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Abstract

The Neogene Period (23.03—-2.59 Ma) underwent a relatively gradual cooling trend, culminating in
present day climate conditions. Neogene studies have provided important information for
understanding how modern patterns of atmospheric and oceanic circulation developed, and how

they may relate to environmental change. Here we use a newly created global database of Neogene
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dinoflagellate cysts (the Tertiary Oceanic Parameters Information System - TOPIS) to investigate how
dinoflagellate cysts recorded the cooling of Neogene surface marine waters on a global scale.
Species with warm and cold water preferences were determined from previously published
literature and extracted from the database. Percentages of cold water species were calculated
relative to the total number of species with known temperature preferences from each site and
compared throughout the Neogene at differing latitudes. Globally, dinoflagellate cysts indicate that
cooling was not uniform at all latitudes and that the rate of cooling was not constant. Cooling
predominantly occurred in the middle to high latitudes from the Pliocene onwards. The cooling
trend indicated by Neogene dinoflagellate cysts generally agrees with other established
environmental proxies such as foraminifera. This also demonstrates the use of dinoflagellate cysts in

determining temperature change on both extended temporal and wide geographical scales.

Introduction

The Neogene Period (23.03—2.59 Ma) was significantly warmer than the present, and is considered
to have been the ‘making of the modern world’ (Potter and Szatmari, 2009; Pound et al., 2012a).
This is because many important changes occurred that resulted in our current climate. These include
alterations to marine gateways (Osbourne et al., 2014; Sijp et al., 2014; Montes et al., 2015), the
growth of high latitude continental scale ice sheets (Dowsett et al., 2016; De Schepper et al., 2014,
2015; Brierley and Fedorov, 2016; Stein et al., 2016) and the development of major mountain belts
(Raymo and Ruddiman, 1992; Spicer et al., 2003; Graham, 2009; Ruddiman, 2013; von Hagke et al.,
2014; Fauquette et al., 2015). All these phenomena combined to change the oceanic and the
atmospheric circulations and hence, together with carbon dioxide (CO,) fluctuations, altered the
climate from the relatively warm and ice-free Paleogene, gradually cooling during the Neogene, to
the significantly colder temperatures of the Pliocene and Pleistocene (Pearson and Palmer, 2000;

Zachos et al., 2001; 2008; Kiirschner et al., 2008; Salzmann et al., 2008; 2013; Pound et al., 20123;



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

Herbert et al., 2016; Pound and Salzmann, 2017). The general cooling trend throughout the Cenozoic
was occasionally interrupted by several relatively short-lived warm intervals. The principal examples
of these are the Mid Miocene Climatic Optimum (MMCO) between 17 and 15 Ma (Wright et al.,
1992; Flower and Kennett, 1993; 1994; Zachos et al., 2001; 2008; Herbert et al., 2016), and the mid
Piacenzian Warm Period (mPWP) between 3.264 and 3.025 Ma (Haywood et al., 2002; 2013;
Robinson et al., 2011). Nevertheless, the longer-term global cooling continued, and eventually
culminated in the establishment of large ice sheets in the high northern latitudes (e.g. Shackleton et
al. 1984, Jansen et al. 1988, Balco and Rovey 2010) and the decrease of deep sea temperatures by
over 10 °C as well as the decrease of surface temperatures of 6 °C (Zachos et al., 2001; 2008; Hansen

et al., 2013; Herbert et al., 2016).

1.1 Dinoflagellate cysts

Dinoflagellate cysts are increasingly being used as a temperature proxy (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). Dinoflagellates are an
extant group of unicellular eukaryotic phytoplankton; they are typically marine and planktonic in
habit, and are important primary producers (Taylor et al., 2008). Their organic walled resting cysts
are most common in marine sediments. Dinoflagellate cysts are normally composed of the
biopolymer dinosporin (Fensome et al., 1993; Versteegh et al., 2012; Bogus et al., 2012; 2014). Wall
composition differs between taxa, probably related to feeding strategy (Bogus et al., 2014). While
the wall of autotrophic dinoflagellate cysts is generally resistant to oxidation, heterotrophic taxa can
be degraded and destroyed by oxidation (Zonneveld et al., 1997). Nevertheless, they are useful
proxies for palaesoenvironmental reconstruction because they have global distributions, are
abundant and diverse, occur continuously in the fossil record from the mid Triassic onwards and
their distribution is controlled by different environmental parameters (Marret and Zonneveld, 2003;

Zonneveld et al., 2013). Modern biogeographical distributions are related to parameters such as
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nutrient levels, salinity, sea ice cover and temperature (Harland, 1983; Rochon et al., 1999; Marret
and Zonneveld, 2003; Radi and de Vernal, 2008; Bonnet et al., 2012; de Vernal et al., 2013; Limoges
et al., 2013; Zonneveld et al., 2013a). The environmental preferences of modern dinoflagellate cysts
can be compared to the Neogene fossil record of extant taxa, making it possible to infer
palaeoenvironmental conditions (Brinkhuis et al., 1998; Sluijs et al., 2005; Masure and Vrielynck,
2009; De Schepper et al., 2011; Woods et al., 2014). However, in deeper time there is an increase in
extinct species, which limits the use of nearest living relative concept (Head, 1996, 1997; Wijnker et

al. 2008; De Schepper et al. 2015).

Deciphering the palaeoecology of extinct dinoflagellate cyst species is achieved by comparing
assemblages with proxies for absolute sea-surface temperatures (De Schepper et al., 2011;
Hennissen et al. 2017). This has demonstrated that extant species had comparable sea surface
temperature ranges in the Pliocene, and that sea surface temperature ranges can be estimated for
extinct species. Multivariate analysis can be used to identify temperature sensitive species
(Versteegh, 1994; Hennissen et al. 2017). Furthermore latitudinal, and hence climatological,
preferences can be inferred from palaeogeographical maps (Masure and Vrielynck, 2009; Masure et

al., 2013).

This is the first global study of Neogene marine environmental cooling using dinoflagellate cysts as a
temperature proxy. This investigation of an important group of phytoplankton over an interval of
>20 myr provides an unprecedented view of the marine realm worldwide. As such, we are able to
answer three key questions: can dinoflagellate cysts be used to determine global cooling in the
Neogene; was the cooling during the Neogene uniform at all latitudes; and was the rate of cooling

uniform across the whole Neogene?
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2. Material

The data used come from the newly developed Tertiary Oceanic Parameters Information System
(TOPIS), a Microsoft Access - ArcGIS database containing public domain, peer-reviewed literature on
Neogene dinoflagellate cysts. Overall 275 publications are included, totalling 500 globally distributed
sites. The database was produced by compiling and entering data from published studies into three
forms: ‘main’, ‘layer’ and ‘flora’. In the ‘main’ form, key information (bibliographical references,
location and approximate age of the samples, dating methods and sample preparation method) is
entered with the option to include information on the nearest country and/or ocean basin to the
sample site (Figure 1). The ‘layer’ form contains stratigraphical information such as lithology,
formation/member and the detailed age model (Figure 1). This format allows more precise ages to
be given by breaking down the overall cores/outcrop sections into smaller divisions. Therefore, once
the third and final form (the ‘flora’ form) is completed, the dinoflagellate cysts can be shown as part
of a smaller and more constrained age range, representing individual assemblages (Figure 1). The
‘flora’ form documents the individual dinoflagellate cyst taxa and, if available, their relative
abundance as a percentage of the total dinoflagellate cyst assemblage (Figure 1). 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 and dinoflagellate cyst biogeography

over long time scales.
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MainiD |79 LtiD 44 (] Lit ID2 [+] siteName Davis Strait, Offsh

