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Science may set limits to knowledge, but shouldeidimits to imagination.

—Bertrand Russell (1872 — 1970)
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Abstract

The present investigation deals with the molluskletionary patterns and environmental
change in a lower Middle Miocene succession in g Basin (Dalmatia, SE Croatia)
reflecting the depositional history of a long-livddeshwater lake. Despite its mature
investigation stage, an analysis of a quantifiediusk record, providing insight into species
contributions, taxonomic relationships and the reatof the morphologic changes, is

completely missing up to now.

The taxonomic diversification of freshwater gastrdp and its connection with morphologic
disparity events are documented for a ca. 100-gktbéction representing the topmost infill

of the Sinj Basin. Based on the available age mdbete alterations occur extremely fast on
a millennial scale, re-proving the significancelarfg-lived lakes for evolutionary research.

Furthermore, the simultaneity of morphologic shifits systematically independent taxa
suggests them to be tightly linked to environmertdhanges. Most probably, climatic

fluctuations leading to variations in lake-leveldanabitat types are the driving factors for
these radiation events.

The study provides statistical treatment of quadifsamples accompanied by a taxonomic
revision of the taxa. Additionally, based on thellosk distribution a paleoenvironmental
interpretation is given, supported by sedimentaalgidata and previous palynological
analysis. Actually, it supports previous resultstled section’s division into two limestone-
coal cycles, grading from shallow intermediate-ggesettings with high freshwater input via
fossil-poor transgressive limestones to shallow-émergy conditions, resulting finally in a
total lake drought at the section top.

The discussion will focus on the evolutionary ligea of four species, two Melanopsisand
two of Prosostheniachapter 4.5.). All four species appear almostiiooously and can be
divided into several morphotypes based on diffesmtipture features; in some cases also
size plays a role. It will be demonstrated thatrtt@phs occur sequentially, each more or less
limited to a special interval. Moreover, the changemorphology appear at the same time in

different taxa.

Keywords: evolutionary lineages, radiation events, paleaapgl statistical analysis, Middle

Miocene, Dinaride Lake System, Sinj Basin
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1. Introduction

During the Early and Middle Miocene Southeasternofa accommodated a series of long-
living freshwater lakes, termed the Dinaride Lakgst8m (DLS; KRSTIC et al, 2003;
HARZHAUSER & MANDIC, 2008). These environments gave rise to an outstgreliolution of
endemic mollusks.

Long-lived lakes provide excellent examples forlationary and diversification patterns of
mollusks. Compared to short-term representativesptiolonged lake durations give much
more possibilities for speciation processes, endeswolutions and radiation events.
Continuous lake successions are ideal places fmliet on modes and tempo of evolution
(MARTENSet al.,1994;MICHEL, 1994; amongst others).

The term “long-lived” applies to a lake that petsisore than 100 000 yearsq&HNER
1994). The number of extant representatives is eoatipely low. Whereas most Recent
lakes are short-term and result of the ice ageg-lived lakes are mainly of tectonic origin
(GORTHNER, 1994). As the term “ancient” can lead to confasiegarding relative longevity

versus absolute age of origin, it will not be ukede.

The Sinj Basin represents a classic al

EURASIAN Middle Miocene

Langhian - Badenian
MAINLAND

of fossil mollusk research, widely know
as the freshwater Miocene of Dalmati
The taxonomic frame was establishe
already by the end of the @ @entury in

the line with numerous extensiv

AFRICA ARABIA

monographic studies @UMAYR, 1869;
BRuUSINA, 1870, 1874, 1876, 1882a, |
1884, 1885, 1892, 1897, 1902 and 190
Subsequently, ¢ (1936, 1999) tried|:
to describe evolutionary lineages.

[ Miocene deposits of the
HUNGARY Dinarid Lake System

AUSTRIA

SLOVENIA

SERBIA

reworking the same section thi

HERZEGOVINA

investigation provides a taxonomi
NEGRO

KOsSovo

revision for the studied mollusk faun

and a discussion of previous results of

OLUJIC (1936, 1999). ll\:/:gA;;\llD.lCPZ\le;'gezoogorg)?hic setting of Lake Sinj (after

It deals particularly with statistica
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analysis of the quantified taxonomic record, diggagvents, evolutionary lineages, and the
paleoecologic reconstruction of this freshwaterimment, integrating previous studies on
sedimentary facies (MiDIC et al., 2009) and palynologyMENEZ-MORENO et al., 2008)

2. Geological setting

The studied section kane is located in Dalmatia, SE Croatia (Fig. 1) displays the upper
part of the infill of the Sinj Basin. This basinadNW-SE elongated pull-apart structure within
the External Dinarides, measuring 38 x 9 kma(dic et al., 2009; fig. 2). Like other similar
basins within the Dinarides it accommodated duthng) Early and Middle Miocene a long-
lived freshwater lake. Together they form the slbledaDinaride Lake System @STIC et al.,
2003; HARZHAUSER & MANDIC, 2008). Based on ESRIARCGIS® 9 data the lake had an
approximate surface area of 132 kmz2. It was seitiedkarst region made up by Mesozoic to

Paleogene platform carbonates.

SINJ BASIN / SE CROATIA Lake Sinj Basinal Infil

16°35' 180 16°45'

B LEGEND

Geological Map:

Pleistocene

[ ] Younger Coal Bearing Beds

Unit

Younger Dreissenid Marl Unit
[ ] Limy Marl and Clayey Limestone

iddle 'Upper

Unit

M

Miocene of the Lake Sinj

|:| Older Dreissenid Marls
[ ] Order Coal Bearing Beds

Lower
Unit

[ ] Parti-colored Marls
|:| Triassic to Eocene
] Permo-Triassic Evaporites

Lithostratigraphic Column:

Lower to Middle Miocene

Section Lu¢ane

16°35

T8 | Marls with dreissenid bivalves

::I. Calcareous marls and clayey limestone

Limy clay and clayey marl

Marl

5km

Fig. 2. Geological map of the Sinj Basin showing thassification and distribution of lithostratighac units
of the Miocene infill (afteDe LEEUW et al., 2010).
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16°35'30" 16°36'0" 16°37'0" 16°37'30"
| Gulf of Lu¢ane . ‘

16°36'30"

LEGEND:

aluvial / sail

whitish and grayish marls
with coal seams (8)

light yellowish marly
limestones and marls with
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tricarinatus (4)
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sinjana fruits (2)
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Fig. 3. Geological map of the Gulf of &ane showing the position of the studied sectiome hearked as
“upper unit” (aftere LEEUW et al., 2010).

The basin infills have been extensively studiedEgNER (1905 and 1916a, b) USNIARA&
SCAVNICAR (1974), ISNIARA & SAKAC (1988), MaNDIC et al. (2009) andE LEEUW et al.
(2010).

The thickness of the basinal infill in the studregion attains more than 500 m (Fig. 3). This
investigation deals with its topmost interval (“@ppunit”) consisting of about 100 m thick
fossiliferous coal-bearing limestone (Fig. 4), syosing limestones poor in fossils and
organic matter. Previous sedimentological and prbgical results on the same succession
are presented by MipiC et al. (2009) andMENEZ-MORENO et al. (2008).

According to these authors, the section comprisesldarge-scale, shallowing upward cycles,
each starting with fossil poor limestones and pasanto highly fossiliferous, coal-bearing
beds. The two cycles can be subdivided into sevatafvals, which will be defined and
characterized in detail in chapter 4.4. The studiadtial section overlays volcanic ash
intercalations (at ca. 40 m; fig. 4). The successtarts with ca. 10 m of limestone-coal
interbeddings followed by 5 m of pure limestonekede are superposed by 10 m of highly
fossiliferous beds with massive coal seams. Upsecd0 m of mainly limestones follow,

intercalated by few coal beds. The upper 30 m againa characterized by

» Fig. 4. Liane section with position of studied samples, iaid by numbers and letters (compare tab. 1;
modified after MANDIC et al., 2009).
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limestone-coal interbeddings. Its topmost part udes a single 2-m-thick coal seam,

representing the base of a 15-m-thick coal sequemeently covered by vegetation (@i,
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Fig. 5. Geochronologic timescale (modified afteE
LEEUW et al., 2010 LoURENSet al., 2004 ZACHOS et
al., 2001)

1999).

Few tephra layers intercalate the section.
Recent integrative stratigraphic studies
combining Ar/Ar geochronology and
magnetostratigraphic results yielded a time
span from 15.4 to 15.0 Ma for the studied
100 m interval correlating it to the Lower
Langhian OE LEEUW et al., 2010; fig. 5).
The base of the section is marked by a 40-
cm-thick tephra layer, dated with 15.43 +

0.1 Ma e LEEUW et al., 2010).

The pollen record with high abundances of
thermophilous and xeric plants indicates a
generally subtropical climate IIKENEZ-
MORENO et al., 2008). It was subjected to
minor and major fluctuations resulting in a
varying flora that is reflected in the pollen
record. These recurrent changes between
dry and humid phases can be related to
astronomical cycles. The overall warm

climate detected corresponds well to

conditions expected for the Middle Miocene Climat@ptimum, coinciding with the

investigated time interval (Fig. 5).

10
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3. Material and methods

28 samples were treated by dilutedOx and | Sample n Weight [kg] Density
. .| A 89 2.973 29.9

afterwards sieved through a set of three sie J 305 1.500 2033
(250 um, 125pum and 63um). During this L 499 1.820 268.5
Lx 47 1.500 31.3

procedure a variable amount of sediment w M2 266 1.500 177.3
. (@] 90 1.000 90.0

washed, reaching from about 150 g to ove T 2159 1.500 14393
kg (Tab. 1). In some cases, comple v Gad @750 4087
Y 467 1.500 311.3

specimens were picked out previously z 1494 0.750 1992.0
) 18 1.795 10.0

prevent the fragile mollusks from damag 5 257 1.798 1429
while washing. 8 8 0158 1520
01 0 0.312 0.0

Only the residues of the coarse fraction (2 v T 0.248 28.3
. . v 35 1.701 20.6

um) were determined and counted using Vi 17 1637 10.4
binocular microscope. Hereby, each bival 45 411 4.713 87.2
44 4845 4.980 972.9

shell was treated as one individual. In mc 43 368 4.648 79.2
. 42/41 38 2.283 16.6

gastropods the part bearing the protocor 37 287 4.390 65.4
was counted, but in melanopsids and nerit 33 111 5.108 217.5
32 280 3.264 85.8

the abapical part with the aperture was us 26 8 1.500 5.3
. o 25 60 1.500 40.0
showing more characteristic features. 29 4 1,500 27
To outline the relative fossil content of ead— 20 64 3.136 20.4

sample the density was calculated as 1Tab. 1. Sample density.

amount of individuals divided by sample
weight (Tab. 1).

For diversity indices and analysis only individudktermined to species level were included.
The data bank using percentage values was set Bficiosoft Excel and transferred to
PRIMER 6.1.10 (CARKE & WARWICK, 1994). There the analysis was divided into twausru
first including the complete sample list, secondcleding the small samples (<100
individuals) for being possibly not significant. Bthat the influence of potentially
overrepresented taxa could be limited.

Before starting with the analysis the data wereasguroot transformed to limit the
contribution of most abundant taxalf®Ke & WARWICK, 1994). In the following, this was
analyzed using Bray-Curtis similarities to proviaeluster analysis to obtain average group

similarities, including a SIMPROF check to test é&midence of structure (red linesiARKE

11
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& WARWICK, 1994). Based on the same matrix a non-metric idmnénsional scaling
(nMDS) with a minimum stress of 0.01 was generatedsualize the “distances” (= relative
similarities) of the samples. Based on both theteluanalysis and the nMDS, factors were
defined to outline which species are responsible tfe similarities or dissimilarities,
respectively, between the single clusters (SIMPE&)&IS).

Two samples {1 and38) were excluded from analysis because of statlticasignificant

fossil content.

4. Results and discussion

4.1. Faunal composition — qualitative data

The counting of the samples yielded a total amairit3,845 individuals comprising at least
18 gastropod species of 9 genera and 5 bivalvaeespet?2 genera (Tab. 2).

Generally, the section is characterized by the wianlary lineages oMelanopsis lyrata,
Melanopsis lanzaeana, Prososthenia schwarkd Prososthenia cinctaeach containing 3-4
morphotypes. For the lowermost part of the secsimooth morphs are typical, whereas the
upper part is characterized by half-ribbed andeibborms. The evolutionary traits of these
four species will be discussed in chapter 4.5.

Mytilopsis jadrovj Theodoxus sinjanu§rygoceras dentaliforme, Pseudamnicola torbariana
and Pseudamnicola. sp. appeaalmost throughout the section. Within the intervatween
60-70 m, these are accompaniedAmgsarulus fuchsand sculptured species Ofygoceras.
Unio, Ferrissia andMelanopsisn. sp. occur here for a short interval as well. Tjppermost
part of the section beaPrososthenia neutrgFossaruluscf. armillatus and pulmonate snails
such asGyraulus and Lymnaea The middle part of the section yields only fewopg
preserved samples, wilytilopsis aleticias typical element.

Detailed systematic descriptions are provided iptér 6 (systematic order afteoOBCHET &
Rocroy, 2005).

12
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Tab. 2. Complete sample list. The dotted lineeotfihe environmental intervals defined in 4.4.
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4.2. Ecology of extant relatives

In order to provide information for a paleoecol@jiceconstruction it is essential to know
about the ecology of Recent species, genera ofiéamin the following, extant relatives of

the recorded fossil species will be described asasapossible according to their preferred
habitats, energy settings and diets. Additiondhis information is combined in table 3.

a. Theodoxuss a typical inhabitant of lakes, marsh/fluviattleannels, estuarieslZIAT &
YOuUNIS, 2005) and major rivers EPEGER 1984), preferring increased water energy.
There it lives on stones and graze on algaeég, 2002). Animals from brackish water

populations tend to be smaller in siza (&R, 2002).

b. Melanopsids are known today from freshwater rivsard ponds with high oxygen content
(HARZHAUSER et al., submitted; REGER 1984), shallow lakes with inundated marshes
and on mud/gravel intertidal shores of estuariea4ART & YounNis, 2005), displaying
their tolerance on a wide range of conditions,udeig brackish water (&RyY, 1990).
PLAZIAT & YOUNIs (2005) worked on species from Iraq and discovehnad melanopsids
with nodular morphology are more common in freslawvanvironments, whereas the
smoother morphs are more abundant in estuarinerw@tmcerning dietMelanopsis
praemorsaseems to be a generalist. It grazes on diversd fdad, detritus and carrion
(GEARY, 1990; MouAHID et al., 1996).

c. Prososthenidas one of the most common taxa in this sectiorcodding to RIST (1997)
hydrobiids prefer littoral mudplains, feeding orga#. Many extant Hydrobiidae are
common in springs and brooks and in general in@ahland coastal waters. Often they
constitute mass occurrences including sympatrieaggmce of related taxa (@R, 2002;
BICK & ZETTLER, 1994).

Pseudamnicolas common on shallow mud grounds with low frestevatupply (GOER
& ZETTLER, 2007). The relatedamnicolaGouLD & HALDEMAN, in HALDEMAN, 1840 is
known to feed on algae todayi(DoN, 2000).

14
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Family Genus Ecology of recent relatives References
Habitat Diet / Mode of Life
Neritidae Theodoxus lakes, marsh or fluviatile channels, estuaries or major grazing on algal mats GLOER, 2002
rivers, living attached to stones; elevated water PFLEGER, 1984
energy; PLAZIAT & YOUNIS, 2005
sometimes also appears in slightly brackish water
Melanopsidae Melanopsis small rivers and ponds with high oxygen content, diverse plant food, detritus GEARY, 1990
shallow freshwater lakes with inundated marshes, and carrion MouAHID et al., 1996
alternatively on mud/gravel intertidal shores of PFLEGER, 1984
estuaries PLAZIAT & YOUNIS, 2005
Hydrobiidae Prososthenia littoral mudplains grazing on algal mats RusT, 1997
Pseudamnicola  shallow mud grounds with low freshwater supply feeding on algae GLOER & ZETTLER, 2007
Bithyniidae Fossarulus slowly moving or stagnant water, rivers and springs, GLOER, 2002
living attached to stones and wood HARZHAUSER & TEMPFER, 2004
RusT, 1997
Lymnaeidae  Lymnaea stagnant or slowly flowing water with dense dried leaves, algae and DiLLON, 2000
vegetation, preferring high pH-values and carrion GLOER, 2002
carbonate-rich water PFLEGER, 1984
Planorbidae Gyraulus stagnant or slowly moving waters, common in the mainly detritus, little algae DiLLON, 2000
subaquatic parts of the rooted vegetation of swamps GLOER, 2002
and lakes and in muddy puddles HARZHAUSER & TEMPFER, 2004
PFLEGER, 1984
PLAZIAT & YOUNIS, 2005
Orygoceras shallow eulittoral to middle sublittoral HARZHAUSER et al., 2002
Ferrissia lentic or slowly running water and lives under leaves  grazing on algal mats DiLLON & HERMAN, 2009
or twigs GLOER, 2002
Dreissenidae  Mytilopsis nearshore environments of major rivers, freshwater byssate filter-feeding HARZHAUSER, 2004
or brackish lakes, estuaries, living attached to rocks HARZHAUSER & MANDIC, 2009
or plants epibionts PFLEGER, 1984
Unionidae Unio enhanced freshwater input and rather calm water; filter-feeding especially on DiLLON, 2000

abundant in vicinity of lakes and ponds

smaller particles

Tab. 3. Ecology of extant relatives regarding tetbidiet and mode of life.

