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Abstract: Changes in molluscan diversity across the 3rd order sequence boundary from the Lower
to the Middle Miocene of the Paratethys were evaluated in the context of environmental bias.
Taken at face value, quantitative data from nearshore and sublittoral shell beds suggest a transition
from low-diversity Karpatian (Upper Burdigalian) to highly diverse Badenian (Langhian and
Lower Serravallian) assemblages, but environmental affiliation of samples reveals a strong
facies shift across the sequence boundary. Ordination methods show that benthic assemblages of
the two stages, including 4 biozones and four 3rd order depositional sequences over less than
four million years, are developed along the same depth-related environmental gradient. Almost
all samples are from highstand systems tracts, but Karpatian faunas are mostly from nearshore set-
tings, and Badenian faunas are strongly dominated by sublittoral assemblages. This study empha-
sizes the importance of highly resolved stratigraphic and palacoenvironmental frameworks for
deciphering palaeodiversity patterns at regional scales and highlights the effort required to reach
the asymptote of the collector’s curve. Abundance data facilitate the recognition of ecological
changes in regional biota and it is suggested that in second and higher order sequences the

facies covered within systems tracts will drive observed diversity patterns.

The quality of the fossil record of biodiversity is
strongly influenced by the rock record (Holland
2000; Smith 2007). The amount of sedimentary
rock preserved has strongly fluctuated over time
and is very similar to corresponding diversity pat-
terns, suggesting that a major bias exists (Raup
1976; Miller & Foote 1996; Smith 2001; Peters &
Foote 2001; Smith & McGowan 2007; Barrett
et al. 2009). Alternatively, it suggests that both the
rock record and diversity are driven by a common
underlying factor, such as sea-level change (Peters
2005, 2006), a signal that can be regionally obscured
at tectonically active margins (Crampton et al.
2003). The change in the proportion of onshore to
offshore sediments preserved in the record, how-
ever, is probably as important as changes in the
volume of rock preserved (Smith er al. 2001;
Crampton et al. 2003, 2006). Although global data-
sets are comparatively robust to such biases (e.g.
Marx & Uhen 2010), sequence stratigraphical archi-
tecture undoubtedly controls patterns of faunal
change on a local and regional scale (Bulot 1993;
Brett 1995, 1998; Patzkowsky & Holland 1999;
Smith et al. 2001; Smith 2001). Specifically, most
changes in first and last occurrences of species,
and widespread changes in species abundance and
biofacies, occur at sequence boundaries and at major

transgressive surfaces (Holland 1995, 1999, 2000).
It is therefore important to evaluate stage-level
changes in taxonomic diversity, at the temporal
scale of millions of years, in the context of rock
volume- and environmental bias to ensure that
these changes are not simply driven by sequence
architecture (Smith 2001).

The present study focuses on diversities of two
regional Miocene stages of the Paratethys, an epi-
continental sea whose history is closely linked to
the Alpine orogeny and that covered vast parts of
Central and Eastern Europe (Rogl 1998, 1999)
(Fig. 1). Standing diversity of the Central Paratethys
indicates a strong increase in species richness at
the boundary from the Karpatian (Upper Burdiga-
lian) to the Badenian (Langhian and Lower Serra-
vallian), which is interpreted as a major faunal
turnover associated with the Langhian transgression
(Harzhauser et al. 2003; Harzhauser & Piller 2007).
Based on a comprehensive echinoderm dataset,
however, it has been suggested that the low diver-
sity of the Karpatian was rather caused by non-
preservation of suitable habitats (Kroh 2007). In
this study we use a species abundance dataset of
benthic molluscs to evaluate the influence of envi-
ronmental bias on the faunal change. Previous mol-
luscan species lists from the area are not useful for
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Fig. 1. Karpatian and Badenian palacogeography of the Central Paratethys (modified after Rogl (1998) and Kovac
et al. (2004a, 2007)) with approximate positions of studied localities. Karpatian (i.e. Upper Burdigalian) localities
include: 1 = Laa a.d. Thaya; 2 = Kleinebersdorf; 3 = Neudorf bei Staatz; 4 = Korneuburg SPK. Badenian (i.e.
Langhian and Lower Serravalian) localities include: 5 = Grund; 6 = Immendorf; 7 = Gainfarn; 8 = St. Veit;

9 = Borsky Mikulas, 10 = Niederleis.

this purpose because they are biased in favour of
larger shells and biostratigraphically and palacogeo-
graphically useful species, but stable temporal and
spatial patterns of diversity can only be deciphered
using large bulk samples from extensive field
work (Koch 1978; Kosnik 2005).

The Vienna Basin and adjacent basins have now
been systematically studied for almost two centuries
for molluscs and other invertebrates. Based on the
publication of a visiting French geologist (Prévost
1820), these basins were key areas for the foun-
dation of the concept of the Tertiary in the early
19th century (Rudwick 2005, pp. 546—549; Vavra
2010). The stratigraphy of the Central Paratethys
is comparatively well studied (for review see
Piller et al. 2007) and the taxonomic composition
of the Central Paratethys molluscan fauna very
well known (e.g. Schultz 2001, 2003, 2005). Compi-
lations on the standing diversity of Neogene stages
were published recently (Harzhauser er al. 2003,
Harzhauser & Piller 2007). With respect to species-
abundance patterns, it has been shown that at the
scale of outcrops, shell beds, and samples most
species are rare and diversity is patchy (Zuschin
et al. 2004a, 2006), a pattern that is also evident
for the total assemblage studied here. Diversity is
influenced by taphonomic processes, for example

by size sorting during tempestitic transport
(Zuschin et al. 2005). Finally, it has been suggested
that diversities of the marine Paratethys are lower
than those of contemporary adjacent basins because
diversity curves have rather gentle slopes when
compared with such curves from the Miocene
Boreal bioprovince (Kowalewski et al. 2002).

So far, however, studies dealing with potential
biases of the raw diversities, including sampling
efficiency, stage duration, fossil preservation or
rock record bias, are scarce for the Paratethys
(Kroh 2007). Studies on the quantitative compo-
sition of fossil molluscan lagerstitten have only
been performed during the last few years (see refer-
ences in Table 1). The present contribution is the
first attempt to link this information to better under-
stand one of the strongest diversity turnovers in the
Central Paratethys, the transition from the Karpatian
to the Badenian (Harzhauser et al. 2003; Harzhauser
& Piller 2007).

Geological setting

The Paratethys was an epicontinental sea ranging
from the French/Swiss border region in the west
to the Transcaspian area (east of Lake Aral in