Country Greenland q Ocean Labrador Sea (v Age Max 13.82
Age Min 181
Latitude 63.6 Palaeo latitude 62.197
Longitude -53.819 Palaeo longitude -49,173
Dating method  Based on foraminifer Sample prep. HCI - HF -briefly oxidised by weak solution of nitric acid -
Quality 4 washed in potassium hydroxide
LayeriD 607 MainID 79 Formation Age Max  11.6
AgeMin  7.25
Oceanic Settings  Not given. Sediment Horizontally stratifie
Ocean SettingID  None given [+] sedimentid sand (=] Depth (m) 1781.6
Notes
4 I
Flora_ID 7169 Layer_ID 607 TaxonID 15 -
Abundance Notes

Figure 1: Example screen shot from the Microsoft Access database; Tertiary Oceanic Parameters Information System

(TOPIS) showing the three key forms: Main, Layer and Flora.

2.1 Construction of the database

The John Williams Index of Palaeopalynology (JWIP; Riding et al., 2012) was interrogated in order to
ensure that the coverage was 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). Whilst it is inevitable that a small amount of literature may have
been missed, confidence can be placed in TOPIS to have included the vast majority of available
published material on Neogene dinoflagellate cysts. Data published after 2014 have not been

included in the analysis in order to facilitate the investigation in a consistent manner.

The diverse nature of the literature used in the TOPIS database means that multiple dating
techniques are incorporated into the synthesis. The majority of published dinoflagellate cyst
assemblage age assessments were derived biostratigraphically, typically using calcareous

nannofossils, foraminifera and palynomorphs, with fewer based on diatoms, mammals, molluscs,
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magnetostratigraphy or radiometric methods. The dating method in each paper is given a
confidence value termed Quality (Figure 1) between one (high) and five (low) in order to estimate
the reliability of the dating in a semi-quantitative fashion. In general, studies that utilised multiple
dating methods or radiometric dating were assigned Quality values of one or two. Publications using
biostratigraphy were assigned a Quality value of either three or four depending on the number of
fossil groups used. Whereas, Quality values of five were assigned to publications where only vague

dating information was provided.

Because TOPIS contains a diverse range of publications, each with its own different aims and
objectives, the resolution of the individual assemblages is variable. Age ranges of individual
dinoflagellate cyst assemblages vary from less than 0.001 Myr to over 25 Myr. The majority of the
assemblages (1394 assemblages) are dated to within one or two stages of the Neogene and
assemblages with a maximum and minimum age range spanning longer than two stages (267
assemblages) were excluded from the analysis to avoid using poorly constrained data that may
influence the results. An additional 442 assemblages were included that had estimated age ranges
spanning less than one million years. A maximum of two stages were chosen as TOPIS contains
assemblages that have a relatively high dating resolution, but happen to span the boundary between

two stages.

During the production of this compilation, the date of publication was carefully noted due to the
evolving nature of the geological time scale. If the time scale was not explicitly stated in a
publication, it was assumed that the most up to date iteration at the time of issue was used. Any
changes between pre-2012 versions and Gradstein et al. (2012) were noted. Where necessary, the
estimated age ranges of the assemblages were emended to represent the current geological time
scale (Gradstein et al., 2012). The majority of the publications affected were those that did not give
guantitative age controls, and only provided the stage name(s) as the estimated age range of the

assemblages. The major change to the calibration of the Neogene recently was the transition of the
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Gelasian from the Pliocene into the Pleistocene, effectively shortening the Pliocene to 2.58 Ma
(Gibbard et al., 2010). This meant that the age estimates of any publications published prior to 2010,
which dated assemblages as Pliocene, were altered to 5.333—-1.806 Ma rather than the shorter

5.333-2.59 Ma range of the Pliocene in the modern geological time scale.

Site locations are given as latitude and longitude coordinates, either taken directly from the
published literature (when provided), or projected (from the location figure provided) onto a map
using online cartographical 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 (Figure 2) using a plate rotation model (Pound et al., 2011; Hunter et al.,

2013) that is compatible with the underlying palaeogeographies of Markwick et al. (2000).

2.2 Taxonomy, reworking and treatment of dinoflagellate assemblages

The rationale of the TOPIS database follows that of the Tertiary Environmental Vegetation
Information System (TEVIS; Salzmann et al., 2008; 2013; Pound et al., 2011; 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 (Salzmann et al., 2008; 2013; Pound et al.,
2011; 2012a; Woods et al., 2014). The large amount of data collated, and the broad scale of the

analysis, helps mitigate against any problematic taxonomy (Woods et al., 2014).

A consistent dinoflagellate cyst taxonomy based upon Fensome et al. (2008) was used to identify
and disregard synonyms. Obvious synonyms were combined/disregarded, and where doubt existed,
species were checked against published photographic plates or were not included in any analysis.
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). These were all recently noted
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by Williams et al. (2017). Subspecies were treated at the species level; for example, Achomosphaera
andalousiensis subsp. andalousiensis was entered in the database as Achomosphaera andalousiensis.
Several of the species included in the analysis of this paper have been grouped into complexes
(supplementary data); 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). Taxa not defined to

species level and questionably assigned species were also not included in any analysis.

The stratigraphical range for each species in TOPIS was checked, and if reworking of a species was
suspected, the species in question was removed from that record. Reworked species were
established by the original 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, 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., 2009; Verleye and Louwye, 2010).

Published dinoflagellate cyst assemblages can be presented as either presence/absence of taxa (e.g.
Londeix and Jan du Chene, 1998; Louwye et al., 2000), categorically (e.g. between a range of relative
abundances; Head, 1989, McCarthy and Mudie, 1996), as raw abundance counts (e.g. Pudsey and
Harland 2001; Louwye et al., 2007) or as relative abundance counts (e.g. Richerol et al., 2012; Shreck
et al., 2013). In addition, several different counting techniques were used in the literature compiled
herein, for example Spiniferites spp. or Spiniferites/Achomosphaera. Consequently, it was necessary
to transform all data into the lowest common form: presence/absence of taxa in order to maximise
the geographical and temporal extent of the dataset from TOPIS and to enable identification of large

scale trends in dinoflagellate cyst biogeography through the Neogene. Whilst this necessarily loses
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some of the fine details of abundance variations with regional environmental changes (Marret and

Zonneveld, 2003), the focus of this paper is to identify the global scale change.

2.2.1 Preservation/sample preparation technique

The preservation of dinoflagellate cysts can be affected by oxidation, causing decay and poor
preservation (de Vernal and Marret, 2007). Oxidation of dinoflagellate cysts can occur naturally and
during sample preparation, particularly in older publications, when reagents such as hydrogen
peroxide, nitric acid or Schultze’s Solution were added to remove residual fine organic material
(Riding and Kyffin-Hughes, 2004). Oxidation particularly affects heterotrophic species (e.g.
Brigantedinium spp.), which are less resistant, and often results in their complete or partial
destruction (Marret, 1993; Head, 1996; Zonneveld et al., 1997; 2001; Hopkins and McCarthy, 2002).
By contrast, autotrophic species (G-cysts) such as Impagidinium spp. are less sensitive to oxidation
(Marret and Zonneveld, 2003). This means that the method used for sample preparation must be
carefully chosen as some techniques will selectively remove the more oxidation-prone taxa from the

assemblage (Marret, 1993; Mudie and McCarthy, 2006).

