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Microscopic “creatures” 

unlike each other, but with similar features. 

Released into the air by flowers and trees, 

or swimming in the sun-lit waters of the seas. 

While admiring them in all their glory, 

they are telling me their long story. 
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Abstract 

The Pliocene Epoch (5.33–2.59 Ma) is characterised by climatic conditions similar to 

those predicted for 2100, with enhanced warming in the (sub-)Arctic. The climate 

evolution at high latitudes is not well understood due to the sparsity of time-continuous 

palaeoenvironmental records. This study provides new records of Pliocene vegetation 

changes in Arctic Norway and the variability of the Norwegian Atlantic Current based 

on analyses of terrestrial and marine palynomorphs from ODP Site 642 (Norwegian 

Sea, 67°N) to assess climate variability and identify different scale forcing mechanisms. 

The Piacenzian pollen record (3.60–3.14 Ma) shows vegetation changes between cool 

temperate and boreal forests during warmer-than-present and similar-to-present climate 

phases, respectively, implying shifts of the northern deciduous/mixed forest limit of 4–

8° latitude. During warm phases, warmest month temperatures were 8–14°C higher than 

present. The development of peatlands during cooler phases may have amplified the 

cooling through CO2-drawdown and positive vegetation-snow feedbacks. The high 

regional and hemispheric-wide climate variability highlights the importance of well-

dated, high-resolution records for regional to global palaeoenvironmental 

reconstructions and data-model comparisons. 

Long-term Pliocene vegetation changes (5.03–3.14 Ma) reveal a continuous decline of 

thermophilic elements over successive warm phases, supporting the notion of long-term 

climate cooling caused by decreasing CO2 concentrations. This cooling is superimposed 

on shifts between cool temperate and boreal climate phases on multi-millennial 

timescales. Minima in eccentricity (400-ka), together with low-amplitude 

obliquity/precession cycles are associated with the development of boreal conditions. At 

4.56 Ma, a marked decline in pollen influx suggests atmospheric circulation changes in 

response to the shoaling of the Central American Seaway, a hypothesis supported by 

model results. Subsequently, changes in northward heat transport via the North Atlantic 

Current strongly affected vegetation changes. The Pliocene climate evolution represents 

the later part of late Neogene cooling instead of a reversal of that trend. 

Dinoflagellate cyst assemblage changes (3.320–3.137 Ma) indicate variations in 

Atlantic and Arctic water influence, corresponding to cool temperate and boreal 

terrestrial climatic conditions in Arctic Norway, respectively. These records emphasise 

a high climate variability on glacial-interglacial timescales and linkage of both marine 

and terrestrial environmental changes.  
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Plate 3.4: Selected pollen species from ODP Hole 642B. All images were taken in 

bright field illumination. Sample number and England Finder coordinates are given 

after species name. Scale bar represents 10 µm. 1–8: Spores of ferns and mosses, 1–2: 

psilate monolete undifferentiated, 9H2 15-16, O41/1; 3–4: Osmunda, 9H2 130-131, 

Q49/0; 5–6: Polypodium, 9H2 130-131, S37/2; 9–10: Sphagnum, 9H2 75-76, R40/0. . 79 

Plate 5.1: Selected dinoflagellate cysts species from ODP Hole 642B. All images were 

taken in bright field illumination. Sample number and England Finder coordinates are 

given after species name. Scale bar represents 10 µm. 1-2: Achomosphaera 

andalousiensis subsp. suttonensis, 9H2 55-56, T44/3; 3-4: Achomosphaera spp. indet, 

9H2 45-46, P54/0; 5-6: Amiculosphaera umbraculum, 9H1 80-81, G38/3; 7-8: 

Ataxiodinium choane, 9H1 135-136, T42/4; 9-10: Barssidinium graminosum, 9H2 52-

53, V35/2; 11-13: Bitectatodinium raedwaldii, 9H2 34-35, L32/0; 14-15: 

Bitectatodinium serratum, 9H1 80-81, N37/0; 16-18: Bitectatodinium tepikiense, 9H2 

34-35, K32/2; 19-20: Brigantedinium spp. indet., 9H1 100-101; T34/1. ..................... 125 

Plate 5.2: Selected dinoflagellate cysts species from ODP Hole 642B. All images were 

taken in bright field illumination. Sample number and England Finder coordinates are 

given after species name. Scale bar represents 10 µm. 1-2: Echinidinium spp. indet., 

9H2 12-13, P38/2; 3-5: Filisphaera filifera, 9H2 34-35, Q44/4; 6-7: Habibacysta 

tectata, 9H1 85-86, S49/2; 8-9: Heteraulacacysta sp. A of Costa and Dowie (1979), 

9H2 55-56, S41/1; 10-11: Impagidinium aculeatum, 9H2 55-56, M51/0; 12-14: 

Impagidinium pallidum, 9H2 35-36, Q36/0; 15-17: Impagidinium paradoxum, 9H2 55-

56, N53/0; 18-20: Lingulodinium machaerophorum, 9H2 35-36, W42/4. ................... 126 

Plate 5.3: Selected dinoflagellate cysts species from ODP Hole 642B. All images were 

taken in bright field illumination. Sample number and England Finder coordinates are 

given after species name. Scale bar represents 10 µm. 1: Melitasphaeridium 

choanophorum, 9H2 25-26, M36/1; 2-4: Nematosphaeropsis labyrinthus, 9H2 34-35, 

Q34/0; 5-6: Nematosphaeropsis lativittata, 9H1 60-61-B, M47/2; 7-8: Cyst of 

Protoceratium reticulatum, 9H1 85-86, O43/1; 9-10: Operculodinium 

centrocarpum/israelianum, 9H2 15-16, S51/0; 11: Operculodinium janduchenei, 9H1 

74-75, T39/4; 12-13: Pyxidinopsis braboi, 9H2 25-26, M34/4; 14-15: Round brown 

cyst, 9H1 100-101, S33/4; 16: Selenopemphix dionaeacysta, 9H2 38-39, T44/3; 17-18: 

Selenopemphix nephroides, 9H2 35-36, S55/2; 19-20: Spiniferites spp. indet.,9H2 45-
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Plate 5.4: Selected dinoflagellate cysts and acritarch species from ODP Hole 642B. All 

images were taken in bright field illumination. Sample number and England Finder 
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coordinates are given after species name. Scale bar represents 10 µm. 1-3: 

Tectatodinium pellitum, 9H1 76-77, J35/4; 4-5: Cymatiosphaera? aegirii,  9H1 67-86, 

N38/0; 6-7: Cymatiosphaera? icenorum, 9H2 34-35, K36/0; 8-10: Cymatiosphaera? 

invaginata, 9H1 115-116, W36/2; 11-13: Lavradosphaera crista, 9H1 90-91, O49/0; 

14-15: Nannobarbophora walldalei, 9H2 48-49, M35/0; 16: Small spiny acritarch, 9H2 

30-31, F42/0. ................................................................................................................. 128 
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List of Abbreviations 

ABF – Acritarch Burial Flux 

AMOC – Atlantic Meridional Overturning Circulation 

ANN – Artificial Neural Network 

A.s.l. – above sea level 

C – Cold water 

CA – Coexistence Approach 

CAS – Central American Seaway 

CCA – Canonical Correspondence Analysis 

CMT – Coldest Month Temperature 

DCA – Detrended Correspondence Analysis 

DBF – Dinoflagellate cyst (dinocyst) Burial Flux 

Dinocysts – Dinoflagellate cysts 

DSDP – Deep Sea Drilling Project 

EGC – East Greenland Current 

GDGT – Glycerol Dialkyl Glycerol Tetraether 

GSR – Greenland-Scotland Ridge 

HadCM3 – Hadley Centre coupled atmosphere-ocean Climate Model 

IN – Inner Neritic 

IODP – Integrated Ocean Drilling Program 

IRD – Ice-Rafted Debris 

NAC – North Atlantic Current 

NCC – North Cape Current 

NHG – Northern Hemisphere Glaciation 

NLR – Nearest Living Relative 

NwAC – Norwegian Atlantic Current 

MAP – Mean Annual Precipitation 



XVII 

 

MAT – Mean Annual Temperature 

Mbsf – Metre below sea floor 

MCR – Mutual Climatic Range 

MIS – Marine Isotope Stage 

MPd – Monthly Precipitation of the driest month 

MPw – Monthly Precipitation of the warmest month 

mPWP – mid-Piacenzian Warm Period 

MPwt – Monthly Precipitation of the wettest month 

O – Oceanic 

OCCP – Ocean Controls on high-latitude Climate sensitivity – a Pliocene case study  

ODP – Ocean Drilling Program 

ON – Outer Neritic 

PAR – Pollen Accumulation Rate 

PC – Principal Component 

PCA – Principal Component Analysis 

PlioMIP – Pliocene Model Intercomparison Project 

PRISM – Pliocene Research, Interpretation and Synoptic Mapping 

PZ – Pollen Zone 

RBC – Round Brown Cyst 

RDA – Canonical Redundancy Analysis 

SSA – Small Spiny Acritarchs 

SST – Sea Surface Temperature 

W – Warm water 

WA – Weighted-Averaging regression 

WA-PLS – Weighted-Averaging Partial Least Squares regression 

WGC – West Greenland Current 

WMT – Warmest Month Temperature 

WSC – West Spitzbergen Current  



XVIII 

 

Acknowledgements 

I am grateful to my supervisor Prof. Ulrich Salzmann for his support and scientific 

advice throughout the three years of my doctorate. I am also thankful for the support 

from Dr Emma Hocking and Dr Matthew Pound, my official and unofficial second 

supervisors. I would also like to thank Lesley Dunlop for her help with sample 

preparation. 

Many thanks are given to Dr Stijn De Schepper, Dr Bjørg Risebrobakken and her PhD 

student Paul Bachem from Uni Research Climate, Bergen, Norway. I would like to 

thank Dr Stijn de Schepper for training me in the identification of dinoflagellate cysts 

and contributions to the making of the fifth chapter. I would also like to acknowledge 

Dr Bjørg Risebrobakken and Paul Bachem whose contemporary work on the same 

study site has helped with the analysis and interpretation of the record. Discussions with 

all three of them have greatly enhanced the development of my project. 

I would also like to thank the European Consortium for Ocean Research Drilling 

(ECORD) for awarding me an ECORD Research Grant. This grant enabled me to visit 

the Pliocene research group at Uni Research Climate in Bergen in October 2015 to be 

trained in the identification of dinoflagellate cysts. 

I am grateful to my internal and external examiners Dr Bronwen Whitney and Dr Erin 

McClymont for their constructive feedback on my work and the thorough discussion 

during the viva. 

At Northumbria University, the encouragement and emotional support of my fellow 

PhD students, Mark Allan, Rupert Bainbridge, Tom Shaw, Clare Webster and Kate 

Winter, is much appreciated. I especially want to thank my close colleague and friend 

Dr Stephanie Strother for her help when I first started, the many discussions about 

pollen and many other things, and the great companionship at conferences. Special 

thanks are given to the support of Jack Longman who I got to know as a colleague but 

became my darling.   

Finally, I want to thank my parents for always believing in me and the support they 

have given to me throughout my academic career. 

  



XIX 

Declaration 

I declare that the work contained in this thesis has not been submitted for any other 

award and that it is all my own work. I also conform that this work fully acknowledges 

opinions, ideas and contributions from the work of others. The work was conducted in 

collaboration with Uni Research Climate and the Bjerknes Centre for Climate Research 

in Bergen, Norway, contributing to the project “OCCP – Ocean Controls on high-

latitude Climate sensitivity – a Pliocene case study”. 

Any ethical clearance for the research presented in this thesis has been approved. 

Approval has been sought and granted by the University Ethics Committee on the 7
th

 of

April 2014. 

I declare that the Word Count of this Thesis is 41,919 words. 

Name: Sina Panitz 

Signature: 

Date: 13.02.2017 



XX 

 

Publications from this thesis 

Chapter 3 of this thesis has been published: Panitz, S., Salzmann, U., Risebrobakken, 

B., De Schepper, S. and Pound, M. J., 2016. Climate variability and long-term 

expansion of peatlands in Arctic Norway during the late Pliocene (ODP Site 642, 

Norwegian Sea). Clim. Past, 12, 1043–1060, doi:10.5194/cpd-11-5755-2015. 

  



1 

 

Chapter 1: Introduction 

1.1 Project overview 

1.1.1 Rationale 

Present-day climate warming as a consequence of anthropogenic greenhouse gas 

emissions is particularly pronounced at high latitudes. Since the mid-19
th

 century, the 

Arctic north of 60° latitude has warmed at a rate about twice as high as that of the 

global average (IPCC, 2013).  This effect is known as Arctic amplification. The Arctic 

is more sensitive to climatic changes because of positive feedback mechanisms that are 

primarily associated with sea ice and snow cover, but also changes in vegetation, the 

extent of permafrost and the freshwater balance (Miller et al., 2010; Screen and 

Simmonds, 2010; Serreze and Francis, 2006). Several scenarios of future global 

warming, considering different radiative forcings under a range of CO2 concentrations, 

project a global temperature rise in the order of 2–4°C by 2100, with warming being 

highest in the Arctic and over land (IPCC, 2013). One component of the enhanced 

warming at high latitudes is the northward migration of vegetation zones. A change 

from tundra vegetation to boreal, or even deciduous, forests acts as a positive feedback 

due to reductions in surface albedo and higher evapotranspiration rates (Pearson et al., 

2013). While the extent of future Arctic vegetation changes under different climate 

scenarios can only be estimated by models, the reconstruction of vegetation during past 

warm intervals using proxy data provides the opportunity to better understand climate 

variability and to test climate models used to project future climate change (Haywood et 

al., 2011; Miller et al., 2010). 

The Pliocene Epoch (5.33–2.59 Ma, Gibbard et al., 2010) represents the most recent 

interval in the Earth’s history that is characterised by climatic conditions similar to 

those that current climate models project for the end of the 21
st
 century (Dowsett et al., 

2013a; Haywood et al., 2016; IPCC, 2013; Salzmann et al., 2013, 2011). In comparison 

to earlier past warm intervals, such as the Miocene or Paleocene-Eocene Thermal 

Maximum, the Pliocene world exhibits more similarities to the present, facilitating 

environmental interpretations and comparisons with present-day conditions and future 

projections (Haywood et al., 2011; Salzmann et al., 2009). For example, continents 

were located at or near their modern positions during the Pliocene and much of the 

Pliocene biota is still extant (Salzmann et al., 2011). In addition, a large number of 
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proxy data is available for the Pliocene and the geographical distribution of marine and 

terrestrial study sites is much more complete when compared to earlier past warm 

intervals (Dowsett et al., 2015; Haywood et al., 2016; Salzmann et al., 2013, 2011). 

However, distinct differences in boundary conditions between the present and the 

Pliocene (e.g. topography, ocean gateway configurations, the size of polar ice sheets and 

orbital configurations) hamper a direct comparison between projected and past climatic 

changes (Haywood et al., 2011; Salzmann et al., 2011). Furthermore, future climatic 

changes represent a forced perturbation to the climate system while the climate of the 

Pliocene was in equilibrium to long-term CO2-forcing (Crowley, 1996; Haywood et al., 

2011). Nevertheless, Pliocene environmental reconstructions are still one of the best 

methods available in order to understand the natural temporal variability and magnitude 

of climate changes, as well as processes operating in a warmer-than-present world. 

Just as today, Pliocene warming was characterised by significant temperature increases 

at high latitudes as opposed to only minor temperature changes in the tropics and 

subtropics (Dowsett et al., 2010; Miller et al., 2010). Such latitudinal differences in the 

magnitude of warming resulted in a reduced equator-to-pole temperature gradient, 

suggesting increased meridional atmospheric and oceanic heat transport (Dowsett et al., 

2013a; Salzmann et al., 2011). In the high northern latitudes, the Greenland ice sheet 

was markedly reduced in size and the Arctic may have been seasonally free of sea ice 

(Kleiven et al., 2002; Knies et al., 2014a). Boreal forest reached the Arctic coast, 

resulting in a less extensive distribution of tundra areas when compared to present 

(Salzmann et al., 2008). The associated reduction of surface albedo when compared to 

present together, with radiative forcing, resulted in enhanced high-latitude warming 

(Lunt et al., 2012). 

The species composition of Northern Hemisphere boreal and temperate forests was 

much more homogenous during the Pliocene when compared to present. Species that 

are now restricted to North America and/or Southeast Asia displayed a circumpolar 

distribution (Svenning, 2003; Wen, 1999). Geographical barriers that existed over the 

course of the Cenozoic are the main result for the modern regionalisation of 

angiosperms (Xing et al., 2015). Nevertheless, climate change was responsible for the 

extinction of some temperate tree taxa in Europe at the end of the Pliocene (Svenning, 

2003). Pliocene vegetation changes are characterised by profound northward shifts of 

vegetation zones at mid- to high latitudes. In Norway, temperate taxa grew at least 7° 

latitude north of their present limit and the prevalence of mixed forests in Svalbard 
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suggests a latitudinal northward shift of vegetation by about 10° (Willard, 1996, 1994). 

A late Pliocene (Piacenzian, 3.60–2.59 Ma, Gibbard et al., 2010) vegetation record from 

Ellesmere Island off East Greenland shows the presence of boreal forest to forest-tundra 

with mean summer temperatures at least 6°C higher than present (Bennike et al., 2002). 

On the west of Greenland, boreal forest reached the Arctic coast and terrestrial surface 

temperatures are estimated to have been up to 19°C higher than present during the 

Pliocene (Ballantyne et al., 2010, 2006; Rybczynski et al., 2013). While these records 

suggest stable, warmer-than-present climatic conditions during the Pliocene, their low 

resolution, poor age control and/or low temporal coverage hamper the reconstruction of 

Pliocene climate variability. 

Despite warmer-than-present conditions, glaciation events have been documented 

during the Pliocene, highlighting the instability of Pliocene warmth (De Schepper et al., 

2014). Most evidence for glacial advances around the Nordic Seas originates from ice-

rafted debris (IRD) deposits in marine records (Jansen et al., 2000; Kleiven et al., 2002). 

The most pronounced event in Pliocene benthic oxygen isotope records is Marine 

Isotope Stage (MIS) M2 (Lisiecki and Raymo, 2005). This glacial event has been linked 

to a southward shift of the North Atlantic Current (NAC) (De Schepper et al., 2013). 

However, the terrestrial extent of MIS M2 and other events remains uncertain due to the 

scarcity of terrestrial glacial deposits and evidence in vegetation records (Andreev et al., 

2014; Gao et al., 2012). 

During the late Miocene and Pliocene, ocean gateway changes, particularly the opening 

of the Bering Strait and the shallowing of the Central American Seaway (CAS), resulted 

in profound oceanographic and climatic changes in the North Atlantic region. The 

Bering Strait opened around 5.5–5.4 Ma with water flowing from the Arctic to the 

Pacific Ocean (Gladenkov et al., 2002). The reversal towards a northward flow of 

Pacific water into the Arctic Ocean via the Bering Strait around 4.5 Ma within the early 

Pliocene (Zanclean, 5.33–3.60 Ma, (Gibbard et al., 2010)) has been associated with the 

shoaling of the CAS between 4.7 and 4.2 Ma (De Schepper et al., 2015; Haug et al., 

2001; Verhoeven et al., 2011). As a result of the reversal, the inflow of cooler and 

fresher Pacific water led to the establishment of a proto-East Greenland Current (EGC) 

and thus the onset of a near-modern Nordic Seas circulation (De Schepper et al., 2015; 

Verhoeven et al., 2011). Around 3.9 Ma, Arctic sea ice reached its modern summer 

limit for the first time, possibly favoured by circum-Arctic mountain uplift and 

freshwater input from the Pacific and Siberian rivers (Knies et al., 2014a). The latter has 
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been proposed to be associated with an increased Atlantic Meridional Overturning 

Circulation (AMOC) and thus northward heat and moisture transport caused by the 

shoaling of the CAS (De Schepper et al., 2009a; Driscoll and Haug, 1998; Haug and 

Tiedemann, 1998; Osborne et al., 2014; Steph et al., 2006). A strengthened AMOC has 

been proposed to be responsible for the amplified warming at high latitudes when 

compared to mid- to low latitude regions during the Pliocene (Dowsett et al., 2013a, e.g. 

1992; Robinson et al., 2011). However, recent modelling studies suggest that its 

strength was slightly reduced or similar to its present state (Hill, 2015; Zhang et al., 

2013a). This is supported by alkenone-based sea surface temperature (SST) 

reconstructions in the Piacenzian, which suggest radiative forcing as the main cause of 

high-latitude warmth (Bachem et al., 2016). Nevertheless, shifts in the position/strength 

of the NAC and variations in northward heat transport during the Piacenzian have been 

documented in marine palaeoenvironmental reconstructions (De Schepper et al., 2009a; 

Lawrence et al., 2009). The effects of these changes in the northward heat transport on 

high-latitude vegetation and terrestrial climate are unknown. 

Data-model comparison studies currently reveal a cold bias of modelled SST and 

surface air temperature reconstructions in the Northern Hemisphere high latitudes 

(Dowsett et al., 2013a; Salzmann et al., 2013). In the North Atlantic and Nordic Seas, 

proxy-based SST estimates reveal average values up to ~13°C higher than present 

during the mid-Piacenzian warm period (mPWP, 3.264–3.025 Ma, Dowsett et al., 2016; 

Robinson, 2009). This magnitude of polar amplification is not reflected in any of the 

applied models (Dowsett et al., 2013a). A recent modelling study suggests that the 

Norwegian Atlantic Current (NwAC), which is an extension of the NAC and strongly 

influences the climate of Scandinavia, may have been cooler than present as a result of 

altered geographical boundary conditions (Hill, 2015). The mismatch between data and 

models has been partly ascribed to the comparison of time-averaged proxy data to 

model simulations that represent a discrete time interval (Dowsett et al., 2013a; 

Salzmann et al., 2013). In order to reduce uncertainties in environmental reconstructions 

and climate modelling, an orbitally-defined time slice within the Piacenzian centred 

around 3.205 Ma (MIS KM5c) has been chosen for future palaeoclimate research 

(Haywood et al., 2013a). 

To address the uncertainties with regard to Pliocene climate variability, the magnitude 

of glaciation events, and the role of oceanic and atmospheric forcing, high-resolution 

records of land cover changes and related ocean conditions are needed for the Nordic 
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Seas area. That terrestrial climatic conditions were not as stable as previously thought 

has been revealed by a high-resolution pollen record from the northeast Siberian Arctic, 

showing vegetation changes on orbital time scales (Andreev et al., 2014). Furthermore, 

the selection of a time slice for data-model comparison requires well-dated, high-

resolution proxy records (Dowsett et al., 2013a; Haywood et al., 2013a; Salzmann et al., 

2013). 

1.1.2 Aim, research questions and objectives 

This study presents the first Pliocene high-resolution records of vegetation changes in 

Arctic Norway and the variability of the NwAC. The main aim of this study is to assess 

terrestrial and marine high-latitude climate variability in Norway and the Norwegian 

Sea during the warmer-than-present Pliocene.  

The following Research Questions (RQs) are formulated: 

RQ 1: What was the temporal variability and extent of vegetation changes in 

Arctic Norway during the Pliocene? 

RQ 2: What was the magnitude of Pliocene terrestrial temperature variations 

and is there any evidence for glaciation events in Norway? 

RQ 3: What was the variability of the Norwegian Atlantic Current during the 

Piacenzian? 

RQ 4: Are vegetation changes in Arctic Norway linked to the variability of the 

Norwegian Atlantic Current and/or atmospheric forcing mechanisms? 

The reconstructions of vegetation and surface-ocean conditions are based on terrestrial 

and marine palynomorph assemblage changes in the sediments of Ocean Drilling 

Program (ODP) Hole 642B (67°N, 3°E) in the Norwegian Sea. A previous analysis of 

pollen has been conducted on nine samples in Hole 642C by Willard (1994). From the 

presence of pollen from coniferous and deciduous tree taxa, including temperate 

elements, Willard (1994) inferred the prevalence of a mixed forest at the northern limit 

of the deciduous forest zone in northern Norway. Here, a total of 128 samples are 

spread across the Pliocene section of the core (5.03–3.14 Ma) to establish a high-

resolution record of vegetation and climate changes. In addition, dinoflagellate cyst 

(dinocysts) assemblage changes are investigated for an interval (3.35–3.14 Ma) within 

the Piacenzian and compared to vegetation changes. The age model for ODP Hole 642B 
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is based on magnetostratigraphy and correlation of benthic oxygen isotope signal to the 

global benthic δ
18

O stack (Lisiecki and Raymo, 2005; Risebrobakken et al., 2016), 

enabling the correlation of environmental changes to other well-dated sites within the 

North Atlantic region and circumpolar Northern Hemisphere. 

This PhD project contributes to the “Pliocene Model Intercomparison 

(PlioMIP)/Pliocene Research, Interpretation and Synoptic Mapping (PRISM)” project 

(Dowsett et al., 2016; Haywood et al., 2016)  and PAGES workgroup “Pliocene climate 

variability over glacial-interglacial timescales; PlioVAR (McClymont et al., 2015). In 

addition, the work was conducted in close collaboration with Uni Research Climate and 

the Bjerknes Centre for Climate Research in Bergen, Norway, investigating Pliocene 

Arctic climate in the Nordic Sea as part of the project “OCCP – Ocean Controls on 

high-latitude Climate sensitivity – a Pliocene case study”. The records of palynomorph 

assemblage changes, analysed in this study, will be compared to oxygen isotope data 

from planktonic foraminifera and alkenone-derived SSTs from the same core analysed 

at Uni Research Climate and the Bjerkness Center for Climate Research (Bachem et al., 

2016; Risebrobakken et al., 2016). 

1.1.3 Thesis structure 

This thesis consists of six Chapters. The first chapter provides an overview of the 

modern vegetation and oceanography in the North Atlantic region and summarises 

Pliocene vegetation and oceanographic records and evidences for glaciations in this 

region. In Chapter 2, materials and methods are described. Chapter 3 presents 

vegetation and climate changes in northern Norway during the Piacenzian. The 

evolution of vegetation and climate during the Pliocene and possible controls are 

investigated in Chapter 4. In Chapter 5, the variability of the Norwegian Atlantic 

Current, as derived from dinocyst assemblage changes during the Piacenzian, is 

discussed and the data is compared to vegetation changes in northern Norway. The main 

conclusions of this research project are highlighted in Chapter 6. 

1.2 Modern environment and oceanography of the North Atlantic region 

1.2.1 Vegetation and climate 

1.2.1.1 Temperate to polar zones 

At present, the Northern Hemisphere mid- to high latitudes are characterised by a 

relatively strong latitudinal temperature gradient that is reflected in the vegetation 
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distribution. The temperate deciduous forests of Central Europe pass into boreal forests 

at c. 60°N and tundra vegetation prevails beyond c. 68°N in northern Scandinavia 

(Figure 1.1). In southern Norway, the deciduous forest reaches its northernmost limit in 

the world due to the influence of the warm waters of the NAC (Diekmann, 1994; Moen, 

1999). In addition to the latitudinal climatic gradient, climate and vegetation of Norway 

change with increasing altitude of the Scandinavian mountains with mixed to boreal 

forests in the lowlands and alpine tundra at higher elevations (Moen, 1999, 1987).  

The climate of the temperate deciduous forest zone is continental to maritime with 

warm (16–22°C on average), moist summers and cold (-4°C to -15°C on average) 

winters. Precipitation is relatively evenly distributed around the year, ranging between 

500–2500 mm (Archibold, 1995; Gurevitch et al., 2002). At present, the composition of 

Northern Hemisphere temperate and boreal forests is characterised by a strong 

regionalisation of thermophilic taxa in comparison to past periods of the Cenozoic. The 

flora of central Europe is relatively depauperate when compared to that of North 

 

Figure 1.1: Biome distribution in the North Atlantic region. Data obtained from Olson et al. 

(2001). 
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America and eastern Asia. In Europe, the dominant tree genera include Betula, 

Carpinus, Corylus, Fagus, Quercus and Ulmus. In contrast, the temperate deciduous 

forests of eastern North America are much more diverse with more than 120 tree 

species. Predominate tree genera include Acer, Aesculus, Betula, Carya, Castanea, 

Fraxinus, Juglans, Liriodendron, Magnolia and Tilia (Gurevitch et al., 2002). This 

regionalisation of thermophilic tree taxa is mainly the result of the establishment of 

geographical barriers throughout the Cenozoic and long-term cooling of climate which 

led to extensive glaciations in the Northern Hemisphere high latitudes (Svenning, 2003; 

Xing et al., 2015). During most of the Cenozoic, thermophilic taxa that are presently 

endemic to North America and/or eastern Asia (e.g. Carya, Sciadopitys and Tsuga) also 

thrived in Europe (e.g. Fauquette et al., 1999; Ferguson and Knobloch, 1998; Mohr, 

1984; Rousseau et al., 1995; Willard, 1994; Zagwijn, 1960).  

Northern Hemisphere boreal forests show a circumpolar distribution and are 

characterised by cold, dry climates with a large annual temperature range and a short 

growing season. Mean summer temperatures are above 10°C for 30–120 days and mean 

winter temperatures as low as -30°C (Archibold, 1995). Precipitation can, however, be 

quite variable and reaches highest values in coastal areas and along mountain ranges. 

Four coniferous tree genera, namely Abies, Larix, Picea and Pinus, dominate the 

circumpolar boreal forests (Gurevitch et al., 2002). In northern Europe, the boreal forest 

stretches from c. 58°N to 68°N. Pinus and Picea are the most abundant tree genera in 

Scandinavia with Alnus and Betula also being widely distributed (Archibold, 1995; 

Moen, 1999). Mixed forests form the transition between pure deciduous and coniferous 

forests and are part of the boreal zone. In Scandinavia, the mixed forest zone extends 

between c. 58°N and 63°N (Moen, 1999). At the northern boundary of the boreal forest 

zone, a belt of birch trees forms the tree line, beyond which shrub willow (Salix) and 

heath communities extend (Archibold, 1995; Moen, 1999). 

Beyond the northern boundary of the boreal forest the growth of woody plants is 

restricted due to warmest month temperatures below 10°C, frost-free conditions for only 

2–6 months of the year and low precipitation (Archibold, 1995; Gurevitch et al., 2002). 

The vegetation consists of shrubs, grasses, sedges, mosses and lichens. These 

shrublands transition into treeless tundra vegetation at higher latitudes and altitudes 

where permafrost is continuously present (Figure 1.1) (Gurevitch et al., 2002). The 

climate is cold, dry (<250 mm/yr) and windy, with maritime influences in coastal areas 
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(Archibold, 1995). The alpine flora of Scandinavia is similar to that of the Arctic 

(Archibold, 1995; Moen, 1999).  

At higher latitudes in the boreal and tundra regions of the northern hemisphere, the cool 

and moist climate favours the extensive development of peatlands. Peatlands form 

where evaporation rates are low and the water table remains at or near the surface for 

most of the year. The peatlands of Scandinavia together with those found in Canada and 

Russia constitute almost 90% of the total Earth’s peatland area (Archibold, 1995). In 

Norway, blanket bogs are more widespread when compared to Sweden and Finland, 

where fens and mires are the dominant wetland type, due to higher rainfall. The most 

common species in these bogs are peat mosses (Sphagnum) (Archibold, 1995; Moen, 

1999). 

1.2.1.2 Vegetation composition of Norway and orography 

As a result of the influence of the NAC and warm westerly and south-westerly winds, 

the climate of Norway is maritime, with mild winters and higher Mean Annual 

Temperatures (MATs) than any other area at comparable latitudes (Diekmann, 1994). 

Due to its geographic location and the Scandinavian mountains that run from north to 

south, the climate and vegetation of Norway changes along three gradients: latitudinal, 

altitudinal and continental (Moen, 1987). While MATs decrease with increasing latitude 

as well as altitude and 

continentality, precipitation 

decreases from west to east, being 

highest along the southwest coast of 

Norway (Diekmann, 1994).  

At present, mountains reach a 

maximum elevation of 1500 m in 

northern Norway (Nordland) with 

the tree line being lowest near the 

coast (400–500 m above sea 

level (a.s.l.)) and reaching 

elevations of up to 800 m a.s.l. 

further inland (Moen, 1999). In this 

area, MATs and Warmest Month 

Temperatures (WMTs, July) range 

 

Figure 1.2: Vegetation of Norway modified after 

Moen (1987).  
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between 4–6 °C and 12–16°C along the coast and -6–-4°C and 0–4°C at the higher 

altitudes, respectively (Moen, 1999). Bodø (67°N) and Mo i Rana (66°N) are the closest 

meteorological stations to ODP Hole 642B, from which climate data is available for the 

last 30 years from the Meteorological Institute of Norway. The weather station near 

Bodø is situated near the coast, 11 m a.s.l. Mo i Rana is located at the head of a fjord 

around 50 km east of the coast, with the weather station lying 70 m a. s. l. At both 

stations, present-day MATs average -0.5°C with values ranging between ~ -2.5 and 

1.7°C and WMTs reach 9.8°C on average, ranging between 5.8 and 13.8°C (Norwegian 

Meteorological Institute and Norwegian Broadcasting Corporation, 2014). In Norway, 

precipitation follows a strong east-west gradient. Mean Annual Precipitation (MAP) 

ranges from 1000 to 2500 mm along a broad south-north stretching coastal belt and only 

drops below 1000 mm further inland. In the area around Bodø and Mo i Rana, MAP is 

1000–1500 mm (Diekmann, 1994; Moen, 1999).  

Most of Norway is covered by boreal and alpine vegetation today (Figure 1.2). To the 

south, the boreal zone transitions into the temperate deciduous forests of Central 

Europe. In the north (~70°N) and at higher elevations, the boreal zone is limited by the 

tree line formed by the birch tree Betula pubescens and borders the Arctic and alpine 

tundra (Moen, 1999, 1987). The altitudinal limit of the tree line above which alpine 

tundra dominates decreases gradually from ~1200 m a.s.l. in the southern Scandinavian 

mountains to sea level in northernmost Norway (Moen, 1999). The flora becomes less 

diverse and forest productivity, as well as tree density, declines from south to north 

(Moen, 1987). Temperate deciduous forest is only found along the far south coast and is 

characterised by the absence of Picea abies (Figure 1.2) (Diekmann, 1994; Moen, 

1987).  

The boreal zone is divided into four subzones (boreonemoral, southern, middle and 

northern boreal zone; Figure 1.2) that follow climatic gradients. The climate is 

characterised by cold winters, long-lasting snow cover and a short growing season 

(Moen, 1987). The southernmost boreal zone (boreonemoral) mainly consists of Pinus 

sylvestris and Picea abies, with thermophilic deciduous trees (e.g. Acer platanoides, 

Fraxinus excelsior, Quercus spp., Tilia cordata and Ulmus glabra) abundant under 

favourable local climatic conditions, especially on south-facing slopes (Diekmann, 

1994). Presently, the boreonemoral zone extends over a continuous area in southern 

Norway, but also occurs sporadically up to ~64°N (Moen, 1987). The northern 

boreonemoral limit is defined by the northernmost distribution of Quercus forest, but 



11 

 

the absence of oak forest in central Norway may also be due to topographical barriers 

(Diekmann, 1994; Moen, 1987).  

In the southern boreal zone, deciduous forest (Alnus spp., Betula spp. and Corylus 

avellana) is still present and wide areas are covered by raised bogs. The latitudinal  

boundary between the southern and middle boreal zone, with the latter being dominated 

by coniferous forests, is located at ~67°N (Figure 1.2). Raised bogs reach their upper 

altitudinal limit in this zone (Moen, 1987). Along the coast, the middle boreal zone 

extends to about 70°N where it transitions into the northern boreal zone, consisting of 

sparsely growing coniferous forest, a broad belt of birch forest (especially at higher 

altitudes in southern to central Norway), and peatlands (Moen, 1987). Beyond the 

northern boreal zone, alpine regions with grass-heaths communities extend at higher 

altitudes and latitudes (Moen, 1987). 

Moen (1987) and Diekmann (1994) both separate a coastal section along the west and 

southwest coast of Norway that is distinct in climate and vegetation (Figure 1.2). 

Climatically, the coastal area is associated with mild winters, relatively cool summers 

and frequent precipitation. The modern vegetation, however, has been significantly 

altered by human activity, with the present dominance of open heathland (Calluna 

vulgaris) ascribable to logging and continuous burning and grazing cycles (Moen, 

1987). Atlantic raised bogs that naturally lack any marginal forest stretch along the 

coast and the remaining forest stands are composed of Alnus spp., Betula spp., Corylus 

avellana, Fraxinus excelsior, Pinus sylvestris and Quercus spp. (Diekmann, 1994; 

Moen, 1987). 

1.2.2 Oceanography of the Nordic Seas 

1.2.2.1 Surface circulation and water masses 

The relatively warm waters of the NwAC which is an extension of the NAC are 

responsible for the mild climate of Scandinavia (Diekmann, 1994; Moen, 1999). The 

NAC originates near 40°N at the east coast of North America where it separates from 

the Gulf Stream and flows northeastward before turning eastward near 50°N (Figure 

1.3) (e.g. Lozier et al., 1995; Orvik and Niiler, 2002). In the eastern North Atlantic, a 

component of the NAC turns southward and joins the subtropical gyre. The 

northeastward-flowing NAC splits into two major branches that enter the Nordic Seas 

via the Iceland-Faroe Ridge and Faroe-Shetland Channel (Hansen and Østerhus, 2000; 

Orvik and Niiler, 2002). Upon entering the Norwegian Sea, these two branches form the  
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NwAC (Figure 1.3). The western branch follows the topographic slope of the Vøring 

Plateau whereas the eastern branch flows along the Norwegian shelf edge, partly 

branching into the North Sea (Orvik and Niiler, 2002). North of Norway, the main flow 

of the eastern branch of the NwAC continues northwestwards towards the Fram Strait 

and into the Arctic Ocean where it is called the West Spitzbergen Current (WSC). A 

 

Figure 1.3: Modern ocean surface circulation in the North Atlantic and Nordic Seas. 

Colour coding is indicative of the relative temperature of the surface water masses: 

red = very warm; dark orange = warm; light orange = moderately warm; blue = 

cold. 
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smaller branch bifurcates into Barents Sea and forms the North Cape Current (NCC) 

(Figure 1.3) (Marret and Zonneveld, 2003; Orvik and Niiler, 2002). At present, the 

Barents Sea is an important area for the formation of cool and dense bottom water 

(Blindheim and Østerhus, 2005). Cold surface waters from the Arctic enter the Nordic 

Seas through the Fram Strait via the EGC which flows southward along the east coast of 

Greenland (Figure 1.3). Some of the waters of the EGC are diverted into adjacent basins 

and seas along the path, before the remaining part exits the Nordic Seas through the 

Denmark Strait (Blindheim and Østerhus, 2005). 

The Nordic Seas are characterised by a steep zonal climatic gradient and its water 

masses can be divided into three domains from east to west: Atlantic domain, Arctic 

domain and Polar domain (Swift, 1986). Warm and saline (6–10°C, 35.1–35.3psu in 

summer) Atlantic waters cover the Norwegian Sea and are separated from the Arctic 

domain by the Arctic Front which runs from SW to NE north of Iceland and ends in the 

Fram Strait (Figure 1.3). The waters of the Arctic domain have relatively low 

temperatures and salinities (0–4°C, 34.6–34.9psu) and extend over much of the 

Greenland Sea and the northern Iceland Sea. The Arctic domain is separated from the 

Polar domain by the Polar Front which follows the north-to-south flowing EGC (Figure 

1.3). The waters of the Polar domain to the west of the EGC are colder and less saline 

(<0°C, 30–34psu) than those of the Arctic domain (Swift, 1986). 

1.2.2.2 Modern dinoflagellate cyst assemblage distribution 

Dinoflagellates are unicellular organisms that live in marine as well as freshwater 

environments. Together with diatoms and coccolithophorids, they constitute the 

majority of the marine phytoplankton, and thus primary productivity. The feeding 

strategies of dinoflagellates include autotrophy, heterotrophy, symbiosis and parasitism 

(Marret and Zonneveld, 2003; Rochon et al., 1999). Some dinoflagellates produce 

resting cysts with walls made of organic, calcareous or siliceous substances during their 

life cycle. These cysts have a high potential for preservation in the geological record. Of 

all known dinoflagellates only 13–16% produces resting cysts. The majority of these 

produces organic-walled cysts (Head, 1996a). Most fossil dinocysts belong to the orders 

Gonyaulacales and Peridiniales. They are differentiated based on the tabulation pattern 

of the cyst (Evitt, 1985). Gonyaulacoid cysts are produced by autotrophic 

dinoflagellates and protoperidinioid cysts by heterotrophic species, with the latter cysts 

being characterised by a brown colour (e.g. Schreck et al., 2013; Verhoeven and 



14 

 

Louwye, 2013). Heterotrophic dinocysts are more sensitive to oxidation which may 

alter the fossil assemblages (e.g. De Schepper et al., 2004; Zonneveld et al., 2007).  