Table 1. Basic data of the studied assemblages

Locality Section Stage Stage Biozone benthic ~ Formation Sequence Systems  Age Geographical position No. of No. of References
international  regional foraminifers stratigraphy tract ————  shell samples
(3rd order) Latitude Longitude pedg
Laa a.d. Thaya Wienerberger  Burdigalian Karpatian Uvigerina Novy Tb.2.2 Late HST 16.5 48°43'07” 16°24'57” 1 4 Unpublished
AG graciliformis Prerov data
Fm
Kleinebersdorf ~ Kleinebersdorf ~Burdigalian ~Karpatian Uvigerina Korneuburg Tb.2.2  Late HST 16.5 48°29'37" 16°23'44” 1 3 Zuschin ef al.
Sandpit graciliformis Fm 2004a
Lehner
Kleinebersdorf Burdigalian Karpatian Uvigerina Korneuburg Tb.2.2 Late HST 16.5 48°29'42" 16°23'48” 1 3 Zuschin et al.
Sandpit graciliformis Fm 2004a
‘Wohlmuth
Korneuburg Korneuburg Burdigalian ~ Karpatian ~ Uvigerina Korneuburg Tb.2.2 Late HST 16.5 48°21'28” 16°23'14” 96 110 Unpublished
SPK graciliformis Fm data
Neudorf bei Burdigalian ~ Karpatian Uvigerina Novy Tb.2.2 Late HST 16.5 48°43'07" 16°30'14” 1 6 Unpublished
Staatz graciliformis Prerov data
Fm
Grund Langhian Badenian  Lower Lagenidae Grund Fm Tb.2.3 Early HST 15  48°38'18” 16°03'48” 5 5 Zuschin et al.
Zone 2004b, 2005
Immendorf Langhian Badenian  Lower Lagenidae Grund Fm Tb.2.3 Early HST 15 48°39'00” 16°07'49” 5 25 Zuschin et al.
Zone 2006
Niederleis Niederleis Langhian Badenian  Lower Lagenidae Lanzhot Fm Tb.2.3 Early HST 15  48°33'48” 16°24'17” 4 4 Mandic et al.
Buschberg Zone 2002
Niederleis Langhian Badenian  Lower Lagenidae Lanzhot Fm Tb.2.3 Early HST 15  48°32'25" 16°24'39” 5 5 Mandic ez al.
Bahnhof Zone 2002
St. Veit a.d Langhian Badenian  Upper Lagenidae Lanzhot Fm Tb.2.3 Late HST 14.5 47°55'55” 16°08'53” 9 9  Unpublished
Triesting Zone data
Gainfarn Gainfarn 1 Langhian Badenian  Upper Lagenidae Lanzhot Fm Tb.2.3 Late HST 14.5 47°56'45" 16°10'59” 7 8  Zuschin et al.
Zone 2007
Gainfarn 2 Langhian Badenian  Upper Lagenidae Jakubov Fm Tb.2.4 TST 14 47°56'40" 16°10'57” 14 14 Zuschin et al.
Zone 2007
Borsky Mikulas Serravallian Badenian  Bolivina/ Studienka Tb.2.5 Early HST 13 48°36'20” 17°11'57” 3 17 Svagrovsky
Bulimina Fm 1981;
Zone Unpublished
data
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Kazakhstan) in the east. Its development started
during the Late Eocene to Oligocene and was
strongly linked to the alpine orogeny. It was separ-
ated from the Mediterranean by the newly formed
land masses of the Alps, Dinarides, Hellenides,
and the Anatolian Massif. Afterwards, it experi-
enced a complex history of connection and discon-
nection with the Mediterranean Sea (Rogl 1998,
1999; Popov et al. 2004). The present study focuses
on shell beds of the Vienna Basin and the North
Alpine Foreland Basin; in terms of palacogeogra-
phy, they were part of the Central Paratethys,
which ranged from southern Germany in the west
to the Carpathian Foredeep, Ukraine in the east,
and from Bulgaria in the south to Poland in the
north (Fig. 1). Due to the complex geodynamic
history, a regional chronostratigraphic stage system
(Fig. 2) is used in the Central Paratethys. The two
stages of interest here are the Karpatian and the
Badenian. The Karpatian stage is characterized by
a strong tectonic reorganization in the Central
Paratethys area, leading to a change from west—
east trending basins towards rift and intra-mountain
basins (Rogl & Steininger 1983; Rogl 1998; Kovac
et al. 2004b). Associated with this geodynamic
impact is the abrupt, discordant progradation of
upper Karpatian fossiliferous estuarine to shallow
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marine deposits over macrofossil-poor lower Karpa-
tian offshore clays in the North Alpine Foreland
Basin and in the Carpathian Foredeep (Addmek
et al. 2003). The climate was subtropical with
warm and wet summers and rather dry winters
(Harzhauser et al. 2002; Kern et al. 2010). The
early Middle Miocene is marked by a widespread
marine transgression following a major drop in sea-
level at the Burdigalian/Langhian transition (Haq
et al. 1988; Hardenbol et al. 1998). The regression
was intensified by regional tectonic movements,
the so-called Styrian phase (Stille 1924; Rogl
et al. 2006). Sediments of the Langhian transgres-
sion are commonly eroded or reduced in thickness
at the basin borders, with continuous sedimentation
occurring only in bathyal settings of the basin
centres (Hohenegger et al. 2009). In shallow-marine
environments of the Vienna Basin, erosion of up
to 400 m took place between the youngest pre-
served Karpatian and the oldest preserved Badenian
sediments (Strauss et al. 2006). Due to the tectonic
reorganization, however, a broad connection
opened between the Mediterranean Sea and the
Paratethys during the Langhian transgression,
through which free faunal exchange occurred
(Rogl 1998; Studencka et al. 1998; Harzhauser
et al. 2002; Harzhauser & Piller 2007). The rising
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Fig. 2. Stratigraphic details for the studied sections and standing diversity of Karpatian and Badenian gastropods
compiled from regional species lists and monographs (after Harzhauser & Piller 2007). The sections belong to
six formations and four 3rd order sequence stratigraphic cycles and are all, except Gainfarn 2, from early or late HSTs

(cf. Table 1). EBBE = Early Badenian Build-up Event.
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sea-level and the Middle Miocene climatic optimum
potentially strongly influenced marine life in the
Central Paratethys (Harzhauser et al. 2003). In con-
trast to the Karpatian, the Badenian stage is charac-
terized by highly fossiliferous offshore sands and
pelites, and by carbonate platforms (corallinacean
limestones and coral carpets). Several fossil
groups increase strongly in diversity at the onset
of the Badenian (Fig. 2). This event has been expli-
citly worked out for gastropods, with 505 taxa
having their first occurrences (FOs), and for forami-
nifers, with FOs of 82 taxa (Harzhauser & Piller
2007). These authors dubbed this event as ‘Early
Badenian Build-up Event’ (EBBE).

Material and methods

We studied benthic molluscs from 10 localities from
the Karpatian (Upper Burdigalian) to the Badenian
(Langhian and Lower Serravallian), covering all
available fossil lagerstitten in the Vienna Basin
and the North Alpine Foreland Basin that were
amenable to bulk sampling (Fig. 3, Table 1). All
samples are from siliciclastic pelitic, sandy and
gravelly sediments, are characterized by aragonite
and calcite preservation and were sieved through a
1 mm mesh. Detailed palaeoecological and tapho-
nomical studies have been published on some of
the sections (see references in Table 1). The shell
beds of the respective localities were deposited
between 16.5 and 12.7 Ma and belong to six for-
mations, four 3rd order sequence stratigraphic
cycles (Tb.2.2 to Tb.2.5 of Hardenbol er al. 1998),

and are mostly part of highstand systems tracts
(HST); only one section belongs to a transgressive
systems tract (TST) (Strauss et al. 2006). All fossi-
liferous Karpatian assemblages belong to a single
regional benthic foraminifera biozone, and the
studied Badenian assemblages to three such bio-
zones (Table 1) (Uvigerina graciliformis zone,
Lower and Upper Lagenidae zones and Bolivina/
Bulimina zone; Grill 1943; Steininger et al. 1978).
The faunal transition from the Karpatian to the
Badenian is studied at the level of stages and bio-
zones. For the purpose of this study, samples are
environmentally assigned to the intertidal to very
shallow sublittoral (<1 m water depth), termed as
nearshore for the rest of the paper, and to the
deeper sublittoral (few metres to several tens of
metres of water depth). Palaecoenvironmental des-
ignations of samples were based on palaeogeo-
graphical positions of localities and actualistic
environmental requirements of dominant molluscan
taxa. Independent data from foraminifera confirm
our assignments and suggest a total range of deposi-
tional water depths from intertidal to several tens
of metres (pers. comm. Holger Gebhart, Patrick
Grunert, Johann Hohenegger & Fred Rogl, 2009).
Logarithmic scale rank abundance plots of family
level data were used to compare community organ-
ization between stages and the data were fit to geo-
metric series, log-series, broken stick and
log-normal abundance models using the program
PAST (Hammer et al. 2001). Species accumulation
curves were computed to compare species richness
between stages, biozones and environments using
the program Estimates with 50 sample order
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Fig. 3. Map of sample localities in Austria and Slovakia. Karpatian (i.e. Upper Burdigalian) localities include: 1 = Laa
a.d. Thaya; 2 = Kleinebersdorf; 3 = Neudorf bei Staatz; 4 = Korneuburg SPK. Badenian (i.e. Langhian and Lower
Serravalian) localities include: 5 = Grund; 6 = Immendorf; 7 = Gainfarn; 8 = St. Veit; 9 = Borsky Mikulas,