The distribution of heterotrophic species is mainly controlled by the presence of nutrients, and thus
it is likely that both cold and warm water species will be equally affected by any biasing due to
sample preparation methods. If nutrient availability and oxidation are the main controlling
influences on the presence and distribution of heterotrophic taxa, rather than temperature
(Bockelmann and Zonneveld, 2007), it explains the lack of heterotrophs included amongst the list of
species with known temperature preferences (Figure 3 and supplementary data A). Because of these

factors, the data compiled herein were not filtered by the sample preparation technique used.

2.2.2 Transport

Dinoflagellate cysts behave as silt sized particles (Dale, 1983; Kawamura, 2004) and, like other
microfossil groups, can be transported both vertically through the water column and laterally with

ocean currents. This means that there is a possibility that the location at which the fossil was found

10
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may not represent the environmental conditions of their original habitat. (Dale, 1996; de Vernal and
Marret, 2007). Several studies have investigated the effects of vertical and lateral movements of
dinoflagellate cysts through the water column by comparing cyst assemblages in the water column
to the collection of cysts in the underlying sediments (e.g. Harland and Pudsey, 1999; Zonneveld and
Brummer, 2000; Pospelova et al., 2008). These studies indicate that the transport of cysts is only a
minor factor in the distribution of cysts and is likely to be a local influence only. Experiments in both
laboratories and in the oceans, demonstrate that dinoflagellate cysts sink through the water column
relatively rapidly (by several metres per day), which can increase to hundreds of metres per day if

they are incorporated into faecal pellets or marine snow (Zonneveld and Brummer, 2000).

In our global scale study, transport does not bias the interpretations. Firstly, transport is a process
affecting an entire assemblage, meaning that selective transport of only cool water (or warm water)
species is very unlikely. Secondly, the modern biogeographical distribution of cool water species
accurately reflects the sea surface temperature distribution in the global oceans (Figure 4i, 4j). Both
points, together with the modern observations from sediment traps, suggest that transport in the
modern oceans is not a major issue when interpreting the relationship of Cold Water Species (CWS)

and Warm Water Species (WWS) in a global dataset.

2.3 Dinoflagellate cysts as a temperature proxy

Due to a limited number of dinoflagellate cyst species with a known absolute temperature range and
a lack of abundance data, this study is limited to presenting relative temperature change rather than
guantifiable temperatures (Marret and Zonneveld, 2003; Zonneveld et al., 2013a). Species that are
constrained to certain temperatures are often regarded as only being abundant in such temperature
regimes and rarely outside of them. This means that when using presence and absence data, rather
than abundance data, the presence of an individual CWS does not necessarily rule out warm water

conditions.
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Not only is the distribution of dinoflagellate cysts related to prevailing sea surface temperature, they
can also respond to salinity, nutrient availability and sea ice cover (Marret and Zonneveld, 2003;
Zonneveld et al., 2013a). Temperature and nutrient availability (phosphate and nitrate
concentrations) are thought to be the most important controlling variables (Marret and Zonneveld,
2003; Zonneveld et al., 2013a). For example, in areas of upwelling or river discharge, there is often
an increase in the concentration of dinoflagellate cysts due to enhanced nutrient availability (Crouch
et al., 2003). Without abundance data, it is difficult to determine the location of upwelling systems
and river outlets, and care must be taken to interpret results in light of local phenomenon such as

the upwelling of colder, nutrient rich waters.

3. Methods

Dinoflagellates and their cysts make excellent temperature proxies, and as such, numerous
publications 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).
The supplementary data (A) presents an updated synthesis of literature from which the temperature
preference for each dinoflagellate cyst was obtained. Both modern and palaeontological studies
were used to ascertain Neogene dinoflagellate cyst temperature preferences. Temperature
categories used in the literature include: tropical, warm-temperate to tropical, temperate, cool-
temperate and subpolar, but were simplified in this study into Warm Water Species (WWS) and Cold
Water Species (CWS). Our WWS group contains 48 species and includes species within the warm-
temperate to tropical categories. The CWS consists of 11 species belonging to the cool-temperate to
polar categories (Figure 3; supplementary data A). Sites with any of these species present were

extracted from TOPIS for use in this analysis (Figure 2; supplementary data B).
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Figure 2: Distribution of all the Neogene records used in this study; the sites are plotted at their modern latitude and

longitude, and references are provided in supplementary information B.
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Dashed lines represent ages when species are known to have lived, but are not present in the datasets used in this

study. References pertaining to temperature preferences are provided in the Supplementary data A.

Figure 3: Age ranges of the Neogene dinoflagellate cyst species with known temperature preferences used in this study.
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This resulted in a dataset of 733 records (Figure 2; supplementary data B). The records are from 306
sites (183 publications) and as some sites contain several records of different ages, they have
palaeo-latitudes and -longitudes that change through time. A record is defined as one or more
dinoflagellate cyst species, with a known temperature preference, occurring at a location with a
specific age range. The percentage of CWS, relative to the total number of species with known
temperature preferences in each record, was calculated and plotted in ArcGIS 10.4. For the purposes
of plotting the data, records were grouped by geological stage and plotted using their palaeo-
latitudes and palaeo-longitudes (Salzmann et al., 2013; Pound et al., 2012a; Pound and Salzmann,
2017). The mean percentage of CWS was calculated for each stage (Figure 6a and b) as well as for
each 5° latitudinal bin (Figure 7a-i) to understand the change in surface temperature over the
Neogene at different latitudes. As the majority of the data are located in the Northern Hemisphere,
much of the analysis ignores the Southern Hemisphere. This is an unfortunate limitation that will be

addressed as the literature expands to include more Southern Hemisphere study sites.

Our TOPIS fossil database was compared against the modern dinoflagellate cyst world atlas compiled
by Zonneveld et al. (2013b). In the latter database, 33 WWS and 10 CWS were recorded. Seventeen
of the WWS and five of the CWS are also found in the Neogene, with the remaining species
restricted to the modern or Quaternary oceans. After removing records that had no species with
known temperature preferences, the modern database was left with a remaining 1,784 records.
Cosmopolitan species were considered to have no known temperature preferences as they are not

informative for this type of analysis.

4. Results

4.1 Early Miocene (23.03-15.97 Ma)

Only 20% of the records in both the Aquitanian and Burdigalian (Figure 4a, b) had any CWS present,

and, with the exception of two records northeast of South America (between 5 and 10° N), no CWS
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were found between zero and 25° N (Figures 4a, b, 5). Yet these records off South America contain
the highest percentage of CWS relative to WWS in the Northern Hemisphere (25%; Batiacasphaera

micropapillata complex).