Datasets of the modern global distribution of organic-walled dinocysts and correlations 

to oceanic waters masses and surface-water parameters provide a reference for 

palaeoenvironmental reconstructions (Marret and Zonneveld, 2003; Matthiessen, 1995; 

Rochon et al., 1999; Zonneveld et al., 2013). Matthiessen (1995) presents the first 

overview of the distribution of recent 

dinocysts in the Norwegian-

Greenland Sea, revealing four 

assemblages (Figure 1.4).  The first 

assemblage covers the Norwegian 

Sea and is characterised by high 

relative abundances of the cysts of 

Protoceratium reticulatum 

(Operculodinium centrocarpum 

sensu Wall and Dale 1966) (>60%) 

and a high species diversity. Other 

species include Ataxiodinium 

choane, Bitectatodinium tepikiense, 

Nematosphaeropsis labyrinthus, 

Peridinium faeroense and 

Spiniferites spp. The second 

assemblage follows the East 

Greenland continental shelf, shows a 

low diversity and is mainly 

composed of brown protoperidinioid 

cysts (e.g. Brigantedinium simplex). 

The third assemblage stretches across 

the Greenland and Iceland Seas and shows high relative abundances of Impagidinium 

pallidum and N. labyrinthus, suggesting that these species prefer cold oceanic 

environments. Brigantedinium spp. and cysts of P. reticulatum regionally form an 

important component of the assemblage. The fourth assemblage is found on the north 

Icelandic shelf and slope and the Iceland-Faeroe Ridge, and is characterised by the 

predominance of P. faeroense. The distribution of these assemblages can be correlated 

 

Figure 1.4: Modern dinoflagellate cyst 

assemblages in the surface sediments of the 

Nordic Seas from Matthiessen (1995). 

Striated areas outline the regions where the 

most abundant species comprise at least 60% 

of the assemblages for 1, 2 and 4, and 30% 

for assemblage 3. 1: cyst of Protoceratium 

reticulatum, 2: Brigantedinium spp. and 

Islandinium minutum, 3: Impagidinium 

pallidum and Nematosphaeropsis 

labyrinthus, 4: Peridinium faeroense. 
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to the prevailing water masses in the Norwegian-Greenland Sea (Figure 1.3, 1.4). 

Assemblage 1 follows the North Atlantic water domain, although not perfectly, in the 

Norwegian Sea. The polar domain along the EGC is characterised by assemblage 2. The 

distribution of assemblage 3 coincides with Arctic water masses in the Greenland and 

Iceland Seas. The shelf water masses of Iceland are represented by assemblage 4 

(Matthiessen, 1995).  

1.3 Pliocene environment and oceanography of the North Atlantic region 

1.3.1 Climate and vegetation evolution from the Miocene to Pleistocene 

The Pliocene Epoch (5.332–2.588 Ma) 

is the latter of two epochs within the 

Neogene Period (23.03–2.588 Ma) in 

the Cenozoic Era (65.5 Ma to present) 

and is divided into the Zanclean 

(5.332–3.600 Ma) and Piacenzian 

(3.600–2.588 Ma) Ages (Table 1.1) 

(Gibbard et al., 2010). The Pliocene 

Epoch follows on the Miocene Epoch 

(23.03–5.332 Ma) and precedes the 

Pleistocene Epoch (2.588–0.012 Ma) 

within the Quaternary Period 

(2.588 Ma to present; Table 1.1). 

Geographically and climatically, the 

Pliocene represents a transitional stage 

between the Miocene and the modern 

world. Mountain uplift and the opening and closing of oceanic gateways during the 

Miocene led to the development of a modern-like tectonic setting by the beginning of 

the Pliocene (Potter and Szatmari, 2009). The climate evolved from significantly 

warmer-than-present conditions with no or much smaller ice caps on the poles during 

the Miocene to the cooling climate throughout the Pliocene to the glacial-interglacial 

stages of the Pleistocene (Zachos et al., 2001, 2008). 

From the Middle to Late Miocene, climate progressively cooled. On land, warmest 

climatic conditions during the Middle Miocene are reflected by the presence of cool 

temperate mixed forests at the high northern latitudes which had been replaced by cold 

Table 1.1: Chronostratigraphic chart of the 

upper Cenozoic (modified after Gibbard et 

al. (2010)). 
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evergreen needle-leaf forests by the end of the Miocene (Pound et al., 2012 and 

references therein). Late Miocene pollen and plant debris from the Hovgård Ridge west 

of Spitzbergen show the presence of swampy, taiga-like coniferous forests at 77–78°N 

(Boulter and Manum, 1997). In northwest Europe, conifer swamp forests with 

Sciadopitys and Taxodium and mixed forests persisted under subtropical to warm 

temperate conditions during the Middle to Late Miocene (Larsson et al., 2011; 

Mosbrugger et al., 1994; Pound and Riding, 2015). In the ocean, SST records and 

palaeoenvironmental reconstructions based on marine palynomorphs also document a 

continuous cooling trend towards the Pliocene (De Schepper et al., 2015; LaRiviere et 

al., 2012; Schreck et al., 2013). 

This cooling trend persisted 

throughout the Pliocene and 

culminated in the onset of 

Northern Hemisphere 

Glaciation (NHG) at 2.7 Ma 

(Kleiven et al., 2002; Mudelsee 

and Raymo, 2005; Ravelo et 

al., 2004). The earlier 

glaciation event at 3.3 Ma has 

been regarded as a failed onset 

of NHG (De Schepper et al., 

2013, 2009a; Lisiecki and 

Raymo, 2005). 

1.3.2 Palaeoceanographic 

boundary conditions 

Palaeoceanographic boundary 

conditions in the North Atlantic were slightly altered during the Pliocene when 

compared to present. Tectonic changes throughout the time interval influenced the 

development and pathways of major currents, which consequently affected climate. 

The effect of the closure of the CAS on Pliocene high-latitude warmth and initiation of 

NHG has been extensively studied (De Schepper et al., 2013; Haug and Tiedemann, 

1998; Molnar, 2008; Steph et al., 2010, 2006). Most recent studies suggest that deep-

water through-flow from the Pacific to the Atlantic halted during the Middle Miocene 

and that a further shoaling occurred between ~4.8 and 4.2 Ma (Haug and Tiedemann, 

 

Figure 1.5: Pliocene oceanographic setting for the 

Arctic Ocean and Nordic Seas. Northward flow of 

Pacific water into the Arctic Ocean via the Bering 

Strait commenced around 4.5 Ma. Colour coding is 

indicative of the relative temperature of the water 

masses. Light orange = subpolar; blue = polar. 
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1998; Haug et al., 2001; Montes et al., 2015; Steph et al., 2010). The latter shoaling 

phase has been associated with the establishment of a modern-like EGC in the Nordic 

Seas as a consequence of northward flow of Pacific waters through the Bering Strait 

(Figure 1.5) (Verhoeven et al., 2011).  

The Greenland-Scotland Ridge (GSR) extends east and west from Iceland and has a 

maximum depth of ~850 m. At present, the relatively shallow depth of the GSR restricts 

the deep water flow from the Nordic Seas to the North Atlantic. A complete 

submergence of the ridge took place around 12 Ma (Poore et al., 2006). During the 

Pliocene, the GSR was about 250 m deeper than present, resulting in a stronger 

overflow of deep water masses (Poore et al., 2006). Modelling studies have shown that 

a deeper GSR increased water temperatures in the Nordic Seas (Hill, 2015; Robinson et 

al., 2011). While Robinson et al. (2011) propose that the warmer water temperatures 

were caused by a strengthened AMOC as a result of a deeper GSR, Hill (2015) shows a 

weaker overturning circulation and suggest that the warming may solely be explained 

by palaeogeographic changes. 

In the Arctic Ocean, the Canadian Arctic Archipelago was closed and the Barents Sea 

was subaerially exposed during the Pliocene (Figure 1.5) (Butt et al., 2002; Matthiessen 

et al., 2009). Thus, the Bering Strait and Fram Strait were the only connections of the 

Pacific and Atlantic Ocean to the Arctic Ocean, respectively. In the Nordic Seas, the 

subaerially exposed Barents Sea prevented the branching of the NwAC off northern 

Norway and increased heat transport to the Arctic Ocean (Figure 1.5) (Butt et al., 2002; 

Hill, 2015). 

1.3.3 Pliocene vegetation and climate records 

1.3.3.1 Zanclean (5.33–3.60 Ma) 

For the Zanclean, reconstructions of atmospheric CO2 concentrations using alkenones 

and boron isotopes in planktic foraminifera average between ~400–300 ppm at different 

sites in the North Pacific and North Atlantic Ocean (Bartoli et al., 2011; Martínez-Botí 

et al., 2015; Pagani et al., 2010; Seki et al., 2010). Terrestrial records from the high 

latitudes in the North Atlantic region provide evidence of mixed to boreal forests, 

indicating distinct warmer-than-present climatic conditions (Rybczynski et al., 2013; 

Verhoeven et al., 2013). 
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In western Germany (51°N), a Zanclean microflora is described from the overlying beds 

of the Rhenish brown coal region which are exposed in the open-cast mines of Frechen 

and Fortuna Garsdorf (Figure 1.6; Table 1.2) (Mohr, 1984). Mixed forests with Fagus 

as the most common element and other taxa such as Abies, Alnus, Carpinus, Carya, 

Liquidamber, Pterocarya, Picea, Quercus, Tsuga and Ulmus persisted under warmer-

than-present condition (Mohr, 1984).  

 

Figure 1.6: Location of Pliocene vegetation records discussed in the text and 

modern-day ocean surface circulation in the North Atlantic and Nordic Seas. Colour 

coding is indicative of the relative temperature of the surface water masses: red = 

very warm; dark orange = warm; light orange = moderately warm; blue = cold. 
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Off southwest Greenland, the pollen assemblages from ODP Site 646 (58°N) reflect the 

prevalence of mixed forests with temperate elements under humid cool temperate 

climate conditions in southeastern Canada and possible Greenland during the Plio-

Pleistocene (Figure 1.6; Table 1.2) (de Vernal and Mudie, 1989a). Represented taxa 

include Alnus, Betula, Lycopodium, Picea, Pinus, Polypodiaceae, Sciadopitys, 

Sphagnum, Tsuga and Quercus.   

In northern Iceland, the Tjörnes section (66°N) was deposited in a shallow marine 

environment before 4 Ma (Figure 1.6; Table 1.2) (Verhoeven et al., 2013). Diverse plant 

communities persisted throughout the Zanclean in a maritime temperate climate without 

a dry season, and warm summers comparable to the present western European climate. 

Fluctuating sea levels due to tectonic activity is regarded as the main cause of 

vegetation changes (Verhoeven et al., 2013). During sea level lowstands the coastal 

plain consisted of dry heathland and coastal marshes (Cyperaceae) with deciduous trees 

growing on well-drained levees (Acer, Betula, Juglans, Ostrya, Pterocarya, Sambucus 

Tilia and Ulmus) – the composition of these lowland forests changed over time – and 

the lower levee borders (Alnus, Corylus and Myrica). Gymnosperm forest (Abies, Larix, 

Picea, Pinus and Tsuga) was present in the hinterland. The continuous presence of the 

warm-loving taxa Ilex indicates that July temperatures were at least 8°C higher than 

present. Verhoeven et al. (2013) suggest that the maritime temperate climate in northern 

Iceland was possibly favoured by an intensification of the Gulf Stream after the 

shoaling of the CAS between 4.7–4.2 Ma. In an earlier study, Willard (1994) also 

inferred the presence of a mixed conifer-hardwood forest, prevailing under warm-

temperate conditions.  

Tree-ring analysis on larchs found in peat deposits on Ellesmere Island (79°N), Canada, 

reveal an increase of MATs of 18.3±4.1°C when compared to present during the 

Zanclean (Figure 1.6; Table 1.2) (Ballantyne et al., 2010, 2006; Csank et al., 2011). 

While the deposits were previously dated to 5–4 Ma based on mammalian fossils 

(Csank et al., 2011 and references therein), re-dating using the terrestrial in situ 

cosmogenic nuclide dating burial methods suggests a minimum age of 3.4–3.8 Ma with 

a possible age range of 3.0–4.8 Ma  (Rybczynski et al., 2013). Considering both age 

estimates, deposition during the Zanclean seems to be plausible. During the time of 

deposition boreal forest prevailed in the region. The reconstructed climatic conditions, 

including average growing season temperatures, MATs, meteoric water values and 
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relative humidity, are comparable to conditions presently found 15–20° further south 

(Csank et al., 2011). 

1.3.3.2 Piacenzian (3.60–2.59 Ma) 

Atmospheric CO2 reconstructions based on alkenones and boron isotopes in planktic 

foraminifera for the Piazencian yield values between ~400 and 300 ppm (Bartoli et al., 

2011; Martínez-Botí et al., 2015; Pagani et al., 2010; Seki et al., 2010); values similar to 

those reconstructed for the Zanclean. During interglacials of the mPWP, CO2 

concentration reached values up to ~400 ppm, suggesting that the warmth of the mPWP 

was at least partly driven by radiative forcing (Bartoli et al., 2011). 

A global biome reconstruction for the Piacenzian shows that evergreen taiga and 

temperate forests were still situated further north in the Northern Hemisphere, thus 

covering areas that are presently vegetated by tundra (Salzmann et al., 2013, 2008). The 

evergreen taiga forests were dominated by Picea and Pinus, transitioning into mixed 

and deciduous forests with thermophilic elements (e.g. Carpinus, Quercus, Sciadopitys 

and Tsuga) towards the south (Andreev et al., 2014; Salzmann et al., 2008; Willard, 

1994). Further south in the mid- to low latitudes the zonal vegetation distribution was 

more similar to today but with more thermophilic elements (e.g. Engelhardia, 

Liquidamber and Sequoia) in the mid-latitudes, indicating a reduced latitudinal 

temperature gradient (Salzmann et al., 2013, 2008). 

In southwestern Florida, terrestrial and marine proxies of the Pinecrest Beds (27°N) 

show that climatic conditions were comparable to present day during the Piacenzian 

(Figure 1.6; Table 1.2) (Willard, 1994; Willard et al., 1993). Pollen assemblages were 

dominated by Pinus, with relative high abundances of Cupressaceae, Taxaceae and 

Quercus. 

Further north at the eastern U.S. Atlantic coastal plain, pollen assemblages from the 

shallow marine deposits of the Yorktown Formation (37°N), southeastern Virginia, 

show the presence of a Quercus-Carya-Pinus forest in this region during the Piacenzian 

(Figure 1.6; Table 1.2) (Willard, 1994). The vegetation composition is similar to that of 

today, but indicative of slightly warmer (MAT of ca. 2–2.5°C) and wetter 

(+ ~250 mm/year) climatic conditions compared to present. Sciadopitys disappears at 

the end of the Piacenzian in these deposits (Willard, 1994). 
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Table 1.2: Compilation of Pliocene pollen records in the North Atlantic region. For locations see Figure 1.6. 

Site Location Age (Ma) Vegetation Climate Temperature References 

Pinecrest 

Beds 

27°N, 

82°W 
4.5–2.6 

Mixed forests (Cupressaceae, 

Pinus, Quercus, Taxaceae) 

Subtropical 

to warm 

temperate 

Present to cooler 

Willard (1994); 

Willard et al. 

(1993) 

Yorktown 

Formation 

37°N, 

76°W 
3.5–2.6 

Mixed forests (Quercus-Carya-

Pinus) 
Subtropical 

January: +3–5°C, MAT: 

+2–2.5 °C 
Willard (1994) 

Bresse Basin 
47°N, 

5°E 
3.2–2.6 

Mixed forests (e.g. Alnus, 

Carya, Fagus, Pinus, 

Pterocarya, Quercus, Tsuga) 

Cool 

temperate 
n/a 

Rousseau et al. 

(1992) 

Normandy 
49°N, 

1°E 
3.3–2.6 

Mixed forests (e.g. Alnus, 

Carya, Cupressaceae, Pinus, 

Pterocarya, Sciadopitys, 

Sequoia, Tsuga) 

Cool 

temperate 
n/a 

Rousseau et al. 

(1995) 

Garsdorf 
51°N, 

7°E 
5.3–2.6 

Mixed forests (e.g. Carpinus, 

Fagus, Picea, Quercus, Tsuga) 

Warm 

temperate 

MAT: 11–15°C, January: -

1–10°C,  July: 15–23°C 
Mohr (1984) 

The 

Netherlands 

~51°N, 

6°E 
3.2–2.6 

Mixed forests (e.g. Alnus, 

Carya, Nyssa, Pinus, 

Sciadopitys, Sequoia, Tsuga) 

Cool 

temperate 

MAT: 13–18°C (+3–8°C) ), 

January: 2–4.5°C (+ <2°C), 

July: 24–29°C (+8–11°C) 

Donders et al. 

(2007); Zagwijn 

(1960) 
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Willers- 

hausen 

52°N,10°

E 
2.6–3.2 

Mixed forests (Alnus, Carpinus, 

Carya, Fagus, Picea, Pinus, 

Quercus, Sciadopitys, Tsuga) 

Warm 

temperate 
MAT: 13.9±2.7°C 

Mohr (1986); 

Salzmann et al. 

(2013) 

Red Crag 
52°N, 

1°E 
2.6–3.0 

Mixed forests (e.g. Carya, 

Corylus, Ilex, Pinus, Pterocarya, 

Sciadopitys, Tsuga) 

Cool 

temperate 
12.8±1.3°C 

Head (1998); 

Salzmann et al. 

(2013) 

James Bay 

Lowland 

53°N, 

84°W 
3.5–3.0 

Mixed (e.g. Carya, Pinus, 

Quercus, Tsuga) to boreal (e.g. 

Betula, Picea, Pinus) forests 

Cool 

temperate to 

subarctic 

MATmixed: 8–12°C (+9–

13°C), MATboreal: 0–3°C 

(+1–4°C) 

Gao et al. (2012) 

ODP Site 

646 

58°N, 

48°W 
5.3–2.6 

Mixed forests 

(e.g. Alnus, Betula, Picea, Pinus, 

Sciadopitys, Tsuga) 

Humid cool 

temperate 

MAT: + >3.5°C, January: 

+5–10°C 

de Vernal and 

Mudie (1989a); 

Willard (1994) 

Tjörnes Beds 
66°N, 

17°W 
5.3–4.0 

Coastal marshes (Cyperaceae) 

and mixed forests (e.g. Alnus, 

Ilex, Larix, Pinus, Tsuga) 

Maritime 

Temperate 

January: + 1.3°C, July: + 

8°C 

Verhoeven et al. 

(2013) 

ODP Site 

642 

67°N, 

3°E 
3.1–5.0 

Mixed (e.g. Alnus, Betula, 

Pinus, Quercus, Sciadopitys) to 

boreal forests with peatlands 

(Sphagnum) 

Cool 

temperate 

MAT: 5–14°C (+5–14°C), 

January: -8–1.4°C (+0.5–

10°C), July: 18–24°C (+8–

14°C) 

Willard (1994); 

This study 
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ODP Site 

645 

70°N, 

65°E 

Piacenzian 

(early 

Pleistocene) 

Coniferous forest to tundra (e.g. 

Betula, Ericaceae, Picea, Pinus, 

Sphagnum) 

Cool 

temperate to 

subarctic 

n/a de Vernal and 

Mudie (1989b) 

Île-de-France 

Island 

78°N, 

18°W 
3.6–2.6 

Boreal forest to forest-tundra 

(Picea, Thuja) 
Subarctic July: >10°C (+6°C) 

Bennike et al. 

(2002) 

Ellesmere 

Island 

79°N, 

82°W 

3.4–3.8 

(3.0–4.8) 
Boreal forests (Larix) Subarctic -1.4±4.0°C (+18.3±4.1°C) 

Ballantyne et al. 

(2010); Csank et al 

(2011); Rybczynski 

et al. (2013) 

ODP Site 

910 & 911 

80°N, 

7°E & 

80°N, 

8°E 

5.3–2.6 

Boreal forests to shrub tundra 

(e.g. Betula, Larix Picea, Pinus, 

Pterocarya, Sciadopitys, Tsuga) 

Subarctic n/a 
Willard (1996); 

Knies et al. (2014b) 
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In France (47–49°N), pollen assemblages in two terrestrial Piacenzian sediment 

sequences show the presence of cool temperate mixed and coniferous forests (Figure 

1.6; Table 1.2) (Rousseau et al., 1995, 1992). Mixed forests in the Bresse Basin were 

composed of Alnus, Carpinus, Carya, Fagus, Pterocarya, Quercus, Tsuga and Ulmus 

(Rousseau et al., 1992). In Normandy, coniferous forest (Abies, Cupressaceae, Picea 

and Pinus) with thermophilic elements (Carya, Carpinus, Castanea, Ilex, Juglans, 

Liquidamber, Mycria, Nyssa, Pterocarya, Quercus, Sciadopitys, Sequoia, Tilia, Tsuga 

and Ulmus) predominated during the late Piacenzian (Rousseau et al., 1995). 

Diverse Piacenzian microfloras, including genera of North American and East Asian 

affinity (Carya, Liquidamber, Nyssa, Pterocarya, Sciadopitys, Sequoia, Taxodium-type 

and Tsuga) are found in the Netherlands (51°N) and have been widely used to assign 

continental stages for the Neogene in NW Europe (Figure 1.6; Table 1.2) (Andrew and 

West, 1977; Head, 1998; Popescu et al., 2006, 2010; Zagwijn, 1992, 1960). However, a 

revision of these stages using multivariate statistics has shown that the pollen 

assemblages are influenced not only by climate but also by the fluvial depositional 

setting, taphonomic effects and other environmental conditions (Donders et al., 2007). 

The only significant division is the palynological change at the Pliocene-Pleistocene 

boundary which is marked by a decline in subtropical wetland taxa and the lowest 

occurrence of Nyssa (Donders et al., 2007). The Piacenzian vegetation of the 

Netherlands fluctuated between the predominance of swamp forests which consisted of 

taxa such as Alnus, Nyssa, Sequoia and Taxodium and drier forests composed of Pinus, 

Sciadopitys, Tsuga and Quercus (Zagwijn, 1960). 

Sink-hole deposits in Willershausen in central Germany (52°N) dated to the late 

Piacenzian/early Pleistocene (3.2–2.4 Ma) reveal a diverse assemblage of plant- and 

animal-remains, thriving under warm temperate climatic conditions (Figure 1.6; Table 

1.2) (Ferguson and Knobloch, 1998; Mohr, 1986). The surrounding area was vegetated 

by carr forests (e.g. Alnus, Nyssa, Pterocarya and Salix), broad-leaved (e.g. Acer, 

Betula, Carpinus, Carya, Fagus, Quercus, Tilia and Ulmus) and coniferous forests (e.g. 

Picea, Pinus, Pseudotsuga/Larix, Sciadopitys, Taxus and Tsuga) in well-drained areas 

(Ferguson and Knobloch, 1998). 

In southeastern England, the Red Crag Formation at Walton-on-the-Naze, Essex (52°N), 

was deposited between 3.0–2.6 Ma under mild- (to warm-) temperate climatic 

conditions (Figure 1.6; Table 1.2) (Head, 1998). The pollen assemblages in two distinct 
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samples from different horizons reveal a high abundance of Pinus pollen with temperate 

coniferous (Sciadopitys and Tsuga) and deciduous (Carya, Corylus, Ilex, Juglans, 

Myrica, Pterocarya, Quercus, Tilia and Ulmus) elements (Head, 1998). 

In the mid-latitude James Bay Lowland (53°N), Canada, till deposits dated to 3.5 Ma 

(3.6–3.4 Ma) are indicative of glaciation (Figure 1.6; Table 1.2) (Gao et al., 2012). After 

deglaciation, rapid warming led to the expansion of mixed forests (Carya, Liquidamber, 

Pinus, Pterocarya, Quercus and Tsuga) which resemble those presently growing in 

North Carolina. During cooler periods boreal forests (Abies, Betula, Picea and Pinus) 

prevailed in the area. These forests suggest that MATs were 1–13°C higher than 

present. Over the entire postglacial period from 3.5 to 3.0 Ma, a continuous cooling is 

observed by the gradual increase in Betula, Picea and Pinus and the decline of Quercus 

and Taxodium (Gao et al., 2012). 

At ODP Site 646 (58°N) off southwest Greenland, the relative abundance of temperate 

tree taxa (Quercus, Sciadopitys and Tsuga) decreases during the Piacenzian, leading to 

the dominance of boreal vegetation in the early Pleistocene (Figure 1.6; Table 1.2) (de 

Vernal and Mudie, 1989a; Willard, 1994). The presence of these temperate taxa during 

the Piacenzian is indicative of a northward shift of the northern boundary of the 

deciduous as well as boreal forest zone and thus higher than present January 

temperatures (+5–10°C) and MATs (at least +3.5°C) (Willard, 1994). 

In Norway, a mixed conifer-hardwood forest at the northern limits of the deciduous 

forest zone has been inferred from pollen assemblages in the sediments of ODP Hole 

642C (67°N) (Figure 1.6; Table 1.2) (Willard, 1994). The assemblages are dominated 

by Pinus. Other represented taxa include Abies, Alnus, Betula, Picea, Quercus, 

Sciadopitys and Tsuga (Figure 1.7). Non-arboreal taxa (Asteraceae, Cyperaceae, 

Ericaceae and Ranunculaceae) constitute up to 20% of the assemblage. Ilex and 

Pterocarya are present but are not included in the counts (Willard, 1994). During the 

Piazencian the Scandinavian mountains had already been uplifted. They were, however, 

lower than present (Anell et al., 2009; Knies et al., 2014b). Anell et al. (2009) report 

uplift of ~1 km in northern Norway and 1–1.5 km in the southern Scandinavian 

mountains during the Neogene. These estimates correspond to the height of the 

Scandinavian mountains of 500 to 1000 m, as was used for the PRISM3 reconstruction 

of Pliocene climate (Sohl et al., 2009), reducing them by 500–1000 m in altitude 

compared to present.  



 

26 

 

In Baffin Bay west of Greenland, a palynological study of late Pliocene/early 

Pleistocene sediments of ODP Site 645 (70°N) reveals the presence of a relatively dense 

coniferous forest to forest tundra vegetation on Greenland and Baffin Bay Island under 

a humid, cool-temperate to subarctic climate (Figure 1.6; Table 1.2) (de Vernal and 

Mudie, 1989b). The vegetation described by de Vernal and Mudie (1989b) presumably 

prevailed during the early Pleistocene as the base of the Pleistocene has since been 

formally lowered from 1.8 Ma to 2.6 Ma (Gibbard et al., 2010; Palmer, 1983). The 

forests are represented by pollen assemblages of Abies, Alnus, Betula, Ericaceae, Pinus 

and Picea. High percentages of Sphagnum spores suggest the presence of extensive 

peatlands. The assignment to the early Pleistocene is supported by ice-rafted debris 

deposits that are recorded in the area surrounding Baffin Bay, indicative of glaciations 

events. De Vernal and Mudie (1989) propose that a humid climate contributed to high 

precipitation and the accumulation of ice. 

A multi-proxy study of shallow marine deposits in the northern part of the subarctic Île-

de-France (78°N) offshore northeast Greenland suggest that summer temperatures were 

about 6°C higher than at present (Figure 1.6; Table 1.2) (Bennike et al., 2002). Based on 

seed and wood fragments from Picea and Thuja, Bennike et al. (2002) infer the 

presence of boreal forest or forest-tundra in the northern part of the Island during the 

Piacenzian. Today, woody plants do not occur on the northern island because of 

perennial snow cover and frost. 

 

Figure 1.7: Pollen assemblages in nine Piacenzian samples from ODP Hole 642C 

(Willard, 1994). 
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In the Arctic Ocean (80°N), Piacenzian pollen assemblages changes from ODP Site 910 

and 911 on the Yermak Plateau northwest of Svalbard, which is presently vegetated by 

tundra, reveal warmer-than-present climatic conditions and a northward latitudinal shift 

of vegetation by about 10° latitude (Figure 1.6; Table 1.2) (Willard, 1996). Boreal forest 

or shrub tundra with deciduous elements (Abies, Alnus, Betula, Corylus, Castanea, 

Cupressaceae, Cyperaceae, Ericaceae, Larix, Picea, Pinus, Poaceae, Sciadopitys, Salix 

and Tsuga) grew in the source area, which is most likely Spitsbergen, but could also be 

northernmost Norway or northeastern Greenland. 

1.3.3.3 Northern Hemisphere high-resolution records 

High-resolution terrestrial data for the Pliocene, identifying climatically-induced 

variations in vegetation, surface temperatures and precipitation are generally rare 

(Salzmann et al., 2013, 2008). However, existing records show that climate was not 

stable during the Pliocene, exhibiting climate changes of the order of several thousands 

of years (Andreev et al., 2014; Brigham-Grette et al., 2013; Demske et al., 2002; Gao et 

al., 2012; Popescu et al., 2010; Williams et al., 2009; Willis et al., 1999a).  

During the Pliocene, subtropical forests to open subdesertic landscapes covered the 

West Mediterranean region (Fauquette et al., 1999). The climate was warmer than 

present across the whole region. Precipitation, however, was higher than present in the 

north and similar to, or slightly higher, than today in the south. Cooling events at 4.5 

and 3.5 Ma are observed at some sites (Fauquette et al., 1999). 

In the southwestern Black Sea, Deep Sea Drilling Project (DSDP) Site 380 (42°N) 

provides a high-resolution record of vegetation and climate changes during the Pliocene 

(Popescu et al., 2010). During the Zanclean, a warm and humid climate favoured the 

expansion of forest in the areas adjacent to the western Black Sea. Open environments 

with an increased abundance of herbs and steppe elements are indicative of cooler 

climatic conditions between MIS MG2 (3.34 Ma) and G1 (2.63 Ma), covering most of 

the Piacenzian Stage (Popescu et al., 2010). 

In the continental interior of northeastern Eurasia, a sediment core recovered from Lake 

Baikal (53°N) reveals the prevalence of mixed coniferous forest in the Baikal region 

during the Piacenzian, interrupted by pronounced advances of open vegetation due to 

cooler and drier intervals (Demske et al., 2002). At present this region is characterised 

by boreal and mountain taiga and marks the transition between continuous and 

discontinuous permafrost. Modern climate is influenced by the Siberian High, bringing 
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cold and dry air masses in winter and moisture-bearing air masses carried by the 

westwind drift in summer (Demske et al., 2002). During the Piacenzian short-term 

climatic deterioration occurred at 3.39 Ma, between 3.28 and 3.26 and at 3.03 Ma with 

major cooling starting after 3 Ma. In the prevailing vegetation these cooling events are 

reflected by an increase in Selaginella selaginoides and Lycopodium and a decline in the 

relative abundance of Tsuga (Demske et al., 2002). Vegetation changes around Lake 

Baikal can be correlated to the benthic oxygen isotope signal at ODP Site 846 in the 

eastern equatorial Pacific. The advance of open vegetation coincides with glacial MISs 

KM2 (c. 3.12 Ma) and G20 (c. 3.0 Ma) during the mPWP. Evidence for vegetation 

changes during the global cooling event of MIS M2 is weak (Demske et al., 2002). The 

establishment of cool and 

dry climatic conditions 

after 3.15 Ma are 

associated with the 

development of the 

Siberian High caused by 

the intensifying NHG 

(Demske et al., 2002).  

In northeastern Russia, a 

Piacenzian high-resolution 

pollen record from Lake 

El’gygytgyn (67°N), which 

formed after a meteorite 

impact at 3.6 Ma, shows 

vegetation changes on 

orbital time scales (Figure 1.8) (Andreev et al., 2014; Brigham-Grette et al., 2013; 

Herzschuh et al., 2016). With a modern MAT of -10°C the region around the lake is 

covered by shrub tundra with Birch and Salix, growing above deep permafrost 

(Brigham-Grette et al., 2013). Between 3.5 and 3.35 the area around Lake El’gygytgyn 

was vegetated with Picea-Larix-Abies-Tsuga forests. After 3.4 Ma coniferous trees 

gradually disappeared and were replaced by tundra, although localised stands of trees 

were still present (Andreev et al., 2014). During glacial event MIS M2 (c. 3.3 Ma) a 

treeless tundra and steppe dominated the region. Surface temperatures were not 

“glacial” but as warm as, or slightly warmer, than the Holocene average (Brigham-

 

Figure 1.8: Location of Lake El’gygytgyn, NE Siberia 

in relation to ODP Site 642. 
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Grette et al., 2013). Thereafter, Larix-Pinus-Picea forests expanded but open habitats 

developed during several cool intervals. Forests covered the area until about 2.7 Ma 

when they finally disappeared from the region, enhancing cooling by an increased land 

surface albedo (Andreev et al., 2014; Brigham-Grette et al., 2013). Climate 

reconstructions based on the pollen spectra for the mPWP indicate WMTs 3–6°C and 

MAP ˂100 to ˃200 mm higher than present. The warmest interval occurred between 3.6 

to 3.4 Ma when WMTs were 7–8°C higher compared to today. Until 2.2 Ma warm 

Arctic summers persisted and seasonal rather than perennial Arctic sea ice cover existed 

due to polar amplification (Brigham-Grette et al., 2013).   

1.3.4 Pliocene sea surface temperature records 

1.3.4.1 Zanclean (5.33–3.60 Ma) 

The ‘Pliocene climatic optimum’ (4.4–4.0 Ma) has been identified as the warmest 

interval during the Zanclean in globally distributed geochemical records of SSTs 

(Fedorov et al., 2013). The oceans and atmosphere were characterised by a reduced 

Equator-to-pole gradient due to similar-to-present SST in the tropics and markedly 

warmer temperatures in the high-latitudes. The tropical warm pool was much broader, 

exhibiting weaker upper-ocean stratification, hence a deeper thermocline, and a weak 

zonal temperature gradient in the all three oceans (Brierley et al., 2009; Fedorov et al., 

2013). In the North Atlantic, SSTs were 4–8°C higher than present in the mid- to high 

latitudes (Fedorov et al., 2013). At ODP Site 999 (13°N) in the Caribbean Sea, 

estimates of subsurface temperature based on the Mg/Ca ratio in the shell of the 

planktonic foraminifer Neogloboquadrina dutertrei show a warming of surface waters 

and/or deepening of the thermocline between 4.8 and 4.3 Ma (Figure 1.9; Table 1.3) 

(Steph et al., 2010). The authors link this warming to the development of the Caribbean 

Warm Pool in response to the shoaling of the CAS (Haug and Tiedemann, 1998). In the 

Iceland Sea, annual SSTs derived from alkenones at ODP Site 907 were between 3 and 

10°C higher than present with cooling commencing after 4.5 Ma (Figure 1.9) (De 

Schepper et al., 2015). 

1.3.4.2 Piacenzian (3.60–2.59 Ma) 

At DSDP Site 603 (36°N) in the western North Atlantic (Figure 1.9; Table 1.3), SSTs 

derived from Mg/Ca ratios of Globigerina bulloides are similar to present with only 

small fluctuations (De Schepper et al., 2013). 
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In the Mediterranean Sea (37–39°N), a composite alkenone-based SST record based on 

four Piacenzian sections (Punta Piccola, San Nicola, Singa and Vrica) reveal values 5–

6°C higher than present and low-amplitude variability between 3.5 and 2.6 Ma (Herbert 

et al., 2015). The variance in SST changes is mainly controlled by precession, 

suggesting that local insolation was the main driver and that glaciations before the onset 

of NHG did not affect the region (Herbert et al., 2015). 

Changes in the position and strength of the NAC during the Piacenzian have been 

recorded at Integrated Ocean Drilling Program (IODP) Site U1313 (41°N, reoccupation 

of DSDP Site 607) which is located just north of the subtropical gyre (Figure 1.9; Table 

1.3) (Naafs et al., 2010). During the early Piacenzian, mean annual SSTs were on 

average 2–3°C higher-than-present, reflecting northward transport of warm waters by an 

intense NAC. SSTs decreased by 5°C between 3.45 and 3.29 Ma and culminated in MIS 

M2. Lower SSTs at Site U1313 indicate the influence of the NAC and thus a weakened 

northward heat transport. The return of warm and oligotrophic conditions at 3.29 Ma, 

coinciding with the beginning of the mPWP, suggests that northward heat transport via 

the NAC had been resumed (Naafs et al., 2010). In the eastern North Atlantic, IODP 

Site U1308 (50°N, reoccupation of DSDP Site 609) and ODP Site 610 (53°N) are 

situated in the path of NAC, showing Mg/Ca- and alkenone-based SSTs up to 10°C 

higher than present with a cooling of 3–4°C occurring during MIS M2 (Figure 1.9; 

Table 1.3) (De Schepper et al., 2013, 2009a). 

A high-resolution alkenone-based SST record in the northeastern North Atlantic (ODP 

Site 982, 58°N) shows that surface water masses were up to ~6°C higher than present 

with high-amplitude variations (up to 8°C) on obliquity cycles (Figure 1.9; Table 1.3) 

(Lawrence et al., 2009). The high SSTs are presumably the result of increased 

atmospheric and oceanic heat transport towards higher latitudes caused by changes in 

regional atmospheric pressure gradients due to a reduced ice cover in the Northern 

Hemisphere. Such changes may have been induced by orbitally-driven changes in solar 

insolation (Lawrence et al., 2009 and references therein). The high variability of SST 

changes, similar to those of the late Pleistocene, contrasts benthic and planktonic δ
18

O 

records that suggest relatively stable warm conditions. Lawrence et al. (2009) suggest 

that the signal observed at ODP Site 982 is either indicative of strong (sea) ice albedo 

feedbacks at the high northern latitudes or, more likely, represents a feature unique to 

this site with its position under the NAC. Changes in the strength and position of the 

NAC on orbital timescales would create the observed high-amplitude variations in  
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SSTs. SSTs decrease by 4.5°C between 3.5 and 2.5 Ma, supporting the notion that the 

onset of NHG was gradual and possibly reflecting the growth of a modern-like 

Greenland ice sheet. During the Piacenzian, SST changes led the benthic δ
18

O signal, 

indicating a larger contribution of ice volume as opposed to temperature to the δ
18

O 

signal (Lawrence et al., 2009). Sea surface temperatures for the mPWP were derived 

from multiple proxies at four sites in the mid-latitudes of the North Atlantic to evaluate 

potential biases with regard to the recorded environmental signal (e.g. spring/summer or 

 

Figure 1.9: Location of Pliocene sea surface temperature records discussed in the 

text and modern-day ocean surface circulation in the North Atlantic and Nordic 

Seas. Colour coding is indicative of the relative temperature of the surface water 

masses: red = very warm; dark orange = warm; light orange = moderately warm; 

blue = cold. 
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annual SSTs, temperatures at certain depths) and proxy calibrations (Robinson et al., 

2008). The four DSDP sites used in the study are Site 606 (37°N) at the northern margin 

of the subtropical gyre, Site 607 (41°N) at the transition between the subtropical gyre 

and the NAC, Site 609 (50°N) and Site 552 (56°N) ~1500 km off the United Kingdom 

in the path of the NAC (Figure 1.9; Table 1.3). The SST estimates are based on 

foraminiferal assemblages, foraminiferal Mg/Ca and alkenones and show an increase in 

the magnitude of warming with increasing latitude. At the lower latitude sites 606 and 

607, the average mean annual SSTs reflected by alkenones are ~1.5°C higher than 

present. At the higher latitude sites 609 and 552 the warming of mean annual SSTs 

amounts to 3.4 and 5.3°C relative to modern values, respectively, across the studied 

interval (Robinson et al., 2008). 

In the Norwegian Sea (ODP Hole 642B, 67°N), a recently published alkenone-based 

SST reconstruction for the mPWP shows summer SSTs 2–3°C higher than the Holocene 

average (Figure 1.9; Table 1.3) (Bachem et al., 2016). The study identified radiative 

forcing due to higher atmospheric CO2 concentrations as the most likely cause for the 

higher SSTs in the Norwegian Sea. Bachem et al. (2016) suggest that the northward 

heat transport via the NAC was not enhanced during the mid-Piacenzian because of the 

presence of a Holocene-like subpolar gyre, restricting the inflow of warm Atlantic 

waters into the Norwegian Sea. The authors exclude a weaker ice-albedo feedback and 

altered palaeogeographic boundary conditions as a cause for the higher-than-present 

SSTs as the mPWP warming in the Norwegian Sea is close to the global average. 

