Reconstructing Climate Variability in the

North Atlantic during the Late Holocene:
an Integrated Biomarker Approach

Gemma Rueda Ferrer
PhD Thesis
March 2013

Institut de Ciencia i Tecnologia Ambientals

Universitat Autonoma de Barcelona
Advisor: Dr. Antoni Rosell-Melé
ICta : :I}sct;t:élg;igi::ftix?enmls-L.IAE U " B

sitat Authno
:jE Barcelona



Reconstructing climate variability in the
North Atlantic during the late Holocene:

an integrated biomarker approach.

Tesi Doctoral realitzada per:

GEMMA RUEDA FERRER

Sota la direccié del Dr. Antoni Rosell Melé a I'Institut de Ciencia i Tecnologia
Ambientals (ICTA), d"acord amb els requeriments del programa de Doctorat en
Ciencia i Tecnologia Ambientals de la Universitat Autonoma de Barcelona

(UAB) per a I'obtenci6 del titol de Doctora en Ciéncia i Tecnologia Ambientals.

Bellaterra (Barcelona), 22 de marg de 2013.

La Doctoranda El Director de la Tesi

Gemma Rueda Ferrer Antoni Rosell Melé

=l -
' ' & =
- gelizen
gl i

fa'e'@ase nstiut de Cibncia
; 7 t (LI T 1] X .
Universitat Autbnoma de Barcelona ICLd *’-‘;.ﬂ,!:-' R






Com diu el refrany,

“La constancia tot ho veng”






INDEX

INDEX
Agraiments/acknowledgements .............cccccccovviiiiiiniiiini ix
ADSEIACE.....oee s xi
RESUIML...coiiiiiiiiiici e xii
CHAPTER 1 1
Introduction
1. INtrodUCHON ... 3
1.1. Northern Hemisphere climate variability during the last 2000 years............... 5
1.2. Mechanisms of decadal to multidecadal climate variability in the
North Atlantic and the Arctic.........cccooiiiiiiiii 7
1.2.1. External fOICINES ........ccccovviiiiiiiiiiiiiiiiiiciiiccenecece e 7
1.2.2. Internal fOrCINGS........cccceviviiiiiiiiiiiiiiicii e 7
1.2.2.1. The North Atlantic Oscillation / the Arctic Oscillation................ 8
1.2.2.2. Atlantic Multidecadal Oscillation (AMO).......ccccccecevverevernereenene. 9
1.2.2.3. Arctic Multidecadal Variability ........c.cccccoeneecoinnicinniccnes 10
1.3. Biomarkers for paleoclimate reconstruction..........cccceeucerereeuecvnincccinneeeenns 12
1.3.1. ALKENOMNES ...ttt 13
1.3.1.1. UX37 and UK73; indices for SST reconstruction..........coeceuevvvneneee. 13
1.3.1.2. %Cs7.4as a qualitative indicator of polar water mass extent....... 16
1.3.2. Glycerol dialkyl glycerol tetraethers (GDGTS).........ccccceuvuruciiiiiiuiniinnnnnnen. 17
1.3.2.1. TEXss index for SST reconstruction.........coeccceevevveeccenneercccnnnenene. 20
1.3.2.2. MBT/CBT index as a continental paleothermometer ................. 22
1.3.2.3. BIT index as indicative of terrigenous input ..........c.cccccccueucunnnee. 24
1.3.3. Highly branched isoprenoid (HBI) alkenes.............ccccccceuiuiiiiiiiiiinnnans 25
1.3.3.1. Ice proxy with 25 carbon atoms (IP25) .........cccceviviviiiinnicnnne. 25
1.3.4. ChlOTINS .....oviiiiiciccccccc e 29
1.3.5. N-AlKANES......cooiiii e 29
1.3.6. Bulk organic matter properties: carbon and nitrogen
abundances and iSOtOPIC ratios .........cceeevveerieerieinieinicircncceeee 31
1.4. Objectives and outline of this thesis..............cccoeiiiiniiiiiniiiinics 31
1.5. REfEreNCeS .....coviiiiiiiiiic s 32
CHAPTER 2 45
Methods
2. MEROAS ..o 47



INDEX

2.1. Glassware and other utensils ............ccccoviiiiiiiiniiie, 47
2.2. Organic biomarker analysis...........cccocoviiiniiiiiiiicce, 47
2.2.1. Freeze drying and homogenization..............cccccoeviiiviiiinnnnnnnnnniennee 47
2.2.2. Lipid @Xtraction.....ccccveueuiririeieiiirieieiieeeieeereeee ettt 49
2.2.2.1 Microwave assisted extraction.............ccccccceecuiiiiiiiiiniicne, 49

2.2.2.2 Ultrasonic bath extraction .............ccccceeeiiciccicicicciccce, 50

2.2.3. Total extract Clean Up ......ccccceevereeueueineieieirrieeerreeeeee s 50
2.2.3. 1 HYdIOLySis ...ccveveveirieieieiiriecieeeeneeeeeee e 50

2.2.3.2 Clean up chromatography ...........ccccceiuriiiiiiiiiccccccce, 50

2.2.3.3 Sulphur 1emoval.......ccccovieiiinnieeireeeeee s 52

2.2.4. Instrumental analysis...........cccoceviiiiiiiiiiiiiiiiiiicc 53
2.2.4.1. Visible spectrophotometry ..o, 53

2.2.4.2. Gas Chromatography Flame Ionization Detector (GC-FID) ...... 54

2.2.4.3. Gas Chromatography Mass Spectrometry (GC-MS).................... 56

2.2.4.4. High Performance Liquid Chromatography Atmospheric
Pressure Chemical Ionization Mass Spectrometry (HPLC-APCI-MS) .. 59

2.2.5. Quality CONEIOLS .......cooviiiiiiiiiiiiiiic 63

2.2.5.1. Procedure blanks ............ccccccoviiiniiiiiniiiiiicce 63

2.2.5.2. Detection and quantification limits...........c.ccceeceneenccnccincnnnnne. 63

2.2.5.3. Analytical reproducibility ..., 64

2.3. Ancillary measurements..............ccoeueiviriiiiiiininiiiiniieieeeee e 64
2.3.1. Carbon and nitrogen abundances and isotopic ratios ............cccceeueuucne. 64

2.3.2. Total organic matter............cccovuviiiiiiiiiiiiiiiciccccc s 65

2.4, REFEIEIICES ...ttt 65
CHAPTER 3 67

Comparison of instrumental and GDGT based estimates of sea surface and_air
temperatures from the Skagerrak

3L ADSEIACE 1.ttt sttt 69
3.2, INEPOAUCHON ...ttt sttt 69
3.3. Samples and data acquisition description...........cccececevveenieenicinieinicinicineenen. 70
3.4. Results and diSCUSSION .......ccueveuiriiriiriiniiieieiete sttt 72
3.5, CONCIUSIONS. ...c.couiiiriiiiriesieete ettt ettt sttt ettt et be e 74
3.6 RELEIEINCES ...ttt sttt ettt et et e e s eneeneees 75
CHAPTER 4 77
Exploring seasonal variability in MBT"/CBT Air temperature estimates
T/ AN o] - Uod ST PRSRRSRSRPR 79

Vi



INDEX

4.2, INEOAUCHON ...ttt sttt b e te s e eneeneenees 79
4.3. Study area and sampling description ............cccoceveiriiiiiiiiccce, 82
4.4. Results and diSCUSSION .......ccueveuieiriieiirieieieieeeeee ettt 85
4.4.1 Abundance of core and intact brGDGTS.........ccceceverieriecieineneneeieeee 85

A T.T SOMS ittt 85

4.4.1.2 Transport of brGDGTS ........ccoevvirieiivnieiineceeeeeeeeee e 88

4.4.2 MBT'/CBT @SHIMALES .....ecveieerieiieieeeeeieete ettt sttt r b e aeeve v neneas 90
AA.2.T SOMIS ittt 90

4.4.2.2 TLaNSPOTT c..ooviiiiiiiiiiicicc s 91

4.4.2.3 DePOSItION.......cooviiiiiiiiiiiiiiiccc s 92

4.5, CONCIUSIONS. ... oottt ettt ettt ettt seesesse s essesenseneeseesees 94
4.6. REFETEICES .....cuniiiieieeiesietete ettt sttt ettt sttt et be e 94
CHAPTER 5 99

Coupling of air and sea surface temperatures in the eastern Fram Strait

during the last 2000 years

5.1 ADSEIACE ... 101
5.2, INtrodUCHON. ..o 101
5.3.StUAY @rea ......cocuiviiiii e 102
5.4. Description of samples and proxies used...........ccccvueueerrereenneiecrinerecnnenes 104
5.5. Results and diSCUSSION .........ccccciiiiiiiiiiiiiiic e 105
5.5.1. Origin of the branched GDGT signal ............ccccccoeoiiiiiiinnnninne, 105
5.5.2. Air and Sea Surface temperatures variability .............ccocoeiinniinn. 107
5.5.3. Mechanism of long term climate variability...........c.cccccocvvniinnnnnnn. 110
5.6. CONCIUSIONS.......ocvviiiiiciciccccc e 111
5.7. RefereNCeS ........cocviviiiiiiiiiciccccc s 112
CHAPTER 6 117
Sea ice cover and water mass variability in the Barents Sea during
the last 4400 years
0.1 ADSEIACE ....oviiiiiiiiiii s 119
6.2. INtrodUuCtion ... 119
0.3, SEUAY AI€a .....cuuiiiiiiiiii s 120
6.4. Description of samples and proxies used..........c.ccceoeeurrueerinneecinneeerenenene. 122
6.5. Results and diSCUSSION ...........ccoeveveiiiiiiiiiiicicicccccccc s 124
6.5.1 Sea ice cover and water mass variability ... 124

6.5.2 Applying a quantitative approach for reconstructing

vii



INDEX

sea ice cover CONAITIONS ......c.covvveueuiirieieeiee s 129
6.5.3 Comparison with previous studies...........cccoceueueeenneennnecinnecenes 131
6.5.3.1 Barents Sea..........ccccoeuiiiiiiiiiiniiiicic e 131
6.5.3.2 Pan-arctic sea ice recoNStructions............ccccceeeeveeniicrincnieinicncnnn, 134
6.5.4 Mechanisms of multidecadal to multicentennial variability
in Atlantic water inflow and sea ice cover conditions.........c.ccccccceeunneees 134
0.6. CONCIUSIONS ...ttt 138
0.7. REFETEICES ...ttt 138
CHAPTER 7 143
Late Holocene North Atlantic Sea Surface Temperature Cooling
Reversed by Progressive Warming since AD 1600 in the Skagerrak
7.0 ADSETACE .t 145
7.2, INETOAUCHON .. 145
7.3.StUAY AI€a ... 147
7.4. Proxies and time series analysis ...........ccccccveeiiiiniiiiniiiiiicccee 148
7.5. Results and diSCUSSION ...........coueviiriiiiiiiiiiiciiccccccc s 150
7.5.1. Water mass and SST variability in the Skagerrak
during the last 2000 years...........cccccceeiviriiiininiiiiiiiicicceees 150
7.5.1.1. Significant trends and natural variability in SST ....................... 154
7.5.1.2. Climatic cycles in SST record...........cccccevciviviiinniciiniiiiines 156
7.5.2. Regional climate during the last 2000 years..........ccccccoveiciiiniinninnnes 158
7.6. CONCIUSIONS......ocuriiiiiiiiiiiiiic s 161
7.7. REFEIONCES ... s 162
CHAPTER 8 167
Summary, conclusions and future work
List Of fIZUIES ....ovviiiiiiiiiicc s 175
List Of tables ........ccouiiiiiiii e 177
Appendix I: list of publications.........ccccvueirieinieiniinicicccecc e 179

viii



Agraiments / Acknowledgements

Al llarg & aquests quatre anys i mig sou moltes les persones que heu contribuit d"una manera o altra
al desenvolupament i finalitzacié d aquesta tesi doctoral. A tots vosaltres us estic profundament

agraida. Molt especialment, vull donar les gracies a:

Al Dr. Antoni Rosell-Melé per haver-me donat [oportunitat d’introduir-me al mon de la
recerca, iniciant un projecte de final de carrera de Ciéncies Ambientals que ha acabat en la present
tesi doctoral. Gracies per les hores de discussions cientifiques i pel suport rebut durant aquests anys.
També agraeixo haver tingut [oportunitat de participar en una campanya de mostreig a ['Oced

Antartic i de viatjar a conferéncies internacionals per a presentar els resultats obtinguts.

A la Dra. Susanne Fietz, por su interés en mi trabajo, por las discusiones cientificas y por
todo lo que me ha ensefiado durante estos afios. A la Dra. Carme Huguet, per transmetre la seva
passio investigadora, per les critiques constructives i per estar sempre a punt per a donar un cop de
ma. A la Niria Moraleda, excel.lent técnic de laboratori amb qui he tingut la sort de compartir els
problemes i les solucions del dia a dia al laboratori. AL Dr. Pau Comes, per ajudar-me en varis

aspectes, sempre amb un toc de bon humor.

A tots els companys del Laboratori de ['Esfera Ambiental i de la Sala de Becaris de [ICTA,
passats i presents. Tots vosaltres heu estat el suport del dia a dia: Marina, Alfredo, Migue, Nata,
Niiria M., Bastian, Anna, Niria V., Pau, Sergio, Susanne, Carme, Laura, Pati, Gema, Saioa, Sonia,
Claudio, Eva, Pedro, Min, Francyne, Josep, Carles... i tots aquells que en un moment o altre heu

passat pel laboratori o la sala.

Als companys del Departament de Protedmica del CSIC-UAB. Especialment al Dr. Joan
Villanueva per aconseguir que [espectrometre de masses funcionés correctament durant els periodes

d’analisi de GDGTs.

In 2011, I spent three months in LOCEAN (UPMC, Paris) working at Dr. Guillaume
Massé’s laboratory. Many thanks to Guillaume, Vincent, Marie Helene, Anne, Irina, Loic, Ivia,
Johan, Kaarina, Aurelie, Lyacine, David, Lewis... and to all of you who made my daily work,
possible there. Thanks for making me feel at home abroad.

I would liRe to thank the people who gave me samples or contributed to obtain the samples
used in this thesis: Or. Richard Gyllencreutz, Dr. Leonid Polyak, Dr. Robert Spielhagen, Dr. Mona
Henriksen. Special thanks to Mona who undertooR soil and water sampling in Norway each month
during one year. Moltes gracies als meus intrépids companys de mostreig a ‘Ulldeter: Guillem i Roger,

i puntualment [Edu i la Tonis.

X



Als meus pares. El vostre suport incondicional ha estat la base per arribar fins aqui. Gracies
per les ganes incansables d’entendre a qué m’he estat dedicant durant aquests quatre anys, i per

transmetre'm que amb esfor, perseveran¢a i una bona dosi il "[usié, un pot fer el que es proposi.

A la meva iaia Antonia. Sens dubte, [i hauria encantat tenir aquest [libre entre les mans.

Que t’acaronin els estels.
A en Jep i la Tonis. Per preocupar-vos del meu benestar i fer-me sentir com a casa.

Als meus amics: a tota la colla esponja, a les ambientologues i a les loRifriends. Per tots els

bons moments que passem junts/es. Estar amb vosaltres em carrega les piles. I ara tindré més temps!

A en Guillem. Per caminar dia rera dia al meu costat i ajudar-me a assolir el cim, tant si plou

com si fa sol. Gracies per ser-hi sempre.

Esta tesis doctoral se ha realizado con el soporte econdmico del Ministerio de Educacién y
Ciencia (MEC/MICINN) a través de una beca de Formacion del Profesorado Universitario (FPU
AP2008-00801), los proyectos ICECARB (POL2006-0299/CGL) y TETRACLIM (CGL2010-
15000).

Bellaterra, 22 de marg de 2013

Gemma



Abstract

The North Atlantic and Arctic Oceans play an important role in modulating European
climate variability. Oceanic records of sea surface temperature (SST) variability covering
the last 2000 years at high resolution in this region are scarce. Obtaining new high
resolution reconstructions in this area is necessary to increase the level of understanding on
how the climate system has varied during the last millennia, to put the recent warming into
a wide context and to investigate if the natural modes of climate variability observed from
instrumental records can be projected to the past. This PhD thesis focuses on generating
new records of multidecadal climate variability in the North Atlantic Ocean, analyzing
organic proxies (biomarkers) in marine sedimentary cores that cover the last 2000 - 4400
years. We generated new climate reconstructions in the two main paths where the
northward flowing North Atlantic current meet the Arctic Ocean - the eastern Fram Strait
and the Barents Sea - and also in a highly sensitive area to changes in the internal modes of
climate variability and the interaction between the North Atlantic Ocean and European
climate - the Skagerrak -. We used well established organic proxies (i.e. alkenones) but also
recently developed ones (IP25, GDGT based proxies) to produce reconstructions based on
SST but also on additional climate parameters such as sea ice cover variability, mean air
temperature and export productivity. In addition, we tested the applicability of the
relatively new proxies based on GDGTs in a marine sedimentary core from the Skagerrak
and in soils from southern Norway and the Pyrenees. The TEXgss gave SST estimates that
were similar to regional annual means in the Skagerrak but the MBT/CBT air temperature
estimates were closer to summer temperatures. This bias towards a specific season was not
due to changes in the synthesis of GDGTs in soils through an entire annual cycle or to an
enhanced transport of the lipids to the Skagerrak with the Glomma River during this
period. We suggest that the GDGTs in the Skagerrak might be a result of a mixture between
lipids transported from southernmost locations and in situ production. The origin of these
lipids in the Skagerrak should be addressed before applying these proxies in this area with
reliability. From the records located in the eastern Fram Strait and the Barents Sea,
positioned in the two main paths where the northward flowing North Atlantic Current
meet the Arctic, we interpret there was a progressive increase in temperature probably due
to a warming in or an enhancement of the North Atlantic Current. This trend started at
~1000 - 1300 AD but was accentuated from ~1500 - 1600 AD until the most recent part of
the records. In the Skagerrak, an area influenced by 90% North Atlantic water, a long term
cooling that lasted until AD 1300 was reversed by a progressive warming since AD 1600
until present even though insolation continued to decrease. We suggest that the warming
trends observed in the three records during the last ~400 years were caused by changes in
internal modes of climate variability such as more frequent predominantly positive phases
of the Arctic Multidecadal Variability, the North Atlantic Oscillation or the Atlantic
Multidecadal Oscillation. The impact of human activity on climate might be superimposed
on a longer term warming trend caused by changes in natural modes of climate variability
that progressively affected the study areas during the last ~400 years.

xi



Resum

L'Ocea Atlantic Nord i I'Ocea Artic sén components essencials per la regulacié de la
variabilitat climatica a Europa. En aquesta regid, les reconstruccions climatiques de
temperatura superficial del mar (SST) que cobreixen els darrers 2000 anys a alta resoluci6é
son escasses. Obtenir noves reconstruccions climatiques a I’ Atlantic Nord a alta resoluci6 és
rellevant per tal d’entendre millor com funciona el sistema climatic. En base a aquestes
reconstruccions, es pot coneixer com ha variat el clima durant els darrers mil lenis, encabir
l'actual escalfament global en un context més ampli i investigar si els modes de variabilitat
climatica natural que s’han definit a través d’observacions instrumentals recents també
afectaren el clima en el passat. Aquesta Tesi Doctoral té per objectiu generar noves
reconstruccions de variabilitat climatica a escala multidecadal a la regi¢ de I'Ocea Atlantic
Nord pels darrers 2000 - 4400 anys, analitzant proxies geoquimiques organiques
(biomarcadors) en registres sedimentaris marins. S’ha reconstruit la variabilitat climatica en
les dues entrades principals de la corrent de I’ Atlantic Nord a 'Ocea Artic - 1'est de I'Estret
de Fram i el mar de Barents - i també en una regi6 especialment sensible als canvis en els
modes de variabilitat climatica natural i a la interacci6 entre 1'Ocea Atlantic Nord i el clima
continental Europeu - el Skagerrak -. S’han utilitzat tant proxies organiques ben establertes
(i.e. alquenones) com proxies climatiques desenvolupades recentment (IP25 i proxies basades
en GDGTs), per tal de produir reconstruccions basades no només en SST pero també en
parametres climatics adicionals tals com la variabilitat en la coberta de gel mari, la
temperatura de l'aire i la productivitat marina exportada. A més, s’ha estudiat
'aplicabilitat de les noves proxies basades en GDGTs en el registre mari del Skagerrak i en
sols localitzats al sud de Noruega i als Pirineus. Les SST estimades amb el proxy TEXss
mostren valors similars a la temperatura mitjana anual de la zona mentre que les
temperatures de l'aire reconstruides amb el MBT/CBT s’apropen als valors instrumentals
de l'estiu per a aquesta regi6. Aquest esbiaixament no és degut a canvis en la sintesi dels
GDGTs en els so0ls durant un cicle annual, ni a un transport preferent dels lipids amb el Riu
Glomma durant aquest periode. Probablement, al Skagerrak, els GDGTs sén una mescla
entre lipids transportats des de latituds més baixes i produccié in situ en aquesta zona.
Suggerim que per a obtenir reconstruccions acurades utilitzant aquestes proxies al
Skagerrak, caldria primer investigar-ne el seu origen. Dels registres climatics generats a
I'est de I'Estret de Fram i al mar de Barents, interpretem que hi va haver un increment
progressiu en la temperatura o en el transport de calor de la Corrent de I’ Atlantic Nord cap
a I’Artic. Aquesta tendencia va comencar als anys ~1000 - 1300 AD perd s’accentua des de
~1500 - 1600 AD fins al present. Al Skagerrak, una zona influenciada per un 90% de massa
d’aigua procedent de I’ Atlantic Nord, hi va haver un refredament de la SST fins a 1300 AD
que es va veure revertit per un escalfament des de 1600 AD tot i que la insolaci6 va
continuar decreixent. Suggerim que les tendencies d’escalfament observades en els tres
registres durant els dltims ~400 anys podrien estar causades per canvis en modes de
variabilitat climatica tals com un increment en la freqiiéncia mitjana de fases positives de la
Variabilitat Multidecadal de 1'Artic, la Oscil lacié de I’Atantic Nord o la Oscil laci6
Multidecadal de I’ Atlantic. L’impacte antropogenic sobre el clima estaria sobreposat a una
tendéncia climatica d’escalfament que hauria afectat de forma progressiva les zones

d’estudi durant els darrers ~400 anys.
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CHAPTER 1

1. Introduction

Climate change has become an issue of growing concern in the last decades.
Global average temperatures have increased ~0.9 °C during the last century and more
than half of this warming has taken place since the 1970s (Figure 1.1A; IPCC, 2007).
Warming of the oceans, rising sea levels, glaciers melting, sea ice retreating in the
Arctic and reduced snow cover in the Northern Hemisphere are noticeable effects of
this warming trend (IPCC, 2007). Part of the observed increase in global average
temperatures is very likely (>90% probability of occurrence) due to the observed
increase in anthropogenic greenhouse gas concentrations (IPCC, 2007). However, it is

not the only factor affecting climate variability.

Climate on Earth varies from interannual to geological time scales as a result
from both internal and external factors (Bradley, 1999; Ruddiman, 2001). For instance,
during the Holocene - the geological epoch covering the last 11500 years - a variety of
natural processes have modulated climate variability including intrinsic modes of
variability in the atmosphere - ice - ocean system (internal forcings) as well as changes
in solar radiation and volcanic aerosols, and to a lower degree changes in Earth orbital

parameters (external forcings) (Bradley, 1999; Ruddiman, 2001).

To understand the impact of human activity on climate, it is essential to describe
and understand the natural trends of long term climate variability. It is therefore
imperative to know how the complex atmosphere - ice - ocean system that shapes
climate variability on Earth works at decadal to multidecadal time scales and even
longer. During the Late Holocene (the last 2000 - 4000 years) external factors
modulating the Earth’s climate at millennial time scales such as the continental
arrangement, orography, Earth orbital parameters and the spatial extent of continental
ice sheets have not changed significantly (Mann, 2007). Therefore reconstruction of
natural climate variability over the last 2000 - 4000 years provides a context for
estimating the range of natural climate variability in which to interpret the modern

warming (Mann, 2007).

Instrumental measurements of climate parameters based on extensive and high
quality data exist for the last 150 - 200 years only. To evaluate long term climate
changes at decadal to multicentennial time scales we need to reconstruct past
environmental change using indirect or proxy methods. A proxy is a measurable
parameter that gives indirect information of an unobservable environmental factor
such as temperature, salinity, productivity or sea ice (Wefer et al., 1999). Several
geochemical proxies are currently used to reconstruct past environmental parameters

and they can be subdivided into proxies based on inorganic or organic fossil remains.
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Figure 1.1. Records of Northern Hemisphere temperature variation published in the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC,
2007). (A) Annual mean instrumental temperature records from land and marine
temperatures covering the period 1856-2005 (HadCrut2V), land only temperatures for the
period 1781 - 2004 AD (CRUTEM2v) and only four European stations going back to 1721
until 2004 AD. (B) Various multiproxy reconstructions for the last 1300 years and the
Instrumental record HadCrut2V. (C) Overlap of all temperature reconstructions and their
uncertainty range. The figure is from IPCC, 2007.

-4 -



CHAPTER 1

Examples of geochemical inorganic proxies include 880 (Erez and Luz, 1983) and
Mg/ Ca ratios of foraminifera assemblages (Lea, 2003). Geochemical organic proxies, or
biomarkers, for reconstructing past temperatures are based on the relative distributions
of algal and archaeal lipids remains (Brassell et al., 1986a,b; Schouten et al., 2002;
Weijers et al., 2007a).

1.1. Northern Hemisphere climate variability during the last 2000 years

The first high resolution multiproxy reconstruction of climate variability in the
Northern Hemisphere that covered the last 1800 years showing statistical error bars
was based on a statistical synthesis of various proxies derived from tree rings, corals,
ice cores and historical records (Figure 1.1B, MBH1999 and MJ2003; Mann et al., 1998;
Mann et al., 1999; Mann and Jones, 2003). Due to the statistical techniques used, the
reconstruction showed little low frequency variability in the data. The authors
concluded that Northern Hemisphere surface temperatures decreased gradually from
AD 1000 to 1850 and then increased sharply towards present. The graph that showed
this trend was called thereafter the hockey stick and it has been subject of further study
and debate thereafter. Several additional reconstructions have been generated since
then, using different statistical methods and proxy datasets and are shown in figure
1.1B (Rutherford et al., 2005; Moberg et al., 2005; D’ Arrigo et al., 2006; Hegerl et al.,
2006; Pollack and Smerdon, 2004; Oerlemans, 2005). When the compilation of all these
datasets is viewed together, the result is a picture with greater low frequency
variability at centennial time scales than the variability observed in the original hockey
stick graph (IPCC, 2007). Taking into account the individual statistical uncertainties
associated to each reconstruction (Figure 1.1C) the compilation shows relatively warm
conditions in the 11t and early 15t centuries and cool conditions in the 17th and early
19th centuries (IPCC, 2007). However, in agreement with the original hockey stick dataset,
the 20th century shows the warmest conditions of the last 1300 years (IPCC, 2007).
Despite showing much higher multidecadal to centennial scale variability than the
hockey stick dataset, all the reconstructions are within the envelope of uncertainty range
indicated in the original reconstruction (IPCC, 2007). There are a few well dated
climate reconstructions spanning back to the last 2000 years in the Northern
Hemisphere, and the existing ones are from extratropical terrestrial locations (Jones et
al., 2003).

The North Atlantic and Arctic Oceans are critical constituents of the climate
system (Bjerknes, 1964). The North Atlantic Current transports warm and tropical

waters northward, releasing heat to the atmosphere in the North Atlantic region
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Figure 1.2. Surface ocean circulation in the North Atlantic and Arctic Oceans. Warm tropical
waters flow northward (red arrows) releasing heat to the North Atlantic region and flowing
into depths of the Arctic Ocean. Cold waters (blue arrows) sink in the North Atlantic and
flow southward to drive the Ocean Conveyor. The orange diamonds indicate the location of
the three marine sedimentary cores studied in this thesis. Figure from the Woods Hole
Oceanographic Institution (www.whoi.edu, visited on 1t March 2013).

(Figure 1.2). When this ocean current reaches the cold atmosphere and water of the
Arctic Ocean it sinks, forming the North Atlantic Deep Water that flow southwards
driving the Ocean Conveyor. Therefore this current is a surface expression of the
Atlantic Meridional Overturning Circulation (AMOC), an essential component of the

global climate system (Vellinga and Wood, 2002).

Sea surface temperature (SST) variability in the North Atlantic has a profound
influence on climate in Europe on decadal time scales (Sutton and Hodson, 2005;
Knight et al., 2006; Folland et al., 2009) and the patterns of temperature variability in
the Atlantic Ocean influence the patterns of European climate change (Sutton and
Dong, 2012). During the Late Holocene, multidecadal climate variability in the North

Atlantic has been controlled by a number of external and internal climate forcings.
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1.2. Mechanisms of decadal to multidecadal climate variability in the
North Atlantic and the Arctic

1.2.1. External forcings

Insolation is defined as periodic changes in parameters of the orbit of the Earth
around the Sun that modify the seasonal and latitudinal distribution of incoming solar
radiation at the top of the atmosphere (Berger, 1978). Changes in the distribution of
insolation dominate climate variability on multimillennial timescales (Ruddiman, 2001)
but they also played a central role in shaping global scale changes in climate during the
Holocene (Mayewski et al, 2004). Summer insolation at 65 °N has decreased
continuously by 10% after 11 Kyr BP towards present (Berger and Loutre 1991) and it
has been proposed as a possible forcing related to a long term sea surface temperature
cooling reconstructed across the North Atlantic region during this time period
(Marchal et al, 2002). For the last 2000 years it is likely that a combination of external
factors including solar (superimposed on long term variability in insolation) and
volcanic forcings but also anthropogenic emissions of greenhouse gasses and sulphate
aerosols represented the principal external forcings of climate variability (Jones and
Mann, 2004).

1.2.2. Internal forcings

Internal forcings are the factors that affect long term internal variability in the
coupled atmosphere - ice - ocean system. In the North Atlantic and Arctic Oceans the
following factors have been proposed by several authors to control climate variability
during the Late Holocene, although there is ongoing debate on which of them should

be considered causes or effects (Miettinen et al., 2012 and references therein):

¢ Internal variability of the AMOC.

e Variations of the North Atlantic Current inflow controlled by subpolar gyre

dynamics.

e Oscillations and input of cold freshwater from the Labrador Sea area and the

East Greenland Current.
¢ Close coupling between surface and deep waters.

¢ Variability in the pressure gradient at sea level over North Atlantic and the

Arctic areas.
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A few climate indices have been established for defining natural modes of
climate variability in the North Atlantic - Arctic region at interannual to multidecadal
time scales. These modes of variability are large scale climate patterns characterized by
a particular set of atmospheric and oceanic conditions (Grossmann and Krotzbach,
2009). Despite the awareness of their importance for climate variability, many issues
remain open about the specific climate processes governing these modes of natural
climate variability, on how did they vary in the past and will vary in the future

(Hurrell, 2003). These modes of climate variability are described below.

1.2.2.1. The North Atlantic Oscillation / the Arctic Oscillation (NAO/AO)

The North Atlantic Oscillation (NAO) (Van Loon and Rogers, 1978) and the
Arctic Oscillation (AO) (Thompson and Wallace, 1998) refer to an atmospheric mass
redistribution between the subtropical Atlantic and the Arctic that can greatly modify
the mean westerly winds speed and direction over the Atlantic and consequently affect
the transport and distribution of heat and moisture between the Atlantic Ocean and the
surrounding continents (Figure 1.3) (Hurrell, 2003). The NAO can be viewed as the
North Atlantic regional manifestation of the AO (Marshall et al., 2001) and both indices
are closely related (Thompson and Wallace, 1998). These indices influence climate on

interannual to multidecadal time scales.

