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Summary

Summary
The recent abrupt rise in global temperature within the last century has resulted in major
concerns about future climate change. Although it is obvious that natural processes influence
climate, anthropogenic activities steer climate as well. This has resulted in intense discussions
in the academic community and general society about what extent these natural processes
might be responsible for the present change of climate. Unfortunately, the characteristics and
influence of natural forcing mechanisms are far from clear.
One way to improve our understanding of climate mechanisms is to compare climatic
and environmental change prior to human induced increases in greenhouse gasses with those
of the last 150 years. For this, long, continuous, well dated, and high temporal resolution
records have to be studied, which cover both pre-industrial and industrial climate change. To
date, such records are extremely rare; however, unique sediment cores have recently been
recovered from the Golfo di Taranto (Eastern Mediterranean) that fulfil these requirements.
This thesis reports the results of marine palynological investigations on these sediments,
notably of the dinoflagellate cyst content. Dinoflagellate cyst associations are very useful for
reconstructing changes in marine environments, especially in coastal regions.
Since every region of the world has a unique dinoflagellate cyst association, detailed
information about the relationship of modern day cyst associations and environment is a
prerequisite for the establishment of adequate reconstructions. This thesis therefore first
reports the outcome of a study on 48 surface samples from the middle and distal part of the Po
river discharge plume area. The relationship between dinoflagellate species and
environmental parameters, such as sea surface temperature and nutrient availability, were
established. Based on multivariate analysis, four dinoflagellate associations can be
distinguished that are characteristic for the major oceanographic settings in the region:
(association 1) river discharge, (association 2) warm water, (association 3) oxygenated bottom
water group and (association 4) Golfo di Taranto group. Establishing such relationships allow
us to carry out high resolution climatic and oceanographic reconstructions in the study area.
In the following chapters, the strongly fluctuating environmental and climatic variations
of the region are reconstructed for three selected time intervals using organic walled
dinoflagellate cysts. In chapter 5, detailed information about the trophic history and climatic
history of the region during the last 200 and 400 years, respectively, are reported. As some
dinoflagellate cyst species react sensitively to anthropogenic eutrophication while other
species react more strongly to naturally induced changes in the trophic state of the upper
water column, we were able to document a clear separation between natural and
anthropogenic effects. Anthropogenic eutrophication is reported as early as 1880 AD. Rapid
1

Summary

fluctuations of sea surface temperatures and precipitation are reconstructed through the use of
dinoflagellate associations and freshwater algal species. The cyclical nature of these
variations are suggested to be influenced by natural climate forcing mechanisms, such as the
North Atlantic Oscillation (NAO) and solar activity. Chapter 6 documents changes in the
climatic history of the region between 990 and 1200 AD (Medieval Climate Anomaly). The
reconstructed sea surface temperatures (SST) are suggested to be lower in the Medieval
Period compared to that of today. Low river discharge/precipitation is shown for the Adriatic
area during this period, and is synchronous to widespread drought events in other subtropical
regions. It is also suggested that the climate is influenced by NAO and ENSO related
large-scale ocean-atmosphere circulation shifts during the Medieval Period. Furthermore, we
document that volcanic eruptions might have influenced the local climate and upper water
nutrient conditions during the studied period. In chapter 7, the short-term climatic and
oceanographic variability in the southern Italian region during the “Roman Classical Period”
(60 BC - AD 200) were investigated based on dinoflagellate cyst records. Results indicate that
the trophic state of the upper water column is closely linked to the variations of river
discharge, which, in turn, is strongly related to precipitation in Italy. Predominant cycles of
around 7-8 and 11 years are possibly related to variations in the NAO climate mode and solar
activity. Apart from the cyclic climate variability, a good correlation between non-cyclic
temperature decreases and global volcanic activity are observed, which indicates that the latter
forms an additional major forcing factor for the southern Italian climate.
The thesis presents detailed high temporal resolution information about the climate and
oceanographic history of three different time intervals over the last 2000 years. It provides a
basis for solving the question as to what extent natural versus anthropogenic factors influence
the environmental and climate change in the study region. The good match between
dinoflagellate cyst based reconstructions and those from other proxy records, as well as
environmental and climate information derived from historical sources, demonstrates that
dinoflagellate cysts can be very useful and reliable indicators for past environmental and
climate change on high temporal resolution that forms a prerequisite to obtain insight into the
forcing mechanisms of the present day global temperature rise.
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Der abrupte Anstieg der globalen Temperatur innerhalb des letzten Jahrzehnts hat zu
großer Besorgnis in Bezug auf zukünftigen Klimawandel geführt. Obwohl es offensichtlich ist,
dass anthropogene Aktivitäten diesen Wandel beeinflussen, steuern auch natürliche Prozesse
das Klima. Dies hat zu intensiven Diskussionen sowohl in der akademischen Gemeinschaft
als auch in der Gesellschaft geführt, in denen es darum geht, zu welchem Anteil die
natürlichen Prozesse zum derzeitigen Klimawandel beitragen. Leider sind bis heute Charakter
und Tragweite der natürlichen Einflussmechanismen alles andere als geklärt.
Eine Möglichkeit, unser Verständnis der Klima-Mechanismen zu verbessern, ist die
Veränderungen von Klima und Umwelt vor dem menschlich verursachten Anstieg von
Treibhausgasen mit denen der letzten 150 Jahre zu vergleichen. Hierfür müssen lange,
kontinuierliche, gut datierte Datensätze in hoher zeitlicher Auflösung untersucht werden, die
sowohl den vorindustriellen als auch den industriellen Klimawandel abdecken. Solche
Quellen sind sehr selten, jedoch wurden kürzlich einzigartige Sedimentkerne aus dem Golf
von Taranto (östliches Mittelmeer) gewonnen.
Diese

Doktorarbeit

präsentiert

die

Ergebnisse

von

marinen

palynologischen

Untersuchungen an diesen Sedimenten vor allem auf den Gehalt an Dinoflagellatenzysten.
Dinoflagellatenzysten-Gemeinschaften sind sehr hilfreich um die Veränderungen in der
Vergangenheit im marinen Bereich zu rekonstruieren, vor allem in Küstenregionen. Da jedoch
jede Region auf der Welt ihre einzigartige Artengemeinschaft aufweist, sind detaillierte
Informationen

über

die

Beziehung

der

heutigen

Zysten-Gemeinschaft

zu

den

Umweltbedingungen eine Grundvoraussetzung für entsprechende Rekonstruktionen.
Diese Dissertation zeigt daher die Ergebnisse vom mittleren und äußeren Teil der
Flussablauffahne der Po-Mündung. Die Beziehungen zwischen den Dinoflagellaten-Arten
und den Umweltparametern wie Oberflächen-Temperatur oder Nährstoffgehalt wurden
charakterisiert.

Basierend

auf

Multivariater

Analyse

wurden

vier

verschiedene

Dinoflagellaten-Gemeinschaften identifiziert, die charakteristisch für die wichtigsten
ozeanographischen Gegebenheiten in der Region sind: (Assoziation 1) Flusseintrag,
(Assoziation 2)

Warmwasser,

(Assoziation

3)

sauerstoffreiches Bodenwasser

und

(Assoziation 4) Golf von Taranto. Die Identifizierung dieser Beziehungen ermöglicht es uns,
hochauflösende

paläoklimatische

und

paleozeanographische

Rekonstruktionen

durchzuführen.
In den folgenden Kapiteln wurden mit Hilfe organisch-wandiger Dinoflagellatenzysten
die Schwankungen der Umweltbedingungen und klimatischen Bedingungen während dreier
ausgewählter Zeitintervalle rekonstruiert. In Kapitel 5 werden detaillierte Informationen über
3
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den vergangenen Nährstoffeintrag und die klimatische Geschichte der Region innerhalb der
letzten 200 bzw. 400 Jahren vermittelt. Da einige Dinoflagellatenzysten-Arten sehr
empfindlich auf anthropogen induzierte Eutrophierung und andere Arten auf natürliche
Schwankungen des Nährstoffgehalts in der oberen Wassersäule reagieren, sind wir in der
Lage, eine klare Trennung zwischen natürlichen und anthropogenen Effekten zu vollziehen.
Anthropogen verursachte Eutrophierung wird bereits im Jahr 1880 dokumentiert.
Schnelle Fluktuationen von Oberflächenwassertemperatur und Niederschlägen wurden mit
Hilfe von Dinoflagellatengemeinschaften und Süßwasser-Arten rekonstruiert. Der zyklische
Charakter dieser Schwankungen lässt vermuten, dass sie durch natürliche das Klima
beeinflussende Mechanismen wie beispielsweise Nordatlantischer Oszillation (NAO) und
Sonnenaktivität hervorgerufen wurden. Kapitel 6 dokumentiert die Klimageschichte in der
Region zwischen 990 und 1200 n. Chr. (Mittelalterliche Klimaanomalie). Die rekonstruierte
Meeresoberflächentemperatur für das Mittelalter scheint im Vergleich zu heute niedriger zu
sein. Während dieser Zeit wurden in der Adriatischen Region geringerer Fluss-Ablauf sowie
geringere Niederschläger festgestellt, was synchron zu verbreiteten Trockenereignissen in
anderen subtropischen Regionen ist. Es wird vermutet, dass das Klima durch großskalige
Verschiebungen in der Ozean-Atmosphären-Zirkulation im Zusammenhang mit NAO und
ENSO beeinflusst wurde. Außerdem haben im untersuchten Zeitintervall möglicherweise
auch Vulkanausbrüche sowohl lokal das Klima als auch den Nährstoffgehalt in der oberen
Wassersäule

beeinflusst.

In

Kapitel

7

wurde

die

kurzskalige

klimatische

und

ozeanographische Variabilität in Süditalien während der Klassischen Römischen Zeit (60 v.
Chr. - 200 n. Chr.) basierend auf Dinoflagellatendaten untersucht. Die Ergebnisse weisen
darauf hin dass die Nährstoffbedingungen in der oberen Wassersäule eng mit den
Schwankungen des Fluß-Ablaufs verbunden ist, der seinerseits stark mit den Niederschlägen
in Italien zusammenhängt. Die vorherrschenden Zyklen von etwa 7-8 und 11 Jahren hängen
vermutlich mit Variationen von NAO und Sonnenaktivität zusammen. Abgesehen von der
zyklischen Klimavariabilität kann eine gute Korrelation zwischen nicht-zyklischen
Temperaturminima und globaler vulkanischer Aktivität beobachtet werden. Dies weist darauf
hin, dass letztere einen zusätzlichen wichtigen Faktor darstellt, der das süditalienische Klima
beeinflusst.
Die Dissertation präsentiert ein detailliertes und hochauflösendes Abbild dreier
verschiedener Zeitintervalle während der vergangenen 2000 Jahre. Dies stellt eine
Möglichkeit dar, zu testen wie natürliche Faktoren im Verhältnis zu anthropogenen Faktoren
zu Umweltveränderungen in einem bestimmten Gebiet beitragen. Die gute Entsprechung
zwischen den auf Dinozysten basierten Rekonstruktionen und anderen Proxydaten bestätigt
dass

Dinozysten

als

zuverlässige

Indikatoren

verwendet

Umweltveränderungen im östlichen Mittelmeer zu rekonstruieren.
4
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Chapter 1

1. Introduction
1. 1 Motivation and Objectives
The climate system is composed of complex interactions between atmosphere,
hydrosphere and lithosphere. The global climate has been changing all the time throughout
the earth history which has had significant influences to our daily life (Budyko, 1974).
Interestingly, the occurrent global warming that was suggested to be caused by enhanced
anthropogenic greenhouse gases has been increasingly accepted by scientists and public
media (IPCC, 2007) (Fig 1). As a consequence, extensive discussions on how global warming
can influence the individual components of our earth system have been carried out (e.g. Held
and Soden, 2006; Kushner et al., 2001; Schiermeier, 2011). A new geological name
“Anthropocene” was hence raised due to human’s tremendous contribution on changing of
earth environment since latter part of the 18th century (Crutzen and Stoermer, 2000).
Although plentiful achievements have already been made with respect to climate changes and
their potential influences, there are two crucial questions however need to be addressed
explicitly. First, what roles have natural forcings for instance solar activities played during the
20th century global warming? Second, whether the current temperature increasing is
unprecedented in the context of long term climate variability?

Fig 1. Global annual mean surface air temperature change. (From http://data.giss.nasa.gov)
The difficulties to answer these two questions are due to our poor understanding of the
exact magnitude and effects of natural climate forcing mechanisms. Therefore there is an
urgent need to collect more information on past climatic changes which can lead to more
insight into the mechanisms that might cause these changes. One way to obtain this
information is to study the high resolution environment change prior to the human induced
5
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increase in greenhouse gasses within those of the last 200 years, there are several special time
periods during which climatic conditions were suggested to be as warm as or even warmer
than the amplitude that recent global warming reached, for example Medieval Warm Period
(800-1200 AD), Roman Warm Period (100 BC-200 AD) and Mid-Holocene Warm Period (6
ka BP). Studies on these time periods could provide us with straightforwardly opportunities to
pinpoint how warm the recent global warming was in the Holocene history, and how local
climate could be influenced by natural/anthropogenic activities.
1. 2 Research context and outline
For reconstructing the high fidelity of past climatic and environmental change in the
Gulf of Taranto area by organic walled dinoflagellate cysts, we firstly need to investigate how
different dinoflagellate species are distributed with the different environmental settings, for
instance sea surface temperature, salinity and so on. In the Manuscript 1 (Chapter 4), the
relationship between region specific dinoflagellate cyst distribution in the Po river discharge
area and oceanic environmental conditions have been studied based on surface sediments
from 48 sites in the middle and distal part of the discharge plume area. Establishing such a
relationship allows the reconstructions of the eutrophication history as well as the climatic
and oceanographic variability in the study area. Therefore, in Manuscript 2 (Chapter 5),
human induced eutrophication has been reconstructed in the Southern Adriatic area during the
last 200 years that based on the accumulation rates of the autotrophic dinoflagellate species L.
machaerophorum, besides the high resolution of past temperature and precipitation changes
are reconstructed during the last 400 years by dinoflagellate and algae species, the climate
forcing mechanisms are discussed to separate the natural versus anthropogenic influences on
recent climate change. Furthermore, for determining how warm the recent climate warming
was in the preindustrial period or if there were time intervals during which climate conditions
might have been similar with that of today, two representative candidates of the warm periods
have been studied with respect to their temperature, marine nutrient availability and local
river discharge and precipitation change, they are in Manuscript 3 (Chapter 6) the Medieval
Classical Period which was happened in around 1000 AD, and in Manuscript 4 (Chapter 7)
the Roman Classical Period that can be dated back to approximately 2000 years ago, the
potential natural forcing factors which might cause the climatic and oceanographic changes
during these times for instance the solar activity, volcanism are also discussed.
1. 3 Climate variability in Eastern Mediterranean during the past two millennia
The Mediterranean is an ideal location for paleoclimate study since it is located between
low and mid-latitudes and shows highly sensitivity to both monsoonal and North Atlantic
climate systems. Considerable studies have been carried out in Mediterranean regions with
6
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the purpose of reconstructing past climatic and oceanographic changes cover last 2000 years
that were based on instrumental, documentary and natural proxy records during last decades.
Instrumental records provide high quality and relatively long and continuous information on
meteorological parameters such as temperatures, pressures and humidity in Italian and
Spanish Mediterranean regions during the last 500 years (e.g. Camuffo, 1984; Camuffo, 2002;
Maugeri et al., 1998; Maugeri et al., 2004); documentary evidence registers irregular
information on historical disasters like flood and drought that can be dated back as early as
5th century BC, although these records usually are not consecutive, they form another useful
tool to learn past climate conditions when instrumental records were not available (Camuffo,
1987; Camuffo and Enzi, 1995; Dominguez-Castro et al., 2010; Llasat et al., 2005; Pfister et
al., 1999 and references therein). In eastern Mediterranean area, paleoclimate and
paleoceanography data were largely increased based on natural proxy methods during the last
decades, such as tree rings (Galli et al., 1994; Touchan et al., 2005), speleothems
(BarMatthews et al., 1997; Frisia et al., 2005; Orland et al., 2008), corals (Felis et al., 2004;
Rimbu et al., 2006) and marine sediments (e.g. Sangiorgi et al., 2003; Taricco et al., 2009).
However, the resolutions of most of these studies are not sufficient to inspect the highly
fluctuated climate variability within the time interval of the last 2000 years.

Figure 2. Alkenone derived SST and comparison with atmospheric Δ14C since 1300 AD.
From Versteegh et al. (2007).
One of the noticeable and intriguing issues is that there is an increasing number of
studies that are devoted to improve our understanding on how natural forcings for examples
solar activities can be associated with the climate changes in Mediterranean area on
centennial-millennial scales. For example, based on the information of carbonate content
(Castagnoli et al., 1992a; Castagnoli et al., 1992b) and stable isotopes of planktic foraminifera
from marine sediments (e.g. Castagnoli et al., 1999; Taricco et al., 2009), the Torino
cosmogeophysics group have built clear connections between solar activities and climate in
Gulf of Taranto area for more than 20 years. Versteegh et al (2007) has also shown that sea
7
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surface temperatures (SST) in the same study area are driven by solar forcing on centennial
scale before grand anthropogenic interference (Fig 2). Besides, in the Po basin (Northern
Italy), the relationship between North Atlantic Oscillation (NAO) and Po river discharge is
suggested to be related to the solar activities (Landscheidt, 2000; Zanchettin et al., 2008).
1. 4 Dinoflagellates
1. 4. 1 Dinoflagellates and their life cycle
Dinoflagellates are primarily unicellular eukaryotic organisms with two distinctive
flagella and a characteristic nucleus (Fensome et al., 1993). There are approximately 2000
known dinoflagellate species (~90%) living in various aquatic environment, from lakes to
oceans and from equator to polar regions. Together with diatoms and coccolithophorids,
dinoflagellates constitute the majority of the marine eukaryotic phytoplankton (e.g. Parsons et
al., 1984). They have different feeding strategies, for example autotrophic, heterotrophic,
mixotrophic, symbiotic and parasitic among which about half are autotrophic (Schnepf and
Elbrachter, 1992). About 10-20 % of the species produce cyst that are highly resistant to
dissolution and thus can be well preserved in the sediments (Dale, 1976). The size of organic
walled dinoflagellate cysts also called dinocysts usually range from 15 μm to 150 μm.
Although dinoflagellates dwell in wide range of environment conditions, fossil dinoflagellate
cysts show particularly high abundance in continental margins (Stover et al., 1996).
Dinoflagellates have a complex life cycle that involves many different stages including
sexual and asexual, motile and non-motile period (Fig 3). It is suggested that the majority of
dinocysts are produced during the sexual stage (Taylor, 1987). During the sexual life cycle,
dinoflagellates produce gametes which fuse to produce zygotic resting cysts called
hypnozygotes. They form the resting cyst during which the normal life is greatly reduced, the
hypnozygotes can be protected by a thick wall which is composed of highly resistant organic
materials called dinosporin, and the material is very resistant to adverse conditions and thus
can be well preserved in the sediments (Kokinos et al., 1998; Wall and Dale, 1967). The
obligate dormancy period is highly variable that could vary from 12 hours to several months
(Pfiester and Anderson, 1987). After this dormancy period, the protoplast emerges through an
aperture called archeopyle. There are many environmental factors for example light,
temperature, nutrient and endogenous rhythms which can trigger the excystment (Dale, 1983).

8
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Fig 3. Life cycle of the cyst producing dinoflagellates. After Dale, (1986).
1. 4. 2 Applications and limitations
Since the early studies on paleoenvironment reconstructions by Wall and Dale (1967)
and Wall et al. (1977), increasing number of investigations have been carried out in different
areas by organic walled dinoflagellate cysts (dinocysts) records (e.g. Bouimetarhan et al.,
2009; Dale et al., 2002; de Vernal et al., 2005; Esper and Zonneveld, 2007; Harland et al.,
1999; Harris and Tocher, 2003; Holzwarth et al., 2010; Sangiorgi et al., 2002; Zonneveld,
1997). Dinocysts have been shown to be a suitable proxy for establishing environmental and
climatic reconstructions as the cyst associations reflect even small changes in upper water
conditions such as sea surface temperature (SST), salinity (SSS) and nutrient availability (e.g.
Dale et al., 2002; De Vernal et al., 1997; Marret et al., 2001; Pospelova et al., 2006; Sangiorgi
et al., 2002). Additionally, dinoflagellate species and associations have also been used to gain
the information on human induced waste discharge and industrial pollution (Dale et al., 1999;
Harland et al., 2006; Pospelova et al., 2002; Pospelova and Kim, 2010; Radi et al., 2007;
Zonneveld et al., 2011).
However, there are some cautions which need to be noticed when using dinocyst in the
paleoenvironment reconstructions. First, in some areas, the environmental parameters
reconstructed by dinocyst records such as SST and SSS can show covaried characters, and it
is not easy to determine which one is best reconstructed with the specific dinoflagellate signal
(de Vernal and Marret, 2007). Second, the dinocyst recovered from marine sediments
represent many years average ecological signals therefore inhibit the acquisition of
9
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information on actual environmental conditions and seasonal dinoflagellate production
(Zonneveld et al., 1997). Third, it was traditionally assumed that dinoflagellates might be
transported away long distances before they sink to the sea bottom (Dale, 1992), this can alter
the fossil dinoflagellate cyst associations. Finally, it has recently became clear that
post-depositional aerobic organic matter (OM) degradation can severely alter dinoflagellate
cyst signal (Kodrans-Nsiah et al., 2008; Versteegh and Zonneveld, 2002; Zonneveld et al.,
2007), therefore the species which are sensitive to degradation for instance Brigantidinium
spp. have to be used with caution.
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2. Study area
2. 1 Climate conditions
The Mediterranean Sea is almost enclosed by land that covers an area of approximately
3.5 million km² (Fig 1). Its climate is characterized by hot and dry summers and cool and
relatively wet winters (Saliot, 2005). Mediterranean is located between low and mid-latitudes
and its climate is therefore highly sensitivity to upper air circulation variations (e.g. Cassou et
al., 2004; Hurrell and VanLoon, 1997).

Fig 1. Mediterranean Sea and main winds. Modified after Lionello and Sanna (2005).
One of the most prominent climate modes influencing the Mediterranean climate is the
so-called North Atlantic Oscillation (NAO) which represents the dipole-like pressure gradient
between the Azores (high) and Iceland (low) (Hurrell, 1995). When the NAO index is in
positive phase, northern Europe experiences excess precipitation. In turn, its negative phase
brings excess precipitation and high temperatures in southern Europe and Mediterranean area
(Lionello and Sanna, 2005). Consequently, variations of NAO have strong effects on the
Italian precipitation, with enhanced precipitation resulting in excess discharge of the Po and
Apennine rivers into the Adriatic Sea. In turn this results in an extension of the ASW “plume”
and enhanced inflow of ASW into the Gulf of Taranto. During winter time, cold and dry Bora
winds blow from the northeastern in strong pulses over the study region (Fig 1). This results
in sea level fluctuates in downwind and upwind regions as result of the wind-curl effects on
the ocean current system (Orlic et al., 1994). These sea level fluctuations vary in intensity as a
result of maxima and minima in Bora strength. Apart from this the ocean current system and
the oceanographic environmental conditions can be strongly influenced by northward blowing
Sirocco winds that origin in the Sahara and that bring warm and humid air into the region
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(Cavaleri et al., 1997; Pasaric et al., 2007). It is suggested that strong Sirocco wind may
reverse the currents that are observed along the Adriatic coast (Orlic et al., 1994). Therefore
both Bora and Sirocco can play an important role on regulating the oceanographic system in
the research area despite the fact that they only last several days during the year.

Fig 2. Study area and ocean circulation. ASW - Adriatic Surface Water, ISW - Ionian Sea
Water, LIW - Levantine Intermediate Water, ADW - Adriatic Deep Water.
2. 2 Ocean Circulations
The ocean circulation of Gulf of Taranto area is strongly related to that of the Adriatic Sea.
Surface waters in the southeastern part form the distal part “river-discharge” waters that can
be traced along the whole eastern Italian coast. The main source of these waters is from the Po
river (Fig 2). The Po river is the largest Italian river with a length of about 673 km that drains
the southern part of the Alps and northern part of Italy. It supplies high amounts of fresh water,
nutrients and suspended matter into the northwestern Adriatic basin (Boldrin et al., 2005;
Degobbis et al., 1986). These waters which are traditionally classified as the Adriatic Surface
Waters (ASW) are characterized by high chlorophyll-a concentrations. The cyclonic surface
currents of the Adriatic Sea induced by Coriolis forcing press these southeastward flowing
waters against the western coastal margin of the Adriatic Sea (Lee et al., 2007). Local eastern
Italian rivers additionally spice the plume-waters on their way southwestward. However, the
amounts of suspended matter and nutrients these local rivers discharge into the system are
considerably less than the Po river discharge (Degobbis et al., 1986; Milligan and Cattaneo,
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2007). Within the Gulf of Taranto, the circulation is generally cyclonic with ASW entering
along the eastern part the basin. Additionally, Ionian Sea Waters (ISW) enters the Gulf of
Taranto at the eastern side where these waters gradually mix with ASW (Fig 2). The ISW is
characterized by relatively high temperature, high salinity, a low suspended matter load and
low nutrients concentrations (Boldrin et al., 2005; Caroppo et al., 2006; Socal et al., 1999).
Within the Gulf, intermediate water is formed by Levantine Intermediate Water (LIW) which
originates from the Levantine basin (Greece), and can be observed between 150 and 600 m
water depth. Below 600m depth a shift towards much cooler waters of the dense Adriatic
Deep Water (ADW) can be observed (e.g. Hainbucher et al., 2006; Sellschopp and Alvarez,
2003).
References
Boldrin, A., Langone, L., Miserocchi, S., Turchetto, M., and Acri, F. (2005). Po River plume on the Adriatic
continental shelf: Dispersion and sedimentation of dissolved and suspended matter during different river
discharge rates. Marine Geology 222, 135-158.
Caroppo, C., Turicchia, S., and Margheri, M. C. (2006). Phytoplankton assemblages in coastal waters of the
northern Ionian Sea (eastern Mediterranean), with special reference to cyanobacteria. Journal of the
Marine Biological Association of the United Kingdom 86, 927-937.
Cassou, C., Terray, L., Hurrell, J. W., and Deser, C. (2004). North Atlantic winter climate regimes: Spatial
asymmetry, stationarity with time, and oceanic forcing. Journal of Climate 17, 1055-1068.
Cavaleri, L., Bertotti, L., and Tescaro, N. (1997). The modelled wind climatology of the Adriatic Sea.
Theoretical and Applied Climatology 56, 231-254.
Degobbis, D., Gilmartin, M., and Revelante, N. (1986). An annotated nitrogen budget calculation for the
Northern Adriatic Sea. Marine Chemistry 20, 159-177.
Hainbucher, D., Rubino, A., and Klein, B. (2006). Water mass characteristics in the deep layers of the western
Ionian Basin observed during May 2003. Geophysical Research Letters 33.
Hurrell, J. W. (1995). Decadal trends in the North-Atlantic Oscillation - Regional temperatures and precipitation.
Science 269, 676-679.
Hurrell, J. W., and VanLoon, H. (1997). Decadal variations in climate associated with the north Atlantic
oscillation. Climatic Change 36, 301-326.
Lee, C. M., Orlic, M., Poulain, P. M., and Cushman-Roisin, B. (2007). Introduction to special section: Recent
advances in oceanography and marine meteorology of the Adriatic Sea. Journal of Geophysical
Research-Oceans 112, 3.
Lionello, P., and Sanna, A. (2005). Mediterranean wave climate variability and its links with NAO and Indian
Monsoon. Climate Dynamics 25, 611-623.
Milligan, T. G., and Cattaneo, A. (2007). Sediment dynamics in the western Adriatic Sea: From transport to
17

Chapter 2

stratigraphy. Continental Shelf Research 27, 287-295.
Orlic, M., Kuzmic, M., and Pasaric, Z. (1994). Response of the Adriatic Sea to the Bora and Sirocco Forcing.
Continental Shelf Research 14, 91-116.
Pasaric, Z., Belusic, D., and Klaic, Z. B. (2007). Orographic influences on the Adriatic sirocco wind. Annales
Geophysicae 25, 1263-1267.
Saliot, A. (2005). The Mediterranean Sea. Springer Verlag, p428.
Sellschopp, J., and Alvarez, A. (2003). Dense low-salinity outflow from the Adriatic Sea under mild (2001) and
strong (1999) winter conditions. Journal of Geophysical Research-Oceans 108.
Socal, G., Boldrin, A., Bianchi, F., Civitarese, G., De Lazzari, A., Rabitti, S., Totti, C., and Turchetto, M. M.
(1999). Nutrient, particulate matter and phytoplankton variability in the photic layer of the Otranto strait.
Journal of Marine Systems 20, 381-398.