10 = Niederleis (modified after Sawyer & Zuschin 2011).
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randomizations without replacement. (Colwell
2009). Diversity was measured as species richness
and as evenness, which is based on the proportional
abundance of species (for a review see Magurran
2004). To compensate for sampling effects in
species richness we used Margalef’s diversity
index. The Simpson index, which is affected by
the 2—3 most abundant species, and the Shannon
index, which is more strongly affected by species
in the middle of the rank sequence of species,
were used as measures of evenness (see Gray 2000
for discussion). All indices were calculated using
the program PAST (Hammer et al. 2001). The Mar-
galef index was calculated with the equation

Dyg = (S—1)/InN

where S = the total number of species and N = the
total number of individuals. The Simpson index is
expressed as 1 — D and was calculated with the
equation

ni(n; —
Z NN — 1)

where § = the total number of species, n; = the
number of individuals in the ith species and
N = the total number of individuals. The Shannon
index was calculated with the equation

s
- Z pilnp;
i=1

where S = the total number of species, and p; = the
proportion of individuals found in the ith species.
Species richness, the Simpson index and the

Shannon index were chosen because they are the
most commonly employed measures of diversity
(Lande 1996). It should be mentioned, however,
that the underlying statistical distribution of a
sample will generally influence the constancy of
evenness measures and that the Shannon index is
particularly sensitive to sample size (Lande 1996;
Magurran 2004; Buzas & Hayek 2005). Non-metric
multidimensional scaling (NMDS, Kruskal 1964)
was used as an ordination method to evaluate the
presence of environmental gradients in the dataset
and was performed using the software package
PRIMER (Clarke & Warwick 1994). Surface
outcrop areas and their environmental affiliation of
the Karpatian and Badenian in Austria are adapted
from Kroh (2007) and were calculated from digital
1:200 000 scale map series of the Geological
Survey of Austria for the Burgenland (Pascher
et al. 2000) and Lower Austria and Vienna (Schna-
bel 2002).

Results

Sampling intensity was very high (213 samples,
yielding 494 species from >49 000 shells), but the
species accumulation curve for the total assemblage
does not level off (Fig. 4). The number of families,
genera and species, however, is significantly higher
for Badenian than for the Karpatian assemblages
(Fig. 5a). While in the Karpatian sampling intensity
was sufficient to cover diversity at all hierarchical
levels, for the Badenian the diversity of species
and genera do not show a tendency to level off
(Fig. 5b).

Strong differences in the abundances of domi-
nant families and in the shape of the rank abundance
plot of family level data indicate environmental
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Fig.4. Species accumulation curve of the total assemblage with 95% confidence intervals. Inset: number of samples per
environment and stage. Sampling intensity was very high but the species accumulation curve does not level off.



PALAEODIVERSITY FROM A BIASED SEDIMENTARY RECORD

304

—
)

m Karpatian

O Badenian
17.8

251
204
15

1.2
10

Mean number of taxa

129

245
223

13.6 14.2

Families

(b) 450
4004
350
3004
2504
200
150
100

— Badenian
—— Karpatian

Number of species

Genera

Species

50
0 T T

0 5000

10000

T T 1

15000 20000 25000

Number of shells

Fig. 5. Diversities in stages. (a) Average number of families, genera and species in samples with 95% confidence
intervals. (b) Taxa accumulation curves for families, genera and species of the total assemblages with 95% confidence
intervals. At all three taxonomic levels diversities differ significantly between the Karpatian and Badenian. For the
Badenian the species- and genus accumulation curves do not show a tendency to level off, although sampling intensity

was very high. F = families; G = genera; S = species.

differences between shelly assemblages of the two
stages (Fig. 6). Karpatian molluscan assemblages
are dominated by neritid and potamidid—batillariid
gastropods, which indicate the prevalence of tidal
flat deposits, whereas the Badenian molluscan
assemblages are dominated by corbulid and ven-
erid bivalves and rissoid gastropods, which all indi-
cate the preponderance of sublittoral conditions
(Fig. 6a). In accordance rank abundance plots
suggest higher evenness for the total Badenian
assemblage (Fig. 6b) and diversity indices are sig-
nificantly higher for sublittoral than for nearshore
samples in our dataset (Fig. 7). An environmental
bias may therefore explain the apparent faunal turn-
over. In fact, in the Karpatian more samples derive
from nearshore environments, whereas the Bade-
nian is strongly dominated by sublittoral samples.
This difference is even more pronounced when

considering biozones. In the Lower Lagenidae
zone, samples are exclusively from the sublittoral;
nearshore samples of the Badenian only occur in
the Upper Lagenidae zone and in the Bolivina/Buli-
mina zone (Fig. 8).

At the level of stages and biozones the environ-
mental affiliations of samples correlate with diver-
sities, which are high wherever assemblages are
dominated by samples from the sublittoral (Fig. 9).
An exception is the Bulimina/Bolivina zone, but
there the sampling intensity was by far the lowest
(Table 1). Species accumulation curves of environ-
ments within stages and biozones are always steeper
for sublittoral than for nearshore assemblages.
Differences between environments within time
slices are significant except for the Karpatian (i.e.
the Uvigerina gracliformis zone) as indicated by
overlapping confidence intervals (Fig. 10). Strong
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assemblages are dominated by families indicative of tidal flat deposits and Badenian assemblage are dominated by
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p = 0.7289, Badenian: Chi-square = 11.73, p = 0.2287); the other three tested models have very low p-values, which

implies bad fits.

diversity differences between sublittoral assem-
blages at the level of stages and biozones indicate
habitat differences, most notably between the well-
sampled Uvigerina graciliformis zone of the

Karpatian and the Lower and Upper Lagenidae
zones of the Badenian (Fig. 10b). In fact, an ordina-
tion of family-level data suggests the presence of a
distinct water depth gradient (Fig. 11). Sublittoral
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and an environmental bias may therefore explain the
apparent faunal turnover from the Karpatian to the
Badenian.

samples from the Uvigerina graciliformis zone of
the Karpatian represent shallower environments
than those from the Lower and Upper Lagenidae
zones. Differences between the latter can be
explained by substrate differences. Assemblages
from the Lower Lagenidae zone tend to be from
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Fig. 8. Number of nearshore and sublittoral samples in
stages and biozones. More Karpatian samples derive
from nearshore environments, but the Badenian is
strongly dominated by sublittoral samples. This
environmental shift is especially pronounced at the 3rd
order sequence boundary between the Karpatian
Uvigerina graciliformis and the Badenian Lower
Lagenidae zones and amplifies the impression of a
diversity increase due to the Langhian transgression from
a literal reading of the fossil record.
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Fig. 9. Species accumulation curves with 95%
confidence intervals in relation to sampled environments
for stages (a) and biozones (b). Diversities are high
wherever assemblages are dominated by samples from
the sublittoral. An exception is BBZ, where sampling
intensity was by far the lowest. LLZ = Lower Lagenidae
zone; ULZ = Upper Lagenidae zone; BBZ = Bolivina/
Bulimina zone; UgZ = Uvigerina graciliformis zone.

sandy environments and are therefore more
diverse than those from the Upper Lagenidae
zone, which are rather from pelitic environments.
Environmental affiliation of Karpatian and Bade-
nian outcrops in eastern Austria support this
finding. In the Karpatian the importance of terres-
trial, fluvial, fluvio-marine and limnic environ-
ments suggests that most fossiliferous marine
outcrops are from nearshore environments. In the
Badenian, in contrast, most outcrops preserve fully
marine environments (Fig. 12) (compare also Kroh
2007).