Spectral analysis shows that the SST variability can partly be attributed to obliquity and 

precession forcing (Bachem et al., 2016). 

Other proxy-based SST reconstructions from the Nordic Seas region show a pronounced 

warming during the mPWP with average values up to ~13°C higher than present 

(Dowsett et al., 2013a). Summer SSTs based on alkenones and Mg/Ca ratios in 

foraminifera shells were estimated in samples from ODP Hole 907A (69°N) in the 

Iceland Sea, Hole 909C (78°N) in the Fram Strait and 911A (80°N) northwest of 

Svalbard in the Arctic Ocean (Figure 1.9). The samples from Site 907 and 909 have an 

age of 3.0–3.3 Ma and the estimated SSTs from all sites are considered to represent 

warm peak average and not mean conditions. The average SST estimates for the mPWP 

were ~12°C at Site 907, ~13°C at Site 909 and ~18°C at Site 911 (Table 1.3) (Robinson, 

2009). The age model of the northernmost site has since been updated, assigning the 

samples from Site 911 analysed by Robinson (2009) an age of 3.6 Ma 
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Table 1.3: Compilation of Pliocene sea surface temperature (SST) records in the North Atlantic. Orange, bold SST estimates represent spring to 

summer temperatures while the others are indicative of annual SSTs. For location see Figure 1.9. 

Site Location Age (Ma) proxy SST (anomaly) References 

ODP Site 999 13°N, 79°W 5.3–2.6 Mg/Ca ratio 16–27±0.5°C 
Steph et al. (2010); 

De Schepper et al. (2013) 

DSDP Site 603 36°N, 70°W 3.33–3.19 Mg/Ca ratio 15–23±1.5°C (-5.5–+2.5°C) De Schepper et al. (2013) 

DSDP Site 606 37°N, 36°W 3.29–2.97 

Foraminifera, 

Mg/Ca ratio, 

alkenones 

Faunal: 18.5°C (February) & 25.6°C 

(August), 

Mg/Ca: 25.2°C, 

Alkenones: 22.0±0.2°C; (+1.1–4.7°C) 

Robinson et al. (2008) 

Southern Italy 

(Mediterranean Sea) 

37–19°N, 

14–17°W 
3.5–2.6 alkenones 24–28°C (+5–6°C) Herbert et al. (2015) 

IODP Site 

U1313/DSDP Site 607 
41°N, 33°W 

3.29–2.97 

and 3.65–2.6 

Foraminifera, 

Mg/Ca ratio, 

alkenones 

Faunal: 14.8°C (Februrary) & 21.9°C 

(August), Mg/Ca: 18.0–23.4°C, alkenones: 

20.2°C, (-1.0–4.6°C) and 17–24°C (-1.3–

7.7°C) 

Robinson et al. (2008); 

Naafs et al. (2010) 

IODP Site 

U1308/DSDP Site 609 
50°N, 24°W 

3.29–2.97 

and 3.34–

3.26 

Foraminifera, 

Mg/Ca ratio, 

alkenones 

Faunal: 18.2°C (Februrary) & 26.4°C 

(August), Mg/Ca: 14.2°C and 13–

19±1.5°C, alkenones: 17.5°C, (-3.4–9.8°C) 

and 15–21±1.5°C (+2–8°C) 

Robinson et al. (2008); 

De Schepper et al. (2013, 

2009a) 
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DSDP Site 610 53°N, 19°W 3.33–3.23 
Mg/Ca ratio, 

alkenones 
12–17±1.5°C, 14–22±1.5°C (+ <10°C) 

De Schepper et al. (2013, 

2009a) 

DSDP Site 552 56°N, 23°W 3.29–2.97 

Foraminifera, 

Mg/Ca ratio, 

alkenones 

Faunal: 11.7°C (Februrary) & 20.4°C 

(August), Mg/Ca: 11.6–14.7°C, alkenones: 

16.9°C, (+2.6–7.1°C) 

Robinson et al. (2008) 

ODP Site 982 58°N, 16°W 4.0–2.7 Alkenones 13–20±.2°C (+ <7°C) Lawrence et al. (2009) 

ODP Site 642 67°N, 3°E 3.26–3.14 Alkenones 11.5–15.6±1°C (+ <4°C) Bachem et al. (2016) 

ODP Site 907 69°N, 13°W 
5.33–3.55 

and 3.3–3.0 

Alkenones and 

Mg/Ca 

Alkenones: 4.8–12.2±1.5°C +3–10.4°C and 

8±1°C (+~5), Mg/Ca: 10.7–12.3±0.9°C (+ 

3–5°C) 

De Schepper et al. (2015); 

Robinson (2009); Schreck 

et al. (2013) 

ODP Site 909 79°N, 3°W 3.3–3.0 
Alkenones and 

Mg/Ca 

10.5–16.9±2°C (+11–18°C) and 12.7±2°C 

(+13°C) 
Robinson (2009) 

ODP Site 910 80°N, 7°W 5.33–2.6 GDGT* 4.4–10.1°C (+3–9°C) Knies et al. (2014a) 

ODP Site 911 80°N, 8°W 3.6 Alkenones 16.1–19.2±1.4°C (+17–20°C) Robinson (2009) 

*GDGT = Glycerol Dialkyl Glycerol Tetraether
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(Mattingsdal et al., 2013). The high SST estimates at Site 907 and 909, equating to 

summer temperatures ~8–12°C higher than present, preclude the existence of perennial 

sea ice during the mPWP (Table 1.3) (Robinson, 2009). The latter is supported by 

biomarker measurements of IP25 (‘Ice Proxy with 25 carbon atoms’ which is 

biosynthesised by certain sea ice diatoms) at ODP Hole 910C (80°N) on the Yermak 

Plateau, northwest of Svalbard, showing low IP25 concentrations (Figure 1.9). Estimates 

of SSTs at the site using glycerol dialkyl glycerol tetraethers (GDGTs) and hydroxyl 

GDGTs reveal values of ~4–6°C, which cover the upper range of modern summer SSTs 

on the southern Yermak Plateau (Table 1.3) (Knies et al., 2014a). At ODP Hole 907A, 

summer SSTs based on alkenones for the mPWP show values of ~8°C, which are ~3°C 

warmer than present (Table 1.3) (Schreck et al., 2013). 

1.3.5 Pliocene dinoflagellate cyst and acritarch records 

1.3.5.1 Zanclean 

Dinocyst assemblage changes from the shallow marine, fossiliferous Tjörnes Beds in 

northern Iceland (66°N) reveal two major palaeoceanographic events in the northern 

Atlantic (Figure 1.10; Table 1.4) (Verhoeven and Louwye, 2013). The first, around 

4.8 Ma, is marked by a change in the dominance of heterotrophic (e.g. Barssidinium 

pliocenicum, Trinovantedinium spp. and Selenopemphix dionaeacysta) to autotrophic 

(e.g. Protoceratium reticulatum, Habibacysta tectata, Impagidinium sp. and Spiniferites 

spp.) dinocysts, indicating a decrease in nutrients, probably as a result of the movement 

of the Polar Front away from the area.  The second event at c. 4.5 Ma is marked by re-

entrance of heterotrophic dinocysts and can be ascribed to the reversal in Pacific water 

flow through the Bering Strait as a consequence of the shoaling of the CAS between 4.7 

and 4.2 Ma (Haug et al., 2001; Verhoeven and Louwye, 2013). This event was first 

documented by the invasion of Pacific molluscs to the Nordic Seas (Verhoeven et al., 

2011 and references therein), and has now also been detected in dinocysts record. 

Heterotrophic species (e.g. Barssidinium pliocenicum, Echinidinium euaxum, 

Brigantedinium spp. and Trinovantedinium glorianum) show an abrupt return and the 

abundance of cold-water species (e.g. Filisphaera filifera) increases, indicating the 

influx of cold, nutrient-rich waters to the site.  A sudden appearance of acritarchs 

(Cyclopsiella? trematophora, Cymatiosphaera? invaginata and Halodinium scopaeum) 

is probably related to several environmental factors such as low water depth, high 

energy and nutrient levels. The high abundance of heterotrophic dinocysts pre-dates the  
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invasion of Pacific molluscs, suggesting that Pacific water was already present in the 

area before the first molluscs arrived (Verhoeven and Louwye, 2013). 

Northeast of Iceland, a marked species turnover is recorded between 4.5 and 4.3 Ma in 

marine palynomorph assemblage changes in the sediments of ODP Hole 907A (69°N) 

(Figure 1.10; Table 1.4) (Schreck et al., 2013). 

 

Figure 1.10: Location of Pliocene dinoflagellate cyst records discussed in the text 

and modern-day ocean surface circulation in the North Atlantic and Nordic Seas. 

Colour coding is indicative of the relative temperature of the surface water masses: 

red = very warm; dark orange = warm; light orange = moderately warm; blue = 

cold. 
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The turnover is reflected in the disappearance of the majority of species and followed by 

an abrupt decline in palynomorph accumulation at 4.2 Ma. Nematosphaeropsis 

labyrinthus disappears abruptly at 4.2 Ma. The disappearance of species is probably 

related to the establishment of the modern-like EGC which was initiated by the 

northward flow of Pacific waters through the Bering Strait into the Arctic Ocean as a 

result of the shallowing CAS (Verhoeven et al., 2011). The subsequent decline in 

palynomorph accumulation presumably reflects a combination of palaeoceanographic 

changes, including decreased palynomorph productivity, enhanced bottom-water 

oxygenation due to enhanced deep-water formation and the presence of sea ice (Schreck 

et al., 2013).  

The development of a modern Nordic Seas circulation between 4.5–4.2 Ma is evident in 

dinocyst and acritarch assemblage changes at ODP Hole 642B (67°N) in the Norwegian 

Sea and ODP Hole 907A (69°N) in the Iceland Sea (Figure 1.10; Table 1.4) (De 

Schepper et al., 2015). Between 5.0 and 4.5 Ma, dinocysts at ODP Hole 642B are 

characteristic of a nutrient-rich outer shelf environment (e.g. Batiacashpaera 

micropapillata complex, Spiniferites/Achomosphaera spp., Protoperidinioids and 

Nematospaeropsis labyrinthus) that was under the influence of warm temperate waters. 

This is indicated by species such as Operculodinium israelianum, O.? eirikianum, O. 

tegillatum and Melitasphaeridium choanophorum. Cymatiosphaera? invaginata and 

occasionally Lavradosphaera crista and Cyst type I by de Vernal and Mudie (1989a) 

are the most abundant acritarchs. After 4.5–4.2 Ma, cooler but still warmer-than-present 

waters prevail above the site which is evident in the change in the predominance of taxa, 

with cysts of Protoceratium reticulatum, Spiniferites/Achomosphaera spp., N. 

labyrinthus and Filisphaera filifera being most abundant. Despite being a cosmopolitan 

species, cysts of P. reticulatum show notably high abundances in cold/temperate, 

nutrient-rich North Atlantic waters such as those associated with the NAC or NwAC 

(De Schepper et al., 2015; Marret and Zonneveld, 2003). Thus, the increase in the 

relative abundance of P. reticulatum at Site 642 after 4.5 Ma is interpreted as the first 

development of a modern-like NwAC (De Schepper et al., 2015). In the Iceland Sea, 

temperate sea water conditions are also recorded between 5.0 and 4.5 Ma with dinocyst 

assemblages similar to those at ODP Site 642. After 4.5 Ma, cool-water species 

dominate the assemblage and a marked decline in the relative abundance of warm-water 

species and dinocyst concentrations leads to the absence of dinocysts after 4.14 Ma, 

indicating the presence of cold water masses and unfavourable conditions for dinocysts 
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Table 1.4: Compilation of Pliocene dinoflagellate cyst records in the North Atlantic region. For locations see Figure 1.10. 

Site Location Age (Ma) 
Water mass conditions and 

timing of major changes 
References 

ODP Site 999 13°N, 79°W 3.36–3.25 
Before and after MIS M2: nutrient-rich waters 

During MIS M2: oligotrophic waters 
De Schepper et al. (2013) 

DSDP Site 603 36°N, 70°W 3.34–3.19 Warm temperate De Schepper et al. (2013) 

IODP Site U1313/DSDP 

Site 607 
41°N, 33°W 3.40–3.22 Warm, oligotrophic waters De Schepper et al. (2013) 

IODP Site U1308/DSDP 

Site 609 
50°N, 24°W 3.34–3.18 

Before and after MIS M2: warm waters 

During MIS M2: oligotrophic waters 
De Schepper et al. (2013, 2009a) 

Tunnel-Canal Dock 51°N, 4°E 5.0–2.6 Cool/mild to warm temperate De Schepper et al. (2009b); 

Red Crag 52°N, 1°E 2.6–3.0 Mild to warm temperate Head (1998) 

DSDP Site 610 53°N, 19°W 3.33–3.24 
Before and after MIS M2: warm waters 

During MIS M2: subpolar waters 
De Schepper et al. (2013, 2009a) 

ODP Site 646 58°N, 48°W 5.3–2.6 Cool temperate to subarctic de Vernal and Mudie (1989b) 

Tjörnes Beds 66°N, 17°W 5.3–4.0 
<4.8 Ma: decrease in nutrients; 

<4.5 Ma: nutrient-rich, cold waters 
Verhoeven and Louwye (2013) 

ODP Site 642 67°N, 3°E 5.33–3.13 
>4.5–4.2 Ma: nutrient-rich, warm temperate waters 

<4.5–4.2 Ma: temperate waters 

This study; 

De Schepper et al. (2015) 
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ODP Site 907 69°N, 13°W 5.33–4.25 
4.5–4.2 Ma: distinct species turnover and 

disappearance of the majority of species 

De Schepper et al. (2015); 

Schreck et al. (2013) 

ODP Site 645 70°N, 65°E 

Piacenzian 

(early 

Pleistocene) 

Subarctic de Vernal and Mudie (1989b) 

Île-de-France Island 78°N, 18°W 3.6–2.6 
Polar to subpolar possibly 

with seasonal sea ice cover 
Bennike et al. (2002) 
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(De Schepper et al., 2015; Schreck et al., 2013). This transition has been associated with 

the establishment of a proto-EGC and is in accordance with dinocyst assemblages 

changes observed in the Tjörnes Beds, northern Iceland at 4.5 Ma (De Schepper et al., 

2015; Verhoeven and Louwye, 2013). Therefore, the development of the modern Nordic 

Seas circulation seems to be linked to the onset of northward flow of Pacific waters 

through the Bering Strait which may in turn be related to the shoaling of the CAS (De 

Schepper et al., 2015). 

1.3.5.2 Piacenzian 

The role of ocean circulation in causing the glaciation during MIS M2 has been 

determined from dinocyst assemblages changes and SSTs estimates at five sites in the 

North Atlantic, covering the time interval between 3.40 and 3.18 Ma (De Schepper et 

al., 2013, 2009a). The sites are located along the trajectory of the NAC and include 

ODP Site 999 (13°N) in the Caribbean Sea, DSDP Site 603 (36°N) in the western North 

Atlantic, IODP Sites U1313 (41°N) and U1308 (50°N) and DSDP Site 610 (53°N) in 

the eastern North Atlantic (Figure 1.10; Table 1.4). Before and after MIS M2, the 

inflow of nutrient-rich Pacific waters into the Caribbean Sea is evident from the high 

abundances of Round Brown Cysts (RBCs) and high dinocyst concentrations at Site 

999. During MIS M2, heterotrophic dinocyst species are absent and dinocyst 

concentrations are low, indicating that oligotrophic conditions prevailed (De Schepper 

et al., 2013). At Site 603 no major dinocysts assemblages changes are recorded between 

3.34 and 3.19 Ma, indicating a continuous flow of the Gulf Stream. Protoceratium 

reticulatum and the warm water taxa Impagidinium acuelatum, I. paradoxum, I. 

patulum, I. solidum and Polysphaeridium zoharyi are the predominant species (De 

Schepper et al., 2013). During the Piacenzian, warm and oligotrophic surface waters 

persisted at Site U1313 as shown by the presence of I. acuelatum, I. paradoxum, I. 

patulum and Invertocysta spp. Dinocyst assemblages at the site remain unchanged over 

MIS M2 but SST derived from alkenones show a slight cooling whereas those based on 

Mg/Ca ratios of Globigerina bulloides are indicative of warmer mixed layer 

temperatures. Together, these changes are interpreted as evidence for a southward shift 

of the NAC (De Schepper et al., 2013). At sites U1308 and 610, the dinocyst 

assemblages are characterised by high abundances of P. reticulatum and the persistent 

presence of Spiniferites mirabilis during warm intervals of the Piacenzian. Other 

common species include Invertocysta spp., Impagidinium spp. (excl. I. pallidum) and 

Nematosphaeropsis labyrinthus at Site U1308 and Spiniferites/Achomosphaera spp. and 
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N. labyrinthus at Site 610. Just before and during glacial MIS M2 the relative 

abundance of P. reticulatum drops below 10% at both sites, reflecting a southward shift, 

or slowdown of the NAC. At U1308, P. reticulatum is replaced by N. labyrinthus, I. 

aculeatum and  I. paxadoxum, suggesting the persistence of high summer temperatures 

but a change to more oligotrophic conditions. Such a change may have been caused by a 

southward deflection of the NAC (De Schepper et al., 2013, 2009a). This is confirmed 

by a cooling of annual alkenone-based SSTs of 3–4°C (De Schepper et al., 2013). At 

Site 610, the dinocysts assemblages during MIS M2 mainly consist of Bitectatodinium 

tepikiense, Filisphaera filifera, I. pallidum, N. labyrinthus and cysts of 

Pentapharsodinium dalei. With the exception of N. labyrinthus, all taxa are cool-

tolerant, neritic species. Nevertheless, warm-water taxa (e.g. Melitasphaeridium 

choanophorum and Tectatodinium pellitum) are still present. These changes in dinocysts 

assemblages coincide with a decline in alkenone-based SSTs of 3–4°C (De Schepper et 

al., 2013, 2009a). The authors suggest that the cooling at the northern sites together with 

only slight, to no, changes at the low-latitude sites is indicative of a reduced northward 

heat transport, resulting in the establishment of a steep latitudinal gradient during MIS 

M2. De Schepper et al. (2013) propose that the Pacific-to-Atlantic through-flow via an 

open CAS exceeded a threshold prior to MIS M2, which led to a reduction in the 

AMOC and a weakened NAC. This resulted in a southward deflection of the NAC and 

allowed the expansion of modern-like ice sheets on Greenland, Svalbard/Barents Sea 

and North America. The cooling is suggested to have caused a sea-level lowering which 

in turn resulted in a closure of the CAS. A closed CAS enabled the establishment of the 

Caribbean warm-water pool, which eventually re-invigorated the Gulf Stream and NAC. 

Northward heat transport led to the retreat of ice sheets and SST ~3°C higher-than-

present at the eastern North Atlantic sites during the mPWP (De Schepper et al., 2013). 

Shallow marine sediments (Tunnel-Canal Dock section) exposed in the Antwerp 

harbour area in northern Belgium (51°N) were deposited at the southern margin of the 

North Sea Basin during the Pliocene (Figure 1.10; Table 1.4) (De Schepper et al., 

2009b, 2004; Louwye et al., 2004). The Lillo Formation has been assigned to the late 

Zanclean and Piacenzian and can be divided into four members. The lowest is the 

Luchtbal Sands Member whose depositional age has been estimated to 3.71–3.21 Ma. 

The overlying members (Oorderen, Kruisschans and Merksem Sands) are suggested to 

be a single depositional sequence and have an age of 3.71–2.6 Ma (De Schepper et al., 

2009b; Louwye et al., 2004). The Luchtbal Sands Member is dominated by 
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Achomosphaera/Spiniferites spp. indet and cysts of Protoceratium reticulatum. The 

presence of cold-tolerant (Filisphaera filifera) and open-ocean (Impagidinium spp.) 

species is indicative of the influence of cool waters from the northern North Sea Basin. 

The rare occurrence of protoperidinioids in this unit can probably be ascribed to syn- or 

post-depositional oxidation and/or mechanical degradation in a high-energy 

depositional environment (De Schepper et al., 2009b). The Oorderen and Kruisschans 

sands members were deposited nearer to the shore under warm temperate neritic 

conditions. Increasing abundances of Operculodinium israelianum reflect a shallowing 

water depth. Represented thermophilic species include Achomosphaera andalousiensis, 

Barssidinium pliocenicum, Lingulodinium machaerophorum and Tectatodinium 

pellitum (De Schepper et al., 2009b; Louwye et al., 2004). The Merksem Sands Member 

represents the last unit of the transgressional succession, deposited very close to the 

shore under warm- or mild-temperate conditions before the onset of NHG. Several 

thermophilic species (e.g. B. pliocenicum, L. machaerophorum, O. israelianum and T. 

pellitum), including the acritarch Nannobarbophora walldalei are indicative of warm 

surface water conditions during deposition (De Schepper et al., 2009b). 

The dinocyst assemblages of the Red Crag Formation (52°N) in southeastern England 

are indicative of a restricted marine environment and the inflow of more saline North 

Atlantic water masses into the southern North Sea Basin during the Piacenzian Figure 

1.10; Table 1.4) (Head, 1998). A sample 2 m above the base of the Walton Crag 

deposits (3.2– >2.6 Ma), which is the uppermost unit of the Red Crag Formation, is 

characterised by high abundances of Bitectatodinium tepikiense, B. raedwaldii, 

Lingulodinium machaerophorum, O. israelianum, cysts of Protoceratium reticulatum 

and Spiniferites/Achomosphaera spp. High proportions of B. tepikiense and L. 

machaerophorum suggest mild to warm temperate surface waters with slightly higher 

temperatures than today. Other thermophilic taxa include Barssidinium pliocenicum, 

Bitectatodinium raedwaldii, Operculodinium? eirikianium and the acritarch 

Nannobarbophora walldalei. L. macherophorum and O. israelianum are presently both 

associated with estuarine environments and the former also with elevated nutrient 

levels. Notable is the absence of the cold-tolerant species Filisphaera filifera and 

Habibacysta tectata (Head, 1998). 

The dinocyst assemblages at ODP Site 646 (58°N), southwest Greenland, reveal boreal 

cool temperate to subarctic surface water conditions with an influence of warmer North 

Atlantic water from the south during the Piacenzian (Figure 1.10; Table 1.4) (de Vernal 
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and Mudie, 1989a). The predominance of Brigantedinium simplex, Filisphaera filifera, 

Nematosphaeropsis labyrinthea and cysts of Protoceratium reticulatum is indicative of 

subarctic surface waters. Batiacasphaera minuta (as Batiacasphaera sphaerica), 

Corrudinium devernaliae (as Corrudinium sp. I), Operculodinium? eirikianum (as 

Operculodinium longispinigerum) and Operculodinium tegillatum (as Operculodinium 

crassum) have their last common occurrences around the Zanclean/Piacenzian 

boundary. Cymatiosphaera? invaginata (as Cymatiosphaera sp. I) and Lavradosphaera 

crista (as Incertae sedis I) are the predominate acritarchs during the Piacenzian (De 

Schepper and Head, 2009; de Vernal and Mudie, 1989a). An almost continuous inflow 

of the NAC into the eastern Labrador Sea is inferred from the presence of warm 

temperate to subtropical taxa such as Impagidinium aculeatum, I. patulum and 

Spiniferites mirabilis. High dinocyst and acritarch concentrations suggest high primary 

productivity. The presence of the acritarch Cymatiosphaera, protoperidinioid cysts 

(Brigantedinium spp., Lejeunecysta spp. and Selenopemphix spp.) and tasmanites (green 

algae) may reflect influxes from neritic environments (de Vernal and Mudie, 1989a). 

At ODP Hole 907A (69°N) in the Iceland Sea, depleted palynomorph assemblages 

prevail throughout most of the Piacenzian (Figure 1.10; Table 1.4). Almost mono-

specific assemblages predominated by Spiniferites spp. occur at 3.6 Ma, 3.4 Ma and 

3.3 Ma while all other samples taken until 2.5 Ma are barren (<10 cyst/sample). 

Decreased productivity, sea ice cover and enhanced overturning are possible 

explanation for the depleted assemblages, indicating that similar to modern sea surface 

conditions had been established well before the first major expansion of the Greenland 

ice sheet at 3.3 Ma (Schreck et al., 2013). 

At ODP Site 645 (70°N), Baffin Bay oceanographic conditions have been described for 

the late Pliocene/early Pleistocene with most of the record probably dating to the early 

Pleistocene (see Section 1.3.3.2; Figure 1.10; Table 1.4). The oldest dinocyst 

assemblages of this record are characterised by Batiacashpaera minuta (as 

Batiacasphaera sphaerica), Brigantedinium spp., Filisphaera filifera, Operculodinium 

cf. tegillatum (as Operculodinium cf. crassum) and Habibacysta tectata (as 

Tectatodinium sp. I) (de Vernal and Mudie, 1989b; Head, 1994). These assemblages are 

indicative of subarctic surface water conditions and support an early Pleistocene age. 

The acritarch Cymatiosphaera? invaginata (as Cymatiosphaera sp. I)  is very abundant 

at Site 645 (de Vernal and Mudie, 1989b). 
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Polar to subpolar conditions with the possibility of seasonal sea ice prevailed in the 

coastal waters offshore Île-de-France (77.5°N), Northeast Greenland, as inferred from 

molluscs, dinocyst and diatom assemblages (Figure 1.10; Table 1.4) (Bennike et al., 

2002). At present the island is surrounded by perennial pack ice except for a polynya 

bordering its south side. Thermophilic molluscs that are found in the Piacenzian 

deposits are also indicative of warmer-than-present sea water conditions (Bennike et al., 

2002). The authors suggest that an intensified NAC brought warmer waters further 

north. The dinocyst assemblages are dominated by the extinct species Filisphaera 

filifera and cosmopolitan species Brigantedinium spp, complicating the environmental 

interpretation. Nevertheless, F. filifera is predominant at Pliocene and lower Pleistocene 

high latitude sites in the North Atlantic, suggesting that it is a cold-tolerant species. 

Assemblages that are dominated by Brigantedinium spp., with a low number of other 

protoperidinioid cysts are also mainly associated with polar and subpolar environments.  

1.3.6 Glaciations within the Pliocene 

1.3.6.1 Zanclean 

Isolated glaciations are recorded in the Nordic Seas area during the Zanclean (De 

Schepper et al., 2014 and references therein). At c. 5.0–4.7 Ma glaciation events are 

observed on Iceland, and IRD pulses from Greenland and Scandinavia are detected in 

the Irminger Basin and Iceland Sea, and Norwegian Sea, respectively. The glacial event 

coincides with MIS Si6 and/or Si4, but its causes are unclear (De Schepper et al., 2014). 

Substantial oceanographic and topographic changes possibly promoted the initiation of 

glaciations (De Schepper et al., 2015; Knies et al., 2014a). 

The closure of the CAS, in conjunction with tectonic changes in the circum-Arctic 

region is proposed to have led to the emergence of seasonal sea ice from c. 4 Ma 

onwards as shown by an increase in the biomarker IP25 in ODP Hole 910C on the 

Yermak Plateau, NW Spitzbergen (Knies et al., 2014a, 2014b). The opening and closure 

of oceanic gateways such as the Bering Strait, Fram Strait and CAS in the late 

Miocene/early Pliocene and circum-Arctic uplift is proposed to have triggered the 

expansion of Arctic sea ice (Knies et al., 2014a, 2014b). The inflow of cool, fresh 

Pacific water through the Bering Strait and enhanced freshwater discharge into the 

Arctic Ocean via Siberian rivers as a consequence of a shoaling CAS might have further 

facilitated sea ice growth (Knies et al., 2014a). 
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The expansion of Arctic sea ice at c. 4 Ma coincides with another glacial expansion in 

the Northern Hemisphere. Glacial deposits on Greenland, Iceland and British Columbia 

indicate the existence of mountain glaciers while increased IRD deposits in the Iceland 

and Norwegian Sea suggests an expansion of Scandinavian glaciers. This glacial event 

can likely be attributed to circum-Arctic uplift (De Schepper et al., 2014; Knies et al., 

2014a, 2014b). 

1.3.6.2 Piacenzian 

The Zanclean/Piacenzian transition is marked by the gradual onset of Northern 

Hemisphere glaciations, starting at 3.6 Ma (De Schepper et al., 2014; Mudelsee and 

Raymo, 2005; Ravelo et al., 2004). Glacial growth in the North Atlantic and Nordic 

Seas area is either directly documented from terrestrial deposits or indirectly from 

marine records (De Schepper et al., 2014). The analysis of 45 globally distributed δ
18

O 

records from benthic and planktonic foraminifera shows a gradual increase of 0.4‰ 

over the time interval from 3.6 to 2.4 Ma, equating to a sea level fall of 43±5 m 

(Mudelsee and Raymo, 2005). IRD pulses on the Yermak Plateau indicate that glaciers 

episodically expanded on the sub-aerially exposed Barents Sea between c. 3.5 and 

2.4 Ma (Knies et al., 2009). At 3.5 Ma (3.4–3.6 Ma) a major glacial advance is also 

recorded in the James Bay Lowland, Canada (Gao et al., 2012).     

According to marine records, a pronounced glacial event occurred at c. 3.3 Ma (MIS 

M2) (De Schepper et al., 2014, 2013; Lisiecki and Raymo, 2005; Mudelsee and Raymo, 

2005). The event is evident in 11 of the 25 globally distributed high-resolution benthic 

δ
18

O records analysed by Mudelsee and Raymo (2005). In the Northern Hemisphere it 

has been recorded by increases in IRD at ODP Site 907 off East Greenland, suggesting 

an expansion of the Greenland ice sheet (Kleiven et al., 2002). From 3.5 Ma onwards 

small IRD peaks have also been documented at ODP Site 644/642 in the Norwegian 

Sea, which have been interpreted to indicate the presence of Scandinavian glaciers large 

enough to reach the coast and calve icebergs (Kleiven et al., 2002). Bachem et al. 

(2016) present new IRD data from Hole 642B for the mPWP. As the IRD peaks are 

only small and alkenone-derived SSTs were higher than present, they suggest that 

Scandinavia is unlikely to be the source area. Instead, icebergs might have come from 

sea-terminating ice masses on East Greenland. This is supported by the IRD record 

from ODP Site 907 which shows larger, contemporaneous IRD peaks compared to those 

at Site 642 (Bachem et al., 2016; Kleiven et al., 2002). Terrestrial evidence for the 

extent of glaciation during MIS M2 is sparse but existing records document relatively 



 

46 

 

cool climatic conditions (Andreev et al., 2014; Demske et al., 2013; Popescu et al., 

2010). 

Glacial MIS M2 has been linked to a weakening of the NAC as a consequence of an 

opening of the CAS between 3.4–3.3 Ma (De Schepper et al., 2013, 2009a). The large 

through-flow from the Pacific to the Atlantic weakened the NAC and hence the 

northward heat transport. This resulted in cooling of the North Atlantic and permitted 

continental ice sheet growth. The closing of the CAS, caused by the sea level fall during 

full glaciation, led to the establishment of the Caribbean Warm Pool. The warming of 

Caribbean surface water resulted in a re-establishment of the NAC and northward heat 

transport, which led to deglaciation and the warm climate of the mPWP (De Schepper et 

al., 2013). 

1.4 Summary 

Pliocene vegetation and SSTs records in the North Atlantic region are characterised by 

an amplified warming relative to present at higher latitudes (Bennike et al., 2002; 

Rybczynski et al., 2013; Willard, 1994). In the Nordic Seas region, the low resolution 

and/or dating uncertainties of terrestrial records have, however, limited our 

understanding of the variability of climatic changes on multi-millennial to glacial-

interglacial timescales. As the polar regions are particularly sensitive to environmental 

changes due to positive feedback mechanisms (Miller et al., 2010), further well-dated, 

high-resolution terrestrial and marine records are required to better understand the 

spatial extent of Pliocene climate changes. Only limited data on Pliocene vegetation 

changes is available for the Norwegian Sea regions (Willard, 1994), which represents an 

important region for the exchange of heat between the North Atlantic and Arctic Ocean 

via the NwAC (Bachem et al., 2016; De Schepper et al., 2015; Risebrobakken et al., 

2016). Up to today, the role of changes in the strength of the AMOC and thus the 

NAC/NwAC in contributing to the enhanced warming in the Nordic Seas region in 

comparison to mid- and low-latitude region during the Pliocene is still being debated 

(Dowsett et al., 2009; Raymo et al., 1996; Risebrobakken et al., 2016; Sarnthein et al., 

2009; Zhang et al., 2013a). With ODP Site 642 being located in the path of the NwAC, 

the site is ideally situated to record changes in the northward heat transport during the 

Pliocene. Here, a new high-resolution record of Pliocene vegetation changes in northern 

Norway is presented together with a new dinocyst record, documenting changes in the 

NwAC during the mPWP. These records provide new data on the magnitude of 

warming and climate variability in the Norwegian Sea region during the Pliocene and 
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allow for a direct comparison of terrestrial and marine changes to identify atmospheric 

and/or oceanographic forcing mechanisms. 
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Chapter 2: Site Location, Materials and Methods 

2.1 Geographical setting 

ODP Hole 642B was drilled during ODP Leg 104 in 1985. The site is located on the 

Outer Vøring Plateau in the Norwegian Sea about 400–450 km west of Norway 

(67°13.2’N, 2°55.8’E, 1286 m water depth; Shipboard Scientific Party (1987); Figure 

2.1). A branch of the NwAC flows northward on either side of the plateau. The eastern 

branch follows the continental slope of Norway and the western branch flows around 

the Vøring Plateau. Atlantic Water is spread between both branches and lies above the 

site (Nilsen and Nilsen, 2007). The branches of the NwAC are an extension of the NAC 

which in turn is a continuation of the Gulf Stream (Orvik and Niiler, 2002). The eastern 

branch of the NwAC enters the Nordic Seas across the Iceland-Faroe Ridge while the 

western branch flows through the Faroe-Shetland Channel (Hansen and Østerhus, 

2000). 

2.2 Samples, preparation and analysis 

The Pliocene section of ODP Hole 642B consists of nannofossil ooze, with minor 

diatom-nannofossil ooze and mud units. The sediment is moderately to heavily 

 

Figure 2.1: Location of ODP Site 642 in the Norwegian Sea. Meteorological stations used 

for present-day climate data are located in Bodø and Mo i Rana in Nordland, northern 

Norway. Colour coding indicates the relative temperature of currents: dark orange = warm; 

light orange = moderately warm; blue = cold. 
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bioturbated. From the Miocene to the Pleistocene, the deposition shifts from 

predominately siliceous to calcareous sediments (Shipboard Scientific Party, 1987). 

Samples were taken from core sections 9H1 to 10H6 between 83.55 and 66.95 metres 

below sea floor (mbsf) in 1 to 100 cm steps, depending on sample availability and 

required resolution (see also Risebrobakken et al., 2016). 

All samples were pre-sieved in Bergen, Norway, through a 63 µm mesh to retain 

foraminifera for oxygen isotope analysis (Risebrobakken et al., 2016). A potential bias 

in the pollen data due to the loss of larger Pinaceae grains caused by pre-sieving has 

been excluded by comparison of sieved and unsieved samples. Samples were prepared 

for palynological analysis at the Palynological Laboratory Services Ltd, North Wales, 

and Northumbria University, Newcastle, using standard palynological techniques 

(Faegri and Iversen, 1989). In order to calculate pollen concentrations one (two) 

Lycopodium clavatum spore tablet(s) was (were) added to each sample (Stockmarr, 

1971). The following batches of Lycopodium tablets were used: No. 483216, 3862 and 

12496. As the sediment was processed in beakers, it was left to settle for 6–8 hours 

according to Stokes’ law in between washes. The entire procedure from the unprocessed 

sample to the pollen slide took between 1.5 to 2 weeks. First, the <0.063 µm fraction 

was dry weighed. For most samples, 5–10g of sediment was weighed but amounts vary 

between 1.5 to 21.9g of sediment. At this stage, one (two) Lycopodium tablet(s) was 

(were) added to the beaker before 20% HCl was used to dissolve carbonates. After 

settling, the sediment was washed with deionised water and left to settle up to five times 

until the solution was neutral, ensuring the removal of Ca
2+

 -ions in order to avoid the 

formation of fluorosilicates. Concentrated HF (48%) was used to remove silicates. The 

sediment was repeatedly swirled and left in HF for 3–4 days. After decanting HF, the 

residue was washed once with deionised water and subsequently with hot HCl to 

remove fluorosilicates that might have formed. The sediment was back-sieved with 

deionised water through a 10 µm screen and transferred into tubes. The residue was 

stained with Safranin-O by adding two drops to the tube. After 1.5 minutes, the tube 

was filled with water and centrifuged. The water was decanted and the residue washed 

an additional two times in order to remove most of the Safranin-O. After the final wash, 

a few drops of a glycerol and water (1:1) mixture with diluted CuSO4 was added to 

transfer the residue to storage glass vials. The vials were centrifuged and the liquid 

removed with a pipette before the residue was mounted on glass slides with glycerol-

gelatine jelly. The slides were put upside down into a slide box which was placed into 
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an oven (c. 60°C) for 5–6 hours to ensure the settling of palynomorphs against the cover 

slip. The microscopic analysis was carried out using a Leica Microscope (DM 2000 

LED) at magnifications of 400x and 1000x. 

2.3 Age model 

The Pliocene age model for ODP Hole 642B is based on the magnetic stratigraphy of 

Bleil (1989) updated to the Astronomically Tuned Neogene Time Scale (ATNTS) 2012 

(Hilgen et al., 2012), and further correlation of the benthic oxygen isotopes to the global 

 

Figure 2.2: Age model for ODP Hole 642B from Risebrobakken et al. (2016). (a) Global 

LR04 benthic oxygen isotope stack (blue) versus age from Lisiecki and Raymo (2005) and 

(b) five-point running mean of Cassidulina teretis oxygen isotope values (δ
18

OC.t.) from 

ODP Hole 642B (red) versus age. Vertical black lines indicate the location of magnetic 

reversals, with magnetic periods marked in black and white between the two panels. Two 

magnetic reversals (dashed lines) were not used as tie points for the age model. Grey lines 

represent tie points obtained from the correlation between the δ
18

OC.t. curve to the LR04 

stack. Indicated marine oxygen isotope stages correspond to those defined by Lisiecki and 

Raymo (2005). (b) Age-depth model for ODP Hole 642B (red line) and sedimentation rates. 
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LR04 benthic δ
18

O stack (Figure 2.2) (Lisiecki and Raymo, 2005; Risebrobakken et al., 

2016). The age model was established for the sediment sequence between 83.61 and 

66.94 mbsf, corresponding to 5.05 to 3.14 Ma. The core is barren of foraminifera 

between 88.43 and 83.61 mbsf (Risebrobakken et al., 2016) and a major hiatus exists 

after 3.14 Ma (Jansen and Sjøholm, 1991). Between 4.147 (MIS MG7/MG8) and 

3.136 Ma (MIS KM3/KM2) the age model is fully constrained by isotopes. Across 

glacial MIS M2, the benthic δ
18

O signal is 

not any heavier than during other times of 

the Pliocene, pointing to the possibility of a 

hiatus for the globally coldest part of MIS 

M2. However, a restricted local response to 

M2 cannot be excluded (Risebrobakken et 

al., 2016) (see also Chapter 3 and 5 for 

further discussions). 

2.4 Analysis of palynomorphs 

2.4.1 Pollen and spores 

Pollen was counted in a total of 128 

samples from ODP Hole 642B between 

83.55 and 66.95 mbsf or 5.03 and 3.14 Ma. 

