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Preface

Preface

This project has been funded by the DFG (German Research Foundation) as a single
project (Wi 725/191/-2) with the title “Reaktionen Wager Dinoflagellaten auf drastische
Umweltverdnderungen und Stresssituationen im Zusammenhang mit der Salinitatskrise des
Messinian Event."The project was developed and implemerdsda cumulative dissertation
under supervision of Probr. Helmut Willans and guidance of Dr. Gerard J.M. Versteegh
and supported by cooperating groups from the Netherlands (University of Utrecht) and France

(Muséum National d'Histoire Naturellgniversité de PariSud).

The thesis comprisethree firstauthorship manuscrip which are already published
(Chapter 2, 3) or submitted (Chapter 4) for publication in -pmgewed international
scientific journals. The manuscripts are preceded by a summary and a general introduction
(Chapter 1) followed by conclusions and futurergpectives (Chapter 5). References are
given at the end of each chapter. Chapter 1 provides an introduction to the group of
dinoflagellates in general and in particular to the calcareous cyst producing dinoflagellates
implying its application, classificetn and methods used. In addition it provides background
information relevant to this thesis regarding the Mediterranean Sea, the Messinian salinity
crisis (MSC) and the study area.



Summary

Summary

Marine microorganisms and their fossil relics (microfossilsy jpla important rolen
inferring past climat and environmental changeBreserved irthe sedimentary records of
the oceans, each group of these microfossils and its individual species provide different
information about the climatic and environmentaldibans in the watecolumn during their
life time (e.g. temperature, salinity, nutrients). Therefgast climatic and environmental
conditions can be reconstructed by the use of different types of microfossils as proxies.
Calcareous cyst producing ditexfellates (calcareous dinoflagellates) wenewnto have a
high proxy potential, since they are geographically widespread in marine environments,
highly responsive to environmental changes, resistant to calcite dissoarntmave a long
stratigraphicrange Thus they provide a good fossil record:his fossil record reflects the
environmental conditions in the surface watéuring their life time.Previousresearch on
modern and living calcareous dinoflagellates has notably increased our knowletige of
ecology and environmental relationships. Their temporal and spatial distribution is strongly
correlated with theenvironmental parameters of the surface waters and certain spezies
excellent indicators for specific environmental conditiofgrthemore several studies on
Quaternary sediments have confirmed their usability for environmental reconstructions.
However these studies mainly focused on Quaternary recaleisved from surface
sediments. Palaeoenvironmental reconstructidmssed on older fossil calcareous
dinoflagellates especially of Tertiary age and from the Mediterranean reatenvery rare.
From the Mediterranean regipronly a few and primarily descriptive studies have been
carried out on fossil calcareous dinoflagellaesn preQuaternary sedimentary sequences.
Consequentlyonly little is know about their potential for environmental reconstructions
from this region A major reason for this gap is that studies on fossil (Mesozoic/Tertiary)
material used to be based antime consiming single specimen pickinnethod anda
subsequent senguantitative analysisunder the scanning electron microscope (SEM).
Therefore, the major aim of this thesis isdemonstrateahe applicability of fossil (pre
Quaternary) calcareous dinoflagellatssa tool for palaeoenvironmental reconstructions and

to expand the existing knowledbg applying a faster and competitive method.

One of the most attractive naturdhboratoriesto study past environmental and
climatic changes is the Mediterranean J2ae to its nearly enclosed nature aisl special
geographic positignit reacts very sensitivdy to climatic changes.Therefore marine
Mediterranean sedimentary sequences provide a unique archive of astronomically induced
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past climaic and hydrologicalvariations. During the Neogenéhe Mediterranean region
underwent extreme geodynamic processes and environmental changes. One of the most
outstandingeventsis the Messinian salinity crisis (MS@]J the end of the Messinian stage
Because ofthis event,large contrast were established in the environmental conditions
spatialy and tempoddy. Hence, this event is very well suited to prove the response of
calcareous dinoflagellates to drastic environmental changes and their applicability for
palaeoenvironental reconstructionsThis is a primary justification for thetudy of the
evolution of calcareous dinoflagellates in relation to the environmental changes preceding and
following the MSC on an eastest transect through the Mediterranean.

Herewith, we pesent the first detailed study on calcareous dinoflagelldtas
systematically investigated their evolution with respect to the MSC on selected land sections

from the Mediterranean realm.

After the first pilot studies it became obvious that we had toodiify our initial
approach. First, we had to reduce the range of oumesstttransect and in return increase the
number of samples in order to obtain legd shorterm trendsAs the most suitable land
sections for our studyve selected the Pissolasin on Cyprus (eastern Mediterranean) and
the Caltanissetta Basin on Sicily (central Mediterranean). Both locations provide almost
complete sedimentary successions of the stratigraphic intervals preceding and following the
MSC. Second, we had to modifhe existing method established for Quaternary calcareous
dinoflagellate studies. For quantificatjariginally we wanted to use the faster polarised light
microscope technique (PLMHowever, this turned out to be not feasible for our sample
material. Theefore we had to modify/develop a new and competitive method for the
guantification under the SEM.

Our first studyfocused on the evolution of the calcareous dinoflagellate assemblages
in the Pissouri Basin prior to (upper Tortorl@meevaporitic Messiran) and immediately
after @arly Plioceneb.33 Ma) the MSC. The deposits from the Pissouri Basin represent an
intermediate water depth of about 300 to 500 m. We analysed 41 samples from the marl
layers only.Our results show thahe late Miocene/early Blcene calcareous dinoflagellate
associations are very different compared to those of the Mediterranean today where
Thoracosphaera heimipverwhelminglydominates followed by Calciodinellum levantinum
in the western and.ebessphaera uranian the easterrbasin. The upper Tortonian/lower
Messinian assemblages are clearly dominatecCdlgiodinellum albatrosianumindicating
relatively stablewarm and oligotrophic surface water conditions. A significant drop @f
albatrosianumat ~6.42 Ma initiated a phasf drastic and frequent changes in the surface
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water conditions characteged by extreme shifts in species dominance and an overall
decrease in total cyst concentrations. This phase continued up to shortly before (~5.98 Ma)
the onset of the MSC (5.96 Mahree main environmental phases have been distinguished
prior to the MSC followed by a significant change in the environmental conditions
immediately after the MSC (~5.33 Ma). In the first phase (upper Tortoi@am)batrosianum
clearly dominates thealcareous dinoflagellate associations with high cyst concentrations
indicating extremely oligotrophic and stable warm surface water condiisasciated with a
warm and dry climate with low continental influence. However, two notable drops at about
753 Ma and 7.24 Ma in total cyst numbers indicate st@or cooling of the surface water
associated with a slight increase of continental influe@ceselldL. granifera) and salinity
(L. uranid). In the second phase (lower Messinj&h)albatrosianunstill dominates although
its total cyst abundance strongly decreasedicating a decrease in the surface water
temperatureagain associated with higher continental influenCe gtellg and salinity K.
urania). These modificationsluring the lower Messinian interval possibly reflect the
beginning of more unstable and restricted conditions caused by the MSC. With the third
phase a significant change in the surface water conditions occuingticating highly
unstableand restricted contlons. C. albatrosianumfor the first time lost its permanent
dominant position At the same timeother speciesndicative for enhanced continental
influence temporarily increased. With the beginning of the Plioc¢he association again
significantly ctanged.Specifically,L. graniferareplacedC. albatrosianumas the dominant
species.

