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a b s t r a c t

Holocene climatic change is driven by a plethora of forcing mechanisms acting on different time scales,
including: insolation, internal ocean (e.g. Atlantic Meridional Overturning Circulation; AMOC) and at-
mospheric (e.g. North Atlantic Oscillation; NAO) variability. However, it is unclear how these driving
mechanisms interact with each other. Here we present five, biomarker based, paleoclimate records (air-,
sea surface temperature and precipitation), from a fjordic sediment core, revealing North Atlantic
terrestrial and marine climate in unprecedented detail. The Early Holocene (10.7e7.8 kyrs BP) is char-
acterised by relatively high air temperatures while SSTs are dampened by melt water events, and rela-
tively low precipitation. The Middle Holocene (7.8e3.2 kyrs BP) is characterised by peak SSTs, declining
air temperatures and high precipitation. A pronounced marine thermal maximum occurs between ~7
e5.5 kyrs BP, 3000 years after the terrestrial thermal maximum, driven by melt water cessation and an
accelerating AMOC. The neoglacial cooling, between 5.8 and 3.2 kyrs BP leads into the late Holocene. We
demonstrate that an observed modern link between Icelandic precipitation variability during different
NAO phases, may have existed from ~7.5 kyrs BP. A simultaneous decoupling of both air, and sea surface
temperature records from declining insolation at ~3.2 kyrs BP may indicate a threshold, after which
internal feedback mechanisms, namely the NAO evolved to be the primary drivers of Icelandic climate on
centennial time-scales.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

A multitude of paleoclimate reconstructions show that the
climate of the Holocene, the last ~11.5 kyrs (kilo years), has been far
from stable (Bond et al., 2001; Mayewski et al., 2004; Wanner et al.,
2011). Prominent climate events include the Holocene thermal
maximum (HTM; Kaufman et al., 2004), the 8.2 event (Alley and
�Agústsd�ottir, 2005), the neoglacial period (Jennings et al., 2002),
the Medieval Climate Anomaly (MCA; Graham et al., 2011) and the
Little Ice Age (LIA; Ogilvie and Jonsson, 2001). The latter climate
events have had significant impacts on human societies (Buntgen
et al., 2011; D'Andrea et al., 2011; deMenocal, 2001).

Holocene climatic change is attributed to a plethora of climatic
drivers acting on different time scales (Mayewski et al., 2004;
en).
Wanner et al., 2011). The overarching external climate driver
throughout the Holocene is the changing geometry of Earth's orbit
around the sun, which over the last ~11 kyrs has driven decreasing
summer insolation in the northern hemisphere (Laskar et al., 2004).
This orbital cycle affects the climate on millennial and longer time
scales by, for example, driving latitudinal shifts of the polar front
and the Intertropical Convergence Zone (ITCZ; Haug et al., 2001;
Knudsen et al., 2011). Superimposed on this lower-frequency
orbital climate driver, higher-frequency volcanic activity and
changes in the sun's intensity influence climate on annual to
millennial timescales (Gray et al., 2010; Wanner et al., 2011). For
example, the Maunder (solar) minimum contributed to the cooler
climate of the LIA (Shindell et al., 2001), and recent models link
solar activity with climate phenomena such as the North Atlantic
Oscillation (Ineson et al., 2011).

The North Atlantic Oscillation (NAO) is the main driver of tem-
perature and precipitation variability in the North Atlantic and
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Europe (Hurrell, 1995; Hurrell et al., 2003). The NAO describes the
strength and directional changes of the westerlies traversing the
North Atlantic (Hurrell, 1995). When the NAO is in positive mode
(NAOþ), westerlies bring moist and warm air masses to Northern
Europe (Fig. 1c), while southerly trending westerlies drive a drier
Fig. 1. North Atlantic atmospheric and oceanic currents affecting the core (MD99-2266) loca
arrows represent the Mean North Atlantic Water (MNAW) that branches into the North Atla
Strait and forms the North Icelandic Irminger Current (NIIC). The blue arrow represents the E
2266 are indicated by red dots. (b) Bathymetric map of Vestfirdir Peninsula with the core lo
influenced precipitation and current patterns. Iceland receives more precipitation during
patterns after: http://www.ldeo.columbia.edu/res/pi/NAO; Hurrell et al., 2003). NAO þ phas
in the Denmark Strait, and decreased prevalence of northerly winds (e), and NAO- phases coi
of northerly winds (f; Blindheim and Malmberg, 2005). Source of map: (Schlitzer, 2010). (For
the web version of this article.)
and colder climate in Northern Europe when the NAO is in negative
mode (NAO-; Hurrell et al., 2003, Fig. 1d). Contemporary observa-
tions indicate that the NAO operates over annual to decadal time
scales (Hurrell, 1995; Hurrell et al., 2003). However, recent paleo-
climate reconstructions show that atmospheric variations,
tion in the Denmark Strait. (a) Surface currents after Hansen and Østerhus (2000). Red
ntic Current (NAC) and the Irminger Current (IC). Part of the IC flows into the Denmark
ast Greenland Current (EGC). Core locations of compared datasets (Fig. 6), and of MD99-
cation (red dot) indicated in the mouth of �Isafjarðardjúp fjord. (cef) Present day NAO
NAOþ (c), and less precipitation during NAO- (d) phases (Hurrell, 1995; precipitation
es coincide with an increased Atlantic water influence on the North Icelandic Shelf and
ncide with less Atlantic water influence in the Denmark Strait, and increased prevalence
interpretation of the references to colour in this figure legend, the reader is referred to

http://www.ldeo.columbia.edu/res/pi/NAO


Fig. 3. dD values of the C29-n-alkane (black line and dots) and ice volume corrected dD
values of the C29-n-alkane (red line and dots).). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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attributed to NAO-type variability, have operated on centennial and
even millennial time scales (Olsen et al., 2012; Trouet et al., 2009,
Fig. 6h, i), contributing to prominent climatic events such as the
MCA and the LIA (Trouet et al., 2009). Shifting NAO phases also
influence the relative strength of the Irminger and North Icelandic
Irminger Currents (IC and NIIC) in the Denmark Strait (Blindheim
and Malmberg, 2005), whereby more warm, saline Atlantic Water
flows through the Denmark Strait during NAOþ, compared to NAO-
phases (Fig. 1e, f).

The IC and NIIC are part of a network of currents contributing to
the Atlantic Meridional Overturning Circulation (AMOC; Hansen
and Østerhus, 2000; Vage et al., 2011). The AMOC mediates a sig-
nificant amount of the pole-ward energy transfer in the northern
Hemisphere and contributes to the current mild Northern Euro-
pean climate (Broecker,1997). Changes in the intensity of the AMOC
have been linked to changes in deep water production as indicated
by velocity variations of Iceland Scotland Overflow Waters (Hall
et al., 2004, Fig. 6k).

The solar, atmospheric and oceanic forcing mechanisms
described above are some of the drivers that have been invoked to
explain the climate evolution of the Holocene (Bond et al., 2001;
Harrison et al., 1992; Mayewski et al., 2004). However, the in-
teractions of these climatic drivers, their relative importance, and
the time scales onwhich they operate are still not well understood.
This knowledge gap is evident when considering Bond cycles,
which were first described nearly two decades ago (Bond et al.,
1997, Fig. 6g). Bond cycles are defined as cyclical (~1500 ± 500
years) penetrations of cold surface water, accompanied by drift ice,
into the southeast North Atlantic (Bond et al., 1997). Such cycles are
thought to be, at least in part, driven by changes in the sun's in-
tensity (Bond et al., 2001). However, other driving mechanisms
such as changes in the intensity of the AMOC, changing meridional
atmospheric circulation, enhanced regional upwelling, changes in
Fig. 2. Age model of core MD99-2266 based on 19 (of a total of 24) 14C-AMS dated
sediment horizons and the depth horizon of the Saksunarvatn tephra (dashed line)
which is dated at 10,180 ± 120 kyrs BP (Quillmann et al., 2010 and references therein).
The 5 14C-AMS dates discarded by Quillmann et al. (2010) are shown in grey. Sedi-
mentation rates are calculated using the calibrated ages (kyr BP) of the dated horizons.
polar water fluxes and NAO indices have also been invoked as
possible drivers of Bond cycles (Wanner et al., 2011; and references
therein). Despite the number of driving mechanisms that are
thought to cause Bond cycles, evidence of these events is not
observed in all northern hemisphere paleoclimate records, and
many paleoclimate records only show some, and not all of the Bond
cycles (Wanner et al., 2011). For example, North Icelandic Shelf
diatom and alkenone based sea surface temperature (SST) re-
constructions do not show Bond cycles (Bendle and Rosell-Mel�e,
2007; Justwan et al., 2008, Fig. 6j), even though one might expect
distinct N. Atlantic cold SST episodes to be recorded in Holocene
sediments from the Icelandic margin.