Identification was aided by the pollen 

reference collection at Northumbria 

University and the following literature: 

Erdtman et al. (1961); Moe (1974); Faegri 

and Iversen (1989); Beug (2004); Demske 

et al. (2013). In-situ Lycopodium clavatum 

spores were differentiated from the 

reference spores by distinct differences in 

shape and colour (Plate 2.1). The group 

Juniperus-type only contains pollen grains 

that are split open whereas Cupressaceae 

contains those that are still closed or have a 

papilla (Demske et al., 2013). Reworked 

pollen and spores were identified based on 

 

Plate 2.1: Comparison of in-situ 

Lycopodium clavatum spores and marker 

grains, and examples of reworked 

Pinaceae pollen and spores from ODP 

Hole 642B. All images were taken in 

bright field illumination. Sample number 

and England Finder coordinates are given 

for each grain. 1–2: in-situ Lycopodium 

clavatum spores, 9H2 90-91, B35/4; 3–4: 

Lycopodium clavatum marker grains, 9H2 

90-91, C37/1; 5–8: reworked Pinaceae 

pollen, 9H2 15-16, Y36/0 and R38/4; 9: 

reworked trilete spore, 9H3 115-116, 

K65/4; and 10: reworked monolete spore 

9H2 15-16, V41/3. 
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the thermal maturity of the exine as seen by their dark orange to brown colours, and/or 

their presence outside their stratigraphic range. In addition to a discolouration to 

yellow/orange colours, particularly reworked bisaccates showed a high degree of 

compression, a faint alveolar structure of air sacks and mineral imprints (Plate 2.1) (de 

Vernal and Mudie, 1989a, 1989b; Willard, 1996). Cenozoic uplift phases and shifting 

depocentres as documented in Eidvin et al. (2014) are restricted to the basins off the 

Norwegian coast and should not have affected the coring site which is located on the 

Outer Vøring Plateau. 

Pollen diagrams were generated with the software Tilia Vers. 1.7.16 (Grimm, 1990). 

Pollen percentages were calculated on the total pollen sum excluding Pinus pollen, 

unidentified and reworked pollen and spores. Percentages of Pinus pollen was 

calculated based on the total pollen sum including Pinus. Stratigraphically constrained 

cluster analysis (CONISS)  was used  to delimit local pollen assemblage zones (Grimm, 

1990, 1987). The zonation follows the method of Grimm (1987), with cutting the 

dendrogram at a certain height, so that the different clusters are characterised by a 

within-zone variability below a certain value. Further subzones were defined if they 

were considered to be of interpretative value. 

Pollen accumulation rates (PARs) were calculated based on the following formula: 

(1)     PAR = CP x ρ x S 

with PAR in grains/(cm
2
 ka), CP being the pollen concentration (grains/g), ρ the dry 

bulk density (g/cm
3
) and S the sedimentation rate (cm/ka). 

Rarefaction was applied to estimate the number of taxa at a constant count of grains 

(Birks and Line, 1992). Diversity was assessed using the Shannon index which takes 

into account the relative abundance of a taxon as well as the number of taxa. The 

Shannon index is zero if the assemblage is dominated by a single taxon and shows high 

values for assemblages with many taxa that are each represented by few individuals 

(Hammer et al., 2001). Both rarefaction and diversity were calculated in PAST3 

(PAleontologial STatistics, Hammer et al., 2001). 

2.4.2 Dinoflagellate cysts 

Dinocysts were counted in 44 samples from ODP Hole 642B between 68.45 and 66.95 

mbsf or 3.32 and 3.14 Ma. A taxonomic list of species encountered in the Piacenzian 

sediments of ODP Hole 642B with full authorial citations is provided in Table 2.1. 
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Nomenclature follows that of Fensome et al. (2008) and the following literature: De 

Schepper and Head (2014, 2009, 2008a); De Schepper et al. (2009b, 2004); Head and 

Norris (2003); Head and Westphal (1999); Head (2003, 1997, 1996b, 1994, 1993); 

Louwye et al. (2004); Paez-Reyes and Head (2013); Schreck and Matthiessen (2013); 

Verhoeven and Louwye (2012); Wrenn (1988). Brigantedinium spp. comprises all 

(sub)spherical brown protoperidinioid cysts with an intercalary (sub)polygonal 

archeopyle and without processes (Reid, 1977). Round brown cysts (RBCs) include 

(sub)spherical brown protoperidinioid cysts with neither processes nor a visible 

polygonal archeopyle. Round brown spiny dinocysts without a visible archeopyle are 

included in Echinidium spp. Species within the genus Spiniferites were differentiated if 

possible, depending on orientation and preservation. 

The dinocyst burial flux (DBF) was calculated based on the dinocyst concentrations 

using the following formula:  

(1)      DBF = CD x ρ x S 

with DBF in cysts/(cm
2
 ka). CD is the dinocyst concentration (cysts/g), ρ the dry bulk 

density (g/cm
3
) and S the sedimentation rate (cm/ka). The comparison of DBF with 

dinocyst concentrations gives an indication of the influence of productivity and/or 

sedimentation rate on the observed fluctuations. If DBF and dinocyst concentration 

show the same pattern, the changes in concentrations can be interpreted to reflect 

changes in productivity (Hennissen et al., 2014). 

2.4.3 Acritarchs 

In this study, five formally described acritarchs (Cymatiosphaera? aegirii, C.? 

icenorum, C.? invaginata, Lavradosphaera crista and Nannoborbosphora walldalei) 

have been found in the majority of the Piacenzian samples of ODP Hole 642B. C.? 

icenorum, C.? invaginata and L. crista together with small spiny acritarchs (SSA) are 

the most abundant species and show a high variability in their relative proportions. 

Acritarch species are used as an indicator for marine productivity, stratification and/or 

water temperature (De Schepper and Head, 2014; de Vernal and Mudie, 1989a, 1989b; 

Schreck et al., 2013). Here, the acritarch burial flux has been calculated based on the 

formula: 

(2)     ABF = CA x ρ x S 
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with ABF in cysts/(cm
2
 ka), CA representing the acritarch concentration (cysts/g), ρ the 

dry bulk density (g/cm
3
) and S the sedimentation rate (cm/ka). 

Table 2.1: Taxonomic names with full authorial citations of dinoflagellate cyst and 

acritarch taxa from ODP Hole 642B between 68.45 and 66.95 metres below sea floor. 

Dinoflagellate cysts 

Achomosphaera andalousiensis Jan du Chêne 1977 emend. Jan du Chêne and Londeix 

1988 

Achomosphaera andalousiensis subsp. andalousiensis Jan du Chêne 1977 emend. Jan 

du Chêne and Londeix 1988 

Achomosphaera andalousiensis subsp. suttonensis Head 1997 

Achomosphaera ramulifera (Deflandre 1937) Evitt 1963 

Amiculosphaera umbraculum Harland 1979 

Ataxiodinium choane Reid 1974 

Ataxiodinium Reid 1974 

Ataxiodinium zevenboomii Head 1997 

Barssidinium Lentin, Fensome and Williams 1994 

Barssidinium graminosum Lentin, Fensome and Williams 1994 

Barssidinium pliocenicum (Head 1993) Head 1994 emend. De Schepper and Head 2004 

Batiacasphaera micropapillata complex sensu Schreck and Matthiessen (2013) 

Bitectatodinium raedwaldii Head 1997 

Bitectatodinium? serratum Head, Norris and Mudie 1989 

Bitectatodinium sp. A of De Schepper et al. (2017) 

Bitectatodinium Wilson 1973 

Bitectatodinium tepikiense Wilson 1973 

Brigantedinium Reid 1977 ex Lentin and Williams 1993 

cf. Cerebrocysta? namocensis Head, Norris and Mudie 1989 

Corrudinium harlandi Matsuoka 1983 

Corrudinium? labradori Head, Norris and Mudie 1989 

Corrudinium Stover and Evitt 1978 

Cyst of Pentapharsodinium dalei Indelicato and Loeblich III 1986 

Cysts of Protoceratium reticulatum (Claparède and Lachmann, 1859) Bütschli 1885 

Dapsilidinium pseudocolligerum Stover 1977 

Echinidinium Zonneveld 1997 ex Head, Harland and Matthiessen 2001 

Filisphaera filifera Bujak 1984 

Filisphaera microornata (Head, Norris and Mudie 1989) Head 1994 

Filisphaera Bujak 1984 

Habibacysta tectata Head, Norris and Mudie 1989 

Heteraulacacysta sp. A of Costa and Downie (1979) 

Impagidinium aculeatum (Wall 1967) Lentin and Williams 1981 

Impagidinium pallidum Bujak 1984 

Impagidinium paradoxum (Wall 1967) Stover and Evitt 1978 

Impagidinium patulum (Wall 1967) Stover and Evitt 1978 

Impagidinium solidum Versteegh and Zevenboom in Versteegh 1995 
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Impagidinium sp. 2 of De Schepper and Head (2009) 

Impagidinium Stover and Evitt 1978 

Invertocysta lacrymosa Edwards 1984 

Invertocysta sp. 1 

Invertocysta Edwards 1984 /Amiculosphaera Harland 1979 

Lejeunecysta catomus ? Harland et al. 1991 

Lingulodinium machaerophorum (Deflandre and Cookson 1955) Wall 1967 

Melitasphaeridium choanophorum (Deflandre and Cookson, 1955) Harland and Hill 

1979 

Melitasphaeridium sp. A of De Schepper and Head (2008) 

Melitasphaeridium (Deflandre and Cookson, 1955) Harland and Hill 1979 

Nematosphaeropsis labyrinthus (Ostenfeld 1903) Reid 1974 

Nematosphaeropsis lativittata Wrenn 1988 

Nematosphaeropsis Deflandre and Cookson 1955 emend. Williams and Downie 1966 

Operculodinium? eirikianum var. eirikianum Head 1997 

Operculodinium centrocarpum s.s. (Deflandre and Cookson, 1995) Wall 

1967/Operculodinium israelianum (Rossignol 1962) Wall 1967 

Operculodinium janduchenei Head, Norris and Mudie 1989 

Operculodinium Wall 1967 emend. Matsuoka, McMinn and Wrenn 1997 

Pyxidinopsis braboi De Schepper, Head and Louwye 2004 

Round brown cysts 

Selenopemphix conspicua de Verteuil and Norris 1992 

Selenopemphix dionaeacysta Head, Norris and Mudie 1989 

Selenopemphix cf. islandensis Verhoeven and Louwye 2012 

Selenopemphix nephroides (Benedek 1972) Bujak in Bujak et al. 1980 

Selenopemphix nephroides - small variety (c. 20µm) 

Selenopemphix Benedek 1972 emend. Bujak in Bujak et al. 1980 

Spiniferites elongatus Reid 1974 

Spiniferites falcipedius Warny and Wrenn 1997 

Spiniferites mirabilis (Rossignol 1964) Sarjeant 1970 

Spiniferites membranaceus (Rossignol 1964) Sarjeant 1970 

Spiniferites ramosus (Ehrenberg 1838) Mantel 1854 

Spiniferites Mantell 1850 emend. Sarjeant 1970 /Achomosphaera Evitt 1963 

Tectatodinium pellitum (Wall 1967) Head 1994 

Trinovantedinium glorianum (Head, Norris and Mudie 1989) de Verteuil and Norris 

1992 

Trinovantedinium Reid 1977 emend. de Verteuil and Norris 1992 

Tuberculodinium vancampoae (Rossignol 1962) Wall 1967 

Dinocyst spp. 

 

Acritarchs 

Cymatiosphaera? icenorum De Schepper and Head 2014 

Cymatiosphaera? invaginata Head, Norris and Mudie 1989 

Lavradosphaera crista De Schepper and Head 2008 

Nannobarbophora walldalei Head 1996 
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Acritarchs are often encountered in marine palynomorphs assemblages but little 

attention has been given to stratigraphical ranges and palaeoenvironmental preferences 

of individual species. In recent years, acritarchs have increasingly been used in 

stratigraphical and palaeoecological studies especially in the mid- to high latitudes of 

the North Atlantic (De Schepper and Head, 2014, 2009, 2008a, 2008b; De Schepper et 

al., 2015; Schreck et al., 2013, 2012; Verhoeven and Louwye, 2013).  

To determine their palaeoecological requirements, the abundances of C.? aegirii, C.? 

icenorum and L. crista, relative to the total sum of marine palynomorphs, have been 

compared to SST estimates based on Mg/Ca ratios of the planktonic foraminifer 

Globigerina bulloides (De Schepper and Head, 2014). De Schepper and Head (2014) 

determined the relationship between acritarch abundances and SSTs at three sites in the 

North Atlantic: IODP Site U1313, IODP Site U1308 and DSDP Hole 610A. All species 

show their highest abundances at the mid-latitude site (U1308 and 610A), where less 

oligotrophic conditions and lower SSTs (10–17C°) prevail when compared to Site 

U1313 at the subtropical gyre. 

N. walldalei is a neritic species that occurs in tropical to warm- or mild-temperate 

regions. Its occurrence in oceanic records might be due to long distance transport (Head 

and Westphal, 1999; Head, 2003). 

2.5 Data analysis 

2.5.1 Pollen and spores 

2.5.1.1 Transport of pollen and spores to the site 

Pollen is transported into the marine environment by wind, rivers, ice and/or ocean 

currents. A schematic illustration of the possible transport routes of pollen and spores to 

marine sediments is shown in Figure 2.3. Owing to differences in production, dispersal 

strategies and grain morphology, pollen assemblages in marine sediments represent a 

fraction of the terrestrial species diversity. Taxa of wind-pollinated plants generally 

predominate and their relative proportion increases with the distance from the coast 

(Mudie and McCarthy, 2006; Mudie, 1982). Bisaccate pollen grains, especially those of 

Pinus, are over-represented due to the preferential transport of these grains over long 

distances. In contrast, pollen from deciduous trees and shrubs are generally under-

represented as a result of their smaller size and higher density (Heusser, 1983; Mudie 

and McCarthy, 2006). Nevertheless, pollen distributions in marine surface samples 
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along coastal transects around the world reveal a good reflection of the vegetation 

(Hooghiemstra et al., 2006; Montade et al., 2011; Mudie, 1982; van der Kaars and De 

Deckker, 2003). Regional differences in climate, atmospheric and oceanographic 

circulation systems, however, have to be considered when interpreting marine pollen 

assemblages (Dupont, 2011; Mudie and McCarthy, 2006). 

For ODP Site 642, the source area is considered to be predominately northern Norway 

as it is the closest landmass to the site. As the central part of Norway (county of 

Nordland) ranges in width only between c. 50 and 150 km, the boreal forests of northern 

Sweden and Finland could be additional source areas. While the Scandinavian 

mountains likely act as a boundary in westward pollen transport from northern 

Scandinavia, long-distance transport of Pinus grains from the boreal forests in northern 

Sweden and Finland to Site 642 cannot be excluded. Due to the relatively short travel 

distances of pollen from deciduous trees (<200 km) (Mudie and McCarthy, 2006), these 

grains are suggested to only originate from the Norwegian coast. In spring, when most 

plants disperse pollen and spores, wind from the east/south prevails in Norway (e.g. 

Hall, 2003), suggesting that the mixed to boreal forests in southwestern Norway could 

be an additional source area.  

In Figure 2.3, the main processes that affect pollen transport to Site 642 are highlighted. 

Due to the predominance of easterly winds during spring, and northward transport of 

freshwater plumes by the Norwegian Coastal Current within 100 km off the coast 

(Mork, 1981), pollen transport by wind is considered to account for most of the pollen 

deposition at the site. Lateral transport of pollen by ocean currents has been shown to be 

negligible on continental scales (Dupont, 2011 and references therein). As the site is 

located on a plateau, bottom currents and/or gravity flows should have had a minor 

influence on the pollen assemblages. In the Norwegian Sea, these sedimentary processes 

have been suggested to affect palynomorph assemblages in the basins along the 

continental slopes (Matthiessen, 1995; Wall et al., 1977). On the Vøring Plateau, 

bioturbation occurs within the upper 10 cm of sediment (Romero-Wetzel, 1989). 

2.5.1.2 Quantitative climate reconstructions based on pollen data 

Most quantitative Quaternary climate reconstructions based on pollen assemblages rely 

on a modern pollen-climate calibration data set, relating pollen occurrences and 

abundances in modern surface samples to vegetation and climate (e.g. Seppä et al., 

2004; Tarasov et al., 2011). Such reference datasets have been developed on a regional 
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to continental scale for application to Quaternary pollen records (Cheddadi et al., 1998a; 

Davis et al., 2013; Herbert and Harrison, 2016; Li et al., 2007; Tarasov et al., 2011; 

Whitmore et al., 2005). The development of a reference dataset requires the assessment 

of the relationship between the distribution of pollen taxa and the environmental 

variables using multivariate regression methods. Commonly used methods include 

detrended correspondence analysis (DCA) to establish the compositional variation in 

the dataset followed by canonical redundancy analysis (RDA) if species response is 

linear, or canonical correspondence analysis (CCA) if species response is unimodal 

(Legendre and Birks, 2012). The application of RDA/CCA allows to determination of 

variation in the dataset that is explained by one or more environmental variable(s) (e.g. 

Li et al., 2007; Seppä et al., 2004). For the reconstruction of palaeoclimate parameters, 

multivariate calibration methods are used to develop transfer functions (Juggins and 

Birks, 2012). Among these methods, the modern analogue technique (Guiot, 1990) has 

been widely applied to fossil pollen records (Cheddadi et al., 1998b; Davis et al., 2003; 

Guiot et al., 1989; Tarasov et al., 2011; Willard et al., 2001). This technique finds 

modern analogues for fossil assemblages based on a dissimilarity coefficient. By taking 

the (weighted) average of a climatic parameter of a certain number of modern 

analogues, environmental variables are reconstructed for the fossil assemblages (Guiot, 

 

Figure 2.3: Schematic illustration of processes that can affect pollen transport and 

deposition in the marine environment. 
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1990; Simpson, 2012). Other multivariate techniques include artificial neural network 

(ANN) (Davis et al., 2003; Peyron et al., 1998), weighted-averaging regression (WA) 

and weighted-averaging partial least squares regression (WA-PLS) (Herzschuh et al., 

2010; Juggins and Birks, 2012; Li et al., 2007; Seppä et al., 2004). While ANNs can 

deal with non-linear problems, e.g. pollen-climate relationship, WA-PLS has the 

advantage of taking into account the unimodal distribution of species in relation to 

environmental variables (Bartlein et al., 2011; Juggins and Birks, 2012). Mathematical 

details, advantages and disadvantages of the different methods are discussed in Bartlein 

et al. (2011); Birks (2010, 1998); Birks et al. (2012); Seppä and Bennett (2003). 

In pre-Quaternary epochs, the use of transfer functions is often strongly hampered by 

non-analogue assemblages of fossil plant remains (e.g. Fauquette et al., 1998). 

Alternatives are methods based on morphology such as leaf physiognomy and nearest 

living relatives (NLRs) of fossil taxa (Mosbrugger and Utescher, 1997; Uhl et al., 

2007). For pre-Quaternary pollen assemblages, two NLR methods, the coexistence 

approach (CA) (Mosbrugger and Utescher, 1997; Utescher et al., 2014) and mutual 

climatic range technique (MCR) (Thompson et al., 2012) are commonly used for the 

quantitative reconstruction of climatic parameters. Both methods use the modern 

climatic tolerances of the NLRs of the fossil taxa present in an assemblage to determine 

the climatic range in which these taxa could coexist, the so called coexistence interval 

(Utescher et al., 2014). Only the presence/absence of a taxon is considered. Datasets of 

modern plant distribution and climatic parameters are available for North America 

(Thompson et al., 1999) and Eurasia (Utescher and Mosbrugger, 2013). Here, the CA is 

applied using the database for Eurasian plant species, which, in comparison to the North 

American database, includes tree species that are endemic to Asia (e.g. Pterocarya and 

Sciadopitys) and climate data for ferns and mosses. The CA can be used to estimate 

Mean Annual Temperature (MAT), Coldest Month Temperature (CMT), Warmest 

Month Temperature (WMT), Mean Annual Precipitation (MAP), Monthly Precipitation 

of the warmest month (MPw), Monthly Precipitation of the wettest month (MPwt) and 

Monthly Precipitation of the driest month (MPd). The application of the CA to modern 

floras and comparison to data from meteorological stations has shown that there is a 

very good match for the climate parameters MAT, WMT, CMT and MPwt. 

Reconstructions for MPd showed reasonable values whereas estimates for MAP and 

MPw differed substantially from the real values (Mosbrugger and Utescher, 1997). The 

CA has been criticised for incorrect or unprecise palaeoclimate reconstructions due to 
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inconsistencies when applied to modern floras (Grimm and Denk, 2012), and more 

recently also for its underlying assumptions and the lack of a statistical framework 

(Grimm and Potts, 2016). Nevertheless, the CA is a valuable tool for the reconstruction 

of pre-Quaternary terrestrial climatic conditions (Utescher et al., 2014). As the CA is 

based on presence/absence and not relative abundances, taphonomic bias is reduced. 

Further advantages include the straightforward use of climatic tolerances of modern 

taxa, the absence of additional calibrations and the identification of inconsistences when 

a high number of taxa is used (Utescher et al., 2014). The CA has mainly been applied 

to fossil pollen assemblages in terrestrial or shallow marine deposits (Ballantyne et al., 

2010; Bruch et al., 2011; Ivanov et al., 2007; Olivares et al., 2004; Pound et al., 2015; 

Quan et al., 2014; Utescher et al., 2012, 2000). The application of the CA to pollen 

assemblages in marine sediments may be hampered by alterations of the pollen 

association caused by differential transport and taphonomy (Eldrett et al., 2014; 

Kotthoff et al., 2014). Further limitations for quantitative climate reconstructions, 

applying to both terrestrial and marine deposits, include the presence of pollen taxa 

from plants growing in different communities due to considerable relief in the study 

area, long-distance transport, large source area and/or relict taxa (Utescher et al., 2014). 

Additionally, the modern climate requirements of relict taxa – plants that once showed a 

much wider distribution but are presently restricted to certain areas (e.g. Sciadopitys) 

(e.g. Fauquette et al., 1998; Head, 1998; Popescu, 2001; Schulz and Stutzel, 2007; 

Willard, 1994) – might not represent their potential distribution (Utescher et al., 2014). 

2.5.1.3 Principal Component Analysis 

Principal Component Analysis (PCA) was applied to the transformed species abundance 

data to identify groups of variables (taxa) that are highly correlated, and the main 

gradients of variance (Legendre and Birks, 2012). The abundance data was normalised 

in PRIMER (Clarke and Gorley, 2006) to reduce asymmetry before applying PCA using 

PAST3 (Hammer et al., 2001). The data transformation accounts for the unimodal 

response of species to environmental variables (Legendre and Birks, 2012). PCA is the 

method of choice as it has been widely used in other studies to aid interpretation of 

Pliocene pollen assemblages changes (Demske et al., 2002; Jiménez-Moreno et al., 

2013; Popescu, 2001; Willis et al., 1999b). Due to large differences in the relative 

abundance of taxa, the inclusion of all taxa yields many components, with the first two 

only explaining a small proportion of the variance. Taxa occurring rarely and those with 

limited climatic information were successively excluded from the analysis until the first 
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two components explained as much of the variance as possible. This resulted in the final 

inclusion of 18 taxa that are representative of the main Pliocene pollen assemblage 

changes and the variance of which is relatively well explained by the first two 

components. 

2.5.1.4 Spectral Analysis 

In order to analyse cyclicity within the vegetation changes spectral analysis was applied 

to the Pliocene pollen record using PAST3 (Hammer et al., 2001). The analysis was 

performed on the time interval between 4.366 and 3.137 Ma only, due to a 173,000 

years-long hiatus before 4.366 Ma. The average resolution across the analysed interval 

is c. 11,200 years. Therefore, the data was interpolated on 11,000-year time steps prior 

to the analysis. Spectral analysis was performed on the relative abundance changes of 

taxa that show major variations within the pollen record and contain important climatic 

information. These include: Asteraceae, conifers excluding Pinus, Ericaceae, 

Lycopodium spp., Picea, Pinus, Sciadopitys, Sphagnum and Tsuga as well as the sum of 

Asteraceae, Ericaceae and Lycopodium spp. Low-frequency cyclicities are detected in 

the relative abundance changes which are indicative of periods in the order of 166,700 

to 1,000,000 years. 

2.5.1.5 Climate model 

In order to allow for further interpretation of the pollen data and to reconstruct potential 

changes in pollen transport by wind, climate model outputs from the Hadley Centre 

coupled atmosphere-ocean climate model (HadCM3) have been investigated. HadCM3 

is an IPCC AR4 (Intergovernmental Panel on Climate Change – Fourth Assessment 

Report) class climate model (as described in Gordon et al., 2000) and has been shown to 

reproduce well the large scale features of Pliocene climate (Haywood et al., 2013b). It 

has been used for a number of Pliocene climate modelling studies and was the first 

coupled atmosphere-ocean climate model (Haywood and Valdes, 2004) to run using 

boundary conditions defined by the PRISM project based at the US Geological Survey 

(see Dowsett, 2007). The simulations shown here have PRISM2 boundary conditions 

(following Dowsett et al., 1999) and an altered CAS as described and presented in Lunt 

et al. (2008a, 2008b). Here, two simulations of surface wind speeds and atmospheric 

pressure are used to ascertain the impact of closing the CAS on atmospheric circulation 

in the Nordic Sea region: (i) a Pliocene simulation with an open CAS and (ii) a Pliocene 

simulation with a closed CAS. The experiments were run by the palaeoclimate 
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modelling community at the University of Leeds (Prof. Alan Haywood and Dr Aisling 

Dolan) and the University of Bristol (Prof. Dan Lunt). 

2.5.2 Dinoflagellate cysts 

2.5.2.1 Dinoflagellate cysts as palaeoceanographic indicators 

The distribution of dinocysts in marine sediments depends on surface water (e.g. 

temperature, salinity, nutrients, sea ice cover and turbulence) and sedimentary 

conditions (e.g. redox state) (Marret and Zonneveld, 2003; Rochon et al., 1999; 

Zonneveld et al., 2013). Gaining information about the relationship between species 

distribution and environmental variable enables the use of dinocyst assemblages for the 

reconstruction of past sea surface conditions, both qualitatively and quantitatively. 

Using CCA, temperature has been identified as the most important variable in 

controlling the distribution of dinocysts globally, with nitrate, salinity, phosphate and 

bottom water oxygen also being important variables (Zonneveld et al., 2013). The 

correlation of cyst distribution and environmental variables further allows the 

identification of ecological affinities of specific species with regard to temperature, 

salinity and nutrients, among others (Zonneveld et al., 2013). Correlations between cyst 

distribution in recent sediments and environmental parameters have been statistically 

assessed on a regional to global scale in order to establish transfer functions for 

palaeoenvironmental reconstructions (de Vernal et al., 2013a; Radi and de Vernal, 2008; 

Rochon et al., 1999). For salinity, the morphology of cysts, namely process length 

variations of cysts of Protoceratium reticulatum, have been used to establish predictive 

models (Jansson et al., 2014; Mertens et al., 2010). In the North Atlantic region, 

regionally established transfer functions for temperature, salinity, sea ice and 

productivity have been widely applied to Quaternary sediment sequences (e.g. Bonnet et 

al., 2010; de Vernal et al., 2013b, 2006, 2001; Radi and de Vernal, 2008; Van 

Nieuwenhove et al., 2016). In high-latitude marine environments, dinocysts represent an 

important proxy for surface water mass conditions due to their better preservation and 

higher diversity in comparison to calcareous and siliceous microfossils (de Vernal et al., 

2013b, 2001, 1998; Expedition 302 Scientists, 2006; Matthiessen et al., 2009, 2005). 

The application of transfer functions to pre-Quaternary records is hampered by the 

increasing number of extinct species and uncertainties about potential ecological 

adaptations of extant species (De Schepper et al., 2011). Instead, the palaeoecological 

affinities of extinct dinocyst species have been inferred from co-occurring species with 
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known environmental requirements (Head, 1997, 1996b), statistical correlation of 

dinocyst distributions to quantitative data from other proxies (Versteegh and Zonneveld, 

1994) and the palaeogeographical distribution (e.g. Matthiessen and Brenner, 1996). 

This has led to the use of palaeoecological indices for the identification of 

palaeoenvironmental changes (De Schepper et al., 2015, 2009b; Verhoeven and 

Louwye, 2013; Versteegh and Zonneveld, 1994). Furthermore, palaeoenvironmental 

interpretations are based on dinocyst assemblage changes, with focus on certain 

indicator species (De Schepper et al., 2015; Hennissen et al., 2014). 

When interpreting recent and fossil dinocyst assemblages, factors other than the 

environmental conditions in the surface water must be considered. These factors include 

(1) selective fossilization, (2) encystment rates, (3) transport by currents, (4) 

biochemical degradation and (5) reworking (Matthiessen, 1995; Wall et al., 1977). Here, 

non-ecological factors that affect the cyst composition in the Norwegian Sea are briefly 

discussed. Cysts of P. reticulatum is an ubiquitous species in the Nordic Seas and Arctic 

Ocean, tolerating a wide range of environmental conditions (de Vernal et al., 2001; 

Rochon et al., 1999). The high abundances of cysts of P. reticulatum in the Norwegian 

Sea can be ascribed to a combination of high cyst productions and transport from neritic 

to oceanic environments, resulting in an over-representation of this species (Dale, 1976; 

Matthiessen, 1995). Transport of this species from the North Atlantic via the NAC and 

NwAC also increases its representation in the Norwegian Sea (Matthiessen, 1995; 

Rochon et al., 1999). Protoperidinioid cysts are especially sensitive to oxidation (e.g. 

Zonneveld et al., 2007). At present, these cysts are the predominant component of the 

cyst flux in the Nordic Seas (Dale and Dale, 1992). Their under-representation in the 

sediment may be due to comparatively low cyst production and/or aerobic decay 

(Matthiessen, 1995). In the Nordic Seas, reworking of dinocysts probably mostly affects 

assemblages in the deep basins along continental slopes due to winnowing of bottom 

currents and submarine gravity flows (Matthiessen, 1995; Wall et al., 1977). 

2.5.2.2 Environmental preferences of extant and extinct species 

An extensive database of the distribution of extant dinocysts and their relationship to 

surface water properties for the North Atlantic and adjacent basins has been compiled 

by Marret and Zonneveld (2003) and Zonneveld et al. (2013). During the Pliocene, 

however, extinct species impede the palaeoecological and palaeoenvironmental 

interpretation of dinocyst assemblages. Initially, biogeographic distributions were used 

to infer the autecology of extinct species (Head and Westphal, 1999; Head, 1997, 
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1996b, 1994). In order to obtain quantitative palaeotemperature estimates, De Schepper 

et al. (2011) correlated abundances of extant and extinct Pliocene and Pleistocene 

dinocysts species to SST estimates based Mg/Ca ratios of the planktonic foraminifer 

Globigerina bulloides at four sites in the North Atlantic. A good agreement is found 

between the SST ranges of most extant species during the Pliocene and present (De 

Schepper et al., 2011). Of the species included in the analysis by De Schepper et al. 

(2011) the extant species Bitectatodinium tepikiense, cysts of P. reticulatum, 

Impagidinium pallidum, Lingulodinium machaerophorum and Nematosphaeropsis 

labyrinthus and the extinct species Bitectatodinium raedwaldii, Filisphaera filifera and 

Habibacysta tectata are continuously present in the Piacenzian assemblage of Hole 

642B and their (palaeo)temperature requirements are briefly discussed. B. tepikiense is a 

temperate to subpolar species that exhibits a bi-hemispheric distribution (Zonneveld et 

al., 2013). In the Nordic Seas, this species is restricted to the Norwegian Sea 

(Matthiessen, 1995). In palaeogeographic reconstructions, B. tepikiense is often used as 

a cool-water indicator (De Schepper et al., 2009a; Head, 1998, 1996b; Versteegh and 

Zonneveld, 1994). The comparison of its present and past distribution in the North 

Atlantic in relation to temperature suggests a tolerance of higher temperatures in the 

past. Its more southerly occurrence during the Plio-/Pleistocene might, however, have 

been caused by long-distance transport (De Schepper et al., 2011). The Plio-/Pleistocene 

temperature range of the cosmopolitan species cysts of P.reticulatum and N. labyrinthus 

corresponds to the warmer end of its modern distribution (De Schepper et al., 2011; 

Zonneveld et al., 2013). The presently bipolar species I. pallidum represents an 

exception with regard to its modern and past SST requirements, suggesting that this 

species lived in warm Atlantic waters during the Plio-/Pleistocene (De Schepper et al., 

2011; Zonneveld et al., 2013). At present, L. machaerophorum is found in coastal 

temperate to equatorial regions and in areas with high nutrient availability such as 

upwelling cells and river discharge plumes (Zonneveld et al., 2013 and references 

therein). During the Lower Pleistocene this species is mainly associated with Mg/Ca-

based SSTs of >15°C in the North Atlantic (De Schepper et al., 2011). The neritic 

species B. raedwaldii only occurs in low abundances in the North Atlantic with 

indications for an affinity of relatively warm surface waters (De Schepper et al., 2011). 

The two extinct species, F. filifera and H. tectata, have been considered cool-tolerant 

species due to their common occurrences at high latitude sites during the Pliocene 

(Head, 1996b, 1994; Matthiessen and Brenner, 1996). However, with the high latitudes 

being considerably warmer than present their cool-water affinity remains questionable. 
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At the four North Atlantic sites, F. filifera exhibits a wide SST range of ~11–25°C, but 

because data from higher-latitude sites are missing the palaeoecological tolerances of 

this species cannot unequivocally be determined.  H. tectata is most abundant at SSTs 

between 10 and 15°C (De Schepper et al., 2011). 

2.5.2.3 Palaeoecological indices 

Dinocyst species with known (palaeo)ecological affinities (Table 2.2) were used to 

calculate indices in order to characterise palaeoenvironmental changes. The Warm/Cold 

(W/C) index was determined based on the formula: 

(3)     W/C = nW/(nW + nC) 

with n = number of species, W = warm-water species and C = cold-water species. Warm 

water taxa include Achomosphaera andalousiensis subsp. suttonensis, Dapsilidinium 

pseudocolligerum, Impagidinium aculeatum, I. paxadoxum, I. patulum, I. solidum, 

Invertocysta lacrymosa, Lingulodinium machaerophorum, Melitasphaeridium 

choanophorum, Operculodinium? eirikianum var. eirikianum, Operculodinium 

centrocarpum/israelianum, Selenopemphix nephroides, Spiniferites mirabilis, 

Spiniferites membranaceus, Tectatodinium pellitum and Tuberculodinium vancampoae. 

Cold-water indicators comprise Bitectatodinium sp. A of De Schepper et al. (2017) 

(grouped with B. tepikiense), B. tepikiense, Filisphaera filifera, Filisphaera 

microornata, Impagidinium pallidum and Spiniferites elongatus (De Schepper et al., 

2015, 2011; Marret and Zonneveld, 2003; Verhoeven and Louwye, 2013; Versteegh and 

Zonneveld, 1994; Zonneveld et al., 2013).  

Dinocyst species were also divided into inner neritic (IN), outer neritic (ON) and 

oceanic (O) species to evaluate the influence of water masses from the shelf and/or open 

ocean at the site. The IN/ON, IN/O and N/O indices were calculated according to 

equation 3. Inner neritic species include L. machaerophorum, O. 

centrocarpum/israelianum, T. pellitum and T. vancampoae. Typical outer neritic species 

are Achomosphaera spp. and Spiniferites spp. Oceanic species comprise I. aculeatum, I. 

pallidum, I. paradoxum, I. patulum, I. solidum and Impagidinium spp. (De Schepper et 

al., 2009b). 

The diversity of the assemblages was assessed based on the number of taxa (richness) 

and the Shannon diversity index. Calculations were performed in PAST3 

(PAleontological STatistics, Hammer et al., 2001). 
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The ratio of pollen to dinocyst concentrations (P/D; equation 3) is used as an indication 

for increased pollen influx. 

Table 2.2: Dinoflagellate cyst species from ODP Hole 642B between 68.45 and 66.95 

metres below sea floor and their palaeoecological affinities. P = Protoperidinioids; G = 

Gonyaulacoids; W = Warm water; C = Cold water; IN = Inner Neritic; ON = Outer 

Neritic and O = Oceanic. 

Dinoflagellate cysts P G W C IN ON O 

Achomosphaera andalousiensis  x    x  

Achomosphaera andalousiensis subs. andalousiensis  x    x  

Achomosphaera andalousiensis subsp. suttonensis  x x   x  

Achomosphaera ramulifera  x    x  

Amiculosphaera umbraculum  x      

Ataxiodinium choane  x      

Ataxiodinium spp.  x      

Ataxiodinium zevenboomii  x      

Barssidinium spp. x       

Barssidinium graminosum x       

Barssidinium pliocenicum x       

Batiacasphaera micropapillata complex  x      

Bitectatodinium raedwaldii  x      

Bitectatodinium? serratum  x      

Bitectatodinium sp. A of De Schepper et al. (2017)  x  x    

Bitectatodinium spp.  x      

Bitectatodinium tepikiense  x  x    

Brigantedinium x       

cf. Cerebrocysta? namocensis  x      

Corrudinium harlandi  x      

Corrudinium? labradori  x      

Corrudinium spp.  x      

Cyst of Pentapharsodinium dalei  x      

Cysts of Protoceratium reticulatum  x      

Dapsilidinium pseudocolligerum  x x     

Echinidinium spp. x       

Filisphaera filifera  x  x    

Filisphaera microornata  x  x    

Filisphaera spp.  x      

Habibacysta tectata  x      

Heteraulacacysta sp. A of Costa and Downie (1979)  x      

Impagidinium aculeatum  x x    x 

Impagidinium pallidum  x  x   x 

Impagidinium paradoxum  x x    x 

Impagidinium patulum  x x    x 

Impagidinium solidum  x x    x 
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Impagidinium sp. 2 of De Schepper and Head (2009)  x      

Impagidinium spp.  x     x 

Invertocysta lacrymosa  x x     

Invertocysta sp. 1  x      

Invertocysta spp.  x      

Lejeunecysta catomus ? x       

Lingulodinium machaerophorum  x x  x   

Melitasphaeridium choanophorum  x x  x   

Melitasphaeridium sp. A of De Schepper and Head 

(2008) 

 x      

Melitasphaeridium spp.  x      

Nematosphaeropsis labyrinthus  x      

Nematosphaeropsis lativittata  x      

Nematosphaeropsis spp.  x      

Operculodinium? eirikianum var. eirikianum  x x     

Operculodinium centrocarpum s.s./ Operculodinium 

israelianum 

 x x  x   

Operculodinium janduchenei  x      

Operculodinium spp.  x      

Pyxidinopsis braboi  x      

Round brown cysts x       

Selenopemphix conspicua x       

Selenopemphix dionaeacysta x       

Selenopemphix cf. islandensis x       

Selenopemphix nephroides x  x     

Selenopemphix nephroides  x       

Selenopemphix spp. x       

Spiniferites elongatus  x  x  x  

Spiniferites falcipedius  x    x  

Spiniferites mirabilis  x x   x  

Spiniferites membranaceus  x x   x  

Spiniferites ramosus  x    x  

Spiniferites/Achomosphaera spp.  x    x  

Tectatodinium pellitum  x x  x   

Trinovantedinium glorianum x       

Trinovantedinium spp. x       

Tuberculodinium vancampoae  x x  x   
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Chapter 3: Climate variability and long-term expansion of 

peatlands in Arctic Norway during the late Pliocene 

3.1 Introduction 

Preceding the glacial-interglacial cycles of the Pleistocene, the Piacenzian Stage marks 

the last time interval in the Earth´s history that was characterised by a sustained 

warmer-than-present climate (Lisiecki and Raymo, 2005). The mPWP (3.264–

3.025 Ma) has been subject of intensive palaeoclimate research due to its similarity to 

projections of future global warming and its near-modern palaeogeography, palaeo-

ceanography and palaeobiology (Dowsett et al., 2010; Dowsett, 2007; Haywood et al., 

2013a; IPCC, 2013; Salzmann et al., 2009). During the mPWP average global mean 

annual surface temperatures were about 2–3°C higher than present (Haywood et al., 

2013b). As the duration of the mPWP exceeds orbital timescales its warmth was not 

driven by insolation changes, but rather by differences in the state of boundary 

conditions intrinsic to the climate system itself (Haywood et al., 2013a; Miller et al., 

2010; Pound et al., 2014). Relatively high atmospheric CO2 concentrations with values 

between 270–400 ppm have been identified as the most important cause of Piacenzian 

warmth while differences in orography, vegetation and ice sheets constitute the 

remaining proportion of warming relative to modern (Badger et al., 2013; Lunt et al., 

2012; Martínez-Botí et al., 2015; Pagani et al., 2010; Seki et al., 2010). 

