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Abstract

Arctic sea ice is rapidly declining in area and volume, with impacts on local and global climatic
and ecological conditions. Without knowledge of past changes, this modern trend cannot be
placed within a broader context that would aid future predictions for Arctic sea ice. Driftwood
forms an under-utilised proxy for reconstructing Arctic sea ice extent over the Holocene
(~12,000 yrs ago to present): its transport and deposition is determined by sea ice and surface
current dynamics; making it a robust proxy for sea ice reconstructions. Driftwood in the Arctic
results from the falling of trees into the large rivers that drain the circum-Arctic, which upon
flowing into the Arctic Ocean can then become locked up in forming sea ice. This enables the
driftwood to travel across the Arctic Ocean without sinking, making it an invaluable proxy for
sea ice extent by recording variations in Arctic Ocean surface currents (and therefore sea ice
drift) and ice cover. Given it takes on average multiple years for driftwood to travel from origin
to destination in a high Arctic beach, multi-year sea ice is required for its transport. Driftwood
is abundant on many raised Arctic beaches, as it is captured on shorelines that have risen out
of the sea due to the retreat of the weight of glaciers at the end of the last ice age. Analysis of
the driftwood’s age and provenance can be used to form a reconstruction of the driftwood
transport routes through time, and therefore Arctic sea ice extent and dynamics. | present a first
pan-Arctic collation of Holocene driftwood data providing a reconstruction of higher spatial
and temporal resolution than other proxy-based methods. The collation of 913 driftwood
samples from across the western Arctic with spatiotemporal distribution and available
provenance data enabled the production of a proxy-based reconstruction of Holocene Arctic
Ocean surface current and sea ice dynamics. This revealed that Holocene sea ice extent and
drift is characterised by a gradual progression from millennial to centennial shifts in the relative
position of the Transpolar Drift and Beaufort Gyre, which is consistent with the dynamics of

the Arctic Oscillation. Building on this I present the development of novel methodological



approaches which successfully employ driftwood as a proxy for Arctic Ocean surface current
and sea ice dynamics. These reveal a 500-year history of driftwood incursion to northern
Svalbard, directly reflecting regional sea ice conditions and Arctic Ocean circulation. This
record indicates centennial- to decadal-scale shifts in source regions for driftwood incursion to
Svalbard, aligning with Late Holocene high variability and high frequency shifts in the
Transpolar Drift and Beaufort Gyre strengths and associated fluctuating climate conditions.
Driftwood occurrence and provenance also tracks the northward seasonal ice formation shift
and migration of seasonal sea ice to the peripheral Arctic seas in the past century. A distinct
decrease in driftwood incursion during the last 30 years matches the observed decline in pan-
Acrctic sea ice extent in recent decades. Lastly, | present the development of novel techniques
to refine the provenance of driftwood through radiogenic isotopic analysis (8Sr/2°Sr). The use
of geochemical provenance techniques can potentially address some of the limitations of
current methods, warranting further development. The results show the utilisation of &Sr/%°Sr
ratios to establish provenance for Arctic driftwood has potential, with current confounding
factors in contamination issues of driftwood during transport and in the scale, spatial
heterogeneity and temporal variations of pan-Arctic source regions. Combination of all
techniques can further define the role of atmospheric and oceanic circulation in sea ice and
climatic changes throughout the Holocene. The components of the thesis describe the
successful employment and further development of driftwood as a proxy for Arctic Ocean

surface current and sea ice dynamics.
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Chapter 1: Introduction

1 Introduction

1.1 Arctic Sea lce

The rapid decline in Arctic sea ice extent, age and thickness is well documented, with
such changes due to cause far-reaching impacts on both localised and global climatic and
ecological processes (Bhatt et al., 2014). Arctic sea ice fluctuations are strongly coupled with
Arctic climate, involving the influence of a variety of mechanisms, which incorporate natural
climatic forcings occurring over a wide range of timescales (geological to intra-annual) and
recent changes induced by anthropogenic influence. These forcings are being reflected in the
observations of a rapid decline in the extent and thickness of sea ice (Polyak et al., 2010;
Maslowski et al., 2012) with a decline in sea ice volume of 75% since the 1980s (Overland et
al., 2013). The greatest decline in extent and multi-year ice has been observed in late-summer
at the end of the melt season (Serreze et al., 2007), which mostly consists of thick multi-year
ice and is shrinking at 13.3% per decade (Serreze & Stroeve, 2015). This has contributed to the
decrease in ice age, with a drop from 4+ years old ice constituting 33% of the total ice extent

in the mid-1980s to 3.1% in 2016 (Tschudi et al., 2016).

The continuing decline in sea ice cover is expected to have a diverse range of
consequences including a warmer, wetter Arctic, impacts on terrestrial and marine
productivity, changes to global atmospheric and ocean circulation patterns, terrestrial fauna
and flora population fragmentation and habitat reduction, increased marine species interaction
and connectivity, and northward expansion of lower-latitude species (Overland & Wang, 2010;
Screen & Simmonds, 2010, 2014; Francis & Vavrus, 2012; Post & Hgye, 2013; Overland et
al., 2016; Vavrus et al., 2017; Bintanja & Andry, 2017). The knowledge of the dynamics behind
such changes is constantly evolving, and the importance of factors such as the Arctic

Oscillation — AO; defined as the principal component of sea-level pressure north of 20° N and

1



Chapter 1: Introduction

regarded as the most influential mode of atmospheric circulation and climate in the Arctic
(Thompson & Wallace, 1998; Comiso & Hall, 2014) —and associated changes in ocean current
and sea ice dynamics remains under active research (e.g. Rigor et al., 2002; Comiso and Hall,
2014; Barnes and Screen, 2015; Ding et al., 2017). This is explored in more detail in Chapter

2.

The spatiotemporal dynamics of Arctic sea ice conditions throughout the Holocene
remain largely unknown, given the sparse knowledge preceding satellite observation, and so
modern trends cannot be accurately assessed within centennial and millennial timescales. With
the state of the Arctic clearly being such an influential factor in the wider climatic system,
further knowledge of past sea ice dynamics is needed for revealing the late Quaternary Arctic
climatic state and to investigate the Arctic system’s climatic, geophysicalc and biotic responses

and feedbacks to increasing global average temperatures.

The extent, thickness and dynamics of Arctic sea ice are driven by a range of factors
that fall broadly into two components: those of the thermal and physical dynamics of the Arctic
Ocean system. Thermodynamic processes in the Arctic such as the thermohaline circulation,
surface warming and advection of warm waters contribute to changes in ice extent, age and
thickness. The physical dynamics of sea ice are driven by both ocean and atmospheric
circulations, which influence the strength and position of the Beaufort Gyre and Transpolar

Drift (Figure 3.1).

The Beaufort Gyre (BG) displays a mean annual clockwise motion in the western Arctic
Ocean (Polyak et al., 2010), and this anticyclonic nature results in the recirculation and
enhanced persistence of sea ice within the Arctic basin. The mean residence time for ice in the
BG is c.5 years (Rigor et al., 2002) and so it aids in the formation and preservation of multi-

year ice that can reach up to 5m thickness (de Vernal et al., 2013). The Transpolar Drift (TPD)
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is a surface ocean current running more or less parallel to the Siberian coast and transporting
Arctic ice and waters southwards to the North Atlantic through the Fram Strait, favouring the
loss of ice. Holocene fluctuations in the extent and orientation of the TPD — which are in turn
related to the extent and strength of the BG — have been proposed to vary between three overall
states (Dyke et al., 1997): there are lateral shifts from a) an eastward route toward Fram Strait,
with sea ice (and any driftwood entrained in it) advection to the European side of the Arctic;
b) a westward route toward Greenland with sea ice advection to the Canadian Arctic
Archipelago (CAA); and c) a split route with sea ice transport divided between the east and
west. A driftwood-based reconstruction of these lateral shifts in the TPD shows abrupt 40-50yr
timescale shifts in the TPD position over the last 8.5 ka, with stable periods on centennial to

millennial scales (Dyke et al., 1997; Tremblay et al., 1997).

The interaction of physical and thermal forcings can lead to feedback mechanisms that
amplify fluctuations in sea ice, including spatiotemporally variable atmospheric and oceanic
heat fluxes, prevailing winds, and ocean currents (Haas & Thomas, 2017). For example, when
sea ice is thinned or reduced in age by dynamic ice and atmospheric processes, a positive
feedback can occur as whereby this ‘preconditioned’ thinned ice is more susceptible to being
lost by surface warming and wind stress changes (Hutchings & Rigor, 2012). The observed
sustained reduction in March and September ice extent from 1850 - 2013 (Walsh et al., 2017)
includes a striking thinning of undeformed ice (Rothrock & Zhang, 2005), and acceleration of
seasonal and annual ice retreat with spatially-variable sea ice distribution changes across the
Arctic (Kinnard et al., 2008). To determine the uniquity of the recent trend in decreasing multi-
year sea ice and sea ice thickness (Kwok & Rothrock, 2009), as well as the region’s abiotic and
biotic responses, a greater understanding of the role of physical and thermal forcings and their

resulting global impacts is needed (Dieckmann & Hellmer, 2010; Armand et al., 2016).
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The AO is a key physical driver of the position of the TPD and the balance between the
strength of the BG and TPD circulation patterns. It is characterised as the variable atmospheric
mass exchange between the Arctic Ocean and temperate latitudes (Rigor et al., 2002), with
positive or negative polarity determined by anomalies in Sea Level Pressures (SLPs) over the
polar regions and mid-latitudes (c. 55°-60°N) (Kwok et al., 2013). A negative polarity of the
AO results in weaker winds over the Arctic and an enhanced BG, leading to reduced sea ice
motion and lead formation and so enhancing the retention and growth of multiyear sea ice
(Figure 3.1a). Positive AO index configurations (Figure 3.1b) are associated with stronger
westerlies at subpolar latitudes and lower SLP over the Arctic, resulting in cyclonic surface
winds which increase sea ice motion. This physical process renders the Arctic Ocean more
susceptible to thermal forcing, such as under recent climate change, by increased heat exchange
from the ocean to the atmosphere, further reducing the thickness and concentration of sea ice
(Rigor et al., 2002). A positive AO also causes expansion of the TPD, with increased export of
sea ice from the Arctic Ocean through the Fram Strait, further enhancing sea ice reduction

(Kwok & Rothrock, 1999; Hilmer & Jung, 2000; Rigor et al., 2002).

1.2 Observation and reconstruction of past Arctic sea ice

conditions

There is only fragmented and scarce data (in time and space) on sea ice extent prior to
the generation of spatially explicit sea ice extent information by satellite observations in the
late 1970s (Post & Haye, 2013). Since Iceland’s settlement in ¢.870 AD, records were kept of
sea ice incidence by Icelandic fisheries (Polyak et al., 2010), enabling the development of a sea
ice index for the period A.D. 1600 — 1850 (Ogilvie & Jonsdattir, 2000). The observational

record has been extended back in time to the late 19" century by compiling various
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observational data sources including ship reports, airplane surveys, compilations by naval
oceanographers and analyses by national ice services (Walsh et al., 2017). In Svalbard, sea ice
information since 1800 has been collected from sealers, ships and trappers wintering on the
archipelago by the Norwegian Polar Institute (Vinje, 2001), while April sea ice extent (a good
proxy for maximum sea ice extent) in the Nordic Seas from 1850-1998 was generated from
ship data, aircraft reconnaissance flights and satellite observation data (Vinje, 2001). April sea
ice in the Barents Sea region was recorded by Norwegian ice charts by sealing and hunting
expeditions from 1850-1949 and 1966-2001, and intervening years measured by Soviet
reconnaissance aircraft (Shapiro et al., 2003). Sea ice draft and thickness were also measured
through upwards sonar data by submarine cruises throughout the Arctic from 1958 onwards
(Rothrock et al., 2008). These include comparisons of draft data (the thickness of sea ice
extending below the water surface) from two summer polar cruises in 1958 and 1970 (A. S.
McLaren, 1989), before more extensive draft data collection as part of the Scientific Ice
Expeditions (SCICEX) program (Gossett, 1996). These historical sea ice observations provide
information to varying degrees of accuracy and coverage, with records from the past two
millennia being the most abundant. Since the 1970s, spatially explicit sea ice extent information
has been available by the development of satellite observations (Post & Heye, 2013). Using
these records, Walsh et al. (2017) produced a spatially-explicit sea ice dataset since the late
19" century at fine spatiotemporal resolution, enabling a comparison between historic data sets
and proxy-based reconstructions (Post & Haye, 2013). Such spatiotemporally limited historic
data sets therefore offer some context for recent sea ice changes, but provide inadequate insight
on trends driven by broader-scale climatic trends. Further knowledge of past sea ice dynamics
is needed to understand the context of recent change and gain insight into possible future sea

ice trajectories under conditions of increasing global average temperatures.
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The geological record and proxy data are important sources of information for
environmental and climatic conditions preceding the advent of direct observations, though they
are currently limited by abundance, length and/or resolution of records (Abram et al., 2013).
Much of these data for past sea ice inference derive from ocean cores, which provide a variety
of both biogenic and inorganic information from tracers, marker species to microfossil
assemblages (Gersonde & De Vernal, 2013). Examples of biogenic palaeontological data
include dinoflagellate cysts, ostracods, diatom and benthic foraminifera assemblages (Cronin
et al., 2013; De Vernal et al., 2013; Seidenkrantz, 2013). Biomarkers used include IP2s —a Czs
isoprenoid lipid formed by diatoms (e.g. Abram et al., 2013; Belt and Mdller, 2013; Brown et
al., 2014), phytoplankton-derived brassicasterol, and PIP2s, an index developed combining IP2s
and the phytoplankton markers brassicasterol and dinosterol (Muller et al., 2011), and DIP2s—
an isoprenoid diene to IP2s ratio (Cabedo-Sanz et al., 2016). Inorganic biomarkers include the
use of ice-rafted debris (IRD) and radiogenic isotopes for tracking ice drift and provenance
(e.g. Stickley et al., 2009; Hillaire-Marcel et al., 2013; Fagel et al., 2014). Sea ice extent has
also been reconstructed from ice core data, using sea salt sodium (Levine et al., 2014) and flux
rates of methanesulfonic acid (MSA) (Becagli et al., 2009; Criscitiello et al., 2013) and
halogens (Spolaor et al., 2013, 2016), though these do not yet supply robust reconstructions
due to interpretation and calibration limitations (Abram et al., 2013). Combining ice core
isotopic composition with tree ring data has been shown to yield sea ice extent variability on
centennial scales (Macias-Fauria et al., 2010), improving the coarse temporal resolution

obtained by ocean records due to extremely low sedimentation rates in the central Arctic Ocean.

Such data provide information on environmental and climatic conditions preceding the
advent of direct observations, and relative sea level variations can provide evidence of
palaeosea levels and their changes in elevation (e.g. Andrews, 1970; Farnsworth et al., 2020a;

Forman et al., 2004; VVan de Plassche, 1986). Raised beaches that occur in northern Eurasia are
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a result of glacioisostatic adjustment (GIA) following deglaciation. Their current elevation
results from the balance between eustatic sea level change, and isostatic rebound of the
lithosphere following the latest deglaciation of northern Eurasian ice sheets (Forman et al.,
2004). Such raised beaches in Svalbard often lack vegetation due to their low temperatures,
aridity, high alkalinity and low nutrient availability (Dyke et al., 1997; Forman et al., 2004).
Such harsh conditions preserve datable driftwood, whalebones and pumice as decomposition
is limited (Feyling-Hanssen & Olsson, 1959; Blake Jr, 1961; Bondevik et al., 1995;
Schomacker et al., 2019; Farnsworth et al., 2020b). Whalebones are commonly utilised for
reconstructing relative sea-level changes. As with whalebone, mollusc shells require correction
for the marine reservoir effect, but in addition often have the limitation that the elevation of
their living habitat cannot be accurately determined. Therefore, driftwood is the preferred target
for analysis due to its terrestrial origin (and therefore radiocarbon dating suitability) and
delivery to within 1-2 m above sea level by storm or ice pressure, although it can later migrate
shoreward by post-depositional slope processes (Funder et al., 2011). Driftwood can also be

used as a proxy for past sea ice conditions in the Arctic.

1.3 Arctic driftwood as a proxy for sea ice

Deposits of driftwood on Arctic shorelines reveal the transport by sea ice within large-
scale Arctic Ocean circulations, which enables the reconstruction of past surface-current
dynamics and sea ice conditions in the Arctic (Haggblom, 1982; Dyke et al., 1997; Funder et
al., 2011). The collection of driftwood and its analysis began in the late 1800s, with collections
made by Arctic explorers (e.g. Agardh, 1869; Kindle, 1921). Driftwood studies have increased
in number and complexity in recent years, with examination of provenance, climate

reconstruction and links to anthropogenic uses of wood (Giddings, 1952; Eurola, 1971; O.
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Eggertsson, 1993; O. Eggertsson, 1994b, 1994a; Tremblay et al., 1997; Johansen, 1998, 2001;
Alix, 2005; England et al., 2008; Vare et al., 2010; Funder et al., 2011; Hellmann et al., 2017).
More recently Arctic driftwood has been used as a proxy for sea ice reconstruction, with the
age and source of examined driftwood combined with and compared to hypotheses on the
dynamics of the Beaufort Gyre and Transpolar drift. (Haggblom, 1982; Dyke et al., 1997;
England et al., 2008; Funder et al., 2011; Hellmann et al., 2013b, 2017; Nixon et al., 2016; R.

A. Blanchette et al., 2016; Hole & Macias-Fauria, 2017; Dalaiden et al., 2018).

Driftwood is a highly useful proxy for reconstructing sea ice patterns not only due to
its inherent link to Arctic sea ice drift routes (Funder et al., 2011), but also due to it ubiquity
and abundance on many Arctic coasts; with ages that span the climatic fluctuations of the
Holocene. Arctic driftwood is not local given the absence of forests at these northern latitudes.
Its delivery to the shores of the high Arctic requires sea ice for long-distance transport due to
its limited buoyancy once waterlogged (Haggblom, 1982), and seasonally open waters to
enable wave action to deliver the driftage to the shoreline. The incurred driftwood derives from
the major rivers that drain the boreal forest regions of North America and Eurasia and

contribute 38% of the freshwater influx into the Arctic Basin (Serreze et al., 2006).

Due to wood’s limited buoyancy, it may not seem expected for driftwood from Arctic
Ocean-draining rivers to reach such quantities on shorelines on the other side of the Arctic
Ocean. The low water temperature and high Arctic Ocean salinity increase the buoyancy, but
it is the presence of ice that enables transport of wood that would otherwise sink within a matter
of months, making ice a key factor for long-distance driftwood movement (Eurola, 1971,
Haggblom, 1982; O. Eggertsson, 1994a; Dyke et al., 1997; Johansen, 1999). Individual species
differ in buoyancy, with the average values for each species compiled from various reports by

Haggblom (1982):
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Table 1.1. Species buoyancy compiled by Haggblom (1982)

Tree Species Buoyancy period
Spruce (Picea abies — Norway Sprice) 17 months
Pine (Pina silvestris — Scots pine) 10 months
Larch (Larix sibirica — Siberian larch) 9-10 months
Birch (Betula sp. — birch) 6 months
Aspen (Populus tremula — aspen) 10 months
Willow (Salix sp. - willow) 6-10 months

Individual tree characteristics also have an impact on buoyancy upon entering the rivers, with
a positive correlation between volume and buoyancy for conifers (Haggblom, 1982). While
these differences likely have an impact on the likelihood of the wood remaining afloat long
enough to become entrained within ice, wood often enters rivers during storm events and winter
ice breakup, reducing the duration that the wood is free-floating. Therefore, sea ice is still the

determining factor for long-distance transport of any tree species in the Arctic Ocean.

In regions of permafrost, incursion of trees into Arctic rivers is due mainly to riverbank
erosion, which peaks with storm events. During the summer, the June and July snow and glacier
melt increase erosion, while during August rainfall, the warmer and higher waters lead to the
peak in riverbank erosion (Ashton & Bredthauer, 1986; Mason & Beget, 1991). One of the
major rivers that drain into the Arctic Ocean is the Lena in Siberia; one of the largest to flow
along the permafrost region. During the spring ice-breakup, river water temperatures rise up to
18°C, with water levels up 8-10m from May-July, submerging floodplains and islands (Costard
etal., 2007). By June, floodwaters reach their highest velocities of up to 100,000 m3s in some
localities (Yang et al., 2002; Gautier et al., 2003; Liu et al., 2005). The rising temperatures and
levels substantially increase the thermal and mechanical erosion (Costard et al., 2003; H. J.
Walker & Hudson, 2003; Randriamazaoro et al., 2007); leading to the peak retreat and erosion
of river banks of up to over 20m in a year in prone localities, while the average rate is closer to

5-10m per year (Aré, 1988; Gautier et al., 2003).
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Driftwood found on modern Arctic coasts includes both natural fallen trees, felled by
erosion processes and storm events, and logged wood from the rafting of timber on rivers in
the boreal regions (Hellmann et al., 2013a). Logged wood has discerning features such as
missing rootstock and lack of branches that can aid in separating it from fallen wood. Beached
driftwood also often has a set of particular features that may inhibit anatomical classification,
including erosion, decomposition by fungi, missing rings, and holes from shipworms
(Teredinidae navalis) (Hellmann et al., 2013a). Nevertheless, examination of features in a
study discussed further below found that genus (and species in some cases) differentiation was

still possible through anatomical examination of macroscopic and microscopic characteristics.

The major rivers contributing freshwater to the Arctic Ocean have been surrounded by
boreal forest throughout the Holocene (Ritchie & Hare, 1971; Hopkins et al., 1981; MacDonald
et al., 2000). The Eurasian boreal tree limit in the early Holocene of ¢.9.5-6ka BP lay up to
200km northwards at the circumpolar coastlines, due to increased summer insolation and
temperatures compared to modern conditions (MacDonald et al., 2008), before migrating to its
modern limit at 60-70°N (Sokolov et al., 1977; Bigelow et al., 2003). The boreal forest reached
its current composition by c. 6 ka BP in Canada (Tremblay et al., 1997), and by 3-4ka BP in
Eurasia (MacDonald et al., 2000), with increased Larix between 10 — 3.5ka BP. Low numbers
of Picea in the Asian boreal forest have been consistent throughout the Holocene (MacDonald
et al., 2008). In North America, Picea dominates west of Hudson Bay (the boreal forest east of
Hudson Bay does not contribute driftwood to the Arctic Basin beyond Hudson Bay due to the
lack of large north-flowing river drainage basins). In Asia, Larix (and Pinus to a lesser extent)
dominates the eastern Siberian boreal forest, with Picea very slowly increasing in abundance
westwards — though still at minimal percentages in central Siberia — to dominate, together with
Pinus, in westernmost Eurasia (Europe) (Sidorova et al., 2016). Pinus is present throughout

central and western Siberia, and in some parts of the watersheds of the Mackenzie and Yukon
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in North America (Hellmann et al., 2013b), though at lower abundance in the boreal forests
compared to Larix and Picea. It also constitutes a small percentage of naturally felled Holocene
Arctic driftwood, making Pinus less useful for driftwood provenance analysis based on genus
alone. With this knowledge of the geographical distribution of Arctic/boreal tree species,
numerous studies exploring driftwood as a proxy for sea ice have used a genus-based division
of driftwood to indicate wood provenance, with Larix assumed to indicate a Siberian origin,
and Picea assumed to signify a North American origin (e.g. Dyke et al., 1997; Eggertsson,

1993; Funder et al., 2011; Haggblom, 1982; Hellmann et al., 2013b; Nixon et al., 2016).

In the high-latitude boreal forest zone, climate is a common limiting factor of tree
growth, leading to coherency in tree-ring growth patterns within broad climatic
region/watersheds (O. Eggertsson, 1993). This coherency enables regional chronologies of
mean tree-ring growth patterns to be created across the boreal forest zone (Schweingruber,
2012) and utilised for dendrochronological matching to driftwood derived from possible boreal

source regions.

Dendrochronology and tree ring width (TRW) analysis allows for more spatially — and
temporally — precise provenance determination. The majority of driftwood
dendrochronological studies will consider only reference chronologies associated with a
particular drainage basin (Eggertsson, 1993; Eggertsson & Laeyendecker, 1995) based upon
consideration of Arctic surface currents. However, some recent studies have highlighted that
such assumptions can be incorrect, and a far wider extent of circumpolar sites must be
considered during such processes, to accurately capture the potential history of samples
(Hellmann et al., 2013). Employing a dataset of recent naturally-felled driftwood material from
Northern Svalbard, Chapter 4 addresses the use of dendrochronology for Arctic driftwood
provenance utilising a pan-Arctic reference record, and develops new numerical approaches to
account for the patchy nature of the reference chronologies.

11
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1.4 New driftwood provenance tools

Dendro-provenancing can only cover the regions and periods for which reference
chronologies exist. To achieve a more precise definition of the role of atmospheric and oceanic
circulation in sea ice and climatic changes throughout the Holocene, a pan-Arctic focus
incorporating a more definitive determination of driftwood provenance fluctuations is needed.
This would strengthen its use as a proxy for sea ice reconstruction by enabling the dynamics
of the BG and TPD to be better determined at key climatic points of the past 12,000 years.
Isotopic analysis of the driftwood tissue is one future avenue, with the strontium radiogenic
isotope system previously explored for provenance studies in the form of &Sr/%Sr ratios.
Lithologies can be characterised by a defined 87Sr/®®Sr ratio (English et al., 2001; Reynolds et
al., 2005), which is not significantly fractionated by biological processes such as incorporation
into wood tissue (English et al., 2001; Dijkstra et al., 2003). These features enable a spatial link
between the wood and its growth site, providing that a framework of potential source strontium
signatures is established. A further novel provenance tool is that of ancient DNA (aDNA)
analysis or palaeogenetics. As wood is a commonly occurring archaeological remain (Gugerli
et al., 2005), a variety of studies have already shown the application of aDNA analysis for
archaeological/preserved wood for uses such as wood traceability and monitoring species
evolution (Speirs et al., 2009). Sequencing of genomes of plant and animal tissue has been
successfully employed on time scales exceed 0.5Ma (Orlando et al., 2021) and the possibilities

of aDNA are likely to increase as technologies develop further.

In the use of driftwood’s biological characteristics and isotopic signatures as tracers, an
important consideration is the level of degradation and contamination that the wood has
undergone in its journey from boreal riverside to Arctic shoreline. The degradation of wood by
microorganisms occurs in a variety of environments, (Kim & Singh, 2000), but there has been

a lack of assessment of the preservation of isotopic ratios in fossil wood (Boettger et al., 2003;
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Savard et al., 2012). The immersion of wood in seawater has also been found to alter its
chemical signature (Yamada et al., 2014; Fermé et al., 2015; Steelandt et al., 2016). In a study
examining how drifted, imported and native wood in Iceland might be differentiated through
chemical methods (Mooney, 2018), electrical conductivity testing found overlap between the
wood types, as well as variation within individual driftwood samples. The author highlighted
the many variabilities impacting archaeological wood that introduce uncertainty, such as length
of time immersed and beached, leaching out of seawater by rainwater, and the level of burial
or weather exposure of the samples before collection. The study surmised that the chemical
signature of archaeological wood remains may be influenced more significantly by the

depositional environment than by its origin.

Tree components and species also vary in their predisposition to decay, due to the
individual biological constituents. Softwoods contain sugars that are more resistant to biotic
decay compared to hardwoods (Fengel, 1991), while the level of protective extractives (non-
structural or secondary constituents of plants e.g. resins (Hillis, 1971)) are greater in
hardwoods, but also within trees these are greater in heartwood than in sapwood (Sandak et al.,
2014). Thus, heartwood is more resistant to degradation, although the extractives themselves
are prone to decay. Comparing the species-specific decay of lignin (the complex organic
polymers providing structure within support tissue of most plants), archaeological pinewood
was found to show more degradation than oak, despite being 400 years younger (Sandak et al.,
2014). Similarly in a study on waterlogged wood degradation, pine, birch and other species
with lower extractives were found to be less durable than more extractive-rich species once
waterlogged (Blanchette, 2000). With such differences, it has been advised for the
interpretation of isotopic data in fossil tree species to only be undertaken following
investigation of the impact of decay on the wood constituent’s isotopic ratios (Savard et al.,

2012). Arctic driftwood also has its own unique set of conditions that influence the level and
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type of decay that occurs. Upon entering the boreal rivers and the ocean, sediment scouring
and shipworm (Teredinidae navalis) tunnelling can deteriorate the wood (Eriksen et al., 2015),
exacerbated by the bacterial enzymes used by shipworms to ease cellulose digestion (Distel et

al., 2002a, 2002b; Betcher et al., 2012).

1.4.1 Isotope systems for provenance

An element’s isotopic composition is usually expressed as a ratio of atoms; for example
the variation of strontium is expressed by the 87Sr/®®Sr isotope ratio, resulting from differing
numbers of neutrons and therefore atomic number (Allégre, 2008). Stable isotopes have
compositions that are energetically stable, with sufficient neutrons to prevent repulsion of the
atom’s protons, while radiogenic isotopes result from the transformation of unstable
radioactive isotopes into more stable nuclei, with resulting release of radiation. This occurs
over a specific ‘decay constant’ that denotes the number of nuclei that decay per unit time, and
is a constant fraction of the number of nuclei remaining. The isotopic composition ratios of
many elements therefore vary by time and location, making possible their use as tracers and
dating tools. Environmental inputs during tree growth determine the concentrations and ratios
of various isotopes within wood. These inputs from sources including soil, water and airborne
isotopes affect the wood composition of such isotopes in a variety of ways. Depending on the
mechanism of uptake and utilisation by the tree, direct correlations to the sources can be
determined, or if influenced by physiological processes within the tree, integrated signals can

result. This is explored further below and in Chapter 5.

Variation in the stable isotopic ratios within trees due to physiological processes is well
understood, as is the sensitivity of §*C and 520 isotope ratios to variation in meteorological

and environmental conditions (Brandes et al., 2006). There is, however, remaining uncertainty
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on the physiological process impacts on fractionation during metabolic and transport processes
after wood tissue formation. The significance and utility of stable isotopic variation also
depends on whether the absolute signature from bulk wood or series variability of values within
each ring is used, as yearly variability will require standardisation (similarly to tree-ring width
series) to express the tree isotopic variability to a common mean and therefore reveal
comparable responses to external forcings. When extracting wood components for stable
isotope analysis, there is some debate on whether a-cellulose (the most stable form of cellulose,
the complex natural polysaccharide providing structure in cell walls) or lignin are the best for
reconstructions of climate (Savard et al., 2012). For fossil or sub-fossil wood, degradation
processes further complicate this choice. In an anaerobic environment, the polysaccharides of
cellulose and hemi-cellulose (polysaccharides with shorter polymer chain lengths than
cellulose) degrade at a faster rate than lignin (Bjordal et al., 1999; Van Bergen & Poole, 2002;
Gelbrich et al., 2008; Sandak et al., 2014), which can generate a decrease in the 513C signature
and obscure climatic signals. However in the place of cellulose, lignin may not be as sensitive
to climatic change (Loader et al., 2003). Isotope systems that are less sensitive to short-term
climate, environmental and physiological factors are therefore useful sources of provenance
tools, such as inorganic radiogenic isotopes that are taken up from the environment into wood
tissue. The most useful radiogenic isotopes for provenance are those that derive from elements
that exist in concentrations above 10ppb within the target sample (trees in this study). These
include strontium, sulphur and lead (Reynolds et al., 2005), whereas neodymium is of less use
due to very low (<10ppb) concentration in wood. Metal isotopes can also migrate from the tree-
rings of the year they were deposited (Lepp, 1975), with trace metal mobility being found to
extend across the width of the sapwood (Lukaszewskp et al., 1988; Zayed et al., 1992;
Brackhage et al., 1996). Such mobility affects the ability of any isotopic time-series through

the rings to be used as an environmental proxy or for cross-dating. Isotopic tools that can utilise
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the bulk measurement of a sample (not individual rings) is an avenue for development, due to
reduced time and cost consumption, particularly given the primary goal of provenance

determination, not climate reconstruction.

The strontium radiogenic isotope system has been widely employed for provenance
studies in the form of 8Sr/%®Sr ratios for over 30 years, in environmental, archaeological and
regulatory studies, such as food product provenance authentication (e.g. Aberg, 1995; Durante
etal., 2013; Gosz & Moore, 1989; Graustein & Armstrong, 1983; Voerkelius et al., 2010). The
alkali metal strontium is a component within all rocks (English et al., 2001), with relative
abundance of the radiogenic isotope form (87Sr) specific to certain rock types (Guinn, 1978).
Therefore, lithologies can be characterized by a defined ’Sr/%Sr ratio (English et al., 2001;
Reynolds et al., 2005). With an ionic radius similar to that of calcium, strontium Sr?* ions can
substitute for Ca?* in calcium-rich minerals including calcite, plagioclase feldspar, dolomite,
gypsum etc (Bentley, 2006). However, the isotope of use in provenance, Strontium-87, is
derived from the radioactive decay of Rubidium-87 (t1.,=48.8 Ga), and consequently the Sr
isotopic signature of bedrock derives from the initial 8’Rb/®®Sr ratio and the age of the rock
(English et al., 2001; Reynolds et al., 2005). Rubidium is also an alkali metal, with an ionic
radius similar to potassium, enabling Rb** to substitute for K* in minerals including potassium
feldspar, biotite and muscovite (Bentley, 2006). The bedrock lithology determines the Sr ratio;
old metamorphic rocks contain a greater initial proportion of 8Rb and therefore contains more
of the decay product &Sr and a higher &7Sr/2®Sr ratio (> 0.710) than other lithologies. Younger
volcanic, basaltic rocks have lower initial Rb and so lower ratios (~0.702-0.704), while
sedimentary rocks have intermediate values (~0.707— 0.709), resulting from the ocean Sr
composition at the time of deposition (Gosz & Moore, 1989; English et al., 2001; Banner, 2004,

Bentley, 2006; Rich et al., 2012). Bedrock lithology and age therefore determine the Sr ratio.
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Strontium is not as prone to geological or biological fractionation due to its higher mass
compared with other isotopic systems such as H, C, O, meaning that weathering products such
as secondary clay minerals will retain the parental bedrock signature (Capo et al., 1998;
Bentley, 2006), along with the soils above the bedrock and the plants sampling them (English
et al., 2001; Dijkstra et al., 2003). Yet the Sr signature of surface waters derived from bedrock,
and particularly potassic silicate rocks, has a differing isotopic signal than the bulk rock it is
released from. This is due to weathering that initially favours the dissolution of mineral
inclusions and cation-leaching from mineral defect sites (Blum & Erel, 2003). These waters
and the surrounding soils are then more dominated by the Sr that is more rapidly released from
reactive minerals such as calcite and evaporates (Blum et al., 1998; Bataille et al., 2014). The
bioavailable Sr signatures of soils are often dominated by weathering processes, with alluvial
soils containing the mixture of sediment and their Sr signatures from upstream inputs. A study
looking at the processes affecting Sr uptake in mixed Norway spruce and Scots pine examined
87Sr/%Sr and 80/*®0 variation in soils at varying depths found an increasing 8’Sr/%Sr ratio
with depth (Poszwa et al., 2004). The study results were also used to develop a simple flux
model for the investigation of the variations in Sr cycling, soil mineral weathering and depth
of Sr uptake on soil and tree &Sr/®Sr ratios. The variation of 8’Sr/%Sr ratio in bulk soils with
depth correlated with the variation of soil contents and mineralogy due to chemical weathering
losses over time (Olsson & Melkerud, 2000), though for spruce, a Z-shaped profile of 8"Sr/Sr
meant that Sr ratios could not be immediately linked to a depth of Sr uptake. The Sr signature
of soil water also originates not only from those weathering processes that form the soils, but
also atmospheric dust (Graustein & Armstrong, 1983), as well as rainfall and groundwater

(Poszwa et al., 2004); that can all lead to varied Sr signatures.

