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!ōǎǘǊŀŎǘ 

The Neogene Period (23.03ςнΦрф aŀύ Ƙŀǎ ōŜŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨǘƘŜ ƳŀƪƛƴƎ ƻŦ ǘƘŜ aƻŘŜǊƴ 

woǊƭŘΩΣ ǿƘƛŎƘ ŜǾŜƴǘǳŀƭƭȅΣ Ǿƛŀ ŀ ǊŜƭŀǘƛǾŜƭȅ ŎƻƴǎƛǎǘŜƴǘ ŎƻƻƭƛƴƎ ǘǊŜƴŘΣ ŎǳƭƳƛƴŀǘŜŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴǘ 

day climate conditions on Earth. Researching the Neogene provides important information 

for understanding how modern patterns of atmospheric and oceanic circulation developed, 

and how sensitive they are to environmental change. 

Climate and environmental parameter proxies are used to investigate past changes, and 

dinoflagellate cysts have great potential as their distribution can be limited by temperature, 

salinity, nutrient availability and sea ice cover. This project aims to use dinoflagellate cysts to 

study the evolution of the oceans over the Neogene and to further develop the potential of 

the climate proxy. This is achieved by collating all of the previously published literature on 

Neogene dinoflagellate cysts into a database and analysing the data on global and regional 

scales. This study allows for the first global synthesis, using dinoflagellate cysts, of changes 

that took place during the Neogene. It was found that, on a global scale, the distribution of 

Neogene dinoflagellate cysts was strongly controlled by temperature and can be correlated 

to the previously established cooling trend of the Neogene. However, short term climate 

changes superimposed on the overall cooling trend of the Neogene, cannot be observed. 

Changes to marine gateways have been shown to affect the composition of dinoflagellate 

cyst assemblages regionally, and caused allopatric speciation. New primary data from Cyprus 

demonstrates an increase in diversity in the Pliocene, which differs to the regional diversity. 

This reveals the importance of the difference between local and regional signals, and why it is 

important to understand, and to thoroughly explore, the datasets used in a global 

compilation. 
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Chapter 1: Introduction 

1.1 Project rationale and aims 

There is an increasing awareness of contemporary climate change, and the causes and 

consequences of it are constantly under investigation. Anthropogenic emissions of 

greenhouse gases are known to be causing global warming, and it is predicted that global 

mean annual surface temperatures will rise by 3.7ς4.8 °C by the end of this century (IPCC, 

2014). Understanding how environments change over time, and how different events 

influence the climate, is an important step in predicting future changes. Future climate 

change can be predicted with the use of General Circulation Models (GCMs), but in order to 

get the best, and most reliable results, it is vital to understand the parameters that are used 

in the models. To aid with this, deep time geological data are utilised.  

When researching the past with regards to predicting future change, it is useful to select an 

interval that has the potential to provide information on the dynamics and processes 

associated with a warm climate regime. The Neogene Period (23.03ς2.59 Ma) is an example 

ƻŦ ŀ ǿŀǊƳŜǊ ǿƻǊƭŘ ŀƴŘ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ƘŀǾŜ ōŜŜƴ ǘƘŜ ΨƳŀƪƛƴƎ ƻŦ ǘƘŜ ƳƻŘŜǊƴ ǿƻǊƭŘΩ (Potter 

and Szatmari, 2009). During the Neogene, many important changes took place that resulted 

in the current climate and oceanic and atmospheric circulation. Such changes include 

alterations to marine gateways, uplifting of major mountain belts and the development of 

continental scale ice sheets in the high latitudes (see Section 1.2). These phenomena 

combined to change both the oceanic and the atmospheric circulation and hence, along with 

CO2 fluctuations, altered the climate state. There is no true analogue for the future, due to, 

for example, changes in the palaeogeography, which makes it additionally important to 

understand the instances that are not analogous. To study these changes further, the 

geological record is utilised.  
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¢ƘŜǊŜ ŀǊŜ ŀ ǇƭŜǘƘƻǊŀ ƻŦ ΨǘƻƻƭǎΩ ǘƘŀǘ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ǎǘǳŘȅ Ǉŀǎǘ ŎƘŀƴƎŜǎΣ ŜƴŎƻƳǇŀǎǎƛƴƎ ŀƭƭ ƻŦ 

the major branches of geology. However, because oceans play an important role in climate 

change, due to their control on heat storage and transport, it makes sense to evaluate the 

changes in the marine realm (Winton, 2003). The marine realm is also particularly useful to 

research as, unlike for the terrestrial realm, it is often possible to study a continuous 

sediment record over millions of years, which contain abundant fossils. The study of 

micropalaeontology is an example of a discipline that is used to assess past changes. This is 

because microfossils are abundant, widespread, and some groups hold isotopic signatures in 

their shells/skeleton, which reflect the environment in which they lived (Corliss, 1985; Miller 

et al., 1987; Waelbroeck et al., 2002; Zachos et al., 2008; Henehan et al., 2013). Dinoflagellate 

cysts are one such group that is used in climate studies due to their specific environmental 

preferences, such as temperature, salinity, nutrient availability and ice cover (Marret and 

Zonneveld, 2003; Zonneveld et al., 2013a). The use of dinoflagellate cysts as a climate proxy is 

relatively recent (since the 1990s) and developing the proxy is important to aid with the 

continued understanding of climates and environments of the past. Since dinoflagellate cysts 

can be influenced by several factors, investigating their use as a proxy for a range of 

environmental parameters is necessary to discover their true potential and to understand 

exactly how they can be used to infer past change.  

The broad aim of this project is to use dinoflagellate cysts to study the evolution of the 

oceans throughout the Neogene. Understanding the changes that took place during this 

dynamic period, and developing dinoflagellate cysts as a climate and environmental 

parameter proxy, is important to help understand the past, which can lead to an increased 

awareness of variability in the climate system. Dinoflagellate cysts are one such climate proxy 

that have been under-utilised, especially for the Neogene, and can provide valuable 

information on ocean and climate evolution. With an increased awareness of how and on 
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what scale they are affected by oceanic changes, the proxy can be developed further and 

interpreted with a greater reliability. 

In order to investigate the utility of dinoflagellate cysts, and to determine what information 

they can provide on Neogene climate and ocean circulation dynamics, the following research 

questions will be addressed: 

Research question 1: Can dinoflagellate cysts be used to demonstrate a progressive global 

cooling during the Neogene (Chapter 3)? 

It is known that the distribution of dinoflagellate cysts in the modern are controlled by sea 

surface parameters such as temperature, salinity, nutrient availability and sea ice cover, with 

temperature and nutrient availability being the primary controlling factors. It has also been 

demonstrated that pre-Quaternary dinoflagellate cysts also respond to the above mentioned 

environmental parameters. However, the use of a global dataset of Neogene dinoflagellate 

cysts has not been investigated as a temperature proxy, which this project aims to achieve. 

Research question 2: Can a global compilation of Neogene dinoflagellate cysts detect 

shorter term variations in global/regional climate, which are superimposed on the long 

term cooling trend (Chapters 3 and 4)? 

The majority of Neogene dinoflagellate cyst studies investigate only a few sites per 

publication, and very rarely are there assemblages representing the entire Neogene. This 

means that most of the literature investigates short term changes in local settings. This 

project aims to provide more long term global changes whilst investigating if it is possible to 

still determine the shorter changes that previously published literature have interpreted. 

Research question 3: What were the regional effects of gateway changes on dinoflagellate 

cysts during the Neogene (Chapter 3)? 

Gateway changes greatly impact the climate by altering ocean currents, and the 

Mediterranean had three important gateway changes that took place during the Neogene. 
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Again, the modern regional distribution of dinoflagellate cysts has been investigated, but 

research exploring regional and temporal changes to Neogene dinoflagellate cyst 

assemblages across the Mediterranean are limited to just a few data points. This project aims 

to determine the effects of gateway changes on Neogene dinoflagellate cyst assemblages 

throughout the Mediterranean. 

Research question 4: Can changes in dinoflagellate cyst assemblages elucidate complex 

histories of the opening/closing of marine gateways (Chapters 3 and 5)? 

By answering research question 3 (i.e. do gateway changes affect dinoflagellate cyst 

assemblages) it is possible to then investigate whether dinoflagellate cysts can be used to 

determine gateway changes. Again, by approaching this question with a regional dataset, the 

broad and long term changes can be determined, which can then be compared to more 

localised studies (such as chapter 5) to evaluate if the regional and localised trends show the 

same patterns. This aids in the understanding of what influences dinoflagellate cysts on a 

local versus regional scale. Many dinoflagellate cysts have known environmental preferences 

including whether they thrive in coastal or more oceanic regions. This means that they can be 

used to determine changing depositional environments. By including new primary data from 

a previously unsampled area (Cyprus; Chapter 5) the local versus regional effects can be 

further analysed, whilst also filling in a data sparse area of the Eastern Mediterranean. 

To address these research questions the project is split into six chapters. Chapter 1 (this 

chapter) reviews the climate system of the Neogene as well as dinoflagellates, their cysts and 

their utility in the geological record. It also reviews the Mediterranean region in more depth. 

Chapter 2 provides an in depth description on the construction of the TOPIS database, which 

compiles previously published literature on Neogene dinoflagellate cysts. Chapter 3 uses the 

data compiled in TOPIS to investigate the changes to the global distribution of dinoflagellate 

cysts with known temperature preferences, to see if the alterations are related to climate 

change. Chapter 3 continues by investigating the potential of dinoflagellate cysts as a proxy 
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for environmental parameters by examining other factors that affect their distribution and 

assemblage composition. It concentrates on exploring the variations caused by the isolation 

of the Mediterranean Sea as marine gateways to the Atlantic, Paratethys and Indian oceans 

closed. Chapter 4 provides a thorough evaluation of the data used in Chapter 3 and examines 

further constraints of dinoflagellate cysts as a climate proxy. Chapter 5 studies more localised 

alterations brought about by gateway changes in the Mediterranean and provides the first 

organic-walled dinoflagellate cyst data from Cyprus. The final chapter (Chapter 6) presents 

the overall conclusions from this project and discusses possibilities for future research. 

1.2 The Neogene 

1.2.1 Neogene chronology 

The geological time scale is constantly evolving with more constrained dating and the 

establishment of new Global Boundary Stratotype Section and Points (GSSP). All age 

references are concurrent to the Gradstein et al. (2012) geological time scale (Figure 1.1). 

The Neogene is particularly well dated with astronomical tuning resulting in all dates being 

accurate to a precession cycle (~20 Kyr; Hilgen et al., 2006; Gradstein et al., 2012). However, 

much (over half) of the estimated dates provided in the literature, and synthesised into 

TOPIS, are dated to stage or even sub-epoch level. As a result of this, the different stages of 

the Neogene as presented below. It is noted that the majority of the GSSPs can be found in 

the Mediterranean region, and are therefore particularly meaningful when discussing 

changes that took place in the Mediterranean and Paratethys regions (Sections 1.2.6 and 3.6). 
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Figure 1-1: Neogene chronology and key events in the evolution of the Neogene. ThŜ ʵ18O benthic oxygen 
isotope curve is from Zachos et al. (2001; 2008), other references can be found within the text in Sections 1.2.2 
to 1.2.4 under the appropriate headings. 
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The Neogene (23.03ς2.59 Ma), along with the Paleogene (66.0ς23.03 Ma) and the 

Quaternary (2.589 Maςpresent) make up the Cenozoic. The name Neogene comes from Neo, 

meaning new and ƎŜƴŢǎ meaning born, of a specific kind. The Neogene is composed of two 

ŜǇƻŎƘǎΣ ǘƘŜ aƛƻŎŜƴŜ όƳŜŀƴƛƴƎ άƭŜǎǎ ǊŜŎŜƴǘέ ƛƴ DǊŜŜƪύ ŀƴŘ ǘƘŜ tƭƛƻŎŜƴŜ όƳŜŀƴƛƴƎ άƳƻǊŜ 

ǊŜŎŜƴǘέ ƛƴ DǊŜŜƪύΦ ¢ƘŜ aƛƻŎŜƴŜ ƛǎ ǘƘŜƴ ŦǳǊǘƘŜǊ ǎǇƭƛǘ ƛƴǘƻ ǎƛȄ ǎǘŀƎŜǎ ŀƴŘ ǘƘŜ tƭƛƻŎŜƴŜ ƛƴǘƻ ǘǿƻ 

stages. The Miocene contains the Aquitanian, Burdigalian, Langhian, Serravallian, Tortonian 

and the Messinian stages and the Pliocene contains the Zanclean and Piacenzian stages.  

The Aquitanian is the oldest stage of the Neogene (23.03ς20.44 Ma) and along with the 

Burdigalian (20.44ς15.97 Ma) makes up the early Miocene. The GSSP between the Aquitanian 

and the previous stage (the Chattian; 28.1ς23.03 Ma) is Lemme-Carrosio in Northern Italy 

(Gradstein et al., 2012). However, there is no GSSP between the Aquitanian and the 

Burdigalian or between the Burdigalian and the Langhian. The Aquitanian was named after 

the Aquitaine region in France (Mayer-Eymar, 1858) and the Burdigalian after the city of 

Bordeaux, also in France (Depéret, 1893). The Langhian (15.97ς13.82 Ma) follows on from the 

Burdigalian and is named after the Langhe area in northern Italy (Pareto, 1865). The GSSP 

between the Langhian and the next stage (the Serravallian; 13.82ς11.62 Ma) is Rasil Pellegrin, 

Fomm Ir-Rih in Malta (Gradstein et al., 2012). The Serravallian is named after the Serravalle 

Scriva in northern Italy (Pareto, 1865) and along with the Langhian makes up the middle 

Miocene. The late Miocene is made up of the Tortonian (11.62ς7.25 Ma) and the Messinian 

(7.25ς5.33 Ma). There is a GSSP between the Tortonian and the Serravallian at Monte dei 

Corvi Beach, Ancora, Italy and one between the Tortonian and the Messinian at Oued 

Alcrech, Rabbat, Morocco (Gradstein et al., 2012). The Tortonian was named after the city of 

Torona in Italy and the Messinian after the city of Messina also in Italy (Mayer-Eymar, 1858). 

The top of the Miocene/the base of the Pliocene is at 5.33 Ma and its GSSP is at Eraclea 

Minoa, Sicily (Gradstein et al., 2012). The Zanclean follows this (5.33ς3.60 Ma) and was 

named after Zancle, which was the pre-Roman name of Messina (Seguenza, 1868). Following 
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the Zanclean comes the final stage of the Neogene, the Piacenzian (3.60ς2.59 Ma). The GSSP 

between the Zanclean and the Piacenzian is at Punta Picola, Sicily (Gradstein et al., 2012). The 

Piacenzian was named after the city of Piacenza in Italy (Mayer-Eymar, 1858) and is followed 

by the first stage of the Quaternary, the Gelasian. 

1.2.2 Neogene tectonics and ocean circulation 

During the Neogene, the continental configuration was relatively similar to the present 

(Figure 1.2). Minor differences included a greater landmass in the Arctic and in Southeast 

Asia, and the presence of the Paratethys Ocean in Eastern Europe (Pound et al., 2012a). 

However, minor plate movements resulted in the opening and closing of ocean gateways 

(Figures 1.1 and 1.2), altering oceanic circulation (Berggren, 1982). Alterations to oceanic 

circulation can greatly impact climate, and changes in the Miocene are said to have resulted 

in the modification from the lingering greenhouse world of the early Cenozoic to the icehouse 

world of the late Cenozoic (Potter and Szatmari, 2009). A general trend of gateway changes in 

the Neogene is that high latitudes gateways, e.g. the Bering Strait, the Fram Strait and the 

Greenland Scotland Ridge, opened, while lower latitude gateways closed, e.g. the Eastern 

Mediterranean Gateway, the Indonesian Gateway and the Isthmus of Panama (Potter and 

Szatmari, 2009). This pattern could also be seen prior to the Neogene, for example both the 

high latitude gateways in the Southern Hemisphere, the Tasman Rise and the Drake Passage, 

opened (Hayes, 1973; Barker and Burrell, 1977; Gaina et al., 1998; Scher and Martin, 2006). 
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Figure 1-2: Location map of the key events of the Neogene. References can be found amongst the text in 
Sections 1.2.2-1.2.4. Late Miocene palaeogeography is from Markwick et al., (2000). 
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The Drake Passage opened between South America and Antarctic at ~41 Ma (Scher and 

Martin, 2006) and the Tasmanian Gateway opened between Australia and Antarctica at ~33.5 

Ma (Kuhnt et al., 2004). Once both gateways were open, the Antarctic Circumpolar Current 

(ACC) initialised, forming a barrier to the warmer equatorial waters. This effectively isolated 

Antarctica and allowed further development of the East and West Antarctic ice sheets at 

roughly the Eocene-Oligocene boundary (Lawver and Gahagan, 2003; Barker et al., 2007). 

Although it has been postulated that the development of ice sheets on Antarctica may have 

begun prior to the Eocene-Oligocene boundary (Beerling and Royer, 2011), and was due to a 

decrease in CO2 (DeConto and Pollard, 2003; Huber et al., 2004; Pagani et al., 2005; 2011; 

Pearson et al., 2009).  

Following this, during the Late Oligocene (25 Ma), Australia began to collide with the Eurasian 

Plate, thereby reducing the width of the Southeast Asian gateway and decreasing marine 

throughflow in the Indonesian region (Hall et al., 2011; Pound et al., 2012a). This resulted in 

the ceasing of mixing of Pacific Ocean and Indian Ocean deep water by the early Miocene (23 

Ma), although surface and intermediate water exchange between the ocean basins still 

occurs today (Hall, 2002; Kuhnt et al., 2004). The connection that still exists is a narrow band 

of warm, low salinity water and is regarded as the major switchboard in the global 

thermohaline circulation (You and Tomczak, 1993; Gordon and Fine, 1996; Kuhnt et al., 

2004). Changes to this connection are thought to have dramatic repercussions on the 

circulation patterns in the Pacific, and hence global climate change (Kennett et al., 1985). 

In the early Miocene, throughflow between the Eastern Mediterranean and the Indian Ocean 

was possible via the Tethys Seaway (Karami et al., 2009; Reuter et al., 2009). During the 

middle Miocene, this seaway restricted and the gateway was only intermittently open before 

it permanently closed in the middle Miocene (~14 Ma; Rögl, 1999; Harzhauser and Piller, 

2007). The closure was due to the rotation of the African Plate causing a collision between 

the Arabian microplate and the Eurasian Plate (Krijgsman, 2002). This collision and 
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subsequent gateway closure has been proposed as playing an important role in the Middle 

Miocene Climate Transition (MMCT; ~14 Ma, a period of rapid global cooling) because of its 

influence on meridional heat transfer and global thermohaline circulation (Reid, 1979; Bryden 

and Kinder, 1991). The Western Mediterranean also saw a gateway closure, this time 

between the North Atlantic Ocean and the Mediterranean Sea (Martín et al., 2001; Ivanovic 

et al., 2013). This closure occurred in the late Miocene, between ~5.96 and 5.33 Ma, and 

resulted in the precipitation of vast quantities of evaporites, an event called the Messinian 

Salinity Crisis (MSC; Hsü et al., 1973; Hsü et al., 1977; Flecker et al., 2015). Little is understood 

of the impact of the MSC on the climate. For example, pollen shows that it made no impact 

on the regional climate (Warny et al., 2003), but modelling studies suggest that it may have 

caused regional cooling (Schneck et al., 2010; Ivanovic et al., 2014b). At ~5.33 Ma water 

exchange became possible once more through the newly opened Strait of Gibraltar (Hsü et 

al., 1973). This allowed denser more saline water to flow out through the Strait of Gibraltar 

(Mediterranean Outflow Water; MOW), contributing warm and saline waters to the northern 

latitudes (Hernández-Molina et al., 2014). Without the MOW the Atlantic Meridional 

Overturning Circulation (AMOC) would decline by up to 15%, cooling the North Atlantic sea 

surface temperatures by up to 1 °C (Rahmstorf, 1998; Rogerson et al., 2012; Ivanovic et al., 

2014a). The AMOC transports warm and saline water into the higher latitudes where it cools, 

sinks and flows southwards (Dickson and Brown, 1994; Stocker and Broecker, 1994).The 

added heat transport into the higher latitudes is the reason for the mild climate of Europe 

(Ganachaud and Wunsch, 2000). If the AMOC were suddenly to collapse, a significant cooling 

event would likely take place (Hemming, 2004; Gutjahr et al., 2010). 

