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Summary

The North Atlantic region is a key component of the global climate system. However, the lack
of long-term observations hampers our understanding of the natural variability of this region.
In recent decades, bivalve sclerochronology has emerged as a field providing high-quality
proxy data that can help fill these gaps and reflect marine variability at different timescales.
This thesis presents centennial-scale, annually resolved sclerochronological records of
hydrographic and climatic variability at St Kilda, a volcanic archipelago on the western
Scottish shelf. Two floating chronologies were constructed using fossil shells of the bivalve
Glycymeris glycymeris and dated to the 4" millennium before present (BP). In addition, a
modern chronology was built with live- and dead-collected Arctica islandica, spanning 1889—
2015 CE. Sub-annual 80, data were obtained from fossil and live G. glycymeris and from
modern A. islandica as a proxy for sea surface temperatures (SSTs). The growth season of both
G. glycymeris and A. islandica at this location lasts from May to October, with most growth
occurring before the temperature peak in August. Thus, the floating chronologies and the
modern Arctica chronology represent late-spring and summer SSTs. The annual temperature
range was 4.4 °C in the fossil shells, which is similar to the range observed today (3.8 °C).
Average SSTs reconstructed from the fossil shells were similar to the late 19" century CE and
1 °C cooler than today. The similarity in growth season and temperature range between the
fossil and modern specimens can be attributed to similar boundary conditions in the fourth
millennium BP compared to today. In the final results chapter of this thesis, the modern Arctica
growth chronology and an associated annually resolved 50 series were compared to
biological and environmental data and climate indices. Significant correlations were found
between Arctica growth variability and changes in primary production, regional SSTs, zonal
wind pressure, and sea level pressure. This work thus establishes that St Kilda is appropriately
sited to study large-scale marine climatic variability using bivalve sclerochronology.
Moreover, the Arctica chronology was positively correlated with variability in population size
of the Soay sheep living on Hirta, St Kilda, which demonstrates the tight coupling of the marine

and terrestrial environments at this remote location.
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Chapter 1 — General introduction

Chapter 1 — General introduction

Today’s climate is rapidly changing. Global surface temperatures have increased by 1 °C since
the late 19" century CE, causing significant adverse impacts and losses to marine and terrestrial
ecosystems (IPCC, 2022). Global warming is projected to be highly likely to exceed 1.5 °C in
the near term, which would cause further, in some cases irreversible, damage to ecosystems
and human societies (IPCC, 2022). These impacts and risks are becoming increasingly
complex, as multiple climate hazards occur simultaneously and interact with each other across
different regions and systems (IPCC, 2022). To quantify and understand the current changes
and to model future changes and responses, it is indispensable to have robust evidence-based
records of the natural variability of the climate and environmental systems. These records need
to be sufficiently long to provide a meaningful baseline and to reflect natural variability at
different timescales. However, observations are scarce, generally short, and often intermittent

— this is particularly true for the ocean.

The ocean covers 71% of Earth’s surface and contains 97% of Earth’s water. With 50 times as
much carbon and 1000 times as much heat capacity as the atmosphere, the ocean plays a
dominant role in moderating the temperature of the earth at various timescales (Schmitt, 2018,
and references therein). Over the past few decades, the ocean has absorbed over 90% of the
global warming induced by carbon emissions (e.g., Trenberth et al., 2014; Wijffels et al., 2016).
In addition to its central role in our climate system, the ocean is also a crucial source of food
and ecosystem services, on which the livelihood of a large part of humankind depends (e.g.,
Cheung et al., 2010).

Despite its essential role in regulating global climate, the ocean has often been
underrepresented in climate action and sustainability plans in the past decades. However, the
most recent version of the Paris Agreement calls for a focus on ocean research (UNFCCC,
2021), and UNESCO has declared 2021-2030 to be the “United Nations Decade of Ocean
Science for Sustainable Development” (IOC-UNESCO, 2021). While the scientific community

has made great progress in expanding ocean observations in the past 30 years (Schmitt, 2018,
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and references therein), the lack of long-term observations is a significant barrier to our
understanding of the ocean’s role in the natural variability of the coupled ocean-atmosphere
climate system. There is, however, an increasingly significant approach to extending ocean
measurements back in time: this is the use of reconstructions based on proxy data from natural

(biogenic and sedimentary) marine archives.

1.1 North Atlantic climate

The North Atlantic region is a key component of the global climate system. Deep-water
formation in the northern North Atlantic and Arctic seas is a major driver of the global
meridional overturning circulation, often referred to as the “global conveyor belt”. The Atlantic
sector of this meridional overturning circulation (AMOC) plays a crucial role in the global
redistribution of heat, carbon, and nutrients, and has been implicated in abrupt climatic shifts
(e.g., Buckley and Marshall, 2015). The exact mechanisms of the AMOC have not yet been
resolved, but they are thought to be a combination of both vertical mixing processes and wind-
induced upwelling (Kuhlbrodt et al., 2007; Rahmstorf, 2015; Toggweiler and Key, 2001). The
vertical mixing component of the circulation is described in the concept of “thermohaline
circulation”, a term that has been widely used in oceanographic literature for the past 100 years
(e.g., Defant, 1929). The key features of the overturning circulation are (1) deep-water
formation, (2) deep water currents, (3) upwelling of deep waters, and (4) spreading of surface
and sub-surface waters through near-surface currents. A very simplified overview of these key
features in the AMOC can be described as follows: (1) As warm surface waters move
northward, they become denser through heat loss and sea ice formation, which causes them to
sink and form the North Atlantic Deep Water (NADW) limb of the AMOC. Important areas
for deep-water formation in the North Atlantic are the Greenland Sea and Norwegian Sea to
the east, and the Labrador Sea to the west. (2) The dense, cold, and nutrient-rich NADW flows
southward and (3) is subject to upwelling along the way, most notably in the Antarctic region.
(4) Surface or near-surface currents flow northward, eventually losing heat and becoming
denser and forming NADW, thus closing the flow. One of the most important surface currents
is the North Atlantic Current (NAC) (Lozier et al., 1995; Rossby, 1996). Originating in the
western half of the North Atlantic, the NAC flows northeastward, divided in several branches,

toward the Iceland Sea and the Greenland and Norwegian seas. The NAC is unique in the sense

3
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that it transports warm waters to much higher latitudes than any other western boundary current
(Rosshy, 1996). This heat transport by the NAC, in combination with westerly winds, has an
ameliorating effect on European climate (Seager et al., 2002). Current strength, variability, and
position is strongly associated with the North Atlantic Oscillation (NAO), the dominant pattern
of atmospheric variability in the North Atlantic region (Hurrell et al., 2003; Visbeck et al.,
2003). The paradigm of the NAO describes the variability in atmospheric circulation resulting
from relative changes in pressure between the “Azores high” (a large region of relatively high
atmospheric pressure) and the “Icelandic low” (a low-pressure region); these pressure
differences are most pronounced during the cold months of the year. During a positive NAO
phase, the pressure difference between the two regions is higher than on average, which results
in strong westerly winds, mild and wet winters, and a storm track positioned over the British
Isles. During a negative NAO phase, the pressure difference is relatively low, resulting in cold
and dry winters in northwest Europe, with predominantly easterly winds, and a southward-
shifted storm track. The NAO and the ocean interact with each other with varying lead—lag
relationships and can be linked to the multidecadal variability in North Atlantic sea surface
temperatures (SSTs), sometimes referred to as the Atlantic Multidecadal Oscillation (AMO)
(Drinkwater et al., 2014; Knight et al., 2006). The complex nature of these interactions is still

poorly understood and sometimes contested (Clement et al., 2016, 2015; Zhang et al., 2016).

In addition to the main North Atlantic basin, shelf seas are an integral part of the North Atlantic
region. Shelf sea waters are in constant exchange with the open ocean, and are
disproportionately important for primary production and the sequestration of atmospheric
carbon (Chen et al., 2013). Thus, understanding of the dynamics and natural variability of the
Atlantic circulation and its interactions with the adjacent shelf seas is a significant component
of our understanding of past and future climate changes. The present work focusses on
variability of the western Scottish shelf in particular. A more comprehensive introduction to

the hydrography of the shelf is provided in Chapter 2.
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1.1.1 North Atlantic climate in the 4t millennium BP

North Atlantic SSTs have been decreasing since 5700 yrs before present (BP), which is
generally linked to an orbitally forced decrease in solar irradiance (e.g., Marchal et al., 2002).
However, SST trends and variability in the late Holocene are temporally and spatially
heterogeneous, due to processes in the different limbs of the AMOC and regional ocean-
atmosphere feedbacks (e.g., Moffa-Sanchez et al., 2014; Solignac et al., 2008). In the fourth
millennium BP, solar activity was relatively low, with a strong negative excursion noted at ca.
3400 cal yrs BP (Steinhilber et al., 2012, 2009). The atmospheric conditions in the fourth
millennium BP are thought to have been dominated by a weakly positive NAO with several
negative phases (Goslin et al., 2018; Olsen et al., 2012; Orme et al., 2017). A low-to-negative
NAO is associated with a southward-shifted storm track and a southward-shifted and weaker
NAC (Curry and McCartney, 2001; Taylor and Stephens, 1998). However, reconstructed long-
term trends of the NAO and storm track positions cannot provide a full picture of their high-
frequency variability. For example, aeolian sediment reconstructions from the Outer Hebrides,
Scotland, indicate strong westerly wind activity at ca. 3300 cal yrs BP (Gilbertson et al., 1999;
Orme et al., 2016), which could have caused increased Atlantic inflow on the Hebrides Shelf
(see Chapter 2).

1.1.2 Studying past marine variability

Traditional palaeoceanographic studies have mainly focussed on changes over millennia (e.g.,
Lynch-Stieglitz et al., 2007). While terrestrial records tend to be more highly resolved due to
fast sedimentation rates, marine records of equivalent resolution are rather scarce (Charman
and McCarroll, 2010). However, modern instrumental observations of the AMOC show
pronounced changes in the system on decadal scales, and these play a major role in the decadal-
scale variability of North Atlantic climate (Robson et al., 2014; Smeed et al., 2018). Modern
observations are sparse, usually intermittent, and only cover the last few decades. The RAPID
programme provides the longest continuous observation of the strength and structure of the
AMOC via an array of moorings that spans the entire Atlantic basin at 26° N; however, even
this record only dates back to 2004 CE (www.rapid.ac.uk/rapidmoc). Thus, a dense network of
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proxies for past high-frequency variability of the AMOC is required to complement existing
records of past climatic changes and to build a bridge to modern observations (Ninnemann and
Thornalley, 2016). Focussing in on the British Isles specifically, hydroclimatic variability in
the late Holocene has predominantly occurred on the decadal-to-centennial scale, with strong
links to changes in North Atlantic ocean circulation (Charman, 2010; Swindles et al., 2013).
Hence, to investigate and constrain marine-terrestrial relationships further, highly resolved
marine records are needed, which is where the sclerochronological archives presented here

come in.

1.2 Sclerochronology

Sclerochronology ... Greek skleros (hard), khronos (time), logia (study of)

It has long been known that mollusc shells and other biominerals may exhibit periodic layers
that provide information on the life history of the organism. An early mention of this can be
found in Aristotle’s “History of Animals”, written over 2300 years ago (Aristotle,
ca. 350 BCE/1910). Many centuries later, Leonardo da Vinci noted that we can count “(...) in
the shells of cockles and snails, the years and months of their life, as we do in the horns of bulls
and oxen, and in the branches of plants (...)” (da Vinci, 1510/1970). By the 20" century,
technology and scientific methods had advanced sufficiently for scientists to (1) accurately age
and date organisms based on their calcified growth structures, (2) quantify the variability in
growth throughout their lifetime, and (3) extract environmental information based on their

geochemical properties.

The term “sclerochronology” was coined in a study on coral skeleton by Buddemeier et al.
(1974) and reflects the analogy to the long-established field of dendrochronology. However,
while dendrochronology specifically refers to the dating and study of growth variation based
on tree rings, the term sclerochronology is commonly used in a wider sense, representing both
the study of growth variation and the study of geochemical composition within the skeletal

matrix (sometimes referred to as sclerochemistry). The most recent definition of
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sclerochronology was formulated at the 1 International Sclerochronology Conference in St.
Petersburg, FL, USA, in 2007 as “the study of physical and chemical variations in the
accretionary hard tissues of organisms, and the temporal context in which they formed (...)”
(Oschmann, 2009). The studied structures include coral skeletons (e.g., Hudson et al., 1976;
Knutson et al., 1972), mollusc shells (e.g., Jones, 1980; Surge et al., 2013), otoliths (e.g.,
Campana, 1999; Devereux, 1967), coralline algae (e.g., Halfar et al., 2000), and statoliths (e.qg.,
Hollyman et al., 2018), among others. The focus may be on the life history of the studied

specimen, or on the history of the environment that the specimen lived in.

The diversity and global distribution of sclerochronological archives entails that they can be
used to study environmental changes in many different environments across all climate zones.
Coral studies were long dominating high-resolution marine climate research, leading to a bias
towards tropical and subtropical regions. In recent decades, marine molluscs — and to a lesser
extent coralline algae — have become more and more prominent as climate archives in
extratropical environments. Bivalves, in particular, have emerged as the most widely used
sclerochronological archive for past climate in mid- to high latitudes (e.g., Jones, 1983; Schéne
et al.,, 2005). The annual growth bands in long-lived bivalves reflect the environment the
animals live in and can be crossmatched between specimens to construct multicentennial
chronologies (e.g., Butler et al., 2010). The North Atlantic is a hotspot for sclerochronological
research of past marine climate, with Arctica islandica being the dominating species in the
literature (e.g., Butler et al., 2013, 2010; Schone et al., 2005; Wanamaker, Jr. et al., 2011;
Witbaard et al., 1997). Other taxa of long-lived bivalves increasingly used in
sclerochronological studies include Glycymeris in the North Atlantic and adjacent seas (Brocas
et al., 2013; Buseli¢ et al., 2015), Tridacna in the Indo-Pacific (Elliot et al., 2009; Warter and
Miiller, 2017), and Panopea generosa (Pacific geoduck) in the northeastern Pacific (Black et
al., 2009; Strom et al., 2005).

A brief historical overview of “firsts” in bivalve sclerochronology

The idea to correlate shell growth patterns between different specimens was first introduced by
Clark (1968), in a study on surface striae in Pecten diagensis. A decade later, Jones and
Thompson led ground-breaking research by sectioning shells and studying the internal growth

patterns of Spisula solidissima and Arctica islandica (Jones, 1981, 1980; Jones et al., 1978).

7
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This work provided the methodological basis for bivalve sclerochronology and the application
of dendrochronological statistical techniques to standardize ontogenetic growth trends in shells
(Jones, 1981). This was also the point at which Arctica islandica was established as a
sclerochronological archive (Jones, 1980; Thompson and Jones, 1977; Thompson et al., 1980).

A glimpse into the development of this early work is provided in Jones (1983).

About 20 years later, Witbaard et al. (1997a) published a 110-year chronology built with A.
islandica from the North Sea, marking the first centennial-scale A. islandica chronology. While
this chronology was built with live-collected specimens (Witbaard et al., 1997a), Marchitto et
al. (2000) were the first to incorporate dead-collected shells into a chronology, and postulated
that a 1000-year chronology would be feasible. Today, we know this to be true — thirteen
years after the study by Marchitto et al. (2000), Butler et al. (2013) published a 1357-year
chronology built with A. islandica from the North Icelandic Shelf. This proved that bivalves
can be used to construct millennial-scale, absolutely dated, annually resolved, replicated
records of past marine variability (Butler et al., 2013). However, if dead-collected shells can
be crossmatched with live-collected material, it should also be possible to build chronologies
exclusively with fossil shells. This would result in “floating” chronologies, i.e. chronologies
that are not anchored in time and therefore are not assigned absolute calendar dates. Indeed,
Scourse et al. (2006) provided a proof of concept when they built the first floating bivalve
chronology using fossil A. islandica from the North Sea, which at the same time was the first
floating chronology built entirely with marine fossil material.

Temperature reconstructions using 320

Pioneering work by Harold C. Urey and colleagues laid the foundations for temperature
reconstructions based on oxygen isotope values (8*30) in calcium carbonates (Epstein et al.,
1953; Urey, 1947; Urey et al., 1951). Today, §*80 is still the most widely used proxy for past
ocean temperatures. When applied to the highly resolved layers in sclerochronological
archives, and assuming the 830 of the ambient water is known or can be estimated, 520 values
can be used to reconstruct environmental temperature variability and/or life history of the
studied organism (e.g., Devereux, 1967; Weidman et al., 1994).

In this thesis, 'O (with a subscript “c”) is used to refer specifically to 580 in shell carbonate.
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Dating uncertainty and replication in sclerochronological records

When live-collected specimens are incorporated into a chronology, the absolute calendar year
of each annual band is known and, through accurate crossmatching, dating uncertainties within
the record can be virtually eliminated (Black et al., 2019). However, when working with fossil
shells, it is not always possible to incorporate live-collected specimens into the chronology.
Instead, as mentioned above, crossmatched fossil shells build a “floating chronology”, which
is not anchored in time (Scourse et al., 2006). While this means that dating uncertainty of the
overall time series is still a limiting factor in floating chronologies, the growth series are
annually resolved and, most importantly, replicated. Thus, floating chronologies provide

valuable and robust high-resolution records of past environmental variability.

1.3 Target species

The research in this thesis is based on specimens of two bivalve species, Arctica islandica and
Glycymeris glycymeris. While A. islandica is the most widely used bivalve in
sclerochronological palaeoclimate studies and has been the target of research for several
decades, G. glycymeris emerged as a marine climate archive less than ten years ago (Brocas et
al., 2013; Reynolds et al., 2013; Royer et al., 2013). Both species have proven to be reliable
recorders of past marine variability and suitable for crossmatching, and their habitat

preferences complement each other.

1.3.1 Arctica islandica (Linnaeus, 1767)

With a maximum recorded lifespan of 507 years, Arctica islandica (common names: ocean
quahog, Icelandic clam), is the longest-living animal of which the exact age has been
determined (Butler et al., 2013). A. islandica is a boreal species that is widely distributed on
the eastern and western continental shelves of the temperate and boreal North Atlantic
(Dahlgren et al., 2000, and references therein). It has been found at depths of 4 m to 256 m,
where it lives buried in fine sediments, preferably mud or sand (Morton, 2011; Thorarinsddttir

9
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and Einarsson, 1996). The cross-lamellar shell of A. islandica is close-to-circular and covered
in periostracum, an organic layer that protects the shell from dissolution and microbial activity
(Schone, 2013).

A. islandica are categorised as suspension filter feeders or as deposit feeders, and possess
relatively short siphons; food intake occurs therefore at the water-sediment interface (Morton,
2011; Schone, 2013, and references therein). Once buried, A. islandica stay practically
motionless, close to the surface (Morton, 2011). They can, however, burrow several
centimetres into the substrate, where they intermittently stay between one and seven days and

respire anaerobically (Taylor, 1976).

A. islandica is without a doubt a valuable archive of marine environmental variability, as is
shown by its prominent role in extratropical sclerochronological literature. A review of A.

islandica as a palaeoenvironmental archive is provided by Schone (2013).

1.3.2 Glycymeris glycymeris (Linnaeus, 1758)

Previous studies have demonstrated that the long-lived bivalve Glycymeris glycymeris
(common name: dog cockle) is a potential target for reconstructing climate variability in the
North Atlantic region (Brocas et al., 2013; Reynolds et al., 2013). G. glycymeris can live for
almost 200 years (Reynolds et al., 2013) in shallow shelf seas off northwest Africa and Europe
at depths up to 100 m (Hayward and Ryland, 1995; Thomas, 1975). G. glycymeris is a
rheophilic species, i.e. it inhabits environments with much water movement, and often occurs
in sparse, tide-swept areas (Holme, 1966). Although they may occur in muddy sediment
(Tebble, 1966), G. glycymeris prefer gravel, gravelly sand or sand (Thomas, 1975, and

references therein).

Glycymerids are slow and relatively inefficient burrowers; however, they are able to move
around considerably on the surface, due to their “exceptionally muscular foot” (Thomas, 1975).

Thomas (1975) argued that the circular shape of Glycymeris indicates an evolutionary need for

10
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high mobility, as this shape allows the animal to rock back and forth and thereby move faster.
G. glycymeris has a very thick cross-lamellar shell that is penetrated by many microscopic
channels, i.e. microtubuli (Bohm et al., 2016; Crippa, 2013). The outer shell layer consists of
simple crossed lamellae, and a “zebra pattern” is visible on the outside of the shell under the

periostracum (Crippa, 2013) (see Figure 3.3 in Chapter 3).

Shell growth occurs synchronously among specimens or populations that are exposed to the
same environmental factors, which renders sclerochronological studies possible (Brocas et al.,
2013; Reynolds et al., 2013). Growth lines are formed each year when shell growth slows down
drastically shortly after the temperature peak (Berthou et al., 1986; Reynolds et al., 2017).
Studies from the Irish Sea showed that G. glycymeris chronologies (Brocas et al., 2013) seem
to be more strongly correlated with SSTs than A. islandica chronologies (Butler et al., 2010)

in this region.

1.3.3 Annual growth increments

Whether shell growth continues at a very slow rate throughout the “off season” or ceases
completely at one point is not known, but any information that might be stored in the annual
lines is inaccessible to current sampling techniques. Consequently, “annual” G. glycymeris and
A. islandica growth series do not represent the entire year but are instead biased towards the
warmer months of the year. This seasonal bias is a common characteristic of bivalve
chronologies at mid- to high latitudes (Killam and Clapham, 2018), and is usually regarded as
a limitation. However, many climatic patterns and shifts result from processes that are also
seasonally biased, and annual averages of past climatic and environmental conditions mask
such seasonal-scale variability. Thus, seasonal bias in the growth series can potentially be used
as an asset when the exact timing of the growth season is known. The growth season can be
determined through sub-annual oxygen isotope samples of the shell carbonate (§'80c), which
are calibrated against instrumental temperature records (e.g., Weidman et al., 1994).
Furthermore, the sub-annual $*8Q; series can provide insight into inter-annual variability of the

respective growth season through time (Schone and Fiebig, 2009; Wanamaker et al., 2011)

11
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1.4 Scope and aim of this thesis

Background and author’s note

The original main objective of my PhD project was to develop a modern chronology for
St Kilda covering the past 200-300 years or more. We expected to find Arctica islandica during
the research cruise in 2014, since records of this species had previously been recorded for this
site (National Biodiversity Network; nbn.org.uk). This chronology was intended to
complement other chronologies that were being built at the same time, off the Faroe Islands
and northern Norway (the site was later changed to Viking Bank, North Sea), as part of an EU-
funded Marie [Sklodowska] Curie Initial Training Network. These sample sites were
strategically placed along a south-north gradient and in different environments influenced by
the various branches of the North Atlantic Current. However, the scope of a study that is based
on field work and natural archives is ultimately determined by what we find. In the present
case, our research cruise yielded an unexpected, yet exciting collection — no A. islandica were
found, but instead several hundred valves of G. glycymeris, of which there were no previous
records at this site. A second, even bigger, surprise came when radiocarbon dating indicated
that these shells, which were in very good condition, had in fact died over 3000 years ago.
Modern A. islandica were later collected during a subsequent diving campaign, but by that

time, the main scope of this thesis had shifted towards the fossil material (Chapter 5 and 6).

1.4.1 Scope and context

Natural archives and proxy records are needed to study natural variability, establish baselines,
and advance our understanding of the marine system. Recent and ongoing debate about trends
and variability in AMOC strength shows the need for high-quality proxy data that allow us to
study this system at various spatial and temporal scales (see Kilbourne et al., 2022, in response
to Caesar et al., 2021). While sclerochronological records have limitations when it comes to
capturing low-frequency variability, they can be combined with other proxies, e.g., sediment
cores, into composite records that reflect ocean variability more accurately (e.g., Cunningham
et al., 2013; Reynolds et al., 2018). The bivalve chronologies presented in this thesis are part
of a larger, growing network of sclerochronologies in the North Atlantic (e.g., Bonitz et al.,

12
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2017; Mette et al., 2021; Reynolds et al., 2017; Wanamaker et al., 2011). As such, this work
provides an important piece of the overall puzzle and contributes to our knowledge of this

complex system.

The location of St Kilda, in particular, makes the records presented in this thesis unique. Highly
resolved proxy series have been published for the inner western Scottish shelf; a 200-year G.
glycymeris chronology was constructed for the Tiree Passage (Reynolds et al., 2017; Reynolds
et al., 2013) and a decadal-scale record of marine variability covering the last millennium was
constructed with benthic foraminifera from Loch Sunart (Cage and Austin, 2010). Similar
records are, however, missing for the outer western Scottish shelf. As will be discussed in
Chapter 2 and further demonstrated in Chapter 4, the hydrography of the outer shelf differs
considerably from that on the inner shelf, as conditions are more marine and less impacted by
coastal influences. The western Scottish shelf exchanges water with the open ocean via Atlantic
inflow and downwelling (see Chapter 2). Being located far out on the shelf, St Kilda is thus
considered a suitable site to study the variability of North Atlantic climate. Furthermore,
records from shelf seas are tightly coupled with the adjacent terrestrial environment, which

provides exciting opportunities to study marine-terrestrial interactions.

1.4.2 Aim and objectives

The overall aim of this work is to provide a characterisation of past marine variability in the

late Holocene on the western Scottish shelf using sclerochronological methods.

The following objectives were conceived to achieve this aim:

e to build centennial-scale sclerochronologies for St Kilda using
o fossil G. glycymeris shells dated to the 4" millennium BP and
o live- and dead collected modern A. islandica
e to determine the growth season of these bivalves through sub-annual 580 sampling

e to calculate past seasonal and average seawater temperatures based on 80
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e to test whether seasonality and seasonal temperature range differs between the 4"
millennium BP and today
e to analyse the modern chronology and investigate how it relates to environmental

variability

1.5 Thesis structure

This thesis is written in traditional format and consists of one general introduction (current
chapter), one introductory chapter about the oceanographic setting (Chapter 2), one chapter
introducing the methods and materials used (Chapter 3), four results chapters including
chapter-specific discussion (Chapter 4-7), and the final chapter summarising the main findings
and conclusions (Chapter 8). I chose to write this thesis in monograph style because it better
represents the way in which the results were obtained — each chapter builds on the previous

ones. An overview of the chapters is given below.

Chapter 1 — General introduction

Chapter 2 — Oceanography, geology, and biology of St Kilda

This chapter provides an introduction to the oceanography, geography, and biology of St Kilda.
The chapter starts out with a general overview of the oceanographic setting and describes the
Atlantic inflow, shelf—ocean exchange, and shelf currents that influence the western Scottish
shelf. The most important temperature datasets available for the outer western Scottish shelf
are then introduced. The last section of the chapter focusses on St Kilda specifically and
provides insight into what makes this location special — the offshore setting, geological and
physical characteristics, the harsh and stormy environment, and its (former) human and animal

inhabitants.

Chapter 3 — Material and methods

This chapter introduces the shell material and all methods used in subsequent results chapters.
The outline of this chapter follows the structure of the overall thesis; it begins by describing
the methods used to test which instrumental data are most appropriate, followed by an

introduction to the shell material. Then, the methods used for shell processing, increment
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measuring, chronology construction, and analysis are described. After that, radiocarbon dating
techniques and analyses as well as Raman spectroscopy, used to evaluate the fossil shell
material, are explained. Lastly, sub-annual and annual oxygen isotope sampling methods and
analysis are described.

Chapter 4 — Evaluating in-situ and gridded surface temperature data

This is a brief chapter that builds on the introduction to the hydrography of the western Scottish
shelf in Chapter 2. Due to the lack of local data at St Kilda and the intermittent nature of in-
situ data on the outer western Scottish shelf in general, gridded temperature data are used for
comparisons with proxy data in this thesis. Chapter 4 investigates the question which of three
data products (OISSTv.2, ERSSTv.5, HadlSST1) is the most skilful at representing regional
SSTs on the outer shelf by comparing them to available (yet scarce) in-situ temperature series.

Chapter 5 — Radiocarbon dates and taphonomy

This chapter lays the foundation of the sclerochronological work of this thesis. The shell
material that is later used to build chronologies (see Chapter 6) is described here in detail. The
majority of the shell material consisted of fossil G. glycymeris and modern A. islandica. In
addition, ten live, albeit young, G. glycymeris were found. In all, 308 specimens were
measured, weighed, and their condition was assessed. A scoring system was applied to
systematically evaluate five taphonomic variables — the condition of periostracum, ligament,
margin, and nacre, and the level of bioerosion. Fourteen fossil G. glycymeris were radiocarbon
dated, whereof 12 were assigned dates in the 4™ millennium BP; the other two shells yielded
younger dates. The fact that approximate dates were known for these 14 shells provided a good
opportunity to investigate whether any relationship could be found between how much time
had passed since their death and the condition they were in, using the taphonomic scoring

system mentioned above.

Chapter 6 — Master chronologies and sub-annual oxygen isotopes: growth variability,
growth season, and seasonal temperatures in the late Holocene

This chapter represents the core of the sclerochronological work of this thesis. Two floating

chronologies built with fossil G. glycymeris (referred to as the Misfits chronology and the

St Kilda Seven chronology), and one modern chronology built with live- and dead-collected A.

islandica are introduced. Statistics and frequency domain analyses are presented for each of
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the three chronologies. A Bayesian chronological model was used to constrain the radiocarbon

dates of the St Kilda Seven fossil chronology, placing it at 3500-3300 cal yr BP.

In the second part of this chapter, the growth season for G. glycymeris and A. islandica is
established through sub-annual §*80c profiles, and seasonal and average seawater temperatures
are calculated for the fossil shells from 3500-3300 cal yr BP and compared to modern

conditions.

Chapter 7 — The modern Arctica chronology and other data: environmental records,

spatial correlations, and Soay sheep

The final results chapter focusses on the modern chronology built with A. islandica shells
collected during a diving campaign in 2016. The Arctica chronology that was introduced in
Chapter 6 is now compared to local, regional, and basin-wide environmental and biological
proxy data. Correlations with climate indices and local food web dynamics are discussed, with

special focus on plankton and Soay sheep.

Chapter 8 — General discussion

This chapter provides a brief summary of the four results chapters (Chapter 4-7) before
discussing the limitations of §'30¢-based temperature reconstructions and presenting the main
conclusions. The chapter ends with suggestions for future research directions and

complementary studies at St Kilda.

Parts of this thesis have been published in:

Alexandroff, S.J., Butler, P.G., Hollyman, P.R., Schone, B.R., Scourse, J.D., 2021. Late
Holocene seasonal temperature variability of the western Scottish shelf (St Kilda)
recorded in fossil shells of the bivalve Glycymeris glycymeris. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 562, 110146. https://doi.org/10.1016/j.palae0.2020.110146

| have the rights to reuse the figures, tables, and text in this thesis.

The text and results figures throughout this thesis, including the parts previously published in

the paper cited above, are my own and original work. The only exception is Figure 5.2, which
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was provided by my co-author Dr Philip Hollyman, who performed the Raman spectrometry
analysis in the fossil shells (see sections 3.5 and 5.2.2). Dr Hollyman also helped draft early
versions of the text in sections 3.5 (Raman spectrometry methods) and 5.2.2 (Raman
spectrometry results), which were subsequently revised by me. My co-authors of the cited

paper provided helpful comments, corrections, and suggestions to improve it.
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Oceanography, geology, and biology of
St Kilda
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Chapter 2 — Oceanography, geology, and
biology of St Kilda

2.1. Introduction

The western Scottish shelf is a highly complex system affected by both coastal and oceanic
influences. The Atlantic water on the shelf has its origin in the European Slope Current (see
Section 2.2), which in turn consists of similar water masses to those in the upper layers of the
Rockall Trough (Figure 2.1a). The main contributor to water composition in the Rockall
Trough is the relatively warm and saline Eastern North Atlantic Water (ENAW), entering from
the south. In addition, albeit in smaller quantities, relatively cool and fresh Western North
Atlantic Water (WNAW) is advected to the trough via the North Atlantic Current. Lastly, North
Atlantic Water (NAW) from the European Slope Current also mixes with the upper layers in
the Rockall Trough. It is known that salinity, temperature, and nutrient contents in the upper
waters of the Rockall Trough are subject to multiyear variability that is distinguishable from
seasonal variability (Holliday, 2003; Holliday et al., 2000; Johnson et al., 2013). Interannual
variation of temperature is of the order of £0.5 °C, while that of salinity is £0.05 (Holliday,
2003; Holliday et al., 2000). This variability is influenced by a dynamic system of different
atmospheric and oceanic indicators, of which the exact driving and forcing mechanisms have
yet to be disentangled (Hughes et al., 2012). It is, however, evident that the North Atlantic wind
stress field and the strength of the Subpolar Gyre (SPG) play an important role in the
hydrographic variability of the Rockall Trough (Holliday, 2003; Holliday et al., 2008; Hughes
et al., 2012). A strong SPG circulation is thought to increase inflow of fresh and cool WNAW,
whereas a weak SPG results in warmer and more saline upper waters as the dominance of
ENAW becomes stronger (e.g., Hatln et al., 2005; but see Foukal and Lozier, 2017).

It is thought that the western Scottish shelf is subject to similar interannual variability (e.g.,
Inall et al., 2009). However, explaining the temporal and spatial variability on the shelf, and its
interactions with the open ocean, has proven difficult (Jones, 2016; and references therein).
The western Scottish shelf is particularly complex, due to the interplay of different currents
coupled with a convoluted coastline, and it presents a strong longitudinal gradient in
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temperature and salinity (e.g., Ellett, 1979; Inall et al., 2009; Jones, 2016). At ca. 55.5° N, a
portion of the European Slope Current branches off and flows onto the Malin Shelf, forming
the Atlantic Inflow Current, which supplies the shelf with saline and nutrient-rich water (see

Section 2.3.1). The Scottish Coastal Current, on the other hand, carries fresher shelf water

northwards, providing the entire western Scottish shelf with coastal influences (see Section
2.3.2; Figure 2.1).
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Figure 2.1: Western Scottish shelf and location of St Kilda, Scotland. (A) Overview map. Colours indicate
bathymetry according to the legend to the right. Land masses are labelled with “I”” = Ireland, “GB” = Great Britain,
“F” = Faroe, “Sh” = Shetland. Abbreviations: Hebrides = Hebrides Shelf, Malin = Malin Shelf, F-Sh Channel =
Faroe-Shetland Channel. The black rectangle indicates the location of the detail shown in map B. (B) Detail of
map A. Sample location (black star) at St Kilda, Outer Hebrides, Scotland. The yellow arrows indicate the
approximate circulation of the Scottish Coastal Current (SCC). The dark blue arrows indicate the flow of the slope
current (SC) and Atlantic Inflow Current (AIC) transporting Atlantic water. The light blue arrow indicates the Irish
Coastal Current (ICC). Background colours denote bathymetry according to the legend to the right. Depth contours
for the shelf margin and open ocean are drawn in black lines. The shelf margin is indicated by depth contours
starting from 200 m. Approximate positions of currents were taken from Inall et al. (2009), Turrell et al. (1996),
and Porter et al. (2018).The dashed red line denotes the Islay Front (Simpson et al., 1979). NC = North Channel,
SM = South Minch, LM = Little Minch. Land masses are labelled with “Scotland”, “SK” = St Kilda, “I” = Ireland,
and “NI” = Northern Ireland. (Ocean Data View; Schlitzer, 2020)

Atlantic water dominates on the outer shelf at depths below 100 m (Bailey et al., 2011; Painter
et al., 2016). At shallower depths, the Atlantic signal weakens, and further inshore, the system

is predominantly influenced by the coastal waters. Salinities decrease and temperatures

20



Chapter 2 — Oceanography, geology, and biology of St Kilda

increase from the shelf edge to the inner coastline (Painter et al., 2016; see Figure 2.2).
Temperature shows a strong seasonal cycle on the shelf similar to the cycle in the Rockall
Trough. However, the amplitude is higher near the coast than on the outer shelf and at the shelf
edge (Inall et al., 2009). Annual temperature cycles at depth depend on whether and to what
degree waters are stratified. On the inner Scottish shelf, the sea is generally well mixed
throughout the year, due to strong tidal mixing in shallow water. Here, bottom water
temperatures follow a similar annual cycle as sea surface temperatures. On the outer shelf,
however, the sea is deeper, and tides are weaker; surface heating in spring and summer leads
to a decrease in density in the upper layer and the formation of a thermocline. Water masses
beneath the thermocline present an attenuated annual temperature cycle, with a slower warming
during spring and summer. In autumn, wind stirring causes heat from the surface to mix with
the deeper layers (Ellett and Edwards, 1983).