Atmospheric dust influences soil strontium by the effects on soil mineralogy. As

strontium derives from the cation components of carbonate dust, it therefore originates from
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carbonate bedrock and soil carbonate that has been entrained into the transported dust (Naiman
et al., 2000). Precipitation can dissolve the carbonate and the soil/water exchangeable fraction,
with carbonate then precipitated once at depth within the soil. The silicate fraction may be
weathered to release Ca which if transferred to depth within soil can then precipitate as calcium
carbonate. Calcium is often investigated alongside strontium due to their very similar behaviour
within biological and environmental processes (Silkin & Ekimova, 2012), including their
similar incorporation into tree bark. In the Siberian regions a particular important atmospheric
influence may derive from radiogenic dust transported long distances from Central Asia
(Bagard et al., 2013). In such permafrost regions this input may be especially significant; after
it was found the weathering rates in permafrost-dominated boreal regions were found to be
some of the lowest in the world, increasing the dominance of external inputs such as dust

(Pokrovsky et al., 2005; Viers et al., 2013).

Proximity to rivers has been shown to also influence the dominant bioavailable
strontium ratio; a study found that plants bordering streams reflected the stream-water 8’Sr/2°Sr
ratio that itself integrates the signatures from the bedrock of the drainage area, while further
from the stream the signature tended towards the local soil Sr ratio (Sillen et al., 1998). Rivers
carry most terrestrial weathering products to the oceans as both suspended load and a small
percentage of the strontium in solution. River water Sr concentrations globally average at 0.06
ppm and vary from about 0.006 to 0.8 ppm (Capo et al., 1998), while the &Sr/®®Sr ratio shows
consistency over a range of flow rates (Bain et al., 1998). Like soils, river Sr composition is
not necessarily simply a reflection of the drainage basin bedrock compositions due to variable
erosion rates depending on the geology. This is particularly the case for low-elevation rivers
such as those that drain into the Arctic Ocean, as the rivers have sampled the integrated signal
of upstream lithologies and regional precipitation (Bentley, 2006). As such water would also

be deposited on low-elevation floodplains, the 8’Sr/%8Sr ratio of rivers is a good predictor of the
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Sr signature that is bioavailable to plants (Bentley, 2006). For trees flanking the Arctic rivers
that fall to become driftwood, the Sr signature is therefore likely to be dominated by the river
water Sr signature. Any measurement of pan-Arctic rivers should ideally be measured at the
point in time when flow rates exceed mean annual discharge to avoid the spring thaw/freshet
(Brennan et al., 2014), as the increased discharge during spring melt yield elevated dissolved
organic carbon and dissolved nitrogen concentrations, and diluted major ion concentrations

that are shifted from base flow toward precipitation values (Douglas et al., 2013).

The Sr that is taken up by a tree again remains unfractionated. In a study of Cypriot
cedars (Rich et al., 2012), local bedrock, early heartwood of the innermost pith ring and the
late heartwood 8/Sr/%Sr signature were compared to enable a physiological comparison
between samples. The bedrock 87Sr/8Sr ratios were substantially lower than the sampled wood,
but very consistent between the two sites. Other studies such as on groundwater strontium in
southeast Australia has highlighted the likely importance of rainfall 8Sr/%Sr ratios (Raiber et
al., 2009), while studies demonstrated that in regions proximal to the coast, plant ratios were
closely coupled to the signatures found in sea-induced rainfall and sea-spray (Kennedy et al.,
1998; Vitousek et al., 1999; Whipkey et al., 2000; J. A. Evans et al., 2009). In Scotland,
precipitation 87Sr/%8Sr values were found to be consistent across sites ~300km apart and closely
matched ocean water 87Sr/%®Sr values (Bain & Bacon, 1994). Therefore, the higher ratio in
wood in Cyprus likely reflected the same marine influence (Rich et al., 2012). The Sr signature
of trees is also dependant on rooting depth and the residence time of the soil water (Reynolds

et al., 2005).

For riparian trees flanking Arctic rivers that become driftwood, the Sr signature of the
tree while living is likely to be dominated by the river water Sr signature. The main
contributions of Sr in river systems are weathering of the local bedrock and rainfall and runoff
water, therefore, the Sr isotopic composition of rivers varies geographically (depending on the
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bedrock inputs and precipitation of the river watershed). Consideration must also be given to
possible contamination once the tree has fallen and entered the river and eventually reached
the ocean; overprinting the source signature by biological and physicochemical processes from
interaction with river water, ocean water, and sea salt aerosols (Hajj et al., 2017). The Sr
concentration of seawater is about 8 ppm, in river water it is about 50 ppb (Van Ham-Meert et
al., 2020)., with contributions both from weathering and from volcanic inputs to the total Sr in
sea water, leading to variation in seawater 8'Sr/%Sr signatures over geological time. The
modern &Sr/8Sr signature of seawater is 0.7092 and geographically homogeneous (Van Ham-
Meert et al., 2020). Due to constant erosion and ocean circulation processes, the 8'Sr/®Sr
signature of seawater reflects the globally averaged signal of eroded continental bedrock. This
signature is also homogeneous due a residence time of Sr of millions of years; greater than the

millennial turnover time of the oceans (Bentley, 2006).

Exogenous/contaminant sources of strontium within samples can be tested for through
comparison of Sr concentrations with &Sr/%Sr ratios, and of living with architectural wood
(Reynolds et al., 2005). A differing concentration was taken to indicate contamination, with
the contamination showing an isotopic ratio biased towards a contamination source signature.
Mixing models can be used to elucidate the extent of differing strontium sources as inputs and
therefore endmembers for the signature found within bedrock, soil and wood. Different
contributing reservoirs can be plotted on a mixing line, with 87Sr/2éSr ratios plotted against 1/Sr
(e.g. Montgomery et al., 2007). 1/Sr is used in place of Sr to form a straight line between end-
members, as the differing levels of contribution from each reservoir gives a curve for a ratio
vs. Sr plot. The proportional contributions of differing bio-available Sr can then be calculated
(Bentley, 2006). As an example, for a mixing model that includes dust, the total dust Sr is
composed of the water-soluble snowmelt, acid soluble dust leach, and insoluble dust grains

fractions (O. L. Miller et al., 2014). The bioavailable components are the water and acid soluble
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fractions, which can then be combined to calculate the total dust endmember of the mixing
model. Investigations into the isotopic impact of waterlogging found that waterlogging
significantly contributes to the overall Sr content in wood and hence there is a large proportion
of exogenous Sr in waterlogged wood (Steelandt et al., 2016; Hajj et al., 2017). In the 2016
study by Steelandt et al., wood samples were placed in the Hudson River, and a 3-fold increase
in the bulk Sr concentration after just one week in the river was observed. Archaeological wood
placed in seawater for 3 months (Hajj et al., 2017) resulted in a 10-fold increase in Sr
concentration. Such experiments confirm that waterlogging significantly contributes to the
overall Sr content in wood, and that waterlogged wood contains a large proportion of
exogenous Sr, which must be taken into consideration when considering cleaning and

analytical approaches.

With these complexities in mind, the features of Sr enable the local geological and
sediment isotopic signature of the target materials to be linked to the source providing that a
framework of potential source strontium signatures can be established. Either the framework
is established through extensive sampling of potential sources such as bedrock and water
sources (e.g. Frei & Frei, 2011; Maurer et al., 2012; Rich et al., 2012), or the baseline can be
described through developing a model (e.g. Bataille et al., 2012, 2020; Beard & Johnson, 2000;
Brennan et al., 2014). For baseline establishment, the method of geochemical map-building
requires reference databases of 87Sr/%®Sr that can be assembled through several methods. If a
region has been covered by geological mapping, then through an extrapolated map of assumed
87Sr/%63r, values can be derived from the lithologies and ages of the local bedrock, or from
measured bedrock extracted from the locality (Laffoon et al., 2012). Bio-available strontium is
not necessarily primarily driven by the local lithology, while achieving sufficient coverage for
sampling is costly and inevitably incapable of covering the entire target region (Brennan et al.,

2014), particularly for a global (or pan-Arctic) scope. For high-latitude rivers, there is also
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temporal variation on Sr signatures on an intra-annual scale (Douglas et al., 2013; Keller et al.,
2010), due to permafrost causing a seasonal variation in the contributing sources of strontium
to groundwater. An example is the Chena River basin in Alaska (Douglas et al., 2013), which
samples an area underlain by discontinuous permafrost. In winter, with soil profiles frozen and
a shallow active layer, the river 8’Sr/%Sr values reflect the low 8 Sr/8Sr signature of subsurface
carbonate rocks. In spring the thawed active layer is sampled by the groundwater, increasing
the 8Sr/®Sr signature due to the carbonate-depleted soils. Such seasonal variation in
groundwater interaction paths is also shown in Siberian rivers. A significant hurdle when
determining a viable circum-Arctic map of 8'Sr/®Sr for provenance (or indeed for any
location), as revealed in these studies, is that the local variations in 8’Sr/%Sr can exceed the
variation in major regional lithological trends. Hoogewerff et al. (2019) note that locally there
is often a significant statistical correlation between bedrock and soil and/or plant &Sr/2®Sr, but
that the slope of such correlation is often <1 in a plot of 8Sr/%®Sr bedrock on the X-axis
versus &7Sr/88Sr soil or plant (Baroni et al., 2011; Goitom Asfaha et al., 2011). This indicates
an influence of contamination on the lithological signal, such as surface deposits, sea spray,

airborne dust and land use.

The diversity of contributors of bioavailable Sr means that for wood provenance studies
it has been suggested that focusing on sampling trees from the study localities instead of the
geology may yield better results (Laffoon et al., 2012; Rich et al., 2015). Yet due to variation
in 8Sr/8Sr values through time, including anthropogenic change from pollution and fertiliser
use (Borg & Banner, 1996; Kamenov et al., 2011; Laffoon et al., 2012), sampling modern trees
and vegetation may not reflect exactly the values throughout the Holocene. Anthropogenic
sources of strontium from industrial and agricultural inputs have an isotope ratio lower than
that of the present-day seawater (Bohlke & Horan, 2000; Négrel et al., 2004; Jiang, 2011),

therefore meaning that for living wood from the boreal riversides, lower isotopic ratios than

22



Chapter 1: Introduction

expected may indicate the influence of such anthropogenic strontium. A decreasing strontium
ratio trend was observed in North American red spruce from 1870 to 1960 (Bullen & Bailey,
2005), and this was explained with a hypothesis of a shallowing of the depth of element take-
up. Expansion and growth of the fine roots of the shallow forest floor were observed, and
87Sr/%Sr and Sr/Ba ratios where analysed within spruce tissues and soil fractions. The
expansion was explained as a possible result of acid deposition and response by roots to Ca
depletion and aluminium toxicity. This shifted the region of uptake from shallow, high &Sr/%°Sr
soils to the uppermost/organic soil horizons with lower isotopic ratios. Observed ’Sr/%°Sr
decreases in the periods of 1870-1890 have also been suggested as linking to the
contemporaneous increased in sulphur emission from the increase of industrialisation in the
late 19" century (Drouet et al., 2005). The mobility of strontium within tree rings up to 50 years
after assimilation observed however, means that the effects might not be a result of a response
to the gradual acid deposition from 1870-1890, but instead a more rapid change at 1920,
lessening the likelihood of the sulphur emission’s main role (Drouet et al., 2005). Preceding
the industrial revolution, bicarbonate (HCOs.) or organic anions dominated, before fossil fuel
combustion lead to the replacement of the dominant carbonic acid by sulphuric acid
(Tomlinson, 2003). This leads to increased transfer of cations from exchangeable sites to the
soil solution, eventually reaching a new equilibrium of Sr weathering, leaching and uptake and
a stabilisation of Sr ratios after 1920 (Drouet et al., 2005). The characteristics of the strontium
system and the potential use of radiogenic 8’Sr/®Sr as a provenance tool for driftwood are

therefore further explored in detail in Chapter 5.
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1.4.2 Genetic methods for provenance

Given the limitations to existing methods, a further novel provenance tool warranting
exploration is that of ancient DNA (aDNA) analysis or palaeogenetics. Microanatomical
analysis of driftwood can only glean taxonomy to genus level, and therefore aDNA analysis
provides the possibility of further techniques to refine the wood’s taxonomic identification.
The examined aDNA could then be compared with existing palaeoecological and
phylogeographic data on boreal tree species distribution during the Holocene; therefore
providing a possible determination of provenance. This could be further refined in combination
with dating to provide a time window for palaeoecological and phylogeographic data. The
extraction of ancient DNA requires preservation of sufficiently unique sequences of DNA,
which is known to be problematic for fossil and subfossil wood due to the speed of DNA
degradation leading to fragmentation and modification of the recoverable DNA (Lindahl, 1993;
Paabo et al., 2004). Specifically, in the case of Arctic driftwood, the long duration of exposure
to ocean waters and subaerially on shorelines means DNA-degrading temperature fluctuations
of up to tens of degrees. However, the cold and dry conditions of the Arctic and alkaline soils
act as preserving factors and limiting any microbial action on the wood (Dyke et al., 1997).
Despite the DNA-compromising factors, with improvements in technology sequencing of
genomes of plant and animal tissue has been successfully employed on time scales exceeding
0.5Ma (Orlando et al., 2021), with the oldest successful genome sequenced from horse bone
tissue preserved in permafrost for 560,000—780,000 years (Orlando et al., 2013). Chloroplast
DNA from the oak timber of a waterlogged 16" century shipwreck, the Mary Rose, has also
been successfully extracted and amplified (Speirs et al., 2009). Recent progress has also been
made through high throughput (HTS) DNA sequencing of archaeological and subfossil wood
up to 9,800 years old (S. Wagner et al., 2018). That successful extraction supplies evidence in

support of the feasibility of extraction of DNA from marine waterlogged archaeological wood,
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and therefore indicates that the same may be possible for the extraction of driftwood aDNA for
species and provenance analysis. The characteristics of ancient DNA analysis and attempted

extraction from sub-Arctic driftwood is outlined in Appendix D.
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1.5 Specific Aims and Hypotheses

The exploration and development of driftwood as a tool for proxy-based Arctic sea ice

reconstructions consist of three main aims:

1. The use of a pan-Arctic driftwood collection, with radiocarbon and genus data, newly
assembled as part of this DPhil, to investigate the following hypotheses:

i. Pan-Arctic driftwood data can provide insight into centennial and millennial
variation in the predominant Arctic surface currents (the Beaufort Gyre and
Transpolar drift), throughout the Holocene, with associated impacts on sea ice
extent and dynamics.

ii. These changes are linked to large-scale modes of climatic variability such as the
Acrctic Oscillation.

iii. There is an interplay of surface currents driven by atmospheric circulation vs.
thermal forcing on the sea ice extent during the Holocene, and this can aid in placing
the current observed 20" and 21% century Arctic sea ice trends within this much

larger framework.

Collated radiocarbon and genus data from Holocene driftwood across the Arctic can
test these hypotheses via revealing the spatiotemporal trends in distribution, age and
genus-based provenance of driftwood throughout the Holocene, which are determined
by sea ice and surface current dynamics. The resulting reconstruction, of higher
spatiotemporal resolution than other proxy data sources, is then used to infer the role of
atmospheric and oceanic circulation in controlling the patterns of sea ice conditions and
dynamics (and consequently driftwood deposition). For this a pan-Arctic perspective

of driftwood fluctuations is important, as local trends are influenced by local conditions,
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coastal geomorphology and smaller scale coastal currents. This is outlined further in

Chapter 3.

2. The development and validation of the novel use of dendro-provenancing at a pan-
Arctic scale to increase the spatio-temporal resolution of driftwood-based sea ice
reconstructions.

3. The exploration of further novel techniques to refine the provenance of driftwood
through radiogenic isotopic analysis (87Sr/%°Sr) and ancient DNA (aDNA). Provenance
by genus is limited by spatially coarse resolution, while provenance by
dendrochronology is reliant on existing boreal forest reference chronologies. The use
of geochemical and genetic techniques addresses the limitations of these current
methods, and if successful, will achieve a clearer definition of the role of atmospheric
and oceanic circulation in sea ice and climatic changes throughout the Holocene at a

clearer spatial and temporal resolution.

To fulfil these aims, the use of driftwood as a novel proxy enables investigation into the
dynamics of Arctic sea ice throughout the Holocene at centennial to decadal timescales. The
work within this thesis has explored a suite of techniques including dendrochronology,
radiocarbon dating, micro-anatomical analyses and novel methods such as radiogenic isotope

analysis (87Sr/®Sr) and ancient DNA extraction, in collaboration with a network of researchers.
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1.6 Outline of Chapters

Chapters 1 and 2 describe the overarching aims of the thesis and methods employed.
Chapter 1 outlines the current state of the research field, and introduces the concepts and areas
of research that form a cohesive contribution to the exploration and development of driftwood
as a tool for proxy-based Arctic sea ice reconstructions. Chapter 2 outlines the processes of
dendrochronological, anatomical analysis, geochemical laboratory methods for strontium
extraction and analysis, and the reasoning behind method selections. Chapter 3, examining
the spatiotemporal distribution of driftwood from the collated database of previously published
data, is published in Journal of Geophysical Research: Oceans, under the title “Out of the

woods: Driftwood insights into Holocene pan-Arctic sea ice dynamics” — Hole, G.M., &

Macias-Fauria, M. - https://doi.org/10.1002/2017JC013126. The analysis of 913 driftwood

samples from across the western Arctic with available provenance data has enabled the
production of a high-resolution proxy-based reconstruction of Holocene Arctic Ocean surface
current and sea ice dynamics. Although regionally-bounded, driftwood-based sea ice
reconstruction studies suggest spatiotemporally complex past Arctic sea ice extent and
movement, a large-scale compilation of Holocene Arctic driftwood had not previously been
developed. The results from this paper have brought new insights into the variable climatic and
environmental conditions that have impacted the Arctic throughout the past 12,000 years, and
provide a dataset of higher spatial and temporal resolution than other sea ice proxy-based
methods in the Arctic. This has enabled the detection of the pattern of change at different
frequencies through the Holocene. This article was highlighted by the editor upon submission
and featured in the AGU blog

(https://agupubs.onlinelibrary.wiley.com/hub/article/10.1002/2017JC013126/editor-

highlight/), subsequently gaining media impact. The results of this study have also been

presented through oral and poster presentations at national and international conferences.
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Chapters 4 and 5 examine the validation of driftwood as a proxy for reconstruction with
the development of novel provenance technigues. Chapter 4, consisting of the second research
paper, presents a 500-year history of driftwood incursion to northern Svalbard, directly
reflecting regional sea ice conditions and Arctic Ocean circulation. The paper is published in
Journal of Geophysical Research: Oceans, under the title “A driftwood-based record of Arctic
sea ice during the last 500 years from northern Svalbard reveals sea ice dynamics in the Arctic
Ocean and Arctic peripheral seas.” - Hole, G. M., Rawson, T., Farnsworth, W. R.,
Schomacker, A, Ingdlfsson, o} Macias-Fauria, M. (2021). -

https://doi.org/10.1029/2021JC017563.  Provenance and age determinations by

dendrochronology and wood anatomy provide insights into dynamic Arctic Ocean currents and
climatic conditions through time at a finer spatial resolution than by genus alone. The study
also considers alternate mathematical approaches to selecting more probable origin sites, by
weighting scores via reference chronology span and visualising results through spatiotemporal
density plots, as opposed to more basic ranking systems. The resulting record indicates
centennial- to decadal-scale shifts in source regions for driftwood incursion to Svalbard,
aligning with Late Holocene high variability and high frequency shifts in the Transpolar Drift
and Beaufort Gyre strengths and associated fluctuating climate conditions. The new
methodological approach successfully employs driftwood as a proxy for Arctic Ocean surface
current and sea ice dynamics. This article was also picked by AGU as being of potential media

interest, with a subsequent press release (https://news.agu.org/press-release/arctic-driftwood-

tracks-500-years-of-arctic-warming-and-sea-ice/ ) and media impact.

Chapter 5 presents the development of novel techniques to refine the provenance of
driftwood through radiogenic isotopic analysis (87Sr/%Sr), and is currently submitted to

Palaeogeography, Palaeoclimatology, Palaeoecology, under the title “Dropped in the Ocean
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—87Sr/%8Sr as a provenance tool for ice-rafted Arctic driftwood.” - Hole, G.M., Sinclair, D., &
Macias-Fauria, M. Methods for the extraction, isolation and purification of strontium from
driftwood through microwave digestion, extraction chromatography and MC-ICP-MS analysis
were successfully developed. The use of geochemical techniques addresses the limitations of
existing methods, and can define of the role of atmospheric and oceanic circulation in sea ice
and climatic changes throughout the Holocene at a finer spatial and temporal resolution than
currently possible. The utilisation of 8’Sr/%Sr ratios to establish provenance for Arctic
driftwood was determined to hold potential, with confounding factors in the potential
overprinting of the source signature by biological and physicochemical processes from
interaction with river and ocean water, and in the scale and heterogeneity and temporal
variations of pan-Arctic source regions. Increased sample populations and source samples for
calibration to enable validation are recommended for this work to be built upon in combination
with previously developed provenance tools and reconstructions. The chapter provides a first
step in a multi-proxy reconstruction of Holocene driftwood incursion onto northern Svalbard

shorelines.

In Chapter 6, the resulting findings of the three manuscript chapters are brought
together in a discussion of their overarching contribution to increasing insights into Holocene
Arctic sea ice changes. Finally, proposed future trajectories and considerations are discussed,
concluding in Chapter 7. Within the appendices, supplementary materials, detailed procedural
information, and data tables are included where not included in the main thesis chapters. This
includes, in Appendix D, details of the exploration of palaeogenetic techniques to refine the
provenance of driftwood via attempted extraction of ancient DNA from driftwood tissue.

Though not successful, there remain avenues for future investigation.
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1.7 Significance and Scope

The reconstructed Holocene sea ice dynamics serve as the basis for future proxy-model
comparison of climate and sea ice-conditions, as well as a framework for testing hypotheses
on the coupling between sea ice and arctic biota. Benefits beyond the DPhil project arise from
this gathering of new and re-analysed pan-Arctic driftwood data, in contribution to efforts
around the boreal region to construct long-term millennial tree-ring chronologies that serve as
proxies for past climatic reconstructions. The driftwood-based sea ice chronology can also be
validated and combined with a suite of other sea ice proxies, such as deep ocean cores, other
proxy measures of Arctic sea ice, and modelling, with some of these already underway and
utilising the data produced from this thesis (Dalaiden et al., 2018; Farnsworth et al., 2020a),
discussed further in the thesis conclusions. These cover a variety of geographical areas and
timespans and so provide opportunities for comparison and integration of the data produced.
Chapters 3 & 4 also gained media interest with further dispersal of the research by American
Geophysical Union (AGU) through a research highlight and press release respectively, as
detailed in the Outline of Chapters. By increasing the understanding of the Arctic system and
dynamics, the feedback links between biotic and abiotic processes in the light of current
environmental change can be better addressed, therefore aiding to plan and manage this highly
sensitive region. Given the increasing importance of Arctic climate change on a global scale,
and the well documented recent rapid decline in Arctic sea ice extent, age and thickness,
increasing the understanding of Arctic sea ice fluctuations is relevant to current and future UK
and international climate research. This scientific field is constantly evolving and remains
under active research, while methodological developments, such as those presented in Chapter
4, highlight dendro-provenancing as the current best-available tool to improve spatiotemporal
determination of driftwood and a method that warrants being used in tandem with geochemical

and genetic methods to further define the role of atmospheric and oceanic circulation in sea ice
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and climatic changes throughout the late Holocene. This gives added benefit to the research

outcomes and new datasets arisen from the work of this thesis.
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2 Research Approach and Methodology

In order to address the research questions and expected outputs of the project, the research
approach has included collation and analysis of existing data, primary sample collection, and
development of a range of methodologies for the anatomical, dendrochronological, genetic and
geochemical analysis of driftwood samples. Established wood anatomical and
dendrochronological methods are being utilised, while the testing and development of new
analytical methods of ancient DNA extraction, and radiogenic 8'Sr/®Sr isotopic analysis of

driftwood are significant outputs of the thesis.

2.1 Collation of Existing Driftwood Data

A first pan-Arctic collation of Holocene driftwood data was undertaken in order to
generate a reconstruction of sea ice and surface current dynamics. As detailed in Chapter 3,
(and Appendix A) data from 913 driftwood samples previously collected throughout the
western Arctic coastline and covering the Holocene were collated from a range of previous
studies (Figure 2.1). These were used to produce a spatiotemporal dataset of deposited
driftwood identified at the genus level, where available. The radiocarbon ages (**C yr BP),
where given in the literature, were calibrated with the IntCall3 calibration curve using the
program OxCal v4.2 (Bronk Ramsey, 2009) and are presented in median calibrated radiocarbon
years before present (cal. yr BP) and are directly comparable to calendar years BP for samples
dated by other methods. The low errors associated with radiocarbon dating of wood material
allow for the high temporal resolution of analysis compared to other proxy methods in the
Arctic such as ice-rafted debris and ocean sediment core data (outlined further in Chapters 3

and 4) . The 913 driftwood samples from across the Arctic coastline provides a dataset of higher
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spatial and temporal resolution than other sea ice proxy-based methods in the Arctic, with

preservation of driftwood in substantial volumes from the early Holocene indicating a low

likelihood of preservation issues in the interpretation of distribution patterns.
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Figure 2.1. Geographical distribution of the driftwood data collated in the analysis conducted in Chapter 3

(Hole & Macias-Fauria, 2017). The colours represent the calibrated driftwood ages B.P, separated into 500

year intervals for visual clarity, calibrated with the IntCal13 calibration curve using the program OxCal v4.2

(Bronk Ramsey, 2009). The resulting age range represents the 95% confidence interval + 2 sigma, and the

median value was used for the purpose of the map. Square bracketed figures denote the number of samples

from within each interval. For list of data and sources see Appendix Al.

2.2 Sample Collection

Initially, a few test samples of driftwood from the island of Jan Mayen in the Arctic

Ocean and Nordkapp in northern Norway were prepared for dendrochronology, DNA

extraction, microanatomy and isotopic analysis in order to begin methodology testing, followed

by the sourcing and collection of samples through both fieldwork and visiting Arctic driftwood

researchers’ collections. As explored further in Chapter 4 (and Appendix B), one region
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targeted for Arctic driftwood collection is the Svalbard archipelago (Figure 2.2). The shorelines
of Svalbard are rich in raised beaches that preserve stranded driftwood. It is located at the
proposed north-western part of the Late Weichselian Svalbard-Barents Sea Ice Sheet (SBSIS),

with abundant preserved raised beach sequences reflecting the pattern and rate of relative sea
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Figure 2.2. a) Driftwood sampling locations of Sjugyane, Ringhorndalen, and Vassfarbukta. Insert panel: Two
modes of the Arctic Oscillation Index (AO), showing wintertime surface circulation patterns of Beaufort Gyre
(BG) and Transpolar Drift (TBP). Map figure modified from Norwegian Polar Institute (2014). (b) Low index,
negative AO polarity with a strengthened Beaufort Gyre and recirculation of sea ice. (c) High index, positive AO
polarity with a weakened BG. The red dashed lines encircle the region of ice recirculation in the BG by the mean
sea ice motion field (circulations compiled and modified from Rigor et al. (2002)).
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level changes on Svalbard in response to the deglaciation of the SBSIS (Forman et al. 2004;
Ingdlfsson & Landvik, 2013). Relative sea-level changes signalled by raised marine landforms
around Svalbard were first recognised in the 19" century by Scandinavian geologists (de Geer,
1919; Nordenskidld, 1866), before the first radiocarbon dating of strandlines in the 1950s and
60s (Feyling-Hanssen, 1955; Blake Jr, 1961a). Uplift patterns following the retreat of ice sheets
were first recognised by Schytt et al. (1968), and were confirmed by the production of relative
sea level curves and the resulting ice load reconstructions they enable (Forman, 1990; Landvik
et al., 1998; Forman et al., 2004). This has led to a good understanding of the extent of the last
SBSIS and subsequent deglaciation, established by multiple data collections from the Svalbard
archipelago (Ingolfsson & Landvik, 2013). Relative sea-level changes has been used to
constrain models of the SBSIS dynamics and thickness (e.g. Patton et al., 2017). In eastern
Svalbard, Late Weichselian and Holocene raised beaches occur at 60 to 130 m above high tide
(a.h.t.) covering the range of marine limit shorelines with greater postglacial rebound, whereas
more marginal areas to the north and west show beaches at 65 m a.h.t. or lower (Forman, 1990;
Forman et al., 1997a). On Phippsgya, the largest island of Sjugyane, a lower marine limit of 22
m a.h.t. was identified (Forman & Ingolfsson, 2000), contrasting to adjacent Nordaustlandet
where the limit occurs at 60 to 100 m a.h.t. (Salvigsen and Nydal, 1981; Schomacker et al.,
2019). Such differences indicate varied glacioisostatic adjustment (GIA) related to former ice
seet extent and timin, with less loading in the marginal areas of the former ice sheet and greater
loading towards the former ice divides (the thickest parts of ice sheets). The SVALHOLA
database, a compilation of Holocene geochronology for Svalbard and the surrounding waters
(Farnsworth et al., 2020a) indicates that residual SBSIS ice still covered parts of Svalbard by
12.0 ka BP, with subsequent ice loss and marginal retreat extending through the Early

Holocene.
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In the summer of 2016, fieldwork was undertaken in northern Svalbard in collaboration
with Prof Olafur Ingolfsson at the University Centre in Svalbard (UNIS) as part of the
postgraduate course “AG-848 - Arctic Late Quaternary Glacial and Marine Environmental
History". Field sampling was undertaken of 95 driftwood samples of varying Holocene ages
from three localities (outlined further in Chapter 4): Sjugyane, an archipelago north of
Nordaustlandet, and two localities within Wijdefjorden, northern Spitsbergen. Driftwood
samples sourced from the shoreline of Vassfarbukta, Wijdefjorden in northern Spitsbergen,
were received from Wesley Farnsworth from UNIS, with samples from Ringhorndalen
collected by Marc Macias-Fauria supported by NERC IRF grant: NE/L011859/1. The samples
were collected from regions of driftwood incursion on the modern shorelines of raised beach
sequences, with a small number from raised palaeo-shorelines. Therefore, the majority are
recent samples from within the past ~500 years (estimated from collection site location and
geomorphology, with features evidencing the local isostatic readjustment and relative sea level

change patterns outlined further in Chapter 4).

2.3 Macro- and microanatomical analysis

Utilising the macroscopic differences between tree genus and species provides an initial
discrimination of the wood’s possible source regions. For differentiating the species of wood,
the macroscopic characteristics (by the naked eye or with a magnifier of 5-20x) of the various
components of the wood can be utilised, as tree species differ in the presence and morphology
of features within the wood structure. Macroscopic classification can distinguish Pinus from
other coniferous genera (Larix, Picea and Abies) and between some deciduous genera
(Hellmann et al., 2013a; Schweingruber, 2007). Following this, microscopic analyses of thin

sections of stained radial, tangential and longitudinal sections can enable the separation of some

37



Chapter 2: Research Approach and Methodology

Pinus species as well as the genera Larix, Picea, Abies, Salix, Populus, and Betula. Genus or
species information then acts as a provenance tool thanks to their distributions in the Eurasian
and North American boreal forests. Earlywood to latewood transition is abrupt for European
Larch (Larix decidua Mill.), silver Fir (Abies alba Mill), and Scots Pine (Pinus silvestris L.)
while more gradual for Norway Spruce (Picea abies Karsten). The variation in the various cell
types aids in distinguishing between wood species, although it is not always possible to
determine Larix from Picea. Resin canals, bordered by 8 to 12 or more thick-walled epithelial
cells, are present in all but fir, unless in rare traumatic tangential rows where resin ducts form
in response to damage, while pine shows large resin canals with thin-walled epithelial cells
(Schoch et al., 2004). Microscopic analysis of radial cuts also aids species differentiation.
Softwood cells are dominated by axial tracheids (elongated fluid-conducting xylem cells),

which comprise over 90% of the wood cells. Their radial diameter is dependent on growth
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rates, the growing season when growing (earlywood tracheids are larger than latewood

tracheids) and environmental conditions (Jane, 2013).