The Central American Seaway (CAS), a marine connection between the Atlantic and Pacific 

oceans, was a further low latitude gateway that closed during the Neogene. The timing of its 

closure is controversial with dates ranging from the middle Miocene (13ς15Ma; Montes et 

al., 2015) to the late Pliocene (~3.5ς2.5 Ma; Molnar, 2008). Emergence of land has been 
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posited as occurring as early as 20ς15 Ma (Montes et al., 2012; Montes et al., 2015) with a 

deep water connection closure at 10ς7 Ma (Osborne et al., 2014; Sepulchre et al., 2014). The 

collision between North and South America closed down the circum-equatorial current, 

which had dominated throughout the Paleogene (Coates et al., 2004). Preceding this, North 

Atlantic Deep Water (NADW) formation, a key component of the AMOC, was relatively 

insignificant, and there was no evidence of its formation prior to 14.5 Ma (Lunt et al., 2008a; 

Butzin et al., 2011). The development of the NADW greatly strengthened in the late Neogene 

and resulted in the ACC accumulating silicates (entering from the Atlantic sector), which 

became trapped in both the water and the sediment (Berger, 2007). This resulted in the ACC 

becoming the dominant repository and redistribution centre for silicate and resulted in 

increased ocean productivity (Trégver et al., 1995; Pondaven et al., 2000). The increase (and 

strengthening of the NADW) in silcates is therefore proposed as being linked to the evolution 

of plankton, whales and other marine mammals (Fordyce, 1992; Berger, 2007).   

In the late Miocene, the CAS closed sufficiently to restrict deep water flow between the 

Pacific and Atlantic oceans. This acted to intensify the Gulf Stream and initiated, or at least 

strengthened, NADW formation, redistributing ocean heat northeastwards in the North 

Atlantic (Raymo and Ruddiman, 1992). This event was highly significant because it brought 

about the present oceanic circulation pattern, enclosing the North Atlantic Basin and 

resulting in an AMOC similar to today. The exact timing of the final closure of the CAS is 

uncertain, but is likely to have occurred during the late Pliocene, between 3.5 and 2.7 Ma 

(Coates et al., 2004; Bartoli et al., 2005; Webb, 2006), or perhaps earlier, between 4.7 and 4.2 

Ma (Haug et al., 2001; Steph et al., 2006). This may have contributed towards the onset of 

Northern Hemisphere Glaciation (NHG) in the Pleistocene (~3.6 Ma), along with a decrease in 

CO2 (Mikolajewicz et al., 1993; Mudelsee and Raymo, 2005; Lunt et al., 2008a). Although, it 

has also been postulated that it delayed the intensification of the NHG by several million 
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years and it was only due to mountain building, and a CO2 reduction, that the intensification 

of glaciation occurred (Berger and Wefer, 1996).  

Gateway changes in the high latitudes of the Northern Hemisphere included the opening of 

the Bering Strait, the Fram Strait and the subsidence of the Greenland-Scotland Ridge (Potter 

and Szatmari, 2009; Brierley and Fedorov, 2016). The Greenland-Scotland Ridge deepened 

between 18.0 and 15.5 Ma and again from 12.5 Ma (Wright and Miller, 1996). The deepening 

allowed the formerly isolated deep and cold Arctic waters to enter the Atlantic, modifying the 

global oceanic system (Wright and Miller, 1996). The Fram Strait, the link between Svalbard 

and Greenland (the Arctic and Norwegian-Greenland Sea), had a shallow water connection 

between 15 and 10 Ma (Engen et al., 2008). This connection opened to deep water between 

7.5 and 5 Ma, and along with the Greenland-Scotland Ridge, allowed the exchange of water 

between the North Atlantic and the Arctic oceans. This caused the transition from poorly 

oxygenated waters to fully oxygenated and ventilated conditions in the Arctic (Jakobsson et 

al., 2007; Engen et al., 2008). 

The final gateway that opened in the Neogene was the Bering Strait (De Schepper et al., 

2015). The Bering Strait opened between 7.4 and 4.8 Ma (Marincovich and Gladenkov, 1999) 

and was an important oceanographic event of global significance (Reason and Power, 1994; 

Shaffer, 1994). It is proposed that its reconfiguration triggered the development of the 

modern circulation in the Nordic Seas, which is essential for NADW formation (De Schepper 

et al., 2015). Modelling studies demonstrate that a closed Bering Strait results in a 

strengthened AMOC, a warmer North Atlantic Ocean and reduced upper ocean water 

exchange between the Arctic and North Atlantic oceans (Hu et al., 2015), and an open Bering 

Strait weakens the AMOC (Brierley and Fedorov, 2016).  



Introduction  Chapter 1 

- 14 - 
 

1.2.3 Neogene orography 

Tectonic changes, including the uplift of mountain chains, can influence climate in a number 

of ways. For example, mountain height influences the climate by perturbing atmospheric 

circulation and altering monsoon patterns (Quade et al., 1989; Guo et al., 2002; Spicer et al., 

2003; Harrison and Yin, 2004). An increase in elevation may also cause an increase in snow 

cover, resulting in a higher albedo and reduced heat absorption (Molnar et al., 2010). 

Furthermore, mountain uplift exposes more fresh rock to both physical and chemical 

processes. This enhances silicate weathering and sequesters CO2 from the atmosphere on 

millennial timescales, leaving lower greenhouse gas concentrations in the atmosphere 

(Retallack, 2002). An increase in silicate weathering can lead to the amount of biolimiting 

nutrients (those necessary to sustain life), such as phosphates, in the oceans to rise (Filippelli, 

1997). This can elevate the ocean productivity, i.e. result in blooms of phytoplankton, which 

in turn contributes towards a rise in organic burial and hence an increase in the drawdown of 

atmospheric CO2 (Filippelli, 1997). Furthermore, uplifting of the sea floor can increase the 

amount of shelf areas, where many dinoflagellates and other organisms thrive, also providing 

further nutrients to the microfauna/flora and encouraging them to flourish (Marret and 

Zonneveld, 2003). 

Many of the current major mountain chains were initiated during the Neogene (Figure 1.1 

and 1.2), aiding in cooling of the climate and changing atmospheric circulation (Raymo et al., 

1988; Pound et al., 2012a). Specifically, the Tibetan Plateau and the Himalayan Range rose 

during the Neogene, extensively increasing in height in the late Tortonian (8 Ma), which is 

thought to have contributed to the initiation of the Asian monsoon (Griffin, 2002). The uplift 

of the Himalayas caused increased amounts of physical and chemical weathering of the 

Himalayan and Tibetan Plateau, which destabilised the climate system and helped to produce 

the intense cooling seen throughout the Neogene (Filippelli, 1997). The rapid uplift was a 

result of the increase in the intensity of the collision of India into Asia during the middle and 

late Miocene (Rowley et al., 2001; Molnar et al., 2010). By the earliest Pliocene (5 Ma) some 



Introduction  Chapter 1 

- 15 - 
 

areas in the Himalayas had reached above 7000 m, which enabled ice fields to develop 

(Rowley et al., 2001; Molnar et al., 2010). Further uplifting, which resulted in the 

establishment of ice, took place in Greenland. Uplifting in Greenland occurred during the late 

Miocene and resulted in increased ice sheet growth, raising the albedo, which increased the 

inception of ice sheets and produced additional cooling (Japsen et al., 2006; Lunt et al., 

2008a; Solgaard et al., 2013; Knies et al., 2014a; Knies et al., 2014b).  

An example of uplifting that altered the atmospheric circulation, and hence regional climate 

patterns, is given in Rech et al. (2006), where it is suggested that the uplift of the Andes 

blocked moisture coming from the South American Summer Monsoon and caused the 

initiation (between 19 and 13 Ma) of hyperaridity in the Atacama Desert. Hyperaridity can 

increase the amount of iron transported into the ocean via aeolian dust. Iron fertilises the 

water providing micronutrients for phytoplankton, allowing blooms (Meskhidze et al., 2005). 

Iron fertilisation also reaches the oceans from volcanic ash, and strong links have been shown 

to exist between iron fertilisation and the productivity of the oceans (Abrajevitch et al., 

2014). The Andes have been rising since the middle Miocene, uplifting consistently by 0.2ς0.3 

mm per year since the late Miocene (Tortonian, 10.7 Ma), when they were at half their 

current height of 3600 m (Hooghiemstra and van der Hammen, 1998; Gregory-Wodzicki, 

нлллΤ WƛƳŞƴŜȊπaƻǊŜƴƻ Ŝǘ ŀƭΦΣ нллуύ. Other mountain chains that uplifted during the Neogene 

included the Alps. During the early Miocene, the Alps were islands between the Paratethys 

and the Western Tethys oceans. They began to uplift during the Langhian (14 Ma), reaching 

3500 m above sea level by the Tortonian (8 Ma; WƛƳŞƴŜȊπaƻǊŜƴƻ Ŝǘ ŀƭΦΣ нллуύ.  

The back bone of the Americas is the North America Cordillera and is made up of mountain 

chains such as the Alaska Range, the Rocky Mountains, the Cascades and the Coast Ranges 

(Foster et al., 2010). Without the North American Cordillera the northeast of North America 

would have significantly warmer winters and the continental interior would have increased 

precipitation (Kutzbach et al., 1989; Seager et al., 2002). Most of the North American 
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Cordillera ranges have been at a high elevation (over 2 km) since before the Neogene, having 

formed in the early Cenozoic and, if anything, have reduced in height during the Neogene 

(Wolfe et al., 1998; Horton et al., 2004; Kent-Corson et al., 2006). However, the Coastal 

Mountain Ranges, such as the Cascade in northwest of North America, did not develop until 

the middle to late Miocene and did not reach their present height of ~ 1.5 km until ~7ς9 Ma 

(Denton and Armstrong, 1969; Clague, 1991). 

1.2.4 Neogene climate and cryosphere development 

Throughout the Neogene, global temperatures were warmer than they are today. The 

Neogene marks the transition between the warmer greenhouse world of the Paleocene, to 

the colder temperatures seen today, with ice sheets on both poles (Figures 1.1 and 1.2; 

Zachos et al., 2001; 2008; Lawver and Gahagan, 2003; Hönisch et al., 2012). The cooling trend 

was established prior to the Neogene, beginning in the Eocene with the development of ice 

on Antarctica at the Eocene-Oligocene boundary (~34 Ma) due to CO2 levels falling below a 

critical threshold (Kennett, 1976; Barrett, 2008; Zachos et al., 2008; Pearson et al., 2009; Lear 

et al., 2015). This cooling trŜƴŘ ƛǎ ƳŀǊƪŜŘ ōȅ ŀ мΦр҉ ǇƻǎƛǘƛǾŜ ǎƘƛŦǘ ƻŦ ƻȄȅƎŜƴ ƛǎƻǘƻǇŜ ǾŀƭǳŜǎΣ 

and atmospheric CO2 levels, determined from boron isotopes, were between ~450 and ~1500 

ppmv (Pearson et al., 2009). However, with increased development of CO2 proxy methods, 

there is now only a twofold discrepancy between the different methods used (Beerling and 

Royer, 2011). At this time, ice rafted debris suggests that the ice was semi-permanent, but on 

a continental scale (Zachos et al., 1992; Scher et al., 2011). The cause of ice development is 

partly attributed to the breaking up of Gondwana where the ocean gateways widened (e.g. 

the opening of the Drake Passage), isolating the continent and partially leading to the 

southern polar glaciation (Livermore et al., 2007; Lagabrielle et al., 2009). In the Northern 

Hemisphere, only ephemeral glaciers were present in Greenland at the Eocene-Oligocene 

boundary (Eldrett et al., 2009). 
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Global cooling continued and a second stage of ice growth occurred just prior to the 

Oligocene-Miocene boundary (~23 aŀύ ǿƛǘƘ ŀ Ϥм҉ ǇƻǎƛǘƛǾŜ ŜȄŎǳǊǎƛƻƴ ƛƴ ƳŀǊƛƴŜ ōŜƴǘƘƛŎ 

ŦƻǊŀƳƛƴƛŦŜǊŀ ʵ18O records (Beddow et al., 2016). The global cooling event resulted in large 

scale ice sheet expansion on Antarctica (Mi-1) and a decrease of high latitude deep ocean 

temperatures (Woodruff and Savin, 1989; Miller et al., 1991; Zachos et al., 1997). It separated 

the low amplitude climate variability, with relatively warm global temperatures of the late 

Oligocene, from the high amplitude rapid climate variability, with large temperature and ice 

fluctuations, of the early Miocene (Miller et al., 1991; Zachos et al., 2001; Billups et al., 2004; 

Holbourn et al., 2005; Pälike et al., 2006; Shevenell and Kennett, 2007; Liebrand et al., 2011).  

The Miocene continued the cooling trend established during the Oligocene, with reductions 

in CO2 levels and the aridification of continental interiors (Zachos et al., 2008; Potter and 

Szatmari, 2009; Beerling and Royer, 2011). However, the steadily-cooling early Miocene was 

interrupted by the Middle Miocene Climatic Optimum (MMCO), where temperatures peaked 

following a 3ς7 °C increase in deep-sea temperatures (Raymo and Ruddiman, 1992). The 

MMCO was a period of global warmth that occurred towards the end of the Burdigalian and 

the start of the Langhian, between 17 and 15 Ma (Savin et al., 1975; Zachos et al., 2001; 

Böhme, 2003; You et al., 2009). Although it began earlier in Europe (between 42 and 45° N), 

at around 18 Ma, and lasted longer (until 14 Ma; Böhme, 2003). Böhme (2003), used 

ectothermic vertebrates and bauxite records to calculate a lower and upper limit of mean 

annual temperatures of 17.4 °C and ~22 °C respectively for the MMCO. Global temperatures 

of the MMCO were thought to have been 3 °C higher than today, with an atmospheric CO2 

concentration between 460 and 580 ppmv (You et al., 2009). In Japan, molluscan 

assemblages suggest that temperatures were ~6 °C warmer than present (Itoigawa and 

Yamanoi, 1990; Tsuchi, 1990) and mean annual temperatures in Alaska/North West Canada 

reached 9 °C higher than present (White et al., 1997). The MMCO led to a 2000 fold increase 

in two species of dinoflagellate cysts (Operculodinium centrocarpum and Pyxidinopsis braboi) 
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preserved in Antarctica, showing the peak of the MMCO in Antarctica was between 15.7ς15.5 

Ma (Warny et al., 2009). The enormous increase of these two species has been related to a 

peak in productivity due to warmth causing the ice to retreat (Warny et al., 2009). West 

Greenland also saw an increase in dinoflagellate cyst abundance and diversity over the 

MMCO (Piasecki, 2003).  

Estimates of atmospheric CO2 levels over the MMCO (from palaeosols, stomatal indices and 

marine CO2 proxies) range from 180 to 700 ppmv (Cerling, 1991; Pagani et al., 1999; Pearson 

and Palmer, 2000; Royer et al., 2001; Kürschner et al., 2008). The lower levels from this 

range, as calculated by Pagani et al. (1999) and Pearson and Palmer (2000), suggest that CO2 

may have become decoupled from sea surface temperatures. Whilst numerous temperature 

proxy records show global warmth during this time (Zachos et al., 2001; Böhme, 2003; 

Kürschner et al., 2008; Sun and Zhang, 2008), climate models are so far unable to recreate 

the deep water warmth under low CO2 conditions (You et al., 2009; Herold et al., 2012). Along 

with the debate over exactly what the CO2 levels over the MMCO were, the cause is also 

debated (You et al., 2009; Henrot et al., 2010; Herold et al., 2012), and may be linked to 

changes in ocean circulation and heat transport due to ocean gateway evolution (Woodruff 

and Savin, 1989; Flower and Kennett, 1994; Ramsay et al., 1998; Shevenell and Kennett, 

2004; Poore et al., 2006). For example, both the CAS and the Eastern Mediterranean Gateway 

were open at this time, resulting in different ocean patterns (Herold et al., 2008; Henrot et 

al., 2010). 

The MMCO was followed by the MMCT (~14 Ma), and a further major phase of cooling and 

ice development in Antarctica (Holbourn et al., 2005). The MMCT took place in several stages, 

Miocene isotope events Mi-3 to 7 (Quaijtaal et al., 2014), and represents an important step 

between the initiation of global cooling, and the modern ocean and climate system of the 

present (Flower and Kennett, 1994). The largest cooling step was Mi-3b, at ~13.82 Ma (Abels 

et al., 2005), which resulted in an increased production of cold Antarctic deep water, major 
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ice sheet growth and a decrease of 2 °C of deep ocean temperatures (Flower and Kennett, 

1994; Billups and Schrag, 2002; Shevenell et al., 2004; 2008). A decrease of 6 to 7 °C is 

postulated for Pacific sea surface temperatures (Shevenell et al., 2004). Like the MMCO, 

causes of the MMCT are debated and have been attributed to a drawdown of CO2 and/or 

changes in oceanic circulation (Shevenell and Kennett, 2004; Kürschner et al., 2008; Pagani et 

al., 2009; Badger et al., 2013). Back stripping evidence shows that during the MMCT sea levels 

fell between 53 and 69 m (John et al., 2011), and evidence from glacial landforms suggest 

that larger than modern ice sheets overrode the Transantarctic Mountains (Lewis et al., 

2007).  

After the rapid cooling during the MMCT, temperatures resumed their steady decline 

throughout the remainder of the Miocene. However, the rate of cooling and ice growth 

slowed (Zachos et al., 2001; 2008). Despite this sustained Miocene global cooling, vegetation 

evidence from global reconstructions shows that the late Miocene (Tortonian) had warmer 

and wetter climates than today (Pound et al., 2011;  2012a; 2012b), and a nearly ice free 

Northern Hemisphere (Zachos et al., 2001; Ruddiman, 2010). Significant ice cover on 

Greenland was not possible until mountain uplift, beginning at 10 Ma, resulted in parts of 

southern and eastern Greenland reaching two kilometres above sea level (Japsen et al., 2006;  

2010). Even at this time, only southern Greenland was glaciated (Wolf and Thiede, 1991). The 

development of ice in both hemispheres helped regulate the climate by driving changes to 

eustatic sea level and deep-ocean circulation (Anderson, 1999; Lear et al., 2015). The 

increasing amount of ice resulted in a higher surface albedo, further reducing temperatures 

and reinforcing cooling, particularly in the high latitudes (Curry et al., 1995).  

During the Pliocene, compared to the modern, meridional temperatures were reduced, the 

tropics were expanded towards the high latitudes and poleward ocean heat transport was 

increased (Brierley et al., 2009; Pagani et al., 2010). In the early Pliocene, the east-west 

temperature gradient of the Pacific was approximately 1.5 °C, compared to 5 °C today (Wara 
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et al., 2005; Dowsett and Robinson, 2009). The latitudinal temperature gradient was also 

reduced, for example oxygen isotopes and annual tree rings depict that the Pliocene Arctic 

had mean annual temperatures ~19 °C warmer than the modern (Ballantyne et al., 2010). At 

the Zanclean-Piacenzian boundary (3.6 Ma) there was an intensification of glaciation, which 

peaked at 3.3 Ma (Mudelsee and Raymo, 2005; Contoux et al., 2015), and during the late 

Pliocene there was a relatively brief, but significantly warmer interval, the middle Piacenzian 

Warm Period (MPWP, 3.29ς2.97 Ma; Haywood et al., 2002). During the MPWP, temperatures 

were ~3 °C higher than pre-industrial levels, with atmospheric CO2 concentrations of ~400 

ppm and sea levels 10ς20 m higher than today (Raymo et al., 1996; Ravelo and Andreasen, 

2000; Haywood et al., 2009; Seki et al., 2010; Salzmann et al., 2013). During this time, the ice 

sheets were reduced and the eastern Arctic Ocean was seasonally ice free (Knies et al., 2002; 

Dolan et al., 2011).  

An increase in glaciation followed the MPWP culminating in the Northern Hemisphere 

Glaciation (NHG) at 2.74 Ma (Lear et al., 2015). At this time the extent of the North American 

ice-sheet far exceeded that of today, a Eurasian ice sheet grew and the Antarctic ice sheet 

was considerably thicker than at present, before it waxed and waned throughout the 

Pleistocene (Ingólfsson, 2004; Bartoli et al., 2005; Mudelsee and Raymo, 2005; Pagani et al., 

2010; Knies et al., 2014b). The cause of the NHG is not fully understood and possible 

hypotheses include the closure of the CAS and decreases in CO2 levels during the late 

Pliocene (Lunt et al., 2008a).  

1.2.5 Plankton evolution 

The development of the modern climate and oceanic circulation that took place during the 

Neogene had important consequences for the distribution and evolution of plankton, and 

large turnover events can often be related to major palaeoceanographic changes (Tappan 

and Loeblich, 1973; Wei and Kennett, 1986). For example, the diversity of planktonic 

foraminifera increased during the early Miocene, probably due to an increased polar to 
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equatorial thermal gradient, and remained steady during the middle and late Miocene. It 

then decreased between the Pliocene and present day, due to the large scale 

palaeoceanographic fluctuations and high frequency climatic oscillations that resulted in the 

NHG (Wei and Kennett, 1986). Radiolarians also saw a similar pattern of diversity changes 

(Lazarus, 2002).  

Controlling factors of the distribution and diversity of different microfossil planktonic groups 

are complex, and are not all associated with temperature. For example, radiolarians have an 

inverse correlation to productivity. High diversities are found in regions with few nutrients, 

whereas a high diversity of diatoms is often associated with high productivity (Lazarus, 2002; 

2014). The increasing diversity of diatoms through the Neogene has been related to the 

increased continental weathering, which resulted in an increased strength of the biological 

pump (Cermeño et al., 2015).  