Iceland and its surrounding waters have received significant
scientific attention because climatic archives found in the area
integrate proxy responses to most, if not all, climatic forcing
mechanisms that have affected Holocene climate in the North
Atlantic sector (Andrews and Jennings, 2014; Axford et al., 2011;
Geirsdottir et al., 2002; Jennings et al., 2011; Quillmann et al.,
2010, 2012). Consequently we present five new high-resolution
paleoclimate records (n ¼ 326; 1 sample/~30 years; Fig. 6aee)
covering the period between ~10.7 and ~0.3 calibrated kilo years
before present (kyrs BP) from a single sediment core (MD99-2266)
from �Isafjarðardjúp fjord in the Denmark Strait (Fig. 1a, b). Fjords
are conducive to high sedimentation rates (Howe et al., 2010),
facilitating high-resolution paleoclimate reconstructions. More-
over, since fjords bridge the landeocean interface, paleo-
environmental records from fjords provide a unique opportunity
to study the link between marine and terrestrial climate. Our five
new, biomarker based, reconstructions of three key climatic vari-
ables (SST, air temperature and precipitation) represent the most
diverse array of marine and terrestrial, high-resolution paleo-
climate signals extracted from a single marine archive thus far. The
fact that all records are derived from a single sediment core allows
their direct comparison without the potential bias inherent to
different age models.

The multi-proxy approach is being facilitated by an expanding
organic biomarker “toolbox” that enables paleoclimatologists to
produce increasingly comprehensive climate reconstructions from
a variety of climatic archives (Casta~neda and Schouten, 2011;
Eglinton and Eglinton, 2008). Here we use this approach to
address the following question: to what extent and on what time
scales have various climate forcing mechanisms influenced Ice-
landic SST, MAT and precipitation regimes?



Fig. 4. Temporal variability of the relative abundance of br-GDGT IIIa related to changes of the BIT-index (Moossen et al., 2013), and the CBT/MBT0-MAT reconstructions of
�Isafjarðardjúp fjord.
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2. Materials and methods

2.1. Core location and oceanography

The Calypso piston core MD99-2266 was retrieved from the
mouth of�Isafjarðardjúp fjord, Northwest Iceland (66� 1307700 N, 23�

1509300 W; Fig. 1a, b), from 106 mwater depths, during Leg III of the
1999 IMAGES V cruise aboard the R/VMarion Dusfresne (Quillmann
et al., 2010 and references therein). It has a 10 cm diameter and a
length of 3890 cm.

�Isafjarðardjúp fjord is the largest fjord of the Vestfirdir
Fig. 5. Regularly interpolated (sample interval ¼ 100 years) CBT/MBT0-MATs (black
dots and line) vs. summer insolation change (grey dots and line; sample interval ¼ 100
years; Laskar et al., 2004). Inset: Linear correlation between CBT/MBT0-MAT and
summer insolation.
Peninsula. It is ~90 km long and 10e15 km wide. Together with its
tributary fjords, it covers an area of ~1150 km2 and drains
~2300 km2 (Andrews et al., 2008). The Drangaj€okull icecap is
located in the north eastern highlands of Vestfirdir Peninsula and
its melt waters flow into �Isafjarðardjúp fjord and into J€okullfirðir,
which is the largest tributary fjord of�Isafjarðardjúp (Andrews et al.,
2008).

The core site is affected by two surface currents. The IC is the
most westerly water current of the North Atlantic that brings warm
water into the Nordic Seas. Today, the volume flux of the IC is
estimated to be one Sverdrup (1 SV ¼ 106 m3 s�1) and its heat flux
(relative to 0 �C) is estimated to be 25 Terra Watts (Hansen and
Østerhus, 2000). The IC enters the Denmark Strait and divides
into two branches. The NIIC branches off towards the east where it
flows onto the North Icelandic Shelf. The second branch flows
southwest along the Greenland coast, parallel to the East Greenland
Current (EGC; Hansen and Østerhus, 2000). The Polar Front (PF)
separates the warm and saline waters carried north by the IC from
the colder and fresher polar waters which are carried south by the
EGC (Jennings et al., 2011). The location of the PF is determined by
the relative strengths of these warm and cold water currents
(�Olafsd�ottir et al., 2010).
2.2. Age model and sampling strategy

The age model of MD99-2266 that was previously published by
Quillmann et al. (2010) is used here. It consists of 24 14C-AMS
(Accelerated Mass Spectrometry) dated bivalve and benthic fora-
minifera shells, as well as the Saksunarvatn tephra, which is located
at a sediment depth of 3591 cm (Fig. 2). Quillmann et al. (2010)
omitted 5 14C-AMS dates because the dates are older than the un-
derlying dated horizons. Three of those dates are in the top 23 cm



Fig. 6. Iceland climate records compared with other North Atlantic paleoclimatic records. The LIA, MCA, DA (Dark Ages), RWP (Roman Warm Period), neoglaciation, and the 8.2 ka
event are highlighted in shades of grey. The dotted horizontal lines indicate the division from early to middle, and from middle to late Holocene at 7.8 and 3.2 kyrs BP. (a) alkenone
derived UK0

37-SSTs. Raw data and 1s SD (light blue) overlain by the 3-point moving average (dark blue), plotted against summer insolation change (black line). The vertical blue bar
indicates the uncertainty of the calibration equation (1.1 �C; Conte et al., 2006), the blue diamond indicates mean instrumental JJA SSTs at Stykkish�olmur (Hanna et al., 2006). Black
triangles indicate the 14C-AMS dated horizons of MD99-2266. (b) br-GDGT derived CBT/MBT0-MAT. Raw data and 1s SD (light red) overlaid by the 3-point moving average (dark red)
is plotted against summer insolation (black line). The vertical red bar indicates the uncertainty of the calibration equation (5.0 �C; Peterse et al., 2012). The red diamond indicates
mean instrumental JJA air temperatures at Stykkish�olmur (Hanna et al., 2004). (c) br-GDGT derived soil pH reconstruction. Raw data and 1s SD (light green) overlain by the 3-point
moving average (dark green). The vertical green bar indicates the uncertainty of the calibration equation (Root mean square error: 0.8; Peterse et al., 2012). (d) Average chain length
variability of leaf wax derived n-alkanes (ACL25-35) reconstructing precipitation variability. Raw data and 1s SD (blue) overlain by the 3-point moving average (dark blue). (e) dDC29

reconstructing precipitation change. Raw data and 1s SD (cyan) overlain by the 3-point moving average (blue). The dashed horizontal lines (cee) indicate the mean Holocene
precipitation as indicated by the respective records. (f) Holocene sunspot record (Solanki et al., 2004). (g) Stacked ice rafted debris (IRD) record revealing numbered Bond-cycles
(Bond et al., 2001). (h) NAO variability after Olsen et al. (2012). (i) NAO variability after Trouet et al. (2009). (j) August SSTs on the North Icelandic Shelf after Justwan et al. (2008). (k)
Mean sortable silt size of the Iceland-Scotland-Overflow-Waters (ISOW) south of Iceland after Hall et al. (2004). (l) GISP 2 d18O inferred temperature variations of the North Atlantic
area after Grootes and Stuiver (1997).). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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suggesting that the core top sediments were disturbed (Quillmann
et al., 2010). Quillmann et al. (2010) did not apply an ocean reser-
voir correction. The mean (2s standard deviation) error associated
with the 19 14C-dates that were used for the final age model, and
the Saksunarvatn tephra layer, is ±165 calibrated years. Following
Moossen et al. (2013), sample ages were calculated assuming linear
sedimentation rates (shown in Fig. 2) between each 14C-AMS dated
sediment horizons and between the youngest 14C-AMS date and
the core top.

Depending on the amount of available sediment, a minimum of
1 cm3 and a maximum of 6 cm3 of sediment were sampled from
each time horizon. Where the piece of sediment representing a
sample of a desired time interval was longer than 6 cm, an equal
amount of sediment was taken from the beginning, the middle and
the end of the sediment package representing one sample (time)
interval. A total of 326 sediment samples were collected.

2.3. Sample preparation and analyses

Themethods for sample preparation and biomarker analyses are
identical to the ones previously described by Moossen et al. (2013).
Samples were solvent extracted using dichloromethane/methanol
(3:1 v/v). An internal standard consisting of Squalane, 2-
Nonadecanone, 1-Nonadecanol and Eruic acid was added to each
sample. Samples were fractionated using silica gel column chro-
matography following Bendle et al. (2007).

A Shimadzu 2010 gas chromatograph (GC) with a flame ion-
isation detector (FID) and a Shimadzu OP2010-Plus Mass Spec-
trometer (MS) interfaced with a Shimadzu 2010 GC were used for
the quantitative and qualitative analysis of alkenones and n-al-
kanes (Moossen et al., 2013). Compound separation was achieved
using one of two identical columns, either a BP1 (SGE Analytical
Science) or a TG-1MS (Thermo Scientific) column (60 m, diameter:
0.25 mm, film thickness: 0.25 mm; coating: 100% Dimethyl-
polysiloxane). The GC oven was held at 60 �C for 2 min, then the
temperature was ramped up to 120 �C at 30 �C min�1 and then to
350 �C at 3 �C min�1, where the temperature was held for 20 min.
An injection standard consisting of methyl behenate was co-
injected with each sample.

The relative tetraether abundances in 299MD99-2266 sediment
samples were analysed using high performance liquid chromato
graphy-atmospheric pressure chemical ionisation-mass spectrom-
etry (HPLC-APCI-MS) at the Organic Geochemistry Unit at the
University of Bristol. Tetraether analysis was identical to that pre-
viously described in Moossen et al. (2013).