Thin sections were created from samples to identify the genus via microanatomical
examination (Figure 2.1). Initially, thin sections were created for 7 sub-Arctic test samples
from Nordkapp, northern Norway, before the developed methods were used to process samples
collected from northern Svalbard. Samples were cut into prepared ~1cm?® pieces and soaked
overnight in water ready for processing with a Lab-Microtome (Gértner et al., 2015). Slices
were made to a thickness of ~18-20um using a blade angle of 11°. Sections were then stained
to further highlight anatomical features, in well-ventilated laboratory conditions and safe

storage and handling of the cleaning and staining chemicals. Radial, tangential and longitudinal

L '__’]
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Figure 2.3. Stages of sample preparation for microanatomical analysis via microtome cutting and staining of thin
sections, with Picea section exhibiting gradual transition from thin-walled earlywood to thick-walled latewood

tracheids, and thick-walled epithelial cells within resin canals.
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sections were created. Thin sections were immersed in glycerol to maintain moisture before
staining. When ready, the glycerol was washed off with water, with stain added for ~5 minutes.
The section was subsequently flushed with 75% alcohol to remove water and excess stain. This
was then followed by flushing with 96% ethanol, following methodology adapted from
Schweingruber (2007). To check that all water has been removed, a drop of xylol was added:
if this becomes milky in contact with the section, then further washing with alcohol if needed.
Once all water was removed, a drop of viscous Canada balsam was added and then a cover slip
was added on top and pressed to remove any trapped air. The finished thin section was then
placed in an oven at 60°C for 12 hours, with magnets to weight each section to keep the sections
enclosed between the slide and cover slip. To prevent sticking from any leaked Canada balsam,
a heat resistant plastic sheet was placed between the magnet, thin section and base tray. Then

the section was left to cool for 12 hours with weights remaining.

2.4 Dendrochronology

Driftwood samples were assessed for viable tree ring series that are not dominated by
individual growth anomalies, and with sufficient tree ring preservation for measurement and
analysis. These were then sanded using drill-mounted sanding bands, and annual ring widths
of each sample measured to 1/1000 mm accuracy using LINTAB tree-ring measurement table
and TSAP-Win Professional version 0.89 (Rinn, 2011) (Figure 2.4). At least two radii per
driftwood disc were measured and combined through a bi-weight robust estimate of the mean
to form one chronology per sample. Climatic low-frequency variance may be present within
the series, but resolvability of this depends on the length of the tree-ring sample series and the
detrending methods used (Cook et al., 1995). Therefore, signals on a timescale exceeding the

individual sample series lengths will be lost with any detrending method. The upper limit of
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low-frequency climatic variance than can be resolved can be identified through the median
segment length of series within a detrended series chronology (Esper et al., 2003). Determining
the possible causes driving low-frequency variability in any dendro-chronological times series
depends largely on observation of the location of the sampled tree, since this variability can be
dominated by abiotic variables as well as by stand dynamics if the tree grows or has grown in
close proximity to other trees. Since this is impossible to determine with driftwood material
sampled thousands of kilometres from the site where the tree grew, removal of low-frequency

variability was deemed to be the best option.

Tree ring series were standardised to remove non-climatic trends such as growth and

competition effects, with tree-ring widths decreasing with age as the stem circumference

Figure 2.4. Preparation steps for driftwood samples for tree ring width analysis with LINTAB tree-ring

measurement table and TSAP-Win Professional version 0.89 (Rinn, 2011) for dendrochronological crossdating.
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increases, while neighboring trees may impact an individual tree’s growth rate. This was done
using a two-part trend elimination (Cook & Peters, 1997), resulting in high-frequency time-
series. The growth trend was removed through the application of a negative exponential curve
or regression line, followed by de-trending through a 5-year moving-average curve to remove

further possible local variance. The residuals of such curve-fitting exercises were then taken.

Samples with sufficient measured time series were cross-dated both visually by
comparison of ring-width marker ring lists and by use of the chronology-building statistics of
TSAP-Win software through a variety of parameters to assess correlation between samples
(Figure 2.5). Multiple scoring metrics have been utilised in assessing between-TRW time series
similarity. A t-statistic is commonly employed to compare a sample set against a reference
chronology, however to ensure the data are bi-variate normal the TRW are standardised by
converting to a percentage of the mean of the five ring widths of which it is the centre value.
This is then normalised by taking the natural log of percentage figures (Baillie & Pilcher, 1973).
This de-trended value is referred to as TVBP, however the measure lacks descriptive power in
the absence of extreme ring-differences between chronologies. For cases with less extreme
ring-differences, the Gleichlaufigkeit (GIk) parameter (or concordance coefficient) is also
employed, which instead assesses similarity of sample slope intervals (Eckstein & Bauch,
1969; Schweingruber, 2012). To capture the strengths of both metrics, we consider the Cross-
Date Index (CDI) within our study, provided by the TSAP-Win package (Rinn, 2011). CDI

gives the quality of agreement between sample series by combining the Gleichlaufigkeit

Figure 2.5. Example of tree ring series resulting from measurement with Lignovision and visual comparison to

reference chronology of a possible crossdate match.
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measure of overall accordance of two series with the t-value measure of the correlation

significance:

(G—50+<50 9 /4» ‘r
max overlap

10

CDI =

G is the Glk and T is the t-value, hence the CDI measure captures the magnitude of both
measures. Therefore, the combined CDI gives a date index of possible series (Rinn, 2011).
Significant correlation was set to Glk >60%, TBP>3.0 and a CDI>10 (Rinn, 2011). The cross-
dating of series within the chronologies was examined using the COFECHA-style (R. L.
Holmes, 1983) Cross-Date Check feature of TSAP-Win. Any series or segments of series that
did not surpass sufficient cross-date parameters were removed. Series were combined to

floating chronologies when possible.

Reference chronologies from the circum-Arctic boreal forest zone were sourced from the

International Tree Ring Data Bank (ITRDB, http://www.ncdc.noaa.gov/data-

access/paleoclimatology-data/datasets/tree-ring) (Grissino-Mayer & Fritts, 1997). Individual,

dated TRW measurement series used to form locality reference chronologies were downloaded
before undergoing the same two-stage detrending process as driftwood samples. These dated
series were then formed into chronologies via the TSAP-Win™ chronology building tool with
the resulting chronology database covering the last 500 years (Figure 4.3). Driftwood samples
were the compared to this chronology database to provide possible age and source data for

sample-chronology crossdate matches.

As explored in Chapter 4, given that this research considers a pan-boreal scope in
potential source regions and therefore a large uneven spatial and temporal distribution of
reference chronologies, there is a risk of over-representing the geographic regions and time-

periods that are better constrained by the reference chronology dataset. Therefore, a sample
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may be more likely to match to a period/region for which there are more reference chronologies
available this. To address these limitations, a new metric is computed and utilised in Chapter
4 — “Weighted Score” - to help inform on of the most likely match within our results for each

sample.

2.5 Development of Novel Techniques for the Analysis of
Driftwood

2.5.1 Strontium (87Sr/8Sr)

The use of a suite of analytical techniques minimises the risk to project outcomes from
the failure of any one technique in driftwood analysis: dendrochronology, wood anatomy, and
radiogenic isotopes have all shown success to varying degrees, including the first use of
radiogenic isotopic analysis (3’Sr/%Sr) for driftwood. Methods for the extraction, isolation and
purification of strontium from driftwood through cleaning, microwave digestion, extraction
chromatography and MC-ICP-MS (Multicollector-Inductively Coupled Plasma Mass
Spectrometer) analysis have been developed and successfully employed in Chapter 5 (Figure
2.6). The geochemical analysis was undertaken in the clean-suite labs in the Earth Sciences
Department, University of Oxford. Initially, method testing for strontium concentration and
87Sr/%5r ratio analysis was conducted on 7 test samples of driftwood. Initial manual extraction
chromatography used shrink-Teflon elution columns and Triskem Sr resin. Isotopic analyses
were then performed on the Nu Plasma Multi-collector Inductively Coupled Plasma Mass
Spectrometer (MC-ICP-MS). Strontium &7Sr/®Sr signatures and concentrations, with
consistent replication of the data, were retrieved with values in the expected range for wood

material.
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Subsequently, a subset of the Arctic driftwood samples collected from northern
Svalbard were analysed utilising and refining these developed protocols, with updated Sr
extraction methods of automated chromatographic purification using the prepFAST-MC™
system (Elemental Scientific (ESI), Omaha, NE, USA), on an ESI Sr/Ca-1000 column (ESI
part no. CF-MC-SrCa-1000) including supplied Sr-Ca ion exchange resin. Further details are
available in Chapter 5 and Appendix C. Further samples from the northern Svalbard
collection were prepared for analysis, but disruption to the study workflow, including due to
the COVID-19 pandemic, prevented MC-ICP-MS analysis of these samples and therefore

limited the quantity of data for final analysis.

Figure 2.6. Subsample extraction of wood shavings, geochemical column-chemistry for strontium extraction
and analysis via MC-ICP-MS.

45



Chapter 2: Research Approach and Methodology

2.5.2 Ancient DNA

Microanatomical analysis of driftwood can only glean taxonomy to genus level,
requiring further techniques to refine the wood’s taxonomic identification, and therefore
enhance —i.e., geographically constrain — determination of provenance. One method tested was
of ancient DNA (aDNA) from the wood tissue. As wood is a commonly occurring
archaeological remain (Gugerli et al., 2005), a variety of studies have already shown the
application of ancient DNA analysis for archaeological/preserved wood for uses such as wood
traceability and monitoring species evolution (Speirs et al., 2009). The extraction of ancient
DNA requires preservation of sufficiently unique sequences of DNA, which is known to be
problematic for fossil and subfossil wood due to the speed of DNA degradation leading to
fragmentation and modification of the recoverable DNA (Lindahl, 1993; P&&bo et al., 2004).
Specifically, in the case of Arctic driftwood, the long duration of exposure to ocean waters and
subaerially exposed on shorelines means DNA-degrading temperature fluctuations of up to tens
of degrees. However, the cold and dry conditions of the Arctic and alkaline soils act as
preserving factors and limiting any microbial action on the wood (Dyke et al., 1997). Recent
progress has also been made through methodological developments, with successful
extractions supporting the feasibility of extraction of DNA from marine waterlogged
archaeological wood, and thus also potential extraction of and utilisation of driftwood aDNA

for species and provenance analysis.

The attempted method of ancient DNA extraction, in collaboration with Dr James Haile
and the Palaeobarn research team, RLAHA, University of Oxford, led by Prof Greger Larson,
was unfortunately not successful, with details further outlined in Appendix D. The PCR recipe
trialled was adapted from a protocol utilised by the Gilbert group at the centre for GeoGenetics,
Copenhagen for most of their plant tissue (e.g. Wales et al., 2014), optimized for maize cobs.
A primer was chosen for primer pairs that amplify <200 base pairs; specifically trnL (g/h)
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primers (Taberlet et al., 2007) for its robust amplification and therefore applicability to
degraded DNA, but in this case the resulting strength of the amplicons were insufficient for

sequencing.
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Chapter 3 Linking Statement

Chapter 3 begins the exploration and development of driftwood as a tool for proxy-
based Arctic sea ice reconstructions by addressing the first of the three main aims of the
Specific Aims and Hypotheses. The new collation and analysis of 913 driftwood samples from
across the western Arctic with available with radiocarbon and genus data is used to investigate

the following hypotheses:

i Pan-Arctic driftwood records can provide insight into centennial and millennial
variation in the predominant Arctic surface currents (the Beaufort Gyre and Transpolar drift),

throughout the Holocene, with associated impacts on sea ice extent and dynamics.

ii. These changes are linked to large-scale modes of climatic variability such as the Arctic

Oscillation.

iii. There is an interplay of surface currents driven by atmospheric circulation vs. thermal
forcing on the sea ice extent during the Holocene, and this can aid in placing the current

observed 20" and 21% century Arctic sea ice trends within this much larger framework.

Spatiotemporal trends in distribution, radiocarbon-dated age and genus-based driftwood
provenance throughout the Holocene reveal the concurrent sea ice and surface current
dynamics. The resulting high-resolution reconstruction is then used to infer the role of
atmospheric and oceanic circulation in controlling the patterns of sea ice conditions and
dynamics. A pan-Arctic perspective is important as local trends are influenced by local
conditions, coastal geomorphology and smaller scale coastal currents. Regarding hypothesis
iii, the chapter results also indicate that a more definitive provenance of driftwood could further
delineate the contribution of thermal and local dynamic forcing driving the driftwood patterns

in the Holocene.
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3 Out of the woods — driftwood insights into

Holocene pan-Arctic sea ice dynamics?

Georgia M. Hole! & Marc Macias-Fauriat

1School of Geography and the Environment, University of Oxford, Oxford, OX1 3QY, UK.

Key Points

e Arctic driftwood transport and deposition is determined by sea ice and surface current
dynamics; making it a robust proxy for Holocene sea ice reconstructions.

e The first pan-Arctic collation of Holocene driftwood data provides a reconstruction of
higher spatial and temporal resolution than other proxy-based methods.

e Holocene sea ice extent and drift is characterised by a gradual progression from
millennial to centennial shifts in the relative position of the Transpolar Drift and

Beaufort Gyre, which is consistent with the dynamics of the Arctic Oscillation.

3.1 Abstract

The collation of 913 driftwood samples from across the western Arctic, with spatiotemporal
distribution and available provenance data, enabled the production of a high-resolution proxy-
based reconstruction of Holocene Arctic Ocean surface current and sea ice dynamics.
Regionally bounded, driftwood-based sea ice reconstructions studies suggest spatiotemporally
complex past Arctic sea ice extent and movement; however, a large-scale compilation of
Holocene Arctic driftwood has not previously been developed. Sparse driftwood in the early

Holocene (>8.2 cal ka B.P.) deglacial period was followed by increased driftwood deposition

! Published as: Hole, G. M., & Macias-Fauria, M. (2017). Out of the woods: Driftwood insights into Holocene
pan-Arctic sea ice dynamics. Journal of Geophysical Research: Oceans, 122(9), 7612-7629.
https://doi.org/10.1002/2017JC013126
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in the warmer mid-Holocene (8.2-4.2 cal ka B.P.); characterized by an enhanced Transpolar
Drift (TPD) ~7 cal ka B.P., leading to sea ice loss through the Fram Strait. Driftwood incursion
peaks show spatial E-W progression from the Eurasian Archipelagos to Greenland and the
Canadian Arctic Archipelago, suggesting a progressive shift in the orientation of the TPD on
centennial-millennial time scales and intermediate phases in the Arctic Oscillation. Late
Holocene cooling (<4.2 cal ka B.P.) is indicated by increased influx of probably North
American Picea via a strengthened Beaufort Gyre (BG) which enhanced sea ice recirculation,
starting in the western Arctic and progressing eastward. In recent millennia (<2 cal ka B.P.), a
more variable driftwood record alternates between BG and TPD dominance on centennial time
scales. To further constrain a spatiotemporal reconstruction of variations in Holocene ocean
current and sea ice dynamics, a more definitive determination of driftwood provenance is
recommended to build upon the current framework, such as through radiogenic isotope tracing

and aDNA analysis.

3.2 Introduction

The rapid decline in Arctic sea ice extent, age and thickness is well documented, with
such changes due to cause far-reaching impacts on both localised and global climatic and
ecological processes (Bhatt et al., 2014). Arctic sea ice fluctuations are strongly coupled with
Arctic climate, involving the influence of a variety of mechanisms, which incorporate natural
climatic forcings occurring over a wide range of timescales (geological to intra-annual) and
recent changes induced by anthropogenic influence. These forcings are being reflected in the
observations of a rapid decline in the extent and thickness of sea ice (Polyak et al., 2010;
Maslowski et al., 2012) with a decline in sea ice volume of 75% since the 1980s (Overland et

al., 2013). The greatest decline in extent and concentration has been observed in late-summer
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at the end of the melt season (Serreze et al., 2007), which mostly consists of thick multi-year
ice and is shrinking at 13.3% per decade (Serreze & Stroeve, 2015). This has contributed to the
decrease in ice age, with a drop from 4+ years old ice constituting 33% of the total ice extent
in the mid-1980s to 3.1% in 2016 (Tschudi et al., 2016). The continuing decline in sea ice cover
is expected to have a diverse range of consequences including a warmer, wetter Arctic, impacts
on terrestrial and marine productivity, changes to global atmospheric and ocean circulation
patterns, terrestrial fauna and flora population fragmentation and habitat reduction, increased
marine species interaction and connectivity, and northward expansion of lower-latitude species
(Overland & Wang, 2010; Screen & Simmonds, 2010, 2014; Francis & Vavrus, 2012; Post &
Hoye, 2013; Overland et al., 2016; Vavrus et al., 2017; Bintanja & Andry, 2017). The
knowledge of the dynamics behind such changes is constantly evolving, and the importance of
factors such as the Arctic Oscillation — AO; defined as the principal component of Northern
Hemisphere sea-level pressure and regarded as the most influential mode of atmospheric
circulation and climate in the Arctic (Thompson & Wallace, 1998; Comiso & Hall, 2014) —
and associated changes in ocean current and sea ice dynamics remains under active research
(e.g. Rigor et al., 2002; Comiso and Hall, 2014; Barnes and Screen, 2015; Ding et al., 2017).
An increasing appreciation of the impact of atmospheric circulation on sea ice is also revealing
the importance of teleconnections from lower-latitude components of the climate such as

tropical Pacific sea surface temperatures (SSTs) (Ding et al., 2017).

The spatiotemporal dynamics of Arctic sea ice conditions throughout the Holocene
remain largely unknown, given the sparse knowledge preceding satellite observation, and so
modern trends cannot be accurately assessed within centennial and millennial timescales. With
the state of the Arctic clearly being such an influential factor in the wider climatic system,

further knowledge of past sea ice dynamics is needed for revealing the late Quaternary Arctic
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climatic state and to investigate the Arctic system’s climatic and biotic responses and feedbacks

to increasing global average temperatures.

3.2.1 The Arctic sea ice system

The extent, thickness and dynamics of Arctic sea ice are driven by a range of factors
that fall broadly into two components: those of the thermal and physical dynamics of the Arctic
Ocean system. Thermodynamic processes in the Arctic such as the thermohaline circulation,
surface warming and advection of warm waters contribute to changes in ice extent, age, and
thickness. The physical dynamics of sea ice are driven by both ocean and atmospheric
circulations, which influence the strength and position of the Beaufort Gyre and Transpolar

Drift (Figure 3.1).

The Beaufort Gyre (BG) displays a mean annual clockwise motion in the western Arctic
Ocean (Polyak et al., 2010), and this anticyclonic nature results in the recirculation and
enhanced persistence of sea ice within the Arctic basin. The mean residence time for ice in the
BG is ~5 years (Rigor et al., 2002) and so it aids in the formation and preservation of multi-
year ice that can reach up to 5m thickness (de Vernal et al., 2013). The Transpolar Drift (TPD)
is a surface ocean current running more or less parallel to the Siberian coast and transporting
Arctic ice and waters southwards to the North Atlantic through the Fram Strait, favouring the
loss of ice. Holocene fluctuations in the extent and orientation of the TPD have been proposed
to vary between three overall states (Dyke et al., 1997): there are lateral shifts from a) an
eastward route toward Fram Strait, with sea ice (and any driftwood entrained in it) advection
to the European side of the Arctic; b) a westward route toward Greenland with sea ice advection
to the Canadian Arctic Archipelago (CAA); and c) a split route with sea ice transport divided
between the east and west. A driftwood-based reconstruction and modelling of these lateral

shifts in the TPD shows abrupt 40-50 year timescale shifts in the TPD position over the last 8.5
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ka, with stable periods on centennial to millennial scales (Dyke et al., 1997; Tremblay et al.,

1997).

The interaction of physical and thermal forcings can lead to feedback mechanisms that
amplify fluctuations in sea ice. For example, when sea ice is thinned or reduced in age by
dynamic ice and atmospheric processes, a positive feedback can occur as whereby this
‘preconditioned’ thinned ice is more susceptible to being lost by surface warming and wind
stress changes (Hutchings & Rigor, 2012). To determine the uniquity and cause of the recent

trend in decreasing multi-year sea ice and sea ice thickness (Kwok & Rothrock, 2009), a greater

understanding of the role of physical and thermal forcings is needed.
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Figure 3.1. Two modes of the Arctic Oscillation, showing wintertime surface circulation patterns, and the resulting
influence on ice residence times. a) Low index, negative AO polarity with a strengthened Beaufort Gyre and
recirculation of sea ice b) High index, positive AO polarity with a weakened BG. Numbered isochrones show the
average time in years for ice at various locations to be exported through the Fram Strait under low-index and high-
index conditions. The red dashed lines encircle the region of ice recirculation in the BG by the mean sea ice motion
field (Rigor et al., 2002). Over continents, light blue lines show watersheds with named major rivers (shown as bold
blue lines) that export driftwood into the Arctic Ocean. Sample regions; CAA = Canadian Arctic Archipelago, EG
= East Greenland, JM = Jan Mayen, NG = North Greenland Ages, FJL = Franz Josef Land. NZ = Novaya Zemlya.

SB = Svalbard (circulations compiled and modified from Rigor et al., 2002).
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The AQO is a key physical driver of the position of the TPD and the balance between the
strength of the BG and TPD circulation patterns. It is characterised as the variable atmospheric
mass exchange between the Arctic Ocean and temperate latitudes (Rigor et al., 2002), with
positive or negative polarity determined by anomalies in Sea Level Pressures (SLPs) over the
polar regions and mid-latitudes (~ 55°-60°N) (Kwok et al., 2013). A negative polarity of the
AO results in weaker surface winds over the Arctic and an enhanced BG, leading to reduced
sea ice motion and lead formation and so enhancing the retention and growth of multiyear sea
ice (Figure 3.1a). Positive AO index configurations (Figure 3.1b) are associated with stronger
westerlies at subpolar latitudes and lower SLP over the Arctic, resulting in cyclonic surface
winds, which increase sea ice motion. This physical process renders the Arctic Ocean more
susceptible to thermal forcing, such as under current climate change, by increased heat
exchange from the ocean to the atmosphere, further reducing the thickness and concentration
of sea ice (Rigor et al., 2002). A positive AO also causes expansion of the TPD, with increased
export of sea ice from the Arctic Ocean through the Fram Strait, further enhancing sea ice

reduction.

However, the AO index has reached near-neutrality over the past decade, while the
Arctic has warmed and sea ice decline has accelerated (Comiso & Hall, 2014; Mauritsen,
2016). Analysis of 1979-2012 data showed very poor correlation of winter AO indices with sea
ice extent, for both perennial and young sea ice (Parkinson & Comiso, 2013). Similarly, the
relationship between Arctic sea ice and the North Atlantic Oscillation (NAO) — a measure of
the contrast in SLPs between the Subtropical (Azores) High and the Subpolar Low (Maslanik
et al., 1996), has also been found to break down over the past two decades, indicating that
recent sea ice decline under increased thermal forcing does not correlate to a single index of
atmospheric circulation variability (Deser & Teng, 2008). Hence, other factors, such as short-

term but radical shifts in atmospheric circulation patterns, and increased interactions between
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the Arctic climate and sub-Arctic, have been suggested as important drivers of the Arctic
climate system’s recent changes (X. Zhang et al., 2008; Overland et al., 2011; Ding et al.,
2017). As the Arctic continues to warm under increased thermal forcing (Mauritsen, 2016)
such uncertainties on the contribution of dynamic processes to Arctic sea ice decline indicate

the importance of efforts to increase knowledge of the influential patterns and drivers.

3.2.2 Sea ice observation and reconstructions

There is only fragmented and scarce data (in time and space) on sea ice extent prior to
the generation of spatially explicit sea ice extent information by satellite observations in the
late 1970s (Post & Hagye, 2013). Since Iceland’s settlement in circa 870 A.D., records were
kept of sea ice incidence by Icelandic fisheries (Polyak et al., 2010), enabling the development
of a sea ice index for the period A.D. 1600 — 1850 (Ogilvie & Jonsddttir, 2000). In Svalbard,
sea ice information since 1800 has been collected from sealers, ships and trappers wintering on
the archipelago by the Norwegian Polar Institute (Vinje, 2001), while April sea ice extent (a
good proxy for maximum sea ice extent) in the Nordic Seas from 1850-1998 was generated
from ship data, aircraft reconnaissance flights and satellite observation data (Vinje, 2001).
April sea ice in the Barents Sea region was recorded by Norwegian ice charts by sealing and
hunting expeditions from 1850 to 1949 and 1966 to 2001, and intervening years measured by
Soviet reconnaissance aircraft (Shapiro et al., 2003). Sea ice draft and thickness was also
measured through upwards sonar data by submarine cruises throughout the Arctic from 1958
onwards (Rothrock et al., 2008). These include comparison of drift data from two summer
polar cruises in 1958 and 1970 (A. S. McLaren, 1989), before more extensive draft data

collection as part of the Scientific Ice Expeditions (SCICEX) program (Gossett, 1996). Such
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spatiotemporally limited historic data sets offer some context for recent sea ice changes but

provide inadequate insight on trends driven by broader-scale climatic trends.

The geological record and proxy data are important sources of information for
environmental and climatic conditions preceding the advent of direct observations, though they
are currently limited by abundance, length and/or resolution of records (Abram et al., 2013).
Much of this data for past sea ice inference derives from ocean cores, which provide a variety
of both biogenic and inorganic information from tracers, marker species to microfossil
assemblages (Gersonde and de Vernal, 2013). Examples of biogenic palaeontological data
include dinoflagellate cysts, ostracods, diatom and benthic foraminifera assemblages (Cronin
et al., 2013; De Vernal et al., 2013; Seidenkrantz, 2013). Biomarkers used include IP2s —a Czs
isoprenoid lipid formed by diatoms (e.g. Abram et al., 2013; Belt and Mdiller, 2013; Brown et
al., 2014), phytoplankton-derived brassicasterol, and PIP2s, an index developed combining IP2s
and the phytoplankton markers brassicasterol and dinosterol (Muller et al., 2011), and DIP2s—
an isoprenoid diene to IP2s ratio (Cabedo-Sanz et al., 2016). Inorganic biomarkers include the
use of ice-rafted debris (IRD) and radiogenic isotopes for tracking ice drift and provenance
(e.g. Stickley et al., 2009; Hillaire-Marcel et al., 2013; Fagel et al., 2014). Sea ice extent has
also been reconstructed from ice core data, using sea salt sodium (Levine et al., 2014) and flux
rates of methanesulfonic acid (MSA) (Becagli et al., 2009; Criscitiello et al., 2013) and
halogens (Spolaor et al., 2013, 2016), though these do not yet supply robust reconstructions
due to interpretation and calibration limitations (Abram et al., 2013). Combining ice core
isotopic composition with tree-ring data has been shown to yield sea ice extent variability on
centennial scales (Macias-Fauria et al., 2010), improving the coarse temporal resolution

obtained by ocean records due to extremely low sedimentation rates in the central Arctic Ocean.
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3.2.3 Driftwood

The transport and deposition of Arctic driftwood is determined by sea ice and surface
current dynamics; making it a proxy for sea ice reconstructions in the Arctic (Haggblom, 1982;
Dyke et al., 1997; Funder et al., 2011). Driftwood found on the shores of Arctic islands and
continental land masses is released into the Arctic Ocean at the mouths of the large rivers that
drain the boreal forest regions of North America and Eurasia (see Figure 3.1). These major
rivers are responsible for 10% of the total flow from the world’s rivers (Nicholls et al., 2016),
and contribute 38% of the freshwater influx into the Arctic Basin (Serreze et al., 2006). The
boreal forest has covered the large driftwood-producing river drainage basins of North America
and Eurasia throughout the Holocene (Ritchie & Hare, 1971; Hopkins et al., 1981; MacDonald
et al., 2000) . The Eurasian boreal tree limit in the early Holocene of ~9.5-6ka BP lay up to
200km northwards at the circumpolar coastlines, due to increased summer insolation and
temperatures compared to modern conditions (MacDonald et al., 2008), before migrating to its
modern limit at 60-70°N (Sokolov et al., 1977; Bigelow et al., 2003). The boreal forest reached
its current composition by ~6 ka BP in Canada (Tremblay et al., 1997), and by 3-4ka BP in
Eurasia (MacDonald et al., 2000), with increased Larix between 10 and 3.5ka BP. Low
numbers of Picea and Pinus in the Eurasian boreal forest have been consistent throughout the
Holocene (MacDonald et al., 2008). In North America, Picea dominates west of Hudson Bay
(the boreal forest east of Hudson Bay does not contribute driftwood to the Arctic Basin beyond
Hudson Bay due to the lack of large northward river drainage basins). In Eurasia, Larix (and
Pinus to a lesser extent) dominates the eastern Siberian boreal forest, with Picea very slowly
increasing in abundance westwards — though still at minimal percentages in central Siberia.
Pinus is present in central and western Siberia, in addition to within portions of the watersheds

of the Mackenzie and Yukon in North America, though at lower abundance in the boreal forests
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compared to Larix and Picea. It also therefore constitutes a small percentage of naturally felled

Holocene Arctic driftwood, making Pinus less useful for driftwood provenance analysis

The low water temperature of the Arctic Ocean increases buoyancy, which differs between
individual species and the size and condition of the driftwood upon entering the ocean.
Buoyancy times range from 6 to 17 months (Haggblom, 1982), whereas drifting across the
Arctic Ocean takes on the order of multiple years, meaning that for driftwood to reach the high-
Acrctic coastlines, multi-year pack-ice must be present, and driftwood must be assimilated into
forming sea ice soon after entering the Arctic Ocean (Funder et al., 2011; Haggblom, 1982).
The TPD provides a direct route between the outlets of driftwood from the Siberian boreal
forests and the landmasses proximal to the Fram Strait such as Franz Josef Land, Svalbard,
Iceland and the north-eastern coastline of Greenland. The path for wood originating from North
America is more indirect: the majority of this wood is first transported by the BG before being
transported to a beach or exported through the Fram Strait (Funder et al., 2011), lengthening

its journey time to over 5 years (Rigor et al., 2002) (see Figure 3.1).

Sampling Holocene subfossil driftwood relies on its incursion onto raised beach terraces
that result from the Arctic region’s postglacial emergence following the retreat of past land ice
loads through the Holocene. Raised beaches are abundant across formerly — and currently in
many cases —glaciated regions of North America, Greenland, and Western Eurasia. Such raised
beaches often lack vegetation to their low temperatures, coarse grain size, aridity, high
alkalinity and low nutrient availability (Dyke et al., 1997). Such harsh conditions preserve
datable driftwood, whalebones and pumice as decomposition is limited. However, on the
northern shorelines of Beringia (Eastern Siberia, Alaska, and Yukon), early to mid-Holocene
driftwood is missing due to the lack of glacioisostatic uplift and sea level rise in the region,

which submerged most old shorelines (Dyke & Savelle, 2001; England & Furze, 2008).
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Acrctic driftwood-based sea ice reconstructions to date have been predominantly based on
data from specific regions (e.g. Dyke et al., 1997; England et al., 2008; Funder et al., 2011;
Nixon et al., 2016). In order to infer the role of atmospheric and oceanic circulation in
controlling the patterns of sea ice conditions and dynamics — and consequently driftwood
deposition, a pan-Arctic perspective of driftwood fluctuations is important, as local trends are
influenced by local conditions, coastal geomorphology and smaller scale coastal currents. Less
driftwood is recorded in Greenland than in the CAA or Svalbard (Briner et al., 2016),
particularly lacking in regions prone to perennial landfast sea ice such as observed on
Greenland’s central northern coastline (Kelly & Bennike, 1992), contrasting to North-eastern
Greenland, where summer open waters allow driftwood deposition (Bennike, 1987). Raised
beach landforms as signals of littoral processes provide indications of past sea ice conditions,
as driftwood incursion onto shorelines requires ice-free coastlines (Haggblom, 1982), which
result in raised beach terraces, but sufficient multi-year ice for driftwood transport across the
Arctic Ocean. Hence lack of driftwood can indicate lack of sea ice, or extensive landfast ice

depending on the presence or lack of coexistent raised beaches.

Previous studies exploring driftwood as a proxy for sea ice have used a genus-based
division of driftwood to indicate wood provenance, with Larix and Picea signifying the
Siberian and North American boreal forests, respectively (e.g. Dyke et al., 1997; Eggertsson,
1993; Funder et al., 2011; Haggblom, 1982; Hellmann et al., 2013; Nixon et al., 2016).
Although this broad demarcation has shown to be a useful tool, the complexity of the species
distribution (e.g. Hellmann et al., 2016), and the presence of Larix and Picea in both continents
suggest that a refinement in such methods could be achieved through increasing the taxonomic

precision of driftwood identification.
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3.3 Materials and methods

Data from 913 driftwood samples previously collected throughout the western Arctic
coastline and covering the Holocene was collated from a range of previous studies (Preston et
al., 1955; Broecker & Olson, 1959; Crary, 1960; Nydal, 1960; Blake Jr, 1970, 1972, 1974,
1975, 1984, 1986, 1987, 1989, 1993, 1961a, 1961b; Marthinussen, 1962; Washburn, 1962;
Grosswald, 1963; Trautman, 1963; Henoch, 1964; Ives et al., 1964; Dibner, 1965; Knuth, 1967
Hattersley-Smith et al., 1969; Hoppe et al., 1969; Mielke & Long, 1969; Birkenmajer &
Olsson, 1970; Webber et al., 1970; Weidick, 1972, 1975, 1977; Lowdon & Blake Jr, 1973,
1978, 1979; Kovaleva, 1974; R. B. Taylor, 1975; England, 1976a, 1976b, 1978, 1983, 1985,
1990; Hillaire-Marcel, 1976; O. Salvigsen, 1978, 1984; P. MclLaren & Barnett, 1978;
Schledermann, 1978; Dyke, 1979, 1984, 1993, 1998; O. Salvigsen & Nydal, 1981; B. O.
Salvigsen & Osterholm, 1982; Haggblom, 1982; Allard & Tremblay, 1983; Stewart & England,
1983; Bednarski, 1984; Landvik & Salvigsen, 1987; D. J. A. Evans, 1988; Lemmen, 1988;
Dyke et al., 1989, 1991, 1996, 2011; Dyke & Morris, 1990; Forman, 1990; J. A. Evans, 1990;
Hodgson et al., 1991; McNeely & McCuaig, 1991; O. Salvigsen & Mangerud, 1991; O.
Salvigsen et al., 1991; D. J. A. Evans & England, 1992; Glazovskiy et al., 1992; Hodgson,
1992; Sharpe, 1992; Zale & Brydsten, 1993; Naslund et al., 1994; Bondevik et al., 1995;
Weihe, 1996; Forman et al., 1996, 1997b, 1999b, 1999a; Hjort, 1997; Johansen, 1998;
Lubinski, 1998; Lubinski et al., 1999; O Cofaigh, 1999; Dyke & Savelle, 2000, 2001, 2003;
Forman & Ingolfsson, 2000; Zeeberg et al., 2001b; Bennike & Weidick, 2001; Landvik et al.,
2001; Atkinson & England, 2004; Bennike, 2004; McNeely, 2005, 2006; England & Furze,
2008; England et al., 2008; B. Wagner et al., 2010; Funder et al., 2011; Nixon et al., 2014,
2016; St-Hilaire-Gravel et al., 2015) (also see Supporting Information table Al). These were
used to produce a spatiotemporal dataset of deposited driftwood identified at the genus level,

where available. The radiocarbon ages (**C year BP), where given in the literature, were
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calibrated with the IntCal13 calibration curve using the program OxCal v4.2 (Bronk Ramsey,
2009) and are presented in median calibrated radiocarbon years before present (cal. year BP)
and are directly comparable to calendar years BP for samples dated by other methods. The
resulting age range represents the 95% confidence interval £ 2 sigma, with sample ages collated
into 250-year intervals for analysis (see table Al). The low errors associated with radiocarbon
dating of wood material allow for the high temporal resolution of analysis compared to other

proxy methods in the Arctic.