The Oligocene-Miocene transition is marked by a major change in the global distribution of 

planktonic groups, which has been attributed to the development of the ACC (Kennett, 1978). 

This development aided in the establishment of modern planktonic distributions, which are 

often arranged into latitudinal bands, with a steep latitudinal diversity gradient (Rutherford 

et al., 1999; Crame, 2001). Environmental changes also can influence the size of plankton. For 

example, through the Neogene, planktonic foraminifera increased in size, whereas there was 

a decrease in size in the coccolithophores (Schmidt et al., 2006). The increase in size of the 

foraminifera is attributed to the cooling Neogene, whereas the decreasing size of the 

coccolithophores is attributed to an increase in the stratification of the waters, which 

influences the amount of nutrients that reach the surface waters (Schmidt et al., 2006). 

Dinoflagellates are an additional group that have been affected by the environmental 

changes that took place during the Neogene, and their responses are discussed throughout 

this thesis.  
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1.2.6 Geological development of the Mediterranean Basin 

This section provides more detailed information on the changes that took place during the 

Neogene that specifically influenced the Mediterranean and Paratethys regions (Figure 1.3). 

The Mediterranean region underwent great change during the Neogene making it an 

excellent case study for investigating the climate proxy potential of dinoflagellate cysts (see 

Section 3.6). 

During the late Palaeozoic and early Mesozoic eras all the continents converged and formed 

the supercontinent Pangaea. The breakup of Pangaea, beginning around the Permian-Triassic 

boundary, lasted several hundred million years starting with the breakup of Gondwana and 

Laurasia (Bosworth, 2015). The Tethys Ocean was situated between Gondwana and Laurasia 

and, through continental rifting, stretched through to the newly emerging Atlantic Ocean in 

the Early Jurassic (Stampfli and Borel, 2002). The opening of the Indian Ocean began towards 

the end of the Late Jurassic with the detachment of the Indian Plate from Gondwana 

(Stampfli and Borel, 2002). It collided with Asia during the Eocene (Rögl, 1999). The 

movement of India resulted in the western end of the Tethys Ocean being reduced to the size 

of the Mediterranean of today (Rögl, 1999). It also caused the formation of the 

intercontinental Paratethys Sea, which was situated in the region of present day Austria, 

Hungary and Romania (Rögl, 1999); an area now emerged above sea level. 

In the Late Cretaceous, the northward movement of the Arabian Plate and India narrowed 

the Tethys Seaway (Golonka et al., 1994; 2004) and eventually, around 14 Ma, the Eastern 

Mediterranean Gateway closed, preventing water from being exchanged between the Indian 

Ocean and the Mediterranean (Rögl, 1997; Hüsing et al., 2009). Earlier estimates for the 

timings of the closure are described below. What was once the Tethys Seaway continued to  
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Figure 1-3: Summary of the major changes that took place in the Mediterranean and Paratethys during the 
bŜƻƎŜƴŜΦ ¢ƘŜ ōŜƴǘƘƛŎ ʵ18O curve is adapted from Zachos et al. (2008) and reflects bottom water temperatures. 
Data for the Sea level curves comes from Haq et al. (1987); Miller et al. (2005; 2011) and Kominz et al. (2008). All 
other references can be found in the text (Section 1.2.6). Sea level (m) is relative to present.  
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close with the subduction of the Arabian Plate under the Eurasian Plate, and the gateways 

between the Paratethys and the Mediterranean eventually closed. Today, only the Black and 

Caspian Seas represent the ancient Paratethys Sea (Rögl, 1999; Popov et al., 2006; 

Harzhauser and Piller, 2007). The shrinkage of the Tethys Seaway also resulted in triggering 

the North African aridity, establishing the Sahara Desert (Zhang et al., 2014). Connections 

between the Mediterranean Sea and the Atlantic Ocean were briefly interrupted during the 

Messinian (5.97ς5.33 Ma), with the closure of the Western Mediterranean Gateways causing 

huge salinity fluctuations and the mass precipitation of evaporites during an event known as 

the Messinian Salinity Crisis (MSC; Hsü et al., 1973; 1977; Krijgsman et al., 1999a; Flecker et 

al., 2015), also described in more detail below. 

Thus, the Mediterranean Sea has changed greatly since its formation, from being connected 

to both the Indian and the Atlantic oceans to being completely isolated before partially 

reopening, and this evolution has significantly altered regional flora and fauna, circulation, 

depth, sediment type and climate. The gateway changes of the Mediterranean during the 

Neogene (23.03ςнΦрф aŀύ ƘŜƭǇŜŘ ǘƻ ŘŜǾŜƭƻǇ ǘƘŜ ƳƻŘŜǊƴ ǿƻǊƭŘΩǎ ƻŎŜŀƴƛŎ ŀƴŘ ŀǘƳƻǎǇƘŜǊƛŎ 

circulation (Potter and Szatmari, 2009). Several studies suggest a link between the closing of 

the Eastern Mediterranean Gateway (Woodruff and Savin, 1989; Flower and Kennett, 1993a; 

Rögl, 1999), which stopped water exchange between the Indian Ocean and the 

Mediterranean, and the MMCT (~14 Ma); a time of global cooling (Flower and Kennett, 

1993a; Zachos et al., 2001; 2008; Shevenell et al., 2004). Furthermore, because the 

Mediterranean has a very different hydrological balance than the open ocean, producing 

relatively warm and salty water, exchange through its marine gateways has an important 

influence on water temperature and salinity in the connected basins. It therefore affects 

circulation of both the Mediterranean and the open oceans (Ivanovic et al., 2014a). For 

example, warm waters of the Atlantic are exchanged for the cooler and saltier intermediate 
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to deep waters of the Mediterranean, which amplifies the Atlantic Meridional Overturning 

Circulation (Rogerson et al., 2010). 

1.2.6.1 Eastern Mediterranean Gateway 

The timing of the closure of the gateway between the Indian Ocean and the Mediterranean 

Sea is less certain than for the later Western Mediterranean Gateway closure that caused the 

MSC (Rögl, 1999; Popov et al., 2004; Harzhauser and Piller, 2007; Allen and Armstrong, 2008; 

Hüsing et al., 2009; Okay et al., 2010). The Eastern Mediterranean Gateway closure was 

caused by the rotation and collision of the Arabian plate with Eurasia, preventing the 

exchange of water between the Mediterranean Sea and the Indian Ocean (Rögl, 1999). 

Evidence for the final collision between the Arabian and Eurasian plates gives a range of dates 

between the late Eocene (~35 Ma; Allen and Armstrong, 2008) and the early Tortonian (~11 

Ma; Hüsing et al., 2009).  

The progressive restriction of the Tethys Ocean was due to the northward movement of both 

the Indian and Arabian plates (Rögl, 1999; Hüsing et al., 2009). What was once a wide and 

deep gateway became more restricted until it was a subtidal marine environment by the end 

of the Oligocene (23 Ma; Rögl, 1999; Hüsing et al., 2009). By the middle Miocene, 

biostratigraphical evidence indicates that a shallow water gateway emerged in response to 

the subduction of the Arabian Plate under the Eurasian Plate (Hüsing et al., 2009). This 

connection was situated north of the Arabian Plate and is thought to have been between 

300ς600 m deep. It remained open until the seafloor of the gateway re-emerged and the 

connection between the Mediterranean and the Indo-Pacific closed permanently at 11 Ma 

(Hüsing et al., 2009), although other authors suggest it was already closed by this time (Rögl, 

1999; Popov et al., 2004; Harzhauser and Piller, 2007; Vincent et al., 2007; Allen and 

Armstrong, 2008; Okay et al., 2010). 
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The oldest estimate for the final collision of the Arabian and Eurasian plates, is ~35 Ma and 

Allen and Armstrong (2008) provided evidence for this from compressional deformation, 

major surface uplift, onset of terrestrial sediments and changes in palaeobiogeography. 

Vincent et al. (2007) agreed with this timing and showed that the uplift of the Greater 

Caucasus, EuǊƻǇŜΩǎ ƭŀǊƎŜǎǘ Ƴƻǳƴǘŀƛƴ ōŜƭǘΣ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ ƴƻǊǘƘŜǊƴ ƳŀǊƎƛƴ ƻŦ ǘƘŜ !Ǌŀōƛŀ-

Eurasian collision zone, began during the initial collision of the Arabian and Eurasian plates at 

~35 Ma. Based on regional stratigraphy, ~20 Ma is the date given for the collision of the 

plates (Okay et al., 2010), but the presence/absence of Mediterranean and Indian fauna 

suggests that marine exchange ended much later; ~14 Ma (Rögl, 1999; Popov et al., 2004; 

Harzhauser and Piller, 2007). The youngest possible date of water exchange between the 

Indian Ocean and the Mediterranean Sea is 11 Ma, when the end of deposition of deep water 

sediments is thought to represent the ceasing of continental plate subduction (Hüsing et al., 

2009).  

The general consensus is that the Indian Ocean and Mediterranean Sea were intermittently 

connected until at least the middle Miocene, and that the final closure took place at ~14 Ma 

(Woodruff and Savin, 1989; Rögl, 1999; Popov et al., 2004; Harzhauser, 2007; Harzhauser and 

Piller, 2007; Hüsing et al., 2009; Hamon et al., 2013). Faunal changes (molluscs, echinoids and 

foraminifera) concur with this theory, and it is thought that the water basins reconnected due 

to sea level fluctuations during the MMCO, a period of global warmth between ~17 and 15 

Ma (Rögl, 1999; Meulenkamp and Sissingh, 2003; Harzhauser, 2007; Harzhauser and Piller, 

2007; Allen and Armstrong, 2008; Hüsing et al., 2009; Reuter et al., 2009; Okay et al., 2010; 

Hamon et al., 2013). 

1.2.6.2 Atlantic Gateway and Messinian Salinity Crisis 

The Atlantic-Mediterranean connection is still present today, although this has not always 

been the case and the nature of the connection has evolved. The Eastern Mediterranean 

Gateway closed during the collision of the African and Eurasian plates (see previous section) 
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and during the late Miocene the Mediterranean Sea became increasingly isolated due to the 

tectonic uplift related to the Africa-Europe convergence (Hüsing et al., 2010). The uplift along 

the continental margins of Africa and Iberia caused the two remaining passages connecting 

the Mediterranean Sea and the North Atlantic to become narrower and shallower, restricting 

the throughflow between the two basins (Weijermars, 1988; Garcés et al., 1998; Krijgsman et 

al., 1999a). These corridors, called the Rifian Corridor, through Northern Morocco, and the 

Betic Corridor (Iberian Seaway) in Southern Spain (Benson et al., 1991; Krijgsman, 2002; 

Krijgsman et al., 2002; Betzler et al., 2006), had complex geometries, although broadly they 

were much wider (and longer) than the current Straits of Gibraltar.  

The Betic Corridor was the first of the two corridors to close and was made up of four distinct 

elements: the North Betic Strait, the Granada Basin, the Guadix Basin and the Guadalhorce 

Corridor (Flecker et al., 2015). These four passages/basins connected the Guadalquivir Basin 

to the Mediterranean Sea, and all four closed prior to the MSC (Flecker et al., 2015). The first 

of the Betic connections to close was the Guadix Basin at ~7.8 Ma (Betzler et al., 2006), 

followed by the North Betic Strait at ~7.6 Ma (Krijgsman et al., 2000) and then the Granada 

Basin between 7.37 and 7.24 Ma (Corbí et al., 2012). These dates all result from the discovery 

of continental deposits in the corridor, indicating the emergence of the surface above sea 

level (Flecker et al., 2015). The last Betic Corridor to close was the Guadalhorce Corridor, 

although little is known regarding the timing of its closure. However, tŞǊŜȊπ!ǎŜƴǎƛƻ Ŝǘ ŀƭΦ 

(2012) put its closing at ~6.18 Ma (~200 Ka before the onset of the MSC) from changes to the 

deep-sea benthic foraminiferal oxygen-isotope curve.  

Initial restriction between the North Atlantic and the Mediterranean Sea at the Rifian 

Corridor began at ~ 7.3 Ma, restriction increased between ~6.26 Ma and ~5.4 Ma primarily 

due to tectonic uplift (Warny et al., 2003). By 6.5 Ma, the Rifian Corridor had experienced 

enough tectonic uplift that the only movement of water between the North Atlantic and the 

Mediterranean occurred during small glacioeustatic fluctuations (Warny et al., 2003). The 
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Rifian Corridor is split into two main connections, the North Connection and the South 

Connection. The timing of the southern margin of the Rifian Corridor is better constrained, 

through astronomical tuning of the transition from marine to continental sedimentation, and 

shows a closure between 6.7 and 6 Ma (Krijgsman et al., 1999b; Krijgsman and Langereis, 

2000). Mammal exchange was possible by 6.1 Ma, providing further evidence for closure by 

6.0 Ma (Krijgsman, 2002; Van der Made et al., 2006). Dating for the closing of the Northern 

Connection is poorly constrained, 11.6ς5.3 Ma. This estimate is provided by biostratigraphy 

and the presence/absence of open marine and highly diverse assemblages (Wernli, 1988). 

Additional timings of the Rifian Corridor closure are provided from pollen and dinoflagellate 

cyst analyses. The restriction is thought to have further intensified at ~5.4 Ma shown by an 

increase in the amount of pollen found compared to dinoflagellate cysts at the site (Salé, 

North West Morocco; Warny et al., 2003). Further, more constrained timings are provided by 

neodymium isotopes and show a change of hydrographic situation at 7.2 Ma, with a final 

closure of the Rifian Corridors between 6.64 and 6.44 Ma (Ivanovic et al., 2013). 

Once throughflow between the North Atlantic and the Mediterranean was no longer 

possible, the Mediterranean became completely isolated. It is thought that because the influx 

of freshwater from rivers could not fully compensate for total evaporation, the evaporites of 

the MSC were precipitated (Martín et al., 2001). The precipitation of evaporites was 

synchronous across the whole of the Mediterranean Basin (Krijgsman, 2002; Krijgsman et al., 

2002) and was associated with a sea level fall of over 1000 metres (Gómez, 2006), with the 

precipitation of several kilometres of salt beginning at 5.97 Ma and ending ~5.33 Ma (Riding 

et al., 1998; Martín et al., 2001; Krijgsman, 2002; Krijgsman et al., 2002; Manzi et al., 2013; 

2015). It is thought that several kilometres of salt could only be precipitated if there were 

periodic incursions of saltwater into the Mediterranean Basin from the North Atlantic Ocean 

and results from a neodymium isotope record north of Morocco cannot rule this out (Ivanovic 

et al., 2013). 
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The MSC is considered one of the most dramatic ocean events of the Neogene (Krijgsman, 

2002) ŀƴŘ ǊŜŘǳŎŜŘ ǘƘŜ ǿƻǊƭŘΩǎ ƻŎŜŀƴ ǎŀƭƛƴƛǘȅ ōȅ с҈ (Hsü et al., 1977; Warny et al., 2003). 

Large salinity fluctuations took place, reaching three to ten times higher than present day 

conditions, and brackish and near fresh water conditions occurred towards the end of the 

MSC in the ostracod-rich Lago Mare facies (Decima and Wezel, 1973; Krijgsman et al., 1999a). 

The near drying up of the Mediterranean Basin and precipitation of vast quantities of 

evaporites also had profound impacts on the biota of the time and wiped out/diminished 

many taxa due to the loss of marine habitats and the increasingly hostile environment (Hsü et 

al., 1977; Logan et al., 2004; Domingues et al., 2005; Kouwenhoven et al., 2006).  

The salinity crisis had three distinct stages (Figure 1.4; CIESM, 2008; Manzi et al., 2013). In the 

first stage (5.97 to 5.60 Ma), selenites precipitated in shallow sub basins while euxinic shales 

and dolostones were found in the deep basins. In the second stage (5.60 to 5.55 Ma), local 

desiccation of some of the salt basins occurred, resulting in resedimentation of the 

evaporites. Selenite and laminar gypsum were deposited in the third stage (5.55 to 5.42 Ma). 

After the main phase of precipitation, the final stage of the MSC (5.42 to 5.33 Ma) witnessed 

the progressive establishment of brackish to freshwater aquatic environments throughout 

the MediterǊŀƴŜŀƴΣ ǿƘƛŎƘ ƛǎ ƪƴƻǿƴ ŀǎ ǘƘŜ Ψ[ŀƎƻ aŀǊŜΩ ŜǾŜƴǘΣ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ƻǎǘǊŀŎƻŘǎ ŀƴŘ 

molluscs of brackish affinity (Carnevale et al., 2006; Roveri et al., 2008a; 2014). The Lago 

Mare event was an environmental change where non-marine sediments were deposited, 

possibly due to intense runoff from continental areas resulting from a more humid climate 

and the draining of the relatively fresh Paratethys Sea (Carnevale et al., 2006).  

Marine conditions were re-established at the start of the Pliocene (~5.33 Ma) after further 

tectonic activity/erosional collapse resulted in the opening of the Strait of Gibraltar and 

Atlantic water flowing back into the Mediterranean Sea (Hsü et al., 1973; Comas et al., 1999; 

Blanc, 2002; Krijgsman, 2002; Krijgsman et al., 2002; Fauquette et al., 2006). However, it has 

been suggested that reflooding of the Mediterranean may have taken place earlier at 5.46 
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Ma, ~130 Kyrs before the Messinian/Zanclean boundary (Popescu et al., 2009). Carnevale et 

al. (2006) also gave dates for the reflooding of the Mediterranean preceding the Messinian-

Zanclean boundary. They found fully marine fish present amongst the Lago Mare facies, 

suggesting that there were normal marine conditions (and there was an episodic if not 

sustained connection to the Atlantic) at least during the upper interval of the Lago Mare 

event.  

 

Figure 1-4: The three major stages of the MSC from CIESM, (2008) and Manzi et al. (2014). The three main 
evaporate units are labelled PLG (Primary Lower Gypsum), UG (Upper Gypsum) and RLG (Resedimented Lower 
Gypsum). 

After the flooding event, at the beginning of the Pliocene, new niches opened up in the 

Mediterranean, allowing species to migrate into the region from the Atlantic, replenishing the 

diversity (Bianchi and Morri, 2000; Logan et al., 2004). Today, 67% of marine Mediterranean 

species are also present in the Atlantic (Fredj et al., 1992). 

1.2.6.3 Paratethys Sea and Lake Pannon 

The Paratethys was an epicontinental sea that, at its maximum extent, spanned from the 

Rhône Basin in France towards Inner Asia (Harzhauser and Piller, 2007). Its development 

began in the late Eocene to Oligocene, due to the northward movement of the Arabian Plate, 

and its separation from the Mediterranean Sea is strongly linked to the Alpine orogeny (Kroh, 

2007). The newly formed Paratethys was split into two main sub-basins, which underwent 
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different histories due to differing geotectonic events and timings (Harzhauser and Piller, 

2007). The two sub-basins were not equal in size; the smaller of the two consisted of the 

western and central Paratethys and the larger was the Eastern Paratethys (Harzhauser and 

Piller, 2007). Both had a complex history of connection and disconnection with the 

Mediterranean (Rögl, 1999; Harzhauser and Piller, 2007). 

In the early Miocene, normal marine conditions prevailed and the Rhine Graben, the central 

segment of the Cenozoic rift system (Ziegler, 1992; 1994), connected what is now the 

Mediterranean Sea to the North Sea. This connection ceased during the lower Aquitanian, 

and freshwater environments developed in the western tip of the Paratethys. In the late 

Aquitanian and early Burdigalian there were broad connections between the Paratethys and 

the Mediterranean and mollusc, echinoid and bryozoans faunas spread via the gateways 

(Mandic and Steininger, 2003; Harzhauser, 2007; Kroh, 2007). The middle Burdigalian had 

normal marine conditions and rare patchy corals could be found. The uplift of the Alpine 

Foreland resulted in connections with the west terminating (Rögl, 1997; Harzhauser and 

Piller, 2007) and a fluvial-lacustrine environment established in the western Alpine foreland 

basin (Berger, 1996; Harzhauser and Piller, 2007).  

The beginning of the Paratethys isolation was accentuated in the middle Burdigalian by a 

global sea level fall (Haq et al., 1988). During the late Burdigalian there was a low diversity of 

mollusc fauna, but during the MMCO (Zachos et al., 2001; 2008), taxa migrated northwards 

into the Paratethys. The migration occurred through a new broad gateway connecting the 

Paratethys and the Mediterranean, the Trans-Tethys Trench Corridor (Bistricic and Jenko, 

1985), and resulted in high diversities during this time (Harzhauser and Piller, 2007). For 

example, the diversity of gastropods in the Paratethys was 277 in the late Burdigalian and 

rose to 772 species in the Langhian (Harzhauser and Piller, 2007). A similar pattern was seen 

in the foraminifera record (Harzhauser and Piller, 2007). The migration of species between 

the Mediterranean and the Paratethys is also evident in decapod (crustaceans) assemblages 
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(Gatt and De Angeli, 2010). In the Langhian there is evidence of strong affinities with decapod 

assemblages from Maltese and those from Hungary, Poland and Ukraine (Gatt and De Angeli, 

2010). After peaking towards the end of the Langhian, the diversity of both the gastropods 

and foraminifera groups declined (Harzhauser and Piller, 2007) in correlation with the MMCT. 