In the second studywe investigated the first 100 kyrs of the earliest Pliocene
(Zanclean) following the MSCagainon sampledrom the Pissouri Basin on Cyprus. A total
of 14 samples ofmarine marlqTrubi facie3 were analysed. Thmarinesedimentary record
representsa water depth of at least 300 m. Based on the shifts in calcareous dinoflagellate
dominance we differentiatedbetweenthree intervals The first is stronly dominated byL.
granifera This indicates hidly eutrophic surface water conditions, lower salinities and
moderate temperatures. These conditiores related toincreased continental runoff and
upwelling driven by an estuarine circulation. The secoretvat starts with a significant drop
of L. granifera and an increase df. albatrosianumand C. stellg indicating decreased
nutrient concentrations, raised salinities and increased surface water temperatures (SST). This
change in the surface water comulis represents a general shift in the climatic and
hydrologic situation towards more dry and somewhat warmer condiaoaisthe beginning
of an antiestuarine circulation. The third phase is initiated by a distinct drdp. stellg
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associated with an anease oL. urania and Rhabdothoraxspp. This in general indicates a
further decreasef the nutrient concentrations the surface wateywhereas the increase of
Rhabdothoraxspp. may be related to the normalisation of bottom water conditions
(sedimentey resting cyst stage) and the beginningdigher seasonality. At the end ofgh
interval T. heimiifor the first time notably increased and became the dominant spedges. Th
third phase denotes the establishment of typical open marine, well stratifieoligotrophic
surface water conditionsimilar, but not yet identical to the conditions prevailing in the
Mediterranean today.

In the third study from theentral Mediterranean Caltanissetta Basin on Sjcilye
again investigated the sedimentargcads preceding (upper Tortonian/pevaporitic
Messinian) and following the MSC (the first ~120 kyrs of the Pliocene). In order to study a
deeper basin settingve selected the Gibliscemi, Falconara (Tortonian/Messinian) and
Eraclea Minoa section (early Btiene) as a composite. The estimated water depth is about
1200 m. Altogetherwe analysed 63 samples from the marl and sapropel layers to reveal
short and longterm environmental changes. We distinguished seven major environmental
phasespf which three ve assigned to the upper Tortonian/Messinian and four to the early
Pliocene sequence. The first phase is characterised by highly oligotrophic conditions with
fluctuations in SST and salinisindicated byC. albatrosianumP. tuberosaandL. urania
C. abatrosianumdominates the associations more or less distinctly, except for the uppermost
sample. Here (~7.5Ma), a significant drop of this species indicates a sfeond cooling of
the surface water. In the following interv&. albatrosianumdominatesagain. However,
some notable shifts in relative and absolute abundance and the temporal increase of other
speciessuch ad.. granifera P. parvaandRhabodothorspp, indicate fluctuations in SST,
salinity, nutrient concentrations and continental infeeerA major drof C. albatrosianum
at 7.17Ma indicakesa cooling of the surface water. The third phase si@with a drastic and
abrupt change (at ~6.78 Ma) in the dinoflagellate cyst assogiatemiked by drastic shifts in
species dominance, episodixceptional peak occurrencesT. heimiiandC. albatrosianum
(e.g. at ~6.52 Ma and ~6.47 Ma) and barren samples (i.e. ~6.67 Ma and ~6, @& diag
complete disappearance of calcareous dinoflagellates at about 6.0 Ma. With the onset of the
Pliocene (533 Ma), fully marine conditions were established ahd granifera clearly
replacedC. albatrosianumlt was initiated by a prominent peak occurrence_ofjraniferg
indicating relativey cool and highly eutrophic conditions in the surface waler.explan
this, we suggest intensified continental runoff in combination with local upwelling, the latter
activated by an early estuarine circulation systand acooler and more humid climate
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phase. After a transitional period of about 120 kys albatrosianm again became
dominant This indicates aenewedchange in the hydrological and climatic conditions, from
eutrophic and somewhat cooler surface waters (humid and cool climate) towards warmer and
oligotrophic conditions (warm and arid climatejost likelyassociated with a change from an
estuarine to antstuarine systepsimilar toprevaiing conditionstoday in the Mediterranean
Sea.However, theterminal Pliocene dinoflagellate association still differs fromt tf the
presentMediterranean. Some dié¢ most common specigsthe Mediterranean Seairrently
(Thoracosphaera heimiLebessphaera uranjaalciodinellum levantinujnare still strongly
underrepresented or even missi(@alciodinellum elongatujn On the other handC.
albatrosianum- the domimting species of our final Pliocene recertbday accountfor no
more than 5% of the Mediterranean dinoflagellate associatidms. suggests that water

surface temperatures were still warmer and that seasonality was less pronounced.

The comparison of wr data from Sicily and Cyprus has shown that the main
environmental trendss reflected by the dinoflagellate cyst recam in general accordance.
However, some obvious deviations in the distribution pattern indicate local differences in

tectonic actrity, hydrology and climate of the eastern and central Mediterranean basins.

This thesis proved the applicability of fossil calcareous dinoflagellates for
palaeoenvironmental reconstructioot the Late Neogene Mediterranean. énhances the
knowledge abau both the spatial and temporal evolution of Neogene calcareous
dinoflagellates in the central and eastern Mediterranean realm. In addition this study extends
our knowledge about the environmental conditions preceding and following the MSC.
Furthermore it provides new insight into the hydrological conditions prevailthging
sapropel andmarl formation in the Mediterranean Therefore, Neogene calcareous

dinoflagellates represent a valuable tool for future palaeoenvironmental studies.



Zusammenfassung

Zusammenfassung

Bei der Entschlisselung vergangener Khmand Umweltveranderungen spielen
marine Mikroorganismen und deren fossile Uberreste (Mikrofossilien) eine wichtige Rolle.
Die verschiedenen Mikrofossilgruppen und deren einzelne Arten liefern unterschiedliche
Informationen Uber die klimatischen und 6kologischen Bedingungen zum Zeitpunkt ihres
Lebens in der Wassersaule (z.B. Temperatur, Salzgehalt, Nahrstoffe). Durch die Verwendung
verschiedener Mikrofossilien als Stellvertreter (Proxy) fur bestimmte Umweltfaktoren,
koénren diese fur die Rekonstruktion der Umweltbedingungen in den Ozeanen der
Vergangenheit herangezogen werden. Kalkige Dinoflagellatenzysten haben ihr Proxy
Potential bereits in verschiedenen Studien gezeigt. Sie sind in den Ozeanen weit verbreitet,
reagieren sensitiv auf Anderungen ihrer Umgebung, haben eine hohe stratigraphische
Reichweite und sind aufgrund ihrer Resistenz gegen Kalkauflosung gut in marinen
Sedimenten erhalten und liefern somit eine betrachtliche Datenbasis. An dem Vorkommen der
Dinoflagellaen in den Sedimenten kodnnen daher die Umweltbedingungen im
Oberflachenwasser zu ihren Lebzeiten abgelesen werden. In den letzen Jahren durchgefiihrte
Studien an modernen und lebenden kalkigen Dinoflagellaten haben unser Wissen uber die
Okologie und Umweltbziehungen der Dinoflagellaten merklich vergréRert. lhre raumliche
und zeitliche Verteilung korreliert mit den Umgebungsparametern des Oberflaichenwassers
und bestimmte Arten sind exzellente Indikatoren fur spezifische Umweltbedingen.
Mittlerweile haben dierse Studien an quartaren Sedimenten ihre Nutzlichkeit fur die-Paldo
Rekonstruktion bestétigt. Es muss jedoch angemerkt werden, dass diese Studien sich
ausschlieBlich auf quartare Oberflachensedimente fokussierten.rdRal&iruktionen an
alterem fossilenMaterial, insbesondere des Tertidrs und aus dem Mittelmeerraum, wurden
nur selten durchgefiihrt. Bislang gibt es fur den Mittelm@@en nur ein paar wenige und
primar beschreibende Studien Uber kalkige Dinoflagellaten pré-quartaren
Sedimentabfolgen. Fglich ist wenig Uber ihr Potential fir die Rekonstruktion der
Umweltbedingen der &lteren (z.B. Tertiar) geologischen Vergangenheit bekannt. Ein Grund
dafur ist, dass das fossile Material mit einem zeitlich sehr aufwandigen Selékdéidakren
(Auspicken einzelner Zysten)und nachfolgender semuantitativer Analyse unter dem
RasterelektronenmikroskogfREM) ausgewertet wurde. Ein wesentliches Ziel dieser
Doktorarbeit ist daher die Uberpriifung der Anwendbarkeit der fosgitérquartaren
kalkigen Dinoflagdhten fiir die Pala®ekonstruktion und die Erweiterung des bestehenden
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Zusammenfassung