Several studies have suggested that strong westerly winds cause increased Atlantic inflow to
the shelf (e.g., Burrows et al., 1999; Inall et al., 2009). Jones et al. (2018) studied the variability
in salinity on the western Scottish shelf to trace the different currents influencing this area. The
authors found that the western Scottish shelf is a highly variable environment, which is
especially true for the inner shelf, where interannual salinity anomaly is considerable (see
Figure 2.3, adapted from Jones et al. 2018). Jones et al. (2018) also concluded that the
hydrographic state can switch quickly from Atlantic-water dominance to coastal-water
dominance, and vice versa, following strong wind events. In a state of strong westerly winds,
the inner shelf sea may be composed of 62% Atlantic water and 38% coastal water on average,
while during prevailing easterly winds, the mix may be made up of 6% Atlantic water and 94%
coastal water on average (Jones et al., 2018). These numbers were calculated for the inner
Malin shelf and will likely be different on the outer shelf, where interannual salinity anomaly
is smaller (Figure 2.3, Jones et al. 2018). However, they clearly demonstrate the variable nature
of the shelf system west of Scotland.

The amount of oceanic water that is advected onto the shelf has important effects on the
ecosystem (e.g., Adams et al., 2013; Gowen et al., 1998; Reid et al., 2001; Whyte et al., 2014).
Primary productivity is limited by nitrate and phosphate (Smith et al 2014); the main source of
these nutrients on the shelf is the open ocean (Proctor et al., 2003). Thus, studying the influx
and distribution patterns of these nutrients is a prerequisite for understanding biological
processes on the shelf. Section 2.3.2 explains the role of the Atlantic Inflow Current in nutrient
supply specifically.
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Figure 2.2: Surface contour map showing average temperature (left) and salinity profiles (right) in
October/November 2014, adapted from Painter et al. (2016). The approximate position of St Kilda is marked
by a star. The shelf edge at the latitude of St Kilda is indicated by a dashed line. Please note that salinity is
given in g/kg, while practical salinity is used in the main text of this thesis.

St Kilda (Lat: 57.82° N, Long: 08.59° W; Figure 2.1b) is located on the Hebrides Shelf, a
region of the western Scottish shelf at a latitude of ca. 56° N to 60° N (see Figure 2.1a). In this
thesis, “Hebrides Shelf” refers to the outer portion of the shelf only (excluding the Minch),
which is bordered by the Outer Hebrides island chain to the east and the Rockall Trough to the
west. The maximum depth of the Hebrides Shelf sea is ca. 200 m; the adjacent Rockall Trough
reaches a depth of 2000 m at this latitude. To the south lies the Malin Shelf (see Figure 2.1a).
While the Hebrides Shelf only accounts for ca. 7% of the overall NW European continental
shelf, it plays an important role in water—-mass exchange between the open ocean and the
continental shelf (Painter et al., 2016). The role of the Hebrides Shelf as a carbon sink is

explained in Section 2.2.1.
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Figure 2.3: Hovméller plot of the surface salinity along the Ellett line stations, adapted from Jones et al. (2018).
SE = Shelf edge (Station R); Heb = southern tip of the Outer Hebrides, TPM = Tiree Passage Mooring site. The
black star indicates Ellett station 15G, located at the same longitude as St Kilda, 100 km to the south. (A) Surface
salinity through time. (B) Surface salinity anomaly through time.

2.2 The slope current and shelf-edge exchange

The European Slope Current (hereafter simply called “slope current”) flows poleward for
1600 km along the continental shelf break, from the Goban Spur to north of the Shetland
Islands (Burrows and Thorpe, 1999; Pingree et al., 1999; Souza et al., 2001). The slope current
is of similar origin to the upper waters in the eastern Rockall Trough and its characteristics and
variability can therefore be considered as the same as that of the Rockall Trough (see Section
2.1 above). However, it should be noted that the water in the slope current (NAW) is slightly
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warmer, saltier, and less dense than the otherwise very similar ENAW at the latitude of the
Rockall Trough (Holliday et al., 2000; Johnson et al., 2013).

The driver of the slope current is the north-south density gradient resulting from the decrease
in temperature in the upper water column with increasing latitude. As a typical slope current,
it is controlled by a process known as the Joint Effect of Baroclinity and Relief (JEBAR,;
Huthnance, 1984; Souza et al., 2001), and thus bathymetrically controlled. The current flows
between the 200 m and 900 m isobaths, with its high-salinity core situated above the 200—
300 m isobaths. It is a steady barotropic current, i.e. its poleward flow is a consequence of
density change as well as the sloping topography (Pingree et al., 1999; Souza et al., 2001). Due
to its strong and steady flow along the steep edge, the slope current acts as an insulator to
exchange between the ocean and the continental shelf (Pingree et al., 1999; Souza et al., 2001).
Notwithstanding this insulating effect, there are several processes through which water masses
are exchanged between the open ocean and the shelf. The slope current is subject to temporal
and spatial “weak points”, in which leakage occurs. Firstly, while the current is the strongest
in winter, the poleward flow becomes weaker in other seasons, and might even be reversed (i.e.
equator-ward) in the early spring (Pingree et al., 1999). Secondly, abrupt topographical changes
in the slope lead to a breakdown of the current, and thus oceanic water intrudes onto the shelf
(Pingree et al., 1999). Most importantly, the slope current itself is an integral part of the shelf—
ocean exchange that takes place through downwelling processes — the poleward-flowing
current and the prevailing wind direction generate on-shelf transport of oceanic surface water
as well as local Ekman drains from the shelf down the slope (Holt et al., 2009; Simpson and
McCandliss, 2013; Souza et al., 2001). Further downwelling occurs through winter cascades,
where deep saline water cools down during winter, becoming denser and consequently forming
a gravity current (Shapiro et al., 2003; Shapiro and Hill, 1997). Drifters released by Burrows
and Thorpe (1999) crossed the Hebrides Shelf edge at several locations, confirming dispersion

and cross-shelf fluxes.

2.2.1 Shelf—ocean carbon exchange

The NW European continental shelf plays an important role as a carbon sink, by fixing
atmospheric CO- and transporting it to deep layers of the open ocean through the downwelling

processes mentioned above (Burrows and Thorpe, 1999; Holt et al., 2009; Huthnance, 1992;
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Inall et al., 2009; Jones et al., 2018; Painter et al., 2016; Shapiro et al., 2003; Simpson and
McCandliss, 2013; Souza et al., 2001). Wind-driven surface water flows onshore, which is
compensated by a down-slope flow of shelf bottom water with a flux of 1 Sv (Holt et al., 2009;
Wakelin et al., 2012). A hydrodynamic model simulation by Holt et al. (2009) showed that
40% of the carbon sequestered in one growing season had been transported off the NW
European shelf by the start of the next growing season. Out of these 40% of transported carbon,
52% were moved below the permanent pycnocline. However, these processes are spatially
heterogeneous. Painter et al. (2016) studied the carbon exchange between the open ocean and
the Hebrides Shelf specifically and found a net offshelf transport of particulate organic carbon
(POC), with fluxes that are three to five times larger than the global mean. Thus, this area is a
potentially significant source of POC to the slope current and the benthos in the neighbouring

open ocean.

2.3 Shelf currents influencing the Hebrides Shelf

The outer western Scottish shelf is mainly influenced by two shelf currents, (1) the Atlantic
Inflow Current, providing the shelf with water from the open ocean, (2) and the Scottish Coastal

Current, carrying fresh water from coastal areas.

2.3.1 Atlantic Inflow Current

As described in Section 2.2, the slope current has several “weak points”, where its insulating
effect breaks down and Atlantic water flows onto the shelf. Most recently, the advection of
slope current water onto the shelf at ca. 55.5° N has been identified as a distinct current, called
Atlantic Inflow Current (AIC) (Figure 2.1b; Porter et al., 2018). The AIC transports nutrient-
rich slope current water onto the shelf, where it mixes with the fresher and cooler Irish Coastal
Current (ICC) flowing northward (Figure 2.1b; Porter et al., 2018). Now carrying Atlantic and
ICC water, the AIC continues eastward along the northern coast of Ireland. The eastern extent
of the AIC is likely limited by the Islay Front (see dashed red line in Figure 2.1b; Simpson et
al., 1979). The Islay Front is a shelf-sea tidal mixing front between the Irish and Scottish coast
west of Islay. During summer, the Islay Front marks the boundary between seasonally stratified

water on the outer shelf and tidally mixed water on the inner shelf (Simpson et al., 1979).
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However, the front persists throughout the year, even when stratification on the outer shelf
breaks down. This can partially be explained by the strong contrast in salinity between the
Atlantic water to the west and the water flowing out of the Irish Sea to the east, which leads to
horizontal density gradients that prohibit mixing (Ellett and Edwards, 1983; Jones, 2016).
Porter et al. (2018) used shallow drifters to track the AIC and concluded that a weaker Islay
Front will result in a more eastward extension of the current and inflow into the Minch, i.e. the
channel between mainland Scotland and the Outer Hebrides. Conversely, when the Islay Front
is strong, the AIC is blocked and deflected back to the outer shelf. Both pathways eventually
lead to the North Sea (Porter et al., 2018).

Porter et al. (2018) estimated that the AIC may be responsible for a nitrate flux of up to 74 kg/s
and a phosphate flux of up to 7.6 kg/s onto the shelf. These numbers are even larger than
previous estimates (Proctor et al., 2003). Both nitrate and phosphate are limiting factors for
primary productivity, thus, the on-shelf transport of these nutrients by the AIC may play an
important role in stimulating phytoplankton growth (Smith et al., 2014). In addition, the AIC
could transport phytoplankton seed populations directly from the open ocean onto the shelf
(Porter et al., 2018). Satellite images show bands of high chlorophyll concentration associated
with the AIC, confirming its influence on phytoplankton abundance on the shelf (Porter et al.,
2018).

2.3.2 Scottish Coastal Current (SCC)

The SCC is a buoyancy-driven current that potentially influences the entire western Scottish
shelf (Figure 2.1b). It flows northwards through the North Channel (see “NC” in Figure 2.1b),
carrying relatively fresh Irish Sea water, and receives further freshwater input from the Clyde
Sea and the many sea lochs along the western Scottish coast (Ellett and Edwards, 1983; Inall
et al., 2009, and references therein). As a buoyancy-driven current, the SCC flows parallel to
the coastline, with the land to its right due to the Coriolis force (Simpson, 1997). However, the
flow is complicated by tides, winds, waves, and shelf-sea fronts. The current meanders at the
southern entrance to the Minch (i.e. South Minch, see “SM” in Figure 2.1b), where saline
Atlantic water causes horizontal density gradients (Hill et al., 1997). The baroclinic conditions
force the SSC to bifurcate (Hill et al., 1997). One portion continues northward along the eastern
side of the channel and passes through the Little Minch (see “LM” in Figure 2.1b). The other

portion turns westward, crosses the channel, recirculates southward and flows around Barra,
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and then turns northward to the west of the Outer Hebrides island chain, thus transporting
coastal influences to the outer shelf (Hill et al., 1997; Inall et al., 2009; Jones et al., 2018;
Simpson and Hill, 1986).

2.4 Instrumental data

2.4.1 In-situ oceanographic data

There are two important datasets of seawater temperature and salinity data for western Scottish

shelf seas which are considered in this thesis:

(1) The Ellett Line: The Ellett Line is a hydrographic section that was launched by David
Ellett in 1975 and is managed by the Scottish Association for Marine Science (SAMS), Oban,
and the National Oceanography Centre (NOC), Southampton (Holliday and Gary, 2014). The
project is aimed at providing a long data series of the hydrography of the eastern subpolar North
Atlantic. The transect stretches from the western Scottish coast westward across the Rockall
Trough and was extended to Iceland in 1996 (also referred to as “The Extended Ellett Line”).
Measurements along the Ellett Line reach back as far as 1948, however annual observations
did not start until 1975. The frequency of observations varies between stations and years, with
up to six observations per station and year in the 1970s and 1980s, and mostly only one
observation per station approximately every two years from the 1990s onwards. All in all, the
extended section consists of 69 stations, however not all stations are sampled in each year. In

this thesis, we focus on two stations:

1. Station 15G (Lat: 56.88° N, Long: 08.5° W; Figure 2.4): This station is located ca.
100 km south of St Kilda, on the Scottish shelf. The hydrographic conditions at this
site are thus considered very similar to those at St Kilda. It is, however, not as
frequently sampled as some other stations on the Ellett Line. Temperature and
salinity have been measured 16 times in the period 1977-2008. Surface and bottom
water data are available. The maximum water depth is 150 m.

2. Station Q (Lat: 57.05° N, Long: 09.21° W; Figure 2.4): Station Q is located on the

outer shelf edge, bisecting the slope current. The local series consists of 69
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measurements spanning 1975-2010 and thus provides more data than most other
stations, including 15G. Surface and bottom water data are available. The maximum

water depth is 350 m.
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Figure 2.4: Hydrographic stations. Ellett line stations Q and 15G, and the Tiree Passage Mooring site (TPM)
are marked with yellow crosses. St Kilda is marked with a circle (SK). (Ocean Data View; Schlitzer, 2020)

(2) The Tiree Passage mooring (Lat: 56.62° N, Long: 06.4° W; Figure 2.4): Being located in
the Inner Hebrides between the islands of Coll and Mull, the Tiree Passage mooring (TPM)
provides coastal data. The TPM is managed by SAMS and features hourly temperature and
current measurements since 1981, as well as hourly salinity measurements since 2002. There
are numerous gaps in the series, due to equipment failure and temporary lack of funding, among

other reasons. Surface and bottom water data are available. The maximum water depth is 45 m.
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In addition to the datasets mentioned above, the International Council for the Exploration of
the Sea (ICES) provides bottle data and CTD data on their website (http://www.ices.dk/marine-
data/data-portals). The ICES data stem from different cruises and different teams; thus the
locations, methods, sampled time of year, and sampling frequency vary considerably over time.

However, these data can be used to complement the two data series described above.

The longest coastal seawater temperature series in Scotland is located at Millport (Lat:
55.75° N, Long: 4.9° W) in the Firth of Clyde. Monthly-to-weekly data are available from
March 1909 (with the years 1927-1948 missing), provided by the Scottish Government agency
Marine  Scotland  (https://marine.gov.scot/information/coastal-monitoring-site-millport).
Millport is under strong influence of the Scottish Coastal Current and coastal freshwater
sources and is therefore not further discussed in this thesis.

In-situ data at St Kilda

There are no mooring sites at St Kilda, and the only hydrographic data available for this
location are from bottle data obtained on individual cruises. Bottle data are available to
download on the ICES website (http://www.ices.dk/marine-data/data-portals), but they yield
only four data points for St Kilda, in July 1936, August 1938, June 1949, and June 1952 (Table
2.1). All measurements were taken at a depth of ca. 30 m.

Table 2.1: Four seawater temperature measurements at St Kilda, provided by ICES, for the 2" July 1936, 51
August 1938, 2" June 1949, and 23 June 1952. Sample depths are between 29 and 35 m.

T°C
July 1936 \ 11.49
August 1938 ‘ 12.34
June 1949 \ 9.98
June 1952 \ 10.52
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2.4.2 Gridded sea surface temperature products

As in-situ data are scarce, gridded SST data products are the best alternative for proxy-data
calibration at St Kilda. Three commonly used and freely available gridded temperature data
products were considered for this thesis:

1. HadISST1 (Rayner et al., 2003): Met Office Hadley Centre’s sea ice and sea surface
temperature dataset; developed by the UK Meteorological Office

2. ERSST V5 (Huang et al., 2017): Extended Reconstruction Sea Surface Temperature
Version 5; developed by the US National Oceanic and Atmospheric Administration
(NOAA);

3. OISST V2 (Reynolds et al., 2002): Optimal Interpolation SST; NOAA

These data products offer interpolated global SST data, taking sea ice concentration into
account in higher latitudes. The data products differ from each other in many ways; they are
based on different raw data sources and offer different series lengths and different temporal
and spatial resolution (see Table 2.2 for an overview). Perhaps most importantly, all three
products use different interpolation techniques to bridge spatial and temporal gaps in the data.
In addition, the two longer series, HadISST1 and ERSST V5, use reconstruction techniques in
the data-scarce period before 1948. While both are based on empirical orthogonal functions
(EOFs), the techniques differ between the two products. OISST V2 is the shortest series,
however it offers the highest temporal resolution with weekly updates and a high-spatial
resolution version of 1/4° by 1/4° is available (not discussed here). ERSST V5 does not contain
any satellite SST data; incorporation of satellite data in earlier versions proved to bias the
dataset towards colder temperatures. It is important to consider all these factors when choosing
one product for proxy calibration. Previous studies have compared the three products regarding
their ability to capture long-term trends over large spatial scales (Rayner et al., 2003; Reynolds
et al., 2002). However, in biological and environmental studies, local or regional annual-to-
decadal variability is often of more interest than macro-scale trends. Hughes et al. (2009)
proposed a method to calculate how well each product represents the local in-situ data. The
proposed method was used in this thesis as well (see Section 3.1 for the methods, Section 4.1.1

for the results, and Section 4.3.2 for further discussion).
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Table 2.2: A selection of key features of the three gridded temperature products HadISST1, ERSST V5, and
OISST V2. Abbreviations: ICOADS (previously COADS) = International Comprehensive Ocean-Atmosphere
Data Set; MDB = Met Office Marine Data Bank; GTS = Global Telecommunication System; AVHRR = Advanced
Very High Resolution Radiometer.

HadlSST1 ERSST V5 OISST V2
First complete year 1871 1854 1982
Spatial resolution 1°X1° 2°X2° 1°x1°
Temporal resolution Monthly Monthly Weekly
ICOADS (1871-1995), ICOADS 3.0 (1854
In-situ SST datasets | MDB (including GTS 2015), GTS (from Ic%ﬁgifﬁi?nsiéégis)
from 1998) 2016), and Argo SST
satellite ssT | AVHRR since 1982 none AVHRR (bias adjusted)
(bias adjusted)

2.4.3 Meteorological data

The UK Met Office has been recording meteorological conditions at the Stornoway Airport
(Lat: 58.21° N, Long: 06.32° W) in the Outer Hebrides, ca. 100 km northeast of St Kilda, since
1873. Hallett et al. (2004) found that the meteorological data from Stornoway captures the local
conditions at St Kilda well when comparing winter data from 2000-2002 (temperature,
r=0.92; gust speed, r =0.82; rainfall, r=0.78). Access to the Stornoway series can be

requested at http://archive.ceda.ac.uk/.

2.5 The St Kilda archipelago

St Kilda is an isolated volcanic archipelago, composed of four islands and several stacks, far
out on the Hebrides Shelf (Figure 2.1, Figure 2.5). It forms the westernmost point of the Outer
Hebrides, Scotland, and is located 64 km west-northwest of the nearest inhabited land, North
Uist. Hirta is the biggest island with a circumference of 14 km, and it is the only island of the

archipelago that has been inhabited. The other major islands are Dun, Soay, and Boreray.
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Figure 2.5: The St Kilda archipelago. The four main islands are labelled (Hirta, Soay, Dun, Boreray). VB =
Village Bay. Rough bathymetry contours are shown in colours as indicated in the legend to the right. (Ocean
Data View; Schlitzer, 2020)

St Kilda is owned and managed by the National Trust for Scotland (NTS) and considered a
near-pristine environment due to the low level of human interference and pollution (National
Trust for Scotland, 2012). The archipelago has been uninhabited since the 1930s; however, it
is not completely devoid of human presence. The Ministry of Defence maintains a small base

on Hirta, and during the summer NTS rangers, scientists, and tourist groups visit the island.

2.5.1 Geological setting

The archipelago is situated on an outcrop of bedrock, referred to as the St Kilda Platform, and
consists of intrusive igneous rocks. The coastlines are dominated by dramatic features,
including the highest cliff (Conachair, 430 m) as well as the highest sea stack (Stac an Armin,
191 m) in Great Britain and Ireland (Scottish Executive, 2003). The cliff lines have been shaped
by glaciation-deglaciation processes and sea-level changes, high-energy wave erosion,

weathering, and other influences.
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The cliff line of St Kilda plunges steeply into the sea until it is interrupted by a platform with
several sub-surfaces and steps between 40 m and 80 m depth (Sutherland, 1984). These
surfaces are thought to have been formed at about 12.6-11.5 kyr BP, during the abrupt cooling
of the Younger Dryas or Loch Lomond Stadial (Bowen et al., 1986; Sutherland et al., 1984).
They were mainly cut by frost shattering and sea ice, and were subsequently drowned due to
melting of the ice sheet. At 120 m below the current sea level, another platform is present,
which was most likely formed during the Last Glacial Maximum about 22-19 kyr BP
(Sutherland et al., 1984; NB: More recent studies place the global Last Glacial Maximum at
26-19 kyr BP, e.g., Clark et al., 2009) . The surrounding shelf to the north, west, and south is

marginally deeper (up to 140 m) than the lowest platform, while it gradually shoals to the east.

Marine sediment

The St Kilda Platform is characterised by exposed bedrock. Where sediment is present, it is
usually a veneer of gravel, sandy gravel, or gravelly sand of less than 10 cm thickness. The
finest sediment found at St Kilda is sand, mainly located at Village Bay (Hirta), and on the
eastern and southwestern flanks of the platform. Silt is deposited infrequently and only in small
sheltered areas, e.g., in caves and tunnels, or under boulders and under rocks on the sea bed
(Ellis et al., 1995).

2.5.2 The marine environment at St Kilda

“One particularly severe storm left us deaf for a week — incredible but true. The noise of the
wind, the pounding of the heavy sea, were indescribable.”

—Mary Cameron, one of the last inhabitants of St Kilda; cited in Steel, 1975 (2011 edn., p. 29)

Waves and Storms

Due to its exposed offshore location close to the shelf margin, St Kilda is subjected to high-
energy swell and wind waves throughout the year. The local wave conditions are dominated
by swell waves generated in the open ocean. However, storms and storm waves affect St Kilda
from all directions. Even Village Bay, one of the most sheltered sites at St Kilda, is exposed to
storms arriving from south-easterly directions, with a fetch of 110 km (Sutherland, 1984). As

the sea shallows abruptly above the platform close to the coastline of St Kilda, high-energy

33



Chapter 2 — Oceanography, geology, and biology of St Kilda

swell waves move freely and break onto the coastline. The mean annual significant wave height
at St Kilda is 3.06 m, which is close to nearby open-ocean wave heights of 3.2 m and
significantly higher than coastal wave heights off the Inner Hebrides of mostly below 1.5 m
(https://marinescotland.atkinsgeospatial.com/nmpi/). Maximum significant wave heights
exceed 5 m and occur for 10% of the year (Scottish Executive, 2003). High-speed winds of 110
km/h occur regularly; on the clifftops wind speeds can reach 185 km/h (Scottish Executive,
2003).

Marine flora and fauna

As an offshore archipelago, St Kilda is subject to the island mass effect, a term coined by Doty
and Oguri (1956) in a study on Hawaii, referring to the observed increase in primary production
around oceanic islands. Located on the outer shelf in seasonally stratified waters, the
archipelago causes tidal stirring and a breakdown of the stratification, which brings nutrient-
rich bottom waters to the surface (Simpson and Tett, 1986). Simpson and Tett (1986) reported
that the cold-water upwelling and mixing at St Kilda results in an increase in column
phytoplankton production of 40% over an area of 5000 km3. Consequently, the mixing caused
by St Kilda has an important effect on the food chain beyond the local ecosystem, including
large regions of spawning and nursing grounds for fish (Ellis et al., 2010). An abundance of

fish naturally attracts predators such as seabirds and the Atlantic grey seal (Halichoerus

grypus).

Marine life at St Kilda is not as well-documented as that of neighbouring islands of the Outer
Hebrides. However, the literature provides insight into the taxonomic composition of marine
algae (e.g., Watling et al., 1970), marine fauna (e.g., Ellis et al., 1995), and sandy beach fauna
(e.g., Scott, 1960). Ellis et al. (1995) comprehensively studied the marine fauna of St Kilda
using several different methods such as scuba diving, benthic trawling, line angling and
intertidal collection. All in all, they found 296 species, including rare elements such as the
anthozoan Phellia gausapata (Ellis et al., 1995). It is noteworthy that the authors marked the
presence of A. islandica, but did not list G. glycymeris among the species found at St Kilda
(Ellis et al., 1995).

The upper sublittoral flora is dominated by kelp species that are adapted to high-energy wave
and surge exposure, such as dabberlocks (Alaria esculenta; Watling et al., 1970). Due to the

oceanic conditions and low turbidity, sun light reaches deeper than in coastal areas, and dense
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kelp forests occur at depths of up to 30—40 m (Scottish Executive, 2003). At depths of 60—
80 m, the wave-base motion still influences the ecosystem, as well as currents and eddies. Here,
rocky outcrops and boulders are abundant, often covered by coralline algae and encrusting
animals, but also by erect sponges and bryozoans (Scottish Executive, 2003).

Only a few tourist and fishing vessels anchor at St Kilda each year. Commercial fishing at this
site mainly consists of creel fishing for lobsters and crabs (Harris et al., 2018). While fishing
activity is small, it is unknown whether catch levels of crabs and lobsters are sustainable
(National Trust for Scotland, 2012). Ellis et al. (1995) hypothesised that overfishing of lobsters
and crayfish may have occurred at this site as lobsters were only found in low numbers and

crayfish were completely absent.

Village Bay

Village Bay is 1.2 km wide and located on the south-eastern coast of Hirta (Figure 2.5, Figure
2.6). The storm beach at Village Bay is 500 m long and 30-35 m wide at low tide; it is
composed of boulders above a sandy beach (Scott, 1960; Watling et al., 1970). The sandy beach
is exposed at low tide only and represents one of the few sandy patches at St Kilda (Scott, 1960;
Watling et al., 1970). A small stream, Amhuinn mhor, divides the beach into two halves, close
to where the island of Hirta is divided into a northern part characterised by granophyre, and a
southern part characterised by dolerite. This division is evident in the rocks on the stormy
beach; buff-coloured coarse rocks are dominant in the granophyre zone north-east of the
stream, whereas blue-coloured, fine-grained small rocks dominate the dolerite zone south-west
of the stream (Watling et al., 1970). Village Bay is one of the most sheltered areas of the
archipelago, due to its eastward orientation and the protection provided by Dun to the south;
nonetheless, it is still exposed to storm waves and wind. Scott (1960) studied the fauna of the
sandy beach and found that both taxonomic richness and numbers of specimens were low, with
one notable exception being the abundant isopod Eurydice pulchra. Scott (1960) attributed the
scarcity of species and individuals to two factors: (1) The observed quick drainage of the beach,
caused by the angular and jagged shape of the sand particles, and (2) the impermanence of the
sand, which is stripped from the beach each winter. A study by Ellis et al. (1995) confirmed
the dynamic nature of the beach and its labile fauna, as they noted a complete absence of
Eurydice pulchra, which had been abundant in Scott’s study only 35 years prior (Scott, 1960).
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Figure 2.6: Village Bay, viewed from Hirta. Cleits and remains of the village can be seen in the foreground. On
the left are the military base and jetty. The neighbouring island Dun is in the background to the right. The largest
vessel in the middle of the bay is the RV Prince Madog. (Photo by Paul Butler)

2.5.3 Seabirds, humans, and Soay sheep

St Kilda is known not only for its dramatic cliffs and geological features, but also for its
distinctive island biology and human history. While taxonomic richness of flora and fauna is
generally low, the high abundance of seabirds each spring and summer is striking. The
archipelago is a breeding site for 17 seabird species, with up to a million birds at the height of
the breeding season, making it the largest seabird colony in northern Europe (Scottish
Executive, 2003). St Kilda is home to the largest colony of the northern gannet (Morus
bassanus) in the world, and hosts 94% of the UK breeding population of Leach’s storm petrel
(Hydrobates leucorhous) (Department of Energy and Climate Change, 2016; Kober et al.,
2010). Other important breeding colonies include the Atlantic puffin (Fratercula arctica),
northern fulmar (Fulmarus glacialis), European storm petrel (Hydrobates pelagicus), razorbill
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(Alca torda), common guillemot (Uria aalge) and kittiwake (Rissa tridactyla) (Harris and
Murray, 1989; Kober et al., 2010).

Archaeological evidence suggests that humans settled on Hirta as far back as the Neolithic
(4000 to 2500 BCE) (Fleming, 1995). The St Kildans lived in one single village at Village Bay,
in a tight-knit community that never surpassed more than 200 people at any given time (Steel,
1975/2011). They kept sheep and few cattle, and harvested meagre crops, but their most
important source of food were seabirds and seabird eggs (Figure 2.7). The birds and eggs were
harvested in great numbers and at great risk by climbing the steep cliffs. In 1697 CE, Martin
Martin visited the island and estimated that the 180 inhabitants at the time had consumed
48,000 seabird eggs within three weeks (Martin, 1698/1753). Between the years 1829 and
1843, the 100 islanders slaughtered about 12,000 fulmars and 5000 gannets every year (Steel,
1975/2011). Life at St Kilda was harsh; the islanders were exposed to wind, storms and salt
spray, far away from the next inhabited land. Over the course of the 19" century, contact
between the St Kildans and the mainland increased, which changed the community structure
and decimated the population through imported diseases (Steel, 1975/2011). By the early 20™
century, the number of islanders had declined drastically, and they were struggling to survive.

The last 36 islanders remaining on Hirta were evacuated in 1930.

While the evacuation marked the end of an extraordinary chapter of Scottish history, it also
opened the door to a range of biological studies. When the St Kildans left, so did the
domesticated blackface sheep that had been kept on Hirta. However, to maintain the grazing
pressure on the island, a flock of feral sheep from the neighbouring island Soay was established
on Hirta two years after the evacuation (Boyd et al., 1964). Soay sheep are thought to be the
direct descendants of the first sheep brought to St Kilda, and the most primitive breed of
domestic sheep in Europe (Boyd et al., 1964). The Soay sheep on St Kilda are unmanaged and
entirely exposed to the weather. There are no trees or buildings that provide shelter, apart from
abandoned storage buildings made of stone (i.e. cleits; Fleming, 1995). Other than the
occasional case of a seabird attacking lambs, there are no predators, and given the isolated
nature of St Kilda, there is no migration either. As a consequence, the survival and fitness of
the sheep are intrinsically tied to their physical environment, e.g., temperature, precipitation,
and wind speed. Thus, the Soay sheep population on Hirta is the subject of scientific studies
on population dynamics and evolution due to its exposure to weather and climate (e.g., Boyd

et al., 1964; Coulson et al., 2001). Continuous and highly resolved data on sheep individuals,
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mortality, morphology, and other parameters, are available since 1985, thanks to the St Kilda

Soay Sheep project (https://soaysheep.bio.ed.ac.uk/).

Figure 2.7: Top: A St Kildan family during fulmar harvest. Bottom: Two St Kildan men with Soay sheep.
(National Trust for Scotland, retrieved from https://kildaprojet.com/2016/11/25/st-kilda-old-memories/)
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3.1 Oceanographic data

Instrumental hydrographic data are scarce on the Scottish western shelf — this is particularly
true for non-coastal environments like St Kilda. Therefore, gridded data are the best option for
calibrating proxy records and tracking changes through time. For a detailed description of the
three gridded data products OISSTv.2, HadISST1 and ERSSTV.5, see Section 2.4. Ideally, the
gridded SST datasets should be compared to in-situ data to ensure that the best-fitting dataset
is used for the specific location (see Hughes et al., 2009). Hughes et al. (2009) compared the
three products OISSTv.2, HadISST1, and ERSSTv.3 to in-situ data of six locations in the
Northeast Atlantic region, including one site in the Faroe-Shetland Channel, which was the one
closest and most similar to St Kilda. Overall, OISSTv.2 and HadISST1 performed the best in
that study, including at the Faroe-Shetland site, where HadISST1 provided the closest match.

Unfortunately, in-situ data at St Kilda are too scarce for any such comparisons. The closest
stations with hydrographic data are station Q and 15G of the Ellett line (see Figure 2.4 in the
previous chapter). While station Q has a higher resolution of measurements (69 measurements
1975-2010) than station 15G (16 measurements 1977—2008), it is located on the shelf margin,
and thus not ideally suited to assess how well the gridded data represent local conditions at St
Kilda. Station 15G is located south of St Kilda and has a similar oceanographic setting and thus
provides the most representative, yet poorly resolved, data. Therefore, an in-situ data ensemble
was built by combining the few local data points (mainly bottle data, see Section 2.4.1) for St
Kilda and the data points obtained from station 15G. Where there was only one data point for
a specific calendar month in a year, that data point was included in the ensemble. Where there
were more than two data points from one or both locations within the same calendar month,
the average was calculated and included in the ensemble. The gridded data products were then
compared to the in-situ ensemble data following the same steps as outlined in Hughes et al.
(2009):
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1) Annual temperature data for the OISSTv.2 product are available from 1982 onwards,
however, there are no in-situ data for that year. Hence, all data series were cut off before
1983 and the resulting period of comparison spanned 33 years (1983-2015).

2) As the growth season of A. islandica at this location is May—October (see Results
section 4.4.2.2) and in-situ data are very scarce during the rest of the year, only those
six months were considered in this comparison.

3) In-situ data are partially depth-averaged and thus they are not expected to fit the
absolute sea surface temperatures. Therefore, monthly temperature anomalies were
calculated by subtracting the average temperature for 1983-2015 from each year to
compare the variability between the datasets.

4) To decrease the effect of the differences in sampling frequency, three-year annual
means were calculated and used for all further analysis.

5) The Pearson correlation as well as the root-mean-square-error (RMSE) between each
gridded dataset and the in-situ ensemble were calculated. A high Pearson correlation
coefficient and low RMSE means higher similarity between datasets.

6) Inaddition to point 5 above, a Skill score was calculated for each gridded product using
the standard deviation and Pearson correlation. This Skill score S measures how well
the scale of variability matches between datasets. The equation for calculating S was
developed by Taylor (2001):

4(1+1)*

1 2
o — 4
(Ug+&t) (1+79)

§= 1)

where r is the Pearson correlation coefficient between gridded data and in-situ data, ro is the
highest attainable correlation (ro= 1), og is the standard deviation of the gridded satellite data,

and o is the standard deviation of the in-situ data.

The chosen grid was Lat: 57-58° N/Long: 8-9° W for OISSTv.2 and HadISST1, and Lat: 57—
59° N/Long: 7-9° W for ERSSTv.5.
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In a second round, data points from station Q were added into the in-situ ensemble dataset to
include more data points, albeit from a larger area. The same comparison with gridded datasets

as outlined in the six steps above was performed again.