18

Chapter 3

3. Materials and methods
3. 1 Materials
The samples used in the Chapter 4 (Manuscript 1) are collected by multicores along the
western Adriatic coast from Po delta area to the Gulf of Taranto region during the R.V.
Poseidon cruise P339 “Cappuccino” in June 2006 (Zonneveld, 2008).
Materials (Multicore GeoB 10709-5) used in Chapter 5 (Manuscript 2) was collected
also during the R.V. Poseidon cruise P339 “Cappuccino” in June 2006 at 39°45.39'N and
17°53.57'E from a water depth of 172.3m (Fig1) (Zonneveld, 2008).
Chapter 6 and 7 (Manuscript 3 and 4) are based on samples from the section 8 of the
piston core DP30PC which was retrieved during the R.V. Pelagia, DOPPIO cruise, 2008 (39°
50.07' N, 17°48.05' E, water depth 270 m).
3. 2 Sample preparation
The sediments have been frozen and stored at -20°C immediately after the recovery.
Previous to sampling the still frozen cores were stored at -4°C for one day enabling high
precision cutting of the core in slices of 2.5 mm. The cutting was carried out in a cold storage
room at 4°C. Care was taken that the core temperature remained under -2°C to avoid
damaging the core structure. After subsampling the material at every 2.5 mm, 1 ml of each
sample was dried overnight at 60 oC and weighted to determine the dry bulk density.
Successively the material was brought into suspension in tap water and sieved over a 100 μm
sieve. The material of size > 100 μm was dried and stored for future study. The remnant
material <100 μm was treated using standard palynological preparation techniques according
to the aliquot method as described by Zonneveld et al. (2009). Dry materials were firstly
reacted with HCL (10%), after neutralized by KOH (10%), HF (40%) was added into the
samples for 2 hours agitation and additional 2 days without agitation in order to remove the
siliceous fraction, finally samples were processed ultrasonically and sieved over a 20 μm
stainless steel sieve (Stork Veco, mesh; 570), the residue was centrifuged (6 min, 3200 rpm)
and transfered to 1.5 ml eppendorf tube. The fraction smaller than 20um were decanted
through the 5um sieve and stored for later pollen research. After centrifuging again, the
samples were concentrated to 0.5 ml eventually. 50-100 μl of homogenized material was
placed on a slide by the pipette with 1 μl scale interval. The material was embedded in
glycerine jelly and insulated from air by paraffin wax. Palynomorphs were counted under a
light microscope at 400 or 1000 × magnification, when a slide contained less than 150
diniflagellate cysts, another slide was counted. Taxonomy of dinoflagellate species is
according to that cited in Marret and Zonneveld (2003) and Radi and de Vernal (2008).
Round, brown cyst with a smooth cell wall without ornamentation were grouped as
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Brigantedinium spp.. The classification of the species Polykrikos kofoidii and P. schwarzii is
according to Matsuoka et al. (2009).
3. 3 Statistical methods
3. 3. 1 Multivariate analysis
To compare the environmental variables such as sea surface temperature, sea surface
salinity and chlorophyll-a concentration with the relative and absolute abundance of
dinoflagellate species, multivariate ordination methods Redundancy Analysis (RDA) from the
CANOCO for Windows software package is used (Jongman et al., 1987; ter Braak and
Smilauer, 1998). The preformed analyses are based on the assumption of a linear response of
the species in relation to environmental variables which has been confirmed by a Detrended
Correspondence Analysis (DCA) carried out prior to the analysis. DCA analysis is used to test
the unimodal or linear characters of the data. The variations shown by DCA axis is interpreted
by one or more environmental parameters. If the length of the first axis is smaller than 2 SD,
the linear relationship is presented between species concentrations and the environmental
parameters.
3. 3. 2 Time series analysis
It is of great interest to inspect the cyclic characteristics from the complex and disorderly
dataset. In this study, frequency analysis of the reconstructed SST, nutrient availability and
precipitation series have been performed using the red-noise spectrum analysis of the program
REDFIT which is based on Lomb periodogram and particularly suitable for unevenly spaced
time series, the significance levels are presented to test reliability of periodicities as shown by
spectral peaks (Schulz and Mudelsee, 2002). To validate if there is any spurious signal from
REDFIT, we additionally performed an analysis using the multiTaper Method (MTM) of
SSA-MTM Toolkit. This method can reduce the spectral leakage by using small tapers (Ghil
et al., 2002).
Wavelet analysis can examine the temporal distribution of frequency throughout the
entire series that forms a supplement to the common Fourier transform. It can be calculated
based on a certain window size and computer the transform in the individual time period. The
Continuous Wavelet Transform (CWT) is a usual tool to analyze the localized intermittent
oscillations within the time series, it is especially helpful when examining two time series
together to check if they show similar cyclic characters (Grinsted et al., 2004). The matlab
package of CWT which based on Morlet wavelet is used in this study to investigate the cyclic
characters of the individual indicator properties throughout the sequence.
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Abstract
To determine the relationship between region specific dinoflagellate cyst distribution
in the Po-river discharge area and oceanic environmental conditions, surface sediments of 48
sites in the middle and distal part of the discharge plume area have been studied. Establishing
such a relationship is a prerequisite to create reconstructions of the eutrophication history as
well as the palaeoclimatic and palaeoceanography history of the area.
Literature based information about the sedimentation rates based on

210

Pb dating

methods are available for 18 sites. This enables the calculation of cyst accumulation rates of
individual cyst species which reflect their cyst production. Correlation of the accumulation
rates of individual species with environmental parameters of the upper waters allows us to
adapt and refine the ecological characteristics of a selection of cyst species. This latter is
trivial since the current concepts on the ecological significance of dinoflagellate cyst have to
be revised as a result of the current developments in the dinoflagellate research field. These
developments have elucidated that a considerable part of the relative abundance datasets that
form the basis for the present day ecological concepts of dinoflagellate cysts might have
suffered from so called “closed sum effects” and have been overprinted by early diagenetic
processes.
The dinoflagellate cyst association reflects both upper and bottom water circulation.
Based on the relative abundance data four associations can be distinguished that are
characteristic for the major oceanographic settings in the region. (1) River discharge
association. This association consists of Echinidinium spp., Lejeunecysta sabrina,
Lingulodinium machaerophorum, Polykrikos kofoidii, Polykrikos schwarzii, cysts of
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Protoperidinium stellatum, Selenopemphix quanta and reworked cysts. These species have
high relative abundances in sites where bottom waters are low in oxygen and upper waters are
influenced by river discharge waters that are characterized by high productivity and relative
low salinity. (2) Warm water association. This association consists of Spiniferites mirabilis,
Spiniferites pachydermus, Spiniferites ramosus and Spiniferites spp. which have their highest
relative abundances in the sites at the plume margin that are characterized by relative warm
upper waters and intermediate chlorophyll-a concentrations. (3) Oxygenated bottom water
group. Species of this group; Impagidinium aculeatum, Impagidinium patulum, Impagidinium
sphaericum, Operculodinium centrocarpum and Operculodinium israelianum have their
highest relative abundances at sites where bottom waters are formed by well ventilated
Adriatic Deep Water or Eastern Mediterranean Deep Water. (4) Golfo di Taranto group
consisting of round brown cysts produced by Protoperidinium species (grouped as
Brigantedinium spp.).
The variation in accumulation rates can be related to gradiental changes in the trophic
state of the surface waters linked to river outflow. Most species show a positive relationship
between cyst production and nutrient/trace element availability in upper waters. No negative
correlation between cyst production and nutrient/trace element availability could be
documented. Production of Briganitidinium spp., Echinidinium spp., Lejeunecysta Sabrina,
Lingulodinium machaerophorum, Polykrikos kofoidii/schwarzii, Spiniferites spp., Spiniferites
mirabilis and Selenopemphix quanta shows the most pronounced increase with increasing
nutrient/trace element availability. These species can be considered as valuable indicators for
reconstructing changes in the trophic state of the upper waters within the Po-river area in
palaeo-environmental studies.
1. Introduction
River plume waters can contain an excessive concentration of organic and inorganic
components which enhance bioproductivity in upper waters. Globally, the amplified human
activity within the vicinity of rivers of the last hundred years has resulted into increased
eutrofication of the marine ecosystems in the vicinity of river outlets. In many cases this has a
negative effect by e.g. increasing the occurrence of massive benthos and fish mortality, anoxic
events, loss of diversity, toxic algal blooms and mucilage production that in turn, results in
major economic and human-health effects (e.g. Spatharis et al., 2007 and references therein).
As result of the often high sediment load of the plume waters, river plume areas can contain
depositional sites that are characterized by high sedimentation rates. Here natural archives can
be found that have the potential to enable the study of anthropogenic effects on the marine
ecosystem on a high temporal resolution. Furthermore, these archives provide a valuable
source for the establishment of the high resolution climatic reconstructions that are urgently
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needed within the scope of the current concern about global climate change (Jansen et al.
2007).

Fig. 1. Map of the South Adriatic Sea, Strait of Otranto and the Golfo di Taranto depicting the
sample positions.
One of the major European river systems in which plume area such archives can be
found is the Po-river (e.g. Cini Castagnoli et al., 1997; Nittrouer et al., 2004). This river drains
the southern part of the Alps and the northern part of Italy into the North Adriatic Sea, the
northernmost part of the Mediterranean Sea. With a length of 673 km and drainage basin of
71,000 km2 it flows through one of the most productive agricultural and industrial regions of
Italy (Boldrin et al., 2005). The river forms the primary source of nutrients to the Adriatic Sea
and massive dinoflagellate and diatom blooms, sometimes associated with red tides and
toxicity, are well known from the discharge area (Boni et al., 1992; Boni et al., 2000; Boldrin
et al., 2002, 2005). Logically, changes in amount and quality of the Po-river discharge have
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large effects on the marine environment (Penna et al., 2004).
Pilot studies have documented the high potential of the natural archives in the region
for palaeo-environmental and palaeo-climatic studies (Cini Castagnoli et al., 1999; Sangiorgi
and Donders, 2004). However, this information is extremely sparse and an extensive detailed
high temporal resolution reconstruction of past environmental and climate variability or
anthropogenic influence on the marine ecosystem covering a time span that extents the last
few hundred years, is not available yet. A useful proxy for establishing such records is the
organic-walled dinoflagellate cyst record. Dinoflagellate cyst associations in marine
sediments reflect the environmental conditions of upper waters in detail (e.g. Rochon et al.,
1999; de Vernal et al., 2001, 2005; Marret and Zonneveld, 2003; Pospelova et al., 2006; Esper
and Zonneveld, 2007; Radi et al., 2007; Pospelova et al., 2008). In time series analysis this
aspect can be used to determine past variations in upper water environmental conditions such
as human induced eutrophication, changes in sea surface salinity, sea surface temperature,
turbulence and nutrient content (e.g. Filipsson et al., 2004; Harland et al., 2006; Marret et al.,
2008; Dale, 2008). Studies on fossil dinoflagellate cyst associations can also provide valuable
information about the history and possible causes of dinoflagellate induced harmful algal
blooms (e.g. Siringan et al., 2008). However, within the last few years it has become clear that,
although there are some generalities, every river plume or estuarine system has an unique cyst
associations when studied in detail (e.g.

Blanco, 1995; Grill and Guerstein, 1995; Matsuoka

et al., 1999; Marret et al., 2001; Sangiorgi et al., 2002; Azanza et al., 2004; Orlova et al., 2004;
Giannakourou et al., 2005; Pospelova et al., 2005; Borel et al., 2006; Holzwarth et al., 2007;
Novichkova and Polyakova, 2007; Radi et al., 2007). Furthermore, strong environmental
gradients in the upper waters result in an abrupt change of cyst associations within small
geographic areas. Consequently for an adequate use of the sedimentary dinoflagellate cyst
association for palaeoenvironmental and oceanographic reconstructions in river system areas
a detailed survey with a high geographic resolution is required.
To obtain such a basis for future studies in the Po-river discharge plume area we have
studied the dinoflagellate cyst content of 48 surface sediment samples that are located in a
dense network along the middle and distal end of the river plume, the western part of the
South Adriatic Sea, the Strait of Ontranto and the Golfo di Taranto (Fig. 1). To date some
sparse information on the cyst association in sediments in the vicinity of the river mouth in
the northern Adriatic Sea is present on a low spatial resolution (Rubino et al., 1997; Rubino et
al., 2000; Sangiorgi et al., 2005). For the distal part of the plume area information is restricted
to a few data points only (Belmonte et al., 1995; Rubino et al., 1997; Rubino et al., 2002). In
this paper we obtain information about the relationship between the modern day cyst
distribution and environmental conditions in surface waters by comparing the geographic
distribution of individual cyst species with seasonal information of the total amount of
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primary production in surface water in terms of the chlorophyll-a concentration, local sea
surface temperatures and sea surface salinities. Furthermore we compare the cyst distribution
with additional sedimentary parameters such as the Nitrate and organic Carbon concentrations
as well as the oxygen penetration depth. The study of relative abundance data allows us to
determine dinoflagellate cyst associations that are characteristic for several oceanographic
regimes. Detailed information about the sedimentation rates of 18 sites based on

210

Pb

analyses enables the calculation of accumulation rates of individual cyst species reflecting the
cyst production.
By combining both methods, we show that the dinoflagellate cyst association and
production clearly mirrors the position of river influenced surface waters. Comparison of the
cyst accumulation rates with upper water environmental characteristics leads to an adaptation
and refinement of the ecological characterization of several modern dinoflagellate cyst species
such as Brigantidinium spp., Echinidinium spp., Impagidinium aculeatum, Impagidinium
patulum, Lingulodinium machaerophorum, Polykrikos kofoidii/schwarzii, Spiniferites
mirabilis and Selenopemphix quanta. As several of these species are common components in
estuary and river systems that are sometimes strongly polluted, this information will lead to
advanced reconstructions of past changes in eutrophication and river outflow in estuarine and
river influenced regions well beyond the Po-river discharge plume area.
2. Oceanographic setting
The Po-river is the largest Italian river draining the southern part of the Alps and
northern part of Italy. It enters the north-western North Adriatic Sea through a deltaic system
(Fig. 2). The discharge waters that have entered the marine realm have a clear physical and
biological character that can be traced along the eastern Italian margin southward as the so
called Po-discharge plume. Along the way, the plume waters are additionally spiced by
sediment loaded, fresh, nutrient and element rich waters from local eastern Italian rivers.
However, the loads of nutrients and sediments of these local rivers are considerably lower
with respect to the Po-river discharge (e.g. Penna et al., 2004; Milligan and Cattaneo, 2007
and references therein).
As a result of an anti-clockwise surface water circulation induced by Coriolis forcing,
the fresh, nutrient rich Po-river discharge water is pressed against the western coastal margin
of the Adriatic Sea (e.g. Lee et al., 2007). As a consequence, a band of enhanced productivity
reflected by high chlorophyll-a concentration in surface waters, can be observed along the
whole western margin of the Adriatic Sea, the Strait of Otranto, around the Calabrian
Peninsula into the Golfo di Taranto (Fig. 3). Classically these relative cool, nutrient and
suspended matter rich, low salinity waters are classified as Adriatic Surface Water (ASW).
Along the eastern side of the south Adriatic Sea and the Strait of Otranto high temperature,
26

Chapter 4

high salinity and low suspended matter and nutrient concentration Ionian Surface Water (ISW)
coming from the Eastern Mediterranean enters the basin. Within the Golfo di Taranto, the
circulation is generally cyclonic with ASW entering along the eastern part the basin. Within
the Golfo di Taranto a mixing between ASW and ISW occurs (e.g. Socal et al., 1999; Boldrin
et al., 2005; Caroppo et al., 2006; Lee et al., 2007 and references in the Journal of geophysical
research, vol. 112, 2007).

Fig. 2. Map of the upper ocean current system in the research area. ASW=Adriatic Sea
surface Water, ISW=Ionian Sea surface Water.
Intermediate waters in the research area are formed by the relatively nutrient rich, high
salinity waters of the Levantine Intermediate Water (LIW). This water that is characterized by
a mean annual salinity concentration higher than 38.70 and has a core at about 200m depth. In
the Adriatic Sea a shift towards more cooler waters of the dense Adriatic Deep Water (ADW)
can be observed below about 600m depth. Along the Italian coast fresher but colder North
Adriatic Dense Water (NADW) forms a southward flowing bottom water current. Both ADW
and NADW are recognized as contributors to the eastern Mediterranean Deep Waters,
although recently having competition by deep water that is produced in the Aegean Sea (e.g.
Sellschopp and Álvarez, 2003; Hainbucher et al., 2006; Grbec et al., 2007).
The ocean circulation and related to that, primary production within the research area
shows large interannual variation (Fig. 3). Typically the Po-river discharge demonstrates two
discharge peeks during spring (May-June) with the highest snow melt in the Alps and in
autumn (October – November) related to enhanced precipitation. In the Adriatic Sea, the
Po-discharge plume occupies a wider area during these periods. Within the Golfo di Taranto
enhanced ASW inflow can be observed in winter. In the southern Adriatic and Golfo di
Taranto, vertical mixing convection occurs in winter or early spring as result of the cooling of
27

Chapter 4

the surface waters (Boldrin et al., 2002; Casotti et al., 2003; D'Ortenzio et al., 2003; Caroppo
et al., 2006). This process strongly affects primary production processes, rising the deep
nutrients to the upper photic layers. Based on satellite image studies it has been revealed that
the increase in biomass is related to strong events of heat loss with the magnitude of biomass
enhancement to be directly related to the intensity of the atmospheric events (e.g. Casotti et al.,
2003; D'Ortenzio et al., 2003; Santoleri et al., 2003). Several studies give evidence that this
extensive late-winter, early spring bloom in the Golfo di Taranto is a relatively recent feature
that can be related to a change in the Eastern Mediterranean circulation around the early
1990’s characterized as the Eastern Mediterranean Transient (EMT). Prior to the EMT,
thermohaline circulation involved only one deep water formation zone in the Adriatic Sea
(Roether and Putzka, 1996). The new observations indicate that the Cretan/Aegean Sea has
become an additional driving engine of the intermediate and deep circulation displacing the
older Eastern Mediterranean Deep Water, thus rising the isopycnal surfaces and nutricline by
several hundred meters. It has been shown that although this rise in nutricline did not affect
the surface biological dynamic in the majority of the Ionian Sea, the western part forms an
exception.

Fig. 3. Compiled satellite image of upper ocean chlorophyll-a concentrations in (a) summer,
(b) autumn, (c) winter, (d) spring.
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3. Material/methods
Surface sediments derived from 48 sample sites from the southern Adriatic Sea, the
Stait of Ontranto and the Golfi di Taranto have been collected by multicores during the
POSEIDON cruise “CAPPUCCINO” in June 2006 (Fig. 1, Table 2; Zonneveld et al. 2008a).
The multicore provided sediments with an undisturbed sediment-water interface. Samples
containing the upper half centimeter of sediment have been processed using standard
palynological techniques according to the Lycopodium method described by Marret and
Zonneveld (2003). No oxidative agents or heavy liquid separation has been preformed to
avoid selective cyst degradation during sample preparation. Taxonomy is according to Marret
and Zonneveld (2003). Brigantidinium spp. Includes all round brown dinoflagellate cysts,
Spiniferites spp. Includes al Spiniferites cysts that can not be determined on species level.
Another sample set has been taken to determine organic carbon and total nitrogen
contents. Samples were stored cool until being freeze dried and subsequently grounded for
analysis with a Carlo Erba 1500 Element Analyzer in the home lab. Organic carbon has been
analyzed after threefold removal of CaCO3 with 1N HCl. Another sample set has been taken
to determine organic carbon and total nitrogen contents. Samples were stored cool until being
freeze dried and subsequently grounded for analysis with a Carlo Erba 1500 Element
Analyzer in the home lab. Organic carbon has been analyzed after threefold removal of
CaCO3 with 1N HCl.
Relative abundance data have been calculated by dividing the amount of cysts of a
particulate species with the total sum of observed cyst specimens.
Detailed information about the sedimentation rates of 18 sites based on 210Pb analyses
enables the calculation of accumulation rates of individual cyst species reflecting the cyst
production. Detection of the

137

Cs in the sediments that result of the Bombing experiments

during the last century made exact dating possible (see references given in Table 2). Cyst
accumulation rates have been calculated as follows:
AR (c/cm2/y) = cyst/g (c/g) x DBD (g/cm2) x SR (cm/y)
AR = accumulation rates, cystg = amount of cysts per gram dry sediment, DBD = dry
bulk density, SR = sedimentation rate.
Relative and absolute abundances have been compared with seasonal values of upper
water chlorophyll-a concentratons, seasonal and mean annual SST and SSS values using the
mutlivariate ordination methods Redundancy Analysis (RDA) from the CANOCO for
Windows software package (Jongman et al., 1987; ter Braak and Smilauer, 1998). The
preformed analyses are based on the assumption of a linear response of the species in relation
to environmental variables which has been confirmed by a Detrended Correspondance Analys
(DCA) carried out prior to the analysis. Seasonal chlorophyll-a and sea surface temperatures
data have been derived from compiled SeaWifs satellite data (from 1997 to present) of the
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years 2002 – 2006. Satellite data from “Coastal Zone Color Scanner (CZCS, from 1979 –
1985) have not been taken into account since these data are generated before the EMT.
Sedimentation rates in the region are generally extremely high. We collected the upper surface
of the sediments which we assume to be deposited after the EMT. Data are retrieved from the
OBPG

MODIS-Aqua

Monthly

Global

9-km

database

(http://reason.gsfc.nasa.gov

/OPS/Giovanni/ocean.aqua.shtml) on a 0.1° resolution. Seasonal sea surface salinity data are
retrieved

from

the

MEDATLAS

bottle

database

samples

(http://odv.awi.de/data/ocean/medatlasii.html). Data from the last 20 years on a 0.2° grid
resolution have been compiled. Exceptions are formed by samples GeoB 10714 and GeoB
10715 which summer SSS data are retrieved from the NOAA World Ocean Data Atlas 2005
on a 0.25° resolution. This hold as well for autumn-SSS data from samples GeoB 10731,
10732 and 10733 winter-SSS data from samples GeoB 10748 and 10749 as well as the annual
mean annual temperature and salinity data. Seasons are defined as such: Winter: December –
February, Spring: March – May, Summer: June – August, Autumn: September – November.
Sedimentation rates of individual samples are based on literature derived 210Pb datings.
For reference of these data see Table 1.
4. Results
Surface sediment samples of the southwestern Adriatic Sea and Golfo di Taranto
contain a diverse dinoflagellate cyst association. The redundancy analysis (RDA) clearly
illustrates that high chlorophyll-a concentrations in the upper 1 m of the water column
correspond to relatively low salinity and temperature values in spring as well as to low
oxygen penetration depths in the sediments (Fig. 5). Increased N and Corg concentrations can
be observed at sites where high Chlorophyll-a concentrations in the surface water layer exist.
4.1 Relative abundance data
The environmental variables “autumn SST”, “winter SST”, “autumn Chlorophyll-a”,
“summer Chlorophyll-a”, “spring Chlorophyll-a”, “winter SSS”, “summer SSS” and
“oxygen penetration depth” vary significantly in relationship to the relative cyst distribution
(95% confidence interval). All other environmental parameters strongly co-vary with these
environmental variables or do not significantly vary in relationship to the spatial distribution
of the individual cysts species (Fig. 5, Table 3). Summer SST strongly co-varies with autumn
SST and can therefore statistically be considered as one gradient. The same holds for the
upper water Chlorophyll-a concentration in winter and summer that strongly co-varies with
“autumn Chlorophyll-a” and “spring Chlorophyll-a”. [N] and [Corg] positively co-vary with
chlorophyll-a concentrations in upper waters during autumn and spring. The oxygen
penetration depth co-varies negatively with these parameters.
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The majority of the variation in cyst distribution correlates to temperature variance in
autumn (14%). Gradients in the upper water chlorophyll-a concentrations in autumn and
spring correlated to 9% and 7% respectively of the variation in cyst distribution.
Based on both the visual examination of the distribution patterns of individual cyst
species as well as on the results of the RDA several groups of species with related distribution
patterns can be distinguished.
Group 1: Po-river discharge plume group: Echinidinium spp., Lejeunecysta sabrina,
Lingulodinium machaerophorum, Polykrikos kofoidii/schwarzii, cysts of Protoperidinium
stellatum, Selenopemphix quanta and reworked cysts. These species have their highest
relative abundance in the most coastal sites of the southwestern Adriatic Sea, the Strait of
Ontranto and around the Calabrian Peninsula where a mix of local eastern Italian rivers and
Po-discharge waters can be observed in the upper water layers in spring and autumn (Figs 5,7).
Relative abundances of these species gradually decrease when the river plume is followed
into direction of its distal proximity in the Golfo di Taranto where the plume waters lose their
characteristic features when mixed with other Eastern Mediterranean surface waters. Lowest
relative abundances of these species are found in sites where surface waters are formed by
ASW, ISW and bottom waters that consist of ADW and EMDW. Increasing relative
abundances of these species can be related to increasing chlorophyll-a concentrations in
spring and autumn.

Fig. 4. Compiled satellite image of upper ocean temperatures in (a) summer, (b) autumn, (c)
winter, (d) spring.
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Group 2. Warm water group: Spiniferites mirabilis, Spiniferites pachydermus,
Spiniferites ramosus and Spiniferites spp. The relative abundance of these species increases in
relationship with increasing autumn surface water temperatures at sites with intermediate
chlorophyll-a concentrations (Fig. 8). No significant relationship with other environmental
parameters or ocean circulation patterns can be observed.

Fig. 5. Results of the RDA analyses on (a) relative abundance data, (b) accumulation rate data.
Chl-a.=chlorophyll-a, SST=sea surface temperature, SSS=sea surface salinity,
oxygen=oxygen penetration depth, wi=winter, sp=spring, su=summer, au=autumn.
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Group 3. Oxygenated bottom water group: Impagidinium aculeatum, Impagidinium
patulum, Impagidinium sphaericum, Operculodinium centrocarpum and Operculodinium
israelianum. High relative abundances of these species are found in sites where bottom waters
are formed by ADW or EMDW (Figs. 9, 9a). They show increasing relative abundances with
increasing autumn surface water temperatures and decreasing Chlorophyll-a concentrations.
Group 4. Golfo di Taranto group. Round brown cysts produced by Protoperidinium
species (grouped as Brigantedinium spp.) form a major part of the cyst association in all
samples (Fig. 10b). Highest relative abundances of these species are found in the inner part of
the Golfo di Taranto where mixing of the plume waters and ISW occurs and along the
offshore edge of the river-plume in the South Adriatic Sea. Their relative abundances increase
in the surface sediments in relationship with decreasing autumn and winter temperatures.
The distribution of all other species shows no clear relationship with the investigated
environmental variables or ocean circulation patterns.
4.2 Accumulation rates
The variables “spring chlorophyll-a, spring SST, spring SSS, summer SSS and winter
SST relate significantly to the variance in accumulation rates (Fig. 5, Table 3).

Generally all

species show increased accumulation rates in relationship to increased chlorophyll-a
concentrations and decreasing salinity and temperature gradients (Fig. 11, 15). The
accumulation rates of Brigantidinium spp., Echinidinium spp., Lejeunecysta Sabrina,
Lingulodinium machaerophorum, Polykrikos kofoidii/schwarzii, Spiniferites spp., Spiniferites
mirabilis and Selenopemphix quanta most strongly increase with increasing chlorophyll-a
concentrations and decreasing temperature and salinity gradients (Figs 5, 11, 15). The species
Impagidinium

aculeatum,

Impagidinium

paradoxum,

Impagidinium

sphaericum,

Impagidinium spp., Operculodinium israelianum and Quinquecuspis concreta plot in the
middle of the analyzed gradients (Figs. 5, 11).
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Fig. 6. Map of the research area depicting the relative abundances of (a) Lingulodinium
machaerophorum, (b) Polykrikos schwarzii, (c) Polykrikos kofoidii and (d) Selenopemphix
quanta in upper sediments. Grey area represents the maximal extension of the river plume in
spring.
5. Discussion
The present results show that the dinoflagellate cyst association in surface sediments
in the research area reflects both the upper and bottom water ocean circulation and
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characteristics. The most prominent feature that is reflected in the association is the position
of Po-river discharge plume.

The Po-river plume that can be traced along the eastern Italian

margin is spiced by sediment loaded, fresh, nutrient and element rich waters from the Po-river
as well as from local eastern Italian rivers. High nutrient and trace element concentrations can
be found in the vicinity of the river mouth and a gradient to lower concentrations towards the
distal part (Fig. 3). The opposite is the case for the salinity gradients in the plume. This is well
reflected by the statistical analysis where we find an opposite direction of the chlorophyll-a
and salinity gradients (Fig. 5). We observe a positive relationship between chlorophyll-a, [N]
and [Corg] in surface sediments. To date, satellite measurements routinely provide global
chlorophyll-a biomass. Since the remote sensing determination of phytoplankton carbon has
been proven to be elusive, net primary production estimates use chlorophyll-a as an index of
phytoplankton biomass (e.g. Campbell et al., 2002). Although the above mentioned method
has constrains and it is assumed that about 30% of daily water-column photosynthesis is
missed by satellite based estimates (e.g. Behrenfeld et al., 2005; Mouw and Yoder, 2005), we
can safely assume that chlorophyll-a is a qualitative reflection of net primary production.
Within our research area net primary production is enhanced within the plume discharge area
in spring and autumn when peaks in river discharge enhance nutrient and trace elements in
surface waters. In the Golfo di Taranto, primary production is high in winter when mixing of
the upper water masses reduces the upper water temperature and enhances nutrient
concentration in the upper water. In our study area, the sedimentary parameters [Corg] and [N]
therefore reflect the upper water primary production which is strongly related to the trophic
state of the upper waters. As such we can consider the chlorophyll-a and salinity gradients to
co-vary with nutrient and trace-element concentration gradients in the upper waters.
The Po and local rivers in the region transport large amounts of sediments that are
deposited in several depo-centers within our research area (Rossi et al. 1983; Nittrouer et al.,
2004; Palinkas and Nittrouer, 2006; Milligan and Cattaneo, 2007). Since dinoflagellate cysts
belong to the silt sediment fraction it has often been suggested that cysts might easily be
transported by ocean currents during their sinking process and after deposition (e.g. Dale,
1992). However, indisputable evidence for large scale dislocation of cysts due to natural or
anthropogenic induced processes is rare (e.g.

Reid et al., 1981; Zonneveld and Brummer,

2000; Sprangers et al., 2003; Giannakourou et al., 2005). If lateral transport would have
strongly influenced the cyst distribution pattern in our research area, we would expect to find
the highest cyst accumulation rates in the depo-centers, assuming that cysts behave like the
silt fraction of the sediment load. Furthermore, we would expect to find a gradual change in
association and concentration from the shelf to the deeper sites and from the depo-centers
towards the plume proximity. However, we find a random relationship between sediment
accumulation rates and cyst accumulation rates or association. Furthermore, we find a clear
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reflection of the ocean current systems in our association and not a gradual change towards
the deeper sites and plume proximity. We therefore assume that dislocation of cysts did not
severely affect the cyst distribution in the studied sites.

Fig. 7. Map of the research area depicting the relative abundances of (a) Echinidinium spp., (b)
Protoperidinium stellatum, (c) Lejeunecysta sabrina and (d) reworked cysts in upper
sediments. Grey area represents the maximal extension of the river plume in spring.
5.1 Preservation
Within the last decades it became clear that aerobic early diagenetic processes and
predation can affect the dinoflagellate cyst fraction in the sediments on a species specific level
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in natural environments in a very short time interval (Zonneveld et al., 1997; Zonneveld et al.,
2001; Persson and Rosenberg, 2003; Kodrans-Nsiah et al., 2008). To date there is a strong
indication that apart from factors that are known to influence the exposure time of organic
particles to oxygen such as sedimentation rates, one of the main factors influencing the cyst
degradation rate, is the bottom water oxygen concentration (Zonneveld et al., 2007;
Zonneveld et al., 2008b). Within our study we have no information about the bottom water
oxygen concentrations at the individual sites.