Wissens auf Basis der Weiterentwicklung der etablierten Methodik hin zu einem schnelleren

und konkurrenzfahigen quantitativen Auswerteverfahren.

Eines der attraktivsten natirlichen Ladatorien zum Studium vergangener
Umweltbedingungen und klimatischer Anderungen ist das Mittelmeer bzw. der
Mittelmeerraum. Aufgrund der geographischen Position und der anndhernden
Abgeschlossenheit reagiert das Mittelmeer sehr sensitiv auf klimatisatheruhgen. Die
mediterranen marinen Sedimentabfolgen stellen ein einzigartiges Archiv von astronomisch

induzierten vergangenen Klimata und hydrologischen Variationen dar.

Wahrend des Neogens war die Mittelmeerregion extremen geodynamischen Prozessen
und klimatischen Veradnderungen ausgesetzt. Eines der einschneidendsten Ereignisse ist die
Salinitatskrise (MSC) des Mittelmeers am Ende des Messiniums. Im Verlauf dieses
Ereignisses bildeten sich starke raumliche und zeitliche Kontraste in den Umweltbedingungen
heraus. Daher ist die Salinitatskrise besonders gut geeignet, um die Auswirkung der
drastischen Umweltveranderungen auf die Dinoflagellaten zu untersuchen und damit deren
Potential fur die Paldorekonstruktion zu Uberpriifen. Deshalb wollten wir die Evotigion
kalkigen Dinoflagellaten im Bezug auf die Umweltverdnderungen vor und nach der
Salinitatskrise auf einem Q¥¥est Transekt durch das Mittelmeer untersuchen. Mit dieser
Studie prasentieren wir zum ersten Mal eine detaillierte und systematische thniegsder
Evolution der kalkigen Dinoflagellaten im Zusammenhang mit der Salinitatskrise an
ausgewahlten Landaufschlissen des Mittelmeerraumes.

Nach den ersten Pilotstudien wurde offensichtlich, dass wir den initialen Ansatz
modifizieren mussten. Zum einenussten wir aufgrund des abzusehenden grof3en Aufwandes
den Schnitt durch das Mittelmeer auf ein paar ausgewahlte Lokalitaten reduzieren und dafir
aber die Probenanzahl erhéhen, um langzeitige und kurzzeitige Trends besser erfassen zu
kénnen. Als am Bestegeeignet flr unsere Studien wahlten wir Landaufschliisse im Pissouri
Becken auf Zypern (6stliches Mittelmeer) und im Caltanis®sttzken auf Sizilien (zentrales
Mittelmeer) aus. In beiden Lokalitaten befinden sich nahezu komplette und gut erschlossene
Abfolgen des stratigraphischen Intervalls vor und nach der Salinitatskrise. Aul3erdem
mussten wir dig fur Studien an quartaren kalkigen Dinoflagellaten etablierte Methodik
modifizieren bzw. teilweise neu entwickeln. Eigentlich wollten wir fur die Quaisifing
ebenfalls die, sich fur das Quartaretablierte Polarisationslichtmikroskapche (PLM)
Methodik verwenden Dieses Verfahren stellte sich aber als nicht geeignet fir unser
Probenmaterial heraus. Daher modifizierten bzw. entwickelten wir eine nebhedddtir die
effiziente Quantifizierung unter dem REM.
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Zusammenfassung

Unsere erste Studie befasste sich mit der Entwicklung der kalkigen Dinoflagellaten
Assoziationen im PissouBecken in dermréevaporitischen Phase der Salinitatskrise und
unmittelbar nach der Kriser{fhes Pliozén, 5.33 Ma). Die Ablagerungen im PissBeudken
reprasentieren eine mittlere Wassertiefe von ca. 300 bis 500 Metern. Insgesamt untersuchten
wir 41 Proben aus den Merglehgen.Unsere Ergebnisse zeigen, dass sietbthoflagellaten
Assoziatioen des spaten Miozéns bzw. frihen Pliozdastlich von denen des heutigen
Mittelmeeresunterscheiden, in derithoracosphaera heimiklar die Kalkdinoflagellaten
Assoziationen dominiert, gefolgt voi€Calciodinellum levantinumim westlichen und
Lebessphaerarania im 0Ostlichen Becken. Die Zusammensetzung der Assoziationen des
oberen Tortoniums undnteren Messiniumsdagegen werden klar vo@. albatrosianum
dominiert, welches wir mit relativ warmen und stabilen Oberflachenw8&skngungen in
Verbindung gebrdd haben. Ein starker Abfall vo@. albatrosianumum 6.42 Ma initiierte
dann eine Phase von starken und haufigen Anderungen in den Bedingungen des
Oberflachenwassers, angezeigt durch extreme Verschiebungen in der Artendominanz und
einem allgemeinen Abfaller Zystenhaufigkeiten. Diese Phase dauerte an bis kurz vor dem
Anfang (~5.98 Ma) der Salinitatskrise. Insgesamt konnten wir drei Phasen bis zur
eigentlichen Salinitatskrise ausmachen. Nach der SalinitatskriseNBB&nd eine erneute
deutliche Verandemng in den Umweltbedingungen statt. In der ersten Phase (oberes
Tortonium) wurde die Dinoflagellaten Assoziation klar v@n albatrosianumdominiert
begleitet von hohen absoluten Haufigkeiten. Dieses zeigt extrem oligotrophe und stabile
warme Bedingungemm Oberflachenwasser, welche mit einem warmen und trockenen Klima
und geringen kontinentalen Einflissen assoziiert werden kénnen. Es gibt jedoch auch zwei
merkbare Abfélle in den totalen Zystenkonzentrationen um ca.Ma53nd 7.24Va, welche
fur kurzzetige Abkihlung im Oberflachenwasser stehen, assoziiert mit einer Zunahme des
kontinentalen EintragC( stella/ L. graniferg und der Salinitatl( uranig). In der zweiten
Phase (unteres Messiniums) v@@ralbatrosianumweiterhin dominant, wenn auch miask
reduzierter Zystenkonzentration. Dieses steht fir eine Abnahme der Wassertemperaturen
begleitet von einem hdheren kontinentalen EinfluSs gtelld und héherer Salinitatl (
urania). Diese Veranderungen stellen erste Anzeichen der Salinitatskrid@ielaritte Phase
ist gekennzeichnet durch eine signifikante Anderung der Oberflichenwasserbedingungen
aufgrund der durch die Salinitatskrise verursachtemunehmenden Instabilitdt und
Einschrdnkung des mediterranen Raume€s. albatrosianum verlor ihre bis dahin
uneingeschrankte Dominanz wenn auch mit gelegentlichen Erholungen. Zur gleichen Zeit
stiegen die Konzentrationen anderer Arten temporar an. Mit dem Beginn des Pliozans
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Zusammenfassung

veranderten sich die Dinoflagellaten Assoziationen erneut. Die Zystenk@tzergn stiegen
wieder an und.. graniferaverdréngte jetzC. albatrosianunals dominierende Art.