3.2 Sample collection

3.2.1 Sampling overview

58.5°N

58°N

57.5°N

57°N

56.5°N

56°N

9°W 8w 7w 6°w 5°wW

Figure 3.1: Sample sites of the Hebrides cruise aboard the RV Prince Madog. Yellow circles indicate sample
sites where dredging took place; they are numbered in chronological order. 1 = Barra, 2 = St Kilda/Village
Bay, 3 = St Kilda platform north, 4 = Skye north, 5 = Skye south, 6 = Canna north, 7 = Canna south, 8 =
Rhum, 9 = Ardnamurchan.
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The material for this study was collected on two occasions using different methods: (1) By
dredging during a research cruise off the Hebrides in May 2014, and (2) by manual collection
by SCUBA divers at St Kilda in April 2016. During the cruise aboard the RV Prince Madog
to the Inner and Outer Hebrides, numerous shell valves and live specimens of Glycymeris
glycymeris and Arctica islandica were collected using a customised “Arctica dredge”. The
dredge is 1 m wide, covered with a 1.5 x 1.5-cm mesh and equipped with two sets of 10 cm-
long teeth to dig into the sediment. At every sample site, a side-scan sonar was towed at 2 knots
to examine the entire potential transect. Patches with large boulders or exposed bedrock were
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Figure 3.2: Location of the sample site at St Kilda, Scotland. (A) Overview map. Colours indicate bathymetry
according to the legend to the right. Land masses are labelled with “Ice” = Iceland, “I” = Ireland, “UK” = United
Kingdom. “SK” = St Kilda. “15G” = Ellett line station 15G, marked with a dot. “O” = Location of 30y
measurement (Ostlund and Grall, 2001) referred to in Methods section 3.6.5, marked with a dot. The black
rectangle indicates the location of the detail shown in map B. (B) Detail of map A. Sample location (black star) at
St Kilda, Outer Hebrides, Scotland. The yellow arrows indicate the approximate circulation of the Scottish Coastal
Current (SCC). The dark blue arrows indicate the flow of the slope current (SC) and Atlantic Inflow Current (AIC)
transporting Atlantic water. The light blue arrow indicates the Irish Coastal Current (ICC). Background colours
denote bathymetry according to the legend to the right. Depth contours for the shelf margin and open ocean are
drawn in black lines. The shelf margin is indicated by depth contours starting from 200 m. Approximate positions
of currents were taken from Inall et al. (2009), Turrell et al. (1996), and Porter et al. (2018). TP = Tiree Passage
mooring station. NC = North Channel, SM = South Minch, LM = Little Minch. Land masses are labelled with
“Scotland”, “SK” = St Kilda, “I” = Ireland, and “NI”” = Northern Ireland. The black rectangle indicates the location
of the detail in map C. (C) Detail of map B. Shown is the archipelago of St Kilda with the surrounding bathymetry.
The respective depths are indicated within each depth contour line. The black star marks the sample site of this
study. (Ocean Data View; Schlitzer, 2020)

43



Chapter 3 — Material and methods

noted in the logbook. Once the seabed was scanned, the Arctica dredge was deployed and

dragged at 4 knots for 10-15 min, avoiding rocky areas (Appendix B).

The cruise route was planned in an effort to include both coastal sites from the Inner Hebrides
and also offshore sites at St Kilda (Figure 3.1). The rationale was that chronologies produced
with shells from the Inner Hebrides would complement existing chronologies from comparable
sites in the Irish Sea (Butler et al., 2010) and the Tiree Passage (Reynolds et al., 2013), while
chronologies from the offshore locations at St Kilda, Outer Hebrides, could be used to study
signals that represent the North Atlantic open ocean. Before selecting sample sites, we checked
the National Biodiversity Network website (NBN, nbn.org.uk) for previous records of A.
islandica and G. glycymeris. These presence data on NBN do not always indicate whether there
is a healthy population at the site or whether only individual specimens were found. Thus, two
additional criteria were applied to select suitable areas for sampling and enhance the likelihood
of finding enough shells for sclerochronological studies: (1) The water depth should be between
20-150 m (also due to the limited wire length of the winch that the Arctica dredge is attached
to), and (2) the sediment type should range between muddy sand and gravelly sand. Most of
the material was collected at Village Bay, St Kilda (hereafter called “Village Bay” or VB);
north of Skye (“Skye North”, SN); and northeast of Canna (“Canna North”, CN). An overview
of all shells collected at the three main sites is given in Table 3.1.

This thesis focuses on St Kilda; its offshore location close to the shelf margin makes it a highly
valuable site for palaeoceanographic reconstructions (Figure 3.2, see Chapter 2). Apart from
seven young live G. glycymeris specimens, the vast majority of the material retrieved at Village
Bay during the cruise aboard the Prince Madog were single G. glycymeris valves, dredged at
40-65 m depth (Table 3.1). In a subsequent campaign, divers from the UK NERC National
Facility for Scientific Diving (NFSD) were deployed at Village Bay in April 2016; in this
campaign, a very large A. islandica population was found, of which a hundred live specimens
and more than 60 valves were recovered at 24 m depth. Additional diving at greater depths,
where we expected to find live G. glycymeris, was not possible due to bad weather.

During the research cruise in 2014, all live samples were frozen aboard immediately after
collection and later thawed and shucked in the laboratory at Bangor University. During the
diving campaign in 2016, the live samples could not be frozen on board due to limited space
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in the freezer. Instead, they were kept in a cool place and shucked immediately after arrival at
Bangor University.

Table 3.1: Number of shells collected at the different sampling locations. St Kilda 16 = Collection through divers
in 2016. All other locations were dredged in 2014.

Coordinates Arctica  Arctica  Glycymeris  Glycymeris

(Lat, Long) live dead live dead Depth
St Kilda | 57.82°N, 08.59° W - 4 12 645 40-65m
StKilda16 | 57.82°N, 08.59° W c. 100 c. 100 - - 24 m
Canna North | 57.06° N, 06.47° W 28 16 1 - 72-119 m
Skye North | 57.61° N, 06.52° W 18 52 3 58 45-65m

3.2.2 Shell condition and properties

The dead-collected G. glycymeris shells from Village Bay were in variable condition, ranging
from heavily bored and faded in colour to well preserved with the external shell pattern intact
(Figure 3.3). Most of the heavily bored G. glycymeris shells were excluded from this study and
curated in storage boxes immediately after being cleaned and dried. The dead-collected A.
islandica from Village Bay were mostly in good condition, having been handpicked by divers.
All the other sample locations yielded live and dead material in variable condition; however,

only a small amount of this material was used in this thesis.

Figure 3.3: G. glycymeris valve from St Kilda (specimen 14G0VBO031). The shell is intact and the typical
external shell markings are still visible. Scale bar =1 cm.
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Figure 3.4: Measurement axes in A. islandica. L = Length, H = Height perpendicular to length, MH =
Maximum height along axis of maximum growth, W = Width. G. glycymeris were measured along the same
four axes.

Shells that were considered usable for sclerochronological studies (i.e. expected to be above an
age of 30 years, not too heavily eroded, with either hinge plate or shell margin or both still
intact) were measured along different axes as shown in Figure 3.4 and weighed (Appendix A).
The dead-collected G. glycymeris from Village Bay had a strikingly asynchronous shape
(Figure 3.5), which was not found in shells at other locations. All in all, 187 G. glycymeris
shells (of which 169 were from Village Bay) and 106 A. islandica shells (66 from Village Bay)

were measured, evaluated taphonomically, and processed as described in Section 3.3.1.

After measurement, the condition of each shell was assessed following a scoring system as
described in Table 3.2. The purpose of the system is to rank dead-collected material based on
its taphonomic condition, presupposing that live-caught animals would receive the highest
scores in every category. Hence, mainly dead-collected shells were evaluated, apart from a few

live-caught shells for reference.
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Table 3.2: Scoring scale of shell condition. The table shows the lowest and highest possible of a range of scores.

Lowest Highest
Periostracum L — >
No periostracum Covers whole shell

Ligament 1 — 4

g No ligament Fully preserved
Margin 1 — 4

g Worn, heavy abrasion Sharp and intact
Bioerosion L 4

Whole shell heavily bored No bioerosion

Nacre L — 3

Worn or matt with blisters

3.3 Chronologies

3.3.1 Shell preparation

Shimmery and smooth

Crossmatching was carried out using magnified images taken from acetate peel replicas of the

acid-etched surface of sectioned shells as described by Kennish et al. (1980) and Ropes (1987).

A summary of the exact methods used in the present thesis is given below.

Figure 3.5: Specimen 14G0VB020, a single valve collected at Village Bay, St Kilda. The dashed line indicates
the shell height, highlighting the asynchronous shape of the shell. Scale bar = 1 cm.
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For Arctica islandica, the left valve was chosen for processing, if available and intact. This
allows for additional measuring in the hinge plate tooth that is present only in the left valve of
this species. G. glycymeris has no such tooth, but to be consistent the left valve was chosen

where possible, by checking the orientation of the beak and anterior hinge line. In both cases,

Figure 3.6: Cutting lines along the axis of maximum growth for the cross section (A) and along the “wings*
to fit the shell in the embedding mould (W). (a) A. islandica, (b) G. glycymeris.

the “wings” of the valve (Figure 3.6) were cut off with a rough diamond saw to leave a central
section that was small enough to fit the silicon mould used for embedding. The trimmed valves
were embedded in resin, using MetPrep’s Kleer-Set FF polyester casting resin and hardener.
The resin and hardener were mixed (ratio: 6 drops of hardener to 10 ml of resin) by slowly
stirring the two liquids together in a paper cup, using a wooden stick. Mixing the polyester
resin and hardener initiates an exothermic chemical reaction, which means that the liquid
initially heats up and expands, before it cools down again while setting and hardening.
Embedding was carried out in three layers (base layer, middle layer with shell, top layer), with
at least one hour given between each layer to let it set. The first layer was poured into the empty
mould to make sure that the entire shell will be covered by resin once embedded. Then, after
at least one hour, the trimmed shell sample was placed on top of the base layer, and small paper
labels with the shell 1D were placed next to the shell. Then, the second layer of resin was poured
into the mould. This second layer was thick enough to cover the whole shell. After waiting for
at least another hour, two more paper labels were placed on each side of the shell, on top of the
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second resin layer, and a thin (ca 5 mm) third resin layer was poured into the mould. This
method of embedding the shell in three steps allowed for labels to be embedded between layers
and decreased the risk of air pockets developing. Once fully embedded, the resin blocks were
left to harden for at least 24 h before sectioning. The shells were sectioned along the axis of
maximum growth (Figure 3.6) with a Buehler IsoMet 5000 precision saw. The cutting line of
the blade was slightly offset from the axis of maximum growth in order to ensure that it would
be exposed after grinding and polishing. The sectioned blocks were then ground using silicon
carbon paper mounted on a grinding machine with rotating disks. First, coarse silicon carbon
pads of grit size P80 or P120 were used to grind off any sharp edges of the blocks that could
damage finer pads at later stages. Then, the cut surface of each block that exposed the sectioned
shell was ground using a series of successively finer pads with grit sizes of P400, P1200, P2500
and P4000 for at least 2 min each, depending on the sample. Finally, the ground surface was
polished with the Presi Mecapol P230 polishing machine at 270 rpm using a self-adhesive
polishing cloth coated in Presi Mexaprex GH diamond paste of 3 um grit size mixed with
lubricant of the same brand. After bathing the blocks in soapy water to remove the diamond
paste, and rinsing them with clear water, they were left to dry before etching. The blocks were
then etched in either 0.1 M or 0.01 M hydrochloric acid (HCI). Etching enhances the contrast
between annual growth increments and the organic-rich growth lines as the latter form etch-
resistant ridges (e.g., Schone et al., 2002). However, etching also enhances other patterns in
the shell, such as the crossed-lamellar structures and microtubuli that are present in G.
glycymeris shells (Bhm et al., 2016), which in turn may obstruct the annual lines. Thus, most
dead-collected G. glycymeris specimens had to be etched in a weaker acid than other
specimens. Table 3.3 shows a general overview of the etching procedures for different shell
types; there were a few exceptions that had to be determined by trial and error and are not

shown in the table.

Table 3.3: Etching procedures for live- and dead-collected A. islandica and G. glycymeris. The weaker acid (0.01
M HCI) was used for most dead-collected G. glycymeris.

Glycymeris Glycymeris
Arctica live  Arctica dead live dead
0.1MHCI | 15-20min | 1.5-20min | 1.0-1.5min
0.01 M HCI |

40 min
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After rinsing the blocks with water, they were left to dry overnight. Leaving enough time for
the samples to dry is crucial because the polyester resin contracts when it hardens, creating
microscopic crevices between shell and resin in which water can accumulate and eventually
spoil the acetate peel. Once dry, the polished surface was coated with ethyl acetate and covered
with a cellulose acetate sheet (Agar Scientific). After at least 2 h of drying, the sheet was peeled
off and squeezed between two microscope slides to make it as flat as possible for the

photographic imaging.

3.3.2 Imaging and measuring

The acetate peels were photographed using a Meiji MT8100 microscope in combination with
a Lumenera Infinity 3 microscope camera and the software ImagePro Premier 9.1. As the
camera frame only covered a small portion of the peel at once, individual frames were
photographed and stitched together using the tools provided by ImagePro Premier. In the case
of specimens destined for isotope sampling, thick sections of the etched blocks were

photographed as well. Table 3.4 shows the various imaging settings used.

Table 3.4: Microscope and imaging settings for resin blocks and peel photography

Light ImagePro stitching  Microscope lens
Thick section Reflective (Olympus highlight
(whole shell) 3001 lamp and desk lamp) ikl 3
Peel (margin) | Transmitting Automatic 2.5x
Peel (hinge plate) | Transmitting Automatic 5x

The first task after creating the microscope pictures is to find common growth patterns among
the specimens by eye. The best way to achieve this is by looking for marker years, i.e. annual
bands that are considerably wider or narrower than neighbouring years. This method worked
well in the case of A. islandica as (1) the annual growth variability is high in this species and
(2) live-collected specimens, where absolute calendar dates were known, could be used to
establish marker years. Later, dead shells were scanned for the same patterns as seen in the
live-caught specimens to determine whether their lifespans potentially overlap. This approach
was also attempted for G. glycymeris, but given the more complacent nature of the banding in
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this species (i.e. no strong marker years; pers. observation) and the fact that all G. glycymeris
shells from St Kilda used for crossmatching were dead-collected, it did not prove successful

and was thus abandoned.

G. glycymeris were measured in the hinge plate, where banding patterns are much clearer than
in the margin. Because the annual variability in growth is rather small, each increment was
measured three times along slightly offset axes and the average value was used to reduce
measurement error (Figure 3.7a). In contrast, A. islandica produce clear images in the margin
area and show higher annual growth variability, and were therefore measured in the margin
(Figure 3.7b). All measurements were taken with the measuring tool in ImagePro Premier and
exported to Microsoft Excel, where they were arranged in a two-column format (calendar year,

increment width) and saved as individual tab-delimited files.

200 m

AEIAXWES]

Figure 3.7: ImagePro images of acetate peels of (a) G. glycymeris, hinge plate, and (b) A. islandica, margin.
The blue lines show the measurement axes.

3.3.3 Crossmatching

Correlations between the shells were visualised and quantified using the MATLAB script
SHELLCORR (written by lan Harris, UEA; Scourse et al., 2006), which is a graphical version
of the dendrochronological programme COFECHA (Holmes, 1983). The tab-delimited files
described above were loaded into the script and analysed pairwise after log-transforming and
normalising the measurements and taking residuals from a 15-yr spline. This high-pass filter is
applied to remove the low-frequency ontogenetic growth trend of the shell, where increment
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width decreases with age. The removal of these growth trends enables the comparison of high-
frequency variability between specimens. The correlation plot in SHELLCORR illustrates the
correlation between two shells through time in a moving window that was set to 21 years and
helps localise measuring errors (e.g., missed years or falsely added years) and offsets between
life spans (Figure 3.8). Where SHELLCORR suggested a measuring error, the acetate peel
image was examined again and remeasured if a likely source of the error could be observed on
the microscope image (Butler et al., 2009a).

Corr. Coeff.

[
AQF . I - (o]
(1 1

[ - !
150 N | 1q 1Mo
1}

Lag in years (VB024)
i
o
N

s | .
1880 1900 1920 1940 1960 1980 2000 1
Years (VB004)

Figure 3.8: SHELLCORR plot showing a strong positive correlation between 14G0VB004 (reference shell, x-
axis) and 14G0VB024 (y-axis) for >80 years with an offset of 16 years (i.e., VB024 died 16 years earlier than
VBO004). Calendar years on the x-axis are preliminarily assigned and not correct.

3.3.4 Master chronologies

Once the shells were successfully crossmatched, a master chronology was built using the
dendrochronology programme ARSTAN (Cook, 1985; Cook and Krusic, 2005).

ARSTAN was developed as a tool to remove non-climatic growth trends in tree rings and
combine tree-ring series into mean chronologies. Both tree-ring series and bivalve growth
series are highly autocorrelated, which can mask the year-to-year variation. Therefore,
ARSTAN applies an autoregressive model to the measurement series to remove persistence in
band widths and to enhance the common signal.
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3.3.4.1 Standardisation of time series

Growth increment series in bivalve shells possess similar ontogenetic and geometrical growth
trends to tree-ring series, which have to be approximated and removed (detrended) prior to
chronology construction. In addition to detrending, ARSTAN also creates dimensionless
indices of each series with a mean value of 1. The creation of these standardised growth indices
(SGls) through detrending and indexing is referred to as standardisation (Cook, 1985). The
resulting SGIs quantify the deviation of individual increments from the estimated value for that
year. A value larger than 1 indicates that the shell grew more than estimated, while a value
smaller than 1 indicates less growth. One major challenge faced during this process is the
‘segment length curse’ (Cook et al., 1995), which describes the loss of low-frequency climatic
signals during standardisation. When removing age trends, other mid- to low-frequency signals
are generally removed as well. The resulting chronology thus fails to capture climate
oscillations with wavelengths that exceed the length of the individual time series. In the past
few decades, a subfield of dendroclimatology has dedicated itself to studying ways to preserve
low-frequency signals. Although no definite solution has been found, regional curve
standardization (RCS; Briffaet al., 1992; Cook et al., 1995) and related RCS-type methods (for
an overview, see Helama et al., 2017) have been shown to retain low frequencies better than
conventional methods. The regular RCS method applies one single reference curve to all time
series (i.e. bivalve specimens) of one location, based on the mean ontogenetic growth curve.
The mean curve is estimated by aligning all individual series by biological age and then
calculating a bi-weight robust mean of the aligned series. The mean curve is then smoothed by
fitting a cubic spline with a 50% frequency-response cut-off equal to 10% of the series length
(Esper et al., 2003). This leads to better retention of low-frequency variability compared to
methods that fit a separate curve to each individual series (Cook et al., 1995). However, RCS
requires a large sample size and high series replication due to decreased shared variance among
specimens, and to ensure that the curve is derived from an equal number of specimens
throughout all time periods. Therefore, this method was not suitable for the present study and
a negative exponential curve was fitted to each series instead. The negative exponential
function is a deterministic approach, i.e. it fits an a priori mathematically defined function to
the series, which models the geometry of growth and its effect on increment widths (Cook et
al., 1990). The equation used here to determine the growth trend G was first proposed by Fritts
(1963):
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Go=axe Pt +k (2)

where a, b and k are coefficients of the regression function, all being a function of time (t),
and describing the initial increment width, concavity of the curve and limiting (minimum)

increment width, respectively.

3.3.4.2 Chronology strength — Rbar and EPS

Two values are used to quantify the quality of the chronology: The series inter-correlation
(Rbar) and the expressed population signal (EPS; Wigley et al., 1984).

The Rbar measures the mean correlation between all detrended series, and thus the strength of
the signal common to all time series in the chronology. More sensitive species will show
stronger common signals among specimens and generally yield a higher Rbar. However, the
Rbar does not by itself indicate how well environmental factors are represented, thus even

chronologies with a low Rbar of 0.4-0.5 can be valuable proxies.

The EPS measures how well the chronology signal represents the population signal. It is

defined as

NXRbar
1+(N-1)xRbar

EPS = (Ry)? ~ 3)

where N is the number of series in the chronology, and Ry, is the expected correlation between
an N-series average and the population average (Wigley et al., 1984). As the equation
illustrates, both a high Rbar and a high number of series increase the EPS. Therefore, to be
regarded as reliable, a chronology with low inter-series correlation will need to have more
series incorporated than a chronology with a high Rbar. Wigley et al., (1984) recommended a
minimum EPS of 0.85 to ensure that the chronology is reliable. However, just like the Rbar,
the EPS does not per se indicate whether a chronology is suitable to reconstruct climate (Buras,
2017).
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3.3.4.3 Using ARSTAN to build chronologies

The tab-delimited files created for SHELLCORR were combined into one compact file using
the programme FMT (http://www.ltrr.arizona.edu/pub/dpl-mac/68k/dpl.txt) and loaded into
ARSTAN. The raw series were power-transformed, detrended by fitting a negative exponential
curve and stacked in a composite (“master”) chronology using a bi-weight robust mean
function (Cook et al., 1990). The correlation between the master chronology and each

individual series was calculated based on moving 30-year windows with 15 years overlap.

The two floating fossil G. glycymeris chronologies consisted of seven (referred to informally
as “St Kilda Seven chronology”) and two shells (referred to informally as “Misfits

chronology”), respectively. The modern A. islandica chronology consisted of six shells.

3.3.5 Analysis of chronologies

3.3.5.1 Spectral analysis

We analyse the spectra of frequencies to find dominant patterns and periodicities in time series.
However, it is important to bear in mind that the underlying processes of time series in climate
and environmental studies are dynamic. Here, three different methods were chosen, using the
free software PAST (Hammer et al., 2001) and KSpectra (SpectraWorks, version 3.4.3): (1)
Singular Spectrum Analysis (SSA; Vautard et al., 1992), (2) the Multitaper Method (MTM,;
Lees and Park, 1995; Thomson, 1982), and (3) Continuous Wavelet Transform Analysis
(CWT) with Morlet (wavenumber 6) as mother wavelet (Torrence and Compo, 1998). SSA is
a linear analysis and prediction tool with data-adaptive character, and is meant to perform well
for short and noisy time series (Vaughan et al., 2011). It decomposes time series into a sum of
components. Vaughan et al. (2011) developed algorithms for noise reduction, detrending, and
identifying oscillatory components for SSA. To account for dynamic processes, SSA relies on
reconstructed components rather than simply averaging over entire time windows. Similarly,
MTM was developed to improve the conventional Fourier transform method, especially with
regard to biases introduced through finite and small sample sizes (Thomson, 1982). It uses

weighted averages of direct-spectrum estimates based on orthogonal windows, and thus creates
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multiple independent estimates for each sample to reduce smoothing of the data. CWT is
particularly useful to analyse non-stationary data as it plots changes in dominant patterns
through time along the x-axis. In all three analyses (SSA, MTM, and CWT), significance tests
(p = 0.05) were performed against a red-noise background spectrum (autoregressive lag-1).

3.3.5.2 Comparison with other datasets

The Arctica chronology was compared to instrumental data, climate indices, and biological
data to investigate correlations and potential relationships.

Plankton data

Plankton records were obtained from the Continuous Plankton Recorder (CPR) Survey at
Plymouth, United Kingdom. The data request was made through an online form
(https://mwww.cprsurvey.org/). The CPR project provides sub-surface plankton data from across
the North Atlantic, using consistent sampling methods since its conception by Alister Hardy in
the 1920s (Reid et al., 2003; Richardson et al., 2006). Sampling has been virtually unbroken
with a monthly resolution since 1948, although data availability and length of record vary
greatly from region to region, as the sampling routes have changed and expanded over time
(Reid et al., 2003). The requested dataset (Johns, 2021) for this thesis spanned the years 1958—
2015 and contained abundance data from the CPR standard areas C4 (Scottish shelf) and C5
(open ocean; see Edwards et al., 2016 for a map) for the following groups: small copepods,
large copepods, Decapoda larvae, euphausiids, dinoflagellates, diatoms. In addition to these
abundance data, an index for phytoplankton colour was given, divided into four categories (0,
1,2, 6.5), depending on the level of “greenness” of the sample. Annual average values covering
(1) the whole calendar year, (2) May to September (i.e. the main growth season of A. islandica
at this location, see Results section 4.4.2), and (3) the seasons winter, spring, summer, and
autumn, were calculated for each group. Then, the plankton data were compared to the A.
islandica growth index series by visual wiggle-matching and with the Pearson correlation
method. The data of the two standard areas C4 and C5 were (1) analysed separately, (2)
analysed after dividing them into smaller areas, and (3) analysed after combining the two. The

results presented in Section 7.1 are based on data from the C4 area only (ca. Lat: 54°-60° N,
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Long: 3°-10° W), as no significant correlations were found between A. islandica growth and

open-ocean plankton data in standard area C5.

SST, AMO index, and NAO index

The Arctica growth series was compared to regional HadISST1 data (see Section 3.1), the
Atlantic Multidecadal Oscillation (AMO) index, and the North Atlantic Oscillation (NAO)
index. Monthly data for the climate indices were obtained from the KNMI Climate Explorer
website (https://climexp.knmi.nl, Trouet and Van Oldenborgh, 2013) and combined into
seasonal averages (Dec—Feb for winter, Mar—June for spring, July—Aug for summer, Sep—Nov
for autumn). Comparison was done by eye, and statistically using the Pearson correlation

method.

Spatial correlations

Correlations between the Arctica growth series and meteorological and atmospheric data in
different regions across the North Atlantic were investigated using the online tools in the KNMI
Climate Explorer (https://climexp.knmi.nl, Trouet and Van Oldenborgh, 2013). The chosen
area ranged from 20° N to 70° N and from 90° W to 10° E. The datasets used for sea surface
temperatures were OISSTv.2 (1980-2015; Reynolds et al., 2002) and ERSSTv.5 (1890-2015;
Huang et al., 2017). Reanalysis data of zonal wind stress at 200 mbar (ERA5; Hersbach et al.,
2020) and sea level pressure (MERRA; Rienecker et al., 2011) were also compared to the
Arctica growth series.

Soay sheep population data

In 1932, some of the Soay sheep that had been living on the eponymous island of Soay were
moved to Hirta (Clutton-Brock and Pemberton, 2004). The last human inhabitants had left Hirta
two years earlier (see Section 2.5.3), and thus the sheep were left to live and survive on their
own without human interference. Being of great interest to ecologists and other scientists, the
population dynamics of the sheep population on Hirta has been closely followed for decades.
A precise record of mortality, breeding success, growth, and other factors of virtually all sheep

on Hirta is available since 1985. For this thesis, a record of the total annual number of sheep
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between 1985 and 2013 was obtained from Hunter et al. (2018) and compared to the Arctica

growth series using the Pearson correlation method.

3.4. Radiocarbon analysis

3.4.1 Laboratory techniques

All samples were radiocarbon dated using accelerator mass spectrometry (AMS), a direct
measurement method through which radioactive “C atoms are counted relative to the stable
carbon isotopes *2C and *3C. Compared to conventional gas-proportional or liquid scintillation
dating, AMS is more expensive, but faster, and it requires considerably less sample to reach a
similar level of precision. As indicated by its name, AMS accelerates ions to high Kkinetic
energies before mass analysis. Before AMS can be conducted, the sample carbonate has to be

converted into graphite targets to load the ion source of the accelerator as summarised below.

Shell selection and initial preparation

After the first six shells had been crossmatched in two floating chronologies, five of them were
sent to Beta Analytic for AMS radiocarbon sampling (Table 3.5). It was originally thought,
based on the good condition of the shells, that the specimens had died within the last century
and thus the more mature parts of the shell potentially carried signals of the marine radiocarbon
bomb pulse (Scourse et al., 2012), which would allow for more exact dating. As the shells had
already been embedded in polyester resin for crossmatching as described in Section 3.3.1, the
resin had to be removed using a rough diamond saw and grinding pads. A small (<2 mm?®) piece
of the tip of the margin, integrating roughly 50 years, of each shell was then cut off and sent to
Beta Analytic in labelled bags for analysis. An alternative method was to drill into the shells
and extract powder samples, which would allow for more precise sampling of fewer
increments. This method was, however, dismissed due to an increased risk of atmospheric CO>

being absorbed by the sample (Darden Hood, pers. comm.; Darrell Kaufmann, pers. comm.).

A further nine specimens (Table 3.5), which had not yet been crossmatched, but which showed
similar taphonomic characteristics to the first five shells, were also radiocarbon dated. These
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shells were prepared in the same way as described above and analysed using the AMS at the

14Chrono Centre at the Queen’s University in Belfast.

Table 3.5: List of specimens sent to either Beta Analytic or the **Chrono Centre for radiocarbon dating. Plus sign:
Specimens had been crossmatched in two floating chronologies prior to dating. Double plus sign: Specimens were
crossmatched after dating.

Beta Analytic 4Chrono Centre
14G0VB003* 14G0OVB005
14G0VvB004* 14G0VBO006**
14G0VB020* 14G0VBO007
14G0VvB024* 14G0VB008
14G0VB019* 14G0ovB021**
14G0VB028
14G0VB031
14G0VB043
14G0VB050

Pre-treatment and graphitisation

Both laboratories that analysed our samples use tandem accelerators. These are loaded with
samples that have been converted into graphite targets. To obtain these targets, shell carbonate
is reduced to graphite in the presence of a metal catalyst. A brief overview of this process as

performed at the **C Chrono Centre is given below.

First, the shell samples were leached in HCI to etch away ca. 25% of the material and remove
all contaminant secondary carbonates. The shell samples were then further acidified in
phosphoric acid (H3POas) to convert shell carbonate into a CO2 sample by hydrolysis. The
extracted CO2 was separated from any non-condensable gases by freezing the gas sample for
at least 30 seconds using liquid nitrogen. After this pre-treatment, the purified CO, was
graphitised using the hydrogen reduction method, with iron powder functioning as catalyst
(Vogel et al., 1984). Hydrogen (H2) was introduced to the frozen CO2 samples in a ratio of 2:1.
Once the gases had sublimed, they were heated to 560 °C in the presence of pre-cleaned iron
powder. The heating induced the last step of graphitisation, reducing CO> to carbon monoxide
(CO) and then further to elemental carbon, which adhered to the iron powder. The obtained
graphite was collected and pressed into a target wheel.

AMS measuring
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The following paragraph briefly outlines the key features of the AMS method at the *C Chrono

Centre. For a more detailed description see Reimer et al. (2015).

The target wheels are filled with graphite samples, standards, secondary standards and
backgrounds (i.e. blanks that do not contain *C), and loaded into the ion source of the
accelerator (NEC 0.5 MV compact accelerator). An accelerated caesium-ion (Cs™) beam is then
sputtered onto the targets to create carbon ions (C°). These C" ions, in turn, are repelled by the
negatively charged target holder and accelerated along the beam line. Bending magnets are
applied to deflect the accelerated ions, dividing the C" ions into three beams corresponding to
the different atomic masses. Lighter isotopes will be deflected more strongly than heavier
isotopes, resulting in a more curved beam. Molecular ions are stripped and positively charged
ions are filtered out through electrostatic analysers. The *2C~ and *C- ions are detected by
Faraday cups, while the **C- ions are counted separately in a **C particle detector. Both “C/*?C
and BC/*C (5'3C) ratios are recorded by AMS; the former is used for age calculation, whereas
S13C is used to correct for natural and machine-generated isotope fractionation. The 14C/*2C
ratio is background corrected based on values obtained from blanks that have been pre-treated
and graphitised in the same way as the samples. Lastly, the corrected *#C/*C value is
normalised to the oxalic acid Il standard (SRM 4990C, National Institute of Standards and
Technology) and converted into a Conventional Radiocarbon Age using the Libby half-life
(5568 years).

3.4.2 Data analysis

3.4.2.1 Calibration of radiocarbon dates

All radiocarbon dates were calibrated using the MARINE20 calibration curve (Heaton et al.,
2020). The calibration curve automatically applies an age-dependent, “global” average marine
reservoir correction of approximately 400 4C yrs based on the spatially averaged modelled
value for the surface mixed layer of the ocean. Apart from the general marine reservoir effect
(AR), local and regional effects that can influence carbon isotope ratios in the water,
represented by deviation above or below the AR value (Stuiver and Braziunas, 1993), also have

to be taken into account. The closest sampled AR values available for St Kilda are from the
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Irish Sea, Inner Hebrides, and Faroe Islands (Table 3.6, source: calib.org/marine). A weighted
mean for that region was calculated based on the ten closest stations (Table 3.6) and yielded a
AR of =117 + 41 C yrs. It is worth noting that the samples used to calculate all existing AR
values were collected at coastal sites, whereas St Kilda is heavily influenced by the open ocean
(see Chapter 2). Moreover, AR in some cases varied substantially at the same location (see
Loch Broom and Belfast Lough, Table 3.6).

Time-dependent changes in AR have been reported for this region and linked to climatic shifts
such as the 8.2 ka event (e.g., Ascough et al., 2004, 2007, 2016). Conversely, Russell et al.
(2015) could not detect any significant changes through time for this region when re-evaluating
data used in Ascough et al. (2004, 2007) and other publications. To our knowledge, there are
no studies that investigate time dependency of AR in the Northeast Atlantic during the 4%
millennium BP specifically. Reimer et al. (2002) recommend a AR value of —33 + 93 *C yrs
for the Scottish and Irish west coasts for the past 5900 years, however, this recommendation is
outdated since new calibration curves have been published. Therefore, the calculated average

AR of -117 + 41 *C yrs is applied in this thesis.

Table 3.6: Measured local AR deviation at the ten closest locations.. Map no = Reference number on
calib.org/marine. All values based on bivalve samples.

Local AR Map
Location Lat (°) Long (°) AR Error no. Reference

. _ _ Lo Giudice Cappelli
Hebrides, Scotland 58.12 6.46 127 35 1988 and Austin (2020)

. _ _ Lo Giudice Cappelli
Hebrides, Scotland 58.12 6.46 128 35 1993 and Austin (2020)

. . _ Lo Giudice Cappelli
Minch, Scotland 58.06 6.29 152 35 1996 and Austin (2020)

. _ _ Lo Giudice Cappelli
Minch, Scotland 58.18 6.13 52 35 1986 and Austin (2020)

. _ _ Lo Giudice Cappelli
Minch, Scotland 58.18 6.13 156 35 1987 and Austin (2020)

. __ _ Lo Giudice Cappelli
Minch, Scotland 58.18 6.13 72 35 1998 and Austin (2020)

Lo Giudice Cappelli
Minch, Scotland 58.18 -6.13 -98 39 1999 and Austin (2020)

(2020)

Northern Ireland 55.17 -6.78 -91 50 545 Harkness (1983)
Northwest Scotland 55.83 -5.33 -171 29 531 Harkness (1983)
Northwest Scotland 57.83 -5.33 -87 34 532 Harkness (1983)
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3.4.2.2 Constraining radiocarbon dating uncertainties

To constrain dating uncertainties, the radiocarbon dates and the chronological information
derived from crossmatching were entered into the Bayesian tree-ring sequence model in
OXCAL 4.4 (Bronk Ramsey et al., 2001; Bronk Ramsey, 2009; Bronk Ramsey, 2021). The
calibrated radiocarbon dates plus the known gaps between samples (i.e. the absolute number
of years between the death of one specimen and that of another) are combined and fit to the
calibration curve to calculate a probability density for the age of each sample. MARINE20 was

again chosen as calibration curve.

3.5 Raman spectroscopy

Aragonitic shells like G. glycymeris and A islandica may undergo diagenesis and turn into
calcite, which can alter the oxygen isotopic composition and thus impact palaeotemperature
reconstructions (Cochran et al., 2010; Pederson et al., 2019; Urey et al., 1951). Raman
spectroscopy can be used to distinguish between the different polymorphs of calcium
carbonate, as it produces different spectra specific to each crystal structure (De La Pierre et al.,
2014). In order to confirm that aragonite in the fossil shells had not been converted to calcite,
micro-Raman spectroscopy was performed on fossil shell specimens at the Diamond Light
Source, Oxford. A 473 nm laser at a power of 15 mW with a magnification of 20x was used
for the analysis. Raman spectra were acquired from each visible shell layer. As all shell layers
displayed coincident peaks, only the spectra from the outer outer shell layer (see Section 3.6.2)
are presented in this thesis. Spectra between 135 and 1100 cm™ are described, as these
wavelengths are used to distinguish between calcium carbonate polymorphs (Parker et al.,
2010; Wehrmeister et al., 2010). Synthetic calcite and speleothem aragonite were used as
reference material to compare key interpretative bands (synthetic calcite and speleothem
aragonite, Brinza et al. 2014).
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3.6 Stable isotope analysis

There are different ways to sample and analyse stable isotope ratios in shell carbonate; here,
shell carbonate powder was extracted through micromilling (Dettman and Lohmann, 1995) and

analysed the samples using continuous-flow isotope ratio mass spectrometry (CF-IRMS).

3.6.1 Shell preparation

All specimens, except for modern G. glycymeris, had been measured and added to a chronology
prior to isotope sampling. The shells were processed as described in Section 3.3.1. The etched
surfaces of the sectioned blocks were ground and polished to remove any acid and acetate. The
blocks were then photographed as described in Section 3.3.2. Due to poor visibility with the
micromill camera, a dissecting microscope was used to examine the shells beforehand and

mark annual lines on the resin block to facilitate accurate sampling.