In order to segregate source regions for the provenance of driftwood, a variety of analyses
can be used. Utilising the macroscopic differences between tree species can provide an initial
discrimination of the wood’s possible source regions. The macroscopic classification has
distinguished Pinus from other coniferous genera (Larix, Picea and Abies) and some deciduous
genera (Hellmann et al., 2013a; Schweingruber, 2007). Following this, microscopic analyses
can enable the separation of some Pinus species as well as the genera Larix, Picea, Abies, Salix,
Populus, and Betula. If fungi infestation is present in Picea and Larix, this can complicate their
differentiation due to their similar structure and the rich diversity of fungi that can be present
(Blanchette et al., 2016; Hellmann et al., 2013a). As methods and level of identification
inevitably varied between the many previous studies that constitute the dataset, the taxonomic
data was classified into the genera Larix, Picea, Pinus, Populus, Salix and Tsuga, with the last
three combined into an ‘other’ category due to their small proportion of the total dataset and
weaker link to dominant boreal forest species of Larix, Picea, Pinus and Abies (Hellmann et
al., 2013b). Samples without taxonomic identification were classed as unknown. Where
radiocarbon dating and sample collection location data were available, this was used to produce

a map of the existing available data showing its spatial distribution over the Arctic.
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3.4 Results

The samples’ locations range from the CAA to the archipelagos north of western Siberia
(Figure 3.2). Ocean circulation and sea ice patterns of the Arctic favour deposition in these
areas, the spatial patterns of data availability coinciding with heavily glaciated regions rich in
raised beaches and thus prone to old driftwood preservation, with the exception of Severnaya
Zemlya off the Taymyr coastline. Although driftwood does occur throughout the circumpolar
region, much of the driftwood deposited on eastern Siberia, Alaska, and Hudson Bay coastlines

is from local sources and so not linked to large-scale sea ice patterns; as such, it is not a suitable
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Figure 3.2. Geographical distribution of the driftwood data collated in the current analysis. The colours represent
the calibrated driftwood ages B.P, separated into 500 year intervals for visual clarity, calibrated with the IntCal13
calibration curve using the program OxCal v4.2 (Bronk Ramsey, 2009). The resulting age range represents the
95% confidence interval + 2 sigma, and the median value was used for the purpose of the map. Square bracketed
figures denote the number of samples from within each interval. For list of data and sources see Supporting

Information table Al.
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proxy for sea ice reconstruction due to not being within the pan-Arctic watershed (R. M.
Holmes et al., 2013). The greatest driftwood abundance occurs in the most recent ~1000 year
across much of the Arctic, whereas in some localities, such as Svalbard, there is substantial
driftwood occurrence throughout the Holocene (Figure 3.3) making the cause of this trend
unlikely a result of preservation issues; this was also concluded in other studies due to the lack
of this bias in many other Arctic raised beach sites and driftwood studies (Nixon et al., 2016).

An important factor of this database in its current state is the large proportion of driftwood
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Figure 3.3. a) Frequency distribution of median calibrated radiocarbon dates for Arctic driftwood, 12ka BP to
present in 250 year intervals, by region. CAA = Canadian Arctic Archipelago. EG = East Greenland. JM = Jan
Mayen. NG = North Greenland. FJL = Franz Josef Land. NZ = Novaya Zemlya. SB = Svalbard. Divisions into late,
mid, and early Holocene shown by red, white and green shaded regions; intervals follow Walker et al.(2012)). b)

Abundance and genus of driftwood throughout the Holocene for each region where driftwood data has been collated.
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samples not yet taxonomically classified, with unknown genera contributing 43% of the total
dataset (comprising 100% of the datasets from Franz Josef Land and Novaya Zemlya, Figure
3.3). This is due to the fact that the original studies collecting this material used it for dating
purposes and sea level reconstruction and did not require such information, and limits any
determination of provenance for these regions, though whole abundance variations can still be
utilised where there is sufficient data abundance. For example, in Jan Mayen there are currently
14 samples in the database from one previous study (Johansen, 1998). All are from <1.4 ka BP,

making interpretations of abundance variations in this location limited without further data.

In the CAA and Northern Greenland (NG), low driftwood abundances throughout the

region at ~12-9ka BP give way to an increase throughout the Holocene Thermal Maximum
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Figure 3.4. Map and frequency distributions of median calibrated driftwood radiocarbon dates from 12.5 cal. ka
BP to present, for driftwood across the regions of the CAA (divisions into channel-based intraregional
distributions A-G adapted from Dyke et al. (1997)). As in Figure 3.3, distribution divided into LH = Late
Holocene, MH = mid Holocene, EH = early Holocene.
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(HTM) ~8.6-4.9 cal. ka BP (Kaufman et al., 2004). There remains variability in abundance

between different channels and inlets, with higher abundances in the northern central channels

(vertex of B, F, G boundary; Figure 4), than inlets further south. The increasing driftwood

abundance throughout the early HTM ~8-6.5ka BP across the CAA and NG is matched in

Svalbard (SB) and Franz Josef Land (FJL) until ~7ka BP, when a decrease in these eastern

regions coincides with increases on Ellesmere Island (England et al., 2008) and NG.

Picea is more abundant on the shores of the CAA throughout the Holocene, which is

expected due to its proximity to the BG and the Picea-rich North American boreal forest. In

Svalbard, driftwood occurs in the greatest numbers in the early Holocene, with a lack of more
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recent driftwood in the North and West (Figure 3.5). The greatest proportion of driftwood on
Svalbard is of unknown genera, while the Larix/Picea ratio of 3.92 suggests the likely overall
dominance of Siberian driftwood being delivered to the Svalbard coastline. In the Russian
Arctic, driftwood has been delivered to the shores of Franz Josef Land throughout the
Holocene, with data available from studied raised-beach sequences in the southern half of the
archipelago; particularly Hooker, Hayes and Alexandra island (Forman et al., 2004). Driftwood
was incurred in low abundances until ~6ka BP, correlating with the initiation of driftwood
incursion onto northern Novaya Zemlya coasts. The location of Jan Mayen in the focal point
of the Fram Strait outlet means that it is in a prime location for receiving driftwood. However,
the distance from the central Arctic Ocean and Jan Mayen’s small size diminishes the amount
of driftwood likely to reach its coastlines, and here the record is limited: all the samples in the
current dataset collected there date to the past 500 years, and so have limited scope in providing

insights into the Holocene context.

3.5 Discussion

3.5.1 Early Holocene (> 8.2 cal. ka BP — subdivision intervals follow
Walker et al. (2012))

The earliest regions to receive driftwood are Svalbard and the northern islands of the CAA
(regions B & C in Figure 3.4), with a paucity in NG, FJL and NZ. The processes of deglaciation
and consequent glacioisostatic rebound affect much of the western Arctic, leading to raised
beach sequences that preserve stranded driftwood, but also precluding driftwood in the early
Holocene in areas influenced by the remnants of the ice sheets, local glaciers and perennial
landfast sea ice of the LGM (Last Glacial Maximum) which peaked ~21ka BP (Clark et al.,

2009). There is evidence of this in NG (Funder et al., 2011), with coasts blocked from wood
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delivery by landfast ice and glaciers. The Innuitian ice sheet was retreating from the peak extent
in the LGM, when it covered the Queen Elizabeth Islands in the northern CAA (England et al.,
2006). A lack of driftwood in the southerly and most westerly inlets of the CAA during this
period occurs in a region covered by remnants of the Laurentide ice sheet that peaked in the
LGM (Dyke, 2004; England et al., 2009). As the Innuitian Ice Sheet and outflowing ice streams
receded, abundant meltwater and local/regional currents likely also prevented driftwood
deposition (Dyke, 1998). This north-westward deglacial outflow then reversed to form the
modern circulation of south-eastward flow towards Baffin Bay, with evidence of this from
inward driftwood influx in the western CAA from ~11 cal. ka BP (Nixon et al., 2016) and the
eastern and southern CAA 9.7-9.3 cal. ka BP (Dyke et al., 1997). The relatively high proportion
of Larix being delivered to the CAA ~9.7-8.5ka BP (Figures 3.4 & 3.6) also suggests an
expanded TPD and associated positive AO conditions. The spatiotemporal variability in
deglacial ice retreat (England et al., 2006) led to the opening of channels in the north-central
CAA (region B; Figure 3.4) earlier than elsewhere in the region, possibly enabling driftwood
deposition within these channels while neighbouring coastlines were blocked (such as NG and
most westerly margins of the CAA). Such local dynamics however would not necessarily result
in an increased influx of Larix (if of Russian origin); its frequent occurrence suggests a larger
scale thermodynamic regime change and positive AO conditions. Strongly positive AO
conditions are also proposed by Nixon et al. (2016) due to driftwood occurrence in Svalbard
and the western channels of the CAA and local preclusion by outflow in the central CAA and
icebergs in northern Greenland respectively. A strongly positive AO aligns with ice core
evidence of peak Holocene temperatures for the early Holocene in the CAA (Lecavalier et al.,
2017), and diminished sea ice cover (Mayewski et al., 1997; Fisher et al., 1998) during this
period. The anomalous nature of regionally variable Arctic conditions and concurrent positive

AOQO conditions and enduring glaciation at this time may also have been impacted by the opening
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of the Bering Strait ~11ka BP (Bartlein et al., 2015). The 2015 study highlighted the influence
of the transgression of Beringia on circulation dynamics, sea levels, and regional climatic
changes, with inevitable influences on driftwood incursion to the region and impacts on the
greater Arctic climatic regime The low sample density in the early Holocene (Figure 3.3), and

the assumption of the likely Russian origin for the Larix occurrence, means that a more
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Figure 3.6. Relative abundance of Larix sp. and Picea sp. driftwood ~12 ka B.P. to present in 250-year intervals
for (a) CAA = Canadian Arctic Archipelago, (b) NG = North Greenland, and (c) SB = Svalbard. As in Figure 3.3,

distribution divided into LH = late Holocene, MH = mid-Holocene, and EH = early Holocene.
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definitive provenance of these samples would better delineate the contribution of thermal and

local dynamic forcing driving the driftwood pattern at this time.

In Svalbard, the highest abundances of driftwood occur in the early Holocene and
throughout in the south-east of the archipelago. In addition to the off-shore sea ice conditions,
such trends are expected to be influenced by the deglaciation of the late-Weichselian ice sheets,
composed of the Svalbard—Barents—Kara (SBKIS), the Scandinavian (SIS), and the British-
Irish Ice Sheets (BIIS) (A. L. C. Hughes et al., 2016), with the northern margin of SBKIS
covering the archipelago. Deglaciation commenced on western and northern Spitsbergen ~13—
12 ka *4C BP (Forman et al., 2004) leading to raised beaches up to 65m above the present mean
high tide mark (m aht) (Forman, 1990; Forman et al., 1997a). In eastern Svalbard and more
distal sites on Franz Josef Land and Novaya Zemlya, deglaciation commenced at ~10.5 ka *C
BP, with marine limit shorelines between 60 to 130 m aht. In the south and east (regions D-F
in Figure 3.5), this later deglaciation and GIA may have combined with the presence of ice-
carrying Arctic currents to favour driftwood influx and colder local conditions, whereas lower
abundances and early-Holocene peak in the north and west (Figure 3.5; regions A & B)
correlate with modern regions of northward flowing warm Atlantic currents. The western coast
was also an area of low ice-rafted debris (IRD) concentrations 10-7.6ka BP, suggesting a period

of Atlantic surface water inflow, and northward retreat of the Polar Front (Jessen et al., 2010).

3.5.2 Mid-Holocene (8.2- 4.2 cal. ka BP)

Driftwood incursion rates increase across the majority of the Arctic at ~7ka BP (Figure
3.3), along with an increase in Larix in NG in all but the most western regions of the CAA
(Figure 3.4). This suggests the westward shift and expansion of the TPD, probably associated

with areduced BG and to positive AO conditions, increased temperatures, and reduced landfast
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ice. This is evidence from glacial IRD of Russian provenance in cores proximal to the Alaskan
coast (Darby & Bischof, 2004) indicating inflow of Russian waters and possible weakened
westward BG flow. Sparse driftwood in NG at this time was described by Funder et al. (2011),
but in the context of this larger dataset, which incorporates additional data from the region
(Bennike & Weidick, 2001), such a decrease in driftwood deposition in NG is not observed,
while it is also not matched by the driftwood record of the CAA (Nixon et al., 2016). This peak
in driftwood and Larix abundance occurs earlier in Greenland and the easterly regions of the
CAA (Figure 3.4), indicating a gradual shift in the orientation of the TPD and an intermediate
phase of a previously discussed split TPD (Dyke et al., 1997). In the Eurasian Arctic, an initial
increase in wood incursion in Svalbard and Franz Josef Land at 7 cal. ka BP — which occurred
even earlier than in North America — was followed by a decrease from ~6ka BP. This decrease,
along with IRD evidence of increased iceberg release and sea ice southwest of Svalbard and
the Barents Sea (Jessen et al., 2010) and coeval colder surface conditions (Rasmussen et al.,
2007) indicates colder conditions and increased glacial activity at the coastlines. The driftwood
record also includes Picea in this period (Figures 3.3, 3.5) which under such conditions is more
likely to result from a more local, Eurasian source, though a better determination of the
driftwood provenance would be required to constrain the source. Reduction in driftwood
delivery also occurs ~6 cal. ka BP in the eastern CAA and Greenland in North America (Figure
3.4), where there is coeval evidence of sea ice shelf formation at the north of Ellesmere Island
~5.5 cal. ka BP (England et al., 2008) and severe sea ice conditions in Parry Channel (central

CAA) from ~6.5-3.0 cal. ka BP (St-Hilaire-gravel et al., 2010).
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3.5.3 Late Holocene (< 4.2 cal. ka BP)

Evidence of cold conditions across both the CAA and Arctic continues into the late
Holocene; when ice cap inception and growth across many parts of the CAA (Koerner &
Paterson, 1974; Koerner, 2005) coincides with a decrease in driftwood occurrence and Larix
~5-3 ka BP (Figure 3.4) and southerly expansion of sea ice in the European Arctic (Slubowska-
Woldengen et al., 2007; Andrews et al., 2009). In Svalbard, the hiatus of driftwood incursion
is again offset from that observed in the western Arctic, with reduced driftwood quantities
occurring after the trends initiated in North America at ~3.2-1.8ka (Figure 3.3). This coincides
with evidence of gradual cooling initiating ~4 14C ka BP, indicated by IRD, §'80 and plankton
records to the southwest of Svalbard that indicate an advance of the polar front and decrease in
Atlantic water inflow, along with increased iceberg supply (Rasmussen et al., 2007). This
agrees with suggested increased sea ice and driftwood incursion further south on Hopen island
(Figure 3.5; region F) (Haggblom, 1982), as well as increased landfast sea ice in the Isfjorden
region in west Svalbard (Forwick & Vorren, 2009). Thus, the hiatus of driftwood indicates
colder conditions and driftwood incursion restricted to more southerly shorelines nearer the
polar front margin and highlights the importance of consideration of additional proxy data
when interpreting the driftwood record. This gradual, low-frequency alternation in driftwood
incursion favouring eastern and western Arctic coasts may suggest fluctuations in AO mode in

this period on the scale of 1-2 millennia.

3.5.4 Recent Holocene to present (~2.5 cal. ka BP — present)

Decreased driftwood incursion in NG 2.5-1ka BP (Figure 3.3), along with evidence of a
lack of beach ridge morphology in multiple periods during this time (Funder et al., 2011)

indicates continued cold conditions and perennial land-fast ice. Sporadic driftwood incursion
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in FJL and NZ ~2.5-2ka BP correlate with hiatuses in the western Arctic, suggesting continued
shorter-lived centennial fluctuations in the AO polarity and ocean circulation patterns, closer
to observed in the modern Arctic sub-decadal fluctuations (Darby & Bischof, 2004).
Additionally, peaks in driftwood delivery across Svalbard and FJL ~1.25-1ka BP are followed
shortly by driftwood peaks ~1-0.75ka BP in the west — NG and the CAA, again showing the
trend of offset between both regions in occurrence, indicating a much faster pace in the TPD
orientation transition from east to west than in earlier periods of the Holocene. Evidence of a
shifting TPD and AO mode also correlate with the transition from the Medieval Climate
Anomaly (950-1250 AD) to the subsequent Little Ice Age (1400 and 1700 AD) (Mann et al.,
2009). Such a mechanism would also fit with the temporal and regional heterogeneity of these
periods across the Arctic and beyond (Jones & Mann, 2004), given the sea ice—ocean feedbacks
that amplified these climatic transitions (Lehner et al., 2013). In the CAA, there is an increase
in driftwood occurrence ~2ka BP onwards, reaching high frequencies of occurrence every
twenty years from 1ka BP to present (Nixon et al., 2016). Nixon et al. highlight the potential
biases in this most-recent section of the driftwood record possibly resulting from a) greater
preservation of wood, though this is countered by great abundance of much older wood in other
sampled regions, and b) influence from the development of Siberian logging activities ~70 cal.
yr BP. Pinus Sylvestris from the Yenisei is the dominant logged species in Siberia in this time
(Hellmann et al., 2015) and the CAA driftwood record includes only 2 incidences of Pinus
<lka BP. This may be an underestimate due to 22 samples from this period being of unknown
species, and so without further insight into the provenance of these samples it cannot be
definitively said if this increase is due to human influence and preservation factors or indicative

of greater supply and incursion from favourable climatic conditions and AO mode.
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3.6 Future considerations

In order to achieve a finer definition of the role of atmospheric and oceanic circulation in
sea ice and climatic changes throughout the Holocene, a pan-Arctic focus incorporating a more
definitive determination of driftwood provenance fluctuations is needed. This would strengthen
its use as a proxy for sea ice reconstruction by enabling the dynamics of the BG and TPD to be
better determined at key climatic points of the past 12,000 years. Isotopic analysis of the
driftwood tissue is one future avenue, with the Strontium radiogenic isotope system previously
explored for provenance studies in the form of 8/Sr/®Sr ratios. Lithologies can be characterised
by a defined ®’Sr/%Sr ratio (English et al., 2001; Reynolds et al., 2005), which is not
significantly fractionated by biological processes such as incorporation into wood tissue
(English et al., 2001; Dijkstra et al., 2003). These features enable a spatial link between the
wood and its growth site, providing that a framework of potential source Strontium signatures
is established. A further provenance tool is that of ancient DNA (aDNA) analysis or
palaeogenetics. As wood is a commonly occurring archaeological remain (Gugerli et al., 2005),
a variety of studies have already shown the application of aDNA analysis for
archaeological/preserved wood for uses such as wood traceability and monitoring species
evolution (Speirs et al., 2009). Small aDNA fragments from plants and animals from up to
30,000 years ago have been successfully amplified and sequenced (Paabo et al., 2004) and the

possibilities of aDNA are likely to increase as technologies develop further.

3.7 Conclusion

The control of driftwood transport and deposition by sea ice and surface current dynamics
enables insight into the variable climatic and environmental conditions that have impacted the
Arctic throughout the past 12,000 years. Shifts in Arctic Oscillation’s polarity result in variable

Aurctic circulation dynamics (Rigor et al., 2002). The collation of 913 driftwood samples from
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across the Arctic coastline provides a dataset of higher spatial and temporal resolution than
other sea ice proxy-based methods in the Arctic, with preservation of driftwood in substantial
volumes from the early Holocene indicating a low likelihood of preservation issues in the
interpreting distribution patterns. This enables the detection of the pattern of change at different

frequencies through the Holocene. These include the following:

1) Early Holocene deglaciation preceding positive AO conditions coeval with extensive

remnant glaciation over the CAA and NG.

2) Mid Holocene warming and sea ice reduction, with millennial scale east-west shifts in
the TPD and associated BG weakening. This high-resolution record also offers a different view
of mid-Holocene conditions to that proposed by Funder et al., (2011) with more coherence
between NG and the CAA of an expansion of the TPD, increased temperatures, and reduced

landfast ice.

3) Late Holocene millennial scale west-east TPD shift and strengthened BG and sea ice

preservation.

4) Recent Holocene, high variability and higher frequency shifts in the TPD and BG

strength and associated fluctuating climate conditions such as the MCA and LIA.

To further constrain a spatiotemporal reconstruction of variations in Holocene ocean current
and sea ice dynamics, a more definitive determination of the provenance of driftwood samples
would allow greater insights from the wealth of data available from the driftwood record of the

Arctic.
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Chapter 4 Linking Statement

Chapter 4 continues the exploration and development of driftwood as a tool for proxy-
based Arctic sea ice reconstructions by addressing the second of the three main aims of the
Specific Aims and Hypotheses: the development and evaluation of the novel use of dendro-
provenancing at a pan-Arctic scale to increase the spatio-temporal resolution of driftwood-
based sea ice reconstructions. Through the analysis of newly collected material, the research
paper presents a 500-year history of driftwood incursion to northern Svalbard, directly
reflecting regional sea ice conditions and Arctic Ocean circulation. The study uses dendro-
provenancing as a method to increase the spatio-temporal grain of Arctic driftwood
provenancing, and considers alternate mathematical approaches to selecting probable origin
sites by weighting scores via reference chronology span and visualising results through
spatiotemporal density plots, as opposed to existing ranking systems. These methods aim to
overcome potential biases in dendro-provenancing that stem from the uneven spatiotemporal
availability of reference chronologies throughout the boreal forest. The resulting record
indicates centennial- and decadal-scale shifts in source regions for driftwood incursion to
Svalbard, aligning with Late Holocene high variability and high frequency shifts in the
Transpolar Drift and Beaufort Gyre strengths and associated fluctuating climate conditions, as
well as a clear decrease in sea ice at the beginning of the 20" century and in the recent decades.
The new methodological approach successfully employs driftwood as a proxy for Arctic Ocean

surface current and sea ice dynamics.
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Key Points

e We present a novel approach to utilizing naturally felled driftwood as a proxy for Arctic
Ocean surface circulation and sea ice dynamics.

e A 500-year record of driftwood incursion to northern Svalbard reflects centennial to
decadal variability in surface circulation and sea ice extent.

e A distinct decrease in driftwood from all provenances in the last 30 years matches the

observed decline in pan-Arctic sea ice extent.

e 2Published as: Hole, G. M., Rawson, T., Farnsworth, W. R., Schomacker, A., Ingélfsson, O., & Macias-
Fauria, M. (2021). A driftwood-based record of Arctic sea ice during the last 500 years from northern
Svalbard reveals sea ice dynamics in the Arctic Ocean and Arctic peripheral seas. Journal of Geophysical
Research: Oceans, €2021JC017563. https://doi.org/10.1029/2021JC017563.
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4.1 Abstract

We present a 500-year history of naturally felled driftwood incursion to northern Svalbard,
directly reflecting regional sea ice conditions and Arctic Ocean circulation. Provenance and
age determinations by dendrochronology and wood anatomy provide insights into Arctic
Ocean currents and climatic conditions at a fine spatial resolution, as crossdating with reference
chronologies from the circum-Arctic boreal forests enables determination of the watershed the
driftwood originated from. Sample crossdating may result in a wide range of matches across
the pan-boreal region, which may be biased towards regions covered by the reference
chronologies. Our study considers alternate approaches to selecting probable origin sites, by
weighting scores via reference chronology span and visualising results through spatiotemporal
density plots, as opposed to more basic ranking systems. As our samples come from naturally
felled trees (not logged), the relative proportions of different provenances are used to infer past
ocean current dominance. Our record indicates centennial- to decadal-scale shifts in source
regions for driftwood incursion to Svalbard, aligning with Late Holocene high variability and
high frequency shifts in the Transpolar Drift and Beaufort Gyre strengths and associated
fluctuating climate conditions. Driftwood occurrence and provenance also track the northward
ice formation shift in peripheral Arctic seas in the past century. A distinct decrease in driftwood
incursion during the last 30 years matches the observed decline in pan-Arctic sea ice extent in
recent decades. Our new approach successfully employs driftwood as a proxy for Arctic Ocean

surface circulation and sea ice dynamics.

4.2 Introduction

The Arctic is vulnerable to climatic changes on a range of temporal and spatial scales

from geological to inter-annual, and a hotspot of warming under modern climate change due
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to the Arctic Amplification (Serreze & Francis, 2006) — a term for the feedbacks and
interactions from the region’s sea ice and snow cover resulting in enhanced and accelerated
greenhouse gas-induced warming in the Arctic. Recent anthropogenic trends are well
documented by a rapid decline in the extent and thickness of sea ice (Polyak et al., 2010;
Maslowski et al., 2012). The continuing decline in sea ice cover is expected to result in wide-
ranging consequences impacting the Arctic and beyond. These include impacts on terrestrial
and marine productivity, changes to global atmospheric and ocean circulation patterns,
increased temperatures and rainfall, terrestrial fauna and flora population fragmentation and
habitat reduction, increased marine species interaction and connectivity, and northward
expansion of lower-latitude species (Overland & Wang, 2010; Screen & Simmonds, 2010,
2014; Francis & Vavrus, 2012; Post & Heye, 2013; Overland et al., 2016; Vavrus et al., 2017,
Bintanja & Andry, 2017; Macias-Fauria & Post, 2018; Bjorkman et al., 2020). The Arctic
Oscillation (AO) or Northern Annular Mode/Northern Hemisphere Annular Mode (NAM), is
defined as the principal component of extra-tropical Northern Hemisphere sea-level pressure
and regarded as the most influential mode of atmospheric circulation and climate variability in
the Arctic (Thompson & Wallace, 1998; Comiso & Hall, 2014). Dynamic processes affecting
the Arctic Ocean such as the AO are being increasingly examined for their impact on ocean
circulation and sea ice dynamics (e.g. Barnes & Screen, 2015; Comiso & Hall, 2014; Ding et
al., 2017; Hole & Macias-Fauria, 2017; Rigor et al., 2002). Data on past conditions are needed
to understand the region’s abiotic and biotic responses to various climatic processes and
forcings and their resulting impacts on a global scale (Dieckmann & Hellmer, 2010; Armand
et al., 2016). Uncertainties remain on the spatiotemporal dynamics of Arctic sea ice throughout
the Holocene, with discontinuous data on sea ice extent, discussed below, prior to the
generation of spatially explicit sea ice extent information by satellite observations in the late

1970s (Post & Haye, 2013). The observational record has been extended back in time to the
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late 19" century by compiling various observational data sources including ship reports,
airplane surveys, compilations by naval oceanographers and analyses by national ice services
(Walsh et al., 2017). Reconstructions of sea ice preceding observations commonly utilise ocean
sedimentary core data. Such records are, however, limited in spatiotemporal resolution due to
low sedimentation rates in the central Arctic Ocean (Backman et al., 2004; Polyak et al., 2010),
limiting their insight into sea ice fluctuations at the sub-millennial scale. Moreover, they
generally do not provide direct information on sea ice dynamics. Further knowledge of past sea
ice dynamics is therefore needed to understand the context of recent change and gain insight
into possible future sea ice trajectories under conditions of increasing global average

temperatures.

4.2.1 The Arctic Ocean and sea ice

The extent, area, thickness and dynamics of Arctic sea ice are driven by both thermal
and physical dynamics of the Arctic Ocean system, including spatiotemporally variable
atmospheric and oceanic heat fluxes, prevailing winds, and ocean currents (Haas & Thomas,
2017). The position of Arctic Ocean circulation patterns is driven by prevailing winds, most
notably the upper-ocean anticyclonic Beaufort Gyre (BG) (Timmermans et al., 2018). Together
with the Transpolar Drift (TPD), BG and TPD are the primary circulation systems in the
modern Arctic Ocean (Figure 4.1). Such physical dynamics also influence heat and salinity
transport and storage in the Arctic, impacting climate both locally and beyond the Arctic
(Carmack et al., 2016).The two systems initiated during the Early Holocene after the closure
of the Bering-Chukchi land bridge and opening of the Bering Strait c. 11 ka BP (Bartlein et al.,
2015). The BG displays a mean annual clockwise motion in the western Arctic Ocean (Polyak
et al., 2010), recirculating and enhancing survival of sea ice within the Arctic basin. The mean

residence time for ice in the BG is c. 5 yr (Rigor et al., 2002), aiding the formation and
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preservation of multi-year ice that can reach up to 5 m thickness (Mahoney et al., 2019). The
TPD is a surface ocean current running roughly parallel to the Siberian coast and transporting
Arctic ice and waters southwards to the North Atlantic through the Fram Strait, favouring the
loss of ice. Holocene fluctuations in the extent and orientation of the TPD have been proposed
to vary between three overall states (Dyke et al., 1997). These involve lateral shifts from a) an
eastward route toward Fram Strait, with sea ice (and any driftwood entrained in it) advection
to the European Arctic; b) a westward route toward Greenland with sea ice advection to the
Canadian Arctic Archipelago (CAA); and c) a split route with sea ice transport divided between
the east and west. A driftwood-based reconstruction of the dynamics of Holocene sea ice extent
and dynamics shows that there has been a progression from millennial to centennial shifts in
the relative position of the TPD and BG throughout the Holocene, with indications of alignment
with concurrent dynamics of the AO (Hole & Macias-Fauria, 2017). The AO Index is
characterised as the variable atmospheric mass exchange between the Arctic Ocean and
temperate latitudes (Rigor et al., 2002), with positive or negative polarity determined by
anomalies in Sea Level Pressures (SLPs) over the polar regions and mid-latitudes (c. 55°-60°N;
Kwok et al., 2013). The AO is a key physical driver of the position of the TPD and the balance
between the strength of the BG and TPD circulation patterns (Rigor et al., 2002). The influence
and variation in the AO over the Holocene is outlined in greater detail by Hole & Macias-
Fauria (2017), including evidence of late Holocene centennial fluctuations in AO index polarity

and ocean circulation patterns.

4.2.2 Seaice observations
Sea ice observations provide information to varying degrees of accuracy, and the
observational record encompasses — partially until the advent of remote sensing data — the past

~1,000 years. Since Iceland’s settlement in c. 870 CE, records were kept of sea ice incidence
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by Icelandic fisheries (Polyak et al., 2010), enabling a regional sea ice index for the period
1600 — 1850 CE to be developed (Ogilvie & Jonsdottir, 2000). In Svalbard, sea ice information
since 1800 has been collected from sealers, ships and trappers wintering on the archipelago by
the Norwegian Polar Institute (Vinje, 2001). April sea ice extent from 1850-1998 has been
generated from ship data, aircraft reconnaissance flights and satellite observation data (Vinje,
2001). In the Barents Sea, April sea ice was recorded by Norwegian ice charts by sealing and
hunting expeditions from 1850-1949 and 1966-2001, and intervening years measured by Soviet
reconnaissance aircraft (Shapiro et al., 2003). Sea ice draft and thickness were also measured
through upwards sonar data by submarine cruises throughout the Arctic from 1958 onwards
(Rothrock et al., 2008). These include comparison of drift data from two summer polar cruises
in 1958 and 1970 (A. S. McLaren, 1989), before more extensive draft data collection as part of
the Scientific Ice Expeditions (SCICEX) program (Gossett, 1996). Since the 1970s, spatially
explicit sea ice extent information has been available by the development of satellite
observations (Post & Haye, 2013). Using these records, Walsh et al. (2017) produced a
spatially-explicit pan-Arctic sea ice dataset since the late 19" century at fine spatiotemporal
resolution, enabling a comparison between historic data sets and proxy-based reconstructions

(Post & Haye, 2013).

4.2.3 Using driftwood to infer past sea ice conditions

The geological record and proxy data provide information on environmental and
climatic conditions preceding the observational record. Arctic biogenic and inorganic
information on sea ice conditions can be gleaned from a variety of data. Inorganic data include
the use of ice-rafted debris (IRD) and radiogenic isotopes for tracking ice drift and provenance
(e.g. Fagel et al., 2014; Hillaire-Marcel et al., 2013; Stickley et al., 2009). Biogenic data are
collected from ocean sediment cores and include dinoflagellate cysts, ostracods, diatom, and
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benthic foraminifera assemblages (Cronin et al., 2013; De Vernal et al., 2013; Seidenkrantz,
2013). Highly branched isoprenoid (HBI) lipids produced by diatoms, notably IP2s (the ice
proxy with 25 carbons; Belt et al., 2007), have also been used for sea ice reconstructions by
assessing the relative proportion of sea ice to phytoplankton biomarkers, termed PIP2s

(brassicasterol, dinosterol or HBI trienes; e.g. Miiller et al., 2011; Belt, 2018).