The NAO is described as the synchronous variation of the sea level pressure
gradient between the Icelandic Low and the Azores High on timescales from daily to
multidecadal (Van Loon and Rogers, 1978). When there are negative sea level pressure
over the Icelandic region and the Arctic but positive sea level pressure over the Azores
region, the NAO is in a positive phase. In this situation, stronger than average westerly
winds dominate across the North Atlantic bringing wetter and warmer than average
conditions in northerwestern Europe and Scandinavia but drier and colder weather in
southwestern Europe and the Mediterranean zones. Instead, when the pressure
gradient between the Azores High and the Iceland Low decreases, the NAO is in a
negative phase. In this situation, the westerly winds are weaker than average and the
storm track is directed to middle latitudes of the Atlantic Ocean and Western Europe,
bringing warmer and wetter conditions over southwestern Europe, the Mediterranean
and the northwest Atlantic but colder and drier conditions in Scandinavia and
northwestern Europe. A positive (negative) phase of the NAO index is also associated
with cold (warm) SST anomalies in the subpolar North Atlantic and the East Atlantic (0
- 30 °N) but warm (cold) anomalies in the West Atlantic (20 - 45 °N) (Figure 1.3; Van
Loon and Rogers, 1978; Marshall et al., 2001).
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Figure 1.3. The two phases of the North Atlantic Oscillation (NAO) and the related changes in the
atmosphere - ice - ocean system. Wanner et al. (2001).

1.2.2.2. Atlantic Multidecadal Oscillation (AMO)

Schlesinger and Ramankutty (1994) identified a low frequency variability pattern
in North Atlantic SSTs with an oscillation period of 60-90 years. This pattern of
multidecadal variability over the North Atlantic region has become known as the
Atlantic Multidecadal Oscillation (AMO; Kerr, 2000). The AMO is calculated as the
relative variability in SST over the North Atlantic region compared to relative average
temperature variability in the rest of the world’s oceans. Temperature in the North
Atlantic Ocean has oscillated between anomalously warm and cold phases (positive
and negative AMO phases) that lasted several decades at a time (Figure 1.4; Knudsen
et al., 2011; Sutton and Dong, 2012). Paleoclimate reconstructions suggest a quasi
persistent mode of variability with a quasi persistent 55 to 70 year AMO existed during
long periods of the last 8000 years (Knudsen et al., 2011). This oscillatory variability in
climate over the North Atlantic is attributed to internal variability of the ocean
circulation associated to the AMOC (Schlesinger and Ramankutty, 1994; Vellinga et al.,
2004) and this view is supported by climate simulations (Delworth and Mann, 2000;
Knight et al.,, 2006). Currently research efforts are focused on understanding the
climate forcings and mechanisms that influence the AMO (Dima and Lohmann, 2006;
Ottera et al., 2010; Booth et al., 2012).
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Figure 1.4. Global and North Atlantic climate trends over the period 1870 - 2008 (Knudsen et
al., 2011). (A) Global annual mean SST anomalies. (B) North Atlantic SST anomalies. (C) The
AMO index calculated after subtracting the global mean SST anomalies from the North
Atlantic SST anomalies. Thick black lines indicate five year running means. (Figure from
Knudsen et al., 2011).

1.2.2.3. Arctic Multidecadal Variability (Arctic MDV)

Low frequency oscillations with a similar period of those decribed for the AMO
(50 - 80 years) have also been observed in the Arctic (Polyakov and Johnsson, 2000)
and have been referred to as the Arctic Multidecadal Variability (MDV) pattern
(Polyakov et al., 2004). Two phases of the Arctic MDV were described after observation
of interactions between the different components of the ocean - ice - atmosphere
system and related long term climate variability (Figure 1.5; Polyakov et al, 2004).
Briefly, a period characterized by low pressures over the Arctic leads to increased
transport of warm air and water from the North Atlantic into the Arctic, excess ice and
freshwater transport through the Fram Strait from the Arctic. In this situation it is said
that the Arctic MDYV is in positive phase. On the contrary, when high sea level pressure
dominate over the Arctic, the transport of warm air and water from the North Atlantic
to the Arctic as well as the ice and freshwater export from the Arctic to the North

Atlantic via the Fram Strait are reduced. This scenario is a negative phase of the Arctic

-10 -
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MDYV (Polyakov et al., 2004). The analysis of data obtained from recent observations
show that Atlantic surface and deep water temperature, Arctic surface air temperature,
ice extent and fast ice thickness in the marginal Seas of Siberia exhibit long term MDV
(Polyakov et al, 2004). The decadal climate variability patterns described in the AO
index and the multidecadal climate variability defined in the two phases of Arctic
MDV drive large amplitude long term natural climate variability in the Arctic
(Polyakov and Johnsson, 2000).

Two phases of the Arctic Multidecadal Variability (MDV)

Positive phase

¢ Increase of transport of warmer air and
water from the North Atlantic into the
Arctic.

Anticyclonic Beaufort Gyre is weakened;
Cyclonic circulation in the eastern Arctic is
intensified;

Excess ice and fresh water transport
through Fram Strait from the Arctic,
suppressing deep-water convection in the
Greenland Sea;

Increased cyclonicity causing divergence of
ice drift and surface circulation, leading to
doming of the Atlantic Water.

Suppressed Arctic High resulting in weaker
anticyclonic  ice drift and surface
circulation, divergence of surface currents

ot By

Negative phase

® Decrease of transport of warmer air and

water from the North Atlantic into the
Arctic.

Anticyclonic Beaufort Gyre is strengthened;
Cyclonic circulation in the eastern Arctic is
suppressed;

Less ice and fresh water transport through
Fram Strait from the Arctic, enhancing
deep-water convection in the Greenland
Sea;

Decreased cyclonicity causing convergence
of ice drift and surface circulation, leading
to depression of the Atlantic Water.
Well-developed Arctic High resulting in
intensified anticyclonic ice drift and surface
circulation, convergence of surface currents

Figure 1.5. Positive and negative phases of the Arctic Multidecadal Variability (MDV) are
shown in this scheme (Polyakov et al., 2004). The particular changes in the atmosphere - ice
- ocean  system  are described for each  phase. Figure  from
http:/ /research.iarc.uaf.edu/multidecadal_variability/ (Visited on 1st March 2013).
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1.3. Biomarkers for paleoclimate reconstruction

Organic proxies, or biomarkers, are organic molecules that can be preserved in
marine, lacustrine sediments and soils for thousands or even millions of years. The
analysis of biomarkers gives an indirect observation of past climate variability and
other environmental parameters. Distinct organisms synthesize organic molecules that
can give information on past environments (Figure 1.6). A detailed description of the

biomarkers used in this PhD thesis is given below.
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Figure 1.6. A “Tree of Life” illustrating the diverse lipid structures characteristic from various
organisms at the domain level. Many of these structures are preserved in organic matter and
can be extracted from marine sediments and soils. The biomarkers that were used in this
thesis are highlighted in red. The figure is adapted after Johnson et al. (2013).
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1.3.1. Alkenones

Alkenones are long chain ketones with 37 to 40 carbon atoms (Cs7, Cas, Cs9, Cao)
and 2 to 4 double bonds or unsaturations (i.e. Csz2, Caz3, Caz4) (Figure 1.7). They are
ubiquitous compounds in the oceans worldwide and they are usually found in marine
sediments together with alkyl alkenoates (Figure 1.7). Alkenones are biosynthesized by
some algae of the class Prymnesiophyceae (Marlowe et al., 1984a, Marlowe et al., 1984b).
The main producers of alkenones in the oceans are the widespread species of
coccolithophorids Emiliana huxleyi and Gephyrocapsae oceanica (Volkman et al., 1980,
Volkman et al., 1995, Conte et al., 1995). The number of double bonds contained in the
hydrocarbon chain is directly related to the water temperature where the algae
synthesizing alkenones live. In colder waters, more of the Cs73 alkenone and less of the
Cs72 are synthesized, whereas in warmer waters it is the opposite (Brassell et al.,
1986a,b).

1.3.1.1. UX37 and UK’3;7 indices for sea surface temperature reconstruction

The alkenone unsaturation index UKs; is a measure of the relative distribution of

the di, tri and tetraunsaturated ketones (Brassell et al., 1986a,b) expressed as:

C37:2 B C37;4
C37:2 + C37:3 + C37:4

K _
U37—

As the tetraunsaturated ketone is only found at high latitudes, a simplified index

excluding Cs74 alkenone was proposed, the UK3; (Prahl and Wakeham, 1987):

K C 37:2

37 =
C37:2 + C37:3

Prahl and Wakeham (1987) cultivated a single strain of Emiliana huxleyi and
incubated it at a range of temperatures. They analyzed the relative distribution of
Alkenones in samples from this culture experiment, and found a linear relationship

between UK37 and water temperature:
UK37 = 0.040 - SST(°C) - 0.110 (R2 =0.989)

This relationship was further validated comparing the laboratory results with the
UK’ analyses in water column particulate samples retrieved from the eastern Pacific
Ocean, with measured in situ water temperature (Prahl et al., 1988). The authors

obtained a slightly modified linear relationship to temperature:

UK, = 0.034 - SST + 0.039(°C) (R2= 0.994)

- 13-
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Alkenones
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Figure 1.7. Molecular structures of alkenones and alkyl alkenoates (Bendle et al., 2009).

Miller et al. (1998) established a global core top calibration from the analysis of
the UK3; index in 370 surface sediments that encompassed the Atlantic, Indian and
Pacific Oceans from 60 °N to 60 °S (Figure 1.8). They calibrated the UK3; index towards
annual mean atlas SST at 0 m water depth, covering a temperature range from 0 to 29

°C. The resulting relationship was:

UK, =0.033 + SST(°C) + 0.044 (R2 = 0.958)
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This calibration is, within error limits, identical to the previous calibration by
Prahl et al. (1988) based on culture studies. In addition, the calibration from Miiller et
al. (1988) covers the entire range of temperature and biogeographic zones of alkenone
synthesizers. However, it is biased toward continental margin sediments (Herbert,
2003).
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Figure 1.8. Miiller et al. (1998) correlation between UK3; and annual mean SST (0 m) for
surface sediments from the global Ocean between 60 °S and 60 °N. The obtained global core
top calibration (UK3; = 0.033 - SST + 0.044) is absolutely identical to the equation obtained
from culture experiments (UX37 = 0.033 - SST + 0.043) of the coccolithophorid Emiliana huxleyi
by Prahl and Wakeham (1987) corroborating its general applicability (Miiller et al., 1998).

Increasing error in SST estimates from regions in the Nordic seas where SST is
lower than 6 °C were reported, and more accurate SST estimates are usually obtained
using the original index UXs; that incorporates the Cs74 alkenone (Rosell-Melé et al.,
1994; Rosell-Melé, 1998; Bendle and Rosell-Melé, 2004). Rosell-Melé et al. (1995)
conducted a field calibration of the UXs7index that included 109 surface sediments from

the northeastern Atlantic (2 °S - 75 °N). They obtained high correlation coefficients
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using surface temperatures (0 m) calibrated towards UK;; values and the calibration
equation yielded valid reconstructions over a wide range of SST (0 - 28 °C) (Rosell-
Melé et al., 1995). The resulting calibration using annual temperatures at 0 m water

depth is:
UKs7 = 0.162+0.02 + 0.029+0.001 - SST (R 2=0.981)

Furthermore Bendle and Rosell-Melé (2004) collected surface waters across the
Nordic Seas and analyzed the alkenone content in filtered particulate organic matter.
They found that the estimates of UK3; in the Nordic Seas are regionally constrained. In
the northern Atlantic, the Norwegian basin and the Icelandic Shelf the UK'3; estimates
fell within the linear range of the global core top calibration by Miiller et al. (1998).
Reliable UK’;; estimates can therefore be obtained in these areas if the circulation and
sedimentary regimes are similar to present conditions, i.e. in recent sediments from the
Late Holocene (Bendle and Rosell-Melé, 2004).

1.3.1.2. %C374 as a qualitative indicator of polar water mass extent

In the subpolar and polar regions of the Nordic Seas, there is an increased
proportion of the alkenone Csy4relative to Cszzand Cazz alkenones (Rosell-Melé et al.,
1994, Rosell-Melé 1998). This can be expressed with the index % Cs74 as suggested by
Rosell-Melé et al., (1998):

C37:4
C37:2 + C37:3 + C37:4

%Cyy = %100

The percent of Csy4 is related to salinity in the Nordic Seas and the North Atlantic,
and higher %Cs74 is found in water masses with decreased salinity and viceversa
(Rosell-Melé¢, 1998, Rosell-Melé et al., 2002). Further research showed that although the
%Cs7.4 index can not be used to quantitatively reconstruct past variations in salinity, it
has potential as a qualitative indicator of polar water mass extent (Bendle et al., 2005).
For instance, the analysis of alkenones in surface water column particulates revealed
that high %Cs74 values formed a cluster associated with polar waters whereas low
values were related to Atlantic waters. The intermediate water masses showed in
between %Cs7.4 values (Bendle et al., 2005). This proxy has been used in a variety of
environments and time spans to reconstruct past variability in water mass type (Bard
et al., 2000; Martrat et al., 2004; McClymont et al., 2008; Rosell-Melé et al., 1998; Rosell-
Melé et al., 2002; Martinez-Garcia et al., 2010).

The value of %Cs74has also been used as an indicator for the reliability of the

UK’37 SST based estimates. Rosell-Melé (1998) recommended caution when considering
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absolute SST values in the Nordic Seas and proposed a threshold value of 5% in the
percent of Csz4 from which the relationship between UK3; and SST was subject to
increasing errors. However, as mentioned above, further research found that the
estimates of UK3; in the Nordic Seas are regionally constrained (Bendle and Rosell-
Melé 2004).

1.3.2. Glycerol dialkyl glycerol tetraethers (GDGTs)

Isoprenoid and branched Glycerol dialkyl glycerol tetraethers (GDGTs; Figure
1.9) are cell membrane lipids of high molecular weight synthesized by Archaea
(DeRosa and Gambacorta, 1988) and Bacteria (Weijers et al., 2006a). Some features
distinguish the molecular structures of archaeal from the bacterial lipids (Koga et al.,
1993). Archaea biosynthesize different types of isoprenoid GDGTs with a basic
molecular structure consisting of two isoprenoid chains with 40 carbons that are linked
to two polar head groups by ether bonds and two terminal glycerols (Koga and Morii,
2005). In addition, isoprenoid GDGTs can contain from none to eight cyclopentane
moieties and even a cyclohexane ring with four cyclopentane moieties (crenarchaeol
and crenarchaeol regioisomer) (Figure 1.9; Schouten et al, 2000; Sinninghe Damsté et al.,
2002).

Incubation experiments showed that there was a positive relationship between
the number of cyclopentane rings in isoprenoid GDGTs with increasing culture
temperature. This is considered to be an adaptation mechanism to maintain cell
membrane fluidity at increasing temperatures (De Rosa and Gambacorta, 1988; Gliozzi
et al., 1983; Uda et al., 2001). These lipids are synthesized by marine Thaumarchaeota,
formerly known as Group I Crenarchaoeta (Brochier-Armanet et al., 2008), which are
widespread in the marine water column and dominate the populations of prokaryotes
in the Oceans (Karner et al., 2001), and are also ubiquitous in terrestrial environments

(Leininger et al., 2006).

Branched GDGTs have both archaeal and bacterial molecular structure traits but
are hypothesized to be of bacterial origin on the basis of the stereochemistry of their
glycerol moieties (Weijers et al., 2006a). Their lipid structure consist of branched
instead of isoprenoid alkyl chains, with four to six methyl branches and can contain up
to two cyclopentane moieties (Figure 1.9; Sinninghe Damsté et al., 2000; Weijers et al.,
2006a). It is likely that the microbes synthesizing these lipids are heterotrophs (Pancost
and Sinninghe Damsté, 2003; Weijers et al., 2009). The group of bacteria that synthesize
branched GDGTs has not been identified yet, but recently GDGT I (Figure 1.9) was

found in two species of Acidobacteria (Sininghé-Damsté et al.,, 2011). However,
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Figure 1.9. Structures and my/z values of GDGT protonated molecules [M+H]+. The figure
illustrates isoprenoid (GDGTs 0 to VI; Schouten et al., 2000), branched (GDGT-La,b to IlLa,b;
Sinninghe-Damsté et al., 2000) and recently discovered hydroxy-GDGT or OH-GDGT (Liu et
al.. 2012).

Acidobacteria have an aerobic metabolism and branched GDGTs occur in higher
proportions in low oxygen environments, suggesting that other groups of bacteria also
synthesize branched GDGTs (Sininghé-Damsté et al., 2011). Branched GDGTs were
initially identified as exclusive of terrestrial environments as they occur ubiquitously in
peat bogs (Sinninghe Damsté et al., 2000) and soils (Weijers et al., 2006b, 2007a) but also

in sedimentary settings that receive significant terrestrial input such as coastal marine
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sediments (Hopmans et al., 2004). Moreover, in situ production of branched GDGTs in
lacustrine sediments (Tierney and Russsell, 2009; Tierney et al., 2010, Sinninghe -
Damsté et al., 2009; Bechtel et al., 2010, Blaga et al., 2010; Zink et al., 2010; Sun et al,,
2011) and in coastal marine sites (Peterse et al, 2009a; Zhu et al., 2011) has been recently
suggested. Furthermore, Fietz et al. (2012) found that crenarchaeol and branched
GDGTs were correlated on a regional basis in globally distributed records. This finding
was unexpected, as crenarchaeol was understood as a marker for mesophilic
Thaumarchaeota mostly of aquatic origin (Sinninghe Damsté et al., 2002), whereas
branched GDGTs were proposed as markers for soil bacteria (Weijers et al., 2010). They
suggested that a mixed source origin for both GDGT types in lacustrine and marine
settings could explain the positive correlation found between both markers in
worldwide distributed sites (Fietz et al., 2012).

In living cells, the GDGTs that constitute the membrane lipid bilayer have polar
head groups attached to the carbon chains. This structure is referred to as intact polar
lipid (Figure 1.10). However, the polar head groups of both isoprenoid and branched
GDGTs were found to be detached and easily degraded within weeks after the cell
lysis (White et al., 1979; Harvey et al., 1986). In the aquatic environment, the process
can happen already in the water column and only the remaining structure of cell
material sinks to the seafloor. The structure remaining after polar head group

separation is named core GDGT (Figure 1.9).
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Figure 1.10. Example of an intact polar lipid molecular structure. In living cells, the polar
head groups are attached to glycerol moieties, which are in turn linked with ether bonds to
the double Cy isoprenoid chains (Escala, 2009).

In the last decade, proxies for estimating past variations in air (MBT/CBT) and
water temperatures (TEXss), as well as variability in terrestrial organic matter input to
the aquatic environment (BIT) have been developed based on core GDGTs and are

described below. Part of the GDGT data generated within this PhD thesis were used in
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parallel studies in which we aimed to expand the understanding and limits of
applicability of these recently developed proxies (Escala et al., 2009; Fietz et al., 2011a,b;
Fietz et al., 2012, Fietz et al., 2013, Ho et al., in review). Another part of the GDGT data

has been used in chapters 3, 4 and 5.

1.3.2.1. TEXge index for SST reconstruction

The index of tetraethers with 86 carbons (TEXss) was proposed in 2002 as a new
molecular proxy for estimating past SSTs (Schouten et al., 2002). It is based on the
relative distribution of isoprenoid GDGTs (Figure 1.9). The index is defined as follows
(the numbers refer to the m/z values of GDGT protonated molecules shown in figure
1.9):

[1298]+[1296] + 1292 regioisomer |

TEX,, =
* [1300]+[1298]+ [1296] + [1292 regioisomer]

The TEXss index correlated with annual mean SST in a small set of surface
sediment samples (n = 44; Figure 1.11A; Schouten et al., 2002). An extensive global core
top calibration (n = 284) correlated the TEXss with annual mean temperatures of the
upper mixed layer of the water column, establishing a linear correlation with SST for
the temperature range between 5 and 30 °C (Figure 1.11A; Kim et al., 2008):

SST (°C) = 56.2 - TEXss - 10.8 (R2= 0.935)

They found that from -2 °C to 5 °C the relationship between TEXss and SST was
no longer linear, suggesting that the TEXss was not applicable in the polar oceans (Kim
et al.,, 2008). Further research extended the calibration with the addition of surface
sediments mainly from the polar oceans further confirming that other factors than SST
influenced TEXgs variability in these regions (Kim et al., 2010). However they found
that at temperatures below 15 °C, a modified GDGT index that excluded the
crenarchaeol regioisomer, the TEXgeL, correlated better than the TEXs¢ with SST:

[1298]
[1300]+[1298]+[1296]

TEX;, =-LOG

SST (°C) = 67.5 - TEXseL + 46.9 (R2 = 0.86)

The calibration error of the TEXgs: with temperature has a value of 4 °C (Figure
1.11B; Kim et al., 2010), which is larger than the error of other SST proxies such as the
UK index that has an error of 1.5 °C (Miiller et al., 1998). The TEXss proxies are less

accurate in reconstructing absolute temperatures (Schouten et al., 2013).
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A calibration of the TEXss and TEXs¢! indices in subpolar and Polar regions using
core top samples from 160 sites distributed across the Arctic, Southern Ocean and the
North Pacific is in progress (Ho et al., in review). The main implication regarding the
area of study within this thesis is that the relationship of the TEXgss proxies to water
temperature varies depending on the region where it is applied. In fact, the data from
the Fram Strait forms a separate cluster compared to the rest of the dataset and in the
Barents Sea region, the indices based on isoprenoid GDGTs do not covary with water

temperature (Ho et al., in review). Therefore caution is necessary with the application

of TEXge" in the Arctic region of the Atlantic Ocean.
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Figure 1.11. Relationship between annual mean SST and the TEXss (A: Kim et al., 2008,
Schouten et al., 2002) and TEXLsg (B: Kim et al., 2010) from global core top studies.
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Very recently, a new class of GDGTs with a hydroxylation in one of the alkyl
chains has been identified in marine sediments (Figure 1.9; Liu et al., 2012). Huguet et
al. (2013) have recently reported that these hydroxy-GDGTs (OH-GDGTs) are
widespread and abundant in marine and lacustrine environments and found
increasing contributions of these compounds towards higher latitudes and lower water
temperatures. There is a significant correlation between the relative abundance of OH-
GDGTs and SST in surface sediments, suggesting that these newly identified lipids
have potential to become new proxies for reconstructing past SST in the lower range of
water temperatures that are found at high latitudes (Huguet et al., 2013). Moreover, at
a regional scale in the Nordic Seas the OH-GDGTs are ubiquitous, their relative
abundance to the total pool of GDGTs increases in polar water masses and the number
of cyclopentane rings in OH-GDGTs has been found to increase with water
temperature (Fietz et al., 2013). Although being based on a limited number of samples,
these studies shed light on the development of new GDGT based proxies that could be

used as complementary paleothermometers in the polar regions (Fietz et al., 2013).

1.3.2.2. MBT/CBT index as a continental paleothermometer

After measuring the branched GDGT content in 134 globally distributed soil
samples Weijers et al. (2007a) found that the number of methyl alkyl chains in
branched GDGTs, expressed as the methylation index of branched tetraethers (MBT),
correlated with air temperature (R2= 0.62) and with the pH of the soil (R2= 0.37)
(Figure 1.12). In addition, they found that the number of cyclopentane moieties
expressed with the cyclization index of branched tetraethers (CBT) correlated with the
pH of the soil (R2=0.70) (Weijers et al., 2007a). The MBT and CBT indices were defined

as follows:

CBT = —LOG( ([1020]+ [1034]))

([1022] +[1036))

[1022]+[1020]+[1018]
[1050]+[1048] +[1046] +[1036] + [1034] + [1032] + [1022] + [1020] +[1018]

MBT =

The numbers in the above equations refer to the m/z values of GDGT protonated
molecules shown in figure 1.9. The correlation between mean annual air temperature
(MAT) and the MBT/CBT indices was defined as (Figure 1.12; Weijers et al., 2007a):

MBT =0.122 + 0.187 - CBT + 0.020 - MAT (R2=0.77)
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Recently this calibration was expanded with the analysis of 278 globally
distributed soils (Peterse et al., 2012). The authors simplified the MBT index to the
MBT’ index, which excludes the GDGTs with mass 1048 and 1046 since they are

generally below the detection limit or occur in low abundance in the environment:

. [1022]+[1020] +[1018]
" [1050] +[1036] +[1034] +[1032] +[1022] +[1020] + [1018]

The following new equation was obtained (Peterse et al., 2012):
MAT =0.81 - 5.67 - CBT + 31.0 - MBT" (R2=0.59).

The error of the calibration is 5 °C and therefore gives large uncertainties in
absolute MAT estimates (Peterse et al., 2012). However, the error in the calibration is
considered a systematic one and the error in using MAT estimates within a single
downcore to reconstruct past relative variations in temperature should be lower
(Schouten et al., 2013).

MBT = 0.122 + 0.187- CBT + 0.020 - MAT
(2= 0.77)

nat
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Figure 1.12. Calibration plot of the MBT and CBT
indices measured in soils vs. annual mean air
temperature (MAT) (Weijers et al., 2007a).

The relationship between the relative distribution of branched GDGT and soil
temperature and pH was further studied. For example, a measure of the relative
abundance of branched GDGTs in an altitudinal soil transect yielded a good
correlation of MBT/CBT with MAT, but absolute estimates were higher than measured
temperatures (Sinninghe-Damsté et al., 2008). Another study conducted in
geothermally heated soils over a large temperature range (12 - 41 °C) further

confirmed the dependence of the MBT/CBT index on soil temperature and pH (Peterse
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et al. 2009b). Different regional studies gave small but significant different correlations
of the MBT/CBT index with MAT and soil pH, suggesting that regional soil
calibrations might give more precise air temperature estimates rather than the global
ones (Schouten et al., 2013).

To date the MBT/CBT proxy has been used to reconstruct past changes in air
temperature at different temporal scales and in a wide range of geographical settings,
for instance the Congo deep sea fan (Weijers et al., 2007b), North America (Fawcett et
al., 2011), East Greenland (Schouten et al., 2008), the Arctic (Weijers et al., 2007c),
marine sediments near Svalbard (Peterse et al., 2009a), and the East China sea (Zhu et
al., 2011).

1.3.2.3. BIT index as indicative of terrigenous input

Hopmans et al. (2004) defined the branched isoprenoid tetraether (BIT) index as
the relative abundance between crenarchaeol and three branched GDGTs, which are
the most frequently and abundantly found in soils (Hopmans et al., 2004):

T [1300] +[1298] +[1296]
[1300]+[1298] +[1296] + [crenarchaeol |

The ratio was intended as a proxy of terrestrial organic inputs on the basis that
crenarchaeol was a dominant GDGT in the aquatic environment, whereas branched
GDGTs seemed to be predominant in the terrestrial environment. The ratio would be
expected to have values close to 0 when measured in open marine sediments and close
to 1 when analyzed in soil and peat samples. Values in between would be indicative of
the relative contribution of terrestrial organic matter to the aquatic environment
(Hopmans et al., 2004). The BIT index has been also used as an indicator for assessing
the applicability of the TEXss index in marine coastal areas because soil derived organic
matter transported to the marine environment can contain isoprenoid GDGTs that can
potentially bias the TEXss temperature estimates (Weijers et al., 2006b). It was reported
that BIT values above 0.3 (Weijers et al., 2006b) or above 0.2 (Zhu et al., 2011) biased the

TEXse water temperature estimates.

However, recent studies reassessed the BIT index applicability by Fietz et al.
(2011b) showed that at different time spans and settings - Alboran Sea, Fram Strait,
North East Atlantic, Southern Ocean and Lake Baikal - the BIT index does not only
reflect changes in the input of terrestrial organic matter but it also depends on the
variations in the in situ production of crenarchaeol sinthesized by Thaumarchaeota in

the aquatic environment, and proposed that the quantification of fluxes of branched
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GDGTs might be a better indicator of terrestrial inputs to the aquatic environment
(Fietz et al., 2011b). Similar results were found in the Gulf of Mexico (Smith et al., 2012).

1.3.3. Highly branched isoprenoid (HBI) alkenes

A small number of marine and freshwater diatoms that belong to the genera
Haslea, Rhizosolenia, Navicula and Pleurosigma biosynthesize highly branched isoprenoid
alkenes (HBI) (Volkman et al., 1994; Massé et al., 2004; Sinninghe-Damsté et al., 2004).
These secondary metabolites have uncommon molecular structures and can contain 20,
25 or 30 carbons (Ca, Cas and Cso alkenes), although the Cps alkenes are the most
commonly reported and found to be widely distributed in marine sediments
worldwide (Rowland and Robson, 1990; Belt et al., 2000). Most of the C,s HBI that have
been found in marine sediments contain from 2 to 5 double bonds, but unsaturated
isomers have been reported as well (Rowland and Robson, 1990; Wraige et al., 1997;
Belt et al., 2000). Although the mechanisms involved in HBI biosynthesis in diatoms
have been described, their metabolic function in diatom cells is still unknown (Massé et
al., 2004).

A A

Figure 1.13. Molecular structure of IP25 (Belt et al., 2007).

1.3.3.1. Ice proxy with 25 carbon atoms (IP25)

Belt et al. (2007) collected sea ice samples across the Canadian Arctic Archipelago
and the Hudson Bay during the spring algal bloom and identified C,s HBI mono-
unsaturated alkenes in the sample extracts (Figure 1.13). They found that this
compound was selectively synthesized by some Arctic sea ice diatoms, probably of the
genera Haslea, but they did not detect the Cx HBI in open water phytoplankton
samples collected from an East-West transect across the Canadian Arctic Archipelago
(Belt et al., 2007). Based on these facts, they renamed this specific Co5s HBI monoene as
Ice Proxy with 25 Carbon Atoms (IP25), establishing the basis for a new tool for

reconstructing past sea ice cover variability (Belt et al., 2007).
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After identification of IP25 as a specific compound in Arctic sea ice (Belt et al.,
2007), the accumulation of this molecule in Arctic sea ice cores was analyzed by Brown
et al. (2011). Most of the IP25 (ca. 90%) was found to be synthesized within the lower 5
cm inside the interstitial channels formed after brine release and maximum
accumulation of IP25 was found between 1 to 3 cm from the ice-water interface (Brown
et al., 2011). This study provided further evidence for a selective sea ice diatom origin
for 1IP25. They found a strong seasonal influence in IP25 production. It was not
detected during winter, its abundance started increasing in spring and reached
maximum concentrations (more than 90% of total) when the algal bloom took place at
the end of spring (Brown et al., 2011). The dependence of IP25 on the seasonality of the
sea ice cover was further confirmed by Fahl and Stein (2012) after studying the material
collected in sediment traps deployed in a region of the Arctic Ocean with seasonal ice
cover conditions (Figure 1.14). During winter permanent ice cover conditions, IP25 did
not reach the sediment traps whereas a maximum in IP25 was detected at the end of

spring when sea ice cover started melting (Fahl and Stein 2012).