In der zweiten Studie untersuchten wir die ersten kB80des frihen Pliozans
(Zanklium) nach der Salinitatskriseviederum an Proben aus dem PisseBecken auf
Zypern. Insgesamt untersuchten wir 14 Proben aus den marinen Mergeln (Trubi Fazies). Die
marinen SedimenterepésentierenWassertiefen von mindestens 300 Metern. Basierend auf
den Verschiebungen der Dinoflagellaten Dominanzen konnten wir drei lierva
differenzieren. Ersteres wird dominiert van granifera, welches hohe Eutrophierung des
Oberflachenwassers, eine Verringerung der Salzkonzentration und kihlere Temperaturen
reflektiert. Diese Bedingungen lassen sich mit vermehrtem kontinentalen gEinic
Auftrieb, verursacht durch eine estuarine Zirkulation, assoziieren. Das zweite Interval startet
mit einem starken Abfall voh. graniferaund einer Zunahme vo@. albatrosianunund C.
stella, welches ein Zeichen fur abnehmende Né&hrstoffkonzentratiomd angestiegener
Salinitdt und Oberflachenwassertemperatur ist. Diese Veranderungen in den
Oberflachenwasserbedingungen stellen eine generelle Verschiebung der klimatischen und
hydrologischen Situation dar, hin zu trockeneren und etwas warmeren Bedmgumbeem
Beginn einer antestuarinen Zirkulation. Mit der dritten Phase fizl stellastark ab und..
uraniaund Rhabdothoraspp.stiegenin ihrer Konzentration an. Dieses reflektiert die weitere
Abnahme der Né&hrstoffkonzentration im Oberflachenwass@bei der Anstieg von
Rhabdothoraxspp. vermutlich mit der Normalisierung der Bedingungen im Bodenwasser
(Ausbildung von Ruh&ysten) und dem Beginn einer gréf3eren Saisonalitdt in Verbindung
gebracht werden kann. Am Ende dieses Intervalls stieg die Kinazen vonT. heimiizum
ersten Mal merklich an und sie wurde damit zur dominierenden Art in der Dinoflagellaten
Assoziation. Mit dieser dritten Phase stellten sich typische offenmarine Bedingungen ein, mit
gut stratifizierten und oligotrophen Oberflachasserbedingungen, die den heutigen

Bedingungen im Mittelmeer nahe kommen.

In unserer dritten Studie untersuchten wir erneut die Sedimentabfolgen vor und nach
der Salinitatskrise, diesmal aber an Proben aus dem CaltanBsekien auf Sizilien. Die
Ablageungen der Gibliscemi, Falconara und Eraclea Sektion stellen Sedimente aus einem
tiefen Becken mit Wassertiefen von ca. 1200 Metern dar. Insgesamt untersuchten wir 63
Proben aus Mergel und Sapropel Schichten, um kurzfristige und langfristige Anderungen zu
erfassen. Wir konnten sieben wesentliche Phasen ausmachen. Drei davon haben wir dem

oberen Tortoniunt Messinium und vier dem friihem Pliozan zugerechnet. Die Rhsise
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ist charakterisiert durch hohe Nahrstoffarmut mit Fluktuationen in der
Oberflachenwasertemperatur und Salinitat, angezeigt durch die AttealbatrosianumpP.
tuberosaund L. urania. C. albatrosianundominiert die Assoziation mehr oder weniger
deutlich mit Ausnahme der jingsten Probe. In dieser zeigt der Abfall dieser Spezies um ca.
7.51 Ma eine kurzfristige Abkuhlung der Oberlachenwassertemperaturen an. In dem darauf
folgenden Intervall dominiert€. albatrosianumwieder, was erneute relativ stabile warme
und oligotrophe Bedingungen anzeigt. Dennoch sind die gelegentlichen, aberchdautli
Verschiebungen in den relativen und absoluten Haufigkeiten, sowie die temporaren Anstiege
anderer Arten wié. graniferg P. parvaundRhabdothoraxspp., ein Indiz auf Fluktuationen
in den Oberflachemassetemperaturen, den Nahrstoffkonzentrationad dem kontinentalen
Einfluss in diesem Intervall. Der merkliche Abfall v@n albatrosianunmum 7.17 Ma. steht
dabei beispielhaft flr kiihlere Oberflachenwassertemperaturen, assoziiert mit einem starkeren
kontinentalen Einfluss. Die dritte Phase startet miiter drastischen Veranderung der
Dinoflagellaten Assoziation um ca. 6.78 Ma. Im Durchschnitt @elalbatrosianumstark ab
und es gab starke Verschiebungen der Speziesdominanz, episodisches Auftreten von
besonders grofRen Haufigkeiten vbnheimiiund C. albatrosianum ( z.B. um 6.52 M und
6.47 Ma), gelegentliche Proben ohne Zysten und schlie3lich das komplette Verschwinden
kalkiger Dinoflagellaten gegen 6.0 Ma. In der ersten Phase des Pliozdns waren dann
vollmarine Bedingungen wieder hergestellt undyraniferaverdrangteC. albatrosianumnals
dominierende Spezies, inigrt durch einen markanten Anstieg dieser Art, assoziiert mit
relativ kiihlen und oligotrophen Bedingungen im Oberflachenwasser. Au3erdem schlagen wir
fur diese Phase einen erhdhtemtkoentalen Eintrag in Kombination mit lokalem Auftrieb
vor, letzterer aktiviert durch eine frihe estuarine Zirkulation, und eine kihlere und etwas
humidere klimatische Phase. Nach einer Ubergangsphase von céa l@ernahmC.
albatrosianum erneut dieVormachtstellung in der Zystenassoziation. Dieses zeigt den
erneuten Ubergang von eutrophen und kiihleren (feuchtes und kaltes Klima) hin zu warmeren
und oligotrophen (warmes und arides Klima) Bedingungen. Dieser Ubergang war vermutlich
auch mit einem Wdisel von einer estuarinen hin zu einer -@stuarinen Zirkulation
verbunden, wie sie im heutigen Mittelmeer anzutreffen ist. Dennoch unterscheidet sich die
Dinoflagellaten Assoziation noch deutlich von der des heutigen Mittelmeeres. Die im
heutigen Mitteineer am hé&ufigsten auftretenden Dinoflagellaten Arteimgimii, L. urania,
C. levantinum)sind stark unterreprésentiert oder fehlen vollstandig wie @.Rlongatum.
Die dominierende Art unseres abschlieRenden Pliozan InterCallpatrosianumdaggen

macht heutzutage im Mittelmeer nicht mehr als 5% der Dinoflagellatenassoziation aus.
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Zusammenfassung

Der Vergleich unserer Daten von Sizilien und Zypern zeigt eine generelle
Ubereinstimmung der Trends. Wie auch immer, die offensichtlichen Abweichungen in den
Verteilungsmustern stehen fur lokale Unterschiede in der tektonischen Aktivitat, Hydrologie
und dem Klimaim Bereich des dstlichen und westlichen Mittelmeerraumes.