The hydrogen isotopic measurements of the C29-n-alkane in 133
samples were conducted at the Institute of Low Temperature Sci-
ence at the Hokkaido University, Japan. The isotopic values are
expressed as per mil ‰; Eq. (1); vs. Standard Mean Ocean Water
(SMOW).

d(‰)¼((Rsample�Rstandard)/(Rstandard)) � 1000 (1)

The hydrogen isotopic signature of the C29-n-alkane (dDC29) was
analysed using an HP 6890 GC interfaced with a Finnigan MAT
Delta Plus XL MS. The Finnigan MAT combustion furnace was held
at 1450 �C. The chromatographic separation of the n-alkanes was
accomplished using a DB5-HT column (Agilent J&W GC Columns;
30 m, 0.25 mm diameter; 0.1 mm film thickness). The following GC
oven temperature programwas used: the temperature was ramped
up from 50 to 120 �C at 10 �C min�1, and then to 310 �C at
4 �Cmin�1, where the temperaturewas held for 20min. An external
standard consisting of an n-alkane mix (C16 e C30) with a known
hydrogen isotopic composition was injected daily to evaluate the
measurement drift of the instrument and ensure analytical
precision. The isotopic composition of the C29-n-alkane and of the
internal standard (Squalane) was calculated relative to the isotopic
composition of an injection standard (Methyl Eicosanoate;
dD: �226.8‰ vs SMOW) that was co-injected with each sample.
The dD value of the internal standard squalane is �179.5 ± 4.7‰
(the uncertainty describes the 1s standard deviation (SD) of
squalane in 133 samples over the entire time of analyses). 28
samples were analysed in duplicate and 2 in triplicate, and the 1s
SD of the C29-n-alkane relative to the injection standard was
±3.5‰. However, as not all samples were analysed in duplicate due
to low n-alkane concentrations, we use the internal standard
squalane that is present in all 299 samples to determine the
analytical precision of the measurements.

2.4. Biomarker and statistical analyses

UK0
37-SSTs (Fig. 6a) were reconstructed from 326 samples using

the relative abundance of the C37-alkenones with two (C37:2) and
three (C37:3) double bonds. Relative abundances were converted
into UK0

37-values after Prahl and Wakeham (1987; Eq. (2)). The
UK0

37-values were converted to SSTs using the calibration equation
published by Conte et al. (2006; Eq. (3)).

UK0
37 ¼ C37:2/(C37:2 þ C37:3) (2)

SST ¼ (UK0
37�0.0709)/0.0322 (calibration error of 1.1 �C) (3)

Thirty-four samples were analysed in triplicate and the mean
analytical error (1s SD) associated with the UK0

37 index is ±0.01
which translates into a temperature uncertainty of ±0.44 �C.

The mean air temperatures (MATs) of 299 samples were
reconstructed based on the relative abundance of branched
glycerol-dialkyl-glycerol-tetraethers (br-GDGTs; Peterse et al.,
2012; Weijers et al., 2007b). The cyclisation ratio (CBT, Eq. (4)),
and the methylation index of branched tetraethers (MBT0, Eq. (5);
Peterse et al., 2012) are converted to CBT/MBT0-MATs using the
calibration equation published by Peterse et al. (2012; Eq. (6)).

CBT ¼ �log ([Ib þ IIb]/[Ia þ IIa]) (4)

MBT' ¼ ([Ia þ Ib þ Ic])/([Ia þ Ib þ Ic]þ[IIa þ IIb þ IIc] þ [IIIa]) (5)

MAT ¼ 0.81e5.67 � CBT þ 31.0 � MBT' (root mean square error of
5 �C) (6)

The roman numerals in Equations (3) and (4) refer to the relative
abundance of the br-GDGT molecules (Fig. S3; SI 2). Nine samples
were analysed in triplicate and two in duplicate and the 1s SD
associated with the CBT/MBT'-MAT measurements is ±0.5 �C.

Soil pH variations were reconstructed using the revised cali-
bration equation published by Peterse et al. (2012; Eq. (7)).

pH ¼ 7.90e1.97 � CBT (root mean square error of 0.8 pH units)(7)

Nine samples were analysed in triplicate and two in duplicate
and the 1s SD associated with the soil pH measurements is ±0.04
pH units.

Following Moossen et al. (2013), Average chain length
(ACL25e35) values from 310 samples were calculated using the
concentrations of the most abundant odd-chained n-alkanes with
25e35 carbon atoms (Eq. (8); Schefuss et al., 2003). While Moossen
et al. (2013) used the ACL25-35 record to identify 16 samples as
outliers (see also Fig. S2; SI 2), the ACL25-35 record, without the 16
outliers is published here and interpreted as showing precipitation
change (see discussion below).
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ACL25e35¼(S(Xi � Ci)n)/(Ci)n (8)

Xi represents the n-alkanes and Ci represents the abundance of
the n-alkanes. 11 samples were analysed in triplicate and the mean
1s SD associated with the ACL25e35 values is ±0.06.

The C29-n-alkane was abundant enough for hydrogen isotopic
analysis in 133 samples. The dDC29 values were corrected for the
influence of the global ice volume on the hydrogen isotopic
composition of meteoric water following Collins et al. (2013) and
Niedermeyer et al. (2010) by using the benthic foraminifera oxygen
isotope curve published by Waelbroeck et al. (2002; Fig. S1, SI 2).
First, the uncorrected dDC29 value were converted to d18O values
using the meteoric water line equation published by Craig (1961).
Then the d18O value of each sample was corrected for the influence
of ice volume using the 3rd order polynomial equation (Fig. S1, SI 2).
Finally, the d18O values of the samples were converted back into
global ice volume corrected dDC29 values (Fig. 3).

REDFIT spectral analyses were conducted using PAST (Hammer
et al., 2001, Fig. 7). REDFIT spectral analyses can be performed on
unevenly spaced time series (Schulz andMudelsee, 2002). This pre-
empts the need for regular interpolation of the time series pre-
sented in this paper. An AR(1) red noise model and the 95% confi-
dence threshold is fitted to each spectral analyses.

3. Results and discussion

3.1. Paleoclimate proxies

The UK0
37-SST proxy is based on variations of C37:2 and C37:3-

alkenones produced by certain haptophyte algae (e.g. Emiliania
huxleyi) as a response to changing SSTs (Brassell et al., 1986). Pre-
vious studies have shown that the UK0

37-index can be used to
reconstruct SSTs on the Icelandic Shelf (Bendle and Rosell-Mel�e,
2007; Sicre et al., 2011). The UK0

37-SSTs reported here tend to be
higher than those reported previously on the North Icelandic Shelf
(Bendle and Rosell-Mel�e, 2007; Sicre et al., 2011, Fig. 7h). Presum-
ably this is due to the more southerly location of the �Isafjarðardjúp
fjord with waters dominated by the warm IC and NIIC (Fig. 1e, f).
Additionally, UK0

37-SSTs are likely biased towards summer due to
the predominant production of alkenones during summer months
at high latitudes, as suggested for the Icelandic Shelf (Bendle and
Rosell-Mel�e, 2007; Sicre et al., 2008b), the Southern Ocean (Sikes
et al., 1997; Ternois et al., 1998) and the Gulf of Alaska (Prahl
et al., 2010). This is seemingly confirmed by the close match be-
tween core top and mean local summer June/July/August (JJA) SST
of 9.6 �C at Stykkish�olmur from 1867 to 1985 (Hanna et al., 2006,
Fig. 6a). We assume that most of the sedimentary alkenones are
produced locally and note that previous work demonstrates that
potential mixing of allochthonous with in situ produced alkenones
does not disturb the UK0

37-SST relationship significantly on the
Icelandic shelf (Bendle and Rosell-Mel�e, 2004).

Holocene UK0
37-SSTs fluctuate between 6.6 �C at ~1.1 kyrs BP, and

14.8 �C at ~7.3 kyrs BP. Themean SST throughout the early Holocene
is 10 �C. At the transition from the early to themiddle Holocene, the
amplitude of SST variability increases, and the onset of the middle
Holocene sees the highest reconstructed SSTs (14.8 �C at ~7.3 kyrs
BP). Between ~5.9 and ~3.2 kyrs BP SSTs decrease from13.5 to 6.7 �C
before rising again during the late Holocene. The mean SST during
the late Holocene is 8.9 �C, but with significant variability around
the mean throughout the last 2000 years of the record.

The CBT/MBT0-MAT reconstruction (Fig. 6b) is based on the var-
iable abundances of br-GDGTs synthesised by subdivisions of Acid-
obacteria (Sinninghe Damst�e et al., 2011) and other unspecified soil
bacteria (Peterse et al., 2012; Weijers et al., 2007b). There is evi-
dence that br-GDGTs are not amenable to aeolian transport (Gao
et al., 2012), indicating that paleo proxies based on these com-
pounds likely reflect a proximal Icelandic signal. The CBT/MBT0-MAT
proxy is based on the assumption that br-GDGTs are exclusively
produced by terrestrial organisms. Recent work suggests that br-
GDGTs may have an aquatic source as well (Fietz et al., 2012),
although direct evidence of such a source is still missing (Rueda
et al., 2013). The CBT/MBT0-MATs in this study are mainly
controlled by variations of just one br-GDGTcompound. Throughout
the Holocene, the relative concentration of br-GDGT IIIa increases
from ~10% to ~45%, while the concentration of the other br-GDGTs
remains relatively stable through time (SI 2; Fig. S4). The relative
abundance of br-GDGT IIIa tracks changes of the previously pub-
lished BIT-index closely (Fig. 4; Moossen et al., 2013). The BIT-index
indicates changes in terrestrial soil input (Hopmans et al., 2004),
and has been shown to yield reliable soil input results for
�Isafjarðardjúp fjord (Moossen et al., 2013). This infers that GDGT IIIa
is mainly derived from local Icelandic soils. Furthermore, previous
studies have shown that the relative abundance of br-GDGT IIIa does
not change significantly when comparing soils/near shore settings
with open marine settings (Peterse et al., 2009; Zhu et al., 2011).
These findings suggest that the primary climatic signals, CBT/MBT0-
MAT, and also soil pH (see below), are preserved and not
confounded by any changes in terrestrial sediment, or marine vs.
terrestrial source dynamics of�Isafjarðardjúp fjord and its catchment
area.