It is, therefore, not possible to establish a

detailed relationship between changes in cyst association and bottom water oxygen
concentration. We do have, however, information about the oxygen penetration depth. This
factor, in combination with the sedimentation rates gives a rough estimate about the time
organic particles in the sediments have been exposed to oxygen. Although detailed
information about the sedimentation rates at the individual sites is present for a part of the
stations only, we can assume that the deeper the oxygen penetration in the sediment at the
sample site, the larger the risk that organic components in the sediments have been prone to
aerobic degradation. We observe a strong negative correlation between the chlorophyll-a
concentration in the upper waters and the oxygen penetration depth (Fig. 5). Furthermore, we
observe that when the oxygen penetrates deeper in the sediments, the studied surface
sediments contain less total organic matter. This is an indication that aerobic degradation
might have affected the organic matter content of the sediments and we can not exclude early
diagenesis as a process that has changed the composition of our cyst association
post-depositionally. However, this does not form a restriction to determine region
characteristic dinoflagellate cyst associations that can be used for palaeoceanographic studies
in this region when oxygen is considered as one of the environmental parameters that affects
the cyst distribution. The different oceanic settings in the study area are well defined with
Po-river discharge plume waters characterized by a relatively low salinity, high nutrient and
element concentrations but low oxygen concentrations whereas ASW, ISW, ADW and
EMDW are characterized by high salinity, low nutrient and relatively high oxygen
concentrations. A change in precipitation on the Italian peninsula and/or on the southern part
of the Alps, will result in a change in river outflow. This will alter both upper and bottom
water characteristics at several sites in the research area which, based on the results presented
in this paper, can be expected to be reflected in the dinoflagellate cyst association as a result
of a change in the combination of environmental parameters that characterize the different
ocean currents and affect the dinoflagellate cyst assemblage.
5.2 Characterisation of oceanographic regimes for palaeoceanographic use
Based on the relative abundance distribution patterns we can recognize four cyst
associations that can be addressed to different oceanographic regimes; (1) River plume
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association, (2) warm water association (3) oxygenated bottom water association (4) Golfo di
Taranto association.

Fig. 8. Map of the research area depicting the relative abundances of (a) Spiniferites mirabilis,
(b) Spiniferites pachydermus, (c) Spiniferites ramosus and (d) Spiniferites spp. in upper
sediments. Grey area represents the maximal extension of the river plume in spring.
Group 1, river plume association.
Echinidinium

spp.,

Lejeunecysta

sabrina,

Lingulodinium

machaerophorum,

Polykrikos cysts, cysts of Protoperidinium stellatum, Selenopemphix quanta and reworked
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cysts have their highest relative cyst abundances in, or are restricted to, sediments of sites
located close to the coast in regions that are influenced by Po-river discharge water (Figs 5,7).
Their relative abundances change positively with changing chlorophyll-a concentrations in
upper waters during spring and autumn (Fig. 5). Within the research area, maximal outflow of
the Po and local eastern Italian rivers occurs during spring and autumn as a result of the
melting of the snow in the Alps and Appenines and enhanced precipitation in the region
respectively (Boldrin et al., 2002; Casotti et al., 2003; D'Ortenzio et al., 2003; Caroppo et al.,
2006). Bottom waters below the river plume are characterized by low oxygen concentrations
and especially in the vicinity of the Po-river mouth, episodes of anoxia are common features
in this region (e.g. Socal et al., 1999).

Fig. 9. Map of the research area depicting the relative abundances of (a) Impagidinium
aculeatum, (b) Impagidinium patulum, (c) Impagidinium sphaericum and (d) Operculodinium
centrocarpum in upper sediments. Grey area represents the maximal extension of the river
plume in spring.
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The occurrences of reworked cysts, can be explained by the erosion of older sediments
at times of maximal outflow. One of the most prominent species within this group is
Lingulodinium machaerophorum. Before discussing its ecology (see next chapter) we can
make some remarks about its paleoceanographical significance. L. machaerophorum is often
observed in high and sometimes overwhelming amounts present in sediments from river
plumes (Fig. 6a, Lewis, 1988; Dale and Fjellså, 1994; Lewis and Hallett, 1997; Dale et al.,
1999; de Vernal et al., 2001; Dale et al., 2002; Pospelova et al., 2004; Wang et al., 2004;
Giannakourou et al., 2005; Pospelova et al., 2005). In the northern Adriatic Sea, red tides
caused by this species are frequent occurrences (e.g. Boni et al., 1986). In that region, high
concentrations of this species are observed in surface sediments in the close vicinity of the
Po-river delta with concentrations decreasing with increasing distance from the delta (Rubino
et al., 2000; Sangiorgi et al., 2005). Also in the vicinity of river mounds of nearby Greek
rivers that drain in the Aegean Sea, cyst concentrations of L. machaerophorum are highest in
close vicinity of the river mouths (Giannakourou et al., 2005). We therefore conclude that for
palaeoceanographic studies in the research area, L. machaerophorum forms a useful key
species to reconstruct past variations in river outflow. The more since L. machaerophorum is
observed to be moderately resistant against aerobic degradation minimizing the risk that
diagenetic overprint destroys the initial signal post-depositional (Zonneveld et al., 2008b and
references therein).

Fig. 10. Map of the research area depicting the relative abundances of (a) Operculodinium
israelianum and (b) Brigantedinium spp. in upper sediments. Grey area represents the
maximal extension of the river plume in spring.
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Fig. 11. Accumulation rates of the individual cyst species in relationship to chlorophyll-a
concentrations in spring.
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When associations of river systems or estuaries in the world are compared, it can be
observed that next to L. machaerophorum, cysts of Polykrikos kofoidii and/or Polykrikos
schwarzii contribute characteristically to the cyst association sediments deposited in the
vicinity of river mouths in temperate to subtropical regions (e.g. Figs. 6b, 5c, Kobayashi et al.,
1986; Matsuoka, 1987; Larrazabal et al., 1990; Matsuoka and Lee, 1994; Grill and Guerstein,
1995; Matthiessen and Brenner, 1995, 1996; Rochon et al., 1999; Cho and Matsuoka, 2000;
de Vernal et al., 2001; Cho et al., 2003; Orlova et al., 2004; Pospelova et al., 2004, 2005; Radi
and de Vernal, 2004; Wang et al., 2004; Matthiessen et al., 2005; Borel et al., 2006; Cremer et
al., 2007; Holzwarth et al., 2007; Novichkova and Polyakova, 2007; Radi et al., 2007;
Pospelova et al., 2008; Siringan et al., 2008). Our results are in good agreement with these
observations.

Fig. 12. Map of the research area depicting the accumulation rates of (a) Lingulodinium
machaerophorum, (b) Selenopemphix quanta, (c) Polykrikos schwarzii and (d) Spiniferites
mirabilis in upper sediments. Grey area represents the maximal extension of the river plume
in spring.
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Apart from Lingulodinium machaerophorum, Polykrikos kofoidii and Polykrikos
schwarzii we observe that distribution of Echinidinium spp., Lejeunecysta sabrina, cysts of
Protoperidinium stellatum and, Selenopemphix quanta is restricted to the discharge plume
(Figs 5, 7). The world-wide distribution of the species we observe in the Po-river plume are
not restricted to estuarine environments. Nevertheless, the combination of species in group 1
is unique for the Po-river and clearly reflects river influence in our research area. It can
therefore be used to trace past variations in river discharge in the research area. This is in
accordance to previous investigations in the vicinity of the Po-river mouth in the North
Adriatic Sea area where increased relative abundances of species of this group are regarded to
be the result of the combined effect of increased preservation and enhanced nutrient
availability of the surface waters caused by eutrophication events (Rubino et al., 2000;
Sangiorgi and Donders, 2004; Sangiorgi et al., 2005, Note: Echinidinium spp. is documented
as dinocyst type 3 and dinocyst type 4 in Rubino et al. (2000). Furthermore Rubino et al. did
not make a separation between Polykrikos kofoidii and Polykrikos schwarzii and
Selenopemphix quanta is documented under its motile name).
In the latter area,
Group 2. Warm water association. In the research area, high relative abundances of
Spiniferites mirabilis, Spiniferites pachydermus, Spiniferites ramosus and Spiniferites spp. are
found in sites where upper water temperatures are relatively warm (Fig. 8). This is in
agreement with the global distribution of these species that shows that they are more common
in subtropical to tropical regions (Marret and Zonneveld, 2003). In temperate regions their
relative abundances are often higher in the warmest water sites of the study regions (e.g.
Rochon et al., 1999; Esper and Zonneveld, 2007; Radi et al., 2007; Pospelova et al., 2008).
Within the Adriatic Sea increase in relative abundances of these species reflects increases in
temperature related to termination 1b of the last deglaciation (e.g. Zonneveld, 1996;
Combourieu-Nebout et al., 1998). However, although sea surface temperature might be a
factor that influences the cyst distribution of these species relative to the other dinoflagellate
cyst species, our study setup does not provide evidence for causality but only shows a
significant relationship. Furthermore, we observe a negative relationship between the cyst
production of these species and temperature (Fig. 5, see next chapter). Consequently, care has
to be taken by interpreting past changes in this association in terms of temperature changes.
Group 3.

Oxygenated bottom water group. Our survey documents that Impagidinium

aculeatum, Impagidinium patulum, Impagidinium sphaericum, Operculodinium centrocarpum
and Operculodinium israelianum have their highest relative abundance data in sites that where
bottom waters consist of Adriatic Deep Water or Eastern Mediterranean Deep water that are
characterized by high oxygen concentrations. Apart from this observation, the results of the
RDA analysis document a clear negative relationship of the cyst distribution with upper water
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chlorophyll-a concentrations. In our research area, the gradual change in water depth, bottom
water oxygen concentration and upper ocean chlorophyll-a concentration strongly co-varies.
It is therefore not clear at first sight in how far these individual environmental parameters
have influenced the cyst distribution in our research area. In the pioneering phase of
dinoflagellate cyst ecology studies, water depth was considered to be a major important factor
determining the cyst distribution in sediments (e.g. Wall and Dale, 1968; Dale, 1976; Harland,
1983). Later, more detailed studies on the modern cyst distribution and sediment traps gave
evidence that the trophic state of the surface waters, which often co-varies with water depth, is
a much more important steering factor (e.g. de Vernal et al., 2001; Marret and zonneveld,
2003. ; Radi and de Vernal, 2004; Rochon and Marret, 2004). Accordingly, water depth has
been considered to be an important steering factor for a few lagoonal species only. The
species we observed in this study are all known to occur in a wide variety of water depths
(Marret and Zonneveld, 2003). Furthermore most species show a clear increased cyst
production on the shelf (see next chapter). Consequently we assume that water depth is not an
important steering factor.
From the species classified in group 3, only the species Impagidinium patulum is
characteristically found in high relative abundances in low productivity regions (e.g. Dale,
1986; Zonneveld, 1997; Dale, 1996; de Vernal et al., 1998; Devillers and de Vernal, 2000;
Dale et al., 2002; Marret and zonneveld, 2003. ; Marret et al., 2004; Matthiessen et al., 2005;
Bockelmann et al., 2007; Esper and Zonneveld, 2007; Holzwarth et al., 2007; Radi et al.,
2007; Pospelova et al., 2008). The others; Impagidinium aculeatum, Impagidinium
sphaericum, Operculodinium centrocarpum, and Operculodinium israelianum can frequently
found in high relative abundances in eutrophic areas as well (see world wide distribution
charts in Marret and Zonneveld (2003). All species of group 3 are known, however, to be
resistant against aerobic degradation (Zonneveld et al., 1997; Zonneveld et al., 2001;
Bockelmann et al., 2007; Kodrans-Nsiah et al., 2008; Zonneveld et al., 2008b). We therefore
assume that, apart from the trophic state of the surface waters, early diagenetic processes have
affected the cyst association in the deeper sites increasing the relative abundances of these
species.
Group 4. Within this group, species that are classified within the genus
Protoperidinium are categorized. Highest abundances of these species are found in the inner
part of the Golfo di Taranto (Fig. 10b). Here the traces of the characteristic river plume waters
are lost due to mixing of the plume waters with ISW. This region is the coldest of the research
area, especially during the winter months. Within this area highest bioproduction in upper
waters occurs in winter.

Since dinoflagellate species that form Protoperidinium cysts are

known to be heterotrophic it might be expected that maximal production of these species
occurs when a maximum of food is available. Consequently, it is likely that a positive
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relationship with the chlorophyll-a concentration in the upper waters exists. However,
although we observe a strong positive relationship between the accumulation rates of this
species with chlorophyll-a concentrations in spring (see next chapter, Fig. 15), we do not
observe a significant relationship of the relative abundance data to the chlorophyll-a
concentration in surface waters in any season.

Fig. 13. Map of the research area depicting the accumulation rates of (a) Brigantedinium spp.,
(b) Echinidinium spp., (c) Impagidinium aculeatum and (d) Impagidinium patulum in upper
sediments. Grey area represents the maximal extension of the river plume in spring.
5.3 Ecological remarks on selected cyst species based on accumulation rates
Current concepts on dinoflagellate cyst ecology are mainly based on the comparison
of the relative cyst abundance in surface sediments with physical and chemical characteristics
of the upper water column (e.g. Marret and zonneveld, 2003; Rochon and Marret , 2004; Radi
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et al.

2007; Pospelova et al.

2008). Changes in cyst proportion are often interpreted to

reflect changes in cyst production.

However, this can lead to wrong conclusions when the

data suffer from alteration by early diagenetic processes (e.g. Zonneveld et al. 2008b, and
references therein). Species-specific aerobic degradation is a logarithmic process. When
sensitive species are deposited in oxic environment their accumulation rates might initially
reflect upper ocean production but concentrations will decrease rapidly when the exposure
time increases (see reaction times in Kodrans-Nsiah et al. (2008). Since the exposure time is
generally not known and can vary remarkably between samples, e.g. as result of different
sedimentation rates, it is difficult to estimate how much of the reactive species have been
degraded. As result we decided for this study to stay “on the safe side” and base our
ecological characterization of species on well dated shelf sites where bottom water oxygen
concentrations are low. Our assumption that the dinoflagellate cyst accumulation rate signal is
indeed not overprinted by degradation processes is subscribed by the fact that oxygen
penetration depth is not significantly related to the cyst accumulation rate patterns as
documented by the RDA analysis (Fig. 5).

Fig.14. Schematic drawing elucidating the closed sum effect. The cyst production of two
dinoflagellate species increase in relationship to increasing values of an environmental
gradient, e.g. nutrient availability. Although both species increase their cyst production with
increasing nutrient availability, relative abundance of species B decreases.
Apart from diagentic overprint, relative abundance data can suffer from the so called,
“closed-sum effects” (Fig. 14). For example, when several species react on a change of an
environmental parameter by increasing their cyst production, the accumulation rates of all
species will increase. However, when the rate of this increase in cyst production is not equal
for al species, the relative abundances of the species with the highest rates will increase
47

Chapter 4

whereas the relative abundances of species with lower rates will decrease (Fig. 14). As an
example we consider or own dataset and have plotted the accumulation rates of several cyst
species in non-oxidized sites against the chlorophyll-a concentrations in spring (Fig. 15).
When we would calculate the relative abundances of species in this subset of samples, this
would result in an increase in relative abundance of the strong increasing species
Brigantedinium spp., Lingulodinium machaerophorum and Selenopemphix quanta but a
decrease in relative abundance of the “slower” species such as Impagidinium patulum,
Trinovantedinium applanatum, Spiniferites pachydermus, Spiniferites ramosus etc. (note: the
discussion of chapter 5.2 is based on the complete dataset that includes aerobic sites as well,
resulting in different relative abundance data-trends for the sensitive species Brigantidinium
spp.). By restricting the study on relative abundances we could easily wrongly conclude that
Impagidinium patulum, Trinovantedinium applanatum, Spiniferites pachydermus, Spiniferites
ramosus are “oligotrophic” species. Consequently, we avoid bias as a result of the closed-sum
effect by concentrating our ecological discussion on data of the accumulation rates of cysts
rather than on relative abundance data.
Studies in natural environments show that maximal cyst production occurs during or
just after dinoflagellate cyst blooms (Wall and dale, 1968; Ishikawa and Taniguchi, 1996;
Montresor et al., 1998; Kremp and Heiskanen, 1999; Godhe et al., 2001). That this hold as
well for our research area is suggested by two studies on two inner-bay sites in the “Mar
Grande” and “Mar Piccolo” located near the city of Taranto at the proximity of the area where
river plume waters can be traced (Belmonte et al., 1995; Rubino et al., 1998). Here maximal
motile and cyst production is observed in spring and autumn at times of maximal plume
extension (Fig. 3).
Within the upper waters of our accumulation rate sites, changes in salinity,
temperature and

chlorophyll-a

gradients co-vary with the nutrient/trace element

concentrations. Nutrient/trace elements form, next to light availability, the most important
factor steering phytoplankton growth (Margalef, 1978; Smayda and Reynolds, 2003). Within
the research area, we have no information in how far light limitation is influencing
dinoflagellate and dinoflagellate cyst production. The surface waters in the region are well
stratified such that turbulence is not a factor that induces light limitation here. Light limitation
might occur though overshadowing by suspended material or other plankton. If this latter
would be the case we could expect to find relatively low accumulation rates of cysts of
photosynthetic dinoflagellates at places with high sediments load and/or high phytoplankton
production which is in the north of the research area. For cysts of heterotrophic
dinoflagellates we do not expect to find such a pattern as growth of these species is
independent of light. However, we do not observe such a pattern. On the contrary,
accumulation rates of all species are enhanced in the north of the research area. We therefore
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assume that light availability is not a factor that strongly influences cyst production in the
research area.
Within the research area strong gradients in the upper water salinity concentrations can
be observed.

Although salinity is an important parameter influencing the geographic

distribution of dinoflagellates, it is not known to trigger or influence their sexuality and cyst
production.
Apart from the above mentioned factors, temperature, day length and an endogenic
encystment rhythms are known to influence encystment of dinoflagellates; (e.g. Pfiester and
Anderson, 1987; Taylor, 1987). It has been shown that although several dinoflagellates are
able to produce cysts in a narrow temperature window, temperature itself, is not a triggering
factor. Day length and endogenous rhythms are however likely to have influenced cyst
production in our research area. Unfortunately our study setup does not allow us to estimate
the rate in which these factors might have influenced our data.
We observe a strong positive correlation between cyst production and total
phytoplankton production as well as a negative correlation between temperature in
spring/winter and salinity in spring/summer. As mentioned before, in spring the maximal river
outflow can be observed whereas in winter deep mixing of cold waters occurs in the Golfo di
Taranto. Both processes enhance nutrient/trace element concentrations in upper waters which
result in a gradual change of the upper water environmental paramenters as described above.
We therefore assume that nutrient/trace element availability is the most important steering
factor influencing the dinoflagellate cyst accumulation rate patterns.
The cyst production of the majority of species increases with increasing nutrient/trace
element concentrations in the upper waters (Fig. 11). No species shows a negative relationship
with increasing nutrient availability. The most pronounced positive relationship is
documented for Brigantidinium spp., Echinidinium spp., Lingulodinium machaerophorum,
Polykrikos kofoidii/schwarzii, Spiniferites mirabilis and Selenopemphix quanta. This suggests
that these species are valuable indicators for changes in the trophic state of the upper waters
within the Po-river area. To date there are not many studies present that investigate the
relationship between cyst production and environmental conditions in the surface waters. The
studies available support our observations for instance for L. machaerophorum which is one
of the few cyst forming species from which a wealth of ecological information is available
that is not based on its relative abundance data but on plankton surveys, sediment trap studies
and culture experiments. Enhanced cyst production of this species is found in upwelling areas
at times of upwelling relaxation and in the vicinity of river mouths where water masses are
stratified but contain high amounts of nutrient concentrations (Lewis and Hallett, 1997;
Smayda and Reynolds, 2003; Dale, 2008 and references therein). It is thought that the strong
swimming ability of L. machaerophorum is advantageous in obtaining nutrients from deeper
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parts of the water column. Our results subscribe previous observations about the cyst
production of Lingulodinium machaerophorum with enhancing cyst production related to
increasing nutrient/trace element concentrations (Figs 11, 12a).
Information about the relationship between the cyst production of the other species
and environmental conditions of the upper waters is rather sparse but supports our
observations. Enhanced cyst production of Selenopemphix quanta has been observed in the
Swedish Koljö Fjord in spring, the season with highest nutrient concentrations in surface
waters in this region (Harland et al., 2004). Sediment trap records of the upwelling region off
NW Africa document a relationship between enhanced production of S. nephroides related to
enhanced amount of lithogen in the trap samples (Susek et al., 2005). Off NW Africa, lithogen
components originate from the Saharan desert and are transported into the region in the form
of dust. This dust contains important trace elements that enhance primary production in the
region. In sediment trap studies other than the above mentioned studies, cyst concentrations of
this species are, unfortunately, not high enough to distinguish a seasonal pattern or species
specific information about the cyst production is lacking (Montresor et al., 1998; Morquecho
and Lechuga-Devéze , 2004; Zonneveld and Brummer, 2000). Polykrikos schwarzii and
Polykrikos kofoidii are often documented in river plume areas and increased cyst production
has been related to eutrophication events in several studies (e.g. Matsuoka et al., 2003;
Pospelova et al., 2005; Dale, 2008 and references therein). Polykrikos kofoidii is known as a
predator of Lingulodinium machaerophorum (e.g. Jeong et al., 2001). The pattern observed
here might therefore reflect this predator-prey relationship.
Within the Arabian Sea all Echinidinium species are typically produced within the
upwelling season when nutrient concentrations are enhanced in surface waters and off NW
Africa cyst production is enhanced when lithogen concentrations are high (Zonneveld and
Brummer, 2000; Susek et al., 2005). In the Koljö Fjord and Bay of Napels enhanced
production Echinidinium spp. and “round spiny reddish” cysts can be observed in spring when
nutrient and trace element concentrations are enhanced (Montresor et al., 1998; Harland et al.,
2004). However, Montresor et al. (1998) document high accumulation rates of “spiny reddish
cysts” in autumn as well. In this embayment nutrient concentrations are much lower in
autumn compared to spring. This suggests that an endogenic rhythm might steer cyst
production as well.
The only information we could trace about the cyst production of Spiniferites mirabilis
comes from the eastern Arabian Sea where enhanced production of these cysts can be found at
the end of the upwelling season when nutrient concentrations are still high but turbulence has
decreased (Zonneveld and Brummer, 2000). More studies on the cyst production of this
species are urgently needed to test if the present observations of cyst production of S.
mirabilis correspond to increased nutrient/trace element variability are valid for regions other
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than the Po-discharge area. Although the relative abundances of S. mirabilis are high in
relatively warm waters, the cyst production in this study is negatively related to temperature
gradients. Based on relative abundance data this species is often characterized as warm-water
indicator (e.g. Marret and Zonneveld, 2003). However, our results suggest that temperature is
not a causal factor steering the production of this species.
High concentrations of Brigantedinium spp. are traditionally related to eutrophic
conditions and variations in its relative and absolute abundance are often used to reconstruct
past primary productivity and changes and the trophic state of the upper waters (Marret and
Zonneveld, 2003; Reichart and Brinkhuis, 2003; Radi et al., 2007; Dale, 2008 and references
therein). Within this study we find a positive relationship between cyst production of these
species and upper water nutrient availability (Figs. 5, 11, 15a). When we focus on ecological
studies of this species that are based on data where aerobic degradation is unlikely to have
overprinted the initial production signal, the results are not uniform. A clear increase in cyst
production at times of increased nutrient/trace element availability reflected by increased
lithogen input can be observed off NW Africa (Susek et al., 2005). Also in the Arabian Sea
and Southern Ocean increased cyst production is observed in seasons and sites where
nutrient/trace element concentrations in upper waters are enhanced (Harland and Pudsey,
1999; Zonneveld and Brummer, 2000). However, in the northern North Atlantic, most traps
recording a seasonal signal with an optimum cyst production of Brigantedinium spp. in
May/June and in the autumn season (Dale and Dale, 1992). In this region nutrient
concentrations are maximal in late winter/early spring but depleted in autumn. Consequently,
apart from the trophic level of the upper waters, cyst production is probably steered by a
strong seasonal signal as well. This latter is also observed in the Bay of Napels, where the
production of Brigantedinium is maximal in autumn when nutrients in surface waters are
depleted (Montresor et al., 1998). In a survey about the seasonal occurrence of cysts in the
flocculent layer in the Koljö Fjord, the cyst association is dominated throughout the year but
highest cyst counts can be observed in June and September when phosphate concentrations in
the Fjord are at a minimum. (Harland et al,. 2004). An extensive review about the relationship
between eutrophication and cyst production of Protoperidinium is recently published by Dale
(2008). He also notes that there is not always an uniform signal. He observed that cyst
production of this group is sometimes increasing, sometimes decreasing in relationship to
eutrophication events in different fjord systems. One explanation of these contrasting
observations might be that in different regions of the world cysts of different dinoflagellates
are grouped within this morphogenus. Furthermore, the results from Bay of Napels, northern
North Atlantic and the Koljö Fjord suggest that cyst production might be steered by a strong
endogenic rhythm which can be independent from the trophic state of the surface waters.
Consequently, although our results suggest that within the research area Brigantedinium spp.
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might be a good indicator for the trophic state of the upper waters, care that has to be taken
when generalizing the ecologies of different species from a single genus. It shows that the
(palaeo) ecology of dinoflagellates has to be considered on species level.

Fig. 15. Relationship between accumulation rates of individual cyst species and chlorophyll-a
concentrations in the upper waters in spring.
The RDA analysis plots Impagidinium aculeatum, Impagidinium sphaericum,
Impagidinium

paradoxum,

Impagidinium

spp.,

Nematosphaeropsis

labyrinthus,

Operculodinium israelianum and Quinquecuspis concreta in the center of the diagram (Fig. 5).
This indicates that either the highest production of these species corresponds to intermediate
values of the studied gradients or that production rates do not change with the changing
environmental gradients studied. The latter is probably the case for Impagidinium sphaericum,
Impagidinium

paradoxum,

Impagidinium spp.,

Nematosphaeropsis

labyrinthus

and

Quinquecuspis concreta which occur in such low amounts that no ecological interpretation
can be made based on this dataset (Fig. 11).
Ecological studies based on relative abundance datasets generally suggest
Impagidinium aculeatum and Impagidinium patulum to be characteristically produced in
oligotrophic environments and as such they are often characterized as oligotrophic species.
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However, the cyst production of these species is often extremely low as registered by
sediment trap studies in both eutrophic and oligotrophic regions (Dale, 1992). In our study we
also do not find a negative relationship between the accumulation rates of these species and
chlorophyll-a concentration. On the contrary, the sites of our accumulation rates data are all
located within the river-discharge plume where eutrophic conditions in surface waters occur.
We even find a positive relationship between cyst accumulation rates of I. patulum and the
chlorophyll-a concentrations in surface waters (Figure 15). The only species that is sometimes
registered in higher abundances in sediment trap studies is Impagidinium aculeatum. This
species shows enhanced cyst production during the upwelling season in the Arabian Sea.
The shortness of information about the production of cyst species in relationship to
upper oceanic environmental conditions emphasizes the urgent need for further studies. Our
study shows that valuable ecological information can be obtained when accumulation rates
rather than relative abundances are studied. We therefore invite the dinoflagellate cyst
research community to invest some time and money in dating of the sediments on the study
sites so that we can establish accurate ecological concepts of the individual cyst species in
future.
Conclusions
The dinoflagellate cyst association reflects both upper and bottom water circulation.
Based on the relative abundance data four associations can be distinguished that are
characteristic for the major oceanographic settings in the region. (1) River discharge
association. This association consists of Echinidinium spp., Lejeunecysta sabrina,
Lingulodinium

machaerophorum,

Polykrikos

cysts

of

Protoperidinium

stellatum,

Selenopemphix quanta and reworked cysts. These species have high relative abundances in
sites where bottom waters are low in oxygen and upper waters are influenced by river
discharge waters that are characterized by high productivity and relative low salinity. (2)
Warm water association. This association consists of Spiniferites mirabilis, Spiniferites
pachydermus, Spiniferites ramosus and Spiniferites spp. which have their highest relative
abundances in the sites that are characterized by relative warm upper waters with intermediate
chlorophyll-a concentrations. (3) Oxygenated bottom water group. Species of this group;
Impagidinium aculeatum, Impagidinium patulum, Impagidinium sphaericum, Operculodinium
centrocarpum and Operculodinium israelianum have their highest relative abundance at sites
where bottom waters are well oxygenated and formed by ADW or EMDW. (4) Golfo di
Taranto group consisting of round brown cysts produced by Protoperidinium species (grouped
as Brigantedinium spp.). These species have their highest relative abundances in the Golfo di
Taranto that is characterized by enhanced primary production in winter.
The variation in accumulation rates can be related to gradiental changes in the trophic
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state of the surface waters linked to river outflow. Most species show a positive relationship
between cyst production and nutrient/trace element availability in upper waters. No negative
correlation between cyst production and nutrient/trace element availability could be
documented so that we can not define so called oligotrophic cyst species.
Production of Brigantidinium spp., Echinidinium spp., Lejeunecysta Sabrina,
Lingulodinium machaerophorum, Polykrikos kofoidii/schwarzii, spiniferites spp., Spiniferites
mirabilis and Selenopemphix quanta shows the most pronounced increase with increasing
nutrient/trace element availability and as such might be valuable indicators for reconstructing
changes in the trophic state of the upper waters within the Po-river area in
palaeo-environmental studies. There are strong indications that the production of several
Brigantidinium spp. and Echinidinium spp. species are steered by an endogenic rhythm as
well. The current study suggests that the production of Spiniferites mirabilis is not steered by
temperature.
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Abstract
Dinoflagellate cysts from marine sediments in the southern Adriatic area (Central
Mediterranean) were used in a high resolution reconstruction of environmental and climatic
change in order to investigate possible natural/anthropogenic forcing over the last 400 years.
Rapid fluctuations of sea surface temperature (SST), precipitation and trophic conditions in
the Gulf of Taranto area were recorded by individual dinoflagellate species, the overall
association, and the freshwater species Concentricystes spp. The eutrophication reflected by
Lingulodinium machaerophorum started around 1880 AD and has evolved with industrial and
agricultural development as well as population growth in Italy. Concentricystes based
precipitation variations are consistent with instrumental and documentary records in the
Mediterranean region, and show a positive correlation with solar activity between 1700 and
1900 AD. We found that temperature increased after 1860 AD, which could correspond to
global warming. Our reconstructed SST is also comparable to other proxy and instrumental
records, although the magnitude and timing of temperature change are not always uniform
within different locations. Naturally occurring cyclical changes of SST and precipitation
signals may be connected with solar activity and the North Atlantic Oscillation (NAO),
especially during the period of 1750-1940 AD. Furthermore, we suggest that the
anthropogenic activity might have disturbed the climate rhythm after 1940 AD in the
Southern Adriatic area.
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1. Introduction
Rapid fluctuations of climate over Earth’s history has attracted worldwide concern and
led to significant scientific discussions during the past decades since it has strong
environmental and socioeconomic impacts on society (e.g. Alley et al., 2003; IPCC, 2007).
One of the most intriguing examples is the “global warming” issue during the past century
where human activity has been suggested to be a main contributor for this phenomenon (e.g.
Crowley, 2000; Jones and Mann, 2004; Mann et al., 1999). However, the question remains as
to what extent human induced changes are responsible for the current global warming? The
difficulty of this question is mainly due to the scarcity of exact climate forcing mechanisms,
one feasible approach is to carry out the high fidelity reconstructions on past climatic change,
for example last 400 years that covers both industrial and preindustrial periods can supply us
more insights into this question.
Climate change of the Mediterranean has been studied by various proxies and climate
models for several decades (e.g. Castagnoli et al., 1995; Gibelin and Deque, 2003; Schilman
et al., 2001). The Mediterranean is located between low and mid-latitudes, and is highly
sensitive to upper air circulation variations like the North Atlantic Oscillation (NAO). For
example, recent studies have shown that sea surface temperatures (SST) in the Eastern
Mediterranean were influenced by solar forcing over a centennial scale before anthropogenic
interference (Versteegh et al., 2007). SST and primary productivity changes during the last
deglaciation in the South Adriatic Sea have also been shown in the organic walled
dinoflagellate cyst (dinocyst) records (Sangiorgi et al., 2002). However, little information
exists on high resolution climate reconstructions on a decadal or even higher scale over the
last 400 years.