In the North Atlantic and Nordic Seas, marine and terrestrial records reveal a strong 

warming at high latitudes during the Piacenzian. SSTs were up to 18°C warmer than 

present in the Nordic Seas as opposed to only ~2–4°C in the mid-latitudes (Dowsett et 

al., 2013a; Robinson, 2009). The amplified warming has been suggested to be related to 

an enhanced AMOC (Dowsett et al., 2016). However, model simulations indicate a 

similar-to-present AMOC during the mPWP, supporting the notion that the amplified 

warming in the Nordic Seas was a result of increased radiative forcing (Zhang et al., 

2013a). On land, boreal taiga forests reached the coast of the Arctic Ocean during the 

Piacenzian, and tundra biomes were markedly reduced (Bennike et al., 2002; 

Rybczynski et al., 2013; Salzmann et al., 2008; Willard, 1996). In the high Artic, 

Pliocene deposits reveal MATs ~19°C warmer than present, favouring the growth of 

larch-dominated forests on Ellesmere Island (Ballantyne et al., 2010, 2006; Rybczynski 

et al., 2013). In contrast, vegetation changes were less profound in the mid-latitudes. 

The prevalence of mixed forests in eastern Arctic Canada during the Piacenzian 
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suggests a northward shift of the northern boundary of the deciduous forest zone by a 

minimum of 5° latitude, with MATs 3–5°C warmer than present (de Vernal and Mudie, 

1989a; Willard, 1994). In Norway, warm-temperate taxa occur at least 7° latitude 

further north of their present limit, pointing towards substantially warmer conditions 

(Willard, 1994). A northward latitudinal shift of vegetation of about 10° is inferred from 

the presence of mixed to boreal forest on Svalbard during the Pliocene (Willard, 1996). 

The mPWP has often been described as a relatively stable warm period with only minor 

temporal variations in climate and vegetation distribution (e.g. Willard, 1994; 

Thompson and Fleming, 1996). Until now, high resolution vegetation records with a 

robust age control are missing for the surroundings of the North Atlantic and Nordic 

Seas, and it is unclear whether the available palaeoclimate records represent the full 

variability or peak warm phases of the Piacenzian only. A recently published high 

resolution pollen record from Lake El’gygytgyn in the north-eastern Russian Arctic 

reveals major changes in the dominant biome distribution during the Piacenzian, 

ranging from temperate cool mixed forests to Arctic shrub tundra vegetation (Andreev 

et al., 2014; Tarasov et al., 2013).  

Data-model comparison studies suggest that climate models currently underestimate the 

magnitude of mPWP warming that is evident in proxy-based SST reconstructions for 

the Nordic Seas (Dowsett et al., 2013a). The data-model discrepancy has been partly 

ascribed to the comparison of simulations that represent a discrete time interval to time-

averaged proxy data (Dowsett et al., 2013a; Salzmann et al., 2013). A recent modelling 

study indicates that the Norwegian Current, which strongly affects the climate of 

Norway, may have been cooler than present when altered palaeogeographic boundary 

conditions are considered (Hill, 2015). In order to resolve these uncertainties a time 

slice centred around 3.205 Ma (MIS KM5c) has been proposed for future palaeoclimate 

research in the Piacenzian, requiring high resolution proxy records (Haywood et al., 

2013a). 

This study presents a new high-resolution reconstruction of Piacenzian vegetation and 

climate changes for Arctic Norway based on the recently re-dated sediment core ODP 

Hole 642B (Risebrobakken et al., 2016). The aim of this study is (1) to assess the 

evolution and temporal variability of vegetation and climate changes in Norway during 

the Piacenzian, (2) to determine their magnitude, and (3) to evaluate the potential of 

glacier and ice sheet build up on Scandinavia during cold intervals of the Piacenzian. 
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3.2 Materials and Methods 

3.2.1 Sample information and pollen analysis 

A total of 70 samples were taken from ODP Hole 642B of which 68 samples are 

situated between 69.90 and 66.95 mbsf (Shipboard Scientific Party, 1987), ranging in 

age between 3.60 and 3.14 Ma (Risebrobakken et al., 2016). The upper part of the 

sequence, which coincides with the PRISM interval, has been counted in high resolution 

(800 to 14,700 years) and covers the central part of interglacial MIS KM5c (3.205 Ma). 

The earlier part of the Piacenzian was analysed in lower resolution (6600 to 23,300 

years) in order to document the main climatic states and trends. Additionally, two 

surface samples were taken from the same core at 0 and 3 cm below sea floor in order to 

compare the Piacenzian to modern pollen assemblages. The modern sample presumably 

covers less than 2000 years while the subsurface sample at 3 cm depth possibly reveals 

a maximum age of 6000 years. These assumptions are based on a modern sedimentation 

rate of <2 cm/kyr (Romero-Wetzel, 1989). 

Pollen preservation is generally very good. An average of 510 pollen grains was 

counted per slide, or 185 grains excluding Pinus. On average 23 taxa were identified per 

sample. Only ten samples yielded counts below 300 grains. The presented cluster 

analysis does not include Pinus to highlight the assemblage changes in the other pollen 

and spores. Rarefaction was applied to estimate the richness at a constant count of 

grains (Birks and Line, 1992). Diversity was assessed using the Shannon index which 

takes into account the relative abundance of a taxon as well as the number of taxa. The 

Shannon index is zero if the assemblage is dominated by a single taxon and shows high 

values for assemblages with many taxa that are each represented by few individuals 

(Hammer et al., 2001). Both rarefaction and diversity were calculated in PAST 

(PAleontologial STatistics, Hammer et al. (2001)). 

3.2.2 Climate reconstruction 

To obtain quantitative estimates of Piacenzian climate, the CA of Mosbrugger and 

Utescher (1997) was applied. The method is described in Chapter 2. Climatic ranges 

have been quantified based on presence/absence of all taxa for MAT, CMT, WMT and 

MAP, using the Palaeoflora database (Utescher and Mosbrugger, 2013). To ensure 

accurate and reliable palaeoclimate estimates only samples with a minimum of ten NLR 

taxa were used to determine the palaeoclimatic range. This led to the exclusion of two 
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samples with a total count of less than 100 pollen grains. For this study a total of 37 taxa 

are used for the CA. All estimates are based on an average of 17 taxa per sample. 

3.3 Results 

3.3.1 Modern pollen assemblages 

The analysed modern and mid-Holocene samples show pollen concentrations of 238 

and 294 grains/g sediment, respectively (Figure 3.1). Percentages of Pinus pollen (45–

52%) and Sphagnum spores (14–32%) are highest in the two samples. Pollen of other 

conifers (Picea, Juniperus-type and Taxus) are represented by proportions of less than 

4%, but Cupressaceae pollen accounts for ~10% of the assemblage in the subsurface 

sample. The relative abundance of Lycopodium spores and undifferentiated monolete 

spores is also relatively high, with ~6–15% and ~9%, respectively. Betula is the most 

common deciduous tree pollen. Alnus, Corylus, Ericaceae, Fraxinus, Ilex aquifolium 

and Myrica pollen occur in very low numbers. Compared to the subsurface sample, the 

surface sample reveals a higher diversity of herb pollen (Asteraceae, Brassicaceae, 

Cyperaceae and Fabaceae). The proportion of reworked pollen and spores is relatively 

high in both samples (21–32%). 

3.3.2 Piacenzian pollen assemblages 

Pollen Zone 1 (69.9–69.0 mbsf, c. 3.60–3.47 Ma, 13 samples) 

Pollen Zone (PZ) 1 is characterised by a high abundance of Pinus pollen (61–77%) and 

pollen from other conifer trees (Picea, Cupressaceae, Juniperus-type, Sciadopitys and 

Tsuga) (Figure 3.2; Plate 3.1). Juniperus-type, Sciadopitys and Tsuga pollen show their 

maximum abundances of the entire pollen record with up to ~22%, 18% and 10%, 

respectively, within this zone. Ericaceae pollen reaches a maximum of ~16% in the 

 

Figure 3.1: Pollen assemblages in the modern and mid-Holocene samples from ODP Hole 

642B. Black circles are representative of single pollen or spore grains. Percentages of pollen 

and spores were calculated based on the pollen sum, excluding Pinus, unidentified and 

reworked pollen and spores. Depth is given in cm. 
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middle of the zone and subsequently decreases to values of around 6% towards the 

upper part. Alnus, Betula, Corylus, Quercus and Ulmus pollen is frequently present 

whereas other deciduous tree pollen such as Carpinus and Carya occur only 

sporadically (Figure 3.2; Plate 3.1, 3.2). The abundance of herb pollen is generally low 

throughout PZ 1. The number of Lycopodium (including L. annotinum, L. clavatum, L. 

inundatum and Lycopodium spp. indet.) spores is relatively high in the early part (up to 

~34%), declining continuously throughout the interval (Plate 2.1, 3.3). The relative 

abundance of Sphagnum spores is fairly constant, showing its lowest values (˂22%) 

within the entire study interval. Spores of Huperzia, Osmunda, Polypodiaceae and 

undifferentiated monoletes are regularly found (Figure 3.2; Plate 3.3, 3.4). Rare pollen 

taxa only occur sporadically and the average diversity index across the zone is relatively 

low (Figure 3.3, 3.7). The number of taxa increases towards the upper part of the 

interval (Figure 3.7). Pollen concentrations mostly vary between ~1000–2000 grains/g 

sediment and peak at a maximum of 4300 grains/g sediment in the upper part of the 

zone. Reworked pollen and spores occur in low numbers with a maximum percentage of 

~4% (Figure 3.2).  

Pollen Zone 2 (69–68.54 mbsf, c.3.47–3.35 Ma, 9 samples) 

The amount of Pinus remains high (65–75%) throughout PZ 2 while percentages of 

Picea pollen decreases (Figure 3.2). Pollen of other conifer trees (Cupressaceae, 

Juniperus-type, Sciadopitys and Tsuga) shows a sharp decrease in numbers at the lower 

pollen zone boundary (Figure 3.2). Ericaceae pollen increases to maximum values of 

~18% in the upper part of the zone. The proportion of deciduous tree pollen is generally 

low. Betula pollen is consistently present while the proportion of Alnus and Corylus 

pollen peaks in the middle of PZ 2. Pollen of Asteraceae, especially Asteraceae 

Liguliflorae-type, shows maximum values of up to 31% in this zone while other herb 

pollen remains low in abundance (Figure 3.2; Plate 3.3). Lycopodium spores peak in the 

lower and upper parts of PZ 2, reaching proportions of up to 56%. A peak in the 

abundance of Sphagnum spores (43%) is observed in the lower part of the zone (Figure 

3.2). Osmunda spores show highest abundance and subsequently decrease until it 

disappears from the assemblage in the upper part. Huperzia spores become more 

abundant and undifferentiated monolete spores are continuously present. Pteridium 

spores are also regularly found (Figure 3.2). The number of rare pollen taxa is very low 

and the number of taxa and the diversity index show similar values to PZ 1 
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Figure 3.2: Pollen assemblages in the Piacenzian sediments of ODP Hole 642B. Non-patterned, coloured area represents 5-fold percentages. Black circles are representative 

of single pollen or spore grains. Percentages of pollen and spores were calculated based on the pollen sum, excluding Pinus, unidentified and reworked pollen and spores. 

Pinus was included in the pollen sum to calculate percentages of Pinus. The total pollen sum shown here comprises Pinus and unidentified pollen. Depth is indicated in 

metres below sea floor (mbsf). 
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Figure 3.3: Pollen diagram showing taxa that occur in fewer than five samples. Grey areas 

represent five times the actual number. The exotic group marks taxa that have likely been 

transported to the site from the south. Depth is indicated in metres below sea floor (mbsf). 
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(Figure 3.3, 3.7). Pollen concentrations reach maximum values of ~2200 grains/g 

sediment within the zone. Reworked pollen and spores first reach a relatively high 

proportion (~9%) in the middle part of this zone and peak again, after declining to 

values of ˂3%, in the upper part of the zone (~15%) (Figure 3.2). 

Pollen Zone 3a (68.54–68.365 mbsf, c. 3.35–3.29 Ma, 5 samples) 

The proportion of Pinus pollen is slightly reduced when compared to PZ 1 and 2 with 

percentages ranging between 43 and 66% (Figure 3.2). Other conifer pollen remains low 

in abundance. Ericaceae pollen shows percentages of less than 10%. Alnus, Betula and 

Corylus pollen are continuously present whereas more temperate pollen taxa like 

Carpinus and Carya are absent. Asteraceae Liguliflorae-type pollen shows a 

pronounced peak (~10%) in the lower part of the zone while other herb pollen taxa only 

occur sporadically and in low numbers (Figure 3.2). Lycopodium spores reach their 

highest abundance in the lower part of the zone. A subsequent decline in the relative 

abundance of Lycopodium spores is accompanied by a distinct increase in Sphagnum 

spores, reaching proportions of up to ~63% in the upper part of the zone (Figure 3.7). 

The number of rare pollen taxa remains very low. The average diversity index is slightly 

higher when compared to PZ 1 and 2, whereas the number of taxa remains the same 

(Figure 3.7). Pollen concentrations are relatively low with maximum values of 

~900 grains/g sediment (Figure 3.2). 

Pollen Zone 3b (68.365–67.09, c. 3.29–3.16, 36 samples) 

PZ 3b exhibits the highest sample density and shows a high variability which is 

superimposed by a prevailing change in abundances (Figure 3.2, 3.7). Pinus pollen 

shows relatively high values (43–79%) in the lower part of the zone alongside an 

increased proportion of pollen from other conifer trees (Cupressaceae, Juniperus-type, 

Picea, Sciadoiptys and Tsuga). Subsequently the proportion of Pinus pollen stays 

around 50% before steadily increasing to a maximum of ~65% in the upper part of the 

zone. Peaks in Pinus pollen are concurrent with higher abundances of the other conifer 

pollen (Figure 3.2, 3.7). The relative abundance of Ericaceae pollen does not exceed 

15%. Alnus, Betula, Corylus and Quercus pollen occurs frequently in low percentages 

(˂9%). Other deciduous tree pollen, such as Carpinus, Carya, Ostrya, Pterocarya and 

Ulmus, as well as pollen of the evergreen shrub Ilex aquifolium are found regularly 

within PZ 3b in low percentages (Plate 3.1, 3.2). Asteraceae Liguliflorae-type pollen 
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Plate 3.1: Selected pollen species from ODP Hole 642B. All images were taken in bright 

field illumination. Sample number and England Finder coordinates are given after species 

name. Scale bar represents 10 µm. 1–14: Pollen of coniferous tree and shrubs, 1–2: Pinus, 

10H2 145-146, R65/0; 3–4: Picea, 10H4 115-116, S44/4; 5–7: Sciadopitys, 10H6 15-16, 

M33/4; 8–9: Tsuga, 9H4 80-81, O42/2; 10: Cupressaceae, pollen grain not split, 9H2 19-20, 

V39/3; 11–12: Cupressaceae, pollen grain with papilla, 9H2 130-131, T45/1; 13: Juniperus, 

9H2 25-26, F57/0; 14: Taxus, 10H1 45-46, L52/0; 15–20: Pollen of deciduous trees, 15–16: 

Alnus, 9H2 90-91, C55/0, 17–18: Betula, 9H2 90-91, D57/1; and 19–20: Carpinus, 10H6 

15-16, V56/0. 
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Plate 3.2: Selected pollen species from ODP Hole 642B. All images were taken in bright 

field illumination. Sample number and England Finder coordinates are given after species 

name. Scale bar represents 10 µm. 1–20: Pollen of deciduous and evergreen trees and 

shrubs, 1–2: Carya, 9H2 15-16, F39/2; 3–4: Corylus, 9H5 110-111, P34/4; 5–6: Ericaceae, 

9H2 15-16, F39/2; 7–8: Fagus, 10H2 55-56, R50/0; 9–10: Ilex aquifolium, 9H2 15-16, 

K50/2; 11–12: Nyssa, 9H1 67-68, M44/2; 13–14: Ostrya, 9H2 95-96, R44/2; 15–16: 

Pterocarya, 9H2 135-136, L50/0; 17–19: Quercus, 9H2 130-131, V45/2; 20: Ulmus, 9H2 

135-136, M37/0. 
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Plate 3.3: Selected pollen species from ODP Hole 642B. All images were taken in bright 

field illumination. Sample number and England Finder coordinates are given after species 

name. Scale bar represents 10 µm. 1–2: Pollen of deciduous trees, 3–11: pollen of herbs, 

12–20: spores ferns and mosses. 1–2: Tilia, 9H7 61-62, M37/2; 3–5: Asteraceae Liguliflorae 

type, 9H2 90-91, K56/2; 6–7: Chenopodiaceae, 9H2 130-131, V49/3; 8–9: Cyperaceae, 

10H1 45-46, N52/1; 12–13: Gleicheniaceae, 9H2 135-136, V38/1; 14–15: Huperzia, 9H3 

25-26, R40/4; 16–18: Lycopodium annotinum, 9H2 15-16, F62/3; 19–20: Lycopodium 

inundatum, 10H4 115-116, W40/0. 
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as well as the families Apiaceae and Cyperaceae first appears in this pollen zone (Figure 

3.2). Lycopodium spores show a general decrease in abundance throughout the interval 

and alternate with high proportions of Sphagnum spores. After reaching a minimum of 

11% the proportion of Sphagnum spores increases, reaching ~68% in the upper part 

(Figure 3.2). Spores of Huperzia, Osmunda, Polypodiaceae, Pteridium and 

undifferentiated monolete spores occur frequently (Figure 3.2). The number of rare 

pollen taxa is highest in this pollen zone (Figure 3.3). The number of taxa counted on a 

constant pollen sum is highly variable (Figure 3.7). In the lower part of the zone the 

diversity index shows a high variability with the same average value as PZ 3a. 

Subsequently, the average diversity of PZ 3b increases markedly (Figure 3.7). Pollen 

concentrations peak in the lower part (max. 300 grains/g sediment) and again in the 

middle part of the zone (max. 4900 grains/g sediment) (Figure 3.2). The proportion of 

reworked pollen and spores is highest between 68.05 and 67.55 mbsf, reaching values 

of up to ~13% and remaining below 7% outside the interval (Figure 3.2). 

Pollen Zone 4 (67.09–66.95 mbsf, c. 3.16–3.14 Ma, 5 samples) 

The amount of Pinus pollen varies between 32 and 48% and thus shows its lowest 

percentages within the entire Piacenzian record (Figure 3.2). Pollen concentrations are 

also relatively low (˂580 grains/g sediment). While Picea and Ericaceae pollen 

decreases, Juniperus-type pollen percentages increase. Single pollen grains of never 

 

Plate 3.4: Selected pollen species from ODP Hole 642B. All images were taken in bright 

field illumination. Sample number and England Finder coordinates are given after species 

name. Scale bar represents 10 µm. 1–8: Spores of ferns and mosses, 1–2: psilate monolete 

undifferentiated, 9H2 15-16, O41/1; 3–4: Osmunda, 9H2 130-131, Q49/0; 5–6: 

Polypodium, 9H2 130-131, S37/2; 9–10: Sphagnum, 9H2 75-76, R40/0. 
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exceeds 6% throughout the zone. Although still low in abundance comparatively more 

taxa of herb pollen is present in this interval. Pollen of Artemisia as well as the 

Sciadopitys are still found whereas pollen of Tsuga are absent. Alnus, Betula and 

Corylus pollen is consistently present while pollen of other deciduous trees (Carya, 

Ostrya, Pterocarya, and Quercus) only occurs sporadically. The diversity of herb pollen 

is reduced compared to PZ 3b (Figure 3.2). Lycopodium spores are relatively low in 

abundance (˂21%) whereas the proportion of Sphagnum spores is high (up to ~62%) 

(Figure 3.2). Huperzia and undifferentiated monolete spores peak in the upper part of 

the zone. Rare pollen taxa are present in relatively low numbers (Figure 3.3). The 

number of taxa is comparable to PZ2 and 3a and the average diversity index remains 

unchanged when compared to PZ 3b (Figure 3.7). Pollen concentrations are low with 

values <1100 grains/g sediment. Reworked pollen reaches proportions of up to 12% 

(Figure 3.2). 

3.3.3 Quantitative palaeoclimate estimates 

Piacenzian temperature estimates using the CA show very wide ranges for every 

parameter in most samples (Figure 3.4). MATs based on the CA range on average from 

5 to 14°C, suggesting MATs 5–14°C higher than present in comparison to climate data 

from the reference stations. However, the lower end of the estimated MATs is similar to 

the modern coastal temperatures (4–6°C) (Figure 3.4) (Moen, 1999). Maximum CMTs 

reach 4°C with estimates for the minimum values ranging between -8 and 1.4°C. These 

estimates are 1–11°C higher when compared to the present CMTs obtained from the 

reference stations but fall within the range to present-day coastal temperatures (Figure 

3.4). Piacenzian WMTs range on average from 18 to 24°C for most pollen assemblages, 

implying summer temperatures were 8–14°C higher than present when compared to 

climate data from the reference stations. In comparison to coastal values, these estimates 

are at least 2–8°C higher than present (Figure 3.4) (Moen, 1999). For MAP, most 

reconstructed values overlap either with the whole modern day range or at least the 

upper end. However, 14 samples yield two ambiguous coexistence intervals due to the 

concurrent presence of Sciadopitys and Calluna vulgaris or Selaginella selaginoides 

(Figure 3.4, 3.5). 

When applied to the modern and mid-Holocene samples, the reconstructed coexistence 

interval for MATs is too warm in comparison to the climate data from the reference 

stations as well as the data obtained from Moen (1999) (Figure 3.6). If the temperate 

taxa are excluded, the minimum values drop, resulting in a widening of the coexistence 
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interval and overlap with the modern data. Reconstructed CMTs coincide with modern 

coastal values for the sample at 3 cm depth but are higher than present for the surface 

sample (Figure 3.6). The coexistence interval also increases if the temperate taxa are  

 

Figure 3.4: Estimates for (a) mean annual temperatures (MAT), (b) coldest month 

temperatures (CMT), (c) warmest month temperatures (WMT) and (d) mean annual 

precipitation (MAP) for the Piacenzian samples from ODP Hole 642B. Solid black lines in 

panels (a) to (c) represent the modern climate values from the meteorological stations in 

Bodø and Mo i Rana, Nordland, Norway (Figure 2.1) (Norwegian Meteorological Institute 

and Norwegian Broadcasting Corporation, 2014). Dashed lines represent the range of 

modern coastal temperatures (Moen, 1999). (d) light blue bars show unambiguous MAP 

ranges. Green and orange bars represent two ambiguous MAP ranges with Sciadopitys 

(green) and Calluna vulgaris and/or Selaginella selaginoides (orange) as climatic outliers 

(Figure 3.5). 
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neglected. Estimates of WMTs match the upper end of the present-day coastal values of 

12–16°C in both the modern as well as mid-Holocene sample (Figure 3.6) (Moen, 

1999). For the surface sample, the reconstructed MAP range is lower than the modern 

range as a result of the presence of Selaginella selaginoides. The estimated MAP range 

for the mid-Holocene sample, however, overlaps with modern values (Figure 3.6).  

3.4 Discussion 

3.4.1 Modern pollen assemblages and vegetation 

The modern and mid-Holocene samples from ODP Hole 642B were analysed in order to 

get a better understanding of the modern pollen signal in the marine sediments off 

Norway and to facilitate the interpretation of Piacenzian pollen assemblages. The pollen 

assemblages found in the two Holocene samples are representative of the modern 

vegetation of northern Norway, suggesting that northern Norway is the main source area 

for pollen and spores deposited at ODP Hole 642B. High abundances of Pinus pollen 

and Sphagnum spores reflect the extensive distribution of boreal forest and peatlands in 

northern Norway (Moen, 1999, 1987). Both fossil pollen grains are generally over-

represented in marine sediments. This effect becomes more pronounced with increasing 

distance from the shore due to their preferential transportation over long distances (e.g. 

Heusser, 1983; Mudie and McCarthy, 2006). Nevertheless, percentages of Pinus pollen 

generally reflect its relative proportion in the vegetation community, 

 

Figure 3.5: Mean annual precipitation (MAP) tolerances for taxa encountered in the 

Piacenzian samples from ODP Hole 642B. Green and orange bars show taxa that become 

climatic outliers if present in the same sample, producing two ambiguous coexistence 

intervals (Figure 3.4). 
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Figure 3.6: Climatic tolerances of taxa found in the (1) modern sample (0 cm) and (2) mid-Holocene sample (3cm) for (a) mean annual 

temperatures (MAT), (b) coldest month temperatures (CMT), (c) warmest month temperatures (WMT) and (d) mean annual precipitation 

(MAP). Yellow bars show the coexistence intervals for each parameter. Solid black lines in panels (a) to (c) represent the modern climate 

values from the meteorological stations in Bodø and Mo i Rana, Nordland, Norway (Figure 2.1) (Norwegian Meteorological Institute and 

Norwegian Broadcasting Corporation, 2014). Dashed lines represent the range of modern coastal temperatures (Moen, 1999). Listed taxa are 

found in both the modern and mid-Holocene samples. 
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and proportions of Sphagnum spores are highest where extensive peatlands are found 

onshore (e.g. Heusser, 1983; Mudie and McCarthy, 1994; Mudie, 1982). In contrast, 

pollen from deciduous trees is under-represented in marine sediments as this pollen is 

deposited closer to the source area (˂200 km), as a result of their small size and high 

density (Mudie and McCarthy, 2006). With ODP Hole 642B being located ~400 km 

offshore, the contrast between the relative abundance of Pinus and deciduous tree pollen 

is especially pronounced. The pollen spectra at ODP Hole 642B are predominated by 

wind-pollinated taxa. Low abundance of deciduous trees can also be found in other 

marine records from the North Atlantic (Mudie and McCarthy, 2006). There is no 

evidence for large rivers in Norway during the Pliocene, which makes rivers as a 

significant transport medium for pollen to the site highly unlikely. Today, plumes of 

cold fjord water enter the Norwegian Sea in spring, but only extend less than 100 km 

offshore (Mork, 1981). However, modern-like fjords and glaciers which trigger such 

plumes almost certainly did not exist during the Pliocene. 

The increase in Sphagum spores and slight decline in Pinus pollen in the mid- to late 

Holocene sample has been interpreted to reflect the expansion of peatlands that is 

observed in the late Holocene vegetation records from northern Norway (Bjune et al., 

2004). Deciduous trees such as Alnus and Betula are common elements in terrestrial 

Holocene vegetation records (e.g. Bjune and Birks, 2008; Bjune, 2005) but are only 

represented in low numbers (<3%) in the marine surface pollen assemblages, 

complicating the quantification of their representation in the vegetation. The same 

applies for Corylus which is a thermophilic, oceanic climate species in Norway and 

reaches its upper limit in the middle boreal zone, thus extending up to 70°N (Bjune, 

2005; Moen, 1987). Other thermophilic taxa such as Fraxinus, Ilex and Taxus that are 

restricted to southern Norway (<62.5°N) (Moen, 1999, 1987) are represented with a 

relative abundance of up to 2% in the modern and mid-Holocene pollen samples of 

Hole 642B, suggesting pollen input from a large source area. Human activity has, 

however, significantly altered the natural vegetation of Norway (Moen, 1999, 1987), 

resulting in the occurrence of species outside their natural habitat, which could explain 

the presence of Fraxinus and Taxus in the modern samples. 

3.4.2 Late Pliocene climate reconstruction 

According to the Piacenzian pollen assemblages and based on the modern vegetation 

distribution in Norway (Moen, 1999), the northern boundary of the boreonemoral and 

nemoral zone was shifted 4–8° latitude to the north during the two warmer-than-present 
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intervals in the Piacenzian (3.6–3.47 Ma and 3.29–3.18 Ma). Conditions rather similar 

to present characterised the interval between 3.47 and 3.29 Ma.  

Palaeoclimate estimates for the Piacenzian using the Coexistence Approach suggest that 

MATs and WMTs were at least (minimum) 4°C and 8°C higher than today, 

respectively. These minimum estimates fit well with the reconstructed latitudinal shifts 

in forest zones and broadly corroborate previous temperature estimates from this site 

(Willard, 1994). Estimates for CMT and MAP overlap with modern climate data, either 

suggesting that values were similar to present or that changes are not detected due to 

limitations in the approach (e.g. Grimm and Potts, 2016). Factors which hamper 

accurate climate estimates from both the modern and mid-Holocene as well as 

Piacenzian samples include: 

 Uncertainties in pollen identification allow a determination of many pollen taxa 

to genus level only. This yields wide climatic tolerances and ranges 

 Distance of site from the mainland results in overall lower number of taxa and 

complicates the identification of the pollen source area  

 Near coastal Scandinavian mountains cause a mixed pollen signal with taxa 

from different vegetation and climate zones along the altitudinal gradient 

 Lack of modern analogue: several taxa are extinct in Europe, such as Carya, 

Sciadopitys and Tsuga, and their modern distribution might not reflect their 

climatic tolerances during the Pliocene. 

Considering these limitations, the Piacenzian climate reconstruction based on the CA 

for northern Norway should be considered a low confidence estimate only. 

3.4.3 Vegetation and climate at 3.60–3.47 Ma 

At the onset of the Piacenzian, the occurrence of pollen from deciduous temperate 

elements (e.g. Carpinus, Carya and Quercus) together with high abundances of pollen 

from conifer trees, including temperate taxa such as Sciadopitys and Tsuga, suggest the 

presence of cool temperate deciduous to mixed forest in northern Norway. At present, 

Quercus spp. are a distinctly southern species in Norway, occurring in the nemoral and 

boreonemoral zones. During the earliest Piacenzian, the northern boundary of the 

boreonemoral zone was presumably positioned at least 4° further north when compared 

to today, reaching the Arctic Circle. Predominantly deciduous forest might even have 

prevailed in the lowlands of northern Norway, implying a northward shift of the 

northern limit of the nemoral zone by at least 8° latitude.  
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Sciadopitys and Tsuga are considered to be part of the cool temperate montane 

vegetation. Both species went extinct in Europe during the glacial-interglacial cycles of 

the Pleistocene but can still be found in East Asia and North America (e.g. Svenning, 

2003; Wen, 1999). Only one species of Sciadopitys still exists at present, growing in the 

warm to cool temperate montane zone of Japan. There, Sciadopitys forests are 

associated with steep rocky ridges or slopes, requiring relatively dry habitat conditions 

in a humid climate (Ishikawa and Watanabe, 1986). In Neogene deposits from central 

Europe and Denmark, Sciadopitys is, however, known to be an element of peat-forming 

vegetation or conifer forests that grew in better drained or elevated areas, respectively, 

suggesting that its ecological requirements have changed (e.g. Figueiral et al., 1999; 

Schneider, 1995). In the Lake Baikal region, Tsuga-Picea forests are also ascribed to 

habitats at higher altitudes during the Piacenzian (Demske et al., 2002). The assignment 

of Sciadopitys and Tsuga to montane conifer forests is supported by the correlation of 

the relative percentage changes of these taxa to those of other high-altitude taxa 

(Cupressaceae, Juniperus-type and Picea; Figure 3.2) (e.g. Numata, 1974; Seppä and 

Birks, 2001). 

Ericaceae shrubs, Lycopodium and Sphagnum mosses likely originated from both the 

understorey of the cool temperate to boreal forests, and alpine environments. The 

relative abundance of Sphagnum spores during the earliest Piacenzian is lower than that 

in the surface sample but similar to the subsurface sample (Figure 3.1, 3.2) which might 

be indicative of a less extensive distribution of peatlands. 

Warmer-than-present climatic conditions between 3.55 and 3.48 Ma have also been 

recorded at Lake El’gygytgyn in the north-eastern Russian Arctic where 

Larix/Pseudotsuga forests predominated (Andreev et al., 2014; Brigham-Grette et al., 

2013). In southern East Siberia, mixed coniferous forests grew under a relatively warm 

climate in the Lake Baikal region during the early Piacenzian (Demske et al., 2002). 

3.4.4 Vegetation and climate at 3.47–3.35 Ma 

A marked cooling around 3.47 Ma and a subsequent establishment of similar to present 

boreal conditions are inferred from a sharp drop in the relative abundance of conifer tree 

pollen (except Pinus pollen). A corresponding increase in the abundances of spores and 

pollen from herbs, shrubs and mosses (Asteraceae, Ericaceae, Lycopodium and 

Sphagnum; Figure 3.2) is interpreted to reflect the development of open environments at 

high altitudes, possibly similar to the modern low alpine vegetation, as a result of a 
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southward shift of the cool temperate mixed and boreal forest zones and accompanied 

lowering of the treeline. At present, the lower boundary of the low alpine zone, 

corresponding to the tree line, is reached at 400–800 m in the area around Bodø and Mo 

i Rana (Moen, 1999). 

Maximum abundances of herb pollen, especially those of Asteraceae Liguliflorae-type 

are reached at 3.42 Ma, steadily declining towards 3.35 Ma (Figure 3.2, 3.7). They are 

indicative of drier conditions. At present, tall-herb meadows reach their distribution 

limit in the southern Arctic zone in northern Norway but are less common in the alpine 

regions (Moen, 1999). The high abundance of Asteraceae in ODP Hole 642B might 

reflect a vegetation community with no modern analogue. At present, alpine 

environments with abundant Asteraceae can only be found in the Southern Hemisphere. 

At Kosciuszko National Park, New South Wales, Australia, Asteraceae grows in alpine 

herbfields, grasslands, bogs and heath communities along with Ericaceae, Huperzia, 

Lycopodium and Sphagnum (Costin et al., 2000). Additionally, Asteraceae and 

Ericaceae pollen as well as Lycopodium and Sphagnum spores in the sediments of ODP 

Hole 642B may have originated from the field layer of forests covering the lower 

altitudes. These were more boreal in character during this time interval with Pinus as 

the dominant species, as indicated by low percentages of pollen from other conifers, 

including the temperate taxa Sciadopitys and Tsuga (Figure 3.2). The diversity index 

shows the lowest average value across this interval of relative cool climatic conditions 

(Figure 3.7).  

The development of open environments at high altitudes is suggested to have occurred 

as a result of an altitudinal downward shift of vegetation belts as well as a southward 

displacement of vegetation zones. Taxa characteristic of the boreonemoral zone (e.g. 

Quercus and Sciadopitys) comprise low proportions in the pollen assemblage at ODP 

Hole 642B between c. 3.47 and 3.35 Ma (Figure 3.2), suggesting that patches of 

deciduous to mixed forests grew in the area. These patches presumably represent 

extensions of the northern boundary of the mixed forest zone. The prevalence of boreal 

forest together with patchy deciduous forest stands and low alpine environments at 

higher altitudes is indicative of climatic conditions similar to today. Assuming tree line 

elevations of 400–800 m, the northern Norwegian mountains were probably not high 

enough for mountain glaciers to establish between 3.47 and 3.35 Ma. Presently, glaciers 

only form in the high alpine zone, above 1000 m (Moen, 1999, 1987).
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Figure 3.7: Summary diagram illustrating percentage changes in the main taxa or taxa groups, diversity based on the Shannon index, numbers of taxa rarefied at 

300 individuals, the global benthic LR04 oxygen isotope stack (Lisiecki and Raymo, 2005) and description of the main vegetation configurations and climatic 

conditions. Vertical grey lines in the diversity graphs correspond to the average value across the interval. Dashed horizontal lines correspond to the main pollen 

zones shown in Figure 3.2. 
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While the ODP Hole 642B pollen record indicates cold conditions similar to present-

day (Figure 3.2, 3.7), re-occurring warmer and cooler climate conditions are 

documented in the Lake El’gygytgyn and Lake Baikal region between 3.47 and 3.35 Ma 

(Andreev et al., 2014; Demske et al., 2002). As in ODP Hole 642B, the pollen 

percentages of thermophilic tree species (Abies, Picea and Tsuga) also decrease 

significantly between c. 3.48 and 3.45 Ma. At the same time, increased percentages of 

Cyperaceae and Poaceae pollen as well as Sphagnum and other spores indicate the 

development of open habitats, suggesting cooler and reoccurring drier and wetter 

climatic conditions around Lake El’gygytgyn (Andreev et al., 2014). The peak in 

Sphagnum spores at c. 3.43 Ma in ODP Site 642B coincides with an increase in 

Sphagnum spores in the Lake El’gygytgyn record, suggesting wetter climatic conditions 

both in northern Norway and the Siberian Arctic. A biome reconstruction for Lake 

El’gygytgyn suggests the first appearance of tundra during a cool interval, lasting from 

3.39 to 3.31 Ma (Andreev et al., 2014). A thinning of the forests and spread of 

Ericaceae shrubs and Lycopodiaceae is also recorded at Lake Baikal at 3.47 Ma, but 

warm conditions prevail until 3.5 Ma (Demske et al., 2002). Between 3.5 and 3.38 Ma, 

drier but still relatively warm climatic conditions are inferred from a change of moist 

(Abies, Picea and Tsuga) to dry (Juniperus-type, Larix/Pseudotsuga and Quercus) 

forests (Demske et al., 2002). A strong cooling is observed in the Lake Baikal region at 

3.39 Ma from a spread of boreal taxa and a maximum in Selaginella selaginoides 

(Demske et al., 2002).  

The period of cooling in Scandinavia, north-eastern Russian Arctic and southern East 

Siberia corresponds to the time of deposition of till, and hence glaciation, in the James 

Bay Lowland, Canada (~52°N) at c. 3.5 Ma (3.6–3.4 Ma) (Gao et al., 2012), and also to 

enriched global benthic δ
18

O (Lisiecki and Raymo, 2005). No major glacial events are, 

however, evident in the Nordic Seas during this time interval (Fronval and Jansen, 

1996; Kleiven et al., 2002). Gao et al. (2012) propose that the lack of ice-rafted detritus 

in the Nordic Seas either indicates a significant contribution from the North American 

ice sheet to the elevated benthic δ
18

O values or a restriction of glaciation to the 

continental interior of Greenland and Fennoscandinavia. The Piacenzian vegetation 

record for northern Norway suggests a wide distribution of boreal forest between 3.47 

and 3.35 Ma. Considering the present-day average minimum elevation of glaciers 

(~1000 m) in northern Norway, and a lower height of the Scandinavian mountains 
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during the Pliocene, mountainous glaciation seems highly unlikely (Andreassen et al., 

2012; Sohl et al., 2009). 

In the North Atlantic, SSTs derived from alkenones decrease at 3.45 Ma at IODP Site 

U1313 (41°N, 33°W)  just north of the subtropical gyre, suggesting a weakened 

northward heat transport via the NAC (Naafs et al., 2010). At ODP Site 982 (58°N, 

16°W), which sits at the northern end of the NAC, a gradual cooling of SSTs 

(alkenones) is recorded from c. 3.5 Ma onwards (Lawrence et al., 2009). These SST 

records confirm the hemispheric-wide extent of climatic changes around c. 3.47 Ma. 

3.4.5 Vegetation and climate at 3.35–3.29 Ma 

After c. 3.35 Ma, the percentages of Pinus pollen drop below 50%, suggesting a decline 

in pine forest coverage and a further cooling of climate (Figure 3.2). Around 3.3 Ma, the 

high relative abundance of Sphagnum spores reflects a spread of peatlands and high 

precipitation (Figure 3.7). Additionally, the absence of temperate pollen taxa, e.g. 

Carpinus, Carya, Sciadopitys and Tsuga, is indicative of the predominance of boreal 

forest. The proportion of Sphagnum spores is about twice as high around 3.3 Ma than in 

the surface sample, suggesting a more extensive distribution of peatlands.  

The upper limit of well-developed peatland communities is presently reached in the 

lower alpine zone. The maximum elevation of this zone ranges from 600 to 1400 m 

where the Scandinavian mountains reach a sufficient height (Moen, 1999, 1987). The 

clear boreal to alpine character of the vegetation around 3.3 Ma suggests that climatic 

conditions might have been cold enough to allow for the establishment of mountain 

glaciers in northern Norway. The cooling event at c. 3.3 Ma coincides with glacial MIS 

M2, a major global glaciation event. In the Northern Hemisphere a modern-like ice 

configuration with glaciation in Greenland, Iceland, the Barents Sea and Scandinavia is 

suggested for MIS M2 (De Schepper et al., 2014). However, the possibility of a hiatus 

in ODP Hole 642B over the most extreme part of MIS M2 must be considered (see 

section 2.3).  

At Lake El’gygytgyn, a further increase in herbs and spores combined with a decrease 

in tree taxa is observed at 3.352 Ma, indicating enhanced cooling and relatively dry 

climatic conditions (Andreev et al., 2014). Between 3.310 and 3.283 Ma, tundra- and 

steppe-like vegetation dominated around the lake but tree and shrub vegetation was still 

present in the area. A high Sphagnum content also points to the existence of wetlands 
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around the lake (Andreev et al., 2014). In the lake Baikal region, cool climatic 

conditions still persisted until around 3.3 Ma (Demske et al., 2002). 