Reconstructed CBT/MBT0-MATs follow decreasing Holocene
summer insolation closely (r2 ¼ 0.84; Fig. 5). Therefore we
hypothesise that the primary control on CBT/MBT0-MAT is summer
insolation change in this study. The close match between core top
reconstructed temperatures and the mean instrumental summer
air temperature (JJA) of 9.3 �C at Stykkish�olmur from 1878 to 2002
(Fig. 6b; Hanna et al., 2004) seemingly supports the hypothesis that
the CBT/MBT0-MATs represent summer season, rather than mean
annual temperatures. Furthermore, the reconstructed CBT/MBT0-
MATs of the most recent ~1.8 kyrs BP are in good agreement with
reconstructed August air temperatures based on chironomid as-
semblages from north Iceland (Axford et al., 2009, Fig. 7). Finally,
even though no clear evidence of a seasonal bias of the CBT/MBT0-
MAT proxy has been found in soils at mid-latitudes (Weijers et al.,
2011), studies conducted in the Skagerrak (58� N; Rueda et al.,
2009) and in Arctic lakes (50�e73�N; Shanahan et al., 2013) sug-
gest that the CBT/MBT0-MAT proxy represents summer, rather than
mean annual temperatures at high latitudes. Both, Rueda et al.
(2009) and Shanahan et al. (2013) suggest that the bias towards
summer season temperatures may be due to the br-GDGT pro-
ducing soil bacteria being more active in the summer, when the
soils are not frozen or snow covered. Since the calibration equation
developed by Weijers et al. (2007b), and refined by Peterse et al.
(2012) correlates br-GDGT variability with mean annual tempera-
ture (and no alternative summer-season CBT/MBT calibration is
currently available), we continue to use CBT/MBT'-“MAT” in the text
when referring to the br-GDGT air temperature changes, but we
interpret the signal as weighted towards the summer, rather than
mean annual temperatures.

The mean reconstructed Holocene CBT/MBT0-MAT is 11.8 �C. The
highest CBT/MBT0-MAT of 16.6 �C is observed at 9.7 kyrs BP, and the
lowest CBT/MBT0-MAT of 7.2 �C is observed at 540 yrs BP. The
highest CBT/MBT0-MATs throughout the early Holocene are inter-
rupted by a ~5 �C temperature drop between ~9.7 and ~9 kyrs BP.
Subsequently MATs continually decrease from 16.5 �C at ~9 kyrs BP
to 8.1 �C at ~3 kyr BP. Throughout the late Holocene, MATs fluctuate
around a mean summer temperature of 9.5 �C.

Three independent qualitative approaches are presented here to
estimate changes in precipitation. Firstly, we infer precipitation
variability from soil pH changes that are reconstructed based on br-



Fig. 7. Iceland climate records of the youngest 4 kyrs BP. The LIA, the MCA, the DA, and the RWP are highlighted in shades of grey. The dotted horizontal line indicates the transition
from the middle to the late Holocene. (a) UK0

37-SST, raw data and analytical error (1s SD) is shown in light blue overlain by the 3-point moving average in dark blue. The vertical blue
bar indicates the uncertainty of the calibration equation (1.1 �C; Conte et al., 2006). The blue diamond indicates mean instrumental JJA SSTs at Stykkish�olmur (Hanna et al., 2006).
Black triangles indicate the 14C-AMS dated horizons of MD99-2266. (b) CBT/MBT0-MAT raw data and analytical error (1s SD) (light red) overlain by the 3-point moving average (dark
red). The vertical red bar indicates the uncertainty of the calibration equation (5.0 �C; Peterse et al., 2012). The red diamond indicates mean instrumental JJA air temperatures at
Stykkish�olmur (Hanna et al., 2004). The black line and data points shows chironomide based August SSTs from north Iceland (Axford et al., 2009). (c) soil pH reconstruction raw data
and analytical error (1s SD; light green) overlain by 3-point moving average (dark green). The vertical green bar indicates the uncertainty of the calibration equation (0.8; Peterse
et al., 2012). (d) Average chain length variability of leaf wax derived n-alkanes (ACL25-35) raw data and analytical error (1s SD; blue) overlain by the 3-point moving average (dark
blue). (e) dDC29 raw data and analytical error (1s SD; cyan) overlain by the 3-point moving average (blue). The dashed horizontal lines (cee) indicate the mean Holocene pre-
cipitation as indicated by the respective records. (f) NAO variability after Olsen et al. (2012). (g) NAO variability after Trouet et al. (2009). (h) UK0

37-SST reconstruction from the North
Icelandic Shelf (Sicre et al., 2011).). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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GDGTs variability (Peterse et al., 2012;Weijers et al., 2007b, Fig. 6c).
Soil leaching processes result in soil acidification when precipita-
tion is high (Johnson et al., 1998). The absolute soil pH values
presented here suggest more alkaline soil types compared the
dominant Icelandic soil type, andosol (Arnalds, 2008). Peterse et al.
(2010) have shown that the br-GDGT proxy overestimates absolute
soil pH values when applied to acidic soils, such as andosol
(Arnalds, 2008). Therefore, we do not interpret absolute soil pH
values, but rather temporal trends that are indicative of relative pH
changes, driven by precipitation variability (Fawcett et al., 2011;
Weijers et al., 2007a). As discussed previously, the br-GDGT based
CBT/MBT0-MAT proxy likely records a summer season, rather than
annual signal, possibly due to increased soil bacterial activity dur-
ing the summer at high latitudes (Rueda et al., 2009; Shanahan
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et al., 2013). Consequently, it is likely that the br-GDGT based soil
pH proxy also records a summer signal.

Secondly, we present two independent proxies based on higher
plant wax derived n-alkanes that respond to precipitation change.
n-Alkanes comprise part of the protective wax layer that coats
leaves (Eglinton et al., 1962). They are transported via aeolian and
fluvial mechanisms into marine sediments and preserved over
geological time periods (e.g. Eglinton and Eglinton, 2008, and ref-
erences therein). Due to the proximity of the core location to land
we suggest that the majority of the terrigenous material is derived
from the catchment area of �Isafjarðardjúp fjord, likely transported
during the spring melt following the winter snowfall maxima that
is observed in modern Icelandic annual precipitation (Hanna et al.,
2004).

The temporal variability of dominant (preferentially produced)
leaf wax n-alkanes (ACL25-35) is controlled by: contributing plant
types (e.g. Rommerskirchen et al., 2006b), ambient air temperature
(Kawamura et al., 2003; Vogts et al., 2012) and precipitation regime
(e.g. Calvo et al., 2004). The ACL25-35 record presented here exhibits
shifts of ~0.5 ACL25-35 units at the transition from the early to the
middle, and again from the middle to the late, and throughout the
late Holocene (Fig. 6d). These shifts are remarkably large and occur
over comparatively short time scales. Elsewhere, similar average
chain length shifts have been associated with large scale changes
from C3 vegetation dominated landscapes to C4 vegetation domi-
nated landscapes (and vice versa) over glacial/interglacial time
scales (Badewien et al., 2015; Calvo et al., 2004; Rommerskirchen
et al., 2006a). Pollen studies from lake sediments and peat de-
posits show dynamic vegetation variability in Iceland throughout
the Holocene. Vestfirdir peninsula vegetation was dominated by
Cyperaceae (herbs) and Poaceae (grasses) with small amounts of
Salix, Juniperus and Betula (birch) throughout the last 10,000 kyrs
BP (Caseldine et al., 2003). Betula pollen first occurred between 7.8
and 7 kyrs BP but never increased above 20% of the total land pollen
sum throughout the pollen record (Caseldine et al., 2003). Else-
where in northern Iceland birch woodland also became more
abundant, until ca. 1000 yrs BP, when it declined again following
the settlement of Iceland (Hallsdottir, 1995). Trees produce more
short chained n-alkanes than grasses (Rommerskirchen et al.,
2006b; Vogts et al., 2009). Therefore, it is possible that an in-
crease in the amount of betula pollen did contribute to the
decreasing ACL25-35 values between 7.8 and 7 kyrs BP. However, it is
unlikely that the advent of the betula occurrence alone is respon-
sible for the large shifts in ACL25-35 throughout the record.
Furthermore, pollen abundances from lake Vatnskotsvatn (north-
ern Iceland) do not show major variations in the relative amounts
of different types of plants (trees, grasses, herbs) between 3.2 and 1
kyr BP (Hallsdottir, 1995), during which time we observe large
ACL25-35 shifts (of an amplitude equivalent to that observed be-
tween 7.8 and 7 kyrs BP). Therefore, we suggest that changes in
vegetation are not the main driver for ACL25-35 shifts observed in
MD99-2266 (Fig. 6d).