3.6.2 Milling techniques

The samples were mainly microdrilled, and in some cases also micromilled, using an ESI New
Wave robotic micromill fitted with an Olympus SZ61 camera and loaded with a 300 pum drill
bit. We refer to micromilling when the drill is moved horizontally along the shell surface, as
opposed to strictly vertical microdrilling (Figure 3.9 and Figure 3.10a). One of the advantages
of vertical drilling is that time-averaging and cross-contamination between neighbouring
sample spots are easier to gauge and control (personal observation). This advantage, however,
only applies when the increments are wide enough for several sub-samples to be taken. The
ideal number of samples per increment obtained by microdrilling depends on the research
question; here, we considered a minimum of five samples per increment as tolerable and a
minimum of ten samples as ideal. Micromilling becomes a necessity (1) when ‘“annual”
samples are taken (i.e. only one sample integrating the whole increment), or (2) when the
increments are so narrow that a sample spot of 300 um would contain too large a portion of the
growth year. To obtain annual samples, the drill is moved in the direction of shell growth, from
one growth line to the next (Figure 3.9 and Figure 3.10b). In the case of sub-annual milling,
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the drill moves parallel to growth lines, in overlapping paths (Figure 3.9 and Figure 3.10c). By
milling along overlapping, parallel lines, we firstly avoid using the full diameter of the drill bit
and thus decrease the amount of time averaged in one sample. Secondly, milling along a line
instead of drilling one vertical spot allows us to collect enough carbonate for isotope analysis
without having to penetrate deep into the shell. Due to the curvature of the shell, the time-

averaging effect will increase with depth of penetration.

An alternative to milling on overlapping paths is using a finer drill bit and leaving space
between the lines. This, however, could not be tested as it has proven difficult to find drill bits
of less than 300 um diameter that fit the chuck of the robotic micromill. Attempts were made
to use drill bits of 200 um diameter fitted to the chuck with an adapter. However, the increased
length of the drill bit (due to addition of the adapter) interfered with the micromill software and
led to a limited use of its features. This decreased control over the micromill in combination

with the fact that finer drill bits break more easily led to abandonment of this method altogether.

The shells consist of an inner (ISL) and an outer shell layer (Crippa, 2013). The outer shell
layer is further divided into an inner portion (iOSL) and an outer portion of the outer layer
(oOSL) (Figure 3.9). As isotopic fractionation differs between the layers (Trofimova et al.,
2018), it is important to stay within the same layer while sampling. All robotically milled and

drilled samples in this study were taken in the oOSL.
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Figure 3.9: Different sampling techniques. AM = Annual micromilling (not used here), DR = Microdrilling,
SM = Sub-annual micromilling. oOSL = Outer portion of the outer shell layer; iOSL = Inner portion of the
outer shell layer; ISL = Inner shell layer. The annual line is indicated by an arrow. Increment = portion between
two annual lines.

3.6.3 Sampling strategy

Specimens of both G. glycymeris and A. islandica were sampled sub-annually in the juvenile
increments of the shell margin. This yielded isotope data from three time periods (Table 3.7):

(1) 2003-2013: The data was replicated across four live-collected G. glycymeris.

(2) 1885-1895: Isotope series were produced from two live-collected A. islandica and spanned

from 1885-1895 with two years overlap between the specimens.

(3) Five 10-yr windows in the 4" millennium BP: Seven crossmatched, dead-collected G.
glycymeris were sampled. Three specimens had settled within eight years of each other,
allowing for sampling of the same calendar years in all three shells and thus replication of
isotope values for one of the five 10-yr windows. The other four 10-yr windows contain data

from only one specimen each.

65



Chapter 3 — Material and methods

Figure 3.10: Different isotope sampling techniques. (a) Drilling. (b) Annual milling, (c) Sub-annual milling,
(d) Manual milling (results not included in this thesis).

Table 3.7: Overview of samples per time period

Modern G. glycymeris ~ A.islandica St Kilda 7 — Fossil

G. glycymeris
2003-2013 1888-1898 4th mill BP
14G2VB132 16A2VB007 14G0VB003
14G2VvB135 16A2VB010 14G0OVB004
14G2VvB136 14G0VB006
14G2VvB137 14G0VB020
14G0VB021
14G0VB023
14G0VB024

Drilling was the preferred method in this study. As almost all sampled increments were from
the juvenile stage, most of them were wide enough for six samples or more (in some cases >15

samples per increment) to be taken.

Sub-annual milling was additionally performed on the modern G. glycymeris to compare

sampling methods (as described in Section 3.6.2).
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3.6.4 Mass spectrometry

3.6.4.1 Sample preparation

The carbonate powder samples obtained through micromilling were weighed to ensure that
they were within the optimal range for the spectrometer (30-120 pg in this case). Where the
mass was too low, two samples had to be combined. Where the mass was too high, the sample
had to be divided.

Each sample was put into a labelled Exetainer glass vial. Sixty samples were prepared for each

run and fed into the spectrometer.

3.6.4.2 Sample analysis

The powder samples were analysed with a Finnigan MAT 253 isotope ratio mass spectrometer

(IRMS) coupled to a Finnigan GasBench Il at the University of Mainz.

Isotope ratios are reported based on the VPDB (Vienna Peedee Belemnite) 5-scale as defined
by the IAEA (International Atomic Energy Agency, Vienna). The original carbonate source for
the internationally agreed zero point, PDB, has been exhausted. Instead, the NBS-19 values of
—2.20%o for 880 and 1.95%o for §*3C are now used as reference. In this study, the isotope ratios
were calibrated against an NBS-19 calibrated IVA Carrara marble (82°C = 2.01%o, 580 =
—1.91%o0) and measured to an average internal precision (16) of 0.05%o for 53C and 0.07%o for

$*80.

In continuous-flow gas IRMS, single gases are produced from the source material and ionised
under a vacuum. Here, CO> was derived from the aragonite sample for analysis of oxygen and
carbon isotope ratios. The gas flows through a curved magnetic field and is separated into
different ion beams. lon beams containing heavier isotopes bend at a bigger radius than beams
containing lighter isotopes. The content of each ion beam is finally collected and measured in

Faraday cups.
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3.6.5 Data analysis

As a first step, all samples outside the given interpretable signal intensity range for each run
were removed from the isotope series. Then, each isotope series was divided into annual
segments based on microscope pictures, notes and sketches taken during microdrilling,
indicating the annual lines. Where possible (modern G. glycymeris and A. islandica), calendar
years were assigned to all segments. The fossil St Kilda 7 isotope series stem from a floating
chronology in the 4™ millennium BP and could thus not be assigned absolute calendar dates.
Instead, the ontogenetic years sampled were related to their positions in the floating chronology

to evaluate where individual series overlap (see Results section 4.4.1.1, Figure 4.34).

The oxygen isotope ratios of the modern samples were calibrated against temperature data. The
modern G. glycymeris and A. islandica isotope series were paired up with the Met Office
HadISST 1.1 series (Rayner et al., 2003) for the 1x1-degree grid cell that St Kilda falls within
(57-58° N, 8-9° W), using AnalySeries 2.0.8 (Paillard et al., 1996). To align the 5'80 series
with the temperature series, the annual lines within the §'80 series had to be identified, and the
series was inverted to obtain a positive correlation with the temperature series. Then, each
annual peak in the $'80 series was aligned with the peak in the corresponding calendar year of
the temperature series. All 5180 data points to the left and to the right of each peak were fit to

the remaining temperature series.

The same procedure was done after converting the §'80 series into seawater temperatures (see
Section 3.6.5.1), where again the peaks were aligned first, followed by aligning matching
temperature values on either side. Peaks were always aligned, even in cases where the §!20-
derived temperatures were higher or lower than the HadISST1 values. 1 justify this by (1) the
fact that sampling resolution is lowest in this part of the increment (i.e. less growth during the
warmest time of the year compared to earlier in spring) and thus time-averaging will be stronger
here, which makes it less likely to have exactly matching temperature values, and (2) pointing
out that in order to align the absolute temperature of the peak in the §'80 series with the
corresponding absolute temperature in the HadISST1 series, we would have to make the
decision to put the data point either before or after the temperature peak, which would be

speculative.

68



Chapter 3 — Material and methods
3.6.5.1 Palaeotemperature equation

Seawater temperatures were obtained from the 'O series using the palaeotemperature
equation for aragonitic shells developed by Grossman and Ku (1986) with a PDB-VMOW
scale correction of —0.27 %o (Dettman et al., 1999; Gonfiantini et al., 1995; Hut, 1987):

T°C = 20.6 — 4.34 (§'80,, — (§'80,, — 0.27)) 4)

...where 880y is the 880 (PDB) of aragonitic shell, and 580y is the 580 (SMOW) of the

water.

As no local 880y, values are available for St Kilda, the NASA Global Seawater Oxygen-18
Database (Schmidt et al., 1999) was used to find the closest available value. The closest and
oceanographically most similar location where 530y, has been measured is at Lat: 55.3° N and
Long: 15.6° W, with a value of 0.38%. (Ostlund and Grall, 2001; see Figure 3.2). This
measurement was taken in an offshore environment in the Rockall Trough area at a depth of
46 m, and therefore deemed an appropriate value for St Kilda. In this study, it was assumed
that 580y has remained constant over the last four millennia at our sample site, and thus 0.38%o

was used for all time periods.

3.6.5.2 Seasonality

All inter-specimen isotope and isotope-to-temperature alignments were done both by manual
manipulation in Excel and with the age-depth correlation tool in AnalySeries 2.0.8 (Paillard et
al., 1996).

For comparison of seasonality between the different species and time windows, all isotope
series had to be detrended with a high-pass filter and resampled (see Schone and Fiebig, 2009;
Wanamaker et al., 2011). This resampling corrects the bias introduced by sampling increments
from different ontogenetic stages with different growth rates. Following the methods used by
Wanamaker et al. (2011), a linear regression model was fitted to each isotope series to calculate

the low-frequency trend, and the trend was subtracted from the raw 580 values. The resulting
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normalised series were divided into individual years (i.e. shell increments). Wanamaker et al.
(2011) resampled all increments with seven or more samples using a 7-point model, arguing
that it would still account for the annual seawater temperature cycle. In the present study, a 6-
point model was used instead, as a higher number than six would exclude all increments with
six or fewer sample spots, and thus leave too few for analysis. As A. islandica and G.
glycymeris at Village Bay mainly grow from May to October (see Results section 4.4.2), a 6-
point model was deemed to provide sufficient resolution. All increments with more than six
oxygen isotope values were fitted to a cubic spline model and downsampled to six samples per
increment using the fitting tool in AnalySeries 2.0.8. Subsequently, the average annual 50
range recorded by the shells in each of the three time periods (see Section 3.6.3) was calculated.
For the 1888-1898 Arctica series, shells 16A2VB007 and 16A2VB010 were combined into
one averaged isotope series (arithmetic mean). Among the fossil G. glycymeris shells from the
4™ millennium BP, specimens 14GOVBO004 and 14GOVB021 overlap in time and were
therefore also averaged into one series. For the modern G. glycymeris record, specimens
14G2VB132, 14G2VB136 and 14G2VB137 were combined into one average series. Then, for
each increment with six samples (by default or by downsampling) within one specimen, 58Omin
values were subtracted from 580max values to calculate the range (A5'®0). The average range
was then calculated based on the individual annual values. The overall average A0 value of
the fossil St Kilda Seven G. glycymeris group was calculated based on specimens 14G0VBO006,
14G0VB020, 14G0VB023, and the combined 14G0VB004+14G0VB021 series (see figure
3.12 for a visual representation of the isotope series). Specimens 14G0VB003 and 14GVB024
from the fossil G. glycymeris group and modern G. glycymeris specimen 14G2VB135 were
excluded from this analysis because too few of their increments fulfilled the criterion of

providing six or more isotope samples.

Scaling factor

Downsampling the data to fit a 6-point model might attenuate the signal and decrease the
temperature range captured by 8'Osnen. This is particularly true in cases where sampling
resolution is considerably higher than six samples per year. Therefore, the results had to be
scaled using modern temperature data to facilitate meaningful comparisons between time
periods. Following Wanamaker et al. (2011), a scaling factor was calculated based on the
modern G. glycymeris samples and instrumental data, and then applied to all time periods. First,

the average temperature range for May—October in the years 2003-2013 CE was calculated
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using HadISST1 data. Secondly, the average temperature range derived from the G. glycymeris
5'80snen data, covering 20032013 CE, was calculated. Lastly, the instrumental temperature
range was divided by the shell-derived temperature range to calculate the scaling factor. The
5'80-derived temperature ranges of all three time periods (4" millennium cal yr BP, late 19"
century CE, 2003-2013 CE; see Section 3.6.3) were multiplied by the scaling factor.

3.6.5.3 Average temperatures

To obtain comparable mean temperatures for each time interval, the 8*0 series were again
resampled by fitting them to a cubic spline 6-point model, this time without detrending the
data. The same shells were used as in the section above, and again only increments with six or

more isotope samples were considered.

3.6.5.4 Annual 680 data in Arctica islandica

In addition to the seasonal milling described above, annual sampling was performed across two
specimens (16A2VB006, 16A2VB010) of the modern Arctica chronology. The annual series
was calculated by averaging the replicated years. A schematic representation of annual milling
is given in Figure 3.9 (“AM”) and Figure 3.10b. The samples were processed at the Stable
Isotope Facility of the British Geological Survey (BGS) in Keyworth, UK. Seawater

temperatures were calculated with the equation by Grossman & Ku given above (Equation 4).

3.6.5.5 Comparison with other data

The annual Arctica 580 series was compared to regional HadISST1 data (see Section 3.1) and
the phytocolour index series (see Section 3.3.5.2) using the Pearson correlation method. Spatial
correlation analysis was undertaken with the KNMI Climate Explorer software, using the
HadISST1 dataset for SSTs and the EN4 dataset for sea surface salinity (Good et al., 2013).
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Chapter 4 — Evaluating in-situ and gridded
SST data

St Kilda’s oceanographic setting is difficult to characterise, due to the dynamic interactions
between oceanic and coastal influences, local upwelling, and lack of in-situ measurements (see
Chapter 2). Therefore, a fundamental question before interpreting sclerochronological data is
which instrumental datasets best represent this location. This question is explored in the

following chapter.

Section 4.1 presents in-situ temperature and salinity data from the inner shelf, the outer shelf,
and the shelf margin. The objective is to compare temporal variability in different environments
on the western Scottish shelf from May to October (i.e. during the growth season of A. islandica
and G. glycymeris; see Chapter 6).

In a subsequent part of this chapter (Section 4.2), gridded surface data are then compared to in-
situ temperature records from the outer shelf. The objective here is to test how accurately
different gridded data products represent SSTs on the outer shelf, and which data product

should ultimately be chosen for comparisons with sclerochronological data from this region.

4.1. In-situ data in different oceanographic settings

Data from three different hydrographic stations on the western Scottish shelf are compared.
Figure 4.1 shows sea surface temperature (SST) measurements from the Tiree passage mooring
site (TPM) and the Ellett line stations Q and 15G for 1983-2014 CE. Station Q is located on
the shelf margin, station 15G is located south of St Kilda, and TPM is located in the Tiree
Passage between the islands Tiree and Mull in the Inner Hebrides (see Section 2.4 for a
description of all stations). 15G and Q show a high similarity in SST values, especially in June—
August, while TPM records cooler SSTs in May—August, and warmer SSTs in September and
October (Figure 4.1, Figure 4.2).
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Practical salinity data between May and October groups 15G and Q together with average

values of 35.1 and 35.3, respectively, while the Tiree Passage is considerably fresher with an
average value of 34.4 (Figure 4.3, Figure 4.4). It should be noted, however, that salinity has
been recorded at TPM only from 2002 onwards, while few data points are available for 15G

and Q during that time interval.
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Figure 4.1: Monthly SST data from Ellett line stations Q (yellow triangle), 15G (green square), and the Tiree
Passage mooring station (purple cross).
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Figure 4.2: Average monthly SST data from Ellett line stations Q (yellow triangle), 15G (green square),
and the Tiree Passage mooring station (purple cross) between 1983 and 2014. Same input data as in Figure
4.1. Error bars indicate the full range of measurements.
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Figure 4.3: Monthly salinity data from Ellett line stations Q (yellow triangle), 15G (green square), and
the Tiree Passage mooring station (purple cross).
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Figure 4.4: Average monthly salinity data from Ellett line stations Q (yellow triangle), 15G (green square),
and the Tiree Passage mooring station (purple cross) from 1975-2013. The input data is the same as in
Figure 4.3. Error bars indicate the full range of measurements. Note that the TPM data only ranges 2002—
2013.

4.2 Gridded sea surface temperature data

This section presents comparisons between in-situ data on the Scottish shelf and gridded data
products. The in-situ data consists of Ellett line stations 15G and Q, as well as ICES bottle and
CTD data on the outer western Scottish shelf between 57° N and 59° N and 7.5° W and 9.5°
W (see Section 2.4). The average SST values for May to October were calculated for each year
(Table 4.1). However, as sampling did not take place in the same months every year, there are
discrepancies in which months are incorporated in the average values per year. This has to be
taken into account when calculating the standard deviation. Thus, as a control, each month was
considered individually as well (Table 4.1). The corresponding data of monthly SSTs are also
presented for the three gridded data products HadISST1, ERSSTv.5, and OISSTv.2. All raw

in-situ measurements and monthly gridded data are presented in Figure 4.5.

The CTD and bottle data obtained from ICES presents the lowest average temperatures of all

datasets.
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Table 4.1: Maximum and minimum temperatures and standard deviations by month for the three in-situ data
series and the three gridded SST products for 1983-2015. ICES = CTD and bottle data for Long = 57 -59° N and
Lat =7.51t0 9.5° W; 15G = Station 15G on the Ellett line; Q = Station Q on the Ellet line.

ICES 15G Q

Max Min Avr Max Min Avr Max Min Avr
°C °C °C °C °C °C o °C °C °C

May | 9.09 8.43 8.67 0.25 | 1147 8.23 9.67 095 | 1210 946 1052 0.80
Jun | 1223 1085 1148 057 | 13.23 1054 1270 0.38 | 1344 1139 1245 0.66
Jul| 1151 1099 1118 023 | 1519 1253 1398 1.22 | 1492 1291 1423 0.93
Aug | 1336 12.03 1270 0.67 | 1456 1339 14.06 045 | 1494 1343 1415 045
Sep | 14.19 1157 1331 123 | 1414 1197 1330 0.72 | 1413 1215 13.38 0.64
Oct| 1263 11.66 1211 040 | 1314 1139 1314 na. 13.01 1257 1279 0.22

HadlSST1 ERSSTv.5 OISSTv.2

Max Min Avr Max Min Avr Max Min Avr
°C °C °C °C °C °C o °C °C °C

May | 1135 960 1031 040 | 1114 898 10.08 045 | 11.48 956 1029 0.46
Jun | 1333 10.85 1200 0.55 | 12.80 1054 11.48 054 | 12.87 1055 11.80 0.60
Jul'| 1493 1221 1340 051 | 1428 11.91 1295 050 | 1458 12.02 1321 0.55
Aug | 1518 1295 1418 050 | 14.96 1233 1366 061 | 1522 1258 14.01 0.61
Sep | 13.98 1229 1324 045 | 1431 1192 1313 056 | 1431 1225 1342 055
Oct| 1288 1127 1211 041 | 12.81 1105 1198 048 | 1317 11.42 1228 0.45

Pearson correlation analysis between the anomalies of the three gridded satellite data and the
anomalies of in-situ subsurface data (< 60 m depth) resulted in similar values for all three
products (Table 4.2). OISSTv.2 has the lowest Pearson correlation coefficient (r = 0.74), and
the second-highest root-mean square error (RMSE = 0.23). HadISST1 and ERSSTv.5 have
similar correlation coefficients, however, the RMSE is considerably lower for HadISST1 than
for ERSSTv.5 (Table 4.2). Thus, based on the Pearson correlation and RMSE alone, HadISST1
outperforms the other two data products. However, when the standard deviation of each product
is taken into account, ERSSTv.5 and OISSTv.2 show higher similarities to in-situ data than
HadISSTL1. This is also reflected in higher Skill scores for the products, calculated based on

the Pearson correlation and the standard deviation (see Methods section 3.1).

Correlation coefficient, RMSE, and Skill score increase slightly when station Q is included in
the in-situ data ensemble (Table 4.2). However, the rankings of gridded products remain the
same; HadISST1 has the highest Pearson correlation and lowest RMSE, while ERSSTv.5

achieves the highest Skill score.
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Figure 4.5: Gridded SST data (HadlSST1, ERSSTv.5, OISSTv.2) and in-situ temperature data. The top two
panels show monthly gridded SST data averaged over a calendar year (left) and over the main growth season of
G. glycymeris at St Kilda (May—Oct, right). The bottom six panels show monthly gridded SST data and in-situ
temperature data from the Ellett line stations 15G and Q (surface temperatures) and CTD and bottle data obtained
by ICES. Please note changes of scale on the y-axes.
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Table 4.2: Statistics for each of the gridded SST products (HadISST1, ERSSTv.5, OISSTv.2) compared to in-situ
SST data measured at St Kilda and Ellett Line station 15G. Given are the Pearson correlation coefficient r, the
root-square mean error (RMSE), the standard deviation o, and the Skill score (calculated based on Pearson

correlation and the standard deviation).
ICES and 15G

ICES, 15G, and Q

Pearson RMSE o
r

HadISST1 \ 0.82 0.21 0.29
ERSSTv.5 \ 0.82 0.28 0.40
OISSTv.2 \ 0.79 0.26 0.35

Skill
score

0.32
0.49
0.39

Pearson
r

0.81
0.81
0.78

RMSE p Skill
score

0.19 0.29 0.36
0.31 0.40 0.52
0.24 0.35 0.43
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4.3 Discussion

As stated in the introduction to this chapter, the objectives were to (1) present May—October
salinity and temperature data from different environments on the western Scottish shelf, (2)
provide an overview of instrumental data available at St Kilda, and (3) test which gridded
dataset represents the in-situ conditions at St Kilda most accurately. It is important to note that
the data above are not an attempt to provide a full and detailed oceanographic characterisation
of the western Scottish shelf, as that would be beyond the scope of this thesis. The spatial and
temporal variability of the physical and chemical environment on the shelf has been studied in
detail elsewhere (e.g., Ellett, 1979; Inall et al., 2009; Jones et al., 2018; Painter et al., 2016),
and is briefly discussed in Chapter 2.

4.3.1 Hydrographic stations Q and 15G compared with the TPM

When interpreting sclerochronological data, it is important that the properties of the
surrounding waters are known. St Kilda is a challenging location to characterise, since it is
positioned in a highly dynamic environment, impacted by storms and swell, strong tidal
currents (Cartwright, 1969), upwelling (Simpson and Tett, 1986), and a variable mixture of
oceanic and coastal water (see Chapter 2). Moreover, local hydrographic instrumental data are

scarce, as sampling on the outer shelf is complicated by the rough conditions.

As discussed in Chapter 2, the closest hydrographic station is 15G of the Ellett line, located on
the outer shelf ca. 100 km south of St Kilda (Section 2.4.1, Figure 2.4). Temperature and
salinity data of station 15G was compared to that of the open ocean (station Q) and the Inner
Hebrides (Tiree Passage, TPM) to assess differences in temperature and salinity between the
outer shelf, the open ocean, and a coastal environment. A clear east-west gradient in SST and
salinity across the western Scottish shelf is reflected in Figures 4.1 and 4.3. Stations Q and 15G
have similar monthly temperature profiles, especially between June and October, when the
average temperature difference between the two sites is 0.1 °C (Figure 4.1). In contrast,
temperatures recorded at TPM are significantly cooler during the summer months. The
difference in SSTs can partially be explained by the strong tidal dynamics causing vertical
mixing at TPM, whereas the outer shelf and open ocean begin to stratify in spring (see Chapter

2). However, salinity is a better tracer of oceanic vs. coastal water masses than temperature, as
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it is more conservative and sensitive to advection (Jones et al., 2018; Young and Holt, 2007).
Notwithstanding that the TPM salinity data hardly overlaps with the Q and 15G series in time,
it is evident that the TPM is located in a fresher environment; the Scottish Coastal Current and
other coastal influences are stronger at TPM than at 15G (Figure 4.3 and Figure 4.4). Yet,
coastal influences are present on the outer shelf as well. The dominance of Atlantic vs. shelf
waters at 15G and St Kilda varies between years and is linked to the NAO (Jones et al., 2020;
see Chapter 2).

While 15G data was used here to characterize the conditions at St Kilda, there are two important
caveats that need to be taken into account. Firstly, 15G station data is intermittent and therefore
of limited use. Secondly, while St Kilda is surrounded by waters of relatively uniform depths,
it is subject to upwelling of cold bottom water due to the “island mass effect” (see Section
2.5.2). Hence, local surface temperature and salinity at St Kilda might differ from the
surrounding waters on the outer shelf (Simpson and Tett, 1986). Previous studies have
characterised the tidal regime (Cartwright, 1969; Cartwright et al., 1980), local upwelling and
island-stirring effect (Simpson and Tett, 1986), and marine geology (Sutherland, 1984) at St
Kilda. These studies provide valuable insights into the physical and geological environment at
the archipelago, and demonstrate its complexity. However, long-term in-situ data are
indispensable for a better understanding of the unique environment at St Kilda, and to what
extent it represents or differs from the surrounding shelf.

4.3.2 Gridded data products compared to in-situ data

Gridded data products are the best option for establishing an SST baseline at St Kilda.
However, different gridded data products use different raw data and interpolation methods,
resulting in different outputs (see Section 2.4.2). Thus, these datasets will differ in their skill to
represent any given environment. In addition, as gridded data are spatially smoothed in contrast
to local conditions, it is important to have a good understanding of the oceanography of the
sample site and choose the grid and kernel size accordingly, to avoid introducing additional

error by averaging across different oceanographic regimes.

Here, in-situ data from the outer shelf were compared to the three products HadISST1 (Rayner
et al., 2003), ERSSTv.5 (Huang et al., 2017), and OISST V2 (Reynolds et al., 2002) to assess
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their respective performance. Because station 15G provides only few data points, the in-situ
data were complemented by ICES bottle and CTD data from surface waters on the outer
western shelf. All in all, the correlation coefficient was relatively high across all data products,
while Skill scores were generally low. ERSST V5 yielded the highest Skill score, which can
be attributed to the higher standard deviation in the ERSST series compared to the other two
data products. Thus, one possible interpretation is that ERSST V5 is better at reflecting regional
temperature anomalies. While the ERSST V5 dataset has a lower resolution than OISST V2
and HadISST1, Hughes et al. (2009) found that the difference between 2° grids and 1° grids
are negligible. The authors further state that the grid size of the data products does not
necessarily reflect the true resolution of the embedded data (Hughes et al., 2009). Thus, the
lower resolution does not necessarily make ERSST V5 less suitable for studies at St Kilda.
However, the RMSE was the highest when using ERSST V5.

One major source of uncertainty in the comparison between in-situ data and gridded products
are the in-situ data themselves. As mentioned above, Ellett line hydrographic data (stations
15G and Q) are intermittent, which may complicate interpretation. The ICES dataset was added
to the in-situ data ensemble to increase the number of data points; however, it comprises
different locations and methods used by different teams, and might therefore introduce error.
All gridded products performed better when station Q was included in the in-situ data
ensemble. One possible reason for the better performance might be the increase in the number
of data points achieved by incorporating station Q. Another possible reason is that the spatially
and temporally smoothed gridded SST data do not fully represent regional conditions on the

shelf, and instead incorporate open-ocean signals.

Hughes et al. (2009) assessed the performance of the three products OISST V2, HadISST1,
and ERSST V3 (Smith et al., 2008) at six locations in the Northeast Atlantic region (see
Methods section 3.1). HadISST1 performed best at the Faroe-Shetland channel, which was the
most similar and closest location to St Kilda (Hughes et al., 2009). Similarly, Boehme et al.
(2014) tested the performance of the three gridded datasets (using ERSST V3) as proxies for
ecological variation by comparing them to in-situ temperature data from the Norwegian Sea
and annual-cohort growth data of Atlantic salmon (Salmo salar) from northern and eastern
Scotland. The authors recommend HadISST for similar studies that pre-date 1982, and
OISST V2 for more recent studies, although the latter might underperform in high-latitude
regions where sea ice is prevalent (Boehme et al., 2014). Conversely, the authors advise against
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using ERSST for anomaly studies and recommend its use beyond the mesoscale only (Boehme
etal., 2014).

While ERSSTv.5 had the highest Skill scores in the present study, HadISST1 yielded a lower
RMSE (Table 4.2). Thus, given that the comparison of in-situ data and gridded products did
not yield clear results in the present study, this thesis follows the recommendations by Hughes

et al. (2009) and Boehme et al. (2014) to use HadISST1 for proxy-temperature comparisons.

83



Chapter 5

Radiocarbon dates and taphonomy

84



Chapter 5 — Radiocarbon dates and taphonomy

Chapter 5 — Radiocarbon dates and
taphonomy

The following chapter introduces the sclerochronological part of this thesis and provides an
overview of the collected shell material on which the subsequent result chapters are based.

The samples collected at St Kilda, including dead-collected shells and live specimens, are
described in Section 5.1. The preservational state of A. islandica and G. glycymeris shells was

systematically assessed using a scoring system.

In Section 5.2, the taphonomy of 14 radiocarbon-dated G. glycymeris shells is presented in
more detail. Since their approximate death dates are known, these specimens were used to study
the relationship between taphonomy and passage of time. A linear link between taphonomic
processes and time would enable sclerochronologists to determine whether fossil shells were
approximately coeval and, consequently, whether they are suitable for crossmatching. This
would represent a low-resource alternative to radiometric or AMS dating, and thus provide new

opportunities in palaeoceanographic studies using bivalve shells.

5.1 Sample description

We collected 874 specimens during the research cruise aboard RV Prince Madog in 2014, of
which the vast majority were single valves of G. glycymeris from St Kilda (see Methods section
3.2.1). During the 2016 diving campaign, ca. 100 live and ca. 100 dead A. islandica were
collected at Village Bay, St Kilda. All inall, 192 G. glycymeris and 116 A. islandica specimens
were processed as described in Methods section 3.3.1, and assigned scores based on their
taphonomic condition (see Methods section 3.2.2 for the criteria for selecting shells and the
scoring system). The average scores assigned to live and dead G. glycymeris and A. islandica
samples are presented in Table 5.1. Live G. glycymeris reached the highest scores in all
categories, while the periostracum of live A. islandica were showing signs of degradation.

Live- and dead-collected samples mainly differed in the condition of periostracum and
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ligament, which were absent or considerably degraded in dead samples. The intactness of the
margin also differed between live and dead samples. In contrast, bioerosion yielded similar
scores for both live- and dead-collected specimens. The hand-collected dead samples were in
a better condition than those collected by dredging, and yielded scores that were similar to live
samples. The biggest difference between live A. islandica and hand-collected dead A. islandica

was the condition of the ligament.

Table 5.1: Average scores for dead- and live-collected G. glycymeris and A. islandica from all sample sites of the
2014 research cruise and the 2016 diving campaign. The scores for live samples were the same for dredged and
manually collected specimens.

sfrgggr-n Ir?wlgst Margin ~ Erosion  Nacre
n (1-5) (1-4) (1-4) (1-4) (1-3)
2 | Dredge G. glycymeris 10 5 4 4 4 3
— ordivers | A jslandica 53 3 4 4 4 3
G. glycymeris 182 1 1 2 3 2

T | Dredge ) .
g A. islandica 6 1 1 1 4 2
Divers A. islandica 30 2 2 3 4 2

5.2 Radiocarbon ages and taphonomy of G. glycymeris

Fourteen G. glycymeris valves from St Kilda were radiocarbon dated. Six of these specimens
had already been crossmatched with each other, while a seventh shell crossmatched with
another specimen not included in the radiocarbon analysis. These crossmatched shells thus
form two independent floating (i.e. not absolutely dated) chronologies. Table 5.2 shows all
radiocarbon dates with a local marine reservoir correction. Twelve out of the 14 specimens
dated back to the 4™ millennium BP, including all seven shells that are integrated in the two
floating chronologies. The remaining two specimens yielded younger radiocarbon dates,
placing them at ca. 820 yr BP and ca. 440 yr BP, respectively. The calibrated radiocarbon dates
had 2-sigma uncertainty ranges of between 328 years and 500 years after a local reservoir

correction of AR = -117 + 41 was applied (see Methods section 3.4.2).
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Table 5.2: Conventional and calibrated radiocarbon dates for all dated shell samples with a local marine reservoir
correction of AR = —117 * 41. Calibrations were made using the MARINE20 calibration curve (Heaton et al.,
2020). Specimens marked with an S crossmatched and are incorporated in the St Kilda Seven chronology, the
specimen marked with an M is one of two specimens in the Misfits chronology (see Chapter 6).

1 ¢ (68%)

Conventional . 2 6 (95%)
Specimen Lab ID 14C age (yrs aC;e“(t::;e:t;SS calibrated age
BP) BP) (cal yrs BP)
14GOVB003® Beta-408875 3650 + 30 3466-3322 3546-3239
14GOVB004 S Beta-408876 3630 + 30 3448-3300 3518-3210
14G0OVB005 UBA-29385 3680 + 30 3490-3570 3570-3276
14G0OVBO006 S UBA-29386 3700 + 30 3516-3375 3605-3314
14G0OVB007 UBA-29387 3560 + 30 3359-3215 3430-3142
14G0VB008 UBA-29388 3500 + 30 3310-3154 3365-3064
14G0ovB019M Beta-408877 3480 + 30 3280-3108 3351-3028
14G0OVB020° Beta-408878 3700 + 30 3522-3373 3615-3308
14G0VB021 S UBA-29389 3550 + 30 3354-3209 3427-3131
14G0VB024 5 Beta-408879 3710+ 30 3535-3385 3624-3320
14G0VB028 UBA-29390 820 + 30 336-204 430-130
14G0VB031 UBA-29391 3600 + 30 3405-3259 3470-3183
14G0VB043 UBA-29384 3710 + 30 3537-3392 3620-3331
14G0OVB050 UBA-29392 440 +£30 55-na 113-na

5.2.1 Taphonomic scores

A comparison of dead-collected G. glycymeris from different time periods is presented in
Table 5.3. The samples from the three oldest time periods included in this table have been
radiocarbon dated and thus an approximate geological age is known. The exact year of death
is known for the most recent shell (2013 CE) because it has been crossmatched with live-caught
specimens (crossmatching results not included in this thesis). This shell was collected at Skye
North during the 2014 research cruise and presented a complete increment for 2013, thus it had
died less than one year before collection. There are no significant differences in scores between
the specimens from ca. 3700-3400 yr before present (BP = 1950 CE), ca. 820 yr BP, and ca.
440 yr BP. The most recent specimen, from 2013 CE, yielded higher scores than the earlier
specimens for its ligament, margin, and nacre. The periostracum was missing in all specimens,
including the most recent one. None of the specimens showed signs of bioerosion, except for

the most recent specimen.
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Table 5.3: Scores for G. glycymeris from different time periods. The 3710-3480 yr BP group consists of twelve
shells and thus the average scores are presented here. The 2013 CE shell is a specimen from Skye North that
crossmatched with live shells from the same location (results not shown in this thesis) and thus the exact death
date is known.

Perio- Liga- Margin  Bioerosion Nacre
Death date stracum ment
(1-5) ) (14)  (1-3)
ca. 3710-3480 yr BP (n=12) 1 1 2 4 2
ca. 820 yr BP (n=1) 1 1 1 4 1
ca. 440 yr BP (n=1) 1 1 2 4 2
2013 CE (n=1) 1 3 4 2 3

Figure 5.1 presents one of the specimens dated to the 4™ millennium BP (14G0VBO031) and the
specimen dated to ca. 440 yr BP (14G0VB050). Despite the age difference, both shells yielded
similar scores, the younger shell from ca. 440 yr BP performing slightly worse due to the
abraded margin. The pattern on the outside of the shell that is typical for G. glycymeris is better
preserved in the older shell (Figure 5.1). However, these patterns were not included in the

scoring system and not assessed systematically.

Figure 5.1: G. glycymeris valves dredged at St Kilda. Specimen 14G0VBO031 to the left (a, c) is ca. 3000
years older than specimen 14G0VBO50 to the right (b, d). The black scale bars represent 1 cm.
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All shells from the 4™ millennium BP were matt white on the inside, while live-collected shells

had a glossy inside. This characteristic was not assessed systematically.