T T T
permanent ice cover : lasting ice cover | stable ice-edge : dominantly ice-free
(perennial) +  (spring/summer) (spring/summer) ' (year-round)
sea ice
5 r ice ﬁ"g@e \\ /
'1.JDI'I"I"|"|D€7{,. habiting sea ice) phyfgp.'anhon
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(Winter situation) : Sitl:ﬂ.tk:lr‘.]
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1550 m WD {incl. biomarkers)
| Plankton marker 0 || Plankton marker + || Plankton marker ++ || Plankton marker +H+

Figure 1.14. Illustration of different sea surface conditions over an annual cycle in an area
characterized with seasonal sea ice cover conditions. The blue and green particles in the
illustrated water column indicate IP25 and phytoplankton fluxes from the surface to the seafloor,
which vary depending on the sea ice cover conditions in the study area. The grey boxes at the
bottom of the figure indicate the relative amount of IP25 and of the plankton marker that would
be expected to be found in the marine sedimentary record in each surface sea ice cover condition.
The sediment traps locations refer to sediment trap study in the Lomonosov Ridge from Fahl and
Stein (2012) discussed in the text. The figure is from Fahl and Stein (2012).
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The growth of sea ice diatoms is controlled by various factors such as the
availability of nutrients in the underlying water column, sea ice thickness and snow
cover, rapid bottom ice melt and it is also subject to light availability (Belt and Miiller,
2013 and references therein). As light availability is limited under thick and dense ice
cover, under perennial ice cover conditions the accumulation of diatoms synthesizing
IP25 and its subsequent release to the seafloor is significantly reduced (Belt et al., 2007).
Therefore when IP25 is not detected in the marine sediments, it can indicate open sea
water conditions but also permanent sea ice cover conditions year round (Figure 1.14)
(Belt et al., 2007). One way of resolving such ambiguity in the sea ice biomarker could
be comparing the relative downcore abundances of IP25 to a phytoplankton marker
indicative of open water conditions (Miiller et al., 2009). This approach was applied in
a sediment core from the Yermak Plateau, using brassicasterol abundance as an
indicator of ice free sea surface conditions (Miiller et al. 2009). The absence (or low
abundance) of both brassicasterol and IP25 was related to past permanent sea ice cover
conditions whereas the presence of brassicasterol and absence of IP25 was associated to
periods of ice free conditions (Miiller et al., 2009). Miiller et al. (2011) combined both
IP25 and phytoplankton markers into the PIP25 index, defined as follows:

PIP25 = P25 / (IP25 +(phytoplankton marker * C))

Where “IP25” and “phytoplankton marker” are given in their respective
concentrations. Accounting for a possible significant concentration difference between
IP25 and the phytoplankton marker, a concentration balance factor between the two

markers is taken into account as follows:
C = mean IP25 concentration/ mean phytoplankton marker concentration

Furthermore IP25 and phytoplankton markers were analyzed in a set of surface
sediments from the Fram Strait (Miiller et al., 2011) and the Barents Sea (Navarro-
Rodriguez, 2012) and the data was combined to satellite derived sea ice cover
concentrations. They found a correlation between the PIP25 and the sea ice cover
satellite data, which is different for the two regions. High PIP25 values were associated
to areas with a dense spring ice cover, moderate values in sites close to the ice edge,
low values in regions characterized by seasonal ice cover and finally very low or zero
values in ice free areas year round (Miiller et al., 2011). Although recent studies have
used brassicasterol as a phytoplankton indicator of open water conditions, it could also
be feasible to determine PIP25 indices using other marine biomarkers synthesized by

organisms living in the surface oceans under ice free conditions (Miiller et al., 2011).

As mentioned earlier, Fahl and Stein (2012) also found a correlation between sea

ice cover conditions throughout the annual cycle and the amount of IP25, but also with
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the brassicasterol and the PIP25 index. In addition, they found that both IP25 and
brassicasterol values decreased systematically from 150 m to 1550 m of the water
column, possibly due to biogeochemical degradation with increasing water depth or
incorporation of organic carbon to the food web (Brown and Belt, 2012). Therefore 1P25
concentrations in the sedimentary record should be interpreted as exported

productivity from the surface of the water column to the seafloor (Figure 1.15).

In the recent years, IP25 has been used in paleoclimate studies to reconstruct past
sea ice cover variability in different settings across the Arctic Ocean and encompassing
different time spans (Massé et al., 2008, Andrews et al., 2009; Miiller et al., 2009, 2012;
Belt et al., 2010; Vare et al., 2009, 2010).
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Figure 1.15. Illustration representative of the biological pump. Various biologically mediated
processes are responsible for transporting carbon from the ocean surface to the ocean depths.
The amount of organic carbon that sinks to the seafloor without being recycled into COs is
the export production. The illustration is from Chisholm (2000).
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1.3.4. Chlorins

Algae and higher plants biosynthesize pigments necessary for photosynthesis,
the most common being Chlorophyll a. This pigment has a ring shaped molecular
structure with a tetrapyrrole ring in the center (Figure 1.16). Chlorophyll a is quickly
degraded within the water column or at the sediment-water interface but a significant
portion is preserved in diagenetic transformation products known as chlorins (Figure
1.16; Spooner et al., 1994; Louda et al., 2002). Diagenesis of organic compounds can be
influenced by various factors such as the amount of oxygen in the water column, the
residence time of the molecule before deposition, molecular reactivity and bioturbation
in the sediments. The amount of chlorins preserved in sedimentary records relies on
the initial amount of pigments synthesized in the upper water column, the subsequent
diagenesis and finally the transfer efficiency from the water column towards the
seafloor (Figure 1.15). This is a common consideration when using biomarker
compounds concentration or fluxes and therefore it is more accurate to consider that
changes in biomarker concentration reflect variability in export production rather than
surface productivity (Rosell-Melé and McClymont, 2007). Chlorins are considered
potential proxies for total primary export production reconstruction (Harris et al., 1996)
and downcore variations of chlorins have been used to study variability in marine
export production in several sedimentary settings for instance in the North Atlantic
and Nordic Seas (Rosell-Melé et al., 1997; Rosell-Melé and Kog, 1997).

1.3.5. n-alkanes

n-alkanes are organic compouds synthesized by algae, bacteria and terrestrial
higher plants, with a molecular structure based on a straight chain of carbon and
hydrogen linked by single bonds (Eglington and Hamilton, 1963). Their distribution in
marine sediments varies according to their main biological source. For instance, all
plants predominantly synthesize n-alkanes with odd carbon chain lengths but in
addition land plants synthesize mostly long chain protective cuticular waxes (Cos5-Css)
to preserve the water content in their leaves (Eglington and Hamilton, 1967). Instead,
aquatic algae synthesize short chain alkanes (Cis-C21) and bacteria synthesize low
abundances of n-alkanes in the range from Cioto Cy (Clark and Blumer, 1967; Goutx
and Saliot, 1980). As the characteristic n-alkane distribution differs considerably from
algae to terrestrial higher plants, their range of chain length ant the predominance of
odd over even carbon numbers is indicative of the source origin. The relative
predominance of odd over even carbon atoms in n-alkanes can be quantified with the

carbon preference index (CPI) (Bray and Evans, 1961):

-29.



Introduction

(ZCi)
CPI = m = m+1
(ZC)+( X C)

i=n+1

Where 1 is the starting and m the ending n-alkane used for calculating CPL. It is
usually calculated over the entire range of long chain n-alkanes present in the sediment
sample. The concentration of n-alkanes has been used to assess the variability in the
input of terrestrial or land derived organic matter to the ocean in a wide variety of
settings and time scales (Villanueva et al., 1997; Schefuss et al., 2003; Lopez-Martinez et
al., 2006; Martinez-Garcia et al., 2009).

0 Phytyl
Chlorophyll a .
Loss of phyyl cha magnesium chelate
0 Phytyl
Chlorophyllide a Pheophytin a

Demetallation

magnesium chelate Loss of phytyl chain

Pheophorbide a

Figure 1.16. Molecular structures of chlorophyll a and their common derivatives (chlorins). The
arrows indicate the diagenetic pathways. From Bendle (2003).
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1.3.6. Bulk organic matter properties: carbon and nitrogen abundances and

isotopic ratios

Marine sediments and soils contain an accumulation of organic matter derived
from both autochthonous and allochthonous sources. Organic carbon contained in
marine sediments can vary with the amount of primary productivity in the water
column, the export rate to the seafloor, decomposition and preservation of organic
matter in the study site. In soils, the organic carbon content can vary with the region’s
climate, the dominant types of vegetation, the texture of the soil and the land use. The
ratio between carbon and nitrogen (C/N ratio) differs between marine or terrestrial
sources of organic matter, because terrestrial organisms have lower amounts of non-
protein materials compared to marine organisms. The analysis of the C/N ratio in
marine sediments can give a qualitative indication of the source origin of the organic
matter. For instance, high C/N values (~20) are indicative of organic matter
synthesized by higher plants, therefore indicating a terrestrial input in the marine
environment (Meyers and Ishiwatari, 1993). Low C/N ratios (~6-9) are indicative of
organic matter derived from marine organisms (Miiller, 1977). Finally, soil derived

organic matter present C/N ratios in between (~8 - 20) (Hedges and Oades, 1997).

The stable isotopic composition of organic carbon 63Corg in marine sediments
has been used to assess the origin of the organic matter. It is a quantitative measure
that allows determining if there was a significant input of terrestrial organic matter in a
marine environment or if the organic matter was mainly derived from marine algae
(Winkelmann and Knies, 2005). The stable isotopic composition of nitrogen &N
measured in bulk marine sediments reflect marine organic matter, terrestrial organic
matter and also inorganic nitrogen. It has been used to determine changes in the source
of nutrients or the relative nutrient utilization in the overlaying surface waters
(Schubert and Calvert, 2001).

1.4. Objectives and outline of this thesis

The North Atlantic and Arctic Oceans play an important role in modulating
European climate variability. Oceanic records of SST variability covering the last 2000
years at high resolution in this region are scarce. There is a need therefore to obtain
new high resolution reconstructions of variability in SST in this region for the Late
Holocene and contribute to (I) increase the level of understanding on how the climate
system varied in the recent millennia; (II) put the recent warming into a wider context
and (III) investigate if the mechanisms of multidecadal climate variability observed

from instrumental records could be also observed in the past. The main objective of
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this thesis is to generate new records of multidecadal climate variability in the North
Atlantic Ocean, analyzing organic proxies (biomarkers) in marine sedimentary cores

that cover the last 2000 - 4400 years. The specific objectives are to:

® Generate new climate reconstructions using well established proxies (i.e.
alkenones) but also recently developed ones (IP25, GDGT based proxies) to
produce reconstructions based on SST but also on additional climate
parameters such as sea ice cover variability, mean air temperature and export

productivity.

e DProvide further knowledge on the relationship between temperature
estimates based on GDGT proxies and instrumental temperature observations
in marine sediments from the Skagerrak (Chapter 3) and in soils from

southern Norway and the Pyrenees (Chapter 4).

* Generate new records of multidecadal climate variability in the eastern Fram
Strait and the Barents Sea, the two main paths where the northward flowing

North Atlantic current meet the Arctic Ocean (Chapters 5 and 6).

® Reconstruct multidecadal SST variability in the Skagerrak, southern
Scandinavia, a highly sensitive area to changes in the internal modes of
climate variability and the interaction between the North Atlantic Ocean and

European climate (Chapter 7).

¢ Investigate the linkage between the newly generated climate reconstructions
and the mechanisms of decadal to multidecadal climate variability in the
North Atlantic and the Arctic (Chapters 5 to 7).
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2. Methods

This chapter contains a description of the analytical procedures used to obtain
the results presented in this thesis. A general overview is given in Figure 2.1. The
majority of the samples was prepared and analyzed at Laboratori de 1’Esfera
Ambiental, Institut de Ciencia i Tecnologia Ambientals, Universitat Autonoma de
Barcelona (LERA, ICTA, UAB) facilities. The instrumental analysis of GDGTs was
conducted at the Laboratori de Proteomica from Consejo Superior de Investigaciones
Cientificas (CSIC) and the UAB. The marine sediment samples from the Barents Sea
record were prepared for IP25 analysis at Laboratoire d’Oceanographie et du Climat
Exprimentations et Approaches Numériques located at Université Pierre et Marie
Curie (LOCEAN, UPMC, Paris, France) in collaboration with Dr. Guillaume Massé.
Barents Sea samples were further treated and analyzed for the rest of the biomarkers at
ICTA facilities.

2.1. Glassware and other utensils

The materials used during the laboratory procedures were thoroughly cleaned
prior to use. This practice prevented contamination of the samples with compounds
that could interfere with the instrumental analysis of biomarkers. Furthermore, utensils
that could interact with the samples at any point of the laboratory procedure, such as

syringes or recipients, were also cleaned by rinsing with solvent prior to use.

Glassware was combusted at 450 °C for 4 hours prior to use. Reusable glassware
with solid residues was rinsed and soaked in a 1% HNOs; solution during 24h.
Afterwards the glassware was rinsed with tap water, dionized water and then soaked
in a 2% BioSel solution (a phosphate-free alkaline detergent) during 24h. The glassware
was rinsed with tap and dionized water. Subsequently, the volumetric material was
rinsed with acetone, wrapped in aluminium foil and stored until use. The non
volumetric, reusable glass material was dried in the oven at 105 °C, afterwards it was

wrapped in aluminium foil and combusted at 450 °C for 4 hours.

2.2. Organic biomarker analysis
2.2.1. Freeze drying and homogenization

Samples were stored frozen at -20 °C, and freeze-dried prior to extraction using a
Telstar Cryodos device with temperature of the cryogenic trap set at -42 °C and

vacuum at 0.2 mbar. The process lasted 24 to 48 h depending on the amount of water
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retained in the sediment samples. Dry samples were manually homogenized using a
mortar and a pestle. Between samples, the mortar and pestle were sequentially rinsed

with tap and dionized water, acetone and dichloromethane:methanol (2:1, v/v).

-
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Figure 2.1. Scheme of the analytical methodology used in this thesis.
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2.2.2. Lipid extraction

Internal standards (Table 2.1) were added to the samples prior to extraction of
the biomarkers. The lipid content was extracted using microwave assisted extraction
(MAE) or an ultrasonic bath depending on the nature of the samples and on the
facilities of the laboratory in which they were prepared. Depending on the sample

origin, 1 or 2 g of sediment were weighted in a GX-2000 precision balance.

Table 2.1. Summary of the internal standards used.

Chemical Analytical Monitored Compound
Internal Standard
Class Device at m/z Quantification
2-Nonadecanone4 Ketone GC-FID - Alkenones
18-Pentatriacontanone * Ketone GC-FID - Alkenones
Hexatriacontane 4 Alkane GC-FID - n-alkanes
7-Hexylnonadecane * Alkane GC-MS 266 IP25, n-alkanes
GR 4 Tetraether HPLC-MS 1208 GDGTs

AAdded at ICTA; = Added at LOCEAN

2.2.2.1 Microwave assisted extraction

Sediment samples from the Fram Strait (chapter 5) and the Skagerrak (chapters 3
and 7) were extracted via MAE (Kornilova and Rosell-Melé, 2003) using a CEM-MARS
5 microwave accelerated reaction system that was equipped with 14 Greenchem
pressure vessels with Teflon containers of 100 mL capacity. The weighted sediment, a
magnetic stirrer, the internal standards and 10 mL of dichloromethane:methanol 3:1
(v/v) were inserted into each vessel. As the microwave carrousel had a capacity for 14
vessels, we proceeded in batches of 12 samples, 1 reference sample and 1 solvent blank.
The microwave increased the vessel contents temperature to 70 °C in 2.5 min and held
it at this temperature for 5 min. The vessels cooled down to room temperature after 30
min. The extracts were decanted into Pyrex glass vials and centrifuged at 1200 rpm for
6 min using a Rotofix 32 centrifuge (Hettich Zentrifugen). The extracts were transferred
to new Pyrex glass vials. Afterwards, the organic extract was taken to dryness by
means of a miVac Duo concentrator coupled to a cold trap (Genevac) and a Thermo

Savant vacuum pump unit, hereafter referred to as Centrivap.
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2.2.2.2 Ultrasonic bath extraction

Sediment samples (2 g) from core PL96-126 retrieved in the Barents Sea (chapter
6) were ultrasonically extracted with 3 mL of dichloromethane:methanol (2:1, v/v). The
vials containing the extracted sediment samples were centrifuged at 2500 rpm during 2
minutes and the supernatant was transferred to a new vial. The samples were extracted
two more times using the same procedure. The extracts were combined and dried
under a N stream with a hot plate at 35 °C. Once dry, the extracts were removed

immediately to prevent possible compound loss.

Soil and river water samples (chapter 4) were prepared following the procedure
described by Huguet et al. (2010) as it yields the most accurate quantification of total
intact lipids. The samples were extracted with methanol and sonicated in an ultrasonic
bath for 5 minutes (x3), dichloromethane:methanol (1:1, v/v; x3) and finally
dichloromethane (x3). After each sonication, samples were centrifuged to separate the
sediment from the extract, all the supernatants were combined and the solvent mixture

was evaporated in the centrivap.

2.2.3. Total extract clean up
2.2.3.1 Hydrolysis

The organic extracts of the Skagerrak samples selected for the analysis of GDGTs
in chapter 3 were hydrolyzed overnight with 8% potassium hydroxide in methanol.
The neutral fraction was recovered with hexane by liquid-liquid extraction. The extract
was washed with dionized water to remove residual potassium hydroxide and taken
to near dryness by vacuum rotary evaporation. The remaining extract was transferred
to a smaller vial and dried under a gentle N> stream. Afterwards the samples were
dissolved in 200 pl hexane:n-propanol (99:1, v/v) and filtered through a 0.45 pm

Millipore PVDF filter prior to instrumental analysis.

2.2.3.2 Clean up chromatography
High performance liquid chromatography

The Fram Strait downcore extracts were purified with a silica column using a
Thermo Surveyor high performance liquid chromatographic system (HPLC). Extracts
were eluted through a glass pipette filled with glass wool and sodium sulphate, dried
and re-dissolved in 100 pL of hexane:dichloromethane (50:50, v/v). The sample was

manually injected in the HPLC, that was equipped with a stainless steal inline filter (2
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pm pore size) and a Lichrospher Silicon dioxide column (4.6 x 250 mm, 5pm;
Teknokroma). Compound class fractionation was achieved running consecutively n-
hexane (0-2.75 minutes; n-alkane containing fraction), dichloromethane (2.76-5.75
minutes; alkenone containing fraction), acetone (5.76-9.25 minutes; GDGTs containing
fraction) and n-hexane (9.26-13.5 minutes; column stabilization and cleaning) with a 2
mL min- flow. Fractions were manually collected into glass vials, and dried using the
centrivap. The HPLC column was flushed between batches of samples using acetone

and methanol.

Open glass column chromatography

The rest of the samples analyzed in this thesis were cleaned up with open column
chromatography. A Pasteur pipette was filled with 0.5 g of silica (bottom) of 230-400
mesh particle size and 0.5 g of sodium sulphate (top). Silica and cotton were previously
cleaned with dichloromethane:methanol at 2:1 (v:v) during 12 hours using a Soxhlet.
Silica was dried at 105 °C and deactivated with 5% dionized water. Sodium sulphate
was cleaned via combustion at the oven at 450 °C during 4 hours. The mobile phases
used to elute the compounds differed slightly in each set of samples and are described
below. Upon compound elution, each fraction was recovered in a different vial and
afterwards the solvent was evaporated in the centrivap. The dry extracts of each
fraction were then transferred to 1.5 mL vials and stored dry and frozen until

instrumental analysis.

The total lipid extracts of the Skagerrak (chapter 7) and the Fram Strait marine
water column filters (chapter 5) were eluted with hexane (3 mL; Fraction 1: n-alkanes),
dichloromethane (3 mL; Fraction 2: alkenones) and methanol (3 mL; Fraction 3:
GDGTs).

The soil and river water samples from southern Norway and the Pyrenees
(chapter 4) were purified according to the method developed by Huguet et al. (2010) to
analyze core and intact GDGTs. The lipid extracts were transferred to a column filled
with 0.5 g of activated silica and the fractions eluted with hexane:dichloromethane (9:1,
v/v; 3mL; Fraction 1), hexane:dichloromethane (1:1, v/v; 3 mL; Fraction 2) and
dichloromethane:methanol (1:1, v/v; 3 mL; Fraction 3; GDGTs). The last fraction
containing both core and intact GDGTs was split into two samples. One part was
tiltered through a 0.45 um PTFE filter (Advantec) and stored frozen until instrumental
analysis. The other half was hydrolyzed to break the polar head groups and allow
quantification of both core and intact polar lipids (Huguet et al., 2010). For performing
the hydrolysis, sample vials were flushed with Nz, then 2 mL of 5% HCI in methanol
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(v/v) were added and the vials were sealed with Teflon lined caps. The vials were
placed in a heating block at 70 °C for 4 h. GDGTs were recovered with a liquid-liquid
extraction using dichloromethane and dionized water (1:1, v/v). After mixing
vigorously, the dichloromethane fraction was recovered and transferred to a new vial.
This procedure was repeated three more times. All the recovered dichloromethane
extracts were combined in a single vial and rinsed six times with dionized water, to
remove any traces of HCl. The extracts were dried and filtered prior to instrumental

analysis (Huguet et al., 2010).

The Barents Sea extracts (chapter 6) were eluted through 0.5 g activated silica
with a consecutive addition of hexane (6 mL; Fraction 1: IP25, n-alkanes),
hexane:dichloromethane (3:1, v/v; 8 mlL; Fraction 2: alkenones) and
dichloromethane:methanol (1:1, v/v; 7 mL; Fraction 3: GDGTs). Each fraction was
collected in a different vial and taken to dryness under a gentle N> stream and using a
hot plate at 35 °C.

The second fraction of the Barents Sea samples was further fractionated to
remove steryl alkyl ethers that coeluted with alkenones. The fraction was further
cleaned using 0.5 g of 5 % deactivated silica and a consecutive addition of
hexane:dichloromethane (99:1, v/v; 8mL; steryl alkyl ethers) and dichloromethane (3

mL; alkenones).

2.2.3.3 Sulphur removal

The procedure for removing sulphur was applied to the first fraction of Barents
Sea samples and consisted of a liquid-liquid extraction using tetrabutylammonium
sulfite reagent, hereafter TBA sulfite reagent. The TBA sulfite reagent was prepared by
mixing a solution of 3.39% tetrabutylammonium hydrogen sulphate in dionized water
with three 20 mL portions of hexane, and 25 g of sodium sulphite. Then, 1 mL of
hexane, 1 mL of TBA sulphite reagent and 2 mL of 2-propanol were added to the vial
containing fraction 1 and the mixture was shaken for 1 min. Next, 3 mL of dionized
water were added to the vial and it was shaken again for 1 min. The vials were
centrifuged at 2500 rpm during 2 min and hexane - the supernatant - was transferred to
a new vial. The liquid-liquid extraction was repeated three times in total. The three
hexane extracts were combined in a single vial. The extract was dried in a gentle N»
stream using a hot plate at 35 °C. Once dry the samples were removed immediately to

prevent HBI loss.
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2.2.4. Instrumental analysis
2.2.4.1. Visible spectrophotometry

Chlorins were analyzed following the methods described by Nuifiez (2005). The
total extract was completely dried and then it was dissolved in acetone. Samples were
analyzed with automatic or manual injection in a Thermo Surveyor HPLC coupled to a
photodiode array detector (HPLC-PDA). The HPLC ran in off-column mode using a
tflow restrictor from Pickering Laboratories Inc. Acetone was used as mobile phase at
Iml min? flow. Visible spectrophotometry was monitored for a wavelength range
similar to the visible spectrum (A = 300-800nm) and a continuous absorbance spectrum
was obtained (Figure 2.2). Total abundance of chlorins was determined integrating the
peak response area at 662 nm wavelength. We used an external standard curve for
quantification of chlorins. Successive dilutions of the pigment phyrophaeophorbide a
methyl ester in acetone were injected successively in the HPLC-PDA, and the relative
response of the peak area was measured (Figure 2.3). A linear equation was used to

convert areas to concentration (Figure 2.3).

Figure 2.2. Chromatogram of chlorin analysis with an HPLC-PDA system. The x-axis shows
wavelengths from 300 to 800 nm, the y axis shows the duration of the analysis in minutes
and the z-axis shows the absorbance in mili-arbitrary units (mAU).

The concentration of chlorins per gram sediment was calculated using the
external standard calibration curve and also considering the dilution factor, defined as
the amount of sample injected in the HPLC compared to the total volume of the
dilution. The remaining extracts were dried under a gentle nitrogen stream. They were
stored sealed and frozen at -20°C until further sample purification (described in section
2.2.3).
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Figure 2.3. External calibration curve for chlorin quantification via HPLC-PDA

2.2.4.2. Gas Chromatography Flame Ionization Detector (GC-FID)

The n-alkanes (fraction 1) and the alkenones (fraction 2) were analyzed using a
Thermo Trace Ultra gas chromatograph fitted with a flame ionization detector (GC-
FID). Dry extracts were re-dissolved in isooctane and injected in the GC-FID using a
Thermo TriPlus autosampler. Automatic injection of the sample was performed in
splitless injection mode. The injector and the detector temperatures were set at 310 °C
and at 320 °C, respectively. Helium was used as carrier gas with a constant flux of 1.5
mL min. Compounds were separated through an Agilent HP-1 capillary column of 60
m length, 0.25 mm internal diameter and 0.25 um film thickness connected to a 5 m
guard column using a press-fit. For n-alkane fraction analysis, oven temperature was
held at 80 °C during 1 min, increased to 120 °C at a rate of 20 °C min!, then increased to
320 °C at 6 °C min?! and remained at 320 °C during 20 min. For alkenone fraction
analysis, the oven temperature was held at 80 °C during 1 min, it increased to 120 °C at
a rate of 30 °C min, then it increased to 320 °C at 50 °C min and it was finally held at

this temperature for 30 min.

External standards were used for identification of alkenones and n-alkanes in the
GC-FID based on their retention time. A sample of fractionated fuel that contained a

range of n-alkanes from Cy to Ci5 was used as an external standard for n-alkane
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identification based on comparison of their retention times (Elordui-Zapatarietxe et al.,
2008) (Figure 2.4). Likewise, a standard sample containing only a mixture of Cs73and
Cs72 ketones was used for alkenone identification (Figure 2.5). Quantification of
alkenones and n-alkanes was assessed using known concentrations of internal

standards added prior to extraction (Table 2.1).

C21 C23
2 c22 2
C20 2 C25 C27
Sample C19 C29 C36 (IS)
C26 C31
C28
ST C30 C33
€17 C34C35
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; _ \
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Figure 2.4. Identification of n-alkanes in Fram Strait samples (black chromatogram) via
retention time comparison to a fractionated fuel sample (grey). The internal standard is also
noted (C36 1S).
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Figure 2.5. Chromatogram representative of the analysis of alkenones in the GC-FID. The
internal standard (C190 IS) and three groups of alkenones (Ca;, Css and Cso) can be
observed.

It was observed that the U K37 temperature estimates could present significant
errors (> 0.5 °C) when the amount of alkenones injected in the GC-FID system was
close to the limit of detection (Rosell-Melé, 1994; Rosell-Melé et al., 1995; Grimalt et al.,
2001). We injected successive dilutions of an alkenone standard for establishing the
limit for reliable UX3; measurements in our system (Figure 2.6). The threshold for
reliable analysis of UK3; with a temperature estimation error < 0.5 °C was determined
for our system at an amount of 15 ng for each alkenone injected in the GC-FID

equipment. In addition, an alkenone standard, and a standard sediment sample were
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injected when the system was at its optimum conditions and their UK3; values were
determined. These standard samples were injected routinely between environmental
samples analysis. If there was a bias higher than 0.5 °C in the UKXj; temperature
estimates the GC-FID system was thoroughly checked to get the system back to
optimum conditions for example by replacing or cutting a part of the guard column or

replacing the injection liner.
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Figure 2.6. Change of the UX3; index with decreasing amount of alkenone injected in the GC-
FID. The right axis shows the magnitude of SST change calculated with the calibration from
Miiller et al. (1998)

2.2.4.3. Gas Chromatography coupled to Mass Spectrometry (GC-MS)

For IP25 analysis, fraction 1 dry extracts were re-dissolved in hexane and an
aliquot of the sample was automatically injected into an Agilent 7890A Gas
Chromatography Mass Spectrometry system (GC-MS). The extracts eluted through an
Agilent HP5-MS fused silica column, that had 30 m length, an internal diameter of 0.25
mm and a film thickness of 0.25 pm. Helium was used as carrier gas with a flow of 1.1
mL min. The initial oven temperature was 40 °C, it increased gradually to 300 °C at a
rate of 10 °C min? and the final temperature was held during 10 min. The injector
temperature was set at 250 °C and the transfer line temperature at 280 °C. The mass
spectrometer ion source and quadrupole temperatures were set at 230 °C and 150 °C
respectively. The analysis was performed at single ion monitoring (SIM) mode of the
following target ion masses my/z 99, 191, 266, 346, 348 and 350. Figure 2.7 shows a
chromatogram and the mass spectra at full scan for the IP25 peak identified in samples

form the Barents Sea.
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For quantifying IP25, 200 ng of a mixture of 7-Hexylnonadecane (m/z = 266) and
9-Octyl-8-heptadecene (m/z = 350) were added prior to extraction and used as internal
standards. The abundance of IP25 was calculated comparing the relative response of its
molecular ion (m/z = 350) to the relative response of the abundant fragment ion of the
internal standard 7-hexylnonadecane (m/z = 266). An external calibration curve
considering the GC-MS response of the internal standard at different concentrations

yielded a linear relationship with R2=0.99.
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Figure 2.7. IP25 chromatogram (A) and its corresponding mass spectra (B) in full scan for a
sample from the Barents Sea.

A set of alkenone samples previously analyzed in the GC-FID, were also injected
in the GC-MS to check if there were other compounds interfering with the alkenones
The mass spectra characteristic for alkenones in samples from the Barents Sea are
shown in figure 2.8. For instance, in samples from core PL96-126 some compounds
were found to coelute with alkenones. As described in section 2.2.3.2 further sample
purification was needed to isolate the alkenones. After the purification step, two
fractions were obtained and the first one contained the steryl alkyl ethers whereas the
second contained the alkenones (Figure 2.9, black chromatogram: alkenones; red
chromatogram: steryl alkyl ethers). After GC-MS analysis of these samples and
comparison of their mass spectra with the existing literature, we concluded that the
interfering compounds were steryl alkyl ethers (Figure 2.10, A: C27:1 sterol - C10 alkyl
ether, B: C28:1 sterol - C10 alkyl ether; Schouten et al., 2005).
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Figure 2.8. Analysis and identification of alkenones with GC-MS. The letters in the
chromatogram indicate the corresponding mass spectra for the following alkenones
analyzed in this thesis: Csz.4 (A), Ca73 (B), Ca72 (C).
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Steryl alkyl ethers

Alkenones

A o~
C37 C38 C39

Figure 2.9. Superposition of the chromatograms obtained after GC-FID analysis of the two
fractions obtained after a second step purification of fraction 2 samples from core PL96-126. The
red chromatogram shows the steryl alkyl ethers, the compounds coeluting with the alkenones
(fraction 1 obtained after a second step purification of fraction 2). The black chromatogram
shows the purified sample containing the alkenones after the second step cleaning of the
samples (fraction 2).