The MMCT culminated in the development of ice in Antarctica, which caused a sea level fall 

around 14 Ma of between 53 and 69 m (Flower and Kennett, 1993a; Shevenell et al., 2004; 

John et al., 2011). The sea level fall occurred at roughly the same time as the loss of the final 

connection between the Mediterranean Sea and the Indian Ocean as well as the closure of 

the seaway between the Mediterranean and the Central Paratethys (Rögl, 1999).  

In the Serravallian, there was a further hiatus due to sea level fall and by the Tortonian (11.6 

Ma) further continentalisation had resulted in the restriction of the aquatic realm to Lake 

Pannon. Lake Pannon was a vast brackish to fresh water lake in the Western Paratethys 

(currently Hungary) that had a high percentage of endemic species (Müller et al., 1999). The 

assemblages differed greatly to those found in the Eastern Paratethys and Mediterranean 

instigating rapid evolutionary radiations (Müller et al., 1999; Harzhauser and Piller, 2007).  

The Paratethys is thought to have over spilled into the Mediterranean Sea on two occasions 

after the basin became semi isolated; once before the end of the MSC (top of the marginal 

evaporites) and once in the lower most Zanclean (Clauzon et al., 2005). These over spills can 

be traced by a sudden increase in the number of species thought to be endemic to the 

Paratethys, such as the dinoflagellate cyst complex Galeacysta etrusca (Popescu et al., 2009). 

Other endemic surges that are found in the Mediterranean include molluscs and ostracods 

(Clauzon et al., 2005). 

1.2.6.4 Overview of the modern Mediterranean region 

The diversity of the modern Mediterranean region is very high, with approximately 12,000 

macroscopic marine species (Boudouresque, 2004). There are several hypotheses as to why 

the diversity of the Mediterranean region is so high compared to the rest of the marine 
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realm, particularly when considering its relatively small size. The simplest explanation is that 

it has been studied for longer than other regions and thus has more material to draw from 

(Bianchi and Morri, 2000). Other reasons relate more to its variable geological history 

(connections to or isolation from different ocean basins at different times, changes in 

hydrological balance etc.), which created a variety of different niches and hence many 

invasions and speciation events (Bianchi and Morri, 2000). For example, the Mediterranean 

Sea was once part of the Tethys Seaway, and was connected to the Indopacific Ocean, 

whereas today it is only connected to the Atlantic Ocean. This means that as well as its 

endemic species, which make up 25% of the total species (Fredj et al., 1992), it has 

palaeomigrants from numerous previous ocean connections (Bianchi and Morri, 2000). 

The change in Cenozoic climate has also influenced the diversity of the Mediterranean 

(Bianchi and Morri, 2000) and its variable climate allowed both temperate and sub-tropical 

biotas to migrate into the area (Sara, 1985). The Mediterranean is strongly influenced by the 

North Atlantic Ocean, meaning climate transitions that have taken place in the Atlantic are 

reflected in changes to Mediterranean fauna (Bianchi and Morri, 2000). Subtropical species 

migrated into the Mediterranean during interglacials, while temperate and boreal species 

migrated into the region during colder glacial periods, such as the Younger Dryas between 

12.9 and 11.7 Ka (Broecker et al., 2010)Φ ¢ƘŜ tƭƛƻŎŜƴŜ ΨŘƛǾŜǊǎƛǘȅ ŘǳƳǇΩ ŦǊƻƳ ǘƘŜ bƻǊǘƘ 

Atlantic, caused by the reopening of the Western Mediterranean Gateway (~5.33 Ma) also 

increased diversity (Bianchi and Morri, 2000), as did the more recent reconnecting of the Red 

Sea and Mediterranean Sea via the Suez Canal in 1869 (Galil, 2000; Galil et al., 2015). This 

man-made gateway between the Red Sea and the Mediterranean Sea allowed the migration 

of so many species that a separate biogeographical province has been proposed for the 

southeast Mediterranean (Por, 1999). 

The current position of the Mediterranean means that it is highly susceptible to climate 

change. It is situated in the mid latitudes with a strong North Atlantic influence from the high 
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latitudes and a strong monsoonal influence from lower latitudes (Dormoy et al., 2009). This 

means that it is particularly sensitive to short term climate changes; such as the Younger 

Dryas, arguably the last major climatic fluctuation of the last glaciation (Broecker et al., 1988; 

Alley et al., 1993; Bakke et al., 2009); which can have major impacts on the diversity both 

directly and indirectly. A change in water temperature can affect the survival and 

reproduction of a species and thus increase species competition. However, an increase in 

water temperature can also have indirect effects, such as changes to ocean currents, salinity 

and sea level, which may result in serious consequences to the diversity (Bianchi and Morri, 

2000). 

The modern climate of the Mediterranean region has a strong seasonality, with warm to hot 

dry summers and mild, wet winters (Quézel and Médail, 2003). It has had an extremely varied 

climatic history and today has a west to east gradient of decreasing precipitation (Dormoy et 

al., 2009). In the Miocene the latitudinal precipitation gradient was significantly stronger than 

today. The latitudinal temperature gradient has also evolved, increasing from ~0.48 °C per 

degree of latitude in the latest Miocene, to ~0.6 °C per degree of latitude today (Böhme et al., 

200сΩ CŀǳǉǳŜǘǘŜ Ŝǘ ŀƭΦΣ нллтύ.  

1.3 Dinoflagellates 

1.3.1 Dinoflagellates and the tree of life  

The word dinoflagellate is derived from the Greek word dino meaning a whirl or eddy and the 

Latin word flagellum, meaning a small whip (Fensome et al., 1996a). Their name describes 

their distinctive morphology, which is comprised of two flagella (Figure 1.5). Dinoflagellates 

are single-celled eukaryotic organisms that typically range from 15-100 µm in length (de 

Vernal and Marret, 2007) and as part of their reproduction, ~15% of species form fossilisable 

cysts, which can be traced back to the Middle Triassic (Fensome et al., 1996b). 
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Figure 1-5: General morphology of a thecate motile cell. Adapted from Evitt, (1985) and Fensome et al., (1996). 

Dinoflagellates are classified as protists, within the division Dinoflagellata (Fensome et al., 

1993), and form a major constituent of the marine food chain. Their anatomy is complex as 

they share both plant and animal characteristics (Jeong, 1994). Generally, they are 

considered to be plants due to the cellulose in their cell wall and chlorophyll pigments in their 

protoplasm, and so plant nomenclature is used in reference to them (Taylor, 1987).  

The taxonomic rank for the majority of the dinoflagellate cysts used in this project is listed 

below (Figure 1.6): 

 

 

 

Domain - Eukarya 

Kingdom - Alveolata 

Division ς Dinoflagellata (Bütschli, 1985) Fensome et al., 1993 

Subdivision ς Dinokaryota (Fensome et al., 1993) 

Class- Dinophyceae (Pascher, 1914) 

Subclass ς Peridiniphycidae (Fensome et al., 1993) 

Order ς Gonyaulacales (Taylor, 1980) and Peridiniales (Haeckel, 1894) 
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Figure 1-6: Demonstrating where dinoflagellates are on the tree of life. Adapted from Taylor, (1994) and 
Fensome et al., (1999). 

1.3.2 Brief history  

Fossil dinoflagellate cysts were first described by Ehrenberg, 1836, and are used in 

biostratigraphy, palaeoclimatology and palaeoecology. The majority of earlier studies on 

dinoflagellate cysts were undertaken by petroleum exploration companies who used them as 

biostratigraphical markers.  

The research of dinoflagellate cysts can be split into four main stages (Stover et al., 1996). 

First was the initial discovery and curiosity stage from 1836 to 1954, followed by stage two, 

which was the development and documentary stage, from 1955 to 1967. Stage three was the 

compilation and application stage (from 1968 to 1977) and from 1977 onwards, refinement 

of data took (and is still taking) place (the fourth stage). One of the major steps in the 

documentation of the ranges of dinoflagellate cysts was when Woollam and Riding (1983) 

calibrated Jurassic dinoflagellate cysts with the standard European ammonite zonation, 

helping to define zones and dates for the various assemblages.  

It was not until the early 1960s that the biological affinity with modern motile dinoflagellates 

was discovered; prior to this the cysts were thought of as representing the thecae or were 
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assigned to the hystrichospheres (de Vernal and Marret, 2007). Once the dinoflagellate cysts 

were related to their motile equivalents, it became possible to use them for purposes other 

than biostratigraphy. Their use in palaeoceanography is still relatively new as the modern 

dinoflagellate taxonomy is still progressing. From the 1980s and onwards, the development 

of modern databases (Harland, 1983; Rochon et al., 1999; de Vernal et al., 2001; Marret and 

Zonneveld, 2003; Zonneveld et al., 2013a) helped to improve the understanding of their 

distribution and environmental preferences. Today, research continues, developing both 

biostratigraphy, in order to calibrate timings, and their use in palaeoecology, to aid in 

reconstructing palaeoenvironments. 

1.3.3 Life cycle/reproduction 

Dinoflagellates have three life stages including the motile stage, the growth stage and the 

cyst stage (Figure 1.7). The cyst stage happens for one of two reasons, as part of their 

reproductive cycle or because environmental conditions turn unfavourable. Dinoflagellates 

can remain encysted for as long as eight years (Mizushima and Matsuoka, 2004), although 

they can remain encysted for longer. For example, in one study, McQuoid et al. (2002) were 

able to hatch Lingulodinium polyedra from 20 to 55 year old sediment, and Ribeiro et al., 

(2011) demonstrate survival after a century of dormancy. The encystment stage often occurs 

seasonally and frequently follows periods of great abundance where the population increases 

exponentially (Stover et al., 1996).  
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Figure 1-7: The life and reproduction cycle of the majority of the dinoflagellate cysts used in this study. Adapted 
from Evitt (1985) and Fensome et al. (1996). 

The majority of dinoflagellates reproduce simply via asexual division of one parent cell into 

two daughter cells; a process that commonly includes the shedding of all, or part of, the 

parent wall (Fensome et al., 1993). However, dinoflagellates that reproduce asexually 

generally only have a motile stage and do not form cysts. Dinoflagellates that form a resting 

cyst do so by sexual reproduction. A resting cyst is any non-motile cell that possesses a 

resistant cell wall. They are made of dinosporin, a preservable complex organic polymer 

(Fensome et al., 1993). However, more recently studies (e.g. Versteegh et al., 2012; Bogus et 

al., 2012; 2014) have demonstrated that dinosporin is carbohydrate based, and represents a 

variety of chemically distinct biopolymers, which may differ between species. Siliceous and 

calcareous cysts can also form, but are less common (Stover et al., 1996).  

Starting with the cyst (stage C, Figure 1.7), an idealised life cycle would be the following: 

excystment takes place (i.e. the motile form hatches) where a motile form, with two sets of 

chromosomes (diploid), emerges from the cyst. This cell would then undergo meiosis, which 
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reduces the number of chromosomes by half (stage A, Figure 1.7). This results in motile and 

haploid cells that then undergo mitosis (where identical copies are made of each cell). At a 

certain time, normally autumn, two of the motile and haploid cells act as gametes, undergo 

fusion and form a zygote. The zygote forms a new theca, which is both motile and diploid, 

and becomes a planozygote (stage B, Figure 1.7). Eventually a cyst begins to form and the 

theca falls away leaving just the cyst, which is diploid, non-motile and called a hypnozygote or 

resting cyst. The cyst overwinters, and in the spring excystment takes place, and the cycle 

repeats (Evitt, 1985).  

1.3.4 Morphology  

Motile dinoflagellates have a distinctive morphology (Figure 1.5), which comprises two 

flagella and a unique nucleus called a dinokaryon (Dodge and Greuet, 1987; Fensome et al., 

1996b). The flagella are orientated perpendicular to each other and cause the cell to move 

forward whilst rotating. The cell surface has two furrows known as the cingulum (transverse) 

and the sulcus (longitudinal) and within each furrow lies one of the flagella, which arise from 

pores (Taylor, 1987). The term theca is used to describe the non-resistant organic wall of the 

motile stages and often forms plates (Taylor, 1987; Fensome et al., 1993). The thecae are split 

into two main groups: armoured/thecate or unarmoured/naked. In armoured dinoflagellates, 

the cell has a rigid tabulate layer below the outer layer of the theca, while naked 

dinoflagellates have no plates in the theca. 

1.3.4.1 Dinoflagellate (cyst) plates and their nomenclature 

Both the motile form and the cyst have similar plate configuration (tabulation), which is 

different depending on the genus etc. Tabulation refers to the arrangement of the plates, 

which form in the amphiesmal vesicles in the theca. Plate boundaries are joined together 

along sutures. Tabulation is split into 6 main groups: gymnodinioid, suessioid, gonyaulacoid-

peridinioid, nannoceratopsioid, dinophysioid and prorocentroid (Fensome et al., 1996b). The 
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main tabulation types in this study are peridinioids and gonyaulacoids, which consist of five 

to six latitudinal bands and are often shortened to P- and G-cysts (Figures 1.8 and 1.9).  

 

Figure 1-8: Standard peridinialean tabulation (as projected onto a sphere), labelled according to the Kofoid 
tabulation system (Table 1-2), different views of the same cysts are provided: (a) Ventral, (b) dorsal, (c) apical, 
(d) antapical. After Evitt (1985) and Fensome et al. (1996b). 

 

Figure 1-9: Standard gonyaulacalean tabulation (as projected onto a sphere), labelled according to the Kofoid 
tabulation system (Table 1-2), different views of the same cysts are provided: (a) Ventral, (b) dorsal, (c) apical, 
(d) antapical. After Evitt (1985) and Fensome et al. (1996b). 

The most widely used system to label the plates is the Koifoid tabulation system (Table 1.2), 

which has been used since the early 1900s. It uses a suffix to designate each of the latitudinal 

ǎŜǊƛŜǎΣ ŦƻǊ ŜȄŀƳǇƭŜΥ ŀǇƛŎŀƭ ǇƭŀǘŜǎ ό ύΣ ǇǊŜŎƛƴƎǳƭŀǊ ǇƭŀǘŜǎ ό ύ ŎƛƴƎǳƭŀǊ ǇƭŀǘŜǎ όŎύΣ ǇƻǎǘŎƛƴƎǳƭŀǊ 

ǇƭŀǘŜǎ ό ύ ŀƴŘ ŀƴǘŀǇƛŎŀƭ ǇƭŀǘŜǎ ό ύΦ !ƴǘŜǊƛƻǊ ƛƴǘŜǊŎŀƭŀǊȅ ǇƭŀǘŜǎ ŀǊŜ ŘŜƴƻǘŜŘ ōȅ όŀύ ŀƴŘ 

posterior intercalary plates by (p). If a dinoflagellate has a tabulation that does not quite fit 

into the Koifoid tabulation system an asterisk is used and the plate is called a homologue. 

Cyst type Koifoid tabulation 

P-cysts, or Peridinium cysts (Figure 1.8) п Σ оŀΣ тΣ пŎΣ р Σ лǇΣ н 

G-cysts, or Gonyaulax cysts (Figure 1.9) п Σ лŀΣ с Σ сŎΣ с Σ мǇΣ м 

Table 1-1: The Koifoid tabulation system for the two main dinoflagellate cyst types used in this study 
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There are three main cyst types (Fensome et al., 1996b). These are: temporary, vegetative 

and resting cysts. Temporary cysts form when conditions turn unfavourable and motile cells 

with a well-developed pellicle (an additional wall layer) shed their flagella and outer wall. 

These cysts are short lived and are not preserved in the fossil record. Vegetative cysts are also 

not usually fossilised and form as part of the life cycle of some parasitic and symbiotic 

dinoflagellates. It is resting cysts that are thought to comprise the vast majority of the fossil 

record; they are dormant and virtually exclusively result from sexual fusion. The taxa that 

form resting cysts are commonly the orders peridiniales and gonyaulacales (Figure 1.8 and 

1.9). 

The dinoflagellate cyst fossil record appears to be highly selective, and it is not known what 

proportion of species were cyst-producers in the geological past (Evitt, 1981; 1985). Today 

only 15ς20% of the extant dinoflagellate species form cysts, and it is assumed that the ratio 

of pre-Quaternary cyst-producers to non-cyst-producers was approximately similar (Fensome 

et al., 1996b). However, not all of the cysts that do form can be preserved. It is those cysts 

that are formed from dinosporin that are preserved best in the fossil record and are used in 

this project. Since cysts form in the theca, their morphology often reflects that of its motile 

counterpart. However, there are cases in the modern (e.g. Gonyaulax spinifera) where a 

single motile form can produce more than one type of cyst (Wall, 1971; Head et al., 1996).  

Cysts have six main features which are mostly also represented in the motile stage (Figure 

1.5). The main feature are: the dorsal and ventral sides, the apex (anterior) and antapex 

(posterior), the sulcus and the cingulum. If the motile form has excysted, then an archeopyle 

is also present. The sulcus is where the two flagellae emerge and is situated on the ventral 

side running roughly from the apex end to the antapex end.  

1.3.4.2 Archeopyle/Operculum 

If an archeopyle is present, it is often one of the best ways to distinguish a cyst from its motile 

form. It also is often used as a key feature in differentiating one species from another. The 
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archeopyle is present in dinoflagellate cysts when excystment has taken place. The 

arcƘŜƻǇȅƭŜ ƛǎ ǘƘŜ ƘƻƭŜ ƭŜŦǘ ōŜƘƛƴŘ ŀƴŘ ǘƘŜ ƻǇŜǊŎǳƭǳƳ ƛǎ ǘƘŜ ΨŘƻƻǊΩ ǘƘƻǳƎƘ ǿƘƛŎƘ ǘƘŜ 

dinoflagellate cytoplasm hatches. The operculum may be either left attached to the cyst 

(adnate operculum or a theropylic archeopyle), or completely lost (a saphopylic archeopyle). 

The operculum nearly always results from the loss/opening of one or more plates, and is 

often found in the apical half of the dinoflagellate on the dorsal side (Figures 1.5). However, 

archeopyles do not always form as the result of a loss of plates. If they are theropylic then the 

motile form escaped through a split that follows the plates, whereas a chasmic archeopyle 

means the split was random. Sometimes the archeopyle is reduced or enlarged, meaning that 

the hole is either slightly smaller or larger than the plate(s) in which it formed (Evitt, 1967; 

1985).  

1.3.4.3 Wall layers, structures and textures 

The walls of dinoflagellate cysts are generally multi-layered (Figure 1.10), although the 

majority are formed from one or two layers, and can consist of: an autophragm (single wall), 

endophragm (inner wall), mesophragm (middle wall), periphragm (outer wall), ectophragm 

(extreme outer wall) and/or exophragm (when the wall formed externally to the theca). 

Other features of cysts are the sutures, crests and ridges that run along the plate boundaries 

or at least suggest where the plate boundaries of the theca were.  

If a cyst has two or more wall layers, it is known as cavate, whereas if it has a single layer, it is 

termed acavate. Other examples of cavation are circumcavate, where cysts have a 

continuous cavity surrounding them, and bicavate, where cavities are only around the apex 

and antapex, and not around the equatorial region (the cingulum; Evitt, 1985). 
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Figure 1-10: The basic terminology of wall layers of dinoflagellate cysts. The dotted line represents the position 
of where the theca would have been. Redrawn from Fensome et al. (1996b). 

1.3.4.4 Processes (cyst protrusions) 

As previously stated, dinoflagellate cysts can have a very similar morphology to that of their 

motile counterparts. Cysts can either be proximate (no long protrusions, also known as 

processes), chorate (close to round in shape with processes or crests) or somewhere in 

between (proximochorate). 

Processes can occur anywhere on the cysts surface although certain genera (e.g. Spiniferites) 

only have processes on the gonal points and in some species on their intergonal points (gonal 

points refer to triple junctions where three plates meet, while intergonal points are situated 

between junctions). In Spiniferites, gonal processes trifurcate and intergonal processes 

bifurcate at their distal ends. In genera such as Lingulodinium and Operculodinium processes 

are randomly distributed (nontabular). Processes or other ornaments can also be arranged 

within the margin of each plate (penitabular) and in some cases, such as with 

Cannosphaeropsis, processes are distally linked together by trabeculate. There are several 

theories as to why dinoflagellates might form processes, including: to increase buoyancy, to 

avoid sinking too deep into the water column, and to deter predators (Sarjeant et al., 1987). 
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1.3.5 Evolution 

Dinoflagellates are known to have existed from the Middle Triassic (247.1ς237.0 Ma; Helby et 

al., 1987) although cytological and geochemical evidence strongly indicates a Late 

Precambrian origin for the group (Moldowan et al., 1996; Medlin and Fensome, 2013). There 

is evidence from Late Silurian Africa of a species showing dinoflagellate tabulation (Arpylorus 

antiques). This is, however, a controversial issue, was not widely accepted, and has recently 

been discredited as untrue (Le Hérissé et al., 2012). If it is the case that dinoflagellates were 

present during the Paleozoic, it is likely that they did not then have the capability to produce 

cysts, and thus are not found in the geological record from this time (Sarjeant and Downie, 

1974).  