CBT/MBT0-MAT and ACL25-35 co-vary throughout the late Holo-
cene suggesting that temperature change may have influenced the
leaf wax n-alkane distribution over the last 3000 yrs BP. However,
no clear linear relationship between the CBT/MBT0-MAT and the
ACL25-35 records is observed for the entire Holocene (r2 ¼ 0.1;
n ¼ 285) suggesting that temperature is not the main driver for
changes in the n-alkane distribution. While the linear correlation
between the ACL25-35 and soil pH records (r2 ¼ 0.2; n ¼ 285) is only
marginally stronger, the long term co variation of the ACL25-35 and
the soil pH record suggests that the ACL25-35 responds to changes in
precipitation. Assuming that leaf waxes are produced during the
main growing season of plants at high latitudes, they likely record
spring/summer, rather than annual precipitation.
The hydrogen isotopic composition of the C29-n-alkane (dDC29)
is used as an additional proxy for precipitation change (Fig. 6e). The
photosynthesis of organic matter by terrestrial higher plants uti-
lizes soil water that ultimately derives from precipitation (Sachse
et al., 2012). The hydrogen isotopic compositions of leaf wax
derived n-alkanes consequently reflect changes in precipitation and
are an established proxy to reconstruct paleo-precipitation regimes
(Sachse et al., 2012; Schefuss et al., 2005). The spatial and temporal
isotopic variability of precipitation is controlled by hydrological
variables, the continental, temperature and amount effects, and
these need to be considered when interpreting the dDC29 isotopic
signature (Sachse et al., 2012). For at least the last 1000 years, the
amount of precipitation Iceland receives has been driven by the
NAO (Hurrell, 1995; Trouet et al., 2009). Iceland receives more
precipitation during NAOþ, compared to NAO- phases (Hurrell,
1995). The close link between the NAO and precipitation amounts
suggests that themainmoisture source for Icelandic precipitation is
the moisture transported by the westerly storm track that traverses
the North Atlantic (Figs. 1c, d). While the latitudinal trajectory and
the strength of these westerlies has decreased throughout the
Holocene, their direction has remained the same (Harrison et al.,
1992), suggesting that the hydrogen isotopic variability observed
here cannot be attributed to major changes in water source areas.
Therefore, we postulate that the dDC29 variability in the studied
area reflects shifting NAO modes due to different precipitation re-
gimes at least in the late Holocene. In the early Holocene, relatively
high temperatures likely also influenced the isotopic signature of
leaf wax components and will be discussed later.

The soil pH, ACL25-35 and dDC29 proxies all show remarkably
similar millennial to centennial variability, particularly in the late
Holocene (Figs. 6 and 7c, d, e). Therefore, we are confident that the
interpretation of all three proxies in concert allows a robust inter-
pretation of relative changes in precipitation.

The average proxy values spanning the Holocene are 7.9 for soil
pH, 29.12 for ACL25-35, and �197‰ for dDC29 (Fig. 6c, d, e). The
combined precipitation proxy records tend towards less than
average precipitation from ~10.7 to 7.8 kyrs BP, increased precipi-
tation from ~7.8 to ~3 kyrs BP and considerable fluctuation around
the mean throughout last 3 kyrs BP of the records.

3.2. Comparing terrestrial and marine biomarker records

Magnetic susceptibility data from �Isafjarðardjúp and its tribu-
tary fjords shows that the post glacial sedimentation history has
been very dynamic (Andrews et al., 2008). For example, high con-
centrations of magnetic minerals in early Holocene sediments
reflect the final deglaciation of Iceland (Andrews et al., 2008). Such
a dynamic sedimentation history has also been inferred through
changing inputs of terrestrial vs. marine organic matter into
�Isafjarðardjúp (Moossen et al., 2013). Moossen et al. (2013) argue
that the build-up of soil and plant biomass in the aftermath of
deglaciation, and subsequent soil erosion during the Neoglacial,
and settlement of Iceland, led to a ~10% increase in sedimentary
terrestrial organic matter content in �Isafjarðardjúp ford from the
early, through the middle, into the late Holocene. Dynamic erosion
and sedimentation of terrestrial organic matter throughout the late
Holocene has also been described in lake Haukadalur (Geirsdottir
et al., 2009b), which lies just south of the Vestfirdir Peninsula. It
is conceivable, as is the case in lake Haukadalur (Geirsdottir et al.,
2009b), and in a Canadian fjord (Smittenberg et al., 2006), that
increased sedimentation of terrestrial organic matter in the late
Holocene, may have led to the deposition of a mix of fresh and old
biomarkers. However, the comparison of the terrestrial biomarker
data with other palaeoclimate records (see discussion below)
clearly indicates that the biomarkers analysed in this study record
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climatic events. For example, the CBT/MBT0-MAT proxy follows
declining insolation in the early, and middle Holocene. Addition-
ally, when comparing the five biomarker records to palaeo-NAO
reconstructions (Olsen et al., 2012; Trouet et al., 2009) the re-
cords collectively show a synchronous response (see discussion
below). Thus, the palaeoclimate records presented here indicate
that the influence of old/reworked organic carbon was not signifi-
cant enough to confound primary climatic signals.

Many of the conclusions drawn from the five biomarker records
presented in this paper are based on the assumption that the
temporal offset between the production and sedimentation of the
different biomarkers does not exceed the resolution of the
biomarker records. The integral prerequisite to this assumption is
that the time it takes for the studied biomarkers to be transported
from their respective precursor organisms into the sediment is
similar enough that the interpreted signals indeed reflect the same
climate events. Even if lateral transport of a small portion of alke-
nones is assumed, alkenones still have the most direct transport
pathway into marine sediments compared to terrestrially derived
br-GDGTs (Gao et al., 2012), that are thought to be mainly trans-
ported via fluvial mechanisms, and higher plant wax n-alkanes,
that are transported via aeolian and fluvial mechanisms (e.g.
Eglinton and Eglinton, 2008, and references therein). Here too, the
synchronous response of the five biomarker records to NAO vari-
ations in the late Holocene suggests that the transport times of
different biomarkers to the sediment are at least similar enough to
resolve centennial scale climatic changes.

4. Holocene climate evolution

The five combined paleoclimate records from �Isafjarðardjúp
fjord reveal terrestrial and marine climate in unprecedented detail
for a marine sediment core record covering the entire Holocene
(Fig. 6aee). The combination of proxy records allows the placement
of new constraints on the relative importance of different climatic
drivers for Icelandic climate throughout the Holocene. Below we
discuss how the climate of the early, middle and late Holocene was
likely driven by the changing relative influence of large-scale cli-
matic drivers.

Concerted inspection of the UK0
37-SST, the CBT/MBT0-MAT, and

the precipitation records highlight two noteworthy and distinct
climatic shifts at ~7.8 and ~3.2 kyrs BP (Fig. 6). No one individual
proxy record clearly delimits these phase shifts, which is expected
as individual proxies are recording marine or terrestrial tempera-
tures or precipitation. These climatic parameters inherently have
differential responses and sensitivity to external drivers and in-
ternal climate forcing mechanisms. Even in the case of the three
proxies which record precipitation, different biogeochemical
(biosynthesis of lipids) and physical processes (isotopic fraction-
ation) are involved in transcribing the climatic signal, with a
varying degrees of fidelity.

In the following section we will discuss the competing driving
mechanisms that likely drove the climatic shifts at ~7.8 and ~3.2
kyrs BP.We explore the changing relative importance of the climate
drivers, as they shaped the three distinct climatic periods of the
Holocene.

4.1. Early Holocene and glacial aftermath (10.7e7.8 kyrs BP)

The CBT/MBT0-MAT reconstruction indicates that Icelandic
terrestrial air temperatures were considerably warmer during the
early Holocene than at any other time covered by the record
(Fig. 6b). This observation is synchronous with a maxima in high
northern hemisphere summer insolation (Laskar et al., 2004).
Indeed, it is the close correlation between the reconstructed CBT/
MBT0-MATs and summer insolation throughout the early and the
middle Holocene, which indicates that summer insolation was the
main driver for summer season terrestrial climate (Fig. 5). The CBT/
MBT0-MAT record also reveals that the terrestrial Holocene thermal
maximum occurred between ~10.5 and ~8.5 kyrs BP. This timing
broadly agrees with chironomide based temperature re-
constructions, which indicate a terrestrial warm period between
~10.5 and 7.5 kyrs BP (Caseldine et al., 2003; Langdon et al., 2010).
Increased primary production in lake Hvít�arvatn also indicate
warm summers between 10.2 and 9 kyrs BP (Larsen et al., 2012).
Interestingly, there is no clear 8.2 kyr signal in the climate records
presented here, compared to the GISP 2 oxygen isotope record
(Grootes and Stuiver, 1997, Fig. 6i). The CBT/MBT0-MAT does drop
during the period coinciding with the 8.2 kyr event, but the
decrease is not significant when viewed in context of the early (and
entire) Holocene record (Fig. 6b). Our sample resolution (27 sam-
ples between 8 and 8.4 kyrs BP: 1 sample/~15 yrs BP), is sufficient to
capture the 8.2 kyr event, which lasted for ca. 400 years (Alley and
�Agústsd�ottir, 2005). However, there is only one data point within
the period of the 8.2 kyr event that shows a noteworthy CBT/MBT0-
MAT decrease. This suggests that either a) the 8.2 kyr event did not
exert a significant influence on Icelandic terrestrial climate, or b)
the CBT/MBT0-MAT proxy does not record it. The latter explanation
is most likely, given that, numerous records suggest a significant
impact of the 8.2 kyr event on climate in the North Atlantic sector
(Alley and �Agústsd�ottir, 2005; Quillmann et al., 2012; Rohling and
Palike, 2005). Rohling and Palike (2005) find evidence that paleo-
climate proxies biased towards summer seasons, do not record the
8.2 kyr event clearly. This is consistent with the CBT/MBT0-MAT
proxy that likely records summer, rather than mean annual tem-
perature at high latitudes (see discussion above).