2.24.4. High Performance Liquid Chromatography Atmospheric Pressure
Chemical Ionization Mass Spectrometry (HPLC-APCI-MS)

For GDGT analysis, the third fraction was dried and dissolved in 200 pL hexane:n-
propanol (98.5:1.5, v/v) and filtered through a 0.5 pm PTFE filter (Advantec). An
aliquot of sample was automatically injected in a Dionex P680 HPLC coupled to a
Thermo Finnigan TSQ Quantum Discovery Max quadrupole mass spectrometer with
an atmospheric pressure chemical ionization (APCI) interface set in positive mode.
Following the methods described in Escala et al. (2009) the extracts eluted through a
Tracer Excel CN column (Teknokroma) with a length of 20 cm, a diameter of 0.4 cm
and a particle size of 3 pm. A pre-column filter and a guard column were fitted to the
column. The mobile phase was initially hexane:n-propanol (98.5:1.5) at a flow of 0.6
mL min-. The proportion of n-propanol was kept constant at 1.5% for 4 minutes, after
it increased gradually to 5% during 11 minutes, then it increased to 10% for 1 minute
and it remained at this proportion for 4 minutes. Finally, it decreased back to 1.5%
during 1 minute and was held at these conditions for 9 more minutes until the end of
the run. The parameters of the APCI interface were set as follows to generate positive
ion spectra: corona discharge 3 pA, vaporizer temperature 400 °C, sheath gas pressure
49 mTorr, auxiliary gas (N2) pressure 5 mTorr and capillary temperature 200 °C.
GDGTs were detected in selected ion monitoring (SIM) mode at the following mass to
charge ratio (m/z): 1302, 1300, 1298, 1296, 1292, 1050, 1048, 1046, 1036, 1034, 1032, 1022,
1020, 1018 and the internal standard GR at 1208 my/z. For quantifying the total
abundance of intact GDGTs we subtracted the amount of lipids quantified in the half
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Figure 2.10. Identification of steryl alkyl ethers via GC-MS in samples from core PL96-126.
Chromatogram at m/z 369 (A) and 383 (B) and full scan mass spectra at the retention times
indicated with arrows. The compounds were identified as (A) C27:1 sterol - C10 alkyl ether and
(B) C28:1 sterol - C10 alkyl ether. The molecular structure of the compounds is shown next to
mass spectra (A) (from Schouten et al. (2005)).
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Figure 2.11. Chromatograms of the GDGT analysis in our HPLC-APCI-MS system. (A) Total
ion current and Single Ion Monitoring at each GDGT my/z for (B) isoprenoid GDGTs (C)
branched GDGTs (D) and the internal standard GR.
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sample that was hydrolyzed (Huguet et al., 2010). In Figure 2.11 the chromatogram at
each my/z for all the GDGTs and the internal standard is shown.

OR

Figure 2.12. Molecular structure of the synthetic tetraether compound GR used as internal
standard for GDGT analysis (Réthoré et al., 2007).

Quantification of GDGTs was achieved using the compound GR as an internal
standard, a synthetic tetraether lipid with a structure typical of neutral archaeal
membrane lipids (Figure 2.12) and a m/z of 1208 (Réthoré et al., 2007). Prior to
extraction, 65 ng of GR were added to the sample. The average response factor of the
standard GR versus the isolated isoprenoid GDGT-0 standard with a m/z of 1302 was
1.2+0.1 (Escala, 2009). The reproducibility of the quantification of GDGTs using GR as a
standard is higher than 90% (Escala, 2009).

The linear range where the relationship between the concentration of the
compound and the response of the detector is linear was assessed injecting
consecutively increasing concentrations of the GR standard and calculating the peak

area in each concentration (Figure 2.13).
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Figure 2.13. External calibration curve for determination of the linear range, using the
standard GR analyzed via HPLC-APCI-MS.
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In 2009, an interlaboratory comparison study for the TEXss and BIT indices was
performed (Schouten et al., 2009) and our laboratory was one of the 21 participants
(Escala, 2009). Since then, a standard sediment sample has been injected routinely in
our HPLC-APCI-MS system before the analysis of sample sets. A new tuning of the
APCI-MS system was performed when the TEXss values were more than 0.02 units

different from the standard value.

2.2.5. Quality controls
2.2.5.1. Procedure blanks

A solvent blank was extracted every batch of samples and analyzed exactly as the
rest of the samples. This routine allowed controlling any possible contamination

during the preparative analysis of the samples.

2.2.5.2. Detection and quantification limits

To establish the minimum amount of analyte that could be detected and
quantified with reasonable certainty, we injected solvent blanks routinely and
calculated the detection and quantification limits. As defined by the the IUPAC (1997)
the minimum measurement that can be detected with reasonable confidence (Xt) is
given by calculating the average of all the blank analysis (Xui) and their standard
deviation (Spi). Depending on the confidence level desired, an accordingly different

numerical factor is applied (K) (IUPAC, 1997). The general equation is the following:
XL = Xpi + K+ Spi

Following the general equation described above, we calculated the limit of
detection (LOD) and the limit of quantification (LOQ) applying a K factor equivalent to
3 and 10 respectively:

LOD = Xy; + 3Sy;
LOQ = Xpi + 10Sp;

The LOD and LOQ values for each GDGT m/z are given in Table 2.2 and are
expressed in pg of injected compound. For IP25 analysis, the detection and
quantification limits were calculated on the basis of the injection of 10 process blanks.
For IP25 analysis, the values were established at 0.08 ng for LOD 0.1 ng for LOQ.
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Table 2.2. Limit of detection (LOD) and limit of quantification (LOQ) for the GDGTs analysis
(pg)-

GDGTm/z

Injected
] 1302 1300 1298 1296 1292 1050 1048 1046 1036 1034 1032 1022 1020 1018

ps

LOD 401 10 02 03 544 15 09 03 09 08 04 21 13 15
LOQ 1011 26 06 09 1348 39 22 07 21 20 10 51 36 35

2.2.5.3. Analytical reproducibility

A substantial amount of marine sediment from the Fram Strait was freeze-dried
and homogenized. Afterwards it was used as standard sediment, extracted each batch
of samples to assess analytical reproducibility and stability in the analysis of
biomarkers and the related indices. The biomarkers quantification showed a
reproducibility >90% (1o, n = 30). The reproducibility of the UX3; index temperature
estimates was equivalent to 0.5 °C (1o, n = 30). The reproducibility of the analysis of
GDGT based temperature estimates was equivalent to 0.6 °C (1o, n = 30). The
reproducibility of the analysis of IP25 was 0.2 ng g1 (10, n = 10).

2.3. Ancillary measurements

2.3.1. Carbon and nitrogen abundances and isotopic ratios

The total abundance of carbon and nitrogen and their isotopic ratios 8N and
813C were measured at low resolution - one sample every 10 cm - in the sediment core
from the Barents Sea. The analysis was performed using an Elemental Analyzer Flash
1112 coupled to an isotope ratio mass spectrometer Thermo Delta V Advantage (EA-
IRMS) with a Conflo IIl interface. Sediment samples were freeze dried and
homogenized. For organic carbon analysis samples were prepared in Ag capsules.
Samples were decarbonised with an HCI atmosphere by depositing them next to a
solution of HCI (32%) in a closed desiccator. The reaction took place during 12 h at 5
°C. For nitrogen analysis, samples were prepared in Sn capsules and no acidification
was performed, as acid treatment reduces de precision of the measurements of C/N
and N (Brodie et al., 2011). Samples were combusted at 1020 °C and the CO, and N>
generated were carried with Helium to the reactor where the isotope ratios 3C/12C and
15N /14N were measured. The results are expressed in the standard delta (6) notation

that considers the measured isotope ratios in the samples (IRsample) and in the
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standards (IRstandard). The following equation was applied for obtaining both 613C
and 6°N:

O (%o0) = (IRsample/IRstandard - 1) -1000

The reference standards used for scaling the 6°C and 6'>N measurements were
Vienna Pee Dee Belemnite (VPDB) and air nitrogen respectively. The precision of the
analysis for %organic carbon and for 61°C was 0.4 % and 0.15 %o. For the nitrogen

analogues precision was 0.2 % and 0.07 %o respectively (1o, n = 10).

2.3.2. Total organic matter

The total amount of organic matter in soil samples from Ulldeter and Jsaker was
analyzed via loss on ignition (LOI). Considering that organic matter is a coarse
estimate for organic carbon content, this technique gives a semi-quantitative estimate
for the total organic carbon (TOC) contained in the soil or sediment sample
(Schumacher, 2002).

For analyzing LOI in soil samples we followed the methodology described in
Heiri et al. (2001). Aluminium trays were dried in an oven at 105 °C for 1 hour. 1 g of
dry soil sample was deposited in a dry aluminium tray and remained for 15 hours at
105 °C in the oven. Afterwards the dry samples were weighted (DWips) and the
samples were heated to 550 °C for 4 hours. Then the ash weight was noted (DWsso) and
the LOI value was calculated using the following equation as described in Heiri et al.
(2001):

LOI = (DW105 - DW550) / DWis
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CHAPTER 3

3.1. Abstract

Sea surface temperatures (SST) and annual mean air temperatures (MAT) were
estimated for the last 200 years from glycerol dialkyl glycerol tetraethers (GDGTs)
proxies in a marine sediment core from the Skagerrak, off southern Norway. The
reconstructed values compared well to annual SST and summer air temperatures
obtained from composite regional instrumental records. The bias of the reconstructed
air temperature towards summer values could be due to site specific dynamics not
accounted for in the global calibration. We suggest that the branched GDGTs may
reach the Skagerrak preferentially in summer months coinciding with the highest
discharge of the Glomma River. In addition, part of the lipids could be originated in
the southern North Sea, thus contributing to high reconstructed temperature values.
An alternative hypothesis is that the organisms synthesizing branched GDGTs are
more active during summer, as southern Scandinavia soils are snow covered during

several months.

Keywords Skagerrak; SST; air temperature; TEXss; MBT; CBT

3.2. Introduction

One of the greatest challenges in reconstructing past temperatures is to obtain sea
surface and air temperatures from the same archive, the ultimate goal being the
correlation of continental and ocean temperatures and understanding issues such as
the interaction between ocean circulation and land climates. This might be undertaken
using glycerol dialkyl glycerol tetraethers (GDGTs), membrane lipids derived from
Archaea, and bacterial membrane lipids, which occur ubiquitously in aquatic
environments and soils. One of the proxies based on these lipids is the TEXss (Schouten
et al., 2002), applied to estimate past sea surface temperatures (SST) by quantifying the
average number of cyclopentane rings in tetraethers with 86 carbon atoms in sediments
(Figure 1.9). Thus, values of TEXss in surface sediments from a wide range of locations
worldwide strongly correlate to SST, and appear not to be dependent on salinity or
nutrient concentration (Wuchter et al., 2004, 2005).

Another proxy based on branched GDGTs (Figure 1.9), produced by unknown
anaerobic bacteria living in soils (Weijers et al., 2006a), has been recently proposed to
estimate past mean air temperatures (MAT) (Weijers et al., 2007b). The proxy quantifies
the degree of cyclisation of branched tetraethers (CBT), and the methylation extent of
branched tetraethers (MBT). The CBT correlates with soil pH, whereas MBT depends
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on soil pH and annual mean air temperature (Weijers et al., 2007b). These proxies have
been used for instance to reconstruct large scale continental temperature changes in
tropical Africa from the Last Glacial Maximum to the Holocene (Weijers et al., 2007a),
although in comparison to TEXss few reports exist on their application and calibration
(Sinninghe Damsté et al., 2008).

Another GDGT proxy, the branched versus isoprenoid tetraether (BIT) index
(Hopmans et al., 2004) has been proposed and applied to determine the relative inputs
through time of fluvial soil organic matter in marine environments (e.g., Menot et al.,
2006). It is estimated through the ratio of the relative amount of branched GDGTs
derived from anaerobic bacteria living in soils and peat bogs (Weijers et al., 2006b) and
crenarchaeol, a GDGT found to be predominant in a wide variety of aquatic marine
environments (e.g. Wuchter et al., 2005, 2006).

Given that GDGT proxies are relatively new, uncertainties remain on their
general applicability and interpretation. To shed some new light on this question, here
we test the TEXss, MBT and CBT proxies by applying them to a high resolution marine
sediment core, and comparing their estimates for the last 200 years with regional

instrumental records of sea surface and air temperatures.

3.3. Samples and data acquisition description

Core MD99-2286 (58°43'46.2"’N, 10°12"18.6”E; 225 m water depth) was retrieved
from the northeastern Skagerrak (Figure 3.1). The age model was established using 27
AMS 14C dates (Gyllencreutz et al., 2005). The core spans the last glacial/interglacial
cycle, but in this study we focus on the period AD 1800-1996 (3.5 to 242.5 cm below
sediment core surface). This interval is dated by one 14C date (Gyllencreutz et al., 2005)
and four indirect 21°Pb dates by correlation to the 20Pb-dated gravity core Sk000209-2
(58°43’50.4’N, 10°11'46.8”E 226 m water depth, 622 m away from core MD99-2286)
(Senneset, 2002; Gyllencretuz, 2005). All dates discussed here are in calendar years.

Instrumental SST values were obtained from the International Comprehensive
Ocean-Atmosphere Data Set (http://icoads.noaa.gov/) as an average of the data
included in an area between 56°N and 60°N and 6°E and 12°E. The instrumental air
temperature record was obtained from the average of seven records from
meteorological stations located in Oslo, Faerder, Kristiansand, Torungen, Goéteberg,
Tranebjerg and Copenhaguen, reported in Rimfrost (www.rimfrost.no) (Figure 3.1).
Both sea and air temperature records have been smoothed using a gaussian 3o filter

with 1o error (Figure 3.2).
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The analytical methods followed to analyze GDGTs were described in chapter 2.
TEXss was converted to annual mean SST using the equation in Kim et al. (2008) where
T (°C) = - 10.78 +56.2 - TEXss (R2 = 0.935). CBT and MBT values were converted to
annual MAT using the equations from Weijers et al. (2007b) where CBT = 3.3283 -
0.3847 * pH and MBT = 0.867 - 0.096 - pH + 0.021 - MAT.

56°N

&E T'E 8°E ¥E 18°E 11°E 12'E

Figure 3.1. Map indicating the location of core MD99-2286 (triangle) in the Skagerrak. Circles
indicate the location of the instrumental air temperature records from (A) Oslo, (B) Faerder,
(C) Kristiansand, (D) Torungen, (E) Goteberg, (F) Tranebjerg, and (G) Copenhaguen. The
black solid rectangle defines the area considered to derive the instrumental sea surface
temperatures (56°N to 60°N in latitude and 6°E to 12°E in longitude) in
http:/ /icoads.noaa.gov/.
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3.4. Results and discussion

A key point in the interpretation of the TEXss and MBT/CBT estimates is the
attribution of the signal to a specific geographical region, related to the origin and
source of the GDGTs. The sedimentary lipids included in TEXss have been proposed to
originate from the upper water column, approximately above 100 m water depth
(Wuchter et al.,, 2005). In contrast, branched GDGTs originate from land sources
(Schouten et al., 2000; Hopmans et al., 2004). In the area of study, they are likely to be
transported by the Glomma River (Figure 3.1), which is the largest river draining into
the Skagerrak, and that enters the sea close to the coring site. It has its highest
discharge in May-June-July (data from the Global Runoff Data Centre,
http://grdc.bafg.de). Consequently, the highest flux of branched GDGTs from
Scandinavia to the coring site could be expected to occur during summer too. In our
core, BIT values range from 0.06 to 0.08, with an average value of 0.07 (Figure 3.2C),
suggesting a clear dominance of marine GDGTs over those from continental origin.
Given that large inputs of branched GDGTs could bias the TEXs¢ estimates (Weijers et
al., 2006b), these low BIT values support the use of TEXss as a SST proxy in our core.
However, the low BIT values measured here differ from the relatively high BIT (0.22)
that was reported in Hopmans et al. (2004) in Holocene sediments from the Skagerrak.
In addition, van Dongen et al. (2000) also found relatively high amounts of fluvially
transported terrestrial biomarkers in this site, suggesting a relatively substantial influx
of organic matter from rivers. In fact, this is supported by the high signal to noise ratio
in the mass spectrometric analysis of branched GDGTs found in our samples.
Therefore the lower BIT results in our study are likely due to large amounts of

crenarchaeol sedimented in our site.

The average SST for the last 200 yrs estimated from TEXss in core MD99-2286 is
11.1 °C, while values range from 9.6 to 13.9 °C (figure 3.2A). This is similar to the
annual mean instrumental values, which average 10.0 °C and range between 7.5 and
12.2 °C. Van Dongen et al. (2000) analyzed alkenone contents in recent sediments (not
dated) from a site near to our core, which showed an average UXs; - SST of 11-12 °C.
However, TEXss SST estimates for the 20th century from the Drammensfjord (southern
Norway) by Huguet et al. (2007) recalculated with the calibration by Kim et al (2008)
yield values which are between 12.4 °C and 16.1 °C.

The TEXss estimates from core MD99-2286 correlate better to instrumental annual
mean SST rather than to values from a particular season (see seasonal SST in figure
3.2A). This could be expected as TEXss in sediments is calibrated against annual mean

SST (Kim et al., 2008), and rather reflects an integrated annual mean SST from which
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Figure 3.2. (A) Sea surface temperature (SST) estimated from TEXgs (black dots) and the
gauss 30 filtered regional instrumental seasonal SST records (grey line). The grey area
denotes the standard deviation +10 for the annual mean. (B) Air temperature estimated from
MAT (black dots) and the gauss 3o filtered regional instrumental seasonal and mean annual
air temperature (grey line). The grey area is the standard deviation *10, for summer mean.
Prior to the year AD 1870 only data from the Oslo station is available. (C) Relative inputs of
terrestrial vs marine GDGTs inputs estimated from the BIT index. In the x axis, four 21°Pb
dates (squares) and one C date (dot) used to define the age model.

any seasonal SST signal has been lost (Wuchter et al., 2006). In contrast, Herfort et al.
(2006a) found that TEXss derived SST reflected winter temperatures in the southern
North Sea, in accordance with 16s rDNA analysis from that region revealing that the

archaeal cells were more abundant during the winter months.

Despite the overall resemblance between the TEXss reconstructed and
instrumental SST records there is an apparent offset between them, where the TEXss

record appears to lag the instrumental trend. The density of data points is different in
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both records, but at this stage we think that is probably due to age model uncertainties.
For instance, the maximum TEXgs derived SST (13.9 °C) is dated at AD 1869, where the
1o dating error is between AD 1901 and 1817. In fact, the SST maximum observed in
the instrumental record (122 °C, AD 1895) fits within the age model range
probabilities.

The average air temperature estimated from MBT and CBT (annual MAT, figure
3.2B) is 15.6 °C, and values range between 13.4 to 16.6 °C. These values, rather than
with the instrumental annual mean, are in agreement with the instrumental record of
regional summer mean air temperature, which averages 15.5 °C and ranges between
14.2 and 16.3 °C (see figure 3.2B for seasonal air temperatures). The trends in MAT
estimates and instrumental summer temperature record are similar, but not in phase,

arguably also due to age uncertainties as discussed above for the SST record.

The close agreement between GDGT-based annual MAT estimates with summer
temperatures could be partly explained by site-specific dynamics which are not
accounted for in the global soil correlation (Weijers et al., 2007b) used to calculate
MAT. In fact, Sinninghe Damsté et al. (2008) reconstructed higher MAT values than
those based on in situ measurements, suggesting that local calibrations may result in
more accurate MAT reconstructions. On the other hand, from 0.9 kyr until present the
sedimentation in the Skagerrak has been dominated by southern North Sea and
Atlantic Ocean sources (Gyllencreutz and Kissel, 2006). Herfort et al. (2006b) detected
branched GDGTs in suspended particulate organic matter in surface seawater from the
southern North Sea. Therefore the branched GDGTs found in our core for the last 200
years might have partly originated in the southern North Sea and transported and
deposited into the Skagerrak. Arguably this could contribute to explaining the higher
annual MAT estimates in comparison to the regional instrumental air temperature
record in our site. An alternative or complementary explanation could be that the
hitherto unknown group of terrestrial bacteria synthesizing branched GDGTs is more
active during summer than the rest of the year, as Scandinavian soils are snow covered

during several months.

3.5. Conclusions

Using GDGT-based proxies we have reconstructed sea surface and air
temperatures in the Skagerrak region during the last 200 years at a decadal resolution
from a single sediment core. The temperature estimates closely resemble regional

instrumental temperature records, from annual SST for TEXss and summer air

-74 -



CHAPTER 3

temperatures for MAT, providing further support for the use of GDGT proxies in

marine and continental paleoreconstruction studies.
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4.1. Abstract

The MBT’/CBT index has been recently proposed as a proxy for reconstructing past
mean annual air temperatures (MAT). It is based on the relative distribution of
branched glycerol dialkyl glycerol tetraethers (brGDGTs). A previous study in the
Skagerrak suggested a possible seasonal bias of the proxy towards summer
temperatures, and that the brGDGTs may reach the marine environment with the
highest discharge period of the Glomma River. With the aim to assess these issues we
sampled soils from Usaker (Norway) and Ulldeter (Pyrenees) monthly for one year. In
addition, we collected monthly samples of suspended matter from the Glomma River
for one year, and from a stream of water in Ulldeter during spring and summer. We
analyzed core brGDGT (C-brGDGT) and intact brGDGT (I-brGDGT) distributions in all
samples, and calculated past MAT estimates based on both core (C-MAT.) and intact
brGDGTs (I-MATest). C-MATest and I-MATes; in soil samples from both locations did not
display any seasonal variability. Similarly, C-MATes: for the recently eroded soil
particulate matter in Ulldeter and for the suspended matter transported with the
Glomma River were close to MAT. However, I-MATe in these recently eroded soil
particulates showed some changes in spring and summer in Ulldeter, and from
October to December in the Glomma River. The transport of brGDGTs to the Skagerrak
did not co-vary with the Glomma River discharge cycle. The C-MAT.s from deposited
sediment in Ulldeter were close to MAT but in the Skagerrak the reconstructed values
were closer to summer temperatures. In conclusion, a different source for brGDGTs in
the Skagerrak or in situ production might explain the comparatively high C-MATes

observed in recent sediments from the Skagerrak.

Keywords branched GDGTs; MBT/CBT; temperature; intact polar lipids; core lipids.

4.2, Introduction

The MBT/CBT index was recently proposed as a proxy to estimate past mean
annual air temperatures (MAT) from marine and lacustrine sediments (Weijers et al.,
2007a). It is based on the relative abundance of branched glycerol dialkyl glycerol
tetraethers (brGDGTs) that are cell membrane lipids presumably synthesized by a
group of bacteria (Weijers et al., 2009). The specific organisms that synthesize brGDGTs
are still unknown, but based on brGDGT distributions they are hypothesised to be

anoxic acidophiles (Peterse et al., 2010). As only one molecular structure of a brGDGT
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(m/z 1022) was identified in two species of the phylum Acidobacteria (Sinninghe
Damsté et al., 2011) the brGDGTs remain orphan lipids.

BrGDGTs have been found in soils and peat bogs worldwide (e.g. Sinninghe
Damsté et al., 2000; Weijers et al., 2006). They have also been detected in marine
sedimentary cores, and it has been assumed they were mainly transported by river
runoff (Hopmans et al., 2004) and in lower amounts by winds (Fietz et al., 2011). After
analysis of brGDGTs in 134 globally distributed soil samples, Weijers et al. (2007a)
found that the relative amount of methyl branches of the brGDGTs (MBT) correlated
with MAT (R2 = 0.62) and with the pH of the soil (R?2 = 0.37). The relative amount of
cyclopentyl moieties from brGDGTs (CBT) correlated with the pH of the soil (R2= 0.70)
(Weijers et al., 2007a). The correlation between MAT and the MBT/CBT was defined as
MBT = 0.122 + 0.187 - CBT + 0.020 - MAT (R2= 0.77) and the calibration error is ~5 °C.
Recently a new study expanded the calibration with the analysis of 278 globally
distributed soils and modified the index to MBT’/CBT (Peterse et al., 2012). A new
transfer function for calculating MAT was defined as MAT = 0.81 - 5.67 - CBT + 31.0 -
MBT" (R2 = 0.59). The new equation has lower correlation coefficient than the original
from Weijers et al (2007a), the calibration error is the same as in the original, but it
gives absolute values that are usually closer to instrumental temperatures (Peterse et
al., 2012).

The MBT/CBT proxies for reconstructing past temperatures are based on core
brGDGTs (Figure 1.9; Chapter 1; p. 18). However, in living cells, the lipid bilayer that
forms the cell membrane is composed of GDGTs that have polar head groups attached
to the glycerol moieties. These are usually referred to as intact polar lipids (hereafter I-
brGDGTs) (Figure 1.10; Chapter 1; p. 19). The polar head groups are enzimatically
cleaved in a few days or weeks after the cell dies (Harvey et al., 1986, White et al.,
1979). The remaining structures are referred to as core GDGTs (hereafter C-brGDGTs).
Intact polar lipids are considered to be biomarkers for living biomass (Huguet et al.,
2010; Lipp et al., 2008; Pitcher et al., 2009), but they may also be partly fossil (Schouten
et al., 2010).

The MBT/CBT proxy has been used to reconstruct past changes in MAT at
different temporal scales and in a wide range of geographical settings, such as the
Congo deep sea fan (Weijers et al., 2007b), North America (Fawcett et al., 2011), East
Greenland (Schouten et al., 2008), and the Arctic (Weijers et al., 2007c). However, a
reconstruction of MAT (estimated with MBT/CBT) conducted in a marine sedimentary
core from the Skagerrak Strait, off southern Norway and Sweden, yielded
reconstructed temperature estimates (hereafter MATe.) closer to regional summer
temperatures than to MAT for the last 200 years (Rueda et al., 2009; Chapter 3). It was
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suggested that the agreement with summer temperatures could be explained by three
factors. First, the brGDGTs might be transported from the southern North Sea and thus
reflect higher temperatures than expected MAT, given the lower latitude origin.
Second, increased amounts of brGDGTs could be transported to the marine
environment in the summer season when the highest river discharge of the Glomma
River to the Skagerrak occurs. Alternatively, the organisms synthesizing brGDGTs
could be more active during summer months, as Scandinavian soils are snow covered

and frozen for several months of the year (Rueda et al., 2009).

We recalculated the MATe: with the new calibration from Peterse et al. (2012) to
test if the discrepancy between regional MAT in southern Norway and MAT.s: was due
to calibration constraints. The recalculated MAT.s: gave lower absolute temperature
values (ca. 3 °C in average) but these values are still closer to summer temperatures
than to MAT. An additional possibility is that part of the brGDGTs in the marine
Skagerrak is produced in situ. It has been recently suggested that brGDGTs could be
produced in situ in some marine environments (Fietz et al., 2012; Peterse et al., 2009;

Zhu et al., 2011). However, this has not been empirically demonstrated to date.

This chapter seeks to address two of the questions raised in the Rueda et al.
(2009) study on the seasonality of the brGDGTs abundances (Chapter 3): (I) Are the
organisms synthesizing brGDGTs more active during summer months in sites where
soil is frozen during most of the year? (II) Does the transport of brGDGTs with the
Glomma River increase coinciding with the highest river discharge in summer? In
addition, we studied if the brGDGTs MAT.s signal is preserved from the erosion and

transport of the sediment to its deposition

To achieve these goals we sampled soils monthly during a year in Osaker
(Norway) and Ulldeter (the Pyrenees), two sites with similar climatic conditions but
different locations and latitudes (separated by 17 latitudinal degrees; Figure 4.1). We
also collected water from the Glomma River each month during an annual cycle at a
site close to the river mouth into the Skagerrak, southern Norway. In the Ulldeter area,
we deployed sediment traps to catch the soil suspended particulate matter eroded and
transported with water in a stream and also the sediment deposited in the river bed.
We analyzed both C-brGDGTs and I-brGDGTs to examine if there were differences in
MATes: or brGDGT concentration between both fossil and presumably living lipid

pools.
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4.3. Study area and sampling description

The two sites selected (Figure 4.1) display a large seasonal amplitude of
temperatures and a similar mean annual precipitation. The temperature and
precipitation data from saker (Bioforsk AgroMetBase, 2011) and Ulldeter (Servei
Meteorologic de Catalunya, 2011) during the studied periods are shown in Figure 4.2.

Dsaker is a research farm located in the municipality of Sarpsborg in southern
Norway (meteorological station at 59°19'09" N, 11°02'33"E, 45 m a.s.l.). It is situated 300
m from Lake Vestvannet which drains into the Glomma River. The MAT in Jsaker
during the sample year (December 2010 - November 2011) was 6 °C (Figure 4.2A). The
temperature difference between the warmest month (July; 17.1 °C) and the coldest
month (December; -10.9 °C) was 28 °C. The soil temperature at 10 cm depth shows a
similar variability to air temperature in Jsaker, but the soil average annual
temperature is 7.7 °C (1.7 °C higher than air temperature). In the soil, the difference
between the warmest month (July; 18.2 °C) and the coldest month (December; -0.4 °C)
was 18.6 °C. Total annual precipitation was 1033 mm, with maximum accumulation in

September (236 mm) and minimum in December (20 mm).

Each month soils were sampled in a forested area 70 m away from the
meteorological station (59°19'11.31" N, 11°02'32.10"E, 47 m a.s.l.). The first 5 cm
corresponding to the soil horizon O were removed using a pick and a shovel. The first
2 cm of soil horizon A were sampled from a 100 cm? surface. Samples were stored in
plastic bags and frozen at - 20 °C until analysis. Water samples were collected from the
Glomma River at Sandesund (Sarpsborg; 59°16'16.16” N, 11°05'36.73"" E, 2.5 m asl) each
month from February 2011 until January 2012. The site is located 8 km downstream
from the meteorological station and 25 km upstream from the Glomma River mouth to
the Skagerrak. Every month 10 L of water were collected from the river. Water samples
were sequentially filtered through Millipore glass fibre filters of 2.7 um and 0.7 pm
pore diameter (47 mm filter diameter). Only the 0.7 pm filters were used for GDGT

analysis.

Ulldeter is a glacial cirque in the Catalan Eastern Pyrenees (meteorological
station at 42°25'19.37’N, 2°15’08.53"'E, 2364 m asl). During the study period (June 2010
- May 2011) MAT in Ulldeter was 3.3 °C and the temperature difference between the
warmest month (July; 12.7 °C) and the coldest month (January; -2.8 °C) was 15.5 °C
(Figure 4.2B). Soil temperature is not available at the Ulldeter meteorological station.
The total annual precipitation was 1264 mm. The months with maximum and

minimum rainfall accumulation were October (228 mm) and February (44 mm).
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Figure 4.1. (A) General location of the two studied sites. (B) QUsaker, southern Norway. (C)
Ulldeter, Catalan Eastern Pyrenees. The black square indicates the location of the
meteorological stations and the soil sampling sites. The sites where river water was collected
and where sediment traps were deployed are shown with a circle. The location of core
MD99-2286 (Rueda et al., 2009) is shown with a triangle in B. Map base from Ocean Data
View (Schlitzer, 2010).

Samples were collected in a flat terrain 100 m northwards from the
meteorological station (42°25'21.73”N, 2°15'04.60”E, 2392 m asl) each month from June
2010 to May 2011. Using a pick and a shovel the first 3 cm corresponding to soil
horizon O were removed. Afterwards, 2 cm of soil horizon A were sampled from a
surface of 100 cm?2. Samples were stored in plastic bags and frozen at - 20 °C until
analysis. The source of Ter River is close to the sampling site. In spring and summer

2011, two sediment traps were installed in streams in the Ulldeter area. The aim was to
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Figure 4.2. Meteorological data and GDGT based temperature estimates for UJsaker (A) and
Ulldeter (B) (Bioforsk AgroMetBase, 2011; Servei Meteorologic de Catalunya, 2011).
Instrumental temperature is given as an average for the study period (black continuous line)
and averaged maximum and minimum values (black discontinuous lines). The instrumental
annual mean is indicated with a horizontal black line. Monthly precipitation is shown with
grey bars. The results for the GDGT based estimates (MBT’/CBT) based on core GDGTs (C-
MATes, pale blue diamond) and intact GDGTs (I-MATes, dark blue square) are shown for
the monthly sampled soils. The results for the river stream sediment trap (trap A) are shown
with inverted yellow triangles (I-MATe:) and a red cross (C-MATes). C-MATe: for the
sediment trap located at the river bed is marked with golden circles.
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catch the sediments eroded, transported and afterwards deposited in the Ter River to
analyze the brGDGTs distribution in the transported and eventually deposited
material. One sediment trap was installed in a mountain slope where a small stream of
water drained down to feed the Ter River (Trap A, 42°25'14.92”N, 2°15"10.76”E, 2300 m
asl). The other sediment trap was deployed in a small meander in Ter River (Trap B,
42°25'15.68”N, 2°15'13.97”E, 2274 m asl). Samples were stored frozen at -20 °C until

analysis.