Furthermore, it is not known how dinoflagellate species might react to the

rapid environmental transitions of global warming.
In this paper we investigate high frequency environmental and climatic variability
through the use of dinocyst assemblages and the freshwater algal species Concentricystes spp.
in the southern Adriatic Sea (Central Mediterranean). We show information on past trophic
states in the upper water column through dinocyst evidence and provide more insight into the
anthropogenic influence on marine ecosystems during last 200 years. The rapid climatic
fluctuations are probably related to both solar activity and the NAO. Furthermore, the trends
of observed SST and precipitation signals are discussed to both improve our knowledge on
how dinoflagellates might react to anthropogenic disturbance and to describe how
natural/anthropogenic activity can induce climate change in the study area.
2. Regional setting
The climate in the Mediterranean regions is strongly linked to the position of the
westerlies which in turn is largely related to the North Atlantic climate modes, for example
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North Atlantic Oscillation (NAO) (e.g. Hurrell and VanLoon, 1997; Vignudelli et al., 1999).
The NAO represents a dipole-like pressure gradient between the Azores (high) and Iceland
(low) (Hurrell, 1995). When NAO is in its positive phase (+NAO, strong pressure gradient
between Iceland and Azores), northern Europe experiences excess precipitation. A negative
phase (-NAO, weak pressure gradient between Iceland and Azores) brings enhanced
precipitation and temperature in southern Europe and Mediterranean area (Baldini et al., 2008;
Giorgi and Lionello, 2008; Lionello and Sanna, 2005). As a result, changes in NAO will have
strong influence on the rainfall in the Italian regions, and the varied precipitation with river
discharge will cause more or less freshwater entering into the Adriatic Sea along the coast to
the Gulf of Taranto area which presented as Adriatic Surface Waters (ASW) (see details in
Chen et al., 2011; Zonneveld et al., 2011). In the study location, ocean circulation is largely
influenced by the river discharge waters which can be traced along the entire Italian eastern
coast. Po-the largest Italian river drains the southern part of the Alps and the northern part of
Italy forms one of the main source of surface freshwaters. It supplies a great deal of nutrients
into the northwestern Adriatic Sea (e.g. Boldrin et al., 2005). Italian local eastern rivers also
join these river discharge waters on their way southeastwardly. Meanwhile, Ionian Sea Waters
(ISW) which is characterized by relatively high temperature and salinity and low nutrients
enters the Gulf of Taranto region from the eastern side, these waters mix with ASW gradually
in the Golf area (Boldrin et al., 2005; Socal et al., 1999). Furthermore, Levantine Intermediate
Water (LIW) which comes from the Levantine basin and Adriatic Deep Water (ADW) which
below 600 m depth can also be detected in the study area (e.g. Hainbucher et al., 2006;
Sellschopp and Alvarez, 2003).

Figure 1. Research area, bule dot shows the core location.
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3. Materials and sample preparation
Multicore GeoB 10709-5 was collected during the R.V. Poseidon cruise P339
“Cappuccino” in June 2006 at 39°45.39'N and 17°53.57'E from a water depth of 172.3m (Fig1)
(Zonneveld, 2008). Direct after recovery, the complete multicore was stored at -20°C. The
temperature of frozen material was enhanced to -4°C and the core was carefully sliced in parts
of 2.5 mm, with exception of the lower 5 cm of the core that was left in one piece.
1 ml of each sample was dried overnight at 60 oC and weighted to determine the dry bulk
density. Successively the material was brought into suspension in tap water and sieved over a
100 μm sieve. The material of size > 100 μm was dried and stored for future study. The
remnant material <100 μm was treated using standard palynological preparation techniques
according to the aliquot method as described by Zonneveld et al. (2009). No oxidative agents
or heavy liquid separation has been preformed to avoid selective cyst degradation during
sample preparation. Taxonomy is according to Marret and Zonneveld (2003). Round, brown
colored cyst were grouped as Brigantedinium spp.. The classification of the species
Polykrikos kofoidii and P. schwarzii are according to Matsuoka et al. (2009). Apart from
organic walled dinoflagellate cyst (dinocyst), land derived pollen and spores and remains of
the fresh water algal species Concentricystes spp. were distinguished.
4. Stratigraphic framework
The stratigraphic framework of the core is based on measurement of
natural radionuclide (T1/2 = 22.26 yr) by product of

226

210

Pb which is a

Ra decay. 11 samples of the core GeoB

10709-5 have been selected and measured for the

210

Pb content at the Institute of

Environmental Physics, University of Bremen (Pittauerova and Fischer, 2009). For
determination of excess-210Pb activity (210Pbxs),
the

210

Pb-total signal. Besides,

137

210

Pb-supported activity was subtracted from

Cs, a fallout product of nuclear testing was also measured to

detect its distribution in the sediments. We assume the upper 7 cm materials have been
bioturbated and based on the constant flux constant sedimentation model (CFCS), it allows a
sedimentation rate of 1.17 mm/y of the core 10709-5, the bottom of the core therefore can be
dated back to 1664 AD (see description in Zonneveld et al., 2011).
5. Paleoenvironmental indicators
5.1 Anthropogenic induced eutrophication
Dinoflagellate species and associations have been suggested as a good eutrophication
indicators (Dale, 2009). In many different estuarine basins, dinoflagellate species
Lingulodinium machaerophorum and heterotrophic taxa were observed largely related to
human induced waste discharge and industrial pollution (Dale et al., 1999; Harland et al.,
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2006; Pospelova et al., 2002; Pospelova and Kim, 2010; Radi et al., 2007). It is noticeable
however that the sediments of our studied core might suffered organic matter degradation
(Zonneveld et al., 2011). We therefore only use the autotrophic species L. machaerophorum to
trace potential human induced eutrophication in the study area.
5.2 Local precipitation indicator
The freshwater alga Concentricystes spp. is used here to indicate the river discharge and
precipitation in Southern Adriatic area. Concentricystes is restricted to the freshwater
environments but can be transported into the marine waters by river discharge (Sánchez-Goñi
et al., 1999). The concentration of this palynomorph can therefore indicate the river discharge
waters which amount is largely subject to the local precipitation change.
5.3 Past sea surface temperature (SST)
Qualitative estimation of the past sea surface temperatures are based on the following
formula:
W/C = Wn / (Wn + Cn)
where n = number of specimens counted, W = warm water species, C = cold water species. W
=

Spiniferites

mirabilis,

Operculodinium

israelianum,

Impagidinium

aculeatum,

Impagidinium patulum, Impagidinium paradoxum and Polysphaeridium zoharyi. C =
Bitectatodinium tepikiense and Spiniferites elongates.
Species selection is according to the global distribution of organic walled dinoflagellate cysts
(e.g. Marret and Zonneveld, 2003).

Figure 2. Accumulation rates of L.machaerophorum and comparison with Italian agricultural
production (Federico and Malanima, 2004) and population variation. After Zonneveld (2011).
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5. 4 Frequency analysis
Continuous Wavelet Transform (CWT) is used to show the cyclic characters of
reconstructed SST and precipitation signal and inspect the temporal cyclicity distribution
throughout the study period (Grinsted et al., 2004). Since our time series is unevenly
distributed at the bottom of the core, we applied linear interpolation to our dataset before
wavelet analysis is carried out.

Figure 3. Concentration of concentricystes and comparison with A. Po river floods index
(Camuffo and Enzi, 1995). B. Droughts records in Sicily (1565-1915 AD) (Piervitali and
Colacino, 2001). D. Italian mean precipitation in autumn (Brunetti et al., 2006). E. Daily
maximum Po discharge (m3) (Zanchettin et al., 2008).
6. Results and discussions
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6. 1 Human disturbance on marine trophic status
Autotrophic dinoflagellate species L. machaerophorum is used here to indicate human
induced eutrophication history in our study area. We observe a gradual and slow increment of
the accumulation rate of L. machaerophorum between 1880 and 1920 AD (Fig 2). Historical
reports that the Italian industrial development starts at 1870 AD after the unification of the
country (e.g. Collantes, 2006), indicating that this might have caused the initial increase of the
accumulation rate of L. machaerophorum (Zonneveld et al., 2011). The accumulation rate of L.
machaerophorum shows an abrupt increase from 1920 AD that ends at 1950 AD, this period
corresponds well to the gross agricultural production in central and north Italy (Federico and
Malanima, 2004) (Fig 2). Moreover, our results is comparable to the Northern Adriatic results
which show the clear shift of L. machaerophorum at 1930 AD (Sangiorgi and Donders, 2004).
Afterwards, L. machaerophorum continues to increase until reaching the maximum value
between 1981-1991 AD which points to the highest eutrophication level, this
hypertrophication can be interpreted by either agricultural development or population increase
in Northern Italy (see details in Zonneveld et al., 2011). Notably, eutrophication seems to
ameliorate after 1991 AD which means an improved water quality due to a ban of phosphorus
in artificial fertilizer and washing products by the Italian government since 1979 AD.
However, another increase trend of L. machaerophorum has been registered after 1995 AD
which imply the ecosystem has not yet restored to the natural level.
6. 2 Local precipitation reconstructions in Southern Italy area
The concentration of Concentricystes has been used to trace the past freshwater
variations in our study area (Chen et al., 2011), the amount of freshwater in Adriatic Sea is
subject to the Italian river discharge waters which are largely related to the Italian
precipitation, therefore we suggest that Concentricystes can be used here to reflect Italian
local precipitation change in Southern Adriatic area. Concentricystes shows relatively low
values between 1680 and 1840 AD, and an abrupt rise can be observed after 1840 AD. Its
variation shows coherent patterns with both maximum daily po river discharge amount
(Zanchettin et al., 2008b) and instrumental Italian average autumn precipitation (Brunetti et
al., 2006) (Fig 3). Studies shows that po river has maximum discharge waters in spring and
autumn due to enhanced meltwater of Alps and precipitation of Italy (e.g. Cattaneo et al.,
2003). We therefore suggest the Concentricystes species might reflect the environmental
signal during the autumn period. The good matching between concentration of
Concentricystes and historical po river floods during 1680-1860 AD (Camuffo and Enzi, 1995)
and documentary drought occurrence in Sicily during 1565-1915 AD (Piervitali and Colacino,
2001) confirms further that Concentricystes is a reliable proxy for Italian local precipitation
variation (Fig 3). Particularly, the reconstructed precipitation series is consistent with
72

Chapter 5

recorded sunspot numbers between 1700 and 1900 AD, which active sun (maximum sunspot)
corresponding to enhanced precipitation (Eddy, 1976). The positive correlations between
floods (droughts) and maximum (minimum) solar activity have been established in Tagus
basin (Central Spain) (Vaquero, 2004) and Sicily area respectively (Piervitali and Colacino,
2001), and in the Po basin (Northern Italy), the connection between NAO and po discharge is
suggested to be modulated by solar activity (Zanchettin et al., 2008a). We therefore suggest
that similar solar-river discharge/precipitation relationships might also exist in Southern
Italian regions. However, clear discrepancy between solar activity and concentration of
Concentricystes can be observed after 1860 AD (Fig 5), indicating the temporal heterogeneity
of local precipitation under natural forcings such as solar activity and NAO, therefore more
studies are required to explore this consequence in future. Another possible interpretation
could be due to the anthropogenic influence, as we discussed above that human activity
through industrial and agricultural development has disturbed the marine ecological system in
our study area since 1895 AD, therefore the concentration of Concentricystes might have
shown the response to this environmental change although the mechanism remains unclear.

Figure 4. Reconstructed SST and compare with Alps glacial records (Haeberli and Holzhauser,
2003), speleothem records (Mangini et al., 2005), global land-sea temperature anomalies
(Hansen et al., 2010) and Northern Hemisphere temperatures (Moberg et al., 2005).
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Figure 5. Dino-SST (A) and B. Sunspot numbers (Eddy, 1976). C. Concentration of
concentricystes. D. NAO index (Trouet et al., 2009).
6. 3 Temperature perturbations during past 400 years
Dinocyst derived sea surface temperature (SST) presents a gradual decrease trend
between 1660 and 1860 AD, and an abrupt rise of temperature can be observed after 1860 AD
(Fig 4). The SST variations in the study area have been closely related to air temperatures
(Chen et al., 2011; Versteegh et al., 2007), we therefore assume the dinocyst derived SST can
be indicative of air temperature variability in southern Adriatic area. The abrupt increase of
SST from 1860 AD could be well corresponding to the 20th global warming although the
amplitude of increase is smaller than that is observed with continued fast climate warming
since 1985 AD (Fig 4). By comparing with instrumental seasonal temperatures of Southern
Italian cities, Zonneveld et al. (2011) found that dinocyst derived SST reveals coherency with
autumn and a less extent spring air temperatures than summer and winter temperature.
Besides, the temperature reconstructed during last 400 years by dinocyst evidence is also
comparable

with

temperature

records

which

have

been

carried

out

in

other

Europe-Mediterranean regions, for example δ18O records of stalagmite (Mangini et al., 2005)
and documentary glacier records in the Alps regions (Haeberli and Holzhauser, 2003). Our
result is furthermore in agreement with global land-ocean temperature anomalies although
divergency appears after 1985 AD where dinocyst-SST shows decline trend while global
74

Chapter 5

temperature still keeps increasing (Hansen et al., 2010) (Fig 4). However, our reconstructed
SST is not synchronous with calibrated Northern Hemisphere temperatures which shows 50
years earlier of the initial climate warming during the 300 years (Moberg et al., 2005) (Fig 4),
indicating that Mediterranean climate might show more local climate characters than large
scale temperature variability. Solar activity has been suggested as a main forcing for the past
climate change, our data shows a minimal W/C values around 1800 AD that can
corresponding to Dalton solar minimum, and high temperature during the second half of 20th
century is associated with modern solar maximum. We therefore suggest that solar forcing
might play an important role in regulating the Southern Adriatic temperature change.
However, there is no response of dinoflagellate temperature indicative species to the Maunder
Minimum occurred during 1650-1700 AD (Fig 5), this inconsistency can be explained by
either low sample resolution between 1660 and 1750 AD or relatively low dinocyst
concentrations during this period.
6. 4 Natural versus anthropogenic influence on local climatic conditions
It is suggested that North Atlantic Oscillation (NAO) and solar activity exert significant
effect on past climatic change in central Mediterranean area (e.g. Chen et al., 2011).
Meanwhile, we found the trophic status in Southern Adriatic area has been largely disturbed
by anthropogenic activity since 1895 AD. However, it is ambiguous whether the human
activity has also influenced the natural climate rhythm since that time. To this end, we
perform the continuous wavelet analysis on reconstructed SST and local precipitation/river
discharge series to determine the temporal distribution of cyclicities and discuss how
human/natural element might have influenced the local climate. We excluded the data prior to
1750 AD to avoid unrealistic signal as the study resolution is much lower between 1660 and
1750 AD than the later time interval. There are multi-cycles of about 8-10, 6-7 years and to a
less extent 15-18 years shown from the reconstructed SST series between 1750 and 1940 AD
(Fig 6), which might indicate the influence of different natural forcing factors on local climate
change, for example NAO and solar activity which has typical periodicity of 7-8 and 11 years
respectively. Interestingly, there is no clear cycle of the SST data especially after 1940 AD
which time period is characterized by great human release of greenhouse gases (Fig 6). We
therefore speculate that such activity might have destroyed the naturally cyclic occurred
temperature tempo. The wavelet spectral presents 4-8 years cycles during 1750-2000 AD on
local precipitation signal again stress the influence of NAO (Fig 6). It is demonstrated that the
negative phase of NAO index brings enhanced precipitation and temperature in southern
Europe and Mediterranean area (Lionello and Sanna, 2005). Therefore we would expect to see
the contemporaneous changes in local SST and precipitation change in the study area, our
data shows the good matching between W/C ratio, concentration of concentricystes spp. and
reconstructed NAO index (Trouet et al., 2009) confirms this assumption (Fig 5). However, the
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gap between these two curves becomes larger after 1890 AD, it might also indicate the
intensified anthropogenic influence on local climate. Furthermore, we notice that the cycles of
temperature and precipitation sequence are discontinuous throughout the study period, this
might indicate the existence of complex interaction of different factors influence on climate
variability in Central Mediterranean region. Therefore more studies are required to better
pinpoint to what extent natural/anthropogenic activity can be responsible for the recent
climate change.

Figure 6. Wavelet analysis of A. Concentration of Concentricystes and B. W/C ratio.
7. Conclusions
The high resolution environmental change in Southern Adriatic Sea during last 400 years
has been achieved mainly by organic walled dinocyst species and associations. The
accumulation rates of autotrophic dinoflagellate species L. machaerophorum shows the
evolution of eutrophication status in the Gulf of Taranto area, the initial increase of L.
machaerophorum between 1880 and 1920 AD can be corresponding to the industrial
development in Italy which starts at more or less the same time. The persistent fast increase of
L. machaerophorum during 1920-1991 AD is highly related to the agricultural development
and population growth in northern Italy. Trophic status seems to ameliorate after 1991 AD
which indicate the improved water quality due to Italian pollution control regulations.
However, another increase trend of L. machaerophorum observed after 1995 AD which
means the ecosystem has not yet restored to the natural level.
We show Concentricystes based precipitation change is consistent with other
instrumental

and

documentary

records

in

Mediterranean

region,

indicating

that

Concentricystes to be a reliable indicator for local precipitation change. The reconstructed
precipitation sequence can be related to documented sunspot numbers between 1700 and 1900
AD, which active sun (maximum sunspot) corresponding to enhanced precipitation. We
therefore suggest that solar-precipitation relationship might exist in Southern Italian regions
under the mediation of NAO. However, more studies are needed to validate this connection.
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Dinocyst derived SST presents an abrupt temperature increase after 1860 AD which can be
corresponding to the occurring global warming. Our data shows that the SST is comparable to
other proxy and instrumental records although the variation patterns are not always
synchronous. It is suggested that solar activity might be related to some of the climate trend
during past 400 years.
Cycles of 4-8 and 8-12 years are prominent in the reconstructed local temperature and
precipitation signals especially between 1750 and 1940 AD, these naturally cyclic variations
are suggested to be related to NAO and solar activity. However, there is no clear cycle of the
SST and precipitation data especially after 1940 AD which time period is characterized by
great human release of greenhouse gases. We therefore speculate that apart from natural
forcing, anthropogenic activity might also have influenced the climate change that disturbed
the naturally cyclic occurred temperature and to a less extent precipitation perturbations.
However, many more studies are required to understand better to what extent and how
natural/anthropogenic activity can cause climate perturbation.
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Abstract
To obtain insight into the way climate changed during the Medieval Classical Period and
to infer what forcings might have driven the climate anomaly during this time, high temporal
resolution marine sediments from the Gulf of Taranto are analyzed on their dinoflagellate cyst
content. The high sedimentation rate at the core location enables the establishment of a
paleoclimate and paleoceanography reconstruction at a 3-4 years resolution between 990 and
1200 AD (Medieval Climate Anomaly). The reconstructed sea surface temperature (SST)
appears to be lower in the Medieval Period compared to those of today. We observe clear 11.4
years cyclicity in the reconstructed SST series during Medieval Period. Furthermore, there is
a good matching between SST and global

14

C anomalies. This suggests that solar activity

might have played an important role influencing the local climate during medieval time.
Short-term fluctuations in accumulation rates of the river discharge species and species
resistant to aerobic degradation provide information on past river discharge and upper water
nutrient availability. Results indicate that the trophic state of the upper waters is closely
linked to the variations of river discharge which in turn is strongly related to precipitation in
Italy. We reconstruct low river discharge/precipitation in Adriatic area during studied interval
synchronous to widespread drought events in other subtropical regions. We argue this to be
influenced by NAO and ENSO related large scale ocean-atmosphere circulation shifts during
the Medieval Period. Furthermore, we suggest that volcanic eruptions might have influenced
the local temperatures upper water nutrient conditions.
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1. Introduction
Within the scope of the current debate about to what extent anthropogenic activities and
natural forcings are responsible for the current global rise in temperature, it is of strong
interest to obtain insight into the relationship between potential natural forcings and climate
change in pre-industrial time intervals of warm climate conditions. One of this time intervals
is the Medieval Classical Period (MCP) (800-1200 AD) as there are many studies that suggest
that climate conditions in this time interval might have been equivalent or warmer than today
(e.g. Filippi et al., 1999; 2001; Lamb, 1965). However, an increasing number of studies argue
about how warm this period was and there are even discussion about if such a “warm” period
have existed at all in this time interval (e.g. Bradley et al., 2003; Crowley and Lowery, 2000;
Goosse et al., 2006; Hughes and Diaz, 1994; Jones and Mann, 2004). Apart from the different
opinions about the rate of the temperature anomaly, it is today far from clear in how far
forcings such as volcanism and/or solar activity might have steered the climate anomaly. One
of the reasons for this is the limited amount of records available that are characterized by an
excellent stratigraphic framework and have a temporal resolution on annual scale that allows
the recognition of short term cyclic variability on “solar” time-scales. Here we intend to
contribute to this discussion by establishing a detailed high temporal resolution paleoclimate
and –environmental reconstruction of the Eastern Mediterranean region, notably the Gulf of
Taranto for the time interval between 990-1200 AD. For this we studied fossil dinoflagellate
cysts from marine sediments that are characterized by minimal bioturbation and high
sedimentation rates. We interpret changes in the accumulation rates of dinoflagellate species
and associations with specific environmental preferences in terms of the past environmental
signals of sea surface temperatures (SST), local river discharge, precipitation and upper water
nutrient concentrations. By comparing our results with climate forcing factors like solar
activity and volcanism, we discuss potential forcing mechanisms that might have influenced
the climate fluctuations of Southern Adriatic area during the Medieval Period.
2. Oceanographic and climatic setting
The circulation of Gulf of Taranto is strongly influenced by river discharge waters which
can be traced along the whole eastern Italian coast. The main source of these waters is the
Po-river which is the largest river in Italy with a length of about 673 km (Fig 1). It supplies
high amount fresh water with ample nutrients and suspended matter into the northwestern
Adriatic (Boldrin et al., 2005; Degobbis et al., 1986). These waters are traditionally classified
as the Adriatic Surface Waters (ASW). The cyclonic surface currents of the Adriatic Sea
induced by Coriolis forcing presses against the western coastal margin of the Adriatic Sea
(Lee et al., 2007). On their way southeastward, the ASW are spiced by discharge waters of
local eastern Italian rivers draining the eastern side of the Apennine mountains. The ASW can
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be traced along the whole western Adriatic Sea flowing through the western part of the Strait
of Otranto, into the Gulf of Taranto. The circulation of the Gulf of Taranto is cyclonic as well.
Additionally, Ionian Sea Waters (ISW) which are characterized by relatively high temperature,
salinity and low suspended matter and nutrients enter the Gulf of Taranto at the eastern side
where they gradually mix with ASW (Caroppo et al., 2006; Socal et al., 1999). Within the
Gulf, intermediate water is formed by Levantine Intermediate Waters (LIW) that can be
observed between 150 and 600 m water depth. A shift towards much cooler waters of the
dense Adriatic Deep Water (ADW) can be observed below 600 m water depth (e.g.
Hainbucher et al., 2006; Sellschopp and Alvarez, 2003).
The Mediterranean Sea which is almost enclosed by land covers an approximate area of
3.5 million km² (Saliot, 2005). It is located between low and mid-latitudes and its climate is
therefore highly sensitivity to upper air circulation variations (e.g. Cassou et al., 2004; Hurrell
and VanLoon, 1997). One of the most prominent climate modes influencing the
Mediterranean climate is the so-called North Atlantic Oscillation (NAO) which represents the
dipole-like pressure gradient between the Azores (high) and Iceland (low) (Hurrell, 1995).
When the NAO index is in positive phase, northern Europe experiences excess precipitation.
In turn, its negative phase brings excess precipitation and high temperatures in southern
Europe and Mediterranean area (Lionello and Sanna, 2005). Consequently, variations of NAO
have strong effects on the Italian precipitation, with enhanced precipitation resulting in excess
discharge of the Po and Apennine rivers into the Adriatic Sea. In turn this results in an
extension of the ASW “plume” and enhanced inflow of ASW into the Gulf of Taranto.

Fig 1. Study location and ocean circulation. ASW - Adriatic Surface Water, ISW - Ionian Sea
Water, ADW - Adriatic Deep Water.
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During winter time, cold and dry Bora winds blow from the northeastern in strong pulses
over the study region. This results in sea level fluctuates in downwind and upwind regions as
result of the wind-curl effects on the ocean current system. (Orlic et al., 1994). These sea level
fluctuations vary in intensity as a result of maxima and minima in Bora strength.
Apart from this the ocean current system and the oceanographic environmental
conditions can be strongly influenced by northward blowing Sirocco winds that origin in the
Sahara and that bring warm and humid air into the region (Cavaleri et al., 1997; Pasaric et al.,
2007). It is suggested that strong Sirocco wind may reverse the currents that are observed
along the Adriatic coast (Orlic et al., 1994). Therefore both Bora and Sirocko can play an
important role on regulating the oceanographic system in the research area despite the fact
that they only last several days during the year.
3. Material
3. 1 Sample preparation
The studied core was retrieved during the RV Pelagia, DOPPIO cruise, 2008 (39° 50.07'
N, 17°48.05' E, water depth 270 m) (Fig 1) (De Lange, 2008). The analyzed samples have
been retrieved from the section 8 (0-145 mm) of the piston core DP30PC. After subsampling
this interval at every 2.5 mm, material was dried overnight at 60oC and treated based on
standard palynological preparation procedures according to the aliquot method as described
by Zonneveld et al. (2009). Samples at depth of 15, 22.5, 35, 42.5 and 57.5 mm were not
included in the analysis due to very low abundance of dinoflagellate cysts. Taxonomy of
dinoflagellate species is according to that cited in Marret and Zonneveld (2003) and Radi and
de Vernal (2008). Round, brown cyst with a smooth cell wall without ornamentation were
grouped as Brigantedinium spp.. The classification of the species Polykrikos kofoidii and P.
schwarzii is according to Matsuoka et al. (2009).
3. 2 Age model
The chronological framework of the studied core is based on AMS (Accelerator Mass
Spectrometry) 14C measurements on bulk planktic foraminifera that have been prepared at the
Geological Institute, ETH Zurich and measured at the AMS Radiocarbon Dating Laboratory
at ETH Zurich. The 14C dates were calibrated with the program OxCal v3.10 (Bronk Ramsey,
2009), with the references of atmospheric data from Reimer et al. (2004) and the Curve
marine04 with the marine data from Hughen et al. (2004) (ΔR=121±60 years). The calibrated
ages of the section are on top AD 1195±135 and on bottom BC 190±120. Linear interpolation
between the data points reveals a constant sedimentation rate of 0.72 mm/y. This results in a
temporal sample resolution of approximately 3-4 years (see details in Chen et al., 2011).
Sedimentation rates are comparable to those registered for a nearby gravity core (GT89/3) that
was retrieved 11 km southeastern of our core DP30PC (Castagnoli et al., 1990). The age
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model of the core GT89/3 is based on tephra chronology which is represented by 22 pyroxene
peaks that are related to the outbreaks of the Vesuvius and the volcanos in the study region
(Arno et al., 1987). Extensive surveys of numerous cores in this region have revealed that a
constant sedimentation rate is characteristic in the whole Gallipoli terrace during last 2000
years (e.g. Bonino et al., 1993; Castagnoli et al., 1992).
4. Methods
4. 1 Aerobic degradation
The post-depositional degradation extent of dinoflagellate species is estimated by the
dinoflagellate degradation index “kt” which is determined by the degradation constant “k”
and reaction time “t”, its calculated based on the following formula (Versteegh and Zonneveld,
2002)
kt = ln (Xi/Xf), with Xi= 68 x Xr
Xi = initial cyst accumulation rates of sensitive cyst species (cysts/cm2/y); Xf = final cyst
accumulation rates of sensitive cysts (cysts/cm2/y); Xr = cyst accumulation rates of resistent
cyst species (cysts/cm2/y).
The relationship between degradation sensitive and resistant dinoflagellate species is
established empirically (Zonneveld et al., 2008). High kt values (3-4) indicate that
degradation might have altered the initial dinoflagellate ecological signal.
4. 2 Sea surface temperature indicators
Qualitative estimation about variations in sea surface temperature is obtained using the
following ratio:
W/C = Wn / (Wn + Cn)
where n = number of specimens counted, W = warm water species, C = cold water species. W
=

Impagidinium

aculeatum,

Impagidinium

paradoxum,

Impagidinium

patulum,

Operculodinium israelianum, Polysphaeridium zoharyi, Spiniferites mirabilis. C =
Bitectatodinium tepikiense and Spiniferites elongates.
Species selection is based on the global geographic distribution of organic walled
dinoflagellate cysts (e.g. Marret and Zonneveld, 2003)
4. 3 River discharge and local precipitation indicators
We use the sum of accumulation rates of cysts of the photosynthetic dinoflagellate
Lingulodinium machaerophorum and the freshwater algae Concentricystes spp. as indicators
for the presence of Adriatic surface waters. In the Eastern Mediterranean Sea and Adriatic Sea,
L. machaerophorum is characteristically present in river discharge plumes (Elshanawany et
al., 2010; Sangiorgi et al., 2002; Zonneveld et al., 2009). Its accumulation rates show a
gradient from high to low values from the river mouths towards the distal parts of the plumes.
A recent study on the hydrology of the Po-river discharge plume during the last 200 years
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shows that at in the research area site enhanced sedimentary concentrations of this species
correspond to enhanced Po-river discharge influence (Zonneveld et al., 2011). The algal
species Concentricystes spp. is restricted to fresh water environments. Its presence in marine
sediments is therefore an indicator of fresh water reaching the deposition site. As such it can
be used as a freshwater indicator (e.g. Horton et al., 2005; Mudie et al., 2002).
4. 4 Upper water trophic conditions
The variation of upper water nutrient availability is based on the accumulation rates of
the nutrient sensitive-aerobic degradation resistant species which include Impaginium
aculeatum, Impagidinium paradoxum, Impagidinium patulum, Impagidinium plicatum,
Impagidinium sphaericum, Impagidinium strialatum, Nematosphaeropsis labyrinthus and
Pentapharsodinium dalei, Operculodinium israelianum and Polysphaeridium zoharyi
(Zonneveld et al., 2007). Accumulation rates of these species increase in the Mediterranean as
well as open oceans when nutrient concentrations in upper waters increase (Elshanawany et
al., 2010; Holzwarth et al., 2007; Zonneveld et al., 2009; Zonneveld et al., 2010) .
4. 5 Frequency analysis
To obtain information about cyclic variability in the W/C ratio and ASW curve, a
red-noise spectrum analysis has been carried out using the program REDFIT. This method is
particularly suitable for datasets that are characterized by an uneven temporal sample
distribution (Schulz and Mudelsee, 2002).