Wir konnten mit dieser Dissertation die Anwendbarkeit fossiler kalkiger
Dinoflagellaten fur die Rednstruktion vergangener Umweltbedingungen am Beispiel des
neogenen Mittelmeeres verifizierten. Diese Arbeit hat unser Wissen sowohl Uber die
rdumliche als auch zeitliche Evolution neogener kalkiger Dinoflagellaten im zentralen und
Ostlichen Becken des M@ meeres erweitert. Darliber hinaus konnten wir neue Erkenntnisse
Uber die Umweltbedingungen vor und nach der Salinitatskrise gewinnen. Ebenfalls erhielten
wir neue Einblicke in die hydrologischen Bedingungen zur Zeit der Sapropel und
Mergel Bildung im mditerranen Raum. Abschlielend stellen wir fest, dass
neogene Kalkdinoflagellaten ein wertvolles Instrumentarium fur weitere zukunftige

Paldoumweltstudien darstellen.
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Introduction

Chapter 1

The presentis the key to theastis the key to théuture

“...whereasalbaxes are of the past, all decisions are about the future... it is the gr
knowledge to bridge this gap and find those patterns in the past whkicls caalisérojeci
images...” (Kenneth Boulding, 1973)

Ongoing natual climate variability has affected the earth’s (weather) system
throughout its history. There are different ways to look at the earth system and to measure
climate variability generating different worlds and pictures. An approximate realistic picture
of the earth’s climate history is made up of many individual findings derived from various
disciplines of science. Any information is like a little puzzle piece ultimately resulting in a
nearly complete picture, that at least is our aspiration.

Understandingpast geologic and ecosystem processes may improve our ability to

predict future effects of global climate and environmental change.

Micropalaeontology is a discipline which deals with the history of the earth’s
biosphere and physical environments basedmierofossil composition in a stratigraphic
sequence. Microfossils are integrated in many ways in geological and environmental data and
significantly contribute to the reconstruction of past climate and environmental change. One
group that was long time evlooked in this respect are calcareous dinoflage]lalédsough
they are known for a long time (e.g. Deflandre, 1947; Wall and Dale, 1968; Wall et al., 1970).
These long ranging taxa which are known at least from the Triassic onwards (Janofske, 1992)
hawe left a tremendous fossil record in marine sediments (e.g. Bolli, 1974; Futterer, 1977,
Keupp, 1981; Willems, 1988; Janofske, 1992; Kohring, 1993; Kienel, 1994; Zugel, 1994;
HildebrandHabel et al., 1999; Streng, et al., 2004) since they are very résagjaimst
carbonate dissolutioMany Tertiary species are still extant and allow us to draw conclusions
from their present habitat to that of the past (e.g. Bison et al., 2007; 2009). Today calcareous
dinoflagellatesoccur in all marine environments andfefent taxa are associated with
different environmental conditions in the surface water. Hence their fossil remains can
provide important information that can contribute to the interpretation of past environmental

settings.

The main goal of this projecivas to proof the potential of fossil calcareous
dinoflagellates as quantitative indicators for past environmental conditions and changes.
Therefore the response of calcareous dinoflagellates to environmental changes in relation to
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the Messinian salinityrisis (MSC) in the Mediterranean realm has been investigated. This is
the first study thatsystematically investigate@ set of stratigraphically important and
ecologically relevant reference profiletthe Mediterranean realm with respect to the MSC

The MSC as a perfect example of drastic environmental changes in a short period of time and
the nearly landocked Mediterranean basin with its sensitivity to climatic and environmental
changesmake up an ideal scenario and setting to proof and confirmsiduality of fossil

calcareous dinoflagellates fpalae@nvironmental reconstructions.

Our approach contributes to both, the understanding of the MSC in the Mediterranean
and the evolution of calcareous dinoflagellates in response to the accompanying
envionmental changes. Besides this, the project represents a case study to extent our
knowledge of Mediterranean Neogene calcareous dinoflagellates and their applicability as a

tool for palae@nvironmental reconstructions.
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Main objectives and outline

The mgor aim of this thesis is to proof the applicability of fossil calcareous
dinoflagellates forpalae@nvironmental reconstructions and increase our knowledge of
Neogene Mediterranean calcareous dinoflagellates. For this, calcareous dinoflagellates shall
be aplied for the reconstruction of the environmental conditions and possible trends and
events prior to the MSC and just after tkestablishment of marine conditions in the central
Mediterranean Caltanissetta Basin (Sicily) and in the eastern MediterrBissamuri Basin

(Cyprus).

Therefore, this study uses the following approaches:

- Calcareous dinoflagellate cyst distribution pattern shall be analyzed on amesast
transect from land sections throughout the Mediterranean region and correlated to
palae@nvironmental changes related to the MSC.

- Revision and modification of the established methods for Quaternary studies for its
applicability to fossil material.

- Comparison of the results with previous studies on Neogene and modern
Mediterranean calcareodmoflagellate assemblages.

- Survey available sample material of selected Neogene Mediterranean reference
profiles from international cooperation partners.

- Collection of new sample material from qualified localities during field

surveys.

This study attemig to answer the following questions that arise from it:

- How did the calcareous dinoflagellates respond to the environmental changes related
to the MSC?

- What happened to them after the refilling of the Mediterranean basin after the MSC?

- Did the prior Mesmian dinoflagellate association-establish?

- How do modern Mediterranean calcareous dinoflagellate assemblages compare to
those of the studied stratigraphic interval?

- Are there differences in the spatial and temporal evolution related to the MSC?

- Can catareous dinoflagellates be used as indicators for past environmental changes?

- Which modifications are necessary to establish fossil calcareous dinoflagellates as a

competitive and reliable tool fgralae@nvironmental reconstructions?
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- Are there key speciashich are indicative for specific environmental conditions?

The resultsand palae@nvironmentalinterpretationsof the calcareous dinoflagellate
evolution during the time preceding (latest Miocene) and following (earliest Pliocene) the
MSC in the easter(Cyprus) and central (Sicily) Mediterranean aaeapresented athree
manuscriptsn theChapters 2, 3 and 4.

Manuscript 1 — Calcareous dinoflagellate turnover in relation to the Messinian salanisys
in the easternMediterranean Pissouri Basin, yprus (Bison et al., 2007Journal of

Micropalaeontology

In the first manuscript we focused primarily on the evolution of the calcareous
dinoflagellates in direction to the MSC and immediately after the refilling in the eastern
Mediterranean (Cyprus).

Manuscript 2 — Palaeoenvironmental changes of the early Pliocene (Zanclean) in the eastern
Mediterranean Pissouri Basin (Cyprus) evidenced from calcareoudlagjeltate cyst

assemblagd8ison et al., 2009; Marine Micropaleontology)

The second manuscript presents a continuation of the first study. Here we

investigated the calcareous dinoflagellate evolution during the firstkd @@er the MSC.

Manuscript 3 - Calcareous dinoflagellate cyst distribution and their environmental
implicationsprecedingand following the Messiniarsalinity crisis in the Caltanissetta Basin,
Sicily (Bison & Willems; to be submitted for publication in Palaeogeography,

Palaeoclimatology, Palaeoecg)og

In the third manuscript we investigated the evolution of the calcareousadieltdtes
in relation to the environmental changes preceding and following the MSC in the central
Mediterranean Caltanissetta Basin (Sicily). The results have been compared with those from
the Pissouri Basiro verify whether the patterrobserved on ourasternmost succession

remain valid westwards.
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Dinoflagellates (Dinophyceae)

“The great majority of the plants in the ocean are various typeobégiarktaraliednicelll
phytoplankton.” (Carol M. Lalli & Timothy R. Parsons, 2001)

Dinoflagellates (Division DinoflagellatéButschli, 1885) Fensome et al., 1993), are a
large group ofmicroscopi¢c predominantly unicellular flagellated eukaryotic, aquatic
organisms, comprising a huge number of “algal” species of various shapes anfe.gizes
Evitt, 1985; Taylor and Pollingher, 1987; Kohring, et al., 2005; Matbre®t al., 2005).

