barren
of gastropods, show abundant Mytilopsis aletici. Both
taxa are interpreted to have settled in deeper, low-en-
ergy settings (Mandic et al. 2009; Neubauer et al.
2011).

Upsection, at the base of Unit E1, the diverse fauna
disappears (base of the second Fossarulus-assemblage).
The few and poorly preserved fossils could not be ana-
lyzed statistically, but show a return to initial composi-
tions featuring abundant pulmonates and Fossarulus.
This situation persists up to the section top.

The apparent shifts in the faunal composition, re-
garding occurring taxa as well as species richness, are
especially evident in the nMDS (Fig. 4B) where the
pulmonate/rissooid-dominated Fossarulus-assemblage
and the Melanopsis-assemblage with abundant Pro-
sosthenia and Fossarulus group in separate fields. The
vertical axis in the plot is thought to reflect ecological
conditions. The faunal compositions of the two assem-
blages/groups show an ongoing trend to higher diversi-
ties and uniform distributions of abundances. The low
diverse pulmonate-assemblage (G1) points to ephemeral
conditions with a lentic to stagnant water body and
densely vegetated watersides. The following higher di-
verse assemblage (G2), with taxa having broader ecolo-
gical requirements, reflects the establishment of a per-
ennial system with stable open-lake conditions and
habitat diversification along the shoreface. In between,
local crises occurred for short episodes, as proven by
the Bithynia-Ferrissia complex in Unit D1. The third
assemblage, not part of the statistical analysis, with a
composition similar to the initial phase, again indicates
a retreat of the lake and the return to ephemeral condi-
tions at the lake margins. Taxa requiring stable water-
bodies like Melanopsis and Prososthenia are comple-
tely missing.

The x-axis in the plot is interpreted to mirror species
richness. It correlates particularly well with the Marga-
lef richness index (Tab. 1), computed as species rich-
ness increasing with the natural logarithm of sample
size (Margalef 1958). Samples grouping to the left con-
sist of few taxa, while samples on the right have a
higher number of taxa at comparable sample size.
Thus, the probability that a sample yields higher spe-
cies richness at higher sample size (the “expected spe-
cies richness“) increases towards the right. This, in
turn, fits to the interpretation above, as ephemeral habi-
tats are expected to house few but abundant taxa, while
perennial systems usually attain distinctly higher spe-
cies richnesses.

Conclusions

During the Middle Miocene Climatic Optimum Lake
Gacko harbored at least 17 aquatic mollusk species.
Within the lake, long-term climatic oscillations are ex-
cellently reflected in changing faunal compositions,
which are proven herein for the first time by means of
statistical analyses. The initial as well as the final phase
both signal a more arid climate resulting in a lowered
lake level. At that time, assemblages typically are low
diverse and consist of abundant pulmonate and rissooid
gastropods. The intermediate lake high stand coincided
with a more humid interval with enhanced precipita-
tion. The mollusk fauna diversified and rissooid and
melanopsid gastropods flourished, while pulmonates
were only marginally present. This interpretation agrees
with data of Mandic et al. (2011), who provided a more
detailed classification into distinct transgression-regres-
sion cycles based on sedimentary facies and geophysi-
cal data.

All species are endemic to the DLS, two of them oc-
cur in Lake Gacko only. Also, the fauna shows variable
overlap with those of other DLS lakes. This suggests
that the DLS comprised a mosaic of lakes, each with a
distinct species inventory with moderate overlap with
neighboring lakes.

Systematic paleontology

Type material of Neumayr (1869, 1880), Brusina (1870, 1872, 1874,
1876, 1882, 1884, 1897, 1902, 1904) and Kochansky-Devid� & Sli�ko-
vić (1978) stored in the Natural History Museum Zagreb (NHMZ), the
Natural History Museum Sarajevo (NHMS) and the Geological Survey
Vienna (GBA), and material from the collection of the Natural History
Museum Vienna (NHMW) have been studied. Material from the present
study is stored in the NHMW under the prefix 2011/0138. For further
synonyms see Brusina (1907), Wenz (1923–1930) and Milan et al.
(1974). Only the description for the new species is available in the print
version of this paper, others appear as supplementary material.

Class Bivalvia Linnaeus, 1758
Superorder Heterodonta Neumayr, 1883
Order Venerida Gray, 1854
Family Sphaeriidae Deshayes, 1854 (1820)

Pisidium Pfeiffer, 1821

Type species. Tellina amnica M�ller, 1774, Recent, Palearctic and
North America.

Pisidium vukovici n. sp.