IƻǿŜǾŜǊΣ ŀŎǊƛǘŀǊŎƘǎΣ ǿƘƛŎƘ ƳŜŀƴǎ άƻŦ ǳƴŎŜǊǘŀƛƴ ƻǊƛƎƛƴέΣ ŀ ƴŀƳŜ ŎƻƛƴŜŘ ōȅ Evitt (1963), were 

very abundant in the Paleozoic. They are an artificial group and include any organic-walled 

microfossil that cannot be assigned to a natural group. They are thought to have algal 

affinities and are valuable biostratigraphical markers. While they have high diversities in the 

Paleozoic, their ŘƛǾŜǊǎƛǘȅ ŘŜŎƭƛƴŜŘ ŀƴŘ ǘƘŜ ŘƛƴƻŦƭŀƎŜƭƭŀǘŜǎ Ψǘƻƻƪ ƻǾŜǊΩ ƛƴ ǘƘŜ [ŀǘŜ ¢ǊƛŀǎǎƛŎ (~235 

Ma; Riegel, 2008). The Triassic was an important time period for dinoflagellates. The first 

modern corals, scleractinians, appeared, and for them, the radiation of dinoflagellates was 

important, as some species of dinoflagellate and scleractinians are symbiotic with each other 

(Fensome et al., 1996b). Also during the Triassic, the Pangaean supercontinent was breaking 

up, which lead to new niches being exploited by the dinoflagellates due to an increasing 

number of shallow seas (Stover et al., 1996).  

The Permian-Triassic mass extinction (~252 Ma), which left many empty niches, is thought to 

have been the reason for the radiation of dinoflagellate cysts in the Triassic (Fensome et al., 

1996b). However, at the end of the Triassic a further mass extinction resulted in the loss of 

close to 60% of dinoflagellate cyst (Figure 1.11) species. The diversity radiated once more 
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after this event, and continued to diversify into the Jurassic, as is recorded by many fossil 

groups at this time (Fensome et al., 1996a; MacRae et al., 1996). 

 

Figure 1-11: The number of dinoflagellate cyst species present and the number of extinctions/originations. 
Adapted from MacRae et al. (1996). The sea level curve is plotted after Haq et al. (1987) and Sluijs et al. (2005). 
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The early Jurassic (~201 Ma) was a time of slow recovery for dinoflagellate cysts with very low 

diversities (Figure 1.11; MacRae et al., 1996). Speciation suffered again during the early 

Toarcian Oceanic Anoxic Event (~183 Ma; Jenkyns, 1988). Open-ocean dwelling 

dinoflagellates (oceanic species) were forced to move into tidal areas due to the vertical 

stratification of the oceans. However, diversity quickly recovered afterwards, and by the end 

of the Jurassic nearly all families were present (Fensome et al., 1996a). The Middle Jurassic 

(174.1ς163.5 Ma) was an important interval for dinoflagellates, with the gonyaulacacean 

lineage rapidly radiating (Fensome et al., 1996a). One of the key evolutionary events for 

dinoflagellate cysts took place during the Middle Jurassic, which was when major 

dinoflagellate genera experimented with different archeopyle styles (Stover et al., 1996). By 

the Late Jurassic (163.5ς145.0 Ma), diversification was still taking place, but not as rapidly, 

and archeopyle experimentation resulted in most gonyaulacacean having precingular or 

apical archeopyles (Stover et al., 1996).  

The Lower Cretaceous (145.0ς100.5 Ma) was characterised by high sea levels due to there 

being little terrestrial ice, and there was widespread continental flooding as the Gondwanan 

supercontinent started to break up. The dinoflagellate cyst floras were of high diversity with 

chorate forms becoming more prominent (Stover et al., 1996). The maximum number of 

species occurred in the Albian (113ς100.5 Ma; Figure 1.11); a time of particularly high sea 

levels, providing more space in which the dinoflagellates could live (MacRae et al., 1996).  

By the late Cretaceous (~100 Ma), South America and Africa had separated, and the Atlantic 

was steadily increasing in size. Sea levels were still high, and temperatures were warm 

enough to have allowed crocodiles to reach the polar regions (Tarduno et al., 1998). 

Dinoflagellates had to survive another mass extinction at the end of the Cretaceous-

Paleogene boundary (66.1 Ma) as a combination the Deccan Traps (a large igneous province 

in Indian) and a giant meteorite struck the Earth, wiping out 34ς37% of marine genera 

(Sepkoski Jr, 1996; Bambach et al., 2004). Although, dinoflagellates did not undergo the rapid 
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extinction rates that other microfossil groups, such as planktonic foraminifera, and 

nannofossils did (Brinkhuis and Zachariasse, 1988). After the Cretaceous-Paleogene 

boundary, dinoflagellate cyst evolution was fairly stable, although diversity decreased from 

the Eocene onwards possibly as a result of the decreasing sea levels and cooling climate, 

especially during the Neogene (Stover et al., 1996). 

1.3.6 Ecology 

Dinoflagellates are found globally and can be very abundant. Consequently they are one of 

ǘƘŜ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ǇǊƛƳŀǊȅ ǇǊƻŘǳŎŜǊǎ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ƻŎŜŀƴǎ (Taylor et al., 2008), and today 

there are 2,377 dinoflagellate species within 259 genera (Gómez, 2012). They are a 

widespread group found in a range of environments including: freshwater, sand, snow and 

ice (Marret and Zonneveld, 2003; Taylor et al., 2008). They also have diverse life strategies, 

for example their feeding habits can be autotrophic (self-feeding), heterotrophic (feed on 

other organisms/nutrients), phagotrophic (intracellular digestion), mixotrophic (mix of food 

sources), symbiotic (mutual advantage of living together), parasitic (benefitting at the 

expense of the host) or a combination of these (Marret and Zonneveld, 2003; Taylor et al., 

2008). 

The vast majority of dinoflagellates are marine, living in both fully oceanic and neritic waters 

(shelf), with only ~270 fresh water species (Taylor et al., 2008). Species preferring neritic 

environments are most common and can also live at the bottom of the euphotic zone (water 

depths that can receive enough light that photosynthesis can occur). They have particularly 

high diversities (and abundances) near the shelf edge where both shelf and oceanic species 

can coexist (de Vernal and Marret, 2007). High diversities are also found in intertropical areas 

and diversity generally decreases into the higher latitudes. However, the polar regions have a 

relatively high diversity compared to other microfossils because some taxa can tolerate 

extensive sea-ice cover (Matthiessen et al., 2005). This global abundance makes 

dinoflagellate cysts a particularly powerful proxy archive and allows them to record 
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temperature/environmental changes at all latitudes, and in a range of water depths from 

coastal to fully marine. 

1.3.7 Utility of Dinoflagellate cysts 

1.3.7.1  Modern 

5ƛƴƻŦƭŀƎŜƭƭŀǘŜǎ ŀǊŜ ƴƻǘ ƻƴƭȅ ƛƳǇƻǊǘŀƴǘ ƛƴ ǘƻŘŀȅΩǎ ƻŎŜŀƴǎ ōŜŎŀǳǎŜ ǘƘŜȅ ŀǊŜ ǇǊƛƳŀǊȅ ǇǊƻŘǳŎŜǊǎΣ 

but 75 to 85% of all toxic phytoplankton species are dinoflagellates (Cembella, 2003). When 

conditions such as nutrient availability and temperature are optimal, the species bloom 

during their asexual reproduction phase and, if the species composing the blooms are toxic, 

the sheer quantity harm the organisms feeding on them (Fensome et al., 1996b; de Vernal 

and Marret, 2007). These toxins ascend the food chain to fish populations and can thus have 

severe consequences on human health, including food poisoning and paralysis (Van Dolah, 

2000). The blooms also impact fisheries and tourism as vast numbers of fish are killed by 

consuming the toxins and wash ashore, ruining the beaches. Blooms also result in the 

dinoflagellates using up the available oxygen, and therefore blooming of non toxic species 

can also harm the ecosystem. Dinoflagellates are not only known for the devastation they can 

cause; they also have a certain appeal in the form of bioluminescence; that is, they produce 

light. It is unknown why some species of dinoflagellates bioluminesce, but it may be part of 

their reproduction, it may serve to attract larger predators to deter smaller predators that are 

a direct threat to dinoflagellates, or it may have no function and could simply be a response 

to movement (Abrahams and Townsend, 1993).   

Another important factor is the symbiosis with certain species of scleractinian corals, allowing 

the corals to thrive in nutrient-poor waters, e.g. the dinoflagellate genus Symbiodinium 

(Pochon et al., 2004). It is the dinoflagellates that give the corals their colour, and their 

bleaching, if conditions turn unfavourable, is a result of the zooxanthellae dying or moving 

away. 
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1.3.7.2 The fossil record 

The benefits of dinoflagellates in the fossil record comes from the preservable cysts that 

some of the species form during reproduction. The cysts are used for biostratigraphical 

purposes and increasingly by the oil industry to help date the cores they drill, for inter- and 

intra-basin correlation, to test sequence stratigraphic concepts and to assess the maturity of 

the hydrocarbon field. They are increasingly used in palaeoecological reconstructions (Powell, 

1992; Head, 1994; 1997; Versteegh and Zonneveld, 1994; De Schepper et al., 2009; 2011; 

2015; Warny et al., 2009; Schreck and Matthiessen, 2013; Verhoeven and Louwye, 2013; 

Hennissen et al., 2014). The cysts have specific features that can be related to its motile form 

and if the ecological preferences of the motile form in the modern are known, the law of 

uniformitarianism can be applied to hypothesise that it preferred similar conditions in the 

past. For extinct species, the relationship is more ambiguous as their motile forms are not 

preserved. The following sections discuss the different environmental parameters that 

dinoflagellate cyst can be used for and how the proxy can be applied. 

The use of dinoflagellate cysts as palaeoecological indicators is recent (within the last three 

decades). It is know that their distributions and relative abundances are governed by 

temperature, seasonality, salinity, nutrient upwelling and/or sea ice cover (i.e. light 

availability), making them excellent proxies for these past ocean conditions (Harland, 1983; 

Zonneveld, 1995; 1997; Rochon et al., 1999; Marret and Zonneveld, 2003; Pospelova et al., 

2008; Radi and de Vernal, 2008; de Vernal et al., 2013). The biogeographical distributions, 

which reflect the preferred environmental conditions of living dinoflagellate cyst species, 

have been well documented (Harland, 1983; Rochon et al., 1999; Marret and Zonneveld, 

2003; Radi and de Vernal, 2008; Zonneveld et al., 2013a). Marret and Zonneveld (2003) was 

the first global compilation of modern dinoflagellate cyst data recording the distribution of 61 

extant species, and reports their relationships to nitrate and phosphate concentrations, 

salinity, sea surface temperatures and sea ice. This dataset was recently updated by 

Zonneveld et al. (2013a). Radi and de Vernal (2008) documented the distributions of 76 living 
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dinoflagellate cyst species in the Arctic, the northeastern Pacific and the North Atlantic 

Oceans.  

With the combination of modern distribution maps (with abundance data) it is possible to 

compare known sea surface parameters with the relative abundance of individual species to 

obtain quantitative optimal sea surface parameters of individual dinoflagellate cyst taxa. 

Multivariate statistical techniques such as detrended correspondence analysis and canonical 

correspondence analysis enables investigation into which sea surface parameters influence 

the dinoflagellate cysts. These statistical techniques compare the variation in modern 

dinoflagellate cyst distributions and abundances with the variations in known sea surface 

parameters, such as temperature and salinity (Marret and Zonneveld, 2003; Zonneveld et al., 

2013a). Multivariate statistics show that the most important environmental variable is 

temperature followed by nitrate concentrations, salinity, phosphate concentrations and 

bottom water oxygen (Zonneveld et al., 2013a). It is therefore possible to use the information 

obtained from the modern to quantitatively interpret changes in the fossil record, providing 

that the species are still extant today and abundance counts are provided (Mudie, 1992; 

Peyron and de Vernal, 2001; de Vernal et al., 2005; Mudie and McCarthy, 2006). Quantitative 

controls on extinct species are increasing as known surface parameters (from other sea 

surface parameters proxies such as foraminifera) are compared to dinoflagellate cyst 

assemblage data (De Schepper et al., 2011).  

Another approach to developing the utility of modern dinoflagellate cysts as proxies is the 

detailed analysis of morphological parameters, including the use of process length in chorate 

(spine-bearing) taxa to model salinity levels (Mertens et al., 2009a; 2012). By collecting and 

comparing all these types of modern dinoflagellate cyst data with the fossil record, it is 

possible to reconstruct the palaeoenvironmental significance of pre-Quaternary 

dinoflagellate cyst assemblages, and hence interpret past oceanic conditions.  
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Figure 1-12: The modern distribution of (a) species with warm water preferences and (b) species with cold 
water preferences. Data is from Zonneveld et al., (2013b). Larger circles represent a higher diversity of 
dinoflagellate cysts. 

1.3.7.2.1 Temperature 

Sea Surface TemperŀǘǳǊŜ ό{{¢ύ ƛǎ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ǇŀǊŀƳŜǘŜǊǎ ƛƴ ǘƘŜ 9ŀǊǘƘΩǎ ŎƭƛƳŀǘŜ 

system because it is a principal driver of atmospheric circulation, generating winds and 

weather as well as influencing evaporation rates and controlling the hydrological cycle 

(Henderson, 2002). It also helps govern seawater density, driving the deep ocean circulation 

(Covey and Barron, 1988). Globally, there is generally a clear distinction between polar 

species versus tropical dinoflagellate cyst species (Figure 1.12). The assemblages are mainly 

related to summer SST and whilst they can be found in a wide range of temperatures, they 

are often only really abundant within a much smaller range. Diversity is highest in tropical 

regions and generally decreases towards the poles (Figure 1.13). However, compared to 
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many non-dinoflagellate marine groups, there is a relatively high diversity of dinoflagellate 

cysts found in polar regions (de Vernal et al., 2001).  

 

Figure 1-13: (a) The number of species found in the modern at each latitude. (b) The number of species with 
cold water preferences found at each latitude in the modern. (c) The number of species with warm water 
preferences found at each latitude in the modern. Data is replotted from Zonneveld et al., (2013b). 

Similar patterns of diversity related to temperature are seen in both the Southern and 

Northern hemispheres (Figure 1.13). Over 60 cyst taxa are found in the Northern Hemisphere 

and only 10ς12 of these are common in the Arctic (de Vernal and Marret, 2007). This 10ς12 

includes cosmopolitan species such as Operculodinium centrocarpum sensu Wall and Dale 

(1966). Examples of species that mainly thrive in cooler waters include Islandinium minutum 

and Impagidinium pallidum. Both are bipolar species (Figure 1.14a and d) and Islandinium 

minutum is a temperate to polar species while Impagidinium pallidum is a polar species 

(Zonneveld et al., 2013a). Islandinium minutum has relative abundances of over 10% when 

winter SST are less than 0 °C and summer SST are less than 5 °C (Figure 1.14 b; Zonneveld et 

al., 2013a) and Impagidinium pallidum has its highest relative abundances between -1.7 and 
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5.4 °C (Figure 1.14c; Zonneveld et al., 2013a). Examples of species that thrive in warm waters 

include Polysphaeridium zoharyi and Operculodinium israelianum. Both species are examples 

of subtropical to tropical species (Figures 1.15a and d). Polysphaeridium zoharyi can survive in 

regions with summer SST above 14 °C whereas Operculodinium israelianum can survive in 

summer SST above 10 °C, they are abundant in temperature in excess of 29.1 °C (Figure 

1.15b) and 28.8 °C (Figure 1.15c) respectively (Zonneveld et al., 2013a). 

1.3.7.2.2 Salinity 

Salinity is an important environmental parameter as it is the other contributor to ocean 

density and hence a driver of large scale (deep) ocean currents. Unlike other microfossils 

used for reconstructing palaeoenvironmental parameters, such as foraminifera and 

calcareous nannoplankton, the majority of dinoflagellates are euryhaline (tolerant of widely 

fluctuating salinity), meaning that regions other than the oceanic realm, which has a 

relatively stable salinity, can be studied. In brackish environments (for example, the Baltic 

Sea), the species present often have a high morphological variability, but with low diversities 

(eight or less species; Dale, 1996; Mudie et al., 2001; Marret et al., 2004). Morphological 

differences can include the length of processes. For example, if Lingulodinium 

machaerophorum is found with short processes, the waters are likely to be low salinity, 

whereas larger/longer processes indicate a higher salinity (Mertens et al., 2009a; 2012).  

Spiniferites cruciformis is an example of a species that is endemic to the Caspian, Aral, Black 

and Eastern Mediterranean seas. It is principally present in regions affected by river discharge 

with lower salinities (Figure 1.16a and b; Zonneveld et al., 2013a). An example of a species 

that has its highest relative abundances in higher salinities is Impagidinium strialatum which 

is a fully marine species thriving in sea surface salinities (spring-autumn) between 31.1 and 

39.3 psu (Figure 1.16c and d; Zonneveld et al., 2013a). 
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Figure 1-14: (a) The modern distribution of the temperate to polar species Islandinium minutum. (b) The relative 
abundance of Islandinium minutum in relationship to annual sea surface temperature. (c) The relative 
abundance of Impagidinium pallidum in relationship to annual sea surface temperature. (d) The modern 
distribution of the polar species Impagidinium pallidum. All Figures are from Zonneveld et al., (2013a). Colours 
represent the relative abundance. 
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Figure 1-15: (a) The modern distribution of the subtropical to tropical species Polyspaeridium zoharyi. (b) The 
relative abundance of Polyspaeridium zoharyi in relationship to annual sea surface temperature. (c) The relative 
abundance of Operculodinium israelianum in relationship to annual sea surface temperature. (d) The modern 
distribution of the subtropical to tropical species Operculodinium israelianum. All Figures are from Zonneveld et 
al., (2013a). Colours represent the relative abundance. 
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Figure 1-16: (a) The modern distribution of Spiniferites cruciformis. (b) The relative abundance of Spiniferites 
cruciformis in relationship to annual sea surface salinity. (c) The relative abundance of Impagidinium strialatum 
in relationship to annual sea surface salinity. (d) The modern distribution of Impagidinium strialatum. All 
Figures are from Zonneveld et al., (2013a). Colours represent the relative abundance. 
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1.3.7.2.3 Nutrients  

As mentioned previously (Section 1.3.4) there are two main groups of dinoflagellate cysts, 

these are peridinioids (P-cysts) and gonyaulacoids (G-cysts). The majority of P-cysts are 

heterotrophic while G-cysts are autotrophic. This results in P-cysts thriving in regions with a 

high nutrient content, such as areas of upwelling, as the nutrients attract organisms such as 

diatoms that the heterotrophic taxa can feed on. Therefore the P-cyst to G-cyst ratio can be 

utilised to indicate a region of higher productivity (Harland et al., 1973) where high values 

indicate a predominance of P-cysts and therefore higher productivity. However, this method 

has been criticised because not all of the modern peridinioids are heterotrophic, because of 

this the ratio between heterotrophic and autotrophic species is often applied instead (Dale 

and Fjellså, 1994; Dale 1996).    

An increase of nutrients, in modern settings, is often related to human activity and 

eutrophication. Lingulodinium machaerophorum is an example of a dinoflagellate cyst species 

that is used as an eutrophication indictor, particularly in European fjords and lochs (Dale and 

Fjellså, 1994; Thorsen and Dale, 1997). Nutrients that have been associated to dinoflagellates 

are nitrates and phosphates, but so far only regional patterns have been observed (de Vernal 

and Marret, 2007). 