PFLEGER, 1984

d. Fossarulushas no extant representatives. It is supposedue preferred similar habitats

like Prososthenia (HARZHAUSER et al., submitted). The morphologically and
taxonomically relatedEmmericiainhabits rivers and springs, living attached tmss and
wood (QOER, 2002; RusT, 1997). The fossil representatives were interpreds a
lacustrine element marking slowly moving or stagnaater (HARZHAUSER & TEMPFER

2004).

e. The Recent pulmonateymnaea stagnali§LINNAEUS, 1758) is common in stagnant or
slowly flowing water with dense vegetation, feediog dried leaves, algae and also
carrion. It prefers high pH-values, carbonate-mgiters and can even endure intermittent
desiccations (REGER 1984; DLLON, 2000; GOER, 2002).

f. Gyraulusprefers stagnant or only slowly moving waters endommon especially in the

subaquatic parts of the rooted vegetation of swaemak lakes and in muddy puddles
(HARZHAUSER & TEMPFER 2004;PLAZIAT & Y OUNIS, 2005;PFLEGER 1984).G. albus(O.
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F.MULLER, 1774) feeds mainly on detritus and sometimeslgaea( G.OER, 2002) whilst
Planorbis contortusvoids algae (RLon, 2000).

The extinctOrygocerads classified with planorbid pulmonate snailss\@2HAUSER et al.,
2002), suggesting restricted diving depth. In nkeaying Lake Pannon they appear from
shallow eulittoral to middle sublittoral zonesaAgfzHAUSER et al., 2002).

The Recent ancylidrerrissia wautieriprefers lentic or slowly running water and lives
under leaves or twigs (GER, 2002), grazing on algal matsi(DoN & HERMAN, 2009).

g. Mytilopsisbelongs to the family Dreissenidae comprising aiessilter-feeding epibionts
(HARZHAUSER & MANDIC, 2009) and occurring nowadays in major riversstiveater and
brackish lakes and estuaries(BGER 1984). Former authors stated tivytilopsis was
most common in nearshore environments of Lake Ranmberein, some generalist
species also occur in fluvial settings associatied Weritidae, Unionidae and Planorbidae
(HARZHAUSER& TEMPFER 2004) or live attached to rocks or plantaRAHAUSER, 2004).
Some species are suggested to prefer bottom-leveditoons in deeper water
(HARZHAUSER & MANDIC, 2009).Mytilopsis aleticiis a common species in the middle
part of the section. It is characterized by anaolinary large sized, thin-walled shell
and interpreted to have settled in sublittoral &ttdral environments under low-energy

regimes (M\NDIC et al., 2009).
h. Unionidae are known to be a clear signal for pufedghwater settings and rather calm

water (FFLEGER 1984). They are more often found in vicinity akés or ponds rather

than in truly riverine habitats, filtrating theri@d suspension particles i((IDon, 2000).
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4.3. Statistical analysis — quantitative data

The lowermost section part (40-60 m; fig. 6) isiced by samples with poorly preserved
fossils. The most abundant species Mrgilopsis jadroviand Theodoxus sinjanusSmooth
morphotypes ofMelanopsis lyrataprevail within the next 10 m along with smooth
Melanopsis lanzaeanandPrososthenia schwarzAt the end of this interval a morphologic
shift is observed, resulting in half-ribbed and feikbbed morphs ofMelanopsisand
Prososthenia Additionally, the new lineage dPrososthenia cinctappears and the very
commonPseudamnicola. sp. comes up with high abundances.

The next interval (70-100 m; fig. 6) is marked hyssil-poor samplesProsostheniais
common, followed by scattered shells M¥tilopsis and TheodoxugTab. 2). The shells of
both species possibly are not that prone to fragatiem and therefore might be
overrepresented.

Above, a faunal change occubMytilopsis, Theodoxusand Pseudamnicolan. sp. retreat and
are replaced by ribbed melanopsids and prosostiserasiccompanied b@rygoceras The
uppermost interval is characterized by the compleddapse of the melanopsid and

prosostheniid assemblages and contains mainly pates.

Bivalves are rare aside from the common bivaisilopsis jadrovi.Hence, the section is
predominated by gastropods, in number of speciddratividuals. This trend was also noted
by MANDIC et al. (2009), who stated that gastropods pravigtiin coal layers, while bivalves
are more abundant in massive limestones. Mosteldtter species (e.§lytilopsis aletic)
are poorly preserved and cannot be extracted fhenitnestones. Therefore, no quantitative

data can be provided.
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4.3.1. Diversity indices

i i -| Sample Species n Richness Shannon Simpson
Diversity patterns show : A = o s e e
ot : trib it J 9 304 1.399 1.622 0.753
characteristic bimodal distributior 1 & 152 e 1 054 07
: : Lx 5 17 1.412 1.197 0.662
with maxima around 60-70 m an W2 5 HE 163 I 0,658
: o 0 3 63 0.483 0.728 0.459

100-110 m (Fig. 7). An additiona T 8 133 s 018 GAET
peak occurs at the topmost pe ¥ 2 ‘1‘82 125? 1;2; 8222
4 10 955 1.312 1.490 0.702

(sample J, at 130 m). An extremr 8 pe p 1507 peoe ey
. . .. . \, 7 121 1.251 1.553 0.769
diversity minimum is recorded at 80 M 0 0 0.000
61 0 0 0.000

100 m. u 1 6 0.000 0.000 0.000
v 3 13 0.780 1.010 0.654

The lowermost part shows a peak v 3 9 0910 0.937 0639
. - 45 7 86 1.347 1.554 0.763

Sample 25, which marks the initie 44 12 4121 1.322 1.557 0.694
. 43 10 295 1.583 1.845 0.823

occurrence ofMelanopsis lanzaeang 4241 6 34 1418 1332 0.699
: . 37 1 249 1.812 1.438 0.611

and Pseudamnicola torbarianaThe 33 11 960 1.456 1.609 0.739
, , 32 1 245 1.818 1.809 0.786
following bell-shaped curve with 26 5 8 0.962 0.736 0.464
, 25 7 53 1.511 1.365 0.647
maxima at samples 32 and 43 deno 22 2 4 0.721 0.562 0.500
20 5 58 0.985 1.364 0.723

the most diverse section part includina

the first appearance oFossarulus 120 4. Diversity indices.

fuchsiand sculpture®rygocerasspeciesQ. stenonemuandO. cornucopiae

Subsequently, a tremendous decrease in mollusksitivés observed, lasting from about 80-
100 m. Upsection, the second bell-shaped curvaethasaximum at samplesand Z. Within
sample Z the only occurrence®ifososthenia bicarinatés reported.

The last peak at the section top suggests a falmaalge, resulting in high frequencies of new

elements such @&rososthenia neutra, Gyraulus gemirarslFossaruluscf. armillatus

<« Fig. 6. Abundance values (black graphs) connesfigid presence/absence data (circles) of all taxa.tke

percentage values just samples with >100 indivElwadre plotted, so there is no data in certairmvate (gray

bars). The colored bar to the left is split intotparts, regarding first the environmental inteswvdiscussed in
4.4. (see also tab. 7) and second the groupindaltiee analysis (see also fig. 8). The columns t@xt mark

sample positions and total individual number.
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4.3.2. Statistical analysis

The statistical treatment of quantitative data wasied out, comprising a cluster analysis
(Fig. 8a, b), an nMDS (Fig. 8c, d) and a SIMPERIgsis (Tab. 5, 6), to reveal major
similarity groups within the section and their sialpgial contributors. The analysis is divided
into two runs, including in the first one all sampland in the second one just a reduced data
set excluding small samples (<100 individuals),itimg the significance of overrepresented

taxa.

4.3.2.1. First run

The cluster analysis arranged the samples in tmaa groups, apart from some outliers at
about 40% of the Bray-Curtis similarity (Fig. 83, €he delimitation of the single clusters
was very precise, so that the SIMPROF check (rezk)i did not detect subclusters. For each
group a factor used in a factor analysis was ddfil@IMPER, Tab. 5) to reveal the
contributions of the single species to the simikesi alternatively dissimilarities. Only the

three main clusters were included; outliers wesated separately.

Cluster 1 includes samples 25, 32, 33, 37, 42/41, 43, 44yanomprising the lower section
part with Mytilopsis jadrovi, Theodoxus sinjanudie smooth morphotype dflelanopsis
lyrata andPseudamnicola. sp. as typical elements.

Cluster 2 includes samples 20, 22, 26, 43, v andy; set up by small sized samples from
lower and middle section part; grouping due to @nestion. Most abundant species are
Mytilopsis jadroviandTheodoxus sinjanus

Cluster 3 includes samples Z, Y, V, T1, O, M2, Lx and L;iform cluster of the upper
section part with half-ribbed and ribbed morphot/pef melanopsids and especially
prosostheniids as dominating species.

Outliers B, J and A.
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In fact, these three groups are very consistemty eae more or less representing a certain
part of the section. The most important patterpeeslly noted within the SIMPER analysis
provides the comparison between clusters 1 ands3ndied above, cluster 2 is defined by
poorly preserved small-sized samples and it willb®interpreted.

Clusters 1 and 3 reflect the two different faunaklw and above the fossil-poor limestone
interval. Cluster 1 is defined by seven speciesaatng 92.38%, comprising all the smooth
morphs ofMelanopsis and cluster 3 by six species coming up with 9%06f average
similarity, including the half-ribbed and ribbed mbotypes oPrososthenigTab. 5).

Their disparity is reflected by an average disanty between both of 77.49%. This
approves the clear separation of the section imotwo limestone-coal cycles proposed by
MANDIC et al. (2009), indicated also by the nMDS, whesthlclusters are clearly isolated.
Due to this grouping the x-axis is suggested t@ldis the varying amount of species or
individuals, respectively, per sample, whereaddhgest samples arrange to the right. The y-
axis is supposed to reflect the timescale and Ymdutonary changes, becoming upwards
stratigraphically younger. The two main clusters @) arrange clearly due to their

morphologic disparity.

The grouping of sampleis noteworthy. It assorts somewhat apart in thstel analysis and
the nMDS. This reflects slight differences in ttaurial composition, especially the higher
abundance of (half-)ribbed morphs. Within the settisampley is separated from other
samples of this cluster by 35 m of mainly massivestones.

The most apparent outliers are the samples A amdtldough they group together in the
cluster analysis the average similarity ranges ariyund 30%. The composition of the
samples varies as well. Sample J represents atimaas fauna, which comprises elements of
the preceding (characterized by strongly sculptunetinopsids and prosostheniids) and the
upcoming interval (appearance of new taxa) displagesample A. This indicates a stepwise

change in environment.

The small sized samplf clusters aside as well. Due to its limited fossintent the
percentage values might be too high in some camasrtheless, in the nMDS-plot it appears
near the upper cluster. Within the section, sarfiples just 3 m below sample Z and contains
several elements that are typical for this clugteg. ribbed morphotypes é&frososthenia

The average similarity between both ranges onlyrao35%. Again, this sample might
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represent a transition, starting already with samplvhich also bears some few ribbed forms
of Prososthenia

SIMPER Analysis - first run

Cluster 1 . Clusters 2 & 1 . .
(25, 32, 33, 37, 42/41, 43, 44, y) 2 £ a g 2 2 3 8 g .
s @ T € £ Ng ~-g O e £ £
Average similarity: 59.35 :: E [2) 8 = 3= Average dissimilarity = 63.67 o 3: o ; X o 8 SRS
Mytilopsis jadrovi 3.83 12.85 3.89 21.65 21.65||Melanopsis lyrata m. glabra 0.91 469 1024 154 16.08 16.08
Melanopsis lyrata m. glabra 469 11.72 1.03 19.74 41.39| | Mytilopsis jadrovi 740 3.83 897 1.64 14.08 30.16
Theodoxus sinjanus 294 874 278 14.73 56.12||Pseudamnicola n. sp. 040 3.64 843 1.30 13.24 4340
Pseudamnicola n. sp. 3.64 7.83 0.95 13.19 69.31| | Theodoxus sinjanus 339 294 571 146 896 52.36
Pseudamnicola torbariana 170 504 336 849 77.80||Orygoceras dentaliforme 095 196 486 1.19 7.64 60.00
Melanopsis lanzaeana m. lanzaeana 2.03 471 098 7.93 85.73||Melanopsis lanzaeana m. lanzaeana 0.00 2.03 473 154 743 6742
Orygoceras dentaliforme 196 395 1.09 6.65 92.38||Prososthenia cincta m. primaeva 2.03 0.04 453 085 7.12 7454
Prososthenia schwarzi m. transitans 081 135 415 113 6.51 81.05
Pseudamnicola torbariana 023 170 378 179 594 86.99
Prososthenia schwarzi m. apleura 041 072 212 0.70 3.33 90.32
Cluster 2 . Clusters 2 & 3 . 3
(20, 22, 26, 45, V1, v, 1) £ £ g g 2 2 8 g £
o @ T E E NG ®g A v £ £
Average similarity: 53.02 z z » S 3= Average dissimilarity = 85.14 0% 0% 2 g 8= 3=
Mytilopsis jadrovi 740 39.35 2.77 74.21 74.21||Mytilopsis jadrovi 740 159 1428 243 16.77 34.86
Theodoxus sinjanus 339 9.71 0.91 18.32 92.53||Prososthenia cincta m. cincta 0.00 458 10.91 3.28 12.81 47.67
Theodoxus sinjanus 339 089 699 148 8.21 5588
Prososthenia schwarzi m. semicostata 0.00 250 594 278 6.98 62.86
Prososthenia cincta m. semievoluta 023 262 584 215 6.86 69.72
Orygoceras dentaliforme 0.95 191 469 145 550 7522
Prososthenia cincta m. primaeva 203 000 448 083 526 8048
Melanopsis lanzaeana m. costata 0.00 1.15 264 0.88 3.10 83.58
Pseudamnicola n. sp. 040 0.74 211 1.04 247 86.05
Melanopsis lyrata m. glabra 0.91 0.00 210 0.61 246 88.52
Prososthenia schwarzi m. transitans 0.81 000 174 040 204 90.56
Cluster 3 . Clusters 1 & 3 .
(Z,Y,V,T1,0, M2, Lx, L) 9 £ g £ 2 2 H 2 £
o @ E E £ -9 9 a e £ £
Average similarity: 68.75 < Zz " 32 o= Average dissimilarity = 77.49 0% 0<% Z 8 8= 3=
Prososthenia schwarzi m. schwarzi 6.51 2220 3.25 32.29 32.29||Prososthenia schwarzi m. schwarzi 0.28 6.51 1243 3.31 16.04 16.04
Prososthenia cincta m. cincta 458 14.76 3.50 21.47 53.76||Melanopsis lyrata m. glabra 469 000 929 159 11.98 28.03
Prososthenia cincta m. semievoluta 262 802 256 11.66 65.42||Prososthenia cincta m. cincta 0.00 458 904 352 11.66 39.69
Prososthenia schwarzi m. semicostata 250 7.62 342 11.09 76.50||Pseudamnicola n. sp. 3.64 0.74 638 1.28 8.24 47.92
Mytilopsis jadrovi 159 475 1.63 6.91 83.41||Prososthenia cincta m. semievoluta 011 262 495 252 6.38 54.30
Orygoceras dentaliforme 191 453 128 6.59 90.00||Prososthenia schwarzi m. semicostata 000 250 493 289 6.36 60.66
Mytilopsis jadrovi 3.83 159 446 188 575 66.41
Theodoxus sinjanus 294 089 412 155 532 7173
Melanopsis lanzaeana m. lanzaeana 203 057 346 159 446 76.19
Orygoceras dentaliforme 196 191 316 1.35 4.08 80.27
Prososthenia schwarzi m. transitans 135 0.00 266 1.11 3.43 83.70
Pseudamnicola torbariana 170 057 241 134 3.11 86.81
Melanopsis lanzaeana m. costata 0.00 1.15 220 0.89 2.84 89.65
Orygoceras stenonemus 0.71 044 157 121 203 91.68

Tab. 5. SIMPER analysis of first run with Bray-GsirSimilarities/Dissimilarities. The abbreviatiom:*
means “morph*.
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4.3.2.2. Second run

For the second run (Fig. 8b, d) all samples witis lhan 100 individuals were excluded to
check the significance of the first run’s groupifg.ca. 55% of the Bray-Curtis Similarity the

clusters arrange as follows:

Cluster A includes samples 32, 33, 37 and 43; lower patti@kection, marked especially by
smooth melanopsiddytilopsis jadroviandTheodoxus sinjanus

Cluster B includes samples 44 ang transition during transgression interval, with
Pseudamnicola. sp. and agailytilopsisandTheodoxuss characteristic taxa.

Cluster C includes samples Z, Y, V, T1, M2 and L; uppertdrthe section, again uniform

cluster with half-ribbed and ribbed prososthenddsinating.

Cluster D includes sample J; uppermost part of sectioratéce as own cluster to reveal
differences to Cluster C; ribbed melanopsids @nghoceras dentaliformprevail.

As in the first run, Cluster C, with eight specescounting 90.31% of average similarity,
remained consistent and sample J is an outliemadmit clusters A and B split (Tab. 6).
Whereas smooth melanopsids still dominate in dluste half-ribbed morphs gain more
importance in cluster B. In additioRseudamnicolan. sp. becomes a common element.
Although the samples of Cluster B, 44 andare isolated from each other by ca. 35 m, their
grouping with 60% of average similarity is convimgi While Cluster A is defined by eight
species making up 93.81% average similarity, B amsep just four species accounting
almost the same value, namely 93.87%.

The strong delimitation between the lower and thpeu part of the section is still clearly
developed and expressed by average dissimilabttseen clusters A and C with 75.80%
and B and C with 68.20%, respectively (Tab. 6).