In this study, the Batiacasphaera micropapillata complex is defined as a CWS, but they can be found
in low quantities at lower latitudes (Schreck and Matthiessen, 2013). This highlights the importance
of providing abundance data because without it, it is unclear whether the B. micropapillata complex
made up a higher percentage of the assemblage (indicating cooler waters), or were present in low

abundances.

The highest percentage of CWS in the Southern Hemisphere is between 60 and 65° S, off the
Antarctic Peninsula, where two records have CWS percentages of 50 and 100%. Globally both the
Aquitanian and Burdigalian have low mean percentages of 4 and 3% respectively (Figure 6a),
although when exclusively using data from the Northern Hemisphere, the mean percentages are 2
and 3% respectively (Figure 6b). The mean percentage of CWS in each five degree latitude bin ranges

from zero to 11% for both stages (Figure 7a, b).

4.2 Mid Miocene (15.97-11.62 Ma)

The mean percentage of CWS (relative to WWS) for each five degree latitude bin ranges from zero to
18% for both the Langhian and Serravallian (Figure 7c, d), and globally the mean percentage is 4 and
5% (Figure 6a) respectively (3 and 6% for just the Northern Hemisphere; Figure 6b). The proportion
of records with CWS present increased, compared with the Early Miocene (24 and 31% for the
Langhian and Serravallian respectively; Figure 4c, d). Unlike in the Aquitanian and Burdigalian, CWS
appeared in three records off the east coast of India (10-15° N; Batiacasphaera micropapillata
complex and Bitectatodinium tepikiense) and are also seen in the West Pacific (20%, 35-40° N).
Between 40 and 45° N the proportion of CWS increased from mean values of 0.2% in the Burdigalian

to 1.8% in the Langhian to 5.3% in the Serravallian (Figure 7b-d). Central Europe in particular
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experienced an increase in the proportion of CWS relative to WWS during the Mid Miocene (40-55°

N; Figures 4c, d, 5a).
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Figure 4: Distribution of dinoflagellate cyst records in (a) Aquitanian, (b) Burdigalian, (c) Langhian, (d) Serravallian, (e)

Tortonian, (f) Messinian, (g) Zanclean, (h) Piacenzian and the (i) modern (from Zonneveld et al., 2013b). (j) Mean annual
sea surface temperature observed between 2009 and 2013 (from NASA’s Ocean Color database:
http://oceancolor.gsfc.nasa.gov; NASA Ocean Biology OB.DAAC; 2014). For a-i, 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.

4.3 Late Miocene (11.62-5.333 Ma)

In the Late Miocene over half of the records contain CWS (Figure 4e, f), and the mean percentage of
CWS (relative to WWS) in each latitudinal bin has a much larger range than for the Mid Miocene,
between 0 and 27% (Figure 7e, f). One latitudinal bin (in the Tortonian; 75-80° N) is comprised of
only CWS (Figures 5a, 7e). Globally the mean percentage of the Tortonian is 19% and the Messinian
is 12% (Figure 6a). However, when using just data from the Northern Hemisphere the mean

percentage is 11% and 10% for the Tortonian and Messinian respectively (Figure 6b). The high
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latitudes in particular (50-65° N) had an increase in the proportion of CWS relative to WWS with the
introduction of CWS to records off the coast of Norway (up to 33% CWS) and off the coast of Japan
(17% CWS; Figure 4e, f). One of the more significant differences between the Tortonian and the rest
of the Neogene is the number of records in the Southern Hemisphere, which is substantially higher
in the Tortonian than for any of the other stages (Figure 5a). The additional records appear off the
Antarctic Peninsula (CWS percentages range from 50 to 100%), and off the west coast of South
Africa (CWS percentages of 100%; Bitectatodinium tepikiense). The presence of these CWS
(Bitectatodinium tepikiense and Ataxiodinium choane) is related to the initiation of the Benguela
upwelling in the Late Miocene that produced cold nutrient rich waters at the surface (Siesser, 1980;

Diester-Haass et al., 1990; Robert et al., 2005; Heinrich et al., 2011).
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Figure 5: Dinoflagellate cyst data for the entire Neogene is divided into latitudinal bins spanning five degrees. There are
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consistently more data for the Northern Hemisphere than the Southern Hemisphere. For each record, the percentage of
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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 5a represents all
records and Figure 5b contains only those records with no CWS present. Arrows indicate the two main periods of
cooling. 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 are present, and therefore the more reliable the signal is likely to be.

4.4 Pliocene (5.333-2.588 Ma)

In the Zanclean and Piacenzian (Figure 4g, h), the mean percentages of CWS between 0 and 45° N
are all under 7%. The one exception is between the latitudes of 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% or higher. Globally, the mean percentages of the Zanclean and Piacenzian are 17 and
28%, which are very similar to the values calculated when using data exclusively from the Northern
Hemisphere (17 and 27%). The proportion of records with CWS present attained as high as 71% in
the Piacenzian and the proportion of CWS making up each record increases particularly between the
Zanclean and the Piacenzian. For example, in the Piacenzian records, CWS percentages of 11 to 15%
appear in the Mediterranean. Records where all of the species with known temperatures

preferences are CWS can be found north of Canada, east of Greenland and west of Svalbard.

4.5 Modern surface sediments

Data for surface sediments comes from Zonneveld et al. (2013b). There is a significantly higher
number of sites in the modern than for the Neogene and a broad global distribution is achieved
(Figure 4i). As in the Neogene, there are fewer records for the Southern Hemisphere compared to
the Northern Hemisphere, and the Indian and Pacific oceans are also under-represented (Figure 4i).
For the majority of ocean basins, most of the records come from the coasts, 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
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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 likely stems from the presence of the North Atlantic Current, which transports

warm water to the higher latitudes of the northeast North Atlantic Ocean.

The global mean percentage of CWS for surface sediments is substantially higher (38%) than for the
stages of the Neogene (Figure 6a), as is the mean percentage when comparing just the Northern
Hemisphere (43%; Figure 6b). When calculating the mean percentage of CWS for just those latitudes
where data is present for the Neogene, the mean percentage of CWS is still high at 34% (Figure 6b).
In the modern (Figure 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 (Figure 7i).

An example of where the spread of data influences the results can be seen in the modern map
(Figure 4i). There are a very high number of records (95) in the Gulf of Saint Lawrence, on the east
coast of Canada, contributing 33% of all the records between 45 and 55° N. In 72 of these records, all
the species with known temperature preferences are CWS (mostly Spiniferites elongatus and
Islandinium minutum). The remaining 13 records from the Gulf of Saint Lawrence have CWS
percentages between 50 and 83%. These results indicate that the Gulf of Saint Lawrence is
particularly cold compared to the rest of the oceans at this latitude (Figure 7i). It is a small, restricted
basin that receives a large quantity of freshwater and has limited exchange with the open ocean
(Long et al., 2015). The only open ocean water source is through the Belle Isle Strait, bringing cool
Labrador Sea water into the Gulf. However, the majority of the cool waters form in situ during the
winter season (Banks, 1966; Saucier et al., 2003). The plethora of sites reflecting the cool water Gulf

of Saint Lawrence microclimate produces a noticeable feature in the modern. In the modern 45-55°
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N latitudinal bins, the mean percentage of CWS relative to WWS is significantly higher than it was in
the 40-45° N latitudinal bin (Figure 7i). If the 95 records from the Gulf of Saint Lawrence are
removed from the analysis, this step like change seen at roughly 45° N is no longer present,
providing a clear example of how a large number of records in a small region can alter the global

signal, and demonstrating why it is preferable to have an even spatial coverage of data.
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Figure 6: Mean percentages of Cold Water Species (CWS) of dinoflagellate cysts for each stage for (a) all records, (b) only

records from the Northern Hemisphere and using only the latitudinal bins (in the Northern Hemisphere) where data are

available for all stages. (c) Benthic §'80 compilation (Zachos et al., 2001; 2008) demonstrating cooling through the

Neogene to present for comparison with the mean percentage of CWS.