1.3.7.2.4 Sea ice Cover 

Autotrophic species that rely on light to photosynthesise to produce food cannot survive both 

an extended period of sea ice cover occluding the sun and having to compete with other 

autotrophic plankton. Samples are generally barren if they come from an area with perennial 

pack-ice (Rochon et al., 1999; de Vernal et al., 2005). However, some taxa can thrive in polar 

environments with seasonal ice, e.g. Islandinium spp. (de Vernal et al., 2005). This is because 

species of the genera Islandinium are heterotrophs, meaning they prey on other organisms 

(often diatoms), and so can survive the cold temperatures and dark winters. This is also the 

explanation as to why the diversity of dinoflagellate cysts in the high latitudes is relatively 

high (Mudie and Rochon et al., 2001) compared to other microfossil groups (Figure 1.13). 
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Chapter 2: Construction of the TOPIS 

database 

2.1 The TOPIS database 

The Tertiary Oceanic Parameters Information System (TOPIS) is a Microsoft Access - ArcGIS 

database containing public domain literature on Neogene dinoflagellate cysts. A total of 275 

items are included, totalling 500 globally distributed sites. The database was produced by 

ŎƻƳǇƛƭƛƴƎ ŀƴŘ ŜƴǘŜǊƛƴƎ Řŀǘŀ ŦǊƻƳ ǇǳōƭƛǎƘŜŘ ǎǘǳŘƛŜǎ ƛƴǘƻ ǘƘǊŜŜ ŦƻǊƳǎΥ ΨƳŀƛƴΩΣ ΨƭŀȅŜǊΩ ŀƴŘ 

ΨŦƭƻǊŀΩ όCƛƎǳǊŜ нΦмύΦ Lƴ ǘƘŜ ΨƳŀƛƴΩ ŦƻǊƳΣ ƪŜȅ ƛƴŦƻǊƳŀǘƛƻƴ όƛƴŎƭǳŘƛƴƎ ǘƘŜ ōƛōƭƛƻƎǊŀǇƘƛŎ ǊŜŦŜǊŜƴŎŜǎΣ 

location and approximate age of the samples, and dating methods) is entered with the option 

to include information on the nearest country and ocean basin to the sample site. ¢ƘŜ ΨƳŀƛƴΩ 

form also include an option to input the sample preparation technique utilised. ¢ƘŜ ΨƭŀȅŜǊΩ 

form is where the lithotype, formation, depth and a more refined age model are entered. 

This format allows more accurate ages to be given by breaking down the overall 

cores/outcrop sections into smaller divisions. Therefore, once the third and final form (the 

ΨŦƭƻǊŀΩ ŦƻǊƳύ ƛǎ ŎƻƳǇƭŜǘŜŘΣ ǘƘŜ ŘƛƴƻŦƭŀƎŜƭƭŀǘŜ Ŏȅǎǘǎ Ŏŀƴ ōŜ ǎƘƻǿƴ ŀǎ ǇŀǊǘ ƻŦ ŀ ǎƳŀƭƭŜǊ ŀƴŘ ƳƻǊŜ 

ŎƻƴǎǘǊŀƛƴŜŘ ŀƎŜ ǊŀƴƎŜΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ƛƴŘƛǾƛŘǳŀƭ ŀǎǎŜƳōƭŀƎŜǎΦ ¢ƘŜ ΨŦƭƻǊŀΩ ŦƻǊƳ ƛǎ ǘƘŜ ǎƳŀƭƭŜǎǘΣ 

and it simply contains dinoflagellate cyst taxonomy and, if available, the relative abundance 

as a percentage of the total dinoflagellate cyst assemblage. In order to avoid duplication 

caused by typographical errors, each dinoflagellate cyst species is given its own unique 

number. The numbering system is recorded in a separate form where additional information, 

such as the climate or the habitat that the species preferred and if the species is extinct or 

extant, can be added. The database therefore collates all the published data in an internally 

consistent framework. 
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There is some spatial bias in TOPIS as a large proportion of the sites are situated in coastal 

areas in the Northern Hemisphere, particularly in the North Atlantic and Mediterranean 

regions. The Southern and Indian oceans have poorer sampling coverage due to fewer drilling 

sites and studies having been undertaken.  

2.1.1 Literature sources 

The literature entered into the TOPIS database are from a broad range of authors, journals 

and countries. The John Williams Index of Palaeopalynology (JWIP; Riding et al., 2012) was 

interrogated in order to ensure that the coverage is as comprehensive as possible. The JWIP 

is the most comprehensive reference catalogue on palaeopalynology in the world, and 

contains 23,350 references as of February 2012 (Riding et al., 2012). Therefore, confidence 

can be placed on TOPIS including the vast majority of the available published literature on 

Neogene dinoflagellate cysts. 

 

Figure 2-1: Screen shot of the Microsoft Access database; Tertiary Oceanic Parameters Information System 
(TOPIS). 
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2.1.2 Dating 

The diverse nature of the literature used in the TOPIS database means that several different 

dating methods were employed. Not all of the papers state the method of dating used, 

adding some uncertainty to any interpretation. The majority of age assessments were derived 

biostratigraphically, typically using calcareous nannofossils, foraminifera and palynomorphs, 

with fewer based on diatoms, mammals and molluscs (see references in Appendix A). Some 

publications have used magnetostratigraphy and radiometric methods. The dating method in 

each paper is given a numbered confidence coefficient between zero (low) and five (high) in 

order to document the reliability of the dating in a semi quantitative fashion. The number is 

based on assessment of the published stratigraphical data. If no dating method was provided 

then a value of zero was assigned. Papers that use dinoflagellate cysts as their dating method 

are deliberately given a low confidence to avoid circular reasoning.  

As TOPIS contains such a large number of publications, all of which had different aims and 

objectives, the resolution of the assemblage is very varied, ranging from ages estimates less 

than 0.001 Myr to over 25 Myr (Figure 2.2 and 4.1). Consequently the assemblages with a 

very low resolution are not useful to include in any analysis. The majority of the assemblages 

are dated to within one or two stages and assemblages with a maximum and minimum age 

range spanning longer than two stages are excluded from the analysis (Chapter 3) to avoid 

using poorly constrained data that may influence the results. A maximum of two stage was 

chosen as TOPIS does contain assemblages that have a relatively high dating resolution, but 

happen to span two stage boundaries.  

While making this compilation, it has been important to take note of the date of publication 

and the specific geological time scale referenced, due to its evolving nature (Gradstein et al., 

2012). If the geological time scale employed was not stated in a publication it was assumed 

that the most up to date time scale of the time was utilised. Any changes between previous 

versions and the 2012 version were noted and if necessary the estimated age range of the 
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assemblages were altered to represent the 2012 geological time scale (Gradstein et al., 2012). 

The majority of the publications affected were those that did not give quantitative age 

controls and only provided the stage(s) as the estimate age range of the assemblages. The 

most major change to the calibration of the Neogene in the last few decades was the 

transition of the Gelasian from the Pliocene into the Pleistocene, effectively shortening the 

Pliocene to 2.58 Ma (Gradstein et al., 2010). This meant that the age estimates of any 

publications published prior to 2010, which dated assemblages to the Pliocene, were altered 

to 5.333ς1.806 Ma rather than the shorter 5.333-2.59 Ma range of the Pliocene of the more 

modern geological time scale. Incidentally the only difference, for the Neogene, between the 

2012 version and the most recent 2016 version is the Serravallian-Tortonian boundary 

changing from 11.62 Ma to 11.63 Ma.  

 

Figure 2-2: Example of the varied resolution of the dating, where each point represents an assemblage (layer) in 
TOPIS. The position on the x-axis represents the estimated ages range for each assemblage (the larger the 
number the poorer/lower the resolution of the dating). The position on the y-axis is the mean of the maximum 
and minimum ages range. 

2.1.3 Location 

Site locations are given as latitude and longitude coordinates, either taken directly from the 

published literature (when provided), or projected onto a map using online cartographic 
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resources (such as Google Earth). If the location was not provided with sufficient resolution, 

the notes section of the database states that it is approximate. Sites are rotated to their 

palaeoposition using a plate rotation model that is compatible with the underlying 

palaeogeography of Markwick et al., (2000).  

2.1.4 Taxonomy and reworking 

The rationale of the TOPIS database follows that of the Cenozoic vegetation Tertiary 

Environmental Vegetation Information System (TEVIS database; Salzmann et al., 2008; Pound 

et al., 2012a) and the Bartonian/Rupelian dinoflagellate cyst database of Woods et al. (2014). 

As in these previously published databases, TOPIS undertakes little reinterpretation of the 

primary data in order to allow rapid construction and interpretation of large scale trends. 

However, in order for the TOPIS database to be effective at detecting real phenomena and 

trends, it is essential that the taxonomy is robust. To maintain a consistent dinoflagellate cyst 

taxonomy and to disregard synonyms, the taxonomy from Fensome et al. (2008) was used 

throughout, resulting in the species used having their most recently assigned genus. Obvious 

synonyms were combined/disregarded and where doubt existed, species were checked 

against published plates or were not included in any further analysis. Taxa not defined to 

species level were also not included in any analysis, and neither were questionably assigned 

species (i.e. species that are not confirmed with complete confidence ς usually indicated with 

a question mark). However, the large amount of data collated, and the broad scale of the 

analysis, helps militate against any problematic taxonomy (Woods et al., 2014). 

2.1.5 Stratigraphy 

Any species thought to have been reworked were removed. Reworked species were 

established by the authors indicating a reworked species and/or by checking with previously 

published range charts produced for the Neogene (e.g. de Verteuil and Norris, 1996; 

Munsterman and Brinkhuis, 2004; De Schepper and Head, 2008). There is a possibility that 

some reworked species were still included. However, as for taxonomic problems, the large 
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quantity of data analysed suggests that it this unlikely to bias any results. In the modern only 

7% of cysts recorded in the Quaternary are affected by reworking. This substantiates the 

claim that the few reworked species, which may or may not be included in the analysis, will 

not affect the results (Mertens et al., 2009b; Verleye and Louwye, 2010).  

2.1.6 Abundance data 

The papers used in the TOPIS database are from a variety of sources, and have focused on 

different aspects of research including hydrocarbon exploration, palynology, palaeoecology, 

sedimentology and taxonomy. This diversity has resulted in uncertainties in the dataset, such 

as the dating (as several different methods were applied with different precision) and 

consistency of identification (since it was carried out by so many different authors). It also 

results in the absence of data with abundance counts in many of the publications. Therefore, 

for consistency, only presence and absence data is analysed in the following chapters. Where 

abundance counts have been calculated and included in the literature, many different 

methods have been used and may not give comparable results.  
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Chapter 3: The response of Neogene 

dinoflagellate cysts to global and regional 

climate dynamics 

3.1 Introduction 

The Neogene Period (23.03ςнΦрф aŀύ Ƙŀǎ ōŜŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ΨǘƘŜ ƳŀƪƛƴƎ ƻŦ ǘƘŜ ƳƻŘŜǊƴ 

ǿƻǊƭŘΩ (Potter and Szatmari, 2009), which eventually, via a relatively consistent cooling trend 

ŀƴŘ ŎƘŀƴƎŜǎ ǘƻ ǘƘŜ 9ŀǊǘƘΩǎ ǇŀƭŀŜƻƎŜƻƎǊŀǇƘȅ ŀƴŘ ŀǘƳƻǎǇƘŜǊƛŎ /h2 concentration, culminated 

in the present day climate conditions on Earth (Raymo and Ruddiman, 1992; Zachos et al., 

2001; Ruddiman, 2013; Sijp et al., 2014; De Schepper et al., 2015). It has provided important 

information for understanding how modern patterns of atmospheric and oceanic circulation 

developed, and how sensitive they are to environmental change (Potter and Szatmari, 2009).  

To further research past climate changes, temperature proxies are used. The development 

and discovery of new proxies for climate variables is essential because the utility of both 

geochemical and non-geochemical proxy techniques can be limited by: post-depositional 

alteration; overprinting of the original signal through diagenesis and the absence or rarity of 

key fossils in open and deep ocean settings (de Vernal and Marret, 2007). This means that it is 

valuable to continually develop established temperature proxies and to find new proxies, 

methodologies and applications. Furthermore, the application and development of climate 

proxies and our understanding of palaeo sea surface parameters improves our ability to 

evaluate the performance of coupled ocean-atmosphere climate model simulations, 

especially when considering ocean circulation. One such climate and oceanic parameter 

proxy that is used increasingly for palaeoclimate studies is dinoflagellate cysts (Section 1.3; 

Head, 1994; 1997; Versteegh and Zonneveld, 1994; De Schepper et al., 2009; 2011; 2015; 
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Warny et al., 2009; Schreck and Matthiessen, 2013; Verhoeven and Louwye, 2013; Hennissen 

et al., 2014). 

The distribution of dinoflagellate cysts is affected by a wide array of factors, and 

understanding how they react to changing environmental parameters is complex. With a 

better understanding, it would be possible to expand their climate proxy potential. The aim of 

this study is to investigate the changes to the global distribution of Neogene dinoflagellate 

cysts, and to understand the role and influence of climate change. Specifically, can 

dinoflagellate cysts be used to determine global cooling in the Neogene, was the cooling 

uniform at all latitudes and can anything be said regarding the rate of cooling? The 

investigation is then taken further to compare the differences between global and regional 

scale datasets as well as additional factors that control the distribution and composition of 

dinoflagellate cyst assemblages. 

This study uses the synthesised previously published work on Neogene dinoflagellate cysts 

from the newly created database TOPIS (Tertiary Oceanic Parameters Information System; 

Chapter 2). The new database makes it possible to analyse and compare the results of 

published research on a global scale, and enables global analysis of the development of 

Neogene oceans over a long time scale. 

3.2 Methods 

Dinoflagellates and their cysts make excellent temperature proxies, and as such, numerous 

papers provide evidence of their temperature preferences (Head, 1997; Marret and 

Zonneveld, 2003; Wijnker et al., 2008; De Schepper et al., 2009; Schreck et al., 2013; 

Zonneveld et al., 2013a). Using TOPIS Appendix B was compiled and presents the complete 

list of literature from which the temperature preference for each dinoflagellate cyst was 

obtained. Both modern and palaeontological studies were used to ascertain dinoflagellate 

temperature preferences of the Neogene. Temperature categories used in the literature, to 

name a few, include: tropical, warm temperate to tropical, temperate, cool temperate and 
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sub polar. However, to simplify, and to avoid unnatural category breaks, this study uses just 

two categories: 

 

Figure 3-1: Age ranges of the species with known temperature preferences used in this study for the Neogene. 
Dashed lines represent ages where species are known to have lived, but are not represented in this study. 
References are provided for the temperature preference in Appendix B. 
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Figure 3-2: Distribution of all of the records used in this study for the Neogene. Sites are plotted at their modern 
latitude and longitude and references can be found in Appendix A. 
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Warm Water Species (WWS) and Cold Water Species (CWS). Warm Water Species include 

species within the warm temperate to tropical categories and CWS from within the cool 

temperate to polar categories. 

Once a list was created of all the species found in the Neogene with known temperature 

preferences (Figure 3.1; Appendix B), sites with those species present were extracted from 

TOPIS (Figure 3.2; Appendix A). The list contains 11 CWS and 48 WWS in the Neogene. Any 

species that have been questionably assigned were ignored (as were cf. species, such as 

Xandarodinium cf. xanthum) for the purpose of having the most reliable and consistent 

taxonomy. Synonyms were combined with the use of Dinoflaj2 (Fensome et al., 2008). 

Synonyms that are combined that are not included in the current version of Dinoflaj2 include: 

Barssidinium pliocenicum and Barssidinium wrennii (De Schepper et al., 2004); Dapsilidinium 

pseudocolligerum and Dapsilidinium pastielsii (Mertens et al., 2014) and Operculodinium 

tegillatum and Operculodinium antwerpensis (Louwye and De Schepper, 2010). Sub-species 

were treated on a species level; for example, Achomosphaera andalousiensis andalousiensis 

was entered in the database as Achomosphaera andalousiensis. The stratigraphic range for 

each species was checked, and if reworking was suspected, the species in question was 

removed. It is possible that some reworked species may have been included. However, 

according to Woods et al. (2014), reworking is unlikely to bias any results due to the large 

quantity of data analysed combined with limited evidence of reworking in younger sediments 

(Mertens et al., 2009b; Verleye and Louwye, 2010). Several of the species used have been 

grouped into complexes (Appendix B); for example, Spiniferites elongatus and Spiniferites 

frigidus have been grouped due to gradations in morphology (Rochon et al., 1999) as were 

Batiacasphaera micropapillata and Batiacasphaera minuta (Schreck and Matthiessen, 2013). 

Once the taxonomy was confirmed, the data were further filtered to remove any record that 

had an age range spanning longer than two geological stages, to avoid using poorly 

constrained data that may influence the results. A record is defined as one or more species, 
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with a known temperature preference, from a site with a specific age range. A maximum of 

two stages (e.g. ZancleanςPiacenzian) was chosen to avoid losing data that span two 

consecutive stages. This resulted in a dataset of 733 records (Figure 3.2; Appendix A). The 

records stem from 306 sites (183 publications) and as some sites contain several records of 

different ages they have different palaeo latitudes and longitudes. As many of the 

publications did not provide abundance counts, only presence and absence data were used 

for all published datasets. This results in inferred sea surface temperature changes being 

qualitative rather than quantitative (see Section 1.3.7 for a full explanation).  

The results are presented in two different styles; the first is by plotting the records on 

separate maps for each stage (Figure 3.3a-i), while the second displays all the data on one 

figure, separated into latitudinal bins of 5° (Figure 3.4). Figure 3.3a-i shows maps for each 

stage where points represent the palaeo latitude and longitude for each record, which were 

calculated using a palaeo-rotation model based on the palaeogeography of Markwick et al., 

(2000). As the majority of the records have estimated age ranges spanning entire stages, the 

analysis concentrates on investigating stages separately to attempt to match the quality of 

the data (e.g. Figures 3.3, 3.5 and 3.6). However, the estimated age range for each 

assemblages is also provided to visualise the spread and quality of the data (Figure 3.4a and 

b). Chapter 4 provides a more thorough evaluation of both dinoflagellate cysts as a proxy for 

environmental change and databasing, as well as possible limitations of the methodology and 

data utilised.  

More temperature preferences are known for extant species than extinct species as studies 

can be done showing exactly where the cysts collect, under what conditions and in what 

abundances, providing reliable environmental parameters. Further back in geological time 

there are fewer species that are still extant today (Versteegh and Zonneveld, 1994), which 

Ŏŀƴ ǊŜǎǳƭǘ ƛƴ ŀ ΨǇǳƭƭ ƻŦ ǘƘŜ ǊŜŎŜƴǘΩ ƛƴ ŀƴ ŜŎƻƭƻƎƛŎŀƭ ǎŜƴǎŜΦ ¢ƘŜ Ǉǳƭƭ ƻŦ ǘƘŜ ǊŜŎŜƴǘ ǿŀǎ ƻǊƛƎƛƴŀƭƭȅ 

conceived for diversity studies, particularly in the Cenozoic (Raup, 1979; Jablonski et al., 
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2003), and results in the number of species with known temperature preferences decreasing 

with increasing sample age. It is for this reason that, while the number of CWS in each record 

is represented by the size of the points, the main analysis concentrates on the proportion of 

CWS relative to WWS for each record. 

A different dataset was used for the modern era and was obtained from Zonneveld et al. 

(2013b). It provided details for 33 WWS and 10 CWS. Seventeen of the WWS and five of the 

CWS were also found in the Neogene, but the remaining species were present in the records 

from the modern only. Once records that had no species with known temperature 

preferences were removed, there were 1,784 records remaining for the modern.  

To aid visualisation and understanding of any patterns, the data were analysed in latitudinal 

bins of 5° (Figure 3.4). The percentages of CWS used is the same as for Figure 3.3a-i. To help 

explore uncertainties, the number of records found within each latitudinal bin is represented 

by the shading. The darker the shading, the more data there are, and therefore the more 

reliable the signal is likely to be. Red dashed lines represent the records with no CWS present. 

To demonstrate change over time and space, the mean percentage of CWS for each stage 

and latitude was analysed (Figures 3.5 and 3.6). As the majority of the data are located in the 

Northern Hemisphere much of the analysis ignores the Southern Hemisphere due to a lack of 

data from the publications used. This is an unfortunate limitation that can be addressed as 

the literature expands to include more Southern Hemisphere study sites. 

3.3 Results 

The records for each stage of the Neogene, as well as for the modern, are presented on 

individual distribution maps (Figures 3.3a-i). An overview Figure is also included to compare 

the differences in the percentage of CWS through the Neogene (Figure 3.4a and b). Where 

the percentage of CWS is mentioned, it is the percentage of CWS relative to the number of 

species with known temperature preferences for that record. 
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Figure 3-3: Distribution of records in (a) Aquitanian, (b) Burdigalian, (c) Langhian, (d) Serravallian, (e) Tortonian, 
(f) Messinian, (g) Zanclean, (h) Piacenzian and the (i) modern. Records are plotted at their palaeo latitude and 
longitudes. Size of the points represents the number of Cold Water Species (CWS) present in each record. The 
colour of the points represents the percentage of CWS relative to the total number of species with known 
temperature preferences present in each record. Darker shades represent higher percentages of CWS. Small red 
circles represent records that only contain Warm Water Species. Data for the modern (i) are from Zonneveld et 
al., 2013b. For comparison of the modern data (i), Figure 3.3j is included and represents actual Sea Surface 
Temperatures averaged from 2009 to 2013. The Figure was created using remotely-sensed images from b!{!Ωǎ 
Ocean Color database (http://oceancolor.gsfc.nasa.gov; NASA Ocean Biology OB.DAAC; 2014).  