Discussion
The importance of local and regional studies

The present study demonstrates that the quantitative
evaluation of bulk samples significantly improves
the understanding of regional diversity changes
at temporal scales ranging from tens of thousands
to a few million years and thereby confirms
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Fig. 10. Species accumulation curves with 95%
confidence intervals of environments in stages (a) and
biozones (b) Sublittoral environments are always more
diverse than nearshore environments but for the
Karpatian (i.e. the Uvigerina gracliformis zone) the
differences are not significant as indicated by
overlapping confidence intervals. Strong diversity
differences between sublittoral assemblages at the level
of stages and biozones are evident, most notably between
the well-sampled Uvigerina graciliformis zone of the
Karpatian and the Lower and Upper Lagenidae zones of
the Badenian and point to habitat differences of the
respective assemblages. K ns = Karpatian nearshore;

B ns = Badenian nearshore; K s = Karpatian sublittoral;
B sl = Badenian sublittoral; LLZ ns = Lower Lagenidae
zone nearshore; LLZ sl = Lower Lagenidae zone
sublittoral; ULZ ns = Upper Lagenidae zone nearshore;
ULZ sl = Upper Lagenidae zone sublittoral;

BBZ ns = Bolivina/Bulimina zone nearshore;

BBZ sl = Bolivina/Bulimina zone sublittoral;

UgZ ns = Uvigerina graciliformis zone nearshore;
UgZ sl = Uvigerina graciliformis zone sublittoral.

previous authors who emphasized the importance
of rigorous, extensive sampling combined within a
highly resolved stratigraphic and palaeoenviron-
mental framework for deciphering palaeodiversity
patterns (e.g. Koch 1978; Jackson et al. 1999;
Kosnik 2005). Several lines of evidence suggest
great importance of regional and local studies for
the understanding of global diversity patterns. Bio-
diversity can be studied at a series of hierarchical
scales which all contribute to an understanding
of its distribution in time and space (Willis &
Whittaker 2002). Diversity is, however, biologically
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Fig. 11. Non-metric multidimensional scaling (nMDS)
of family level data of the studied assemblages suggests
the presence of a distinct water depth gradient along
axis 1. Samples from nearshore environments of all
biozones cluster at the left. Sublittoral samples from the
Uvigerina graciliformis zone of the Karpatian represent
shallower environments than those from the Lower and
Upper Lagenidae zones. Differences between the latter
are tentatively explained by substrate differences
(samples from the Lower Lagenidae zone tend to be from
sandy environments, samples Upper Lagenidae zone are
rather from pelitic environments). LLZ = Lower
Lagenidae zone; ULZ = Upper Lagenidae zone;

BBZ = Bolivina/Bulimina zone; UgZ = Uvigerina
graciliformis zone. Numbers 1-8 in the plot refer to
some outliers. 1 —4 are characterized by high abundances
of otherwise rare taxa. In 5—7 the number of specimens is
relatively low, taxonomic composition heterogeneous
and environmental affiliation therefore not straight
forward. 8 is a sample with very high number of shells,
which are strongly dominated by one taxon.

meaningful at local scales, where ecological
processes operate and at regional scales because
local communities receive species from a biogeo-
graphically delimited metacommunity (Hubbell
2001). Long-term diversity trends actually differ
significantly among major regions of the world
(e.g. Miller 1997; Jablonski 1998). With respect to
the rock record there is a global diversity signature
that relates to supercontinent cycles, but on shorter
time-scales regional processes are more important
and, due to heavy sampling bias, the European and
North American data sets drive these patterns
(McGowan & Smith 2008). Correspondingly, fossil
first and last occurrences are dominated by records
from these two continents (Kidwell & Holland
2002) and the Cenozoic tropics are undersampled
because Europe and North America had largely
moved out of the tropics by Cenozoic time (Jackson
& Johnson 2001). McGowan & Smith (2008) there-
fore suggest focusing on the construction of regional
data sets within tectonically and sedimentologically
meaningful frameworks. Such regional diversity
studies can typically be performed at low taxonomic
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Fig. 12. Area and environments of Karpatian and
Badenian outcrops in Eastern Austria (modified after
Kroh 2007). Badenian outcrops mostly preserve fully
marine environments. Karpatian terrestrial, fluvial,
fluvio-marine and limnic environments are very
prominent, suggesting that most fossiliferous marine
outcrops in this stage are from nearshore environments.

levels with highly resolved stratigraphic control
(e.g. Johnson & Curry 2001; Hendy et al. 2009).
Knowledge of local abundances of organisms
enables determination of sampling completeness
(Koch 1987) and to recognize ecological reorganiz-
ation of regional biota, which can be independent
from standing diversity (Jackson et al. 1999; Todd
et al. 2002). In line with these evidences, this
paper highlights the sheer sampling effort that is
required to reach the asymptote of the collector’s
curve (Figs 4, 5, 9 & 10), a feature that is well
known from modern and fossil molluscan assem-
blages (e.g. Jackson et al. 1999; Bouchet et al
2002; Zuschin & Oliver 2005) and which suggests
that most species are rare (Gaston 1994; Harnik
2009). The use of abundance data allowed the
recognition of ecological changes across a stage
boundary, which drive the observed diversity
increase and which can be explained by a strong
environmental shift.

Environmental bias in stages and biozones

This study demonstrates strong differences in quan-
titative molluscan composition between two suc-
ceeding stages (Fig. 6), but it also underlines a
predominance of nearshore and shallow sublittoral
habitats in the studied Karpatian versus a predomi-
nance of somewhat deeper environments in the
studied Badenian outcrops. Since shelf environ-
ments have a higher diversity than the physically
stressed nearshore environments, the diversity
increase from the Karpatian to the Badenian in our

dataset can be largely related to an environmental
shift. When considering biozones, this environ-
mental shift is especially pronounced at the 3rd
order sequence boundary between the Karpatian
Uvigerina graciliformis and the Badenian Lower
Lagenidae zones. This pattern amplifies the
impression of a diversity increase due to the Lan-
ghian transgression from a literal reading of the
fossil record (Fig. 8). Following Jablonski (1980),
it is therefore important to sample a single habitat
or across a suite of habitats when evaluating diver-
sity changes through time.

Although our data are from a relatively small
subset of the Central Paratethys, they are considered
as representative because a study on echinoderms
from the whole Central Paratethys also showed
that comparable habitats of the Karpatian and Bade-
nian stages had very similar faunas and diversities
(Kroh 2007). This author specifically stressed that
the non-presence of Karpatian shallow-water car-
bonates in the rock record explains much of the
lower echinoderm diversity compared to the Bade-
nian. Our study adds a new aspect in demonstrat-
ing that also among siliciclastic sediments a facies
shift from nearshore and shallow sublittoral habitats
in the Karpatian to somewhat deeper environments
in the Badenian is responsible for diversity
differences.

Palaeogeography and palaeoclimate

It may be possible that for palacogeographical
reasons the non-preserved deeper shelf assemblages
of the Karpatian were less diverse than their pre-
served Badenian counterparts. During the Karpatian
a marine connection of the Central Paratethys
existed only with the Mediterranean Basin, via the
Slovenian ‘Trans-Tethyan Trench corridor’ (Bis-
tricic & Jenko 1985). In the Badenian, open connec-
tions with the Eastern Paratethys may also have
existed, although the timing of the connections is
highly controversial (Rogl 1998; Studencka et al.
1998; Steininger & Wessely 2000; Popov et al.
2004). In both time slices, however, the Mediterra-
nean Basin was at least temporarily connected
to the Indo-Pacific, enabling water circulation
between both oceans, although faunas differed
considerably (Harzhauser et al. 2007). A palaeogeo-
graphical scenario for the observed diversity differ-
ences is therefore rather speculative and not
supported by hard data. From a palaeoclimatologi-
cal perspective the differences between the time
slices are rather small. This is because the Karpatian
and Lower to Middle Badenian were characterized
by subtropical temperatures of the Middle Miocene
climate optimum (Bohme 2003; Latal et al. 2006;
Bruch et al. 2007; Kern et al. 2010), which
enabled the presence of thermophilic molluscs at
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that time in the Paratethyan Basins (Harzhauser
et al. 2003). In fact, nearshore assemblages, which
are available from both time slices, do not support
the scenario of higher Badenian diversities
(Fig. 10a).

The sequence stratigraphic framework

In our study on 3rd order cycles from the Central
Paratethys, most outcrops are from highstand
systems tracts (Fig. 2, Table 1). These are internally
characterized by relatively gradual biofacies repla-
cements with major faunal turnovers occurring
at sequence boundaries (Zuschin er al. 2007), a
pattern that corresponds to sequence stratigraphic
expectations (e.g. Brett 1995, 1998; Holland
2000). The dominance of HSTs corresponds well
to the fact that the thickest parts of the sedimentary
record were built at times of progradation and that
the transgressive phases are only represented by
thin levels (e.g. Jablonski 1980; Fiirsich et al.
1991; Clifton 2006).