Hence, the second run displays an affirmation effifst one and, in some cases, states the

results even more precisely.
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SIMPER Analysis - second run

Cluster A 5 . Cluster C g .
(32, 33, 37, 43) ) E 2 4 . (Z,Y,V,T1,M2, L) F E D 4 A
=] €\ E € £ o € E E 13
Average similarity: 71.82 2 E n 8 x 3 X | | Average similarity: 69.76 2 3: »n 8 x 5 X
Melanopsis lyrata m. glabra 6.29 20.75 6.68 28.88 28.88||Prososthenia schwarzi m. schwarzi 6.55 21.14 3.35 30.31 30.31
Mytilopsis jadrovi 3.67 11.37 9.05 15.83 44.71||Prososthenia cincta m. cincta 433 12.82 3.99 18.38 48.69
Melanopsis lanzaeana m. lanzaeana 3.09 11.14 43.40 15.51 60.22||Prososthenia schwarzi m. semicostata 257 7.02 277 10.07 58.75
Theodoxus sinjanus 288 7.34 3.24 10.22 70.45| | Prososthenia cincta m. semievoluta 238 6.88 236 9.86 68.61
Pseudamnicola n. sp. 234 519 166 7.23 77.68||Orygoceras dentaliforme 215 557 212 7.99 76.61
Pseudamnicola torbariana 164 463 11.65 6.44 84.12||Mytilopsis jadrovi 141 378 134 542 8203
Orygoceras dentaliforme 2.06 399 1.87 5.55 89.67||Theodoxus sinjanus 119 322 201 4.62 86.65
Prososthenia schwarzi m. transitans 156 2.98 0.85 4.14 93.81| | Melanopsis lanzaeana m. costata 154 255 0.78 3.66 90.31
Cluster B 5 3
(@4,v) 2 g g£ .
$ 2 £5 E
Average similarity: 58.78 < < » OoX OR
Pseudamnicola n. sp. 6.44 23.06 ### 39.22 39.22
Mytilopsis jadrovi 452 17.42 #H# 29.63 68.86
Theodoxus sinjanus 319 9.15  ### 15.57 84.43
Orygoceras dentaliforme 3.02 555 ###H# 9.45 93.87
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Melanopsis lyrata m. glabra 6.29 0.00 12.14 5.14 24.83 24.83||Pseudamnicola n. sp. 6.44 099 1049 5.14 15.38 15.38
Pseudamnicola n. sp. 234 644 786 277 16.07 40.89||Prososthenia schwarzi m. schwarzi 111 6.55 1048 2.86 15.36 30.74
Melanopsis lanzaeana m. lanzaeana 3.09 126 363 1.32 7.42 48.31]|Prososthenia cincta m. cincta 0.00 4.33 8.28 321 1214 4288
Orygoceras dentaliforme 2.06 3.02 357 1.14 7.31 55.62||Mytilopsis jadrovi 452 141 6.01 367 8.82 51.70
Melanopsis lyrata m. semicostata 015 155 288 1.02 5.89 61.51||Prososthenia schwarzi m. semicostata 0.00 257 493 243 7.23 58.93
Theodoxus sinjanus 288 319 255 139 521 66.72||Theodoxus sinjanus 319 119 3588 181 569 64.62
Prososthenia schwarzi m. apleura 1.06 075 250 1.02 5.11 71.83||Prososthenia cincta m. semievoluta 045 238 3.64 203 534 69.95
Prososthenia schwarzi m. transitans 156 076 242 1.28 4.95 76.78||Orygoceras dentaliforme 3.02 215 338 139 4.95 7490
Mytilopsis jadrovi 367 452 225 254 460 81.38||Melanopsis lanzaeana m. costata 0.00 154 293 1.15 4.30 79.20
Prososthenia schwarzi m. schwarzi 0.00 1.11 223 0.94 4.55 85.94||Melanopsis lyrata m. semicostata 155 0.05 2.87 098 4.21 83.41
Orygoceras stenonemus 0.87 026 1.22 1.64 250 88.44||Melanopsis lanzaeana m. lanzaeana 126 075 238 142 3.49 86.90
Pseudamnicola torbariana 164 113 111 089 226 90.71||Melanopsis lyrata m. lyrata 0.00 0.80 1.53 134 224 89.14
Melanopsis lanzaeana m. rugosa 036 080 146 084 213 91.28
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Prososthenia schwarzi m. schwarzi 0.00 6.55 1232 395 16.25 16.25||Melanopsis lanzaeana m. costata 0.00 529 10.17 18.02 15.46 15.46
Melanopsis lyrata m. glabra 6.29 0.00 11.76 529 15.52 31.77||Mytilopsis jadrovi 452 128 6.23 932 947 2493
Prososthenia cincta m. cincta 0.00 4.33 803 3.30 10.59 42.36]| Theodoxus sinjanus 3.19 000 6.20 227 942 3435
Prososthenia schwarzi m. semicostata 0.00 257 478 249 6.31 48.66||Orygoceras dentaliforme 3.02 585 532 130 8.09 4243
Melanopsis lanzaeana m. lanzaeana 3.09 075 4.42 298 5.83 54.50||Prososthenia neutra 0.00 250 4.81 18.02 7.31 49.74
Prososthenia cincta m. semievoluta 0.00 238 441 288 5.82 60.31]|Pseudamnicola n. sp. 6.44 393 478 336 7.27 57.01
Mytilopsis jadrovi 367 141 426 187 561 65.93]|Orygoceras stenonemus 026 236 4.07 439 6.19 63.20
Theodoxus sinjanus 288 119 324 136 4.27 70.20||Melanopsis lyrata m. lyrata 0.00 1.72 331 18.02 5.03 68.23
Pseudamnicola n. sp. 234 099 302 129 3.99 74.19||Melanopsis lanzaeana m. rugosa 036 190 3.00 264 456 7279
Prososthenia schwarzi m. transitans 156 0.00 292 145 3.85 78.04||Melanopsis lyrata m. semicostata 155 0.00 2.87 071 436 77.15
Melanopsis lanzaeana m. costata 0.00 1.54 284 1.18 3.75 81.79||Prososthenia cincta m. cincta 0.00 140 270 18.02 4.11 81.25
Orygoceras dentaliforme 206 215 263 1.38 3.46 85.25||Melanopsis lanzaeana m. lanzaeana 126 0.00 233 071 3.53 84.79
Prososthenia schwarzi m. apleura 1.06 0.14 2.00 0.71 2.64 87.90||Prososthenia schwarzi m. schwarzi 111 0.00 223 0.71 3.38 88.17
Pseudamnicola torbariana 164 076 1.78 1.23 2.35 90.25| | Pseudamnicola torbariana 113 0.00 2.16 4.51 3.28 91.45
ClustersA & D . . ClustersC & D . .
T 2 & 8¢£ | T = & @£ |
< 0 g QA w £ £ O 05 AQ w £ £
= 3> = > > L o S —= 3> = > > L2 o 3
Average dissimilarity = 74.40 o€ O< < 8 O X O R*||Average dissimilarity = 67.69 og O< < a oxX o
Melanopsis lyrata m. glabra 6.29 0.00 11.76 4.89 15.81 15.81||Prososthenia schwarzi m. schwarzi 6.55 0.00 12.31 3.69 18.19 18.19
Melanopsis lanzaeana m. costata 0.00 529 9.86 49.99 13.26 29.07||Melanopsis lanzaeana m. costata 154 529 702 260 10.37 28.56
Orygoceras dentaliforme 2.06 585 7.08 232 9.52 38.59||Orygoceras dentaliforme 215 585 6.87 351 10.15 38.71
Melanopsis lanzaeana m. lanzaeana 309 0.00 577 1660 7.75 46.34||Pseudamnicolan. sp. 099 393 553 327 8.16 46.87
Theodoxus sinjanus 2.88 0.00 535 201 7.19 53.53||Prososthenia cincta m. cincta 433 140 540 205 7.98 54.85
Prososthenia neutra 0.00 250 466 4999 6.27 59.80||Prososthenia schwarzi m. semicostata 257 000 478 233 7.06 6191
Mytilopsis jadrovi 3.67 1.28 4.47 223 6.00 65.81||Prososthenia neutra 0.00 250 4.66 17.35 6.89 68.80
Melanopsis lanzaeana m. rugosa 0.00 1.90 3.55 49.99 4.77 70.57||Prososthenia cincta m. semievoluta 238 000 441 269 6.51 75.31
Melanopsis lyrata m. lyrata 0.00 1.72 3.21 4999 4.31 74.89||Orygoceras stenonemus 0.18 236 4.06 6.69 6.00 81.31
Pseudamnicola n. sp. 234 393 315 1.24 4.23 79.12||Melanopsis lanzaeana m. rugosa 0.80 190 284 3.09 4.20 8551
Pseudamnicola torbariana 164 0.00 3.04 234 4.09 83.21||Theodoxus sinjanus 119 0.00 225 202 332 88.83
Prososthenia schwarzi m. transitans 156 0.00 292 129 3.93 87.13||Melanopsis lyrata m. lyrata 0.80 1.72 1.73 144 255 91.38
Orygoceras stenonemus 087 236 279 471 3.75 90.88

Tab. 6. SIMPER analysis of second run with BraytSusimilarities/Dissimilarities. The abbreviatim.“

means “morph*.
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Quantifying evolution — paleolake mollusks from imaride Lake System

4.4. The environmental history — paleoecology

Based on the statistical analysis, section interaa¢ defined (Tab. 7) for paleoenvironmental
interpretation. In some cases the delimitations rave strictly defined but represent rather
transitions.

This chapter integrates also previously publishath @n sedimentary facies AMDIC et al.,
2009) and palynology fENEz-MORENO et al., 2008).

4.4.1. First cycle — small and smooth

4.4.1.1. A small start — Mytilopsis-Theodoxus-asdage (40-45.5 m)

The section base cannot be properly evaluatedalmited sample sizes resulting from bad
fossil preservation. Consequently, the analysigesrthese samples into clusters characterized
by small sample size. Those bottommost samplesdanmgnated byTheodoxus sinjanus,
Mytilopsis jadroviand Prososthenia schwarzHigh abundance values may also result from
selective preservation of the thick-shelledeodoxusand Mytilopsis Prosostheniaappears
only with small smooth morphs.

The pollen record with high percentage values efrttophilous and xeric plants indicates
rather arid conditions MENEzZ-MORENO et al., 2008). The lithological interpretation gagts
shallow habitats near the lake marginsafidic et al.,, 2009). This is approved by the
appearance dProsostheniaas a hydrobiid it prefers marginal muddy settirfgsrthermore,
the co-occurrence of bothheodoxusand Mytilopsis implies a nearshore environment with

continuous freshwater input under at least interatedvater energy.

4.4.1.2. The rise — Melanopsis-Mytilopsis-assen®(@é.5-66.5 m)

In sample 25, taken at 48 m, especi8ltpsostheniaandTheodoxuglecline and are replaced
by smooth morphotypesf Melanopsis lyrataand Pseudamnicola torbarianaSample 25
joins Cluster 1, arranging especially with sam@2s 33 and 37. This might hint towards a
gradual shift of environmental conditions.

Above the coal (sample 26), a tremendous decrehdessil content is noticed and the

formation of limestone with few coal seams stafisis phase coincides with a decrease of
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warm elements in the pollen spectra, indicatingoaler subperiod (Luc 2a inIMENEZ-
MoORENOet al., 2008) with open lake conditionsANbiC et al., 2009).

After this interval a notable peak in mollusk evan is recorded. This coincides with the
return to more arid conditions @pic et al., 2009), documented in sample 32 at 60 m.
Particularly the melanopsids start to flourish, veas the hydrobiids Pfososthenia,
Pseudamnicolpa decline slightly. Nevertheless, a first change morphology appears in
Prososthenia schwarzwith first occurrence of thapleuramorph. Orygoceras dentaliforme
also increases in number and the arrival of newispesuch agossarulus fuchsi, Lymnaea
sp. andPseudamnicolan. sp. is documentedlheodoxusbecomes less important. This
tendency maintains over the next samples (33,\8#thin this section paflelanopsis lyrata

is the dominant species, accompanied®yanopsis lanzaearandMytilopsis jadrovi

The similarity of the three samples (32, 33 andi8&)so supported by the Cluster analysis.
Especially the decline afheodoxusnd the appearance lofmnaeaare important: the faunal
composition indicates a shallow, possibly highlgetated nearshore environment. Hence, the
mollusk record approves previous interpretationstha coal-bearing beds as shallowing

environments (MNDIC et al., 2009).

4.4.1.3. (R)evolution (66.5-70.5 m)

Almost at the uppermost part of the first limestaoal cycle reflected by the accumulation of
many thick coal seams, new lineages start to evalvé diversify. This results in an
evolutionary heyday in samples 43 and especialla489.5 m with a total diversity of 13
mollusk species. Moreover, the first great disyaof morphotypes inMelanopsisand
Prososthenias documented.

Within sample 44°seudamnicolan. sp is highly abundant and contributes to cés 5@ the
total individual number. Its abundance may be alted its high preservation potential due to
its small size (ca. 2-3 mm) or because hydrobiidy form mass occurrences.

The ancylid gastropo#errissia illyrica, although recorded with just one individual, signa
rather lentic or slowly running water. Less enegefter conditions are also indicated by the
retreat ofTheodoxusAdditional information comes from pollen data:tims interval a strong
increase of thermophilous plants is observed, stemger as in preceding intervals. This is
interpreted as a marginal lake environment with doyditions (IMENEzZ-MORENO et al.,
2008; MANDIC et al., 2009).
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However,Mytilopsis contributes to nearly 20% of the fauna excludinllyfstagnant bottom
conditions. This is also indicated by the rare Ishet Unio. Fluvial input might have been
limited to occasional events which allowed aMelanopsisn. sp. to settle the lake. This
elegant, high conical melanopsid is only recordedtfsamples 43 and 44 by not more than
10 individuals that display a high variety in shefle.

This interval, which is characterized by the acclaton of many coal seams, reflects a

shallowing, low-energy environment with at leashp®ral fluvial input.

4.4.1.4. The collapse — Mytilopsis aletici-beds.5781.5 m)

One meter above (sample 45) the shells are pooglyepved, but again the development of
new half-ribbed and ribbed morphs is documenteestiwater elements likénio completely
disappear. This change also becomes clear in cboneuith the cluster analysis: sample 45
either joins the “small sample group” or remainslaged. This replacement of certain
morphotypes was most probably triggered by chanfgse environmental conditions.

Within the next 10 m of mainly massive limestond® samplesvl andv) yield few and
poorly preserved mollusks. The limestones are pnéded as deeper water depositaidic

et al., 2009). This is supported by the occurrepiceoquinas consisting of monospecific
accumulations oMytilopsis aleticiwhich is considered to have preferred sublittolaly-
energy settings (MNDIC et al., 2009). In-situ conditions are indicated rbgny specimens
with articulated valves which are oriented paralbethe bedding plane.

With the very beginning of this interval the polletord suggests a rather warm climate with
high abundances of thermophilous plants and fewf@sn(JMENEZ-MORENO et al., 2008).

4.4.2. Second cycle — large and ribbed

4.42.1.Intermission (81.5-102 m)

At 81 m starts an interval of about 20 m of foggbr, massive limestones, containing mainly
Mytilopsis aletici After MANDIC et al. (2009) this is the beginning of the secantkestone-
coal cycle. The long series of pure limestonesama@n interpreted as transgression. Short
intermediate zones with limestone-coal interbedslingre interpreted as short-term
regressions, which become more common and extengpwerds. Furthermore, the interval

from 81.5-110 m is interpreted as a slightly cogderiod based on the high percentage of
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conifers (IMENEz-MORENO et al., 2008). Within the interval from 81.5 to2lth the studied
samples, 91 and3) show just few and mostly poorly preserved shells.

Surprisingly, melanopsids are missing in that litaee interval suggesting unfavorable
conditions for this group. Again the abundanceMof aletici and the extremely reduced

amount of other fossils approve the assumptionsafraewhat deeper lake environment.

4.4.2.2. A new dawn (102-110 m)

Towards the end of this long-term cooler period thenber of coal seams increases,
indicating a beginning regression that represdmsbiase of the highly fossiliferous beds of
the second limestone-coal cycle proposed lyMc et al. (2009) (sample at 104 m).
Herein no smooth morphotypes appear anymore. Apleamgroups always with samples
from the lower part of the section, although itailsout 35 m above, we suppose that the
overall environmental conditions did not changedfamentally during the transgression.

This tendency is also expressed in saniplhich clusters aside but shows some similarities
with the samples of the following interval (Clus&rwith ca. 35% of average similarity) due
to the disappearance of smooth morphotypes andehelopment of half-ribbed and ribbed

morphs.

In summary, the interval reaching from 67-110 npldigs a long-term transition resulting in
the more or less complete replacement of morphstypéevertheless, the continuous
occurrence of most of the mollusk taxa during presiod excludes a complete environmental
perturbation. The only species that seems to #butinder these conditions Mytilopsis

aletici that disappears afterwards.

4.4.2.3. A new reign — Prososthenia-assemblage-{B00m)

A strong shift is recorded in sample Z (110 m), wehdalf-ribbed and ribbed forms,
especially ofPrososthenia predominate, accompanied Bgeudamnicolaand Orygoceras
Besides,Lymnaeasp. andPrososthenia bicarinataappear with one individual each. The
hydrobiids Prosostheniaand Pseudamnicolgoint to a shallower habitaOrygocerasand
Lymnaeaas lung-breathing pulmonates support this intéagics. Mytilopsis and Theodoxus
are subordinate. BotWelanopsisspecies re-occur, although generally in low nursber
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Prososthenia replaces Melanopsis as the predominant genus and highly sculptured
morphotypes prevail. Because of the dominance dfdbjids shallow water conditions with
limited fluvial input and thus decreased water ggeare suggested.

This turnover continues from sample Z onward olierriext 20 m. Consequently, all samples
within this interval (Z, Y, V, T1, O, M2, Lx and Ljluster together with a minimum average
similarity of more than 60%.

The lithological and palynological records revdatfuations in climatic and environmental
parameters (MNDIC et al.,2009;JMENEZ-MORENO et al., 2008). These, however, were not

strong enough to have major influence on the fauna.