UK0
37-SSTs do not show a clear relationship with insolation

during the early Holocene (Fig. 6a). Indeed, while summer insola-
tion peaked throughout the first 700 years of the Holocene, Ice-
landic UK0

37-SSTs decreased by nearly 1.5 �C from ~10.7 to ~10 kyrs
BP, before levelling out at ~9 �C for the next 900 years. d18O analyses
of foraminifera reveal that the IC started to influence the northern
Denmark Strait 11 kyrs BP ago and was fully established by 10.2
kyrs BP (�Olafsd�ottir et al., 2010). Reconstructed high marine pale-
oproductivity in �Isafjarðardjúp fjord during much of the early Ho-
locene also points towards a penetration of nutrient rich Atlantic
waters to the core site (Moossen et al., 2013). Despite the relatively
warm Atlantic water transport of the IC, the occurrence of sea-ice
indicating foraminifera and diatoms suggests that the Denmark
Strait was also influenced by glacial melt water pulses, and/or
repeated lateral shifts of the polar front (Andersen et al., 2004;
Jennings et al., 2011). Benthic foraminiferal d18O analyses from
�Isafjarðardjúp fjord indicate that the coring site was influenced by
glacial melt water throughout the early Holocene (Quillmann et al.,
2010). Such melt water pulses can be attributed to a second,
regional, climate driving mechanism: the residual melting of
northern hemisphere ice sheets following the last glacial
maximum. After the glacial advance throughout the Younger Dryas,
the main ice sheet covering the Icelandic Highlands was retreating
at 10.3 kyr BP (Geirsdottir et al., 2009a), and the distal Greenland
(Jennings et al., 2011), and Laurentide ice sheets (Alley and
�Agústsd�ottir, 2005) were also melting. Continual sea level rise
suggests that land locked glaciers melted throughout the early, and
into the middle Holocene until ~7 kyr BP (Siddall et al., 2010).
Therefore, we attribute the dampened UK0

37-SSTs, that are diver-
gent from the CBT/MBT0-MAT trend and solar insolation, to the
pervasive influence of glacial melt water in the early Holocene.

The early Holocene UK0
37-SST record reveals two warm periods

wherein SSTs rose by up to 2 �C, lasting from ~8.9 to ~8.5 kyrs BP
and from ~8.1 to ~7.9 kyrs BP, that coincide with periods of high
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sunspot numbers (Solanki et al., 2004, Fig. 6f). Peak to peak com-
parison of these intervals reveals that cooler background climate
between ~8.5 and ~7.9 kyrs BP may have been driven by generally
low sunspot numbers, with SST peaks coeval with transient spikes
in solar activity. A similarly long (8.7e7.9 kyr BP) cool period is also
evident from two lacustrine sites in central and north Iceland
(Geirsd�ottir et al., 2013; Larsen et al., 2012). The link between low
sunspot numbers and low UK0

37-SSTs is supported by Rohling and
Palike (2005), who hypothesise that proxies reconstructing sum-
mer climate are driven by the suns activity. Modern Icelandic
coastal waters feature an insolation induced thermocline during
the summer months, resulting in a sharp temperature gradient
from warmer surface waters to cooler deeper waters (Hanna et al.,
2006). It seems likely that the �Isafjarðardjúp fjord water column
was similarly, if not more stratified during the early Holocenewhen
high summer insolation and glacial melt water events occurred.
This mechanism could explain the coherence noted above between
solar activity and the UK0

37-SST proxy. We note that there is no
discernible relationship between UK0

37-SSTs and sun spot numbers
elsewhere in the early Holocene, possibly due to internal mecha-
nisms, e.g. melt water events causing colder SSTs and masking the
effect of increased solar activity on the UK0

37-SSTs.
The hypothesis that UK0

37-SSTs are likely biased towards sum-
mer season temperatures may also explain the lack of a notable
UK0

37-SST drop during the 8.2 event, since Rohling and Palike
(2005) suggest that summer season proxies do not sensitively re-
cord the 8.2 event. In contrast to the UK0

37-SSTs, the d18O record of
benthic foraminifera from the same sediment core indicates a
cooling and freshening of the IC at this time (Quillmann et al.,
2012). Therefore, the biomarker and d18O proxy records reveal a
possible decoupling of surface photic zone summer temperatures
from deeper thermocline temperatures and increased stratification
of the Denmark Strait water column during the early Holocene
summer season.

All three precipitation records indicate that Iceland experienced
a dryer than average summer climate during the early Holocene.
Models indicate that the Icelandic low was located further north
and stronger, than present, driving a stronger westerly jet, with
increased precipitation and temperatures in winter (Harrison et al.,
1992). The summer simulation of the same model suggests a
reduced westerly jet during summer that would have led to a drier
summer climate in north and central Europe (Harrison et al., 1992).
Our precipitation proxies likely reflect summer, rather than winter
precipitation (see discussion above), explaining their agreement
with the modelled summer climate of the early Holocene. Not only
the strength, but also the more northerly trajectory of the west-
erlies traversing the North Atlantic (Harrison et al., 1992; Knudsen
et al., 2011) may have affected the precipitation regime. The prox-
imity of the Greenland and Laurentide ice sheets may have
contributed to the cooling of the westerlies causing them to hold
less moisture and consequently resulting in a dryer Icelandic
summer climate throughout the early Holocene. Finally, melt water
induced cooling of regional SSTs may have contributed to lower
precipitation: cold water evaporates less readily than warmer wa-
ter, yielding relatively dryer maritime air masses, subsequently
reduced precipitation on adjacent land masses.

The relatively high insolation and air temperatures coupledwith
the drier climate of the early Holocene would have caused relative
increases in soil water evaporation and leaf water transpiration,
leaving the available water for n-alkane biosynthesis depleted of
the light isotope (Sachse et al., 2012). We argue that this depletion
is reflected in the high dDC29 values measured during the early
Holocene, compared to the average Holocene conditions (Fig. 6e).

Interestingly, our record indicates that leaf wax isotopic values
dropped by nearly 10‰ at the onset of the 8.2 kyr event and then
recovered afterwards. None of the other climate proxies (both
temperature and precipitation) show a significant response to the
8.2 kyr event. Models suggest the catastrophic influx of glacial
melt-waters resulted in isotopically depleted surface waters in the
North Atlantic region for decades after the initial event, regardless
of the isotopic effects of any synchronous changes in temperature
and precipitation (LeGrande and Schmidt, 2008). Thus in our record
the transient changes to more negative isotope values at 8.2 kyr BP
(and perhaps at 8.7 kyr BP) may reflect changes in the dD of the
precipitation source, rather than local climate impacts or a change
in precipitation source/pathway.

4.2. Mid-Holocene and neoglaciation (7.8e3.2 ka)

At the transition from the early to the middle Holocene, while
summer insolation and CBT/MBT0-MAT decreased, two rapid UK0

37-
SST warming events occurred (Fig. 6a). Centred on 7.6 and 7.3 kyr
BP, both events lasted ~300 years, during which UK0

37-SSTs spiked
by ~5 �C (rising by a remarkable 0.5 �C per decade). Following the
second event SSTs rose steadily over the next 1400 years by ~4 �C.
These UK0

37-SST peaks coincide with Bond cycles 5 and 4 (Fig. 6g).
We term the period between 7.8 and 5.5 kyrs BP the ‘marine Ho-
locene thermal maximum (HTM)’ as the highest UK0

37-SSTs are
observed during this interval. The marine HTM broadly coincides
with diatom and coccolithophore based evidence for increased
Atlantic water penetration onto the northwest Icelandic Shelf
(Giraudeau et al., 2010; Justwan et al., 2008) and the highest SSTs
observed off of south east Greenland (Jennings et al., 2011) and the
North Icelandic Shelf (Justwan et al., 2008, Fig. 6j) Furthermore, a
major increase in reconstructed flow speed of the North Atlantic
deep water across the IcelandeScotland overflow ridge is centred
on 7.2 kyr BP (Hall et al., 2004, Fig. 6k). As regional components of
the AMOC, deep-water flow speeds across the IcelandeScotland
ridge and the northward flow of warm surface currents in the
Nordic Seas (including the Denmark Strait) are thought to be linked
(Hall et al., 2004; Renssen et al., 2005), suggesting increased AMOC
velocity acting as a contributing driver for the high UK0

37-SSTs of the
marine HTM.

The cessation of glacial melt water events at the transition from
the early to middle Holocene affords a complimentary explanation
for themarine HTM. d18O signatures of Cibicides lobatulus show that
melt water pulses stopped affecting �Isafjarðardjúp waters from 7.9
kyr BP onwards (Quillmann et al., 2010). Intriguingly this coincides
with the start of the first rapid UK0

37-SST warming event noted
above (Fig. 6a). This suggests that, once the dampening effect of
glacial melt-water was removed, the still high (albeit decreasing)
solar insolation, combined with a period of increased AMOC flow
speed, drove a series of high SST episodes in �Isafjarðardjúp fjord.