3.4.6 Vegetation and climate at 3.29–3.16 Ma 

After 3.29 Ma, cool temperate deciduous to mixed forests re-migrated to northern 

Norway as shown by the frequent presence of pollen from temperate deciduous taxa 

(e.g. Carpinus, Carya, Pterocarya and Quercus) and the increase in the relative 

abundance of conifer pollen (Figure 3.2). Between 3.29 and 3.26 Ma, pollen 

percentages of Pinus and conifers are high while those of Sphagnum spores are 

relatively low, suggesting a spread of forest at the expense of peatlands and thus warmer 

climatic conditions. A reestablishment of Pinus-Larix-Picea forests after MIS M2 is 

also documented at Lake El’gygytgyn and mixed coniferous forests spread in the Lake 

Baikal region (Andreev et al., 2014; Demske et al., 2002). 

In the pollen record of ODP Hole 642B, an opening of the vegetation is seen at c. 

3.26 Ma, when the relative abundance of Pinus pollen and Lycopodium spores 

decreases. The correspondingly increased proportion of Sphagnum spores suggests 

wetter and possibly also cooler climatic conditions (Figure 3.2). Thereafter, percentages 

of Pinus are quite variable, suggesting repeated warmer phases. Taxa diversity is higher 

during the warmest climatic conditions within the Piacenzian record (3.29–3.18 Ma) 

when compared to the preceding cool intervals (3.47–3.29 Ma). This coincides with a 

higher number of taxa in individual samples (Figure 3.7). In the north-eastern Russian 

Arctic, an opening of the vegetation and drier climatic conditions is inferred from the 

high amounts of herb pollen in the Lake El’gygytgyn record between c. 3.25 and 

3.20 Ma (Andreev et al., 2014). This coincides with low Pinus pollen and high 

Sphagnum spore percentages in the sediments of ODP Hole 642B. Cooler climate 

conditions are also recorded in the Lake Baikal region during this interval (Demske et 

al., 2002). In northern Norway, climate oscillated between cooler and warmer phases. 

The high abundance of Pinus pollen in the sediments of ODP Hole 642B around 3.20–

3.18 Ma coincides with a re-establishment of forests around Lake El’gygytgyn at c. 

3.20 Ma (Andreev et al., 2014). The decline in the relative abundance of Pinus pollen 

and marked increase in the proportion of Sphagnum spores after 3.18 Ma suggest the 

establishment of cooler climatic conditions similar to those during MIS M2. 

Over the entire 3.29–3.16 Ma interval, a wider distribution of cool temperate montane 

forests in northern Norway during warmer phases is indicated by peaks in the 
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abundances of Sciadopitys and Tsuga pollen, coinciding with high Pinus pollen contents 

(Figure 3.2). Thermophilic pollen taxa like Carpinus, Carya, Ilex, Pterocarya and 

Quercus occur frequently together with other rarely represented pollen of deciduous 

trees (e.g. Acer, Fagus, Juglans, Nyssa and Tilia; Figure 3.3; Plate 3.2, 3.3), pointing to 

the presence of nemoral to boreonemoral forests and a warm climate (Figure 3.2, 3.3). 

Relatively high numbers of Juniperus-type and Cupressaceae pollen suggest the 

prevalence of open shrub vegetation at higher altitudes throughout the interval (Bjune, 

2005; Seppä and Birks, 2001). The high proportion of Sphagnum spores, peaks in herbs 

such as Asteraceae, Chenopodiaceae and Poaceae pollen and the regular occurrence of 

other herb pollen taxa also suggest the continuous presence of open environments 

(Figure 3.2). The relatively high abundance of Sphagnum spores also points to more 

humid conditions than during the previous intervals.   

The negative correlation of Pinus and Sphagnum pollen percentages suggests distinct 

changes between a wider forest coverage and expansion of peatlands, presumably 

indicative of repeatedly warmer and cooler climatic conditions. The development of 

peatlands during Piacenzian intervals that show a similar-to-present vegetation 

distribution and climate might have contributed to the long-term decline in atmospheric 

CO2 concentrations towards the Pleistocene (e.g. Lunt et al., 2008a; Martínez-Botí et 

al., 2015; Pound et al., 2015). At present circumarctic peatlands in the Northern 

Hemisphere form a major carbon sink (e.g. Gajewski et al., 2001; MacDonald et al., 

2006). In addition, a change from a taiga- to tundra-dominated vegetation significantly 

increases surface albedo by expanding snow cover over the summer (Koenig et al., 2011 

and references therein). The wider distribution in peatlands in northern Norway during 

the Piacenzian might have acted as a positive internal feedback mechanism that 

facilitated the development of an extensive Scandinavian ice sheet around 2.72 Ma 

(Kleiven et al., 2002). 

The findings of this study corroborate a previous palynological analysis of nine samples 

from the Piacenzian section of ODP Hole 642C, indicating the presence of a mixed 

conifer-hardwood forest at the northern limits of the deciduous forest zone in Norway 

between c. 3.3 and 3.1 Ma (Willard, 1994). However, this high-resolution study 

indicates that the warmth of the Piacenzian was not as stable as previously thought, but 

was instead interrupted by cooler intervals, causing latitudinal and altitudinal shifts of 

the boundary between the deciduous and boreal forest zone. 
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In the North Atlantic, a return of warm conditions at 3.29 Ma is documented in the 

alkenone-based SST record of Site U1313, indicating an enhanced northward heat 

transport by the NAC (Naafs et al., 2010). A re-establisment of the NAC at 3.285 Ma, 

following the glacial maximum of MIS M2, is also seen in the alkenone- and Mg/Ca-

derived SSTs as well as dinoflagellate assemblage changes at IODP Site U1308 (50°N, 

24°W) and DSDP Site 610 (53°N, 19°W) further north (De Schepper et al., 2013). The 

warming documented at these sites is in agreement with this study. In contrast, Site 982 

records a continuous cooling over this interval which might, however, be attributed to 

discrepancies in the age model (Khélifi et al., 2012; Lawrence et al., 2013, 2009). 

3.4.7 Vegetation and climate at 3.16–3.14 Ma 

The climate of Norway cooled further, as indicated by the steady decrease in the relative 

abundance of Pinus pollen, high proportions of Sphagnum spores and the sporadic 

occurrence of pollen from temperate taxa between c. 3.16 and 3.14 Ma (Figure 3.2, 3.7). 

The pollen assemblage shows a strong resemblance to that during MIS M2, suggesting 

similar or slightly colder climatic conditions when compared to today, and potentially 

creating conditions favourable for glacier build-up at high altitudes. Cool climate 

prevailed in the James Bay Lowland, Canada during that time, as indicated by the 

prevalence of boreal forests (Gao et al., 2012). A thinning of forests and deflection to 

cooler conditions is also observed at Lake Baikal at c. 3.18 and 3.15 Ma (Demske et al., 

2002). In contrast, conifer forests grew under relatively warm climate conditions until 

3.06 Ma in the Lake El’gygytgyn area (Andreev et al., 2014). 

3.4.8 (Sub)Arctic vegetation evolution during the Piacenzian 

During the Cenozoic, temperate to boreal forests showed a wide distribution in the 

Northern Hemisphere and were very uniform in their floristic composition (e.g. Wen, 

1999; Xing et al., 2015). Palaeogeographic and palaeoclimatic changes during the 

Pliocene and Pleistocene led to today’s disjunct distribution of tree genera in Europe, 

Asia and North America (e.g. Svenning, 2003; Xing et al., 2015). The Piacenzian flora 

of northern Norway exhibits a similar composition to that in Canada and Siberia at that 

time (e.g. Andreev et al., 2014; de Vernal and Mudie, 1989a; Pound et al., 2015). The 

reconstructed Piacenzian vegetation and climate changes in northern Norway are closely 

correlated with other vegetation records across the Northern Hemisphere (Table 3.1), 

indicating a hemispheric response to external and internal forcing. Vegetation changes 

at Lake El’gygytgyn strongly follow orbitally-induced glacial-interglacial cycles 

(Andreev et al., 2014; Brigham-Grette et al., 2013). For instance, the hemisphere-wide 
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Table 3.1: Summary of Piacenzian (sub)Arctic vegetation records. Time intervals correspond to the main pollen zones delimited in ODP Hole 642B. 

Piacenzian vegetation changes are compiled from the following: ODP Hole 642B (this study); the Lake El’gygytgyn record in the NE Russian Arctic 

(Andreev et al., 2014); Lake Baikal record in SE Siberia (Demske et al., 2002); Yukon, NW Canada (Pound et al., 2015) and James Bay Lowland, SE 

Canada (Gao et al., 2012). 

Location/time interval 3.6-3.47 Ma 3.47-3.35 Ma 3.35-3.29 Ma 3.29-3.16 Ma 3.16-3.14 Ma 

Northern Norway 

(ODP Hole 642B, 

67°N) 
 

 

Cool temperate to 

deciduous forest 

Boreal forest and low 

alpine environments 

Boreal forest and 

extensive peatlands 

Cool temperate to 

boreal forests, 

long-term 

expansion of 

peatlands 

Further decrease of 

forest coverage and 

spread of peatlands 

Temperature Warm Cool Cool Warm Cool 

Precipitation High Low High High High 

      

North-eastern Russian 

Arctic (Lake 

El’gygytgyn, 67°N) 

Diverse 

coniferous forest 

with temperate 

trees and shrubs 

and peatlands 

3.48 Ma: decrease in 

thermophilic taxa; 

3.48-3.42 Ma: 

predominance of boreal 

forest and open habitats, 

repeated wetter and drier 

intervals;  

3.42-3.39 Ma: boreal 

forest; 

After 3.39 Ma: boreal 

forest and first appearance 

of tundra 

After 3.35 Ma: further 

opening of the 

vegetation; 

3.31-3.28 Ma: mostly 

treeless tundra- and 

steppe-like vegetation 

with forest patches and 

peatlands 

3.28-3.25 Ma: 

boreal forest; 

3.25-3.20 Ma: 

boreal forest with 

open habitats; 

3.20 Ma: boreal 

forest 

After 3.06 Ma: 

opening of the 

vegetation 

Temperature Warm Cool Warm Cool Cool Warm Warm Cool 

Precipitation Low High High Low Low High Low High High 
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South-eastern Siberia 

(Lake Baikal, 53°N) 

Mixed coniferous 

forests 

At 3.47, 3.43 and 3.39 Ma: 

thinning of forest and 

predominance of boreal 

vegetation 

After 3.3 Ma: Spread of 

coniferous forest 

At 3.26 and 

3.18 Ma: thinning 

of boreal forest 

and spread of 

boreal taxa 

After 3.15 Ma: 

reduced forest 

coverage and 

development of open 

habitats 

Temperature Warm Cool Warm Cool Cool Cool Cool 

Precipitation High Low High Low Low High Low Low 

         

Canada (Yukon, 64°N 

and James Bay 

Lowland, 52°N) 

 James Bay Lowland: till 

deposits dated to 3.5 Ma 

(3.4 – 3.6 Ma) 

 Yukon: diverse 

boreal forest with 

wetlands/lakes 

James Bay Lowland: 

boreal forest 

Temperature  Cool  Warm  

Precipitation    High  
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cooling at c. 3.48–3.47 Ma and c. 3.3 Ma coincide with MIS MG6 and M2, respectively 

(Andreev et al., 2014; Brigham-Grette et al., 2013; Lisiecki and Raymo, 2005). 

The circum-arctic distribution of tundra/peatlands developed during the late Piacenzian 

and throughout the glacial-interglacial cycles of the Pleistocene (e.g. Andreev et al., 

2014; Gajewski et al., 2001). The transition of high-latitude vegetation changes from 

forest to tundra environments during the late Piacenzian presumably amplified the 

cooling through vegetation-snow albedo feedbacks (e.g. Gallimore and Kutzbach, 1996; 

Koenig et al., 2011). The long-term cooling trend over the Piaceanzian that is observed 

in all records is in accordance with declining atmospheric CO2 values from the 

Piacenzian towards the early Pleistocene (Bartoli et al., 2011; Martínez-Botí et al., 

2015; Seki et al., 2010). Expansion of tundra biomes may have contributed to the 

drawdown of atmospheric CO2, further enhancing cooling. 

The main vegetation and climate changes during the Piacenzian observed in (sub)Arctic 

records are illustrated in Table 3.1. During the earliest Piacenzian diverse forest 

communities persisted under a warmer-than-present climate in northern Norway, the 

north-eastern Russian Arctic and southern East Siberia (Andreev et al., 2014; Demske et 

al., 2002). In all regions, cooling around 3.48–3.47 Ma is indicated by the development 

of open habitats. Till deposits in the James Bay Lowland, Canada provide evidence for 

glaciations between 3.6 and 3.4 Ma (Gao et al., 2012). A further opening of the 

vegetation and deterioration of climate is observed both in northern Norway and the 

north-eastern Russian Arctic after 3.35 Ma, culminating in the coldest recorded climatic 

conditions around 3.3 Ma. High Sphagnum spore content in ODP Hole 642B and the 

Lake El’gygytgyn record are indicatve of an extensive distribution of peatlands during 

the coldest interval (Andreev et al., 2014). Warm climatic conditions re-established after 

c. 3.29 Ma in northern Norway, the north-eastern Russian Arctic and southern East 

Siberian which were interrupted by cooler intervals until c. 3.18 Ma (Andreev et al., 

2014; Demske et al., 2002). However, conifer forests prevail under relatively warm 

climatic conditions in the vicinity of Lake El’gygytgyn until 3.06 Ma. Piacenzian 

deposits from the Yukon Territory, Canada have been assigned to the mPWP and reveal 

the prevalence of diverse forests with wetlands/lakes (Pound et al., 2015). Between 3.18 

and 3.14 Ma reduced forest coverage in northern Norway and in the Lake Baikal area, 

and the predominance of boreal forest in the James Bay Lowland are indicative of cool 

climatic conditions (Demske et al., 2002; Gao et al., 2012). 
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3.5 Conclusions 

The Piacenzian high-resolution pollen record from ODP Hole 642B in the Norwegian 

Sea reveals repeated fluctuation of cool temperate and boreal conditions. Warmest 

month temperatures are estimated to be 8–14°C higher than present. The northern 

boundary of the boreonemoral to nemoral forest zone was shifted northward by at least 

4–8° latitude during warmer-than-present intervals. Throughout the Piacenzian record 

(c. 3.6–3.14 Ma) three main climatic phases are observed: 

 3.60–3.47 Ma: Cool temperate deciduous to mixed forest prevails in northern 

Norway, suggesting a northward shift of vegetation boundaries of at least 4–8° 

latitude. 

 3.47–3.29 Ma: A southward shift of vegetation zones as well as a displacement 

of vegetation belts to lower altitudes indicates cooling. Low alpine environments 

develop in mountainous areas, suggesting climatic conditions similar to today. 

The cooling culminates at c. 3.3 Ma (around MIS M2), potentially creating 

conditions cold enough for glacier build-up at the highest summits. 

 3.29–3.14 Ma: Re-establishment of warmer-than-present climate conditions is 

indicated by re-migration of deciduous to mixed forest to northern Norway. 

Repeated warmer and colder phases are recorded until c. 3.18 Ma after which 

climate continuously cools and conditions similar to MIS M2 establish again. 

The development of peatlands might have contributed to the drawdown of 

atmospheric CO2 before the start of Northern Hemisphere glaciation. 
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Chapter 4: Pliocene vegetation and climate evolution in Arctic 

Norway controlled by North Atlantic Current variability 

4.1 Introduction 

In the Nordic Seas region, the pronounced high-latitude warming in comparison to mid- 

to low-latitude regions documented in Pliocene (5.33–2.58 Ma) marine and terrestrial 

proxy records has often been ascribed to an enhanced oceanic and/or atmospheric 

northward heat transport (Bennike et al., 2002; Dowsett et al., 2013a; Robinson, 2009; 

Verhoeven et al., 2013). Existing Pliocene vegetation records in the Nordic Seas region 

and the Canadian Arctic Archipelago are indicative of rather stable warmer-than-present 

climatic conditions throughout the epoch (Bennike et al., 2002; Rybczynski et al., 2013; 

Verhoeven et al., 2013; Willard, 1994). This notion is likely an artefact of the short 

temporal coverage and/or low resolution of these records. Recently published 

Piacenzian high-resolution records in the Northern Hemisphere suggest more variable 

climatic conditions (Chapter 3) (Andreev et al., 2014; Gao et al., 2012). A high 

variability of terrestrial climate during the Pliocene is in better agreement with marine 

proxy studies from the North Atlantic and Nordic Seas, showing major oceanographic 

changes and highly variable SSTs (De Schepper et al., 2015; Lawrence et al., 2009; 

Naafs et al., 2010; Risebrobakken et al., 2016; Schreck et al., 2013). During the 

Zanclean, major oceanographic changes affected the Nordic Seas region. Around 

4.5 Ma, the establishment of a modern-like EGC and NwAC, which is an extension of 

the NAC, led to the onset of a modern-like circulation with a strong zonal temperature 

gradient (De Schepper et al., 2015). These oceanographic changes have been attributed 

to the shallowing of the CAS and the related onset of Pacific to Atlantic water through 

flow via the Bering Strait (De Schepper et al., 2015; Verhoeven et al., 2011). After the 

establishment of modern-like oceanographic conditions, major variations in the strength 

and/or position of the NAC and thus northward heat transport are evident in Piacenzian 

high-resolution SST reconstructions. These changes have been related to atmospheric 

circulation changes forced by orbitally controlled insolation variations and ocean 

gateway changes (De Schepper et al., 2013; Lawrence et al., 2009; Naafs et al., 2010). 

Piacenzian vegetation changes in northern Norway show a strong coupling between 

Scandinavian climate changes and the northward transport of warm Atlantic water via 

the NAC (Chapter 3). 
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The Pliocene has been suggested to be an epoch characterised by global climate cooling 

based on benthic oxygen isotope and SSTs records (LaRiviere et al., 2012; Lisiecki and 

Raymo, 2005; Mudelsee et al., 2014). Sniderman et al. (2016) question the idea of the 

Pliocene being the last warmer-than-present period within a gradual cooling trajectory. 

Instead, the authors suggest that the Pliocene represents a discrete warming that 

interrupted the late Neogene cooling trend. In the Southern Hemisphere, a distinct 

warming and wetting of climate during the Zanclean is inferred from a biome turnover 

in southern Australia that corresponds to higher SSTs at low- and high- latitude sites, 

reversing the long-term cooling and aridification trend (Sniderman et al., 2016 and 

references therein). In globally distributed Pliocene SST records, the Zanclean has also 

been identified as an interval of peak warmth (Fedorov et al., 2013). However, most 

Pliocene marine and terrestrial studies in the North Atlantic region have focused on 

climatic changes during the Piacenzian period which represents an interval of global 

cooling due to the progressive expansion of Arctic sea ice and growth of the Greenland 

ice sheet (Kleiven et al., 2002; Knies et al., 2014a; Lunt et al., 2008a; Mudelsee and 

Raymo, 2005; Salzmann et al., 2008). The climate variability during the Zanlcean and 

impact of the onset of a modern-like Nordic Seas circulation around 4.50 Ma and the 

related development of a stronger zonal and meridional temperature gradient (De 

Schepper et al., 2015) on atmospheric circulation and terrestrial climate in the North 

Atlantic region is, however, unknown. 

This study presents the first complete Pliocene high-resolution pollen record, reflecting 

vegetation changes in northern Norway. The aim of this study is to assess (1) the 

response of high-latitude vegetation and climate changes to the variability of the NAC, 

(2) the long-term controls and (3) the impact of the shoaling of the CAS on the 

vegetation and climate evolution in northern Norway. Furthermore, the study addresses 

the role of Zanclean climate changes within the long-term Pliocene climate evolution. A 

previous high-resolution study of vegetation changes in northern Norway shows highly 

variable climatic conditions during the Piacenzian between 3.60 and 3.14 Ma (Chapter 

3). The Pliocene vegetation and climate reconstruction is based on pollen and spore 

assemblage changes in the sediments of ODP Hole 642B in the Norwegian Sea, 

spanning the time interval from 5.03 to 3.14 Ma. 

4.2 Materials and Methods 

A total of 128 samples were selected for pollen analysis between 83.55 and 66.95 mbsf 

from ODP Hole 642B (Shipboard Scientific Party, 1987), ranging in age between 5.03 
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to 3.14 Ma (Risebrobakken et al., 2016). For the majority of samples more than 300 

pollen and spore grains were counted. Only 20 samples yielded a total count of less than 

300 grains. The present cluster analysis includes all pollen and spores to identify the 

main pollen assemblages zones within the Pliocene record. 

PCA was performed on the percentage data to identify the main pattern of variance in 

the pollen assemblage changes in order to determine the controlling environmental 

variables. In addition, spectral analysis was carried out over the time interval from 4.366 

to 3.137 Ma in order to detect cyclicity. Climate model outputs were investigated to 

evaluate the effect of the closure of the CAS on atmospheric circulation. A more 

detailed description of methodologies is given in Chapter 2. 

4.3 Results 

4.3.1 Pliocene pollen assemblages 

Pollen zone 1 (83.55–77.38 mbsf, 5.03–4.51 Ma, 13 samples) 

PZ 1 shows high proportions of Pinus pollen (58–85%) (Figure 4.1). The relative 

abundance of coniferous tree and shrub pollen (Abies, Cupressaceae, Juniperus type, 

Picea, Sciadopitys, Taxus and Tsuga) excluding Pinus pollen ranges between 25 and 

66%. Pollen of deciduous (Alnus, Betula, Carpinus, Carya, Corylus, Pterocarya, 

Quercus and Ulmus) and evergreen (Calluna and Ericaceae) trees and shrubs are always 

present, constituting up to 22% of the assemblages. Herb pollen (Asteraceae, 

Caryophyllaceae, Chenopodiaceae, Cyperaceae and Poaceae) are always present but do 

not exceed a relative abundance of 10%. Spores of ferns and mosses (Lycopodium, 

Osmunda, Polypodiaceae, Pteridium and undifferentiated monoletes) excluding 

Sphagnum spores show proportions ranging between 6 and 30%. Percentages of 

Sphagnum spores are relatively high with values between 6 and 35%. Notable are the 

very high pollen PARs (~7500–19,300 grains/(cm
2
 ka)) throughout the majority of PZ 1 

and the marked drop to values around ~100 grains/(cm
2
 ka) at the end of the zone 

(Figure 4.2). The relative proportion of reworked pollen and spores is very low 

throughout most of PZ 1 (<3%), only showing higher values (3–9%) in the lowermost 

part. 

Pollen zone 2 (77.38–76.60 mbsf, 4.51–4.30 Ma, 7 samples) 

Very low PARs (< ~100 grains/(cm
2
 ka)) occur in the lower part of PZ 2 (Figure 4.2). 

The total pollen sum is below 40 grains in four samples within this zone. Therefore, 
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Figure 4.1: Pollen assemblages in the Pliocene sediments of ODP Hole 642B. Non-patterned, coloured area represents 5-fold percentages. Black circles are 

representative of single pollen or spore grains. Percentages of pollen and spores were calculated based on the pollen sum, excluding Pinus, unidentified and 

reworked pollen and spores. Pinus was included in the pollen sum to calculate percentages of Pinus. The total pollen sum shown here comprises Pinus and 

unidentified pollen. Depth is indicated in metres below sea floor (mbsf). Grey horizontal bars delimit samples with low pollen counts (<100). Samples with a 

total count of less than 40 grains are not shown. The lithology of the Pliocene section of Hole 642B was obtained from the original report (Shipboard Scientific 

Party, 1987). 
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Figure 4.2: Comparison of (a–e) selected Pliocene pollen data from ODP Hole 642B to (f–

h) orbital solutions (Laskar et al., 2004) and the global benthic oxygen isotope record 

(Lisiecki and Raymo, 2005). (a) Sedimentation rate (dashed line; Risebrobakken et al., 

2016) and pollen accumulation rate (PAR, dashed line); (b–d) relative abundance changes 

of Pinus, conifers excluding Pinus, and Sphagnum (solid lines) and their PARs (dashed 

lines); (e) Principal Component (PC) 1 from Principal Component Analysis (see Figure 

4.3). The blue and red shading indicates cooler (boreal) and warmer (cool temperate) 

intervals, respectively. The grey bar highlights the interval with low PARs and pollen 

counts. 
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relative abundances are not shown in Figure 4.1. Pollen and spore taxa that were present 

include Alnus, Betula, Ericaceae, Fraxinus, Huperzia, Juniperus type, Pinus, Sphagnum 

and Tsuga. Reworked pollen and spores were also found. The PAR reaches values 

between ~100 and 700 grains/(cm
2
 ka) in the upper part of the zone. The three 

uppermost samples contain high abundances of Pinus pollen (65–79%) and pollen of 

conifers excluding Pinus (22–39%) and Sphagnum spores (16–36%). 

Pollen zone 3 (76.60–75.29 mbsf, 4.30–4.15 Ma, 9 samples) 

PARs vary between ~200 and 4000 grains/(cm
2
 ka) and do not reach values as high as 

those attained during PZ 1 (Figure 4.2). Percentages of Pinus pollen (63–80%) are high 

throughout the zone (Figure 4.1). Pollen of coniferous trees and shrubs are relatively 

low (7–24%). Proportions of Asteraceae (2–8%) peak in the lower part of the zone. 

Abundances of Ericaceae (5–21%) pollen, Lycopodium (15–43%) and Sphagnum spores 

(10–39%) are relatively high. Reworked pollen and spores are highest (~13%) in the 

lower part of PZ 3. One sample in the upper part of the zone with a total pollen sum of 

<100 shows proportions of reworked pollen and spores of 17%. 

Pollen zone 4 (75.29–72.60 mbsf, 4.15–3.90 Ma, 19 samples) 

A slight decline in the relative abundance of Pinus pollen from 63% to a minimum of 

38% is recorded in the lower part of PZ 4, which is accompanied by an increase in 

Sphagnum spores from 40% to 66% (Figure 4.1). Both percentages of Pinus pollen (38–

78%) and Sphagnum spores (24–68%) reveal a high variability within the zone with 

Pinus pollen showing high proportions in the middle to upper part. Coniferous trees and 

shrub pollen remain low throughout PZ 4 but increase in the upper part, mainly due to a 

peak in Picea pollen. Ericaceae pollen show highest abundances in the middle part of 

the zone with a maximum of 21%. Relative proportions of herb pollen and Lycopodium 

spores are low, reaching maximum values of 8% and 14%, respectively. Lycopodium 

spores increase to 22% and 30% at two occasions. A single peak of reworked pollen and 

spores (22%) is documented in the middle part of the zone. PARs vary between ~850 

and 5900 grains/(cm
2
 ka) (Figure 4.2). 

Pollen zone 5 (72.60–69.02 mbsf, 3.90–3.47 Ma, 25 samples) 

PZ 5 is characterised by high abundances of Pinus pollen (61–80%) and pollen of other 

coniferous trees and shrubs (28–60%) (Figure 4.1). Pollen taxa of deciduous and 

evergreen trees and shrubs show relatively low abundances, reaching proportions of up 
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to 12% and 17%, respectively. Herb pollen (<8%) also constitute only a minor part of 

the assemblages. Percentages of Lycopodium spores range between 6 and 34% and 

those of Sphagnum spores reach values of 8–45%. Relative proportions of reworked 

pollen and spores are low (<8%) throughout the zone. A sample within the middle part 

of the zone, yielding counts of less than 100 grains, shows high percentages of 

reworked pollen and spores (43%). PARs range between ~150 and 5900 grains/(cm
2
 ka) 

(Figure 4.2). 

Pollen zone 6 (69.02–68.54 mbsf, 3.47–3.35 Ma, 9 samples) 

The percentages of Pinus pollen (65–75%) are high throughout PZ 6 (Figure 4.1). The 

relative abundance of pollen of coniferous trees and shrubs drops sharply from 42% to 

13% at the start of the zone. This decline coincides with a peak in Lycopodium spores 

(40%) which is followed by high percentages of Sphagnum spores (34–43%). 

Subsequently, the relative abundance of Asteraceae pollen increases to 32%, declining 

to values of 4% towards the upper part of the zone where they are replaced by 

Lycopodium spores (49–56%). PARs are relatively low (~45–1400 grains/(cm
2
 ka)) 

(Figure 4.2). Reworked pollen and spores reach a maximum proportion of 15% in the 

upper part of the zone. 

Pollen zone 7 (68.54–66.95 mbsf, 3.35–3.14 Ma, 46 samples) 

PZ 7 is characterised by a long-term decline in the relative abundance of Pinus pollen 

(Figure 4.1). In comparison to the previous PZs, the proportions of coniferous tree and 

shrub pollen is low, but relatively high and variable percentages (up to 44%) are 

documented in the middle part of the zone. Pollen of deciduous and evergreen trees and 

shrubs is present with maximum proportions of 13% and 15% respectively. After an 

initial peak in percentages of Asteraceae pollen (12%) and Lycopodium spores (29–

36%) in the lower part of PZ 7, the relative abundance of Sphagnum spores increases to 

62%. Percentages of Lycopodium show an overall decline from a maximum of 36% in 

the lower part to values <20% in the upper part. The proportion of Sphagnum spores is 

highly variable, reaching highest values (up to 68%) in the uppermost part. Reworked 

pollen and spores show low (<13%) relative abundances. PARs range between ~60 and 

12,700 grains/(cm
2
 ka) (Figure 4.2). 
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4.3.2 Principal Component Analysis 

The first two components of the PCA using 18 taxa explain 34% of the variance with 

the first component accounting for 19% and the second for 15%. Four groups of pollen 

and spore types can be identified (Figure 4.3): (A) Pinus as a component of boreal and 

mixed forest, (B) mixed forests with thermophilic elements (e.g. Carya, Quercus and 

Sciadopitys), (C) Sphagnum as the main element of peatlands and (D) tundra vegetation, 

consisting of herbfields and/or heather (Asteraceae, Ericaceae and Lycopodium spp.). 

Taxa such as Alnus, Betula and Corylus grow in various vegetation zones, explaining 

their rather isolated position on the plot. Principal Component (PC) 1 is interpreted to 

reflect temperature, with warmer climatic conditions prevailing when loadings are low 

and thus Pinus and other coniferous and deciduous trees show high abundances. Cool 

climatic conditions, however, prevail when relative abundances of Sphagnum are high 

as indicated by high component loadings. The interpretation of PC 2 is more ambiguous 

due to pollen assemblages with high abundances of Asteraceae pollen that have no 

modern analogue (Chapter 3). With lower loadings of PC 2 being associated with higher 

abundances of Sciadopitys, which presently grows in a humid climatic (Ishikawa and 

Watanabe, 1986), this component may be indicative of precipitation changes. 

 

Figure 4.3: Principal Component Analysis using the most abundant taxa in the Pliocene 

pollen record of ODP Site 642B. The four identified groups include: (A) Pinus as a 

component of boreal and mixed forest, (B) mixed forests with thermophilic elements, (C) 

Sphagnum as the main element of peatlands and (D) tundra vegetation, consisting of herb 

fields and/or heather. 
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4.3.3 Spectral analysis 

Low-frequency cyclicities in the order of 166,700 to 1,000,000 years are detected in the 

relative abundance changes of all taxa. A periodicity on orbital time scales, 

corresponding to the long eccentricity cycle, is only recorded in the relative abundance 

changes of Asteraceae and Pinus pollen. Here, only the spectral analysis of Pinus 

percentages changes is shown (Figure 4.4), as the assignment of Asteraceae pollen to a 

particular plant type or vegetation zone is uncertain.  

4.3.4 Climate model results 

Climate model outputs for vector mean surface wind speeds (10m) and atmospheric 

pressure (corresponding to ~750m and ~1500m) during spring (March, April, May) 

from simulations with an open CAS (hereafter referred to as OCAS) and closed CAS 

(hereafter referred to as CCAS) show differences in wind speeds and directions. In the 

OCAS experiment, southeasterlies to southwesterlies prevail along the coast of Norway 

in spring, with southeasterlies predominating at lower altitudes (10m and ~750m).  In 

all OCAS simulations, a stationary front is located to the south of the core location 

(Figure 4.5). This zone of weak winds extends further northeast in the CCAS 

experiment, forming a low-velocity front east of the site location. In addition, wind 

speeds at the lower altitudes (10m and ~750m) are slightly reduced in the CCAS 

experiment, particularly in central Norway and further north. At higher altitudes 

(~1500m), northerly winds prevail above the site and southwesterlies affect the coast of 

Norway in the CCAS experiment (Figure 4.5). 

 

Figure 4.4: Spectral analysis of the relative abundance changes of (a) Pinus interpolated to 

11,000 years and the corresponding evolutionary spectra (b). (a) Red dashed lines represent 

the 99% and 95% significance levels. (b) A size 32 Hanning window was used. The colours 

are indicative of the relative power. The purple and green bars along the frequency axes of 

both figures mark the frequency ranges of the 400,000-years and 100,000-years eccentricity 

cycles (data obtained from Laskar et al., 2004). 
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4.4 Discussion 

4.4.1 Vegetation and climate evolution during the Pliocene 

During the early Zanclean (5.03–4.51 Ma), the prevalence of cool temperate deciduous 

to mixed forests in northern Norway is indicated by the high abundance of Pinus pollen 

and the presence of thermophilic taxa (e.g. Carpinus, Carya, Sciadopitys and Quercus) 

(Figure 4.1). Whether pure deciduous or mixed forests existed in the lowlands of the 

Scandinavian mountains is not clear from the pollen signal due to the low abundances 

of deciduous elements. The latter is an artefact of the distance of the site from the shore 

which also results in the over-representation of Pinus pollen (Chapter 3) (Heusser and 

Balsam, 1985; Mudie and McCarthy, 2006). Cooler intervals at c. 4.90–4.85 Ma, 

4.72 Ma and 4.63 Ma are marked by lower abundances of Sciadopitys pollen and higher 

 

Figure 4.5: Model predictions for winds in spring (March, April, May) in the Nordic Seas 

region with an open and closed Central American Seaway (CAS). (a–b) winds at 10m 

altitude; (c–d) winds on the 925mbar pressure level, corresponding to an altitude of ~750m; 

and (e–f) winds on the 850mbar pressure level, corresponding to an altitude of ~1500m. The 

green circle marks the location of ODP Hole 642B in the Norwegian Sea (67°N, 3°E). 
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proportions of Sphagnum spores, suggesting the development of peatlands at higher 

altitudes as a result of a southward shift of vegetation zones and lowering of the treeline 

(Figure 4.4). Around 4.90–4.80 Ma, glacial expansions have been inferred from IRD 

deposits in the Nordic Seas and also around Antarctica (De Schepper et al., 2014 and 

references therein). In the Norwegian Sea, IRD deposits point to the presence of sea-

terminating glaciers somewhere around the Nordic Seas at 5.0–4.9 Ma (Fronval and 

Jansen, 1996; Mangerud et al., 1996). Dinocyst assemblage changes from Hole 642B 

reveal the influence of warm temperate Atlantic water in the Norwegian Sea. Around 

4.90 Ma, a slight cooling is evident in the warm/cold index (De Schepper et al., 2015). 

The prevalence of boreal forests in northern Norway around 4.90 Ma suggests that an 

extensive glaciation in Scandinavia is unlikely (Figure 4.1). However, variable climatic 

conditions between 5.03 and 4.51 Ma as seen in the abundance changes of Sciadopitys 

pollen and Sphagnum spores are in agreement with repeated cooling phases and related 

expansions of small-scale glaciations around the Nordic Seas (Fronval and Jansen, 

1996). 

At Hole 642B, very low PARs occur between 4.51 and 4.37 Ma (Figure 4.1, 4.2; see 

section 4.4.3 for discussion). The first sample above this interval contains high 

proportions of Ericaceae, Pinus and Tsuga pollen as well as Huperzia and Sphagnum 

spores, suggesting the presence of boreal forests and tundra environments in northern 

Norway. This interpretation should, however, be regarded with caution due to the low 

pollen counts. A subsequent increase in Sciadopitys pollen suggests the prevalence of 

cool temperate mixed forests – conditions similar to those before the interval with low 

PARs. A cooling is seen at 4.30 Ma by the development of herb fields/heathlands, 

consisting of Asteraceae, Ericaceae and Lycopodium, at higher altitudes, which is 

accompanied by a decline and subsequent absence of thermophilic elements (Figure 

4.1). This cooling was possibly initiated by the development of a modern-like NwAC 

between 4.50 and 4.30 Ma that spread cooler but still temperate waters across the 

Norwegian Sea (De Schepper et al., 2015). At Hole 642B, the presence of the NwAC is 

indicated by the appearance of the dinocyst cyst of Protoceratium reticulatum, which is 

a tracer of Atlantic water in the Nordic Seas, and a prolonged decrease in the warm/cold 

index (Figure 4.6) (De Schepper et al., 2015). At ODP Site 907 in the Iceland Sea, the 

gradual disappearance of dinocyst species between 4.50 and 4.30 Ma is reflective of 

decreasing water temperatures and salinity due to the establishment of a proto-EGC 

(Schreck et al., 2013). The increased export of cool Arctic waters into the Nordic Seas 
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Figure 4.6: Comparison of (a–b) relative abundance changes of selected pollen data from 

ODP Hole 642B to other Pliocene marine and terrestrial proxy records in the Northern 

Hemisphere. (a–b) Relative abundance changes of Pinus pollen (black), Sciadopitys pollen 

(green), Sphagnum spores (blue) and the sum of Asteraceae and Ericaceae pollen and 

Lycopodium spores (orange); (c) relative abundance changes the dinocyst cyst of 

Protoceratium reticulatum (yellow) and the warm (W)/cold (C) water index (De Schepper 

et al., 2015); (d) alkenone-derived sea surface temperature (SST) estimates at IODP Site 

U1313 (grey) and the 100 ka moving average (Naafs et al., 2010); and (f) relative 

abundance changes of trees and shrubs at Lake El’gygytgyn in NE Siberia (Andreev et al., 

2014). The grey bar highlights the interval with low pollen accumulation rates and counts. 
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via a modern-like EGC has been linked to the shoaling of the CAS which led to an 

increased North Pacific sea level relative to the Atlantic and reversed the water flow 

through the Bering Strait (De Schepper et al., 2015; Sarnthein et al., 2009; Schreck et 

al., 2013; Verhoeven et al., 2011). A cooling is also observed in the decrease in 

thermophilic trees and increase in herb taxa in Mediterranean pollen records around 

4.50 Ma (Suc et al., 1995a, 1995b).  

At 4.15 Ma, peatlands start to expand at the expense of herb fields/heathlands, and 

boreal forests prevail until 3.90 Ma in northern Norway. In the Norwegian Sea, an 

increase in cold water species across this interval is indicative of a continuous cooling 

(Figure 4.6) (De Schepper et al., 2015). After 4.20 Ma, harsh surface and/or deep water 

conditions at Site 907 prevent the deposition and/or preservation of dinocysts (De 

Schepper et al., 2015; Schreck et al., 2013). In northern Norway, this cooling phase is 

interrupted at 3.90 Ma, when the expansion of diverse mixed forests vegetation is 

indicative of the re-establishment of cool temperate conditions in the area (Figure 4.1). 

This warming coincides with the emergence of seasonal Arctic sea ice in the Eurasian 

sector of the Arctic Ocean (Knies et al., 2014a). The enhanced export of sea ice might 

have counterbalanced the northward heat transport by a stronger AMOC (Knies et al., 

2014a), which in turn resulted in warmer climatic conditions in Scandinavia. This is 

supported by Pliocene stable oxygen and carbonate isotope records from Hole 642B, 

which are indicative of the presence of a warmer NwAC between 4.0 and 3.65 Ma 

(Risebrobakken et al., 2016). 

The early Piacenzian pollen assemblages of Hole 642B reflect the presence of diverse 

cool temperate mixed forests in northern Norway which is indicated by the high 

abundance of coniferous taxa excluding Pinus. Temperate climatic conditions in 

Scandinavia between 3.60 and 3.47 Ma correspond to SSTs up to 6°C higher than 

present in the North Atlantic and Mediterranean Sea (Figure 4.6) (Herbert et al., 2015; 

Lawrence et al., 2009; Naafs et al., 2010). High SSTs along the path of the NAC are 

indicative of the northward transport of warm surface waters during the early Piacenzian 

(Lawrence et al., 2009; Naafs et al., 2010). At 3.48–3.47 Ma, a distinct cooling of ~4°C 

is observed in alkenone-derived SST estimates at IODP Site U1313 which is located at 

the north-eastern edge of the subtropical gyre (Figure 4.6). This cooling is followed by a 

short warming of less than 2°C at 3.45 Ma. A subsequent gradual decline in SSTs 

suggests a weakened NAC and thus northward heat transport (Naafs et al., 2010). At 

Hole 642B, a sharp decline in the relative abundance of coniferous trees and shrubs 
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excluding Pinus between 3.48 and 3.46 Ma, which leads to the predominance of boreal 

forest and subarctic climate conditions in northern Norway, coincides with the initial 

decrease in SSTs at Site U1313. A weakening of the NAC and northward heat transport 

might have led to a reduced influence of Atlantic water in the Nordic Seas, causing the 

establishment of boreal forests in the lowlands of the Scandinavian mountains and herb 

field/heathlands at higher altitudes in northern Norway. A northward shift of the NAC 

and accompanied re-establishment of northward heat transport is inferred from an 

increase in SSTs and dinocyst assemblages changes at several sites in the North 

Atlantic, corresponding to the onset of warm climatic conditions during the mPWP 

(3.264–3.025 Ma) (De Schepper et al., 2013; Dowsett et al., 2010; Naafs et al., 2010). 