Ther PRVW FRPPRQ VL]H UDQJH LV EHWZHHQ WR —P 7Kl
and occur from equatorial to polar latitudesy. Gilbert and ClarkL983; Stoveet al, 1996;

Maret and Zonneveld, 2003; Vink, 2004; Zonneveld et al., 2005; Rochon, 0@Y)can be

found in almost all types of aquatic environments, but with a majority (90%) in the marine
coastalones (Dale, 1992; Fensome et al., 1,9%aylor et al., 2008). Their spatial and

temporal distribution in aquatic systems is attributed to a large number of physiological and
biological parameters (e.dight, temperature, nutrients, salinity, competition, turbulence)

(Vink, 2004). Together wih coccolithophores and diatoms they are the most important
primary producers in the oceans (Parsons et al., 1984; Brasier, 1985; Taylor and Pollingher,
1987; Bujak and Brinkhuis, 1998; Rochon, 2009).

Currently, about 2000 extent and 2000 fossil speciediradflagellates are known
(Fensome et al.,, 1993). They follow different feeding strategies, from phgtgtrand
heterotrophyto mixotrophy (e.g. Dale, 1983; Parsons et al., 1984; Gaines and Elbrachter,
1987, 1991; Head, 1996; Schnepf and Elbréachter,, 10829; Stoecker, 199%tickney et al.,
2000; Matthiessen et al., 200®hich areagaindivided into several subunits (e.g. symbiotic,
parasitic) About half of the extant species are heterotrophic or mixotrophic (Stoecker, 1999),
while the other half igphototrophic (e.g. Parsons et al., 1984; Siano and Montresor, 2005).
Although light is the main limiting factofor phototrophic species only view dinoflagellate
species are stricautotrophs and most(i.e. auxotroph)need organic components such as
vitamins or trace elements (e.g. iron) to grow (e.g. Taylor and Paling987; Gaines and
Elbrachter, 1987; Schnepf and Elbrachter, 1992). Actually many dinoflagellates are
mixotrophs, capable to be autotrophic and heterotrophic at the same tintaedy, 1991;
Stickney et al., 2000; Saldarriaga et al., 2001; Matthiessen et al., 2005).

Dinoflagellates typically occur as fressvimming motile mostly non-fossilisable
stages besides a potentially fossilisable Amotile stage.The vast majority of the fods
dinoflagellate record consists of cys#part from their high morphological variability
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dinoflagellates generally share a common anatomical pattern during at least one stage of their
life cycle (Fig.1). The motile stage generalghows a characterist flagella arrangement

with a transversal flagellum that encircles the cell hadg perpendicular to it, a longitudinal
flagellum (Fig. 1). The transversal flagellum is usually situated within an equatorial or
slightly descending groove, called thedigr or cingulum. It runs to the left and usually
encircles the cell completelffhe proximal part of the longitudinal flagellum lies freely in
another groove, termed the sulcus. The movement of the flagella causes the cell to migrate
vertically in a helicapath through the water column (Taylor and Pollingher, 1987; Fenchel,
2001). This character enables the motile cell to optimize their positianstratifiedwater

column to a certain extent (Matthiessen et al., 2005; Clegg et al., 2007; Smayda, r2010). |
contrast to a common believe that turbulences are unfavourable for dinoflagellate species (e.g.
Wendler et al., 2002a, b; Vink, 2004gveral authors (e.g. Smayda, 2000, 2002, 2010;
Smayda and Reynolds, 2001; Sullivan and Swift, 2003; Sullivan et ai3) 28viewed this
paradigm, concluding that some dinoflagellates may cope well with turbulence. Laboratory
experiments by Sullivan and Swift (2003) and Sullivan et al. (2003) showed that growth rates
may be reduced at high turbulence for some speciespthats were unaffected or even

showed higher growth rates.

apical (anterior)

apical plates

_| intercalary plates
precingular plates
: cingular plates
postcingular plates

epitheka
(episoma)

antapical plates

hypotheka
(hyposoma)

right left
ventral view dorsal view
antapical (posterior)

Fig. 1: Principle morphological features and terminology of a thecate motile cell of a peridi
dinoflagellate (modified after Fensome et 4B96).

Most dinoflagellates have a complex musitaged life cycle (Evit, 1985; Burkholder et
al., 2001 and citations herein; Fensome et al., 1996,)Z6@g 2, 3. About 10 to 15% of the
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living dinoflagellates have a nanotile stage in their life cycle where they form highly
resistant fossilisable cysts (resting cysts), which are orgeelied, calcareous or seldom
siliceous (e.g. Wall and Dale, 1968; Taylor, 1987; Fensome et al., 1993, TaB63tudy
concentrates on the calcareous cyst producing dinoflaggltatieareous dinoflagellates)

Calcareous dinoflagellates

Calcareous dinoflagellates are primarily phototrogilanktonic organisms and thus
live in the photic zone of the oceankeresufficient light is available for photosynthesis and
growth (e.g. Tangen et al., 1982; Binder and Anderson, 1987; Montresor et al., 1994). They
are widespread in all marine environmeritsm open marine teoastal and from sukpolar
to tropic regions (g. Dale, 1992; Montresor et al994,1998, 2003; Wendler et al., 2002a,
b; Vink, 2004; Zonneveld, et aR005), but most are found in higher latituddsere they can
contribute considerably to the total carbonate flux to the sea floor (Dale, 19@R).
abundancesvere alsambservedn neriticareas, both inemperateandtropical (e.g. Wall and
Dale, 1968b; Dale, 1992; Montresor et al., 1994; 1998, 2003).

After coccospherescalcareous dinoflagellates are the second most calcareous
phytoplankton grou@nd form an essentigpart of the first link in the marine trophic level,
initially transferring light energy to chemical energy (photosynthesis). Thus, the majority of
marine life depends on this energy transiiéhke most ofthe primary producethey rehte to
the environmentatonditionsin the surface waters, biotic and abiatigarious studies about
their distributionin modern oceans in fact have shown this (e.g. Dale, 1992 a, b; Holl et al.,
1998; Esper et al.,, 2004; Vink et al., 2001; Vink, 2004;nWer et al., 2002a, b, c;
Zonneveld, 2003Meier and Willems, 2003Richter et al., 2007)They haveproved to be
rather resistanagainstcarbonate dissolution (Karwath, 2000; Vink, 2001; Baumann, 2003;
Esper et al., 2004; Zonneveld, 2000, 200kjer etal., 2004;Zonneveld et al.2001,2005)
and aretherefore generallyell preserved in fossil sedimentdence, de to theirextensive
fossil record (e.g. Keupp, 1981; 1987, 1991; Kohring, 1993a; Kienel, 1994; Hildebrand
Habel, et al., 1999; DiaBrito, 2000; Streng et al., 2004#jey areapparentlywell suitedfor
palae@nvironmental reconstructions.