The most striking observation when comparing the CBT/MBT0-
MAT and UK0

37-SST records is the temporal offset of ~3000 years
between the maxima of the terrestrial HTM (~9.5 kyr BP) and the
marine HTM (~6.5 kyr BP). Terrestrial and marine paleoclimate
archives in the Iceland/Greenland region indicate that the HTM
started at 8.6 ± 1.6 kyrs, and ended at 5.4 ± 1.4 kyrs (Kaufman et al.,
2004). The uncertainties associated with the onset and end of the
HTM may be due to the time it takes biologically based proxies to
adjust to the HTM, i.e. the time it took Betula pollen to formmature
vegetation and subsequently enough of a sedimentary pollen
signature to be found in the paleoclimate record (Caseldine et al.,
2003; Kaufman et al., 2004). However, uncertainties in the timing
of the HTM may also be due to the delayed response of specific
parts of the environment to solar insolation as a climatic driver
(Kaufman et al., 2004). One example is the spatial variability of the
onset/termination of the HTM across the European/American Arctic
sector. While the residual Laurentide ice sheet may have prevented
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the HTM from being expressed at sites surrounding the Hudson
Bay, proxy records from Iceland were already influenced by the
HTM (Kaufman et al., 2004).

In line with the latter explanation, we attribute the observed
temporal discrepancy between the terrestrial and the marine HTM
to the different responses of terrestrial andmarine environments to
solar radiation. Specifically, melt-water pulses dampened UK0

37-
SSTs during the early Holocene while CBT/MBT0-MATs were already
driven by high insolation. Subsequently, UK0

37-SSTs rose rapidly to
form the marine HTM, ‘delayed’ by ~3000 years, but driven by
declining, yet still high solar insolation, and possibly an acceler-
ating AMOC.

We place the late Holocene neoglaciation between ~5.8 and ~3.2
kyrs BP, where both the UK0

37-SST, and the CBT/MBT0-MAT records
indicate decreasing temperatures in tandem with decreasing
summer insolation. This corroborates observations from marine
(Jennings et al., 2002; Justwan et al., 2008, Fig. 6j; Moros et al.,
2006), and terrestrial records from Iceland (Geirsd�ottir et al.,
2013; Larsen et al., 2012; Moossen et al., 2013; Wastl et al., 2001).
The neoglaciation culminated at ~3.2 kyrs BP with some of the
lowest UK0

37-SST and CBT/MBT0-MAT temperatures observed
(Fig. 6a, b), coinciding with a global cool episode recognised in a
number of records (Mayewski et al., 2004 and references therein).
The late neoglacial decline inmarine and terrestrial temperatures is
clearly driven by declining insolation. However, an additional
driver may have been the decelerating AMOC (contributing to the
UK0

37-SST decrease), culminating in the 2.7 ka event, as evidenced
by declining Iceland Scotland overflow velocities (Hall et al., 2004,
Fig. 6k).

The soil pH and ACL25-35 precipitation proxies (and to a lesser
degree the dDC29 proxy) showa transition from less than average, to
more than average precipitation at the onset of the middle Holo-
cene (Fig. 6cee) through to its termination ~3.2 kyr BP ago.
Increasing precipitation throughout the middle Holocene is
consistent with increased windiness/storms in Iceland and
Greenland (Jackson et al., 2005; O'Brien et al., 1995), and with
increased winter precipitation in western Norway (Bjune et al.,
2005). The precipitation maxima throughout the middle Holo-
cene may be explained by the large scale atmospheric shifts asso-
ciated with declining summer insolation during this period
(Knudsen et al., 2011). Specifically, the declining summer insolation
gradient between the high and low latitudes (Laskar et al., 2004),
caused a southward displacement of the ITCZ (Haug et al., 2001),
the westerly jet across the North Atlantic and the mean position of
the Icelandic low (Harrison et al., 1992). Our new precipitation data
corroborates the scenario of Knudsen et al. (2011) that indicates
that Iceland was situated directly in the path of the southwardly
displaced, moisture carrying westerlies throughout the middle
Holocene, and experienced high precipitation (Fig. 6cee).

A clear correlation between increased precipitation in Iceland
and NAO þ periods, has been observed in the instrumental record
(Hanna et al., 2004; Hurrell, 1995). Proxy reconstructions of NAO
variability now extend back through the MCA (Trouet et al., 2009),
to 5.2 kyrs BP (Olsen et al., 2012). If the contemporary link between
increased precipitation and NAO þ periods holds true throughout
the Holocene, then our precipitation records suggest that a
persistent NAO þ atmospheric pattern was prevalent from at least
7.5 kyrs BP onwards, lasting until the end of the middle Holocene at
3.2 kyr BP. Evidence for increased storminess during the middle
Holocene in Iceland (Jackson et al., 2005), along with a predomi-
nantly positive mode of the NAO, as reconstructed from Greenland
lake redox states for much of the middle Holocene (Olsen et al.,
2012) supports our hypothesis. Finally, the NAO may also have
influenced North Atlantic SSTs during the middle Holocene
(Andersen et al., 2004), however such variability is not obviously
expressed in our UK0
37-SST record.

4.3. Late Holocene climate variability and the evolution of the
modern NAO (3.2e0.3 ka)

The late Holocene is the most socially relevant period in this
study because of the clear and persistent influence climatic fluc-
tuations had on human societies (Buntgen et al., 2011; D'Andrea
et al., 2011; deMenocal, 2001). Our proxy records indicate that all
climate parameters, precipitation, air-, and sea surface temperature
underwent noteworthy change at the transition from the middle to
the late Holocene (Figs. 6 and 7a, b, c, d, e).

From ~3.2 kyrs BP, the reconstructed CBT/MBT0-MAT and UK0
37-

SST temperature trends deviate from the continually decreasing
summer insolation (Fig 6a, b). Intriguingly, the late Holocene is the
only period where the CBT/MBT0-MAT reconstruction does not
follow insolation change. The simultaneous decoupling of both
CBT/MBT0-MAT and UK0

37-SST records from insolation indicates a
threshold, after which, a driving mechanism other than insolation
started to dominate air and sea surface temperature variations over
the most recent ~3.2 kyrs BP. Along with the temperature records,
the soil pH precipitation record indicates a gradual, while the
ACL25-35 and dDC29 records show a more abrupt precipitation
decrease (Figs. 6 and 7c, d, e). The periods from ~2.2 to ~1.3 kyrs BP,
and from ~1.1 to ~0.5 kyrs BP are characterised by relatively warm
UK0

37-SSTs, while CBT/MBT0-MATs tend to be cool, and precipitation
tends to be elevated. Within 14C-AMS dating errors, these periods
coincide with the Roman Warm Period (RWP), and the MCA
(Geirsd�ottir et al., 2013; Graham et al., 2011). In comparison, the
periods from ~1.3 to ~1.1 kyrs BP, and from ~0.5 kyrs BP to ~0.3 kyrs
BP, are characterised by cooler UK0

37-SSTs, warmer CBT/MBT'MATs,
and lower precipitation. These periods coincide with the Dark Ages
(DA; also known as the migration period; Buntgen et al., 2011; Sicre
et al., 2008a) and the onset of the LIA (Ogilvie and Jonsson, 2001). In
contrast with the asynchronous trends of precipitation, marine and
terrestrial temperatures during the middle and early Holocene, all
climate proxy records exhibit changes over four distinct climatic
periods covering most of the late Holocene. This suggests one
dominant controllingmechanism, most plausibly the NAO, which is
known to affect sea surface temperature, air temperature and
precipitation in Northern Europe and the North Atlantic sector
(Hurrell, 1995; Hurrell et al., 2003). Assuming that the relationship
between contemporary instrumental observations of precipitation,
sea surface-, and air temperatures, and the NAO have remained
constant throughout the late Holocene wewould expect to observe
the following climatic variations during positive NAO phases
(compared to negative NAO phases): higher precipitation over
Iceland (Hurrell, 1995; Hurrell et al., 2003, Fig. 1c; d), a higher
throughput of warm Atlantic waters through the Denmark Strait,
and therefore warmer SSTs (Blindheim and Malmberg, 2005,
Fig. 1e; f). Higher air temperatures might also be expected, how-
ever, the link between air temperature and NAO is tenuous on
Iceland (Hanna et al., 2004; �Olafsd�ottir et al., 2013). The variability
of the UK0

37-SSTs and the precipitation records throughout the MCA
and the LIA is in good agreement with reconstructed NAO vari-
ability (Olsen et al., 2012; Trouet et al., 2009, Figs. 6h; i and 7f, g),
lending credence to our hypothesis that NAO was the dominant
forcing mechanism of Icelandic climate throughout the late
Holocene.