4.4.2.4. Ready for shore (130-137.5 m)

After this somewhat conservative faunal intervadiaga radical change occurs. It starts with
half a meter of coal at 130 m, grading into limest@oal interbeddings with an increasing
amount of large coal seams, interpreted as a dewglgpeat bog (MNDIC et al., 2009). The
change is recorded in sample J (130.5 m) with #rgeof ribbed prosostheniids, an increase
of Melanopsis and Orygocerasand even the new appearance Rybsosthenia neutra
Orygoceraswas probably an inhabitant of rather shallow emvinents with stagnant or

slowly flowing water.

At the top of the section the coal beds become #veker, represented by sample A (137 m).
It consists of a high number of taxa such@gaulus geminud,ymnaeasp. androssarulus
cf. armillatus, which rarely occur in other samples. All otheradecome uncommon except
for the hydrobiidPrososthenia neutraThis smooth species already appears in someslayer
beneath the studied sectionANbic, pers. comm.). It is interpreted as pioneer sgeegibich
occurs shortly after major crisis, but soon aftecdmes replaced by more competitive taxa.
Combining these data with information from litholcey and pollen records, a final
aggradation at the section top is indicated andldke desiccated (MvDIC et al., 2009;
JMENEZ-MORENO €t al., 2008). Consequently, species typical dtic lor deeper lentic waters
retreated and mollusks were restricted to smallgpthat seasonally dried out.

The isolated position of samples J and A is alflected in the statistical analysis. Within the
first run of the cluster analysis they seem to grtagether, but with an insignificant average

similarity of only 30%. In this case the nMDS shaiwsir separation even better.
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4.5. Evolutionary patterns in Lake Sinj

A major aim of this integrative study was to coatel morphological changes and disparity
events in the mollusk fauna with environmentaltshii Lake Sinj. The latter were previously
studied by Quuic (1999), who worked on supposed evolutionary liesagf melanopsid and
prosostheniid gastropods from the same sectionprdsented a morphotype classification,
data on their stratigraphic ranges and consideratan possible trigger mechanisms for the
observed morphologic variations. He noticed theustimmeity of shifts in evolution, regarding

changes in sculpture and size, and tried to rél&e to intrinsic and extrinsic parameters.

4.5.1. New results

4.5.1.1. Shell sculpture

In the studied section, the first changes in scugpbf M. lyrata andMelanopsis lanzaeana
with half-ribbed morphotypes occur between 65-70Imsome cases this shift begins in
sample 43, in others not before sample 44. E.d:rilbded morphs ofMelanopsis lyrata
appear in sample 43 but increases in number in Isadh whereas similar types ™.
lanzaeanaappear in sample 44 (Fig. 10). Half-ribbed morphB1. lyrata completely replace
the former smooth ones, whereas smaddittanzaeanastill predominate.

No data are available from the following intervaledto the low number of samples and the
lack of faunas. The second major shift to ribbedphs appears at ca. 110 m. The last great
change spans the uppermost 10 m, displaying agst@tapse for melanopsids and especially

prosostheniids.

Orygocerasdisplays similar tendencies. It occurs throughibiet section with three species,

one smooth and two sculptured forms. The two lapecies are typically present in periods
of high morphologic plasticity of other gastropaagps. Probably, they represent only short
disparity events. Thus, they might also ratherespnt morphotypes of a single species. This

assumption, however, cannot be proven without maaterial.
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45.1.2. Shell size

A further eye-catching pattern is the change idldieze. In some cases the morphotypes do
not differ in appearance or expression of sculphwiein dimensions. Examples are provided
from both melanopsids and prosostheniids. The dinsinges within the prosostheniids appear
at sample 33 even before the melanopsids. In #mgkeP. schwarzimorphapleuraattains
nearly the double size &f. schwarzmorphtransitans(Fig. 9).

Another example is reported from ca. 110 m, whésbed morphotypes start to prevail. In

this caseM. lyrata morphlyrata attains nearly the double sizeMf lyrata morphcostata

transitans apleura 7.00
height width | height width
329 149 | 534 236 . .
321 138 | 513 249 6.00 v
341 131 | 520 2.63 e
318 158 | 525 246 500 o
283 118 | 516 243 .
336 145 | 4.85 2.33 = apleura
265 142 | 465 249 £ 4.00 -
3.08 146 | 511 227 = o2
298 137 | 524 243 2 oV,
281 136 | 620 299 E o
3.53 1.46 6.19 2.53 transitans
296 136 | 547 249 00} -
330 167 | 545 261
357 147 | 514 245
291 125 | 585 275 1.00 -
304 141 | 482 208
278 141 | 517 252 0.00
g:gg ;:éz j:g; g:gg 0.00 1.00 2.00 3.00 4.00
275 127 | 521 240 Width [mm]

Fig. 9. Proportion of dimensions in two morphotypé®rososthenia schwarzAll specimens stem from sample
44 (69.5 m).
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4.5.2. Comparing the results

OLuJIC (1999) presents a detailed diagram with the ghabihic ranges of his morphotypes
(Fig. 10). One grave problem emerged during thepaoison of the results according the
correlation with Olujg’s data: he documents the greatest evolutionary ahd the greatest
morphological disparity exactly within the fossibqr interval around 95-105 m.

Although Oluj¢ worked on the same section, he included also ftata several further
sections from this region, which he correlatedhs one and integrated the fossil content
(OLuaic, 1999). This probably explains his comprehensiv@unt of data for the otherwise
fossil-poor intervals. Therefore, it is not surprgsthat not all species/morphotypes described
by OLuJic (1999) were found. One “missing” speciesPrsosthenia vojskava®LuJic,
1999, a high conical hydrobiid with up to 6 straigided whorls and prominent last one.

Also Prososthenia cinctanorph ecostatawas not found, probably due to few and badly
preserved samples within the corresponding intelizaén QuJic (1999), who worked on
more material, detected just relatively few indiads.

Nevertheless, the concurrence of Qlgjiand the newly established lineages is strikimg i
many cases; although there are some major disamsaas well:

Especially inMelanopsis lyratamorph costatathere are strong differences. No specimens
could be detected in this study in the intervalpmsed by QuJic (1999) whilst the only
record appears distinctly higher in the sectionrmf{da Z). His costatalineage is rather
congruent with that d¥1. lyrata morphsemicostata

Prosostheniaschwarzi morph semicostataand Prosostheniacincta morph semievoluta
display similar patterns. Again, within the intenilamm ca. 95-105 m no sufficient data can
be presented due to the fossil-poor and badly predesamples. Afterwards, these
morphotypes occur in high numbers, although theynaissing in Olug’s graph.

The lineages frorlProsostheniachwarzimorphsemicostatdo Prosostheniaschwarzimorph
schwarzi,alternatively fromProsostheniacincta morph semievolutato Prosostheniecincta
morphcincta are congruent in most cases. Thus, the obsergparity seems to reflect only

intraspecific variability.
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Fig. 10. Stratigraphic ranges with abundance valoésevolutionary lineages of melanopsids and
prosostheniids. The continuous lines display thsulte of this study, the dashed lines those fronwi@
(1999). The dotted lines represent additional merp} Oluji that were taxonomically revised and are thus
added to the correct morphotypes (see systematicfgradetailed discussion). Horizontal lines dasplthe
samples studied byl©JIC (1999). The dark gray bar in the middle represtmsmajor radiation event in his
work. The interval marked by the light gray barypdes no data from uJic (1999). The arrows label nearly
covered dots/lines or outliers, that easily could missed. The arrow at the line’'s head Mélanopsis
lanzaeanamorph costatameans a continuing record inL@IC¢ (1999), exceeding this scale. Concerning
Prososthenia cinctanorphecostatajust Oluji¢’s data were plotted, because no specimens weral fduring
this investigation. Therefore, the appropriatesiltation is missing above (?). The pictures are¢mstale.
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However, Prosostheniacincta morph primaeva stratigraphically clearly separated from
following ones (as own “subspecies”), also appeatside the Oluf lineages. This may be
rooted in the somewhat ambiguous taxonomic conaiePluji¢ as he united morphologically
very different specimens in this morphotype (Plfigs. 52-55, 63; pl. 6, figs. 68, 72-74 in
OLuJi¢, 1999).

4.5.3. Diversity models

Comparing diversity indices and the number of sg&onorphs per sample (Fig. 11) it
becomes apparent that especially the lineagesMefanopsis lyrata, M. lanzaeana,
Prososthenia schwarand P. cincta contribute mostly to diversity peaks and the bialod
distribution.

It seems that those two peaks could be the taits ©hgle bell-shaped curve (dashed line in
fig. 11) — only the midpoint is missing. This asqiion is supported by the fact that some of
the morphs that prevail in the upper part of thetiea already appear below (at around 70 m).
The tremendous decrease in mollusk diversity inwbeh might respond either to

disadvantageous environmental conditions or to poeservation or both.

Herein, however, another model for the bimodal riigtion in the diversity curve is
proposed. The two peaks are distinct and separaesdy maxima, whereas the “low tide” in
between reflects an environmental crisis. Thignsngly supported by the exactly congruent
rhythm of the two limestone-coal cycles, suggestirmpncomitant change in the hydrology of
the lake (MANDIC et al., 2009).

The first occurrence of morphotypes in the lowecleywhich are otherwise typical for the
second cycle is no contradiction: these taxa emdthie crisis and re-appeared afterwards.
Besides, the distribution diagram in@ic (1999) does not respond to abundance values; it
simply displays presence-absence data. Furtherntareji¢c (1999) stated that there are
severe differences regarding abundances of distmmcphotypes within layers of same age
but different locality. Hence, the co-occurrence cefitain morphs seems to be strongly
dependent on the paleoenvironment. In the studestion the crisis was probably more

dramatic than in other lake areas.
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Fig. 11. Comparison of diversity indices, includiBgnpson and Shannon-Wiener Index, total speciesbeu
species per sample and number of morphotypes pgisdor eactMelanopsisandPrososthenigjust including
those species in evolutionary lineages). The lmyfaty bars signal high diverse intervals. The dakydoar
displays the major radiation event in@iC (1999); the dotdashed lines indicate an overlappirhe dashed
bell-shaped curve refers to the first diversity mlogsee text). The numbers/letters next to the lggapfer to
samples marking noticeable peaks.

There is another peak in the diversity diagram.(EiD at the top of the section (sample J at
130 m). This might be based on the (re-)appearahcew species after an environmental
crisis. The peak is absent Oltsi data because it is mainly based on species,hwdnie not

discussed in QuJI¢ (1999), who focused on melanopsids and prosostiseni

4.5.4. Modes of evolution — and driving factors

The most obvious questions are: why do these clsaagpear and why at certain times?
Within the section several small-scale radiatioergs are observed. In general, they display
on a large-scale view a more or less gradual eeoluvith intervals of lower and higher
diversification and fluctuating evolution rates.€eTlthological record implies the latter to be

highly dependent on environmental parameters: tbatgst shifts happen during periods of

38



Thomas A. NUBAUER

limestone-coal interbeddings. Nevertheless thetmqresemains, whether the changes appear
exactly within these coal-rich intervals or shottfore, within pure limestones.

Interestingly, in most cases the morphotypes dorejtace each other completely. Thus, it
does not suggest anagenetic evolutioro{® & ELDREDGE, 1977) as, e.g., in some

melanopsid lineages from Lake PannoEARy et al., 2002).

Radiations may be triggered 1) by colonization afeav lake area with less competition or
unoccupied ecological niches, 2) extinction of cefitprs or 3) replacement of competitors
as result of a new adaptationgey, 2004). The first scenario cannot be proven, bszao
data exist on the exact lake physiography andntisr¢onnectivity with other lakes of the
DLS. The second scenario is unlikely, due to timeustaneity of the morphological shifts in
unrelated clades. Therefore, the third scenaridtragply to Lake Sin;.

In fact, during periods of high disparity no exteerake conditions are registered, such as
desiccation. However, the environment has chanigedysbut continuously and the mollusks
were not forced to change their mode of life —unatil a threshold was reached ARITENS et

al., 1994).

The parameters underlying intra-lacustrine radmiio both Recent (e.g.ERTHOLD, 1990;
MARTENS et al., 1994; McHEL et al., 1992; NCHEL, 1994; vON RINTELEN et al., 2004;
GENNER et al., 2007) and fossil (e.gEGRY, 1990; GARY et al.,2002) long-lived (“ancient”)
lakes have been extensively discussed on a broactrsm of localities. Among the wide
range of possible intrinsic and extrinsic factdhgere are some recurring patterns, including
escalation, i.e. the co-evolution of predator anglypsubstrate conditions, depth tolerance,
lake-level changes, hydrodynamic conditions, walemistry, and reproduction mechanisms.
By this, the simultaneity of evolution must be kaptmind, meaning that the changes must

have been large-scale to have major impact onrdiffesystematic clades (e.geA&Ry, 1990).

a. Escalation is frequently named as possible reasoeviolution of sculpture (e.g.B8MEIJ
& CovicH, 1978; BERTHOLD, 1990; MARTENS et al., 1994; WST& COHEN, 1994; GARY
et al.,2002;voN RINTELEN et al.,2004;WILSON et al., 2004), particularly concerning the
co-evolution of mollusks and crabs. Due to highenstructional stability sculptured
shells resist better to enhanced predation thanodmones. Decapods and predatory

gastropods are unknown from Lake Sinj. Molluscivilsbes might have been present but
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are undescribed so far. The low amount of feediragkerand repair scars, however,
suggest little impact by fishes on mollusk evolatio the lake.

b. Tectonically created lake basins provide diverdessates along the shore line I(MEL,
1994; HAUFFE et al., submitted), displaying dispersal barriargl thus diversification
possibilities by ecological segregation, hence tlagaongruence between substrate type
and morphotype (MHEL et al., 1992). Similar patterns were studied hyzZRAT &
YOuNIs (2005), who worked on melanopsids from Irag anscalered that smooth
morphs prevail in estuaries, whereas those withulaoanorphology are more common in
freshwater environments.

Even Quuic (1999) mentioned the higher abundance of ribbechgan sand layers and
nearshore environments.

On a larger geographic scalear¥HAUSER et al. (submitted) generally suggest habitat
segregation as one driving force for radiation he Dinaride Lake System, based on
isotope data from mollusk shells. Perhaps, the naidgubstrate diversification, as the
replacement of pure limestones by limestone-cotrieddings, was rapid enough to
exceed the ecologic threshold of several speciading to sudden diversification
(MARTENS et al., 1994).

c. MICHEL (1994) stated that diversification might be spdrtBrough the interaction of
depth tolerance and lake stability. Indeed, asidenflake-level fluctuations and minor
climate changes, the lake environment is presumdhve been rather stable ANbIC et
al., 2009), also proved by the continuous occueenicseveral species throughout the
whole section. Possibly the discussed taxa or nsrpéspectively, started to inhabit
different depths. However, the most diverse pericte within limestone-coal
interbeddings, which are interpreted as shallowinggst, making this interpretation rather

ambiguous.

d. Lake-level changes may also support radiationsaAR® (1990) relates the shifts in
melanopsid speciation to a water level rise in LBle®mnon, resulting in an increase of
habitat availability. MRTENS et al. (1994) states generally that minor lakeslev

fluctuations create dynamic conditions in seemingi@able littoral communities.
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The major changes in mollusk morphology occurredndulimestone-coal interbeddings
that formed in marginal lake environments. Additithy, these periods are characterized
by increased records of thermophilous and xerintplgointing to warmer and rather arid
conditions (IMENEzZ-MORENOet al., 2008). The oscillating lake level had mpact on the
extension and development of vegetation belts inopghe lake. Of course, the nutrient
supply and food source from vegetation will havieded strongly between periods of
high lake level and pure limestone deposition dmuké of the coal swamp formation.
Aside from habitat fragmentation during lake lel®lv stands, this different nutrient

supply might have played a major role for the obséradiations.

e. OLuJIC (1999) related the observed disparity and mormio# plasticity to changing
water chemistry of the lake. Thus, in certain iwaés the ion concentration must have
been elevated and more carbonate available, spge#tnevolution of sculpture or size.
Indeed, the massive limestones in the section denunmtense chemosynthetically
induced carbonate precipitation due to high phattistic activity (MANDIC et al., 2009).

In respect to the basement, consisting of MesozolEocene carbonates, the availability

of carbonate was probably never a limiting factothie lake system.

5. Conclusion

Mollusks are valuable tools for paleoenvironmemtadl evolutionary research in long-lived
lakes. The studied lower Middle Miocene sectionrbemn outstanding example of mollusk
radiation and allows estimates about the mode emgh@ of morphologic change in certain
gastropod lineages.

Several phases of successive replacement of mgme®tare observed. Typically
assemblages with smooth morphotypes are gradua#lgipg into assemblages with strongly
sculptured shells. These events are limited taregeriods and occur nearly simultaneously
in unrelated species-groups of the gastropddmnopsisandProsostheniaTo describe these
patterns, a quantified mollusk record was statistimalyzed. The base for this was a detailed
taxonomic study and a revision of the taxa andrmaparison with the ecological requirements
of extant relatives.

Moreover, the mollusk distribution within the secti was compared with previous

sedimentological and palynological data.
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Two distinct phases are evident which are alsoesgad in the lithology as two limestone-
coal cycles. These represent shallow lake habithish are separated by an intermediate
limestone-dominated interval with few and poorlggerved mollusks that formed during a
lake level high. The lower cycle is characterizeg &@bundant melanopsids, neritids,
mytilopsids and later on also unionids, reflectamgenvironment with continuous freshwater
supply and elevated water energy. The upper cyl@redominated by hydrobiids and
pulmonate gastropods suggesting a restricted l@vggrsetting.