Among the studied sequences, however, diversi-
ties clearly depend on facies (Figs 9 & 10), which
differ in a systematic way due to a biased sedi-
mentary record. Karpatian shell beds are mostly
preserved from nearshore and shallow sublittoral
environments, which discordantly overlay macro-
fossil-poor Karpatian offshore clays, whereas from
the Badenian mostly somewhat deeper shelf assem-
blages are recorded. This is most evident in the
Lower Lagenidae zone, which completely lacks
nearshore assemblages (Figs 8, 10 & 11).

But also later in the Badenian, nearshore
assemblages are strikingly underrepresented when
compared to the Karpatian (Fig. 8). Sequence strat-
igraphic models predict that nearshore sediments of
the HST will be eroded during subsequent 3rd order
sea-level drops. This would well explain the paucity
of nearshore sediments in the three Badenian 3rd
order cycles. This interpretation is supported by
3-D seismic reflection data, which reveal significant
drops of relative sea-level (90—120 m) between the
cycles (Strauss et al. 2006). The dominance of such
environments and corresponding lack of somewhat
deeper water shelf assemblages in the Karpatian is
counterintuitive, however, and is probably related
to the strong tectonic reorganization of the Central
Paratethys at the Karpatian/Badenian boundary
(Adamek et al. 2003). One explanation for the scar-
ceness of shelf environments is the uplift of the
North Alpine Foreland Basin and the subsequent
retreat of the sea. Deeper marine environments
became established only in the Carpathian Foredeep
(Rogl 1998). In contrast, the new tectonic regime
initiated rapid subsidence in small satellite basins
of the Vienna Basin, where such littoral deposits
escaped erosion (Wessely 1998; Kern et al. 2010).

Tectonics therefore affected sequence architecture
in this particular setting by controlling subsidence
and sedimentary input, highlighting the problem
that sequence stratigraphic models were conceived
for passive margin and only poorly predict sediment
accumulation in tectonically active settings.

Comparison with other studies

Many studies have treated the distribution and pres-
ervation of shell beds in relation to flooding surfaces
and sequence boundaries (e.g. Kidwell 1988, 1989,
1991; Banarjee & Kidwell 1991; Abbott & Carter
1997; Kondo et al. 1998; Fiirsich & Pandey 2003).
A series of others have examined palacocommunity
dynamics at local to regional scales in relation to the
rock record (e.g. Patzkowsky & Holland 1999;
Goldman et al. 1999; Olszewski & Patzkowsky
2003; Olszewski & Erwin 2004; Scarponi & Kowa-
lewski 2004; Hendy & Kamp 2004; Dominici &
Kowalke 2007; Zuschin et al. 2007; TomaSovych
& Siblik 2007). Only few studies, however, have
dealt with diversity changes as related to deposi-
tional sequences. The results depend on scale,
tectonic setting and environments preserved (or
available to sample). Diversity seems largely to be
decoupled from 1st order cycles because stage-level
post-Palaeozoic marine standing diversity of
western Europe increases although marine sediment
outcrop area decreases (Smith 2001; see also Smith
& McGowan 2007). A strong relation, however, has
been proposed for 2nd order sequence stratigraphic
cycles (Smith 2001). Two case studies suggest
highest diversity or sampling probability at mid-
cycle position at the top of transgressive systems
tract intervals (Smith et al. 2001; Crampton et al.
2006), but the causes seem to differ somewhat
between tectonic settings (see discussion in Cramp-
ton et al. 2006). At the active margin of New
Zealand, for example, the best preservation of mol-
luscan faunas is at mid-cycle position at the top of
transgressive systems tracts, and poorest preser-
vation towards the end of highstand systems tracts.
This is related to continuous subsidence and cre-
ation of accommodation space (Crampton et al.
2006). At the passive margin of western Europe,
due to minimum accommodation space, shallow-
water deposition is displaced onto the cratonic
interiors, where erosive loss during subsequent
lowstands is most pervasive (Smith et al. 2001). In
both areas, however, long-term diversity trends
are related to distinct facies biases. In the
Cenomanian/Turonian of western Europe a distinct
diversity decrease can be related to an increase of
offshore at the expense of onshore sedimentary
facies in the course of platform drowning due to
sea-level rise (Smith er al. 2001). In the Neogene
of New Zealand an apparent decline in species
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diversity reflects erosion of shallow-water deposits
and a relative increase of bathyal at the cost of
shelf facies (Crampton et al. 2003). The importance
of environments covered within systems tracts is
finally also stressed in a study on late Quaternary
4th order sequences deposited on the Po Plain
(Italy). There, transgressive systems tract samples
displayed the highest, and the highstand systems
tract samples the lowest diversity. At the same
time, turnover across sequences is negligible and
major diversity shifts across systems tracts are
mostly driven by Waltherian-type environmental
shifts (Scarponi & Kowalewski 2007).

Conclusions

The diversity increase between two regional stages
of the Central Paratethys is largely due to an
environmental shift, which is related to selective
preservation and erosion of environments due to tec-
tonics and sea-level drops. Although most samples
analysed in this study stem from highstand systems
tracts, diversity differences between stages and bio-
zones are significant. Pure standing diversity esti-
mates will reveal biogeographical relations and
might capture faunal migrations aside from reflect-
ing palaeoecological and palaeoclimatic bench-
marks. They will not, however, reliably mirror
biodiversity. This study therefore strongly supports
the importance of environmental bias when consid-
ering faunal changes though time and suggests that
in second and higher order sequences the facies
covered within systems tracts will drive diversity
patterns. The importance of rigorous, extensive
sampling within a highly resolved stratigraphic
and palaeoenvironmental framework for decipher-
ing palaeodiversity patterns at regional scales is
emphasized. The sheer sampling effort that is
required to reach the asymptote of the collector’s
curve is highlighted and it is strongly recommended
to use abundance data, which enable the recognition
of ecological changes in regional biota.
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was supported by project P19013-B17 of the Austrian
Science Fund (FWF).

References

ABBOTT, S. T. & CARTER, R. M. 1997. Macrofossil associ-
ations from mid-Pleistocene cyclothems, Castlecliff

Section, New Zealand: implications for sequence stra-
tigraphy. Palaios, 12, 188-210.

ADAMEK, J., BRZOBOHATY, R., PALENSKY, P. & SIKULA, J.
2003. The Karpatian in the Carpathian Foredeep
(Moravia). In: BRzoBOHATY, R., CicHA, 1., KovAc,
M. & RoOGL, F. (eds) The Karpatian — a Lower
Miocene Stage of the Central Paratethys. Masaryk
University, Brno, 75-92.

BANARJEE, I. & KIDWELL, S. M. 1991. Significance of
molluscan shell beds in sequence stratigraphy: an
example from the Lower Cretaceous Mannville
Group of Canada. Sedimentology, 38, 913—934.

BARRET, P. M., McGowaN, A. J. & PaGg, V. 2009.
Dinosaur diversity and the rock record. Proceedings
of the Royal Society B, 276, 2667-2674.

BIsTRICIC, A. & JENKO, K. 1985. Area No. 224 bl: Trans-
tethyan Trench ‘Corridor’, YU. In: STEININGER, F. F.,
SENES, J., KLEEMANN, K. & ROGL, F. (eds) Neogene of
the Mediterranean Tethys and Paratethys. Strati-
graphic Correlation Tables and Sediment Distribution
Maps. University of Vienna, Vienna, 1, 72—73.

BOUCHET, P., LoZOUET, P., MAESTRATI, P. & HEROS, V.
2002. Assessing the magnitude of species richness in
tropical marine environments: exceptionally high
numbers of molluscs at a New Caledonia site. Biologi-
cal Journal of the Linnean Society, 75, 421-436.

BOHME, M. 2003. The Miocene Climatic Optimum: evi-
dence from ectothermic vertebrates of Central Europe.
Palaeogeography, Palaeoclimatology, Palaeoecology,
195,389-401.

BRreTT, C. E. 1995. Sequence stratigraphy, biostratigraphy,
and taphonomy in shallow marine environments.
Palaios, 10, 597-616.

BretT, C. E. 1998. Sequence stratigraphy, paleoecology,
and evolution: biotic clues and responses to sea-level
fluctuations. Palaios, 13, 241-262.

BrucH, A. A., UHL, D. & MOSBRUGGER, V. 2007. Miocene
climate in Europe — patterns and evolution: a first syn-
thesis of NECLIME. Palaeogeography, Palaeoclima-
tology, Palaeoecology, 253, 1-17.