5.2.2 Raman spectroscopy

The fossil shells showed no signs of diagenesis, all Raman spectra of the fossil shells being
consistent with those of aragonite (Figure 5.2). Clear characteristic aragonite peaks were
identified at 153, 181, 206 and 702—706 cm™ (Parker et al., 2010) along with a characteristic
calcium carbonate peak at 1085 cm™ (Wehrmeister et al., 2010). No characteristic calcite peaks

were identified in any spectra acquired from fossil G. glycymeris.

— G. glycymeris 0OSL — Aragonite Standard Calcite Standard

153

702 - 706

Intensity (a.u.)

it T T
Raman shift (cm'ﬂ)

Figure 5.2: Raman spectra acquired between 135 and 1100 cm-1 for the oOSL of a fossil G. glycymeris along
with spectra from speleothem aragonite and synthetic calcite. Characteristic peaks in the spectra are indicated
(dotted lines) for coincident peaks in the shell and speleothem aragonite. A clear matching peak at 1085 cm™ is
visible for all samples. The y-axis is displayed as arbitrary units of intensity. Data and figure kindly provided
by Philip Hollyman.
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5.3 Discussion

5.3.1 Taphonomic scores

Shell condition was methodically assessed following a scoring system used by the
Sclerochronology group at Bangor University (Butler et al., 2020; see Methods section 3.2.2).
These data are collected systematically for all processed shell material and saved for future
reference and potential studies. The same taphonomic scoring system was applied to both A.
islandica and G. glycymeris. However, previous taphonomic studies on G. glycymeris have
used additional variables, including the abrasion of ornamentation and colour patterns of the
exterior shell (Cabral and Martins, 2016; Rogalla and Amler, 2007).

5.3.1.1 Live-collected material (A. islandica and G. glycymeris)

One might expect that live specimens generally obtain the highest possible score in each
category (periostracum, ligament, bioerosion, nacre, margin). However, this does not have to
be the case. Shell condition may deteriorate while the animal is still alive; this is particularly
true for the periostracum, which is often found to be abraded or eroded in older parts of bivalve
shells. To provide a baseline for G. glycymeris and A. islandica, a simple overview of both live
and dead specimens and their average taphonomic scores is presented in Table 5.1. Each
sample site was initially considered individually to account for possible local environmental
influences that may affect shells differently. However, no major differences were found
between the live specimens sampled at Village Bay (St Kilda), Skye, Canna, and Rhum; thus,

all data were grouped as presented above (see Appendix A for individual scores).

Ten live-collected G. glycymeris specimens were assessed, of which seven had been collected
at Village Bay, St Kilda, and three north of Skye. All live G. glycymeris obtained the highest
possible score in every category (Table 5.1). It is noteworthy that all ten specimens were fully
covered in periostracum; this thin organic layer is often eroded during the lifetime of a
specimen, persisting only as a narrow rim at the ventral margin (Rogalla and Amler, 2007, see
Introduction section 1.5). The preservation of the periostracum may be partially explained by
the water depth that the specimens were collected at (45-65 m at Village Bay, 42-64 m at

Skye). Even though strong wave-base motion is still present at these depths at Village Bay,
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abrasion processes are much slower here than in the surf zone (Driscoll, 1967). Moreover, all
live-caught G. glycymeris were relatively young at the time of capture; the seven specimens
from St Kilda were around 15 years old and all three specimens from Skye were younger than
40 years old. Thus, since the fossil specimens were considerably older at their time of death
(around 100 years), it is conceivable that they may have shown signs of periostracum erosion

during their lifetime even though their modern counterparts did not.

In contrast, live specimens of A. islandica were often only covered to ca. 50% by periostracum.
These specimens were generally collected at shallower depths (e.g., 26 m at Village Bay) and
considerably older (where age was assessed) than the G. glycymeris samples. Consequently,
the A. islandica specimens had been more exposed to physical abrasion and chemical erosion.
Apart from the lower scores for periostracum cover, live A. islandica obtained the highest

possible score in every category.

5.3.1.2 Fossil G. glycymeris from different time intervals

While a relatively large number of G. glycymeris shells was retrieved from Village Bay,
St Kilda, only 14 specimens were radiocarbon dated (Table 5.2). The overall number of shells
that could be used to study the relationship between shell condition and time was limited to
these 14 radiocarbon-dated specimens plus one shell from north of Skye that had died less than
a year before it was collected (Table 5.3). Apart from the group assigned to the 4™ millennium
BP (n = 12), all time intervals in Table 5.3 are represented by only one specimen. The results
presented in this chapter do therefore not allow any general conclusions to be drawn and the

following discussion is to be taken with caution.

Ligament and periostracum

Preservation of ligament clearly set the recently dead specimen (2013 CE) apart from other
groups (Table 5.3). This is unsurprising, since organic material decays faster than the
calcareous shell material and can therefore be expected to be largely absent in fossil material
(see also Butler et al., 2020). However, while presence of organic material may suggest a
relatively recent death of the specimen, absence of such organic-rich material does not
automatically allow for the opposite conclusion to be made. This seems to be particularly true
for the periostracum, which, as mentioned above, often is eroded or abraded during the lifetime

of a specimen and was completely absent in the specimen that had died in 2013 CE (Table 5.3).
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Nacre and margin

The condition of nacre and margin was better in the recently dead specimen compared to older
samples. However, there was a high variation in scores among the coeval specimens from the
4™ millennium BP, indicating that their exposure to the physical and biotic environment

differed (Appendix A). Thus, no clear trends could be detected.

Bioerosion

There is an important caveat when assessing bioerosion in material pre-selected for
sclerochronological studies. Because it is difficult to crossmatch specimens that are heavily
bored, these shells are of less interest to sclerochronologists and were the first ones to be
removed from the sample pool presented in this thesis. Put differently, the shells that were
processed, assessed, and radiocarbon dated were not chosen randomly. Instead, the most intact
shells with negligible bioerosion were picked, where possible, to ensure that the subsequent
microscope images would be clear enough for crossmatching. This has two major implications:
(1) There is a bias towards more intact shells in the fossil sample material presented above, and
(2) even if bioerosion was a discriminatory factor between shells from different time intervals,
this finding would be devalued by the fact that heavily bored shells are only of limited use.
Notwithstanding this caveat to using bioerosion scores, the following paragraph will provide a

short discussion of the results in Table 5.3.

Bioerosion was not a discriminating factor between shells from different groups. In fact, the
most recent dead-collected specimen had the lowest score in this category (Table 5.3). Given
the lack of bioerosion in the shells dated to the fourth millennium BP, they must have remained
buried in the sediment after their death (e.g., Flessa et al., 1993). In an experimental study on
shell destruction, Driscoll (1970) found that, in low-energy environments, the main cause of
destruction in shells above the sediment-water interface is boring, while the main destructive
agent beneath the interface is chemical dissolution. Thus, bioerosion might be more indicative
of how the shells have been preserved in the sea, rather than for how long. Indeed, bioerosion
— particularly microboring — is a well-known indicator of rapid burial in palaeontological
studies (Lescinsky et al., 2011; Vogel et al., 2000).

Summary of findings in comparison with existing literature
All inall, the scoring system was not sufficient to discriminate between dead-collected material

from different time periods in this study, i.e. it was not possible to determine whether a
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specimen had died 500 years ago or 3500 years ago. While the small sample size prevents
definite conclusions to be drawn, the findings are in good accordance with the existing
literature. For example, in a study on Chione spp. from the Gulf of California, Flessa et al.
(1993) found significant time-averaging in surficial shell lags (up to 3500 years), and
taphonomic grades were not a reliable indicator of time since death. In a comprehensive study
on abrasion processes in over 500 G. glycymeris shells, Rogalla and Amler (2007)
distinguished nine taphonomic characteristics: valve outline and shape, ornamentation of
exterior shell surface, colour and periostracum of the exterior shell surface, beak/umbo
depression, beak/umbo facets, hinge plate condition, ligamental area condition, internal shell
surface within pallial line and adductor scars, and crenulation of inner ventral margin. Each of
these nine characters were divided into six to ten abrasion stages (Rogalla and Amler, 2007).
The authors concluded that abrasion processes in G. glycymeris are “mosaic-like”, i.e.
noncontinuous and nonlinear (Rogalla and Amler, 2007). The study by Rogalla and Amler
(2007) thus provides further evidence supporting the finding that the antiquity of a shell cannot
be quantified through its exterior condition; however, it should be noted that their study was
based on shells collected in the intertidal. In contrast, the St Kilda shells were collected at
depths below 46 m, and are thus more representative of a low-energy environment than an
intertidal or surf-zone environment. This is an important distinction to make when comparing
results from different studies, since shell destruction is 150 to 1000 times faster in the surf zone
compared to low-energy sublittoral environments, and mostly caused by abrasion (Driscoll,
1970). Arguably the most relevant study for this discussion was published recently by Butler
et al. (2020), in which the authors assessed the taphonomic condition of 277 radiocarbon-dated
A. islandica shells from the North Sea. The study design was similar to the one described in
this chapter, as the same dredge and the same taphonomic scoring system were applied (Butler
et al., 2020; see Methods chapter). The shells were divided into four different groups based on
their radiocarbon dates: modern (post bomb pulse), 0-500 cal yr BP, 500-1500 cal yr BP, and
early Holocene/late Glacial (EHLG, ~6000-14,000 cal yr BP) (Butler et al., 2020). The authors
then tried to assign the shells to the correct radiocarbon groups based on their taphonomic
variable scores, using discriminant analysis and principal component analysis. Only the
modern shells were placed in the correct group to a high enough degree, whereas in other age
groups the portion of correctly placed shells could be as low as 20%; the authors thus concluded
that shell condition and taphonomy cannot be used to triage shells for chronology construction
(Butler et al., 2020).
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5.3.2 Comparability of fossil G. glycymeris and modern shells

As described above, the fossil shells used for chronology building were in very good condition,
and Raman spectroscopy showed no diagenetic alterations (Figure 5.2). This makes them
suitable for sclerochronological studies and comparison with live specimens. Once that is
known, the remaining question is whether the fossil specimens lived in the same location as
they were found, and in similar depths as the live specimens. Here, the distinctive topography
of St Kilda is helpful (see Section 2.5.1) — the steep sub-surfaces and the lack of sediment on
most of the platform suggest that the fossil shells lived at Village Bay, at similar depths as the
live specimens. Relative sea-level change does not have to be considered in this study, as sea-

level rise in this region has been smaller than 2 m in the last 4000 years (Gehrels, 2010).

5.3.3 Conclusions and implications for future studies

The radiocarbon ages of the dated shells (Table 5.2) are mainly clustered in the
4™ millennium BP. This bias can be partially explained by the fact that six of the dated shells
had been crossmatched with each other prior to radiocarbon dating; consequently, they were
expected to be contemporaneous (St Kilda Seven chronology, see Chapter 6). In addition, six
other specimens also yielded similar radiocarbon dates, placing them at approximately 3700—
3500 yr BP. However, the remaining two shells were considerably younger (820 yr BP and
440 yr BP). This offers the possibility to build floating chronologies with shells from different
time windows, or perhaps even a continuous record over the past three or four millennia.
Decadal-scale 5'*C and &80 records spanning the last millennium have been published for
Loch Sunart, NW Scotland, based on benthic foraminifera (Cage and Austin, 2010). Similarly,
a G. glycymeris chronology spanning the last millennium has been constructed for the Tiree
Passage (unpublished data, pers. comm. David Reynolds), as an extension of the previously
published chronology for the same site (Reynolds et al., 2013). Both these locations are situated
in proximity to each other on the inner Malin shelf, and no comparable chronologies are
available for the outer shelf. As discussed in Chapter 2 and Chapter 4, the Scottish shelf exhibits
a strong longitudinal gradient in salinity content, salinity anomaly, SST amplitudes, and water
chemistry, as coastal influences are considerably stronger on the inner shelf (e.g., Figure 2.2,
2.3). A multi-millennial high-resolution record of an offshore environment like St Kilda would
therefore be invaluable and novel information. However, to properly assess whether a

continuous chronology linking the fossil shells to modern specimens is possible, the
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approximate ages of the existing shell material need to be known. During the research cruise
in 2014, only seven young G. glycymeris were found live (see Methods chapter), and during a
survey of marine fauna at Village Bay around 20 years earlier, no Glycymeris at all were
recorded (Ellis et al., 1995). Either the main population was missed in both instances, which is
plausible, or G. glycymeris were completely absent at Village Bay during some time and only
resettled there very recently. Answering this question would require a considerable amount of
additional funding; consequently, the potential of a continuous multi-centennial-to-millennial

G. glycymeris chronology at this location remains uncertain.

Building a shell-based chronology is generally time-intensive, even when live-collected
specimens are used. Given that specimens found in the same shell lag can have age differences
of thousands of years (Table 5.2; Flessa et al., 1993; Butler et al., 2009), any attempt to
crossmatch fossil shells from a shell lag is likely to be many times more time-consuming and
a potentially fruitless task, especially since spurious correlations may be found between
specimens whose lifespans did not overlap in time. Therefore, the age of the used shell material
should ideally be constrained before crossmatching is attempted. Currently, radiometric or
AMS dating are the most common methods used to identify whether shells were approximately
coeval. However, these techniques require additional resources and are age-limited; they might
therefore not always be feasible. The search for alternative methods to constrain ages of fossil
shell material was recently highlighted as a priority research question in sclerochronology in a
horizon-scanning survey (Trofimova et al., 2020). As described above, taphonomic variable
scores are most likely unsuitable as an alternative method of triaging shells; thus, the search

for alternative sampling strategies in fossil material must continue.
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Chapter 6 — Master chronologies and sub-
annual oxygen isotopes: growth variability,
growth season, and seasonal temperatures in
the late Holocene

This chapter presents all master chronologies used in this thesis as well as sub-annual oxygen
isotopes. The choice was made to combine all these results into one single chapter because
their discussion is strongly linked. The crossmatched growth increments define annually
resolved time series that allows the interpretation of seasonal oxygen isotopes in the first place.
Conversely, the seasonal signal of the oxygen isotopes enables us to determine during which
time of the year the growth increments were formed, thus providing more information on the
chronologies themselves. Lastly, seawater temperatures can be calculated once the
chronologies are built, assuming the oxygen isotope signal of seawater can be constrained.
Thus, to allow for a fluid discussion of results that build on one another, all these data are
presented together.

Master chronologies

Three chronologies were constructed: one modern Arctica chronology spanning 125 years, and
two floating Glycymeris chronologies, spanning 141 years and 187 years respectively. The two
floating chronologies (referred to as the St Kilda Seven and the Misfits chronologies) were
assigned radiocarbon dates in the 4" millennium BP (Table 5.2 in the previous chapter). The
following subsections introduce all three chronologies (Section 6.1 and Section 6.2).

The focus of this chapter is on the floating Glycymeris chronologies and the 4" millennium BP.
The modern Arctica chronology is presented for comparison, but further analysis of the modern

chronology and correlations with instrumental data is given in Chapter 7.

Seasonal oxygen isotopes

Section 6.3 presents sub-annual oxygen isotope profiles in the fossil St Kilda Seven shells and
two modern Arctica chronology specimens. Growth season, seasonality, and mean
temperatures are inferred from the oxygen isotope series of both the 4" millennium BP and the

modern chronology.
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NB: Parts of the results (Section 6.1.2 and Section 6.3) and discussion (Section 6.4.1.1 and
Section 6.4.3) have been published in the journal Palaeogeography, Palaeoclimatology,
Palaeoecology, in a research article titled “Late Holocene seasonal temperature variability of
the western Scottish shelf (St Kilda) recorded in fossil shells of the bivalve Glycymeris

glycymeris” (Alexandroff et al., 2021).

6.1 Floating Glycymeris chronologies — 4™ millennium BP

Both chronologies presented in this subsection were constructed with dead-collected G.
glycymeris from St Kilda and have been radiocarbon dated to the fourth millennium BP
(Table 5.2). Their respective conventional radiocarbon ages separate these two chronologies
by ca. 100 to 200 years, the Misfits chronology being slightly younger (3400 yr BP) than the
St Kilda Seven chronology (3700-3500 yr BP). Because these chronologies are floating, i.e.

not absolutely dated, their time axes are reported in chronology years.

6.1.1 Misfits chronology
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Figure 6.1: Raw increment widths of the two Misfits chronology shells (grey lines), measured in the hinge
plate. The black line shows the arithmetic mean of the raw (i.e. not yet standardised) series.
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The Misfits chronology consists of only two specimens (Figure 6.1) with lifespans of 127 and
112 years, respectively. Specimen 14G0VBO019 was assigned radiocarbon dates that place the
chronology in the mid- to late fourth millennium BP (Table 5.2).

The increments were measured in the hinge plate; thus, both series begin with small increments
(Figure 6.1). These small increments in the most juvenile part of the hinge plate often presented
doublet annual lines and were therefore difficult to read and crossmatch. After the first 10 to

20 years of life, the growth curve shows the expected negative exponential trend (Figure 6.1).
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Figure 6.2: Misfits chronology. The bottom panel shows the standardised annual growth indices (grey line) and
a 9-year moving average (black line). The top panel shows sample depth (grey shaded area), EPS (black
triangles), and Rbar (black squares) of the chronology. The red dashed line is the 0.85 EPS threshold as
suggested by Wigley et al. (1984).

The resulting chronology presented in Figure 6.2 spans 141 years, however only 118 years of
the chronology contain data from both specimens. The inter-series correlation between the two
specimens is high enough to offset the low sample number and produce an EPS higher than
0.85 for a duration of over 40 years (Figure 6.2). This 40-year period of high EPS (> 0.85) and
Rbar (> 0.75) coincides with a strong negative growth trend followed by a quick recovery
(Figure 6.2). The EPS and Rbar drop rapidly during the following decades (chronology years
80t0 110, EPS =0.58, Rbar = 0.41), which show no trend and are dominated by high-frequency
variability only. Towards the end of the chronology a clear positive growth trend can be
observed and the EPS (0.81) and Rbar (0.68) increase again.
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Wavelet spectrum

The Misfits chronology yielded high-frequency signals (2 to 6 years) in the earliest and latest
part of the chronology, based on CWT analysis with a red-noise background (Figure 6.3). Gaps
with no significant periods are dominant in the years 20 to 80.

Period (Years)
Power

0 16 32 48 64 80 96 112 128
Chronology year

Figure 6.3: Wavelet spectrum for the floating St Kilda Misfits chronology using Morlet (wavenumber 6) as mother
wavelet (Torrence and Compo, 1998). The legend indicates the power. The greyed area is the cone of influence,
where edge effects due to zero padding may become important. The black contours represent regions of significance

(p=0.05) using a red-noise background with lag-1 (autoregressive) of 0.82, calculated following the Box-Jenkins
methods (Box et al., 1994).

Singular Spectrum Analysis and Multitaper Method

SSA of the Misfits chronology shows a significant period of 3 years (p < 0.01). Additional
periods found through SSA and MTM were at x = 0.01 and x ~ 0, respectively, and have to be
excluded because they approach the total length of the Misfits series (Figure 6.4).
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Figure 6.4: Spectral analysis of the Misfits chronology using a red-noise background (autoregressive
lag 1). Left panel: Singular Spectrum Analysis (SSA). The vertical bars represent the 0.01 significance
level. Significant periods (highlighted in pink): 100 years (x = 0.01), 3 years (x = 0.33). Right panel:
Multitaper method (K = 3). The grey line represents the 0.01 significance level. The significant period is
X = 0.

6.1.2 St Kilda Seven chronology

The St Kilda Seven chronology is the focus of this thesis, next to the modern Arctica

chronology, and provides the basis for stable isotope analysis presented in Section 6.3.
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Figure 6.5: Raw increment widths of the St Kilda Seven chronology shells (grey lines), measured in the hinge
plate. The black line shows the arithmetic mean of the raw (not yet standardised) series. The first 20 years of
growth were removed in all series.
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The chronology consists of seven shells and spans 207 years in total. However, the first 20
years of each specimen were removed, resulting in a chronology of 187 years (Figure 6.5,
Figure 6.6). The increments were measured in the hinge plate. Similar to the Misfits
chronology, the individual series show small increments in the first 10-20 ontogenetic years
that often present doublet annual lines which are difficult to crossmatch. These smaller
increments are followed by a set of large increments that then decrease in size exponentially
(Figure 6.5).

The chronology is statistically robust or close-to-robust for ca. 110 years, with an EPS above
0.85, apart from a short period at around year 80 where the EPS dips below 0.80 (EPS = 0.77,
Figure 6.6). Apart from the period mentioned above with a lower EPS, the years 30 to 140
show relatively high values for EPS (0.80 to 0.92) and Rbar (0.47 to 0.72). The first ten years
of the chronology consist of only one specimen and should thus be treated with caution when
interpreting the growth index series or when comparing it to other datasets. The following
period between years 11 and 43 yielded high EPS and Rbar values despite the low sample depth
(n=2). Here, and in the following ca 100 years, the growth index series shows a low-frequency
variability of ca 20-30 years. This pattern ends at around year 150. The EPS and Rbar decrease
rapidly at around year 140 and continue to do so towards the end of the chronology, coinciding

with the mentioned change in variability patterns.
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Figure 6.6: St Kilda Seven chronology. The top panel shows the standardised annual growth indices (grey line)
and a 9-year moving average (black line). The first 20 years of growth were removed in all series, hence the
chronology starting at year 21. The bottom panel shows sample depth, EPS and Rbar of the chronology. The
red dashed line is the 0.85 EPS threshold as suggested by Wigley et al. (1984).
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Wavelet spectrum

CWT analysis for the St Kilda Seven chronology produces significant periods fluctuating
between 2 and 6 years for almost the entire length of the chronology (Figure 6.7). In addition

to these short periods, a significant period of ca 10 to 24 years is present in the middle of the
chronology, at around year 80 to 140.

Period (Years)

100 120 140 160 180 200
Chronology year

Figure 6.7: Wavelet spectrum for the floating St Kilda Seven chronology using Morlet (wavenumber 6) as mother
wavelet (Torrence and Compo, 1998). The greyed area is the cone of influence, where edge effects due to zero
padding may become important. The black contours represent regions of significance (p = 0.05) using a red-noise
background with lag-1 (autoregressive) of 0.81, calculated following the Box-Jenkins methods (Box et al., 1994).

Singular Spectrum Analysis and Multitaper Method
SSA shows several persistent periods in the St Kilda Seven chronology (Figure 6.8). Significant
results (p < 0.01) were obtained both for shorter periods of 2.4 years and 4 years, as well as for

longer periods of 20 years and 33.3 years. The MTM results are consistent with SSA and
produced significant periods of 2.4 years and 25 years.
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Figure 6.8: Spectral analysis of the St Kilda Seven chronology using a red-noise background (autoregressive
lag 1). Left panel: Singular Spectrum Analysis (SSA). The vertical bars represent the 0.01 significance level.
Significant periods (highlighted in pink): 33.3 years (x = 0.03), 20 years (x = 0.05), 4 years (x = 0.25), 2.4
years (x = 0.41). Right panel: Multitaper method (K = 3). The grey line represents the 0.01 significance level.
Significant periods (highlighted in pink): 25 years (x = 0.04), 2.4 years (x = 0.41).

6.1.2.1 Constraining the age uncertainty of the St Kilda 7 chronology

Six specimens (i.e., all but 14G0V023) of the St Kilda Seven chronology were radiocarbon

dated, placing the chronology in the fourth millennium BP. When the local marine reservoir

effect offset is taken into account, the calibration of the radiocarbon dates produces 2-sigma

uncertainties of ca. 300 years (Table 6.1). These uncertainties were constrained through a

chronological model, i.e., by taking both the radiocarbon calibration curve and the stratigraphic

information obtained through crossmatching into account (Table 6.1, see Methods section

3.4.2).

Table 6.1: Radiocarbon ages of the St Kilda Seven shells. The unmodelled and modelled dates with a 95.4%
probability (2-c) are given after a regional AR correction of -117 + 93 has been applied. Modelled dates refer to
dates output by the chronological model (Bayesian defined sequence model in OXCAL 4.4). Lab IDs of each
specimen are given in Table 5.2.

Specimen Unmodelled (cal | Modelled (cal yr
yr BP) BP)
14G0VB006 3605-3314 3515-3405
14G0VB020 3615-3308 3475-3365
14G0OVB024 3624-3320 3445-3335
14G0VB003 3546-3239 3444-3334
14G0OVB004 3518-3210 3429-3319
14G0VB021 3427-3131 3428-3318
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Table 6.1 includes all dates of the six St Kilda Seven specimens that were radiocarbon dated,
before and after applying the Bayesian chronological model. The modelled dates range from
3515 to 3318 cal yr BP, which reduced the unmodelled range (3624-3131 cal yr BP) by 296

years.

The Bayesian model places the St Kilda Seven chronology in the mid-fourth millennium BP
with probability density peaks clustered around 35003300 cal yr BP (Figure 6.9).

D_Sequence

R_Date VBA06 —
Gap 40
R_Date VBQ20
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Figure 6.9: Probability densities of the death dates of six St Kilda Seven specimens and the combined series
(D_Sequence), applying a AR correction of —117 + 41. The sample I1Ds and gaps between each specimen as
derived from crossmatching are given in the left column. The pale grey distribution curves represent the
radiocarbon calibration probability distribution. The dark grey distribution curves are the resulting probability
distributions obtained by the chronological model, after the gaps between each specimen are considered. The
square brackets indicate a 95.4% probability. The top distribution curve (D_Sequence) is the result of wiggle-
matching the crossmatched series to the radiocarbon calibration curve using the ? test.

105



Chapter 6 — Master chronologies and sub-annual oxygen isotopes

6.2 Modern Arctica chronology
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Figure 6.10: Raw increment widths of the six A. islandica chronology shells (grey lines), measured in the
margin. The black line shows the arithmetic mean of the raw (i.e. not yet standardised) series.

Four live- and two dead-collected A. islandica shells were crossmatched and stacked into a
chronology. The individual series ranged from 84 to 127 years, and the increment widths in the
margins ranged from 26 um in mature shell parts to 2260 pm in juvenile parts (Figure 6.10).
The increments were measured in the margin. The undetrended growth series shown in
Figure 6.10 follow a negative exponential growth trend. The resulting chronology spanned
1889-2015 CE in total, however, the year 1889 is only represented by one specimen. Therefore,
that year was removed, shortening the chronology to 1890-2015 CE (Figure 6.11). The
chronology is statistically robust in 1921-1981 CE with an EPS of > 0.85 and an Rbar of
> 0.55. Both the EPS and the Rbar decrease rapidly towards the end of the chronology and are
at the lowest level at year 1995 (EPS = 0.76, Rbar = 0.39). There are no statistics on the period
before year 1921 CE because the EPS and Rbar were calculated based on 30-year windows
(see Methods section 3.3.4).
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Figure 6.11: Arctica islandica chronology. The bottom panel shows the standardised annual growth indices
(grey line) and a 9-year moving average (black line). The top panel shows sample depth, EPS and Rbar of the
chronology. The red dashed line is the 0.85 EPS threshold as suggested by Wigley et al. (1984).
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Figure 6.12: Detrended series of all six shells in the Arctica chronology. The grey shaded area indicates the
part of the chronology with the lowest EPS and Rbar.
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Wavelet spectrum

Continuous wavelet transform (CWT) analysis of the Arctica chronology presents significant
periods of between 2 and 6 years throughout the chronology until 2002 CE, and additional
quasi-decadal periods in different parts of the chronology (Figure 6.13).

Period (Years)

1890 1906 1922 1938 1954 1970 1986 2002
Calendar years (CE)

Figure 6.13: Wavelet spectrum for the modern A. islandica chronology using Morlet (wavenumber 6) as mother
wavelet (Torrence and Compo, 1998). The greyed area is the cone of influence, where edge effects due to zero
padding may become important. The black contours represent regions of significance (p = 0.05) using a red-

noise background with lag-1 (autoregressive) of 0.85, calculated following the Box-Jenkins methods (Box et al.,
1994).

Singular Spectrum Analysis and Multitaper Method
Figure 6.14 illustrates the analysis of persistent patterns in the chronology. While Singular

Spectrum Analysis (SSA) yielded no significant periods, the Multitaper Method (MTM)
showed a significant period of 2.2 years (p = 0.01).
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Figure 6.14: Spectral analysis of the Arctica chronology using a red-noise background (autoregressive lagl).
Left panel: Singular Spectrum Analysis (SSA). The vertical bars represent the 0.01 significance level. Right
panel: Multitaper method (K=3). The grey line represents the 0.01 significance level. Significant period
(highlighted in pink): 2.2 years (x=0.455).

6.3 Seasonal oxygen isotopes

6.3.1 Raw 680 series
6.3.1.1 Glycymeris glycymeris

Oxygen isotope values are presented for three live-collected shells (2005-2013 CE) and five
fossil shells from the floating chronology (3515-3318 cal yr BP). The three modern shells
yielded sub-annual &80, for between 8 and 11 growth seasons (i.e. ‘annual’ increments) and
were averaged into one combined series spanning 2005-2013 CE. The average sampling
resolution in the modern specimens was six samples per year, with a minimum of five and a
maximum of nine samples per year.

All seven fossil shells from the floating chronology were sampled; however, two shells
(14G0OVBO003 and 14G0VB024) were excluded from further analysis due to low sampling
resolution. Figure 6.15 shows the position of each of the remaining five fossil 180 series in
the floating chronology, which span between 11 and 14 growth seasons each. The average
sampling resolution of the five fossil shells was five samples per year, with a minimum of two
and a maximum of nine samples per year. Specimens 14G0VB004 and 14G0VBO021 were
combined into one average series due to their overlap in time. Thus, there are four windows in
the floating chronology: Two separate series at the beginning of the chronology (14G0VBO006,
14G0VB020), one combined series in the middle of the chronology (14GOVBO004 and
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14G0VB021), and one series at around year 140 (14G0VB023). All modern and fossil shells
showed a clear seasonal signal (Figure 6.16). The isotope series of the two coeval fossil
specimens presented a warming trend (14G0VBO004 and 14G0VB021; Figure 6.16).
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Figure 6.15: Positions of the fossil §'8Q; series in the floating chronology.
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Figure 6.16: 30, values for the modern (red dots; 14G2VB132, 14G2VB136, 14G2VB137) and the fossil G.
glycymeris shells (blue dots; 14G0VB006, 14G0VB020, 14G0VB004, 14G0VB021, 14G0VB023). The sample
direction followed the direction of growth (dog), from the ontogenetically youngest increments towards the more
mature increments. The dashed vertical lines coincide with the last sample of each growth season. Note that the y-
axes are inverted, thus, peaks in the plots correspond to temperature peaks. Each sample spot has a 300 um diameter.
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6.3.1.2 Arctica islandica

Two shells of the A. islandica chronology were sampled (16A2VB007, 16A0VBO010, see
Figure 6.17). Specimen 16A2VB007 provided an average sampling resolution of 12 samples
per year, with a minimum of five and maximum of 17 per year. Specimen 16A0VB010
provided a resolution of eight samples per year, with a minimum of three and a maximum of

14 samples per year. Similar to G. glycymeris, a clear seasonal signal is visible in both A.

islandica specimens (Figure 6.17).
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Figure 6.17: 580 values for the A. islandica shells (16 A2VB007, 16A0VB010). The sample direction followed
the direction of growth (dog), from the ontogenetically youngest increments towards the more mature increments.
The dashed vertical lines coincide with the last sample of each growth season. Note that the y-axes are inverted,
thus, peaks in the plots correspond to temperature peaks. Each sample spot has a 300 pm diameter.

6.3.2 Growth season and calibration with instrumental data

The 580 series were converted into temperatures using a palacotemperature equation (see

Methods section 3.6.5, Equation 4).

6.3.2.1 Live-collected Glycymeris glycymeris
Figure 6.18 shows the §'80c-derived seawater temperatures obtained by microdrilling modern

G. glycymeris (14G2VB132, 14G2VB136, 14G2VB137), aligned with gridded SSTs for 2005—
2013 CE. The shell-derived temperature peaks match the peaks of the gridded dataset well in
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most years, with the exception of 2007, 2009, and 2010 CE where there is a difference of up to
0.8° C between the two series.

The reconstructed temperatures indicate a main growth season of G. glycymeris from May to
September/October (Figure 6.18, Figure 6.20).

HadISST -e-Mean shell
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Figure 6.18: Average sub-annual temperature series derived from oxygen isotopes in three live-collected G.
glycymeris shells (black dots), compared to monthly gridded sea surface temperature data (HadlSST1, red
line) for 2005-2013 CE. Error bars represent the standard deviation.

6.3.2.2 Crossmatched Arctica islandica

Specimen 16A2VB007 provided the highest sample resolution (see Section 6.3.1.2) and is
therefore used here to determine the growth season. Figure 6.19 shows the shell-derived
temperatures obtained from specimen 16A2VB007 aligned with HadISST1 reanalysis data for
each respective year. Based on these results, A. islandica present a similar main growth season
as G. glycymeris at St Kilda, from May to September/October. The shell-derived peak
temperatures align well with the HadISST1 data in some years (1892, 1897, 1898 CE), while
they fall below the HadISST1 peak in other years, in some cases with more than 1 °C difference
(1891, 1893 CE; Figure 6.20).
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Figure 6.19: Sub-annual temperature series derived from oxygen isotopes in one A. islandica shell
(16A2VB007, black dots), compared to monthly gridded sea surface temperature data (HadISST1, red line) for
2005-2013 CE.

6.3.3 Seasonality and average temperatures across time

Downsampling

All isotope series (fossil G. glycymeris, averaged modern G. glycymeris, averaged A. islandica)
were resampled by fitting a 6-point cubic spline prior to any further analysis to allow for a
better comparison. Figure 6.20 presents data from three calendar years (2008, 2011, 2012 CE)
in the three modern G. glycymeris specimens, comparing results obtained by micromilling and
microdrilling, and the resampled series obtained by fitting a 6-point cubic spline. These three
years were chosen because they provided the best sampling resolution across all three
specimens. As the figure shows, all sample techniques yielded similar results, indicating a main
growth season of G. glycymeris at St Kilda from May to September/October, with a bias
towards the late spring and summer months.

Figure 6.21 shows 880 data of the A. islandica specimen 16A2VB007 in three years (1892,
1897, 1898 CE) before and after a 6-point cubic spline has been fitted. These three years were
chosen because they matched the respective HadlISST1 data the best.

Whilst resampling the 5180 series yielded similar results as the original 180 data, it caused a

decrease in the temperature range overall (Figure 6.20, Figure 6.21).
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Figure 6.20: Sub-annual temperature series for 2008 CE (top row), 2011 CE (middle row), and 2012 CE (bottom
row) in live-collected G. glycymeris. Red line: Monthly HadISST1 data. Black dots: §'80.-derived seawater
temperatures. The left column (a) shows micromilled samples from one specimen (14G0VB132); the middle
column (b) shows the combined series of three microdrilled specimens (same data as in Figure 6.18); the right
column (c) shows the average series of the resampled microdrilled samples after a 6-point cubic spline has been
fitted. Error bars indicate the standard deviation. The corresponding months are given on the x-axis for each
year, starting with J = January.

Scaling factor

The scaling factor calculated from modern G. glycymeris and HadISST data from 2003-
2013 CE was 1.55 (see Methods section 3.6.5). This means that the instrumental temperature
range was 1.55 times higher than the shell-derived temperature range for the months May—
October. In addition, a scaling factor of 1.62 was calculated for A. islandica based on
reconstructed HadISST data from 1888-1898 CE to check for any discrepancies between the
two species. The difference between the two scaling factors (1.62 - 1.55 = 0.7) represents 0.2
°C. Thus, both scaling factors are in good agreement with each other. However, the HadISST
reanalysis data from 1888-1898 CE has to be treated with caution as it is not based on

observations, in contrast to the 2003—2013 CE data. Because of this higher uncertainty in the
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19" century HadISST data, and for the sake of consistency, the G. glycymeris scaling factor

was applied to all three sample groups (fossil Glycymeris, Arctica, and modern Glycymeris).
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Figure 6.21: Sub-annual temperature series derived from §'8Q¢ in one A. islandica shell (16A2VB007, black
line), compared to monthly gridded sea surface temperature data (HadlSST1) for 2005-2013 CE. Error bars
represent the standard deviation. Sub-annual temperature series for 1892 CE (left), 1897 CE (middle), and 1898
CE (right). Red line: Monthly HadISST1 reanalysis data. Black dots: §¥0c-derived seawater temperatures. The
upper row (a) shows microdrilled samples from one specimen (16A2VB007); the bottom row (b) shows the
resampled microdrilled samples after a 6-point cubic spline has been fitted. The corresponding months are given
on the x-axis for each year, starting with J = January.