Raised beaches that occur in north-western Eurasia are a clear sign of GIA related to the melting
of past ice-sheets and glacier loads. Their current elevations result from the balance between
eustatic sea level change and GIA following the latest deglaciation of northern Eurasian ice
sheets (Forman et al., 2004). Such raised beaches in Svalbard often lack vegetation due to their
low temperatures, aridity, high alkalinity and low nutrient availability (Dyke et al., 1997,
Forman et al., 2004). Such harsh conditions preserve datable driftwood, whalebones and
pumice as decomposition is limited (Feyling-Hanssen & Olsson, 1959; Blake Jr, 1961a;
Bondevik et al., 1995; Schomacker et al., 2019; Farnsworth et al., 2020b). Driftwood is the
preferred target for analysis in this study due to its terrestrial origin (and therefore radiocarbon
dating suitability) and delivery to within 1-2 m above sea level by storm or ice pressure,
although it can later migrate shoreward by slope processes (Funder et al., 2011). Driftwood can

also be used as a proxy for sea ice extent and dynamics.

Deposits of driftwood on Arctic shorelines reveal the transport by sea ice within large-
scale Arctic Ocean circulations, which enables the reconstruction of past surface-current
dynamics and sea ice conditions in the Arctic (Haggblom, 1982; Dyke et al., 1997; Funder et
al., 2011; Hole & Macias-Fauria, 2017). Up to now, driftwood-inferred sea ice conditions have
not been directly compared with the observational record. Reconstructions of past sea ice
conditions employing this proxy have been based on an understanding of the conditions
required for felled wood in the boreal forest to reach high arctic shorelines. The delivery of

driftwood to the shores of Svalbard requires initial entrainment in seasonal sea ice before
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joining multi-year sea ice for long-distance transport due to its limited buoyancy once
waterlogged (Haggblom, 1982). Seasonal sea ice around Svalbard, and therefore seasonally
open waters, enable wave action to deliver the driftage to the shoreline (Farnsworth et al.,
2020a). The incurred driftwood derives from the major rivers that drain the boreal forest
regions of North America and Eurasia. The inflow from river runoff at ~3,300 km? yr (Alkire
et al.,, 2017), together with precipitation, constitutes the greatest proportion of annual
freshwater influx into the Arctic Basin (Serreze et al., 2006). This is followed by the substantial
inflow of Pacific water through Bering Strait, which contributes 2,300-3,500 km?®yr*
(Woodgate, 2018). In the boreal forest zone, tree-growth is limited by climate, leading to
coherent (not individually highly variable) tree-ring growth patterns within broad climatic
region/watersheds (O. Eggertsson, 1993). This coherency, or similarity in individual tree
growth patterns, enables regional chronologies of mean tree-ring growth patterns to be created
across the boreal forest zone (Schweingruber, 2012) and utilised for dendrochronological
matching to driftwood derived from possible boreal source regions. Although the Arctic-
draining rivers have been surrounded by boreal forest throughout the Holocene (Hopkins et al.,
1981), the Eurasian boreal tree limit in the Early to Middle Holocene of c. 9.5-6 ka BP lay up

to 200 km northwards at the circumpolar coastlines (MacDonald et al., 2000).

The geographical distribution of dominant and abundant tree species across the boreal
forest (see MacDonald et al., 2008; Hellmann et al., 2013), has been used to infer a genus-
based division of driftwood sources to indicate wood provenance. Larix (larch) is a markedly
common genus of conifers throughout Asian boreal forests and is assumed to indicate a
Siberian origin. Picea (spruce) is another boreal forest genus of coniferous species very
common in North America, and is assumed to signify a North American origin (e.g. Dyke et
al., 1997; Eggertsson, 1993; Funder et al., 2011; Haggblom, 1982; Hellmann et al., 2013; Nixon

etal., 2016). In North America, Picea was present between 10 and 7 ka north of the Mackenzie
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Delta, up to 70 km north of the modern treeline (Ritchie & Hare, 1971). This resulted from
increased summer insolation and temperatures compared to modern conditions (MacDonald et
al., 2008), which then migrated to the modern limit at 60-70°N (Sokolov et al., 1977; Bigelow
et al.,, 2003). The boreal forest reached its current composition by c. 6 ka BP in Canada
(Tremblay et al., 1997), and by 3-4 ka BP in Eurasia (MacDonald et al., 2000), with increased

Larix occurrence during 10-3.5 ka BP.

For more spatially precise provenance determination, dendrochronology and tree ring
width (TRW) analysis has proved a vital tool in dendroarchaeological efforts (R. E. Taylor &
Aitken, 1997) and Arctic climatic and environmental reconstructions (Koch, 2009; Owczarek,
2010). Past driftwood dendrochronological studies have considered only reference
chronologies associated with a particular drainage basin (Eggertsson, 1993; Eggertsson &
Laeyendecker, 1995) based upon consideration of Arctic surface currents. However, recent
studies have highlighted that such assumptions can be incorrect, and a far wider extent of
circumpolar sites must be considered during such processes, to accurately capture the potential
history of samples (Hellmann et al., 2013b). A recent combined assessment of radiocarbon and
dendrochronological age estimates of Arctic driftwood samples found that radiocarbon dates
from buried driftwood were in agreement with dendrochronological dating of modern beach
ridge systems in coastal eastern Siberia (Sander et al., 2021), thus supporting the validity of

age indications obtained from driftwood found on Holocene beaches.

The aim of this paper is to utilise Arctic driftwood collected from modern shorelines to
create a proxy-based reconstruction of regional sea ice conditions and Arctic Ocean circulation
dynamics at a decadal resolution, and to evaluate inferences made from naturally felled
driftwood material against the observational record. In this study we provide a 500-year record
of driftwood incursion onto northern Svalbard modern active shorelines. TRW series and genus

information are determined for the samples where possible, before crossdating with reference
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chronologies from the circum-Arctic boreal forest zone to determine the climatic
regions/watersheds the driftwood originated from. As sample cross-dating may result in a wide
range of possible matches across the pan-boreal region and possible bias towards the regions
covered by reference chronologies, our study includes a new approach to select most probable
origin sites from multiple crossdating matches and visualising these results through
spatiotemporal density plots. The resulting spatiotemporal distribution of best matches for all
samples provides a 500-year time series of driftwood delivery to northern Svalbard, enabling
a proxy-based reconstruction of Arctic Ocean surface current and sea ice dynamics over this
period. Our study tests for the first time the validity of Arctic driftwood as a proxy for sea ice
dynamics at higher spatial and temporal resolutions than possible by other Arctic sea ice proxy
data, by directly comparing driftwood-inferred sea ice information against other

reconstructions and the observational record.

4.3 Methods

4.3.1 Sampling sites

The raised beaches on the Svalbard archipelago are ideal for preserving stranded
driftwood. Svalbard is located at the proposed north-western part of the Late Weichselian
Svalbard-Barents Sea Ice Sheet (SBSIS), with abundant preserved raised beach sequences
reflecting the pattern and rate of relative sea level changes on Svalbard in response to the
deglaciation of the SBSIS (Forman et al. 2004; Ingélfsson & Landvik, 2013). Samples were
collected in August 2016 and July 2018 from three localities from the northern coastline of the
Svalbard Archipelago. In 2016, driftwood was collected from the three largest islands of
Sjugyane (Martensgya, Phippsgya and Parrygya), and Ringhorndalen in Wijdefjorden,

Spitsbergen. During a 2018 field campaign to Vassfarbukta in Wijdefjorden, Spitsbergen, a
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total of 30 driftwood samples were collected between the active beach face and the storm berm
up to ¢. 4 m above mean sea level along a 200 m stretch of coast. All sampling locations were

expected to capture driftwood from the same large-scale ocean currents (Figure 4.1). On
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Figure 4.1. a) Driftwood sampling locations of Sjugyane, Ringhorndalen (sampled 2016), and Vassfarbukta
(sampled 2018). Insert panel: Two modes of the Arctic Oscillation Index (AO), showing wintertime surface
circulation patterns of Beaufort Gyre (BG) and Transpolar Drift (TPD). Map figure modified from Norwegian Polar
Institute (2014). (b) Low index, negative AO polarity with a strengthened Beaufort Gyre and recirculation of sea
ice. (c) High index, positive AO polarity with a weakened BG. The red dashed lines encircle the region of ice
recirculation in the BG by the mean sea ice motion field (circulations compiled and modified from Rigor et al.
(2002)).
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Sjugyane, the lowlands above the marine limit are covered by glacial drift of angular to
subangular cobbles and boulders, within a silty/clayey matrix. In this matrix there are abundant
shell fragments, likely incorporated by glaciers originating from Nordaustlandet that also
supplied erratics of granites and quartzites (Forman & Ingélfsson, 2000). Holocene arrival and
incursion of driftwood onto Sjugyane and Wijdefjorden is influenced not only by broader ocean
circulation dynamics and sea ice conditions, but also by local deglaciation patterns and
geomorphology. Dating of driftage deposits and preserved regressional strandlines indicate that
deglaciation of Phippsgya occurred before c. 9.4 ka ago (Forman & Ingolfsson, 2000). The
relative sea level fell to less than current sea level c. 9-7 ka BP, before a transgression rising
sea level to above present levels at c. 6.2 ka BP indicated by cross-cutting beach ridges, and
observed in other marginal foreland records around Svalbard such as a whalebone dated to c.
6 ka BP found at 5 metres above high tide (m a.h.t.), behind the modern storm beach of
Kongsfjorden (Forman et al., 2004). Similar scales of isostatic readjustment and relative sea
level changes patterns occur in northern Wijdefjorden (Schytt et al., 1968; Forman et al., 2004;
Farnsworth et al., 2020a). The impact of such dynamics on driftwood incursion is minimal for
this study, due to our aim to target samples from the modern shoreline for reconstruction of sea
ice conditions over recent centuries, and for the comparison of modern sample spatiotemporal
distribution with observed circulation patterns and sea ice dynamics in the Arctic Ocean during

the last 120 years.
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4.3.2 Field sampling methods

A total of 95 driftwood samples were collected from Sjugyane, Vassfarbukta and
Ringhorndalen shorelines and raised beach terraces where samples were deemed in-situ. A
random sampling strategy was employed to minimise sampling bias on shorelines with high
volumes of driftwood, and with all naturally-felled driftwood on shorelines with little
driftwood. The datum for raised beach elevation measurements is the present mean high tide
mark, m a.h.t., seen at the coastline as a swash limit (Forman et al., 2004). The storm beach
elevation can reach over 4 metres on bays exposed to direct storm fetch (Forman, 1990;
Zeeberg et al., 2001) and this can carry washed up material substantially above the sea level of

the time, giving uncertainties to dating by local geomorphology for raised-beach samples. At

Figure 4.2. Range of preservation level of driftwood samples on Sjugyane. Ruler placed for scale in a, c, f, and pen

placed for scale in dry driftwood disc in d. Samples along the modern shoreline have the highest levels of
preservation, with intact trunks and visible tree-ring series allowing dendrochronological analysis. Only samples that
had sufficient preservation of tree rings and that preserved their root structure — and thus were likely naturally felled
— were used to create our sample dataset (such as 2b, d, e). More degraded samples such as in 2a, ¢, f did not have

sufficiently preserved rings to be included in the dataset.
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all sites, naturally felled driftwood at the modern shoreline was targeted by the sampling of
logs exhibiting intact root stock. These driftwood logs were sub-sampled at peak thickness with
a saw, where sub-sampled slices exhibited the maximum amount of intact tree-rings (Figure
4.2). For elevation calculations, handheld GPS devices were used with occasional DGPS or
altimeter data. Older driftwood was sparse, with most found < 7 m a.h.t., and the majority of
the samples are from the modern shoreline. The driftwood sampled varied in condition; more
recently deposited driftwood samples (e.g., Figure 4.2d) had intact tree rings that were suitable

for analysis.

4.3.3 Laboratory processing

Driftwood samples were assessed for viable tree ring series, with 59 of the 95 samples
suitable for measurement and analysis. Of the 59 driftwood subsamples from northern
Svalbard, 27% (16) were from Sjugyane, while 73% were from Wijdefjorden (n=28 and n=15
from Ringhorndalen and Vassfarbukta respectively). These were then sanded using drill-
mounted sanding bands, and annual ring widths of each sample were measured to 1/1000 mm
accuracy using LINTAB tree-ring measurement table and TSAP-Win Professional version 0.89
(Rinn, 2011). Where possible, the genus of the driftwood samples was identified by microscopy

through examination of stained radial, tangential and longitudinal sections.

In the majority of dendrochronological studies, reference chronologies are limited to a
specific temporal and geographical range based upon the context of the samples taken, be it by
pre-existing knowledge of logging activity (Drake, 2018), or sapwood estimation (M. K.
Hughes et al., 1981; Daly, 2007). Once a reference subgroup is determined, the “best match"
is then identified as that with the highest t-value, a statistical measure of a sample’s similarity

to a period in the reference chronology. Identifying such reference subgroups is a more difficult
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process when investigating naturally felled driftwood origins. The measured tree-ring series
were cross-dated both visually by comparison of ring-width marker ring lists and by use of the
chronology-building statistics of TSAP-Win software. Tree ring series were amassed and
standardised to remove non-climatic trends such as ontogenetic growth and competition effects
using a two-part trend elimination (Cook & Peters, 1997). Firstly, a negative exponential curve
was fitted, before taking the residuals. Secondly, to completely remove multi-year variance, a
5-year moving average was applied, with the resulting residuals then taken. This was
undertaken to remove autocorrelation (year-to-year variance) to facilitate the computation of
correlation coefficients. At least two radii per driftwood disc were measured and combined

through a bi-weight robust estimate of the mean to form one chronology per sample.

4.3.3.1 Chronology building — driftwood floating chronologies

The 59 samples with sufficient measured time series were cross-dated using TSAP-Win
using a variety of statistical parameters, discussed below. Multiple scoring metrics have been
utilised in assessing between-TRW time series similarity. A t-statistic is commonly employed
to compare a sample set against a reference chronology. TRW data are standardised by
converting to a percentage of the mean of the five ring widths of which it is the centre value,
which ensures the data have bi-variate normal distribution. The resulting values are then
normalised by taking the natural log of percentage figures (Baillie & Pilcher, 1973). This de-
trended value is referred to as TVBP (T-value Baillie-Pilcher), however the measure lacks
descriptive power in the absence of extreme ring-differences between chronologies. For cases
with less extreme ring-differences, the Gleichlaufigkeit (GIk) parameter (or concordance
coefficient) is also employed, which instead assesses similarity of sample slope intervals

(Eckstein & Bauch, 1969; Schweingruber, 2012). To capture the strengths of both metrics, we
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considered the Cross-Date Index (CDI) within our study, provided by the TSAP-Win package
(Rinn, 2011). CDI gives the quality of agreement between sample series by combining the Glk
measure of overall accordance of two series with the t-value measure of the correlation

significance:

(le —50 + (50 X /M» X t — value
max overlap

CDI =
10

With the inclusion of both Glk and t-value in the above equation, CDI captures the magnitude
of both measures. Therefore, the CDI gives a date index of possible series matches (Rinn,
2011). Significant correlation was set to Glk >60%, TBP>3.0 and a CDI>10 (Rinn, 2011). The
cross-dating of series within the chronologies was examined using the COFECHA-style Cross-
Date Check feature of TSAP-Win (R. L. Holmes, 1983). Any series or segments of series that
did not surpass sufficient cross-date parameters were removed. Successfully cross-dated

individual series were combined to floating chronologies.

4.3.3.2 Reference chronologies from the boreal forest
Reference chronologies from the circum-Arctic boreal forest zone were sourced from the

International Tree Ring Data Bank (ITRDB, http://www.ncdc.noaa.gov/data-

access/paleoclimatology-data/datasets/tree-ring) (Grissino-Mayer & Fritts, 1997). Individual,

dated TRW measurement series used to form locality reference chronologies were downloaded
before undergoing the same detrending process as driftwood samples. These dated series were

then formed into chronologies via the TSAP-Win™ chronology building tool. The
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spatiotemporal spread of these reference chronologies (Figure 4.3) provided possible age and

source data for crossdating with each driftwood sample.
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Figure 4.3. Spatiotemporal distribution of 222 reference chronologies from across the Eurasian and North
American circum-Arctic boreal forest zone, sourced from the International Tree Ring Data Bank (ITRDB,

http://www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring)  (Grissino-Mayer &  Fritts,

1997). Each line represents a single chronology, depicting the longitude and timespan covered, with line colours
depicting the river basin/longitude of each chronology. The longitudinal density plot is directly calculated from
the plotted longitudes, and the top density plot captures the number of chronologies that include the respective
year. The overlaid contour plot is mapped using the longitudinal and time range midpoint data for each

chronology.

4.3.4 Data Analysis

Floating driftwood chronologies were compared with all available boreal forest
reference chronologies in order to determine their most probable origin. In a first approach, all
matches considered viable by TSAP-Win (CDI>10) were plotted to display and investigate the
spatiotemporal trend of matches, providing the density plots of the longitude and felling dates

of all potential matches. However, since we consider a pan-boreal reference chronology, there
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is a risk of over-representing the geographic regions and time-periods that are better
constrained by our reference chronology. That is, a sample may be more likely to match to a
period/region for which there are more reference chronologies available. Each chronology
within our reference chronology dataset was examined by the longitude and timespan covered
(Figure 4.3). The grey-shaded y-axis density plot displays the geographic distribution
represented, while the x-axis density plot depicts the abundance of chronologies associated
with each individual year. The geographic distribution is approximately represented evenly
between the two key landmasses of the northern hemisphere (North America and Eurasia).
More recent years are better represented by our reference chronology due to the reliance of the
database on the collection of reference chronology data, which is more abundant in recent
centuries. Information from several centuries ago is restricted to a few individual chronologies,

with a marked dearth of data from ~1000-1500 CE in eastern Siberia.

Other dendrochronological studies that have considered a wider potential source region
have demonstrated a wide range of t-value matches, which would all have been considered a
sign of good-fit by more restrictive references (Daly, 2007; Daly & Nymoen, 2008). Such
studies will still routinely use the highest t-value as a measure of the most probable origin,
however such approaches risk bias towards regions with better developed reference
chronologies. Based upon this, we computed a new metric (Weighted Score) to help determine
the most likely match within our results for each sample. This was achieved through weighting
the CDI scores by the inverse of the density plots in Figure 4.3. As such, matches that were
considered more “unlikely” by appearing in less-reported regions and time periods of the
reference chronologies were rewarded. A new reference score was constructed for each
potential match representing the initial CDI scores, corrected by the overall reference
chronology spans, and increased by the number of identical temporal matches for the sample,

ie.:
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(Total number of matches with the same timespan)

Weighted S = (DI X
elghted score Reference chronology densities for the match

A match was considered better if it had a higher CDI. Additionally, matches to a poorly
represented region in the reference chronology were weighted positively. We constructed linear
interpolations of the reference chronology densities (Figure 4.3) via the approxfun function
within R. This produced two functions, fime(X), fiong(y), which provide the relative densities for
a given year X, and longitude y. We then calculated the new score for each match as:

CDI Xn
ftime(X) X flong(¥) X yrmatches ¢

Weighted Score =

where x and y are the start-date and longitude of the match in question, respectively, and
matches is the total number of matches for the sample with the same start/end dates. n is the
total of all match CDIs for the sample. In order to determine the ‘best match’ for each sample,
the CDI values and Weighted Score values were examined, with high CDI values showing high
Weighted Score values considered a sign of a good match. A decision workflow was employed
when assessing the matching parameters (Figure 4.4). With all data available, the match values
of CDI and Weighted Score were chosen. If there was a cross-date match with sufficiently high
CDI and/or Weighted Score, a match was chosen, with a preference to the Weighted Score in
case of doubt. Additional information was employed to assess the uncertainty in the choice of
the best match. Chronology density plot surfaces, the presence of multiple matches for a
common date and region, and genus agreement between sample and reference chronology, as
well as visual comparison between floating and reference TRW chronologies, were considered
for match choice. Additional information was not used to determine a match but could be used
to gain confidence on the chosen match or to decide that either the existing match had high
uncertainty or that there was not enough information to determine a match (Figure 4.4). CDI

scores, Weighted Scores and match choices are available in Supplementary Materials —
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Appendix B2. All match distribution plots for samples can be seen in the Supplementary
Materials Dataset — Appendix B3. All data processing, visualisation and score calculations
were performed in R utilising the tidyverse suite of packages. All data and code used is made

freely available at https://osf.io/z4t3a/.

evi
Clear +evident matches 1 Mateh ehoséi

coincide
CDI+WS P
Mateh npt gv.ldent byLol, 2. WS Match chosen
»  not coinciding strongly >
Inform on ; over CDI
with WS
match
No clear matches —e.g. 3. Match not yet
values below threshold or |—»| chosen. Examine
conflicting matches additional information
CDI & WS Density plots
surface clarity
If all align with match,
Additional Multiple regional matches low uncer‘cainty' in
information atcommon year provenance attained
Inform on uncertainty Genus of sample and If none match and
reference TRW chronology result 2, high
match uncertainty in
provenance attained

Visual comparison
between floating and
reference chronologies

Figure 4.4. Decision workflow for the determination of cross-dating matches between samples and reference
chronologies from the ITRDB. WS = Weighted Score.

4.4 Results

Match plots are available for all samples in Supplementary Materials — Appendix B3.
Plots for two contrasting samples (RIN24 and RIN28) are provided as an example in Figure
4.5. RIN24 exemplifies a low uncertainty provenance case, whereas RIN28 exemplifies a
sample with higher uncertainty where a match is obtained by Weighted Score supported by

multiple regional matches. Each point on the plot represents a potential match, where the colour
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of the point shows its associated drainage basin, and the size of the point represents the CDI
value of the match. The density plots provided were constructed based upon the respective x
and y value of each point and are weighted by the CDI value. RIN24 (segment length = 58
years) correlated very clearly with reference chronologies from the Yukon basin, and its most
recent year was determined as 1831 CE, showing the highest similarity with a reference TRW
chronology named ‘Frost Valley’. In contrast, RIN28 (segment length = 78 years) had a higher

number of possible matches. Taken individually, the highest t-value (or CDI value) suggested
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Figure 4.5. All potential matches for samples RIN24(a,b) and RIN289c,d) using the scores CDI and Weighted
Score, demonstrating two examples of the employment of the decision workflow. Each point represents a match
to a chronology with the chosen best match denoted by blue circle and red arrow. The colour of the point displays
the associated drainage basin, and the size of the point represents the CDI of the match in the upper plot and the
Weighted Score in the lower plot. The density plots and contours depict the densities of the associated time and

longitude axes, weighted by the scores of the matches.
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the best match depicts a fell date of 2007 from the Lena River region (blue-outlined circle and
arrow; Figure 5a), longitude 123.36, with a CDI of 36. However, this match is isolated: sample
RIN28 showed a high CDI value with one reference chronology only, despite the abundance
of chronologies that encompass the year 2007 in the reference dataset, including several in the
Lena River drainage basin. This suggests that such value might be due to chance. The year with
the most concordance of common date matches is plotted in red, in this case 1701 and 1865
with 7 matches for each date (Figure 4.5c). The contour plot surfaces computed using
unweighted CDI values (Figure 4.5a) suggested the best match would be in the late 1800s from
the Ob region. By utilising the Weighted Score metric, factors were judged together to assess
the most probable match in the face of all available data, which was determined to be a match
to an end date of 1701 from the Yukon region, via the 'Bye Rosanne/ak061’ reference
chronology in Alaska (highlighted with a blue-outlined circle and arrow in Figure 5b). All best
matches and weighted scores, with rationale behind match choices via this method, are

available in Supplementary Materials — Appendix B2.

The spatiotemporal distribution of best matches for all samples collected were assessed
for distribution trends (Figure 4.6). Multiple matches were included when a sample resulted in
more than one possible matching chronology (this was only required for one sample, which
indicated 2 possible best matches — RIN40). The CDIs for each match were utilised for
assessment of the distribution trends, due to the inter-sample comparability, whereas the
Weighted Scores values consisted of a more variable magnitude making comparison between
samples less useful than comparison of scores per sample. Best matches divided by sampling
locality (Sjugyane, Ringhorndalen and Vassfarbukta; Supplementary Materials — Appendix
B1) showed a consistent trend across the three localities, with no distinct variation of driftwood
age, provenance, or species. Segment lengths of series ranged from a minimum of 34 to a

maximum of 281 years (Figure B1.1 in Supplementary Materials - Appendix B1). Samples
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with greater segment length had more likelihood of cross-dating success with reference

chronologies, and thus only a proportion of the samples were expected to be successfully cross-
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Figure 4.6. Plot of best matches for all samples. Each point represents a sample’s best match to a chronology, with both
matches included when a sample shows two possible matching chronologies (1 case — RIN40). a) The colour of each data
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the unweighted densities of the spatiotemporal spread of the matches.
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dated and therefore have a provenance determined. Regional density plots depicted the
distribution of driftwood provenance through densities of the associated time and longitude
axes, weighted by the CDI of the matches (Figure 4.7), which were consistent with the regional
divisions (Figure 4.6). Examination of the spatiotemporal distribution of these samples reveals
centennial-scale shifts in the contributing sources of Arctic Driftwood to northern Svalbard.
Shifting patterns in the regional density plots indicate increases from Western Siberia over the
last two centuries, with smaller centennial variability in North American driftwood delivery.
There was a peak in overall driftwood delivery centred around the 19" century, an early drop
in driftwood delivery from the Barents Sea starting in mid-19"" century, increased driftwood
delivery in the Siberian shelf during mid-20™" century, and a synchronous decrease in driftwood
delivery to northern Svalbard in the recent decades (Figure 4.7). The main sea ice features
inferred from driftwood incursion to Northern Svalbard in this study are summarised in Table

1 and will be discussed in the following section.
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Figure 4.7. Plot of best match density plots for the four regions a) North America, b) Western Siberia, ¢) Western
Russia/Fennoscandia, and d) Eastern Siberia, matching regions shown in Figure 4.6. The density plots depict the

densities of the associated time and longitude axes, weighted by the CDI of the matches.
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4.5 Discussion

The best matches and regional density plots from our model show that the proportion of
Siberian driftwood arriving in Svalbard was greater than that from North American regions as
a whole (Figures 4.6 & 4.7; Table 4.1), as expected due to a greater number of boreal zone-
draining rivers. These findings agree with both observations of felled and logged driftwood
transport (Hellmann et al., 2017) and modelling of driftwood transport based on sea ice
velocity, concentration and the sea surface current velocity (Dalaiden et al., 2018). Within
North American samples, Yukon River basin dominates over Mackenzie River basin origin.
This is expected given the overall direction of the eastward-flowing coastal current at the
Mackenzie River mouth, that will tend to divert driftwood towards the Canadian Arctic
Archipelago (Dyke & Savelle, 2000): this result gives confidence in the dendro-provenancing
methodology employed in this study. A lack of samples of Siberian origin arriving before 1650
CE correlates to the period of low Arctic sea ice cover that spanned the 16™ and early 17"
centuries (T2 in the multiproxy reconstruction by Kinnard et al., 2011, that did not employ
driftwood; Table 4.1). A lack of driftwood arriving from Western Siberia before the 20™
century may indicate a lack of sufficient ice in the Kara Sea, although there is no evidence of
this in other palaeo-records (Table 4.1). Another possibility is the Kara Sea acting as a closed
system not delivering driftwood to the TPD, which aligns with observed strong closed summer
anticyclonic circulation in the Kara Sea, associated with river runoff (Panteleev et al., 2007).
Driftwood delivery (and thus inferred sea ice extent) increased markedly in the subsequent
~150 years (again, in line with Kinnard et al., 2011), with a mixed arrival of both Eurasian and
North American driftwood between 1700 and 1850 CE, suggesting a well-developed BG able
to deliver North-American wood to Svalbard entrained in the TPD. This indicator of cold

conditions and multi-year sea ice aligns with inferred late Holocene sea ice increases via a

101



Chapter 4: A driftwood-based record of Arctic sea ice during the last 500 years

proxy-based sea ice reconstruction including sediment core IP2s data from northern
Wijdefjorden, Svalbard (Allaart et al., 2020). In that reconstruction, continuous increase in 1P2s
concentrations after c. 0.5 cal. ka BP, in combination with decreased water temperatures and
the increased ice-rafted debris, were inferred to indicate increase in sea ice and cold conditions
correlating with the onset of the Little Ice Age (LIA). That record aligns with this study’s
inferred sea ice increase and well-developed BG after 1650 CE. Cooling in the Barents Sea at
c. 1650 CE is also recorded by a cooling period between c. 1650 and 1850 CE based on oxygen
isotope analysis and benthic foraminiferal assemblages (Wilson et al., 2011). Cool
temperatures are also indicated ~1705 to 1824 CE based on southern Barents Sea 620 shell-
temperature reconstruction (Mette et al., 2021). A reconstruction of annual sea ice persistence
from the southern Barents Sea from dinoflagellate cyst assemblages indicates longer sea ice
season after 1650 CE (Voronina et al., 2001). A combination of that reconstruction with other
proxy-based reconstructions of Barents Sea air-ice-ocean variability also indicates cool

conditions during the last ~300 years (Smedsrud et al., 2013).

There is a notable halt of Western Russian/Fennoscandian driftwood delivery after 1850
CE (Figure 4.6; Table 4.1). For this material to arrive on the northern shores of Svalbard, sea
ice is required in the Barents Sea which will carry it north / north-eastwards towards the Arctic
Ocean before joining the TPD. Driftwood from north-eastern Europe returns in the mid-20™
century, whereas driftwood originating from Norway is constrained to the period 1650-1850
CE, indicating sea ice in the southern Barents Sea at this time and a lack thereafter. This aligns
with analysis of a continuous observational record of April ice edge in the Barents Sea, which
indicates a retreat in the winter mean ice edge position since 1850 CE (Shapiro et al., 2003).
This also correlates with a reduction in sea ice occurrence and north-easterly retreat of the ice
edge during this time (Divine & Dick, 2006; Vare et al., 2010). There is a lack of driftwood

originating from the most eastern Siberian sources such as the Kolyma basin between 1750 and
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1900 CE. This may be indicative of the trajectory of such distal driftwood sources. Given the
mean residence time of ice from North America and far-eastern Russia region is c. 5 years
(Rigor et al., 2002), there is the possibility of entrainment into the Beaufort Gyre disrupting
travel to northern Svalbard, or sea ice formation focused in the Barents Sea region, favouring

driftwood delivery from this region before 1850 CE.

Further information from direct observations of sea ice dynamics is available since mid-
19" century and can be compared to the driftwood record to assess the accuracy of driftwood
temporal distribution reflecting the known conditions of the time (Table 4.1). A composite
historical record of Arctic sea ice margins from 1870-2003 CE shows a trend of northward and
eastward retreat in seasonal ice from 1900 CE onwards, with acceleration of seasonal and
annual ice retreat during the last five decades with spatially-variable sea ice distribution
changes across the Arctic (Kinnard et al., 2008). There is further evidence of such conditions
favouring reduced ice, with atmospheric warming driven by enhanced atmospheric and ocean
heat transport from the North Atlantic into the region from 1900 to 1940 CE (Vinje, 2001;
Bengtsson et al., 2004). The decline in driftwood arriving to northern Svalbard from Western
Russian/Fennoscandian sources after the 1850s may be an indication of a reduction of sea ice
in the Barents Sea in this period, as indicated by a sustained reduction in March and September
ice extent from 1850 - 2013 CE (Walsh et al., 2017). The increase in September sea ice during
the late mid-20™ century is seen in a peak in Western Siberian driftwood delivery in the latter
half of the 20" century, in contrast to decreases for other regions (Figure 4.7b). A relative
maximum is reached by the 1970s within a framework of strong decadal and multidecadal
variability on a regional basis, indicating the favouring of proximal sources of driftwood from
Eurasian coasts in this period. The steady — even centennial — increase in the delivery of North
American driftwood until the last several decades (Figure 4.7a) likely reflects a more stable

(i.e., less variable) source of driftwood in recent centuries. This observation is in agreement
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with a higher occurrence of sea ice variability in the Eurasian peripheral Arctic seas (most
notably the Barents Sea) compared to the Beaufort and Chukchi Seas until late 20" century
(Walsh et al., 2017). As a consequence, increases in the overall frequency of North American
wood delivery in Svalbard can signal, depending on the context, lack of sea ice in the Eurasian

peripheral seas.

Finally, there is a distinct decrease in driftwood incursions during the last 30 years from
each region of our study (Figure 4.7; Table 4.1), suggesting a lack of sufficient multi-year sea
ice throughout the Arctic to raft driftwood to Svalbard shorelines, matching the record of
systematic decrease in pan-Arctic sea ice extent since the 1970s (Walsh et al., 2017). For the
period 1990-2003 CE, synthesised historical sources and satellite data show the trend continues
with an Arctic-wide retreat of the summer (i.e. multi-year/permanent) sea ice cover resulting
in a net increase in the extent, and a northward migration of seasonal sea ice from the peripheral
seas, with earlier sea ice retreat in the Barents Sea and a later onset in the Beaufort and Chukchi
Seas (Walsh et al., 2017; Kinnard et al., 2008). This spatial shift is matched with multi-year ice
loss and replacement with first-year ice, with resulting reduction in driftwood-carrying
potential expected to affect the most recent driftwood incursion rates. The most recent
driftwood samples, comprised of three samples matched to dates from 1991-1996
(Supplementary Materials - Appendix B2), originated from eastern Eurasia and the Yukon
drainage basins. Based on the average travel time of up to 7 years for Arctic driftwood
(Héaggblom, 1982), these recent driftwood samples suggest a reduction in the influx of
driftwood during this period. However, there are not enough data points to robustly support
this conclusion within the context of the observational record. The lack of naturally felled
driftwood arriving to our study site more recently than 1996 CE is remarkable, especially given

the ample availability of reference dendro-chronologies since the 1990s in this study.
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These centennial- to decadal-scale shifts in source regions for driftwood incursion to
Svalbard align with the high variability and high frequency shifts in the TPD and BG strength
throughout the late Holocene and associated fluctuating climate conditions, as found in a
previous driftwood-based reconstruction of Holocene Arctic Ocean surface current and sea ice
dynamics (Hole & Macias-Fauria, 2017). A recent study of 380 driftwood samples collected
on eastern and south-western Svalbard (Linderholm et al., 2021) found a dominance (87%) in
driftwood originating from northern Russia, with samples dated to the nineteenth and twentieth
centuries which were periods of high logging activity in Russia. The study incorporates logged
wood which is subject to anthropogenic influence on trends that reflect the logging activity at
the time of their harvesting (Sidorova et al., 2016). Therefore a direct comparison is not
applicable to our spatiotemporal record, which targets naturally felled wood only. Other proxy-
based reconstructions of sea ice, such as those derived from the 1P2s biomarker, also suggest
variability in sea ice cover during the Late Holocene associated with intermittent warm sea
surface temperatures (Sarnthein et al., 2003; Muller et al., 2012; Jernas et al., 2013; Allaart et
al., 2020; Pawlowska et al., 2020). Records of brine formation can be interpreted as a proxy
for sea ice cover above basins, with a varied Late Holocene record from Storfjorden (Figure
4.1) suggesting episodic fluctuations between intense and reduced brine formation and
concurrent sea ice cover variability (Rasmussen & Thomsen, 2014). A reconstruction of
maximum sea ice extent in the Western Nordic Seas based upon tree ring chronologies and ice
core oxygen isotopes (Macias-Fauria et al., 2010) again shows such variability, including the
sea ice maxima during the Little Ice Age (LIA), and of record strong overall 20" century

decline.
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Table 4.1. Summary of comparison of main sea ice inferences resulting from this study with existing proxy-based
reconstructions and observational data.