Buror, L. G. 1993. Stratigraphical implications of the
relationships between ammonites and facies: examples
taken from the Lower Cretaceous (Valanginian—
Hauterivian) of the western Tethys. /n: HOusg, M. R.
(ed.) The Ammonoidea: Environment, Ecology, and
Evolutionary Change. Clarendon Press, Oxford, Sys-
tematics Association Special Volume, 47, 243-266.

Buzas, M. A. & HAYEK, L.-A. C. 2005. On richness and
evenness within and between communities. Paleobiol-
ogy, 31, 199-220.

CLARKE, K. R. & Warwick, R. M. 1994. Changes in
Marine Communities: An Approach to Statistical
Analysis and Interpretation. Plymouth Marine Labora-
tory, Plymouth, UK.

CLIFTON, H. E. 2006. A re-examination of facies models
for clastic shorelines. In: POSAMENTIER, H. W. &
WALKER, R. G. (eds) Facies Models Revisited. SEPM
Special Publication, 84, 293—-337, Tulsa, OK.

CoLwELL, R. K. 2009. EstimateS: Statistical estimation of
species richness and shared species from samples.
Version 8.02 Users guide and application. Published
at http: //viceroy.eeb.uconn.edu/EstimateS.

CRAMPTON, J. S., BEU, A. G., COOPER, R. A., JONES, C. A.,
MARSHALL, B. & MAXWELL, P. A. 2003. Estimating


http://viceroy.eeb.uconn.edu/EstimateS
http://viceroy.eeb.uconn.edu/EstimateS

136 M. ZUSCHIN ET AL.

the rock volume bias in paleobiodiversity studies.
Science, 301, 358-360.

CRAMPTON, J. S., FOOTE, M. ET AL. 2006. Second-order
sequence stratigraphic controls on the quality of the
fossil record at an active margin: New Zealand
Eocene to Recent shelf molluscs. Palaios, 21, 86—105.

Dominict, S. & KowaLkg, T. 2007. Depositional
dynamics and the record of ecosystem stability: early
Eocene faunal gradients in the Pyrenean Foreland,
Spain. Palaios, 22, 268—-283.

FursicH, F. T. & PanbeEYy, D. K. 2003. Sequence
stratigraphic ~ significance of sedimentary cycles
and shell concentrations in the Upper Jurassic—
Lower Cretaceous of Kachchh, western India. Palaeo-
geography, Palaeoclimatology, Palaeoecology, 193,
285-3009.

FuUrsich, F. T., OscHMANN, W., JAITLY, A. K. & SINGH,
I. B. 1991. Faunal response to transgressive—regres-
sive cycles: examples from the Jurassic of Western
India. Palaeogeography, Palaeoclimatology, Palaeoe-
cology, 85, 149—-159.

GAsTON, K. J. 1994. Rarity. Chapman and Hall, London.

GOLDMAN, D., MITcHELL, C. E. & Joy, M. P. 1999. The
stratigraphic distribution of graptolites in the classic
upper Middle Ordovician Utica Shale of New York
State: an evolutionary succession or a response to rela-
tive sea-level change? Paleobiology, 25, 273-294.

GraAyY, J. S. 2000. The measurement of marine species
diversity with an application to the benthic fauna of
the Norwegian continental shelf. Journal of Exper-
imental Marine Biology and Ecology, 250, 23—49.

GRILL, R. 1943. Uber mikropalidontologische Gliederungs-
moglichkeiten im Miozin des Wiener Becken. Mittei-
lungen der Reichsanstalt fiir Bodenforschung, 6,
33-44.

HAMMER, O., HARPER, D. A. T. & Ryan, P. D. 2001.
PAST: Paleontological statistics software package for
education and data analysis. Palaeontologia Electro-
nica, 4. http://palaeo-electronica.org/2001_1/past/
issuel_01.htm.

HaqQ, B. U., HARDENBOL, J. & VAIL, P. R. 1988. Mesozoic
and Cenozoic chronostratigraphy and cycles of sea
level changes. In: WiLGgus, C. K. (ed.) Sea-level
Changes — an Integrated Approach. Society of Econ-
omic Paleontologists and Mineralogists, Special Publi-
cations, 42, 71-108, Tulsa, OK.

HARDENBOL, J., THIERRY, J., FARLEY, M. B. & JACQUIN, T.
1998. Mesozoic and Cenozoic sequence chronostrati-
graphic framework of European basins. /n: DE GRA-
CIANSKY, P.-C., HARDENBOL, J., JACQUIN, T. & VAIL,
P. R. (eds) Mesozoic and Cenozoic Sequence Stratigra-
phy of European Basins. SEPM, Special Publications,
60, 3—14, Tulsa, OK.

HARNIK, P. G. 2009. Unveiling rare diversity by integrat-
ing museum, literature, and field data. Paleobiology,
35, 190-208.

HARZHAUSER, M. & PILLER, W. E. 2007. Benchmark data
of a changing sea — Palacogeography, Palaecobiogeo-
graphy and events in the Central Paratethys during
the Miocene. Palaeogeography, Palaeoclimatology,
Palaeoecology, 253, 8-31.

HARZHAUSER, M., PILLER, W. E. & STEININGER, F. F.
2002. Circum-Mediterranean Oligo-Miocene biogeo-
graphic evolution — the gastropods’ point of view.

Palaeogeography, Palaeoclimatology, Palaeoecology,
183, 103-133.

HARZHAUSER, M., MaNDIC, O. & ZuscHIN, M. 2003.
Changes in Paratethyan marine molluscs at the
Early/Middle Miocene transition: diversity, palaeo-
geography and palaeoclimate. Acta Geologica Polo-
nica, 53, 323-339.

HARZHAUSER, M., KrOH, A., MANDIC, O., PILLER, W. E.,
GOHLICH, U., REUTER, M. & BERNING, B. 2007. Bio-
geographic responses to geodynamics: a key study all
around the Oligo-Miocene Tethyan Seaway. Zoolo-
gischer Anzeiger — Journal of Comparative Zoology,
246, 241-256.

HENDY, A. J. W. & Kawmp, P. J. J. 2004. Late Miocene to
early Pliocene biofacies of Wanganui and Taranaki
Basins, New Zealand: applications to palacoenviron-
mental and sequence stratigraphic analysis. New
Zealand Journal of Geology and Geophysics, 47,
769-785.

HEeNDY, A.J. W., Kamp, P. J. J. & VoNK, A. J. 2009. Late
Miocene turnover of molluscan fauna, New Zealand:
taxonomic and ecological reassessment of diversity
changes at multiple spatial and temporal scales.
Palaeogeography, Palaeoclimatology, Palaeoecology,
280, 275-290.

HOHENEGGER, J., ROGL, F. ET AL. 2009. The Styrian Basin:
a key to the Middle Miocene (Badenian/Langhian)
Central Paratethys transgressions. Austrian Journal of
Earth Sciences, 102, 102—132.

HoLLAND, S. M. 1995. The stratigraphic distribution of
fossils. Paleobiology, 21, 92—109.

HoLrLaNnD, S. M. 1999. The New Stratigraphy and its
promise for paleobiology. Paleobiology, 25, 409—-416.

HoLLAND, S. M. 2000. The quality of the fossil record: a
sequence stratigraphic perspective. Paleobiology
Suppl., 26, 148—168.

HUBBELL, S. P. 2001. The Unified Theory of Biodiversity
and Biogeography. Princeton University Press,
Princeton.

JABLONSKI, D. 1980. Apparent versus real effects of trans-
gressions and regressions. Paleobiology, 6, 397—407.

JABLONSKI, D. 1998. Geographic variation in the mollus-
can recovery from the End-Cretaceous extinction.
Science, 279, 1327-1330.

JACKSON, J. B. C. & JoHNSON, K. G. 2001. Measuring past
biodiversity. Science, 293, 2401-2404.

JACKSON, J. B. C., Topp, J. A., ForTUNATO, H. & JUNG, P.
1999. Diversity and assemblages of Neogene Carib-
bean Mollusca of Lower Central America. Bulletins
of American Paleontology, 357, 193—230.