3.3.1 Overview of the Neogene (23.03ς2.59 Ma)  

3.3.1.1 Southern Hemisphere 

Data in the Southern Hemisphere are much sparser than for the Northern Hemisphere. Only 

10 of the 18 latitudinal bins in the Southern Hemisphere contain any data, and there is no 

latitudinal bin with data representing every stage (Figure 3.4). The Aquitanian has only two 

latitudinal bins that contain any data. These are between 40 and 45° S where no CWS are 

present, and between 60 and 65° S, where the maximum percentage of CWS is 100%. The 

Burdigalian has only one latitudinal bin with data and no CWS are present. The Southern 

Hemisphere in the Langhian, has a record where all the species with known temperature 

preferences are CWS between 75 and 80° S. Between 40 and 50° S there are no CWS present, 

and between 20 and 25° S eight percent of the species present with known temperature 

preferences are CWS. There is no data available for the remaining latitudinal bins. The 

Serravallian has the same values as the Langhian, but with no data between 75 and 80° S.  
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Figure 3-4: Data for the whole of the Neogene are split into latitudinal bins spanning five degrees. There is 
consistently more data for the Northern Hemisphere then in the Southern Hemisphere. For each record the 
percentage of CWS was calculated relative to the number of species with known temperature preferences. The 
percentage of CWS is displayed and is represented by the horizontal thickness of the line. The shading of the 
lines represents the number of records present within each latitudinal bin. Dashed red lines represent records 
with no CWS. Figure 3.4a represents all records and Figure 3.4b contains only those records with no CWS 
present. Arrows indicate the two main periods of cooling. 
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The stage with the most data is the Tortonian, which has data for eight of the latitudinal bins. 

Three of the eight, 0ς5° S, 5ς10° S and 15ς15° S are represented by WWS only. Between 65 

and 70° S the maximum percentage of CWS is 100%. The other three latitudinal bins in the 

Tortonian with data are between 45 and 50° S (17%), 40 and 45° S (33%) and between 30 and 

35° S (50%). The Messinian has two records, between 65 and 70° S, where all the species 

present with known temperature preferences are CWS and has six records (20ς25° S) with 

CWS percentages between 33 and 50%. Between 45 and 50° S there is a record with a CWS 

percentage of 14%. Between 5 and 10° S, 10 and 15° S, 30 and 35° S and between 40 and 45° 

S there are no CWS present, and there are no data available for the remaining latitudinal bins. 

In the Zanclean, the Southern Hemisphere has two records with CWS percentages of 50%. 

These are both between 20 and 25° S and there is one record with a CWS percentage of 100% 

(65ς70° S). The remaining records present during the Zanclean, in the Southern Hemisphere, 

contain no CWS. In the Piacenzian there are four latitudinal bins with data present. The 45ς

50° S, 20ς25° S and 15ς20° S latitudinal bins all have no CWS present, but between 65 and 

75° S there are records where all of the species with known temperature preferences are 

CWS. 

3.3.1.2 Northern Hemisphere 

Data from the Northern Hemisphere are much more continuous then for the Southern 

Hemisphere (Figure 3.4). For example, between 25 and 55° N there are data for all stages. 

The Aquitanian and Burdigalian show very similar results. In both stages, 13 latitudinal bins 

(out of the 14) have records where no CWS are present and the highest percentage of CWS 

(25%) occurs between 5 and 10° N. The next highest percentage of CWS is 11% in three 

latitudinal bands between 30 and 35° N, 40 and 45° N and 60 and 65° N. Cold Water Species 

are also present between 25 to 30° N, 35 to 40°, N and 45 to 50° N, where all CWS 

percentages are 10% or less. In the Langhian 13 out of the 15 latitudinal bins with data have 

records where no CWS are present. However, in seven of the latitudinal bins there are also 

records that do contain CWS. The highest percentage of CWS is 25% between 40 to 45° N and 
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50 to 55° N. The Serravallian also has seven latitudinal bins with CWS present (out of 14), but 

the highest CWS value in the Serravallian is 43%. In the Serravallian there are 12 latitudinal 

bins that have records with no CWS present. 

In the Tortonian, there are 14 latitudinal bins with data and CWS are present in 11 of them. 

Only 10 of the latitudinal bins have records with no CWS present. The next highest 

percentage of CWS is 50% (40ς45° N, 50ς55° N and 55ς60° N). In the Messinian, there are 13 

latitudinal bins with data present and 11 of them contain CWS. The highest percentage of 

CWS is 50% (35ς40° N, 40ς45° N, 50ς55° N and 55ς60° N). Eleven of the latitudinal bins 

include records where no CWS are present. The Zanclean and Piacenzian both have records 

where no WWS are present. These records are found in the 75ς80° N and the 85ς90° N 

latitudinal bins in both stages and additionally between 80ς85° N in the Piacenzian. Records 

where all the species with known temperature preferences are CWS are found between 50 to 

55° N and between 60 to 65° N for the Piacenzian. In the Zanclean, there are 15 latitudinal 

bins with data present, nine of them have records with no CWS present and 11 of them 

contain records with CWS. In the Piacenzian, the number of latitudinal bins with data present 

is 16. Nine of them contain records with no CWS present and 13 of them contain records with 

CWS present. 

From the Tortonian onwards, only one record that contains no CWS is found above 60° N and 

far fewer are found above 20° N in the Pliocene than in the older stages. There appears to be 

two main stages of increase in the percentage of CWS, these take place at the Serravallian to 

Tortonian boundary and then again at the Zanclean to Piacenzian boundary (Figure 3.4). Both 

steps are most evident in the mid to high latitudes (45ς65° N).  

3.3.2 Overview of the modern 

There is a significantly higher number of sites in the modern than for the Neogene and a 

more or less global distribution is achieved (Figure 3.3i). As in the Neogene, there are fewer 

records for the Southern Hemisphere compared to the Northern Hemisphere and the Indian 
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and Pacific oceans are also under represented. For the majority of ocean basins, most of the 

records come from coastal regions, and relatively few come from deeper and more oceanic 

regions. Sites that are composed only of CWS are common in higher latitudes in both the 

Southern and Northern Hemispheres. In the lower latitudes, species with known 

temperatures are nearly all WWS. Between 20° N and 20° S there are only four records (out 

of 377) that contain any CWS. Three of these are found off the west coast of Africa and the 

fourth is off the east coast of Africa, all have CWS percentages under 10%. Records composed 

entirely of CWS are common above and below 45° N and 45° S respectively. Asymmetry 

occurs either side of the North Atlantic. Records where all of the species with known 

temperature preferences are CWS reach as far south as 42° N on the western edge of the 

North Atlantic, but only as far south as 56° N on the eastern side. This suggests that the 

eastern North Atlantic is warmer than the western North Atlantic and can be related to the 

presence of the North Atlantic Current, which transports warm water to the higher latitudes 

of the northeast Atlantic Ocean.  

For comparison between Neogene dinoflagellate cyst data (and the methodology) and known 

sea surface temperatures of the modern, Figure 3.3i can be compared to Figure 3.3j. This 

validates the methodology used, and demonstrates that surface waters that are known to be 

warm, have a lack of CWS species present.   

3.3.3 Mean temperature changes (latitude)  

The mean percentage of CWS was calculated for each latitudinal bin (Figure 3.5) to 

investigate if cooling occurred at all latitudes equally. The mean percentages of CWS for each 

latitudinal bin, for the Aquitanian and Burdigalian, are similar at all latitudes and range 

between 0 and 11% (Figure 3.5a and b). In the Langhian and Serravallian the highest mean 

percentage of CWS is between 60 and 65° N and is 18% (Figure 3.5c and d). The mean 

percentage of CWS for each latitudinal bin in the Tortonian and Messinian are more varied 

and range between 0 and 100%, although for all but one latitudinal bin (100%; 75ς80° N; 
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Figure 3.5e) the values are between 0 and 27% (Figure 3.5e and f). The mean percentage of 

CWS between 0 and 35° N all remain low (five percent and under), with the exception of one 

latitudinal bin (15ς20° N), where the mean percentage of CWS is 20%. In the Zanclean and 

Piacenzian (Figure 3.5g and h), the mean percentages of CWS, between 0 and 45° N are all 

under seven percent, with the exception of between 10 to 15° N, which has a mean CWS 

percentage of 17%. The mean percentages of CWS north of 55° N are all over 20% and above 

75° N they are 87% and higher. In the modern (Figure 3.5i), between 0 and 35° N, the mean 

percentages of CWS relative to WWS are all under five percent, which quickly rises to 50% 

and above north of 45° N. 

3.3.4 Mean temperature changes (stage) 

Average percentages of CWS (for each stage) illustrate that the Aquitanian to Langhian stages 

all have CWS means of five percent or less (Figure 3.6a). The mean percentage of CWS 

increased from the Serravallian to the Tortonian (up to 19%) before dropping back to 12% in 

the Messinian. An increase followed and resulted in a peak in the modern of 38%. When just 

using data from the Northern Hemisphere (Figure 3.6b), there is no peak in the Tortonian.  

To further investigate possible sampling biases, the mean percentages of CWS (for the 

Northern Hemisphere) were recalculated ignoring any data from latitudinal bins where the 

entire Neogene was not represented (Figure 3.6c). The mean percentage of CWS is low at the 

beginning of the Neogene (two percent; Aquitanian), which increases to six percent in the 

Serravallian. The mean percentage of CWS then increased to 10% for the Tortonian and 

Messinian, to 16% in the Zanclean, 23% in the Piacenzian and up to 34% for the modern.  
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Figure 3-5: The mean percentage of Cold Water Species (CWS) relative to the total number of species present 
with known temperature preferences for each five degree latitudinal bin. (a) Aquitanian, (b) Burdigalian, (c) 
Langhian, (d) Serravallian, (e) Tortonian, (f) Messinian, (g) Zanclean, (h) Piacenzian and (i) the modern. For the 
modern (i) data were replotted without data points from the Gulf of St. Lawrence (grey dashed line), a densely 
sampled region, to investigate sampling bias (see Section 4.2.2). 

The means of CWS for each stage, when only using data from Northern Hemisphere latitudes 

that have data for every stage (Figure 3.6c), are comparable to those where all the data for 

the Northern Hemisphere are used (Figure 3.6b). For example, in both cases mean 

percentages of CWS between the Aquitanian and the Messinian range between 2 and 10%. 

However, values are higher when all of the data are used (Figure 3.6b), due to the few 

records in the highest latitudes that are present only in the Pliocene and Modern (Figures 

3.3g, h, i and 3.4).   
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Figure 3-6: Mean percentages of Cold Water Species (CWS) for each stage for (a) all records, (b) just records in 
the Northern Hemisphere and (c) using only the latitudinal bins (in the Northern Hemisphere) where data are 
ŀǾŀƛƭŀōƭŜ ŦƻǊ ŀƭƭ ǎǘŀƎŜǎΦ όŘύ .ŜƴǘƘƛŎ ʵ18O compilation (Zachos et al., 2001; 2008) demonstrating cooling through 
the Neogene to present for comparison with the mean percentage of Cold Water Species of dinoflagellate cysts.  
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3.4 Discussion 

3.4.1 Neogene climate and dinoflagellate cysts 

In this study, an increase in the percentage of CWS (relative to the total number of species 

present with known temperature preferences) is qualitatively indicative of sea surface 

temperatures, and the results presented here agree with the previously established cooling 

trend of the Neogene (Figure 3.6d; Zachos et al., 2001; 2008; Billups and Schrag, 2002; Ravelo 

et al., 2004; Shevenell et al., 2004; McKay et al., 2012; Miao et al., 2012; Pound et al., 2012a; 

Lear et al., 2015). An increase in the mean percentage of CWS for each stage correlates very 

ǿŜƭƭ ǿƛǘƘ ŎƻƻƭƛƴƎ ŘŜŜǇ ǿŀǘŜǊ όōŜƴǘƘƛŎ ʵ18O values) shown in Zachos et al. (2008; Figure 3.6a-

d). The two main stages of cooling are noted and labelled on Figure 3.4. The first took place 

between the Serravallian and the Tortonian (~11.62 Ma) and the second between the 

Zanclean and the Piacenzian (~3.60 Ma).  

The benefits of a global dataset means that different latitudes can be compared to see if the 

cooling trend occurred at all latitudes or was more localised. Global compilations also are 

useful to help understand large scale changes rather than potential local anomalies. Another 

benefit for the methodology used in this chapter is that, unlike beƴǘƘƛŎ ʵ18O values (e.g. as 

compiled by Zachos et al., 2001; 2008), the results presented here are not influenced by ice 

volume as the majority of dinoflagellate cyst live in ice free conditions. There are however, 

other limitations to using previously published data and dinoflagellate cysts as a temperature 

proxy, which will be discussed in Section 4.3. Preceding this, Neogene cooling will be 

discussed in terms of the rate and extent of cooling.  

3.4.1.1 The early Miocene (23.03ς15.97 Ma) 

Prior to the Miocene, the earliest Oligocene saw the establishment of the predecessors of 

both the east and west Antarctic ice-sheets, with volumes comparable to or exceeding, by 

25%, that of todays (Wilson et al., 2013). Just preceding the Oligocene-Miocene boundary 

(23.03 Ma) the Mi-1 glaciation occurred, accompanied by an increase of ice on Antarctica 
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(Zachos et al., 2001; Billups and Schrag, 2002; Wilson et al., 2013; Beddow et al., 2016). The 

records in this study have a mean CWS percentage of 2% for the Aquitanian and 3% for the 

Burdigalian, demonstrating very little temperature change between the two stages (Figure 

3.6c). However, it has been shown from alkenones that Europe (the old Paratethys) cooled on 

average 2ς3 °C in ~600 years between 18.4 and 17.8 Ma (Grunert et al., 2014). The lack of 

change in this study may be related to the resolution of the data as the average age range of 

the records is 4.7 Myr for the Aquitanian and 4.4 Myr for the Burdigalian (Figure 3.7). This 

means that many of the records must span the two stages, potentially blurring any 

temperature change, and are not sufficiently resolved to capture sub-millennial changes. 

Thus, the warming trend towards the end of the Burdigalian, due to the MMCO (Savin et al., 

1975; Shackleton and Kennett, 1975; Zachos et al., 2001; Böhme, 2003; You et al., 2009), may 

have resulted in any cooling prior to the event being effectively counteracted (or smoothed 

out) in the record. 

 

Figure 3-7: The mean age range (maximum minus minimum estimates for the age of each record) of records for 
each stage. Generally, temporal resolution of the data increases in stages of a shorter duration. 

To understand more clearly how the temperature changed at different latitudes, analysis of 

the relationship between each latitudinal bin and the mean percentage of CWS was carried 

out for each stage (Figure 3.5). The different latitudinal bins for the Aquitanian and the 

Burdigalian show similarities for their mean percentage of CWS, and values for all latitudinal 
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bins were under 11% (Figure 3.5a and b). This suggests that there was a shallower latitudinal 

temperature gradient in the early Miocene than at present, with the high latitudes having 

similar or slightly cooler water temperature to the lower latitudes (Nikolaev et al., 1998; 

Pound et al., 2012a).  

3.4.1.2 The middle Miocene (15.97ς7.25 Ma) 

¢ƻǿŀǊŘǎ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ŜŀǊƭȅ aƛƻŎŜƴŜΣ ōŜƴǘƘƛŎ ʵ18O values quickly dropped suggesting a 

warming event (Zachos et al., 2001; 2008). The warming event culminated in the MMCO, 

which was a period of global warmth occurring between 17 and 15 Ma (Zachos et al., 2001). It 

resulted in the tropical climate zone having a much greater latitudinal extent, abundant 

precipitation and increased seasonality (Böhme, 2003; Bojar et al., 2004; Kroh, 2007; Pound 

et al., 2012a). Even though global temperatures of the MMCO were 3 °C higher than today, 

with atmospheric CO2 concentrations between 200 and 450 ppmv (Pagani et al., 1999; 

Kürschner et al., 2008; You et al., 2009; Foster et al., 2012), evidence for such warming is not 

obvious in this study, and the dinoflagellate cyst cooling trend does not follow that of Zachos 

et al. (2001; 2008; Figure 3.6a-d). 

For example, the average percentage of CWS relative to WWS in the Burdigalian and 

Langhian is very similar (3% and 4% respectively, Figure 3.6c). This is not surprising due to a 

lack of high resolution data in the TOPIS database, which is unable to resolve the MMCO and 

preceding warming (Figure 3.7). For example, the average length of the records of the 

Langhian (Figure 3.7) is 3.2 Myr, which spans the entire MMCO event. In order to fully 

understand the effect that the MMCO had on dinoflagellate cysts, data points of higher 

resolution data are required. It may also be pertinent to calculate the averages of the MMCO 

event rather than the stages, but this would require more constrained dating than the 

publications contained in TOPIS allows. As the event spans the upper Burdigalian and the 

lower Langhian, any changes caused by the MMCO may have been smoothed out from the 

relatively cooler periods on either side. However, the lack of warming observed during the 
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MMCO in TOPIS might also be due to a lack of abundance counts. For example, Warny et al. 

(2009) observed the MMCO in Antarctica by a 2000-fold abundance increase of just two 

species. They associated the peak in productivity to increased ice runoff from the elevated 

temperatures of the MMCO. This demonstrates how improved literature reporting of 

abundance counts would enhance our ability to understand Neogene climate trends. 

What is evident in the database is a cooling trend that took place between the Langhian and 

the Serravallian, which resulted in a slight increase in the percentage of CWS (4% and 6% 

respectively, Figure 3.6c). Whilst the slight increase in the percentage of CWS is apparent, it is 

not as distinguishable as the cooling event demonstrated bȅ ōŜƴǘƘƛŎ ʵ18O values (Figure 

3.6d), which occurred as a result of the MMCT (Flower and Kennett, 1994; Zachos et al., 2001; 

2008; Shevenell et al., 2004). The lack of a major cooling event (MMCT) displayed in the 

dinoflagellate cyst record may again be due to a sampling bias. However, when comparing 

the mean percentage of CWS at different latitudinal bands (25-50° N; Figure 3.5) the 

Serravallian consistently has higher percentages of CWS, suggesting that perhaps the 

dinoflagellate cysts did respond to the MMCT, but not uniformly in the surface waters at all 

latitudes.  

²ƘƛƭŜ ǘƘŜ ōŜƴǘƘƛŎ ʵ18O values significantly increased in the Serravallian, and less in the 

Tortonian, the dinoflagellate cyst record (Figure 3.6a-d) demonstrates the opposite (i.e. a 

more significant cooling is indicated in the Tortonian than the Serravallian). This suggests a 

delayed response of the dinoflagellates reacting to the cooling during the MMCT, possibly 

due to surface water cooling at a different rate to the deep waters. Pollen records also 

demonstrate that the cooling was more pronounced between the Serravallian and the 

Tortonian than the Langhian and the Serravallian (Pound et al., 2012a), suggesting that deep 

water cooling did occur prior to surface water and terrestrial cooling. In addition, pollen 

records (Pound et al., 2012a) demonstrate that the Southern Hemispheres cooled prior to the 

Northern Hemisphere and as the majority of the records used in this study are from the 
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Northern Hemisphere, this could be a further explanation for the delayed response of the 

dinoflagellate cysts to the globŀƭ ŎƻƻƭƛƴƎ ǎƛƎƴŀƭ ǇǊƻŘǳŎŜŘ ōȅ ǘƘŜ ōŜƴǘƘƛŎ ʵ18O values (Zachos 

et al., 2001; 2008). 

3.4.1.3 The late Miocene (11.62ς5.33 Ma) 

The Tortonian (11.62ς7.25 Ma) is characterised by warmer and more humid conditions than 

today, particularly in continental Europe (Bruch et al., 2006). Mean annual temperatures 

were between 14 and 16 °C in northwest Europe (Donders et al., 2009; Pound et al., 2012b), 

and the global cooling trend, which began during the Langhian, continued (Zachos et al., 

2001)Φ IƻǿŜǾŜǊΣ ǘƘŜ ōŜƴǘƘƛŎ ʵ18O values from Zachos et al. (2008) demonstrate that the 

cooling was more gradual for the Tortonian compared to the Serravallian (Figure 3.6a-d). The 

cooling affected the presence of dinoflagellate cysts with cold water preferences, and the 

mean percentage of CWS reached 10% in the Tortonian (Figure 3.6c). However, when all of 

the data are included in the analysis (Figure 3.6a), the value for the Tortonian increases to 

19%, a substantially higher value then for the stages either side. This discrepancy may be an 

artefact of sampling bias (see Section 4.2.2). However, it may reflect the asymmetrical cooling 

of the Northern and Southern hemispheres. For example, the Southern Hemisphere had a 

more modern-like latitudinal temperature gradient as early as the Serravallian (Pound et al., 

2012a). Unfortunately a lack of Messinian and Serravallian Southern Hemisphere data means 

that this hypothesis cannot be tested with TOPIS. 