Sea Ice Inference from driftwood Corresponding reference

Pre 1650 CE

Observation: general lack of driftwood
from Siberia.
Inference: low sea ice in Siberian seas.

T2 in Kinnard et al., 2011.

1700-1850 CE

Observation: marked increase in driftwood Kinnard et al., 2011; Allaart et al., 2020.
delivery from all sources.

Inference: more sea ice generally.

1650-1850 CE Voronina et al., 2001. Pro>(<jy-based
Cool T in Southern Barents: Mette et al., ata
. . . 2021.
Observation: abundant driftwood delivery Figure 19 in Smedsrud et al., 2013.
from the Barents Sea. I ; )
) L Cooling in Western Barents in LIA:
Inference: more sea ice in Barents Sea.

Wilson et al., 2011.

1750-1900 CE

. . More Barents sea ice: Mdrner et al., 2020,
Observation: IaCSkit())efrid;IftWOOd from E- Zhang et al., 2018.
o ' Cool T in Southern Barents: Mette et al.,
Inference: either very strong BG OR more
L . S 2021.
sea ice in Barents region dominating
transport.
After 1850 CE
Observation: reduced driftwood delivery
from the Barents Sea. Walsh et al., 2017; Shapiro et al., 2003;
Inference: less sea ice in Barents Sea, Divine & Dick, 2006; Vare et al., 2010.

resumed in mid-20" century, but not
noticeable close to Norway (western
Barents Sea).

Kara sea has variable circulation driven | Observational
by wind more than thermohaline: Pavlov data
Pre 1900 CE & Pfirman, 1995.

Observation: lack of driftwood from W- Strong closed anticyclonic circulation
Siberia — the dip in the 20" century (Figure | associated with river runoff - a prominent

4.6) is due to 1 sample only in ~1850 CE. feature of the Kara Sea dynamics in
Inference: closed Kara Sea system not summer:

delivering much to the TPD OR lack of Panteleev et al., 2007.
sufficient sea ice in the Kara Sea.

No evidence of low sea ice in the Kara
Sea during this period — discarded.
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~1940-1980 CE

Observation: abundant driftwood delivery
from Eurasia
Inference: abundant multiyear sea ice
circulation from Eurasia in mid-
20" century: abundant thick ice with a
circulation that fed to the TDP.

Sea ice extent: Walsh et al., 2017. Lack of
reference observations for driftwood-
based inference on sea ice circulation.

~1900-2000 CE

Observation: more driftwood variability
from Eurasian than from North American
sources.

Inference: overall more variability of sea Figure 11 in Walsh et al., 2017.
ice in the Siberian Seas, with more
changes regarding multiyear sea ice in
these regions during much of the 20™"
century (except the last decades of the 20™"
century — see below).

~1980-2012 CE

Observation: drop in driftwood delivery
from all sources
Inference: sea ice decline overall pan-
arctic in the last decades.

Figure 11 in Walsh et al., 2017.

4.5.1 Sources of Uncertainty

The utilisation of the Weighed Score aids in reducing the bias of varied spatiotemporal
coverage of the reference chronology, but sources of uncertainty do remain when interpreting
the record. Late Holocene transgression may influence the preservation of older samples
(Forman et al., 2004; Farnsworth et al., 2020a). Degraded samples not included in the tree ring
width dataset (Figure 4.2) may have implications for observed Arctic driftwood densities,
although these were predominantly observed at higher elevations than our target sampling sites
at the modern day shoreline, suggesting older ages, and were often found from melting
snowbanks and hence very moist. Given these more heavily degraded samples cannot be cross-

referenced to our reference chronology, the ages of these ~30 samples are unknown. Therefore,
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when interpreting the contrasting regional trends in the earlier years of our dataset (Figure 4.7),
we assume that driftwood degradation is a risk equally applicable to all samples irrespective of
their origin. Local sea ice conditions must also be considered when intrepreting the driftwood
record from these Svalbard collection sites, as persistent or semi-permanent land-fast ice
resulting from localised cold conditions would minimize the transport of and catchment for
driftwood accumulation (Funder et al., 2011), especially when considering that our sample sites
are in the northernmost part of the archipelago which may also be subject to impacts from

Atlantic currents.

Another feature to consider when utilising and interpreting driftwood as a proxy for sea
ice dynamics is the impact that circumpolar rivers flow regimes responsible for transporting
driftwood from boreal forest zones to the Arctic basin may have played. Wohl et al. (2019)
summarised these processes, whereby characteristics of flow are the first-order controls on
wood transport, while spatial and temporal variation in channel and floodplain geometry,
sediment inputs and mobility, wood piece size, and wood storage (e.g., dispersed pieces versus
jams) all influence wood transport. Variation in outflow and its impacts on sea ice also have an
impact on driftwood transport (Park et al., 2020). Therefore, the survival and time delay
between a boreal forest tree falling into a cirumpolar river and entering the Arctic Ocean will
be impacted by conditions affecting wood entrainment into channel margins and downstream
transport such as channel size (Gregory et al., 2003), local flow regime and flow width and
depth (Kramer & Wohl, 2017) and channel-floodplain connectivity (Wohl et al., 2018).
Temporal factors such as spring melt, storms and flooding impacts these features and so also
impacts downstream flow and ocean entry. Given the centennial spatiotemporal scope of the
dataset, and lack of sufficient available data on these variety of factors for the pan-Arctic across
the past 500 years, these impacts are assumed not to have had a substantial impact on the trends

observed.
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4.6 Conclusions

We present a 500-year history of driftwood incursion to Northern Svalbard reflecting
associated sea ice and Arctic Ocean circulation and provide for the first time a direct evaluation
of sea ice dynamics inferred from naturally felled driftwood against the observational record.
By crossdating samples against a circumpolar reference chronology across North American
and Eurasian boreal forest zone drainage basins, a wide range of statistically significant
matches can occur across the region, which would be considered a sign of good- fit by more
restrictive references. To minimise the risk of bias towards regions covered by more reference
chronologies, our study employs a novel approach to selecting probable origin sites, by
weighting matches via reference chronology span and visualising results through

spatiotemporal density plots.

Our spatiotemporal record of driftwood incursion to northern Svalbard indicates
centennial- to deacadal-scale shifts in driftwood source regions, aligning with Late Holocene
high variability and high frequency shifts in the TPD and BG strength and associated
fluctuating climate conditions, and northward seasonal ice formation shift and migration of
seasonal sea ice to the peripheral Arctic seas in the past century. In particular, we find that the
increased spatio-temporal grain of the provenance of driftwood material informs not only about
the relative contributions of the TPD and the Beaufort Gyre (as in Funder et al., 2011), but also
about the presence — or lack thereof — of sea ice in Arctic peripheral seas key to the global
circulation (e.g., the Barents Sea), and of the overall sea ice conditions in the Arctic peripheral
seas in general. A distinct decrease in driftwood incursion during the last 30 years matches the
observed decline in pan-Arctic sea ice extent in recent decades, further highlighting the

sensitivity of this unique sea ice proxy.
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Overall, the inferred sea ice dynamics align well with other observations and proxy-based
reconstruction across key points in the record (summarised in Table 1). With driftwood
transport and deposition determined by sea ice and surface current dynamics, driftwood
deposits on Arctic shorelines form a unique and currently under-utilised resource for the
reconstruction of sea ice transport within large-scale Arctic Ocean circulations throughout the
Holocene. Past driftwood dendrochronological studies have primarily been limited to
geographically constrained settings or limited in the precision of provenance determination.
This study is a step forward towards testing the validity of driftwood as a sea ice proxy, with
driftwood-inferred sea ice conditions directly compared with the observational record for the
first time. The study strengthens the use of dendro-provenancing as a method for increasing
the spatiotemporal resolution of Arctic driftwood provenancing. Reconstructions of past sea
ice conditions employing this proxy have scope for further development in the continued
refinement of provenance and age determinations. With abundant driftwood deposits across
the Arctic, this may enable a finer scale study of the role of atmospheric and oceanic circulation

in sea ice and climatic changes throughout the Holocene.
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Chapter 5 Linking Statement

Chapter 5 builds on the exploration and development of driftwood as a tool for proxy-
based Arctic sea ice reconstructions by addressing the third of the three main aims of the
Specific Aims and Hypotheses: the development and evaluation of novel techniques to refine
the provenance of driftwood. Provenance by genus is limited by spatially coarse resolution,
while provenance by dendrochronology is reliant on existing boreal forest reference
chronologies. The use of geochemical techniques addresses the limitations of these current
methods, and with development may enable a finer scale study of the role of atmospheric and
oceanic circulation in sea ice and climatic changes throughout the Holocene. This chapter
presents the development of the technique to refine the provenance of driftwood through
radiogenic isotopic analysis (3’Sr/%Sr). Methods for the extraction, isolation and purification
of strontium from driftwood through microwave digestion, extraction chromatography and
MC-ICP-MS analysis were successfully developed. The utilisation of 8’Sr/%Sr ratios to
establish provenance for Arctic driftwood was determined to hold potential, with confounding
factors in the potential overprinting of the source signature by biological and physicochemical
processes from interaction with river and ocean water, and in the scale and heterogeneity and
temporal variations of pan-Arctic source regions. Increased sample populations and source
samples for calibration to enable validation are recommended for this work to be built upon in
combination with previously developed provenance tools and reconstructions. The chapter

provides a first step the use of geochemical techniques for provenance in Arctic driftwood.

112



Chapter 5: 8Sr/%Sr as a provenance tool for ice-rafted Arctic driftwood

5 Dropped in the Ocean — 8'Sr/®Sr as a provenance

tool for ice-rafted Arctic driftwood?

Georgia M. Hole!, Danielle Sinclair> & Marc Macias-Fauria®

!Biogeosciences Research Group, School of Geography and the Environment, University of
Oxford, Oxford, OX1 3QY, UK.

2Department of Zoology, 11a Mansfield Rd, Oxford OX1 3SZ, UK.

Corresponding author: Georgia M. Hole (georgia.hole@ouce.ox.ac.uk)

Keywords: palagoenvironments, proxy-based reconstruction, 8/Sr/%Sr, geochemical

provenance, Arctic driftwood, sea ice.

Key Points

e Driftwood is a novel tool for insights into Holocene Arctic sea ice dynamics.

e Fine spatial and temporal resolution of driftwood provenance is needed.

e Geochemical &Sr/®8Sr fingerprinting of Arctic driftwood is explored in this study.

e 87Sr/%8Sr shows some promise, with limitations in reference data and sample signals.

e We conclude that a combined approach to driftwood provenance shows the most

promise.

5.1 Abstract

Provenance and age determinations of driftwood provide insights into Holocene Arctic Ocean
surface currents and sea ice dynamics, with detailed reconstructions requiring a provenance
methodology with fine temporal and spatial resolution. Provenance by genus is limited by
spatially coarse resolution, while provenance by dendrochronological crossdating is reliant on
available boreal forest reference chronologies which are most abundant for recent centuries.

We present the development of novel techniques to refine the provenance of driftwood through

3 In review as: Hole, G.M., Sinclair, D., Macias-Fauria, M. (2021). Dropped in the Ocean — &Sr/®Sr as a
provenance tool for ice-rafted Arctic driftwood. Palaeogeography, Palaeoclimatology, Palaeoecology.
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radiogenic isotopic analysis (8Sr/%®Sr). The use of geochemical techniques addresses
limitations of current methods and opens the possibility of defining the role of atmospheric and
oceanic circulation in sea ice and climatic changes throughout the Holocene at a finer spatial
resolution than currently possible. This study investigates and develops geochemical /Sr/%Sr
fingerprinting of Arctic driftwood. To this end, it analyses driftwood samples from northern
Svalbard and compares this technique with provenance regions obtained through
dendrochronology, and with modelled and measured global 8 Sr/®Sr reference databases. We
conclude that the utilisation of 8’Sr/®Sr ratios to establish provenance for Arctic driftwood has
some potential, but identify important limitations in the method, concerning both the signal in
samples and reference values required for provenance. Increased sample populations and
source samples for calibration, as well as methodological improvements that address the likely
overprinting linked to driftwood transport, are recommended to build upon this work. We
conclude that at present dendro-provenancing continues to be the most powerful method to
study sea ice dynamics from Arctic driftwood and suggest that given the high spatial
granularity of 8Sr/®Sr across the boreal forest, this technique might only be usable in
combination with previously developed provenance tools and reconstructions. This study
provides a first step in the use of radiogenic isotopic analysis in a multi-proxy reconstruction

of Holocene driftwood incursion onto high Arctic shorelines.

5.2 Introduction

The state of the Arctic is an influential factor in the wider climatic picture. This is due to
the enhanced and accelerated greenhouse-induced warming occurring in the region due to
feedbacks and interactions of sea ice and snow cover — termed the Arctic Amplification
(Serreze & Francis, 2006). Recent anthropogenic trends are well documented by a rapid decline
in the extent and thickness of sea ice (Polyak et al., 2010; Maslowski et al., 2012). The
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continuing decline in sea-ice cover is expected to have a diverse range of consequences,
impacting on terrestrial and marine productivity, global atmospheric and ocean circulation
patterns and terrestrial fauna and flora population fragmentation and habitat reduction, amongst
others (Overland & Wang, 2010; Screen & Simmonds, 2010, 2014; Francis & Vavrus, 2012;
Post & Haye, 2013; Overland et al., 2016; Vavrus et al., 2017; Bintanja & Andry, 2017;
Macias-Fauria & Post, 2018; Bjorkman et al., 2020). Data on past conditions are needed to
understand the region’s climatic and biotic responses to various climatic processes and forcings

and their resulting impacts on a global scale.

Arctic sea ice extent, distribution, dynamics and thickness are driven by both thermal
and physical dynamics of the Arctic Ocean system, including spatiotemporally variable
atmospheric and oceanic heat fluxes, prevailing winds, and ocean currents (Haas & Thomas,
2017). Uncertainties remain on the spatiotemporal dynamics of Arctic sea ice throughout the
Holocene, with limited, discontinuous data on sea-ice extent prior to the generation of spatially
explicit sea-ice extent information by satellite observations in the late 1970s (Post & Haye,
2013). The observational record has been extended back in time to the late 19" century by
compiling various observational data sources including ship reports, airplane surveys,
compilations by naval oceanographers and analyses by national ice services (Walsh et al.,
2017). Further knowledge of past sea ice dynamics is therefore needed to understand the
context of recent change and gain insight into possible future sea ice trajectories under

conditions of increasing global average temperatures.

5.2.1 Driftwood as a proxy for Arctic sea ice extent and dynamics

Deposits of driftwood lining Arctic shorelines reveal the large-scale Arctic Ocean

circulations and the incursion of driftwood-carrying sea ice onto circum-Arctic beaches. This
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rafting of Arctic driftwood by sea-ice enables the reconstruction of surface-current dynamics
and sea-ice conditions in the Arctic (Haggblom, 1982; Dyke et al., 1997; Funder et al., 2011,
Hole & Macias-Fauria, 2017; Hole et al., 2021). The delivery of driftwood to the shores of
Svalbard requires multi-year sea ice for long-distance transport due to driftwood’s limited
buoyancy once waterlogged (Haggblom, 1982), and seasonally open waters to enable wave
action to deliver the driftage to the shoreline. The incurred driftwood derives from the major
rivers that drain the boreal forest regions of North America and Eurasia, which together with
precipitation, constitutes the greatest proportion of annual freshwater influx into the Arctic
Basin (Serreze et al., 2006). The geographical distribution of tree taxa across the boreal forest
(see MacDonald et al., 2008; Hellmann et al., 2013) has traditionally been used to establish a
genus-based division of driftwood sources to indicate wood provfenance, although this
provides only a spatially coarse resolution in provenancing of driftwood: this rule of thumb
distinguishes Eurasian from North-American provenances based on relative differential
abundances of key genera (larch — Larix — and spruce — Picea) between both landmasses,

despite these genera existing throughout the pan-boreal forest.

Dendrochronology based on tree ring width (TRW) analysis allows for more spatially
— and temporally — precise provenance determination, and is already a valued tool in
dendroarchaeological research (R. E. Taylor & Aitken, 1997) and Arctic climatic and
environmental reconstructions (e.g. Hellmann et al., 2013; Hole et al., 2021; Koch, 2009;
Owczarek, 2010). By employing modern wood samples and dendrochronological provenance
with reference chronologies, Arctic driftwood can serve a proxy for sea ice dynamics through
the use of high spatial and temporal resolutions. However, dendro-provenancing is reliant on
the spatial and temporal coverage of reference chronologies, while a matching reference
chronology provides a spatial approximation of the target material for matching due to the

riparian nature of trees that become driftwood, which are not the target for reference
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chronology measures. Thus, while the potential for temporal accuracy is large, the spatial
resolution is always going to be offset from the reference chronology to a proximal riverbank.
This spatial offset would be minimised given enough spatio-temporal coverage of reference
dendro-chronologies. However, for most of the Holocene and regions/basins along the pan-
boreal forest, availability of reference dendro-chronologies is largely limited. Moreover,
uncertainties exist in the determination of provenance, such as confidence in the matching
metrics, and the preservation level of the driftwood determining the ability to analyse the tree
ring width and anatomy (e.g. Hole et al., 2021). Therefore, to achieve a more definitive

determination of driftwood provenance, exploration of other provenancing tools is warranted.

5.2.2 Strontium as a provenance tool for Arctic driftwood

Whereas radiocarbon dating of driftwood provides a good temporal resolution and is
thus a valid alternative to dendrochronological cross-dating of Holocene material (e.g. Funder
et al., 2011), at present the alternative to dendro-provenancing is the genus rule of thumb
explained above, which can only approximate provenance to the two major landmasses
surrounding the Arctic Ocean. The isotopic analysis of driftwood tissue is a possible avenue
for the development of new provenance tools. The strontium radiogenic isotope system has
been widely employed for provenance studies in the form of &Sr/®Sr ratios for over 30 years,
in environmental, archaeological and in regulatory uses such as food product provenance
authentication (e.g. Aberg, 1995; Durante et al., 2013; Gosz & Moore, 1989; Graustein &
Armstrong, 1983; Voerkelius et al., 2010). The element strontium is present within all rocks
(English etal., 2001), with relative abundance of the radiogenic isotope (expressed as &Sr/®Sr)
specific to certain rock types (Guinn, 1978). Therefore, lithologies can be characterized by a
defined 8Sr/®Sr ratio (English et al., 2001; Reynolds et al., 2005). Strontium is not as prone

to geological or biological fractionation as lighter elements, meaning that soils and the plants
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growing on them will uptake bedrock values without fractionation (Capo et al., 1998; English
et al., 2001; Dijkstra et al., 2003; Bentley, 2006). Yet, the Sr signature of surface waters above
bedrock does not directly reflect bedrock’s &Sr/®Sr signature, due to uneven weathering of
certain lithologies and minerals, upstream inputs, and additions from other exogenous sources

of strontium (Blum et al., 1998; Blum & Erel, 2003; Bataille et al., 2014).

The bioavailable Sr signatures of soils are often dominated by weathering processes,
with alluvial soils containing a mixture of sediment and their Sr signatures from upstream
inputs. A study on groundwater strontium in southeast Australia has highlighted the likely
importance of rainfall &Sr/%Sr ratios (Raiber et al., 2009), while studies demonstrated that in
regions proximal to the coast, plant ratios were closely coupled to the signatures found in sea-
induced rainfall and sea-spray (Kennedy et al., 1998; Vitousek et al., 1999; Whipkey et al.,
2000; J. A. Evans et al., 2009). In Scotland, precipitation 8’Sr/%Sr values were found to be
consistent across sites ~300km apart and closely matched ocean water 87Sr/%éSr values (Bain
& Bacon, 1994). The Sr signature of trees is dependent on rooting depth and the residence time
of the soil water (Reynolds et al., 2005), with rainfall also a significant influencer on &’Sr/2°Sr
ratios (Raiber et al., 2009). The Sr signature of soil water originates not only from soil-forming
weathering processes but also atmospheric dust (Graustein & Armstrong, 1983), as well as
rainfall and groundwater (Poszwa et al., 2004); that can all lead to varied Sr signatures.
Moreover, variation has been found between European coastal (<100 km) and non-coastal
(>100km) surface soil ®Sr/®Sr values, with the variance correlated with sodium
concentrations, suggesting a significant contribution from sea spray in regions proximal to
coastlines (Hoogewerff et al., 2019). Similarly, in regions proximal to the coast, plant strontium
ratios were also closely coupled to the signatures found in sea-induced rainfall and sea-spray

(Kennedy et al., 1998; Vitousek et al., 1999; Whipkey et al., 2000; J. A. Evans et al., 2009).
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Even in regions hundreds of kilometres from coastlines, precipitation compositions can reflect

sea-salt aerosols (Bain & Bacon, 1994).

For riparian trees flanking Arctic Ocean-draining rivers that become driftwood and are
expected to constitute the majority of naturally-felled driftwood material, the Sr signature of
the tree while living is likely to be dominated by the river water Sr signature. The main
contributions of Sr in river systems are weathering of the local bedrock and rainfall and runoff
water: therefore, the Sr isotopic composition of rivers varies geographically (depending on the
bedrock inputs and precipitation of the river watershed). The species of tree also influences the
bioavailability of Sr and therefore the ratio that results: different species growing in the same
region can have differing 8’Sr/%Sr ratios, such as spruce and pine, where spruce trees recycle
Sr from leaf litter up to 12 times as much as pine (Poszwa et al., 2004). However it has been
reasoned that the differences in Sr cycling likely derive from the specific differences in the
root-surrounding soils for each tree, not from biological species differences (Dijkstra et al.,
2003). The motility of isotopes within the wood after uptake also affects the resulting signals,
as radial transport between the pith and bark may lead to isotopic re-equilibration between
older and younger rings (Stille et al., 2012). In a study of beech trees limed in the 20™ century,
the alteration in tree-ring 8'Sr/®Sr ratios was evident in rings that preceded the date of the
liming of the trees by half a century, due to the radial redistribution of isotopes after the event
(Drouet et al., 2005). In a study of Cypriot cedars (Rich et al., 2012), local bedrock, early
heartwood of the innermost pith ring and the late heartwood &7Sr/2°Sr signature were compared
to enable a physiological comparison between samples. The bedrock &’Sr/%éSr ratios were
substantially lower than the sampled wood, but very consistent between the two sites. A more

uniform Sr signature in the cedar’s early heartwood was found, but with an overall lack of

119



Chapter 5: 8Sr/%Sr as a provenance tool for ice-rafted Arctic driftwood

differentiation between the early and late heartwood of the measured samples, suggesting that

either part could be utilised for Sr isotope provenance studies.

Consideration must also be given to possible contamination once the tree has fallen,
entered the river, and eventually reached the ocean, potentially overprinting the source
signature by biological and physicochemical processes from interaction with river water, ocean
water, and sea salt aerosols (Hajj et al., 2017). Investigations into the isotopic impact of
waterlogging found that waterlogging significantly contributes to the overall Sr content in
wood and hence there is a large proportion of exogenous Sr in waterlogged-wood (Steelandt et

al., 2016; Hajj et al., 2017).

5.2.3 Mapping strontium baselines

With these complexities in mind, the local geological and sediment isotopic signature
of target materials such as driftwood can be linked to the source region providing that a
framework of potential source strontium signatures can be established (Brennan et al., 2014).
Either the framework is established through extensive sampling of potential sources such as
bedrock and water sources (e.g. Frei & Frei, 2011; Maurer et al., 2012; Rich et al., 2012), or
the baseline can be described through developing a model (e.g. Bataille et al., 2012, 2020;
Beard & Johnson, 2000; Brennan et al., 2014). For baseline establishment, the method of
geochemical map-building requires reference databases of &7Sr/%Sr that can be assembled
through several methods. Measured bedrock 7Sr/%8Sr extracted from potential source localities
can be used, or, if a region has been covered by geological mapping, then an extrapolated map
of assumed &"Sr/8Sr values can be derived from the lithologies and ages (Laffoon et al., 2012).
Bio-available strontium is not necessarily primarily driven by the local lithology, while

achieving sufficient coverage for sampling is costly and inevitably incapable of covering the
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entire target region (Brennan et al., 2014), particularly for a global (or pan-Arctic) scope. For
high-latitude rivers, there is also temporal variation on Sr signatures on an intra-annual scale
(Douglas et al., 2013; Keller et al., 2010), due to permafrost causing a seasonal variation in the
contributing sources of strontium to groundwater. An example is the Chena River basin in
Alaska (Douglas et al., 2013), which samples an area underlain by discontinuous permafrost.
In winter, with soil profiles frozen and a shallow active layer, the river 8’Sr/%éSr values reflect
the low 87Sr/88Sr signature of subsurface carbonate rocks. In spring the thawed active layer is
sampled by the groundwater, increasing the &Sr/%Sr signature due to the carbonate-depleted
soils. Such seasonal variations in groundwater interaction paths are also seen in Siberian rivers,
with strong 8’Sr/®Sr fluctuations from seasonal change in vegetation, ice cover etc, resulting
in variable contribution of rock units within a catchment (Douglas et al., 2013; Voss et al.,
2014). A significant hurdle when determining a viable circum-Arctic map of 8'Sr/®Sr for
provenance (or indeed for any location), as revealed in these studies, is that the local variations
in 87Sr/8Sr can exceed the variation in major regional lithological trends. Hoogewerff et al.
(2019) note that locally there is often a significant statistical correlation between bedrock and
soil and/or plant & Sr/8Sr, but that the slope of such correlation is often <1 in a plot of &7Sr/%Sr
bedrock on the X-axis versus ’Sr/%Sr soil or plant (Baroni et al., 2011; Goitom Asfaha et al.,
2011). This indicates an influence of contamination on the lithological signal, such as surface

deposits, sea spray, airborne dust, and land use.

In summary, as highlighted in a recent comprehensive review of mapping 8'Sr/®Sr
(Holt et al., 2021), it is not straightforward to interpret the results of strontium analyses against
an isoscape to determine provenance. The range of values within distinct locations can be
exceeded by intra-sample and inter-sample range, with overlap found in such wide-ranging
spatial scope preventing distinct regions being definable by 87Sr/%Sr signatures. Strontium

therefore is seen as most effective if it can be combined with other proxies (Madgwick et al.,
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2019). To address some of these limitations, increasing the collection of sampled bioavailable
datasets, improving data management and metadata collection for bioavailable &Sr/®°Sr data,
and advancing in remote sensing and geological mapping techniques to improve mapped

geological datasets are recommended (Bataille et al., 2020).

The aim of this study is to investigate and develop geochemical &Sr/2®Sr fingerprinting
of Arctic driftwood for the creation of a proxy-based reconstruction of regional sea-ice
conditions and Arctic Ocean circulation dynamics. In combination with provenance tools and
reconstruction developed in a previous study (Hole et al., 2021), this provides a first step in a
multi-proxy reconstruction of Holocene driftwood incursion onto northern Svalbard shorelines.
In a previous study, tree-ring-width (TRW) series and genus information were determined for
the samples where possible, before cross-dating with reference chronologies from the circum-
Acrctic boreal forest zone to determine the region/watershed the driftwood originated from. In
this study, the resulting provenance locations for each of the samples in Hole et al. (2021) are
compared to the 87Sr/%8Sr signature measured, to investigate possible alignment between
driftwood &Sr/®Sr signatures and available bioavailable/river values for the determined

provenance regions.

5.3 Methods

5.3.1 Sample Collection

The Svalbard archipelago is located at the proposed north-western part of the Late
Weichselian Svalbard-Barents Sea Ice Sheet (SBSIS), with abundant preserved raised beach
sequences — many of those with stranded driftwood — reflecting the pattern and rate of relative

sea level changes on Svalbard in response to the deglaciation of the SBSIS (Forman et al. 2004;

122



Chapter 5: 8Sr/%Sr as a provenance tool for ice-rafted Arctic driftwood

Ingdlfsson & Landvik, 2013). A total of 95 samples were collected from three localities in
northern Svalbard: Sjugyane, an archipelago north of Nordaustlandet and the northernmost
land in Svalbard, and two localities within Wijdefjorden, northern Spitsbergen: Vassfarbukta
and Ringhorndalen. At all sites, naturally-felled driftwood at the modern shoreline was targeted
by the sampling of logs exhibiting intact root stock. These driftwood logs were sub-sampled at
peak thickness with a saw, where sub-sampled slices exhibited the maximum number of intact

tree-rings.
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Figure 5.1. Driftwood sampling locations of Sjugyane, Ringhorndalen, and Vassfarbukta. Map
figure modified from Norwegian Polar Institute (2014).
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5.3.2 Geochemical analysis

A randomly determined initial subset of 20 of the Svalbard samples was prepared for
isotopic analysis. An initial trial run of methods was initially undertaken on test samples of
driftwood with further detail available in Supplementary Materials (Appendix C1). Sample
preparation was carried out in the laboratory of the Oxford Long Term Ecology Lab,
Department of Plant Science, University of Oxford, before microwave digestion and chemistry

were carried out in the Department of Earth Sciences, Oxford.

Figure 5.2. Example of range of condition and morphology of sampled driftwood from northern Svalbard modern
beaches included in this study, with ruler for scale.
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5.3.3 Preparation of samples

Samples of bulk wood tissue weighing ~50mg were taken using a planning chisel,
Dremel 3000 and 3mm drill bit, as this mass would provide sufficient Sr for analysis estimated
from typical wood concentrations. The top few millimetres were removed by chisel shaving to
reduce post-sampling contamination. Chiselled wood shavings and drill-powdered wood were
trialled, with both found to dissolve completely during later digestion stages. Two samples per
driftwood slice were taken; outer samples were within 1cm of the outer edge of the wood and
inner samples were taken at a central point furthest from any cracks or other possible contact

with seawater (see sample MAR11, Figure 5.2).

5.3.3.1 Pre-treatments
In addition to bulk wood extraction, both alpha-cellulose extraction and lignin
extraction were trialled in order to test the possibility of these pre-treatment methods for the
removal of contamination with exogenous strontium, but neither method retained enough

strontium to continue to analysis.

5.3.3.2 Digestion and chemistry
The drilled wood powder and shavings were collected and weighed in foil and
transferred into clean microwave vessels for the addition of 4.5ml of distilled concentrated
nitric acid (HNO:3), followed by 3ml of hydrogen peroxide (H20>) to digest overnight at room
temperature. Samples were then digested using a microwave reaction system (CEM Mars 5,
manufactured by CEM Corp., USA) in CEM Omni XP1500 vessels for the dissolution into
liquid of strontium that is bound within the wood sample matrix via raised temperature and

pressure by microwave irradiation. The resulting digests were dried in a Class 100 laminar flow
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exhaust hood in Teflon beakers at 85°C overnight. Any samples with yellow or brown colour
were treated 50ul of 30% H20> at 150°C; this was repeated until no more fizzing was observed.
50ul of HNO3 was added and then the digests again dried. If the sample still appeared to not

be fully digested, these steps were repeated.

All wet chemistry was undertaken under a Class 100 laminar flow exhaust hood. The
acids and reagents used were prepared through sub-boiling distillation. Water used was high
purity deionised MilliQ-element water with a resistivity of 18.2 MQ cm™. Further details of

labware, reagents and procedures are outlined in Supplementary Materials (Appendix C1).

Test samples of driftwood underwent manual extraction chromatography with Teflon
elution columns and Triskem Sr resin. The Svalbard samples included in this study then
underwent automated chromatographic purification of Sr using the prepFAST-MC™ system
(Elemental Scientific (ESI), Omaha, NE, USA), on an ESI Sr/Ca-1000 column (ESI part no.
CF-MC-SrCa-1000). The methodology used follows that by Romaniello et al. (2015), with a
longer wash of 4ml between each sample. The eluted Sr was then dried down on hotplate ready

to be redissolved for analysis by MC-ICP-MS.

For each batch of samples, a blank and standard were prepared using the same digestion
procedures to validate the reproducibility and accuracy of the lab methods. The standard used

was the NIST 1515 apple leaf reference material.

5.3.3.3 Mass spectrometry
Strontium concentration for test samples was measured via Thermo Element 2 ICP-MS
(Table C1 in Appendix C1). Radiogenic Sr can be measured either by thermal ionisation mass

spectrometry (TIMS) or multiple-collector inductively coupled plasma mass spectrometry
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(MC-ICPMS). Radiogenic Sr measurements can be made using a constant normalisation
85r/8Sr ratio to correct for instrumental mass-dependent fractionation. The NIST SRM 987
was used as the instrumental standard during MC-ICP-MS analysis with samples and standards
were run using standard - sample bracketing and measured in 3 blocks of 50 measurements.
Final values are the mean of the 3 blocks (Figure 5.2). The internationally agreed value for
8Sr/8Sr ratio (0.1194) was used as a normalization ratio to correct for instrumental mass-
dependent fractionation and after analysis sample 8Sr/®®Sr values were normalised to a value

of 0.710248 for the bracketing SRM987 standards, following Lewis et al. (2017).