Seasonality

The average annual temperature range was calculated based on the resampled and detrended

5180, series of all sample groups. Both the unscaled and the scaled seasonality (i.e. temperature

range after applying a scaling factor) are presented in Table 6.2. The scaled seasonality was

slightly higher in the 4™ millennium BP (4.4 °C + 1.0 °C) compared to the late 19" century
(3.5°C £0.7 °C) and to 2003-2013 CE (3.8 °C + 1.0 °C; Table 6.2).
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Table 6.2: Average A5'®0. and spring and summer seasonality (detrended values, left), and average §80 and
derived average temperatures per time period for the annual growth season (undetrended values, right). Individual
series of the floating chronology are shown in the top four rows. The three bottom rows show the mean value for
the floating chronology (3500-3300 yr BP avr), for A. islandica specimens 16 A2VB007 and 16A2VB010 (1891—
1898 CE), and for the combined series of the live-caught G. glycymeris shells (2003—2013 CE). A§*®0. = Mean
range in 8'%0; for that time interval. T range = Temperature range calculated from §'8Q.. Scaled T range =
Temperature range multiplied by a scaling factor of 1.55. §'80ar = Average 80 per time period based on
resampled but undetrended data. Average T = Average temperature per time period calculated from §'8Q,yr. The
given errors represent one standard deviation.

Species Seasonality (detrended 5*30. series) Averages (undetrended)
T range S Average
A6*80¢ (%) o T range 0%80avr (%0) o
(C) 0 T(°C)

14G0VB006 | G.glycymeris | 059+0.15 2.6 +0.7 40+1.0 |227+013 112406
14G0VB020 | G.glycymeris | 056 +0.10 2.4+0.4 37+07 |226+008 11.3+04
14G0VB004+021 | G.glycymeris | 0.67+0.16  2.9+0.7 45+10 |226+017 113407
14G0OVB023 | G.glycymeris | 0.68+0.11  2.9+05 46+07 |229+014 11.1+06

3500-3300 yr anF; G.glycymeris | o oc 1014 28406  44+10 | 2274019 112408

1891-1898 CE A.islandica | 052+0.10 2.3+05 35+07 | 2294012 112405
2003-2013 CE | G.glycymeris | 0.57+0.14 25+0.6 38+10 |204£007 12.2+0.3

Average temperature

The average annual temperature was calculated based on the resampled §'80. series of all
sample groups (Table 6.2). The average temperature recorded in the fossil G. glycymeris and
the A. islandica shells was 11.2+ 0.8 °C and 11.2 +0.5 °C, respectively (Table 6.2). In

contrast, the average temperature recorded in the modern G. glycymeris was 12.2 + 0.3 °C.
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6.4 Discussion

6.4.1 Floating G. glycymeris chronologies

Two floating chronologies were constructed, and later radiocarbon dated. The radiocarbon
dates confirmed the sclerochronological results by consistently placing all dated crossmatched
specimens in the 4™ millennium BP. The conventional radiocarbon dates of the two
chronologies are separated by ca. 100 years. Given that this gap approximates the lifespan of
one single specimen (see Figure 6.1, Figure 6.5), it seems feasible that the two floating
chronologies could be combined into a longer chronology by incorporating additional shells.
However, efforts to link the two chronologies with each other have so far remained
unsuccessful. As discussed in Section 5.3.3, crossmatching fossil shells is a time-consuming
task, and range-finding methods are needed to preselect samples that might overlap in time and
avoid spurious crossmatching. Thus, additional resources would be needed to assess the

possibility of linking the two floating chronologies with each other.

6.4.1.1 The Hebrides Shelf in the fourth millennium BP

The St Kilda Seven chronology was constrained with a Bayesian chronological model (Figure
6.9). The Misfits chronology, on the other hand, could not be constrained, since the chronology
consists of two shells, of which only one has been radiocarbon dated. The following discussion

thus focuses on the St Kilda Seven chronology.

The probability distribution in Figure 6.9 presents high-density peaks at 3500-3300 cal yr BP,
most likely placing the St Kilda Seven floating chronology in this time range. This period
covers a regional climatic shift on the British Isles from dry to wet conditions, with terrestrial
records of this shift grouped around ca. 3600 cal yr BP and ca. 3300 cal yr BP (see Charman,
2010, and references therein). Charman (2010) notes that the wet phase largely coincided with
strong solar anomalies and a drop in SSTs south of Iceland at ca. 3600-3500 cal yr BP and
3400-3300 cal yr BP (Berner et al., 2008). Several periods of enhanced precipitation-
evaporation (P-E) have been recorded for the British Isles since the mid-Holocene, which are

thought to be linked with variability in solar activity and changes in the meridional overturning
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circulation (Barber and Charman, 2003; Charman, 2010). However, the role of the ocean in the
3600 cal yr BP and 3300 cal yr BP events is unknown, as there is no evidence for changes in
ocean circulation at that time. Charman (2010) hypothesized that the 3600 cal yr BP regional
P-E shift and the observed decrease in SSTs might have been induced through atmospheric
processes alone. In a study on dinocyst assemblages from the Celtic Sea, Marret et al. (2004)
found an increase in oceanic species at 3600 cal yr BP, and evidence of decreased seasonality
due to milder winters from 3600 cal yr BP onwards. These findings would support the
hypothesis of stronger westerlies and increased Atlantic inflow on the shelf, which might also
have caused wetter conditions on the British Isles (Marret et al., 2004). The 3300 cal yr BP
coincides with a reconstructed negative NAO phase and records of increased storminess in
Scotland (Orme et al., 2016, and references therein), which could have caused increased
Atlantic inflow (see Chapter 2; Jones et al., 2018).

6.4.1.2 Glycymeris growth variability and spectral analysis

Due to the lack of long-lived live-collected specimens, no comparisons between G. glycymeris
shell growth variability and physical and biological data or climate indices can be made for this
location. Several studies have linked shell growth in G. glycymeris to SST variability (Brocas
et al., 2013; Reynolds et al., 2013; Royer et al., 2013). However, this relationship is likely
secondary, since shell growth can be assumed to be primarily influenced by the quality and
availability of food (Reynolds et al., 2017). Food availability, in turn, is linked to water
circulation and temperature. At St Kilda, the local food web will likely be affected by upwelling
processes (Simpson and Tett, 1986) and the variability in Atlantic vs. shelf water dominance,
as different water masses present different chlorophyll distribution patterns (Holligan, 1986)
and distinct phytoplankton communities (Aiken et al., 1977).

Spectral analysis indicates significant periods of 2—6 years in both fossil chronologies (Figure
6.2, Figure 6.6), which is consistent with a relationship with the NAO (Hurrell et al., 2003).
Previous studies of A. islandica in the North Atlantic have yielded similar spectral results in
the 2-to-6-year range (Butler et al., 2013, 2010; Schone et al., 2005; Wanamaker et al., 2009).
More directly, shell growth variability in A. islandica (e.g., Schone et al., 2003) and
G. glycymeris (e.g., Brocas et al., 2013) has previously been linked to hydrographic changes
related to the NAO. Changes in the NAO are linked with changes in the northeast Atlantic
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circulation (e.g., Bersch, 2002) and in marine ecosystems at all trophic levels including
phytoplankton and zooplankton abundance (Drinkwater et al., 2003; Fromentin and Plangue,
1996; Ottersen et al., 2001). However, regional dynamics can potentially mask NAO signals in
bivalve growth records (Witbaard et al., 2003).

On the Hebrides shelf, Atlantic water is more likely to be dominant during winter NAO-
positive conditions, which are associated with strong westerly winds (Jones et al., 2018).
Conversely, winter NAO-negative conditions are more likely to coincide with increased flow
of coastal water out of the Irish Sea onto the outer shelf (Jones et al., 2018). It is therefore
tempting to hypothesise that shell growth on the western Scottish shelf is linked to the NAO
and its effect on water mass dominance and food availability. However, no direct comparison
with instrumental data is possible for the fossil chronologies (but see Section 7.1.3 for A.
islandica growth and the NAO), and their spectra must be interpreted with caution. While the
NAO spectrum resembles a near-white noise process, it also exhibits a weakly red, i.e.
Brownian, character (Gamiz-Fortis et al., 2002). Consequently, any (autocorrelated) time series
with a red spectral character may present periods that are similar to that of the NAO, even

where there is no direct correlation (Wunsch, 1999).

In summary, the existing link between the NAO and hydrographic variability on the western
Scottish shelf suggests that there could also be a link between the NAO and shell growth.
However, if such a link exists, it could potentially be masked by other (e.g., regional) signals,
or it could be too weak to be “readable” in the shell chronology. Moreover, it is not known
whether shell growth drivers are constant or variable through time (see Trofimova et al., 2020,
for a discussion). Spectral analysis alone does not provide direct evidence for a correlation

between the chronology and the NAO.

6.4.2 Modern Arctica chronology

The modern Arctica chronology is statistically robust until the 1990s, at which point the EPS
drops rapidly (Figure 6.10). This interval of low EPS roughly coincides with a decrease in
sample size, which can negatively affect the EPS. However, the Rbar shows a similar drop,
which indicates that inter-series correlation decreased in this part of the chronology. This is

also evident when assessing the individual detrended series by eye (Figure 6.10). There are
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many possible reasons for the decreased synchronicity in the last three decades of the
chronology. The most trivial possible explanation is reader error. Growth increments are very
narrow in this portion of the shell, which makes it more difficult to correctly identify and
measure growth bands. As shown in a simulation by Black et al. (2016), falsely added or missed
bands can have a significant impact on the relationship between sclerochronologies and
environmental time series. Even at an error rate of only 1% (i.e., 1 out of 100 bands is missed
or falsely added), this error can propagate throughout the time series and blur or attenuate
signals and cause the EPS to drop prematurely (Black et al., 2016). The growth lines were
identified independently by two different readers (Alexander Lee and Stella Alexandroff) and
discussed with Dr Paul Butler after identifying the years flagged by SHELLCORR as
potentially erroneous (see Methods chapter 3.3.3). Thus, great care was taken during the
construction of the time series and possible reading errors were re-evaluated. The ultimate
decision on whether or not to count a growth line must be made upon visual inspection and
cannot be dictated by statistical methods alone (Holmes, 1983). However, the possibility of
reader error cannot be dismissed. In the same context, a possible explanation for decreased
synchronicity may be (1) increased occurrence of or (2) increased misinterpretation of
disturbance lines from the 1980s or 1990s onwards. Disturbance lines can be caused by natural
causes, such as storms or spawning, or by anthropological influences like fishing (Richardson,
2001). Storms are frequent at St Kilda and can be assumed to be the main potential cause for
disturbance lines; however, no trends in storminess (i.e. maximum gust speed) have been
detected in the UK over the last five decades (Kendon et al., 2019). Disturbance lines in
bivalves can be distinguished from annual lines by examining the microstructure of the
increment (i.e. the shell material between lines) using an electron scanning microscope (SEM,;
Karney et al., 2011), or by assessing the width of daily growth lines before and after the annual
or disturbance line (Schéne and Gillikin, 2013). However, in the ontogenetically oldest parts
of the shell, growth increments are very narrow; consequently, daily growth lines were not
visible in the metallurgical microscope used for this thesis. Indeed, other authors have
previously described disturbance lines as indistinguishable from “real” annual growth lines

(Butler et al., 2009a; Richardson, 2001).

Another potential explanation for the low EPS towards the end of the chronology is that inter-
specimen synchronicity may vary through time due to changing environmental factors.
Similarly to G. glycymeris, food availability and temperature, as well as light intensity, have
been linked to shell growth in A. islandica (Ballesta-Artero et al., 2017; Schoéne et al., 2005;
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Witbaard et al., 2003, 1994). However, drivers of shell growth and inter-specimen covariance
among bivalves are still poorly understood. In fact, disentangling the combined effect of shell
growth drivers and their variability through time has recently been identified as one of 50
research priorities by sclerochronologists in a horizon-scanning survey (Trofimova et al.,
2020). Marali and Schone (2015) studied the variability of inter-species correlation among A.
islandica specimens from Northwest Iceland and found that growth synchrony was highest
during times when the Irminger Current and the East Iceland Current alternated in dominance,
causing highly variable conditions. Conversely, inter-species correlation dropped significantly
when only one of the major currents dominated over a long time interval, resulting in a less
variable environment. However, no analogous scenario can be constructed for the western
Scottish shelf, as it has remained highly variable over the last four decades, with alternating
dominance of Atlantic and shelf waters (Jones et al., 2018). Thus, while we cannot exclude that
the drop in EPS observed in the 1990s are caused by environmental factors, there is no evidence

supporting this hypothesis.

Spectral analysis

Spectral analysis of the Arctica chronology (Figure 6.13) yielded similar results to the fossil
Glycymeris chronologies. Significant periods are mainly found in the range of 2 to 8 years.
This high-frequency signal is however lost towards the end of the chronology, which may be
linked to the lower EPS and indicate that there is a reader error in this part of the chronology,
as discussed above (see also Black et al., 2016). In addition to the 2-to-8-year frequency, quasi-

decadal periods are present in the middle and towards the end of the chronology.

As mentioned in Section 6.4.1.2, spectral analysis should be interpreted with caution (Wunsch,
1999). While the spectral character of the modern chronology resembles that of the NAO, only
direct comparison of the two records can determine whether they are indeed correlated.
Comparisons between the chronology and the NAO as well as other instrumental records are

presented in Chapter 7.
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6.4.3 Seasonal oxygen isotopes

Parts of the following discussion have been published in Alexandroff et al. (2021).

6.4.3.1 Growth season and calibration of modern samples

The results presented in Section 6.3.2 suggest that G. glycymeris and A. islandica mainly grow
their shells from late spring to early or mid-autumn at St Kilda, with greatest growth from May
to July/August (Figure 6.20, Figure 6.21). The onset of growth in May coincides with the
annual onset of coccolithophore blooms on the outer shelf (Holligan, 1986). Similar growth
seasons have been reported for both species in nearby habitats, e.g., for G. glycymeris in the
Tiree Passage ( Reynolds et al., 2017) and for A. islandica on the Faroe Shelf (Bonitz et al.,
2017).

Shell growth in G. glycymeris (Reynolds et al., 2017) and A. islandica (Schone, 2013) is likely
nonlinear. Because of this bias towards certain periods within the growth season, weighted
means should be used when reporting average seasonal temperatures (Schone, 2013). However,
due to low sampling resolution as well as insufficient resolution of temperature data, a 6-point
cubic spline model was applied instead to ensure that the data bias in the modern shells and the
fossil shells are comparable (Wanamaker et al., 2011).

Microdrilling was the preferred method in this study, as it allows for more control than
micromilling, and ensures that the samples are all taken from the same portion of the outer shell
layer (see Section 3.6). Figure 6.20 shows that the two different sampling techniques yielded
similar results. While micromilling provided a higher resolution, it did not always capture the
temperature peak. This might be due to time-averaging effects or contamination from the iOSL
(inner outer shell layer, see Figure 3.9). Microdrilling was a time-efficient technique that was
used to obtain replicated data across three specimens, for which the averaged (Figure 6.18,
Figure 6.20b) and modelled (Figure 6.20c) series in G. glycymeris matched the instrumental
temperature peaks in most years. In the case of A. islandica, the shell-derived temperature
peaks are lower than the HadISST temperature peaks in five out of eight years (Figure 6.19).
There are several potential explanations for this discrepancy: (1) the seawater temperatures
recorded by A. islandica were indeed lower than SSTs at this location; (2) the HadISST
reanalysis data are inaccurate; or (3) the sampling resolution was too low and attenuated the

signal (i.e., time-averaging). Out of these three potential reasons, the latter two should receive
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the most attention. Since the A. islandica specimen was collected at 26 m depth in a highly
dynamic environment, it can be assumed that it represents surface water conditions. Moreover,
the modern G. glycymeris temperature series matched the HadISST temperature peaks, even
though they were collected below 45 m further out in the same bay. It should also be noted that
there is no constant offset between the A. islandica temperature series and the HadISST series
— in fact, in three different years, the two series match each other (Figure 6.19). However,
gridded data pre-1950 should be treated with caution, since they have only few observational
data incorporated, which decreases the overall quality of the dataset (Hughes et al., 2009).
Lastly, time-averaging effects introduced during sampling are likely to be at least in part
responsible for the low temperature peaks in the A. islandica series. While sampling resolution
was higher than in the G. glycymeris series, the A. islandica series presented in Figures 6.19
and 6.21 are based on only one specimen. Due to the nonlinear shell growth within one growth
season, with the highest growth rates during late spring and early summer, there is a relatively

high risk of “missing” the temperature peak and thus attenuating the signal.

In summary, the results presented in Section 6.3.3 clearly confirm that §'80; from G.
glycymeris and A. islandica at St Kilda is a faithful palaeothermometer for seawater
temperatures on the Hebrides shelf. The full annual temperature range recorded in the shells
might, however, be partially masked in the obtained data due to sampling resolution.
Replication of data across several specimens can improve the accuracy of the reconstructed

seasonality.

6.4.3.2 Seasonality in the fossil shell record

Because the growth season of G. glycymeris does not include winter months, the results in
Section 6.3.3 do not represent full seasonality. However, the data give an indication of whether
the temperature range within the growth season has changed between ca. 3500-3300 cal yr BP
and today. As shown in Table 6.2, the seasonal temperature range in the fossil shells were
similar to the modern range. Hence, there is no evidence of differences in spring-to-summer

seasonality on the Hebrides shelf between the fossil and the modern record.

When investigating past seasonal shelf sea temperatures, possible changes in stratification must

be considered. In stratified water, the warm surface layer is separated from the cold bottom
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layer by the thermocline during the summer. Consequently, the difference between summer
SSTs and sea bottom temperatures is higher in stratified water than in vertically mixed water,
and summer bottom waters are colder in stratified than in mixed sectors (Elliott et al., 1991). It
is therefore essential to know (1) whether the shelf-sea fronts (i.e. fronts between mixed and
seasonally stratified waters) have moved position and (2) which depths the fossil material
represents. Numerical tidal models and proxy studies have shown that stratification on the NW
European shelf started at 10,000-8000 yr BP and progressed over the following millennia until
6000-5000 yr BP (Scourse et al., 2002; Uehara et al., 2006; Ward et al., 2016). The
reconstructed temperatures from St Kilda do not indicate that any major change has taken place
between the mid-fourth millennium BP and today, which is consistent with data from the Celtic
Sea (Austin and Scourse, 1997; Marret et al., 2004; Scourse et al., 2002). Stratification and the
evolution of shelf-sea fronts is of high interest as they exert a major influence on primary
productivity. Conditions are favourable for productivity along shelf-sea fronts, where nutrient
renewal occurs due to mixing by wind and tide (Pingree et al., 1978). This may in turn affect
the growth width chronology, since shell growth is tightly linked to food availability and
quality. Due to the local topography at St Kilda (Chapter 2), it can be assumed that the fossil
shells lived at similar depths as the live-caught specimens, representing a shallow tidally mixed
habitat. Due to the shallow sampling depths, tidal mixing, and the local upwelling system at St
Kilda (Simpson and Tett, 1986), it is likely that both the fossil and modern material represent
mixed water conditions and are hence more tightly coupled to SSTs and surface air temperature

than would be the case if they represented stratified conditions.

As shown in Chapter 5, Raman spectroscopy determined that there were no diagenetic
alterations in the fossil shells. Thus, the palaeothermometry equation for aragonitic shells

applies to the fossil specimens as well.

6.4.3.3 Average temperatures in the fossil shell record compared to modern

temperatures

Previous studies using summer SST proxies have found evidence of a pronounced cold interval
south of Iceland at 4000-2000 cal yr BP, while records of this cooling are absent in the
Norwegian Sea (e.g., Berner et al., 2008; Orme et al., 2018, and references therein; Van
Nieuwenhove et al., 2018). Orme et al. (2018) hypothesize that the colder SSTs might have
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been caused either by enhanced Arctic outflow or enhanced ice melt from East Greenland, both
associated with negative NAO circulation. A weakening of the NAC linked to the low NAO
could provide another explanation for the cooling, although this hypothesis is not supported by
much evidence (Orme et al., 2018). The reconstructed late spring and summer SSTs for the
Hebrides Shelf at ca. 3500-3300 cal yr BP were 1 °C lower than today (Table 6.2). However,
the data presented in this thesis are not evidence of a distinct cooling event or interval. A major
limitation of the data is the relatively short time interval covered by the fossil isotope record,
which does not provide the context of the preceding warmer periods in the mid-Holocene. The
temporal context is important though, as a warming of ca. 1 °C in annual SSTs has occurred in
UK waters over the last 100 years (Hughes et al., 2017; see HadISST reanalysis data by Rayner
et al., 2003). This recent warming is also reflected in the 8§80 data presented in Table 6.2,
since reconstructed temperatures in the A. islandica shells (1891-1898 CE) were 1° C lower
than today. Thus, the reconstructed temperatures for ca. 3500-3300 cal yr BP are similar to

regional spring and summer SSTs in the early 20" century CE.
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Chapter 7 — The modern Arctica chronology
in context: environmental records, spatial
correlations, and Soay sheep

The previous chapter introduced the Arctica islandica chronology and described its
characteristics (Section 6.2). In this chapter, the same chronology will be further analysed
through comparisons with climate indices, instrumental data, and proxy data. In addition, an
annually resolved 8™0O; series based on the chronology is presented and compared to the

growth chronology.

7.1 Correlations with the Arctica growth chronology

7.1.1 Plankton data

There is a significant positive correlation between the Arctica chronology and the regional
May-to-September phytocolour index (1958-2015; p = 0.007, r = 0.35). Figure 7.1 shows the
two series in comparison. The positive correlation between the two series breaks down

intermittently and turns negative, most notably in the early 1970s and early 2000s (Figure 7.2a—

C).
No significant correlations were found between the growth chronology and any of the

taxonomic phyto- and zooplankton groups (e.g., diatoms, copepods, etc.; see Methods section
3.3.5.2).
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Figure 7.1: Comparison of the (a) annual records and (b) 5-year moving averages of A. islandica growth

(dashed black line) and the regional phytocolour index (green line).
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7.1.2 Sea surface temperatures
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Figure 7.3: Comparison of the Arctica chronology (grey) and HadISST data (red) from May to September.
Given are the annual series (thin lines) and their 5-year moving averages (thick lines).

The intermittent nature of in-situ temperature data on the outer western Scottish shelf prevents
meaningful comparison with the Arctica growth chronology (see Section 4.1). Therefore, the
growth chronology was compared to regional HadISST data (Lat: 57-58° N, Long: 8-9° W)
instead. Figure 7.3 shows the May-to-September HadISST data in comparison with the Arctica
chronology. Both series display a similar low-frequency trend between 1890 and 1940;
however, there is no apparent covariance from the second half of the 20" century onwards.
Pearson cross-correlation did not produce any significant results apart from a weak positive
correlation of r = 0.20 with the HadISST series lagging the Arctica chronology by three years
(Table 7.1).

Table 7.1: Pearson cross-correlation between the Arctica chronology and the HadISST1 product for 1890-2015
CE. The r and p values are given for the growth season (May to September), spring (Mar—May), and summer
(Jun—Aug). A positive lag means that HadISST is leading, a negative lag means the chronology is leading.
Significant results are in bold.

HadlSST

May-Sep Spring Summer
Lag r p r p r p

-3 0.20 0.03 0.16 0.08 0.17 0.06

) 0.16 0.08 -0.08 0.40 0.03 0.72

1] -0.02 0.81 0.06 0.47 0.09 0.30
0 0.08 0.35 0.00 0.99 -0.03 0.74
1| -0.02 0.86 -0.06 0.54 -0.05 0.56
2 0.05 0.57 -0.02 0.81 -0.04 0.69
3 0.01 0.94 0.02 0.84 0.01 0.93
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7.1.3 Atlantic Multidecadal Oscillation (AMO) and North Atlantic
Oscillation (NAO)

The Arctica chronology was compared to the two climate indices AMO and NAO (Table 7.2).

Table 7.2: Pearson cross-correlation between the Arctica chronology and the PC-based NAO index from 1899—
2015. R-values and p-values are given for the annual NAO, winter NAO (Dec—Feb), spring NAO (March—May),
summer NAO (June-August, and the autumn NAO (Sep—Nov). A positive lag means that the index is leading, a
negative lag means the chronology is leading. Significant results are in bold.

AMO NAO
Winter Summer Annual Winter Summer Annual
Lag r p r p r p r p r p r p
-3 | 0.26 0.004 0.30 0.001 0.35 <0.001 | -0.07 0.47 -0.09 0.36 -0.18 0.05
2| 0.22 0.02 0.25 0.005 0.27 0.002 | -0.21 0.02 -0.05 0.64 -0.17 0.07
-1 0.22 0.02 0.20 0.02 0.24 0.007 | -0.14 0.13 -0.07 0.47 -0.16 0.09
0| 0.16 0.07 0.12 0.17 0.18 0.04 -0.18 0.05 0.03 0.73 -0.14 0.13
1] 0.28 0.002 0.15 0.11 0.19 0.03 -0.15 0.11 0.04 0.67 -0.03 0.77
2| 0.26 0.003 0.08 0.36 0.19 0.04 -0.04 0.67 0.13 0.16 0.00 0.97
3| 031 0.001 0.12 0.19 0.24 0.008 0.07 0.46 0.21 0.03 0.10 0.27
AMO 5-yr moving average NAO 5-yr moving average
Winter Summer Annual Winter Summer Annual
Lag r p r p r p r p r p r p
ol 050 <0.001| 041 <0.001| 047 <0.001| -0.35 <0.001| -0.02 0.795 | -0.38 <0.001

Significant positive correlations were found between the chronology and the winter, summer,
and annual AMO index with various leads and lags (Table 7.2). Figure 7.4 illustrates a clear
covariance between the AMO index and the Arctica chronology for the first half of the record,
whereas this covariance is less evident in the second half. Between 1960 and 1980, the Arctica
chronology shows less pronounced variability with smaller amplitudes, and from ca. 1980
onwards a decadal variability is dominant. On a bidecadal scale, the covariance between the
AMO index and the A. islandica chronology seems to persist throughout the length of the
chronology, with the AMO index leading by several years from the 1960s onwards (Figure
7.5).
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Figure 7.4: Comparison of the (a) Arctica chronology, (b) the annual AMO and (c) the summer AMO index.
Lower-than-average values are coloured blue, higher-than-average values are coloured orange. The blue-shaded
column indicates an interval where values were lower-than-average across all three series, the orange-shaded
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Figure 7.5: 21-year moving average of the AMO index (red solid line) and the A. islandica growth chronology
(black dashed line)
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A weak negative correlation is found between the Arctica growth chronology and the winter
NAO index (WNAO) between 1899-2015, with the chronology leading by two years.
Conversely, there is a positive correlation between the chronology and the summer NAO
(SNAO) index, with the SNAO leading three years (Table 7.2). A highly significant negative
correlation between the wWNAO and the chronology is found when applying a five-point moving
average filter (r = -35; p < 0.001; Table 7.2; Figure 7.6).

wNAO WNAO 5 yr mov avr
..... Arctica = Arctica 5 yr mov avr
3.0 0.2
1.5 - 0.6 x
x ()
() ge)
2 =
5 0.0 - 1.0 £
2 5
-1.5 - 1.4 0
-3.0 : I : I : I : I : I . 1.8
1900 1920 1940 1960 1980 2000

Figure 7.6: Comparison of the Arctica chronology (grey) and the winter NAO index (blue). Given are the annual
series (thin lines) and their 5-year moving averages (thick lines). The y-values of the Arctica chronology have been
inverted.

The summer HadISST series and climate indices (NAO, AMO) shown above are also presented
in Figure 7.7 and Figure 7.8 along with the Arctica chronology for direct comparison.
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Figure 7.7: Annual records of (a) the Arctica chronology, (b) the annual AMO index, (¢) summer SSTs (HadISST),
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136



Chapter 7 — Modern Arctica chronology

7.1.4 Spatial correlations

Sea surface temperatures

The Arctica growth chronology correlates positively with May-to-September SSTs in the
subpolar gyre (SPG) region and along the east Atlantic coast over the last three decades (Figure
7.9). Conversely, negative correlations are found in the subtropical gyre (SPT) region (Figure
7.9a—d). When the entire length of the chronology (1890-2015) is compared to ERSST
reanalysis data, only the positive correlation with SPG SSTs persists (Figure 7.9h).

Sea level pressure and zonal wind

Significant correlations were found between the Arctica chronology and atmospheric patterns.
Figure 7.10a shows a negative correlation between the chronology and zonal wind pressure at
200 mbar in winter at a latitude of ca. 50-60° N, and a positive correlation at a latitude of ca.
25-40° N. These correlations were found for the winter of the year preceding the year of
increment formation (e.g., Jan—Feb 2013 correlated with A. islandica growth season 2014;
Figure 7.10a), and for the winter immediately following increment formation (e.g., Dec—Jan
2014/2015 correlated with A. islandica growth season 2014; not shown here). The Arctica
chronology also correlates with winter sea level pressure over a large area in the North Atlantic
region in a dipole pattern (Figure 7.10b).
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Figure 7.9: Spatial correlations between the Arctica growth chronology and monthly NCEP Olv2 1/4 sea surface
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growth season May—September. (h) Spatial correlations between the Arctica growth chronology and ERSST v5 sea
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the legend below each figure. p < 0.1. Calculated with KNMI Climate Explorer (Trouet and Van Oldenborgh, 2013).
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Figure 7.10: Spatial correlations between the Arctica growth chronology and (a) ERA5 zonal wind stress at
200 mbar from 1979 to 2015 in winter (Jan—Feb) of the previous year and (b) and MERRA sea level pressure from
1980 to 2015 in (a) the previous winter (Dec—Feb). Correlation coefficients are indicated by colour and defined in
the legend below each figure. p < 0.1. Calculated with KNMI Climate Explorer (Trouet and Van Oldenborgh, 2013).

7.1.5 Soay sheep at St Kilda
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Figure 7.11: Arctica growth index (dashed black line) compared to the population size of Soay sheep on Hirta
(solid brown line), St Kilda. Please note the different x-axes for the two series (top and bottom). The Arctica
growth record is leading by one year (top x-axis); e.g., year 2011 in the Arctica chronology correlates with year

2012 in the sheep population.
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The growth chronology was compared to population size data of the feral Soay sheep on Hirta,
St Kilda (Figure 7.11). The two records correlate positively with each other (r = 0.46, p = 0.01)
at a lag of -1 year (Arctica leading).

7.2 Arctica annual oxygen isotope series

An annually resolved §'8Q; series was constructed by averaging the replicated 580 in two A.
islandica shells. Several samples were lost during the technical analysis due to electrostatic
issues. The resulting series spans 1887—-2012 CE with ten individual years missing in different

places (Figure 7.12).
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Figure 7.12: (a) Annual 5'80; values obtained from two A. islandica shells. (b) Annual 6*80c-derived in-situ
SSTs.

The first ca. 30 years of the 680 series are characterized by a rapid decrease and subsequent
rapid increase in 8*80; values (Figure 7.12a), similarly to the growth chronology (Figure 6.10).
The 80 series is in fact positively correlated with the growth chronology throughout the
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length of the chronology (p < 0.001, r = 0.43). Figure 7.13 shows the §'®0c-derived in-situ

temperatures compared to the growth chronology after a 5-yr moving average filter has been

applied.
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Figure 7.13: '80-derived SSTs (red solid line) and Arctica growth chronology (black dashed line). A 5-point
moving average filter has been applied to both series.

The in-situ temperatures calculated from 80, data correlate with regional spring SSTs, with

the strongest correlation in May (Table 7.3). There is no significant correlation between the

5180, series and the phytocolour index (p = 0.34; r = -0.14). Spatial correlation analysis shows

a positive correlation between the 580c-derived in-situ temperatures and regional sea surface

salinity (SSS) and SSTs on the Scottish shelf and upstream towards the North Sea and the

Norwegian Sea (Figure 7.14).

Table 7.3: Pearson cross-correlation between the annual §'80-derived in-situ temperatures and the regional
HadISST data (Lat: 57.00-58.00° N, Long: 08.00-09.00° W) by month for the time interval 1890-2012 CE.

r

p

March
April

May

June

July
August
September

0.22
0.26
0.27
0.17
0.04
0.00
-0.05

0.02
0.01
0.004
0.08
0.70
0.93
0.58

141



Chapter 7 — Modern Arctica chronology

gon{ son{ T

BEN BEN
0.6
~ H :

B3N B3N
BON

- -
R

SN 'F 57N
54N ? @ 54N
51N - 51N
48N EAJJ 48N

e q

[

SE 10

BON

46N
42N

30w 250 20w 15% 10% W 0

9
)

E 30% 25W 20W 15% 10w SW 0 SE 10E

Figure 7.14: Spatial correlations between the §'80¢-derived in-situ SSTs at St Kilda and (a) EN4.2.1 SSS
and (b) HadISST1 SSTs from April to September, calculated over the time interval 1950-2012. Correlation
coefficients are indicated by colour and defined in the legend to the right. p < 0.1. Calculated with KNMI
Climate Explorer (Trouet and Van Oldenborgh, 2013).
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7.3 Discussion

7.3.1 Arctica growth, temperature, and primary production

Shell growth variability is most commonly attributed to food availability and quality. Previous
studies have linked Arctica shell growth to food supply (1) directly, through positive
correlation with primary production (e.g., Bonitz et al., 2017), or (2) indirectly, through
correlation with copepods (Wanamaker Jr. et al., 2009; Witbaard et al., 2003) or with climate
indices and temperature changes (e.g., Schone et al., 2003), which in turn influence production
and food web dynamics. It has been postulated that Arctica islandica are selective feeders who
choose fresh phytoplankton over older, dead organic matter (Erlenkeuser, 1976), and that their
growth variability should therefore be closely linked to primary productivity (Bonitz et al.,
2017; Marali and Schone, 2015). Like other filter-feeding bivalves, Arctica may also be
selective among different types of phytoplankton, choosing certain species while rejecting
others (Shumway et al., 1985).

Growth variability in Arctica specimens from St Kilda showed a significant correlation with
phytocolour — a proxy for primary productivity (Figure 7.1). The correlation is positive for
the entire length of the phytocolour series, apart from four short-lived negative excursions
(Figure 7.2). These inversions of the relationship could not be linked to changes in climate
indices or regional data and remain without explanation. It should be noted, however, that the
CPR data span a relatively large area (see Methods section 3.3.5.2) and will therefore show
limited skill in capturing local conditions in the upwelling system at St Kilda. This could also
be one explanation for the lack of correlations between Arctica growth and taxonomic groups

of phyto- and zooplankton.

Apart from food supply, temperature may also have a direct effect on shell growth. In a tank
experiment with juvenile specimens of Arctica islandica, Witbaard et al. (1997b) observed an
increase in growth rates with increasing temperature; this influence was strongest at the lowest
temperature range (1-6° C). However, in their discussion, the authors note that the effect of
temperature on in-situ growth is likely small and overruled by other factors (Witbaard et al.,
1997b; see also Witbaard et al., 1997a). Some field studies have found a direct relationship

between temperature and shell growth in Arctica; however, these were all from high latitudes,
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where winter seawater temperatures drop below 4 °C (Schone et al., 2005; Weidman et al.,
1994). On the outer western Scottish shelf, annual SSTs range generally from ca. 8 °C to 15 °C
and reach optimum temperatures for spawning and larval survival in the summer (Mann, 1982;
Mann and Wolf, 1983). It is therefore unlikely that Arctica experience thermal stress at this

location (see also Butler et al., 2010).