JoHnson, K. G. & Curry, G. B. 2001. Regional biotic
turnover dynamics in the Plio-Pleistocene molluscan
fauna in the Wanganui Basin, New Zealand. Palaeo-
geography, Palaeoclimatology, Palaeoecology, 172,
39-51.

KERN, A., HARZHAUSER, M., MANDIC, O., ROETZEL, R.,
Comé, S., BrucH, A. A. & ZuscHIN, M. 2010.
Millenial-scale vegetation dynamics in an estuary at
the onset of the Miocene Climatic Optimum. /n: Mos-
BRUGGER, V. & UTESCHER, T. (eds) 2nd NECLIME
Synthesis Volume — The Neogene of Eurasia: Spatial
Gradients and Temporal Trends. Palaeogeography,
Palaeoclimatology, Palaeoecology: 10.1016/j.palaeo.
2010.07.014.


http://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://palaeo-electronica.org/2001_1/past/issue1_01.htm

PALAEODIVERSITY FROM A BIASED SEDIMENTARY RECORD 137

KipwELL, S. M. 1988. Taphonomic comparison of passive
and active continental margins: Neogene shell beds of
the Atlantic coastal plain and northern Gulf of Califor-
nia. Palaeogeography, Palaeoclimatology, Palaeoe-
cology, 63, 201-223.

KipwELL, S. M. 1989. Stratigraphic condensation of
marine transgressive records: origin of major shell
deposits in the Miocene of Maryland. Journal of
Geology, 97, 1-24.

KipweLL, S. M. 1991. Condensed deposits in siliciclastic
sequences: expected and observed features. In:
EINSELE, G., RICKEN, W. & SEILACHER, A. (eds)
Cycles and Events in Stratigraphy. Springer-Verlag,
Berlin, 682-695.

KIDWELL, S. M. & HorrLanDp, S. M. 2002. The quality
of the fossil record. Annual Review of Ecology and
Systematics, 33, 561-588.

Koch, C. F. 1978. Bias in the published fossil record.
Paleobiology, 4, 367-372.

Koch, C. F. 1987. Prediction of sample size effects on
the measured temporal and geographic distribution
patterns of species. Paleobiology, 13, 100—107.

Konpo, Y., ABBOTT, S. T., KITAMURA, A., Kamp, P. J. J.,
NaisH, T. R., KAMATAKI, T. & SAUL, G. S. 1998. The
relationship between shellbed type and sequence archi-
tecture: examples from Japan and New Zealand.
Sedimentary Geology, 122, 109-127.

Kosnik, M. A. 2005. Changes in Late Cretaceous—early
Tertiary benthic marine assemblages: analyses from
the North American coastal plain shallow shelf. Paleo-
biology, 31, 459—-479.

Kovic, M., ANDREYEVA-GRIGOROVICH, A. S. ET AL.
2004a. Karpatian Paleogeography, Tectonics and
Eustatic Changes. In: BrRzoBOHATY, R., CICHA, 1.,
Kovic, M. & RoGL, F. (eds) The Karpatian — a
Lower Miocene Stage of the Central Paratethys.
Masaryk University, Brno, 49-72.

Kovic, M., BARATH, 1., HARZHAUSER, M., HLAVATY, I. &
HupAckovA, N. 2004b. Miocene depositional
systems and sequence stratigraphy of the Vienna
Basin. Courier Forschungsinstitut Senckenberg, 246,
187-212.

KovAc, M., ANDREYEVA-GRIGOROVICH, A. ET AL. 2007.
Badenian evolution of the Central Paratethys Sea:
paleogeography, climate and eustatic sea-level
changes. Geologica Carpathica, 58, 579-606.

KowaLEWsKI, M., NEBELSICK, J. H., OscHMANN, W.,
PiLLER, W. E. & HOFFMEISTER, A. P. 2002. Multi-
variate hierarchical analyses of Miocene mollusk
assemblages of Europe: Paleogeographic, paleoecolo-
gical, and biostratigraphic implications. Bulletin of
the Geological Society of America, 114, 239-256.

KroH, A. 2007. Climate changes in the Early to Middle
Miocene of the Central Paratethys and the origin of
its echinoderm fauna. Palaeogeography, Palaeoclima-
tology, Palaeoecology, 253, 169—-207.

KRUSKAL, J. B. 1964. Multidimensional scaling by opti-
mizing goodness of fit to a nonmetric hypothesis.
Psychometrika, 29, 1-27.

LANDE, R. 1996. Statistics and partitioning of species
diversity, and similarity among multiple communities.
Oikos, 76, 5—13.

LATAL, C., PILLER, W. E. & HARZHAUSER, M. 2006. Shifts
in oxygen and carbon isotope signals in marine

molluscs from the Central Paratethys (Europe)
around the Lower/Middle Miocene transition. Palaeo-
geography, Palaeoclimatology, Palaeoecology, 231,
347-360.

MAGURRAN, A. E. 2004. Measuring Biological Diversity.
Blackwell, Oxford.

ManDIC, O., HARZHAUSER, M., SPEZZAFERRI, S. &
ZUSCHIN, M. 2002. The paleoenvironment of an
early Middle Miocene Paratethys sequence in NE
Austria with special emphasis on paleoecology of
mollusks and foraminifera. Geobios Mémoire
Special, 24, 193-206.

MARX, F. G. & UHEN, M. D. 2010. Climate, critters, and
cetaceans: Cenozoic drivers of the evolution of
modern whales. Science, 327, 993-996.

McGowaN, A.J. & SMITH, A. B. 2008. Are global Phaner-
ozoic marine diversity curves truly global? A study of
the relationship between regional rock records and
global Phanerozoic marine diversity. Paleobiology,
34, 80-103.

MILLER, A. I. 1997. Comparative diversification dynamics
among palaeocontinents during the Ordovician Radi-
ation. Geobios Mémoire Spécial, 20, 397—406.

MILLER, A. I. & Foorg, M. 1996. Calibrating the
Ordovician radiation of marine life: implications for
Phanerozoic diversity trends. Paleobiology, 22,
304-309.

OLszewskl, T. & ErwIN, D. H. 2004. Dynamic response
of Permian brachiopod communities to long-term
environmental change. Nature, 428, 738—-741.

Orszewskl, T. D. & Parzkowsky, M. E. 2003. From
cyclothems to sequences: the record of eustasy and
climate on an icehouse epeiric platform (Pennsylva-
nian—Permian, North American Midcontinent).
Journal of Sedimentary Research, 73, 15-30.

PASCHER, G. A., HERRMANN, P., MAND, A. L., MATURA,
A., PAHR, A. & ScHNABEL, W. 2000. Geologische
Karte des Burgenlandes 1:200.000. Geologische Bun-
desanstalt, Wien.

Patzkowsky, M. E. & HoLLAND, S. M. 1999. Biofacies
replacement in a sequence stratigraphic framework:
middle and Upper Ordovician of the Nashville
Dome, Tennessee, USA. Palaios, 14, 301-323.

PETERS, S. E. 2005. Geological constraints on the macroe-
volutionary history of marine animals. Proceedings of
the National Academy of Sciences of the USA, 102,
12326-12331.

PETERS, S. E. 2006. Genus extinction, origination, and the
durations of sedimentary hiatuses. Paleobiology, 32,
387-407.

PETERS, S. E. & Footg, M. 2001. Biodiversity in the
Phanerozoic: a reinterpretation. Paleobiology, 27,
583-601.

PiLLER, W. E., HARZHAUSER, M. & ManbDIc, O. 2007.
Miocene Central Paratethys stratigraphy — current
status and future directions. Stratigraphy, 4, 151—168.

Porov, S. V., RoGL, F., RozaNov, A. Y., STEININGER,
F.F., SHCHERBA, L. G. & KovAc, M. (eds) 2004. Litho-
logical paleogeographic maps of Paratethys. 10 Maps
Late Eocene to Pliocene. Courier Forschungsinstitut
Senckenberg, 250, 1-46.

PrEvost, C. 1820. Essai sur la constitution physique et
géognostique du bassin a l’ouverture duquel est
située la ville de Vienne en Autriche. Journal de



138 M. ZUSCHIN ET AL.

Physique, de chimie, et d’histoire naturelle, 91,
347-364. and 460-473.