The reproducibility of the Sr isotopic analysis was evaluated via the international
standard for 8’Sr/%8Sr, SRM 987, with &Sr/8°Sr ratios measured as 0.710249+0.000025 (2SD,
n=36). The procedural blank values were below detectable levels. The dataset and further

details of the methodology used is available in Supplementary Materials (Appendix C1).
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Table 5.1. Driftwood samples included in this study, with collection locality information and provenance
determined by TRW crossdating.

Crossdating provenance (Hole et al., 2021)

sample Collec.tion segment
locality length (yrs) matching genus date begin date end latitude longitude

MAROlinner Sjugyane 88 Pinus sylvestris 1686 1773 68.8 15.73
MARO1louter Sjugyane 88 Pinus sylvestris 1686 1773 68.8 15.73
MARO2inner Sjugyane 59 Picea glauca 1925 1983 65.07 -162.23
MARO2outer Sjugyane 59 Picea glauca 1925 1983 65.07 -162.23
MAROS5inner Sjugyane 64 Picea glauca 1701 1764 64.73 -149.18
MARO5outer Sjugyane 64 Picea glauca 1701 1764 64.73 -149.18
MAROQ9inner Sjugyane 166 Picea abies/Larix russica 1797 1962 66.08 77.68
MARO9outer Sjugyane 166 Picea abies/Larix russica 1797 1962 66.08 77.68
MAR11linner Sjugyane 112 Picea glauca 1695 1806 66.72 -136.28
MAR11louter Sjugyane 112 Picea glauca 1695 1806 66.72 -136.28
MAR12inner Sjugyane 32 Larix gmelinii 1623 1654 71.22 127.43
MAR12outer Sjugyane 32 Larix gmelinii 1623 1654 71.22 127.43
PARO3inner Sjugyane 60 Picea glauca 1937 1996 63.1 -150
PARO4inner Sjugyane 85 Picea glauca 1497 1581 67 -152
PARO4outer Sjugyane 85 Picea glauca 1497 1581 67 -152
PHIO2inner Sjugyane 110 Larix gmelinii 1755 1864 69.78 119.12
PHIO20uter Sjugyane 110 Larix gmelinii 1755 1864 69.78 119.12
RINOlinner Ringhorndalen 138 Picea glauca 1816 1953 65.07 -162.23
RINOlouter Ringhorndalen 138 Picea glauca 1816 1953 65.07 -162.23
RINOSinner Ringhorndalen 153 Larix dahurica 1618 1770 69.78 119.12
RINOSouter Ringhorndalen 153 Larix dahurica 1618 1770 69.78 119.12
RINO6inner Ringhorndalen 71 Pinus sylvestris 1749 1819 61.42 8.98
RINO6outer Ringhorndalen 71 Pinus sylvestris 1749 1819 61.42 8.98
RIN20inner Ringhorndalen 166 Picea abies/Larix russica 1826 1991 64.25 53.57
RIN20outer Ringhorndalen 166 Picea abies/Larix russica 1826 1991 64.25 53.57
RIN24inner Ringhorndalen 58 Picea glauca 1774 1831 65.08 -162.15
RIN24outer Ringhorndalen 58 Picea glauca 1774 1831 65.08 -162.15
RIN25inner Ringhorndalen 65 Picea glauca 1921 1985 63.1 -150
RIN250uter Ringhorndalen 65 Picea glauca 1921 1985 63.1 -150
RIN28inner Ringhorndalen 78 Picea glauca 1624 1701 65.08 -162.18
RIN28outer Ringhorndalen 78 Picea glauca 1624 1701 65.08 -162.18
RIN38inner Ringhorndalen 73 Picea obovata 1858 1930 66.88 51.95
RIN38outer Ringhorndalen 73 Picea obovata 1858 1930 66.88 51.95
RIN42inner Ringhorndalen 230 Larix gmelinii 1747 1976 61.15 136.57
RIN42outer Ringhorndalen 230 Larix gmelinii 1747 1976 61.15 136.57
VFB28inner Vassfarbukta 60 Larix sibirica 1919 1978 65.38 72.87
VFB28outer Vassfarbukta 60 Larix sibirica 1919 1978 65.38 72.87
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5.3.4 Data Analysis

5.3.4.1 Comparison with TRW provenance and 8’Sr/®Sr isoscapes
Provenance regions for driftwood samples provided by TRW cross-dating (Hole et al.,
2021) (Figure 5.3; Dataset CdsO1 in Supplementary Materials — Appendix C2) can be used to
examine the 87Sr/®Sr results in comparison with existing continental and global isoscapes in
order to assess the validity of the obtained ’Sr/%Sr ratios from this study’s samples. A
recent compilation of ~17,000 published and newly generated global bioavailable 8'Sr/%Sr

(Bataille et al., 2020) forming a high-resolution 8’Sr/®Sr isoscape at the global scale enables
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Figure 5.3. Locations of sample originating regions as determined from dendrochronological TRW crossdating

(Hole et al., 2021). Location of driftwood sampling location of Svalbard is highlighted in red.
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comparison to the samples in this study. Additionally, multiple country and continent-scale
isoscapes have also been developed in recent years, providing high resolution isoscapes for

certain regions (e.g. Funck et al., 2021).

The localities in Figure 5.3 determined by TRW cross-dating for each sample indicates
not a point provenance location, but the locality of the cross-date match, and therefore a
possible watershed/climatic region that the sample likely originated from. A buffer zone around
the reference chronology match points provided by TRW crossdating can then be used to
denote a viable source area for the sample. This buffer zone can then be used to investigate
strontium values coverage for these regions, as covered by the global bioavailable Sr isoscape
by Bataille et al. (2020). The isoscape model was queried by obtaining the average 8'Sr/%Sr
value for the buffer zone surrounding each sample, employing buffer zones with radii of 5km,
20km, 100km, 200km, and 500km (Dataset Cds02 in Supplementary Materials C2). The
correlation between average 8’Sr/%8Sr values per sample with these isoscape buffer averages

was then calculated (Table 5.3).

5.3.4.2 Inter- and intra-sample & Sr/®Sr

The internal strucuture of the readings of 8'Sr/®Sr within and between the driftwood
samples was investigated through Unweighted pair-group average (UPGMA) cluster analysis,
which creates groups of similar valued data by minimising the joined averaged Euclidean
distances between all members in any two groups. A separate cluster analysis was done for
inner, outer, and averaged 87Sr/%Sr readings. Consistency between clusters (intra-sample
consistency) and between the cluster and their TRW-inferred provenances were analysed.

Cluster analysis was performed using Past 4.04 (Hammer et al., 2001).
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5.4 Results

Of the 20 driftwood samples from northern Svalbard, 45% (9) are from the Seven Islands,
while 55% are from Wijdefjorden (n=10 and n=1 from Ringhorndalen and Vassfarbukta
respectively). One sample of the analysed subset, RIN18, lacks TRW data but was included in
the dataset for the stage of investigation of intra-sample variation in 8Sr/Sr. Only an inner
subsample for sample PARO3 was analysed. Isotopic 8Sr/®Sr ratios for driftwood subsamples
(including subsamples of inner and outer wood regions of each sample) are presented in Table
5.2. Sr concentrations as determined on test samples ranged from 1-12 ppm (further details in
Supplementary Materials Table — Appendix C1), aligning with the order of magnitude and
range found in other studies (e.g. Bataille et al., 2014; Miller et al., 1993; Poszwa et al., 2004)

and sufficient for 8’Sr/®Sr extraction and analysis.

87Sr/8Sr values reflected those expected for wood material, ranging from 0.707251 to
0.711212, with a mean value of 8’Sr/%Sr=0.709396 + 0.000065 (20, n=39)and an
interquartile range of 0.0006965. Results show a variation in & Sr/8Sr within the samples. In
some samples, this variation in &Sr/2éSr within a single sample exceeds the variation between
samples and the variance from seawater & Sr/8Sr. Waterlogging has been found to significantly
contribute to the & Sr/8Sr signature within wood (Hajj et al., 2017), with outer parts of wood
found to have 8Sr/®Sr signatures closer to seawater and internal parts more divergent from
seawater values. In our samples, there was not as clear a trend towards seawater nearer outer
sections (8 samples showed greater difference from seawater in outer areas, while 11 showed
greater difference from seawater in inner areas of the sample; Table 5.2). This may be a result
of the varied geometry of each sample, with the most ‘inner’ region hard to determine, as well
as cracks and other features that may cause irregular intra-sample variation in seawater

infiltration or other forms of contamination.
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Table 5.2. 8Sr/8Sr for samples included in this study, with range in value between inner and outer wood sections

subsampled and the difference for measured values to seawater 87Sr/2Sr.

intra-tree variation
Sample 87Sr/86Sr +20 87Sr/86Sr from

range seawater
MARO1inner | 0.709029 | 0.000005 0.000246 -0.000141
MARO1outer | 0.709275 | 0.000065 0.000105
MARO2inner | 0.709755 | 0.00002 0.000112 0.000585
MARO2outer | 0.709643 | 0.000023 0.000473
MAROS5inner | 0.708955 | 0.000028 0.001704 -0.000215
MARO5outer | 0.707251 | 0.000012 -0.001919
MARO9inner | 0.709234 | 0.000019 0.000070 0.000064
MARO9outer | 0.709164 | 0.00002 -0.000006
MAR1linner | 0.709387 | 0.000028 0.000048 0.000217
MAR11outer | 0.709435 | 0.000005 0.000265
MAR12inner | 0.708982 | 0.000005 0.001534 -0.000188
MAR12outer | 0.710516 | 0.000024 0.001346
PARO3inner | 0.710400 | 0.000031 0.00123
PARO4inner | 0.707971 | 0.000009 0.000579 -0.001199
PARO4outer | 0.708550 | 0.000011 ' -0.00062
PHIO2inner | 0.709524 | 0.000032 0.000227 0.000354
PHIO2outer | 0.709297 | 0.000039 0.000127
RINOlinner | 0.709039 | 0.000018 0.000174 -0.000131
RINOlouter | 0.709213 | 0.000027 0.000043
RINO5inner | 0.709271 | 0.000012 0.000152 0.000101
RINO5outer | 0.709423 | 0.000018 0.000253
RINO6inner | 0.709758 | 0.000018 0.000345 0.000588
RINO6outer | 0.709413 | 0.000023 ' 0.000243
RIN18inner | 0.710375 | 0.000025 0.001173 0.001205
RIN18outer | 0.709202 | 0.000017 0.000032
RIN20inner | 0.709324 | 0.000013 0.000294 0.000154
RIN20outer | 0.709618 | 0.000018 0.000448
RIN24inner | 0.709360 | 0.000015 0.000055 0.00019
RIN24outer | 0.709415 | 0.000035 0.000245
RIN25inner | 0.708965 | 0.00002 0.001432 -0.000205
RIN25outer | 0.710397 | 0.000014 0.001227
RIN28inner | 0.711212 | 0.000007 0.001078 0.002042
RIN28outer | 0.710134 | 0.00003 0.000964
RIN38inner | 0.709988 | 0.00001 0.000282 0.000818
RIN38outer | 0.709706 | 0.000008 0.000536
RIN42inner | 0.710097 | 0.000011 0.000618 0.000927
RIN42outer | 0.709479 | 0.000011 0.000309
VFB28inner | 0.708171 | 0.000015 0.000540 -0.000999
VFB28outer | 0.708711 | 0.000041 ’ >4 -0.000459
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Driftwood sample 8'Sr/®Sr values measured in this study were compared to existing
collated sampled water 8/Sr/%Sr and a global modelled isoscape (Bataille et al., 2020) (Figures
C3.1-C3.6 in Supplementary Materials — Appendix C3). To illustrate the general issues found
with interpreting the values for provenance, the example of sample PAR04 (inner-wood
87Sr/86Sr=0.707974, outer-wood 8’Sr/%®Sr=0.70855) is presented in Figure 5.4. PARO4 has a
provenance region determined by TRW cross-dating in central Alaska, north of the Koyukuk
River. Examining a bioavailable 8'Sr/®Sr isoscape of the region by Funck et al. (2021), this
sample is placed in an area of diverse range of &Sr/®Sr, with the surrounding range of
0.705201-0.715232 with multiple areas within each 8’Sr/%8Sr range. Examining river 8’Sr/2éSr

proximal to PAR04 from the Yukon, Koyukuk and its tributaries as collated by Bataille et al.
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Figure 5.4. Map showing sample PAR04 crossdate match location determined by TRW crossdating by Hole et
al. (2021), with measured 8Sr/%Sr value range displayed in black, with compiled river 8Sr/%Sr data by Bataille
et al. (2020) in blue.
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(2020), river values show a higher range of 0.70926-0.714574, out of the value obtained with
sample PAR04. Downstream, ~200km south-west, river values reach more agreement with
PARO04, in the range 0.70768-0.70816. This may indicate provenance of the driftwood to trees
bordering the river Koyukuk in this area, though with the caveats discussed of intra-sample
variability of 8/Sr/®Sr. Overall, when considering all samples, there is variable, patchy
coverage of 8/Sr/%8Sr sampling data to compare to measured sample 87Sr/%éSr values for the

provenance regions (Supplementary Materials — Appendix C2).

Comparison of values with the predicted bioavailable Sr provided by the isoscape by
Bataille et al. (2020) shows that sample values obtained in this study tend to be below predicted
bioavailable values. Moreover, no relationship was found between averaged bioavailable
87Sr/%Sr values (modelled by Bataille et al., 2020) across buffer zones surrounding dendro-
provenance-based matching reference chronology localities (Table 5.3; Dataset Cds02 in
Supplementary Materials — Appendix C2). The size of the buffer zones, of radii 5km, 20km,
100km, 200km, and 500km had no impact on correlation. Hence, 8Sr/®Sr alone are currently

not sufficient to establish the likely provenance of Arctic driftwood at the pan-Arctic scale.

Table 5.3. Correlation calculations between 19 driftwood strontium values and averaged bioavailable strontium
values as modelled in Bataille et al. (2020), averaged within buffer zones of variable radius from the location of
the best-matching reference TRW chronology.

Correlation 5km 20km 100km 200km 500km
buffer buffer buffer buffer buffer

Inner 0.00 0.01 -0.03 -0.05 -0.12
Outer 0.09 0.05 -0.12 -0.06 0.01
Average 0.02 0.00 -0.11 -0.08 -0.08

UPGMA cluster analysis confirmed that 87Sr/2®Sr values did not cluster according to
their TRW-inferred regional provenance (Figure 5.5). The structure of the clusters was
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relatively preserved between the clusters, with relative outlier values (RIN28 for ‘inner’ and
MAROS5 for ‘outer’ affecting the cluster structure (Figures C4.1, C4.2 in Supplementary

Materials — Appendix C4).
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Figure 5.5. Unweighted pair-group average (UPGMA) cluster analysis on averaged 7Sr/%8Sr readings for 19
driftwood samples. Cluster analysis was performed using PAST 4.04 (Hammer et al., 2001)

5.5 Discussion

The range of /Sr/%Sr values obtained in this study are well within the range of expected
values for wood samples, aligning with values in other studies (e.g. English et al., 2001; Rich
et al., 2012; Aguzzoni et al., 2019; Britton et al., 2020), and thus we can consider that overall,
the extraction protocol was successful. Nevertheless, the variation in & Sr/2¢Sr within driftwood
samples may be due to the range in condition, shape and other exogenous strontium sources
that may impact the signature. The contributions of strontium from other sources, such as sea
salt aerosols, the variable 8Sr/®Sr signature taken up by the tree during growth at boreal
riverbanks, or access of sea water to the inner parts of the samples due to cracks in the driftwood
are also possible causes of such variation within the wood tissue. The 8Sr/®Sr values retrieved
from the ‘inner’ wood subsamples may also not necessarily be the most sheltered from
alteration by sea water, rainwater and weathering, due to effects such as individual disc shape
variations, cracks and shipworm (Teredinidae navalis) boreholes. As yet, investigated pre-

treatment and cleaning regimes that aim to remove seawater waterlogging contamination have
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been unsuccessful in retrieving the endogenous 8/Sr/%Sr signature (Van Ham-Meert et al.,
2020; Snoeck et al., 2021). Various studies’ methods of multiple Milli-Q washes, MQ and
Hydrofluoric acid (HF), alpha-cellulose extraction, and acid-leaching with hydrochloric acid
and acetic acid were all unable to retrieve the original signature. Therefore, the methodology
used in this study requires caution when interpreting the measured values given the likely

remaining contributions of exogenous 8’Sr/%éSr to the retrieved values.

Given the pan-Arctic scale of possible source regions for Arctic driftwood, the range of
possible strontium signatures on such a scale extensively overlap, meaning that it is not possible
to fingerprint individual samples to an originating source region with a distinctive &Sr/®Sr
source ratio alone. Therefore, when comparing these locations to surrounding available
87Sr/%Sr isoscapes, the heterogeneity in the values within the underlying regions of the
localities for each sample can complicate interpretation, given that they fall within the same
watershed. The developed global isoscapes for the examined regions, such as discussed for
sample PARO4, are also formed on the basis of lower density of reference &Sr/®Sr
measurement data. The variability in values and spatial coverage provides caveats to the
interpretation and indicates the need for increased data coverage of many pan-Arctic regions.
The global 8Sr/®Sr isoscape by Bataille et al. (2020) was created via random forest regression,
with extraction of values of covariates using site location and the closest underlying
1 km? pixel. For plants, soils and local animals this is fitting, as such substrates integrate Sr
sources over local spatial scales. River water however, particularly for the large Arctic-draining
rivers that are the target sources for this study, frequently integrate Sr sources over much larger
spatial scales and from groundwater sources that are not represented in geological maps. Large
rivers therefore also have a broader distribution of 8Sr/®Sr due to the input of groundwaters
sampling large varieties of surrounding geologies. Given the riparian nature of the boreal tree

growth preceding becoming driftwood, developing the existing terrestrial global & Sr/2Sr
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isoscapes into global river water 8 Sr/%Sr isoscapes could also further refine the isoscape used

for driftwood provenance and is an avenue for future development.

The cluster analysis on the sampled values reinforces our interpretation that 8’Sr/%Sr
values obtained in this study do not provide a regional provenance signal, as seen in the fact
that the resulting clusters of highly similar values are composed of driftwood material from a
variety of provenances (Figure 5.5, Supplementary Figures C4.1, C4.2 in Appendix C3). Such
results agree with the large overlap of 8Sr/®Sr across the pan-Arctic, and the probably very
large influence of local factors and transport processes in determining the 8’Sr/%Sr values in
Acrctic driftwood. The large spatial scale of the regional clustering also incorporates multiple
watersheds and lithological diversity, increasing the likelihood of a high level of heterogeneity
of 87Sr/%8Sr signatures within the regional provenance subgroups employed to examine
clustering. Finally, the analysis allowed the clear visualisation of outlier values that affect the
overall structure of the data. Samples RIN28 and MARO5 exhibit outlier &Sr/%¢Sr values (inner
and outer subsamples, respectively), with values varying to a magnitude exceeding the variance
within the remainder of the dataset. Such outlier values then impact clustering of their averaged
87Sr/%Sr values and the TRW-based provenance region group (Alaska-Yukon) used for the

cluster analysis.

Placing driftwood within proxy-based mixing model using ’Sr/%Sr ratios measured in
modern local vegetation, water and soil samples is also complicated by the diversity of
environments and conditions driftwood encounters in the formation and transport to Arctic
shorelines. Additionally, there are limits to current mixing models based on environmental
proxies for predicting locally bioavailable strontium (Toncala et al., 2020), which currently
underestimate 8’Sr/%Sr ratios due to the limited sample size of modern environmental

specimens and gaps in models of complex geobiological processes.
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The varying spatial temporal scales of 8’Sr/%Sr, such as across watersheds, or localised
for plants, complicate the comparisons between source and target strontium signatures (Erban
Kochergina et al., 2021). For driftwood, this indicates a need for reference material that better
reflects the spatial and temporal scale of riparian trees, such as watershed-scale strontium
values, or coarser resolutions of provenance by other means followed by the utilisation of
87Sr/%Sr signatures at finer scales (e.g., dendro-provenancing). Further avenues for
development may include measured 87Sr/28Sr targeting riparian wood along major rivers across
the boreal forest region, although as with current sampling, such data is limited to modern
87Sr/8Sr characteristics which may not reflect the signatures across past millennia given
potential temporal variation in weathering processes, river course paths hence underlying
geology, and possible anthropogenic impacts on bioavailable Sr in recent centuries. An
alternative is to invest in the development of millennial dendro-chronologies in the boreal forest

to enable a more spatially constrained location for comparison with &’Sr/2éSr signatures.

As discussed as a remaining limitation to the use of isoscapes in provenance studies,
interpreting the results of strontium analyses against an isoscape to determine provenance is
currently subject to multiple confounding factors. Regarding this study, the isoscape by Bataille
et al. (2020) shows predicted & Sr/2Sr values consistently higher than those found in driftwood
samples. This may be due to exogenous sources of Srimpacting the driftwood sample 87Sr/88S,
or it may be indicative of limitations in globally modelled &Sr/%Sr to fully explain denote
bioavailable 87Sr/%Sr at more localised scales within such heterogenous environments,

climates and biota.

In order to further constrain provenance determinations for Arctic driftwood,
exploration of further molecular techniques to refine the provenance of driftwood is a

possibility. Genetic analysis through the extraction of ancient DNA or long-lived molecules
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provide possible avenues to refine the wood’s taxonomic identification, which could therefore
aid determination of provenance by comparison to tree species distribution across the pan-
Arctic forests. Determination of species of driftwood samples via ancient DNA extraction (if
possible, down to the haplotype level) could enable a fine spatial resolution of provenance via
comparison to the modern geographical distribution of chloroplast haplotypes across the pan-
Arctic boreal forests. A further future avenue that may warrant investigation is protein analyses,
such as a genus-specific collagen peptides by mass spectrometry (Buckley et al., 2009), which

has been found productive even in cases when DNA cannot be retrieved.

5.6 Conclusions

Deposits of driftwood lining Arctic shorelines reveal the large-scale Arctic Ocean
circulations and the incursion of driftwood-carrying sea ice onto circum-Arctic beaches. This
rafting of Arctic driftwood by sea-ice enables the reconstruction of surface-current dynamics
and sea-ice conditions in the Arctic. Refining the tools used for the provenance and age analysis
of driftwood can develop reconstruction of Arctic Ocean surface currents and sea ice dynamics
at a finer spatial resolution than previously achieved. Tools such as cross-dating with reference
dendro-chronologies from the circum-arctic boreal forest zone enable determination of the
originating climatic region/watershed. However, as with many current methodologies,
uncertainties exist in the determination of provenance, such as confidence in the matching
metrics, the preservation level of the driftwood determining the ability to analyse the tree ring

width and anatomy and, most importantly, spatiotemporal coverage of the reference data.

The isotopic analysis of driftwood tissue is a possible avenue for the development of
new provenance tools. The use of geochemical provenance techniques can address some of the

limitations of current methods, warranting further development. The results of this study show
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the utilisation of 8/Sr/%Sr ratios to establish provenance for Arctic driftwood has some
potential, since obtained values fall within the range of previously observed wood 8’Sr/%Sr
ratios. However, confounding factors in isolating endogenous strontium within driftwood
samples, as well as the scale and heterogeneity and temporal variations of pan-Arctic source
regions, currently limit the application of such isotopic approach as a stand-alone Arctic
driftwood provenance technique. These limitations also highlight the value of dendro-
provenancing as the current best-available tool at present to improve spatiotemporal
determination of this material and thus further define the role of atmospheric and oceanic
circulation in sea ice and climatic changes throughout the late Holocene. Further development
of millennial-scale pan-boreal dendro-chronologies is thus encouraged, as they hold potential
not only to inform of past climate and ecological conditions in the Boreal biome, but to provide

essential information on past Arctic sea ice dynamics for the late Holocene.
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6 Thesis Discussion

This thesis began with the introduction of the state of the field and research gaps within
Holocene Arctic sea ice research, identifying that driftwood forms an informative, abundant,
and accessible resource able to address some of these gaps in knowledge. The spatiotemporal
dynamics of Arctic sea ice throughout the Holocene are limited by sparse data preceding
satellite observation. This is pertinent given that modern trends cannot be accurately assessed
within centennial and millennial timescales without knowledge of such trends in the recent
Earth history. Therefore, further knowledge of past sea ice dynamics remains an important area
for progress for revealing the late Quaternary Arctic climatic state, and to investigate the Arctic
system’s climatic and biotic responses and feedbacks to increasing global average

temperatures.

In this discussion, | draw together the most important lessons from each chapter and
demonstrate how they form a cohesive contribution to the exploration and development of
driftwood as a tool for proxy-based Arctic sea ice reconstructions. Such additional tools merit
exploration due to the limited abundance, length and/or resolution of existing proxy-based
records (Abram et al., 2013). The inherent link between Arctic driftwood and sea ice drift routes
(Funder et al., 2011), and its abundance on many Arctic coasts, mean it can help to fill the gaps
of current proxy-based tools to reveal sea ice transport within large-scale Arctic Ocean
circulation at the centennial to decadal scale and enable reconstruction of past surface-current

dynamics and sea ice conditions (Haggblom, 1982; Dyke et al., 1997; Funder et al., 2011).

Chapter 3 further improves the resolution of Holocene reconstructions of environmental
and climatic conditions by addressing the first aim of this thesis. The aim was the first-time
assembly of existing pan-Arctic driftwood data to investigate hypotheses on Arctic surface

currents, large-scale modes of climatic variability and the possible interplay of surface currents
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driven by atmospheric circulation vs. thermal forcing on the sea ice extent during the Holocene.
These hypotheses, as outlined in Specific Aims and Hypotheses in Chapter 1, were tested
through a driftwood-based reconstruction of Holocene surface current and sea ice dynamics for
the Arctic Ocean. Although regionally bounded, past driftwood-based sea ice reconstruction
studies suggested spatiotemporally complex past Arctic sea ice extent and movement. A large-
scale compilation of Holocene Arctic driftwood had not previously been developed. Chapter 3
— research paper 1 of this thesis — provides new insights into the variable climatic and
environmental conditions that have impacted the Arctic throughout the past 12,000 years. This
has enabled the detection of the pattern of change at different temporal frequencies through the
Holocene. The collation of 913 driftwood samples from across the Arctic coastline provides a
dataset of higher spatial and temporal resolution than other sea ice proxy-based methods in the
Arctic, with preservation of driftwood in substantial volumes from the early Holocene
indicating a low likelihood of preservation issues in the interpreted distribution patterns. This
enables the detection of the pattern of change at different frequencies through the Holocene.

These include:

1) Early Holocene deglaciation preceding positive AO conditions coeval with extensive

remnant glaciation over the Canadian Arctic Archipelago (CAA) and North Greenland (NG).

2) Mid Holocene warming and sea ice reduction, with millennial scale east-west shifts
in the Transpolar Drift (TPD) and associated Beaufort Gyre (BG) weakening. This high-
resolution record also offers a different view of mid Holocene conditions to that proposed by
Funder et al., (2011), with more coherence between NG and the CAA, an expansion of the

TPD, increased temperatures, and reduced landfast ice.

3) Late Holocene millennial-scale west-east TPD shift and strengthened BG and sea ice

preservation.
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4) Recent Holocene high variability and higher frequency shifts in the TPD and BG
strength and associated fluctuating climate conditions such as the Medieval Climate Anomaly

(MCA) and Little Ice Age (LIA).

This and previous studies exploring driftwood as a proxy for sea ice have used a genus-
based division of driftwood to indicate wood provenance, with Larix and Picea signifying the
Siberian and North American boreal forests, respectively (e.g. Dyke et al., 1997; Eggertsson,
1993; Funder et al., 2011; Haggblom, 1982; Hellmann et al., 2013; Nixon et al., 2016). The
complexity of the boreal tree species and genera distributions (e.g. Hellmann et al., 2016), and
the coarse spatial resolution of provenance possible via such methods — essentially Eurasian
vs. North-American — highlights the need for a refinement of provenance determination. This
would further constrain spatiotemporal reconstructions of variations in Holocene ocean current
and sea ice dynamics. For more spatially precise provenance determination, dendrochronology
has proved a vital tool, both in archaeological efforts (R. E. Taylor & Aitken, 1997) and Arctic
climatic and environmental reconstructions (Koch, 2009; Owczarek, 2010). A recent combined
assessment of radiocarbon and dendrochronological age estimates of Arctic driftwood samples
found that radiocarbon dates from buried driftwood were in agreement with
dendrochronological dating of modern beach ridge systems in coastal eastern Siberia (Sander
et al., 2021). This supports the validity of age indications obtained from driftwood found on
Holocene beaches. The majority of driftwood dendrochronological studies have considered
only reference chronologies associated with a particular drainage basin (Eggertsson, 1993;
Eggertsson & Laeyendecker, 1995), based upon consideration of Arctic surface currents.
However, some recent studies have highlighted that such assumptions can be incorrect, and a
far wider extent of circumpolar sites must be considered during such processes, to accurately

capture the potential history of samples (Hellmann et al., 2013b). Moreover, such assumptions
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are untenable in coastal regions receiving driftwood from multiple regions, such as northern

Svalbard or northern Greenland.

Chapter 4 — research paper 2 in this thesis — builds upon this with the employment of
tree ring width analysis on newly collected driftwood collected from northern Svalbard. This
new data and novel methodological approach reveals a 500-year history of driftwood incursion
to northern Svalbard, directly reflecting regional sea ice conditions and Arctic ocean
circulation. As the samples come from naturally felled trees (as opposed to logged, or both),
the relative proportions of different provenances can be used to infer past ocean current
dominance. By crossdating samples against a circumpolar reference chronology database
across North American and Eurasian boreal forest zone drainage basins, a wide range of
matches can occur across the region, which would be considered a sign of good fit by some
references. To minimise the risk of resulting bias towards regions and periods covered by more
reference chronologies, Chapter 4 employs a novel approach to selecting probable origin sites,
by weighting matches via reference chronology span and visualising results through
spatiotemporal density plots. The resulting record indicates centennial- to decadal-scale
variability in source regions for driftwood incursion to Svalbard, which was compared to
information from existing reconstructions and direct observations of sea ice dynamics where
available. This enabled the assessment of the accuracy of driftwood temporal distribution
reflecting the known sea ice conditions of the time. The record was found to align with Late
Holocene high variability and high frequency shifts in the Transpolar Drift and Beaufort Gyre
strengths and associated fluctuating climate conditions. Notable variations in driftwood
occurrence and provenance also track a northward shift of seasonal ice formation and
spatiotemporal dynamics of seasonal sea ice in the peripheral Arctic seas in the past century,
including an early sea ice reduction over the Barents Sea in mid-19™ century and variability

during the 20" century in the Siberian marginal seas. A distinct decrease in driftwood incursion
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during the last 30 years matches the observed decline in pan-Arctic sea ice extent in recent
decades. The chapter successfully employs driftwood as a proxy for Arctic Ocean surface
current and sea ice dynamics, with alignment of the driftwood-based reconstruction with
existing data on past sea ice and large-scale modes of climatic variability during the Holocene

providing the up-to-date most robust validation of driftwood and the approach utilised.

The utilisation of the Weighed Score in Chapter 4 aids in reducing the bias of varied
spatiotemporal coverage of the reference chronologies, but sources of uncertainty do remain
when interpreting driftwood incursion records. These include Late Holocene sea level
transgression, which may influence the preservation of older driftwood samples in some
regions (Forman et al., 2004; Farnsworth et al., 2020a). Degraded samples may also have
implications for observed Arctic driftwood densities, as heavily degraded samples cannot be
cross-referenced to our reference chronology. However, these were predominantly observed at
higher elevations than our target sampling sites at the modern-day shoreline, and on
topographically wet areas such as melting snow beds. This suggests older ages and particular
depositional environments, and so the impact of possible degraded samples is 1) likely more
relevant for the earliest centuries of the dataset and 2) likely limited. Therefore, when
interpreting the contrasting regional trends in the earlier years of our dataset, we assume that
driftwood degradation is a risk equally applicable to all samples irrespective of their origin.
Local sea ice conditions must also be considered when interpreting the driftwood record from
these Svalbard collection sites, as persistent or semi-permanent land-fast ice resulting from
localised cold conditions would minimize the transport of and catchment for driftwood
accumulation (Funder et al., 2011), especially when considering that our sample sites are in the
northernmost part of the archipelago. Another feature to consider is the impact of circumpolar
rivers flow regimes that transport this wood from boreal forest zones on driftwood delivery to

the Arctic basin. Given the centennial spatiotemporal scope of the dataset, and lack of sufficient
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available data on these variety of factors for the pan-Arctic across the past 500 years, these
impacts are assumed not to have had a substantial impact on the trends observed. Finally, in
the interpretation of driftwood material, consideration of other sources of information — other
proxies, geomorphological evidence etc. — is deemed to be essential (e.g., lack of driftwood

can indicate land-fast ice or lack of multiyear ice).

Chapter 5 — research paper 3 in this thesis — progresses on the needs identified for the
use of Arctic driftwood as a robust sea ice proxy for the Holocene, and addresses the third main
aim of this thesis as specified in the Specific Aims and Hypotheses: to develop and validate
novel techniques to refine the provenance of driftwood through radiogenic isotopic analysis
(8Sr/®Sr). Provenance by genus is limited by spatially coarse resolution, while provenance by
dendrochronology is reliant on the spatiotemporal coverage of existing boreal forest reference
chronologies and levels of driftwood preservation enabling TRW analysis. Geochemical and
genetic techniques hold the potential to address the limitations of these current methods and
achieve a finer definition of the role of atmospheric and oceanic circulation in sea ice and
climatic changes throughout the Holocene. Chapter 5 presents the development of geochemical
techniques — specifically radiogenic isotopic analysis (8Sr/2®Sr) of driftwood as a provenance
tool. Methods for the extraction, isolation and purification of strontium from driftwood through
microwave digestion, extraction chromatography and MC-ICP-MS analysis were successfully
developed. The utilisation of 8’Sr/®Sr ratios to establish provenance for Arctic driftwood was
determined to hold potential, with confounding factors in the potential contamination of the
material after the fall of the driftwood-to-be tree on the river and through its transport in fresh-
and seawater, and the scale and heterogeneity and temporal variations of pan-Arctic source
regions. Increased sample populations and source samples for calibration to enable validation
are recommended for this work to be built upon, most probably in combination with previously

developed provenance tools and reconstructions (e.g. dendro-provenancing). The observed
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small-scale heterogeneity of 8’Sr/®Sr ratios precludes its use as a pan-Arctic provenance stand-
alone tool. The chapter provides a first step the use of geochemical techniques for provenance

in Arctic Driftwood.