28



429
430
431
432
433
434

435

436

437

438

a) Aquitanian b) Burdigalian c) Langhian
100 100 100
90 90 90
¥ 80 ] ¥ 80
% 70 E 70 E 70
© 60 T 60 B 60
33 50 ;5 50 éj 50
g £ ®
g o v
I 20 T 2 20 2 20 .
10 ! 10 A S | 10 C o Iq
0 A..Ai‘\ e 0 W e 0 W ‘ve
0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90100
Latitude (°N) Latitude (°N) Latitude (°N)
d) Serravallian e) Tortonian f) Messinian
100 100 L] 100
90 90 90
@ 80 w80 w80
% 70 % 70 E 70
B 60 B 60 S 60
§ 50 a: 50 .f 50
w40 @ 40 B w40
g 30 g 30 § 30
I 20 : < 20 < 20
10 ' 1T 10 10
0 - 0 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90100
Latitude (°N) Latitude (°N) Latitude (°N)
g) Zanclean h) Piacenzian i) Modern
100 ) 100 100
90 90 90
v 80 v B0 v 80
% 70 E 70 E 70
® 60 S 60 T 60
;3 50 ‘f 50 é: 50
g £ ®
o o v
I 20 Z 20 Z 20
10 10 10
0 - 0 ! 0
0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90100
Latitude (°N) Latitude (°N) Latitude (°N)

Figure 7: The mean percentage of Cold Water Species (CWS) of dinoflagellate cysts 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. The grey lines
in panels (a) to (h) represent modern data (without data from the Gulf of Saint Lawrence) for comparison. For the
modern data were replotted without data points from the Gulf of St. Lawrence (grey dashed line), a densely sampled

region, to investigate sampling bias (see Subsection 5.3.3). Error bars represent the standard deviation.

4.6 The pull of the recent and the latitudinal biodiversity gradient

Temperature preferences of dinoflagellate cysts are better known for those species that are either

extant or most recently became extinct. This phenomenon is known as ‘the pull of the recent’ and
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was originally conceived for diversity studies, particularly in the Cenozoic (Raup, 1979; Jablonski et
al., 2003). If the pull of the recent was affecting the results, it is possible that the increasing number
of CWS in successively younger stages is due to a better understanding of the temperature
preferences of dinoflagellate cysts. It is for this reason that the main analysis compared the
proportion of CWS to WWS, rather than the absolute number of CWS present (Figures 3, 4).
However, with the exception of the Early Miocene, which has the fewest species with known
temperature preferences (Figure 8; five CWS and 30 WWS), the pull of the recent effect does not
seem to have influenced the rest of the Neogene, and the number of species found in each stage is
highest for the Tortonian (Figure 8). It is also worth noting that when the percentage of CWS and
WWS (present in each stage) is calculated relative to each other (Figure 8), the percentage of CWS in
each stage increases through the Neogene with the cooling temperatures. As the pull of the recent
presumably affects CWS and WWS equally, suggesting the CWS and WWS ratio is unaffected (Figure
8; black dashed line), the increase in the proportion of CWS relative to WWS through the Neogene is

due to the cooling climate.

Throughout the Neogene, there is a significantly higher number of WWS than CWS (Figure 8). This is
likely due to the latitudinal biodiversity gradient where the warmer, lower latitudes have a higher
diversity than the cooler, higher latitudes. This phenomenon has been in observed in the geological
record for at least the last 30 Myr (Crame, 2001; Mittelbach et al., 2007; Mannion et al., 2014). This
relatively low species richness of CWS is an enduring feature of the dinoflagellate cyst record, and
hence does not affect our interpretations. There are fewer localities in the most northerly/southerly
latitudes, which may have potentially led to higher numbers of WWS compared to CWS. However, as

this is consistent throughout the Neogene, it is unlikely to bias our results.
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Figure 8: The number of dinoflagellate cyst species with warm or cold water preferences for each stage (red and blue
lines; plotted on the left axis) and the percentage of Cold Water Species (CWS) that make up the total number of species
with known temperature preferences for each stage (black line; plotted on the right axis). The data were obtained by

counting the number of species in each stage from the range chart in Figure 3.

5. Discussion

5.1 The Early Miocene (23.03-15.97 Ma)

Immediately prior to the Miocene, the Mi-1 event (23.13 Ma, Abels et al., 2005) in the benthic
oxygen isotope record shows a shift to cooler bottom waters and/or increased ice accumulation on
Antarctica (Zachos et al., 2001; Billups and Schrag, 2002; Wilson et al., 2013; Beddow et al., 2016).
Whilst evidence for ice sheets in the Northern Hemisphere is uncertain, sea-ice was present in the
Arctic (Moran et al., 2006). Whereas, ice accumulation at one or potentialy both poles indicates a
relatively cool climate, the mean CWS percentage of 2% for the Aquitanian and 3% for the

Burdigalian is more indicative of globally warmer oceans (Figure 4a, b). With the exception of
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occurrences off the Antarctic Peninsula, the CWS occurrences of the Aquitanian and Burdigalian are
not at the high latitudes and can be compared to the occurrence of CWS in the modern
Mediterranean Sea (Zonneveld et al., 2013b). The low numbers of CWS during the Early Miocene
indicates that the latitudinal temperature gradient was considerably more stable than at present
(Figure 7a, b). This was previously suggested by Nikolaev et al. (1998) from a compilation of
foraminifera and oxygen isotope data. The Early Miocene was not an interval of sustained warmth;
alkenone data from the Paratethys Sea shows a 2—3 °C cooling between 18.4 and 17.8 Ma (Grunert
et al., 2014). These rapid climate changes are not detected in the present study due to low dating

resolution in many dinoflagellate cyst studies (Figure 9).

5.1.1 Sampling and time/age bias

The average age range of the records for each stage is variable (Figure 9). The records from the
Aquitanian and Burdigalian have the longest age range (4.7 and 4.4 Myr respectively), and the
Zanclean and the Piacenzian records have the shortest age ranges (0.9 and 0.8 Myr respectively).
This is partly due to the nature of the dating. For example, much of the literature dates each record
to within a stage or in some cases, to the nearest sub-epoch (i.e. the Early Miocene). Thus, the
records of the longer stages, such as the Burdigalian (spanning 4.47 Myr) have a higher average age
range, while the Piacenzian (the shortest stage of the Neogene; 1.02 Myr in duration) has a much
lower average record length. Unfortunately, this means that any evidence of short scale events
affecting dinoflagellate cysts, such as the MMCO and the mPWP, is lost in this study. However, it is
still possible to interpret long-term changes and, in the future, it should be possible to interrogate
global dinoflagellate cyst biogeography for higher-resolution studies of climate and environmental

change.
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Figure 9: The average age range of dinoflagellate cyst records for each stage. Generally, temporal resolution of the data

increases in stages of a shorter duration as much of the data are dated to within a stage.