This is in agreement with a return of cool temperate forests to northern Norway. 

Climatic conditions seem to be slightly colder in comparison to those before 3.47 Ma, 

as seen in colder average temperatures at Site U1313 and a lower relative abundance of 

Sciadopitys in the pollen assemblages of Hole 642B (Figure 4.6). Cool temperate to 

boreal climatic conditions prevail in northern Norway between 3.29 and 3.18 Ma. 

Peatlands at higher altitudes are a common part of the vegetation which is reflected in 

the high abundances of Sphagnum spores. The expansion of peatlands and decline in the 

prevalence of boreal forests are indicative of the cooling climate before the onset of 

NHG (Chapter 3). 

As opposed to the repeated occurrence of prolonged warmer and cooler intervals during 

the Piacenzian in northern Norway, a long-term cooling of alkenone-derived SSTs at 

ODP Site 982 in the northern North Atlantic, starting at 3.5 Ma, is indicative of a 

gradual change of climate before the intensification of NHG (Lawrence et al., 2009). At 

Site 982, which is situated further north than Site U1313 in the path of the NAC just 

before it enters the Norwegian Sea, obliquity-driven high-amplitude SST variations 

during the Piacenzian are superimposed by a long-term cooling trend (Figure 4.6) 

(Lawrence et al., 2009). Lawrence et al. (2009) propose that the high amplitude 

variations at Site 982 were caused by changes in the position of the westerlies as a result 

of orbitally forced insolation changes. Slight displacements in the westerlies would have 

affected the position of the NAC and thus resulted in high-amplitude SST variations at 

Site 982 (Lawrence et al., 2009). The continuous cooling trend from 3.5 Ma onwards is 

in contradiction to the long-term SST evolution at Site U1313 and related changes in the 

strength of the NAC (Lawrence et al., 2009; Naafs et al., 2010). Naafs et al. (2010) 

suggest that the SST record from Site 982 either reflects displacements of the northern 
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end of the NAC or that the discrepancies might be explained by uncertainties in the age 

model for Site 982 (see Khélifi et al., 2012; Lawrence et al., 2013). Assuming that age 

model uncertainties between c. 3.5 and 3.3 Ma are negligible, the different climatic 

signal derived from Site 982 when compared to Site U1313 and 642 might be a result of 

the strong impact of the westerlies on SSTs at Site 982, modulating the position of the 

NAC. 

In NE Siberia, a similar pattern to the climatic changes observed at Hole 642B and Site 

U1313 is recorded in the relative abundance changes of trees and shrubs in the vicinity 

of Lake El’gygytgyn (Figure 4.6) (Andreev et al., 2014). While the vegetation opens 

around c. 3.47 Ma and c. 3.45 Ma, a pronounced decline in the relative abundance of 

trees and shrubs does not take place until c. 3.39 Ma. Warmer conditions establish after 

c. 3.28 Ma, with relative abundances of trees and shrubs accounting for >50%. The 

similarity between the different records suggests that these climatic changes occurred 

across the Northern Hemisphere (Chapter 3). 

Changes in vegetation and climate are also recorded in northwestern Africa around 

3.48 Ma, with warmer and wetter conditions prevailing before and drier climatic 

conditions after 3.48 Ma (Leroy and Dupont, 1994, 1997). In northwestern Africa, a dry 

phase between 3.44 and 3.40 Ma shows a non-analogue vegetation which is 

characterised by high abundances of Asteraceae Liguliflorae in the pollen spectra 

(Leroy and Dupont, 1997). This phase coincides with cooler and possibly drier climatic 

conditions inferred from the appearance of Asteraceae Liguliflorae in the Hole 642B 

pollen record (Figure 4.1). The first extensive aridification in northwestern Africa at 

3.26 Ma corresponds to the onset of the mPWP, and is marked by the establishment of 

cool temperate conditions in Norway. The correlation of pronounced climate changes at 

3.48 Ma, 3.35 Ma, 3.27–3.26 Ma and 3.20 Ma in northwestern Africa and northern 

Norway highlights the hemispheric-wide extent of these changes. 

4.4.2 Controls on long-term Pliocene vegetation and climate changes in 

northern Norway 

The Pliocene pollen record from Hole 642B reveals four major changes in vegetation 

and climate in northern Norway, with cooler, boreal conditions developing at 4.30 Ma 

and 3.47 Ma and warmer, cool temperate conditions at 3.90 Ma and 3.29 Ma (Figure 

4.1). These changes are indicative of repeated latitudinal shifts of the northern boundary 

of the deciduous forest zone. Possible controls on the long-term vegetation changes in 
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northern Norway, including declining atmospheric CO2 concentrations and orbital 

forcing, will be discussed in the following sections. 

4.4.2.1 Declining atmospheric CO2 concentrations 

Over the almost two-million-year-long record, the relative abundance of the 

thermophilic taxon Sciadopitys shows a continuous decrease in subsequent warm 

intervals (Figure 4.1, 4.2). At present, Sciadopitys is endemic to Japan where it thrives 

on well-drained slopes in a temperate and wet climate (Ishikawa and Watanabe, 1986). 

During the Neogene, Sciadopitys was a common element in the temperate forests of the 

Northern Hemisphere, forming part of lowland swamp environments to high-altitude 

forests (Fauquette et al., 1999; Figueiral et al., 1999; Philippe et al., 2002; Schneider, 

1995). In northern Norway, the decline of this species throughout the Pliocene may be 

indicative of a progressive cooling of climate that is also evident in other Pliocene 

terrestrial and marine records (Fedorov et al., 2013; Gao et al., 2012; Herzschuh et al., 

2016; Lawrence et al., 2009; Naafs et al., 2010; Verhoeven et al., 2013). This cooling is 

also reflected in the loadings of PC 1, showing an overall increase between 5.03 to 

3.14 Ma (Figure 4.2). Decreasing atmospheric CO2 concentrations have been suggested 

to be the main driver for the cooling throughout the Pliocene and the onset of NHG 

(Bartoli et al., 2011; DeConto et al., 2008; Lunt et al., 2008a; Martínez-Botí et al., 2015; 

Pagani et al., 2010; Seki et al., 2010; Tripati et al., 2009). However, the identification of 

a continuous decline in atmospheric CO2 values in proxy records is difficult due to wide 

ranges, with values between ~270 and 400 ppm, and variations between proxies (Badger 

et al., 2013; Bartoli et al., 2011; Martínez-Botí et al., 2015; Pagani et al., 2010; Seki et 

al., 2010). 

4.4.2.2 Orbital forcing 

Climate changes on orbital timescales, with a predominance of obliquity peridiocities, 

have been identified in Pliocene environmental records, using a variety of proxies such 

as benthic oxygen isotopes, alkenones and pollen and spores  (Andreev et al., 2014; 

Lawrence et al., 2009; Lisiecki and Raymo, 2005; Willis et al., 1999b). A recent 

modelling study suggests that orbital forcing has a strong impact on Pliocene climate 

variability on glacial-interglacial timescales with strong regional differences (Prescott et 

al., 2014). Spectral analysis of Pliocene vegetation changes in northern Norway reveals 

low-frequencies cyclicity, exceeding orbital time scales and suggesting that the 

observed climatic changes are not predominantly orbitally controlled. Notable is, 

however, the influence of the long (400 ka) eccentricity cycle on the relative abundance 
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changes of Pinus pollen which is particularly pronounced between 4.2 and 4.0 Ma and 

3.3 and 3.1 Ma (Figure 4.4). During these intervals, the relative abundances of Pinus 

pollen is comparatively low, reflecting cooler climatic conditions. These minima in 

percentages of Pinus pollen correspond to minima in the 400-ka eccentricity cycle 

(Figure 4.2). A correlation of the onset of four different climate phases in the eastern 

Nordic Seas to eccentricity minima and concurrent low-amplitude insolation forcing, 

and thus precession, has also been inferred from low-frequency changes in stable 

oxygen and carbon isotope records from Hole 642B (Risebrobakken et al., 2016). In 

southwestern Romania, Zanclean vegetation changes between 4.90 and 4.30 Ma have 

been related to the 100-ka as well as 400-ka eccentricity cycle, with the former showing 

relatively low-amplitude changes (Popescu, 2001; Popescu et al., 2006). In this record, 

higher abundances of thermophilic (altitudinal) trees correspond to eccentricity maxima 

(minima) (Popescu et al., 2006). This relationship is the opposite to that observed at 

Hole 642B. However, in northwest Europe, cool periods during the Middle Miocene 

show a correlation to minima in the 400-ka eccentricity band (Utescher et al., 2012). 

The same relationship is documented in Miocene benthic stable oxygen isotope changes 

from ODP Site 1085 in the southereastern Atlantic, with middle to late Miocene glacial 

events corresponding to 400-ka eccentricity minima (Westerhold et al., 2005), as well as 

late Pliocene/early Pleistocene alkenone-derived SST changes in the Mediterranean Sea 

(Herbert et al., 2015). The magnitude of glacial expansion during 400-ka eccentricity 

minima has been suggested to be linked to low-amplitude variations in obliquity 

(Zachos et al., 2001) and precession (Herbert et al., 2015). At Hole 642B, low 

abundances of Pinus pollen between 4.2 and 4.0 Ma and 3.3 and 3.1 Ma are not only 

associated with 400-ka eccentricity minima but also with relatively low-amplitude 

variations in obliquity and precession, suggesting that the observed cooler intervals may 

be a response to the concurrence of eccentricity minima and low-amplitude obliquity 

and/or precession changes (Figure 4.2). The presence of the 400-ka eccentricity cycle in 

the Pliocene pollen record from Hole 642B supports the finding of a strong 400-ka 

signal in oxygen and carbon isotope records predating the onset of NHG (Clemens and 

Tiedemann, 1997; Westerhold et al., 2005; Zachos et al., 2001). De Boer et al. (2014) 

show that the pre-NHG 400-ka cycles are predominated by variations of the Antarctic 

ice sheet which are obscured during the Late Pleistocene by the variability of the 

Northern Hemisphere ice sheets. While an eccentricity forcing appears to be present in 

the Pliocene vegetation changes in northern Norway, the signal seems to be masked by 
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palaeogeographic and palaeoceanographic in the North Atlantic and Nordic Seas region 

(see also Risebrobakken et al., 2016). 

4.4.3 Effects of the shoaling of the Central American Seaway on oceanographic 

and/or atmospheric circulation 

During the early Zanclean, the pollen record of Hole 642B shows a pronounced decline 

in PARs, suggesting changes in pollen transport, deposition and/or preservation. At 

4.56 Ma, PARs drop from very high (~7500–19,300 grains/(cm
2
 ka)) to very low values 

(< ~100 grains/(cm
2
 ka)). After 4.35 Ma, PARs slowly recover and subsequent peaks 

reach maximum values of ~12,700 grains/(cm
2
 ka) (Figure 4.2). The main question is 

whether these changes are a result of taphonomic processes or oceanographic and/or 

atmospheric changes related to the shoaling of the CAS between 4.7 and 4.2 Ma (Haug 

et al., 2001). 

Factors affecting transport, deposition and preservation of pollen grains in marine 

sediments, include pollen production, direction of prevailing winds, river transport, 

direction of marine currents, marine primary productivity, oxygen content and 

temperature of the water and time elapsing until deposition and burial (Bottema and 

Van Straaten, 1966; Dupont, 2011). There is no clear link between higher PARs and 

warmer intervals, suggesting that the changes in PARs are not only related to terrestrial 

productivity (Figure 4.2). The sharp decline in PARs at 4.56 Ma is unlikely to have 

been caused by changes in pollen production only, as the composition of pollen 

assemblages just before and after the interval with low PARs are very similar. 

Additionally, fluctuations between warmer and cooler intervals are evident throughout 

the subsequent Pliocene section and are not associated with major changes in PARs. 

4.4.3.1 Influence of sedimentation rate, oxidation and primary productivity on 

pollen deposition and preservation 

In marine sediments, pollen are generally well preserved in areas with low dissolved 

oxygen content and rapid sedimentation, reducing the exposure time to oxygenated 

water (Bottema and Van Straaten, 1966; Heusser and Balsam, 1977; Keil et al., 1994). 

Both, low oxidant concentrations and short oxidation exposure times result in a rapid 

decrease in pollen concentrations (Lebreton et al., 2010). Primary productivity can also 

affect pollen deposition and preservation, with a higher productivity, particularly in 

upwelling areas, resulting in a more effective sinking of particles and the presence of 
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less oxygenated bottom waters due to stronger decay of organic matter (Dupont, 2011 

and references therein). 

In the sediments of Hole 642B, pollen concentrations and PARs show a relatively good 

correlation to sedimentation rate (Figure 4.2), supporting the notion that preservation of 

organic material is positively related to sedimentation rate (Müller and Suess, 1979). 

Higher concentrations before 4.56 Ma may be indicative of the presence of less well 

oxygenated bottom water. Carbonate isotope ratios of planktonic and benthic 

foraminifera from Hole 642B are indicative of reduced deep water ventilation in the 

Norwegian Sea in comparison to the Holocene between 5.05 and 4.65 Ma 

(Risebrobakken et al., 2016). The authors relate the reduced ventilation to increased 

heat transport to the Arctic Ocean and reduced input of brine water as a result of a 

subaerially exposed Barents Sea. The carbonate isotope values might also have been 

influenced by a higher primary productivity and increased respiration between 5.05 and 

4.65 Ma, as indicated by peaks in dinocyst and acritarch accumulation rates at the same 

site (De Schepper et al., 2015; Risebrobakken et al., 2016). As the relationship is not 

constant, increased ocean-atmosphere gas exchange and reduced bottom water 

ventilation are suggested to have had a stronger impact (Risebrobakken et al., 2016). 

The almost complete absence of pollen between 4.56 and 4.35 may have been caused by 

oxidation due to the presence of oxygenated bottom water at the site as a result of 

enhanced overturning. At Hole 642B, an increase in bottom water ventilation between 

4.65 and 4.40 Ma, reaching values closer to the Holocene mean, corresponds to the 

subsidence of the Hovgård Ridge in the Fram Strait and the shoaling of CAS which both 

presumably resulted in an increased AMOC (Haug and Tiedemann, 1998; Haug et al., 

2001; Knies et al., 2014b; Risebrobakken et al., 2016; Sarnthein et al., 2009). The 

changes in stable oxygen and carbonate isotope values, and dinocyst and acritarch 

accumulation rates at Hole 642B are also indicative of a gradual reduction in primary 

productivity and decay of organic matter (De Schepper et al., 2015; Risebrobakken et 

al., 2016). Thus, enhanced ventilation and lower primary productivity might have 

contributed to the lack of pollen between 4.56 and 4.35 Ma. 

4.4.3.2 Changes in wind direction and/or strength 

The predominant mode of pollen transport largely depends on the regional climate and 

the distance of the site from the source area (Mudie and McCarthy, 2006). In marine 

sediments, high pollen concentrations (5000–10,000 grains/cm
3
) are usually found off 

the mouth of large rivers (Heusser and Balsam, 1977; Hooghiemstra et al., 2006). In 
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case of the presence of a prevailing wind system (e.g. westerlies, trade winds), aeolian 

transport accounts for high pollen influxes to marine sediments and past changes in 

influx can be used to reconstruct wind strength (Hooghiemstra et al., 2006; Leroy and 

Dupont, 1994; Mudie and McCarthy, 2006). Wind, and to a minor degree ocean 

currents, are suggested to be the main transport media of pollen to Hole 642B due to the 

predominance of wind-pollinated pollen (Chapter 3). River transport is negligible as 

there is no evidence for large river systems in Norway during the Pliocene, and further 

because of the distance of the site from the shore. 

At present, the main atmospheric circulation pattern in the North Atlantic region is 

determined by the difference in pressure between the subtropical Azores high and the 

subpolar Icelandic low (Budikova, 2009; Furevik, 2000). Changes in the mean sea-level 

pressure fields – the North Atlantic Oscillation (NAO) – strongly affect ocean surface 

circulation. Together with the effect of deep-water formation and an estuarine 

circulation, wind stress is the main driver for the inflow of Atlantic water into the 

Nordic Seas (Furevik, 2000). In northern Norway, the prevailing winds change 

seasonally, with easterly to northeasterly winds predominating during summer and 

westerly to southwesterly winds prevailing during winter (Furevik, 2000; Hall, 2003). 

However, changes in the prevailing wind direction with the strongest effects during 

winter also occur over decadal timescales in response to major atmospheric circulation 

shifts (Furevik, 2000; Ottersen et al., 2001; Trigo et al., 2002). During positive NAO 

years, enhanced wind stress over the Nordic Seas causes a stronger inflow of Atlantic 

water into the Norwegian Sea and a narrowing of the NwAC (Blindheim et al., 2000; 

Furevik, 2000). The enhanced wind stress over the North Atlantic is associated with 

increased heat loss and thus cooling of the upper ocean which leads to inflow of cooler 

Atlantic water into the Norwegian Sea (Delworth and Dixon, 2000; Furevik, 2000). 

Simulations for the Piacenzian suggest that wind strength in the North Atlantic was 

stronger than present (Haywood et al., 2000; Li et al., 2015). A modelling study testing 

the climate effects of reduced sea ice shows a weakening of polar easterlies and 

enhanced cyclonic circulation over the Nordic Seas (Raymo et al., 1990). Lawrence et 

al. (2009) suggest that the Piacenzian high amplitude variations in SST estimates in the 

northern North Atlantic are caused by changes in the position of the NAC due to 

latitudinal shifts of the strongest westerlies. However, a compilation of observational 

and modelling studies highlights that a weakening of the meridional temperature 

gradient together with warmer air masses above the Arctic in a warmer climate may 
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lead to a weakening and southward displacement of the westerlies (Budikova, 2009). In 

the absence of a strong meridional and zonal oceanic temperature gradient during the 

early Zanclean, prevailing easterlies could explain the high PARs at Hole 642B. This is 

supported by a study on atmospheric circulation in Europe during the late Miocene 

based on vegetation reconstructions and model simulations, showing that westerlies 

mainly affected mainland Europe, with relatively weak easterly winds in northern 

Europe (Quan et al., 2014). Changes in the prevailing wind direction might have 

occurred with the establishment of a cooler proto-EGC and modern-like NwAC in the 

Nordic Seas around 4.50–4.30 Ma which was accompanied by the development of a 

stronger zonal temperature gradient (De Schepper et al., 2015). In the pollen record 

from Hole 642B, this may be reflected in the sharp decline in PARs at 4.56 Ma, 

suggesting limited pollen transport to the site. 

To test the hypothesis of atmospheric circulation changes affecting pollen transport to 

Site 642, simulations of vector mean winds during spring for three different altitudes 

were compared from experiments with an OCAS and CCAS (see section 2.5.1.5 and 

4.3.4; Figure 4.5). In the OCAS experiment, winds at lower altitudes (10m and ~750m) 

predominately come from the southeast, indicating that the pollen source area is central 

and southern Norway. The stationary front located to the south of the core location in all 

OCAS simulations may facilitate the sinking of pollen towards the sea surface (Figure 

4.5). In the CCAS experiment, the low-wind-velocity zone extends northward and is 

situated to the east of the site location, which might inhibit the westward transport of 

pollen. Reduced winds speeds in central Norway and further north at the lower altitudes 

(10m and ~750m) in the CCAS experiment is also indicative of a hampered offshore 

pollen transport. At higher altitudes (~1500m) in the CCAS experiment, prevailing 

southwesterlies along the Norwegian coast and northerly winds above the site suggest a 

restricted pollen transport to the Site 642 (Figure 4.5). Thus, the combination of an 

extended stationary front to the east of the site location, reduced wind speeds and 

southwesterly winds with increasing altitude in the CCAS experiment create 

unfavourable conditions for pollen transport from Norway to Site 642. These 

simulations suggest that the main atmospheric circulation changed above Norway and 

the Norwegian Sea in response to the closure of the CAS, with wind directions being 

more favourable for pollen deposition at Site 642 when the CAS is open. With PRISM2 

boundary conditions (see section 2.5.1.5), the OCAS experiment is, however, not a true 

representation of the Zanclean environment, mainly with regard to the size of Northern 
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Hemisphere ice sheets and the meridional temperature gradient. Nevertheless, the 

experiments show that the closure of the CAS has a pronounced effect on the prevailing 

wind directions in Norway and the Norwegian Sea. 

4.4.4 Pliocene climatic changes in relation to the late Neogene climate evolution 

In northern Norway, Pliocene vegetation and climate changes show distinct climate 

phases lasting between ~520 and 120 ka that are characterised by prevailing cool 

temperate, warmer-than-present or boreal, similar-to-present climates. Within these 

intervals, the climate variability is high, which is particularly expressed in marked 

abundance changes of the temperate taxon Sciadopitys and Sphagnum spores, with the 

latter being indicative of the distribution of peatlands and thus cooler/wetter climatic 

conditions (Figure 4.6). Highest abundances of Sciadopitys pollen during the early 

Zanclean suggest the occurrence of warmest climatic conditions during the studied 

interval. This is supported by dinocyst assemblages from the same site which are 

indicative of warm temperate conditions in the Norwegian Sea during the early 

Zanclean and a subsequent cooling of the water masses (Figure 4.6) (De Schepper et al., 

2015). A low-resolution study of  Oligocene to Pleistocene pollen assemblages in the 

sediments of DSDP Site 338 north of the Vøring Plateau in the Norwegian Sea shows a 

continuous decline in the proportions of angiosperm pollen and thus deciduous trees in 

the vegetation of Norway, suggesting a long-term cooling of climate (Koreneva et al., 

1976). This is in agreement with the predominance of gymnosperm pollen in the 

Pliocene sediments of Hole 642B and the gradual decline in the relative abundance of 

Sciadopitys pollen (Figure 4.1). The long-term cooling of climate in northern Norway 

during the Pliocene supports the notion that the warmth of the Pliocene represents a 

portion of a gradual late Neogene cooling trajectory (LaRiviere et al., 2012; Mudelsee et 

al., 2014) instead of a reversal of that trend (Sniderman et al., 2016). However, a more 

detailed study of Miocene vegetation changes in Norway is required to evaluate the 

long-term Neogene terrestrial climate evolution in the subarctic Nordic Seas region. 

4.5 Conclusions 

The Pliocene pollen record (5.03–3.14 Ma) from ODP Hole 642B, reflecting vegetation 

changes in northern Norway, represents the first complete Pliocene record of terrestrial 

climatic changes. Prolonged warmer-than-present and cooler, more similar to present, 

climate phases are characterised by the prevalence of cool temperate and boreal forests, 

respectively. A long-term cooling of climate is indicated by the gradual decrease of the 

relative abundances of Sciadopitys pollen during subsequent warm phases, which may 
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be related to declining atmospheric CO2 concentrations throughout the Pliocene. The 

development of boreal forest and peatlands at higher altitudes during cooler intervals 

coincides with minima in the 400-ka eccentricity cycle and low-amplitude variations in 

obliquity and precession. The following climate phases and their relation to 

palaeoceanographic and palaeoclimatic changes are inferred from the pollen record: 

 5.05–4.51 Ma: Cool temperate mixed forests prevail in northern Norway under a 

warmer-than-present climate. Boreal forests develop around 4.90 Ma, indicating 

subarctic climatic conditions. This cooling might be associated with a globally 

recognised cooling event that led to glacial expansion in the Arctic and 

Antarctica (De Schepper et al., 2014). 

 4.51–4.30 Ma: An interval with very low PARs between 4.51 and 4.37 Ma 

precludes the inference of vegetation and climate changes. The presence of 

boreal forests and tundra environments may be inferred from the few 

encountered pollen. Subsequently, cool temperate climatic conditions – similar 

to those before the interval with low PARs – are evident from the pollen 

assemblages. 

 4.30–4.15 Ma: Boreal forests persist in the lowlands of the Scandinavian 

mountains and herb fields/heathlands develop at higher altitudes, suggesting the 

establishment of subarctic climatic conditions in northern Norway. The cooling 

is possibly associated with the development of a modern-like NwAC and 

circulation pattern in the Nordic Seas as a result of the shoaling of the CAS and 

onset of Pacific-to-Arctic water flow through the Bering Strait (De Schepper et 

al., 2015). 

 4.15–3.90 Ma: Boreal forests prevail and peatlands expand at the expanse of 

herb fields/heathlands, suggesting cooler and/or wetter climatic conditions in 

northern Norway not unlike modern. 

 3.90–3.47 Ma:  The re-establishment of cool temperate forests is indicative 

climate warming, which is possibly the result of sea ice expansion in the Arctic 

and the related enhancement of the overturning circulation and northward heat 

transport (Knies et al., 2014a). Warmer-than-present climatic conditions in 

northern Norway correspond to higher-than-present SSTs in the North Atlantic 

and Mediterranean Sea. 

 3.47–3.35 Ma: The persistence of cooler, boreal climatic conditions is evident 

from the prevalence of boreal forests and herb fields/heathlands at higher 
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altitudes. The cooling at 3.47 Ma coincides with a reduction in northward heat 

transport via the NAC. Concurrent vegetation changes in NE Siberia and NW 

Africa suggest a hemispheric-wide extent. 

 3.35–3.14 Ma: Peatlands expand and the prevalence of boreal forest declines, 

suggesting long-term cooling before the onset of NHG. A re-establishment of 

cool temperate climatic conditions at 3.29 Ma corresponds to a re-invigoration 

of the NAC and the onset of the mPWP. 

The Hole 642B Pliocene pollen record is marked by a sharp decline in PARs at 

4.56 Ma. Pollen accumulation does not recover until 3.35 Ma, with values remaining 

below those attained during the early Zanclean. Marine primary productivity is high and 

bottom water ventilation is reduced compared to the Holocene mean during the early 

Zanclean (Risebrobakken et al., 2016), possibly favouring pollen deposition and 

preservation at the site. A slight increase in ventilation and/or reduction in primary 

productivity between 4.65 and 4.40 (Risebrobakken et al., 2016) might have contributed 

to low PARs. Climate model experiments suggest that changes in the main atmospheric 

circulation pattern during spring as a consequence of the closure of the CAS might have 

inhibited pollen transport to the site. In these experiments, the closure of the CAS 

results in the presence of a stationary front east of the site, reduced wind speeds and the 

prevalence of southwesterly winds with increasing altitude, creating unfavourable 

conditions for offshore pollen transport. 
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Chapter 5: Reconstruction of mid-Piacenzian Norwegian 

Atlantic Current variability using marine palynomorphs  

5.1 Introduction 

As the most recent prolonged warm period in the Earth’s history that exhibits 

similarities to climatic conditions predicted for the end of the 21
st
 century, the mPWP 

(3.264–3.025 Ma) has been the focus of proxy reconstructions and climate modelling to 

compile a comprehensive picture of the magnitude and spatial scale of climatic changes 

and their drivers (Dowsett et al., 2016; Haywood et al., 2016). During the mPWP, 

global annual surface temperatures were 2.7–4.0°C higher than present, with estimates 

for atmospheric CO2 concentration ranging between 270–410 ppm (Badger et al., 2013; 

Bartoli et al., 2011; Haywood et al., 2013b; Martínez-Botí et al., 2015; Seki et al., 

2010). The most recent environmental reconstruction of the mPWP, the PRISM 4, 

highlights the need for high-resolution multi-proxy records with a regional and process-

oriented approach (Dowsett et al., 2016). These are needed to provide a more complete 

palaeoenvironmental reconstruction and gain a better understanding of the climate 

variability within the mPWP (Dowsett et al., 2016, 2013b). Furthermore, there is 

significant disagreement between data and models over the magnitude of warming and 

degree of climate variability in the mPWP, highlighting the need for further 

investigations (Dowsett et al., 2013a; Haywood et al., 2013a; Salzmann et al., 2013).  

In the Nordic Seas, proxy-based reconstructions reveal an enhanced SST increase when 

compared to low-latitude sites during the mPWP (Dowsett et al., 2013a; Robinson, 

2009), which has often been ascribed to an increased northward heat transport via a 

stronger AMOC (Ravelo and Andreasen, 2000; Raymo et al., 1996). However, recent 

modelling and proxy studies suggest that radiative forcing due to increased greenhouse 

gas levels and palaeogeographic changes could account for the amplified warming in 

the Nordic Seas (Bachem et al., 2016; Hill, 2015; Risebrobakken et al., 2016; Zhang et 

al., 2013a, 2013b). The magnitude of warming varies between proxies and sites. At 

ODP Site 907 (69°N) in the Iceland Sea, the reconstruction of summer SSTs using the 

Mg/Ca ratio yields values 3–5°C higher than present (Robinson, 2009). An estimate of 

annual SSTs derived from alkenones at the same site is ~5°C higher than today (Schreck 

et al., 2013). At ODP Site 909 (79°N) northwest of Svalbard, summer SSTs using 

alkenones and the Mg/Ca ratio have been estimated to be ~11–18°C higher than present 

(Robinson, 2009). A warming of annual SSTs of 3–4°C is inferred from the distribution 
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of GDGTs at the nearby Site 910 (80°N) (Knies et al., 2014a). The warming is least 

pronounced in the Norwegian Sea. There, alkenone-derived summer SST estimates for 

the mPWP show an increase of 2–3°C in comparison to the Holocene average, with an 

obliquity-driven SST variability of up to 4°C (Bachem et al., 2016). Bachem et al. 

(2016) suggest that the inflow of warm Atlantic water into the Norwegian Sea via the 

NAC was similar to present and that radiative forcing is the main cause for the higher-

than-present SSTs. 

In the North Atlantic, variations in the strength and position of the NAC recorded in 

dinocyst assemblage changes and SST records have been suggested to have had a strong 

impact on high-latitude climate during the onset of the mPWP and the preceding glacial 

MIS M2 (c. 3.3 Ma) (De Schepper et al., 2013). The authors propose that a weakened 

NAC halted northward heat transport prior to the global ice volume expansion during 

MIS M2, whereas the re-establishment of an active, modern-like NAC corresponds to 

the onset of the mPWP (De Schepper et al., 2013). In northern Norway, the climate was 

too warm for the persistence of sea-terminating glaciers, even during MIS M2. There, 

fluctuations between cool temperate to boreal conditions occurred during the mPWP, 

indicating highly variable climatic conditions (Chapter 3). It remains unclear whether 

the Scandinavian terrestrial realm (vegetation, glaciers) and Nordic Seas SST changes 

are linked to variations in the inflow of Atlantic water into the Norwegian Sea or can 

merely be explained by insolation changes. In particular, evidence for changes in the 

inflow of Atlantic water and its effects on terrestrial climate is missing for the 

Norwegian Sea – a region crucial for heat exchange between the North Atlantic and 

Arctic Ocean. 

Here, we integrate oceanographic and terrestrial environmental reconstructions in the 

Norwegian Sea region over a ~180 ka (3.320–3.137 Ma) time interval that covers MIS 

M2 to the beginning of MIS KM2 in order to investigate land-ocean interactions, 

enabling the identification of oceanographic and/or atmospheric forcing. This study 

presents a new record of dinocyst assemblage changes in the sediments of ODP Site 642 

which will be compared with the pollen record (Chapter 3) as well as alkenone-derived 

SSTs and IRD records from the same site (Bachem et al., 2016). The aim is to build a 

conceptual model of marine and terrestrial environmental changes during the mPWP to 

advance our understanding of the processes (e.g. ocean current and/or orbitally forced 

insolation changes) that drive the observed climatic changes. 
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5.2 Dinoflagellate cyst and acritarch analysis 

Dinocysts and acritarchs were analysed in 44 samples from ODP Hole 642B taken 

between 68.45 and 66.95 mbsf. Dinocysts and acritarchs were counted along with 

pollen and spores (Chapter 2, 3) on the same slides. At least 300 dinocysts were 

identified for each sample. Cysts of Protoceratium reticulatum with short processes 

were counted separately in 34 samples as their proportions are an indication of the 

salinity of the water masses, with process length being positively correlated to salinity 

(Jansson et al., 2014). The relative abundance of taxa is described as dominant (>60%), 

abundant (60–30%), common (30–10%), rare (10–1%) or present (1–0%) (Matthiessen, 

1995). 

5.3 Results 

5.3.1 Dinoflagellate cyst assemblages 

In ODP Hole 642B, 71 different dinocyst taxa were encountered in the Piacenzian 

sediments. The number of taxa in any one sample ranges between 19 and 34, showing a 

continuous decline throughout the studied interval. The highest number of taxa is 

recorded during MIS M1 and the lowest during MIS KM5; both are reflected in the 

Shannon diversity index (Figure 5.4). Selected dinocyst species are shown on Plate 5.1, 

5.2, 5.3 and 5.4. Four taxa, namely cysts of Protoceratium reticulatum, Filisphaera 

filifera, Habibacysta tectata and Spiniferites/Achomosphaera spp. constitute between 52 

to 87% of the assemblages. Other rare to common species include Bitectatodinium 

raedwaldii, B. tepikiense, Lingulodinium machaerophorum, Impagidinium pallidum, 

Nematosphaeropsis labyrinthus, Pyxidinopsis braboi and Round Brown Cysts. Together 

these eleven taxa always comprise at least 80% of the assemblage in any sample (Figure 

5.1). 

Cysts of P. reticulatum, F. filifera and H. tectata show marked relative abundance 

changes over the studied time interval (3.320 and 3.137 Ma), covering MIS M2 to the 

early part of MIS KM2 (Figure 5.1). During MIS M2, relative abundances of cysts of P. 

reticulatum are relatively constant between ~25–40%. Proportions of F. filifera are 

relatively high in the first half of MIS M2 with values around 10–15% and decline to 

values of <10% after 3.284 Ma. Relative abundances of cysts of P. reticulatum decline 

throughout MIS M1, before reaching minimum values of 8% in the first half of MIS 

KM6. At the start of MIS M1, percentages of F. filifera show a marked increase from 4 

to 12% with values increasing to a maximum of 25% at 3.228 Ma within the early part
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Plate 5.1: Selected dinoflagellate cysts species from ODP Hole 642B. All images were 

taken in bright field illumination. Sample number and England Finder coordinates are given 

after species name. Scale bar represents 10 µm. 1-2: Achomosphaera andalousiensis subsp. 

suttonensis, 9H2 55-56, T44/3; 3-4: Achomosphaera spp. indet, 9H2 45-46, P54/0; 5-6: 

Amiculosphaera umbraculum, 9H1 80-81, G38/3; 7-8: Ataxiodinium choane, 9H1 135-136, 

T42/4; 9-10: Barssidinium graminosum, 9H2 52-53, V35/2; 11-13: Bitectatodinium 

raedwaldii, 9H2 34-35, L32/0; 14-15: Bitectatodinium serratum, 9H1 80-81, N37/0; 16-18: 

Bitectatodinium tepikiense, 9H2 34-35, K32/2; 19-20: Brigantedinium spp. indet., 9H1 100-

101; T34/1. 
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Plate 5.2: Selected dinoflagellate cysts species from ODP Hole 642B. All images were 

taken in bright field illumination. Sample number and England Finder coordinates are given 

after species name. Scale bar represents 10 µm. 1-2: Echinidinium spp. indet., 9H2 12-13, 

P38/2; 3-5: Filisphaera filifera, 9H2 34-35, Q44/4; 6-7: Habibacysta tectata, 9H1 85-86, 

S49/2; 8-9: Heteraulacacysta sp. A of Costa and Dowie (1979), 9H2 55-56, S41/1; 10-11: 

Impagidinium aculeatum, 9H2 55-56, M51/0; 12-14: Impagidinium pallidum, 9H2 35-36, 

Q36/0; 15-17: Impagidinium paradoxum, 9H2 55-56, N53/0; 18-20: Lingulodinium 

machaerophorum, 9H2 35-36, W42/4. 
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Plate 5.3: Selected dinoflagellate cysts species from ODP Hole 642B. All images were 

taken in bright field illumination. Sample number and England Finder coordinates are given 

after species name. Scale bar represents 10 µm. 1: Melitasphaeridium choanophorum, 9H2 

25-26, M36/1; 2-4: Nematosphaeropsis labyrinthus, 9H2 34-35, Q34/0; 5-6: 

Nematosphaeropsis lativittata, 9H1 60-61-B, M47/2; 7-8: Cyst of Protoceratium 

reticulatum, 9H1 85-86, O43/1; 9-10: Operculodinium centrocarpum/israelianum, 9H2 15-

16, S51/0; 11: Operculodinium janduchenei, 9H1 74-75, T39/4; 12-13: Pyxidinopsis braboi, 

9H2 25-26, M34/4; 14-15: Round brown cyst, 9H1 100-101, S33/4; 16: Selenopemphix 

dionaeacysta, 9H2 38-39, T44/3; 17-18: Selenopemphix nephroides, 9H2 35-36, S55/2; 19-

20: Spiniferites spp. indet.,9H2 45-46, K42/0. 
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of MIS KM6. Proportions of H. tectata are very low (<4%) during MIS M2 but 

gradually increase throughout MIS M1 and reach values of up to 29% in the first half of 

MIS KM6. In the middle of MIS KM6 between 3.225 and 3.222 Ma, a sharp increase in 

the relative abundances of cysts of P. reticulatum from 13 to 48% occurs, which is 

accompanied by a marked decline in the relative abundances of F. filifera and H. 

tectata. Subsequently, relative abundances of cysts of P. reticulatum gradually increase 

to maximum values of 64% at 3.205 Ma within MIS KM5 while F. filifera and H. 

tectata both show proportions of less than 7%. After 3.205 Ma, relative abundances of 

cysts of P. reticulatum continuously decline. Proportions of F. filifera peak at 3.189 and 

 

Plate 5.4: Selected dinoflagellate cysts and acritarch species from ODP Hole 642B. All 

images were taken in bright field illumination. Sample number and England Finder 

coordinates are given after species name. Scale bar represents 10 µm. 1-3: Tectatodinium 

pellitum, 9H1 76-77, J35/4; 4-5: Cymatiosphaera? aegirii,  9H1 67-86, N38/0; 6-7: 

Cymatiosphaera? icenorum, 9H2 34-35, K36/0; 8-10: Cymatiosphaera? invaginata, 9H1 

115-116, W36/2; 11-13: Lavradosphaera crista, 9H1 90-91, O49/0; 14-15: 

Nannobarbophora walldalei, 9H2 48-49, M35/0; 16: Small spiny acritarch, 9H2 30-31, 

F42/0. 
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Figure 5.1: Abundances changes of selected dinoflagellate cyst (dinocyst) species from 

ODP Hole 642B (a–e) and orbital solutions for  mean daily insolation (f) and obliquity (g) 

from Laskar et al. (2004) as well as the global benthic oxygen isotope stack (h) from 

Lisiecki and Raymo (2005). (a) Dinocyst assemblage composition in Hole 642B. cyst of P. 

reticulatum = Protoceratium reticulatum, F. filifera = Filisphaera filifera, H. tectata = 

Habibacysta tectata, N. labyrinthus = Nematosphaeropsis labyrinthus, P. braboi = 

Pyxidinopsis braboi, L. machaerophorum = Lingulodinium machaerophorum, I. pallidum = 

Impagidinium pallidum, B. tepikiense = Bitectatodinium tepikiense, B. raedwaldii = 

Bitectatodinium raedwaldii, RBC = round brown cysts and Spinisph./Achomosph. = 

Spiniferites/Achomosphaera spp.; (b) dinocyst burial flux (DBF) and total dinocyst 

concentration and (c–e) relative abundance and concentration of the dinocyst species cyst of 

P. reticulatum, F. filifera and H. tectata. Dark grey vertical bar indicates the possible 

presence of an hiatus over the most extreme part of marine isotope stage M2 

(Risebrobakken et al., 2016). 
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3.179 Ma and stay around 5–10% until values drop to <3% at 3.142 Ma within MIS 

KM2. A clear increase in the relative abundance of H. tectata occurs at 3.185 Ma at the 

end of MIS KM5, continuing throughout MIS KM4 and reaching highest values of 32% 

at 3.159 Ma in the middle of MIS KM3. Afterwards, proportions of H. tectata decline 

and those of L. machaerophorum increase to up to 16%. 