The uppermost part of the second cycle is chalaetéby a retreat of both melanopsids and
former prosostheniids, and the rise of pulmonates @ew Prososthenia neutravhich is
considered to represent a pioneer species. Thisated an ongoing aggradation of lake
sediments and a complete desiccation at the seitpfor the first time in the depositional

history of the lake.

These diversity cycles are coinciding with dispantaxima in 4 distinct lineageMelanopsis
lyrata, M. lanzaeana, P. schwarandP. cincta.All these lineages tend to start with smooth
shelled morphs which gradually pass into strongbulgured morphs. The gradual
replacement and the co-occurrence of morphotypeseueral samples suggest an intra-
specific variability which leads to higher morphgio disparity in certain phases. The
coincidence of high disparity and overall diversithearly points to a common trigger
mechanism and optimum conditions for these lakeluské. Both phases are restricted to
lowered lake level and a rather arid climate. Tfogss extrinsic factors such as climatic shifts
might be the main force for the radiations. The parably lower lake level may have caused
habitat segregation and might have influenced weltemistry. Clearly, substrate type was
changing as well as indicated by deposits richlamfpdebris. The changing vegetation will
have had an impact on the food supply for the mpdierbivorous gastropods. All this might
have boosted the formation of local populations. yWdtulptured shells have been an
advantage compared to smooth ones during thesegpha®mains an unsolved question.
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6. Systematic part

Class Gastropoda @VIER, 1797

Subclass Neritimorpha®@ikov & STAROBOGATOV, 1975
Superfamily Neritoidea RFINESQUE, 1815

Family Neritidae RFINESQUE, 1815

Subfamily Neritininae BEy, 1852

GenusTheodoxus MONTFORT, 1810
Type speciesTheodoxus lutetianuBIONTFORT, 1810 (=Nerita fluviatilis LINNAEUS, 1758),

Recent, France.

Theodoxus sinjanus (BRUSINA, 1876)
PI. 5, figs. 5-7

1869Neritina Grateloupand&@ERUSSAC— NEUMAYR, p. 365, pl. 12, figs. 16-17.
1876Neritina sinjanaBRUSINA — BRUSINA, p. 113.

1884Neritodonta sinjandBRUSINA — BRUSINA, p. 82.

1897Neritodonta sinjandBRUS. — BRUSINA, p. 28, pl. 15, figs. 10-21.
1929Theodoxus (Calvertia) sinjanBRUSINA) — WENZ, p. 2980.

Material: 517 specimens from samples 20, 25, 26, 32, 33341, 43, 44, 451,v,v, B, Z,
Y,V, Tl, M2, L.

Dimensions Height: up to 6 mm, diameter: up to 8 mm.

Description: Protoconch conical, smooth, made up from abouth®rls. Spire short and
bulky, consists of up to 4 whorls. The last whaninfis a weak shoulder with a more or less
straight ramp. Abapically from this shoulder a cexvmargin forms. The aperture is
semilunar; the inner lip is nearly straight and thater lip strongly convex. A broad
columellar plate is moderately dentated to nearyoath. Coloring is highly variable,
including dense striation, zig-zag lines or mottpedterns. Mostly, it covers the whole shell;
in some cases it is limited to regular bands.

Distribution: Endemic species from Dinaride Lake System andrdecbfrom localities Sinj
(Zupi¢a potok) (BRUSINA, 1882, 1897) and laane (41.5-129.5 m).

Remarks: It can be separated from semidentatuby the higher elevated spire of the latter

species.

43



Quantifying evolution — paleolake mollusks from imaride Lake System

Already BRUSINA (1884) noticedhat Theodoxus grateloupan®dEUMAYR, 1869)is partly a
synonym ofT. sinjanus Some specimens illustrated iEEGMAYR (1869; pl. 12, figs. 16-17)
refer to this species because of their prominedt gentated columella plate, the semilunar

aperture and the depressed spire.

Subclass CaenogastropodaxC1959

Order Cerithiimorpha GLIKOV & STAROBOGATOV, 1975
Superfamily CerithioideallEMING, 1822

Family Melanopsidae H& A. ADAMS, 1854

GenusMelanopsis FERUSSAC, 1807

Type speciesBuccinum praemorsuliNNAEUS, 1758, Recent, Spain.

Melanopsis lanzaeana BRUSINA, 1874
Pl. 1, figs. 13-21

1869 Melanopsis pygmae®ARTSCH — NEUMAYR, p. 356, pl. 12, fig. 1 (non 185Melanopsis pygmaea
HORNES.

1874Melanopsis LanzaearBRUSINA—BRUSINA, p. 34.

1897Melanopsis LanzaearBRUS. — BRUSINA, p. 12, pl. 5, figs. 7-8.

1897Melanopsis Lanzaeana rugoB®us. n. for. — BRUSINA, p. 12, pl. 5, fig. 9.

1929Melanopsis lanzaeana lanzaeaBRUSINA — WENZ, p. 2770.

1929Melanopsis lanzaeana rugo&RUSINA — WENZ, p. 2771.

1999Melanopsidanzae(BRUSINA) — OLUJIC, p. 21, 49.

1999Melanopsis lanzae lanzgBRUSINA) forma — QUJIC, p. 21, 49, pl. 2, figs. 13-14, 21.

1999Melanopsis lanzae rugogBRUSINA) forma — QUJIC, p. 21, 49, pl. 2, figs. 15-18, 22-24, pl. 3, .

1999Melanopsis lanzae costa@LuJiC forma — QUJIC, p. 21, 49, pl. 2, figs. 19-20, pl. 3, figs. 26-28

Material: 847 specimens from samples 25, 32, 33, 37, 4% M, V, T1, M2, L, J, A.
Dimensions Height: 5-10 mm, diameter: 3-5 mm, spire ang@®79°.
Description: Protoconch conical, consisting of about 2 who8pire conical and compact,

consisting of up to 8 straight to slightly convedesl whorls. Because the whorls are strongly

44



Thomas A. NUBAUER

adpressed they form in profile a distinct coeloadnautline. Only incostatamorphotype
(after Quai¢, 1999) early teleoconch whorls bear sculpture inftime of opisthocline axial
ribs. These are of highly variable number and gttenreaching from weak to very
prominent. On the last 2-4 whorls nodes occur anrths close to the upper suture, being
arranged into one more or less prominent spiral. rblaese may form well defined knobs
pointing towards the apex or indistinct, stronglifa#ly elongate swellings. Both sculpture
elements, nodes and ribs, may even be largely eedfieigosamorph in Quai¢, 1999) or are
completely missingl@nzaeanamorph in QuJi¢, 1999). The suture beyond the row of nodes
Is not incised (as it is iM. lyrata). The axial ribs grade into sigmoidal ribs whiedé out on
the base towards the siphonal canal. The last veonvs a distinct shoulder and attains about
50-60% of the total height. The aperture is oveldngate with narrow posterior angulation
and wide convex posterior margin with short sipha@eal and convex outer lip. The inner
lip is thickened, reaches to the base and showeryaprominent callus pad. The columella
may rarely develop a weak convexity in the middiet @f the aperture. This can result in an
indistinct swelling but never shows a fold. Rarehg original coloring is preserved as brown
to yellow zigzag lines.

Distribution: Melanopsis lanzaeana an endemic species of the Dinaride Lake Syskeis.
recorded only from the localities Riba(BRrusINA, 1874,1897) and Laane (48-137 m).
Remarks: Like M. lyrata, Melanopsis lanzaean&s a quite variable species that also
combines several morphotypes. Each of them doesr ancdistinct layers although their
stratigraphic ranges may overlap sometimes. So ®mtypes (A-C), originally defined by
OLuJIC (1999), can be separated.

1. Melanopsis lanzaeanmorph A is characterized by a lack of sculpturd appears to be
the “typical” M. lanzaeanalefined by RUSINA (1897). It appears within the samples 25, 32,
33,37,43,44,Z,Y, T1, M2 with 486 specimens.

2. Melanopsis lanzaeanamorph B shows beginning sculpture with weakly esged ribs and
nodes and corresponds to the subspebMetanopsis lanzaeana rugosBrUSINA, 1897
(rugosamorph in QuJic, 1999). The nodes may cause large swellings. legsesented in
samples 44, Z, Y, V, J with 129 specimens.

3. Melanopsis lanzaeanmorph C bears a large number of prominent axiz and small
distinct knobs and corresponds to tostatamorph in QuJic (1999). It occurs in samples Z,
V, T1, L, J, A with 232 specimens.
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Melanopsislanzaeanadiffers from Melanopsis lyratain its more compact habitus, the
prominent callus pad, the mostly missing or weaktpressed columella fold and by having
just one row of nodes (in sculptured specimens).

NEUMAYR (1869) misidentified this species Belanopsis pygmaeddOdrNES 1856,which is

a much younger species in Lake PannoxpfP1953).M. pygmaeas much more slender and

higher conical thaiM. lanzaeana

Melanopsis lyrata NEUMAYR , 1869
Pl. 1, figs. 1-9, 20

1869Melanopsis (Canthidomus) lyrateov. sp. — BUMAYR, p. 358, pl. 11, figs. 8a-b.
1874Melanopsis lyratavar. cylindraceaBRUS. — BRUSINA, p. 45.

1897Melanopsis lyrataNEUMAYR —BRUSINA, p. 10, pl., 4, figs. 6-7.

1929Melanopsis cylindraceBRUSINA — WENZ, p. 2698.

1999Melanopsis lyrataNEUMAYR —OLUJIC, p. 19, 47.

1999Melanoptychia lyrata glabr&®LuJiC forma — QUJIC, p. 20, 48, pl. 1, figs. 1a-b.
1999Melanoptychia lyrata semicosta@LuJiC forma — QUJIC, p. 20, 48, pl. 1, figs. 2-4.
1999Melanoptychia lyrata costat®LuJiC forma — QUJIC, p. 20, 48, pl. 1, figs. 11-12.
1999Melanopsis lyrata lyratdNEUMAYR forma — QuUJIC, p. 20, 48, pl. 1, fig. 7-10.

Material: 1213 specimens from samples 20, 25, 26, 32, 33341, 43,44, 45,272, V, T1, L,
J.

Dimensions Height: 8-14 mm, diameter: 3-5 mm, spire ang60°.

Description: Protoconch conical, consisting of about 2 whdsligire high conical, consisting
of up to 8 straight sided whorls. In profile theaxls are sub-parallel or may form a conical
outline. In sculptured morphotypes early teleocomtiorls may bear prominent opisthocline
axial ribs of highly variable number. They are ddoavidth or narrower than the interspaces
between the ribs. On the last 2-4 whorls nodes roocauthe ribs close to the upper suture,
being arranged into two more or less prominentaspiows. These nodes may form well
defined knobs or strongly axially elongate swekinBoth sculpture elements, nodes and ribs,
may even be largely reducegdldbramorph in QuJi¢, 1999). If present, the two rows of
nodes are separated by a slight concavity. Theresuialow the lower row of nodes is
typically incised. The two rows of nodes persisttba last whorl which is nearly cylindrical
in its upper half and contacts then gradually ithte convex base. The axial ribs grade into
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sigmoidal ribs which fade out on the base towahgssiphonal canal. The height of the last
whorl attains about 50-60% of the total height. Hperture is ovoid, elongate with narrow
posterior angulation and wide concave posteriorgmawith short siphonal canal and convex
outer lip. The canal is delimitated by a narrow ell defined fold. The inner lip is weakly
thickened, often weakly separated from the base lackks a callus pad. The columella
develops a pronounced convexity in the middle pathe aperture. This convexity may form
an indistinct swelling or may near a very strontuoeellar fold perpendicular to the axis. A
single but well developed fasciole appears on thseb Rarely, the original coloring is
preserved as brown to yellow zigzag lines.

Distribution: Melanopsis lyratais an endemic species of the Dinaride Lake Systers.
recorded only from the localities RibariiNEUMAYR, 1869; BRUSINA, 1897), Miai¢
(BRUSINA, 1874) and Lgane (41.5-130.5 m)

Remarks: Melanopsis lyratais a quite variable species. Whilst the holotypeNaumAYR
(1869)is a very slender shell with prominent nod@spJi¢ (1999) illustrates much more
bulky shells with predominant axial sculpture.U@¢ (1999) introduced several new names
for Melanopsis lyrataaffirmatively referred to in text as forms anerifore not representing
the available subspecies names (ICZN 1V, Articlg. Mdet, as those names could be easily
interpreted as available species-group names thigtiaathl arguments on their formal
unavailability must be stressed out. Hence, asi© (1999) classified shells with columellar
fold within the genusMelanoptychiaNEUMAYR, 1880, all these subspecies were defined
under the generic rank MelanoptychiaThis implies that the subspecies names were eli&fin
for a taxon without established nominal speciesarin case, the validity dflelanoptychiais
doubtful. AlreadyJEKELIUS (1944) recognized that alMelanoptychiaspecies (in the Late
Miocene Lake Pannon) have counterparts wittlielanopsis The absence or presence of a
columellar fold may thus be a mere intragenerigati@n. If considered aMelanopsisthe
proposed subspecies nanmsstata, semicostatand glabra are partly preoccupied bl.
costata NEUMAYR, 1869 (=M. cosmanniPALLARY, 1916), Melanopsis costatdOLIVIER,
1804) andMelanopsis glabraBRusINA, 1874. Finally, QuJi¢ (1999) did not define a
holotype, either. In respect to the complex comiodmaof nomenclatoric mistakes and formal

lapses, the species group names introduced.byi©(1999) should not be accepted as valid.

Despite those problems, the various morphotypedelanopsis lyratado not co-occur

randomly but appear in distinct layers. Based as #vidence 4 morphotypes, originally
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defined by QuJi¢ (1999), can be accepted, marking them however Isiters A to D for
more clear expression of their nomenclatural status

1. Melanopsis lyratanorph A is characterized by reduced sculptgtebra-morph in QuJIc,
1999) — no ribs or nodes — and predominates in @0, 25, 26, 32, 33, 37, 42/41, 43, 45
with 749 specimens.

2. Melanopsis lyratanorph B comprises morphologies with few and bhilog (Semicostata
morph in QuJI¢, 1999) that occur only in the last 2-3 whorlgsltepresented in samples 43,
44, Z with 399 specimens.

3. The comparatively more stout and spiny shellMefanopsis lyratamorph C, referred to
ascostataby OLuJic, 1999, occur in sample Z with 17 specimens. Thépsare appears only
in the last 2-3 whorls.

4. Melanopsis lyratanorph D is the more delicate morphotype, with ntous axial ribs and
nodes starting even at the first few whorls, repnéiag the typicaM. lyrata. It appears in
samples Z, V, T1, L, J with 48 specimens.

Melanopsis lyratadiffers from MelanopsislanzaeanaBRUSINA, 1874 in its cylindrical last
whorl, the elongate shape, the lack of a callus gad by having two rows of nodes (in
sculptured specimens). Generalielanopsislanzaeanaseems to develop only very rarely
Melanoptychiamorphs with weak columellar fold.

BRUSINA (1874) describes a variety of this species, calethnopsis lyratavar. cylindracea
Later on, it was elevated to species levakyBINA, 1876). It is more cylindrical and much
larger (about 20 mm in height), but with regard imdraspecific variation it cannot be

sufficiently separated from the nominal species.

Melanopsisn. sp.
Pl. 1, figs. 10-12

Material: 10 specimens from samples 43, 44.

Holotype: NHMW Inv. 2010/0042/0001, height: 13 mm, diametemm, spire angle: 35°;
illustrated on pl. 1, figs. 10-12.

Paratype I NHMW Inv. 2010/0042/0002, height: 28 mm, diamete8 mm, spire angle:
35°; from sample 43 (68.5 m).
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Paratype 2 (Coll. NHM Zagreb). Height: 10 mm, diameter: 4 mm, spire angle: 365m
type stratum.

Paratype 3 (Coll. NHM Zagreb). Height: 16 mm, diameter: 6 mm, spire angle: 3&5m
sample 43 (68.5 m).

Locus typicus: Sinj, Luane Section.

Stratum typicum: Within lacustrine limestone-lignite interbeddingslze Lwtane Section at
69.5 m (sample 44).

Age: Langhian, Middle Miocene.

Diagnosis: An elegant, high conical melanopsid with elevatpdes small last whorl and
swelling below each suture.

Description: Protoconch conical, consisting of about 2 whdslgire high conical, consisting
of about 8 straight to slightly convex sided who8situres weakly incised, resulting in profile
in a more or less straight outline. Whorls becoroatiauously larger, with a last whorl
making up about 30% of the total height. Sculptstarting within the last 3-5 whorls,
expressed by weak to prominent swellings belowstlterres. Aperture ovoid, elongate and
narrow, with relatively long siphonal canal and wex outer and inner lip. The latter is very
weakly developed and lacks a callus pad. The cdlarshows about 5 weak fasciolar bands
that start in the middle of the aperture and becstranger towards the neck.

Remarks: The species displays a high variability in sizee@pecimen appears to be about
three times larger than the type species. Dueagnientation no exact measurements can be
taken, but it ranges around at least 35 mm in lheig 15 mm in diameter.

Probably, the holotype, being the most completecispen, is a juvenile specimen as
suggested by the relatively long siphonal can& ¢f total height). Unfortunately, it is never
preserved in one of the larger (adult) specimens.

It differs from other morphologically similar spesi mostly in the preseng®l. visianiana
BRUSINA, 1874 M. friedeli BRUSINA, 1885, M. astathmetaBRusiNA, 1897, M. filifera
NEUMAYR, 1880)or strength(M. sinjanaBRUSINA, 1874) of the subsutural swelling, and the
relation of the height of the last whorl to theienteleoconch. Due to the high spire, the last
whorl is much smaller iMelanopsisn. sp.than inM. hranilovici BRUSINA, 1897, M. sinjana
BRUSINA, 1874, M. visianianaBRUSINA, 1874, M. astathmetaBRUSINA, 1897and M. filifera
NEUMAYR, 1880.Furthermore, most of the compared species occquite different regions:
M. hranilovici BRUSINA, 1897 is known from Sarajevo region gBsINA, 1897),M. friedeli
BRUSINA, 1885is described from Podvornica®BsINA, 1897),M. acicularisFERUSSAG 1823
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from RepusSnica, Western SlavoniaeMAYR, 1869) andM. astathmetaBRUSINA, 1897
occurs in Malino, Slavonia JsINA, 1897). Hence, all species excéyt hranilovici are

Pliocene in age; the latter one is Miocene in age.