About 260 fossil species (morphotypes) (Fensome and Williams, 2004) and about 30
extant species (Vink, 2004; Zonneveld et al., 2005) have been descrifad €yst size
shows a great variety (inltaDQG H[WUDVSHFLILF ZLWK D UDQJH EHW.
(Zonneveld et al., 2005) for extant species. In fossil records the cyst size is generally larger
than today and most commonly ranges between e.g. 40 and— P -Rrib) 2000) or
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of calcareous dinoflagellate species in the lower Cretaceous was observed by Wendler et al.
(2001), which had to follow that the sizésubsequent dinoflagellate cyst generations became
increasingly less. Tertiary cysts arsually smaller thants predecessorBom the Mesozoic

andreacha size usualyEHW ZHHQ DiQiapplestoAnmosttypes (Wendler, 2001,

2002 Wendler and Wiems, 2002.

According to their lifecycle the group of calcareous cyst forming dinoflagellates can
be subdivided into two groups (Tangen et al., 1982; Fensome et al., 1993; Meier et al., 2007).
The first group produces fossilisable calcareous restygts during their life cycle (sexual
reproduction phase), representing a dormant stage in which metabolism is greatly reduced
(Binder and Anderson, 1990alternaing with a nonfossilisable thecate swimming stage
(Wall and Dale, 1968; Lewis, 1991y which theyspend most of their lifeme (Fig. 2).

\ diploid cells

IOII

B (non mohle

( (haploid) %% A :g _— = =%
% % c T
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dlplmd cell
melosls {motile)
_- o L excystment

O
sediment @ Q ﬂp @ \\ hypnozygote

fossilisation cyst stage
(resting cyst)

i
\
D

Fig. 2. Simplified dinoflagdlate life cycle of resting cyst producing dinoflagellateinvolving sexue
reproduction. (A) Cdls are motile and haploidB) Cdls are motile and diploid (nucleus dotte(@}) Cdls are
nonmotile (except fohatchedcell) and diploid. Hatched area in discardudt atthe left represents tt
archeeopyle(modified after Fensome et.d996and Vink, 200).

It is suggested that the resting cyst stage is a benthic phase in the life wiyele
dinoflagellates can survive for long periods in the sedimantérson et al., 198Male,

1983 Halgraeff and Bolch1992. Based on resting cyst studies of stored sedimeatsgis et
23



Introduction

al. (1999) suggested a minimum of 10 yeddsvertheless, it is questionable whether all
species go through a benthic resting cyst stage. It is most likely that some open oceanic
species pss this stage in the upper water column (e.g. Harland, 1983; Dale, 1986, 1983,
1992), or they do not form resting cysts at allich as’ horacosphaeraeimii.

In the second group (i.&. heimii andLeonella graniferg the fossilisable vegetative
non mdile cyst(coccoid)stage (asexual reproduction phasehich is metabolically and/or
reproductively active dominates their life time (Tangen et al.,, 1982; Inouye and Pinaar,
1983; Fensome et al., 1993; Meier et al., 2461). 3) Fosil cysts are gesrally considered
as resting cysts (Wall and Dale, 1968), except those formed by the calcareous $pecies
heimii and L. granifera, which produce fossilisable vegetative cysts (Meier et al., 2007).
Interestingly a cyst operculum, which iselieved to ben apomorphic feature (see Foissner
et al., 2007) andppareny obligatoryfor the resting cysbhase, hasas far as | know never
been documentedfor fossil T. heimii cysts although it was observed in culture studies
(Tangen et al 1982). For fossil L. granifera cysts, on the other hanthe presence of an
operculumis a common character. This suggestsr at least it can nobe ruled out
completely- thatL. graniferaalsopassedor may be still passdbrougha resting cyst phase
during its life gcle. Since inmicrgpalaemtological studies the actual function tbk cysts
usually can not be determined,all fossil calcareous dinoflagellate taxare thus generally

termed agysts or calcareous dinoflagella(egnocysts)

O @ @ Fossilisation

Fig. 3: Simplified life ¢/cle of L. graniferaand T. heimii. (n) haploid, (a, 1-2) vegetative calcified cysts =
dominant life cycle(a, 3) motile cell hatchega, 4) cell divides,(a, 5) forms aplanospores firgg, 6) or dirctly
planospores,&, 7) cdcification starts,(b) mitotic division of weakly calcified cells. Sexual reproduction might
occur in a separate lHeycle stagg€2n) diploid, (c) (modified after Meier et al., 2007).
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In modern oceansl. heimiiis widespread andsually significantly dminates the
calcaeous dinoflagellate assemblages becaus#sohigh reproduction rate afp to one
division perday (Brand and Guillard1981; Meier et al., 2007), except in the Arabian Sea
whereL. graniferacan dominate (Wendler et al., 200&)though T. heimiialreadyhasbeen
documented since the Upper Cretace(iddebrandHabel and Willems, 2000); usually
was very rarehroughoutthe Tertiary.Referringto ourinvestigatedime interva) of the late
Miocene and early Pliocene Mediterraneame can say thatT. heimii was rather
underrepresenteduggesting a much lower reproduction rate than toataiy had a different
main life cycle stagee.g. the nofiossilisable thecate swimming stage. Another explanation
for thelow occurrenceof T. heinii duringthat timeis that it lacled the ability to form resting
cysts, which is considered to be a key strategy for survival and spread through space and time
(Hallegraeff and Bolch, 1992Nowadays the survival strategy oT. heimiiseemsd be its

high reproduction rate

Application

Calcareous dinoflagellate cysts are known at least from the early Triassic period
(Janofske, 1992) and have left an extensive fossil record since the end of the Teigssic
Futterer, 1977, 198&eupp 1981, 1987, 199Fensomeet al, 1993, 1999; Kohring, 19934,
1997; Kienel, 1994; Zjel 1994, Hildebrantiabel and Willems2000; Streng et al. 2004;
Bison et al., 2007, 2009Their highest diversity they reached during the Cretaceous (e.g.
Keupp, 1991; Kohring, 1993Jollowed by a progressive decreabeoughout the Tertiary
finally resulting in a relativeananageablegroup of nowadays (Keupp, 1991; Lewis, 1991,
Montresor, 1995).

Although calcareous dinoflagellate cysts seem to be a common element in surface
sediments aund the world oceans (Montresor et al., 1998), in the past major interest was
given to organic walled cyst producing dinoflagellates. Calcareous cysts were often
overlooked in micrpalaemtological studieseither due to there size, which falls between the
larger foraminifers and the smaller coccolithophores, or due to the commonly used acid
treatment in palynological studigdowever,since Deflandre (1947) established the family of
Calciodinelloideae,over the last decadesenewed interest occurred in calkareous cyst
producing dinoflagellates, stimulating the research on their distribution in the surface waters
and sediments of the worlds ocean and their relation with the sea surface parameters (e.g.
Futterer, 1977; Lewis, 1991; Montresor et al., 1997419®ll et al., 1998, 2000; Karwath,
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2000; Zonneveld et al., 2000; Vink et al., 2000, 2002; Wendler et al., 20024, b, c; Vink, 2004;
Richter et al., 2007; Elbrachter et al., 2008). As a consequence, knowledge about calcareous
dinoflagellatestheir ecologybiology and environmental relations remarkably increased over
the last years. It was shown that their distribution in the oceans is strongly dependent on the
environmental parameters of the surface water (e.g. temperature, salinity, nutrients and water
turbulence). Thereforeghere fossils reflect the conditions which prevailed during their life
time in the surface waterApparently this makes calcareous dinoflagellates very useful for
palae@nvironmental reconstructions. In addition, their high pregem potential and their

long stratigraphic rangemost of the mai ertiarycalcareous dinoflagellates are still extant

confirm their utility as a proxy for longand shortermpalae@nvironmental studies.