4.4. Results and discussion
4.4.1 Abundance of core and intact brGDGTs
4.4.1.1 Soils

The average soil organic carbon composition is higher in @saker (85% LOI) than
in Ulldeter (35% LOI). The average pH of the collected soil samples was lower in
Dsaker (pH = 4) than in Ulldeter (pH = 5.5). The abundance of brGDGTs in soils was
normalized per gram organic carbon to reduce the effect of the possible variability in
organic biomass productivity between samples (Figure 4.3). The average concentration
of C-brGDGTs in Qsaker is 27 pg groc? and in Ulldeter is 11 pg groc!. Average
concentrations of I-brGDGTs are lower than those of C-brGDGTs at both sites, but they
are also higher in @saker (20 ug groc?) than in Ulldeter (5 pg groc™?).

The pH difference between the soils from Usaker and Ulldeter is probably one
factor accounting for the difference in average abundances found at the two study sites
as brGDGTs are usually found in higher amounts in acidic soils than in basic soils
(Weijers et al., 2007c, Peterse et al., 2010). In addition, Jsaker soils contain higher
abundances of organic matter than Ulldeter soils and probably more nutrients would
be available in these soils for the growth of bacteria synthesizing brGDGTs, which have
been suggested to be heterotrophic (Weijers et al., 2010). Indeed high abundances of
brGDGTs are usually found in peat bogs where high amounts of organic carbon are
present (Weijers et al., 2006).

The concentration of both core and intact brGDGTs is more variable in Jsaker
than in Ulldeter. In @saker the concentration ranges between 3 and 73 pg groc? for C-
brGDGTs and from 0.6 to 56 ug groc? for I-brGDGTs. Here the variability in C- and I-
brGDGTs is coupled with the exception of February, October and November. In
Ulldeter the abundance of C-brGDGTs ranges between 2 and 20 pg groc! while the
concentration of I-brGDGTs is much lower. From January to November it ranges from

0.2 and 10 pg groc?! and in December it increases sharply to 24 pg groc!(Figure 4.3). In
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Ulldeter the variability of I-brGDGTs and C-brGDGTs is not coupled as it occurs in
Dsaker.
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Figure 4.3. Concentration of core and intact brGDGTs (ug groc?) in soil samples from Osaker
(left) and Ulldeter (right). Single concentrations of core brGDGTs (black diamond), intact
brGDGTs (white square), average concentrations of core brGDGTs in all the samples
(continuous horizontal line) and average concentration of intact brGDGTs (discontinuous
horizontal line) are shown. The floating error bar at the left side of the y-axis shows the
reproducibility of the measurement.

The intra-annual variability in C-brGDGTSs concentration is not likely affected by
environmental parameters if we take into account that C-brGDGTs are likely reflecting
the fossil lipid pool, which might have a turnover time of 18 years (Weijers et al., 2010).
Instead C-brGDGT variability is most likely driven by the spatial heterogeneity of soils
(Weijers et al., 2011). The I-brGDGTs are hypothesised to reflect the living biomass
Therefore the variability in I-brGDGTs abundance between samples could be due to
various environmental parameters affecting the lipid production in living cells.
However, the abundance of both C- and I-brGDGTs is not linearly related to
temperature, precipitation, humidity, evapotranspiration or aridity index through the
year (Figure 4.4). It is likely that both of the C- and I-brGDGT lipid pools are the result
of brGDGT accumulation over time (Weijers et al., 2011). Therefore the soil samples
taken each month during one year might likely be replicates of the same bacterial
community adapted to mean annual environmental conditions at the site where they

where collected. As the samples were taken each month from the same area but not
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from the same exact site, the spatial heterogeneity of soils is also reflected in the

brGDGTs measurements.

On the other hand, a combination of multiple parameters such as temperature,
pH, ionic strength and community composition could together control the GDGT lipid
composition (Boyd et al., 2011). If multiple factors were to control the abundance of I-
brGDGTs and C-brGDGTs in soils, we might not have all the necessary information to
find an accurate relationship between the combination of environmental parameters
and the lipid distribution. This becomes specially challenging since we still do not
know which exact species synthesize brGDGT. Microbial communities are highly
diverse and they might respond differently to the same environmental factors. Further
research is needed to understand the response of (Acido)bacteria to change in various
environmental factors and to explore the behaviour of the different populations at the

subgroup level in terrestrial environments (Naether et al., 2012; Rasche et al., 2011).

4.4.1.2 Transport of brGDGTs
Glomma River

The mean river discharge for the Glomma River at Solbergfoss (50 km north from
Sandesund, where the samples were collected) for the period 1901 - 2007 as well as the
maximum and minimum monthly discharges for this period are shown in Figure 4.5
(Global Runoff Data Centre, 2011). The highest river discharge occurs during May,
June and July. In Chapter 3 we hypothesized that the highest flux of GDGTs to the
Skagerrak study site might occur during summer, when the highest river discharge
occurs (Rueda et al., 2009). To test this hypothesis, soil particulate matter was analyzed
in water that was collected from the Glomma River at Sandesund each month during

one year.

The water samples contained both C- and I-brGDGTs (Figure 4.5) during the
study period and showed average abundances of 16.1 ng L for C- brGDGTs and 5.2
ng L1 for I - brGDGTs. Maximum and minimum values of C-brGDGTs were found in
April (54.3 ng L) and in February (1.5 ng L1). Abundances of I-brGDGTs were low in
9 out of the 12 samples, ranging between 0.2 - 3.0 ng L. The highest I-brGDGTs
concentrations were found in March, June and December (9.3 - 22.9 ng L'1; Figure 4.5).
The concentrations of both C- and I-brGDGTs are decoupled from the Glomma River
discharge cycle. For example, the concentration of C-brGDGTs is not higher during
summer when the highest river discharge occurs and the peak in C-brGDGTs

concentration is in April, one month before the beginning of the increased discharge
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Figure 4.5. Concentration of brGDGTs (ng L) in water samples from the Glomma River.
Concentration of core brGDGTs (black diamonds) and intact brGDGTs (white squares) are
compared to mean discharge (m?3 s, thick grey line) of Glomma River at Solbergfoss for the
period 1901-2007 (Global Runoff Data Centre, 2011). The highest and the lowest monthly
discharges for the entire data period are shown with thin grey lines.

period. The highest abundance of I-brGDGTs occurs in March, thus also decoupled
from the discharge cycle. During the rest of the year, concentrations of C-brGDGTs and
I-brGDGTs are close to the average values. Therefore brGDGTs are not preferentially

transported to the Skagerrak during summer.

Ulldeter

In Ulldeter the abundances of C-brGDGTs were also higher than those of I-
brGDGTs for the two seasons studied and generally higher in spring than in summer.
The accumulated abundance of C-brGDGTs in spring (0.60 pg g1) was higher than in
summer (0.26 pg g') and the accumulated amount of I-brGDGTs was also higher in
spring (0.34 pg g') than in summer (0.15 pg g'). The sediment traps collected the
material eroded mainly by run-off after precipitation. As the accumulated precipitation
in Ulldeter was higher in spring (361 mm) than in summer (312 mm), the difference in
concentration of brGDGTs between the two seasons could be due to an increased
amount of soil particulate matter transported during spring rather than during
summer seasons. Another factor to consider is that the differences in concentration

could be among the range of natural variability for these kinds of samples. However
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this can not be contrasted because at this point there are no other published studies

that have followed the same approach.

4.4.2 MBT’/CBT estimates
4.4.2.1 Soils

The MATe.s: (using the MBT'/CBT) calculated with C-brGDGTs (hereafter C-
MATet) do not follow temperature seasonality in Jsaker or Ulldeter (Figure 4.2). In
Osaker the C-MAT. for the whole study period ranges between 8.3 and 14.7 °C with
no clear variability trend (Figure 4.2A). The average C-MAT.s is 10.7 °C which is 4.7 °C
above the instrumental measurements of MAT in Jsaker and 3 °C above average soil
temperature measurements. In Ulldeter, the C-MAT.s range between 0.1 and 7.8 °C
with no clear trend of variability. The average C-MAT.s for the 12 samples is 3.6 °C
which is only 0.3 °C above instrumental MAT (Figure 4.2B). In both study sites C-
MATes: values do not show a clear trend of variability but rather oscillate around the
MAT. The absolute average C-MAT. only differ 0.3 °C from annual MAT in Ulldeter

whereas in @saker they differ in 4.9 °C from MAT and 3 °C from soil temperatures.

Similarly, the MATe: (using the MBT'/CBT) calculated with I-brGDGTs
(hereafter I-MATes) does not follow the annual temperature variability in either of the
two sites (Figure 4.2). Regarding the absolute values, in @Jsaker [-MAT.s range between
1.9 and 10.4 °C and has an average of 7.0 °C, which is 1.0 °C warmer than instrumental
MAT and only 0.7 °C warmer than average soil temperatures (Figure 4.2A). In Ulldeter
[-MATes: average is 0.3 °C which is 3 °C lower than MAT (Figure 4.2B). The I-MATest
did not follow the seasonal temperature variability at either of the two sites. The
absolute temperature average I-MAT.s was very close to MAT and soil temperature in
Osaker while in Ulldeter they differed in 3 °C. The opposite was observed for C-MAT

values which were closer to MAT in Ulldeter rather than in Osaker.

The findings of the current study are similar to those observed in soils from the
United States of America, the Netherlands and the United Kingdom (Weijers et al.,
2011). They did not find a clear change in the distribution of C- or I-brGDGT lipids
with seasonal temperature change. The authors also found similar MATes: year round
and their absolute values were similar to MAT (Weijers et al., 2011). They related this
finding to the turnover time of the brGDGTs in soils which is estimated to be of 18
years for C-brGDGTs in arable soils (Weijers et al., 2010) and longer than one year for I-
brGDGTs (Weijers et al, 2011). Moreover they suggested that the standing stock of
brGDGTs already existing in the soil matrix might be larger than the newly produced
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during a seasonal cycle (Weijers et al., 2011).We agree with the factors pointed by
Weijers et al. (2011), but these may not be the only causes for the lack of seasonal
variability in C- and I-MATes:.

As the turnover time of GDGTs has been suggested to be 18 years (Weijers et al.,
2010), the C-MAT.s in monthly sampled soils will combine temperature signals for at
least this entire period. This could theoretically be circumvented by using I-brGDGTs,
however, intact polar lipids may also be partly fossil, thus masking real living biomass
production (Schouten et al.,, 2010). Thus, [-MATe: is representative of an average

temperature that corresponds to several years of production and accumulation of I-
brGDGTs.

Another possible reason for the lack of seasonal trends in C-MAT and I-MAT
parameters could be found in the biological behaviour of the still unknown presumed
bacterial organisms synthesize brGDGTs. For instance, bacteria can adapt to changes in
environmental conditions such as temperature, soil moisture, available carbon and
nitrogen via a change in the microbial community (Cruz-Martinez et al., 2012). In fact,
distinct microbial populations are found in a single soil depending on its temperature.
For instance, a specific microbial community with a lipid pool adapted to low
temperatures was found in a soil that was perennially frozen, whereas in the soil
horizon characterized with less extreme temperatures another microbial community
was described, adapted to variable temperatures (Mangelsdorf et al., 2009).
Additionally, it has been found that in cold regions soil microorganisms adapt to
extreme seasonal environmental change between winter and spring adapting the
microbial biomass and the community composition (Wu et al., 2011). Alternatively, the
organisms synthesising brGDGT could have a strong and rapid response to soil
temperature change by changing their respiration as it has been seen before for
microbial populations (Hartley et al., 2008). If the organisms that synhesize brGDGTs
behaved in a similar way, as the above mentioned microbes, it could be the case that
they would not need to change the relative distribution of lipids in their cell membrane

to adapt to short term (seasonal) temperature changes.

4.4.2.2 Transport
Ulldeter

We analyzed recently eroded soil particulate matter to compare their brGDGT
distributions with those from their source soils. For the sediment traps deployed in
Ulldeter the C-MATes: was 6.0 °C in spring and 3.7 °C in summer (Trap A, Figure 4.2B).
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These values are closer to MAT (3.3 °C) than to spring (2.3 °C) or summer (10.2 °C)
temperatures. Interestingly, the I-MATes: values show seasonal variability at the same
trap in Ulldeter (Trap A, Figure 4.2B). Spring I-MAT.s is 5.6 °C and increases to 10.6 °C
in summer. The spring I-MAT.: value is between annual and spring temperatures. It is
2.3 °C higher than annual (3.3 °C) and 3.3 °C higher than spring (2.3 °C) temperatures
respectively. The summer sample I-MATes: is only 0.4 °C above the instrumental
temperature for summer in Ulldeter (10.2 °C). Even though we only have two samples
accounting for the two seasons, we observe a temperature change in the distribution of
I-brGDGTs in the recently eroded and transported sediment in Ulldeter. A possible
explanation is that the recently eroded sediment might be fresher than the analysed
soil samples, containing recent I-brGDGTs and has a negligible contribution of fossil I-

GDGTs. Future studies with a more exhaustive sampling would be needed to test this.

Glomma River

In contrast, at the Glomma River site the average C-MATe is 5 °C and only
differs in 1 °C with the instrumental MAT in Usaker which is 6 °C (Figure 4.6). The C-
MATes values are generally close to MAT which fits in with the soil results from the
area except in the December sample where it increases up to 14.4 °C (Figure 4.6). I-
brGDGTs were very low in some samples and some lipids were below detection limit.
The average I-MATe: is 5.3 °C and has a wide range of variability between samples.
They did not generally follow seasonal changes in temperature with the exception of
October, November and December when I-MATe: decreased together with MAT at
Osaker (Figure 4.6).

While in Ulldeter the area where the analyzed soil suspended particulate matter
was eroded is well delimited, the origin of brGDGTs from the Glomma River samples
is not so well constrained. This might explain the differences observed between the two

data sets.

4.4.2.3 Deposition
Ulldeter

The C-MATes: for the sediments deposited in Ter River during spring and
summer seasons are 3.4 °C and 3.5 °C respectively (Trap B, Figure 4.2B), thus they are
closer to Ulldeter MAT (3.3 °C) than to specific seasons. In fact C-MATe values in

Ulldeter do not show seasonality in either soil origin or transport or deposition. I-
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brGDGTs were under limit of quantification in Ter River samples, thus I-MATes: could

not be calculated.
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Figure 4.6. Glomma River water samples C-MATe (light blue diamond) and I-MATe
(dark blue square) estimates plotted with Glomma River discharge (grey), Osaker
monthly air temperature (black curve) and annual mean (black horizontal line).

The Skagerrak

The surface sediment from the north-eastern Skagerrak core studied in chapter 3
showed values closer to summer temperatures (Rueda et al., 2009). The surface
sediment from core MD99-2286 has a C-MATe: value of 16 °C calculated with the
calibration from Weijers et al. (2007a) or 13 °C when calculated with the calibration
from Peterse et al. (2012). For comparison with the data generated here, we use the C-
MAT.s obtained with the calibration from Peterse et al. (2012). MAT at Usaker are 6 °C
and in the integrated area from seven meteorological stations in the Skagerrak zone is 8
°C (Rueda et al., 2009).

The average C-MATe in the Glomma River (5 °C) are close to annual means in
Dsaker (6 °C). But the sediment deposited in the Skagerrak has C-MATe: temperatures
that are 7 °C higher than @saker MAT and 5 °C higher than regional MAT in the
Skagerrak. This may be explained by at least three hypotheses. First, the brGDGTs
might come from a mixture of different sources in the Skagerrak. For instance from a
large drainage area from the Glomma River, not only constrained to southern Norway.

Second, it was suggested that the brGDGTs could originate in the southern North Sea

-03 .



Exploring seasonal variability in MBT’/CBT air temperature estimates

and sediment into the Skagerrak transported by the North Atlantic Current (Rueda et
al., 2009). In this case the sediments would come from a region located southwards and
this could contribute to explain the high MAT estimates. Third, there could be a
mixture of in situ production and transported brGDGTs as it has been suggested before
that there could be in situ production of brGDGTs in some marine environments (Fietz
et al, 2012, Peterse et al., 2009; Zhu et al., 2011). However this remains to be

demonstrated.

4.5. Conclusions

The temperatures estimated from the analysis of both C- or I-brGDGTs in soil
samples from southern Norway and the southeastern Pyrenees do not follow the air or
soil temperature seasonality. The MATe values are closer to MAT rather than any
specific season at both locations whether they were measured using C- or I-GDGTs.
Values of C-MAT. in either of the two sites derived from C-brGDGTs in suspended
particles are also close to the annual means, but the -MAT. showed a seasonal bias in
Ulldeter for spring and summer, and in the Glomma River only from October to
December. The transport of brGDGTs to the Skagerrak is not enhanced during the
summer months when Glomma River runoff is increased as the concentrations of C-
and I-brGDGTs are decoupled from the river discharge cycle. When looking at the
deposition sites, C-MAT. values were very close to instrumental MAT in Ulldeter but
closer to summer values in the Skagerrak. We conclude that the brGDGTs found in
north-eastern Skagerrak might be a result of a mixture between lipids transported from

a southernmost location and in situ production.
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CHAPTER 5

5.1. Abstract

The Arctic has undergone significant changes in the last 20-30 years. The
understanding of these changes is limited by the time span or resolution of existing
climate records. The main gateway of heat to the Arctic Ocean is the Fram Strait,
between Greenland and Svalbard. We have reconstructed past air and sea surface
temperatures and relative variations in freshwater extent in a marine core from eastern
Fram Strait which spans the last 2000 years. The results show a progressive increase in
air temperature and a decrease in the upper mixed water layer temperature, together
with an increase in freshwater content during the last 1000 years. Considering the
oceanographic features of the eastern Fram Strait, these results suggest that there might
have been a progressive increase in the inflow of Atlantic water during the last 1000
years, accompanied by an increase in atmospheric heat transport, causing a progressive
sea ice melting and subsequent cooling and freshening of the upper mixed water layer
in this area. We suggest that our data show long scale average changes in the modes of

positive and negative Arctic multidecadal variability over the last 2000 years.

Keywords Fram Strait; sea surface temperature (SST); air temperature; Atlantic water;
alkenones; GDGTs.

5.2. Introduction

Average air temperatures have increased faster in the Arctic than in the rest of
the world during the last 100 years (Chylek et al., 2009), which makes the region one of
the world’s most sensitive areas to climate change. This has been partly attributed to
the ice/snow albedo temperature feedback (IPCC, 2007). The Arctic sea ice cover and
extent has been thinning and retreating pronouncedly in the last three decades,
coinciding with the average warming (Polyak et al., 2010). Most of the heat and mass
exchanges between the North Atlantic and the Arctic Ocean occur through the Fram
Strait (Aagaard and Greisman, 1975). Warm, salty Atlantic water enters the strait
heading north carried by the West Spitsbergen Current, while a large part of Arctic low
salinity upper ocean water and sea ice drain southwards with the East Greenland
Current (Figure 5.1). This export of freshwater is important because it influences the
stratification of the water column in sensitive deep water formation regions and the
strength of the Atlantic meridional overturning circulation (Holland et al., 2001). From
direct observations and modelling it has become apparent that the mean balance of

freshwater in the polar and subpolar oceans and the inflow of Atlantic water to the
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Arctic are highly variable in seasonal, decadal and interdecadal scales (Dukhovskoy et
al., 2004; Polyakov et al., 2004). This variability may be partly attributed to large
amplitude multidecadal fluctuations as the variable impacts of the North Atlantic
Oscillation (NAO; Hurrell, 1995), the Arctic Oscillation (AO; Thompson and Wallace,
1998) or the Arctic Ocean Oscillation (AOO; Proshutinksy and Johnson, 1997). An
increase in freshwater export from the Arctic (Blindheim et al., 2000; Jahn et al., 2010)
and decrease in salinity and sea ice extent in the subpolar North Atlantic and the Arctic
(Curry et al., 2003) have been observed over the past decades. Those trends seem to be
related to the NAO amplification since the 1960s. Enhanced trade winds, higher net
precipitation and continental ice melting for example result in enhanced export of ice
and freshwater from the Arctic (Curry et al., 2003). This freshwater export can spread
eastwards over the Norwegian Sea causing a freshening and cooling of the upper

water layer (Bjork et al., 2001).

In order to improve our understanding of the ice-ocean-atmosphere interactions
in the eastern Fram Strait, we show how atmospheric and upper ocean temperature
changes have been coupled over the last 2000 years and relate it to previously

published data over the same time span and region.

5.3. Study area

The Fram Strait has contrasting spatial and seasonal oceanographic conditions.
The study region is located in the eastern Fram Strait (Figure 5.1), and it is influenced
by the West Spitsbergen Current. This becomes colder and fresher towards high
latitudes (Hansen and Osterhus, 2000; Walczowski et al., 2005) and injects relatively
warm and saline Atlantic water below the ice covered, cold and fresh Polar water cap
of the Arctic Ocean (Aagaard et al., 1985). Parts of the West Spitsbergen Current
separate from the main current in the central Fram Strait and flow south as the
subsurface return Atlantic current (Gascard et al., 1988). The East Spitsbergen Current
joins the West Spitsbergen Current and supplies cold water and sea ice from the
northwestern Barents Sea to the eastern Fram Strait as it moves northward as a coastal
current (Johannessen, 1986). In the western Fram Strait the cold and low salinity waters
from the Arctic flow southward along the Greenland margin and form the East
Greenland Current (Figure 5.1). This circulation pattern results in a variable sea ice
cover in the Fram Strait with permanent ice covered areas in the west, permanent ice
free areas in the southeast and seasonally variable sea ice conditions in the central and
eastern parts of the Fram Strait (Vinje and Finnekasa, 1986). In the eastern Fram Strait,

the warm and saline Atlantic water flows in the subsurface, between 50 and 600 m
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Figure 5.1. Locations of core MSM05/05-712-1 (black dot; 78°54.94" N, 6°46.04" E, 1490 m
depth) and principal ocean surface currents. Red arrows indicate warm surface currents
whereas blue arrows depict cold currents. The modern average position of the Arctic front
and the Polar front are represented with dashed lines. WSC: West Spitsbergen Current, ESC:
East Spitsbergen Current, NAC: North Atlantic Current, EGC: East Greenland Current. Map
drawn with Ocean Data View (Schlitzer, 2010).

water depth. It cools and freshens as it flows north into the Arctic Ocean, releasing heat
into the atmosphere and developing a colder and less saline superficial mixed water
layer (0 - 50 m water depth) as it melts the Arctic sea ice (Rudels et al., 2005). This

surface mixed layer is characterized by seasonally variable temperatures and salinities.

At the coring site, the water temperatures at the sea surface (2 m depth) varied
between 4 °C (October) and 8 °C (August; Spielhagen et al., 2011) in October 2006 and
August 2007. At the limit between the buoyant mixed layer and the Atlantic water (50
m), and also at the bottom of the Atlantic water layer (600 m), the difference between
both seasons was just 1 °C at both depths (for more details in modern sea water
conditions see Spielhagen et al., 2011). The coring site location is close to the Arctic
Front (Figure 5.1), which separates the Atlantic and fresh Arctic waters of the
Greenland gyre (Aken et al., 1995), and corresponds to the maximum limit of sea ice in
winter. The sea ice seasonal coverage at the coring site has a large interannual

variability, ranging between 0 and 6 months yr! (Bonnet et al., 2010).
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5.4. Description of samples and proxies used

Both air and sea surface temperature records were obtained from the same
marine sediment core, MSM05/05-712-1, retrieved from the slope of the Svalbard
western continental margin (78°54.94" N, 6°46.04" E, 1490 m depth, Figure 5.1) and sub-
sampled at 1 cm intervals. The record spans the last 2000 years approximately. The age
model is based on 5 accelerator mass spectrometry 4C age measurements on
planktonic foraminifera (Table 5.1; Spielhagen et al., 2011). The sampling resolution is

in average ca. 45 years per data point.

Table 5.1. Age model for core MSMO05/05-712-1 based on AMS 4C ages. A correction of 402
year was applied to account for the air-sea reservoir difference (Spielhagen et al., 2011)

Laborator Core
Y depth Dated species 14C age BP Year AD
reference
(cm)
Neogloboquadri hyd in.
KIA39656 0.25 cogloboquadrina pachyderma (Sin.) oo 2007
and mixed planktonic foraminifera
KIA39262 14.75 Neogloboquadrina pachyderma (sin.) 820+25 1486
KIA39041 21.50 Neogloboquadrina pachyderma (sin.) 1290+30 1112
KIA39263 30.75 Neogloboquadrina pachyderma (sin.) 1760+25 647
KIA38079 42.00 Neogloboquadrina pachyderma (sin.) 2270£25 72

In July 2009, during ARK-XXIV/1 expedition, water samples from the western
Spitsbergen continental margin were collected at different water depths close to the
coring site (78°50.30'N, 6°42.22'E). An inline filtration system was used to collect 8 L of
water from 6 m depth, and a CTD rosette device was used to retrieve 28 L at 30 m, 53.5
L at 250 m and 57.5 L at 1604 m. All samples were filtered on board through GF/F

filters (0.7 pm pore size) and stored frozen.

To estimate sea surface temperature (SST) we used the UX;; index (Brassell et al.,
1986) calculated from the relative concentration in sediments of the di-, tri- and
tetraunsaturated Csz;  alkenones through the equation UKy; = (Gsro-
Cs74)/ (Ca72+Ca73+Cs74). The UKs; was then converted to temperature using the
regression SST (°C) = (UK3; - 0.162)/0.029 from a core top calibration (using annual
means for SST) in the northeastern Atlantic (Rosell-Melé et al., 1995). The error of the
regression is 0.5 °C (calculated from the deviations for the intercept and slope at 95%
significance level given in Rosell-Melé et al. (1995)). The percentage of the Csz4
alkenone to the total abundance of Cs; alkenones (%Csz.4 = (Cs7.4/ (Car2+Cs73+Csza4)) 100)
in the record is used as an additional tracer to infer variations in the meridional extent
of polar and subpolar conditions through time (Bendle et al., 2005). The alkenone
pattern in samples from core MSM05/05-712-1 (Figure 5.2) indicates influence of
Atlantic water mass (Bendle and Rosell-Mel¢, 2004). This indicates that even though
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the site is located at high latitude in a polar marginal environment, alkenones can be

used for estimating past SST in this core.

To estimate air temperature we used a novel biomarker proxy derived from
bacteria in soils, the MBT’/CBT index (Peterse et al., 2012; modified after the original
MBT/CBT index from Weijers et al., 2007a). The MBT’/CBT index is obtained from
quantifying relative abundances of branched glycerol dialkyl glycerol tetraethers
(GDGTs) using the equations CBT = -log([1020 + 1034] / [1022 + 1036]) and MBT" =
[1022 + 1020 + 1018] / [1022 + 1020 + 1018 + 1036 + 1034 + 1032 + 1050] where the
numbers refer to the protonated masses of branched GDGTs (Figure 1.9; Chapter 1; p.
18). The resulting values of the CBT and MBT’ indices were converted to mean air
temperature (MAT) using the equation MAT = 0.81 - 5.67xCBT + 31.0xMBT" (Peterse
et al., 2012). The MBT’/CBT calibration to MAT has an error of 5 °C. For this reason,
here we focus on the qualitative interpretation of relative variations of temperature
estimated throughout the core. This proxy has been used to describe past changes in air
temperature at different temporal scales and in a wide range of geographical settings,
such as the Congo deep sea fan (Weijers et al., 2007b), North America (Fawcett et al.,
2011), East Greenland (Schouten et al., 2008), and the Arctic (Weijers et al., 2007c).

B

Y

Figure 5.2. Representative GC-FID trace of alkenone patterns in core MSMO05/05-712-1.
Alkenones used in this study are: (A) Csza Me; (B) Cs73 Me; (C) Cazo Me. The other
compounds were identified to determine the alkenone water mass fingerprint as described by
Bendle and Rosell-Melé (2004): (d) C36;3OM€, (e) C36;20Me, (f) C3s;4Me, (g) C33;3Et, (h) C38;3Me,
(i) Cas2Et, (j) Cas2Me.

5.5. Results and discussion

5.5.1. Origin of the branched GDGT signal

A key issue in the application of the air temperature proxy from soil GDGTs in a
marine record is to establish their origin. Initially the synthesis of branched GDGTs
was postulated to occur exclusively in continental environments (Weijers et al., 2007a).

Soils were shown to be a major source of branched GDGTs (Weijers et al., 2009) and

- 105 -



Coupling of air and sea surface temperatures in the Eastern Fram Strait

their biosynthesis was ascribed to anoxic bacteria (Weijers et al., 2007a), although the
only source organisms proven to produce branched GDGTs so far are terrestrial
acidobacteria (Sinninghe Damste et al., 2011). At the moment there is no reported
evidence that branched GDGTs are biosynthesized in the open ocean and deep sea
sediments, such as the coring site studied here. Branched GDGTs were found to
decrease seawards from the continent (Hopmans et al., 2004; Kim et al., 2006), and
fluvial transport of branched GDGTs from peats and soils to the oceans could be
inferred from the detection of substantial amounts of branched GDGTs in river water,
and a high branched GDGT concentration in the water of a Swiss peat bog (Herfort et
al., 2006). To explain the discrepancy in MAT estimates between soils and fjord
sediments from Svalbard, Peterse et al. (2009) hypothesized that part of the branched
GDGTs found in the fjords may be produced in situ. However, we note that the
distributions of branched GDGTs in those soil and fjord samples from NW Svalbard
(Peterse et al., 2009) are not comparable to the average distributions of branched
GDGTs found in our core MSMO05/05-712-1 for the last 2000 years (Figure 5.3). We
consider thus that the branched GDGTs in our core might have a wider source, as the
eastern Fram Strait is exposed to the arrival of terrigeneous detritus transported to the

site with drifting sea ice, which can be melted by the inflowing warm Atlantic water.

The source of high amounts of ice rafted material (IRD) released during the
summer melting of the ice margin over our study region has been attributed to the
Svalbard archipelago and the northern Barents sea (Hebbeln and Wefer, 1991; Hebbeln,
2000). Hebbeln (2000) reported high particle flux events in winter, due to the input of
IRD derived from the Svalbard archipelago even in situations when the Svalbard ice
margin did only reach the vicinity of the site. The material from the Barents Sea may
reach the coring site transported with the East Spitsbergen Current. Drifting ice
transport of branched GDGTs was indeed suggested by Yamamoto et al. (2008) in the
central Arctic. In addition, Kim et al. (2011) studied the origin of the organic matter in a
wide set of samples from Svalbard and found a significant IRD input in front of
glaciers that due to the slow melting of icebergs could influence the whole fjord system
and beyond. Furthermore, the analysis of water column samples obtained in July 2009
close to the coring site shows that 85% of the relative abundance of detected branched
GDGTs are found near the water surface, at 6 m water depth, whereas only 7% were
found at 30 m and 4% at 250 m and 1604 m (Figure 5.3). This would suggest that the
branched GDGTs entered the marine system at the sea surface, and are not produced at
depth, or at least that the input at the sea surface via IRD would be higher than a
hypothetical in situ production deeper down in the water column. Incidentally, the

MAT estimates from the MBT’/CBT indices for these samples in the surface waters are
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10 °C (at 6 m water depth) and 8.5 °C in the surface sediment. Interestingly, even
considering the MAT calibration error of 5 °C, these values are closer to July average
(5.3 to 6.4 °C) air temperatures rather than to annual mean air temperatures (from -8.5
to -1.6 °C) in western Spitsbergen (Norwegian Meteorological Institute, 2010). In
summary, we argue that branched GDGTs in our study site are likely associated to IRD
originating from a wide area that includes the Svalbard archipelago and the northern

Barents Sea, while a contribution from Svalbard continental run off seems also feasible.