In-situ temperatures at St Kilda were calculated from annual 50 and showed a significant
anticorrelation with annual growth rates throughout the chronology (Figure 7.13). Inverse
relationships between shell growth and in-situ temperatures have previously been observed in
Acrctic specimens of Ciliatocardium ciliatum (Carroll et al., 2014) and A. islandica (Mette et
al., 2016) at shallow depths. Carroll et al. (2014) hypothesised that warmer temperatures at
their study site in the Barents Sea correspond to more Atlantic inflow, retreating Arctic water,
and less sea-ice formation, which favours primary production and grazing activity. It is a
common hypothesis that colder temperatures have a favourable effect on food availability and
food quality to bivalves, because there are fewer zooplankton and therefore grazing activity
decreases (Carroll et al., 2014; and references therein). Conversely, higher temperatures lead
to a higher abundance of copepods, which replace fresh phytoplankton with faecal pellets.
Negative correlations between copepod abundance and shell growth have previously been
reported in G. glycymeris on the western Scottish shelf (David J. Reynolds et al., 2017) and A.
islandica in the North Sea (Witbaard et al., 2003). Another hypothesis for the anticorrelation
with temperature is that metabolic costs increase in warmer water, which leaves the animal
with less energy to invest in shell growth if food supply remains constant. This has been
reported for scallop species in the Arctic (Blicher et al., 2010) and in subtropical waters (Kirby-
Smith and Barber, 1974), and was considered a viable explanation for A. islandica in northern
Norway (Mette et al., 2016). Lastly, a negative correlation between in-situ temperatures and
shell growth rates was also found in A. islandica collected at 100 m depth on the Faroe shelf
(Bonitz et al., 2017). The authors attributed this observation to the inverse relationship between

temperatures and phytoplankton abundance below the thermocline (Bonitz et al., 2017).

The studies cited above were undertaken in conditions that differ significantly from those at St
Kilda. Firstly, the A. islandica at Village Bay lived in well-mixed surface water throughout the
year, unlike the specimens in the study on the Faroe shelf (Bonitz et al., 2017). Secondly, the
region is entirely free from sea ice. Thirdly, temperatures during the growth season range from

9 °C to 15 °C (see Chapter 6), which should have a positive effect on shell growth according
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to tank experiments (Witbaard et al., 1997b). The difference between colder and warmer years
at St Kilda is usually smaller than 2 °C (Figure 7.12) and well within the temperature tolerance
of A. islandica (Golikov and Scarlato, 1973; Winter, 1969). A direct negative effect of
temperature on shell growth at this location is therefore unlikely (see also Bonitz et al., 2017).
Changes in copepod abundance could be responsible for the inverse relationship, but there is
no clear evidence supporting this hypothesis based on the available CPR data. Similarly, neither
can it be ruled out nor proven that the colder temperatures are indicative of changes in water
mass, i.e., of increased Atlantic inflow. Atlantic water is richer in nutrients and phytoplankton
than Scottish coastal water, and carries phytoplankton communities that are taxonomically
distinct from those on the shelf (Siemering et al., 2016). There is also evidence of an inverse
relationship between water temperature and nutrient concentration on the western Scottish shelf
(Siemering et al., 2016). However, temperature is an unreliable tracer of water mass origin in
this region (Jones et al., 2018; Jones, 2016); therefore, the 580 series cannot be used to
estimate changes in Atlantic water vs shelf water dominance. Finally, colder temperatures at
St Kilda are likely linked to local upwelling (see Chapter 2). Upwelling brings colder, nutrient-
rich bottom water to the surface, which stimulates primary productivity and ultimately leads to

favourable conditions for both pelagic and benthic organisms, including Arctica islandica.

7.3.2 Arctica growth, climate indices, and spatial correlations

As discussed in the previous section, growth variability in Arctica at St Kilda is most likely
linked to changes in food availability and quality. However, apart from a positive correlation
with phytocolour (Figure 7.1), no significant correlations with regional plankton data were
found. A possible explanation for this is that the spatial and temporal resolution of the CPR
data are not meshed finely enough to capture temporal and local variability at St Kilda. Indeed,
it is often the case that large-scale climate indices achieve better results than regional data in
predicting ecological processes (e.g., Mette et al., 2016). Hallett et al. (2004) explain this
“paradox” with the fact that averages of local data — where available — fail to capture the
complicated and temporally variable interactions between local environment and ecological
processes. Climate paradigms like the NAO, on the other hand, incorporate the variability and

interconnections of a suite of components.
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The results in sections 7.1.3 and 7.1.4 show that the Arctica chronology reflects broad climate
variability in the North Atlantic. While the correlation with winter NAO was weak (Table 7.2;
Figure 7.6), there was a relatively strong and significant negative correlation between the
growth chronology and (1) zonal wind stress at 200 mbar, which is consistent with the jet
stream (Figure 7.10a), as well as with (2) the dipole-like pattern of sea level pressure variability
that corresponds to the pressure systems associated with the NAO (Figure 7.10b). This suggests
that shell growth decreases during intervals with positive winter NAO conditions, which are
associated with strong westerly winds, precipitation, and milder temperatures in northwest
Europe. The Arctica growth series lags the wind stress series by one year, which may be due
to a lagged response of nutrient supply and plankton to temperature changes (Fromentin and
Planque, 1996). A positive winter NAO is also associated with increased, storm-driven inflow
of oceanic water onto the western Scottish shelf (see Chapter 2; Jones et al., 2020). Storms
increase mixing, which can bring nutrients to the surface and enhance phytoplankton growth.
However, storms can also cause a sharp decline in primary production or a delay in
phytoplankton blooms due to increased turbidity and suspended particulate matter in surface
water (Siemering et al., 2016, and references therein).

The growth chronology largely covaries with the AMO, which is thought to be related to
variations in the strength of Atlantic overturning circulation (Knight et al., 2006). While the
mechanisms of AMO-related variability are not fully understood, it is commonly accepted that
the AMO at least in part reflects natural internal variations in the AMOC (Drinkwater et al.,
2014; but see Clement et al., 2015). The covariance between the Arctica growth index and the
AMO index is strongest in the first half of the 20" century CE, where a pronounced
multidecadal trend in the chronology is present. Between 1900 and 1920 CE, Arctica
experienced lower-than average growth, which concurred with a negative AMO index (Figure
7.4), low regional SSTs (Figure 7.3), and higher-than-average in-situ temperatures at St Kilda
(Figure 7.12). At around 1920 CE, shell growth rates and regional SSTs show a rapid increase.
This increase coincides with a regime shift in the North Atlantic that resulted in a considerable
warming of the northern North Atlantic Ocean and a subsequent drastic increase in
phytoplankton and zooplankton production, as well as changes in migration patterns of species

at various trophic levels (Drinkwater, 2006).
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7.3.3 Arctica growth, Soay sheep survival, and marine-terrestrial
connectivity

The significant correlation between the Arctica growth chronology and population size
fluctuation of Soay sheep on Hirta indicates that the terrestrial and marine environments at
St Kilda are closely linked (Figure 7.11). A strong marine-terrestrial connectivity at this site is
not unexpected, given its exposed location on the outer shelf. However, accurately
characterising and quantifying this relationship and the complex interactions, connections, and

common responses of marine and terrestrial organisms is a far from trivial task.

The overarching question is whether Soay sheep and Arctica islandica are (1) responding to
common environmental factors, (2) responding to different environmental factors that are
connected with one another, or (3) indirectly impacting each other. A fourth option is that the
correlation is spurious and not does not represent a connection between the two series. This
possibility is worth consideration, given the relatively short overlap in time (1985-2013) and
the fact that the EPS is at its lowest in this part of the Arctica growth chronology (see Chapter
6). However, as will be detailed below, there is good reason not to dismiss the correlation
between the two series. Indeed, a “real-world” connection between the sheep on Hirta and

bivalves at Village Bay seems likely when all environmental influences are taken into account.

7.3.3.1 Population ecology, physical environment, and large-scale weather
patterns

As with Arctica growth variability, sheep population size fluctuation cannot be attributed to
any single factor, but a suite of drivers, and sheep fitness is influenced by cumulative effects
over time. The population fluctuates drastically and experiences population crashes at irregular
intervals (Clutton-Brock and Pemberton, 2004) (Figure 7.12). These population crashes have
been described as a nonlinear interaction between population density, weather, and population
structure (Coulson et al., 2001). In other words, the drastic changes in population size are
caused both by density-dependent intrinsic processes (i.e. competition for food among sheep)
and by extrinsic factors such as weather. In what way these different processes impact each
individual, in turn, depends on the age and sex of the animal. The major cause of death in Soay
sheep is starvation, which results from the energetic cost of thermoregulation in extreme
weather conditions and/or diminished food availability (Gulland, 1992; Hallett et al., 2004).
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Sheep of different age and sex classes expend different amounts of energy at different times of

the year, and thus respond differently to weather and population density (Coulson et al., 2001).

Numerous studies have shown a link between the NAO and population dynamics in Soay sheep
(e.g., Catchpole et al., 2000; Simmonds and Coulson, 2015) or other ungulates in the Northern
Hemisphere (e.g., Post and Forchhammer, 2002; Post and Stenseth, 1998). Windy and wet
winters during a positive NAO phase negatively affects Soay sheep in two ways — (1) by
increasing energetic costs, particularly in weak individuals, and (2) by regulating plant
productivity and thus food availability on the island (Hallett et al., 2004). Figure 7.15 shows a
strong negative correlation between jet stream strength during winter and Soay sheep
population size, which further supports the finding that sheep fitness is negatively impacted by
wet and windy winters. Arctica growth variability shows a similar negative correlation with
wind stress (see Figure 7.10 and Section 7.3.2). Previous studies have linked bivalve growth
variability to variability in other marine and terrestrial organisms. Arctica islandica and Scots
pine from northern Norway showed synchronized growth patterns in years with strongly
negative winter NAO or strongly positive summer NAO (Helama et al., 2007). Similarly, Black
(2009) found that growth patterns in Pacific geoduck and two Pacific rockfish species related
to tree-ring chronologies in western North America, which he attributed to a shared sensitivity

to climatic variability.
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Figure 7.15: Spatial correlations between ERA5 zonal wind stress at 200 mbar from 1985 to 2013 in winter (Dec—
Feb) and the Soay sheep population size. Correlation coefficients are indicated by colour and defined in the legend
below each figure. p < 0.1. Calculated with KNMI Climate Explorer (Trouet and VVan Oldenborgh, 2013).
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Despite the reported negative correlation between Soay sheep population size and winter NAO,
the NAO index does not code the severity and energetic cost of winter weather in Soay sheep
efficiently (Hallett et al., 2004). A negative NAO phase can also reflect challenging winter
weather (e.g., colder temperatures), which will negatively affect sheep fitness (Hallett et al.,
2004; Hurrell et al., 2003). Moreover, the timing of severe weather events within the winter
season determines the impact on sheep population size (Hallett et al., 2004). For example, a
mortality pulse caused by a storm in the early winter implies that weak sheep are killed off
early; the remaining population has a higher chance to survive the rest of the winter because
there is less competition for food (Hallett et al., 2004). Survival rates and mortality in Soay
sheep are thus influenced by temporally variable associations between local climate and
population density. As discussed in Chapter 6, bivalve growth rates are influenced by similarly
complex associations of multiple drivers, for which there are not sufficient instrumental data
at St Kilda.

In summary, both Soay sheep population dynamics and Arctica growth are likely linked to

local environmental factors that are partially reflected in the NAO index.

The Soay sheep series lags the Arctica growth series by one year (Figure 7.12). However,
treating the two series as equally resolved annual data is misleading; they represent different
seasons and timings. Mortality searches for Soay sheep are performed throughout the year, but
they are particularly frequent (daily) during winter months because that is when the major
mortality pulses occur (Hunter et al., 2018). Thus, annual Soay sheep population size is mainly
associated with conditions of the preceding winter. The Arctica growth chronology, on the
other hand, represents spring and summer conditions (see Chapter 6). In both species,
cumulative effects on fitness over time have to be considered. Thus, the lag between the series
may be reflective of differences in sampling resolution, seasonality, and response time to
environmental change, rather than any direct lead—lag relationships between the atmosphere

and the ocean.

7.3.3.2 Food-web dynamics and land—water nutrient exchange

There are several major conduits through which organic material and nutrients are transferred
from islands to the marine environment, and vice versa. An important source of nutrients from
the land is through soil runoff, which plays a major role in promoting productivity in coastal

waters (Polis et al., 1997, and references therein). Terrestrial mammals can play an important
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role in bringing nutrients to aquatic systems through detritus transport and defecation (Polis et
al., 1997). Hence, Soay sheep population size could potentially impact Arctica growth
indirectly through the transfer of nutrients from land to water via sheep droppings. In a year
with a high number of sheep, more faeces will be produced, which may lead to more nutrients
leaching into the surrounding sea, promoting primary productivity. Sclerochronological studies
on deep-water corals (Prouty et al., 2014; Williams et al., 2007) and bivalves (Black et al.,
2017; Thibault et al., 2020) have shown that enrichment in skeletal or shell 5:°N can be used
to measure terrestrial runoff and waste input into waterways. Moreover, Gillikin et al. (2017)
demonstrated that 3*°N in bivalve shell can be sampled at a very high resolution (i.e. up to
weekly). In a recent study using shells from various locations in the Northeast Atlantic, Schone
and Huang (2021) emphasised the remarkable potential of 51°N in A. islandica for the study of
trophic ecology and pollution, provided that ontogenetic trends in nitrate utilisation and

fractionation are first removed from the data.

Whether 5'°N profiles of A. islandica at Village Bay could be related to Soay sheep population
size on Hirta, is unclear. A highly resolved nitrogen series could be analysed with consideration
of mortality pulses and other big events in Soay sheep. However, the relatively low freshwater
input from Hirta, and the highly dynamic and stormy conditions at St Kilda, would most likely
mask or dampen any fertilising effect of sheep faeces on the marine environment. Moreover,
as will be discussed below, any fertilising effect by sheep faeces and carcasses may be

“outperformed” by a more significant actor in the St Kildan food web: seabirds.

Conversely to the land-to-water flux of nutrients, nutrients may be transported from the sea to
terrestrial ecosystems in sea spray and seafoam (Swan, 1963). It has been shown that the salts
in sea spray enrich the soil on the islands of St Kilda and thus promote productivity (Scottish
Executive, 2003). Algal wrack and carrion are other important marine sources of nutrients in
coastal terrestrial ecosystems (Polis et al., 1997). Small islands are particularly suitable study
sites for biotic connectivity, because the terrestrial island ecosystem often receives more
biomass from marine drift than it produces via in-situ primary productivity (Polis and Hurd,
1996). It may, however, be the case that the most important actors linking the marine and
terrestrial ecosystems at St Kilda are seabirds. It has been clearly demonstrated that seabirds
play a significant role in fertilising soil on islands, as well as marine coastal ecosystems (Croll
et al., 2005; Frederiksen et al., 2006; Fukami et al., 2006; Mulder et al., 2011; Polis and Hurd,

1996). Seabirds feed in the sea or the open ocean, and enrich coastal ecosystems with nutrients
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such as nitrogen and phosphorus by leaving behind guano, feathers, and carcasses (Polis et al.,
1997; Shatova et al., 2016). Guano is a powerful fertiliser and enhances primary production on
land (Fukami et al., 2006), and in adjacent marine ecosystems, which subsequently affects
higher trophic levels (Graham et al., 2018; McCauley et al., 2012; Shatova et al., 2016). As
described in Chapter 2, St Kilda is an important seabird breeding site, with up to a million
seabirds present at the height of the season; their impact on productivity at this location is
considerable (Scottish Executive, 2003).

Numerous studies have linked breeding success and survival rates in seabirds to the winter
NAO index (Drinkwater et al., 2003b; Grosbois and Thompson, 2005, and references therein).
The most common explanation for this link is that the NAO affects food availability and quality
(e.g., Thompson and Ollason, 2001). Similarly, increasing SSTs, due to climate change, leads
to changes in foraging behaviour and diet diversification in seabirds, which may impact
population dynamics (Howells et al., 2017). This, in turn, may have knock-on effects on food

web stability and productivity at various trophic levels at St Kilda.

As outlined above, Soay sheep and Arctica are both part of a complex web of physical,
biological, and chemical interplay across spheres and systems, and their survival and growth
rates may be linked through various pathways. Even though this chapter provides only a limited
glimpse into these interactions, it highlights their complexity and the need for integrating data
and knowledge about all “pieces” of the puzzle. Natural systems are open, and interdependency
of different habitats can be relatively important compared to within-habitat effects (Huxel and
McCann, 1998; Polis and Hurd, 1996). It is crucial to keep this in mind when interpreting data
from the focal area and target species of a study, while trying to disentangle biological

responses to natural environmental variability and human disturbance.

151



Chapter 8

General discussion

152



Chapter 8 — General discussion

Chapter 8 — General discussion

8.1 Summary of findings

This thesis investigated past hydrographic variability at St Kilda, a volcanic archipelago on the
outer western Scottish shelf, using sclerochronological methods. Three bivalve chronologies
were presented: two floating chronologies constructed with fossil Glycymeris glycymeris shells
from the 4th millennium BP, and one modern chronology built with live-collected and dead-
collected shells of Arctica islandica. A brief overview of the results chapters is given in the

following paragraphs and the main findings are visualised in Figure 8.1.
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Chapter 4 explored the available instrumental temperature data from the western Scottish
shelf. In-situ temperature data are scarce; however, the available data from the shelf break,
outer shelf, and inner shelf still showed a clear horizontal gradient in temperature and salinity
— the inner shelf is more variable and fresher than the outer shelf. These findings are in good
accordance with the existing literature introduced in Chapter 2. In the second part of Chapter 4,
three gridded data products (HadlISST1, ERSSTv.5, OISST V2) were compared to an ensemble

of in-situ data to test how well each data product represents the environment on the outer
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Figure 8.1: Schematic overview of the results presented in chapters 5, 6, and 7.
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western Scottish shelf. Skill scores for each gridded data product were calculated following
the methods outlined in Hughes et al. (2009). ERSST v.5 achieved the highest Skill score;
however, the results were based on intermittent in-situ data and the difference between Skill
scores of the three data products was relatively small. Moreover, ERSST v.5 had the highest
RMSE; this reduced the significance of its Skill score. Previous studies recommended
HadISST1 for similar environments (Boehme et al., 2014; Hughes et al., 2009), which also
achieved the lowest RMSE in the present work. Therefore, HadISST1 was used in the

subsequent chapters for proxy—temperature comparisons.

Chapter 5 laid the foundation for the subsequent chronology chapters by presenting the shell
material. The condition of live-collected and dead-collected G. glycymeris and A. islandica
shells was assessed using a taphonomic scoring system (see also Butler et al., 2020). The focus
of this chapter was on the fossil G. glycymeris shell material. Raman spectroscopy showed no
diagenetic alteration in the fossil material, indicating that the shells were solely composed of
aragonite. This was important to test, since aragonite-to-calcite transformation may have
changed the &'®0c composition of the shell and therefore distorted the temperature
reconstructions (Dettman et al., 1999; Martin-Garcia et al., 2019; Pederson et al., 2019). The
dead-collected G. glycymeris shells that had been radiocarbon dated (n = 14) or crossmatched
with live-collected specimens (n = 1) were placed into different age groups and further
evaluated. Scores of the taphonomic variables (periostracum, ligament, margin, bioeorosion,
nacre) did not show any significant trends related to how much time had passed since the death
of the animal. In other words, shell condition indicated how the shells had been preserved in
the sea, rather than for how long. These results are consistent with previous studies that
investigated the relationship between passage of time and in-situ shell preservation (Butler et
al., 2020; Rogalla and Amler, 2007).

Chapter 6 introduced the fossil and modern chronologies as well as sub-annual oxygen isotope
profiles. Sub-annual §*80. data from modern G. glycymeris and A. islandica showed that both

species mainly grow from May to September/October.
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Wavelet spectrum analysis showed significant periods of 2—6 years throughout the fossil St
Kilda Seven chronology and the modern Arctica chronology. Similar patterns have been
observed in A. islandica at various sites across the North Atlantic and have been speculated to
represent NAO-type forcing (Schone et al., 2005; Wanamaker Jr. et al., 2009). However, both
the NAO record and growth chronologies are (weakly) autocorrelated, which enhances the risk
of “false positive” covariance between the series (Wunsch, 1999). Therefore, frequency

domain studies should be treated with considerable caution.

Bayesian modelling of the radiocarbon dates produced high-density peaks at 3500-300 cal yr
BP, most likely placing the St Kilda Seven floating chronology in this time range. This period
coincides with regional climatic shifts on the British Isles from dry to wet conditions (Charman,
2010).

Temperature reconstructions based on §*80¢ indicated similar conditions in the 4™ millennium
BP and the present day — like their modern counterparts, the fossil G. glycymeris specimens
lived in mixed surface water. Average temperatures calculated for the 4™ millennium BP (fossil
G. glycymeris) and the late 19" century (modern A. islandica) were similar to each other and
1°C colder than today (Figure 8.1). Thus, the fossil shells showed no evidence for a
pronounced SST cooling in the 4™ millennium BP, in contrast to proxy records from several
other sites in the Northeast Atlantic (Orme et al., 2018, and references therein). However, the
shell record represents only a short time window; a longer time series would be needed to

answer the question whether a pronounced cooling took place at this location.

Lastly, Chapter 7 provided a more in-depth analysis of the modern Arctica growth chronology
by comparing it to biological and environmental data and climate indices. Growth variability
is likely influenced by local changes in food availability, which, in turn, are linked to large-
scale variability in atmospheric and ocean circulation. This link is also visible in the significant
correlation between the chronology and the AMO, regional SSTs, zonal wind stress, and sea
level pressure. Arctica growth variability at St Kilda thus reflects broad climate variability.

Based on the growth index series, an annual 0. record was obtained and used for temperature
reconstruction. Interestingly, this in-situ temperature record had an inverse relationship with
growth variability, which further supports the hypothesis that growth at this location is
primarily driven by food supply rather than directly by temperatures. Lower temperatures may

indicate increased local upwelling processes, causing higher primary productivity. Colder
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conditions could also result in lower grazing pressure by zooplankton in spring (Planque and
Fromentin, 1996). The annual 3'80. series shows a strong warming trend in the early 20™
century, and a rapid decrease in temperature at around 1920 CE. This is contrary to the basin-
wide regime shift, which saw a strong warming trend in air and sea temperatures in the 1920s
and 1930s, due to a spatial shift in the atmospheric pressure systems, causing increased heat
transfer from low to high latitudes (Drinkwater, 2006; Rogers, 1985). However, from 1950 CE
onwards, the in-situ temperatures at St Kilda correlate positively with regional SSTs on the
western Scottish shelf (Figure 7.14). The Arctica growth index series, on the other hand, shows
no significant correlations with regional SSTs on the Scottish shelf, but instead correlates
positively with SSTs in the wider North Atlantic, including the subpolar gyre (Figure 7.9).
These findings provide further evidence that Arctica growth is not directly influenced by

temperature, but by changes in food supply, storminess, and ocean circulation.

A positive correlation was found between the Arctica growth chronology and Soay sheep
population size, which indicates a tight coupling of the marine and terrestrial environments at
St Kilda.
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8.2 Limitations of using 680, in temperature reconstructions

An important and well-known caveat of §'0. temperature reconstructions is that 530y, needs
to be known or estimated. The §'80w composition of seawater is controlled by fractionation
processes in the hydrological cycle such as evaporation, precipitation, vapour transport, and
changes in sea ice; it is thus linked to changes in salinity (Rohling, 2013, and references
therein). Furthermore, 8*0y varies based on the mixing and advection of water masses with
specific 580y signatures. Large-scale changes in North Atlantic Ocean circulation as well as
wind-driven regional processes on the Scottish shelf will contribute to salinity and 80y
variability at St Kilda. However, no local measurements of 'Oy, are available for either of the
two time periods discussed in this study, and no regional salinity—5'0y, relationship has yet
been formulated. Therefore, the 580w value for surface water from the closest available
location in the open ocean was applied to both the modern and the fossil shell-derived

temperature series.

At St Kilda, terrestrial freshwater input is negligible and the region was fully deglaciated by
the early Holocene (Austin and Kroon, 1996), ruling these factors out as local influences on
5180y variability. Instrumental measurements along the Ellett line since 1975 show that the
station closest and most similar to St Kilda (station 15G), has an average salinity of 35.2 £ 0.2
(Jones et al., 2018). How much changes in salinity affect the 580w, and consequently the
reconstructed temperature, can be estimated with a salinity—8*80,, mixing line. However, as
mentioned above, no such mixing line has been developed for the outer western Scottish shelf.
Austin et al. (2006) recommend using the equation 630w = 0.5972 x S — 20.6850 for the Outer
Hebrides, which is a modified version of the equation developed by Frew et al. (2000) for the
northern North Atlantic. Following this recommendation, a standard deviation of + 0.2 in
salinity would result in a fluctuation of £ 0.5 °C in reconstructed temperature. However, the
applicability of this equation to St Kilda remains uncertain, given that St Kilda is influenced

both by oceanic and by coastal waters, as well as local dynamics such as cold-water upwelling.
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8.3 Novelty of this study and main conclusions

This work presented the first floating bivalve chronology from the Scottish shelf, and the first
floating chronology built with G. glycymeris shells. As discussed in Chapter 5, shell lags can
contain specimens with age differences of thousands of years (Flessa et al., 1993; Butler et al.,
2009), and taphonomic variables do not reliably indicate for how long shells have been buried
in sediment (Butler et al., 2020). Instead, radiometric dating is commonly used to constrain
ages of fossil shells — provided that the necessary funding is available. While archaeological
shell middens may provide more stratigraphic information than shell lags, they usually consist
of short-lived species, which are unsuitable for crossmatching (Andrus, 2011). Given these
challenges, floating bivalve chronologies remain rare, however, published examples do exist
both for shell lags (e.g., Scourse et al., 2006) and shell middens (Helama and Hood, 2011).
Finding alternative sampling strategies that help constrain ages in the fossil record has been
raised as a priority research question in a recent horizon-scanning survey in the field of
sclerochronology (Trofimova et al., 2020). Alternatively, new technologies and methodologies
that reduce the time needed for measuring and crossmatching shell increments could facilitate

the use of fossil material.

The results in Chapter 6 show that the fossil G. glycymeris shells experienced a similar growth
season and temperature range as the modern shells, which can be attributed to similar boundary
conditions in this region. The age uncertainty and short time frame of the §'8Qc series are
limiting factors that prevent conclusions being drawn on the presence or timing of a distinct
summer SST cooling event or cold interval. However, the average §'80; of the fossil specimens
indicate that late-spring and summer SSTs on the Scottish shelf were cooler in the fourth
millennium BP than they are today, and comparable to SSTs in the early 20th century. Thus,
an extension of the chronology, accompanied by an annually resolved 880 record, is needed
to address the question whether this region was affected by a cold interval. This would also
provide more insight into a time that saw a climate shift to wetter conditions on the British
Isles, in which the role of the ocean is uncertain. Such an extension of the chronology would

be challenging and require additional funding; however, it is feasible.
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Attempts were made to correlate the fossil chronologies with proxy data from speleothems in
NW Scotland (Baker et al., 2002), tree-ring growth in England (Boswijk, 2002), and multi-
proxy peatland water table data (Swindles et al., 2013), but no significant results were found
(results not included in this thesis). With no instrumental or proxy data to compare the
chronologies to, there is no direct evidence to show which environmental drivers are
represented in the growth indices. Hypotheses may be inferred based on modern chronologies,
but drivers of growth are not necessarily constant over time. Consequently, the floating growth
chronologies are currently not “readable” as climate proxies per se. They do, however, provide
an annually resolved, replicated template for §'80. sampling. As was shown in Chapter 6, §*30.
in G. glycymeris and A. islandica provide accurate records of temperature at St Kilda. However,
low sampling resolution or changes in salinity may mask the true temperature signal. Offsets
between individual specimens and outliers are another potential source of error (Mette et al.,
2018). Therefore, 6*80; series should be replicated across coeval specimens from the same
population where possible. Potential limitations of §*80¢ as a temperature proxy are discussed

in Section 8.2.

Due to their high resolution and capacity for replication, sclerochronological archives are
exceptionally well suited to study variability in the coupled ocean—atmosphere climate system
(Reynolds et al., 2016) and responses in the coupled marine—terrestrial ecosystem (Black et al.,
2014). However, only few studies have investigated the relationship between marine
sclerochronologies and terrestrial proxy data directly (Black, 2009; Black et al., 2014; Helama
et al.,, 2007; Ong et al., 2016). To my knowledge, the present work is the first to report
synchrony between bivalve growth variability and population dynamics in terrestrial mammals.
The common variability in Arctica shell growth and Soay sheep population size is a product of
the remote location of St Kilda. Direct human disturbance is negligible at this location; thus,
organisms on the islands and in the surrounding sea show an unmediated response to their
natural physical, biological, and chemical environment. Storms are a common occurrence on
the outer western Scottish shelf and, perhaps unsurprisingly, both Soay sheep mortality and
Arctica islandica growth are influenced by broad climate variability of the North Atlantic,

which, in turn, determines the frequency and scale of severe weather events.
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In summary, St Kilda is appropriately sited to study the variability of North Atlantic inflow
and large-scale climatic variability as it is an offshore location close to the shelf margin, with
negligible freshwater input. The A. islandica growth chronology likely reflects changes in food
availability and quality, which are associated with changes in temperature and ocean
circulation. The good fit between gridded SSTs and seasonal 5'80c-derived in-situ temperatures
in Chapter 6 further confirms the applicability of G. glycymeris and A. islandica shells from
St Kilda as proxies for temperature. However, St Kilda is also influenced by the Scottish
Coastal Current and, due to its island topography, local upwelling processes must be

considered.

8.4 Outlook and future work

Chapter 6 provides a discussion on the potential of extending the fossil G. glycymeris
chronology. Linking the two floating chronologies with each other would provide a
multicentennial record within the fourth millennium BP, allowing further analysis of trends
and variability during that time. In addition, extending the chronology or incorporating more
shells into the series — in combination with additional radiocarbon dating — would provide

more data to further constrain the dates of the floating chronology with Bayesian modelling.

Another possibility to constrain the dates of the floating chronology is by linking the growth
index series to major events with known dates, like the Minoan Eruption of Thera at ca. 3600
yrs BP, via other proxy records, such as tree rings (Pearson et al., 2020). However, it is
impossible to reliably base any such connection on the growth index series alone, and

geochemical sampling is indispensable for further exploration of possible correlations.

It is not clear whether the modern Arctica chronology can be extended back in time with the
shell material collected in the 2016 diving campaign. The divers collected shells that were in
relatively close proximity to each other, of equal size, and that were either alive or had died
recently. The seven shells currently incorporated into the master chronology all settled within
a few years of each other. However, regardless of whether the chronology can be considerably
extended in time, future work would benefit from incorporating more shells into the series.

Particularly for the years 1980-2015, a higher replication may increase the statistical
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robustness and improve the EPS (expressed population signal), i.e. the skill of the chronology

to predict environmental variability.

G. glycymeris and A. islandica at St Kilda share the same growth season (May—October); thus,
both species experience environmental variability during the same time of year. Unfortunately,
all G. glycymeris specimens collected in 2014 were very young (<30 years), and the subsequent
diving campaign had to be abandoned due to stormy conditions before any additional
specimens were found. It is therefore not possible to directly compare growth variability in
G. glycymeris and A. islandica from St Kilda. If long-lived, modern G. glycymeris specimens
were collected at Village Bay in a future campaign, the resulting chronology could be combined
with A. islandica to form an inter-species growth series. Combining different
sclerochronologies into a composite record can significantly increase their skill at
reconstructing climate variability (Reynolds et al., 2017). In addition, the St Kilda records
could be combined with sclerochronologies from other locations in the North Atlantic in a
spatial network analysis (Reynolds et al., 2018). Available data include records from other
ARAMACC projects (e.g., Bonitz et al., 2017) and other published and unpublished records
from various locations in the Northeast Atlantic, for example in northern Norway (e.g., Mette
et al., 2021), the northern North Sea (e.g., Butler et al., 2009a), northern Iceland (e.g., Butler
et al., 2013). Such a spatial network of highly resolved and absolutely dated chronologies
provides a powerful tool to investigate spatial patterns of marine variability on decadal-to-
centennial scales and the role of the ocean in climate variability (Reynolds et al., 2018).

Another exciting avenue for future work is a more comprehensive study of marine—terrestrial
connectivity at St Kilda. The correlation between Soay sheep population size and Arctica
growth width variability demonstrates the tight coupling of the marine and terrestrial ecosystem
at this location. In addition to population size and mortality, the St Kilda Soay sheep project
assesses lamb mass (e.g., Hunter et al., 2018) and horn growth rates every year (Alastair
Wilson, University of Exeter, 2018, pers. communication), which may be incorporated into
further analyses. Future work should also include analysis of seabird breeding and site
occupation, grazing pressure and plant cover on Hirta, and records of mid-trophic fish species
such as sandeels and mackerels. Seabird data are collected and made available by the Joint
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Nature  Conservation Committee (JNCC; https://jncc.gov.uk/about-jncc/corporate-
information/open-data/); however, these data are intermittent.