Previous palaecenvironmental studies

Despte from the higkguality fossil recordsso far, mainly inventory taking studies on
fossil calcareous dinoflagellates have been carried out, with a main focus on descriptive
taxonomy. Most of the studies are from the Mesozoic to Tertiary European anticAtaim
(e.g., Bolli, 1974; Keuppl981, 1987, 1991, 1993, 1995; Keupp and Mutterlose, 1984; Keupp
and Versteegh, 1989; Kienel, 1994; Zigel, 1994; Willems, 1996; Hildelbfahdl and
Willems, 1997). These initial studies on calcareous dinoflagellates, iahh are well
documented by numerogsanning electron microscope (SEpfotographsgive us apicture
of the amazingvariety of calcareous dinoflagellate cyshapesA few, mainly longterm
evolution studiesrelated to climatic changeexist from sedimets of late Cretaceous to
Cenozoic agetaken from theNorthern European realm and tAdantic and Indian Ocean
(e.g. Keupp, 2001; Keupp and Kowalski, 1992; Kohring, 199Bi@debrandHabel and
Willems, 200Q HildebrandHabel and Streng, 2003; Streng et @004).The majority of
palae@nvironmental studies using calcareous dinoflagellatese performed on Quaternary
surface sediments from the South and Equatorial Atlantic Ocean (e.g. Zonneveld et al., 1999,
2000; Esper et al., 2000; Holl et al., 2000nk et al., 2001 Other studies focused on the
distribution of calcareous dinoflagellates in relation to the environmental parameters of the
surface waters (Karwath et al., 2000; Meier and Willems, 2003; Vink, 2004; Rethéér,

2007; Richter2009).

From the Mediterranean realrfossil (preQuaternary)palae@nvironmental studies
on calcareous dinoflagellates were so far the subject of only a few and patchy works (e.g.
Keupp and Kohring, 1993, 1999; Keupp et al., 1994; Kohring, 1993, 1997). From the

Pleistocenethere exist only two studies on calcareous dinoflagellates related to the sapropel
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S1 formation (Zonneveld et al., 2001; Meier et al., 200)st of the aforementioned fossil
studies have in common a relatively low sample density and a nemthyquantitative
approach based on a time consuming picking method, which will be discussed later. Our
present knowledge of recent to silzent Mediterranean calcareous dinoflagellates is mostly
based on studies from surface sediments of the Gulf oeblép.g. Montresor and rfjone,

1988; Montresor, 1995, Montresor et al., 1998) and on one study (Meier and Willems, 2003)
which certainly coves most parts of the Mediterranean Sea. These stymti@&de an
important basis about the distribution and emohmental relatiom of calcareous
dinoflagellates in the present Mediterranean Sea. A more detailed analysis of the

Mediterranean dinoflagellate association is still desirable though.

In order to increase the existing knowledge about fossil calcareoaadeilates
from the Mediterranean realm and to prove their applicability plalae@nvironmental
reconstructionsthis study aims to present the first detailed analysis of its associations in
relation to environmental changes caused by the Messiniantysalisis (MSC) temporally

and spatially.

Classification and identification

Calcareous dinoflagellat€$horacosphaeraceae, Dinophyceae) considered to be a
monophyletic group of peridinoid taxa that have the potetdiglroducecalcareous cysts
during ther life cycle (Elbrachter et al., 2008\lready in 1947, Deflandre established the
family Calciodinellidag based on the description Qfalciodinellum operosunbeflandre,
1947 Later on, Wall et al. (1970) and Keupp (198&Dnsidered the twaubfanilies
Peridinioideae and Calciodinelloideaas a monophyletic unit (see Keupp, 1984).
Subsequently, allfossil and recent calcareous dinoflageatgere summarizedn the
subfamily Calciodinelloideae Deflandre 1947, regardlesgheftabulation pattern @upp,
1984). In thefollowing years, several factors such as the later inclusion otamnated
forms, the discovery of a coccoid vegetative stagé. dfeimii(Tangen et al., 1982) and the
strong phenotypic variability of the cyst taxa have caused rdusiog chaos in the

classification of calcareous dinoflagellates (Keupp, 1981).

During the last decades various attempts have been made to unify the systematic
concept of dinoflagellatesn general andwvith respect to calcareous dinoflagellates (e.g.
Bujak and Davis, 1983; Fensome et al, 1993; Gottschling et al., 2005; Streng et al., 2006).
Two previously independentclassification systems have been used darvoflagellates
thitherto, apalaemtological ossil cystbased) and neontologicale¢entmotile cell-based)
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(e.g.Fensome et al., 1993; Elbrachter et al., 2008). Fensome et al. (1993) proposed a single
classification system that addresses pdtissil and extantlinoflagellates following the
International Botanical Code dfomenclaturgIBCN). Therin plate tabulation is considered

to be one of the most important morphological characteriatithe family, subfamily and

genus levelsin particular, pioneering work of Futterer (1976, 1977) and Keupp (1979b,
1981) have shown that a central featunetle classification and identification of calcareous
dinoflagellats is the orientation of the crystallographi@axis of the wall crystals, at least at

the species level (e.g. Keupp, 1981, 1987, 1991; Kohring, 12@®fske, 1996; Montresor et

al., 1997 Meier et al.,2009) (Fig. 4) This trait is species specific and genetically fixed
(Addadi and Weiner, 1989; Addadi et al., 1990; Sikes et al., 1994).

Accordingly, four types of wall structures have been established by Young et al.
(1997) based on theoncept of Keupp (1981, 1987) and Kohring (1993), i.e. 1. irregularly
oblique, 2. regularly radial, 3. regularly tangential, 4. regularly obligitkeanelloid) (Fig.4).

The pithonelloid wall type (Keupp, 1987; Yourgal., 1997) belongs to an extinciogp of
uncertain dinoflagellate affinity (Fensormeeal., 1993; Strenget al., 2004b; Kohringet al.,
2005). The orientation of the -axes of the wall forming crystals does not necessarily
correspondwith its morphology(Janofske 1996, Janofskand Karwat in Karwath 2000)
Thus for the determination of the crystallographtevds the light optical analysis has been
establisheqJanofske1996.
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Fig. 4: Taxonomically important morphological characteristics of calcareous dinoflagellateAcySishemati
figures and SEM images of the four wall types, showing the crystallographic ultrastructures raiadianse &
c-axes of the cyst wall (after Kohring et al., 2005). The SEM images of the wall structure shoeffrannight
L. uranig, C. stella P. parvaandPithonella cardiiformisB: Archaeopyle types (after Streng et al., 2004).

Another taxonomically significant feature is thiguctureof the archaeopyle, (Keupp
and Versteegh, 198%treng et al., 2002, 20Q4Which often is the only indicator for the
tabulation (Streng et al., 2004). Based on the principle categories of archaeopyle types
proposed for organic walled dinoflagellates (e.g. Evitt, 1967; Williams et al., 1978, 2000;
Fen®me et al., 1996 ), Streng et al. (2002, 2004b) established a classification model for a
variety of archaeopyle typemcluding a common descriptive terminology supplemented by a
few new termdor specificcharacteristicgFig. 4)

In recent yearsthe airrent morphological and ultrastructural issues are increasingly
supplemented by genetic aspe@®ottschling and Pléttner, 2004; Gottschling et al., 2005,
2008) It has been shown théte molecular characterization of dinoflagellatesnost cases
confirms the external morphologye.g. Streng et al., 2002, 2004bhe genetic approadh
palaemtological studiespparently offers a new concept for testing trait evolution in relation
to phylogenetics and environmental char{@ale, 2001) However, as fodlscalcareous
dinoflagellates typically leave no genetic material behind and the classification of fossil taxa
is usually based on morpholodkie accuracy of establishing real relationships between extant
and fossil taxa is difficult. On the other haridssil taxa are commonly interpreted in the
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