The development of novel analytical techniques was continued further via attempted
ancient DNA extraction from driftwood, with details in Appendix D. Microanatomical analysis
of driftwood can only glean taxonomy to genus level — in some rare occasions such as with
some Pinus, to species; requiring further techniques to refine the wood’s taxonomic
identification and therefore enhance determination of provenance. As wood is a commonly
occurring archaeological remain (Gugerli et al., 2005), a variety of studies have already shown
the application of ancient DNA analysis for archaeological/preserved wood for uses such as
wood traceability and monitoring species evolution (Speirs et al., 2009). The extraction of
ancient DNA requires preservation of sufficiently long sequences of DNA, which is known to
be problematic for fossil and subfossil wood due to the speed of DNA degradation leading to
fragmentation and modification of the recoverable DNA (Lindahl, 1993; Paabo et al., 2004).
Specifically, in the case of Arctic driftwood, the long duration of exposure to ocean waters and
in situ on shorelines means DNA-degrading temperature fluctuations of up to tens of degrees.
However, the cold and dry conditions of the Arctic and alkaline soils act as preserving factors
and limiting any microbial action on the wood (Dyke et al., 1997). A PCR protocol was chosen
specifically for applicability to degraded DNA to determine what recoverable DNA may be
present with test sub-Arctic driftwood samples from Nordkapp, Norway. The resulting
amplicons were all too weak to be sufficient for sequencing, indicating that currently aDNA
extraction for Arctic driftwood is unlikely to be viable, although there remain future avenues
for developments in ancient DNA retrieval from Arctic driftwood, with continuing progress in

aDNA retrieval from subfossil wood material as techniques and technologies develop. An
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example is long-lived protein analyses such as genus-specific collagen peptides (Buckley et

al., 2009), which has been found productive in cases when DNA cannot be retrieved.

Via the collation and analysis of existing driftwood data, new sample collection,
methodological testing and development and validation of approaches and techniques, the
chapter components of the thesis describe the potential and realised employment and
development of driftwood as a proxy for Arctic Ocean surface current and sea ice dynamics.
This has also brought new insights into Holocene Arctic sea ice and climate dynamics at a
higher spatiotemporal resolution than previously possible, and enables future further
integration with other observations, proxy-based reconstructions, and modelling of the

Holocene Arctic.
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7 Thesis Conclusions

With the successful utilisation of driftwood, future investigations and combination of the

developed and explored techniques can further define the role of atmospheric and oceanic

circulation in sea ice and climatic changes throughout the Holocene. Some key results from the

project include:

A first insight into pan-Arctic decadal to centennial trends in surface currents, climate
variability and sea ice dynamics during the Holocene, via the collation and analysis of
existing Arctic driftwood data.

The provenance and age determination of newly collected driftwood samples via
dendrochronological approaches was achieved with development and improvement
upon older methods.

New methodological approaches to provenance and age analysis of driftwood (Sr and
aDNA) were tested and with promising but so far limited progress, with further
development needed.

Overall, the project confirms the utility of driftwood as a proxy tool for Holocene Arctic
sea ice reconstructions, with the potential for even better results once the new

techniques are fully deployed.

The reconstructed of Holocene sea ice dynamics then serve as the basis for future proxy-

model comparison of climate and sea ice-conditions, as well as a framework for testing

hypotheses on the coupling between sea ice and Arctic biota. Benefits beyond the thesis arise

from this gathering of new and re-analysed pan-Arctic driftwood data, in contribution to efforts

around the boreal region to construct long-term millennial tree-ring chronologies that serve as

proxies for past climatic reconstructions. The driftwood-based sea ice chronology can also be
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validated and combined with a suite of other sea ice proxies, such as deep ocean cores, other
proxy measures of Arctic sea ice, and modelling, with some of these already underway and
utilising the data produced from this thesis (Dalaiden et al., 2018; Farnsworth et al., 2020a;
Linderholm et al., 2021; Sander et al., 2021). Dalaiden et al. (2018) proposed and tested a
driftwood transport model for compatibility with reconstructions including Hole et al. (2017) /
Chapter 3, and confirmed a strong influence of atmospheric circulation variability on spatial
driftwood distribution. Farnsworth et al. (2020) incorporated the collated data of Hole et al.
(2017) / Chapter 3 into a first compilation of Holocene geochronology for Svalbard and the
surrounding waters in the SVALHOLA database, including over 1,800 radiocarbon, terrestrial
cosmogenic nuclide and optically stimulated luminescence ages. The other studies build less
directly on Arctic driftwood analysis and findings of Hole et al. (2017) / Chapter 3 with new
driftwood provenance analyses (Linderholm et al., 2021), hydrogen, oxygen, and strontium
isotope analysis (Pinta et al., 2021), and use of driftwood as coastal deposit chronological
markers (Sander et al., 2021). These new studies cover a variety of geographical areas and

timespans and so provide opportunities for comparison and integration of the data produced.

By increasing the understanding of the Arctic system and dynamics, the feedback links
between biotic and abiotic processes in the light of current environmental change can be better
addressed, therefore aiding to plan and manage this highly sensitive region. Given the
increasing importance of Arctic climate change on a global scale, and the well documented
recent rapid decline in Arctic sea ice extent, age and thickness, increasing the understanding of
Arctic sea ice fluctuations is relevant to current and future UK and international climate
research. This scientific field is constantly evolving and remains under active research, giving

added benefit to the research outcomes and new datasets arisen from the work of this thesis.
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A. Supplementary material for chapter 3.

Supplementary Data File

Filename: Ads01.xIsx

Contents of the file:

Table Al — Table uploaded separately as an Excel file. References within Chapter 3.
Description:

Data from 913 driftwood samples previously collected throughout the western Arctic
coastline and covering the Holocene was collated to produce a spatiotemporal dataset of
deposited driftwood identified at the genus level, where available. The ages are presented in
median calibrated radiocarbon years before present (cal. yr BP), calibrated with the IntCall13
calibration curve using the program OxCal v4.2 (Bronk Ramsey, 2009) and directly
comparable to calendar years BP for samples dated by other methods. The resulting age range
represents the 95% confidence interval £ 2 sigma, with sample ages collated into 250yr
intervals for analysis. The low errors associated with radiocarbon dating of wood material
allow for the high temporal resolution of analysis compared to other proxy methods in the
Arctic. The data was classified into the genera Larix, Picea, Pinus, Populus, Salix and Tsuga.

Samples without taxonomic identification were classed as unknown.

Table Al. List of driftwood samples collated in the present study from a range of previous
studies, as referenced. Median radiocarbon dated driftwood ages from calibrated radiocarbon

age and ranges representing the 95% confidence interval (£ 2 sigma) are displayed.
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B1 Supplementary Data Plots
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Figure B1.1. Distribution of segment lengths of 59 measured samples from northern Svallbard, ranging from a
minimum of 34 years to a maximum of 281 years. Samples underwent annual ring width measurements to
1/1000 mm accuracy, using LINTAB tree-ring measurement table and TSAP-Win Professional version 0.89

(Rinn, 2011).
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Figure B1.2. Plot of best matches for samples collected from Sjugyane. Each point represents a sample’s best
match to a chronology. The colour of each data point displays the associated drainage basin, and the size of the
point represents the CDI of the match. The density plots depict the densities of the associated time and longitude

axes, weighted by the CDI of the matches.
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Figure B1.3. Plot of best matches for samples collected from Ringhorndalen. Each point represents a

sample’s best match to a chronology. The colour of each data point displays the associated drainage basin,

and the size of the point represents the CDI of the match. The density plots depict the densities of the

associated time and longitude axes, weighted by the CDI of the matches.
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Figure B1.4. Plot of best matches for samples collected from Vassfarbukta. Each point represents a
sample’s best match to a chronology. The colour of each data point displays the associated drainage basin,
and the size of the point represents the CDI of the match. The density plots depict the densities of the
associated time and longitude axes, weighted by the CDI of the matches.

B2 Supplementary Dataset B2

Filename: Bds01.xlIsx

Contents of the file: Sample information, CDI and Weighted scores, and best match choices

for all samples. Uploaded separately as an xIsx file. References within Chapter 4.

B3  Supplementary Dataset B3
Filename: Folder Bds02

Contents of the file: CDI and Weighted score match distribution plots for all samples.

Uploaded separately as a zip file. All potential matches are plotted for samples, with plots for
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the both the CDI scores and Weighted Score. Each point represents a match to a chronology.
The colour of the point displays the associated drainage basin, and the size of the point
represents either the CDI of the match, or the Weighted Score of the match, respectively. The
density plots depict the densities of the associated time and longitude axes, weighted by the

scores of the matches. References within Chapter 4.

B4  Appendix B References

Rinn, F. (2003). TSAP-Win. Time series analysis and presentation for dendrochronology and
4009 related applications. User Reference.
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Cl Further methodology details

C1.1 Sampling

Methods for the extraction, isolation and purification of strontium from driftwood
through cleaning, microwave digestion, extraction chromatography and MC-ICP-MS
(Multicollector-Inductively Coupled Plasma Mass Spectrometer) were developed in the clean-
suite labs in the Earth Sciences Department, University of Oxford. Initially, method testing for
strontium concentration and ®Sr/®Sr ratio analysis was conducted on 7 test samples of
driftwood. Following the above method of manual column chemistry and testing, a subset of
20 Arctic driftwood samples collected from northern Svalbard then underwent the developed
methodology. Further samples from the northern Svalbard collection were prepared for
analysis, but disruption to the study workflow, including due to the COVID-19 pandemic,
prevented MC-ICP-MS analysis of these samples and therefore limited the quantity of data for

final analysis.

C1.2 Extraction Chromatography

Initial manual extraction chromatography on these test samples used Teflon elution
columns and Triskem Sr resin. The stationary phase of Triskem Sr resin consists of a
dicyclohexano 18-crown-6 derivative dissolved in octanol. The resin is selective of Sr over Ca
which can be a major constituent in many samples. Pb is also strongly retained on the Sr Resin,
allowing for a facile elution of Sr from the resin using dilute HNO3, leaving Pb retained. The
eluted Sr was collected in Savillex® PFA vials and dried down on hotplates at 90°C. In addition
to samples, a blank was prepared using the same digestion procedure, but without sample

intake.
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Following the above method of manual column chemistry and testing on test samples,
a subset of the Arctic driftwood samples collected from northern Svalbard were analysed after
utilising and refining these developed protocols. Sr extraction was undertaken via automated
chromatographic purification using the prepFAST-MC™ system (Elemental Scientific (ESI),
Omaha, NE, USA), on an ESI Sr/Ca-1000 column (ESI part no. CF-MC-SrCa-1000) including
supplied Sr-Ca ion exchange resin. including supplied Sr-Ca ion exchange resin. The
methodology used was adapted from Romaniello et al. (2015), with a longer wash of 4ml
between each sample. The &Sr/8°Sr analyses were performed on the Nu Plasma Multi-Collector

Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS).

C1.3 Sr concentration Analysis
Following Sr extraction and purification, samples then underwent concentration and
elemental analysis on the Thermo Element 2 Inductively Coupled Plasma Mass Spectrometer
(ICP-MS), with concentrations of Sr (Table C1) consistent with values expected in wood

material, and sufficient for further 8Sr/%Sr analysis.
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Table C1. Sr concentrations for driftwood test samples. DL = Detectable Level.

sample Concentration (ppm)
Sr86 Sr88
Microwave blank below DL below DL

JM1lal 7.731 7.805
JM1a2 6.553 6.502
JM1b1l 11.903 11.717
JM1b2 9.651 9.419
NKO1b 10.512 10.373
NKO02a 6.029 5.979
NKO02b 3.493 3.486
NKO03a 4.684 4.665
NKO3b 7.825 7.767
NKO4a 4.439 4.301
NKO04b 9.263 8.970
NKO5a 7.852 7.768
NKO5b 7.689 7.618
NKO6a 3.118 3.050
NKO06b 8.332 8.155

C1.4 Labware and Reagents

All labware underwent washing with analytical grade HCI and environmental grade
HNOs to prevent contamination. Samples and Sr elutes were processed in Savillex® Teflon
vials, with digestions, chromatography and cleaning undertaken in a Class 100 laminar flow
exhaust hood. All acids used in this study were purified by sub-boiling distillation in-house
from concentrated reagent grade acids. All acids and reagents used were stored within
Parafilm-sealed Teflon or PTFE containers that had undergone cleaning. Ultra-pure water (>
18.2 MQ cm) for cleaning and processing samples was prepared via a purification sequence

with a Milli-Q® system (Millipore, USA).
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C2 Datasets

C2.1 Dataset Cds01.xlsx contains the dataset produced and analysed in this study.
Existing provenance data by tree-ring-width (TRW) cross-dating with reference chronologies
from the circum-Arctic boreal forest zone Hole et al. (2021) are compared to the 8’Sr/2°Sr
signature measured (in this study), to investigate possible alignment between driftwood
87Sr/%®Sr signatures and available bioavailable/river values for the determined provenance

regions.

C2.2 Dataset Cds02.xIsx contains correlation analysis between queried averaged
87Sr/%Sr values from modelled global bioavailable isoscape by Bataille et al. (2020) for buffer
zones of 5km, 20km, 100km, 200km, and 500km radius around driftwood sample match points

provided by TRW crossdating in Hole et al. (2021).

C3 Additional Sample crossdating plots

Description: Maps showing sample crossdate match locations determined by TRW
crossdating by Hole et al. (2021), with this study’s measured 8’Sr/%Sr value ranges displayed
in black, with existing river Sr/®Sr data (in blue), plant 8Sr/®Sr data (in green), soil 8Sr/®Sr

data (in brown), compiled by Bataille (2020).
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Figure C3.1. Samples MARO1 and RINO6 crossdate match locations determined by TRW crossdating
by Hole et al. (2021), with measured & Sr/®’Sr value range displayed in black, compiled river &Sr/¢’Sr
data (blue) and soil 8Sr/¥Sr data (brown) by Bataille (2020). There is no proximal river &Sr/®’Sr data
available for assessing the measured 8Sr/8Sr values for this provenanced region. The available river
87Sr/87Sr surrounding the Eastern Norway coastline have higher 8 Sr/Sr values, while proximal soil
87Sr/87Sr have values that span the range of the measured sample &Sr/¢’Sr values. High heterogeneity is
seen in values and may also reflect different integration of Sr sources to those for riparian trees.
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Figure C3.2. Sample MAROS5 crossdate match locations in Alaska & Canada, determined by TRW
crossdating by Hole et al. (2021), with measured &Sr/8Sr value range displayed in black, compiled
river 87Sr/8Sr data (blue) and soil 8 Sr/%’Sr data (brown) by Bataille (2020).

MARO02, RINO1, RIN24, RIN28: crossdate match locations in western Alaska, west of the Yukon and
Koyukuk rivers, with measured 8Sr/%’Sr value range displayed in black, and compiled river &Sr/8’Sr
data by Bataille (2020) in blue. The closest river 8Sr/%’Sr values show a range 0.707628-0.713651,

which covers the sample measured range of all samples.

MARQO5: crossdate match location in central Alaska along the Tanana River. A surrounding diverse
range of &Sr/%Sr, with the surrounding range of 0.705201-0.715232 with multiple areas within each
87Sr/88Sr range. Examining river 8Sr/%Sr proximal to MARO5 from the Tanana river, as collated by
Bataille et al. (2020), river values show a higher range of 0.713168-0.740407, out of the value obtained
with sample MARO5. ~200km south-west, river values reach more agreement with MARO5, in the
range 0.708245-0.709318.

MARZ11: crossdate match location in northern Canada west of the Mackenzie River. The most proximal
values show higher ranges or 0.71138-0.716068, although the lack of values close to the sample

provenance region complicates interpretation.
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PARO4: crossdate match location proximal to Koyukuk River. River values show a higher range of
0.70926-0.714574, out of the value obtained with sample PARO4. Downstream, ~200km south-west,
river values reach more agreement with PARO04, in the range 0.70768-0.70816. Discussed further in

main text.

RIN25: crossdate match location in southern Alaska, south of the Kuskokwim and Tanana rivers. The
most proximal reference river 87Sr/87Sr values of 0.708948-0.7089 are close to the lower range of the
sample.

bl
MARO09
@
0.709164 - 0.709234
VFB2
Legend
0.708171 - 0.708711 P —
Water
= 87Sr/86Sr

(Bataille et al.,
2020)
Maijor rivers

Sr isoscape N

(Bataille et al.,

2020)

Value

mem High : 0.762106

N L
I .
0 50 100 20 Low : 0.704176
I <ilonjeters ; //\m
e e

Figure C3.3. Sample MAR09 and VFB28 crossdate match locations in northern Russia east of the Ob
river, determined by TRW crossdating by Hole et al. (2021). No available river &Sr/®Sr in the region
makes direct comparisons difficult, while the global isoscape of bioavailable 8’Sr/%Sr by Bataille (2020)

shows values of ~0.709 for the region, fitting with the samples.
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Figure C3.4. Sample crossdate match locations in eastern Siberia, determined by TRW crossdating by

IEsrL D‘Lorme, GEBCO, NOAA NGDC, and ott

Hole et al. (2021), with measured &’Sr/8”Sr value range displayed in black, with compiled river &Sr/8’Sr
data by Bataille (2020) in blue.

MAR12: match location along the Lena River. The value range fits with the proximal river 8’Sr/%’Sr
value range of 0.7103-0.7048.

PHI02: crossdate match location of eastern Siberia along the Olenyok River. There is a lack of
measured river 8’Sr/®Sr along the closest section of the Olenyok, although downstream the range
0.70943-0.71486 does overlap with the sample &Sr’®’Sr range, with river 8Sr/8’Sr ~200km south-east

near the Lena also showing aligning value of 0.70934.

RINO5: crossdate match location in eastern Siberia west of the Lena River. Similarly to sample PHI02,
there is a lack of measured river 8Sr/%’Sr along the closest section, with downstream the range 0.70943-
0.71486 close to the upper end of the sample 8'Sr/8Sr range, and river 8’Sr/8’Sr ~200km south-east near

the Lena also showing aligning value of 0.70934.
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Figure C3.5. Sample crossdate match location in western Russia, determined by TRW crossdating by

Hole et al. (2021), with measured 8’Sr/%’Sr value range displayed in black, and no available reference

river 87Sr/8Sr data for comparison.

RIN20 & RIN38: match locations west of the Pechora River. The global bioavailable Sr/®’Sr isoscape
by Bataille (2020) shows the region with 8Sr/8’Sr values ~0.709, fitting with the sample values.
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Figure C3.6. Sample RIN42 crossdate match location of eastern Siberia, east of the Aldan river,
determined by TRW crossdating by Hole et al. (2021), with measured 8Sr/¥’Sr value range displayed
in black, with compiled river #Sr/#’Sr data by Bataille (2020) in blue. The nearest river 8Sr/¥’Sr values
of 0.70912-0.71765 cover the sample 8Sr/¢’Sr range.

C4 UPGMA analysis plots

Description: Unweighted pair-group average (UPGMA) cluster analysis was employed to
create groups of similar valued data by minimising the joined averaged Euclidean distances
between all members in any two groups. A separate cluster analysis was undetaken for inner,
outer, and averaged 8/Sr/%Sr readings (for averaged plot see Figure 5.5 within Chapter 5).
Consistency between clusters (intra-sample consistency) and between the cluster and their
TRW:-inferred provenances were analysed. Cluster analysis was performed using Past 4.04

(Hammer et al., 2001).
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Figure C4.1. Unweighted pair-group average (UPGMA) cluster analysis on inner 8’Sr/®Sr readings for
19 driftwood samples. Cluster analysis was performed using PAST 4.04 (Hammer et al., 2001).
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Figure C4.2. Unweighted pair-group average (UPGMA) cluster analysis on outer 8’Sr/%Sr readings for
19 driftwood samples. Cluster analysis was performed using PAST 4.04 (Hammer et al., 2001).
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D. Ancient DNA extraction from driftwood

D1 Linking Statement

Appendix D provides a final step further on the second of the two main aims of the
Specific Aims and Hypotheses: the development and evaluation of novel techniques to refine
the provenance of driftwood. The appendix chapter presents the exploration of techniques to
refine the provenance of driftwood through palaeogenetics, with the aim to refine the
provenance of driftwood via extraction of ancient DNA from test material - driftwood collected
from the subarctic location of Nordkapp, northern Norway. Though not successful, there

remain avenues for future investigation, as discussed below.

D2 Introduction

As explored in previous chapters, many of the existing methods utilised for driftwood
analysis and utilisation as a proxy tool for sea ice reconstructions have limitations. Dendro-
provenancing can only cover the regions and periods for which reference chronologies exist,
while geochemical methods such as radiogenic strontium analysis have confounding factors in
retrieving endogenous values, and in limited reference data for comparison. For provenance by
genetic information, microanatomical analysis of driftwood can only glean taxonomy to genus
level — with some small exceptions within the Pinus genus that allow for species identification,
and therefore aDNA analysis provides the possibility to further refine the wood’s taxonomic
identification, and therefore aid determination of provenance by comparison to tree species —
and potentially sub-species — distribution across the pan-Arctic forests. Therefore, to achieve a

finer definition of the role of atmospheric and oceanic circulation in sea ice and climatic
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changes throughout the Holocene, there remains scope to develop methods to more definitively

determine driftwood provenance and spatiotemporal variations.

The extraction of ancient DNA from Arctic driftwood is one such method, as
determination of species of samples including to the haplotype level could enable a fine spatial
resolution of provenance via comparison to the modern geographical distribution of chloroplast
haplotypes across the pan-Arctic boreal forests. The successful extraction of aDNA requires
preservation of sufficiently unique sequences, which is known to be problematic for fossil and
subfossil wood due to the speed of DNA degradation leading to fragmentation and modification
of the recoverable DNA (Lindahl, 1993; Paabo et al., 2004). However, with improvements in
technology, sequencing of genomes of plant and animal tissue has been successfully employed
on time scales exceed 0.5Ma (Orlando et al., 2021), with the oldest successful genome
sequenced from horse bone tissue preserved in permafrost for 560,000-780,000 years (Orlando
et al., 2013). It is therefore likely that the possibilities of aDNA are likely to increase as
technologies develop further. There has been some success with aDNA analysis from
archaeological/preserved wood, employed in studies such as wood traceability and monitoring
species evolution (Speirs et al., 2009). In the study of the 16" century Mary Rose shipwreck,
successful chloroplast DNA from waterlogged Mary Rose hull oak timber was extracted and

amplified (Speirs et al., 2009).

PCR amplification of preselected DNA markers have been the most common method
for DNA extraction, including for this Chapter. However, the molecular characteristics of
ancient DNA, consisting of ultra-short fragments of degraded DNA molecules (Orlando et al.,
2015) lessen the likelihood of success of such methods. For wood in particular, there are other
confounding factors to consider due to its structure and varied molecular contents. Inner
heartwood that is often targeted for reduced contamination contains predominantly dead cells
(S. Wagner et al., 2018), limiting the possibility of sufficient DNA for extraction and
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sequencing, while wood also contains many other compounds such as secondary metabolites
that can hinder attempts to target and extract DNA (Plomion et al., 2001; Deguilloux et al.,
2002). Specifically, in the case of Arctic driftwood, there is long duration of exposure to saline
ocean waters, and once on shorelines, DNA-degrading temperature fluctuations of up to tens
of degrees. However, conversely, the cold and dry conditions of the Arctic and alkaline soils

act as preserving factors and limiting any microbial action on the wood (Dyke et al., 1997).

D3 Methods

Test material consisted of a disc of sub-Arctic driftwood collected from Nordkapp,
northern Norway ~71.1075°N, 25.7910°E (Figure D1), with evidence of shipworm damage,
fracturing and waterlogging. Ancient DNA extraction though PCR analysis was attempted on
sub-Arctic driftwood samples from Nordkapp, northern Norway, in collaboration with Dr
James Haile and the Palaeobarn research team, RLAHA, University of Oxford, led by Prof

Greger Larson. The PCR recipe trialled was adapted from a protocol utilised by the Gilbert

Svalbard
Barents Sea

Nordkapp
L J

Norway Finland

Sweden

0 250 500 km
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Figure D1. a) Location of sample collection from Nordkapp, northern Norway. b) subsampled driftwood disc

collected and utilised as test material for DNA extraction.
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group at the centre for GeoGenetics, Copenhagen for most of their plant tissue (e.g. Wales et
al., 2014), optimized for maize cobs. A primer was chosen for primer pairs that amplify <200
base pairs; specifically trnL (g/h) primers (Taberlet et al., 2007) for its robust amplification and
therefore applicability to degraded DNA. The primer’s low resolution lessens the use for
phytogeography and specific species of haplotype determination but would determine what

recoverable DNA may be present within the tested samples.

D3.1 PCR Protocol

Digestion buffer
- 10 mM Tris (ph 8)
- 10 mM NaCl
- 2% w/v SDS
- 5mM CaCl2
- 25mM EDTA (ph 8)
- 0.5mg/mL pro K
- 4% wiv PVP

1. 24h digestion at 55°C with gentle agitation in enough buffer to create a slurry.

2. Sample Spun at maximum in a benchtop centrifuge and liquid decanted to a new 2 mL
tube.

3. Equal volume phenol added, rotated at room temperature for 5 minutes, spun fast 5
minutes, and upper aqueous layer then recovered to a new tube.

4. The phenol step was repeated 1 more time and the upper aqueous layer recovered(2x
total).

5. The organic extraction with chloroform repeated 1 time with upper aqueous layer
recovered.

6. From here methodology follows a modified MinElute® purification for short fragment
retention, as in Dabney et al., (2013).

7. 13 volumes Buffer PB was added to the aqueous component from above, before binding
to a Qiagen MinElute® column with a vacuum manifold and Qiagen® 25 mL extension
reservoirs (Qiagen, Hilden, Germany). Then purified with a couple washes of PE buffer
and a dry spin to remove trace ethanol.

8. To elute, 20-50 uL of normal TE buffer or TE with 0.05% tween was used, before
incubation for 15 minutes at 37°C. Finally, sample was spun at maximum to elute, and
repeated for a total of 2x elutions.
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D4 Results

Following the initial test with trnL (g/h) primers, the amplicons were all too weak to be
sufficient for sequencing. Given that the samples failed at the combining samples stage, the
sequencing stage was not reached. The tested sub-Arctic samples are likely to have experienced
greater degradation than Arctic driftwood, meaning that there is a (albeit small) chance that

future testing of Arctic samples might yield recoverable DNA.

D5 Discussion

There remain future avenues for developments in ancient DNA retrieval from Arctic
driftwood, as there is continuing progress in aDNA retrieval from subfossil wood material,
with method developments including shotgun high-throughput sequencing (HTS) (S. Wagner
et al., 2018) and amplicon-sequencing on Illumina platforms (Lendvay et al., 2018), with
additional cleaning method developments such as removal of exogenous DNA contamination
via laser irradiation coupled with bleaching and surface removal. Shotgun HTS produces
random reads from all of the available DNA molecules in a sample (Moore et al., 2020),
whereas amplicon sequencing which short fragments of a specific gene that is then compared
to a reference database. HTS has become established in analysis of the genome-scale variation
present in ancient animals and pathogens (S. Wagner et al., 2018), and has dramatically
changed the scope of ancient DNA (aDNA) research (Kircher, 2012), with gigabases of
sequence data able to be produced within hours or days. By not targeting just one or a few
genomic regions, shotgun HTS enables the characterisation of DNA preservation,
contamination, and damage to an extent that had not been achieved previously (Kircher, 2012).
Recent progress has been made through high throughput (HTS) DNA sequencing of
archaeological and subfossil wood up to 9,800 years old (S. Wagner et al., 2018). The

successful extraction supplies evidence in support of the feasibility of extraction of DNA from
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marine waterlogged archaeological wood, and therefore indicates that the same may be possible
for the extraction of driftwood aDNA for species and provenance analysis. Most recent studies
have not yet explored the full potential of aDNA methods based on shotgun HTS (S. Wagner
et al., 2018), making this a promising avenue for development in any future attempts at aDNA
extraction from Holocene Arctic driftwood. A further future avenue might that may warrant
investigation is protein analyses such as a genus-specific collagen peptides by mass
spectrometry, by using solid-phase extraction (Buckley et al., 2009), which has been found

productive in cases when DNA cannot be retrieved.

D6 Appendix D references

Buckley, M., Collins, M., Thomas-Oates, J., & Wilson, J. C. (2009). Species identification by
analysis of bone collagen using matrix-assisted laser desorption/ionisation time-of-flight
mass spectrometry. Rapid Communications in Mass Spectrometry, 23(23), 3843-3854.
https://doi.org/https://doi.org/10.1002/rcm.4316

Deguilloux, M., Pemonge, M., & Petit, R. (2002). Novel perspectives in wood certification
and forensics: dry wood as a source of DNA. Proceedings of the Royal Society of London.
Series B: Biological Sciences, 269(1495), 1039-1046.

Dyke, A. S., England, J., Reimnitz, E., & Jette, H. (1997). Changes in Driftwood Delivery to
the Canadian Arctic Archipelago: The Hypothesis of Postglacial Oscillations of the
Transpolar Drift. Arctic, 50(1), 1-16. https://www.jstor.org/stable/40512037

Kircher, M. (2012). Analysis of high-throughput ancient DNA sequencing data. In Ancient
DNA (pp. 197-228). Springer.

Lendvay, B., Hartmann, M., Brodbeck, S., Nievergelt, D., Reinig, F., Zoller, S., Parducci, L.,
Gugerli, F., Blntgen, U., & Sperisen, C. (2018). Improved recovery of ancient DNA from
subfossil wood—Application to the world’s oldest Late Glacial pine forest. New Phytologist,
217(4), 1737-1748.

Lindahl, T. (1993). Instability and decay of the primary structure of DNA. Nature,
362(6422), 709-715. https://doi.org/10.1038/362709a0

Moore, G., Tessler, M., Cunningham, S. W., Betancourt, J., & Harbert, R. (2020). Paleo-
metagenomics of North American fossil packrat middens: Past biodiversity revealed by
ancient DNA. Ecology and Evolution, 10(5), 2530-2544.

205


https://doi.org/https:/doi.org/10.1002/rcm.4316
https://doi.org/10.1038/362709a0

Appendix D. aDNA Extraction from Arctic driftwood

Orlando, L., Allaby, R., Skoglund, P., Der Sarkissian, C., Stockhammer, P. W., Avila-Arcos,
M. C., Fu, Q., Krause, J., Willerslev, E., & Stone, A. C. (2021). Ancient DNA analysis.
Nature Reviews Methods Primers, 1(1), 1-26.

Orlando, L., Gilbert, M. T. P., & Willerslev, E. (2015). Reconstructing ancient genomes and
epigenomes. Nature Reviews Genetics, 16(7), 395-408.

Orlando, L., Ginolhac, A., Zhang, G., Froese, D., Albrechtsen, A., Stiller, M., Schubert, M.,
Cappellini, E., Petersen, B., & Moltke, I. (2013). Recalibrating Equus evolution using the
genome sequence of an early Middle Pleistocene horse. Nature, 499(7456), 74—78.

Paabo, S., Poinar, H., Serre, D., Jaenicke-Despres, V., Hebler, J., Rohland, N., Kuch, M.,
Krause, J., Vigilant, L., & Hofreiter, M. (2004). Genetic analyses from ancient DNA. Annual
Review of Genetics, 38, 645-679. https://doi.org/10.1146/annurev.genet.37.110801.143214
Plomion, C., Leprovost, G., & Stokes, A. (2001). Wood formation in trees. Plant Physiology,
127(4), 1513-1523.

Speirs, A. K., McConnachie, G., & Lowe, A. (2009). Chloroplast DNA from 16th century
waterlogged oak in a marine environment: initial steps in sourcing the Mary Rose timbers.
Archaeological Science under a Microscope: Studies in Residue and Ancient DNA Analysis
in Honour of Thomas H. Loy. Terra Australis, 30, 175-189.

Taberlet, P., Coissac, E., Pompanon, F., Gielly, L., Miquel, C., Valentini, A., Vermat, T.,
Corthier, G., Brochmann, C., & Willerslev, E. (2007). Power and limitations of the
chloroplast trnL. (UAA) intron for plant DNA barcoding. Nucleic Acids Research, 35(3).
https://doi.org/10.1093/nar/gkl938

Wagner, S., Lagane, F., Seguin-Orlando, A., Schubert, M., Leroy, T., Guichoux, E.,
Chancerel, E., Bech-Hebelstrup, I., Bernard, V., Billard, C., Billaud, Y., Bolliger, M.,
Croutsch, C., Cufar, K., Eynaud, F., Heussner, K. U., Koéninger, J., Langenegger, F., Leroy,
F., ... Orlando, L. (2018). High-Throughput DNA sequencing of ancient wood. Molecular
Ecology, 27(5), 1138-1154. https://doi.org/10.1111/mec.14514

Wales, N., Andersen, K., Cappellini, E., Avila-Arcos, M. C., & Gilbert, M. T. P. (2014).
Optimization of DNA recovery and amplification from non-carbonized archaeobotanical
remains. PLoS ONE, 9(1). https://doi.org/10.1371/journal.pone.0086827

206


https://doi.org/10.1146/annurev.genet.37.110801.143214
https://doi.org/10.1093/nar/gkl938
https://doi.org/10.1111/mec.14514
https://doi.org/10.1371/journal.pone.0086827