Order Littorinimorpha GLIKOV & STAROBOGATOV, 1975
Superfamily Rissooidearay, 1847
Family Hydrobiidae $iIMPsoON, 1865
Subfamily Pyrgulinae BusINA, 1882

GenusPrososthenia NEUMAYR , 1869
Type species:Prososthenia schwarzNEUMAYR, 1969, Miocene, Ribatj Dalmatia/SE

Croatia.

Prososthenia bicarinata OLuJi ¢, 1999
Pl. 4, fig. 7

1999Prososthenia bicarinat®LuJic — OLuJIC, p. 28, 56, pl. 7, figs. 84-89.

Material: 1 specimen from sample Z.

Dimensions:Due to fragmentation no measurements can be takehe height is estimated
to range around 6-7 mm.

Description: Only the last whorl lacking the aperture is presedr The identification of the
fragment is only based on the two keels. The @rst is situated below the suture, the second
one around the middle of the whorl, forming a caecprofile in between.

Distribution: Endemic species of Lake Sinj, recorded from sactia¢ane and Orlov kuk
(OLuaic, 1999).

Remarks: According to the descriptions and illustrationenfr O_uJi¢ (1999) this form is
usually extremely bulky and irregularly shaped. Shéeatures and the two keels suggest that

Prososthenia bicarinatés a valid species.
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Prososthenia cincta NEUMAYR , 1869
Pl. 3, figs. 7-14, pl. 4, figs. 1-2, 5

1869Prososthenia cinctaov. sp. — BUMAYR, p. 361, pl. 12, fig. 6.

1869Prososthenia Schwarnov. sp. — BUMAYR, p. 360, pl. 12, fig. 5.

1874Prososthenia Schwargar. cingulataBRUS. — BRUSINA, p. 50.

1897Prososthenia cincta ecostaBrus. n. for. — BRUSINA, p. 18, pl. 8, fig. 26.

1926Prososthenia cincta ecostaBRUSINA — WENZ, p. 1989.

1926Prososthenia cincta cinctdEUMAYR — WENZ, p. 1989.

1999Prososthenia cetinae emine@suJIC forma — QUJIC, p. 24, 52, pl. 4, fig. 51.

1999Prososthenia cinctAlEUMAYR — OLUJIC, p. 24, 52.

1999Prososthenia cincta prieeva QuJi¢ forma — QUJIC, p. 25, 53, pl. 5, figs. 52-55.
1999Prososthenia cincta ecosta@ uJi¢ forma — QUJIC, p. 25, 53, pl. 5, figs. 56, 64, pl. 6, fig. 75.
1999Prososthenia cincta semievolutauJi¢ forma — QUJIC, p. 25, 53, pl. 5, figs. 57-61, 65, pl. 6, fig..69
1999Prososthenia cincta cinctdEUMAYR forma — QUJIC, p. 25, 53, pl. 5, figs. 62, 66-67, pl. 6, fige-71.
1999Prososthenia sutina@LuJIC — OLUJIC, p. 26, 53.

1999Prososthenia sutinae lateral@LuJiC forma — QUJIC, p. 26, 54, pl. 6, fig. 76.

1999Prososthenia sutinae elec@.uJi¢ forma — QUJIC, p. 26, 54, pl. 6, figs. 77-78.

1999Prososthenia sutinae pretiog2LuJic forma — QUJIC, p. 26, 54, pl. 6, fig. 79.

Material: 869 specimens from samples 44, viGv,vy, Z,Y,V, T1, O, M2, Lx, L, J.
Dimensions Height: 2.5-5.5 mm, diameter: 1-2 mm, spire ang®45°.

Description: Protoconch smooth, consisting of about 1.2 wh@ifsre conical, from slender
to very bulky, consisting of up to 6 straight-sidiedconvex whorls with strongly incised
sutures. The first 1-2 whorls are always smootherfards, in some morphotypes, weak to
prominent axial ribs may occur. These are firsppadicular to the axis but become prosocyrt
on the last whorl. Each of the last 2-3 whorls bearmore or less prominent subsutural
swelling. If present, the ribs start below that kiweg and reach to the lower suture. The last
whorl sometimes appears to be very bulky and makeabout 40-60% of the total height.
Aperture is ovoid, with convex outer lip and slightonvex to nearly straight inner lip.
Distribution: Endemic species of the Dinaride Lake System.¢eerded from the localities
Ribaric (NEUMAYR, 1869)and Lwane (69.5-130.5 m).

Remarks: Comparable to already described taxa, problemglidity and variation arises.
Four morphotypes can be distinguished:

1. Prososthenia cinctanorph A is a small, smooth and in most cases rholley form with a
large last whorl. It was treated psmaevamorph in QuJic (1999)and occurs in samples 44,

45, v1, v with 36 specimensPrososthenia sutinae laterali®LuJi¢, 1999 should also be
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treated as this morplOLuJi¢c (1999) found this form within two layers only amden
described this form as just slightly deviating frbm primaevamorph.

2. Prososthenia cinctanorph B includes also smooth, but large formss®aostatamorph
in OLuJIC, 1999 was already described brUBINA (1897). Although @Quaii¢ (1999) found
some few individuals, in the course of this work asingle one could be detected.

3. Prososthenia cinctanorph C comprises all weakly ribbed shells withsitural swelling
(semievolutamorph in QuJic¢, 1999), includingPrososthenia sutinae elec@Luaic, 1999. It
appears in samples 45,7, Y, V, T1, O, M2, Lx, L with 155 specimens.

4. Prososthenia cinctanorph D is the typicdP. cincta,already defined by BUMAYR (1869),
with prominent axial ribs and subsutural swellinfen bulky and irregularly shaped. Also
Prososthenia sutinae pretiogaLuJi¢, 1999 andPrososthenia cetinae emine@suJic, 1999
range within this morphotype. It occurs in samplesy, V, T1, O, M2, Lx, L, J with 678

specimens.

P. cinctadiffers fromP. schwarziespecially in the subsutural swelling and the Uguaore
bulky shape. Some specimens treated hyi@ (1999) asPrososthenia cinctamorph
primaevado not show the significant swelling, either, aodild therefore not be classified as
this species. These individuals repregemtsosthenia schwarmorphtransitans

Prososthenia neutra BRUSINA, 1897
Pl. 4, figs. 3-4, 6, 12

1897Prososthenia? neutrBrRus. n. sp. — BUSINA, p. 19, pl. 9, figs. 3-4.
1926?Prososthenia neutrBRUSINA — WENZ, p. 1994.

1999Prososthenia superst€ uJic — OLUJIC, p. 28, 56.

1999Prososthenia superstes prae@auJic forma — QuUJIC, p. 28, 56, pl. 7, fig. 82.
1999Prososthenia superstes interme@eaudic forma — QUJIC, p. 28, 56, pl. 7, fig. 83.

Material: 45 specimens from samples J, A.

Dimensions Height: 3-4 mm, diameter: 2.5-2 mm, spire ang®50°.

Description: Protoconch conical, smooth and made up of ab@% Wwhorls. Spire conical,
slender and smooth, consisting of up to 6 convea&dsivhorls with incised sutures. In profile

they form a cyrtoconoid outline. It has a very dans morphology with whorls becoming
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regularly larger towards last whorl that obtainsewls0% of the total height. The aperture is
ovoid to elliptically with a slightly convex inndip and a prominent, strongly convex outer
lip.

Distribution: Endemic species of the Dinaride Lake System; acénrsections Midi¢
(BRUSINA, 1897) and Lwane (130.5-137 m), but also in Gacko Basinai®ic et al.,
submitted).

Remarks: In OLuJi¢c (1999) this species was erroneously introducednew taxon
Prososthenia superstemcluding two morphs, nameR. superstes praeviandP. superstes
intermedia

This species can be separated from Bribsosthenia schwarand Prososthenia cinctdy
their mainly bulky shape and sometimes irregulamiad whorls. Another similar species
described from this region Rrososthenia eburneBrusINA, 1884 which was not detected in
this section. It is even more slender and usualblysists of about 7 nearly straight-sided

whorls.

Prososthenia schwarzs NEUMAYR , 1869
Pl. 2, figs. 1-15, pl. 3, figs. 1-6

1869 Prososthenia Schwarziov. sp. — BUMAYR, p. 360, pl. 12, fig. 4 (non fig. 5, Prososthenia cincta
NEUMAYR, 1869).

1874Prososthenia Schwarzar.apleuraBRUS. — BRUSINA, p. 50, pl. 3, fig. 10.

1897Prososthenia Schwarkeum. — BRUSINA, p. 17, pl. 8, figs. 24, 25.

1926Prososthenia schwartzi apleuBrRUSINA — WENZ, p. 1998.

1926Prososthenia schwartzi schwarldEUMAYR — WENZ, p. 1996.

1999Prososthenia schwartNEUMAYR —OLUJIC, p. 22, 50.

1999Prososthenia schwartaiansitansOLUJIC forma — QUJIC, p. 23, 51, pl. 4, figs. 36-37.

1999Prososthenia schwartzi apleuBRUSINA forma — QUJIC, p. 23, 51, pl. 4, figs. 38-40.

1999Prososthenia schwartzi semicost&auJic forma — QUJIC, p. 23, 51, pl. 4, figs. 41-43.

1999Prososthenia schwartzi schwarldEUMAYR forma — QUJIC, p. 23, 51, pl. 4, figs. 44-45.

1999Prososthenia cetinae incresce@suJic forma — QUJIC, p. 24, 52, pl. 4, fig. 48.

1999Prososthenia cetinae amplifica@LuJIC forma — QUJIC, p. 24, 52, pl. 4, fig. 49.

1999Prososthenia cetinae elega@suJi¢ forma — QUJIC, p. 24, 52, pl. 4, fig. 50.

Material: 1939 specimens from samples 20, 25, 32, 33, 3744345y, B, Z, Y, V, T1, O,
M2, Lx, L, A.
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Dimensions Height: 3-5.5 mm, diameter: 1-2 mm, spire ang{&45°.

Description: Protoconch smooth and consists of about 1.2 wh&tsre high conical to
cyrtoconoid, consisting of up to 7 strongly conwetxorls with strongly incised sutures. The
first 2-3 whorls are always smooth; afterwards,|gcuwe is developed in some morphs,
reaching from weak to prominent axial ribs. Theyym@ach from one suture to the other or
may be restricted to the middle part of the wherlsut never result in a subsutural swelling.
In both cases the ribs are most prominent in thedhaiof each whorl. In some specimens
they seem to be straight, in some others moressrdpisthocyrt. The last whorl attains about
40-50% of the total height. Aperture is ovoid, walightly convex to nearly straight inner lip
and sometimes very prominent convex outer lip.

Distribution: Endemic species of the Dinaride Lake System.eéc®rded from the localities
Ribaric (NEUMAYR, 1869)and Lwane (41.5-137 m).

Remarks: Here again the problem of validity of the manygmeed subspecies arises. These
are probably mere morpho-phenotypes. Moreover, gbeerally available species name
Prososthenia cetina®LuJi¢, 1999(including 4 morphotypes) represents a synonymaaiiyp

P. schwarzandP. cincta.Thus, although the subspecies names introducea by¢ (1999)
are invalid, his 4 morphologies can be defined:

1. Prososthenia schwarznorph A is a small and smooth form, rather ovdidped than
conical and is referred to theansitansmorph in QuJi¢, 1999. Prososthenia cetinae
increscengOLUJIC, 1999 is a variety of this morph. It appears witthe samples 20, 25, 32,
33, 37, 44 with 200 specimens.

2. Prososthenia schwaranorph B comprises another smooth but larger ancemonical
form. Thisapleuramorph in QuJic (1999) is represented in samples 33, 43, 44, Abitlx
152 specimens. Als®rososthenia cetinae amplificat@LuJi¢, 1999 corresponds to this
morph.

3. Prososthenia schwarznorph C is characterized by beginning sculpturettanlast 2-3
whorls semicostatanorph), but in habitus similar to morph Brososthenia cetinae elegans
OLuJi¢, 1999 ranges within this type. It occurs in samleZ, Y, V, T1, O, M2, Lx, L, A
with 185 specimens.

4. Prososthenia schwarmorph D appears to be the typi€alschwarzidefined by MUMAYR
(1869), a sculptured form with prominent axial rdosthe last 2-3 whorls. It is represented in
the samples, B, Z, Y, V, T1, O, M2, Lx, L, J, A with 1402 specime
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P. schwarzidiffers from Prososthenia cinctaNEUMAYR, 1869 mainly in the missing
subsutural swelling. BUMAYR (1969) separateld. cinctafrom this species by its distinct keel
below the sutures whilst iR. schwarzihere is only a thin band, if developed at all.amoid
confusions, a more definite taxonomic concept i®Wed herein, separating both taxa by the

presence of such sutural band or keel.

Subfamily PseudamnicolinaeABoMAN, 1977

GenusPseudamnicola PauLucci, 1878
Type speciesBythinia lucensidssel, 1866, Recent, Tuscany, Italy.

Pseudamnicola torbariana (BRUSINA, 1874)
Pl. 4, figs. 8-11, 13

1874Amnicola TorbarianaBRUSINA — BRUSINA, p. 66, pl. 5, figs. 15-16.
1902Pseudoamnicola? TorbariarBrRUS. — BRUSINA, pl. 10, figs. 14-17.
1926 Amnicola (Amnicola) torbarianBRUSINA — WENZ, p. 2083.

Material: 155 specimens from samples 25, 32, 33, 37, 423,144, 45y, Z, Y, T1, M2.
Dimensions Height: 1-3 mm, diameter: 1-1.5 mm, spire an§&80°.

Description: Protoconch conical, comprises about 1.25 whort$ ianconsistently covered
with distinct wrinkles; it is clearly separated rimathe teleoconch. Spire conical, plump and
smooth, with up to 4 whorls, beginning very smalt bapidly increasing in diameter. The
whorls are convex with the maximum close to theaset adapical suture, resulting in a
somewhat stepped outline; no ramp is developedlagtevhorl obtains about 50-70% of the
total height. Aperture is ovoid and thickened, wathnvex outer lip and rounded anterior tip.
The inner lip starts concave, but becomes stroragigvex towards the base, mostly
pronounced at the middle of the aperture, right b@xhe umbilicus. The latter is very small
and nearly covered by the inner lip; some specinstposgv traces of a funicular ridge.
Distribution: Endemic species of Lake Sinj, recorded from &tio(BRUSINA, 1874) and
Lucane (48-128 m).

55



Quantifying evolution — paleolake mollusks from imaride Lake System

Remarks: The typical protoconch ornamentation is also okesin Pseudamnicola hoeckae
HARZHAUSER & BINDER, 2004 from the Vienna Basin (Upper Miocene), caning the
herein described forms as belonging to this getaes,WENz (1920) described one of his
specimens aBPseudamnicolaf. torbariana which differed from the type species in its less
flattened sutural part of the whorls. A2k¥HAUSER& BINDER (2004) mentioned, this might
probably bePseudamnicola hoeck&#RZHAUSER & BINDER, 2004.

WENz (1926) placed this species into the gerAmnicola GouLD & HALDEMAN, in
HALDEMAN, 1840, which was originally described from Northeé&merica. Because of the
obvious geographical isolation between Northern Acaeand Europe, A&JLuccl (1878)
introduced the new gendseudamnicoldo separate the European genus from the American
one.

Another species described from Dalmati@?seudamnicola stosicianBRUSINA, 1884. This

form is characterized by its relatively broad hasiorl and more slender shape.

Pseudamnicola n. sp.
PI. 5, figs. 1-2, 8, 10

Material: 2315 specimens from samples 20, 32, 33, 37, 42844,y, Z, Y, V, T1, J.
Holotype: NHMW Inv. 2010/0042/0003, height: 2.0 mm, diamme@®9 mm, spire angle: 15°;
illustrated on pl. 5, figs. 1-2, 8, 10.

Paratype 1 NHMW Inv. 2010/0042/0004, height: 2.5 mm, diame®9 mm, spire angle:
20°; from type stratum.

Paratype 2 (Coll. NHM Zagreb). Height: 2.2 mm, diameter: 1.0 mm, spire angl€; 2@m
type stratum.

Paratype 3 (Coll. NHM Zagreb). Height: 2.4 mm, diameter: 1.0 mm, spire angl€; ffom
type stratum.

Locus typicus: Sinj, Lucane Section.

Stratum typicum: Within lacustrine limestone-lignite interbeddingslze Liwtane Section at
69.5 m (sample 44).

Age: Langhian, Middle Miocene.

56



Thomas A. NUBAUER

Diagnosis:A very small, smooth and slender form with wrinkj@toconch, incised sutures
and slightly detached aperture.

Description: The protoconch is conical, comprising 1.25 wholtlss densely covered with
distinct wrinkles, classifying it clearly as Pseodacolinae. The ornamentation is strongest at
the apex, then dissipates consistently and becaimesst smooth towards the transition to the
teleoconch. The protoconch is clearly separateu fte teleoconch.

The shell is slender elongate; in most cases tbeirmens are very slender, with whorls only
slightly increasing in diameter towards the apeitwhereas some others are more bulky with
a broader last whorl. The spire is smooth aparhffime prosocline growth lines and consists
of about 5-6 whorls, each convex in profile andwsatrongly incised sutures. The last whorl
takes up to 50% of the total height and ends wpdonvex base that becomes almost straight
towards the aperture. The latter is elliptical limed with an angle of about 30° to the axis
and in most cases slightly detached from the baise.lips are equally thickened; in some
specimens there is a very weak swelling below thbilicus.