Raup, D. M. 1976. Species diversity in the Phanerozoic; an
interpretation. Paleobiology, 2, 289—297.

RoGL, F. 1998. Palacogeographic considerations for
Mediterranean and Paratethys seaways (Oligocene to
Miocene). Annalen des Naturhistorischen Museums
in Wien, 99A, 279-310.

RoGL, F. 1999. Mediterranean and Paratethys. Facts
and hypotheses of an Oligocene to Miocene Paleogeo-
graphy (short overview). Geologica Carpathica, 59,
339-349.

ROGL, F., Cori¢, S. ET AL. 2006. The Styrian tectonic
phase — A series of events at the Early/Middle Miocene
boundary revised and stratified (Styrian Basin, Central
Paratethys). Joannea-Geologie und Paldontologie, 9,
89-91.

Rubpwick, M. 2005. Bursting the Limits of Time: The
Reconstruction of Geohistory in the Age of Revolution.
The Univiersity of Chicago Press, Chicago.

SAWYER, J. A. & ZuscHIN, M. 2011. Drilling predation in
molluscs from the Early and Middle Miocene of the
Central Paratethys. Palaios, 26, 284-297.

ScarpoNI, D. & KowaLEwski, M. 2004. Stratigraphic
paleoecology: bathymetric signature and sequence
overprint of mollusk associations from upper Quatern-
ary sequences of the Po Plain, Italy. Geology, 32,
989-992.

ScArPONI, D. & KowALEWSKI, M. 2007. Sequence strati-
graphic anatomy of diversity patterns: late Quaternary
benthic mollusks of the Po Plain, Italy. Palaios, 22,
296-305.

SCHNABEL, W. (ed.). 2002. Geologische Karte von
Niederdosterreich 1:200.000. Mit einer Legende und
kurzen Erlduterung von. Geologische Bundesanstalt,
Wien.

ScHuLTZ, O. 2001. Bivalvia neogenica (Nuculacea—
Unionacea). In: PILLER, W. E. (ed.) Catalogus Fossi-
lium Austriae. Verlag der Osterreichischen Akademie
der Wissenschaften, Wien, 1/1, 1-379.

ScHuLTZ, O. 2003. Bivalvia neogenica (Lucinoidea—
Matroidea). In: PILLER, W. E. (ed.) Catalogus Fossi-
lium Austriae. Verlag der Osterreichischen Akademie
der Wissenschaften, Wien, 1/2, 381-690.

ScHuLTZ, O. 2005. Bivalvia neogenica (Solenoidea—
Clavagelloidea). In: PiLLER, W. E. (ed.) Catalogus
Fossilium Austriae. Verlag der Osterreichischen Aka-
demie der Wissenschaften, Wien, 1/3, 691-1212.

SmiITH, A. B. 2001. Large-scale heterogeneity of the fossil
record: implications for Phanerozoic biodiversity
studies. Philosophical Transactions of the Royal
Society, London, Series B, 356, 351-367.

SMITH, A. B. 2007. Marine diversity through the Phanero-
zoic: problems and prospects. Journal of the Geologi-
cal Society, London, 164, 1-15.

SMITH, A. B. & McGowaN, A. J. 2007. The shape of the
Phanerozoic marine palaeodiversity curve: how much
can be explained from the sedimentary record of
western Europe. Palaeontology, 50, 765-774.

SMITH, A. B., GALE, A. S. & MoNKs, N. E. A. 2001. Sea-
level change and rock-record bias in the Cretaceous: a
problem for extinction and biodiversity studies. Paleo-
biology, 27, 241-253.

STEININGER, F., RoGL, F. & MULLER, C. 1978.
Geodynamik und paleogeographische Entwicklung
des Badenien. In: Papp, A., CICHA, 1., SENES, J. &
STEININGER, F. F. (eds) Chronostratigraphie und
Neostratotypen: Miozin der Zentralen Paratethys 6.
Slowakische Akademie der Wissenschaften, Brati-
slava, 110-116.

STEININGER, F. F. & WESSELY, G. 2000. From the Tethyan
Ocean to the Paratethys Sea: Oligocene to Neogene
stratigraphy, paleogeography and palaeobiogeography
of the circum-Mediterranean region and the Oligocene
to Neogene Basin evolution in Austria. Mitteilungen
der Osterreichischen Geologischen Gesellschaft, 92,
95-116.

StiLLE, H. 1924. Grundfragen der vergleichenden Tekto-
nik. Gebriider Borntréger, Berlin.

STRAUSS, P., HARZHAUSER, M., HINSCH, R. & WAGREICH,
M. 2006. Sequence stratigraphy in a classic pull-apart
basin (Neogene, Vienna Basin). A 3D seismic based
integrated approach. Geologica Carpathica, 57,
185-197.

STUDENCKA, B., GONTSHAROVA, I. A. & Porov, S. V.
1998. The bivalve faunas as a basis for reconstruction
of the Middle Miocene history of the Paratethys. Acta
Geologica Polonica, 48, 285-342.

SVAGROVSKY ,J. 1981. Lithofazielle Entwicklung und Mol-
luskenfauna des oberen Badeniens (Miozin M4d) in
dem Gebiet Bratislava Devinska Nova Ves. Zdpadné
Karpaty, Seria Paleontologia, 7, 1-203.

Tobp, J. A., JACKSON, J. B. C., JouNsoN, K. G., ForTu-
~NaTO, H. M., HEITZ, A., ALVAREZ, M. & JUNG, P.
2002. The ecology of extinction: molluscan feeding
and faunal turnover in the Caribbean Neogene. Pro-
ceedings of the Royal Society, B, 269, 571-577.

TomaSovyYcH, A. & SIBLIK, M. 2007. Evaluating compo-
sitional turnover of brachiopod communities during
the end-Triassic mass extinction (Northern Calcareous
Alps): removal of dominant groups, recovery and com-
munity reassembly. Palaeogeography, Palaeoclima-
tology, Palaeoecology, 244, 170—200.

VAVRA, N. 2010. Constant Prévost und seine geognostischen
Studien im Wiener Becken (1820). In: HuBMAN, B.,
ScHUBL, E. & SEIDL, J. (eds) Die Anfiinge geologischer
Forschung in Osterreich. Scripta geo-historica —
Grazer Schriften zur Geschichte der Erdwissenschaften.
Leykamverlag, Graz, 4, 59-78.

WESSELY, G. 1998. Geologie des Korneuburger Beckens.
Beitrdige zur Paldontologie, 23, 9—23.

WiLLss, K. J. & WHITTAKER, R. J. 2002. Species
diversity-scale matters. Science, 295, 1245—-1248.
ZUSCHIN, M. & OLIVER, P. G. 2005. Diversity patterns of
bivalves in a coral dominated shallow-water bay in the
northern Red Sea — high species richness on a local

scale. Marine Biology Research, 1, 396—410.

ZUSCHIN, M., HARZHAUSER, M. & ManDIC, O. 2004a.
Spatial variability within a single parautochthonous
Paratethyan tidal flat deposit (Karpatian, Lower
Miocene Kleinebersdorf, Lower Austria). Courier
Forschungsinstitut Senckenberg, 246, 153—168.

ZUSCHIN, M., HARZHAUSER, M. & MANDIC, O. 2004b.
Taphonomy and Palaeoecology of the Lower Badenian
(Middle Miocene) molluscan assemblages at Grund
(Lower Austria). Geologica Carpathica, 55, 117—128.



PALAEODIVERSITY FROM A BIASED SEDIMENTARY RECORD 139

ZUSCHIN, M., HARZHAUSER, M. & ManbDIc, O. 2005.
Influence of size-sorting on diversity estimates from
tempestitic shell beds in the middle Miocene of
Austria. Palaios, 20, 142—158.

ZUSCHIN, M., HARZHAUSER, M. & ManbIc, O. 2007.
The stratigraphic and sedimentologic framework of
fine-scale faunal replacements in the middle

Miocene of the Vienna Basin (Austria). Palaios, 22,
284-295.

ZUSCHIN, M., HARZHAUSER, M. & SAUERMOSER, K.
2006. Patchiness of local species richness and its impli-
cation for large-scale diversity patterns: an example
from the middle Miocene of the Paratethys. Lethaia,
39, 65-78.