Cyst concentrations range between 500 and 5500 cysts/g in the majority of samples 

(Figure 5.1). Highest concentrations occur between 3.222 and 3.197 with maximum 

values of 13,000 cysts/g at 3.203 Ma. The DBF shows the same pattern as the cyst 

concentrations throughout most of the interval. However, the DBF declines sharply 

between 3.214 and 3.207 Ma while cyst concentrations remain high until 3.197 Ma 

(Figure 5.1).  

The P/D ratio is highly variable with dinocysts always constituting the greater 

proportion. Relatively high values of up to ~0.4 are reached in the later part of MIS M2, 

KM6 and MIS KM4 as well as the beginning of KM2 (Figure 5.2).  

5.3.2 Arcitarch assemblages 

The relative abundance of acritarch taxa and their concentrations are extremely variable, 

with absolute counts ranging between 28 and 1099 cysts. Twelve taxa were 

 

Figure 5.2: Sedimentation rate (a) in comparison to pollen deposition (b–c) at ODP Hole 

642B. (b) Pollen accumulation rate (PAR) and pollen concentration, and (c) pollen (P) to 

dinoflagellate cyst (D) ratio. Dark grey vertical bar indicates the possible presence of an 

hiatus over the most extreme part of marine isotope stage M2 (Risebrobakken et al., 2016). 
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differentiated with five, Cymatiosphaera? icenorum, C.? invaginata, Lavradosphaera 

crista, Nannobarbophora walldalei and SSA being abundant to dominant (Figure 5.3; 

Plate 5.4). Abundance changes of SSA, C.? invaginata and C.? icenorum show no clear 

trend between 3.320 and 3.137 Ma. However, notable are the higher percentages of L. 

crista in the second half of the record (3.222–3.137 Ma, mid-MIS KM6 to early MIS 

KM2). Peaks of N. walldalei show a continuous decline throughout the studied interval 

with relative high values during MIS M2, KM6 and KM3. 

 

Figure 5.3: Acritarch assemblage changes at ODP Hole 642B. (a) Acritarch assemblage 

composition; (b) acritarch burial flux (ABF) and total acritarch concentration, and (c–g) 

abundances and concentrations of selected species. Dark grey vertical bar indicates the 

possible presence of an hiatus over the most extreme part of marine isotope stage M2 

(Risebrobakken et al., 2016). 
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Acritarch concentrations are comparable to dinocyst concentrations for most of the 

studied interval with values fluctuating between ~140 and 1400 cysts/g. Maximum 

concentrations of ~16,400–21,300 cysts/g are reached between 3.217 and 3.205 Ma 

(Figure 5.3). The ABF shows a good correlation to the acritarch concentration with the 

exception for the early part of MIS KM5 where the ABF declines before the 

concentration decreases (Figure 5.3). 

5.4 Discussion 

5.4.1 Palaeoecology of the predominant dinoflagellate cyst species in ODP Hole 

642B during the mid-Piacenzian warm period 

Of the three most abundant dinocyst species (cysts of P. reticulatum, F. filifera and H. 

tectata) in the sediments of Hole 642B, only cysts of P. reticulatum are still extant. This 

species is cosmopolitan and tolerates a wide range of temperature and salinity 

(Zonneveld et al., 2013). It is particularly abundant near shelf edges (Dale and Dale, 

2002; Wall et al., 1977) and can be over-represented in fossil assemblages due to high 

cyst productions (Bolch and Hallegraeff, 1990; Dale, 1976). In the modern North 

Atlantic, high abundances of cysts of P. reticulatum are associated with the nutrient-rich 

waters of the NAC (Rochon et al., 1999; Zonneveld et al., 2013). Upon entering the 

Nordic Seas, the distribution of Atlantic water is reflected in the predominance of cysts 

of P. reticulatum (>60%) in modern dinocyst assemblages in the Norwegian Sea, 

enabling the use of this species as a tracer of Atlantic water in palaeoenvironmental 

reconstructions (De Schepper et al., 2015; Grøsfjeld et al., 2014, 2009; Hennissen et al., 

2014; Knies et al., 2002; Matthiessen, 1995; Rochon et al., 1999). As Hole 642B is 

located close to the Norwegian shelf and affected by North Atlantic water masses, cyst 

transport from nearby continental margins and the North Atlantic must be considered 

when interpreting the dinocyst assemblages. In the Piacenzian samples of Hole 642B, 

relative abundances of cysts of P. reticulatum mostly vary between ~25–45%, 

suggesting a continuous influence of Atlantic water or water flux from the Norwegian 

shelf (Figure 5.1). An increased influence of Atlantic water via a well-developed NwAC 

is indicated by higher percentages (~45–60%) and concentrations during the second half 

of MIS KM6 and MIS KM5. Higher dinocyst concentrations have previously been 

associated with higher productivity during glacials of the late Pliocene/early Pleistocene 

(Hennissen et al., 2014; Versteegh et al., 1996). Here, the increase in concentration can 

more likely be attributed to the presence of nutrient-rich Atlantic water. 
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Both F. filifera and H. tectata became extinct during the Pleistocene (Head, 1996b). 

According to their stratigraphic records, these species have previously been classified as 

cold-water tolerant species as they are common elements of Pliocene high-latitude sites 

in the Northern Hemisphere (Head, 1996b, 1994). However, the high latitudes were 

markedly warmer than today during the Pliocene, suggesting that these species 

inhabited relatively mild water masses (Bachem et al., 2016; De Schepper et al., 2015; 

Robinson, 2009). In the eastern North Atlantic, percentages of F. filifera above 5% are 

associated with Mg/Ca-based (spring-summer) SSTs of >11°C and abundances of H. 

tectata exceeding 30% are indicative of SSTs between 10 and 15°C (De Schepper et al., 

2011). These temperature ranges correspond to SST estimates at Hole 642B during the 

mPWP which vary between ~12–16°C (Figure 5.4) (Bachem et al., 2016). At Hole 

642B, abundance changes of F. filifera and H. tectata are almost continuously reflected 

in the concentrations (Figure 5.1). Higher abundances and concentrations of F. filifera 

during the first half of MIS M2 suggest an increased water influence from the Arctic in 

comparison to the second half, and thus a reduction in the northward flow of warm 

Atlantic water via the NwAC. Alkenone-derived SST estimates from Hole 642B 

fluctuate between 11.5 and 13°C, which is within the range of Holocene SSTs at the 

nearby Site MD95-2011 (Figure 5.4) (Bachem et al., 2016). Cold intervals during the 

first half of MIS KM6, and KM3, with SSTs of ~12–13°C, are characterised by high 

abundances (>15%) and concentrations of H. tectata and accompanied by low 

proportions of cysts of P. reticulatum (<25%), indicating an increased influence of 

Arctic than Atlantic water (Figure 5.1). Other potential cool-water indicators that are 

continuously present in low abundances include the extant species Bitectatodinium 

tepikiense and Impagidinium pallidum (De Schepper et al., 2011). Relative high 

abundances of B. tepikiense occur during MIS M1, KM3 and KM2 together with high 

abundances of F. filifera and/or H. tectata (Figure 5.1). At present, I. pallidum is a bi-

polar species but its presence at North Atlantic sites during the Pliocene suggests a 

tolerance of a wider temperature range during the Pliocene, limiting the use of this 

species as a palaeotemperature indicator (De Schepper et al., 2011). At Hole 642B, this 

species shows highest abundances during MIS M1 (Figure 5.1). 
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Figure 5.4: Comparison of dinoflagellate cyst (dinocyst) assemblage changes and indices 

(a–d) to pollen assemblages changes (e–f) (Chapter 3), sea surface temperature (SST) 

estimates (g) and ice rafted debris (IRD) concentrations (h) (Bachem et al., 2016) from ODP 

Hole 642B. (a) Relative abundance of cysts of Protoceratium (P.) reticulatum (yellow line), 

cysts of P. reticulatum with short processes (filled yellow area), Filisphaera (F.) filifera 

(light blue) and Habibacysta (H.) tectata (dark blue); (b) Shannon diversity index and 

number of taxa; (c) index of warm (W) and cold (C) water indicator species; (d) ratios of 

inner neritic (IN), outer neritic (ON) and oceanic (O) species; (e–f) relative abundances of 

Pinus pollen (grey), Sphagnum spores (blue) and conifers excluding Pinus (green); (g) 

alkenone-based SST estimates (orange) from Bachem et al. (2016) and Holocene mean SST 

at Site MD95–2011 from Calvo et al. (2002) (orange dashed); (h) IRD concentrations 

(black). Dark grey vertical bar indicates the possible presence of an hiatus over the most 

extreme part of marine isotope stage M2 (Risebrobakken et al., 2016). 
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5.4.2 Palaeoceanographic and palaeoenvironmental changes in the Norwegian 

Sea area 

During the mPWP, dinocyst assemblage changes at Hole 642 reveal distinct variations 

in the influence of Atlantic and Arctic water in the Norwegian Sea and thus changes in 

the northward heat transport via the NwAC. Here, water masses changes derived from 

dinocyst assemblage changes are compared to pollen assemblages as a proxy for 

vegetation and climate changes in Arctic Norway (Chapter 3) and alkenone-based SST 

estimates (Bachem et al., 2016) from the same site.  

5.4.2.1 MIS M2–M1: A glacial-interglacial transition 

Glacial MIS M2 has been globally recognised in benthic oxygen isotopes and other 

marine and terrestrial proxy records as a pronounced cooling event during the warmer-

than-present Piacenzian (Brigham-Grette et al., 2013; De Schepper et al., 2014, 2013; 

Lisiecki and Raymo, 2005; Mudelsee and Raymo, 2005). At Hole 642B, MIS M2 is not 

as distinctly recorded in the benthic oxygen isotope signal as at other sites, suggesting 

either the possible presence of a minor hiatus over the most extreme part of MIS M2 

(Figure 5.1), or that the event was less pronounced in the Norwegian Sea area 

(Risebrobakken et al., 2016). During the early part of MIS M2, the moderate abundance 

of cysts of P. reticulatum (25–43%) suggests a constant influence of Atlantic and/or 

shelf water (Figure 5.1, 5.4). In comparison to DSDP Site 610 and IODP Site U1308 in 

the northern North Atlantic, where very low abundances of cysts of P. reticulatum 

during this interval indicate the absence of northward warm water transport via the 

NAC (De Schepper et al., 2013), the relatively high proportions of this species at Hole 

642B suggest that its local representation is affected by other factors than the influence 

of Atlantic water. These factors include influx from the shelf edge and/or higher cyst 

productions in comparison to the other species (see section 5.4.1). Cysts of P. 

reticulatum might have been able to be perpetually produced in the relatively mild 

waters of the Norwegian Sea, with temperatures being controlled by higher atmospheric 

CO2 concentrations and insolation changes (Bachem et al., 2016). During the first half 

of MIS M2, alkenone-derived SSTs at Hole 642B are low for the Pliocene and 

comparable to the Holocene average, with values around 12–13°C (Figure 5.4; Bachem, 

unpublished data). An increased influence of relatively cooler water masses from the 

Greenland-Iceland Seas is indicated by the high proportions of F. filifera (<17%). The 

predominance of Pinus pollen and Sphagnum spores in the pollen assemblages of Hole 

642B suggest the prevalence of boreal forests and an extensive distribution of peatlands 
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similar to the Holocene under subarctic climatic conditions in northern Norway (Figure 

5.4). Terrestrial climatic conditions might have been cold enough for the establishment 

of mountain glaciers despite the lower-than-present height of the Scandinavian 

mountains (Chapter 3) (Anell et al., 2009; Knies et al., 2014b). Holocene-like climatic 

conditions in the Norwegian Sea region during the early part of MIS M2 support the 

notion of a similar-to-present Artic ice sheet extent, possibly as a result of a southward 

deflected NAC between c. 3.315 and 3.285 Ma (De Schepper et al., 2013). The lack of 

evidence for a major glacial inception in Scandinavia during MIS M2 in the marine and 

terrestrial proxy data from Hole 642B may, however, be the result of a hiatus 

(Risebrobakken et al., 2016). 

Between 3.284 and 3.281 Ma, the decline in the relative abundance of F. filifera and 

increase in diversity are indicative of a warming of the water masses (Figure 5.4). The 

relative abundance of the acritarchs C.? invaginata, C.? icenorum and L. crista as well 

as the ABF also increase markedly between 3.287 and 3.284 Ma, suggesting enhanced 

marine productivity (de Vernal and Mudie, 1989a; Schreck et al., 2013). This is 

accompanied by a rise in alkenone-derived SSTs to highest values (~15–16°C) within 

the studied interval between 3.285 and 3.283 Ma (Bachem, unpublished data) and 

followed by a distinct increase in the proportion of other conifer taxa excluding Pinus 

from 12 to 42% between 3.283 and 3.281 Ma (Figure 5.4). The latter is indicative of the 

establishment of diverse, cool temperate mixed forests and warmer-than-present 

climatic conditions in northern Norway (Chapter 3). At the same time, the relative 

abundance of Sphagnum spores declines and that of Pinus pollen increases, suggesting 

an expansion of forests at the expense of peatlands. Increased pollen concentrations and 

PARs may be indicative of a higher terrestrial productivity due to warmer climatic 

conditions, but increased pollen deposition due to higher sedimentation rates (Figure 

5.2) and/or marine productivity (Dupont, 2011) cannot be excluded. The increased 

pollen influx is also reflected in the P/D ratio which reaches relatively high values 

during the later part of MIS M2 (Figure 5.2). This warming coincides with the re-

establishment of warmer water conditions in the North Atlantic which have been 

ascribed to a re-invigorated northward heat transport via an active, modern-like NAC 

around 3.285 Ma (De Schepper et al., 2013; Naafs et al., 2010). In the Norwegian Sea, 

the warming is not associated with an increase in the relative abundance of cysts of P. 

reticulatum as at Site 610 and U1308 in the northern North Atlantic (De Schepper et al., 

2013). This supports the notion that the prevalence of cysts of P. reticulatum is partly an 
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expression of the site location close to the Norwegian shelf edge. On the other hand, the 

decline in the relative abundance of F. filifera is indicative of a warming of the water 

masses (Figure 5.1). The pronounced increase of alkenone-based SST to values ~5°C 

higher than the Holocene average suggests that the warming is not only induced by an 

enhanced Atlantic water inflow but also a response to changes in obliquity (Figure 5.4) 

(Bachem et al., 2016). 

Throughout MIS M1, the relative abundance of cysts of P. reticulatum declines while 

that of F. filifera increases stepwise, suggesting further cooling, possibly associated 

with a reduction in the influence of water from the Atlantic and/or Norwegian shelf 

(Figure 5.1, 5.4). As Atlantic water is traced by higher abundances of cysts of P. 

reticulatum in the modern Nordic Seas (Matthiessen, 1995), the decline towards lowest 

values within the Piacenzian record during MIS M1 is interpreted as a reduction of 

Atlantic water influence. This is supported by lower abundances of cysts of P. 

reticulatum during MIS M1 compared to the end of MIS M2 at the North Atlantic sites 

610 and U1308 (De Schepper et al., 2013). The increase in proportions of F. filifera, 

starting at c. 3.262 Ma, is accompanied by an increase in the relative abundance of 

Sphagnum spores which is indicative of an expansion of peatlands at the expense of 

forests and the establishment of subarctic climatic conditions in northern Norway 

(Chapter 3). A cooling in alkenone-derived SSTs, however, is not recorded until 

3.247 Ma in response to obliquity forcing (Figure 5.4) (Bachem et al., 2016). 

Concentrations and influxes of dinocysts, acritarchs and pollen and spores are low 

during MIS M1 (Figure 5.1, 5.2, 5.3), indicating reduced marine and terrestrial 

productivity. However, lower PARs may be the result of reduced marine productivity, 

with the latter impeding particle flux to the sea floor (Dupont, 2011). The good 

correlation of dinocyst and pollen assemblage changes suggests that water mass changes 

in the Norwegian Sea had a direct impact on terrestrial climate. 

The transition between MIS M2 to the mPWP has been suggested to represent a 

climatic evolution from glacial, similar-to-modern to warmer-than-present conditions 

driven by a re-invigoration of the NAC in the North Atlantic around 3.285 Ma and 

accompanied increase in northward heat transport (De Schepper et al., 2013). This 

warming is reflected in both water mass and vegetation changes in the Norwegian Sea 

area. Here, the early part of MIS M2 is characterised by alkenone-based SSTs similar or 

slightly higher compared to the Holocene average (Bachem et al., 2016) and the 

presence of boreal vegetation in northern Norway also resembles modern conditions 
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(Figure 5.4; Chapter 3). Cysts of P. reticulatum are an abundant component of the 

dinocyst assemblage together with Achomosphaera/Spiniferites spp. and F. filifera, with 

the latter being indicative of Arctic water influence. A brief warming of the water mass, 

seen via a decline in F. filifera and an increase in alkenone-derived SST, is recorded at 

3.285–3.284 Ma during the latter half of MIS M2. Terrestrial climatic changes do not 

occur until 3.283 Ma, suggesting a response to water mass changes in the Norwegian 

Sea. This warming, marking the MIS M2/mPWP transition is presumably the result of 

both changes in the position of the NAC in the eastern North Atlantic (De Schepper et 

al., 2013) and obliquity forcing (Figure 5.1). 

5.4.2.2 MIS KM6: Increased inflow of warm Atlantic waters 

The cooling that commenced at 3.262 Ma during MIS M1 culminates between 3.236 

and 3.222 Ma within the first half of MIS KM6 as seen in the high abundances of F. 

filifera and H. tectata which together comprise up to 48% of the assemblage. In 

contrast, cysts of P. reticulatum constitute less than ~20% of the assemblages, 

suggesting a reduced influence of water from the North Atlantic (Figure 5.1, 5.4). The 

cooling is also expressed in the W/C index and alkenone-based SST estimates but to a 

lesser degree in the vegetation changes (Figure 5.4). In the North Atlantic, a reduction 

in the relative abundance of cysts of P. reticulatum is also seen at Site U1308 (De 

Schepper et al., 2013). As insolation forcing is relatively low during this time, the area 

might have been influenced by cooler and fresher water masses from the west, with the 

warm NwAC flowing northward further east and thus closer the coast, resulting in 

relative warm climatic conditions in northern Norway. At present, changes in the width 

of the NwAC of up to 300 km are observed in response to changes in atmospheric 

pressure fields (Blindheim et al., 2000). 

A distinct increase in the relative abundance (up to ~48%) and concentrations of cysts 

of P. reticulatum takes place between 3.225 and 3.222 Ma, coinciding with an increase 

in the proportions of Pinus and other conifers that is indicative of the establishment of 

cool temperate climatic conditions. A rise in alkenone-derived SSTs by ~2.5°C does not 

occur until 3.223 Ma (Figure 5.4). The increase in the abundance of cysts of P. 

reticulatum is also reflected in its concentrations and corresponds to an increase in the 

total DBF, suggesting that nutrient-rich water influenced the site and led to enhanced 

productivity (Figure 5.1) (Hennissen et al., 2014). This is also supported by a steep 

increase in acritarch concentrations and the ABF, commencing at ~3.225 Ma (Figure 

5.3). At the same time, the pollen concentration and PAR increases, possibly as a result 
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of a higher terrestrial and/or marine productivity (Figure 5.1) (Dupont, 2011). These 

changes suggest that warm, salty Atlantic water masses were transported into the 

Norwegian Sea via an active NAC, leading to a warmer climate in northern Norway and 

higher alkenone-derived SSTs in the Norwegian Sea. Bachem et al. (2016) note that the 

rise in SSTs coincides with an increase in obliquity, indicating a possible response to 

orbital forcing. The relative abundance of cysts of P. reticulatum increases continuously 

to maximum values of ~64% until 3.205 Ma, with high proportions predominating until 

3.197 Ma. This increase is reflected in the dinocyst concentrations (Figure 5.1). 

However, the DBF and ABF decline sharply between 3.217 and 3.205 Ma across the 

MIS KM6/KM5 boundary, reflecting a reduction in nutrient availability (Figure 5.1, 

5.2). PARs also decline, suggesting reduced terrestrial productivity and/or particle flux 

to the sea floor (Dupont, 2011). The increase in the abundance of cysts of P. reticulatum 

prior to a rise in alkenone-based SSTs suggests that the latter is at least partly, if not 

entirely, controlled by water mass changes. Lower alkenone-based SSTs (~14°C) 

between 3.223 and 3.189 than those reached during the later half of MIS M2 support the 

notion that radiative forcing exerts a stronger control on SST changes during the early 

part of the mPWP (Figure 5.4) (Bachem et al., 2016). 

5.4.2.3 MIS KM5: Warmer-than-present interglacial conditions 

Abundances of cyst of P. reticulatum are highest between 3.205 and 3.197 Ma, 

suggesting an increased influence of Atlantic water and the presence of a well-

established NwAC compared to the rest of the studied interval (Figure 5.1). This is 

supported by the low proportions of F. filifera and H. tectata. Throughout MIS KM5, 

alkenone-derived SSTs are ~2°C higher when compared to the Holocene average 

(Bachem et al., 2016). Relative abundance changes in Pinus, other conifers and 

Sphagnum are variable, indicating the presence of mixed to boreal forests, but tend 

towards more boreal conditions around 3.20 Ma. However, higher proportions of other 

conifers between 3.222 and 3.205 Ma and at 3.189 Ma suggest that cool temperate 

climatic conditions prevailed in northern Norway (Figure 5.4). Thus, terrestrial climatic 

conditions appear to be quite variable in comparison to relatively stable oceanographic 

conditions. Changes in obliquity and insolation are small around that time, suggesting 

that they did not control terrestrial climate changes. 

At the end of MIS KM5, the relative abundance of conifers excluding Pinus declines 

markedly between 3.189 and 3.187 Ma, suggesting the establishment of boreal forests 

and subarctic climatic conditions in northern Norway. This cooling corresponds to a 
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drop in alkenone-derived SSTs of ~2°C between 3.189 and 3.185 Ma and a 

contemporaneous increase in IRD which most likely comes from sea-terminating ice 

masses on Greenland (Figure 5.4) (Bachem et al., 2016). Bachem et al. (2016) suggest 

that the cooling could be linked to weakened obliquity and insolation forcing. An 

increased influence of water from the Atlantic and/or shelf is suggested by an increase 

in the abundances of cysts of P. reticulatum and decrease in those of F. filifera between 

3.189 and 3.187 Ma. This is, however, followed by a prolonged increase in the 

proportions of H. tectata, commencing between 3.187 and 3.185 Ma, which is 

indicative of enhanced Arctic water influence from the Greenland-Iceland Seas (Figure 

5.1). 

5.4.2.4 MIS KM4–KM2: Cooling of the sea and land 

Declining abundances of cysts of P. reticulatum and increasing proportions of H. 

tectata are indicative of a reduced influence of Atlantic water and the intrusion of water 

masses from the eastern Nordic Seas (Figure 5.4). A freshening of the water masses 

may be inferred from higher proportions of cysts of P. reticulatum with short processes 

(Figure 5.4). In the modern North Atlantic Ocean, the process length of this species 

shows a positive correlation to salinity and density (Jansson et al., 2014; Mertens et al., 

2012, 2010). Alkenone-based SST estimates only show low-amplitude changes, with 

values fluctuating between 12 and 14°C (Figure 5.4) (Bachem et al., 2016). Both Pinus 

and other conifers show low (<13%) and decreasing abundances throughout MIS KM4 

to KM2, reflecting the prevalence of boreal forest in northern Norway. Proportions of 

Sphagnum spores reach values as high as those during the early part of MIS M2 but are 

still variable, indicating relatively cool conditions and a repeated expansion of peatlands 

(Figure 5.4; Chapter 3). 

During MIS KM2, the decline in proportions of H. tectata and increase in those of L. 

machaerophorum suggests a change in water mass composition or taphonomy (Figure 

5.1). Species of L. machaerophorum are presently mainly found in coastal temperate to 

equatorial regions with temperatures above 10°C in summer – conditions persisting in 

the Norwegian Sea during the mPWP (Figure 5.4) (Bachem et al., 2016). During the 

late Piacenzian, L. machaerophorum is a common element in the palynomorph 

assemblages deposited in the southern North Sea Basin, where it has been used as an 

indicator for warm temperate conditions (De Schepper et al., 2009b; Head, 1998). In the 

Norwegian Sea, however, the increase in the abundances of this species is not 

associated with a pronounced increase in alkenone-based SSTs (Bachem et al., 2016), 
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excluding a pure temperature response as the sole cause (Figure 5.4). The species 

tolerates a broad range of salinity and also occurs in high abundances near upwelling 

cells, below river plumes or in highly stratified waters (Zonneveld et al., 2013). In 

Norwegian fjords, higher numbers of this species have been associated with increased 

eutrophication (Dale et al., 1999; Thorsen and Dale, 1997). At Hole 642B, the higher 

abundances of L. machaerophorum are unlikely to be linked to increased nutrient 

availability due to the contemporaneous low proportions of cysts of P. reticulatum, 

RBCs and low DBF and ABF rates (Figure 5.1, 5.3). As L. machaerophorum is a 

typical neritic species, restricted to the coastal regions and vicinity of continental 

margins (Zonneveld et al., 2013), the higher abundances at Hole 642B might be an 

indication of an increased influence of water from the inner shelf area. The higher 

proportions of this species are reflected in both the IN/ON and IN/O indices (Figure 

5.4). The process length of L. machaerophorum has also been correlated with salinity 

(Mertens et al., 2009; Verleye et al., 2009). In this study, specimen with reduced 

processes were not counted separately but noticed during counting, indicating that cysts 

may have been produced in fresher, possibly inner shelf, water and were transported to 

the site. 

5.5 Conclusions 

A new record of dinocyst assemblage changes from ODP Site 642 for the mPWP 

reveals variations in the influence of Atlantic and Arctic water masses in the Norwegian 

Sea and thus northward heat transport via the NwAC between 3.320 and 3.137 Ma. 

These variations have been derived from the relative abundance changes of cysts of P. 

reticulatum, F. filifera and H. tectata. The comparison of water mass changes to 

alkenone-derived SST estimates (Bachem et al., 2016) and vegetation changes in 

northern Norway based on pollen assemblage changes (Chapter 3) from the same site 

show climate changes in response to variations in the influence of Atlantic water and 

changes in obliquity. The NwAC is characterised by a high variability on glacial-

interglacial timescales: 

 MIS M2: During the first half, Arctic water influence is relatively high, as 

indicated by high abundance of F. filifera, and northward heat transport reduced, 

with Holocene-like SSTs and boreal forest prevailing in northern Norway. The 

consistent presence of cysts P. reticulatum in the Norwegian Sea may be an 

expression of water fluxes from the Norwegian shelf edge. The full glacial 

conditions may be missing. Investigation of an unquestionably complete section 
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across MIS M2 in the Norwegian Sea is needed to confirm or disprove this 

alternative. 

 MIS M2/M1 transition: Warming around 3.285–3.284 Ma that is evident in a 

decline in the abundances of F. filifera, rise in alkenone-derived SSTs and the 

presence of cool temperate forest in northern Norway is indicative of an 

increased influence of Atlantic water and well-established NwAC. Water mass 

changes precede terrestrial climate changes, suggesting that the warming on land 

is at least partly driven by a re-invigorated NwAC. Highest alkenone-derived 

SSTs within the studied interval suggest that the warming is not only forced by 

water mass changes but also orbitally-induced insolation variations. 

 MIS M1: Enhanced water influx from the Arctic and less well-developed 

NwAC corresponds to boreal climatic conditions in northern Norway. A delayed 

decline in alkenone-based SSTs coincides with a decrease in obliquity. 

 MIS KM6: Cooling culminates in the first half, suggesting a relatively weak 

NwAC and a more pronounced influence of Arctic water. An increased 

influence of nutrient-rich, warm Atlantic water leads to a re-establishment of an 

active NwAC between 3.225–3.222 Ma. A distinct warming is also seen in the 

rise of alkenone-derived SSTs, the development of cool temperate forests in 

northern Norway and marine as well as terrestrial productivity indicators. 

 MIS KM5: Atlantic water influence stays high as inferred from highest 

abundances of cysts of P. retilulatum. Alkenone-based SSTs  are 2°C higher 

than the Holocene average, presumably resulting from a combination of the 

emergence of warmer Atlantic water and radiative forcing. Boreal to cool 

temperate forests prevail in northern Norway, suggesting variable terrestrial 

climatic conditions. 

 MIS KM4–KM2: A gradual increase in Arctic water influence is reflected in 

high abundances of H. tectata and corresponds to the prevalence of boreal forest 

and a repeated expansion of peatlands in northern Norway. Estimates of SSTs 

are relatively stable and slightly higher than the Holocene mean. An increase in 

the abundances of L. machaerophorum may be indicative of an increased water 

flux from the inner shelf. 
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Chapter 6: Conclusions and Outlook 

6.1 Summary of the research project 

This research project investigated Piacenzian climate variability and the extent of 

vegetation changes in northern Norway between 3.60–3.14 Ma (Chapter 3), the long-

term evolution of Pliocene vegetation and climate between 5.03 and 3.14 Ma (Chapter 

4) and the variability of the NwAC between 3.32 and 3.14 Ma, covering the mPWP 

(Chapter 5). The reconstructions are based on the analysis of terrestrial and marine 

palynomorphs in the Pliocene sediments of ODP Hole 642B in the Norwegian Sea. As 

the climate of the Pliocene Epoch (5.33–2.59 Ma) exhibits similarities to climatic 

conditions projected for the end of the 21
st
 century, Pliocene environmental 

reconstructions can advance our understanding of the temporal variability and 

magnitude of climatic changes in a warmer-than-present world. The high latitudes are 

particularly sensitive to climatic changes, partly due to positive feedback mechanisms – 

a phenomenon known as Arctic amplification. The low resolution, poor age control 

and/or low temporal coverage of existing Pliocene high-latitude vegetation records in 

the North Atlantic region has hampered the detection of sub-orbital climate variability, 

and identification of forcings. The effect of palaeogeographic (i.e. the shoaling of the 

CAS during the Zanclean) and palaeoceanographic changes (i.e. variations in the 

northward heat transport via the NAC) during the Pliocene on vegetation and climate 

are unclear. This thesis presents a new Pliocene high-resolution pollen record on sub-

orbital timescales for the North Atlantic region, documenting vegetation and climate 

changes in northern Norway. It also presents a new record of variations in the influence 

of Atlantic/Arctic water in the Norwegian Sea during the mPWP derived from dinocyst 

assemblage changes. The dinocyst record is compared to vegetation changes in northern 

Norway, allowing the analysis of the link between marine and terrestrial environmental 

changes. 

6.1.1 Piacenzian vegetation, and climate variability in northern Norway 

Between 3.60 and 3.14 Ma, vegetation fluctuated between diverse cool temperate 

forests and boreal forests with tundra vegetation at higher altitudes of the Scandinavian 

mountains which reached elevations of 500–1000m in northern Norway, being 500–

1000m lower than present (Chapter 3). Cool temperate forests, which persisted during 

warmer-than-present intervals, consisted of Alnus, Betula, Carpinus, Carya, Picea, 

Pinus, Sciadopitys, Tsuga and Quercus. The presence of thermophilous species (e.g. 
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Sciadopitys and Quercus) in northern Norway suggests a northward shift of the northern 

boundary of the mixed to deciduous forest zone by 4–8° latitude. During cooler 

intervals, the forest composition resembled that of today, with Pinus being the 

predominant species. The appearance of herbs (i.e. Asteraceae pollen) and mosses (i.e. 

Sphagnum spores) during those intervals is inferred to reflect an opening of the 

vegetation and the development of herb fields and peatlands at higher altitudes. 

Mountain glaciers likely did not establish during cooler intervals due to the lower-than-

present height of the Scandinavian mountains. However, during intervals with an 

extensive, possibly wider than present, distribution of peatlands, climatic conditions 

might have been cold enough to allow for the establishment for mountain glaciers. 

Quantitative climate estimates based on the CA suggest that MATs and WMTs were on 

average 5–14°C and 8–14°C higher than present during warmer-than-present intervals, 

respectively, in comparison to climate data from near-coastal meteorological reference 

stations.  

6.1.2 Controls on Pliocene vegetation and climate evolution in northern 

Norway 

The Pliocene pollen record (5.03–3.14 Ma) reveals a long-term cooling trend that is 

superimposed on shifts between distinct c. 520 to 120 ka-long climate phases 

characterised by the prevalence of cool temperate and boreal conditions in northern 

Norway (Chapter 4). The long-term cooling is inferred from the continuous decline in 

the relative abundance of the temperate taxon Sciadopitys throughout subsequent warm 

intervals, which is in agreement with Pliocene records showing decreasing atmospheric 

CO2 concentrations and the notion of the Pliocene representing the later stage of a late 

Neogene cooling trajectory. Spectral analysis of the relative abundance changes of 

Pinus pollen between 4.36 and 3.14 Ma suggests that cooler intervals between c. 4.2 

and 4.0 Ma and 3.3 and 3.1 Ma occurred in response to the concurrence of eccentricity 

(400 ka) minima and low-amplitude obliquity and precession variations. The expression 

of the 400-ka eccentricity cycle in the Pliocene pollen record of Hole 642B is, however, 

obscured by palaeogeographic and palaeoceanographic changes. 

During the early Zanclean, PARs are highest. A distinct decline in PARs is observed at 

4.56 Ma, with pollen deposition not recovering until 4.35 Ma and values remaining 

below those reached during the early Zanclean. The decline in PARs may be linked to 

reduced marine primary productivity after 4.56 Ma, hampering the sinking of pollen to 

the sea floor. Alternatively, climate model outputs obtained from model experiments 
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run by the Pliocene palaeoclimate model community at the University of Leeds and 

Bristol suggest that the shoaling of the CAS between 4.7 and 4.2 Ma resulted in 

atmospheric circulation changes from prevailing southeasterlies to southwesterlies, with 

the latter creating unfavourable conditions for offshore pollen transport. During the late 

Zanclean and Piacenzian, vegetation changes in northern Norway correspond to changes 

in the strength/position of the North Atlantic Current, suggesting that variations in 

northward heat transport affected terrestrial climate changes in Scandinavia. 

6.1.3 Norwegian Atlantic Current variability during the mid-Piacenzian warm 

period and its impact on Scandinavian vegetation changes 

Dinocyst assemblage changes at Hole 642B reveal variations in the influence of Atlantic 

and Arctic water between 3.320 and 3.137 Ma, covering MIS M2 to KM2 (Chapter 5). 

The extant cysts of Protoceratium reticulatum are used as a tracer of Atlantic water in 

the Nordic Seas. The extinct species Filisphaera filifera and Habibacysta tectata are 

indicative of Arctic water influence from the Greenland-Iceland Seas. High abundances 

of F. filifera and H. tectata during the first half of MIS M2, MIS M1 and the first half of 

KM6, and KM4 to KM2 suggest influence of Arctic water and coincide with the 

prevalence of boreal forest and similar-to-present climatic conditions in northern 

Norway. Two warming events are evident in the dinocyst assemblage changes during 

the studied interval. The first warming at 3.284 Ma is evident in declining abundances 

of F. filifera, suggesting reduced Arctic water influence. In northern Norway, cool 

temperate forests and thus warmer-than-present climatic conditions establish at 

3.283 Ma, suggesting a lacked response of terrestrial climatic changes to water mass 

changes. The warming coincides with an increase in obliquity, indicating a possible 

response to orbital forcing. The second warming event around 3.225 Ma is marked by 

an increase in the relative abundance of cysts of P. reticulatum, indicating increased 

Atlantic water influence and a well-established NwAC. This warming is concurrently 

seen in the establishment of cool temperate forests and warmer-than-present climatic 

conditions in northern Norway, suggesting a direct response of terrestrial climatic 

changes to the emergence of Atlantic water. 

6.2 Summary conclusions 

This thesis provides new high-resolution Pliocene (5.03–3.14) pollen and Piacenzian 

(3.32–3.14 Ma) dinocyst records for ODP Hole 642B (Norwegian Sea), documenting 

vegetation changes in northern Norway and variations in the inflow of Atlantic water 

into the Norwegian Sea, respectively. The main findings of this study are: 
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 In northern Norway, vegetation fluctuated between cool temperate forests and 

boreal forests with herb fields/peatlands at higher altitudes during the 

Piacenzian, indicating warmer-than-present and similar-to-present climatic 

conditions, respectively (Chapter 3). During warmer-than-present intervals, 

MATs were 5–14°C higher than present and WMTs 8–14°C. The Piacenzian 

vegetation changes correlate with other marine and terrestrial records across the 

Northern Hemispheric, suggesting a hemispheric-wide impact of climatic 

changes superimposed on region-specific changes. The expansion of peatlands 

at the end of the record may be a major control on climatic cooling through the 

drawdown of atmospheric CO2 and vegetation-snow albedo feedbacks, 

contributing to the Earth’s system shifting into the highly variable Pleistocene. 

 The first long-term high-resolution Pliocene pollen record is indicative of a 

gradual climate cooling in northern Norway in response to declining 

atmospheric CO2 concentrations, continuing the long-term cooling trend that 

followed the mid-Miocene climatic optimum (17–14.5 Ma). Distinct climate 

phases characterised by boreal or cool temperate climatic conditions interrupt 

this gradual cooling trend. Cooler intervals are presumably partly driven by 

minima in the long eccentricity (400 ka) cycle and concurrent low-amplitude 

variations in obliquity and precession. During the early Zanclean, oceanographic 

and/or atmospheric circulation changes occur as a result of the shoaling of the 

CAS. Boreal conditions establish in northern Norway in response to the 

development of a modern-like NwAC. Subsequent variations in the 

position/strength of the NAC and thus northward heat transport via the NwAC 

control vegetation and climate changes in northern Norway. This is the first such 

evidence for both orbital and atmospheric controls on Pliocene vegetation and 

climate changes, and major atmospheric circulation shifts in the Nordic Seas 

region. 

 During the mPWP, northward heat transport via the NwAC varies on glacial-

interglacial timescales. Increased Atlantic and Arctic water influence 

corresponds to cool temperate and boreal climatic conditions in northern 

Norway, respectively. Warming events at 3.285 Ma and 3.225 Ma follow the 

obliquity trend, suggesting an additional orbital control. The good correlation 

between marine and terrestrial proxy records highlights the value of combining 

the two, to better understand processes and controls on both oceanographic and 

atmospheric environmental changes. 
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6.3 Outlook 

This research project has provided the first high-resolution pollen record for the entire 

Pliocene and a detailed land-sea correlation by comparing pollen and dinocyst 

assemblage changes for the mPWP. Implications for future research are outlined below: 

 The high-resolution Piacenzian pollen record reveals a development of peatlands 

before the onset of NHG. The hypothesis of peatlands expansion and/or tundra 

development acting as a positive feedback mechanism with regard to 

atmospheric CO2 drawdown and vegetation-snow feedbacks needs to be 

assessed via future high-resolution vegetation reconstructions in the (sub)Arctic 

region. Furthermore, such studies would allow for the greater comparison to 

identify major controls on vegetation and climate changes on regional to 

hemispheric-scales. 

 The new Pliocene pollen record provides insights into the controlling 

mechanisms behind vegetation and climate changes. To fully understand the 

effect of apparent global (e.g. atmospheric CO2 changes and orbital forcing), 

hemispheric-wide (e.g. shoaling/closure of CAS and related AMOC changes) 

and regional (e.g. NwAC changes and (sea) ice feedbacks) controls on terrestrial 

climate changes as identified in this record, further comparable studies are 

required. These would allow for the determination of the spatial impact of the 

above mentioned processes. As a specific example, an expansion of peatlands 

does not only occur at the end of the record but also during a previous cooler 

climate phase without being followed by global climatic cooling. This either 

suggests that the expansion of peatlands is specific to Scandinavia or that the 

two cooling phases are controlled by different scale climate forcings.  

 The integration of terrestrial and marine palaeoenvironmental proxies from the 

same site for the mPWP highlights the value of combining those two to gain a 

better understanding of the interaction of environmental changes on land and in 

the sea. Furthermore, such studies enable the identification of oceanographic 

and/or atmospheric forcing mechanisms behind the observed climatic changes. 

The Pliocene environmental reconstruction for the Norwegian Sea region would 

benefit from a high-resolution extension of the dinocyst record to track the 

NwAC variability over the whole epoch. 
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