Fig 2. Diagram of dinoflagellate species, associations in accumulation rates (cyst/cm2/y) and
kt index.
5. Results
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The degradation index (kt) values are relatively constant throughout the sequence.
However, it decreases sharply from 3.9 to 2.1 between 1119 and 1143 AD. The average kt
value is 3.1 and minima can be observed at 1046 and 1143 AD (Fig 2).
Dinoflagellate cyst warm and cold species ratio during the Medieval Period (990 -1200
AD) shows a decreasing trend between 1022-1050 AD that overprinted by large fluctuations.
Between 1050 and 1067 AD, the W/C value increases followed by a strong decrease until
1081 AD. From 1081 AD, an increasing trend is visible interrupted by short minima during
1133-1143 and around 1167 AD (Fig 2).
Accumulation

rates

of

L.

machaerophorum

and

Concentricystes

spp.

vary

contemporaneously between 990 and 1200 AD (Fig 2). The accumulation rates of ASW
varies from 2.53-53.19 cyst/cm2/y and shows large fluctuations between 990 and 1200 AD
with maxima at about 1022, 1039, 1064, 1112 and 1150-1157 AD. Minima can be observed at
1015, 1074, 1129, 1143 and between 1160-1185 AD.
The accumulation rates of nutrient sensitive-aerobic degradation resistant species
fluctuate around a mean value of 1.26 cyst/cm2/y between 990 and 1200 AD. No clear trend
can be observed with exception of several peaks of high values during 1070-1140 AD (Fig 2).
The influx of degradation sensitive species shows relatively constant variation during the
study interval. The highest value is 8.15 cyst/cm2/y that can be observed at 1081 AD (Fig 2).
The most predominant cycles are 11.4 years for the reconstructed sea surface
temperatures, another cycle of 26.7 years is also observed with lower power throughout the
time series. The reconstructed ASW record shows 9.3 and 13.8 years cycles during the
studied time interval (Fig 3).

Fig 3. Spectral power of A Dino-W/C ratio, and B ASW indicator.
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Fig 4. Dinoflagellate W/C derived SST and comparison with A δ18O of spelothem from
Sardinia (Antonioli, et al., 2003), Roman Warm Period (RWP) and 20th century mean value of
W/C are based on Chen, et al. (2011) and Zonneveld, et al. (2011) respectively. B Northern
Hemisphere temperature anomalies (Moberg, et al., 2005). C Global 14C anomalies (Stuiver,
et al., 1998). D global volcano eruption intensity (VEI) (Siebert and Simkin, 2002), thick line
represents 5 point running average.
6. Discussion
6. 1. Preservation
During the last few decades it became clear that dinoflagellate cyst associations can be
affected post-depositionally by species selective aerobic organic matter degradation that can
severely alter the signal (e.g. Versteegh and Zonneveld, 2002). In the core section studied, the
average degradation index (kt) is 3.1, indicating that the signal of degradation sensitive cysts
especially Brigantidinium species might have been altered due to the degradation (Chen et al.,
2011). Therefore we base our reconstructions exclusively on species that are known to be
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resistant to aerobic degradation and which sedimentary signal forms a reflection of upper
water cyst production.
The studied core is retrieved from a shallow water depth of 270 m. Since dinoflagellate
cysts are likely to sink as fecal pellets and phytoplankton aggregates with minimal sinking
rates of about 274 m/day, the sedimentary dinoflagellate cyst can be considered to reflect
oceanographic conditions in close vicinity to the sampling site (Zonneveld et al., 2010). We
therefore assume that lateral translocation is unlikely to have influenced the dinoflagellate
cyst associations.
6. 2. Sea surface temperature
The dinoflagellate cyst W/C ratio fluctuates strongly between 990 and 1200 AD. The
W/C ratio can be used to trace changes in past sea surface temperatures (SST) in marine
environments (Sangiorgi et al., 2002; Santarelli et al., 1998; Zonneveld et al., 2011). In
Adriatic area, SST is shown to be strongly associated with the fluctuations of the local air
temperature (Versteegh et al., 2007). We therefore assume that the W/C ratio can be used to
reconstruct local air temperature during the Medieval Period.
We observe that W/C values in the MWP are generally lower compared to that of the last
100 years which suggest that air temperature might have been lower as well (Fig 3). This is
consistent with several studies such as glacial records of the Alps that suggest the Medieval
Warm Period to have been cooler than today (Giraudi, 2009; Holzhauser et al., 2005).
Furthermore, based on records of chrysophyte cysts in lake sediments of the high Pyrenees
(northwestern Mediterranean), Pla and Catalan (2005) reconstruct winter/spring temperatures
that might have been about 0.5 °C – 1 °C colder than today between 1000 - 1200 AD. Also
historical records report for cold spells in winter such as the so called “great winter” at
1076/1077 AD where even the Po and Tiber river became icebound (see overview in Pfister et
al., 1998). However, our results are in contrast to other studies. For instance, based on pollen
records from Lago Monticchio area (Southern Italy), Allen et al. (2002) reconstruct mean
temperatures of the coldest month (MTCO) being as warm as or even warmer than today
during 1000-1200 AD (Medieval Period). A compilation of tree ring records and pollen data,
leads Guiot and Corona (2010) to reconstruct comparable to slightly warmer temperatures
than today for southwestern Europe. One of the reasons for this discrepancy might be the
dinoflagellate cysts being produced during spring and late summer/autumn and not in the
winter time (e.g. Caroppo et al., 2006). As such, their signal reflects the environmental
conditions in these seasons and not that of the coldest months in the year. Another explanation
might be a difference in temporal resolution of the records. We observed large fluctuations in
the temperature record with short pulses of warmer than today situations around 1067 and
between 1102 - 1126, and 1171 - 1181 AD and cold spells between about 1075 - 1090 and
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1130 – 1150 that are very consistent to variations in the δ18O composition of stalagmites in
Sardinia (Fig 3) (Antonioli et al., 2003). Consistent with our results, studies of tree rings
suggest very cold climate conditions between 1000 and 1045 AD in northern Italy
(Serrebachet, 1994). That temperatures might have fluctuated strongly during the MWP is
confirmed by numerous studies in Northern Hemisphere region (e.g. Guiot and Corona, 2010;
Guiot et al., 2005; Pfister et al., 1998). Pla and Catalan (2005) document for instance that the
early MWP at about 900 AD might have been the warmest period of the whole latest
Holocene whereas coldest conditions are being reconstructed between 1000 and 1200 AD.
This has lead to the suggestion that the MWP might have been restricted to two-three short
intervals of 20-30 years only where temperatures were comparable to the 20th conditions
(Crowley and Lowery, 2000). This indicates that reconstructions with high temporal
resolution are a requirement to understand the character and amplitude of the climate
variability in heterogene time intervals as the MWP.
Our data is in good agreement with the composite Northern Hemisphere temperature
anomalies during the Medieval Period although a clear discrepancy can be observed between
1070 and 1100 AD where low W/C ratios correspond to the maxima of the Northern
Hemisphere temperature (Fig 3) (Moberg et al., 2005). This suggests that climate variations in
Adriatic area might correspond to extra-hemispheric climate perturbations during the
Medieval Classical Period. However, despite the coherence of our data with the compiled
Northern Hemisphere Dataset, there is strong evidence that the MWP climate might have
been prone to large regional differences. For instance, in the Sargasso Sea reconstructions
suggest that sea surface temperatures to have been about 1 oC warmer than it is today in this
time interval (Keigwin, 1996). Tree ring based study suggests that the Medieval warm period
have been significantly warmer than the late 20th century in northern Fennoscandia region as
well (Grudd, 2008). Therefore many records are required to obtain a comprehensive view of
the magnitude and timing of climate variability during the Medieval Period.
Although the amplitude of the temperature fluctuation between Medieval Warm Period
and 20th century appears to be similar to that of foraminiferal records in the Gulf of Taranto
and central Adriatic area (Piva et al., 2008; Taricco et al., 2009), Taricco et al. (2009) came an
opposite variation trend based on the δ18O records in Gulf of Taranto. One of the reasons for
this discrepancy might be that Taricco et al. (2009) did not take into account the fact that the
core is located in the ASW influence area where varying amounts of fresh water cross the
coring site, consequently ASW is likely to have influenced the 18O signal.
6. 3. Nutrient availability and moisture anomaly
Studies on dinoflagellate cyst production show that increased production of
dinoflagellate cyst occurs in oligotrophic and mesotrophic environments when nutrient
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concentrations in upper water increase (e.g. Holzwarth et al., 2007; Zonneveld et al., 2010).
Zonneveld et al. (2009) and Elshanawany et al. (2010) document that this is also the case in
Mediterranean region. There are several factors can influence the variation of phytoplankton
production in Gulf of Taranto region. The most important factor is the river discharge waters
which variation will result in more or less nutrient input at the core site (Boldrin et al., 2005;
Degobbis et al., 1986). We observe that the accumulation rates of L. machaerophorum and
concentricystes generally synchronous varies with the nutrient sensitive species.

Fig 5. Comparison between accumulation rates of nutrient sensitive species (cyst/cm2/y) and
A dust fraction from Northwest Africa (Mulitza, et al., 2010). B accumulation rates of ASW
indicator species (cyst/cm2/y). C Historical Vesuvius eruptions (Siebert and Simkin, 2002),
thick line represents 5 point running average.
Concentricystes is a typical fresh water algae that is transported into marine
environments by river discharge waters (Goni et al., 1999). L. machaerophorum is often
observed in high concentrations in sediments from river plumes areas (e.g. Lewis, 1988;
Pospelova et al., 2005). In the eastern Mediterranean it is characteristically abundant in river
plume waters (Elshanawany et al., 2010; Giannakourou et al., 2005). Studies show that this is
also the case for the Po-river area that concentration of L. machaerophorum decreases with
the increasing distance from the Po-river delta (e.g. Sangiorgi et al., 2005; Zonneveld et al.,
2009). Relatively fresh water is transported into the Gulf of Taranto region in the form of
ASW. In spring and autumn, when river discharge is at its maximum, as a result of melting of
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snow/ice in the Alps and Apennines and enhanced precipitation respectively, upper waters at
the core position are formed by ASW (Boldrin et al., 2005). Our observation of
contemporaneous variations in nutrient sensitive species and ASW species suggest therefore
that the variation of upper water nutrient conditions can be largely ascribed to the river
discharge fluctuations. However, nutrients and trace elements can also be transported into the
study area by other mechanisms such as input of dust, volcanic ash and winter upwelling.
Mineral dust from Sahara-Sahel region can be carried great distances away into
Mediterranean Sea by wind (e.g. Dulac et al., 1996; Tafuro et al., 2006). It is suggested that
the Sahara-Sahel dust can be transported not only to the northwest Africa margin but also to
the Mediterranean area by different prevailing winds (Middleton and Goudie, 2001; Moulin et
al., 1997). Our data shows that the accumulation rates of nutrient sensitive species show
similar variation pattern with the dust deposition off northwest Africa especially during
1040-1110 AD and 1140-1200 AD (Fig 5) (Mulitza et al., 2010). This suggests that dust from
Sahara-Sahel region might form an additional important source of nutrients in the Adriatic
area.
Volcanic ash releases plentiful nutrients and trace metals that favor the marine
phytoplankton growth (Jickells et al., 2005; Langmann et al., 2010). In our study area, the
eruptions of the Italian volcano Vesuvius match often to high values of reconstructed nutrient
availability during the study interval (Fig 5) (Siebert and Simkin, 2002). We therefore suggest
that increased production of dinoflagellate cysts may also be partly caused by the released
volcanic ash from Vesuvius.
Winter mixing promoted by Bora winds can also influence the nutrient availability in the
Adriatic area (Orlic et al., 1994). The Bora originates from the Yugoslavian mountains that is
characterized by a distinctive vegetation such as mesophilous taxa which in turn can well be
traced by pollen records in marine sediments (Rizzi-Longo et al., 2007). For our study region
and time interval, we can not find records that report variations of pollen influx in the
research area from these source regions or from regions northeast of our research area
(Combourieu-Nebout et al., 1998; Tinner et al., 2009). We therefore assume that enhanced
nutrient variability is not induced by winter mixing.
The accumulation rates of ASW species L. machaerophorum and Concentricystes are
shown to be highly related to the river discharge waters which variation of its amount will
result in more or less fresh water inflowing into the Adriatic Sea. To date, surface waters at
the sampling site are seasonally formed by ASW with minimal rates in summer and maximal
in spring and late autumn. The extent of the ASW plume into the Gulf is strongly related to
the amount of precipitation in the Alps and Apennines (Zanchettin et al., 2008). It therefore
can be assumed that the accumulation rates of ASW species L. machaerophorum and
Concentricystes can be used to indicate both river discharge and local precipitation. ASW
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concentration largely fluctuates during the study interval. Similar conclusions were drawn in a
study of δ18O of a varved lake sequence in Eastern Mediterranean area (Fig 6) (Jones et al.,
2006), indicating that moisture conditions in Eastern Mediterranean might be similar to
conditions that occurred in our study area. The observed accumulation rates of ASW are
however lower than those found in sediments in the same core of the Roman Period which
suggest that the local precipitation might have been lower as well.

Fig 6. Accumulation rates of ASW indicator species (cyst/cm2/y) and comparison with A
NAO index (Trouet, et al., 2009), and B Lake δ18O records from Turkey (Jones, et al., 2006),
thick line represents 5 point running average.
This is consistent to studies that reconstruct widespread hydrological anomalies in many
different regions worldwide during the Medieval Period. For instance, based on pollen records
in southern Sicily area, minima of pistacia shrubland was observed during the Medieval
Period which might be caused by a decreased moisture availability (Tinner et al., 2009);
Magny (2004) reconstruct based on multiproxy study of lacustrine sediments that there were
many intervals during the Medieval Period when the lake level was low in the European
Alpine regions; relatively low precipitation has also been indicated by geochemical proxy
records of the southwestern Mediterranean (Martin-Puertas et al., 2010) and severe and
persistent drought during the Medieval Period has been reconstructed based on tree ring
records for Moroccan (Esper et al., 2007) and Californian regions (Graham and Hughes, 2007;
Stine, 1994).
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7. Forcing Mechanisms
Solar activity, volcanic activity and atmospheric circulation systems like NAO have been
suggested to be important factors for the past climate variations of pre-industrial times in the
research area (Chen et al., 2011; Taricco et al., 2009; Versteegh et al., 2007). In order to
detect if these forcing factors might have influenced the climate perturbation reported in our
study area during the Medieval Period, we have compared the reconstructed temperature
curve with global 14C which is generally used as an indicator for solar activity and global
volcanic activity (Stuiver et al., 1998). Our results show that variation in the W/C ratio can be
closely linked to the 14C variability which low 14C values corresponding to high central
Mediterranean temperatures, and vice versa. Particularly, the low temperatures during
990-1080 AD and high temperatures during 1100-1180 AD correspond well to the solar Oort
Minimum (1010-1080 AD) and Medieval Maximum (1120-1180 AD) respectively (Fig 3).
This suggests that solar activity might have influenced the local temperature during Medieval
time. This is supported by the results of a frequency analysis where we observe a clear 11.4
year periodicity of the reconstructed SST series (Fig 6). We therefore assume that variations
in solar activity form a major steering factor of the climate in the MWP.
It is well known that large volcanic eruptions can lower global temperature up to 0.5 oC
during two to three years after the eruption (e.g. Crowley, 2000; Hegerl et al., 2003). Our
record shows that several historical volcano eruptions during the Medieval Period correspond
to short-term temperature perturbations recorded by the dinoflagellate cyst record (Fig 3).
Consequently, volcanism might have influenced the local temperature during the study period
as well. However, this conclusion has to be regarded with some caution as the exact timing of
the outbreaks of most eruptions is rather unclear (Siebert and Simkin, 2002). Further studies
are therefore required to confirm our hypothesis.
Another important factor which is known to influence both temperature and precipitation
in Southern Europe and Mediterranean area is North Atlantic Oscillation (NAO). This climate
mode represents the dipole-like pressure gradient between the Azores (high) and Iceland (low)
(Hurrell, 1995). When the NAO index is in its positive phase, northern Europe experiences
excess precipitation. In turn, a negative phase brings excess precipitation and high
temperatures in southern Europe and Mediterranean area (Lionello and Sanna, 2005). When
this climate mode would have had major influence on the climate in the research area during
the MWP we expect to observed contemporaneous changes in temperature and precipitation
in the region. Indeed we see a strong link between the reconstructed curves of temperature
and river discharge supporting the hypothesis that the NAO might have influenced the local
climate (Fig 2).
Recently it has been suggested that a strong and persistent positive NAO mode was
present during the Medieval Warm Period (Fig 4) (Trouet et al., 2009). This is thought to
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have induced moisture deficiency in southern Europe and the Mediterranean area. It is
consistent with our record that implies of relatively low precipitation as reflected by low mean
concentrations of ASW indicative species throughout the interval. This is also supported by
our frequency analysis results that show most prominent cycles found in the ASW
accumulation rate fluctuations have frequencies of 9.3 and 13.8 years which are comparable
to NAO variability with cycles of 8.2 and 13 years (Garcia et al., 2005). It has been suggested
that NAO can be influenced by solar activity which maxima in solar activity promoting the
occurrence of a positive NAO mode and an eastward extension of its influence (Boberg and
Lundstedt, 2002; Gimeno et al., 2003; Ogi et al., 2003). We therefore assume that the
moisture conditions in our study area might have been influenced by both NAO and solar
activity.
Recent studies suggest that anomalous moisture conditions in the Mediterranean Region
can also be linked to ENSO variability (e.g. Nazemosadat and Cordery, 2000). Although
ENSO most prominently influences precipitation change in the Pacific tropics, effects can
also be traced in the North Atlantic and Mediterranean regions (Rodo et al., 1997; Shaman
and Tziperman, 2011). For instance, it is shown that the western Mediterranean region
receives 10% more precipitation in the autumn preceding the mature phase of an El Nino
event (Mariotti et al., 2002). As we discussed above the relatively low river discharge related
to decreased precipitation reconstructed for the research area is synchronous to large-scale
dryness events in differential subtropical areas during the Medieval Period. Interestingly, a
major Holocene ENSO anomaly is reconstructed for the MWP which might be an indication
of the climate perturbations reconstructed in this study interval, implying that these events
might be teleconnected with ENSO being related to large scale atmosphere-ocean circulation
shifts (Rein et al., 2004). We speculate that the relatively arid conditions in Gulf of Taranto
area might therefore be partly influenced by ENSO anomalies during the Medieval Period as
well. However, large uncertainties remain whether and to what extent ENSO can be
responsible for precipitation change in the Mediterranean area and many more studies are
required to provide a better understanding about the exact nature of such a teleconnection and
to conform or reject our suggestion (Ropelewski and Halpert, 1987).
8. Conclusions
The dinoflagellate cysts based paleoclimate and paleoceanography reconstructions
provide a high resolution detection of SST, river discharge/precipitation and upper water
nutrient availability fluctuations during the Medieval Period. We show that reconstructed
mean SST is lower in the Medieval Period compared to that of last 100 years and the Roman
Warm Period although large short term fluctuations in temperature can be observed. It is
consistent with other records that short pulses of warmer than today situations are being
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reconstructed around 1067 and during 1102 - 1126, and 1171 - 1181 AD and cold spells
during about 1075 – 1090 and 1130 – 1150 AD.
River discharge waters with nutrients and trace elements transporting into the Southern
Adriatic Sea is suggested to be a dominant factor for the variation in nutrient availability in
the Gulf of Taranto. Apart from this, wind-driven Saharan-Sahel dust might have formed an
additional nutrient/trace-element source. We observe that several volcanic eruptions occurred
at times of maximum availability of nutrients (Fig 5), indicating that this might have
promoted the production of dinoflagellate cysts as well.
We observe a clear 11.4 years solar cycles in the reconstructed SST series during the
Medieval Period. Besides this, we document a good match between SST and the global 14C
anomaly signal. Our reconstructed temperature fluctuations vary in consistence with
variations in solar activity such as for instance the Oort Minimum (1010-1080 AD) and
Medieval Maximum (1120-1180 AD) of solar insolation. This suggests that solar activity
played an important role influencing the local temperature during the Medieval time.
Accumulation rates of L. machaerophorum and Concentricystes spp. show similar
variation patterns related to river discharge variability which can be subscribed to variations
in local precipitation rates. We observe low precipitation in the Adriatic area during the study
time interval, synchronous to other drought events in Europe and North America. We suggest
that this can be related to the strong positive NAO mode and severe ENSO anomalous events
that have been reconstructed for the Medieval Warm Period. We speculate that the relatively
arid conditions in Gulf of Taranto area might have been influenced by NAO and ENSO
related large scale ocean-atmosphere circulation shifts. However, more studies are required to
verify these suggestions and to obtain more insights on how these factors might be
teleconnected.
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Abstract
To obtain insight into character and potential forcing of short-term climatic and
oceanographic variability in the southern Italian region during the “Roman Classical Period”
(60 BC - AD 200), climatic and environmental reconstructions based on a dinoflagelate cyst
record from a well dated site in the Gulf of Taranto located at the distal end of the Po-river
discharge plume have been established with high temporal resolution. Short-term fluctuations
in accumulation rates of the Adriatic Surface Water species Lingulodinium machaerophorum,
the fresh water algae Concentricystes and species resistant to aerobic degradation indicate that
fluctuations in the trophic state of the upper waters are related to river discharge of northern
and eastern Italian rivers which in turn are strongly related to precipitation in Italy.
The dinoflagellate cyst association indicates that local sea surface temperatures which in
this region are strongly linked to local air temperatures were slightly higher than today. We
reconstruct that sea surface temperatures have been relatively high and stable between 60 BC
- AD 90 and show a decreasing trend after AD 90. Fluctuations in temperature and river
discharge rates have a strong cyclic character with main cyclicities of 7-8 and 11 years. We
argue that these cycles are related to variations of the North Atlantic Oscillation climate mode.
A strong correlation is observed with global variation in 14C anomalies suggesting that solar
variability might be one of the major forcings of the regional climate. Apart from cyclic
climate variability we observed a good correlation between non-cyclic temperature drops and
global volcanic activity indicating that the latter forms an additional major forcing factor of
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the southern Italian climate during the Roman Classical Period.
Keywords: Climate; Roman Classical Period; Dinoflagellate cysts; North Atlantic Oscillation
1. Introduction
The current abrupt rise in global temperature within the last century has resulted in major
concern about future climate change (IPCC, 2007). Although it is obvious that anthropogenic
activities influence climate, natural processes steer climate as well (Carslaw et al., 2002; Stott
et al., 2000). This has resulted in intensive discussions in the academic community and
general society alike about to what extent these natural processes might be responsible for the
present change of climate. Unfortunately, to date, the character and influence of the natural
forcing mechanisms are far from clear.
One of the most intriguing questions within the climate debate is if the present
temperature rise is unique in the late Holocene or if there have been pre-industrial time
intervals where comparable climatic perturbations occurred. One of these time intervals where
historical records suggest that climate conditions might have been similar to today is the so
called “Roman Warm Period” (BC 200 – AD 400) (Lamb, 1977). This period also referred to
as the “Roman classical period” is known for the expansion of the Roman culture all around
the Mediterranean region and throughout a large part of Europe. However, to date it is not
clear if this period was warmer, comparable or cooler than today (Bianchi and McCave, 1999;
deMenocal et al., 2000; Frisia et al., 2005; Giraudi, 2009; Taricco et al., 2009). Furthermore, it
is not clear which forcing mechanisms steered the short-term climate fluctuations that are
known for this time interval. Here we aim to obtain more insight into this by reconstructing
past marine environment and climate variability in one of the central regions of the Roman
occupation - southeastern Italy. For this we establish detailed reconstructions of past changes
in climate and marine environment based on fossil sedimentary dinoflagellate cyst
associations.
Dinoflagellates are primarily unicellular organisms with two distinctive flagella and a
characteristic nucleus (Fensome et al., 1993). Together with diatoms and coccolithophorids,
dinoflagellates constitute the majority of the marine eukaryotic phytoplankton. As part of
their life cycle, many dinoflagellate species can produce cysts of which the walls have a high
preservation potential. Organic walled dinoflagellate cysts (dinocysts) have been shown to be
a suitable proxy for establishing environmental and climatic reconstructions as the cyst
associations reflect even small changes in upper water conditions such as sea surface
temperature (SST), salinity (SSS) and nutrient availability (Dale et al., 2002; De Vernal et al.,
1997; Marret et al., 2001; Pospelova et al., 2006; Sangiorgi et al., 2002).
Here we present reconstructions that base on well dated marine sediments from the
southeastern Gulf of Taranto which are characterized by high sedimentation rates and low
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bioturbation, the linear interpolation of the radiocarbon dates allows an approximately 4 year
resolution detection of paleoenvironmental change. We show that changes in dinoflagellate
associations reflect changes in past river discharge, upper water nutrient availability and SST.
To obtain insight into the cause and origin of the variability of these signals, we compare our
records with temperature and precipitation reconstructions from other lower resolution studies
in the region based on e.g. pollen and speleothems. Furthermore, we compare them with
climate forcing factors such as solar activity, volcanism and African dust input. By comparing
our results with historical records we are able to speculate about the potential relationship
between climate and cultural developments.

Fig 1. Study location and ocean circulation. ASW-Adriatic Surface Water, ISW-Ionian Sea
Water, LIW-Levantine Intermediate Water, ADW-Adriatic Deep Water. Dotted line
represents the transect where CTD was deployed.
2. Research area
2.1. Ocean circulation
The ocean circulation of Gulf of Taranto is strongly related to that of the Adriatic Sea.
Surface waters in the southeastern part form the distal part “river-discharge” waters that can
be traced along the whole eastern Italian coast. The main source of these waters is from the Po
river (Fig 1). The Po river is the largest Italian river with a length of about 673 km that drains
the southern part of the Alps and the northern part of Italy. It supplies high amounts of fresh
water, nutrients and suspended matter into the northwestern Adriatic basin (Boldrin et al.,
2005; Degobbis et al., 1986). These waters which are traditionally classified as the Adriatic
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Surface Waters (ASW) are characterized by high chlorophyll-a concentrations (Fig 2). The
cyclonic surface currents of the Adriatic Sea induced by Coriolis forcing press these
southeastward flowing waters against the western coastal margin of the Adriatic Sea (Lee et
al., 2007). Local eastern Italian rivers additionally spice these plume-waters on their way
southeastward. However, the amounts of suspended matter and nutrients these local rivers
discharge into the system are considerably less than the Po river discharge (Degobbis et al.,
1986; Milligan and Cattaneo, 2007). Within the Gulf of Taranto, the circulation is generally
cyclonic with ASW entering along the eastern part the basin. Additionally, Ionian Sea Waters
(ISW) enters the Gulf of Taranto at the eastern side where these waters gradually mix with
ASW (Fig 1). The ISW is characterized by relatively high temperature, high salinity, a low
suspended matter load and low nutrients concentrations (Boldrin et al., 2005; Caroppo et al.,
2006; Socal et al., 1999). Within the Gulf, intermediate water is formed by Levantine
Intermediate Water (LIW) which originates from the Levantine basin (Greece), and can be
observed between 150 and 600 m water depth. Below 600m depth a shift towards much
cooler waters of the dense Adriatic Deep Water (ADW) can be observed (e.g. Hainbucher et
al., 2006; Sellschopp and Alvarez, 2003).