Interestingly, Late Holocene centennial-scale CBT/MBT0-MAT
variations are anti-phased with UK0

37-SST throughout the RWP, DA,
MCA and LIA (Figs. 6 and 7a, b). This would seemingly oppose
contemporary (Hanna et al., 2004; Hurrell et al., 2003), and proxy
based observations (�Olafsd�ottir et al., 2013), of warmer air tem-
peratures during NAO þ phases compared to NAO- phases.
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Specifically, the CBT/MBT0-MAT record indicates relatively low
temperatures during the RWP and MCA (NAOþ), compared to the
higher reconstructed temperatures during the DA and LIA (NAO-).
Additionally, the reconstructed CBT/MBT0-MAT temperatures are
higher than the chironomid based August temperature recon-
structed by Axford et al. (2009) during the DA and LIA, while the
temperature records are in better agreement during the RWP and
MCA. This suggests, that Icelandic CBT/MBT0-MAT temperature re-
constructions provide temperature estimates that are too high
during the periods characterised by NAO- periods. We hypothesise
that this counterintuitive relationship between reconstructed CBT/
MBT0-MATand NAOmode is due to the proxiesmolecular variations
that are mediated by soil bacteria, making the proxy a first order
recorder of soil temperature change (Weijers et al., 2007b).
Contemporary observations show that negative precipitation
anomalies cause increased summer warmth throughout central
Europe and are correlated to NAO fluctuations due to decreased
latent cooling from soil moisture (Wang et al., 2011). Furthermore,
dry soils warm more readily than wet soils (Al-Kayssi et al., 1990).
Thus we hypothesise that during NAO- periods (LIA, DA), while
precipitation was low (Figs. 6 and 7c, d, e), surface soils became
relatively dry and were warmed more easily by solar radiation,
compared to the relatively wet soils of NAO þ periods (MCA, RWP).
Consequently, the counterintuitive centennial scale CBT/MBT0-MAT
trends during the Late Holocene may indicate soil temperature
variations as a result of predominantly dry vs. predominantly wet
soil conditions during the late Holocene. Following this hypothesis,
the CBT/MBT0-MAT proxy may indirectly provide information on
NAO variability via temperature dependency of the soil on changing
Fig. 8. REDFIT power spectra of the UK0
37-SST, CBT/MBT0-MAT, soil pH and ACL25-35 time serie

95% confidence interval. The periodicities (years) of significant spectral peaks is indicated in
reader is referred to the web version of this article.)
precipitation regimes. This is supported by the correlated CBT/
MBT0-MAT and precipitation records, demonstrating the advantage
of considering multiple independent biomarker records in concert.

The argument, that all proxy records shown here are mainly
affected by NAO fluctuations during the late Holocene, is supported
by REDFIT spectral analyses conducted on the UK0

37-SST, CBT/MBT0-
MAT, soil pH, and the ACL25-35-proxy records (Schulz andMudelsee,
2002, Fig. 8). We note that the sampling resolution between ~2.1
and ~7.3 kyrs BP is not high enough to resolve the high frequency
periodicities observed in the spectral analyses (SI 1). Therefore we
limit the following interpretation to the late Holocene, from ~2.1 to
~0.3 kyrs BP where the sample resolution is 25 years/sample. All
four records reveal periodicities between 64 and 96 years at the
95% significance level (Fig. 8). Such periodicities in instrumental
records have been associated with the NAO (Rossi et al., 2011).
Moreover, these periodicities have also been observed in the NAO
reconstructions from Greenland lakes (Olsen et al., 2012), and in a
varve-thickness record from Iceland (�Olafsd�ottir et al., 2013). We
note that the UK0

37-SST and the CBT/MBT0-MAT temperature re-
constructions also exhibit a significant spectral peak at ~130 years
which, along with the spectral peaks between 64 and 96 years is
associated with the Atlantic Meridional Oscillation (AMO; Knudsen
et al., 2011; Rossi et al., 2011), that describes oscillatory variability
of North Atlantic SSTs (Kerr, 2000; Schlesinger and Ramankutty,
1994). The influence of the AMO has also been postulated in the
varve-thickness record from Iceland (�Olafsd�ottir et al., 2013).
Therefore it is plausible that the AMO, alongside the NAO played a
role in the late Holocene climate variations.

As discussed above, our biomarker proxies fromMD99-2266 are
s. The blue line delimits the AR(1) red noise model threshold. The red line indicates the
each spectrum.). (For interpretation of the references to colour in this figure legend, the
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likely weighted towards a spring/summer signal, rather than mean
annual climate variability. However, the NAO is most prevalent
during winter months (Hurrell, 1995; Hurrell and Deser, 2009).
Thus we need to reconcile how biomarker proxies reconstructing
summer climate can detect an atmospheric signal that is most
prevalent during winter months. Hurrell and Deser (2009; and
references therein) show that winter NAO indices can affect the
climate of the following year by affecting slower components of the
climate system (e.g. oceanic currents). Wang et al. (2011) show that
European summer temperatures are highly correlated with the
NAO regime of the previous year. Regionally, Blindheim and
Malmberg (2005) have shown that changes of the winter sea
level pressure gradients across the Denmark Strait are significantly
correlated with SSTs of the following spring. Based on these ob-
servations in the instrumental record it seems plausible that the
biomarker records presented here are influenced by changing NAO
regimes, particularly when one considers that the sediment ana-
lysed for each data point throughout the late Holocene integrates
between 10 and 25 years of climate.

We suggest insolation ceased to be a dominant driver of
centennial scale climate events at the turn from the middle to the
late Holocene. Instead, during this period of relatively low insola-
tion, the climatic influence of internal feedback mechanisms,
namely the NAO (and possibly the AMO) increasingly drove
centennial scale changes, which are superimposed on the longer
term, monotonic, insolation driven change. This suggests that
lateral energy transport via warm surface currents and south-
westerly winds became more important for Icelandic climate,
rather than continually decreasing insolation. This conclusion is
supported by a varve thickness record from lake Hvít�arvatn which
indicates, that the NAO exerted increasing influence on Icelandic
climate throughout the late Holocene (�Olafsd�ottir et al., 2013).

5. Conclusions

The high-resolution, multi-proxy approach to climate recon-
struction that is presented in this study gives a comprehensive
picture of terrestrial and marine climate evolution throughout the
Holocene. We show that major reorganisations of Holocene climate
in Iceland took place at two climatic thresholds, one at ~7.8, and the
other at ~3.2 kyrs BP. Based on the apparent changing importance
of different climate drivers at ~7.3 and ~3.2 kyrs BP, we divide the
Holocene into three distinct climatic periods, the early, middle and
late Holocene. These climatic threshold events only become
evident when considering the high-resolution terrestrial and ma-
rine biomarker proxy data in concert, illustrating the importance of
the multi-proxy approach adopted here.

The combination of multiple biomarker proxies increases
overall confidence in our interpretations and also reveals strengths
and weaknesses of a particular proxy. For example, the confidence
we have in the interpretation of soil pH, ACL25-35, and dDC29 as
recorders of precipitation is increased by the fact that all three
records are in good agreement. Furthermore, the multi-proxy
approach also reveals that the CBT/MBT0-MAT record may be
significantly influenced by precipitation along with air tempera-
ture. The counterintuitive behaviour of the CBT/MBT0-MAT record
in the late Holocene can be explained if the precipitation proxies
are considered.

CBT/MBT0-MATs were mainly driven by high insolation causing
the terrestrial HTM throughout the early Holocene (10.7e7.8 kyrs
BP). In contrast, UK0

37-SSTs appear to be dampened by the pervasive
influence of glacial melt water events. Furthermore, the centennial
variability in the UK0

37-SST record illustrates the influence of solar
activity, superimposed on themillennial scale melt water influence.
The precipitation records indicate a dryer than average early
Holocene summer climate, driven by: a reduced westerly jet during
the summer months (Harrison et al., 1992) and reduced evapora-
tion in source waters, due to the pervasive influence of melt water
events.

The influence of melt water on the UK0
37-SST record ceases at the

transition of the early to the middle Holocene. Subsequently, an
accelerating AMOC and decreasing, yet still high insolation drove a
strong marine HTM that occurred ~3 kyrs after its terrestrial
equivalent. The neoglacial period dominated the latter part of the
middle Holocene and was driven by continually decreasing inso-
lation, although the decelerating AMOC likely also affected UK0

37-
SSTs. Precipitation increased and remained high throughout the
middle Holocene. The transition from a dryer to wetter than
average climate is attributed to a decreasing summer insolation
gradient that caused a southward shift of oceanic (AMO) and at-
mospheric (Iceland low and westerlies jet) circulation systems
(Harrison et al., 1992; Knudsen et al., 2011). This shift placed Iceland
under the direct influence of moisture carrying westerlies and
drove the high precipitation regime of the middle Holocene.

All the paleoclimate records exhibit synchronous variability
across four distinct climatic periods, the RWP, DA, MCA and LIA in
the late Holocene. The comparison between of the precipitation,
UK0

37-SST and CBT/MBT0-MAT datasets presented here, and the NAO
reconstructions by Trouet et al. (2009) and Olsen et al. (2012) in-
dicates that the NAO became the dominant driver of Icelandic
climate throughout the late Holocene. Furthermore, In conjunction
with the NAO reconstruction of Olsen et al. (2012), our data dem-
onstrates that the observed link between increased precipitation in
Iceland during NAO þ phases (Hurrell, 1995), that has previously
been extended to the beginning of the MCA (Trouet et al., 2009),
may have existed nearly from the onset of the middle Holocene at
~7.5 kyrs BP. Furthermore, assuming that NAO-type atmospheric
fluctuations are the primary driver of high precipitation throughout
the whole of the middle Holocene, our data indicates that the NAO
was predominantly in a positive mode from ~7.8 to ~3.2 kyrs BP. If
the amount of precipitation can be correlated with the strength of
the westerlies (“strength” of the NAO), then our precipitation data
shows that the westerlies (and possibly the NAO) were consider-
ably stronger during the middle Holocene, compared to the late
Holocene.

This study demonstrates that the interaction of different climate
drivers drove the complex Holocene climate history. It agrees with
findings of Larsen et al. (2012) and Geirsd�ottir et al. (2013) who
attribute the non-linear response of their palaeoclimate re-
constructions to insolation to regional and local climate feedback
mechanisms. In light of the fact that different climate drivers have
shaped Icelandic climate throughout the early, middle and late
Holocene, trying to ascribe pervasive climatic cycles spanning the
entire Holocene (i.e. Bond cycles) to a single forcing mechanism
would seemingly be futile. This conclusion offers one explanation
as to why so many researchers have not been able to identify all, or
even any Bond cycles in their Holocene records (Wanner et al.,
2011).
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