= MSMO05/05-712 Marine sediment core
60 - = Svalbard Soils (Peterse et al., 2009)

= Svalbard Fjords (Peterse et al., 2009)
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Figure 5.3. Average distribution and standard deviation of branched GDGTs measured in
core MSMO05/05-712-1 (78°54.94" N, 6°46.04'E) (green line; n=43), in a previous study (Peterse
et al., 2009) from soils in three locations in NW Svalbard (brown line; n=9), surface sediments
from a NW Svalbard fjord system (orange line, n=29) and at 6m, 30m, 250m, 1604m water
column depth (blue lines) (78°50.30'N, 6°42.22'E).

5.5.2. Air and Sea Surface temperatures variability

During the last 2000 years the reconstructed climatic parameters show several short
time fluctuations as well as centennial scale trends (Figure 5.4). The SST from the
upper mixed layer estimated from UXs7, and the MAT attributed to the region of the
Svalbard archipelago, estimated from MBT’/CBT both indicate the past occurrence of
various cooling-warming episodes (Figure 5.4A). Specifically, in the period between
~AD 72 and AD 330, SST increased by 2 °C and MAT decreased by ca. 1 °C, followed
by a SST cooling of ~2.5 °C from ~AD 330 to AD 685 SST and a MAT warming of ~1.5
°C from ~AD 330 to AD 840. From AD 685 to 1000 SST increased ~2 °C while MAT
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Figure 5.4. Paleoclimatic reconstruction in core MSM05/05-712-1 for the last 2000 years. (A)
UK3; SST (°C) (red) depicting surface mixed water layer temperature, Atlantic water
temperature at 50 m depth (purple) from Spielhagen et al. (2011) and MBT’/CBT regional air
temperature (°C) estimates (green). (B) Percentage of Csys4 to Csy alkenones as indicator of
polar/freshwater extent (blue). A three point running average is shown with a thick line for all
the datasets. Black squares in the age axis indicate dating points resulting from “C AMS
measurements (Spielhagen et al., 2011). Floating error bars at the right side of the figure show
the analytical error (reproducibility).

decreased ~1.5 °C from AD 840 to 1000. After these successive warming and cooling
periods, since AD 1000 there was a time interval with a sustained increase of ~2.5 °C in

MAT, and a decrease in SST of about ~3.5 °C until present. These trends were more

- 108 -



CHAPTER 5

accentuated during the last 500 years. There is a continuous increase in %Cs7.4 (Figure
5.4B) since AD 1000, that suggests increasingly colder and fresher surface waters at the

coring site.

In Figure 5.4A we also plot the results of the SIMMAX modern analog technique
applied on planktic foraminifer species, which reflect mid-summer conditions in the
uppermost part of the Atlantic water layer averaged over a few decades in the same
marine sedimentary core (Spielhagen et al., 2011). The Atlantic water temperature
shows similar trends as the MAT, specially during the last 500 years when both

increase.

Previous studies determined an increase in the inflow of Atlantic water in the
north of Svalbard during the last 1000 years (Slubowska et al., 2005), coinciding with
colder and more unstable conditions than in preceding time intervals and with
increased ice rafting in western Svalbard (Slubowska-Woldengen et al., 2007).
Quantitative SST reconstructions based on dinocyst assemblages from a sediment core
located close to our site (JM-06-WP-04-MCB; 78°54.9'N, 6°46.0" E) registered a cooling
of 4 °C for the last 300 years (Bonnet et al., 2010). For the same time period, our results
are coherent with the cooling registered by the dinocysts, showing a SST decrease of ca.
2 °C. In contrast, during the last 1000 years regional MAT increased ~1 °C until AD
1860, and by 1.5 °C in the last 150 years, reaching a value of 8.5 °C, which is the highest
value for the whole record. This coincides with a strengthened subsurface Atlantic
water inflow to the eastern Fram Strait after ~1860 described by Werner et al. (2011),
based on the amount of subpolar planktic foraminifera Turborotalia quinqueloba in the

same marine sedimentary core.

Considering the oceanographic characteristics of the coring site, we suggest that
during the last 1000 years there was an increase in the northward flow of warm
Atlantic water, as also suggested by Slubowska et al. (2005) for the last 1000 years and
by Spielhagen et al. (2011) for the last 160 years. We postulate that this took place
together with an enhancement of the atmospheric circulation that brought northwards
warmer air to the Svalbard area, as interpreted from the air temperature estimates.
These phenomena could have enhanced the melting of the sea ice, releasing colder and
less saline upper layer water in the eastern Fram Strait (Figure 5.5). Warmer air
temperatures leading to increased river runoff (Peterson et al., 2002) and negative mass
balance of circum-Arctic glaciers (Dowdeswell et al, 1997), specially those from

Svalbard, could be additional sources of freshwater to the area.
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5.5.3. Mechanism of long term climate variability

The Arctic responds to low frequency intrusions of Atlantic warm/cold air mass
anomalies with alternating regimes of weakened/strengthened anticyclonic Beaufort
Gyre circulation, and intensified /suppressed cyclonic circulation in the eastern Arctic
(Polyakov and Johnson, 2000). At decadal time scales, the atmospheric and oceanic
variability in the Arctic is driven by changes in the AO (Thompson and Wallace, 1998)
and the NAO (Hurrell, 1995); high AO/NAO is associated with a cyclonic circulation
regime and low AO/NAO is related to an anticyclonic circulation regime (Dukhovskoy
et al., 2004; Proshutinsky and Johnson, 1997). From modern observations and statistical
analysis, ~50-80 year low frequency oscillations have been identified in Northern
Hemisphere surface air temperatures for the North Atlantic Ocean (Schlesinger and
Ramankutty, 1994). Depending on the atmospheric pressure system at sea level and the
cyclonic circulation over the Arctic two phases of such multidecadal variability (MDV)

can prevail at these longer time scales. During the positive phase of Arctic MDV there
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Figure 5.5. Water column structure in western Svalbard and air - ocean interactions during a
positive phase of Arctic MDV. The northward transport of warm air and Atlantic water
(AW) via the West Spitsbergen Current (WSC) are enhanced (MAT MBT’/CBT and AW T
SIMMAX increase). Sea ice melts releasing colder and fresher water (FW) to the surface
mixed layer (SST UX3; decreases and %Csy.4 increases). During negative phase of MDYV these
interactions are weakened.
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is an enhancement in the warm air and Atlantic water inflow from the North Atlantic
to the Arctic, and an excess of sea ice and freshwater transport from the Arctic through
the Fram Strait, whereas in the negative phase these interactions are weakened (Figure
5.5; Polyakov et al., 2004; 2010). Our data suggest that during the last ~1000 years, a
relative dominance of the positive phase of Arctic MDYV prevailed. This trend started
~1000 years ago and prevailed until ~AD 1860, when there was an intensification in the
increase of Svalbard air temperatures: in the past 150 years air temperature increase
doubled on average between ~AD 1000 and 1860, accompanied by an enhancement of
Atlantic water inflow to the Fram Strait as described by Spielhagen et al. (2011). Given
that for the same time period the rate of change in air temperature is not mirrored by a
change in the rate of SST decrease, we suggest that the rise in Svalbard air
temperatures since AD 1860 could be driven by the impact of human activity on
climate superimposed on the longer term natural warming and the mean relative

dominance in the positive phase of MDV that began around AD 1000.

Recently, through an empirical orthogonal function analysis of deep ocean and
near surface instrumental observations of the North Atlantic, it was demonstrated that
the recent warming over the North Atlantic is linked to both long term climate change
(including anthropogenic and natural) and MDYV over the last 80 years of the twentieth
century (Polyakov et al., 2010). Considering that the mechanisms of MDV observed in
instrumental records can be projected onto longer time scales, our results indicate long

term changes in the phases of Arctic MDV during the last 2000 years.

5.6. Conclusions

We have reconstructed past air and sea surface temperatures and variations in
freshwater extent in the eastern Fram Strait for the last 2000 years. During the last 1000
years, air temperature increased continuously while the upper mixed water layer
temperature decreased and the amount of polar freshwater present in the area
increased. Considering the oceanographic conditions of the area, there might have
been an increase in the inflow of Atlantic water during the last 1000 years together with
an increase in atmospheric heat transport which caused a progressive sea ice melting
and cooling of the upper mixed surface layer in the eastern Fram Strait. Assuming that
the mechanisms of MDV derived from relatively short instrumental records can be
projected onto longer time scales, our results may indicate the occurrence of a mean
relative dominance in the positive phase of the Arctic MDV for the last 1000 years. We
suggest therefore that the data presented here show long scale average changes in the

mean modes of positive and negative Arctic MDV over the last 2000 years.
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CHAPTER 6

6.1. Abstract

The Arctic sea ice cover is an important component of the climate system as it
regulates the heat exchange between the atmosphere and the ocean. The northward
flowing Atlantic current brings warm and salty water to the Barents Sea and it is an
important factor for regulating sea ice extent variability at multidecadal to centennial
time scales. We analyzed the recently proposed IP25 proxy as well as alkenones to
reconstruct past variations in sea ice cover and water mass for the last 4400 years in a
marine record located in the eastern Barents Sea. A progressive decrease in %Cs7.4 from
4400 to 1700 BP together with stable and low concentrations of IP25 and alkenones
indicate that during this period cold climate conditions and polar water masses
influenced the eastern Barents Sea. The permanent sea ice cover edge was close to the
coring site. From 1700 to 500 BP lower values of %Cs74, increasing values of total
alkenone abundance and stable IP25 concentrations indicate a progressive transition
towards an increased inflow of Atlantic water and warmer climate conditions. We
propose that during this interval the sea ice cover maximum extent began to retreat.
During the last 500 years we observe a pronounced increase in the IP25 abundance,
%Cs74 values characteristic of an area partly influenced by Atlantic water mass and
high alkenone concentrations. During this period there was a progressive warming
and/or an increase in the transport of Atlantic Water to the Arctic probably triggering
a north easterly retreat in the sea ice cover minimum extent, suggesting that the study

site has probably been in the seasonal sea ice area from 1500 AD to present.

Keywords Barents Sea; Holocene; sea ice; Atlantic water; IP25; alkenones.

6.2. Introduction

During the last five decades, sea ice extent and thickness of summer circumpolar
Arctic sea ice has declined abruptly (Kinnard et al., 2011), and model simulations
display a late summer ice free Arctic Ocean by the end of the 21st century (Arzel et al.,
2006). Arctic sea ice cover influences global climate through its role in regulating heat
exchange between the ocean and the atmosphere (Divine and Dick, 2006; Polyak et al.,
2010). The extent and seasonality in sea ice cover is controlled by variability in ocean
and atmospheric currents, sea surface temperature (SST), and surface air temperature.
The relative importance of these factors varies by location throughout the Arctic (Dyck
et al., 2010).
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The region of the Nordic Seas, comprising the Iceland, Greenland, Norwegian
and the Barents seas is particularly important for global climate. In this region, warm
and salty Atlantic water enters the Arctic Ocean mainly via the Fram Strait and the
Barents Sea (Figure 6.1). The northward flowing Norwegian Atlantic Current splits into
the West Spitsbergen Current and the North Cape Current. The former heads north to
Svalbard and the latter heads east to the Barents Sea before entering the Arctic Ocean
(Figure 6.1) (Helland-Hansen and Nansen, 1909; Rudels et al., 1999). In Chapter 5 we
discussed the influence of the water inflow through the Fram Strait on Arctic and
Nordic Seas oceanography and climate. In this chapter the discussion is focussed on

the Barents Sea.

The Barents Sea has a seasonal ice cover with a minimum extent in September
and a maximum ice extent in March/April (Arthun et al., 2012). At multidecadal time
scales the sea ice variability in the Barents Sea is mainly affected by the Atlantic Water
inflow (Vinje, 2001). In turn, the Atlantic inflow depends on the decadal pattern of
variability of the North Atlantic Oscillation (NAO), that affects the intensity of the
northward flowing Norwegian Current, and the multidecadal changes in sea surface
temperature of this current which is defined as the Atlantic Multidecadal Oscillation
(AMO) mode of variability (Venegas and Mysak, 2000). In the Barents Sea, changes in
atmospheric circulation have a secondary role in the control of sea ice concentration
and thickness (Dyck et al., 2010).

To contextualize the recent changes in sea ice we need long term, preferentially
decadal resolved records, that provide a framework for a better understanding of the
mechanisms regulating sea ice cover variability. As the instrumental observations are
limited to the last century or even the last decades, we need to rely on proxy based
estimates to obtain information on longer time scales. Here, we discuss a
reconstruction of past conditions in sea ice cover and water mass variability in the
eastern Barents Sea during the last 4400 years at multidecadal resolution. The aim is to
contribute to decipher the natural mechanisms or modes of climate variability that

triggered climatic changes in this region during the late Holocene.

6.3. Study area

The Barents Sea is a marginal sea of the Arctic Ocean. It is located north of
Norway and Russia, southeast of Svalbard and west of Novaya Zemlya (Figure 6.1).
The eastern Barents sea is one of the main gateways of Atlantic Waters and heat to the
Arctic Ocean, where it mixes with polar waters losing most of its heat to the Arctic
atmosphere (Helland-Hansen and Nansen, 1909; Rudels et al., 1999; Arthun and
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Figure 6.1. Map of the Barents Sea with present day circulation patterns, mean sea ice edge
positions and core location. The pathways of Atlantic water (red) and Arctic water (blue) are
shown with arrows. The main currents are labelled with abbreviations: Norwegian Atlantic
Current (NwWAC); North Cape current (NCaC); West Spitsbergen Current (WSC); Svalbard
Branch (SB) and East Spitsbergen Current (ESC). The mean sea ice edge position for the
period 1870 - 1920 (grey) and for the period 1989 - 2002 (black) are shown for April
maximum sea ice extent (continuous line) and August minimum extent (dashed line). Sea ice
edge position data were retrieved from the National Snow and Ice Data Center (Divine &

NORDIC

ARCTIC OCEAN |

SEAS

Mean sea ice edge position
Period April  August
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Dick 2007). Core PL96-126 position denoted with a yellow diamond.

Schrun, 2010). The Barents Sea has seasonally variable sea ice cover conditions, with
maximum sea ice extent at the end of winter, and minimum sea ice extent in summer
(Divine and Dick, 2006; Polyak et al., 2010). The maximum sea ice extent (mean sea ice
edge position at mid April) and the minimum sea ice extent (average position at mid

August) corresponding to historic sea ice edge positions for the periods 1870-1920 and

1989-2002 are shown in Figure 6.1 (Divine and Dick, 2006).

Interannual variability in Barents Sea ice cover reflects the variability of the
Atlantic inflow (Arthun et al., 2012). The site where core PL96-126 was retrieved has
been in the seasonal sea ice zone at least since 1870, and it is directly influenced by

relatively warm and dense Atlantic waters (Voronina et al., 2001). During the period
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1966-1988, the probability of encountering the mean sea ice edge position at site PL96-
126 at the end of April was about 40% (Vinje and Kvambekk, 1991). At least during this
time interval, there was a northeastward increasing variability in the ice edge (Vinje
and Kvambekk, 1991). These features make it an appropriate setting for investigating
past variations in sea ice cover extent and variability in the inflow of Atlantic water to

the Barents Sea during the last 4400 years at multidecadal resolution.

6.4. Description of samples and proxies used

Core PL96-126 was retrieved from the eastern Barents Sea with a gravity corer
(Figure 6.1; 73° 37.5" N, 50° 43.0" E; 270 m water depth; Voronina et al., 2001). Its age
model was based on three 1*C AMS measurements conducted in samples where there
was a sufficient amount of calcareous material from benthic foraminifera to allow the
analysis, as the calcium carbonate content in the core is below 2% (Table 1; Voronina et
al., 2001). The core has a sedimentation rate of 60 to 120 cm Kyr?! and its basal age is
4375 years BP (Voronina et al., 2001). We analyzed the whole core at 1 cm intervals to
obtain a quasi-decadal resolution environmental reconstruction over the last 4400
years. The time resolution of the record is between 10 to 20 years, depending on the
core depth.

Table 6.1. Age model for core PL96-126 based on AMS #C ages. A correction of 460 year
was applied to account for the air-sea reservoir difference (Voronina et al., 2001).

Laboratory Core depth Material dated 14C age Corrected 4C  Calibrated
reference (cm) age year BP
AA35044 203 Nuculoma tenuis 2545+45 2085 2126
AA39574 294 Shell debris 332657 2866 3000

Benthic
AA34310 353 . 4315450 3855 4375
foraminifers

To reconstruct sea ice cover variability we used the recently proposed sea ice
proxy IP25, which is based on the measurement of the sedimentary abundance of a
single highly branched mono-unsaturated isoprenoid that is specific of sea ice diatoms
(Belt et al., 2007). Although IP25 is a very novel proxy, it has already been used in
several studies to reconstruct past sea ice cover variations i.e. in North Iceland sea for
the last millennium (Massé et al., 2008), the Fram Strait during the Holocene and also
the last 30.000 years (Miiller et al.,, 2009, 2012), the Canadian Arctic during the
Holocene (Belt et al., 2010; Vare et al., 2009) and the Barents Sea only for the last three

centuries (Vare et al., 2010).
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Under perennial ice cover conditions the accumulation of diatoms synthesizing
IP25 and its subsequent release to the seafloor is significantly reduced, mainly because
of limited light conditions (Belt et al., 2007). In 2011, Miiller et al. proposed that a way
to distinguish between open water and permanent sea ice cover conditions could be to
compare the IP25 abundance with that of a phytoplankton productivity marker (Figure
6.2). Under conditions permanently devoid of sea-ice, no IP25 is detected in sediments
and high abundances of the phytoplankton marker are observed. When closer to the
sea ice edge, high abundances of both the IP25 and the productivity marker are
detected, while under a permanent sea ice cover there is a quasi negligible flux of both
IP25 and the generic productivity marker (Miiller et al., 2011). The reliability of this
interpretation scenario depends on the assumption that export and preservation

controls on the biomarkers are similar.
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Figure 6.2. Simplified scheme of phytoplankton and ice algae productivity conditions in high
latitude Northern Hemisphere seas during an annual cycle. In permanent sea ice cover
conditions IP25 and the plankton marker can not be detected in the sediment. In the area with
seasonal sea ice cover conditions, the IP25 and the plankton marker have variable abundances.
When the area is devoid of sea ice cover year-round, only the phytoplankton marker will be
detected in the marine sedimentary core and no IP25 can be detected as it is specific of sea ice
diatoms. The scheme is modified after Miiller et al. (2011). The blue arrows indicate the
different sea ice cover conditions over the coring site discussed in the text.
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We analyzed alkenones to estimate past variations in SST, polar water extent as
well as export productivity of the algae responsible for their biosynthesis. Alkenones
are lipids synthesized by haptophyte algae some of which are coccolithophorids
(Volkman et al., 1980). To estimate SST we used the UK3; index (Prahl and Wakeham,
1987) calculated from the relative concentration in sediments of the di- and tri-
unsaturated Cs; alkenones (Cszz, Ca73) through the equation UK37 = (Cazz)/ (Caza+Caza).
The UK37 was converted to temperature through the regression SST (°C) = (UK’37 - 0.044)
/0.033 from a core-top Global Ocean calibration (Miiller et al., 1998). The percentage of
the GCszs alkenone to the total abundance of Cs;; alkenones (%Csra =
(Ca7.4/ (Ca72+Ca73+Ca74)) 100) in the record is used to infer variations in the extent of
polar and subpolar conditions through time (Bendle et al., 2005). In the Barents Sea the
highest alkenone fluxes were detected during summer months (Thomsen et al., 1998).
The total concentration of alkenones is wused to track changes in export
paleoproductivity and as a complementary plankton marker for interpreting IP25

abundance variability downcore.

To determine if changes in the input or preservation of organic matter could
control biomarker abundances through time, we analyzed the organic carbon content,
the C/N ratio and the isotope abundance ratios of carbon (63Corg) and of nitrogen
(615N) at 10 cm intervals in core PL96-126.

6.5. Results and discussion
6.5.1 Sea ice cover and water mass variability

Sea ice cover influenced the coring site during the last 4400 years, as P25 could
be detected throughout the record (Figure 6.3D). Downcore IP25 values range between
0.2 and 2.4 ng gdw! and have an average value of 0.8 ng gdw-. The most obvious
change in the whole record occurred during the last 500 years when there was a
prominent and continued increase in the flux of IP25 to the seafloor reaching the

highest levels of the last 4400 years.

The concentration of alkenones is 1.8 ug gdw on average through the record
(Figure 6.3C). Two major periods can be distinguished; (I) prior to ca. 1700 BP (~300
AD) characterized by lower abundance of alkenones, with most of the data points
below the mean value of the whole record; and (II) after 1700 BP (~300 AD) where the
concentration of alkenones is higher and most of the data points are above the average
concentration value. This indicates an increase in export productivity of haptophyte

algae responsible for alkenone synthesis mainly during summer. Alkenones have been
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found in suspended matter from the Greenland Sea in conditions of up to 80% sea ice
cover. Although in this situation the absolute amounts were very low compared to

concentrations in Atlantic water masses (Bendle and Rosell Melé, 2004).

The SST estimated with the UKj3; index averages 7 °C and shows some
oscillations through the core (Figure 6.3B). Rosell-Melé (1998) established an
approximate threshold value for %Csz4 (5%) to set an indicative boundary from which
caution is needed to interpret UK3; absolute SST estimates. In some settings of the
Nordic Seas the relationship of UK3; with SST is no longer linear when high values of
%Cs7.4 alkenone are present (Rosell-Melé, 1998). The %Csy.4 values in the earliest part of
our record are very high (around 50%) and decrease significantly towards the present,
reaching average values around 10% (Figure 6.3A). The %Cs74 found in our analyses of
alkenones in the Barents Sea record is comparatively high and above the threshold
value. Therefore, caution is due at the interpretation of the absolute values of SST in

our record.

There is a strong correlation between values of %Cs74and the water mass type in
the Nordic Seas (Bendle et al., 2005). High values of %Cs74 (40-77%) are indicative of
polar waters, low values (0-3%) characterize Atlantic waters and low to intermediate
values (0-28%) are found in Arctic and Norwegian coastal waters where both water
mass types are mixed (Bendle et al., 2005). The absolute concentrations of alkenones are
very low in polar waters compared to Arctic and Atlantic water masses where they
increase (Bendle et al, 2005). Hence, comparatively high downcore alkenone
abundances and low %Cs74 may indicate an increased influence of Atlantic Water,
whereas comparatively low alkenone abundances and high %Cs74 would indicate
increased influence of polar waters mixed with Atlantic Water. In our record the values
of %Cs7.4 decrease from 50 to 10%, and the average abundance of alkenones increases
progressively from 4400 years BP towards present. Based on the downcore variability
of %Cs74 and on the concentration of alkenones, we consider that during the last 4400
years there was a progressive transition from an environment influenced by
predominantly polar water mass to an environment progressively more influenced by

Atlantic water mass.

From 4400 to 1700 BP, steryl alkyl ethers were found to coelute with alkenones in
the gas chromatographic analysis. Such compounds have been suggested to be
synthesized exclusively by diatoms, however they have yet to be described in diatoms
or in any other putative source organism (Brassell, 2009). Another eukaryotic
phytoplankton or zooplankton origin seems plausible too (Brassell, 2009).
Environmental conditions leading to production of such compounds, have been

proposed to be limited to Tertiary/Quaternary sediments deposited in marine

-125 -



Sea ice cover and water mass variability in the Barents Sea during the last 4400 years

environments, generally characterized by cool waters and/or seasonal upwelling

(Brassell, 2009).
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Figure 6.3. Paleoclimatic reconstruction in core PL96-126 for the last 4400 years BP. (A)
percentage of alkenone Csz4 (B) Sea surface temperature estimated from UX3;. (C) Total
alkenone concentration. (D) Abundance of IP25. Data are shown as single data points (linked
with a thin line) and smoothed with a five-point running mean average (thick line). The
black squares in age axis depict the ¥C AMS measurements. The x-axis below gives age in
years BP as given in the age model by Voronina et al. (2001). The above x-axis gives age in
years AD considering year 0 BP the year 1996 AD.

The organic carbon content does not show significant variations downcore as it
has an average value of 2.5%, and ranges between 2% and 3% except for one data point
with a value of 1.5% (Figure 6.4B). Therefore, the relative variability of the organic
biomarker concentrations discussed here (IP25, alkenones) were unlikely influenced by
changes in total organic carbon or preservation/degradation of organic matter
downcore. The C/N ratio does not show major changes and ranges between 9 and 10

indicating that the organic matter was mainly originated from marine algae (Figure
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Figure 6.4. Carbon and nitrogen abundances and stable isotopes analyzed in core PL96-126
at low resolution (every 10 cm). (A) Carbon vs nitrogen ratio (C/N) (B) Percentage of
organic carbon (% Corg) (C) 8N (%0 VPDB) (D) 8'3Corg (%0 VPDB). The black squares in age
axis depict the *C AMS measurements Voronina et al. (2001).

6.4A; Meyers, 1994). Therefore, marine productivity is high in this area. The &*Corg
(%0 VPDB) data show values around -23%. through the last 4400 years corroborating
that the signal comes from marine phytoplankton (Figure 6.4D; Meyers, 1994).
However, there are two short periods at 2700 - 2400 BP and 1000 - 800 BP with values
down to -26%o. Terrestrial organic carbon from C3 plants has distinctive 61*Corg values
between -25.5 and -29.3%o0 (Winkelmann and Knies, 2005). These two periods likely
reflect a mixture of planktonic organic matter and terrestrial organic material with
isotopically lighter values as terrestrial organic carbon from C3 plants has 6*Corg
values between -25.5 and -29.3%o (Schubert and Calvert, 2001). Finally the 6*N
(%0 VPDB) show an average value of 5.2 and range between 4.6 and 6 %o with no clear
trend of variability (Figure 6.4C). These values reflect the inflow of warm and relatively

nitrate rich surface waters from the North Atlantic water current inflow to the eastern
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Barents Sea (Schubert and Calvert, 2001). Isotopically similar values between 4.6 and
7.4 %o were found in surface sediments from the Svalbard region, reflecting the inflow

of Atlantic Water via the West Spitsbergen Current (Schubert and Calvert, 2001).

From our results, we interpret that during the period from ca. 4400 BP to 1700 BP,
the eastern Barents Sea was characterized by cold environmental conditions. Polar
water masses influenced the area (high %Cs74), there was low summer productivity
(low abundance of alkenones), cool waters (production of steryl alkyl ethers) and the
limit of the minimum extent of the sea ice cover was probably close to the coring site
(nearby sea ice melting indicated by presence of IP25). The sea ice cover conditions
over the coring site during this period is illustrated in Figure 6.2 (blue arrow, position
A). A transition towards warmer conditions took place from 1700 to 500 BP (300 to 1500
AD) resulting in increased productivity of alkenones and progressively decreased
values of %Cs74. We suggest that during this period there was a progressive increase in
the Atlantic water inflow. The abundance of IP25 does not show an increase as marked
as that of the alkenones. This suggests that warmer oceanic conditions allowed
increased alkenone productivity in summer open water conditions and that the sea ice
edge minimum extent in summer started to retreat (Figure 6.2, blue arrow, position B).
Finally, during the last ~500 years the values of %Cs74 decrease to 10 % indicating an
increased influence of Atlantic water mass and we observe a pronounced increase in
IP25 and high abundance of alkenones. We suggest that during this period there was a
progressive north easterly retreat and enhanced melting of the ice edge minimum
extent (Figure 6.2, blue arrow, position C). The study area remained under the seasonal
sea ice zone, and the sea ice cover extended progressively during winter and melted
over the study area during summer. This situation allowed an increased productivity

of alkenones and a progressive increase in the accumulated flux of IP25 in the seafloor.

Shapiro et al. (2003) developed a continuous record for April ice edge position in
the Barents Sea for the period 1850 - 2001, based on observational data sets. They
concluded that there was a north-eastward retreat in the mean ice edge position from
1850 to present. They found that the largest variability of the sea ice edge position
occurred in the area influenced by the warm Atlantic water inflow (Shapiro et al. 2003).
Divine & Dick (2006) analyzed the historical variability of the sea ice edge position over
the Nordic Seas from April through August for the period 1750 - 2002. They found
oscillations in ice cover with periods of about 60 to 80 years - more prominent in the
Greenland Sea - and 20 to 30 years - dominant in the Barents Sea - both superimposed
on a general negative trend (Divine and Dick, 2006). They associated such multidecadal
oscillations with the low frequency oscillation in the Arctic and also with the North

Atlantic thermohaline circulation variability (Divine and Dick, 2006).
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Taking into account the findings by Shapiro et al. (2003) and Divine and Dick et
al. (2006) we interpret from our results that there was a progressive north-eastward
retreat of the sea ice cover in the eastern Barents Sea mainly triggered by an
enhancement in the heat transport carried with the North Atlantic Current, which may
have started before than observed in the instrumental record, about 500 years ago.
Based on these findings we suggest that the coring site remained in the area of seasonal
sea ice cover conditions with increasing seasonal melting from about ~1500 AD to
present. The exactitude of this date is limited by the constraints of the age model in
core PL96-126.

6.5.2 Applying a quantitative approach for reconstructing sea ice cover

conditions

In an attempt to develop a tool for reconstructing sea ice cover conditions
quantitatively, Miiller et al. (2011) analyzed IP25 and open water phytoplankton
derived biomarkers (brassicasterol and dinosterol) in surface sediments from the
northern North Atlantic and combined them (Miiller et al., 2011). The phytoplankton
marker-IP25 index (PIP25) can be useful to avoid over- or underestimating sea ice

cover conditions (Miiller et al., 2011).
The PIP25 index was proposed by (Miiller et al., 2011) as:
PIP25 = 1P25 /(IP25 +(phytoplankton marker * C))

Where “IP25” and “phytoplankton marker” are given in their respective
concentrations. Accounting for a possible significant concentration difference between
IP25 and the phytoplankton marker, a concentration balance factor between the two

markers is taken into account as follows:
C = mean IP25 concentration/mean phytoplankton marker concentration

Miiller et al. (2011) calibrated the PIP25 index in surface sediments to modern sea
ice coverage satellite data in the Atlantic Arctic (Fram Strait) obtaining a good
correlation (R2? = 0.74). The same approach was applied to surface sediments from the
Barents Sea obtaining a weaker correlation (R2 = 0.57; Navarro-Rodriguez et al., 2012).
Low values of PIP25 (below 0.2) would stand for ice free conditions; intermediate
values (0.2 - 0.5) for variable or less sea ice cover; high values (0.5 - 0.75) would be
indicative of a marginal ice zone and finally the highest values (0.75 - 1) would

indicate perennial sea ice cover (Miiller et al., 2011).
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Here we used the concentration of alkenones as a phytoplankton marker for
estimating the PIP25 index (Figure 6.5) with the aim to compare the resulting values
with the paleoclimate interpretation based on the individual downcore variability of
various proxies (section 6.5.1, Figure 6.4). We consider the qualitative variability of the
PIP25 index in terms of high, intermediate or low values. The PIP25 index shows high
frequency variability at decadal to multidecadal time scales in our core. High average
PIP25 values were observed during the period 4400 to 1700 BP which is consistent with
our interpretation of a perennial sea ice cover in the eastern Barents Sea and generally
colder climate conditions. For the period 1700 - 500 BP intermediate to low average
PIP25 values would indicate seasonal sea ice cover conditions. However, from the
individual proxy trends of variability (Figure 6.3), we suggest that there was a
progressive increase in the influence of Atlantic Water and that the summer (August)
sea ice edge started to retreat. During the last 500 years there is a return to intermediate
to high PIP25 values that could be indicative of both perennial sea ice or a seasonal sea
ice zone. However based on the individual proxy variability trends, we suggest that
there was a progressive retreat in the August (annual minimum) sea ice cover, an
increased Atlantic water mass influence, and that the coring site was in the seasonal sea

ice zone.