Fig 2. Seasonal chlorophyll-a image of upper ocean in (A) spring, (B) summer, (C) autumn,
(D) winter, based on Zonneveld et al. (2009).
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2.2. Climate
The Mediterranean climate is characterized by hot and dry summers and cool and
relatively wet winters. It is strongly influenced by upper air circulation systems such as the
Scandinavia pattern, East Atlantic (EA) pattern and North Atlantic Oscillation (NAO) (Cassou
et al., 2004; Fil and Dubus, 2005; Hurrell and VanLoon, 1997). The most prominent climate
mode, especially during the winter, is the NAO which represents the dipole-like pressure
gradient between the Azores (high) and Iceland (low) (Hurrell, 1995). When the NAO index
is in its positive phase, northern Europe experiences excess precipitation. In turn, a negative
phase brings excess precipitation and high temperatures in southern Europe and
Mediterranean (Lionello and Sanna, 2005). As a consequence, changes in NAO have their
strong effects on the rainfall in the Italian region, with increasing rainfall resulting in excess
discharge of the Po and other Italian rivers in the Adriatic and an increase in ASW entering
the Gulf of Taranto (Fig 1). In winter, cold and dry winds typically blow from the northeast.
This is the so called Bora which blows in strong pulses over Adriatic Sea (Orlic et al., 1994;
Rachev and Purini, 2001). Anti-clockwise circulation induced by the Bora and Coriolis
forcing presses the fresh, nutrient rich discharge waters from both the Po-River and Apennine
rivers against the eastern coastal margin of Italy, driving Po river sediment southward along
the eastern coast of the Adriatic Sea (Lee et al., 2007). A northward wind comes from the
Sahara is named “Sirocco”. It brings warm and humid Mediterranean air into the Adriatic
(Cavaleri et al., 1997; Pasaric et al., 2007). Although the Sirocco has no favored season,
strong gale-forced Siroccos are most common during the spring (Sivall, 1957). The influence
of strong Sirocco winds in the northern part of the Adriatic area can cause sea level rise and
flooding of the northern Adriatic lowlands such as the region in the vicinity of Venice
(Ferrarese et al., 2008; Jeromel et al., 2009). Although Bora and Sirocco only last several days,
they can have an important influence on Adriatic sea level and circulation (Orlic et al., 1994).
3. Materials and methods
3.1. Material and sample preparation
Samples have been analysed from the section 8 (722-910 cm) of the piston core DP30PC
which was retrieved during the RV Pelagia, DOPPIO cruise, 2008 (39° 50.07' N, 17°48.05' E,
water depth 270 m). The core is located at the margin of the ocean where increased salinity in
the water column can be observed along onshore-offshore transect (Fig 1, 3). The studied
section of the piston core is composed of homogeneous olive-gray silt (Fig 4). Sediments
were subsampled at every 2.5 mm. After subsampling, material was dried overnight at 60oC,
then treated based on standard palynological preparation procedures according to the aliquot
method as described by Zonneveld et al. (2009). Taxonomy of dinoflagellate species is
according to that cited in Marret and Zonneveld (2003) and Radi and de Vernal (2008).
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Round, brown colored cyst were grouped as Brigantedinium spp.. The classification of the
species Polykrikos kofoidii and P. schwarzii is according to Matsuoka, et al. (2009).

Fig 3. Salinity and temperature profile of the transect (Zonneveld et al., 2008b).
3.2. Age model
The age model of the studied core is based on AMS (Accelerator Mass Spectrometry)
14

C measurements on bulk planktic foraminifera that have been prepared at the Geological

Institute, ETH Zurich and measured at the AMS Radiocarbon Dating Laboratory at ETH
Zurich (Table 1). The

14

C dates were calibrated with the program OxCal v3.10 (Bronk

Ramsey, 2009), with the references of atmospheric data from Reimer et al. (2004) and the
Curve marine04 with the marine data from Hughen et al. (2004) (ΔR=121±60 years). The
chronological model of our studied interval has been derived by the linear interpolation
between the radiocarbon dates which located above and below of the studied section. The
age–depth relationship list takes into account the 2σ errors of the calibrated 14C dates reveals a
sedimentation rate of 0.7 mm/y (Fig 4). In the same study area, gravity core GT89/3
(39°45'43" N, 17°53'55" E, water depth 178 m) was retrieved around 11 km southeastern of
our core DP30PC (Castagnoli et al., 1990). The chronological sequence of GT89/3 is based
on tephra chronology. Although volcanic ash layers appear to be less than 1 mm in thickness
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and can not be traced visually in the cores of this region, 22 pyroxene peaks corresponding to
outbreaks of the Vesuvius and the volcanos of the Campanian area could be determined in the
core GT89/3 (Arno et al., 1987). The sedimentation rate of this core is constant with values of
0.6 mm/y (ca. 4 years temporal resolution of every 2.5 mm) during the last 2000 years.
Extensive surveys on the sedimentary and elemental composition of numerous cores in the
region have revealed that a constant sedimentation rate is characteristic for the whole
Gallipoli terrace during the last 2000 years (e.g. Bonino et al., 1993; Castagnoli et al., 1990;
Castagnoli et al., 1992).

Fig 4. Radiocarbon dating and lithology of the sediments of DP30PC, 14C dates are present
with 2s error bars and have converted to calibrated ages (BC/AD).
3.3. Paleoenvironmental indicators
3.3.1. Post depositional palynomorph degradation
Information about potential post-depositional aerobic degradation of palynomorphs is
estimated by the dinoflagellate degradation index “kt” which depends on the degradation
constant “k” and reaction time “t”, its calculated according to the formula (Versteegh and
Zonneveld, 2002),
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kt = ln (Xi/Xf), with Xi= 68 x Xr
Xi = initial cyst accumulation rates of sensitive cyst species (cysts/cm2/y); Xf = final cyst
accumulation rates of sensitive cysts (cysts/cm2/y); Xr = cyst accumulation rates of resistent
cyst species (cysts/cm2/y). Cyst accumulation rates is calculated according to the formula
Accumulation rates (cysts/cm2/y) = Sedimentation rate (cm/y) x Dry bulk density (g/cm3) x
Cyst concentration (cyst/g)
The relationship between resistant and sensitive species is empirically determined based on
sediment trap studies and geographical surveys (see overview in Zonneveld et al. (2008)).
High kt values (3-4) suggest that post-depositional degradation might have overprinted the
initial ecological signal.
3.3.2. River discharge
Here we use the sum of accumulation rates of cysts of the photosynthetic dinoflagellate
Lingulodinium machaerophorum and the freshwater alga Concentricystes spp. as indicators
for the presence of Adriatic surface waters. In the Eastern Mediterranean Sea and Adriatic Sea,
L. machaerophorum is characteristically present in river discharge plumes (Elshanawany et
al., 2010; Sangiorgi et al., 2002; Zonneveld et al., 2009). Its accumulation rates show a
gradient from high to low values from the river mouths towards the distal parts of the plumes.
Algal species Concentricystes spp. is a fresh-water species that is unable to survive in the
marine environments. It can therefore be used as a freshwater indicator (e.g. Horton et al.,
2005; Mudie et al., 2002).
3.3.3. Nutrient availability
Qualitative information about the trophic state of the upper waters is achieved by using an
eutrophication index NA (nutrient availability):
NA = accumulation rates of the nutrient sensitive-aerobic degradation unsensitive species:
Impaginium aculeatum, Impagidinium paradoxum, Impagidinium patulum, Impagidinium
sphaericum,

Nematosphaeropsis

labyrinthus,

Operculodinium

israelianum

and

Polysphaeridium zoharyi (Zonneveld et al., 2007). Sediment trap studies and field surveys
document that accumulation rates of these species increase in the Mediterranean as well as
open oceans when phytoplankton production related nutrient concentrations in upper waters
increase (Elshanawany et al., 2010; Holzwarth et al., 2007; Zonneveld et al., 2009; Zonneveld
et al., 2010a).
3.3.4. Sea surface temperature
Qualitative information about variations in sea surface temperature is obtained using the
following ratio:
W/C = Wn / (Wn + Cn)
where n = number of specimens counted, W = warm water species, C = cold water species. W
=

Impagidinium

aculeatum,

Impagidinium
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Operculodinium israelianum, Polysphaeridium zoharyi, Spiniferites mirabilis. C =
Bitectatodinium tepikiense.
Species selection is based on the global geographic distribution of organic walled
dinoflagellate cysts (e.g. Marret and Zonneveld, 2003).
3.4. Time series analysis
Frequency analysis of the above mentioned indices have been performed using the
red-noise spectrum analysis of the program REDFIT which is based on Lomb periodogram
and particularly suitable for unevenly spaced time series, the significance levels are presented
to test reliability of periodicities as shown by spectral peaks (Schulz and Mudelsee, 2002). To
validate if there is any spurious signal from REDFIT, we additionally performed an analysis
using the multiTaper Method (MTM) of SSA-MTM Toolkit. This method can reduce the
spectral leakage by using small tapers (Ghil et al., 2002). As spectrum analysis is unable to
detect the temporal distribution of frequency signals, the matlab package of Continuous
Wavelet Transform (CWT) which based on Morlet wavelet is included in this study to
investigate the cyclic characters of the individual indicator properties throughout the sequence
(Grinsted et al., 2004).

Fig 5. Degradation index (kt).
4. Results
The degradation index (kt) varies from 1.4 to 4.3 in the studied interval. It shows
relatively low values between and BC 60 and 60 AD (Fig 5), and stays relatively stable
throughout the whole sequence.
Accumulation rates of the dinoflagellate cyst Lingulodinium machaerophorum and
freshwater alga Concentricystes show no increasing or decreasing trend through the studied
interval but fluctuate around the mean of 8.6 cyst/cm2/y and 0.8 cyst/cm2/y respectively. Their
accumulation rates fluctuate with strong cyclicities of 11 and 40 years and to a lesser extend
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of 8 and 18 years. Wavelet analyses reveal that the cyclicity is most pronounced during 0-120
AD (Fig 6).
The NA index is relatively steady throughout the sequence and ranges from 2.9 to 44.4
cyst/cm2/y (Fig 7). The accumulation rates fluctuate with clear cyclicities of 7-8, 14 and 50
years based on spectral and wavelet analysis. The latter shows that the cycles are only clearly
presented between 100 and 200 AD (Fig 6).
The dinocyst derived sea surface temperatures (SST) are stable during 60 BC and 90 AD
with few exceptionally low values around 40 AD. After 90 AD, a clear decreasing trend is
observed which characterized by large fluctuations (Fig 7 A). The association that is observed
between 60 BC and 90 AD is equivalent to modern regions that are characterized by higher
SST as the present day Gulf of Taranto. Predominant cycles of 7, 11 and 33 years are
observed in the SST curve with different power throughout the time series but highest values
during 80-200 AD.
5. Discussion
5.1. Preservation and relocation
During the last decade it has became clear that post-depositional aerobic organic matter
(OM) degradation can severely alter the dinoflagellate cyst signal (Versteegh and Zonneveld,
2002; Zonneveld et al., 2010b). The reconstructed degradation index (kt) shows an average
value of 3.3 indicating that the environmental signal from heterotrophic dinoflagellate cysts
have been altered due to degradation. This implies that only the accumulation rates of cyst
species that are resistant to aerobic degradation (autotrophic dinoflagellate cysts) reliably
reflect upper water environmental changes (Kodrans-Nsiah et al., 2008). We therefore only
use degradation resistant species to base our reconstruction on.
Another factor that can alter the fossil dinoflagellate cyst association is relocation of
cysts. According to their size, dinoflagellate cysts belong to the silt fraction and traditionally
it was assumed that they might be transported away long distances before they sink to the sea
bottom (e.g. Dale, 1992). However, recent sediment trap studies show that the cysts sink like
phytoplankton and fecal pellet aggregates with sinking rates of about 274 m/day, much faster
than marine snow (Zonneveld and Brummer, 2000; Zonneveld et al., 2010a). Given the water
depth of 270m on the core position, strong lateral translocation is unlikely. We therefore
assume that the sedimentary dinoflagellate cyst association reflects local environmental
conditions.
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Fig 6. Spectral (Redfit and MEM) and wavelet power of Accumulation rates of A. ASW. B.
NA. C. Dino-W/C ratio.
5.2. Upper water trophic conditions
Within this study, the total accumulation rates of degradation resistant species are used
as upper-water nutrient indicators. This is based on sediment trap surveys that show that all
dinoflagellate cyst species studied so far show increased cyst production (enhanced
accumulation rates) when total upper water phytoplankton production increases (Montresor et
al., 1998; Susek et al., 2005; Zonneveld et al., 2010a). That this holds as well for the research
area is shown by a detailed survey of cyst production in the Po-river plume area (Zonneveld et
al., 2009) as well as a broader survey in the whole Mediterranean Sea (Elshanawany et al.,
2010) . Variation of upper water phytoplankton production in the Gulf of Taranto can be
caused by several mechanisms. The majority of the nutrients and trace elements are brought
into the research area by Adriatic Surface Waters (ASW). Changes in Po-river discharge rates
and/or discharge rates of the Western Italian rivers will result in an extension of the “plume”
length which in turn will result in more or less nutrient input at the core site (Boldrin et al.,
2005; Degobbis et al., 1986). Consequently, an increase in accumulation rates of our nutrient
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sensitive species might be an indicator of enhanced river discharge. If this is the case, we
would expect a contemporaneous increase in species that are characteristic for the ASW.
Concentricystes spp. is restricted to fresh water environments but can be transported into
the marine realm by river waters (Sánchez-Goñi et al., 1999). The occurrence of this
palynomorph in our record indicates that surface waters at the study site were influenced by
river discharge. Here we also use the concentration of Lingulodinium machaerophorum as
indicator for river discharge fluctuations. L. mach is often observed in high and sometimes
overwhelming amounts in sediments from river plumes worldwide (e.g. Lewis, 1988; Dale
and Fjellsa, 1994; Wang et al., 2004; Pospelova et al., 2005). This species is especially
successful in the phytoplankton when a combination of environment factors of upper water
column and the presence of high nutrient concentrations, such as is present in river plumes
(Smayda and Trainer, 2010). In the eastern Mediterranean it is characteristically observed in
river plumes (e.g. Giannakourou et al., 2005; Elshanawany et al., 2010). A change in cyst
concentration can therefore be assumed to reflect changes in plume water influence at the
sampling site. Our observation of enhanced accumulation rates of L.mach at times when fresh
water must have reached the site confirms this assumption. This is also the case for the
Po-river plume system where high concentration of this species are observed close to the
Po-river delta with concentrations decreasing with increasing distance from the Delta (Rubino
et al., 2000; Sangiorgi et al., 2002; Sangiorgi et al., 2005; Zonneveld et al., 2009). To date,
surface waters at the sampling site are seasonally formed by ASW with minimal rates in
summer when ASW has a more costal distribution and Ionian surface water flows over the
core position. Maximal extension of the plume occurs in spring and late autumn. The extent
of the ASW plume into the Gulf is strongly related to the amount of precipitation in the Alps
and Apennines either in the form of snow in winter or rain in autumn (Zanchettin et al.,
2008b). In the study region, cyst production is highest in autumn when ASW inflow is
maximal, we can assume that the dinoflagellate cyst signal represents mainly autumn water
conditions (Belmonte et al., 2001; Caroppo et al., 1999; Caroppo et al., 2006). The
accumulation rates of Adriatic Surface Water species L. machaerophorum and
Concentricystes generally match the accumulation rates of nutrient sensitive species
throughout the whole period (Fig 7 B, C). It therefore can be assumed that the signal mainly
reflects river discharge fluctuations. However, some discrepancies can be observed especially
during BC 20 - AD 25 and 40 – 65 AD.
Other mechanisms that bring nutrients and trace elements into the research area are the
deposition of volcanic ash, input of Sahara-Sahel dust or enhanced winter upwelling. It is
suggested that volcanic ash releases large amounts of phosphate, iron, and other trace metals
which can support microscopic biological life (Jickells et al., 2005; Langmann et al., 2010).
Our study location is downwind of the Italian volcano Vesuvius. Therefore the oceanographic
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conditions in our study area might have been influenced by Vesuvius eruptions. However, we
do not see a relationship between eruptions of the Vesuvius and changes in the NA index (Fig
7). We therefore assume that the volcanic ash input did not affect cyst association.
Several studies document that Sahara-Sahel mineral dust can be carried great distances
away into Mediterranean area by wind (Dulac et al., 1996; Santese et al., 2010; Tafuro et al.,
2006). By comparing monitored daily Saharan dust input in the northeastern Mediterranean
Sea with observed chlorophyll a and nutrients data between 2000 and 2001, Eker-Develi et al.
(2006) conclude that dust transport events increased phytoplankton abundance and biomass in
autumn when water column stratification is at its peak. Geochemical records on the flux of
Saharan dust in Eastern Mediterranean Sea suggest that the dust flux might have been higher
2000 years ago (Roman Classical Period) compared to the mean Holocene conditions (Box et
al., 2008). For evaluation of the relationship between nutrients in Adriatic Sea and dust output
from Sahara-Sahel region, we compared the NA index with the record of dust deposition off
northwest Africa (Mulitza et al., 2010), however, no clear correlation can be observed
throughout the series (Fig 7 C, D), therefore it is not able to interpret the cyst production of
our “nutrient sensitive species” by the dust from Africa during the “Roman Classical Period”.
To date, the nutrient availability in the study area is also influenced by winter mixing
between surface and intermediate waters promoted by cold Bora winds (Asioli et al., 2001;
Orlic et al., 1994). The Bora originates from the northeastern area which has a characteristic
vegetation. Consequently, fluctuations in Bora influence in the region are well traceable in
pollen records (e.g. Di Rita and Magri, 2009). However, so far there is no indication of a
changed pollen association suggesting enhanced influx of Northern regions in the research
area and investigated time interval that can account for potential enhanced winter mixing
during the last 2000 years (e.g. Combourieu-Nebout et al., 1998; Noti et al., 2009; Tinner et
al., 2009). We therefore can not interpret our signal in terms of winter mixing, but can not
exclude this factor to have influenced our signal. The fact that in the region cyst production
does not take place in winter makes this however rather unlikely.

Table 1. Radiocarbon dates of core DP30PC.
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Fig. 7. Comparison of A. W/C ratio, B. ASW indicators (cyst/cm2/y), C. NA index
(cyst/cm2/y) and D. dust fraction, thick line represents 5 point running average, dotted line
indicates five order polynomial fit (A, D).
5.3. Sea surface temperature
The dinoflagellate cyst warm/cold ratio suggests that SST is relatively high and stable
between 60 BC and 90 AD followed by a decreasing trend between 90 and 200 AD. When
comparing the W/C ratio of 60 BC to 200 AD to the present day situation, the dinoflagellates
suggest slightly higher SST than today (Fig 8). Recently Versteegh et al (2007) showed that
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SST in the region is strongly related to local air temperature, we therefore assume that air
temperature might have been warmer during the Roman Period as well. Similar results of
ameliorative climate conditions during Roman Period have also been suggested by other
studies in the Mediterranean region. For example, based on investigation of stalagmites in SE
Alps, Frisia et al (2005) conclude that the “Roman Classical Period” temperatures were
similar or slightly higher than those of today with the highest temperatures reached between
around 400 BC and 0 AD. The relatively high temperatures reconstructed during Roman
Period are consistent with a reduced glacier extent in the Alps (Giraudi, 2009; Holzhauser et
al., 2005). Based on the pollen records in Georgia, a maximum phase of warming in the
Holocene is reconstructed between 100 BC to 200 AD (Kvavadze and Connor, 2005).
However, there are also several studies that reconstruct lower tempertures than today during
the studied interval. For instance, Mangini et al. (2005) and Taricco et al. (2009) suggest a
cold/dry Roman period based on δ18O records in the Central Alps and the Gulf of Taranto
respectively. Unfortunately, Taricco et al. (2009) did not correct the signal for potential
influence of freshwater input in the Gulf. The fact that we find fossil remains of freshwater
algae in the sediments indicates that varying amounts of freshwater must have been present in
the upper waters which must have influenced the δ18O signal. This suggests the δ18O based
temperature reconstruction might represent underestimated SST values. Based on Keigwin
(1996), the reconstructed SST in Bermuda Rise region decreased between 200 BC and 200
AD. This suggests that temperatures might have varied largely between regions and that our
result mainly reflect a local signal. Apart from this, part of the discrepancy might also be the
result of different sensitivity of individual proxies to natural forcings. More detailed studies of
this time interval from many different regions are therefore required to obtain an answer on
the question “if and where temperatures were higher and lower than today”. We observe a
negative correlation between SST in Adriatic area and dust output from Northwestern Africa
region where high temperature corresponds to low dust output (high moisture/precipitation)
(Fig 7 A, D). This confirms the earlier suggestion that high temperature in Mediterranean area
can cause wet conditions in Sahel region (e.g. Rowell, 2003). However, more studies are
needed in future to testify this relationship.
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Fig 8. A. W/C ratio in the “Roman Classical Period”, thick line represents 5 point running
average, 20th century mean value is in horizontal dash dot line, and comparison with global
14C anomalies (dotted line). B. Worldwide volcano eruptions with explosive intensity (VEI).
Thick curve indicates Vesuvius eruption at 79 and 172 AD. Data are based on
http://www.volcano.si.edu/world/largeeruptions.cfm (Siebert and Simkin, 2002).
5.4. Cyclic environmental changes in the Gulf of Taranto
The most prominent cyclic variations in our datasets have a frequency of 7-8 and 11
years in the ASW and SST records (Fig 6). Both curves show a synchronous pattern with
relatively high temperatures when river output is enhanced (Fig 7 A, B). A climate mode that
could influence both temperature and precipitation contemporaneously is the North Atlantic
Oscillation (NAO). Our records do not give indications that other climatic modes that, for
instance, strongly steer the Sirocco, have such a cyclic characters as well. We therefore
assume that the NAO is the most prominent climate mode influencing the region. Our
suggestion of NAO being a prominent climate mode influencing our cyclic variability is in
agreement with findings from Northern Italy where variations in Po-river discharge and NAO
could be linked for the last 200 years (Zanchettin et al., 2008a). During the last thousand
years, a 7-8 years NAO cyclicity is often observed in the North Atlantic and Mediterranean
regions and has been linked to SST anomalies between tropical Pacific and Atlantic (e.g.
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Appenzeller et al., 1998; Berger, 2008; Hubeny et al., 2006; Rodwell et al., 1999).
The other significant periodicity of around 11 years can be linked to solar activity. The
good matching between the W/C ratio and global 14C anomalies (Stuiver et al., 1998) suggests
that solar activity played an important role in Roman climate change in the Adriatic area as
well (Fig 8). Similar conclusions have been provided by a number of studies which have been
carried out in the same area (e.g. Brunetti et al., 2000; Castagnoli et al., 2002; Taricco et al.,
2009; Versteegh et al., 2007). Although the exact mechanisms are largely unknown, it is clear
that changes in solar activity can influence the earth’s climate (see e.g. de Jager et al., 2010;
Erlykin et al., 2010 and references therein). In Gulf of Taranto area, the most prominent
candidate for influencing local climate is the NAO rather than direct solar activity (Hurrell
and VanLoon, 1997). However, several studies suggest that NAO might be strongly
influenced by solar activity (Georgieva et al., 2007; Hu et al., 2003; Kodera 2003; Versteegh
2005). For the Mediterranean area, it is suggested that this relationship might be non-linear
(Versteegh et al., 2007). As a result it is not easy to determine how much of the NAO
variation is related to changes in solar activity. Our observations of the presence of a marked
11 years cyclicity in our signals suggest however that the effect is not neglectable.
5.5. Noncyclic forcing of local climate
Apart from cyclic variations in our data, we observe non-cyclic fluctuations in SST
between 40 and 100 AD. The timing of these noncyclic variations correspond well to that of
large volcano eruptions occurring worldwide. During intervals when SST is relatively stable,
volcano eruptions appear to have occured unfrequently (Fig 8). It is well known that large
volcanic eruptions can lower global temperature up to 0.5 oC during two to three years after
the eruption (e.g. Crowley, 2000; Hegerl et al., 2003; Sear et al., 1987). Our record therefore
provides strong indications that this has also been the case in the Roman Period. However,
some caution is requested as the exact outbreak of the majority of the eruptions is rather
unclear (Siebert and Simkin, 2002). One exception is formed by the volcano eruption of the
Vesuvius (Italy) at 79 AD that destroyed the Roman city Pompeii (Cawthorne, 2003). This
event corresponds to a temperature minimum in our dataset. We therefore assume that the
Vesuvius eruption might be a candidate to have caused the observed cooling event at 79 AD.
5.6. Cultural changes in the Roman Empire and climate change
To date, there have been a lot of studies devoted to understand the relationship between
climate change and ancient civilization. Most of these investigations suggest that cooling and
drying climate might have played a significant role in the collapse of cultures as it might have
caused crop failure and the enhancement of the occurrence of cultural conflicts caused by
adverse environmental conditions (e.g. Binford et al., 1997; Haug et al., 2003; Hodell et al.,
1995; Yancheva et al., 2007). Our study shows that the investigated part of the Roman Period
might have been warmer than the 20th century, and it is interesting to note that our study
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interval is more or less the same as the “Pax Romana” (27 BC to 180 AD), which denotes a
long period of relative peace (Gibbon and Saunders, 2001). We speculate that the booming
period “Pax Romana” might be related to this relatively warm and stable situation.
Interestingly, wars between Roman and neighboring cultures became more frequent along
with the subsequent Roman decline after 200 AD, shortly after our records show a declining
temperature trend. It would therefore be extremely interesting to dedicate more studies to this
time interval to be able to pinpoint the relationship between climate and civilization.
6. Conclusion
To obtain insight into character and potential forcing of short term climatic and
oceanographic variability in the southern Italian region during the “Roman Classical Period”
(60 BC - 200 AD), detailed high temporal resolution climatic and environmental
reconstructions based on a dinoflagelate cyst record from a well dated site in the Gulf of
Taranto located at the distal end of the Po-river discharge plume have been established.
Changes in cyst accumulation rates are shown to reflect short term fluctuations in trophic
state of the upper waters. Contemporaneous changes in cyst accumulation rates of the Adriatic
Surface Water species L. machaerophorum and the fresh water algae Concentricystes with
those of nutrient indicative species indicate that these changes can be related to river
discharge of the Po-river and eastern Italian river systems which in turn reflects precipitation
on the Italian continent.
SST reconstructions based on the dinoflagellate cysts composition suggest high stable
temperatures between 60 BC and 90 AD followed by a decreasing trend between 90 AD and
200 AD. Consistent to earlier findings for the region, we reconstruct that local air temperature
during Roman Period might have been warmer than that of the 20th century.
The contemporaneous cyclic character of the SST and river outflow records imply that
the upper air circulation system of the so called North Atlantic Oscillation is the most
prominent climate mode influencing the climate system in the research area during the
“Roman Classical Period”. The observation of a strong 11 years cyclicity in our records
together with a strong visual correlation of our temperature and river discharge records with
global variation in 14C anomalies suggest that solar activity might have been an important
climate forcing factor during this time. Besides, we observe a strong visual correlation
between non-cyclic variations in SST and volcanic activity suggesting that volcanisms might
have been an important additional climate forcing as well.
Our reconstruction of relatively warm stable climatic conditions corresponds to the time
of the “Pax Romana”. The interesting historical information that conflicts between Roman
and neighboring cultures became more frequently along with the subsequent Roman decline
about 100 years after we show the start of a cooling trend, suggesting that there might be a
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link between climate and the Roman history that is worth to be investigated in more details in
future.
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Appendix. Original counts of organic walled dinoflagellate cysts.
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8. Conclusions and perspectives
8. 1 Main conclusions
The detailed high temporal resolution climatic and environmental reconstructions from
Gulf of Taranto area have been established based on dinoflagelate cyst records. The past sea
surface temperature, river discharge and precipitation as well as marine nutrient availbility in
the Southern Adriatic area show highly sensitivity to variations of dinocyst assemblages and
abundance during three special time period: (1) last 400 years, (2) Medieval Classical Period
(MCP 1000-1200 AD) and (3) Roman Classical Period (RCP 60 BC-200 AD).
Dinoflagellate cyst association reflects both upper and bottom water circulation. Based
on the relative abundance data from 48 surface samples in the middle and distal part of the Po
river discharge plume area, four associations can be distinguished that are characteristic for
the major oceanographic settings in the region. (1) River discharge association. This group
species have high relative abundances in sites where bottom waters are low in oxygen and
upper waters are influenced by river discharge waters that are characterized by high
productivity and relative low salinity. (2) Warm water association. Species in this group have
their highest relative abundances in the sites that are characterized by relative warm upper
waters with intermediate chlorophyll-a concentrations. (3) Oxygenated bottom water group.
Species of this group have their highest relative abundance at sites where bottom waters are
well oxygenated and formed by ADW or EMDW. (4) Golfo di Taranto group consisting of
Protoperidinium species have their highest relative abundances in the Golfo di Taranto that is
characterized by enhanced primary production in winter. The variation in accumulation rates
can be related to gradient changes in the trophic state of the surface waters linked to river
outflow. Most species show a positive relationship between cyst production and nutrient/trace
element availability in upper waters.
Accumulation rates of autotrophic dinoflagellate species L. machaerophorum shows the
evolution of eutrophication status in the Gulf of Taranto area, results reveal that the
eutrophication in the Gulf of Taranto area started at 1880 AD that are highly associated with
the industrial, agricultural development and population growth in Italy. The trophic state of
the upper waters are suggested to be closely linked to the variations of river discharge which
in turn is strongly related to precipitation in Italy. Besides, dust from African regions might
form another sources of nutrients in the study area. Reconstructed precipitation and sea
surface temperature variability during these time intervals are consistent with instrumental,
documentary and proxy records in the Southern Adriatic region. We speculate that
anthropogenic activity might have disturbed the naturally cyclic occurred temperature and to a
less extent precipitation perturbations during the last 400 years. The reconstructed sea surface
temperature (SST) appears to be lower in the Medieval Period compared to those of today.
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Besides, low river discharge/precipitation was registered in Adriatic area during this period
that is synchronous to widespread drought events in other subtropical regions. It is suggested
that the climate is influenced by NAO and ENSO related large scale ocean-atmosphere
circulation shifts during the Medieval Period. However, the dinoflagellate cyst association
indicates that local sea surface temperatures which are strongly linked to local air
temperatures were slightly higher during the Roman Classical Period than it is today. This
relatively warm stable climatic condition corresponds well to the “Pax Romana” of a long and
relative peace period during the Roman Empire.
Predominant cycles of around 7-8 and 11 years are observed in all three periods that can
be related to the North Atlantic Oscillation climate mode and solar activity. Apart from the
cyclic climate variability, good correlation between non-cyclic temperature drops and global
volcanic activity are observed, indicating that the latter forms an additional major forcing
factor of the southern Italian climate. It is suggested that the highly fluctuated climate in the
Gulf of Taranto region might be largely influenced by NAO and solar activity during the last
2000 years. However, the variation of NAO can also be modulated by solar activity.
Therefore more studies are required to obtain more insights on how these factors might be
teleconnected to have influenced the climate change in Southern Adriatic area.
8. 2 Future perspectives
The current work focuses on high resolution climatic and oceanographic reconstructions
during several interesting time intervals in Southern Adriatic area, the potential
natural/anthropogenic forcing factors are also discussed for our better understanding of the
climate mechanisms. However, there are some aspects need to be considered and addressed
adequately in future to improve this work.
(1) The age models of the thesis are based on radiocarbon 14C, 210Pb and 137Cs measurements.
It is interesting to notice that our core locations are situated downwind from South Italian
volcanoes, respective volcanic ash layers are documented in both marine and lacustrine
deposits. Previous studies have found numerous ash layers (clinopyroxene peaks) in the
marine sediments that can corresponding to the historical volcanic eruptions for example
Pompei (79 AD), Ischia (1301 AD) and Monte Nuovo (1538 AD) (e.g. Bonino et al., 1993;
Castagnoli et al., 1992). Therefore it is allowed to establish a detailed tephra-based
chronology in future work that can constrain the age better.
(2) The high resolution environmental and climatic changes in our study area have been
carried out by several different methods for instance planktic foraminifera isotopes (Grauel
and Bernasconi, 2010), alkenone thermometers (Leider et al., 2010) and inorganic
geochemical analysis at more or less the same time, therefore it is of great significance to
compare the results based on different approaches in the next step to have a complete view of
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the paleoclimate variations in the study area.
(3) Marine (dinoflagellate cysts) and terrestrial palynomorphs (pollen/spores) have been
combined together as an effective tool to establish direct land-sea correlations in different
locations during past decades (e.g. Bouimetarhan et al., 2009; Turon et al., 2003; Zonneveld,
1996), investigating of pollen assemblages can establish a detailed reconstruction of
vegetation in the catchment area, it therefore offers an opportunity to obtain information on
human induced environmental change and terrestrial input in the marine realm, and enhance
the insight in natural and anthropogenic induced climate change.
(4) Quantitative reconstructions on climatic and oceanographic parameters for instance sea
surface temperature, sea surface salinity based on dinocyst assemblages have been established
in different locations especially in high latitude regions (e.g. de Vernal et al., 2001; Devernal
et al., 1994; Esper and Zonneveld, 2007; Marret et al., 2001). However, most of the studies on
climate change by dinocyst records in the Mediterranean area are currently qualitative and
empirical, there is no interpretations carried out by quantitative ways such as modern
analogue technique in our study area probably due to limited and relatively small spaced
sample locations, therefore the dinocyst based quantitative analysis forms an important
supplement for the high quality reconstructions on paleoclimatology and paleoceanography.
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Appendix 1. The use of dinoflagellate cysts to separate human and natural
variability in the trophic state of the Po River discharge plume during the
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Abstract
To obtain insight in natural and/or human induced changes in the trophic state of the
distal part of the Po River discharge plume during the last two centuries, high temporal
resolution dinoflagellate cyst records have been established at three sites. Cyst production
rates appear to reflect natural variability in river discharge whereas the cyst associations
reflect the trophic state of the upper waters, which can be related to agricultural developments.
Increased abundances of Lingulodinium machaerophorum and Stelladinium stellatum as early
as 1890 and 1920, correspond to the start of the industrial revolution in Italy and the first
chemical production and dispersion of ammonia throughout Europe. After 1955 increased
abundances of these species as well as of Polykrikos schwartzii, Brigantedinium spp. and
Pentapharsodinium dalei correspond to an agriculturally induced change to hypertrophic
conditions. A slight improvement of the water quality can be observed from 1987 onward.
Keywords: dinoflagellate cyst; eutrophication; high temporal resolution; Po River;
Mediterranean Sea.
1. Introduction
Today eutrophication is an increasing environmental and economic problem in numerous
coastal areas. During the last century human activity has accelerated nutrient and trace
element enrichment of coastal areas through increasing inputs of mostly nitrogen and
phosphorus, stimulating production of phytoplankton (e.g. Rabalais et al., 2009). Although at
an early stage, eutrophication can have a positive impact on the planktic and benthic
communities, successive increases in nutrients and/or trace-element loads can lead to
undesirable changes in the ecosystem such as a decrease in species diversity, over-production
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and algal blooms that, in turn, can result in oxygen depletion (e.g. Maskell et al., 2010; Zhang
et al., 2010). Over the last decades the awareness increased of the problems caused by
eutrophication and its social-economic effects and many national and local governments
started waste-management programmes to improve the coastal water quality (see references in
e.g. IPCC, 2007). One of the main questions of these governments is the extent to which their
activities have had effect on the coastal ecosystems. Before this question can be answered
detailed information must be available about how the ecosystem reacted on natural and
anthropogenic changes prior to the governmental measurements. A proven method is to
monitor the biological, chemical and physical characteristics of an ecosystem. However, with
some valuable exceptions, monitoring programs start after the 1980s whereas anthropogenic
changes often affected the ecosystems long before this date. It is therefore required to study
the ecosystem variability prior to the strong anthropogenic influence on the system (e.g.
pre-industrial times) and compare this to the later developments (post industrial times). In this
paper we use a micropalaeontological approach to obtain insight in the state of the southern
Italian coastal ecosystem over the last 2 centuries with emphasis on the last 60-80 years. This
area is one of the coastal regions in Europe that suffers most from eutrophication. This region
is influenced by northern and eastern Italian river-discharge waters, notably of the Po River.
The Po River is the largest Italian river which receives input from the Alps and the Apennines.
Due to the anti-clockwise surface water circulation in the Adriatic Sea, Po discharge water is
pressed along the Italian coast and moves southward where it is spiced by discharge waters of
local eastern Italian rivers that drain the Apennines. The river-waters are used as a source of
water as well as being receiver of waste when passing through areas that are intensively
industrialised or used by agriculture. Increasing anthropogenic activity in the drainage areas
since the beginning of the last century, is assumed to have resulted in a steadily increasing
nutrient and trace element load of the river waters that, in turn, could be related to e.g. the
more frequent (toxic) plankton blooms and anoxia in the North Adriatic Sea (e.g. Degobbis et
al., 2000; Giordani and Angiolini, 1983; Justič et al., 1987; Justič, 1987; Marchetti et al.,
1989). The Italian government reacted on this trend by regulating the use of phosphates in the
late seventies of the last century and since about this time a the surface water chlorophyll-a
concentrations are reducing in the northern Adriatic Sea (de Wit; Bendoricchio, 2001;
Mozetic et al., 2010; Solidoro et al., 2009). However, to date it is not clear if these changes
are the result of the cultural oligotrophication as an effect of governmental coastal-water
protection measurements and population dynamics or the result of climate factors such as
climatically induced changes in river outflow (see discussion in Mozetic et al., 2010).
To obtain insight into the trophic state of the ecosystem previous and during industrial
time we studied the sedimentary record of dinoflagellate cysts. Marine cyst forming
dinoflagellates react very sensitively to changes in the trophic state of the upper waters and
their fossilised sedimentary cyst associations are useful eutrophication indicators in marine
settings, especially in estuarine and fjord systems (e.g. Dale and Fjellså, 1994; Dale, 2009;
Krepakevich and Pospelova, 2010; Pospelova et al., 2002; Pospelova and Kim, 2010; Radi et
al., 2007; Saetre et al., 1997; Shin et al., 2010). By correlating cyst accumulation rates and
cyst associations with river discharge rates, changes in the nutrient load of the river outflow
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waters, the demographic history in the catchment areas and the use of artificial fertilisers, we
obtain insight into the natural and anthropogenic impacts on the system. We show that cyst
accumulation rates of species that resist aerobic degradation as well as species that are
characteristically present in the modern river plume can be related to the quantity of the Po
river discharge. Changes in the cyst association and the accumulation rates of individual
species can be related to demographic changes and human activity in the river catchment. We
suggest that accumulation rates of these species can be used to reconstruct the quality of
discharge-water rather than the quantity. We discuss the value of these findings for future
eutrophication studies.