Figures 14G–I

Etymology. After Dr.sc. Boško Vuković, mine geologist of RiTE
“Gacko“, for his assistance and help with the geological studies in the
Gacko Basin.

Holotype. Right valve illustrated in Figures 14G–I, NHMW 2011/
0138/0173, sample 090713/2; H ¼ 2.8 mm, L ¼ 3.0 mm, C ¼ 1.2 mm.
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Paratype 1. Right valve, NHMW 2011/0138/0178, sample 090713/1.
Paratype 2. Left valve, NHMW 2011/0138/0179, sample 090713/2.
Paratype 3. Left valve, NHMW 2011/0138/0180, sample 090713/2.

Material. 6 single valves from samples 090713/1 (1 LV, 2 RV) and
090713/2 (2 LV, 1 RV) of the type horizon.

Type locality. Open-cast coal-mine “Gračanica“ near Gacko, Minepit
B.

Type horizon. Unit A of the Section Gračanica in Mandic et al.
(2011), footwall coal II lithostratigraphic unit of the Gacko Basin,
Langhian, Middle Miocene (~15.83 Ma).

Diagnosis. Shell subtrigonal. Hinge plate massive; prominent lateral
teeth.

Description. Subtriangular shell with regularly semicir-
cular dorsal margin. Umbo low and broad, measuring
750 mm. In lateral view, shell roughly semilunar. Outer
surface covered with faint, regular growth lines. Hinge
plate prominent and broad. Ligament pit short and lan-
ceolate. Cardinals subcentral, oblique, dipping ante-
riorly; C 2 broadened, blunt; C 3 prominent, crescent,
convex-up, sharp, surrounded by two shallow cavities;
C 4 sharp and straightened. Laterals prominent and
long with bulbous, sharp cusps. On right valve anterior
teeth massive, forming distinct emargination; posterior
teeth somewhat weaker. In both cases inner teeth stron-
ger than outer ones.

Remarks. This taxon can be clearly distinguished from
Pisidium bellardii Brusina, 1884 by its subtrigonal shell
shape and very prominent hinge plate. P. hybonatum
Brusina, 1897 is somewhat broader in outline and has a
less prominent hinge plate. This species, originally de-
scribed from Pliocene deposits of the southern Panno-
nian Basin, was additionally reported by Jovanović
(1935) from the close-by Bihać Basin. Shells from the
possibly coeval Austrian Aflenz Basin, determined as
Pisidium cf. casertanum Poli, 1791 by Harzhauser et al.
(2012b), are broader and expose a narrower, delicate
hinge plate. Likewise, P. amnicum (M�ller, 1774) (=
P. priscum H�rnes, 1862; non Eichwald, 1830) from the
Middle to Late Miocene of the Central and Eastern
Paratethys and the Upper Freshwater Molasse is broad-
er and has narrower and less distinct lateral teeth (cf.
Schneider & Prieto 2011). The about coeval P. bako-
nyensis K�kay, 2006 from Hungary is quite similar in
shape but exposes an elevated umbo and smaller lateral
teeth. In shape and hinge characteristics it is similar to
the Recent P. supinum Schmidt, 1851, but does not de-
velop such a high umbo with the typical fold. Extant
P. tenuilineatum Stelfox, 1918 has stronger posterior
teeth and a transversally oriented C 3.

Acknowledgements

We are grateful to the following colleagues for support: Boško Vuko-
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Table 1. Simper analysis, using Bray-Curtis distances and a cut-off level for low contributions of 90%. Additionally, data on
Margalef ’s richness index are included.