Remarks: Its protoconch sculpture defined this genus angghg to the subfamily
Pseudamnicolinae. Although there are some otherobyd species that show comparable
surface patterns on their subadult shell the simtylavith the Pseudamnicolgrotoconch is
striking (see€P. torbariana(Pl. 4, figs. 11, 13) anB. hoeckadHARZHAUSER& BINDER, 2004).
Just in some Belgrandiinae species protoconchresfre similar, e.g. iNicroprososthenia
KADOLSKY & PIECHOCKI, 2000. Yet, there is a continuous transition to tédeoconch and
rarely a detached aperture. Generally, they areenboitky in shape. One genus that is
reminiscent of the new species regarding its shapdartinietta ScHLICKUM, 1974. Its
protoconch, however, shows a slightly granularaef but lacks the distinct wrinkles.

Also the Bithyniidae can be excluded due to thewotgconch sculpture; e.g. iBithynia
jurinaci (BRUSINA, 1884) very weak spiral striation appears on thgaincap (H\RZHAUSER

& BINDER, 2004).

Although the shape is reminiscent Pfosostheniathe wrinkled protoconch allows a clear
separation. The Late MioceReososthenia radmanegfucHs, 1870) illustrated by BusINA
(1902) would be similar in shape and size but dsffi@ its larger shell and the less incised
sutures. The columellar swelling of the Late Mice€&dontohydrobiaPavLovi¢, 1928, is

more prominent.

57



Quantifying evolution — paleolake mollusks from imaride Lake System

Family Bithyniidae @AY, 1857

GenusFossarulus NEUMAYR, 1869
Type specied-ossarulus StachéleEumMAYR, 1869, Miocene, Miti¢, Dalmatia/SE Croatia.

Fossarulus cf. armillatus BRUSINA, 1876
Pl. 5, figs. 11-12, 14

1876Fossarulus armillatu8RUSINA — BRUSINA, p. 112.
1897Fossarulus armillatuBRuUs. —BRUSINA, p. 21, pl. 8, figs. 1-2.
1926Fossarulus armillatuBRUSINA—WENZ, p. 2201.

Material: 28 specimens from sample A.

Dimensions: No exact measurements can be performed due toatementary preservation.
Size ranges around 4 mm in height and 3 mm in diemgpire angle: 40-50°.

Description: Protoconch is conical, completely smooth and «iesof about 1.5 whorls.
Spire is conical, quite bulky and bears delicatdmare. Whorls are convex with maximum
convexity in the adapical half and almost straiglded towards lower suture. Right at the
beginning of the teleoconch 2-3 thin and delicagel& with equal interspaces appear that
quickly become more prominent; no sutural ramporsnied. Parallel to the keels extremely
fine lines occur, about 6 within the interspacesl @a. 7 above the first keel. Due to
pronounced fragmentation the lower whorls and floeeealso the aperture are not preserved.
After drawings by BUSINA (1897) the last whorl makes up to 60% of the tb&ight and
bears 3 strong and thin keels with very weakly ted nodules. Below, 2-3 very weak
keels appear along the aperture. The apertureoisl @ith elevated posterior margin, strongly
convex outer and nearly straight to slightly convexer lip. Both can be extremely
thickened.

Distribution: Endemic species of the Dinaride Lake System, dmmbrfrom Mi@ic
(BRUSINA, 1897) and section kane (137 m).

Remarks: No complete specimen is preserved. Hence, therdigigtion is based on shape
and the expression of the keels. It differs frbossarulus tricarinatu8BRUSINA, 1870 in its
bulkier shape and the thinner keels. Moreovegr.itricarinatus the keels appear not before
the third whorl.Fossarulus moniliferuBRUSINA, 1876 is less bulky, too.

Although the lower part is missing in each specijtée nodeless keels at the third whorl
preclude a classification as one of the strongelipsared species, e.§ossarulus fuchsi
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Fossarulus fuchsi BRuSINA, 1882
PIl. 5, figs. 3-4, 9, 13

1882Fossarulus FuchdBrRUS. nov. spec. — BUSINA, p. 38.
1897Fossarulus FuchsBrRUS. — BRUSINA, p. 21, pl. 7, figs. 27, 28.
1926Fossarulus fuchdBRUSINA — WENZ, p. 2203.

Material: 6 specimens from samples 32, 33, 37.

Dimensions: No exact measurements can be performed due tiatpmentary preservation.
Size ranges around 4 mm in height and 3 mm in diemgpire angle: 45-60°.

Description: Protoconch conical and smooth, consisting of aldobitwhorls. Spire conical,
bulky with rich sculpture, consisting of up to 4 evls. Whorls are convex, strongest towards
apex, and nearly straight towards lower suture. firsewhorls are almost smooth aside from
very weak traces of 2-3 keels. These start thindeidate but become more prominent and
increase in number towards the aperture, up to @&henlast whorl. A concave furrow
separates the keel and a narrow sutural ramp sla@sd above the upper keel. Furthermore,
nodes appear on the keels very soon. They are,simatid, prominent and numerous. On the
last whorl, which makes up about half of the tdtalght, the first two keels (with nodes)
below the suture are most prominent. The othe®nards the aperture — become indistinct
and the lowermost keels do not bear nodes any mbeaperture is not preserved. Referring
to the drawings of BUSINA (1897) it is ovoid and has a strongly convex dndkened outer
lip. The inner lip is nearly straight to slightlgrvex.

Distribution: Endemic species of Lake Sinj, recorded from tlvalibes Potravilje (BUSINA,
1897) and Lgane (60-65 m).

Remarks: This species is hard to separate from similar aueh ad-. stacheiNEUMAYR,
1869,F. hoernesBRuUSINA, 1882andF. auritusBRUSINA, 1882.

These could be identified based on their diffeegdrtures, but in none of the specimens this
part is preserved completely. Therefore, size aral development of keels and nodes,
especially on the first few whorls are chosen agmaterion for identificationF. hoernesi
andF. auritusare much largerf-. stacheiis more bulky in shape and develops two distinct

keels without nodes on the second whorl.
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Subclass Heterobranchiag®y in TURTON, 1840
Order Pulmonata @/IER, 1817

Superfamily LymnaeoideaARINESQUE, 1815
Family Lymnaeidae RFINESQUE, 1815
Subfamily Lymnaeinae RINESQUE, 1815

GenusLymnaea L AMARCK , 1799
Type speciedelix stagnalid.INNAEUS, 1758, Recent.

Lymnaea sp.
Pl. 6, figs. 1-2, 11

Material: 12 specimens from samples 32, 33, Z, T1, J, A.

Dimensions: No complete specimen preserved, just upper whowsght: up to 5 mm,
diameter: up to 3.5 mm.

Description: Protoconch smooth, with erect tip, consisting bbw half a whorl. Spire
smooth and high conical; the number of whorls cam@determined, because no complete
specimen exists. The whorls increase rapidly inetisions and seem to be rhomboidal in
profile — one outline convex with strongest curvatabapically, second one also convex but
most bent adapically. Sutures moderately incisedaperture is preserved.

Distribution: Recorded from section kane (60-132 m).

Remarks: There are just twhymnaeaspecies described from this regidtymnaea Klaici
BRUSINA, 1884 is an elegant species, with high conicatespnd conspicuous inner lip;
Lymnaea korlevicBRUSINA, 1884 is broader and shows fewer whorls, whetteasast one is
very prominent making up to 80% of the total heigftie poor preservation does not allow

any clear identification.
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Superfamily PlanorboideaARINESQUE, 1815
Family Planorbidae RFINESQUE, 1815
Subfamily Planorbinae A&INESQUE, 1815

GenusGyraulus AGAssiz, 1837
Type speciesPlanorbis albusO. F. MULLER, 1774, Recent.

Gyraulus geminus (BRUSINA, 1897)
Pl. 6, figs. 3, 10

1897Planorbis geminu8RUS. n. sp. — BUSINA, p. 5, pl. 2, figs. 11-16.
1923Gyraulus (Gyraulus) geminy8RUSINA) — WENZ, p. 1554.

Material: 15 specimens from samples V, A.

Dimensions Height: about 0.5 mm, diameter: about 2 mm (up tom).

Description: Protoconch consists of about 1.25 whorls and shbegypical striae for the
genusGyraulus(RIEDEL, 1993). Shell thick-walled, discoidal, smooth aahsists of up to 5
whorls. Whorls are planspiral, strongly roundedstightly flatten in profile and increase
rapidly in diameter; each whorl covers about 20%hef preceding one and is about twice as
large in height. Last whorl attains about 25-35%tloé total diameter. No distinct keel
appears, but strongest curvature is in the midtlde whorl. The aperture is not preserved.
The outer lip is elevated in the middle resultingiimore or less triangular shape; margins are
convex. Surface is smooth, aside from weak prasegrowth lines.

Distribution: Recorded from localities Gotica, Mioci¢ (BRUSINA, 1897) and Léiane (115.5

m, 137 m).

Remarks: G. geminuscan beeasily differed fromGyraulus dalmaticu§BRUSINA, 1884) by
the keel and the relatively larger last whorl o flatter species. Another similar species is
Gyraulus pulici (BRUSINA, 1897), which is larger and just recorded from rBasand

Herzegovina.
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GenusOrygoceras BRUSINA, 1882
Type speciesiOrygoceras dentaliformeéBRUSINA, 1882, Miocene, Ribatj Dalmatia/SE

Croatia.

Orygoceras cornucopiae BRUSINA, 1882
Pl. 6, fig. 6

18820rygocerascornucopiaenov. spec. — BUSINA, p. 45, pl. 11, figs. 1-3.
18970rygoceras cornucopiaBRUS. — BRUSINA, p. 2, pl. 1, figs. 7-9.
19020rygoceras cornucopiaBRUS. — BRUSINA, pl. 2, figs. 15-16.
19280rygoceras cornucopiaBRUSINA — WENZ, p. 2485.

Material: 4 specimens from samples 32, 33, 37, J.

Dimensions: Due to fragmentary preservation no measurementsd cbe taken; after
BRUSINA (1882) the height reaches up to 7.8 mm and theete up to 1.4 mm.

Description: Protoconch consists of about 0.75 whorls and shiypial striae. Spire is
uncoiled, dentaliform and long, attaining its lssge&iameter towards the aperture. Spire
starting smooth, but soon prominent rings with oarmterspaces occur. These rings become
more prominent towards the aperture.

Distribution: Endemic species of the Dinaride Lake System. i¢d®rded from the localities
Paki¢, Mioci¢ (BRUSINA, 1882, 1897) and laane (60-130.5 m).

Remarks: Differs from O. stenonemusy the dense formation of rings.

Orygoceras dentaliforme BRUSINA, 1882
Pl. 6, fig. 4

18820rygoceras dentaliforenov. spec. — RUSINA, p. 42, pl. 11, figs. 9-15.
18970rygoceras dentalifors BRUS. — BRUSINA, p. 2, pl. 1, figs. 13-14.
19280rygoceras dentalifore BRUSINA — WENZ, p. 2485.

Material: 372 specimens from samples 22, 25, 32, 33, 344345,y, Z, Y, V, T1, M2, LX,
L, J.
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Dimensions:Due to fragmentary preservation no measurementdedaken; after BUSINA
(1882) theheight reaches up to 7 mm and the diameter up %omim. The collected
specimens fit within this range.

Description: Protoconch consists of about 0.75 whorls and shgmisal striae, designating it
as planorbid species ARzHAUSER et al., 2002). Spire is uncoiled, dentaliform dadg,
attaining its largest diameter towards aperturellQisually smooth except for few large ring-
like swellings formed by growth lines in few speeins. If present, they occur only in the
abapical part of the shell. Rings are always reguiround spire, parallel to aperture.
Distribution: Endemic species of the Dinaride Lake System.i¢d®rded from the localities
Paki¢, Ribari, Sinj (Zupta potok) (BRUSINA, 1882, 1897) and laane (45-130.5 m).
Remarks: Differs from O. stenonemuandO. cornucopiady being either smooth or bearing

less prominent, fewer and far more abapically s#iaings.

Orygoceras stenonemus BRUSINA, 1882
Pl. 6, figs. 5, 9

18820rygoceras stenonemuasv. spec. — Brusina, p. 43, pl. 11, figs. 4-8.
18970rygoceras stenonemBRUS. — BRUSINA, p. 2, pl. 1, figs. 10-12.
19280rygoceras stenonenBRUSINA — WENZ, p. 2490.

Material: 43 specimens from samples 32, 33, 37, 42/41, 43,441, Lx, L, J.

Dimensions: Due to fragmentary preservation no measurementsd cbe taken; after
BRUSINA (1882) the height ranges around 5 mm and the diametepisoul mm. The
specimens fit within this range.

Description: Protoconch consists of about 0.75 whorls and shgpisal striae. The spire is
uncoiled, dentaliform and long, attaining its lssgeiameter close to the aperture. Spire
starting smooth, but soon prominent rings with wiklierspaces occur. They become more
prominent towards the aperture.

Distribution: Endemic species of the Dinaride Lake System.¢eerded from the localities
Paki¢, Ribari, Sinj (Zupta potok) (BRUSINA, 1882, 1897) and Liane (60-130.5 m).

Remarks: Differs fromO. cornucopiady the wider interspaces between the rings.
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Subfamily Bulininae PFISCHER& CROSSE 1880

GenusFerrissia WALKER , 1903
Type speciesAncylus rivularisSay, 1817, Recent, Eastern North America.

Ferrissiaillyrica (NEUMAYR , 1880)
Pl. 6, figs. 7-8, 12

1880Ancylus lllyricusn.f. — NEUMAYR, p. 486, pl. 7, fig. 16.
1902Ancylus illyricusNEUM. — BRUSINA, pl. 1, figs. 20-21.
1907Ancylus illyricusNEUM. 1880 — BRUSINA, p. 195.
1923Pseudancylus illyricuNEUMAYR) — WENZ, p. 1698.

Material: 1 specimen from sample 44.

Dimensions Height: 2.8 mm, diameter: 1.5 mm, convexity: 1 mm

Description: Protoconch round, ranges around 4@ and bears a “collar” of numerous and
narrow spaced, thin radial ribs. At the uppermast ft is smooth and shows a small pit right
in the center. The shell is ovoid and slightly lsleaanterior. The apex points slightly towards
right. Moreover, distinct concentrical growth linggpear. At the inside the radial ribs extend
almost to the shell margins, whereas the growtsliare restricted to the outer surface.
Distribution: Recorded from Haptovac/Metokija (Gacko Basin, Basand Hercegovina)
(NEUMAYR, 1880), Palfi¢, Mioci¢ (BRUSINA, 1902) and L&iane (69.5 m).

Remarks: WALKER (1903) separated the Eastern American ancyli imto “sections”
(treated as subgenerdaevapexwith smooth apex anBerrissia with radial ribs. The ribs
and the pit at the protoconch identified this spes unmistakable dserrissia It is similar

to Ferrissia wittmannithat is recorded from the Ottnangian of the WestBaratethys
(KoOwALKE & REICHENBACHER 2005) and-errissiaspecies from the Sarmatian of the Central
Paratethys (WRzHAUSER& KOWALKE, 2002) and shows nearly the same protoconch festur
but differs conspicuously in strong radial ribsal@ag to the shell margins.

NEUMAYR (1880) described this species belonging to theig&ncylusO. F. MULLER, 1774.
As already mentioned byc8LiIckum (1976), the shape of the shellfedrrissia differs from
Ancylusand also fromAcroloxusBECK, 1838.Ancylusis characterized by a cap-like shape
with a more rounded shell and a higher ap&toloxusis distinguished by its apex pointing

to the left, whereas iRerrissiait points towards the right.
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ScHLICKUM (1976) also quoted erroneously thadrrissia illyrica is also known from the
Pontian stage (Upper Miocene), whileelAYR (1880) described this species from the

Middle Miocene of Bosnia and HerzegovinaAibic et al., submitted).

Class Bivalvia LUNNAEUS, 1758
Superorder HeterodonteeNMAYR, 1883
Order Veneroida H. & AADAMS, 1856
Family Dreissenidae &y in TURTON, 1840

GenusMytilopsis CONRAD, 1858
Type speciegMiytilus leucophaetu€oNRAD, 1831, Recent, Eastern USA.

Mytilopsis aletici (BRUSINA, 1907)
Pl. 7, fig. 8

1907Congeria aleticin. sp. — BRUSINA, p. 206.
1978 Congeria aleticin. sp. — KOCHANSKY-DEVIDE in KOCHANSKY-DEVIDE & SLISKOVIC, p. 61-63, 94, pl. 11,
figs. 10-15, pl. 12, figs. 1-2.

Material: 20 specimens from samples 458.

Dimensions: The available specimens from the samples are pgoeserved. Therefore, the
better preserved specimens collected from debtiseatopmost part of the section have been
measured. Length, height, convexity: 57 x 57 x 6,/88x 42 x 6 mm, 52 x 52 x 6 mm.
Description: Shell circular, large and flat, with straight ddre@zargins and strongly convex
anterior margin. Shell wall is thin. Furthermorbe tshell bears prominent growth lines and
usually a delicate but sharp and short keel, starit the umbo and stretching across about
one third of the shell.
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Distribution: Endemic from Dinaride Lake System, recorded fromj &asin (BRUSINA,
1907) and Kupres Basin ()CHANSKY-DEVIDE & SLISkovi¢, 1978). In section Leane it
appears between 70.5 and 107.5 m.

Remarks: Differs from bothM. frici andM. drvarensidoy its umbonal angle, which attains in
both species c. 90°, whereasNh aletici it measures c. 180°. Moreover, it differs frdvh
drvarensisin surface sculpturdyl. aleticihas a shorter keel, no radial ribs and is larger.
Because BUSINA (1907) added no illustration to his descripti?fQCHANSKY-DEVIDE &
SLiskovi¢ (1978)described this form erroneously again as new spgeithough BUSINA
provided a valid description with exact statemdniboality (Kalina at KoSute, southern Sinj

Basin).