At this stage, we consider that it is more accurate to interpret the individual
downcore variability of IP25 together with the downcore variability of complementary
proxies. The PIP25 index alone can give place to ambiguous interpretation, and should
be only used in regions where high correlations with satellite derived sea ice
concentrations were found. In fact, the application of the PIP25 to a set of cores located
east and west of the Fram Strait showed that similar values of PIP25 could be obtained
if both the phytoplankton marker and IP25 were high (representing sea ice edge
conditions), or when they were low (indicating an extended ice cover) (Miiller et al.,
2012). For this reason they recommended comparing such estimates with individual
IP25 and phytoplankton marker changes downcore and use the PIP25 only for
complementary information (Miiller et al., 2011; 2012). The same conclusions were
reached for the Barents Sea regarding PIP25 as the agreement between this proxy and
the satellite derived mean spring sea ice concentrations was found to be quite variable
(Navarro-Rodriguez et al., 2012).
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Figure 6.5. Application of the phytoplankton IP25 index, calculated with the abundance of
alkenones in core PL96-126 (PAIP25). Data is shown as individual data points (thin grey line)
and smoothed 5-point running mean average (thick black line). The black squares in age axis
depict the 1¥C AMS measurements (Voronina et al., 2001).

6.5.3 Comparison with previous studies
6.5.3.1 Barents Sea

Core PL96-126 was previously studied by Voronina et al. (2001). They
determined past variations in sea surface conditions through the analysis of dinocyst
assemblages at an interval of one sample every 10 cm, obtaining a century scale
resolution. In our study we analyzed the whole core at 1 ¢cm interval, obtaining a
multidecadal scale resolution. Voronina and co-workers also analyzed a core located
further south spanning 8.8 Kyr. They found high variability in the duration of the ice
cover through the time, suggesting that ice cover developed in average for 2 - 3
months year-!, with periods of more extensive sea ice cover up to 6 months year! and
lower temperature and salinity (Voronina et al.,, 2001). In general, in the two cores
studied they found a colder climate starting about 4 - 5 Kyr ago, characterized by
generally lower temperatures together with some cooling pulses at 1.5 - 1 Kyr
intervals, possibly linked to a decrease in Atlantic water inflow to the area. They
suggested that the colder climate could have been accompanied by a reduced
atmospheric transport from the North Atlantic to Eurasia. The Atlantic water drift
would have been reduced, allowing winter sea ice cover to expand southwards

(Voronina et al. 2001 and references therein). This is partly in agreement with our
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dataset where we suggest colder conditions influenced the region from 4.4 to 1.7 Kyr

ago.

The IP25 biomarker was previously applied in the Barents Sea in three box cores
located in the north, southeast and southwest of the area, spanning the last 300-500
years (Vare et al., 2010). From these records it was argued that ice free conditions in the
southwest Barents Sea prevailed during the last 300 years, in contrast with variable
spring sea ice cover in the north and southeast region (Vare et al., 2010). They found
their results consistent with previous studies derived from observational records of the
position of the sea ice edge (Divine and Dick, 2006; Shapiro et al., 2003). One of the
three cores that they analyzed is located in the southeast Barents Sea (BASICC 43, 72°
32.31N, 45° 44.27E) relatively close to core PL96-126 (73°37.5'N, 50°43.0’E). The
normalized IP25 flux from BASICC 43 core (Vare et al., 2010) increases from 1700-
1900AD, and during the subsequent 100 years, decreases towards present. In core
PL96-126, IP25 abundance also increases towards present, consistent with the results
from Vare et al., 2010. They also analyzed the %Corg and the C/N ratios in order to see
if the changes in IP25 were influenced by organic matter changes. In all the three cores,
they found C/N ratios around 7-9, indicative of marine source for organic matter and
consistent with previous analysis of surface sediment in this region (Vare et al. 2010
and references therein). The organic carbon content values were below 3% in all cores
and did not show major changes downcore, also comparable to previous studies (Vare
et al. 2010 and references therein). These results are also comparable with our results in
the most modern part of PL96-126.

A study conducted in the southwestern Barents Sea covering the entire Holocene
at high resolution with a multiproxy approach (Risebrobakken et al., 2010) revealed
warm early Holocene summer temperatures with a maximum 8.600 years BP that
continued with a progressive cooling with minimum temperatures occurring between
2400 - 1.100 years BP. They reported highly variable conditions during the late
Holocene, with temperature variability of larger amplitude than those obtained from

modern instrumental measurements (Risebrobakken et al., 2010).

Slubowska-Woldengen et al. (2008) reconstructed ocean circulation changes
during the last 16.000 - 2.000 years BP, from compiling 12 previously published records
of the distribution of benthic foraminifera fauna and ice rafted debris. The records were
located in the Nordic and Barents Seas, and in sites that at present are influenced by
the inflow of Atlantic water (Slubowska-Woldengen et al., 2008). For the period 4.000 -
2.000 years BP, in the cores around the Svalbard margin and in the Barents Sea, they
found that this period was characterized by a return of polar conditions with colder

and fresher bottom water masses, a reduction in the inflow of Atlantic water and
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increased sea ice cover extent in comparison to the early Holocene (Slubowska-
Woldengen et al., 2008).

For the most recent time span, we can compare our results with those from ilson
et al. (2011). They reconstructed climatic changes analyzing benthic foraminifera in a
record located in the western Barents Sea spanning the last 1.400 years. They found an
overall warming trend of about 2.6 °C in the bottom waters, of which 1 °C occurred
only during the last 100 years. Such warming is accompanied by an increase in the
foraminifera flux, a progressive depletion of 83C and changes in benthic foraminifera
species, overall indicating a progressive increase in productivity which was more
pronounced in the last 200 years. These results are coherent with our results from
PL96-126 as there is an increase in productivity and a progressive warming towards

present.

Past variability in the temperature and inflow of the western branch of the
Atlantic Water inflow to the Arctic (the West Spitsbergen Current) shows warming
trends comparable to our findings in the eastern Barents Sea. For instance, a
multiproxy study from a marine sedimentary core located at the northern Svalbard
continental margin and directly influenced by the Svalbard Branch of the West
Spitsbergen Current, revealed that Atlantic water inflow weakened progressively
during the mid-Holocene. From 4500 to 1100 years BP the inflow was particularly weak
(Slubowska et al., 2005). After this period of cool conditions, Atlantic inflow increased
during the last 1000 years (Slubowska et al., 2005). The air and sea surface temperature
records reconstructed from a marine sedimentary core located in the western Svalbard
continental margin and directly affected by the West Spitsbergen current also show an
increase in the inflow of Atlantic Water starting 1000 years ago that was intensified
during the last 500 years (Chapter 5, Rueda et al, 2013). In the same marine
sedimentary core, a progressive warming of the subsurface Atlantic Water started 500
years ago and was intensified during the last 120 years (Spielhagen et al., 2011). In
addition, an air temperature record obtained from lacustrine sequences from Western
Svalbard showed a gradual air temperature increase over West Spitsbergen from AD
1600 to 1900 (D’Andrea et al., 2012). The conclusions from these studies fit well with
our interpretation from core PL96-126 in the Barents Sea, located in the eastern branch
of the northward flowing Atlantic Water to the Arctic. Therefore during the last 500
years there was an enhancement of or a warming in the Atlantic Water current, and it
is reflected in both of its current branches that flow to the Arctic: the West Spitsbergen
Current keeping its track further north to Svalbard and the Norwegian Current

entering the Barents Sea.
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6.5.3.2 Pan-arctic sea ice reconstructions

Arctic wide compilations of reconstructed past climatic and sea ice conditions
show that the major changes occurred during the last decades of the 20th century
(Figure 6.6A;B) (Kaufman et al., 2009; Kinnard et al., 2011). Specifically, a synthesis of
decadal resolved proxy temperature records from terrestrial sites (trees, lakes, ice) in
the Arctic (poleward 60°N) shows a cooling during the last 2000 years, reversed during
the 20th century with the warmest decades of the whole reconstruction occurring in the
period 1950-2000 AD (Figure 6.6A; Kaufman et al., 2009). A circum-Arctic compilation
of high-resolution terrestrial proxies for past extent of summer sea ice indicates that the
duration and magnitude of last decades reduction in sea ice cover is unprecedented
during the last 1.450 years (Figure 6.6B; Kinnard et al., 2011). It seems that in the
eastern Barents Sea the sea ice retreat and the environmental warming started some
centuries before - around 500 years BP - compared to the global Arctic past climatic
estimations. But a progressive warming was also observed in the West Spitsbergen
current during the last 500 years as discussed above. Probably the Arctic wide
compilations generated until now hide such important regional variability in Arctic
climate change (Blackford et al., 2012) or the temperature response to the reconstructed
increase in heat transfer to the Arctic did not start until 1900 AD (D’Andrea et al.,
2012).

6.5.4 Mechanisms of multidecadal to multicentennial variability in Atlantic

water inflow and sea ice cover conditions

At decadal to multidecadal time scales, sea ice variability in the Barents Sea is
mainly dependent on the variability of the Atlantic Water inflow and temperature,
with changes in the relative mean predominant patterns of the NAO and the AMO
modes of variability playing a significant role (Venegas and Mysak, 2000). During the
positive signature of the NAO, the North Atlantic storm track penetrates deeper in the
eastern Arctic, weakening the Arctic High. The Icelandic low deepens, enhancing the
southerly and the northerly winds near Scandinavia and along Greenland’s east coast
respectively (Deser et al., 2000; Dyck et al., 2010). Such conditions profoundly influence
local winter sea ice conditions in the Barents Sea. Therefore during a positive mode of
the NAO there is less winter sea ice in the Barents Sea, due to an enhanced exchange
between the northward flowing relatively warm and saline Atlantic water with the
cold and fresh Arctic water taking place in the Barents Sea (Venegas and Mysak, 2000).
On the other hand, in the negative phase of the NAO the central Arctic is characterised

by a strong and persistent Arctic High, the Atlantic water does not extend so far north
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and the formation of sea ice during winter is enhanced in the Barents Sea (Deser et al.,
2000; Dyck et al., 2010).

At multidecadal to multicentennial time scales, sea ice variability in the Barents
Sea is generally controlled by changes in the thermohaline circulation or meridional
overturning circulation (Jungclaus et al, 2005). The AMO mode of variability
dominated subsurface water temperature changes from 1900 to 2006 AD in the Barents
Sea (Levitus et al., 2009). Sea ice decrease in the Barents Sea may be due to heating
from the subsurface of the water column, therefore an enhanced inflow in the Atlantic
Water current can contribute to sea ice cover declining (Levitus et al., 2009). The
climatic variation in the Barents Sea region is affected by the large scale climatic
fluctuations covering the entire North Atlantic Ocean (Levitus et al., 2009; Skagseth et
al., 2008). Such link between climate processes and sea ice based on instrumental
observations can be extended further back in time. Macias Fauria et al. (2009)
reconstructed maximum sea ice extent for the Western Nordic Seas during the period
1200-1997 AD, combining a northern Finland regional tree-ring chronology with an ice
core in Svalbard. Variability in decadal to centennial sea ice extent was dominated by
oscillations associated with decadal variations in the NAO and also multidecadal low
frequency oscillations at a 50-120 year timescale that could be related to the AMO

mode of variability.

Climatic features related to the ocean - ice - atmosphere system such as the
thermohaline circulation, the inflow of Atlantic water to the Arctic and the NAO or the
AMO modes of climate variability are intimately linked to sea ice variability in the
Barents Sea. Therefore the biomarker analysis from core PL96-126 can provide
information on past variations in the long term mechanisms of climate variability in the
Barents Sea for the last 4400 years. The variability in the abundance of IP25 was related
to changes in the phases of the NAO in a study conducted in the Fram Strait (Miiller et
al., 2012). Elevated IP25 and phytoplankton concentrations were associated to a relative
predominance of a positive NAO index, whereas periods with decreased amounts of
both IP25 and phytoplankton markers were associated with relative dominance of a
negative NAO index (Miiller et al., 2012).

From our record we interpret that a relative dominance of the negative phases of
the NAO or the AMO modes of climate variability might have prevailed from 4400 to
1700 years BP at multidecadal to multicentennial time scales. The inflow or the
temperature of the North Atlantic Current was reduced and cold, predominantly polar
water masses dominated in the eastern Barents Sea. The maximum sea ice edge was

extended to the south. This interpretation fits with a gradual transition towards a
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Figure 6.6. Comparison between IP25 concentration in core PL96-126 and other
reconstructions. (A) Arctic surface air temperature anomaly (orange; Kaufman et al., 2009).
(B) Arctic sea ice cover extent for late summer, forty-year smoothed (blue; Kinnard et al,,
2011). (C) Various NAO index reconstructions. Right y-axis; Cook et al., 2002 (red) and
Luterbacher et al. 2002 (black). The data is standardized relative to 1961-1990, smoothed
with 30 year Gaussian filter (both data taken from Jones et al., 2001). Left y-axis; NAO index
from Trouet et al., 2009 (black) smoothed with 30-year spline and normalized to 1500-1983
period. (D) Atlantic Multidecadal Oscillation (AMO) as variability in SST over the North
Atlantic region and 51 year running mean average (thick black line; Mann et al., 2009) (E)
IP25 in core PL96-126 from the Barents Sea. The filled area indicates the values exceeding the
average value for the whole reconstruction.
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relative dominance of the negative phase of the NAO as suggested to occur in the
Nordic Seas after 4000 years BP (Andersen et al., 2004).

Between 1700 and 500 BP a transition towards a less cold environment started.
Probably the inflow of warm Atlantic water reached further north because the pressure
differences characterizing the NAO mode of climate variability were variable.
Alternating modes of positive and negative phases of the NAO or the AMO may have
been frequent from 1700 to 500 BP. For this period, we can compare our results with a
NAO index reconstruction spanning the last 1000 years (Figure 6.6C; blue; Trouet et al.,
2009). A mean relative positive phase of the NAO index prevailed from 1000 to 600 BP,
which the authors attributed to the Medieval Climate Anomaly, a period characterized
by warmer than average conditions in some regions (Trouet et al., 2009). A
reconstruction of the AMO spanning the last 1500 years described as SST averaged
over the North Atlantic Ocean is shown in Figure 6.6D (Mann et al., 2009). During the
period 1500 - 500 BP alternating modes of positive and negative SST anomalies at
multidecadal time scales are observed. A long term decrease in SST is observed at

multicentennial time scales.

During the last 500 years there was an increase in the transport and/or temperature of
the Atlantic water current as indicated by progressively increased influence of Atlantic
water mass in the study area. This was probably triggered by more frequent periods
with positive NAO phases, and/or a relative dominance of a positive AMO mode of
climate variability that led to a reduced winter sea ice cover and to an increase in
seasonality of sea ice cover over the study area. During this period, the winter
maximum sea ice edge position would have retreated north-eastwards due to the
influence of the high pressure system enhancing the winds and the transport of the
North Atlantic water current further north and/or by increasing temperatures of the
North Atlantic current. In summer, seasonal sea ice cover melting would facilitate the
delivery of IP25 to the seafloor and in open water conditions high abundances of
alkenones were synthesized. In fact the available NAO reconstructions covering the
last ~600 years (Cook et al., 2002) and the last ~400 years (Luterbacher et al., 2001)
show several periods with positive NAO conditions (Figure 6.6C, threshold limit for
positive index denoted with grey dashed line). The observed 20t century trend
towards more positive NAO conditions may have occurred several times since 1500
AD (Jones et al., 2001). At multidecadal to multicentennial time the reconstruction of
the AMO mode of variability shows a progressive increase in the SST anomaly during
the last 400 years that was more accentuated during the last 200 years (Mann et al.
2009; Figure 6.6D). The relative predominance of more frequent positive states of the

AMO and the NAO modes of climate variability are important factors to account for
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the northwards retreat of the minimum extent of the sea ice cover in the eastern

Barents Sea during the last 500 years.

6.6. Conclusions

Past variations in sea ice cover extent, water mass variability and export
productivity were reconstructed in the eastern Barents Sea for the last 4400 years.
During the last 4400 years there was a progressive transition from predominantly cold
polar water mass conditions towards relatively warm Atlantic water mass influence.
From 4400 to 1700 BP a high amount of polar water mass and a southwards extended
limit of the minimum extent of the sea ice cover characterized the region. Probably a
predominant negative state of the NAO and/or the AMO modes of climate variability
prevailed during this period. Between 1700 and 500 BP (300 and 1500 AD) there was a
transition period towards warmer environmental conditions. There was a progressive
increase in the Atlantic water mass influence and the minimum extent of the sea ice
cover began to retreat to the northeast. During this period alternating phases of the
NAO and the AMO modes of climate variability were frequent. During the last 500
years there was an increase in the temperature and/or in the inflow of Atlantic water
to the Arctic. In the Barents Sea the minimum extent of the sea ice cover retreated
progressively towards the north-east and the study area remained in the seasonal sea
ice zone for the last 500 years. We suggest that during the last 500 years, more periods
with positive NAO and AMO conditions prevailed.
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CHAPTER 7

7.1. Abstract

Variability in the North Atlantic Oscillation (NAO) and in the Atlantic
Multidecadal oscillation (AMO) have great influence on northern Europe’s climate. We
reconstructed sea surface temperatures (SST) at decadal resolution in a marine
sedimentary core (MD99-2286) located in the Skagerrak, which receives more than 90%
of its water from the North Atlantic Current. Our reconstruction shows an overall
decrease in SST since AD 0 to AD 1300, in common with reconstructions elsewhere in
the North Atlantic region, which is probably related to a decrease in summer insolation
at high latitudes during the late Holocene. However from AD 1600 until AD 2000 we
observe a reversal in long term cooling despite the continuous decrease in summer
insolation. We argue that warming in SST during the last 400 years was caused by
changes in the North Atlantic Current starting ca. AD 1600, which was forced by a
progressive predominance of positive modes of the NAO and the AMO. The results
further confirm the important role of the North Atlantic Ocean and the variability in
the inflow of North Atlantic water to the North Sea and the Skagerrak, as an important
factor regulating continental northern - central Europe climate at multidecadal to

multicentennial scales.

Keywords Skagerrak; North Atlantic; alkenones; sea surface temperature; late

Holocene; multidecadal variability.

7.2. Introduction

Sea surface temperature (SST) variability in the North Atlantic Ocean basin
influences European climate at yearly to multidecadal timescales (Sutton and Hodson,
2005). Various parameters affect long term variability in SST over this region such as
internal variability in the Atlantic Meridional Overturning Circulation, variation in the
inflow of the North Atlantic Current (NAC) which is controlled by subpolar gyre
dynamics and changes in the pressure gradient at sea level over the North Atlantic
zone. The North Atlantic Oscillation (NAO; Hurrell, 1995) and the Atlantic
Multidecadal Oscillation (AMO; Kerr, 2000) are climate indices used for defining

features of natural modes of climate variability in the North Atlantic region.

The NAO is a mode of climate variability relevant at decadal time scales. It is

defined as the variation of the pressure gradient between the Iceland Low and the
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Azores High pressures at sea level from daily to multidecadal time scales (Hurrell,
1995). Variability in this pressure gradient has an effect on the strength and direction of
westerly winds and storm tracks over the North Atlantic, and influences European
climate with a positive correlation with temperature and precipitation over the
continent (Hurrell, 1995). When there are strong westerly winds carrying heat and
moisture over Northern Europe resulting in relatively warm and stormy climate over
central Europe and Scandinavia, and colder and drier conditions in southern Europe,
the NAO index is in a positive mode. Instead, when the westerlies are weaker and their
track is directed southwards bringing warmer and wetter conditions over middle and
southern Europe, while northern Europe is colder and drier, the NAO is in a negative
mode (Hurrell, 1995). The correlation between SST and the changing phases of the
NAO mode of climate variability is not stationary. Based on instrumental data, higher
correlations were found when the NAO index was characterized by strong decadal
variability and mainly positive values, whereas lower correlations were identified
when the NAO index showed weak decadal variability (Walter and Graf, 2002).

The AMO has been identified as a pattern of multidecadal variability in SST in
the North Atlantic Ocean with a periodicity of ~60-90 years (Schlesinger and
Ramankutty, 1994; Kerr, 2000). The AMO index is calculated as the difference between
SST over the North Atlantic Ocean and SST in the rest of Worlds” Oceans. It has been
observed that the AMO has shifted between positive and negative SST anomalies
lasting several decades. This oscillatory mode in North Atlantic Ocean SST is driven by
changes in the strength of the thermohaline circulation and it is linked to internal
variability in the ocean-atmosphere system (Delworth and Mann, 2000; Knight et al.,
2005). A quasi persistent 55 to 70 year oscillation affected SST in the North Atlantic
region, suggesting that the AMO influenced Holocene climate variability (Knudsen et
al., 2011).

Studies at decadal resolution are fundamental for studying both long term
leading modes of climate variability and short term changes in climate in the North
Atlantic region. The Skagerrak, located between the North Sea and the Baltic Sea and
bordered by the coasts of Scandinavia (Figure 7.1) is a potential site for studying the
interaction between the open marine and the continental environments at decadal
resolution. In the Skagerrak-Baltic area various environmental parameters have been
reported to be correlated with the changing phases of the NAO mode of climate
variability (Koslowski and Glaser, 1999; Drinkwater et al., 2003; Nordberg et al., 2000;
Hagberg and Tunberg, 2000; Brutckner and Mackensen, 2006). Here we reconstructed
SST variability in the Skagerrak during the last 2000 years at decadal resolution. The

aim was to investigate SST variability in the Skagerrak and its relationship with North
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Atlantic modes of climate variability and central Europe continental climate during the

last 2000 years.

7.3. Study area

Circulation and sedimentation patterns in the Skagerrak are driven by the inflow
of Atlantic water carried with the NAC related to large scale atmospheric and oceanic
circulation patterns (Figure 7,1; Stigebrandt, 1983; Otto et al., 1990). During the last
8500 years sediments in north-eastern Skagerrak consisted of mixed material from the
Atlantic Ocean and southern North Sea, Scandinavia and the Baltic Sea (Gyllencreutz,
2005). The sediment contribution from Scandinavia and the Baltic Sea has been
estimated to be about 15% of all deposited sediments in the Skagerrak (Gyllencreutz
and Kissel, 2006; Longva and Thorsnes, 1997). During the last 900 years until present
sedimentation has been clearly dominated by southern North Sea and Atlantic Ocean
sources, as shown by mineral magnetic properties measured in the same core, MD99-
2286 (Gyllencreutz and Kissel, 2006).

The NAC enters the North Sea stimulating a counterclockwise circulation (Hass,
1996). This water circulation forms the Jutland Current that continues up into the
Skagerrak and enters the Kattegat as well (Conradsen and Heier-Nielsen, 1995). There
it mixes with the Baltic Current, a relatively fresh and cold surface outflowing current
from the Baltic. The mixture of these two water masses forms the Norwegian Coastal
Current, which makes a counter-clockwise turn in the northeastern end of the
Skagerrak, outflowing and exiting the Skagerrak along the Norwegian coast
(Gyllencreutz and Kissel, 2006). During the cyclonic turn in the northeastern Skagerrak
there is an increase in water depth, and the velocity of the current is reduced beyond
the limit where turbulence can sustain a stable concentration of suspended matter. For
this reason high sedimentation rates (up to 1 cm - year?) are found in the northeastern
and central parts of the Skagerrak (Rodhe and Holt, 1996; Bge et al., 1996)

Core MD99-2286 (58°43.77'N, 10°12.31'E; 225 m water depth, 32.4 m length) was
retrieved from north-eastern Skagerrak (Figure 7.1) by R/V Marion Dufresne using a
CALYPSO corer, a giant piston corer. The age model was established using 27 AMS 4C
dates for the entire core which covers the entire Holocene and latest Glacial sediments.
Here, we focus on the last 2000 years period where 7 AMS “C define the age model
(Table 1; Gyllencreutz et al., 2005). The upper part of the core was in addition dated
with 4 indirect 210Pb dates via correlation with the 20Pb-dated gravity core Sk000209-2
(58°43'50.4”N, 10°11'46.8”E 226 m water depth, 622 m from core MD99-2286)
(Gyllencreutz, 2005; Senneset, 2002).
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Figure 7.1.Bathymetry and general ocean circulation in the Skagerrak. Bathymetry is
indicated with a grey color scale. The white arrows indicate the Atlantic Water path flowing

directly into the Skagerrak. NJC stands for North Jutland Current. Core MD99-2286 location
is marked with a white circle. The map is from Gyllencreutz (2005).

7.4. Proxies and time series analysis

To estimate SST we used the UX3; index (Prahl and Wakeham, 1987) calculated
from the relative concentration in sediments of the di- and tri- unsaturated Cs;
alkenones (Cazz, Caz3) through the equation UX37 = (Cszz)/(Caz2+Cazs). The UK3; was
converted to temperature through the regression SST (°C) = (UX3;- 0.044) /0.033 from
a core-top Global Ocean calibration (Miiller et al.,, 1998). To estimate water mass

variability we used the percentage of the Cs74 alkenone to the total abundance of Cs7
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Table 7.1. Age model for core MD99-2286 based on AMS “C ages analysed in shells from
gastropod, mollusc and benthic foraminifera species. A correction of 400 year was applied to
account for the air-sea reservoir difference (Gyllencreutz, 2005).

Laboratory Core . uC age Age range (cal. yr BP)
depth Dated species ] ]
reference (cm) BP Max (1o) Median Min (10)
ETH-24001 268 Ennucula tenuis 53550 252 166 113
ETH-24397 319.5 Thyasira equalis 730445 417 372 320
ETH-25547 370.5 Nucula tumidula 90060 548 513 467
ETH-26938 481.5 Foraminifera (mixed fauna) = 1225455 824 768 699
ETH-26940 640.5 Foraminifera (mixed fauna)  1530+50 1146 1080 1024
ETH-25956 801 Foraminifera (mixed fauna) 191555 1518 1458 1398
ETH-26390 1001 Foraminifera (mixed fauna) 2175450 1819 1766 1705
ETH-26941 1070.5 Foraminifera (mixed fauna)  2440+55 2138 2076 1997

alkenones (%Csz4 = (Cs74/(Car2tCaz3+Cs74)) 100; Bendle et al.,, 2005). The export
productivity was estimated with the analysis of total abundances of alkenones and
chlorins. The source origin of the sediments was characterized with the analysis of n-
alkanes and the measure of the carbon preference index (CPI). For detailed information

on the biomarkers and the analytical methods see chapters 1 and 2.

Predominant periodicities throughout the SST record were analyzed with the
REDFIT technique (Schulz and Mudelsee, 2002) using the PAST software (Hammer et
al., 2001). This procedure can work directly with unevenly spaced data, previously
detrended. REDFIT estimates a spectrum using a Lomb-Scargle periodogram and
Monte Carlo simulations for bias correction. The approach performs a test of the red
noise level (AR(1)) and denotes which periodicities are present in the record and

significant above the red noise and a specific significance level (i.e. 90%, 95%).

Change in the periodicities through time at different time scales was analyzed
using a wavelet coherence analysis (Torrence and Compo, 1998). In this procedure, the
time series is decomposed into several wavelets, which map the temporal changes in
the periodicities. The variability of the periodicities is then highlighted through the
record at different timescales. The previously detrended data was also converted to an
evenly spaced data set prior to using this methodology. The Morlet wavelet was used

as a basis function. MATLAB software was used to perform this analysis.

Significance of Zero Crossings of the Derivative (SiZer) was used to investigate if
the visually inspected trends in the alkenone data at different time scales were
statistically significant features (Chaudhuri and Marron, 1999). The SiZer plot consists
of a map with x axis as time (age AD) and y axis as the logarithmic function of the
family of smooths for a wide range of bandwidths (h). The SiZer analysis shows

whether at a specific point (time, h) the first derivative of a curve is statistically
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different from zero. If it is above zero, there is a significant increase in the curve
(shown in blue in the SiZer map). If the derivative is below zero, there is a significant
decrease in the curve (shown with red area) and if the value is around zero there is an
insignificant change (indicated with purple colour). The open software R was used to

perform this analysis (Sonderegger, 2012).

7.5. Results and discussion

7.5.1. Water mass and SST variability in the Skagerrak during the last 2000

years

During the last 2000 years, sediments in the Skagerrak had Atlantic and southern
North Sea sources, with minor contributions from Scandinavian runoff and Baltic Sea
outflow (Gyllencreutz and Kissel, 2006). Therefore, the environmental parameters
reconstructed from core MD99-2286 provide information on past changes in the
southern North Sea and Skagerrak region in addition to the NAC. We analyzed n-
alkanes to qualitatively assess the origin of organic matter in the study area. For the
last 2000 years the CPI values for n-alkanes with chain lengths between 25 and 34
averaged 3.3, and ranged between 1.8 and 4.4 (Figure 7.2B). CPI values of this range are
found in marine environments with contributions from higher plants, suggesting a
terrestrial contribution to the marine environment. In the Skagerrak, these terrestrial
sources were derived from Scandinavia river run off and dust transported with the
westerly winds. River run-off in the Skagerrak accounts for ~10% of the total

freshwater input in the area (Gustafsson and Stigebrandt, 1996).

The percent of total organic carbon (TOC%), was quite stable for the last 2000
years in the northeastern Skagerrak (Figure 7.2A). The TOC% ranged between 1 and
2%, and increased progressively towards present. The highest values were detected
from AD1850 to 2000 (Figure 7.2A; Erbs-Hansen et al., 2011). The alkenone and chlorin
concentrations were normalized to the percentage of total organic carbon (TOC%) to
account for possible change in preservation of the biomarkers (Figure 7.2C;D). The
concentration of chlorins can be used as an indicator for total primary exported
production (Harris et al., 1996). During the last 2000 years we observe two periods of
increased total export productivity: the first during AD 750 - 950 and the second
during AD 1800 - 2000. These two periods coincided with higher than average TOC
values (Figure 7.2A;C). Erbs-Hansen et al. (2011) linked periods of increased TOC

content to increased low quality nutrients, enhanced turbidity and warming in bottom
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Figure 7.2. Core MD99-2286 environmental reconstruction for the last 2000 years AD. The
thick lines indicate 5-point running mean averages. The values above the mean for the whole
period are marked as filled areas. The labels on top of the figure indicate the European
climate periods: Roman Warm Period (RWP), Dark Ages (DA), Mediaeval Warm Period
(MWP), Little Ice Age (LIA) (e.g. Mayewski et al., 2004, Bianchi et al., 1999, Mann et al., 2009)
(A) Total organic carbon (TOC%) (Erbs-Hansen et al., 2011). (B) CPI ratio of n-alkanes (25-34
carbon chain length). (C) Abundance of chlorins normalized per TOC (ng groc™) at 662
bandwidth (green). (D) Total abundance of alkenones normalized per TOC (ng groc?) (grey).
(E) Relative presence of alkenone Csz4 over the rest of its counterparts (%Csz4) (light blue).
(F) SST reconstruction from the UK3; index (dark blue). The floating error bar at the SST Y-
axis indicates the laboratory analytical error (reproducibility) for the SST (°C) measurements.
The black squares in the x-axis indicate the 1C AMS measurements in which the age model
is based (Gyllencreutz et al., 2005). The white inversed triangles indicate the complementary
20Pb dates for the upper part of the core (Senneset, 2002; Gyllencreutz, 2005).
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water temperature estimated from benthic foraminifera in core MD99-2286. In our
study we found SST values estimated from UK’3; to be higher than average during these

two periods as well (Figure 7.2F).