Groups Clusters Margalef index

0708/GA1 1 1 0.456

0907/Moll2 1 1 0.858

0907/Moll1 1 2 1.077

090713/1 1 2 1.507

090713/2 1 2 1.447

0804–039 2 3 1.719

0804–039 coal 2 3 1.853

0804–039b 2 3 2.212

0907/Moll4 2 4 1.580

0907/Moll4A 2 4 1.514

Groups

Group 1 –– Average similarity: 71.69%

Species Av. Abund Av. Sim Sim/SD Contrib % Cum. %

Gyraulus pulici 6.66 27.28 2.80 38.05 38.05

Bania valvatoides 4.57 18.28 6.08 25.50 63.55

Fossarulus moniliferus 3.60 14.49 6.17 20.21 83.76

Radix korlevici 2.92 8.04 1.14 11.21 94.97

Group 2 – Average similarity: 70.05%

Species Av. Abund Av. Sim Sim/SD Contrib % Cum. %

Prososthenia neutra 5.27 18.77 14.82 26.80 26.80

Fossarulus moniliferus 5.00 16.18 2.86 23.10 49.90

Melanopsis lyrata 3.87 11.76 2.92 16.79 66.69

Gyraulus pulici 2.65 7.36 3.16 10.50 77.19

Radix korlevici 2.07 5.99 2.33 8.55 85.74

Bania valvatoides 2.04 3.14 0.62 4.48 90.23

Groups 1 & 2 – Average dissimilarity: 53.56%

Group 1 Group 2

Species Av. Abund Av. Abund Av. Diss Diss/SD Contrib % Cum. %

Prososthenia neutra 1.06 5.27 9.23 3.00 17.23 17.23

Gyraulus pulici 6.66 2.65 9.00 1.68 16.81 34.04

Melanopsis lyrata 0.00 3.87 8.39 2.96 15.66 49.70

Bania valvatoides 4.57 2.04 5.81 1.51 10.85 60.55

Fossarulus moniliferus 3.60 5.00 4.03 1.66 7.53 68.08

Radix korlevici 2.92 2.07 3.70 1.63 6.92 75.00

Ferrissia illyrica 0.00 1.34 2.85 1.06 5.33 80.32

Unio rackianus 0.92 0.00 1.79 0.80 3.34 83.67

Mytilopsis jadrovi 0.00 0.71 1.56 0.79 2.91 86.58

Orygoceras dentaliforme 0.00 0.72 1.53 1.17 2.86 89.44

Pisidium bellardii 0.45 0.91 1.53 1.26 2.85 92.29
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Table 1. Continued

Clusters

Cluster 1 – Average similarity: 81.67%

Species Av. Abund Av. Sim Sim/SD Contrib % Cum. %

Gyraulus pulici 8.60 48.49 *** 59.38 59.38

Bania valvatoides 3.43 17.98 *** 22.02 81.39

Fossarulus moniliferus 3.20 15.20 *** 18.61 100.00

Cluster 2 – Average similarity: 81.29%

Species Av. Abund Av. Sim Sim/SD Contrib % Cum. %

Bania valvatoides 5.33 20.70 5.02 25.46 25.46

Gyraulus pulici 5.38 20.16 15.42 24.80 50.26

Radix korlevici 4.05 14.96 20.91 18.40 68.66

Fossarulus moniliferus 3.86 13.46 4.99 16.56 85.23

Prososthenia neutra 1.77 6.16 9.13 7.58 92.81

Cluster 3 – Average similarity: 79.17%

Species Av. Abund Av. Sim Sim/SD Contrib % Cum. %

Fossarulus moniliferus 5.81 21.37 63.54 26.99 26.99

Prososthenia neutra 5.63 19.96 10.13 25.21 52.20

Radix korlevici 2.66 9.55 10.86 12.06 64.26

Melanopsis lyrata 3.06 9.34 2.75 11.80 76.06

Ferrissia illyrica 2.23 6.42 21.22 8.11 84.16

Gyraulus pulici 1.96 5.80 15.25 7.33 91.49

Cluster 4 – Average similarity: 83.60%

Species Av. Abund Av. Sim Sim/SD Contrib % Cum. %

Melanopsis lyrata 5.10 18.70 *** 22.37 22.37

Prososthenia neutra 4.73 18.44 *** 22.06 44.43

Bania valvatoides 3.80 11.64 *** 13.92 58.35

Gyraulus pulici 3.69 10.97 *** 13.12 71.47

Fossarulus moniliferus 3.78 9.86 *** 11.79 83.26

Mytilopsis jadrovi 1.79 6.23 *** 7.46 90.72
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Table 1. Continued