Mytilopsis cf. drvarensis (TOULA, 1913)

1913Congeria Drvarensis. f. — TOULA, p. 642, pl. 24, figs. 11-12.
1978Congeria drvarensiFouLA 1913 — KOCHANSKY-DEVIDE in KOCHANSKY-DEVIDE & SLISKoVIC, p. 58, 93,
pl. 9, figs. 16-28, pl. 10, figs. 1-12.

Material: 1 specimen from sample

Dimensions:No exact measurements could be taken due to fragtimn Estimated values:
length, height, convexity: 40 x 45 x 5.6 mm, umdarale: ca. 90°.

Description: Shell large, moderately convex with convexity ind@xH) of about 0.12,
rounded in outline. Dorsal margins, both anteriod gosterior, are slightly concave to
straight, and form an umbonal angle of c. 90°. Véetral margin is convexly rounded. Keel
Is prominent, stretching from umbo in ventral direc with length of about % of total shell
diameter. Hereby also distinct growth lines octo.hinge is preserved.

Distribution: Endemic from Dinaride Lake System, recorded fromllowang
localities/regions: Drvar Basin, Sanski Most, Rilizasin, Livno Basin, Mostar Basin, Gacko
Basin, Sinj Basin (KWCHANSKY-DEVIDE & SLiSkovi¢, 1978). In section Léane it appears at
98 m.

Remarks: The preservation of available material is poor tlassification of the only
specimen is based on the long keel, the size andrtibonal angle but it cannot be excluded

that the specimen represents only a variatiav.odletici.
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Generally, M. drvarensis differs from M. aletici in longer exterior surface keel and
occasionally by the presence of weak radial ribsrizethe keel.

Mytilopsisjadrovi (BRUSINA, 1892)
PIl. 7, figs. 1-2, 9

1892CongeriaJadrovi BRUSINA — BRUSINA, p. 195.

1897Congeria JadrovBRUS. — BRUSINA, p. 30, pl. 17, figs. 12-14.

1902Congeria JadrovBRUS. — BRUSINA, pl. 21, figs. 2-5.

1978 Congeria jadroviBRUSINA 1897 — KOCHANSKY-DEVIDE in KOCHANSKY-DEVIDE & SLISKoVIC, p. 37-38,
87, pl. 1, figs. 26-39.

Material: 1316 specimens from samples 20, 22, 25, 26, 33B3}2/41, 43, 44, 451, v, n,
v,B,Z, Y, V, T, O, Lx, L, J, A.

Dimensions: Length, height, convexity of some specimens: 4B5%x 2 mm, 2 x 3.5 x 1
mm, 4 X 5.5 X 2 mm.

Description: Shell subtriangular, elongated, with two equallesi valves, measuring up to 8
mm in height and up to 5 mm in length. Umbo is pednwith an angle reaching from 40-75°.
Dorsal posterior margin slightly convex to nearsaght. From this point, the margin bents
strongly and becomes convex towards the ventral €hd is pointed but slightly rounded.
Anterior margin is in most cases more or less glitawith intention of a byssal notch. A
prominent broad keel is present, slightly bent ¢éarty straight, reaching the ventral margin.
In dorsoventral profile it forms a convex crest,anourved at about one third of the height.
Divided by the keel two main fields can be distirstped: both the posterior and the anterior
field appear to be nearly straight to slightly cexvn profile, whereas the anterior field is far
more inclined. The shell exterior surface is smoothe hinge comprises an elongated
posterior internal ligament band and a distinctpdgysis, situated posterior from the pointed
umbo, reaching from small to prominent and compgs triangular shape, with an angle of
about 90-130°. It bears an anterior byssal retratioscle imprint that is positioned at the
ventral part of the hinge plate and appears todmeilgnar in shape. The anterior adductor
muscle lies in the center of the hinge plate amdhéoa slightly curved incision, reaching from
the posterior margin of the hinge plate to the &ysfs. The shape of the posterior muscle
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imprints could not be determined, being either vegistinctly or rarely preserved. The
pallial line has no sinus.

Distribution: Endemic from Dinaride Lake System, recorded fromllofving
localities/regions: Sinj Basin (sINA, 1897), Mi&i¢, Bioc¢i¢, Kadina glavica, Psunj, Utinja,
Medvednica, Prijedor, Eminovo Selo, Zenica, Samjekonjic (KOCHANSKY-DEVIDE &
SLiskovic, 1978). In section Léane it appears between 41.5 and 137 m.

Remarks: Differs from M. nitida whose keel is more straight and blunt resultingain
reduction of the anterior external surface fieldyreover it is more convex in shape. The
distribution is almost the same, but it is even enarevalent thaM. jadrovi. Another similar
species igM. neumayribut this one is by far larger and the keel is hat high. Furthermore,
the anterior external surface field is strongly uset. M. neumayrioccurs also in the

Pannonian Basin System, from the Karpatian to theed Pannonian.

Superorder PalaeoheterodonawLL, 1965
Order Unionida $oLIiCzKkA, 1871
Family Unionidae RFINESQUE, 1820

GenusUnio PHILIPSSON, 1788
Type speciesvlya pictorumLINNAEUS, 1758, Recent.

Unio cf. rackianus intermedius ZAGAR -SAKA ¢, 1987
Pl. 7, fig. 3

1874Unio RackianuBRUSINA—BRUSINA, p. 115, pl. 5, figs. 9-10.
1987Unio rackianus intermedius. ssp. AGAR-SAKAC — ZAGAR-SAKAC, p. 77, pl. 5, figs. 1-3.

Material: 1 specimen from samples 44.

Dimensions: Due to fragmentation the length could not be messlbut just estimated.
Length, height, convexity: 32 x 24 x 9 mm, umbasadle: about 125°.

Description: Shell elliptically in shape, strongly convex, espg towards the middle of the

shell height. On both sides of the umbo a sliglprégsion occurs in outline before it merges
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in its elliptical shape. Although the shell is dayed it shows an intention of two posterior
radial keels. Also some weak growth lines appeacaBse the shell sticks in the sediment
umbo and inner features could not be described.

Distribution: Endemic from Dinaride Lake System, recorded fromSk] Panj/Hrvace (Sinj
Basin), Miai¢, Koljane (AGAR-SAKAC, 1987) and Lsane (69.5 m).

Remarks: Due to poor preservation the determination is thame the two radial keels and
moreover on shape and size. Regarding these fegtureackianus intermediudiffers from
other subspecies. The nominal subspeUdie® rackianus rackianu8RUSINA, 1874is much
larger and more elongated, wheré#sio rackianus simpleXAGAR-SAKAC, 1987is more

compact; both show stronger keels.

Unio sp.
Pl. 7, figs. 4-7

Material: 2 adult specimens from sample 43, 1 juvenile feample 44 (PI. 7, figs. 4-7).
Dimensions: Length, height, convexity: 30 x 25 x 5 mm (estietatvalues; because of
fragmentation no measurements could be taken)njlevepecimen: length, height, convexity:
2.8x1.9x0.8 mm.

Description: As far as the shape can be identified in adultispens, the shell appears to be
quite short. The surface consists of at least ttwvong posterior keels. Hinge and inner
features are not sufficiently preserved.

The juvenile specimen is almost complete and owvmidsub-rectangular shaped. The
prodissoconch is raised, slightly acuminate andliéap it bears the embryonic shell that
measures about 20@m. The outer surface bears weak growth lines ampadsterior field
which is demarcated by a slight keel. The hingesists of extremely prominent cardinal and
elongated posterior teeth. Especially the cardmath of the right valve is strongly broadened
and extended. On both valves the hinge plate betweedinal and posterior teeth has an
angle of about 150°. Muscle scars are small andhded to ovoid, the pallial line is
integripalliat.

Distribution: Recorded from section kane from 68.5-69.5 m.

Remarks: Due to pronounced fragmentation the adult indialdiwcould not be identified on

species level.
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Zusammenfassung

Quantifizierung von Evolution - fossile SidRwasser-Mllusken des Dinariden-
Seensystems (Mittel-Miozén, Sinj-Becken, SO Kroatrg

Diese Untersuchung behandelt EvolutionsprozesseUmwaeltverdnderungen anhand eines
mittel-miozanen Aufschlusses im Sinj-Becken (Dalegt SO Kroatien), das die
Ablagerungsgeschichte eines langlebigen SiuRwassers@lerspiegelt. Trotz einer weit
reichenden Untersuchung fehlten bisher quantitddagen, um Einsicht in Artenverteilungen,
taxonomische Beziehungen und die Ursachen der mlmgikschen Verdnderungen zu

erhalten.

Die taxonomische Diversifikation der SuRwasser-feégsiden in Verbindung mit
morphologischen Disparitéats-Events wurde anhandsega. 100 m dicken Profils, das den
obersten Teil der Beckenfullung umfasst, dokumentiBasierend auf dem bestehenden
Altersmodell passieren diese Anderungen in nur gemizehntausend Jahren, was erneut die
Bedeutung langlebiger Seen fur die Evolutionsfonsch belegt. Des Weiteren lasst die
Gleichzeitigkeit der morphologischen Abwandlungerei bvoneinander systematisch
unabhangigen Taxa auf einen engen Konnex zu Umevélhderungen schliel3en.
Hochstwahrscheinlich sind klimatische Fluktuationeéie zu Schwankungen des Seespiegels
und der Habitattypen fuhrte, treibende Faktorerdfése Radiationsevents.

Diese Studie beinhaltet die Anwendung statistisdéhethoden auf quantifizierte Proben und
eine taxonomische Revision der auftretenden TaxacWiel3end folgt eine Interpretation des
Paldoenvironments auf Basis der Molluskenverteiluies wird unterstitzt durch
sedimentologische Daten und friihere palynologigama&ysen. Tatséchlich wird das friihere
Modell der Gliederung in zwei Kalkstein-Kohle-Zykléestatigt, die vom seichten Milieu mit
mittlerer Wasserenergie und hohem SuRwassereintragper fossilarme
Transgressionskalksteine zu einem seichten, nieaeigetischen Setting reichen und zuletzt

die komplette Austrocknung des Sees am Profiltdquadeentieren.

Die Diskussion setzt einen Schwerpunkt auf die &wmhslinien von vier Arten, je zwei der
GattungenMelanopsisund PrososthenigKapitel 4.5.). Alle vier Arten kommen nahezu im

ganzen Profil vor und kénnen in mehrere Morphotypatergliedert werden, basierend auf
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ihrer Skulpturierung; in wenigen Fallen auch oberhGro3e. Es wird gezeigt, dass die
Morphotypen sequentiell auftreten, jeder mehr adamiger beschrankt auf einen bestimmten
Abschnitt. Diese morphologischen Veranderungenigass zeitgleich in unterschiedlichen

Taxa.

Schliusselworter: Evolutionslinien, Radiationsevents, Palaodkologtatistische Analyse,

Mittel-Miozéan, Dinariden-Seensystems, Sinj-Becken
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Figs. 1-3.

Figs. 4-6.

Figs. 7-9.

Figs. 10-12.

Figs. 13-15.

Figs. 16-18.

Figs. 19-21.

Fig. 22.

Plate 1

Melanopsis lyrataNEUMAYR, 1869, morph B (semicostatdorma of
OLuJI¢, 1999). Scale bar corresponds to 0.5 cm; from sarvple

Melanopsis lyrataNEUMAYR, 1869, morph C (zostataforma of
OLuJIC, 1999). Scale bar corresponds to 0.5 cm; from sa@ple

Melanopsis lyratdNEUMAYR, 1869, morph D (3Fyrataforma of
OLuJI¢, 1999). Scale bar corresponds to 0.5 cm; from saWiple

Melanopsis. sp.
Holotype (NHMW Inv. 2010/0042/0001); scale bar esponds to 1
cm; from sample 44.

Melanopsis lanzaeanBRUSINA, 1874, morph A (fanzaeandorma of
OLuJic¢, 1999). Scale bar corresponds to 0.5 cm; from sarple

Melanopsis lanzaeanBRUSINA, 1874, morph B (f¥ugosaforma of
OLuJI¢, 1999). Scale bar corresponds to 1 mm; from sample Z

Melanopsis lanzaeanBRUSINA, 1874, morph C (zostataforma of
OLuJic¢, 1999). Scale bar corresponds to 0.5 cm; from sadple

Melanopsis lyratdNEUMAYR, 1869, morph A (sglabraforma of
OLuJi¢, 1999). Scale bar corresponds to 0.5 cm; from satple
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Plate 2
Scale bar corresponds to 1 mm

Figs. 1-3, 7. Prososthenia schwarNEUMAYR, 1869, morph A (fransitansforma
of OLUJIC, 1999). Fig. 7 shows protoconch of fig. 1; from s&rd.

Figs. 4-6, 8. Prososthenia schwarNEUMAYR, 1869, morph A (fransitansforma
of OLUJIC, 1999). Fig. 8 shows protoconch of fig. 5; from s&r.

Figs. 9-10, 13. Prososthenia schwarNEUMAYR, 1869, morph C (semicostatdorma
of OLuJI¢, 1999). From sample Z.

Figs. 11-12, 14-15. Prososthenia schwarNEUMAYR, 1869, morph C (semicostatdorma
of OLuJIC, 1999). Fig. 15 shows protoconch of fig. 11; frormmgpée Z.
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Figs.

Figs.

Figs.

Figs

Figs

1-2, 5.

3-4, 6.

7-9.

.10, 13-14.

.11-12.

Plate 3
Scale bar corresponds to 1 mm

Prososthenia schwarNEUMAYR, 1869, morph B (apleuraforma of
OLuJI¢, 1999). From sample 44.

Prososthenia schwarNEUMAYR, 1869, morph D (schwarziforma of
OLuJI¢, 1999). From sample V.

Prososthenia cinctAlEUMAYR, 1869, morph A (primaevaforma of
OLuJI¢, 1999). From sample 44.

Prososthenia cinctdlEUMAYR, 1869, morph C (semievolutdorma of
OLuJI¢, 1999). From sample Z.

Prososthenia cinctdlEUMAYR, 1869, morph C (semievolutdorma of
OLuJI¢, 1999). From sample Z.



Thomas A. NUBAUER




Quantifying evolution — paleolake mollusks from imaride Lake System

Figs. 1-2, 5.

Figs. 3-4, 6, 12.

Fig. 7.

Figs. 8-11, 13.

Plate 4

Prososthenia cinctdlEUMAYR, 1869, morph D (xinctaforma of
OLuJIC, 1999). Scale bar corresponds to 1 mm; from sample Z

Prososthenia neutrBRUSINA, 1897.
Scale bar corresponds to 1 mm; fig. 12 shows pootdt of fig. 3;
from sample A.

Prososthenia bicarinat@LuJic, 1999.
Scale bar corresponds to 1 mm; from sample Z.

Pseudamnicola torbarian@RUSINA, 1874).

From sample 44.

Specimen 1: 8) scale bar corresponds to 0.2 mndtajl of fig. 8.
Specimen 2: 9-10) scale bar corresponds to 1 mirgédtail of fig. 9.
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Quantifying evolution — paleolake mollusks from imaride Lake System

Figs. 1-2, 8, 10.

Figs. 3-4, 9, 13.

Figs. 5-7.

Figs. 11-12, 14.

Plate 5

Pseudamnicola. sp.

Holotype (NHMW Inv. 2010/0042/0003); 1-2) scale barresponds to
1 mm; 8) scale bar corresponds to 0.5 mm; fig.HtWs protoconch of
fig. 1; from sample 44.

Fossarulus fuch€BRUSINA, 1882.
Scale bar corresponds to 1 mm; fig. 13 shows pootcit of fig. 3;
from sample 33.

Theodoxus sinjany8RUSINA, 1876).
Scale bar corresponds to 1 mm; from sample 44.

Fossaruluscf. armillatusBRUSINA, 1876.
Scale bar corresponds to 1 mm; fig. 14 shows pooicie of fig. 11;
from sample A.
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Plate 6

Figs. 1-2, 11. Lymnaeasp.
Scale bar corresponds to 1 mm; fig. 11 shows pooicie of fig. 1;
from sample A.

Figs. 3, 10. Gyraulus geminu@BRUSINA, 1897).
Scale bar corresponds to 1 mm; fig. 10 showtopamch of fig. 3;
from sample A.

Fig. 4. Orygoceras dentaliformBRUSINA, 1882.
Scale bar corresponds to 1 mm; from sample J.

Figs. 5, 9. Orygoceras stenonemBRUSINA, 1882.
Specimen 1: 5) scale bar corresponds to 1 nom fample J.
Specimen 2: 9) protoconch; from sample 44.

Fig. 6. Orygoceras cornucopiaBrUSINA, 1882.
Scale bar corresponds to 1 mm; from sample J.

Figs. 7-8, 12. Ferrissia illyrica(NEUMAYR, 1880).
Scale bar corresponds to 1 mm; fig. 12 showtopamch of fig. 7;
from sample 44.
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Quantifying evolution — paleolake mollusks from imaride Lake System

Plate 7

Figs. 1-2, 9. Mytilopsis jadrovi(BRUSINA, 1892).
RV; scale bar corresponds to 1 mm; fig. 9 shbinge of fig. 1;
from sample 44.

Fig. 3. Unio cf. rackianus intermediuBAGAR-SAKA ¢, 1987.
LV; scale bar corresponds to 1 cm; from sample 4

Figs. 4-7. Unio sp.
Juvenile specimen; 4, 6) LV; 5, 7) RV; scale t@responds to 1 mm;
from sample 44.

Fig. 8. Mytilopsis aletici(BRUSINA, 1907).
From the collection of the NHMW.
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