We interpret the concentration of alkenones as an indicator of exported
productivity from haptophyceae algae, their source organisms. During the last 2000
years the total concentration of alkenones averaged 1100 ng groc?! and ranged between
340 and 2800 ng groc!. Non normalized per TOC values are between 550 and 3550 ng
g1 which are comparable to the alkenone abundances in surface sediments from the
Skagerrak reported by Blanz et al. (2005). Total alkenone concentrations were found in
major abundances in surface sediments retrieved from the Skagerrak center (up to
12200 ng g1). Alkenone abundances decreased to 6000 ng g in the eastern Skagerrak,
down to 1500 ng g in the northern Kattegat and the lowest values were found in the
inner Baltic Sea (1000 ng g?) surface sediments (Blanz et al.,, 2005). Alkenone
concentrations decline progressively from the Skagerrak towards the inner Baltic Sea
(Blanz et al., 2005). Variability in the %Cs74 signal downcore indicates a water mass
change, with high %Cs7.4 values indicative of a strengthening of the Baltic Sea outflow
to the Skagerrak (Blanz et al., 2005). Therefore combining the abundances of alkenones
and the %Cs74index we can qualitatively estimate the variability in water mass change

in the Skagerrak sector.

Our record shows comparatively low alkenone abundances between 0 and 700
AD, around AD 900 - 1000 and AD 1800 - 2000. During the period AD 1000 - 1800 the
alkenone abundance values are generally above the average for the whole period
recorded, in contrast to AD 0 - 1000 which showed generally low concentrations. The
%Cs7.4 values are higher during 300 - 500 AD and around AD 800 and 900 (Figure 7.2E).
The period AD 1100 until 2000 is characterized by more stable %Cs74 values, generally
lower than 10% but with abrupt short term peaks reaching values up to 15-20% (Figure
7.2E). Low alkenone concentrations and high %Cs74 indicate that from AD 0 to 600
there were periods with increased Baltic outflow (Figure 7.2D;E). This finding is in line
with results concerning the magnetic properties of core MD99-2286, which indicate
periods of enhanced Baltic water influence until AD 750 (Erbs-Hansen et al., 2011;
Gyllencreutz and Kissel, 2006). During the last 1000 years, comparatively high
alkenone abundance and low %Cs74 would indicate more Atlantic-like water mass
conditions in the Skagerrak. Changes in foraminifera species suggest enhanced
Atlantic water inflow after AD 850 in the same core (Erbs-Hansen et al., 2011). Besides
the general trends, some spikes with high %Cs74 indicate short pulses of Baltic water
outflow over the last 2000 years, which were more frequent in the first millennia of our
record (AD 0 - 1000).
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When %Cs74values are higher than 10%, the UX37is no longer linearly related to
SST in the Skagerrak-Kattegat region (Blanz et al., 2005). Nevertheless accurate past sea
surface temperatures can be obtained in the Skagerrak sector using the UX3; index,
because UK3; SST estimates from surface sediment samples plot within 1°C of the
global calibration by Miiller et al. (1998) (Blanz et al., 2005). Furthermore, comparison
between the modern instrumental SST from the Skagerrak during the last 200 years
(Chapter 3) with SST - UK’3; estimates for the same period show that the SST calculated
with U K37 values (using the calibration from Miiller et al., 1998) fall between annual
and summer SST instrumental measurements. In addition the alkenone pattern in
samples from core MD99-2286 (Figure 7.3) is indicative of the presence of Atlantic
water mass in the study site (Bendle and Rosell-Mel¢é, 2004), giving further support to
the use of this proxy in this area. Inclusion of the Csz4 in the calibration did not
improve the relationship to SST in this area (Blanz et al., 2005), therefore we used UK3;

instead of UKs;.

C37 Css Cag

Figure 7.3. Representative GC-FID trace of alkenone patterns in core MD99-2286. Alkenones
used in this study are: (A) Csz4 Me; (B) Cazz Me; (C) Caz2 Me. The other compounds were
identified to determine the alkenone water mass fingerprint as described by (Bendle and
Rosell-Melé, 2004): (d) CassEt, (€) CasaMe, (f) Cas2Et, (g) Cas2Me.

During the last 2000 years, SST estimates (UK3; calibration from
Miiller et al. (1998)) average 11.7 °C. The SST record shows apparent cycles of warm
and cold values (Figure 7.2F), Three periods of warmer conditions, with temperatures
~1°C above the record mean can also be seen. These periods are located in the earliest
part of the record, until AD 470, the middle part AD 980 - 1180 and the recent part
from AD 1770 until AD 2000. Cold periods with temperatures ~1°C below the record
mean were also detected, as two periods characterized by short term pulses of lower
temperatures, at AD 480 - 575 and AD 1175 - 1240, and a more extended period of
colder SST conditions spanning from AD 1360 to 1700. The period between AD 580 and

980 shows two repeated warm - cool cycles. Major climatic changes, concerning
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generally warmer or cooler conditions have been described to affect Europe during the
last 2000 years. These periods are known as the Roman Climatic Optimum (BP 300
until AD 400) when mild climate conditions prevailed; the Dark Ages (AD 400-950), the
Medieval Warm Period (AD 950 - 1250), the Little Ice Age (AD 1250 - 1700) and the
recent warming since AD 1850 (Bianchi and McCave, 1999; Hass, 1996, Mann et al.,
2009; Mayewski et al.,, 2004). However the timing, extent and magnitude of these
periods are not homogeneous and change according to the region (Hughes and Diaz,
1994). In our record, climatic periods comparable to those previously defined can be
identified between the periods AD 0 - 470 (warm), AD 1175-1240 (warm) and AD 1360-
1700 (cold) (Figure 7.2F). After the cooling ending around AD 1700, SSTs increased

towards present.

7.5.1.1. Significant trends and natural variability in SST

To assess if the visually inspected SST trends were statistically significant we
generated a SiZer plot with the SST raw data (Figure 7.4A; Chaudhuri and Marron,
1999). The SiZer plot consists of a map with x axis indicating time (age AD) and y axis
the logarithmic function of the family of smooths for a wide range of bandwidths (h). It
shows whether the visually inspected increasing or decreasing trends in the data are
statistically significant, or just random data variability from multidecadal to
multicentennial time scales. The information is given at different points through the
record (x-axis), and at different time scales of variability (y-axis). Significant decreasing
trends are shown in red, increasing curvatures are marked in blue, and natural
variability of the data (no significant changes in the curvatures) is shown in purple
(Figure 7.4A).

At multicentennial time scales (Figure 7.4A; upper part of the SiZer map) red
predominates during the period AD 0 - 1300, indicating there was significant long
term cooling. Between AD 1300 and 1600 purple dominates the map, indicating that
the changes in the data are part of its natural variability. From AD 1600 to AD 2000, the
extended blue area in the left (x-axis) middle (y-axis) part of the SiZer map (Figure
7.4A) indicate that there was a significant warming taking place at multidecadal to
centennial time scales. At multidecadal scale there are four short term, abrupt,
significant changes in temperature. Two significant abrupt coolings are found between
AD ~ 440 - 510 and 1080 - 1190. Two significant short term temperature increase
periods are found between AD ~ 70 - 160 and 520 - 600. The significant cooling from
AD 0 to 1300 at multicentennial frequency might have to do with summer solar

insolation decrease during the last 2000 years (Figure 7.4B). Visual comparison of
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Figure 7.4. (A) SiZer map of SST in core MD99-2286. The plot is a function of location (time, x-
axis) and scale (multidecadal to multicentennial variability; h, y-axis). An increase in the
derivative (a significant warming trend) is shown in blue, a decrease in the derivative (cooling
trend) is noted in red and no change in the derivative (natural variability of the data) is shown
in purple. The distance between the two curved white lines indicate the scale at each level of
resolution (Chaudhuri and Marron, 1999). (B) SST (UK37 ) from core MD99-2286 with a 5-point
running mean average (thick blue line). Summer insolation at 60°N for the last 2000 years (grey
line; Laskar, 2004). The arrows indicate the significant changes from the SiZer map. (C) Morlet
wavelet transform coherence analysis of SST in core MD99-2286 (Torrence and Compo, 1998).
The color scale at the right Y-axis indicates the power (increasing from blue to red) and the
shadowed area corresponds to the cone of influence (non significant data because of edge
effects). The periodicities with significance above 95% are circled with a black line.

insolation at 60°N (Laskar et al., 2004) with SST (Figure 7.4B) denotes that they both
decreased visually until AD 1600. The significant decrease in SST during AD 0 - 1300
could have been a response to change in insolation. From AD 1600 to AD 2000
insolation continued decreasing but the cooling trend in SST changed to a progressive
and statistically significant warming, at multidecadal to multicentennial scale. This
warming could have been triggered by changes in internal variability of the ocean -
atmosphere system, such as an increase in the advection of the NAC bringing relatively
warm waters to northern Europe. Air temperature, SST and westerly winds are highly
and significantly correlated to NAO variability along the Norwegian Skagerrak coast.
High SST, air temperature and westerly winds were observed in years of positive NAO

index and vice versa (Fromentin et al., 1998). A reconstruction of the NAO spanning
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the last 500 years showed that since AD 1500 there were several periods with positive
NAO values (Luterbacher et al., 2001). The observed increase in SST from AD 1600
until 2000 in our Skagerrak record could be related to a mean predominance of the
positive phase of the NAO and/or AMO affecting this region since approximately AD
1600.

7.5.1.2. Climatic cycles in SST record

In order to find significant periodicities in the SST record resolved on a decade
scale, we performed time series analysis using the software REDFIT (Schulz and
Mudelsee, 2002) on the raw SST data from core MD99-2286 after detrending the data
(Figure 7.5). The lower grey line in Figure 7.5 shows the theoretical significance level
for red noise at different periodicities. The upper grey lines show the periodicities
which are significantly different from the red noise at 90 and 95% confidence interval
levels (CI). At multicentennial time scales, there is a prominent 220 year period with a
CI above 95% and a 397 year period with a CI above 90%. At multidecadal scale, there
are two periods of 27 and 31 years above a 90% CL

In order to study the evolution through time of any significant periodicities, we
used (Morlet) Wavelet analysis (Torrence and Compo, 1998) on the detrended and
evenly spaced SST data. The local wavelet power spectrum shows the presence of the

different periodicities at different time scales during the last 2000 years (Figure 7.4C).

At multicentennial time scales, the 397 year period (according to REDFIT analysis,
CI above 90%) is present from AD 600 to 1400. The 220 year period is relevant during
the time interval from 0 to 1600 AD. This period is continuously present during this
time interval, with increased strength during AD 200-500. At multidecadal scales
periods of ~ 30 years are significant above 95% (circled with a black line). Those
periods are present at distinct parts of the record in an intermittent pattern (between
AD ~350-450, ~1000-1200, ~1250-1400 and ~1800-1850). The 220 year period has been
reported in the literature to be related to total solar irradiance variability. Specifically,
this periodicity has been linked to the Suess (or De Vries) cycle which has a periodicity
of 225 years and a solar origin (Wagner et al., 2001). Previously, cycles of ~260 years
were also found in the region, i.e. in glaciolacustrine sediments from northern Norway
(Matthews et al.,, 2000) and marine sediments from the Baltic Sea (Kunzendorf and
Larsen, 2002) and also cycles of ~200 years in the Baltic Sea (Yu, 2003).

At multidecadal scale, the periods of ~30 years present in our SST record, could

be linked to internal variability of the ocean - atmosphere system. The AMO has
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Figure 7.5. Red noise and frequencies in SST data from core MD99-2286. The red noise level
is shown with a grey line (AR(1)). The frequencies statistically significant above 90 and 95%
confidence interval (grey lines) are labeled with the corresponding period (years). The
analysis was done with REDFIT (Schulz and Mudelsee, 2002).

usually been described as having a periodicity of 60 - 90 years (Kerr, 2000; Schlesinger
and Ramankutty, 1994), but recent proxy and model results show a more complex
picture with variable periodicities ranging from 30 to 100 years (Delworth and Mann,
2000; Hubeny et al., 2006; Knight et al., 2005). The statistically significant cycles of ~30
years found in our record might be linked to the AMO signal. Figure 7.6E shows the
AMO reconstruction covering the last 1500 years from Mann et al. (2009), described as
SST averaged over the North Atlantic ocean as defined by Kerr (2000). The AMO is
marked by substantial multidecadal variability. To compare decadally resolved SST -
UK'37records with the AMO variability at long time scales, it is recommended to filter
the data in order to decrease the noise contribution (Heslop and Paul, 2011). After
filtering the data we can visually compare the AMO reconstruction (Mann et al., 2009)
to our SST record from the Skagerrak at multicentennial scales. We must take into
account that the absolute temperature change is 3-fold higher in the Skagerrak SST
record reconstructed from alkenones than in the AMO reconstruction. The 51 year
filtered AMO record (thick black line in figure 7.6E) shows that at multicentennial time
scales, there was a long term cooling from AD 500 to AD 1600, followed by a
progressive warming period. This warming took place at two steps; a first period from
AD 1600 to around 1750 that ended with a short cooling and a second period from AD
1800 that was characterized by a progressive warming until present (discontinuous

vertical lines in Figure 7.6). Both records show higher than average SST during the time
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interval AD 900 - 1100 that corresponds to the MWP. The similarities between the
AMO record and the Skagerrak SST reconstruction show the close links between North
Atlantic Ocean heat transport variability and northern Europe climate at

multicentennial time scales.

7.5.2. Regional climate during the last 2000 years

The significant cooling observed in our record at multicentennial time scales
from AD 0 to 1300 is related to a general decrease in SST observed in several records
from the North Atlantic region (Marchal et al., 2002). In some records a warming is also
observed during the last centuries usually starting later than the warming observed in
our SST record from AD 1600 to present (Figure 7.6). The majority of the records cited
here show multidecadal and multicentennial variability. Here we focus on the long

term multicentennial variability.

A decrease in bottom water temperature of ca 1 °C was found for the period BC
49 to AD 1350 in a northern Norway fjord reconstruction from 80 in benthic
foraminifera, which the authors associated to the decreasing insolation (Figure 7.6A)
(Hald et al., 2011). The authors found an unprecedented warming from AD 1800 until
2000 in northern Norway bottom water temperature, which they associated to polar
amplification of global warming. In our record a significant warming started at AD
1600, which is 200 years earlier than in the northern Norway record. Using the same
technique, bottom water temperatures were reconstructed in the Skagerrak for the last
1200 years (Figure 7.6B; Briickner and Mackensen, 2006). The authors found a close
relationship between long term bottom temperature variability and the NAO during
the last 1200 years, and a progressive increase in temperature starting at AD 1800. A
regional climate model from the Baltic area for the last thousand years, simulated a
gradual cooling until AD 1700 that continued with an increase in temperature during
the last centuries (Schimanke et al., 2012). In central Europe, air temperatures
reconstructed from documentary data for the last millennium (Figure 7.6C), also show
multidecadal variability, a warming around AD 1200 followed by a gradual cooling at
multicentennial scales with its minima at AD 1700 (Glaser and Riemann, 2009). A
warming trend was observed from AD 1800 to present with a magnitude of 1 °C
(Figure 7.6C; Glaser and Riemann, 2009).

The available NAO reconstructions spanning the last 500 years (Lutherbacher et al.,
2002; Cook et al., 2002) or the last 950 years (Trouet et al., 2009) show sustained periods
with predominantly positive NAO that lasted several decades, which was alternated
with periods of negative NAO (Figure 7.6G). During the last 200 years the three NAO
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Figure 7.6. Comparison between the SST record (blue) generated in this study and previously published
records (black and grey). The discontinuous lines indicate the period AD 1600 - 1800 and 1800 - 2000. Bottom
water temperature variability estimated from the analysis of benthic foraminifera in (A) Malangen Fjord,
Northern Norway (Hald et al., 2011) and (B) the Skagerrak (Briickner and Mackensen, 2006). The thick black
line is a 5 point running mean average. (C) Reconstruction of central Europe air temperature from
documentary data (Glaser and Riemann, 2009); 11 year moving average temperature anomaly over period
1761-1970 (grey) and 51 year running mean average (thick black line). The grey area is the estimated error for
the 11 year moving average (10). (D) SST from core MD99-2286 (this study); raw data (pale blue) and 5 year
running mean average (thick dark blue line). The blue area shows the upper and lower 1o estimates taking
into account the 0.5°C of analytical error. (E) Atlantic Multidecadal Oscillation (AMO) (Mann et al., 2009) as
variability in SST over the North Atlantic region; 1850-2006 principal component-filtered instrumental
observations (grey) and 51 year running mean average (thick black line). The grey area shows the 95%
uncertainty interval. (F) Multiproxy reconstruction of Northern Hemisphere temperature (Moberg et al., 2005)
given as temperature anomalies for 1961-90 average (grey) and lower and upper bounds of uncertainty (thin
black lines) of the 80-yr component AD 133-1925 (thick black line). (G) Reconstructions of the North Atlantic
Oscillation (left axis, red, Cook et al., 2002; left axis, black, Lutherbacher et al., 2002; right axis, blue, Trouet et
al., 2009).
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reconstructions show long periods with the NAO in a positive phase that are more
frequent than periods with the NAO in a negative phase. At multidecadal to
multicentennial time scales, the variability in the AMO is visually comparable to the
SST variability throughout our Skagerrak record (Figure 7.6D;E). This reinforces the
fact that changes in the thermohaline circulation and the inflow of Atlantic water shape

climate variability in this region at multidecadal to multicentennial time scales.

The similarities between temperature trends found in these paleoclimatic records,
located in southern and northern Norway, in the Baltic and in central Europe further
corroborate the links between the variability in internal factors like the AMO, the NAO
the NAC heat transport, and external forcing factors such as the solar irradiance, in
shaping both oceanic and continental climate in the Skagerrak region and northern

Europe during the late Holocene at multicentennial time scales.

Considering wider geographical scales more similarities between our record and
previous reconstructions can be observed at multicentennial time scales. For instance,
in the northeastern Atlantic, records of planktonic foraminiferal Mg/Ca ratios and
oxygen isotopic compositions reveal a general long term cooling at multicentennial
scales during the late Holocene (Richter et al., 2009). These authors related the cooling
trend to variability in solar forcing and reduced heat transport from the ocean
associated with predominant periods of negative NAO during the last 2400 years. A
compilation of alkenone-derived SST measurements from seven cores located in the
northeastern Atlantic and the Mediterranean, also documented a general long term
cooling during the Holocene (Marchal et al., 2002). A multiproxy study compilation of
marine records along the western European margin found lower temperatures during
the period AD 1300 and 1900 and progressively warmer SSTs during the last 200 years
(Eiriksson et al., 2006). Global temperature estimates from low and high resolution
proxy data in the Northern Hemisphere also report a warming during the last 400
years (Figure 7.6F; Moberg et al., 2005). Estimates of Northern Hemisphere ground
surface temperature measurements in 700 boreholes (Pollack and Smerdon, 2004) show
a warming of 1°C during the last 500 years, half of which fall in the twentieth century
only. These reconstructions from an area covering the North Atlantic are consistent
with the trends observed in our SST record further indicating the connections between
the northern North Atlantic SST variability, the AMO, and the climate trends in
northern Europe. In addition, in Chapters 5 and 6 of this thesis we found a continuous
change in the proxy records that started ca. 500 years ago, which we attributed to a
progressive increase in the inflow or in the temperature of the NAC from AD 1500 to

present.
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7.6. Conclusions

During the last 2000 years, SST in the Skagerrak varied at both multidecadal and
multicentennial scales. A cyclicity with a period of 220 years, significant at 95%
confidence level, dominates during most of the record, whereas periods of ~30 years
are present intermittently. These periodicities are linked to solar variability and to
variability of the AMO. At multidecadal time scales there were two significant
warming events at ~ AD 70 - 160 and 520 - 600 and two significant cooling events at
AD ~ 440 - 510 and 1080 - 1190. At multicentennial time scales, there is a statistically
significant cooling from AD 0 until AD 1300 followed by a transition period with
natural climatic variability and a statistically significant warming from AD 1600 until
AD 2000. The general cooling trend is probably linked to a decrease in summer
insolation at high latitudes during the late Holocene. The cooling was progressively
reversed by a long term warming trend in spite of continued decreasing insolation.
This warming could be linked to a different climate forcing, related to internal

variability of the ocean - atmosphere system.

Comparing our SST record from the Skagerrak with a terrestrial air temperature
record from central Europe, a reconstruction of SST in northern Norway and a model
output of SST in the Baltic we found similarities regarding the long term general trends
at multicentennial scales. Particularly, a cooling in the earlier part of the record
continued with an increase in temperatures from AD 1600, 1700 or 1800 depending on
the reconstruction. Comparing the Skagerrak reconstruction with a general North
Atlantic Ocean reconstruction for the AMO, we see visually comparable trends at
multicentennial scales. The results further confirm the important role of the North
Atlantic Ocean, and specifically the inflow of North Atlantic water to the North Sea
and the Skagerrak, as an important factor regulating continental central Europe climate
at multicentennial scales. The temperature increase in the last centuries could be
caused by an enhancement of the NAC transport starting ca. AD 1600 as also observed
from high latitude records in Chapters 5 and 6 of this thesis. The mechanisms
triggering such enhanced inflow could be linked to the internal variability of the ocean
- atmosphere system, such as a progressive predominance of positive modes of the
North Atlantic Oscillation. During the late Holocene, changes in SST at multidecadal to
multicentennial time scales found in our record and in several studies from the North
Atlantic region can be attributed to both variability in solar forcing and also changes in
heat transport via the NAC, promoted by shifts in the predominant state of the NAO
and AMO variability.
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CHAPTER 8

The purpose of this dissertation was to contribute new data to gain a better
understanding on past climate variability in the North Atlantic during the late
Holocene. The study area is particularly important for modulating European climate,
and it is sensitive to changes in the internal modes of climate variability. The aim was
also to place the present warming of climate into a wider temporal context. The climate
reconstructions were undertaken using well established biomarker proxies as well as
recently developed ones. In Chapters 3 and 4 we tested the applicability of the
relatively new TEXgs and MBT/CBT indices in a marine coastal environment as well as
in soils. In Chapters 5, 6 and 7 we described new climate reconstructions for the
eastern Fram Strait, the Barents Sea and the Skagerrak covering the last 2000 or 4400

years at decadal or multidecadal resolution.

In Chapter 3 we used a GDGT based approach to reconstruct sea surface
temperatures (SST) and air temperatures in the Skagerrak region at decadal resolution.
We compared the temperature estimates to instrumental SST and air temperature
records from the region covering the last 200 years. We found that for this time period
the GDGT derived estimates resembled annual SST for TEXss, but those temperatures
derived using the combined MBT/CBT indices were closer to summer air temperatures
rather than mean annual temperatures (MAT). We discussed possible explanations for
the MBT/CBT bias towards summer temperatures in the Skagerrak, such as enhanced
productivity of GDGT lipids in soils during summer months, or preferential transport
of GDGT from the continent to the marine environment in summer months when
Glomma River runoff is increased, or an allochthonous origin of the GDGT signal in
the Skagerrak.

To test these hypotheses, we conducted a year round field study in southern
Norway and the Pyrenees (Chapter 4). We examined core and intact branched GDGTs
distributions in soils that were collected each month, as well as in samples of
transported and deposited suspended organic matter (Chapter 4). We found that
temperatures calculated using the concentrations of both core and intact GDGTs did
not follow seasonal temperature change in soil samples at either of the study sites. The
absolute temperature values were closer to annual temperatures rather than to any
specific season. The transport of core branched GDGTs did not change the temperature
estimates either, but temperatures estimated with intact GDGTs concentrations
analyzed in recently eroded suspended particulate organic matter showed seasonal
temperature variability in some samples. In addition, the transport of branched GDGTs
was decoupled from the Glomma River discharge cycle therefore they are not
preferentially transported to the Skagerrak during summer months as suggested in

Chapter 3. Regarding the samples of deposited organic matter, temperatures estimated
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with core GDGTs were close to annual means in the Pyrenees, but closer to summer
temperatures in the Skagerrak. In situ GDGT production in the Skagerrak can not be
discarded as a source for these lipids, which are usually associated to terrigenous
inputs. The branched GDGTs found in the Skagerrak might be a result of a mixture

between lipids transported from southernmost locations and in situ production.

In Chapter 5 we used alkenone and GDGT based proxies to reconstruct past air,
SST and polar freshwater extent variability in the eastern Fram Strait for the last 2000
years. Temperature fluctuations were detected at multicentennial scales, and we found
a progressive increase in air temperature during the last 1000 years, which was
simultaneous with a temperature decrease in the upper mixed water layer. Polar
freshwater in the area seemed to increase during this period. Taking into account the
oceanographic features of the eastern Fram Strait, we suggested that there was an
enhancement of heat transport via the North Atlantic Current to this area, starting at
~1000 AD, that was more accentuated during the last 500 years. Simultaneously, there
was a progressive sea ice melting and a cooling of the upper mixed surface layer in the
eastern Fram Strait. Our climate reconstruction may indicate long term average
changes in the positive and negative modes of Arctic multidecadal variability in this
region over the last 2000 years. During the last 1000 years, a mean relative dominance
in the positive phase of this mode of variability may have prevailed at multicentennial

time scales.

In Chapter 6, past variations in sea ice cover, marine export productivity and
variability in the extension of Polar and Atlantic water masses were reconstructed in
the eastern Barents Sea using alkenones and IP25 biomarkers. We proposed that during
the last 4400 years there was a progressive change from more polar, cold, water mass
conditions towards more Atlantic-like, warmer, environmental conditions as indicated
by a progressive decrease in %Csz4 from 4400 BP towards present. Considering the
concentration of alkenones as a marker of phytoplankton summer export productivity,
combined with the abundance of IP25, we suggested that there was a progressive
cooling from 4400 BP towards 1700 BP, with important polar water mass influence and
extended sea ice cover, probably due to a lower influence of Atlantic water mass
reaching the Barents Sea. A progressive transition towards greater inflow of Atlantic
water took place after 1700 BP (~300 AD), with an increase in summer export
productivity and less extended sea ice cover. From 500 BP (~1500 AD) towards present,
there was a progressive increase in Atlantic Water inflow, and a northeastern retreat of
the minimum extent of the sea ice edge. We suggested that during the last 500 years,

more periods with positive NAO conditions prevailed.
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In Chapter 7 we reconstructed SST variability in the Skagerrak at decadal
resolution, finding high variability in SST from multidecadal to multicentennial time
scales. We performed a SiZer analysis to check which of the visually inspected SST
trends were statistically significant. We found that, at a multicentennial scale, there
was a long term SST cooling trend in the Skagerrak from AD 0 until AD 1300 that
could be related to a decrease in summer insolation at high latitudes during the late
Holocene, which is coherent with previous findings from records of SST in the North
Atlantic. This trend was reversed by a progressive warming taking place from AD 1600
until AD 2000 in spite of continued decreased insolation. We suggested that this
warming trend was linked to an enhancement in the heat transport carried by the
North Atlantic Current starting ca. AD 1600. The mechanisms triggering such
enhanced inflow could be linked to internal variability of the ocean - atmosphere
system, such as a progressive predominance of positive modes of the NAO and the
AMO. The SST reconstruction is visually comparable to a reconstruction of the AMO at
multicentennial time scales but with different temperature anomaly magnitudes,
suggesting a strong link between SST variability over the North Atlantic region and in
the Skagerrak region. The SST record from the Skagerrak is also comparable to an air
temperature reconstruction for central Europe, suggesting a close link between ocean

and continental temperature variability in this region.

A relevant finding to emerge from this study is the connection between the three
new climate reconstructions on multidecadal to multicentennial time scales. From the
records located in the eastern Fram Strait and the Barents Sea, positioned in the two
main paths where the northward flowing North Atlantic Current meet the Arctic, we
interpret there was a progressive temperature increase probably due to an
enhancement in the heat transport carried by the North Atlantic Current. This trend
started at ~1000 - 1300 AD but was accentuated from ~1500-1600 AD until the most
recent part of the records. In the Skagerrak, an area influenced by 90% North Atlantic
water, a long term cooling that lasted until AD 1300 was reversed by a progressive
warming since AD 1600 even though insolation continued to decrease. We suggest that
the warming trends observed in the three records during the last ~400 years were
caused by changes in internal modes of climate variability such as predominantly
positive phases of the Arctic MDYV, the NAO or the AMO. The discussed trends found
in our records, are statistically significant at multidecadal to multicentennial time
scales according to a SiZer analysis conducted in our biomarker reconstructions
(Figure 8.1).
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CHAPTER 8

Previously published reconstructions of Northern Hemisphere temperatures
show great low frequency variability at centennial time scales, as mentioned in Chapter
1. But these reconstructions usually agree with the original hockey stick dataset in that
the 20th century temperatures are the warmest of the last 1300 years. The new climate
reconstructions generated here, show high variability at multidecadal scales and long
term trends at multicentennial scales. Regarding the 20t century temperatures, only
the air temperature reconstruction from the eastern Fram Strait shows a steep
temperature increase since AD 1860 until present, reaching the highest temperature
values for the whole record. For the Barents Sea record, we could not generate
quantitative reliable SST estimates with the biomarkers that we used. In the Skagerrak,
there are periods through the entire record with SST values of a magnitude comparable
to the most recent part of the record. However, from the existing scientific literature
and particularly from the exhaustive studies conducted by the Intergovernmental
Panel on Climate change, it is recognized that since the 1970s global average
temperatures have increased considerably partly due to anthropogenic activity and the
effects of this warming trend are already noticeable. Therefore we conclude that the
impact of human activity on climate is superimposed on a longer term warming trend
caused by changes in natural modes of climate variability that progressively affected

the study areas during the last ~400 years.

The results presented here have thrown up many questions in need of further
investigation. Regarding the proxies based on GDGTs, the origin of these lipids in the
Skagerrak should be addressed before applying these proxies in this area with
reliability. In addition, further research should investigate if branched GDGTs can be
synthesized in situ in the Skagerrak and in other marine environments. Research efforts
should be made to find the source organisms responsible for synthesizing these lipids
in soils. The causes for variability in temperature estimates with the transport of intact
GDGTs in our study area are not well understood and could be further investigated by
expanding the limits of the study period and region. Concerning the paleoclimate
reconstructions, further work needs to be done to validate whether the natural climate
variability trends found in this study were caused by the internal and external modes
of climate variability that we suggested here. Incorporating the newly generated proxy
data to climate models that combine different climate forcings could be a way to
address this question. Furthermore, in our reconstructions the recent warming trend
starts at ~1600 AD which is 100-200 years earlier than observed in other reconstructions
that show a warming from the little ice age to the present. Further research is needed to
determine if this early starting warming trend is characteristic for this particular

region.
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