5.2 The Mid Miocene (15.97-7.25 Ma)

The Mid Miocene is both an interval of sustained global warmth (MMCO; 17-14.5 Ma) and one of
step-like global cooling at Mi-3a, Mi-3b, Mi-4 and Mi-5 (ca. 14-11.6 Ma) (Savin et al., 1975;
Shackleton and Kennett, 1975; Zachos et al., 2001; B6hme, 2003; You et al., 2009; Quaijtaal et al.,
2014). This general pattern of a warm Langhian and a cooling Serravallian is recorded in the
percentage of CWS in each stage (Figure 6). Towards the end of the Early Miocene, benthic 620
values rapidly decreased, suggesting a reduction in continental ice and a global warming event
(zachos et al., 2001; 2008). The warming event culminated in the MMCO, which was a period of
global warmth between 17 and 15 Ma (Savin et al., 1975; Shackleton and Kennett, 1975; Zachos et
al., 2001; Bohme, 2003; You et al., 2009) and resulted in the tropical climate zone having a much
greater latitudinal extent, abundant precipitation and decreased seasonality (Bbhme, 2003; Bojar et
al., 2004; Kroh, 2007; Pound et al., 2012a). Even though mean global temperatures of the MMCO
were more than 3°C higher than today (Pagani et al., 1999; Kiirschner et al., 2008; You et al., 2009;

Foster et al., 2012), evidence for such a warming is not obvious in this study, and the dinoflagellate
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cyst cooling trend does not follow that of Zachos et al. (2001; 2008; Figure 6a-c). This is likely due to
a lack of high-resolution data in the TOPIS database, which is unable to resolve the MMCO and

preceding warming (Figure 9).

The lack of warming observed during the MMCO in TOPIS may be due to a lack of abundance data.
For example, Warny et al. (2009) detected the MMCO in Antarctica by a 2000-fold abundance
increase of just two species. These authors associated the peak in productivity with increased
meltwater runoff from the elevated temperatures of the MMCO (Warny et al., 2009). This
demonstrates how routine reporting of abundance data in the literature would enhance our ability

to understand Neogene climate trends.

What is evident from the database, is that a cooling trend occurred between the Langhian and the
Serravallian resulting in a slight increase in the percentage of CWS (Figure 6a, b). Whilst the slight
increase in the percentage of CWS is apparent, it is not as characteristic as the step-like cooling
demonstrated by benthic 680 values during the Serravallian (Figure 6c; Quaijtaal et al., 2014). The
lack of a major cooling event indicated by the dinoflagellate cyst record may again be due to the
temporal resolution not detecting the relatively short steps in Miocene cooling. Instead, the
Serravallian consistently has higher percentages of CWS than preceding stages, indicating that
dinoflagellate cysts did respond to the cooling, but not uniformly in the surface waters at all
latitudes. This may relate to the asymmetrical nature of the cooling; the latitudinal temperature
gradient steepened first in the Southern Hemisphere during the Serravallian in response to the
expansion of Antarctic ice sheets (Pound et al., 2012a). Whilst the Northern Hemisphere (in the
North Atlantic region at least) maintained a shallower gradient possible in response to the onset of

the warm Gulf Stream ocean current (Denk et al., 2013).

While the benthic 680 values significantly increased in the Serravallian, and less in the Tortonian,
the dinoflagellate cyst record (Figure 6a-c) demonstrates the opposite. Thus, a more significant

cooling is indicated in the Tortonian as opposed to the Serravallian. This might suggest a time-
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averaged response of dinoflagellate cysts to the step-like cooling of the Serravallian, or that the
surface waters cooled at a different rate to the deep waters. Global biome reconstructions also
demonstrate that the cooling was more pronounced between the Serravallian and the Tortonian,
than the Langhian and the Serravallian (Pound et al., 2012a). This may reflect a growth of ice sheets
during the Serravallian suggesting that the increase in deep water 60 values is a combination of
cooling and ice accumulation (Badger et al., 2013; Knorr and Lohmann, 2014). Whereas the Late
Miocene did not lead to any additional permanent ice, but indicates continued global cooling
(Herbert et al., 2016). In addition, vegetation records (Pound et al., 2012a) demonstrate that the
Southern Hemisphere cooled prior to the Northern Hemisphere, and as the majority of the records
used in this study are from the Northern Hemisphere, this could be a further explanation for the
delayed response of the dinoflagellate cysts to the signal produced by the benthic 6§20 values

(zachos et al., 2001; 2008).

During the Langhian the Central American Seaway (CAS) shoaled, potentially preventing deep water
exchange from around 15 Ma (Montes et al., 2015). Whilst no impacts are evident in the
dinoflagellate cyst records most proximal to the CAS, it is important to note that there are currently
no dinoflagellate cyst records in TOPIS for the Caribbean during the Mid Miocene (Figure 4). This
shoaling or closure would have modified ocean circulation and modelling results have shown that
this warms the Northern Hemisphere (Brierly and Federov, 2016). This is consistent with the low
numbers of CWS dinoflagellate cysts in the high latitudes of the Northern Hemisphere (Figure 4). The
closure of the CAS during the Langhian would have promoted heat transport into the North Atlantic.
It would also have tempered the global cooling of the post-MMCO climate as seen in Northern
Hemisphere floras (Denk et al., 2013) and strengthened the asymmetrical latitudinal temperature

gradient (Pound et al., 2012a).

35



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

5.3 The Late Miocene (11.62-5.33 Ma)

The Late Miocene, though still significantly warmer than the present, was considerably cooler than
the Mid Miocene (Pound et al., 2012a; Utescher et al., 2015). This is reflected in the increased
percentage of, and wider biogeographical distribution of, CWS dinoflagellate cysts (Figures 4, 5). The
Tortonian (11.62—7.25 Ma) was characterised by warmer and more humid conditions than today
(Bruch et al., 2006; Pound et al., 2011). Mean annual temperatures were between 14 and 16 °Cin
northwest Europe (Donders et al., 2009; Pound et al., 2012b; Pound and Riding, 2016). Furthermore,
the Cenozoic global cooling trend, which resumed at the end of the MMCO, continued (Zachos et al.,
2001). However, benthic 680 values demonstrated that the cooling was more gradual for the
Tortonian compared to the Serravallian, assuming that there was no additional ice sheet growth
(Figure 6¢; Zachos et al., 2008). This cooling affected the presence of cold water dinoflagellate cysts,

and the mean percentage of CWS reached 10% in the Tortonian (Figure 6b).