Fig 1. Map of Italy the Adriatic Sea showing major river systems, marine surface water
currents and core positions. ISW = Ionian surface Water, ASW = Adriatic Surface Water.
2. Oceanographic setting
The Adriatic Sea and the Golfo di Taranto are two side-basins of the Eastern
Mediterranean Sea (Fig. 1). The Adriatic Sea is land-locked by Italy in the west and Balkan
countries in the east whereas the Golfo di Taranto is land-locked at three sides by the southern
part of Italy. The current systems of both basins are strongly related to each other and to that
of the eastern Mediterranean Sea. Surface waters at the eastern side of the Golfo di Taranto
and the western part of the Adriatic Sea are formed by the same water mass that finds its
origin in the north-western North Adriatic Sea. Here large amounts of water from the Po
River and northern Italian rivers enter the marine system (e.g. Boldrin et al., 2005; Syvitski
and Kettner, 2007). The Po River is the largest Italian river draining the southern part of the
Alps and northern part of the Apennines. It enters the north-western North Adriatic Sea
through a deltaic system. The major part of its catchment area, the so-called Po-valley, is
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intensely used for agriculture and industry and its large cities of Milano, Venezia and Torino
inhabit the majority of the Italian population.

Fig 2. Compiled satellite image of upper ocean chlorophyll-a concentrations in (a) summer, (b)
autumn, (c) winter, (d) spring (gcmd.nasa.gov).
As a result of the anti-clockwise surface water circulation induced by Coriolis forcing,
the fresh, nutrient and sediment rich discharge waters are pressed against the western coastal
margin of the Adriatic Sea (e.g. Lee et al., 2007; Orlic, 2009 and references therein). The
discharge waters that enter the marine realm have a clear sedimentological, physical and
biological character such as high chlorophyll-a concentrations (Fig. 2). A band of these
waters can be traced along the whole western margin of the Adriatic Sea, the Strait of Otranto
and around the Calabrian Peninsula into the Golfo di Taranto. Classically these waters are
classified as Adriatic Surface Water (ASW). Along their way southward, the plume waters are
additionally spiced by sediment loaded, fresh, nutrient and element rich waters from local
eastern Italian rivers draining the eastern side of the Apennines. Although the loads of
nutrients and sediments of these local rivers are considerably lower with respect to the Po
River discharge, their sedimentary signal can be traced clearly in the most coast-near waters
whereas the Po discharge signal can be traced in the more offshore parts of the coastal
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discharge plume (e.g. Milligan and Cattaneo, 2007; Tomadin, 2000). These differential
sedimentary signals can be traced as far as the Gargano Peninsula whereas further south the
plume-waters are characterised by a mixed signal. South of the Gargano peninsula the Golfo
di Manfredonia is located. This small basin is relatively shallow but its depth increases
significantly in seaward direction beyond the 30m isobath. Surface waters are formed by the
AWS that show a cyclonic circulation inside the Gulf and a southwestward direction at its
outer rim. The surface waters of the central and eastern side of the Adriatic Sea are formed by
the oligotrophic Ionian Sea surface waters (ISW) that enter the basin through the Strait of
Otranto (Fig. 1). They are pressed against the most offshore side of the river plume waters
slowly mixing with the ASW on their ways southwestward.
Within the Golfo di Taranto, the circulation is cyclonic with both ASW and ISW
entering along the eastern part the basin. Within this gulf both water masses mix with ASW
being characteristically traceable as far north as the city of Taranto (Boldrin et al., 2005; Lee
et al., 2007). The surface circulation and the extension of the ASW plume are strongly
dependent on the seasonal cycles, with ISW invading the basin in late winter and early spring.
In late spring, summer and autumn, ASW enters the basin from the south-east along the
Calabrian margin. Maximal influx of ASW can be observed in late spring and autumn related
to enhanced Po River discharge due to the melting of snow and ice in the Alps and Apennines
in spring and enhanced precipitation in autumn. During winter enhanced mixing between the
oligotrophic ISW and more nutrient enriched Levantine Intermediate Waters (LIW) results in
locally enhanced phytoplankton production in the upper waters. Nutrients and trace elements
in the research area not only introduced by the ASW and by winter mixing, but also by the
deposition of volcanic ash and dust from the Sahara-Sahel (Eker-Develi et al., 2006;
Langmann et al., 2010; Stuut et al., 2009). Aeolian dust is brought into the system by a
northward wind called the Sirocco. The Sirocco tends to occur year round without a favoured
season although strong gale-forced Siroccos are most common during spring (Pasaric et al.,
2007).
Intermediate waters of both the Adriatic Sea and the Golf of Taranto that reside between
150 and 600 m water depth, are formed by the LIW originating from the Levantine basin
(Greece). In winter these waters mix with the ISW in the Adriatic Sea to form Adriatic Deep
Water that in turn forms a considerable part of the dense Eastern Mediterranean Deep Water
(EMDW) that is represented by the deep water masses of the Golf of Taranto below about
600m water depth (e.g. Hainbucher et al., 2006; Sellschopp and Alvarez, 2003).
3. Material and methods
3.1. Core Material
The cores GeoB 10709-5 (39° 45.39‘N - 17°53.57‘E water depth 172.3 m), GeoB
10706-3 (39° 49.50`N - 17° 50.00`E water depth 218m) and GeoB 10732-3 (41°30.00‘N 16°24.46‘E water depth 50.7 m) have been collected by a multicoring device during the
research cruise CAPPUCCINO with the R.V. POSEIDON in June 2006 at 218.3 m water
depth (Zonneveld et al., 2008; Fig. 1). Immediately after recovery, the cores have been frozen
and stored at -20°C until further treatment. Previous to sampling the still frozen cores were
stored at -4°C for one day enabling high precision cutting of the core in slices of 2.5 mm
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(Cores GeoB 10709, 10732) and 3 mm (Core 10706). The cutting was carried out in a cold
storage room at 4°C. Care was taken that the core temperature remained under -2°C to avoid
damage of the core structure. Sediments of all cores consist of homogenous greenish/grey soft
mud. Oxygen penetration depth is registered to be 5 cm, 7 cm and 2.5 cm for cores GeoB
10732, GeoB 10709 and GeoB 10706 respectively. Slight bioturbation is registered in all
cores (Zonneveld et al., 2008).

Fig 3. Depth profiles of total excess 210Pb (210Pbxs) and 137Cs for multicore GeoB 10709-5.
The assumed mixed layer at the top 7 cm of the record is shaded. Error bars mark 1 standard
deviation of the activity including counting statistics and detector calibration uncertainty.
Analyses marked with stars are assigned to measurements with values below decision
threshold.
3.2. Core chronology
The age model of core GeoB 10709-5 is based on 210Pb/137Cs-dating by gamma
spectroscopy at the Institute of Environmental Physics, University of Bremen (Fig. 3). Wet
samples were sealed into plastic cylindrical dishes with a diameter of 7 cm using Rn tight foil.
Before measurement they were left sealed for a minimum of 3 weeks so that the radioactive
equilibrium between 226Ra and 222Rn (and its daughters) had been established. A coaxial
HPGe detector Canberra Industries (50% rel. efficiency) housed in a 10 cm Pb shielding with
Cu and plastic lining operated under Genie 2000 software was used for gamma spectroscopy.
Measurement live-times were 2 days or more. The full energy peak efficiencies have been
calculated using LabSOCS© (Laboratory SOurceless Calibration System), Genie 2000
software calibration tool, based on defined sample to detector geometry and density. For
determination of excess-210Pb activity (210Pbxs) 210Pb-supported activity was subtracted from
the 210Pb-total signal, measured via 46.5 keV line. Supported 210Pb was determined via the
351.9 keV line of 214Pb. Additionally, the artificial isotope 137Cs was analysed. 137Cs values
above the limit of detection were found in the uppermost 4 slices (down to depth of 12 cm).
210
Pbxs decreases monotonously in the profile with maximum value of 106 Bq/kg in the depth
of 0.5cm. A sedimentation rate of 1.17 ± 0.266 mm/y was estimated using CIC model
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(Appleby and Oldfield, 1978) on the 210Pbxs data excluding the uppermost 2 points (assuming
a bioturbation depth of 7 cm).
The age model of core GeoB 10932-3 is obtained by calculating the mean sedimentation
rates of four 210Pb-dated sites close to the sampling position (Table 1). Since the
sedimentation rate variations at these sites are relatively small, a constant flux-constant
sedimentation model (CF-CS) according to Robbins et al. (1978) was applied. Sedimentation
rate is calculated to be 4.48 mm/y with a standard deviation of 0.0475 mm/y from the mean.
The base of the core is estimated to represent the year 1928 AD.
The age model of Core GeoB 10706-3 is based on a tuning of the dinoflagellate cyst
record to core GeoB 10709-5. It is assumed that sedimentation rates were constant throughout
the sampled interval and that the variation in accumulation rates of the degradation resistant
species. Pentapharsodinium dalei occurs synchronous in both cores. Based on these
assumptions a sedimentation rate of 2.81 mm/y is assumed. The base of the core is estimated
to represent the year 1921 AD.
3.3. Palynological processing and geochemical sediment analysis
Palynological preparation has been carried out according to the method described by
Zonneveld et al. (2009). Sediment samples were dried at 60°C, weighed and treated with 10%
HCl and 40% HF in subsequent steps. Decantation was carried out after each step. Samples
were sieved over a 20 μm sieve and the residue was centrifuged (8 min; 3000 rpm) and
concentrated to 0.5 ml with a micropipette, subsamples of a known volume (50-100 μl) of
homogenised residue were placed on a microscope slide, embedded in glycerine jelly and
sealed with paraffin wax. Whole slides were counted for dinoflagellate cysts using a light
microscope with 400x magnification. When slides contained less than 150 specimens
additional slides were counted. Dinoflagellate cyst accumulation rates were calculated by
multiplication of the amount of cysts per cm3 by the sedimentation rate (cm/y).
The concentration of total organic carbon (TOC, dry weight%) has been determined by a
Leco CS-200 elemental analyser (error 1%). Prior to measurement 0.5 ml wet sample was
dried for 24 hours. Successively the material was treated with 12.5% HCL to remove
carbonates. The standard used for calibration contains 0.176% Carbon.
The taxonomical concept is consistent to that cited in Rochon et al. (2009) and Radi and
de Vernal (2008). When possible, cyst names are used rather than motile names. Distinction
between cysts of Gymnodinium catenatum and those of other Gymnodinium species is based
on their size and of the morphological characteristics of the sulcal area (Bolch et al., 1999).
Only brown, microreticulate cysts with a size > 38 mm containing more than 4 rows of
reticulae in the sulcal area have been categorised as Gymnodinium catenatum cysts. The
taxonomy of Polykrikos schwartzii and Polykrikos kofoidii is based on Matsuoka et al. (2009).
Since both species show comparable distribution patterns in our record their occurrences have
been grouped in the graphs but not in the count data (see appendix).
3.4. Paleoenvironmental indicators
Information about potential post-depositional aerobic degradation of palynomorphs is
estimated using the degradation index “kt” (Versteegh and Zonneveld, 2002) according to the
formula: kt = ln (Xi/Xf), with Xi= 68 x Rf
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with k= component specific degradation rate, t= time, Xf = observed cyst concentration of
degradation sensitive species (cysts/cm2/y), Xi = initial cyst concentration of sensitive cyst
species (cysts/cm2/y), Rf = observed cyst concentration of degradation resistant species
(cysts/cm2/y). Resistant and sensitive species are determined according to the division given
in (Zonneveld et al., 2008). Rf = Ataxodinium choanum, Bitectatodinium tepikiense,
Impagidinium aculeatum, Impagidinium paradoxum, Impagidinium patulum, Impagidinium
plicatum, Impagidinium sphaericum, Impagidinium spp., Impagidinium strialatum,
Nematosphaeropsis labyrinthus, Operculodinium israelianum, cysts of Pentapharsodinium
dalei and Polysphaeridium zoharyi.
Xi and Xf = Brigantedinium spp., Echinidinium granulatum, Echinidinium
transparantum, Echinidinium spp., Echinidinium zonneveldii, cysts of Gymnodinium
catenatum, Islandinium minutum, Leipokatium invisitatum Lejeunecysta oliva, Lejeunecysta
sabrina, cysts of Polykrikos kofoidii, cysts of Polykrikos schwartzii, cyst of Protoperidinium
americanum, Quincuecuspis concreta, Selenopemphix nephroides, Selenopemphix quanta,
Stelladinium stellatum, Votadinium calvum and Xandarodinium xanthum.
Qualitative information about variations in sea surface temperature is obtained using the
following ratio:
W/C = Wn / (Wn + Cn)
where n = number of specimens counted, W = warm water species, C = cold water species. W
= Impagidinium aculeatum, Impagidinium paradoxum, Impagidinium patulum,
Operculodinium israelianum, Polysphaeridium zoharyi, Spiniferites mirabilis. C =
Bitectatodinium tepikiense and Spiniferites elongatus.
Species selection is based on the global geographic distribution of organic walled
dinoflagellate cyst (e.g. Marret and Zonneveld, 2003)
Information about the trophic state of the upper waters is obtained by:
a. Cyst accumulation rates of degradation resistant species:
Rf ar (cysts/cm2/y) = SR x DBD x Rf/g SR= sedimentation rate (cm/y), DBD=dry bulk
3

density (g/cm ), Rf/g = cysts of degradation resistant species as given above/gram dry weight.
b. Accumulation rates and relative abundances of species that currently are characteristically
present in areas influenced by ASW (Sangiorgi et al., 2005; Zonneveld et al., 2009):
Lejeunecysta sabrina, Lingulodinium machaerophorum, Polykrikos schwartzii, Polykrikos
kofoidii, Selenopemphix quanta and Stelladinium stellatum.
c. Accumulation rates and relative abundances of heterotrophic cyst species.
d. The total amount of carbon in the sediments from cores GeoB 10706 and GeoB 10732.
Information about the total Po River discharge in the months August, September and October
has been obtained from daily measurements from 1918 – 1979 at a station near
Pontelagoscuro, which is situated just in front of the apex of the Po River delta about 90 km
from the shore (http://daac.ornl.gov/RIVDIS/rivdis.shtml). For the time interval prior to 1918
only information about the maximum monthly outflow (and not total outflow) of the Po River
of the months August, September and October is available for the last 200 years (Zanchettin
et al. 2008). Information about the local air-temperature in the region is obtained by
calculating the mean monthly temperatures of the cities Foggia, Taranto, Crotone, Lecce,
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Brindisi and Leuca using the „climate explorer“ service of the Royal Dutch Meteorological
Survey
(Koninklijk
Nederlands
Meteorologisch
Instituut
(KNMI)
http://climexp.knmi.nl/getstations.cgi).
Data of fertiliser use of Italy between 1961 and 2006 has been obtained from the online
dataset
“NationMaster”
of
agriculture
statistics
(http://www.nationmaster.com/graph/agr_fer_use-agriculture-fertiliser-use).
Information
about the demographic history of northern and eastern Italy since1800 has been obtained from
the ”Istituto Nazionale di Statistica and from the ”Populstat“ project (http://www.istat.it/,
http://www.populstat.info/Europe/italyc.htm).
4. Results
In the core sediments 45 differential dinoflagellate cyst species have been observed (see
additional information). Species diversity is similar and constant through time in al cores. The
degradation index kt is rather constant through time for all cores as well. Lowest kt values of
around 1.8 are observed in the Gulf of Manfredonia (GeoB 10732) whereas kt values in the
Gulf of Taranto are somewhat higher and vary around 3.1 (Fig. 4). In core GeoB 10709 (Gulf
of Taranto) an exponential increase in accumulation rates of heterotrophic cyst species can be
observed towards the core top. Such an increase cannot be observed at the other sites (Figs. 8,
10, 12).

Fig 4. Degradation index kt through time of the investigated cores. Grey bars indicate phases
1-7 with characteristic dinoflagellate associations.
The W/C ratio is rather constant through time in all cores for the last 150, 80 and 60
years (Fig. 5). In the Gulf of Taranto the W/C values decrease between 1800 and about 1830
and are followed by an increase to about 1860. After 1860 values remain rather constant
although a slight increase is visible. The total organic carbon (TOC weight%) content in cores
GeoB 10706 and GeoB 10732 increases slowly between 1920 and about 1950 (Fig. 6). After
about 1950/1960 the increase accelerates and highest TOC values are observed in the top of
the cores.
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Based on the variations in the dinoflagellate cyst association, several intervals with
characteristic signals can be identified:
Phase 1. 1800 - ~1895
During this phase accumulation rates of all species are relatively low. We observed a
coherence between fluctuations in total accumulation rates of Rf species and the ASW species
Lingulodinium machaerophorum (Fig. 7). These fluctuations correspond well to maximum Po
River outflow for the months August, September and October. Operculodinium centrocarpum
is the most dominant species forming about 48% of the association. Cysts of all heterotrophic
species form only up to 15% of the association with Brigantedinium forming only about 0.5%.
Lingulodinium machaerophorum forms about 4% of the association (Fig. 9).

Fig 5. Relationship between abundances of “warm” and “cold” dinoflagellate cyst species. W
= ∑ Impagidinium aculeatum, Impagidinium paradoxum, Impagidinium patulum,
Operculodinium israelianum, Polysphaeridium zoharyi, Spiniferites mirabilis. C = ∑
Bitectatodinium tepikiense and Spiniferites elongatus. Grey bars indicate phases 1-7 with
characteristic dinoflagellate associations.
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Phase 2. 1895 - 1920
From about 1895 a the accumulation rates diverge of the Rf species the ASW species L.
machaerophorum and Stelladinium stellatum with the latter ones showing an increase
whereas Rf species remain at a relatively constant basis-level (Figs. 7, 8). Furthermore a slight
increase in total accumulation rates of heterotrophic species can be observed (Figs. 7, 8, 9).
Operculodinium centrocarpum remains the most dominant species forming about 39% of the
association. L. machaerophorum forms now the second most abundant species accounting for
about 9% of the association (Fig. 9). The heterotrophic species increase including
Brigantedinium spp. to form about 21% and 4% of the association respectively.

Fig 6. Total organic carbon content of sediments of cores GeoB 10706 and GeoB 10732, total
Po River discharge rates (Aug - Oct), maximal Po River discharge rates (Aug-Oct: black line,
3 points mean, grey line monthly data) and total use of fertiliser in Italy.
Phase 3. 1920 - 1955
This phase is characterised by increasing accumulation rates and relative abundances L.
machaerophorum and heterotrophic species but relative low values of Rf species (Figs. 8, 10).
O. centrocarpum forms still the most abundant species (37%) in core GeoB 10709 and 31%
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in core GeoB 10706 (Figs. 9, 11). In the Gulf of Manfredonia it forms 20% of the association.
The contribution of heterotrophic species is somewhat lower compared to the previous phase
whereas Brigantedinium spp increase somewhat forming about 18% and 6% of the
association respectively at site GeoB 10709. At site 10706 these values are 32% and 9%
whereas in the Gulf of Manfredonia they are 33% and 8%. The relative abundance of L.
machaerophorum increases to about 16% of the association in core 10709. In cores GeoB
10706 and GeoB 10732 these values are 6% and 8% respectively.

Fig 7. Accumulation rates of Rf species (gray lines) and Lingulodinium machaerophorum,
maximal Po River discharge rates and total Po River discharge rates of the months August,
September and October during the last 200 years. Grey bars indicate phases with maximal
discharge. Accumulation rates of dinoflagellate cyst species in core GeoB 10709 (Gulf of
Taranto), maximal Po River discharge of August, September, October, total fertiliser use in
Italy and Italian population history of the last 200 years. Grey triangles mark major volcanic
eruptions.
Phase 4. 1955 - 1970
From 1955 accumulation rates increase of generally all species (Figs. 8, 10, 12).
Accumulation rates and relative abundances increase strongest for Stelladinium stellatum,
Polykrikos spp., Pentapharsodinium dalei and other heterotrophic species (Figs. 8-13). With
exception of P. dalei this increase is more pronounced in cores GeoB 10706 and 10732 than
in 10709. In the Gulf of Manfredonia S. stellatum even replaces O. centrocarpum as the most
dominant species forming 25% of the association. Heterotrophic species form 51% of the
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association in the Gulf of Manfredonia and 25-37% of the association in the Gulf of Taranto.
O. centrocarpum now forms 13% and 19-21% of the association in the Gulf of Manfredonia
and Gulf of Taranto respectively with L. machaerophorum forming 10% and 15-13% in both
regions. In both cores 10732 and 10706 an upwards increase in TOC can be observed.

Fig 8. Accumulation rates of dinoflagellate cyst species in core GeoB 10709 (Gulf of Taranto),
maximal Po River discharge of August, September, October, total fertiliser use in Italy and
Italian population history of the last 60 years.
Phase 5. 1970 - 1987

148

Appendix 1

This phase is characterised by high accumulation rates of generally all species, especially
those that nowadays are typically present in the ASW (Figs. 7, 8, 10, 12). The exception is S.
stellatum which accumulation rates and relative abundances reduce markedly. In this time
interval O. centrocarpum is replaced as most dominant species by L. machaerophorum that
now forms about 22% and 18-21% of the association in the Gulf of Manfredonia and the Gulf
of Taranto respectively (Figs. 9, 11, 13). High accumulation rates of P. dalei can be observed
in all cores between about 1975 - 1982 forming 3-7% of the association in the Gulf of Taranto
and 1% in the Gulf of Manfredonia. Heterotrophic species form 42% of the association in the
Gulf of Manfredonia and 27-29% of the association in the Gulf of Taranto. Of these,
Brigantedinium spp. is the most abundant species group forming about 14% of the total
association at all sites. In both the Gulf of Manfredonia and the Gulf of Taranto TOC values
increase over time.