Clusters 1 & 2 – Average dissimilarity: 34.78%

Cluster 1 Cluster 2

Species Av. Abund Av. Abund Av. Diss Diss/SD Contrib % Cum. %

Gyraulus pulici 8.60 5.38 8.04 2.78 23.11 23.11

Radix korlevici 1.23 4.05 7.17 1.73 20.62 43.72

Bania valvatoides 3.43 5.33 4.90 1.94 14.10 57.82

Prososthenia neutra 0.00 1.77 4.42 4.18 12.71 70.53

Unio rackianus 0.00 1.53 3.68 1.28 10.57 81.10

Fossarulus moniliferus 3.20 3.86 2.66 1.34 7.64 88.74

Pisidium vukovici n. sp. 0.00 0.88 2.12 1.28 6.10 94.84

Clusters 1 & 3 – Average dissimilarity: 66.56%

Cluster 1 Cluster 3

Species Av. Abund Av. Abund Av. Diss Diss/SD Contrib % Cum. %

Gyraulus pulici 8.60 1.96 15.62 5.61 23.47 23.47

Prososthenia neutra 0.00 5.63 13.19 8.83 19.82 43.30

Melanopsis lyrata 0.00 3.06 7.17 3.43 10.78 54.07

Fossarulus moniliferus 3.20 5.81 6.19 2.91 9.30 63.37

Bania valvatoides 3.43 0.86 5.98 1.82 8.98 72.35

Ferrissia illyrica 0.00 2.23 5.20 2.87 7.81 80.16

Radix korlevici 1.23 2.66 3.52 1.07 5.29 85.45

Orygoceras dentaliforme 0.00 1.19 2.79 7.53 4.19 89.65

Mytilopsis sp. 0.00 0.89 2.10 1.20 3.16 92.81

Clusters 2 & 3 – Average dissimilarity: 53.76%

Cluster 2 Cluster 3

Species Av. Abund Av. Abund Av. Diss Diss/SD Contrib % Cum. %

Bania valvatoides 5.33 0.86 9.04 2.87 16.81 16.81

Prososthenia neutra 1.77 5.63 7.78 5.02 14.48 31.29

Gyraulus pulici 5.38 1.96 6.96 2.65 12.95 44.24

Melanopsis lyrata 0.00 3.06 6.15 3.53 11.45 55.69

Ferrissia illyrica 0.00 2.23 4.46 2.95 8.30 63.99

Fossarulus moniliferus 3.86 5.81 3.99 1.90 7.43 71.42

Unio rackianus 1.53 0.00 2.97 1.33 5.52 76.93

Radix korlevici 4.05 2.66 2.76 1.79 5.13 82.06

Orygoceras dentaliforme 0.00 1.19 2.40 7.58 4.46 86.52

Mytilopsis sp. 0.00 0.89 1.80 1.23 3.36 89.87

Pisidium vukovici n. sp. 0.88 0.00 1.71 1.33 3.18 93.06
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Table 1. Continued

Clusters 1 & 4 – Average dissimilarity: 51.00%

Cluster 1 Cluster 4

Species Av. Abund Av. Abund Av. Diss Diss/SD Contrib % Cum. %

Melanopsis lyrata 0.00 5.10 12.18 9.82 23.88 23.88

Gyraulus pulici 8.60 3.69 11.82 3.39 23.17 47.06

Prososthenia neutra 0.00 4.73 11.29 18.83 22.13 69.18

Mytilopsis jadrovi 0.00 1.79 4.27 6.68 8.37 77.55

Fossarulus moniliferus 3.20 3.78 3.06 1.17 6.01 83.56

Radix korlevici 1.23 1.18 2.93 5.50 5.75 89.31

Pisidium bellardii 0.00 1.06 2.52 13.20 4.95 94.26

Clusters 2 & 4 – Average dissimilarity: 41.97%

Cluster 2 Cluster 4

Species Av. Abund Av. Abund Av. Diss Diss/SD Contrib % Cum. %

Melanopsis lyrata 0.00 5.10 10.42 10.10 24.84 24.84

Prososthenia neutra 1.77 4.73 6.06 5.49 14.45 39.29

Radix korlevici 4.05 1.18 5.82 3.69 13.88 53.16

Mytilopsis jadrovi 0.00 1.79 3.65 7.00 8.70 61.87

Gyraulus pulici 5.38 3.69 3.56 1.18 8.49 70.36

Bania valvatoides 5.33 3.80 3.34 1.52 7.97 78.32

Unio rackianus 1.53 0.00 3.01 1.29 7.18 85.50

Fossarulus moniliferus 3.86 3.78 2.59 1.32 6.17 91.67

Clusters 3 & 4 – Average dissimilarity: 36.77%

Cluster 3 Cluster 4

Species Av. Abund Av. Abund Av. Diss Diss/SD Contrib % Cum. %

Bania valvatoides 0.86 3.80 5.67 1.83 15.43 15.43

Ferrissia illyrica 2.23 0.00 4.28 2.88 11.65 27.08

Melanopsis lyrata 3.06 5.10 3.93 2.19 10.70 37.78

Fossarulus moniliferus 5.81 3.78 3.88 1.46 10.57 48.35

Mytilopsis jadrovi 0.00 1.79 3.45 7.59 9.38 57.73

Gyraulus pulici 1.96 3.69 3.32 1.51 9.04 66.76

Radix korlevici 2.66 1.18 2.85 4.63 7.76 74.52

Orygoceras dentaliforme 1.19 0.00 2.30 7.94 6.25 80.77

Prososthenia neutra 5.63 4.73 1.75 1.70 4.75 85.53

Mytilopsis sp. 0.89 0.00 1.73 1.20 4.71 90.23
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