The majority of CWS occurrences are in the Northern Hemisphere (Figure 4). This is a clear sampling
bias due to the lack of Neogene dinoflagellate cyst records from the Southern Hemisphere (Figure 4).
The dinoflagellate cyst record is consistent with global vegetation records that show a cooler, more
seasonal, biome distribution in the Northern Hemisphere in the Tortonian, than during the
Serravallian (Pound et al., 2012a). Furthermore, pollen-based temperature reconstructions from
New Zealand demonstrate Southern Hemisphere cooling immediately after the MMCO (Prebble et
al., 2017). The percentage of CWS in the Tortonian in the mid to high latitudes increased, while the
percentage in the low latitudes remained similar to the values for the Early and Mid Miocene
(Figures 7a-e). The Tortonian was also the earliest stage to have all dinoflagellate cysts with known
temperature tolerances being CWS at 75-80° N. This indicates substantial high latitude cooling by
this time during the Neogene, which is consistent with proxies for extensive seasonal sea ice in the
Arctic during the Tortonian (Stein et al., 2016). The increase in the percentage of CWS in the higher
latitudes compared with the low latitudes reflects that tropical regions during the Miocene remained

at similar temperatures, whereas the high latitudes cooled (Nikolaev et al., 1998; Williams et al.,
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2005; Steppuhn et al., 2006; Herbert et al., 2016). 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 temperature
decrease in the high latitudes was described by Nikolaev et al. (1998), who demonstrated a 4—6 °C
increase in the latitudinal temperature gradient between 10 and 5 Ma. Cooling of the mid to high
latitude surface waters during the Late Miocene is also reflected in the alkenone sea surface
temperature reconstructions, which demonstrate that temperatures reduced to near modern
conditions between 7 and 5.4 Ma (Herbert et al., 2016). Near modern temperatures during the
Tortonian are not indicated by Arctic surface water temperatures, dinoflagellate cysts, faunal
distributions or global vegetation records (Pound et al., 2012a; Utescher et al., 2015; Azpelicueta and

Cione, 2016; Stein et al., 2016; Prebble et al., 2017).

Global temperatures continued to cool through the Messinian (Pound et al., 2012a; Utescher et al.,
2015; Herbert et al., 2016; Stein et al., 2016). Widespread alkenone data suggest that the Messinian
included some of the largest cooling in sea surface temperatures of the Late Miocene, and a
temperature minimum is recorded in the Arctic at around 6.5 Ma (Herbert et al., 2016; Stein et al.,
2016). Despite this, the geographical distribution and percentages of CWS dinoflagellate cysts are
similar to the Tortonian (Figures 4, 7). This may be an artefact of the current available data on global
dinoflagellate cysts as much of the information comes from the North Atlantic, which by the Late
Miocene was under the influence of the Gulf Stream current (Denk et al., 2013). The presence of
CWS dinoflagellate cysts in the Late Miocene of offshore South Africa (Figure 4) has been used as an
indicator for the presence of the cold Benguela Current (Hoetzel et al., 2017). The slightly reduced
number of cold water dinoflagellate cysts in the Mediterranean during the Messinian, when
compared to the Tortonian, is in agreement with alkenone data that shows warmer Messinian Sea
Surface Temperatures (SSTs) than in the latest Tortonian (Tzarnova et al., 2015). The temporal
resolution of the dataset does not allow any response to the Messinian Salinity Crisis to be detected
(Flecker et al., 2015).
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5.3.1 Spread of data in time and space

As previously mentioned, there are more records in the Northern Hemisphere than in the Southern
Hemisphere. Due to this, the mean percentage of CWS for each stage (Figure 6a) was recalculated
only using the records from the Northern Hemisphere (Figure 6b). The most obvious difference
between the two methods (global versus northern only) was in the Tortonian. The mean percentage
of CWS was higher for the Tortonian than for the immediately adjacent stages. This difference for
the Tortonian can be explained by the Southern Hemisphere Tortonian having substantially more
records than in the other intervals (Figures 4e, 5a), the majority of which have CWS values of 33% or
higher. These records, between 65 and 70° S and 20 to 25° S, are numerous, with tightly constrained
ages, and result in a much larger percentage of CWS in the Tortonian (19%, Figure 6a) than in the
stages below and above (5% in the Serravallian and 12% in the Messinian). When only using data
from the Northern Hemisphere, which has a more equal spatial distribution, there is a reduced
discrepancy between the Tortonian and the immediately adjacent stages (Figure 6b). It is for this
reason that the conclusions drawn from this study mainly concern the Northern Hemisphere. As the
majority of data in the Northern Hemisphere were collected from the North Atlantic and Arctic
oceans and the Mediterranean region, it is likely that the signal produced is from those areas, rather

than for the whole of the Northern Hemisphere.

This implies that care must also be taken in the Northern Hemisphere where there are latitudinal
bins represented which are devoid of data for every stage. For example, the three most northerly
latitudinal bins only have data for the Pliocene, all of which have high percentages of CWS. To
ensure that the Pliocene data were not skewing the results, further analysis of the data was carried
out excluding latitudinal bins that did not have data for all stages (Figure 6b). Comparing results
using all the Northern Hemisphere data, to those using simply latitudinal bins with data present for
every stage (Figure 6b), indicates that the cooling was more extreme when all the data for the

Northern Hemisphere were used. However, the overall trend is the same, and leads to the
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conclusion that the absence of data in the high latitudes for stages other than the Pliocene has not

skewed the results.

5.4 The Pliocene (5.33-2.59 Ma)

The Pliocene continued the trend of cooler climates with some relatively brief warm intervals
(Haywood et al., 2013; 2016; Salzmann et al., 2013). Despite being cooler than the Miocene, the
Pliocene was still significantly warmer than today (Haywood et al., 2013; Salzmann et al., 2013;
Pound et al., 2015; Dowsett et al., 2016; Panitz et al., 2016). Compared to the Piacenzian, the
modern dataset comprises records where all the species with known temperature preferences are
CWS in the 30—35° N and 35-40° S latitudinal bins. By contrast, in the Piacenzian, the lowest
latitudinal bin with a CWS percentage of 100% is 50-55° N and 65—70° S (Figures 4h, i). The Zanclean
was warmer than the Piacenzian with a shallower Northern Hemisphere latitudinal gradient of CWS-
dominated dinoflagellate cyst assemblages (Figure 7). The percentage of CWS increased most
markedly in the high latitudes, from 45° N northwards (Figure 7e, ), thereby further steepening the
latitudinal temperature gradient. Nikolaev et al. (1998) found that the latitudinal gradient increased
by 4-5 °C during the Piacenzian, and Fedorov et al. (2013) demonstrated a 4—7 °C cooling of the mid
to high latitudes of the North Atlantic and Pacific oceans. This cooling of the higher latitudes
compared to the lower latitudes is a characteristic observed using a variety of proxies (Nikolaev et
al., 1998; Brierley and Fedorov, 2010; Pound et al., 2012a; Federov et al., 2013; Herbert et al., 2016),
and was associated with the development of ice in the high latitudes (Dolan et al., 2011; Dowsett et

al., 2016).

Short-lived glaciations were infrequent in the Zanclean, but became more common in the Piacenzian
as the global climate continued to cool (Lisiecki and Raymo, 2005; Miller et al., 2005; 2012). A
generally warmer Zanclean, and a cooler Piacenzian, is consistent with the average percentage of
CWS dinoflagellate cysts in the Zanclean (16%) and the Piacenzian (23%) (Figure 4), and is consistent

with global alkenone records (Herbert et al., 2016). The East and West Antarctic ice sheets were
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both well established by this time (Naish and Wilson, 2009; Dolan et al., 2011). Although the
Southern Hemisphere lacks widespread dinoflagellate cyst records for the Piacenzian, the two data
points proximal to the Antarctic Peninsula contain 100% CWS dinoflagellate cysts (Figure 4). Ice
sheets in the Northern Hemisphere were significantly smaller, compared to the modern, or absent,
which is consistent with WWS dinoflagellate cysts still being present in the high latitudes of the
North Atlantic (Figure 4; Dolan et al., 2011; De Schepper et al., 2014; Panitz et al., 2016). Global
climate started to significantly deteriorate (cooled) in the Piacenzian, leading to the intensification of
the Northern Hemisphere glaciation around 2.75 Ma (Ravelo et al., 2004; Mudelsee and Raymo,

2005; De Schepper et al., 2014; Panitz et al., 2016).