Fig 9. Relative abundances of dinoflagellate cyst species in core GeoB 10709 (Gulf of
Taranto), maximal Po River discharge of August, September, October, total fertiliser use in
Italy and Italian population history of the last 200 years.
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Phase 6. 1987 - 2006
In this phase accumulation rates decrease of L. machaerophorum, S. stellatum and
Brigantedinium spp. in the Gulf of Manfredonia (Fig. 12). In the Gulf of Taranto a decrease in
relative abundance of the first two species can be observed with L. machaerophorum forming
15-19% of the association (Figs. 9, 11). The relative abundances of Brigantedinium spp.
increase to 18-20% in the Gulf of Taranto whereas they reduce in the Gulf of Manfredonia to
only 5% of the association. A short peak in accumulation rates of generally all species can be
observed in all cores around the year 2000. Generally all species show an increase in
accumulation rates towards the top at site GeoB 10709 (Fig. 8). In both the Gulf of
Manfredonia and the Gulf of Taranto TOC values increase over time.

Fig 10. Accumulation rates of dinoflagellate cyst species in core GeoB 10706 (Gulf of
Taranto), maximal Po River discharge of August, September, October, total fertiliser use in
Italy and Italian population history of the last 60 years. Grey triangles mark major volcanic
eruptions.
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5. Discussion
5.1. Selective degradation and transport
Within the last years it has become evident that early diagenetic aerobic degradation can
affect the dinoflagellate cyst association post-depositionally (Persson, 2000; Zonneveld et al.,
1997, 2001, 2010b). Whereas the accumulation rates of all cysts species in sediments are
likely to reflect cyst production at conditions of optimal preservation, these rates may
underestimate the production of cysts of species that are sensitive to aerobic degradation
when the preservation state is not optimal. Studies on surface sediment samples world-wide
revealed that degradation rates of cyst species that are sensitive to aerobic degradation
increase rapidly when bottom water oxygen concentrations increase from 2.5 to 5 ml/l (see
references in Zonneveld et al., 2008). This corresponds to a kt between 2.5 - 4.5. Within this
study we observe a higher kt in the Gulf of Taranto of about 3.1 compared to the Gulf of
Manfredonia where kt remains close to 1.8 suggesting that sediments of the Gulf of Taranto
might have been affected by species selective degradation (Fig. 4). Shipboard observations
registered a visible oxygen penetration depth of 2.5 cm in core GeoB 10706, 7 cm in core
10709 (Gulf of Taranto) and 5 cm in core GeoB 10732. This indicates that cysts in bottom
sediments could have been exposed to oxygen for up to about 11 years in the Gulf of
Manfredonia and up to about 9 years and 60 years at sites GeoB 10706 and GeoB 10709 in
the Gulf of Taranto respectively. Recently, degradation experiments carried out in the central
Eastern Mediterranean Sea documented that, the dinoflagellate cyst concentrations of the
most sensitive dinoflagellate cyst species decrease 24% to 57% when sediments are being
exposed for 15 months to waters with oxygen concentrations of 200 μM (Kodrans-Nsiah et al.,
2008). This indicates that aerobic degradation might have modified the initial signal in the
Gulf of Taranto; most strongly at site GeoB 10709. Indeed the accumulation rates of all
species that are known to be extremely sensitive or moderately sensitive to aerobic
degradation increase towards the top of this core. As a result, we concentrate for site GeoB
10709 on cyst species that resist aerobic degradation and take into account that values of
species sensitive to aerobic degradation, notably cysts formed by heterotrophic species might
underestimate their initial abundance. Also the total amount of organic carbon arriving on the
sea floor is reduced by degradation. However, in case of excellent preservation variation in
TOC weight % is known to reflect upper water export production. Since at site GeoB 10709
preservation is not excellent we have not determined its TOC concentration.
Some traces of bioturbation have been documented for all cores. This suggest that apart
from the risk of degradative overprint also a, so called, „smoothing“ of the original ecological
signal might have taken place (Ruddiman et al., 1972; Trauth et al., 1997; Turekian et al.,
1978). The sedimentation rates at sites GeoB 10732 and GeoB 10706 are, however, extremely
high which makes it unlikely that the original signal has been smoothed much. We therefore
assume that species peak occurrences have become replaced by maximally a few millimetres
only.
Another factor that can alter the fossil dinoflagellate cyst association is relocation of
cysts. According to their size, dinoflagellate cysts belong to the silt fraction and traditionally
it was assumed that they might be transported over long distances before they sink to the sea
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floor (e.g. Anderson et al., 1985; Dale and Dale, 1992). However, recent sediment trap studies
show that the cysts sink like phytoplankton and fecal pellet aggregates with sinking rates of
about 274 m/day, much faster than marine snow (Zonneveld and Brummer, 2000; Zonneveld
et al., 2010a). Given the water depth of maximal 270m at the core positions, strong lateral
translocation is unlikely. The sedimentary dinoflagellate cyst association reflects therefore
local environmental conditions. Apart from the factors described above also the processes of
winnowing and focussing can change the dinoflagellate cyst concentration post-depositionally.
However, this would have resulted in differences in grain size or sediment type of the core
sediments and since these are uniform throughout the cores we assume that winnowing and
focussing did not affect the sediment composition.

Fig 11. Relative abundance of dinoflagellate cyst species in core GeoB 10706 (Gulf of
Manfredonia), maximal Po River discharge of August, September, October, total fertiliser use
in Italy and Italian population history of the last 80 years. Grey triangles mark major volcanic
eruptions.
5.2. Upper water temperatures
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Our dataset shows that in the Gulf of Taranto the warm water versus cold water species
(W/C ratio) increase between 1800 - 1830 and decrease between about 1830 - 1860 (Fig. 5).
From 1860 to 1890 warm water species become again increasingly dominant.
The ”warm/cold“ ratio slightly increases again during the last 110 years. This suggests that
upper water temperatures might have increased from 1800-1830 and decreased between
1830-1860. A relatively strong temperature increase can successively be observed until 1890
followed by slightly increasing temperatures in the following 110 years. This corresponds
most closely to instrument-based local records of upper air temperatures for autumn and to a
lesser extent spring, but not to the summer and winter temperature records (Fig. 5). This
suggests that our dinoflagellate signal reflects either autumn or spring conditions. Plankton
surveys of the southwesten Adriatic Sea and the Gulf of Taranto reveal that major
dinoflagellate cyst production occurs during late summer/autumn whereas production is
minimal in winter (Belmonte et al., 2001; Caroppo et al., 1999; 2006; Rubino et al., 1998).
We therefore assume that our cyst association is mainly influenced by the late
summer/autumn conditions.

Fig 12. Accumulation rates of dinoflagellate cyst species in core GeoB 10732 (Gulf of
Manfredonia), maximal Po River discharge of August, September, October, total fertiliser use
in Italy and Italian population history of the last 80 years. Grey triangles mark major volcanic
eruptions.
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Our results are also partly consistant to temperature reconstruction based on the UK’37
record of the same core location (Versteegh et al. 2007) which shows a temperature decrease
of about 3°C between 1800 and 1850 followed by an increase of 1.5°C between 1850 and
1900. Versteegh et al. (2007) also report a strong increase in temperature between 1950 and
1960 that is neither registered in our record, nor in the regional instrumental temperature
records. Part of this discrepancy might be the fact that the UK’37 records reflect the winter
situation (see also Leider et al., 2010) whereas the dinoflagellate cysts are likely to reflect
summer/autumn conditions.

Fig 13. Relative abundances of dinoflagellate cyst species in core GeoB 10732 Gulf of
Manfredonia), maximal Po River discharge of August, September, October, total fertiliser use
in Italy and Italian population history of the last 80 years. Grey triangles mark major volcanic
eruptions.
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Our results do not correspond to the temperature reconstruction on δ18O values of
planktic foraminifera by Taricco et al. (2009). They observed a strong increasing trend during
the last 120 years which is not registered in any of the seasonal instrumental records of local
air temperature. Unfortunately Taricco et al. (2009) did not take into account the effect of
changing upper water salinities, which are likely to have occurred in the region and which
have been demonstrated to influence the foraminifera stable isotopic composition in the
region (Grauel et al., 2010). We therefore assume that salinity changes are the reason for the
discrepancy between the isotope-based record and the instrumental record of South Italian air
temperatures as well as with our observations.
Changes in W/C ratio or in the instrumental air temperature records do not correspond to
changes in accumulation rates and relative abundances of Rf species, heterotrophic species
and ASW species. This implies that these latter changes are not a result of temperature
fluctuations.

Fig 14. Gross agricultural production in central and north Italy between 1860 - 2000 (redrawn
from Frederico and Malanima, 2004).
5.3. Trophic state of the upper waters
In the research area nutrients and trace elements can be brought into the system by air,
through river discharge or as a result of enhanced winter mixing of surface waters. As
mentioned above, in the research area dinoflagellates are not abundant in winter, which
indicates that winter mixing is probably not an important steering factor. The research area is
located downwind of the Italian volcanoes. Volcanic ash can release large amounts of
phosphate, iron, and other trace metals, which can support microscopic biological life in the
marine ecosystem (Jickells et al., 2005; Langmann et al., 2010). For the research area,
eruptions of the Vesuvio, Ishia, Etna, and Vulcano might be of importance. Eruptions occurred
at 1822, 1834, 1839, 1850, 1855, 1861, 1868, 1872, 1988, 1906, 1926, 1929, 1944, 1949,
1971, 1981, 1983 and 1991–1993, 2001, 2003-2003, 2004-2005. We see no changes in cyst
accumulation rates in relation to these eruptions. We therefore assume that volcanic ash input
is not influencing our signal significantly.
Other aeolian particles transported into the system can be Saharan dust, anthropogenic
aerosols and aerosol products of fires (e.g. Bonilla-Findji et al., 2010; Hamann et al., 2008).
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Unfortunately we do not have detailed information about variation in dust input into the
research area for the last 200 years so we can not verify to what extent dust input modified the
dinoflagellate cyst production or association. Further studies are required to investigate this
aspect.
The majority of the nutrients and trace elements are brought into the Gulf of
Manfredonia and the Gulf of Taranto by the ASW. Although we do not have detailed
information about the exact amount of ASW input into the research area, we do have a record
of maximum monthly Po River discharge rates for the last 200 years as well as the total Po
River discharge rates between 1918 and 1979 (Fig. 7). Studies on the sediment composition
of the ASW waters reveal that a characteristic signal of Po-discharge can be traced as far as
the Gargano peninsula, the northern boundary of the Gulf of Manfredonia (Tomadin, 2000).
This indicates that Po River discharge waters will probably only reach our sampling site in the
Gulf of Manfredonia (core GeoB 10732) but not the Gulf of Taranto (Cores GeoB 10709,
GeoB 10706). Nevertheless, increased Po-discharge will „push“ the plume waters further
south resulting in an extension of the “plume”. This in turn will result in more ASW waters
entering the southern Adriatic Sea and the Gulf of Taranto. In nature cyst production is
highest during or just after dinoflagellate cyst blooms and notably in oligotrophic/mesotrophic
coastal environments, dinoflagellate production, and related to that, the cyst flux, increases
when more nutrients/trace elements become available in the upper water column (e.g. Dale,
2009; Domingues et al., 2011; Godhe et al., 2001; Ishikawa and Taniguchi, 1996; Kremp and
Heiskanen, 1999; Montresor et al., 1998; Shin et al., 2010; Susek et al., 2005; Zonneveld et
al., 2010a). As mentioned above, cyst production is highest in our research area during late
summer/autumn (Belmonte et al., 2001; Rubino et al., 1998). Therefore, we expect a
relationship between the cyst record and Po River discharge values of summer/autumn.
Indeed we see a good correlation between the total accumulation rates of Rf and ASW species
and changes in Po-discharge rates (Fig. 7). This suggests that accumulation rates of resistant
cysts and ASW species might be largely influenced by the quantity of river discharge waters.
Phase 2. 1895 - 1920
From about 1895 onward we see on top of the above described signal an association
change with the ASW signal diverging from the Rf signal. From this time on, the species L.
machaerophorum and S. stellatum become increasingly prominent in the association (Figs 7,
8, 9). We do not find indications that this association change is a result of changed
preservation state as non of the other degradation sensitive species shows a change in
accumulation rates at this point. Today, cyst concentrations of both L. machaerophorum and S.
stellatum are highest in the vicinity of the Po River mouth in regions where highest nutrient
concentrations occur (Rubino et al., 2000; Sangiorgi et al., 2005). The sediment survey in the
more distal part of the Po River discharge plume revealed that cyst accumulation rates of both
species are positively related to the upper water trophic conditions (Zonneveld et al., 2009).
Together with Polykrikos an increase in their concentrations can often be related to
(anthropogenic) eutrophication, mainly as a result of enhanced input of nitrate and
phosphate (e.g. Dale, 2009; Matsuoka et al., 2003; Pospelova et al., 2002; 2005; Shin et al.,
2010). Our results suggest therefore that on top of variations in the quantity of ASW water
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influx, there is a change in ASW water quality starting already at about 1890. Historical
records support these findings as this date corresponds to the start of the industrial
development after the unification of Italy in 1870 (Collantes, 2006; Federico and Malanima,
2004; Pescosolido, 2010). After the unification, agriculture and industry in the Po River
valley was intensified (Fig. 14). Our results correspond as well with the long-term
dinoflagellate cyst record available from core 108 taken in the North Adriatic Sea in the
vicinity of the Po River mouth (Sangiorgi and Donders, 2004). In this record a change in the
cyst association started also around 1880 with an increase of relative abundances of the
heterotrophic species Selenopemphix quanta followed by an increase of Brigantedinium spp.
between about 1900 and 1910. Since core 108 is located very close to the Po River mouth
where high sedimentation rates occur, the preservation may be considered as excellent which
suggests that the increase of heterotrophic species reliably reflects enhanced nutrient/trace
element availability in surface waters.
Phase 3. 1920 - 1955
In this interval we observe a transition in the composition of the cyst association. From
1920 on, accumulation rates and relative abundances of L. machaerophorum increase more
rapidly than during the previous time interval. L. machaerophorum is moderately sensitive to
aerobic degradation. If selective preservation would have been the cause of this association
change, species that are more sensitive than L. machaerophorum would show an equal or
even more pronounced increase in accumulation rates. Since this is not the case, we assume
that preservation changes are not the cause. Historical information learns that from 1913
ammonia could be produced chemically and its distribution as artificial fertiliser became
quickly wide-spread throughout Europe. Furthermore, increasing amounts of guano were
exported to Europe. As a result the output per agricultural worker in Italy started to increase
(Fig. 14). Today, the use of fertiliser is the major source for nitrate and phosphate in discharge
waters of the Italian rivers (e.g. de Wit; Bendoricchio, 2001). We therefore assume that the
eutrophication accelerated from this time on due to agricultural developments. Our results are
more or less conform the only long-term dinoflagellate cyst study of the region that is
currently present which reports an increase in abundance values of L. machaerophorum
somewhat later at about 1930 (Sangiorgi and Donders 2004).
Phase 4. 1955 - 1970
This phase is characterised by a marked increase in the cyst accumulation rates and
relative abundances of Echinidinium spp. L. machaerophorum, Lejeunecysta sabrina,
Stelladinium stellatum, Pentapharsodinium dalei and Polykrikos species in all cores. With
exception of P. dalei these species are characteristic for the ASW and are most abundant in
the surface sediments below the most eutrophic parts of the Po-plume today (Sangiorgi et al.,
2005; Zonneveld et al., 2009). We do not see a marked increase in Po River discharge in this
time interval and therefore assume that this change reflects a change in ASW quality rather
than quantity. This is in agreement with historical data and the limited amount of instrumental
data on the physical conditions available for the region. The longest eutrophication records
that are currently available focus on the oxygen conditions in the Northern Adriatic Sea
(Justič et al., 1987). First indications for reducing oxygen concentrations near the sea bottom
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are found between 1955 and 1965. Justič et al. (1987) conclude this to be strongly related to
the increase of phosphate concentrations in the surface waters. Historical data show an
accelerated increase in agricultural production from 1950 whereas the population density in
Italy and the Po River valley continued to increase steadily (Fig. 7). We therefore assume that
our change in association is the result of enhanced pollution due to increased agricultural
activity rather than changes in population.
The increase in accumulation rates of the heterotrophic species is less pronounced in
core GeoB 10709 than in the other cores. As discussed before, the signal of core GeoB 10709
might be overprinted by selective degradation. Our observations show, however, that selective
preservation did not erase the initial signal but might have had a damping effect.
The increase of ASW species is accompanied by a decrease in accumulation rates and
relative abundances of Operculodinium centrocarpum. O. centrocarpum is a cosmopolitan
species thriving in oligotrophic to mesotrophic environments. It has been suggested to be
especially present in areas with unstable surface waters (e.g. Marret and Zonneveld, 2003;
Verleye and Louwye, 2010). It is not characteristically abundant in polluted regions (e.g. Dale,
2009; Limoges et al., 2010; Krepakevich; and Pospelova, 2010; Matsuoka, 1999; 2001;
Pospelova et al., 2002; 2004; Pospelova and Kim, 2010; Shin et al., 2010). Our results suggest
that the changing environmental conditions related to the increasing pollution such as the
enhanced eutrophication in upper waters and decreasing oxygen concentrations in bottom
waters, are unfavourable for this species.
We observe also a marked increase in accumulation rates and relative abundances of P.
dalei. P. dalei is extremely resistant to aerobic degradation. It is however not known to be an
indicator for enhanced nutrient/trace element concentrations in upper waters although it is
often found in more eutrophic environments such as upwelling areas and fjords characterised
by high upper water bio-productivity (e.g. Marret and Zonneveld, 2003; Howe et al., 2010).
Pospelova et al. (2005) document high relative abundances of this species close to the New
Bedford Sewer overflow, a point-source pollution site in Buzards Bay (Massachusetts, USA).
So far P. dalei has not received much attention in pollution studies and is often only
marginally reported. Our results suggest, however, that also this species might react
sensitively on enhanced (anthropogenic induced) nutrient influx in coastal environments and
we hope that this aspect becomes more attention in future pollution studies.
Phase 5. 1970 - 1987
The interval from 1970 to 1987 is characterised by high accumulation rates of
generally all ASW species with exception of S. stellatum. From about 1965 onwards, the total
use of fertiliser increases strongly in Italy and it is estimated that this resulted in a doubling of
the nutrient load carried by the Po River. (Degobbis and Gilmartin, 1990; Degobbis et al.,
1979; Degobbis, 1989; de Wit and Bendoricchio, 2001; Justič et al., 1987; Marchetti et al.,
1989). In the North Adriatic, episodes of severe anoxia have been registered and the trophic
state of the upper waters changed from eutrophic to hypertrophic. Our observation of a
marked increase in production of generally all ASW species suggests that the trophic state of
the upper waters at the distal part of the plume increased as well.
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The exception is formed by S. stellatum for which accumulation rates and relative
abundances reduce remarkably. To date there is not much known about the ecology of S.
stellatum. The species is often observed in subtropical to tropical areas where upwelling or
high nutrient concentrations prevail (e.g. Holzwarth et al., 2010; Marret and Zonneveld, 2003;
Shin et al., 2010; Vilanova et al., 2008). Shin et al. (2010) could link an increase in abundance
of this species to the change from eutrophic to hypertrophic conditions in the highly polluted
Gamak Bay (Korea). It is therefore unlikely that an overload of nutrients and trace elements
reduced the cyst production of this species in our research area. Another possibility might be
that anoxic bottom waters in late summer/autumn are unfavourable for S. stellatum. This
would form a contrast to other species such as L. machaerophorum that require anoxic
pre-conditioning for excystment, (Lewis and Hallett, 1997; Smayda and Trainer, 2010). To
date it is unknown if S. stellatum tolerates bottom water anoxia. Remarkable is that cyst
concentrations of this species reduce strongly in the upper part of the core from Gamak Bay
(Shin et al., 2010). Shin et al. (2010) note that anoxic bottom waters became more frequent in
this bay in the last couple of years. Unfortunately, their data don’t reveal if this increase is
time equivalent to the decrease in cyst production of S. stellatum.
In a five year sediment trap record from the upwelling region off NW Africa,
Zonneveld et al. (2010) document that S. stellatum and L. machaerophorum have similar
seasonal distributions with maximal cyst production during upwelling relaxation. Recently,
Smayda and Trainer (2010) suggested that the multiple seeding behaviour of L.
machaerophorum in the highly variable upwelling environment might be cause of this.
Namely, Figueroa and Bravo (2005) had shown earlier that apart from sexual resting cysts, L.
machaerophorum is able to make asexual ecdysal cysts of which the production can be
induced by turbulence. These asexual cysts protect the specimens to turbulence during
upwelling and allow a fast re-colonisation of the water column upon upwelling relaxation.
Comparable changes in upper water conditions can be observed in the Po River environment;
not as result of upwelling but as result of varying river outflow. When river discharge
increases in late summer a wedge of nutrient-rich fresh water is moving southwards along the
coast over the oligotrophic highly saline ISW. Where both water masses contact, mixing
occurs. The asexual ecdysal cyst production might be of benefit for L. machaerophorum to
quickly recolonize the photic zone when upper waters become stratified again as result of the
presence of overlying river-outflow water. To date we have no information if S. stellatum is
able to produce asexual ecdysal cysts but it might be interesting to investigate this aspect
further.
Within our study we have no information about changes in industrial pollution over time,
neither have we about the concentrations of toxins, elements or heavy metals in the plume
waters, which might be disadvantageous for cyst production. Consequently we have no
insight in how far these kinds of pollution influenced the cyst assemblages. However, we do
not see a relationship between the cyst composition of our samples and population growth of
Italy (that stagnates from about 1980) or the population size of the major Italian cities in the
Po-valley (that decreases after 1970). The industrial development of Italy is strongly linked to
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the population dynamics of the major cities and it might be expected that industrial pollution
decreased simultaneous to the population decrease.
At site 10732 in the Gulf of Manfredonia we see a strong correlation between the
accumulation rates of Brigantedinium spp., P. dalei, L. machaerophorum and Polykrikos
species with the amount of used fertiliser. In Italy the majority of fertiliser is used in the
Po-valley. It forms the major source for the phosphate, ammonium and nitrate load of the
discharge waters. The Gulf of Manfredonia is located at the southern edge of the region where
the characteristic water properties of the Po River discharge waters can be distinguished from
those of the eastern Italian rivers that drain the Apennines (Tomadin, 2000). Our results
suggest therefore that the cyst production of these species is reflecting the water quality of the
Po- and other Italian rivers and that changes in the water quality are strongly influenced by
agricultural developments.
Phase 6. 1987-2006
In all cores a short peak in accumulation rates of generally all species can be observed
around the year 2000. Records of the Po River discharge rates document a top-discharge for
the year 2000 which might be the cause of our observation.
At sites 10706 and 10732 a reduction of cyst accumulation rates of the majority of
species occurs in this time interval. Apart from changes in the cyst accumulation rates we
observe decreasing relative abundances of L. machaerophorum and a disappearance of
Polykrikos from the association in all cores. This may suggest an improvement of the water
quality after about 1992. This is in agreement with decreasing upper water chlorophyll-a
concentrations and phytoplankton production in the North Adriatic Sea (e.g. Degobbis et al.,
2005; Mozetic et al., 2010). This reduction might be due to a ban of phosphorus in artificial
fertiliser and washing products by the Italian government since 1979. This has led to
decreasing concentrations of phosphorus and ammonia in the Po River outflow waters since
the mid 1980s (de Wit and Bendoricchio, 2001; Marchetti et al., 1989; Solidoro et al., 2009).
In contrast to phosphate and ammonia, the nitrate concentrations continue to increase steadily
in the Po River system. The decrease in accumulation rates of L. machaerophorum thus
suggests that in this eco-system L. machaerophorum might be phosphate- rather than
nitrate-limited. This seems logical as it is known that especially phosphorus is an important
nutrient for L. machaerophorum in triggering cyst formation in cultures (Smayda and Trainer,
2010 an references therein). It is also in accordance to recent observations in Todos Santos
Bay (Baja California, Mexico)where dissolved inorganic phosphate concentrations were the
most important environmental factor influencing the cyst production of L. machaerophorum
(Pena-Manjarrez et al. 2009). The comparable trend in Polykrikos accumulations might reflect
a predator-prey relationship as L. machaerophorum forms one of its potential preys (Jeong et
al., 2001). In contrast, P. dalei does not show a reduction in cyst production. We therefore
assume that P. dalei is not so sensitive to changes in phosphate or ammonia and that the high
amounts of nitrate in the water favour cyst production of this species.
Although our results suggest a recent improvement of the water quality the high TOC
concentrations and still high accumulation rates of cyst species characteristic for eutrophic
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conditions indicates that ASW waters are still eutrophic. More (governmental steered) waste
management might therefore be needed to further improve the water quality.
5.4. Anthropogenic eutrophication
Within this study we observe a strong relationship between agricultural eutrophication
and the cyst production of the species L. machaerophorum, S. stellatum, Polykrikos
schwartzii/kofoidii, P. dalei and to a lesser extent Brigantedinium spp. Similar changes in cyst
associations have been observed in several other studies. For instance L. machaerophorum
has been shown to react sensitively to cultural eutrophication in estuarine environments such
as Fjords, river systems and bays (e.g. Dale et al., 1999; Dale, 2009; Harland et al., 2010;
Shin et al., 2010). In other regions it has been found that heterotrophic cysts, notably
Polykrikos and Brigantedinium species increase their cyst production or relative abundance in
response to anthropogenic eutrophication (Dale, 2009; Pospelova and Kim, 2010; Kim et al.,
2009; Saetre et al., 1997; Shin et al., 2010). Also Diplopsalidaceae such as Dubridinium spp.
are in some coastal areas typical indicators for anthropogenic eutrophication (e.g. Pospelova
et al., 2002; 2005; Pospelova and Kim, 2010). These studies show that there is a set of species
that has the potential to reflect anthropogenic eutrophication in sedimentary datasets but that
it is region dependent which species shows the most prominent signal. This is logical as the
local environmental conditions such as the occurrence of turbulence/stratification, inflow of
open ocean waters, the presence of river plumes, seasonal stability, the presence of winter sea
ice etc. are different for all regions and even can vary remarkably within a small geographic
area (Radi et al., 2007). Furthermore, as a result of their different ecology, species might react
differently on different forms of eutrophication or pollution. Nevertheless, this study as well
as those cited above, demonstrates that dinoflagellate cyst associations react extremely
sensitive to changes in trophic state of the surface waters and are excellent tools to separate
natural from anthropogenic signals. They appear to be an ultimate tool to investigate in how
far coastal management activities affect ecosystems and in how far these systems are
influenced by natural and human induced environmental change.
6. Conclusions
To obtain insight in the character of natural and/or human induced changes in the trophic
state of the distal part of the Po River discharge plume in the course of the last two centuries,
high temporal resolution dinoflagellate cyst records have been established for two sites in the
Gulf of Taranto and one site in the Gulf of Manfredonia (southern Italy). Changes in
dinoflagellate cyst production rates of species that resist aerobic post-depositional degradation
and ASW species are positively related to changes in plume extension related to natural
variations in Po River discharge in late summer/autumn. On top of changes that can be related
to natural variability in river outflow we observe changes in the dinoflagellate cyst association
that can be linked to changes in the quality rather than the quantity of the plume waters.
An increase in absolute and relative abundances of the species Lingulodinium
machaerophorum and Stelladinium stellatum can be observed as early as 1895. This
corresponds to the start of the industrial revolution in Italy that is marked by enhanced
industrial and agricultural activity in northern Italy, notably the Po-valley. A second marked
increase in accumulation rate and relative abundance of L. machaerophorum is observed at
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about 1920, which corresponds to the start of chemical ammonia production as agricultural
fertiliser and its use throughout Europe.
From 1955 onward, accumulation rates and relative abundances of species that
characterise the river plume such as L. machaerophorum, Polykrikos spp., S. stellatum,
Brigantedinium spp. and Pentapharsodinium dalei increase strongly. This increase
corresponds to an enhanced use of artificial fertilisers in Italy and a marked increase in
agricultural production. Furthermore, it corresponds to the first occurrence of
eutrophication-related anoxic events in the North Adriatic Sea.
Between 1970 and 1987 hypertrophic river discharge waters in the North Adriatic Sea
and severe anoxic events of bottom waters in late summer and autumn correspond to cyst
production maxima of L. machaerophorum, Polykrikos spp., Brigantedinium spp. and P. dalei.
The now prevailing environmental conditions might be unfavourable for S. stellatum as its
cyst flux reduces markedly.
From 1987 cyst production of L. machaerophorum and Polykrikos spp. reduce
equivalent to a reduction in phosphate concentrations of river outflow waters and a slight
improvement of the water quality. Cyst production of P. dalei remains high, suggesting that
phosphate does not form a limiting nutrient for this species. We suggest that the still
increasing production of this species might be linked to the still increasing nitrate
concentrations in the discharge waters.
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Appendix 2. Photo plate of main dinoflagellate species, scale bar represents 20 μm.

1. Polysphaeridium zoharyi 2. Tectatodinium pellitum 3. Selenopemphix nephroides 4.
Operculodinium centrocarpum 5. Operculodinium israelianum 6. Impagidinium
sphaericum 7. Trinovantedinium applanatum 8. Polykrikos kofoidii 9. Quincuecuspis
concreta 10. Stelladinium Stelladinium 11. Nematosphaeropsis labyrinthus 12.
Impagidinium aculeatum
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13. Impagidinium patulum 14. Brigantedinium spp 15. Fresh water species
Concentricystes spp 16. Xandarodinium xanthum 17. Spiniferites ramosus 18.
Ataxodinium

choane

19.

Selenopemphix

quanta

20.

Spiniferites

spp

21.

Bitectatodinium tepikiense 22. Spiniferites mirabilis 23. Impagidinium paradoxum 24.
Leipokatium invisitatum 25. Lingulodinium machaerophorum 26. Echinidinium spp
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