On the other hand, the large amount of data in the Northern Hemisphere means that 

conclusions can reliably be drawn on Northern Hemisphere cooling. Like in the middle 

Miocene, cooling in the Tortonian was particularly prominent in the higher latitudes of the 

Northern Hemisphere (Flower and Kennett, 1994; Bojar et al., 2004). The percentage of CWS 

in the Tortonian mid to high latitudes increased while the percentage in the low latitudes 

remained similar to the values for the early and middle Miocene (Figure 3.5e). For example, 

throughout the early (Aquitanian and Burdigalian) and middle Miocene (Langhian and 
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Serravallian), the average proportion of CWS for each 5° latitudinal bin ranged from 0 to 11% 

and 0 to 18% respectively (Figures 3.5a-d). In the late Miocene (Figures 3.5e and f) this 

increased to between 0 and 27% with the exception of one latitudinal bin in the Tortonian 

(75ς80° N), where all the species with known temperature preferences were CWS. This 

increase mostly occurred in the higher latitudes, from 55° N northwards, suggesting that the 

higher latitudes cooled more than the lower latitudes (Pagani et al., 2010). The increase in 

the percentage of CWS in the higher latitudes compared to the low latitudes reflects how the 

tropical regions in the Miocene remained at similar temperatures, but the high latitudes 

cooled (Williams et al., 2005; Steppuhn et al., 2006). This effect caused the latitudinal 

temperature gradient to steepen throughout the late Miocene and Pliocene in the Northern 

Hemisphere (Nikolaev et al., 1998; Crowley, 2000; Fauquette et al., 2007; Pound et al., 

2012a). This decrease of temperature in the high latitudes is described by Nikolaev et al. 

(1998), who depicted a 4ς6 °C increase in the latitudinal temperature gradient between 10 

and 5 Ma. 

Several important changes to marine gateways and ocean circulation occurred during the late 

Miocene, particularly in the Mediterranean region. One of these was the Messinian Salinity 

Crisis where the ocean gateways between the Atlantic Ocean and the Mediterranean Sea 

closed due to tectonic changes (Flecker et al., 2015). This resulted in the Mediterranean Sea 

nearly completely drying up, and the precipitation of several kilometres of evaporites (Hsü et 

al., 1973; 1977; Martín et al., 2001; Krijgsman et al., 2002). The event had profound effects on 

the Mediterranean biota, and diversities declined in groups such as calcareous nannofossils 

(Wade and Bown, 2006), foraminifera (Lozar et al., 2010) and patch reef organisms (Dornbos 

and Wilson, 1999), as well as dinoflagellate cysts (Section 3.6). It is perhaps for these reasons 

that the benthic ɻ 18O values of the Messinian are much more erratic (Figure 3.6d) than for 

the Tortonian (Zachos et al., 2001; 2008). Despite this, the Messinian had a similar 

percentage of CWS as the Tortonian (10%; Figure 3.6c). This suggests that global sea surface 
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temperatures did not significantly change during the late Miocene. To investigate the effects 

that the gateway changes had on dinoflagellate cyst assemblages and diversity TOPIS is 

further utilised (Section 3.6). 

3.4.1.4 The Pliocene (5.33ς2.59 Ma) 

Whilst the Pliocene was still a time of global warmth, compared to today, it saw a 

continuation of the previous cooling trend interrupted by short lived episodic glaciation 

events (De Schepper et al., 2014). Short lived glaciation periods were infrequent in the 

Zanclean, but became more common in the Piacenzian as the temperature continued to cool 

(Lisiecki and Raymo, 2005; Miller et al., 2005; 2012). The East and West Antarctic ice sheets 

were both well established by this time (Naish and Wilson, 2009; Dolan et al., 2011), but ice 

sheets in the Northern Hemisphere were significantly reduced, or absent, compared to the 

modern (De Schepper et al., 2014). Global climate started to significantly deteriorate (cooled) 

towards the end of the Piacenzian at 2.75 Ma, leading to the intensification of the Northern 

Hemisphere Glaciation (Ravelo et al., 2004; Mudelsee and Raymo, 2005; De Schepper et al., 

2014). This agrees with the data presented in this study as the Pliocene has the highest 

percentage of CWS for the Neogene (Figure 3.6c), with values for the Zanclean and the 

Piacenzian of 16 and 23% respectively. 

The rise in the percentage of CWS particularly increased in the high latitudes, from 45° N 

northwards (Figures 3.5e and f), further steepening the latitudinal temperature gradient. 

Nikolaev et al. (1998) found that during the late Pliocene, the latitudinal gradient increased 

by 4ς5 °C. This cooling of the higher latitudes compared to the lower latitudes is a result seen 

in a variety of studies (Nikolaev et al., 1998; Pound et al., 2012a) and is associated with the 

development of ice due to the cooling temperature. For example, lower CO2 levels allowed 

further ice to develop in high latitudes, causing local cooling. This results in a greater ice 

albedo and increased inception of ice sheets and so additional cooling (Lunt et al., 2008b). 
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3.4.1.5 Comparison to the modern  

Zonneveld et al. (2013b) collated publications on dinoflagellate cysts from surface sediment, 

and by using the same method described above the Neogene can be compared to the 

modern. There is a considerably larger dataset for the modern (compared to the Neogene), 

with many more sites in the tropical regions and in the Southern Hemisphere. However, the 

Southern Hemisphere still has far fewer sites than for the Northern Hemisphere, and again 

the North Atlantic Ocean and Mediterranean Sea contain a high proportion of the data 

(Figure 3.3i). Compared to the Piacenzian, the modern has records with higher percentages of 

CWS at lower latitudes. For example, records where all the species with known temperature 

preferences are CWS can be found as far away from the poles as the 30ς35° N and 35ς40° S 

latitudinal bins (Figure 3.3i). In the Piacenzian the lowest latitudinal bin with a CWS 

percentage of 100% is 50ς55° N and 65ς70° S (Figure 3.3h). The results of the modern agree 

with the known sea surface temperatures of the modern, i.e. warm low latitudes and cold 

high latitudes (Figure 3.3j), and hence increases the reliability of the method used for the 

Neogene.  

During the Neogene, the latitudinal temperature gradient in the Northern Hemisphere was 

always less steep than it is for the present (Nikolaev et al., 1998; Pound et al., 2012a). Today, 

the average water temperature difference ranges from on average 28 °C in the tropics to -2 

°C in the polar regions (Levitus, 1982; Hay and DeConto, 1999). This TOPIS study 

demonstrates that the steepening latitudinal temperature gradient was due to cooling 

temperatures in the mid to high latitudes with little to no temperature change in the low 

latitudes (Figure 3.5). 

3.4.1.6 The Cooling Neogene 

There are several theories as to why the Neogene cooled, and the general consensus is that a 

combination of a variety of events caused the decreasing temperatures. These include: 

changes to the ocean circulation, surface albedo and the configuration of the continents 

(DeConto et al., 2007; Potter and Szatmari, 2009). Other events that took place included a 
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CO2 decline, caused by enhanced silicate weathering due to the uplift of mountain chains, 

which also resulted in the reorganisation of both the atmospheric and oceanic circulation 

(Raymo et al., 1988; Raymo and Ruddiman, 1992; Mudelsee and Raymo, 2005; Ruddiman, 

2013). 

Increases in the mean percentage of CWS in the late Miocene were smaller than they were in 

the Pliocene (Figure 3.6c), suggesting less rapid cooling. Cooling in the late Miocene followed 

the establishment of ice on Antarctica after the most severe Mi-event at roughly 13.82 Ma 

(Abels et al., 2005). The cause of this cooling cannot be attributed to one event, and CO2 

reconstructions suggest that a drawdown of CO2 and/or changes in ocean circulation was the 

cause (Shevenell et al., 2004; Kürschner et al., 2008; Pagani et al., 2009; Badger et al., 2013). 

However, minima nodes in eccentricity and obliquity may also have contributed (Shevenell et 

al., 2004; Abels et al., 2005). 

Likewise, the more rapid cooling in the Pliocene, which specifically cooled the high latitudes 

(Figure 3.5), can be attributed to a variety of factors, although like for the middle and late 

Miocene, a decrease in atmospheric CO2 (from modelling studies) is thought to have been the 

main driver (Lunt et al., 2008a), and has also been demonstrated by alkenones (Pagani et al., 

2010). Other changes such as the closure of the Panama Seaway (Haug and Tiedemann, 1998) 

and tectonic uplift (Ruddiman and Kutzbach, 1989), whilst perhaps adding to the cooling, are 

not thought to have been the primary mechanism for the Neogene cooling that helped 

establish the Greenland ice sheet (Lunt et al., 2008a).  

By comparing the dinoflagellate cyst record to previously published records of climate 

change, which use well established temperature proxies (e.g. Figure 3.6d; Zachos et al., 2001; 

2008), it is possible to deduce that temperature is one of the main limiting factors causing the 

global changes to the assemblages. Whilst it is not possible to provide absolute values for 

temperature change (due to a lack of consistent abundance counts provided in TOPIS; see 

Sections 1.3.7 and 2.1.6), this study confirms that it is possible to use dinoflagellate cysts to 
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determine that cooling took place on a global scale during the Neogene. They can be used to 

deduce when and where the cooling took place and the results demonstrate a similar cooling 

trend that is depicted by the deep-sea benthic foraminiferal oxygen-isotope curve (Figure 

3.6d; Zachos et al., 2001; 2008).  

3.5 Global summary 

Changes to the distribution of dinoflagellate cysts during the Neogene reflect a general 

cooling trend. However, they demonstrate that cooling was not uniform at all latitudes and 

that the rate of cooling was not consistent. From the work presented in this chapter, the 

following conclusions can be drawn in relation to the research questions outlined in Section 

3.1: 

Can dinoflagellate cysts be used to determine global cooling in the Neogene?  

- Dinoflagellate cysts are increasingly being used in palaeoclimate studies and this 

study corroborates their usefulness as a temperature proxy. Dinoflagellate cysts with 

known temperature preferences can be used to determine cooling on a global scale 

and the general cooling trend shown in this study broadly agrees with the benthic 

ʵ18O curve of Zachos et al. (2008); see Figure 3.6a-d. The methodology is 

substantiated by applying it to the modern, where sea surface temperatures are 

known (Figure 3.3i and j). This corroborates the potential of dinoflagellate cysts as a 

qualitative temperature proxy over long timescales. 

Was the cooling uniform at all latitudes?  

- Increases in the percentage of CWS occurred most prominently in the mid to high 

latitudes, while the lower latitudes remained relatively low in CWS percentage 

throughout the Neogene, suggesting that the mid to high latitudes underwent more 

cooling than the lower latitudes, at least in the Northern Hemisphere (Figure 3.5). 

The lower latitudinal temperature gradient during the older portion of the Neogene, 
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implied by smaller percentages of CWS in all latitudinal bins, agrees with terrestrial 

reconstructions from Pound et al. (2012a). They describe a steepening of the 

latitudinal temperature gradient as the high latitudes cooled in relation to the lower 

latitudes.  

Can anything be said regarding the rate of cooling? 

- Cooling of the Neogene did not always occur at a steady rate and the largest increase 

in the percentage of CWS took place in the Pliocene, between the Zanclean and the 

Piacenzian. There is a further decrease in temperature between the Piacenzian and 

the modern. The faster cooling rate from the Pliocene to the modern is in agreement 

ǿƛǘƘ ǘƘŜ ōŜƴǘƘƛŎ ʵ18O curve of Zachos et al. (2008). 

To improve this study it would be important to collect more data, particularly from the Indian 

and Pacific oceans and the Southern Hemisphere throughout the entire Neogene. This would 

enable further comparison between temperature changes between the Northern and 

Southern Hemispheres and permit analysis on the evolution of latitudinal temperature 

gradients. It would also be useful to gain more data with a higher temporal resolution to 

analyse shorter events, such as the MMCO, rather than solely the long term trends. It is 

equally important to add further records to the TOPIS database that contain abundance 

counts in order to facilitate the detection of more refined temperature changes. However, 

Chapter 3 does demonstrates that it is possible to use dinoflagellate cysts to determine large 

scale climate changes over the Neogene. 

It is therefore clear that temperature affects the distribution of dinoflagellate cysts and that 

certain taxa are particularly useful warm or cold water indicators. With the use of these 

species with known temperature preferences it is demonstrated that dinoflagellate cysts can 

compete (at least qualitatively) with other previously established temperature proxies. 

However, temperature is not the only factor that influences the distribution and assemblage 

composition of dinoflagellate cysts and nutrient availability, salinity and ice cover are also 
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known to affect dinoflagellate cysts. This means that regions (such as the low latitudes, e.g. 

the Mediterranean region), which did not substantially cool (Figure 3.5), can be investigated 

to determine what else influences the distribution and assemblage composition of 

dinoflagellate cyst over large regions. Gateway changes are one such geological phenomenon 

that alter oceanic circulation and conditions and because of this the following sections 

investigate the effects of previously established gateway changes on dinoflagellate cysts. 

3.6 Mediterranean case study 

During the Neogene (23.03ς2.59 Ma) many changes took place that helped develop the 

Mediterranean Sea as it is known today (Figure 1.3). Some of the main changes that 

influenced the region were the opening and closing of ocean gateways, causing progressive 

isolation. Ocean gateways can have a significant influence on ocean circulation and 

consequently on climate (Raymo and Ruddiman, 1992; Sijp et al., 2014). Two major gateway 

changes occurred in the Mediterranean during the Neogene; the closing of the Eastern 

Gateway ~14 Ma, in the middle Miocene (Rögl, 1999; Popov et al., 2004; Harzhauser and 

Piller, 2007), and a brief closure of the Western Gateways in the late Miocene, between 5.97 

and 5.33 Ma (Benson et al., 1991; Krijgsman et al., 2002; Ivanovic et al., 2013; Flecker et al., 

2015). Both events are thought to have restricted or prevented the flow of water into and out 

of the Mediterranean, altering local conditions such as relative water depth, salinity and the 

presence of exotic species. The study of dinoflagellate cysts on a regional scale, in the 

Mediterranean, will provide a new perspective on how these changes affected marine life. 

3.6.1 Climate and gateway changes 

Gateway changes have often been linked to climate changes and the causes of the MMCT are 

still widely debated. Some authors (Woodruff and Savin, 1989; Wright et al., 1992; Flower 

and Kennett, 1994; 1995; Ramsay et al., 1998; Bartoli et al., 2005; Allen and Armstrong, 2008) 

suggest that the transition was due to the closure of the Eastern Mediterranean Gateway. For 

example, Allen and Armstrong (2008) posited that the closing of the gateway between the 
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Indian Ocean and the Mediterranean Sea changed the ocean circulation patterns, triggering 

the MMCT, with rapid cooling eventually resulting in the cooler Pleistocene (Woodruff and 

Savin, 1989; Flower and Kennett, 1993a; Krijgsman, 2002; Hüsing et al., 2009). Oceanic four-

box models were used by Karami et al. (2011) to determine if the closure of the Eastern 

Mediterranean Gateway affected the temperature and salinity of the water bodies. The 

authors found that the closure caused cooling to the Paratethys and the Mediterranean Sea, 

and an increase in salinity in the Paratethys. Using fully coupled ocean-atmosphere General 

Circulation Models, Hamon et al. (2013) found that while the closure may have amplified the 

effects of cooling, it was not the initial cause for the global cooling of the MMCT. The initial 

cause of the MMCT is debated and has been attributed to a drawdown of CO2 and/or changes 

in ocean circulation (Shevenell et al., 2004; Kürschner et al., 2008; Pagani et al., 2009; Badger 

et al., 2013). A drawdown of CO2 during the MMCT was synchronous with glacial expansion 

and was caused by increased burial of organic carbon (Vincent and Berger, 1985; Flower and 

Kennett, 1993b). This has also been recorded by alkenones, boron isotopes and calcium 

isotopes (Tripati et al., 2009; Foster et al., 2012; Badger et al., 2013). 

Consequences of the closures of the Western Mediterranean Gateway, and the MSC, on the 

climate are poorly understood (Flecker et al., 2015). Warny et al. (2003) use pollen studies to 

show that the MSC is not associated with any global or regional climate change and that the 

late Miocene remained stable and dry. However, modelling studies suggest that the MSC may 

have caused regional cooling (Murphy et al., 2009; Schneck et al., 2010; Ivanovic et al., 

2014a). For example Murphy et al. (2009) saw strong cooling over the North Pacific, Schneck 

et al. (2010) saw cooling over central, northern and eastern Europe and Ivanovic et al. 

(2014a) saw cooling of up to 1 °C in the Barents Sea as well as cooling of 0.9 °C over central 

North America and the Greenland-Iceland-Norwegian seas. Even greater temperature 

changes were seen depending on the salinity fluctuations used in the model for 

Mediterranean outflow water (Ivanovic et al., 2014a). 
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Unlike previous studies, which have concentrated on just one or two sites, this chapter aims 

to investigate if changes to marine gateways influenced dinoflagellate cyst assemblages on a 

regional scale in the Mediterranean and Paratethys. Specific questions addressed are: 

1. Are there any major changes to the diversity of Mediterranean dinoflagellate cysts 

through the Neogene? 

2. Do Mediterranean dinoflagellate cysts assemblages change over time and space?  

3. Are recorded changes in Mediterranean dinoflagellate cyst assemblages and species 

diversity directly related to marine gateway changes, or is there an alternative 

explanation? 

3.6.2 Mediterranean methodology 

TOPIS was once again utilised to investigate if dinoflagellate cysts can be used to determine 

changing conditions, potentially as a result of gateway closures. Sites/assemblages located 

within the once larger Western Tethys, Mediterranean and Paratethys regions were extracted 

from TOPIS. This resulted in 188 assemblages, from 92 sites, and 60 publications (Figure 3.8). 

References for publications used can be found in Appendix C. Reworked species were 

removed and any synonyms were combined, a full list of the species used, and their original 

publications can be found in Appendix D. To avoid using poorly dated data, any assemblage 

with an age range spanning more than two stages was removed. This is consistent with the 

methodology applied for the global study. This method (the two stage method) is discussed in 

this chapter, but additional analyses were carried out on the data that are dated to within 

one stage (the one stage method) and is discussed in Appendix E. The age range of each 

species used in this study is displayed in Figure 3.9, where the first and last appearance is 

given for the Neogene Mediterranean from TOPIS.  

3.6.2.1 Diversity 

The definition of biological diversity according to Magurran (2004, p. 8) ƛǎ άǘƘŜ ǾŀǊƛŜǘȅ ŀƴŘ 

ŀōǳƴŘŀƴŎŜ ƻŦ ǎǇŜŎƛŜǎ ƛƴ ŀ ŘŜŦƛƴŜŘ ǳƴƛǘ ƻŦ ǎǘǳŘȅέΦ Lǘ Ŏŀƴ ōŜ ǎǇƭƛǘ ƛƴǘƻ ǘƘǊŜŜ Ƴŀƛƴ ŎƻƳǇƻƴŜƴǘǎΥ 
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genetic diversity, species diversity and ecological diversity (Norse et al., 1986). There are an 

overwhelming number of different ways to study diversity. However, the majority of them 

require abundance counts. Unfortunately, the larger the scale of the investigation, the harder 

it is to measure abundance, and many of the publications synthesised by this study do not 

provide such data. This means that measurements of evenness, which measure the 

differences in the number of individuals of each species, cannot be studied, and only the 

number of different species can be calculated (species richness). 

To investigate changes to the diversity of dinoflagellate cysts over the Neogene, the Neogene 

was split into 0.5 million year time bins. The method follows that of MacRae et al. (1996), but 

uses 0.5 Myr time bins, rather than stages to try and avoid biasing of longer stages versus 

shorter stages. For example, the significant diversity drop in the Coniacian (89.8ς86.3 Ma) 

seen by MacRae et al. (1996) may be related to the relatively short duration of this stage. The 

0.5 Myr time bin method also allows for a higher resolution study into how diversity changed 

over the Neogene. For each 0.5 Myr time bin, the number of species present was calculated 

alongside the number of species that originated or went extinct. Values for the extinction or 

origination of species are also displayed as a percentage of the diversity for each time bin.  

This was repeated for all of the selected assemblages, both for the combined region and for 

separate basins individually. Four distinct basins are defined: the Western, Eastern and 

Central Mediterranean basins and the Paratethys Basin (Figure 3.8). The Western 

Mediterranean Basin has the fewest assemblages and includes those sites situated between 

the Strait of Gibraltar and the Strait of Sicily. Central Mediterranean Basin sites are located to 

the south of France and along the Italian coast line. Eastern Mediterranean Basin sites are to 

the east of Italy. Paratethys sites are located where the Paratethys Sea used to be, in what is 

now mainland Europe, in countries such as Austria, Hungary and Romania. 
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Figure 3-8: Location map of the assemblages used. Points with white stars indicate the assemblages dated to 
within one stage (the one stage method, see Appendix E). All of the data are used in the two stage dating 
method. References of the original publications for each site can be found in Appendix C. Rotated data (the 
palaeo latitudes and longitudes) are assigned according to palaeo rotation codes (Markwick et al., 2000) and the 
palaeogeography of the late Miocene is represented by grey shading. 
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