The CAS continued to constrict during the Pliocene before finally closing around the Pliocene—
Pleistocene boundary (Coates and Stallard, 2013; Osbourne et al., 2014). Neodymium isotopes show
the exchange of waters until 2.5 Ma, but deep water exchanges had ceased by 7 Ma (Coates and
Stallard, 2013; Osbourne et al., 2014). Interhemispheric foraminifera based Mg/Ca and §0 suggest
that this continued constriction lead to greater heat transport in the Zanclean into the Northern
Hemisphere, but reduced heat transport during the Piacenzian (Karas et al., 2017). These results are
consistent with the latitudinal distribution of CWS dinoflagellate cysts in the Zanclean and Piacenzian

(Figures 4, 7).

5.5 Driving factor of the cooling Neogene

The increase in CWS through the Neogene (Figures 6, 7) strongly supports the cooling trend seen in
the benthic oxygen isotope stack, global vegetation records and global alkenone data (Zachos et al.,
2008; Pound et al., 2012a; Salzmann et al., 2013; Utescher et al., 2015; Herbert et al., 2016).
Dinoflagellate cyst species that indicate cold waters are largely absent from the Aquitanian to the
Serravallian (Figures 6, 7). This was followed, in the Late Miocene and Pliocene, by increasing
proportions of CWS at individual data sites and the biogeographical expansion of cold water

dinoflagellate cysts species towards the lower latitudes (Figures 4, 7). By the Piacenzian, a
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forerunner of the modern latitudinal distribution of CWS was present (Figure 7). The global scale
changes in dinoflagellate cysts through the Neogene points to a global scale control on Neogene
climate. The most likely candidate would be changing concentrations of atmospheric CO; (Pound et
al., 2011; 2012a; Bolton and Stoll, 2013). The role of CO; in driving Pliocene climate is well
established (Haywood et al., 2016), whilst it has been strongly debated whether Miocene climate
was also controlled by atmospheric CO, (Knorr et al., 2011; Pound et al., 2011; Bradshaw et al., 2012;
Forrest et al., 2015). Much of the argument stems from older records of marine proxies for CO,,
which show flat-lining atmospheric CO; or values below the pre-industrial standard of 280 ppmv for
most of the Miocene (Pagani et al., 1999; 2005; Beerling and Royer, 2011). The counterargument to
these has been that these CO, records are incorrectly calculated (Ruddiman, 2010) or the true

Miocene CO; level has yet to be detected in the record (Bolton and Stoll, 2013).

More recent records of Neogene CO, have demonstrated higher atmospheric values and high-
resolution fluctuations that are in tune with other climate proxy records (Zhang et al., 2013;
Greenop et al., 2014). Carbon dioxide as a controlling factor on Neogene climate is consistent with
the global scale changes in CWS dinoflagellate cysts (Figures 4, 7). Modelling results compared to
global datasets consistently show that higher (ca. 360-500 ppmv) CO; levels are necessary for
successful simulation of Neogene climates (Dowsett et al., 2013; Bradshaw et al., 2015; Haywood et
al., 2016; Stap et al., 2016). The global increases in Neogene cold water dinoflagellate cysts species
are in agreement with the benthic 680 isotope stack (Zachos et al., 2008), global changes in biome
distribution through the Neogene (Pound et al., 2012a; Salzmann et al., 2013), reconstructed marine
and terrestrial temperatures (Utescher et al., 2015; Herbert et al., 2016), and the isotopic divergence
of coccolithophores (Bolten et al., 2012; Bolten and Stoll, 2013). Such diverse and widespread

evidence for a large-scale driver of global climate points to an overarching role of atmospheric CO..
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6. Conclusions

Global datasets compiling previously published data are becoming more common and are
increasingly used for evaluating environmental and climatic changes over longer time scales and
over large regions (Salzmann et al., 2008; Masure and Vrielynck, 2009; Pound et al., 2012a; Masure
et al., 2013; Woods et al., 2014). In our global compilation of Neogene dinoflagellate cyst data, we
observed an increase in the mean percentage of CWS from the Early Miocene to Late Pliocene. An
increase in the percentage of CWS, relative to the total number of species present with known
temperature preferences, is qualitative evidence for decreasing SSTs. Our results agree very well
with the gradual global climate cooling over the Neogene and increasing continental ice volume
(Figure 6¢; 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, Herbert et al.,
2016). Our global compilation also allowed distinction between large scale climatic changes and local
anomalies; for example, determining if the cooling trend had a global latitudinal and/or longitudinal
gradient in the Miocene, Pliocene and modern surface ocean (subsections 5.1.1 to 5.1.5). From this
study, the following conclusions can be drawn in relation to the research questions outlined in the
introduction (section 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 qualitative and relative temperature indicator over long
timescales. 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 global climate evolution in the Neogene (Figure 6¢c; Zachos et al.,
2008). Our approach is validated by successful reconstructions of the modern sea surface

temperature distribution on a global scale (Figure 4i, j).

Was the cooling during the Neogene uniform at all latitudes?
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- Increases in the CWS percentage occurred most prominently in the mid to high latitudes,
and less in the lower latitudes throughout the Neogene. This suggests that the mid to high
latitudes underwent more cooling than the lower latitudes, at least in the Northern
Hemisphere (Figure 7). The lower latitudinal temperature gradient during the Early and Mid
Miocene, implied by smaller percentages of CWS in all latitudinal bins, agrees with terrestrial
reconstructions from Pound et al. (2012a). These authors described a steepening of the

latitudinal temperature gradient, as the high latitudes cooled more than the lower latitudes.

Was the rate of cooling uniform across the whole Neogene?
- Neogene climate cooling did not always occur at a steady rate and the most significant
cooling occurred in the Pliocene, between the Zanclean and the Piacenzian (Figure 6a, b).
There was a further decrease in temperature between the Piacenzian and the modern
(Zonneveld et al., 2013b). The faster cooling rate from the Pliocene to the modern is

consistent with the benthic 60 curve of Zachos et al. (2008).

Further progress in the global application of dinoflagellate cysts would be made with the collection
of more primary data. In particular, targeting the Indian and Pacific oceans and the Southern
Hemisphere, throughout the entire Neogene would substantially improve our knowledge of
dinoflagellate biogeography. This would enable further comparison of temperature changes
between the Northern and Southern Hemispheres, and permit analysis of the evolution of latitudinal
temperature gradients. It would also be useful to obtain 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 quantitative records to the TOPIS database to facilitate the
detection of more refined temperature changes. However, this study unequivocally demonstrates
that it is possible to use dinoflagellate cysts to determine large-scale climate changes through the

Neogene.
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