A transdisciplinary study considering all these different actors and variables, as well as sub-
annually resolved 8*°N data sampled in the Arctica chronology, may provide complementary

insight into marine—terrestrial exchange and food-web dynamics at this near-pristine location.
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Appendix Al — Glycymeris measurements and shell conditions

_ Valve _ Max _ Mass of , . Shell  Bioeros
Glycymeris Locality (Right / Left Length (mm) Height Height Width asingle Periostrac Ligament margin ion (1- Nacre
reference # _ / (mm) (mm) (mm) valve um (1-5) (1-4) (1-4) 4) (1-3)

Articulated) (9)
14G0OvVB001 St Kilda N 64.84 58.67 60.01 19.04 28.0 1 1 2 4 2
14G0OVB002 St Kilda N 57.34 5191 52.71 16.49 22.6 1 1 2 4 2
14G0OVvB003 St Kilda N 79.09 70.65 72.81 21.25 48.9 1 1 2 4 1
14G0OVB004 St Kilda N 68.78 65.65 66.21 1891 38.3 1 1 2 4 2
14G0OVB0O0O5 St Kilda N 72.43 66.30 72.51 20.76 46.8 1 1 2 4 2
14G0OVB006 St Kilda N 69.67 62.29 65.17 1891 36.0 1 1 2 4 1
14G0OVBO0O0O7 | stkilda N 59.23 53.32 53.84 17.02 21.8 1 1 2 4 2
14GOVB008 St Kilda N 66.05 60.08 61.28 17.03 29.0 1 1 2 4 2
14GOVB009 St Kilda N 58.55 52.37 52.56 15.92 20.7 1 1 2 4 2
14GOVB0O10 St Kilda N 60.47 55.36 56.45 17.73 20.9 1 1 2 4 2
14GOVB011 St Kilda N 52.60 50.45 52.38 1541 18.8 1 1 2 4 2
14GOVB012 St Kilda N 52.36 5092 5190 15.95 20.5 1 1 2 4 2
14G0OVB0O13 St Kilda N 53.48 51.49 53.34 1543 16.0 1 1 2 4 2
14G0OVB014 St Kilda N 48.15 46.34 46.34 16.49 16.7 1 1 2 4 2
14G0OvVB0O15 St Kilda N 40.59 37.19 37.29 10.91 6.6 1 1 2 4 2
14GOVBO016 St Kilda N 46.87 43.26 43.64 12.63 10.3 1 1 2 4 2
14G0OVB017 | stkilda N 45.36 4494 4551 13.87 12.1 1 1 2 4 2
14G0OVB018 St Kilda N 43.54 41.45 41.45 10.17 6.9 1 1 2 4 2
14G0OVB0O19 St Kilda N 71.01 64.86 67.19 19.58 40.1 1 1 2 4 3
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_ Valve _ Max _ Mass of , . Shell  Bioeros
Glycymeris . (Right / Left Height : Width asingle Periostrac Ligament . X Nacre
reference # Locality / Length (mm) (mm) '?ﬁ}'?nr;t (mm) valve um (1-5) (1-4) m(it%n '01)(1' (1-3)

Articulated) (9)
14G0OVB020 St Kilda N 72.49 67.90 70.27 20.97 44.0 1 1 1 4 2
14G0OVB021 St Kilda N 68.07 64.12 65.59 19.01 33.6 1 1 2 4 3
14G0OVB022 St Kilda N 63.40 58.26 59.77 19.80 31.6 1 1 2 4 2
14G0OVB023 St Kilda N 59.09 56.46 58.06 18.02 27.5 1 1 2 4 2
14G0OVB024 St Kilda N 64.33 56.37 60.24 18.30 27.9 1 1 1 4 2
14G0OVB025 St Kilda N 59.01 52.68 53.13 15.51 22.3 1 1 1 4 2
14G0OVB026 St Kilda N 57.36 53.55 55.07 15.40 22.0 1 1 1 4 2
14G0OVB027 | stKilda N 58.91 53.24 56.59 17.69 24.0 1 1 1 4 2
14G0OVB028 St Kilda N 58.07 5736 58.23 18.36 27.7 1 1 1 4 1
14G0OVB029 St Kilda N 55.64 5540 5595 17.33 23.1 1 1 1 4 1
14G0OVB030 St Kilda N 57.07 52.87 53.26 14.20 16.3 1 1 2 4 2
14G0OVB031 St Kilda N 55.49 5390 55.21 17.28 21.5 1 1 1 4 1
14G0OVB032 St Kilda N 55.12 52,22 53,59 15.59 15.7 1 1 1 4 1
14G0OVB033 St Kilda N 54.76 51.56 52.23 17.72 16.4 1 1 2 4 3
14G0OVB034 St Kilda N 52.70 4796 48.47 13.37 119 1 1 2 4 3
14G0OVB035 St Kilda N 54.68 4948 49.76 15.01 15.5 1 1 2 4 3
14G0OVB036 St Kilda N 49.22 47.67 47.67 13.50 14.0 1 1 2 4 3
14G0OVB037 | stkilda N 54.27 51.61 5292 15.93 16.8 1 1 2 4 3
14G0OVB038 St Kilda N 48.98 47.78 47.78 14.17 16.5 1 1 2 4 3
14G0OVB039 St Kilda N 45.23 45.65 45.85 13.35 10.2 1 1 2 4 3
14G0OVB0O40 St Kilda N 36.05 3395 3424 9.28 5.1 1 1 2 4 3
14G0OVB041 St Kilda N 44.02 42.67 43.49 11.70 10.0 1 1 2 4 3
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_ Valve _ Max _ Mass of , . Shell  Bioeros
Glycymeris Locality (Right / Left Length (mm) Height Height Width asingle Periostrac Ligament margin ion (1- Nacre
reference # _ / (mm) (mm) (mm) valve um (1-5) (1-4) (1-4) 2) (1-3)

Articulated) (9)
14G0OVB042 St Kilda N 72.46 70.36 71.16 18.15 45.6 1 1 1 4 1
14G0OVB0O43 St Kilda N 64.82 62.31 63.06 18.78 40.2 1 1 1 4 2
14G0OVB044 St Kilda N 61.42 59.46 60.45 17.65 29.5 1 1 1 4 3
14G0OVB0O45 St Kilda N 56.52 53.73 5430 15.23 20.5 1 1 1 4 3
14G0OVB0O46 St Kilda N 57.56 53.65 54.23 15.11 19.6 1 1 1 4 3
14G0OVB0O47 | stKkilda N 33.03 30.46 3046 7.78 3.9 1 1 1 4 3
14G0OVB048 St Kilda N 57.05 53.28 53.28 n.a. n.a. 1 1 1 4 3
14G0OVB049 St Kilda N 58.27 55.20 55.20 16.38 23.0 1 1 2 4 2
14GOVB050 St Kilda N 58.03 60.09 60.09 18.44 31.6 1 1 2 4 2
14GOVB0O51 St Kilda N 54.70 56.41 56.41 17.06 24.9 1 1 1 2 2
14GOVB052 St Kilda N 49.80 49.04 49.04 12.89 14.5 1 1 1 2 2
14GOVB053 St Kilda N 48.30 50.33 50.33 14.22 17.7 1 1 1 2 2
14GOVB054 St Kilda N 55.12 55.88 55.88 14.92 19.4 1 1 1 2 2
14GOVBO55 St Kilda N 38.60 37.66 37.66 10.84 7.5 1 1 1 2 2
14G0OVB0O56 St Kilda N 54.19 51.15 51.15 13.24 16.8 1 1 1 2 2
14GOVBO57 | stKkilda N 55.36 56.72 56.72 17.26 21.3 1 1 1 2 2
14G0OVB058 St Kilda N 62.79 62.52 62.52 16.48 25.6 1 1 1 2 1
14GOVB059 St Kilda N 59.38 56.96 56.96 17.01 22.0 1 1 1 3 1
14GOVB0O60 St Kilda N 55.14 52,77 52.77 14.33 16.3 1 1 1 3 1
14GOVB061 St Kilda N 40.10 39.39 39.39 10.19 9.4 1 1 1 3 1
14G0OVB062 St Kilda N 42.59 43,70 43.70 12.36 9.3 1 1 1 3 1
14G0OVB0O63 St Kilda N 40.81 39.18 39.18 9.82 7.0 1 1 1 3 1
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_ Valve _ Max _ Mass of , . Shell  Bioeros
Glycymeris Locality (Right / Left Length (mm) Height Height Width asingle Periostrac Ligament margin ion (1- Nacre
reference # _ / (mm) (mm) (mm) valve um (1-5) (1-4) (1-4) 2) (1-3)

Articulated) (9)
14G0OVB064 St Kilda N 46.04 43.87 43.87 12.65 10.6 1 1 1 3 1
14G0OVB0O65 St Kilda N 43.90 42.68 42.68 12.12 10.6 1 1 1 3 1
14G0OVB0O66 St Kilda N 41.10 40.19 40.19 11.12 8.9 1 1 1 3 1
14G0OVB067 | stKilda N 47.40 48.38 48.38 13.10 14.4 1 1 1 3 1
14G0OVB0O68 St Kilda N 43.22 41.76 41.76 11.45 8.0 1 1 1 3 1
14G0OVB069 St Kilda N 40.56 39.95 3995 11.56 8.0 1 1 1 3 1
14G0OvVB070 St Kilda N 55.62 54,15 5478 14.69 22.9 1 1 1 3 1
14G0OvVB071 St Kilda N 51.70 49.30 49.30 11.95 12.8 1 1 1 3 1
14GOVB072 St Kilda N 56.21 53.77 5431 15.91 22.5 1 1 1 3 1
14G0OVB0O73 St Kilda N 43.04 41.25 41.47 11.29 10.5 1 1 1 3 1
14GOVB074 St Kilda N 52.45 52,52 53.09 1435 18.0 1 1 1 3 1
14G0OVB0O75 St Kilda N 41.58 40.31 40.31 12.86 7.3 1 1 1 3 1
14G0OVB0O76 St Kilda N 42.86 40.16 40.40 11.23 8.7 1 1 1 3 1
14G0OVB0O77 | stkilda N 52.13 50.53 51.00 14.04 16.3 1 1 1 3 1
14G0OVB078 St Kilda N 48.88 4985 4995 12.30 12.1 1 1 1 3 1
14G0OvVB079 St Kilda N 50.39 49.50 49.67 14.25 16.5 1 1 1 3 1
14G0OVB080 St Kilda N 46.99 46.87 46.99 12.73 9.8 1 1 1 3 1
14GOVB081 St Kilda N 40.12 41.87 41.89 11.86 8.1 1 1 1 3 1
14GOVB082 St Kilda N 39.64 3754 3754 10.62 7.2 1 1 1 3 1
14GOVBO0O83 St Kilda N 59.64 58.14 58.49 14.53 17.3 1 1 1 3 1
14G0OVB084 St Kilda N 62.50 59.27 60.55 16.43 20.5 1 1 1 3 1
14G0OVB0O85 St Kilda N 48.91 47.30 47.53 10.86 10.9 1 1 1 3 1
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Glycymeris (Rig\]/r?tl\ﬁeft Height Max Width Zlgfns cl); Periostrac  Ligament Shell Bioeros Nacre
reference # Locality / Length (mm) (mm) Height (mm) valvge um (1-5) 9(1_4) margin ion (1- (1-3)
Articulated) (mm) 9) (1-4) 4)
14GOVB086 St Kilda N 52.44 52.32 52.37 14.59 17.5 1 1 1 3 1
14GOVB0O87 | stKilda N 63.30 63.08 64.06 16.48 24.0 1 1 1 1 1
14GOVB088 St Kilda N 59.82 58.53 58.83 16.64 27.7 1 1 1 3 1
14G0OVB089 St Kilda N 64.08 62.64 63.80 16.77 24.0 1 1 1 3 1
14G0OVB090 St Kilda N 55.88 52.31 53.62 13.77 14.8 1 1 1 3 1
14G0OvB091 St Kilda N 52.02 49.62 49.62 14.45 15.5 1 1 1 3 1
14G0OVB092 St Kilda N 53.36 51.65 51.68 14.33 16.1 1 1 1 3 1
14G0OVB093 St Kilda N 50.03 49.63 49.63 12.47 15.5 1 1 1 3 1
14G0OVB094 St Kilda N 50.64 4591 46.21 11.78 10.2 1 1 1 3 1
14GOVB095 St Kilda N 52.78 50.34 50.34 12.72 15.1 1 1 1 3 1
14G0OVB096 St Kilda N 49.50 n.a. n.a. 14.55 18.6 1 1 1 3 1
14G0OVB097 | stKilda N 49.57 48.12 48.23 13.38 14.8 1 1 1 3 1
14G0OVB098 St Kilda N 43.31 41.76 41.76 11.61 9.0 1 1 1 3 1
14G0OVB099 St Kilda N 43.13 40.10 40.10 11.27 9.8 1 1 1 3 1
14G0OvB100 St Kilda N 53.26 51.52 51.76 12.97 14.8 1 1 2 4 2
14G0ovB101 St Kilda N 41.47 3841 38.49 12.01 8.8 1 1 2 4 2
14G0OVB102 St Kilda N 50.17 48.08 48.08 14.44 17.6 1 1 2 4 2
14GOVB103 St Kilda N 50.38 47.64 48.07 13.75 17.3 1 1 2 4 2
14G0OVvB104 St Kilda N 51.50 51.21 51.70 14.62 17.4 1 1 2 4 2
14G0OvB105 St Kilda N 45.35 44,11 44.28 14.20 15.7 1 1 2 4 2
14G0OvVB106 St Kilda N 43.03 42.08 42.22 11.38 9.3 1 1 2 4 2
14G0OVB107 | stkilda N 47.58 46.67 46.75 11.96 11.3 1 1 2 4 2
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_ Valve _ Max _ Mass of , . Shell  Bioeros
Glycymeris Locality (Right / Left Length (mm) Height Height Width asingle Periostrac Ligament margin ion (1- Nacre
reference # _ / (mm) (mm) (mm) valve um (1-5) (1-4) (1-4) 2) (1-3)

Articulated) (9)
14G0OVB108 St Kilda N 41.92 39.72 40.12 10.64 8.7 1 1 2 4 2
14GOVB109 St Kilda N 53.92 53.58 54.15 14.74 18.9 1 1 1 3 2
14GOVB110 St Kilda N 56.86 5410 54.22 13.52 17.4 1 1 1 2 1
14G0OVB111 St Kilda N 54.04 50.62 50.66 14.16 12.6 1 1 1 2 1
14G0OVB112 St Kilda N 44.45 4462 4492 12.21 9.8 1 1 1 2 1
14G0OVvB113 St Kilda N 46.87 48.47 48.51 14.38 14.6 1 1 1 2 1
14G0OVB114 St Kilda N 58.47 56.32 56.32 16.36 25.5 1 1 2 4 2
14G0OvVB115 St Kilda N 56.24 55.11 55.11 15.11 22.4 1 1 1 4 1
14G0OVB116 St Kilda N 51.92 54,81 5495 14.05 17.9 3 4 2
14G0OVB117 | stKilda N 52.09 52.85 5292 14.07 18.9 2 3 2
14G0OVB118 St Kilda N 59.48 57.81 57.83 16.24 18.9 2 2 2
14GOVB119 St Kilda N 58.72 57.21 57.77 14.75 20.9 2 3 2
14G0OVB120 St Kilda N 60.71 59.77 60.25 16.41 27.3 1 2 2
14G0OVB121 St Kilda N 52.47 50.89 51.28 13.84 16.6 2 3 3
14G0OVvB122 St Kilda N 50.78 52.32 5255 12.94 15.5 2 2 2
14G0ovB123 St Kilda N 47.83 48.55 48.82 13.54 14.8 3 3 2
14G0OVB124 St Kilda N 57.81 56.00 56.34 13.86 20.7 3 2 2
14G0OvB125 St Kilda N 58.25 5756 57.87 16.13 22.4 2 2 2
14GOVB126 St Kilda N 49.35 49.33 49.79 13.63 13.1 1 2 2
14G0OVB127 | stKilda N 44.07 41.59 4193 10.85 7.4 2 3 2
14G0OVvB128 St Kilda N 48.42 47.81 47.81 12.52 10.4 2 2 2
14GOVB129 St Kilda N 54.02 52,70 52.87 15.21 21.1 1 3 1
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_ Valve _ Max _ Mass of , . Shell  Bioeros
Glycymeris Locality (Right / Left Length (mm) Height Height Width asingle Periostrac Ligament margin ion (1- Nacre
reference # _ / (mm) (mm) (mm) valve um (1-5) (1-4) (1-4) 2) (1-3)

Articulated) (9)
14GOVB130 St Kilda N 56.49 5497 55.32 13.56 9.6 1 1 1
14G0OVB131 St Kilda N 53.28 50.10 50.85 13.90 131 2 2 2
14G2VB132 St Kilda Y 30.23 28.33 28.33 16.52 3.2 5 4 4 4 3
14G2vB133 St Kilda Y 25.97 2493 2493 13.78 1.8 5 4 4 4 3
14G2VB134 St Kilda Y 26.55 25.67 25.67 13.46 1.9 5 4 4 4 3
14G2vB135 St Kilda Y 25.05 24.18 24.18 14.09 1.9 5 4 4 4 3
14G2VB136 St Kilda Y 22.00 19.59 19.59 13.64 1.4 5 4 4 4 3
14G2VvB137 | stKilda Y 25.29 23.72 23.72 14.92 2.2 5 4 4 4 3
14G2VB138 | stKilda Y n.a. n.a. n.a. n.a. n.a. 5 4 n.a. 4 3
14GOVB139 St Kilda N 60.71 57.18 58.65 16.28 19.9 1 1 2
14G0OVB140 St Kilda N 48.54 49.60 49.60 14.31 17.6 2 4 3
14G0OVB141 St Kilda N 45.34 4535 4535 1391 13.5 2 4 3
14G0OVB142 St Kilda N 50.46 46.81 46.81 13.77 13.6 2 2 2
14G0OVB143 St Kilda N 40.48 38.23 38.23 11.17 7.4 3 4 2
14G0OVB144 St Kilda N 47.12 47.58 47.58 12.41 9.2 1 1 1
14G0OVB145 St Kilda N 45.57 4536 45.36 12.36 9.0 2 2 2
14G0OVB146 St Kilda N 56.46 55.39 56.66 15.83 17.4 1 1 2
14G0OVB147 | stKilda N 44.90 45.46 45.46 12.14 7.0 1 2 2
14G0OVB148 St Kilda N 45.21 4393 4393 12.63 9.6 2 3 2
14G0OVvB149 St Kilda N 42.10 43.06 43.06 12.11 10.5 2 3 2
14G0OVB150 St Kilda N 45.58 45,57 45.68 12.45 10.1 2 2 2
14G0OVB151 St Kilda N 45.93 60.39 60.47 15.18 14.5 1 2 2
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_ Valve _ Max _ Mass of , . Shell  Bioeros
Glycymeris Locality (Right / Left Length (mm) Height Height Width asingle Periostrac Ligament margin ion (1- Nacre
reference # _ / (mm) (mm) (mm) valve um (1-5) (1-4) (1-4) 2) (1-3)

Articulated) (9)
14GOVB152 St Kilda N 47.31 45.44 4572 10.44 8.7 2 2 2
14G0OVB153 St Kilda N 55.36 48.62 50.91 14.35 21.0 2 4 3
14G0OVB154 St Kilda N 40.58 40.09 40.55 12.40 10.6 3 4 3
14G0OVB155 St Kilda N 40.25 n.a. n.a. 10.67 n.a. 3 4 3
14G0OVB156 St Kilda N 35.89 3427 3427 8.36 4.3 3 4 3
14G0OVB157 | stkilda N 64.25 59.26 5941 17.16 39.7 1 4 2
14G0OVB158 St Kilda N 51.46 48.67 48.98 15.12 19.2 3 4 3
14G0OvB159 St Kilda N 49.59 4464 47.00 13.01 13.7 2 4 3
14GOVB160 St Kilda N 42.05 42.60 42.60 11.97 10.7 3 4 3
14G0OVB161 St Kilda N 42.81 42.59 42.89 11.09 8.7 2 4 3
14G0OVB162 St Kilda N 42.25 39.10 39.20 10.24 8.6 3 4 3
14G0OvB163 St Kilda N 45.79 42.12 42.88 11.03 8.6 2 4 3
14G0OVB164 St Kilda N 41.86 39.84 39.84 10.59 8.5 2 4 3
14G0OVvB165 St Kilda N 47.61 4481 47.05 13.57 15.7 3 4 3
14G0OVvB166 St Kilda N 40.56 38.02 3843 10.84 9.2 3 4 3
14G0OVB167 | stkilda N 45.14 42.32 42.58 12.45 8.7 3 4 3
14G0OVB168 St Kilda N 39.38 37.82 38.01 9.91 6.1 3 4 3
14GOVB169 St Kilda N 38.80 37.09 37.09 941 5.3 3 4 3
14G2SN001 Skye Y 57.95 55.62 55.62 30.08 17.6 5 4 4 4 3
14G2SN002 Skye Y 52.32 53.19 53.19 30.01 18.5 5 4 4 4 3
14G2SN0O03 Skye Y 55.37 5458 5458 31.24 20.0 5 4 4 4 3
14GORHO01 Rhum N 65.46 60.01 60.71 20.39 39.7 2 4 2
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Glycymeris (Rivr?tl\ﬁeft Height M width Zlgfns cl); Periostrac  Ligament ~_onell - Bioeros
relyer):ance " Locality 9 / Length (mm) (m?n) Height (mm) valvge um (1-5) 9(1_4) margin ion (1- (if:s,r)e
Articulated) (mm) 9) (1-4) 4)

14GORH002 Rhum N 64.95 65.91 66.50 20.37 46.6 1 4 1
14GORHO03 Rhum N 63.19 64.63 64.63 17.44 347 1 4 1
14GORHO04 Rhum N 59.03 62.23 62.52 18.80 38.1 3 4 2
14GORHO05 Rhum N 60.48 60.73 61.76 18.35 31.0 1 3 1
14GORHO0O06 Rhum N 59.75 60.02 60.96 18.44  38.2 2 4 1
14GORHO07 Rhum N 58.33 58.36 5851 1730 333 2 4 2
14GORHO08 Rhum N 58.40 57.52 57.76 15.25 304 1 4 1
14GORHO09 Rhum N 57.66 53.83 54.23 14.09 18.7 2 4 1
14GORHO10 Rhum N 54.75 53.65 53.65 14.55 18.0 2 4 1
14GORHO11 Rhum N 48.44 50.99 50.99 13.67 17.6 1 4 2
14GORHO12 Rhum N 47.97 4996 4996 13.72 16.0 2 3 1
14GORHO13 Rhum N 57.23 57.10 57.10 16.80 174 1 1 1
14GORHO14 Rhum N 45.45 4558 45,58 13.09 14.6 3 4 2
14GORHO15 Rhum N 46.80 4531 4531 11.19 10.0 3 3 1
14GOVB170 | stKilda N 67.18 67.10 67.37 19.87 1 1 1
14G0OVB171 St Kilda N 60.30 57.13 57.54 18.84 2 1 4
14GOVB172 | stKilda N 56.84 55.50 56.12 16.70 1 1 1
14GOSNO04 Skye N 62.93 63.45 63.45 19.19 1 3 4 2 4
14GOSNOO5 Skye N 53.59 51.86 52.16 16.00 1 2 2 2
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Appendix A2 — Arctica measurements and shell condition

Mass Conditio
n of
Arctica Length Height H'Zliz);\t Width sior:(galle nacre
reference # (mm) (mm) (mm) (mm) valve w/l'n
@) _palllal
line (1-3)
16A2VB001 | StKilda 100.0 87.29 9545 59.28 201.2
5
16A2VB002 | StKilda 100.0 85.34 96.03 60.23 228.2
0
16A2VB003 | StKilda 97.87 8833 9198 64.99 2304
16A2VB004 | St Kilda 97.63 88.97 97.12 62.20 244.0
16A2VB005 | StKilda 103.7 8790 96.98 60.92 202.3
7
16A2VB006 | St Kilda 93.89 79.90 89.74 5255 164.6
16A2VB007 | StKilda 101.6 84.81 96.07 62.86 222.0
6
16A2VB008 | StKilda 102.8 89.45 96.58 61.94 2125
5
16A2VB009 | St Kilda Y 99.79 84.28 96.18 60.15 206.6
16A2VB010 | StKilda Y 95.67 79.16 90.74 58.70 219.7
16A2VB011 | StKilda Y 93.17 83.56 90.55 58.53 187.0
16A2VB012 | StKilda Y 9297 82.16 87.92 58.62 167.8
16A2VB013 | StKilda Y 90.65 78.40 84.07 52.50 1448
16A0VB014 | StKilda N 103.4 95.13 100.8 31.81 107.1 3
8 5
16A0VB015 | StKilda 101.2 87.78 95.12 30.04 1141 3
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Mass Periost Ligame Cor?giftio
. . . Max . of a racum nt Bioero
refAerr(;'I]%z 4 Locality (I;('X\T') L(?:r?]t)h '?ﬁ}'?nr;t Height m?rgr)] single preser preserv sion (1- nvil/ci;e
(mm) valve vation ation 4) pallial
16A0VB016 | StKilda N 96.36 91.31 94.49 56.97 87.8 4 1
16A0VB0O17 | StKilda N 96.78 89.05 95.46 58.15 97.8 4 3
16A0VB018 | StKilda N 101.9 80.62 96.02 29.59 86.4 4 3
7
16A0VB0O19 | StKilda N 93.51 79.50 90.85 26.89 68.7 4 3
16A0VB020 | StKilda N 9345 7893 91.71 29.46 93.2 4 2
16A2VB021 | StKilda Y 106.4 87.91 104.7 34.81 121.8
8 9
16A2VB022 | StKilda Y 102.5 82.74 98.13 29.44 94.9
3
16A2VB023 | StKilda Y 99.40 86.49 92.40 29.95 87.4
16A2VB024 | StKilda Y 97.31 86.11 93.75 32.23 106.5
16A2VB025 | StKilda Y 100.4 79.10 97.89 32.68 104.0
0
16A2VB026 | StKilda Y 98.93 78.31 94.05 28.60 98.5
16A2VB027 | StKilda Y 107.9 84.87 100.6 28.68 96.7
8 5
16A2VB028 | StKilda Y 98.41 81.42 95.65 29.42 80.9
16A2VB029 | StKilda Y 95.89 80.50 94.06 31.27 91.5
16A2VB030 | StKilda Y 95.01 76.53 88.98 26.03 87.9
16A2VB031 | StKilda Y 95.24 7459 93.12 27.81 81.4
16A2V/B032 | StKilda Y 9599 79.70 89.75 25.19 71.9
16A2V/B033 | StKilda Y 91.18 77.23 87.25 29.66 79.9
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Mass Periost Ligame Cor?g'ft'o

refAerr(;'I]%z 4 Locality (I;('X\T') L(?:r?]t)h '?ﬁ}'?nr;t H'Zliz);\t m?rgr)] sior:(galle ;&:zgg prer;terv msz:rzliln s?é)?]eg— nvil/ci;e

(mm) valve vation ation (1-4) 4) pallial

@ 15 @4 ine (1.3)
16A2VB034 | StKilda Y 97.98 88.20 96.12 28.18 104.0
16A0VB035 | StKilda N 89.00 75.00 82.00 25.00 75.0 2 3 4 4 2
16A0VB036 | StKilda N 9750 76.00 81.00 2150 57.4 3 2 2 4 1
16A0VB037 | StKilda N 91.50 79.00 8250 26.00 81.1 2 2 3 4 3
16A0VB038 | StKilda N 97.00 85.00 92.00 260.0 83.4 2 3 4 4 3
0
16A0VB039 | StKilda N 98.00 86.00 93.00 26.30 95.6 3 4 4 3
16A0VB040 | StKilda N 93.28 88.80 104.5 25.60 90.9 2 3 4 3
0

16A0VB041 | StKilda N 98.00 86.50 93.50 29.50 1145 3 3 4 4 3
16A0VB042 | StKilda N 92.60 80.10 8490 2480 743 2 2 3 4 1
16A0VB043 | StKilda N 93.00 83.90 88.80 26.2 81.80 2 1 2 4 1
16A0VB044 | StKilda N 93.00 79.00 92.00 23.00 915 3 4 4 4 3
16A0VB0O45 | StKilda N 91.97 8530 87.60 2150 66.0 3 2 3 4 1
16A0VB046 | StKilda N 90.00 79.50 85.30 27.20 86.7 2 3 2 4 3
16A0VB047 | StKilda N 86.60 73.20 82.30 25.60 69.5 2 4 2 4 1
16A0VB048 | StKilda N 91.50 89.10 89.30 29.90 825 4 3 3 4 1
16A0VB049 | StKilda N 87.60 73.73 85.21 29.00 78.7 2 1 3 4 1
16A0VBO050 | StKilda N 80.24 71.83 7574 26.30 434 2 1 2 4 2
16A0VB051 | StKilda N 78.08 68.60 74.72 24.17 338 2 1 2 4 1
16A0VB052 | StKilda N 85.94 73.66 80.90 2553 439 2 1 2 4 1
16A0VB053 | StKilda N 92.00 84.20 86.00 27.80 81.5 3 2 3 4 3
16A0VB054 | StKilda N 86.80 76.80 81.10 2430 65.8 3 3 3 4 3
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Mass Periost Ligame Cor?g'ft'o
Arctica L . Live Length Height M_ax Width .Of a racum nt SheI.I Bioero nacre
reference # ocality (YIN)  (mm) (mm) Height (mm) single preser preserv. margin sion (1- wiin
(mm) valve vation ation (1-4) 4) pallial
@ @15 (14 ine (1.3)

16A0VB055 | StKilda N 92.30 80.80 87.20 23.10 86.0 3 2 3 4 3

16A0VB056 | StKilda N 54.70 49.60 52.60 14.50 13.6 2 1 4 4 1

16A2VB0O57 | StKilda Y 101.6 87.10 97.70 3240 103.6 4 4 4 4 3
0

16A2VB058 | StKilda Y 100.9 90.80 96.70 33.60 117.0 2 3 4 4 3
0

16A2VB059 | St Kilda Y 99.40 90.90 9940 32.00 128.8 3 5 4 4 3

16A2VB0O60 | StKilda Y 99.90 86.90 97.30 27.80 100.2 2 5 4 4 3

16A2VB061 | StKilda Y 105.0 86.20 95.90 3190 103.0 3 2 4 4 3
0

16A2VB062 | StKilda Y 101.8 88.40 95.20 31.20 96.9 3 3 4 4 3
0

16A2VB063 | StKilda Y 97.50 83.70 91.60 3230 923 3 4 4 4 3

16A2VB064 | StKilda Y 99.40 89.80 96.10 29.10 1094 2 4 4 4 3

16A2VB065 | StKilda Y 95.50 86.10 94.50 29.20 92.6 3 4 4 4 3

16A0VB066 | StKilda N 85.20 74.80 77.50 24.20 46.7 1 1 1 4 2

14A2SN0O01 | Skye North Y 82.62 72.88 75.64 48.02 445 4 4 4 4 3

14A2SN0O02 | Skye North Y 93.17 73.35 84.86 5259 60.2 3 4 4 4 3

14A2SN0O03 | Skye North Y 97.42 8153 95.18 56.99 70.8 4 4 4 4 3

14A2SN004 | Skye North Y 98.21 78.06 84.13 5199 63.1 4 4 4 4 3

14A2SN005 | Skye North Y 86.14 76.75 85.25 51.71 58.6 4 4 4 4 3

14A2CN001 | Canna North Y 80.73 70.03 75.23 45.49 44 4 4 4 4 3

14A2CN002 | Canna North Y 81.82 7432 79.44 50.39 458 4 4 4 4 3
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14A2CNO03 | Canna North Y 84.75 71.88 80.63 48.17 48.1 4 4 4 4 3
14A2CN0O04 | Canna North Y 77.93 65.15 7239 44.02 34.7 4 4 4 4 3
14A2CNOQO5 | Canna North Y 83.14 70.44 7755 46.66 45.8 4 4 4 4 3
14A2RH001 | Rhum Y 821 7134 7698 46.72 46.9 3 4 4 4 3
14A2RH002 | Rhum Y 88.88 774 8446 50.04 56.1 3 4 4 4 3
14A2RH003 | Rhum Y 86.85 73.41 83.59 49.78 644 2 4 4 4 3
14A2RH004 | Rhum Y 86.01 75.2 84.24 21.6 473 1 4 4 4 3
14A2RH005 | Rhum Y 92.49 80.78 88.1 24.01 61 1 4 4 4 3
14A2CNO06 | Canna North Y 81.84 69.32 7543 46.8 42.6 4 4 4 4 3
14A2SN006 | Skye North Y 88.8 78.61 88.3 53.79 66.5 4 4 4 4 3
14A25N007 | Skye North Y 7892 7136 77.68 49.17 47.3 1 4 4 4 3
14A2SN008 | Skye North Y 83.78 7491 8279 5232 63.8 4 4 4 4 3
14A2SN009 | Skye North Y 99.02 78.01 93.18 55.38 85.7 3 4 4 4 3
14A2SN010 | Skye North Y 83.67 76.54 83,53 50.11 55.2 4 4 4 4 3
14A2S5N011 | Skye North Y 8451 71.72 78.44 4931 495 4 4 4 4 3
14A25N012 | Skye North Y 89.91 76.43 85.76 53.02 62.8 4 4 4 4 3
14A25N013 | Skye North Y 85.76 74.2 82.78 48.96 48.3 4 4 4 4 3
14A25N014 | Skye North Y 82.38 73.17 78.42 47.65 49.2 4 4 4 4 3
14A255001 | Skye South Y 99.05 84.61 95.74 59.96 1025 1 4 4 4 3
14A255002 | Skye South Y 98.27 89.24 9532 61.85 929 1 4 4 4 3
14A2RH006 | Rhum Y 80.47 709 76.05 4864 524 3 4 4 4 3
14A2CNOQ7 | Canna North Y 85.29 72.62 79.22 46.7 42.6 4 4 4 4 3
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14A2CNO0O8 | Canna North Y 75.96 65.4 72.66 43.21 32.7 4 4 4 4 3
14A2CNOQ9 | Canna North Y 73.04 66.14 6897 42.53 33.1 4 4 4 4 3
14A2CN010 | Canna North Y 76.79 67.56 72.25 4428 354 4 4 4 4 3
14A2CN011 | Canna North Y 8195 7445 81.09 4936 479 4 4 4 4 3
14A2CN012 | Canna North Y 82.49 71.21 78.94 44.13 41 4 4 4 4 3
14A2CN013 | Canna North Y 82.61 68.18 76.45 43.07 35.2 4 4 4 4 3
14A2CN014 | Canna North Y 4 4 4 4 3
14A2CNO15 | Canna North Y 79.16 68.23 72.36 3 4 4 4 3
14A2SN015 | Skye North Y 4 4 4 4 3
14A2CN0O16 | Canna North Y 78.79 6494 7381 45.26 36.7 4 4 4 4 3
14A2CN017 | Canna North Y 82.64 70.9 7897 51.92 52.5 4 4 4 4 3
14A2RH007 | Rhum Y 96.91 79.48 88.02 24.33 79.3 1 3 4 4 3
14A2S5N016 | Skye North Y 95.83 4 4 4 4 3
14A25N017 | Skye North Y 3 4 4 4 3
14A25N018 | Skye North Y 4 4 4 3
14A0VB001 | StKilda N 94.1 84.61 9192 2449 722 1 1 2 4 3
14A0RH0O08 | Rhum N 9391 86.04 90.19 26.66 66.6 1 1 2 4 1
14A0RH009 | Rhum N 103.1 92.01 98.7 2793 111.2 1 1 1 4 1
4
14A0RH010 A Rhum N 83.31 91.33 29.12 1 4 2
14A0RH011 A Rhum N 85.39 1 4 2
14A0RH012 | Rhum N 1 1
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Appendix B — Cruise logbook

B/E = Barra, StKB = St Kilda Village Bay, StKp = St Kilda platform, StKn = St Kilda north

Appendices

Station Tow Gear Date Lat Long Lat Long Start End Comments
1-B/E | Nol Sidescan Sonar 28.05.2014 57°01... 7°17... 57°02... 7°16.347 x 19.1
1-B/E | Towl  Arcticadredge 28.05.2014 57°02.052 7°16.484 57°01.809 7°16.660 32.2 38.7 2 smalldead
Glycymeris
1-B/E | Tow?2 Arctica dredge  28.05.2014 57°01.940 7°16.582 57°01.765 7°16.699 35.1 41.1 none (only 2 Venus)
1-B/E | Tow3  Arcticadredge 28.05.2014 57°01.776 7°16.059 57°01.648 7°16.749 45.4 63.0 none
1-B/E| Tow4  Arcticadredge 28.05.2014 57°01.083 7°16.704 57°01.491 7°16.867 61.5 53.7 2 tiny Glycymeris
1-B/E | Tow5  Arcticadredge 28.05.2014 57°01.558 7°16.707 57°01.270 7°17.052 65.9 61.6 none, AD damaged
2-StkB | No 1 Sidescan Sonar  29.05.2014 57°48.555 8°30.014 57°48.300 8°33.820 63.1 23.0 some patches of
bedrock, but mostly
free of hazards
2-StkB | Tow 1 Arctica dredge  29.05.2014 57°48.297 8°33.618 57°48.397 8°32.643 27.0 37.5 empty
2-StkB | Tow 2  Arcticadredge 29.05.2014 57°48.427 8°32.401 57°48.465 8°31.440 46.2 63.0 2live, 269 dead
Glycymeris
2-StkB | Tow 3 Arctica dredge  29.05.2014 57°48.471 8°31.26 57°48.456  8°32.135 62.3 53.7 11 dead Glycymeris
2 -StkB | Tow 4 Arctica dredge  29.05.2014 57°48.415 8°32.528 57°48.434 8°31.930 39.8 60.1 empty, dredge didn't
stay on bottom
2-StkB | Tow5  Arcticadredge 29.05.2014 57°48.470 8°31.705 57°48.415 8°32.515 62.3 40.6 sametrackastow4;5
dead, 1 articulated
Glycymeris
2-StkB | Tow6  Arcticadredge 29.05.2014 57°48.544 8°29.997 57°48.499 8°30.782 65.3 62.3 1live, 32 dead
Glycymeris - some big
and beautiful ones
2-StkB | Tow7  Arcticadredge 29.05.2014 57°48.479 8°30.950 57°48.537 8°30.145 61.7 65.1 8 dead Glycymeris
3-Stkp | No 1 Sidescan Sonar  29.05.2014 57°50.135 8°31.021 57°52.582 8°35.757 68.1 89.1 rocks everywhere
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4-Stkn | No 1 Sidescan Sonar 29.05.2014 57°56.495 8°35.337 57°56.325 8°32.966 135.9 127.5 sediment, sand waves

4 - Stkn | No 2 Sidescan Sonar  29.05.2014 57°55.758 8°25.477 57°55.608 8°24.152 106.1 104.7 a bit risky, boulders
and some bedrock

4 -Stkn | No 3 Sidescan Sonar  29.05.2014 57°55.359 8°20.654 57°55.080 8°17.596 132.8 131.6 some sediment, some
rocky bits

4 -5tkn | Tow 1 Arctica dredge  29.05.2014 57°55.121 8°18.227 57°55.177 8°18.436 138.0 135.9 nothing

4 -Stkn | Tow 2 Arctica dredge  29.05.2014 57°55.129 8°18.530 57°55.208 8°19.417 135.1 132.3 2 dead Arctica (1 bag)

2-StkB | Tow8  Arcticadredge 29.05.2014 57°48.564 8°30.061 57°48.495 8°30.867 63.7 60.9 1 dead Arctica (1bag),
7 dead Glycymeris (1
bag)

2-StkB | Tow9  Arcticadredge 29.05.2014 57°48.574 8°29.993 57°48.500 8°30.774 64.4 61.0 30 dead Glycymeris

2-StKB | Tow 10 Arcticadredge 29.05.2014 57°48.440 8°31.731 57°48.413 8°32.391 62.3 46.6 2 live Glycymeris (1
bag), 93 dead and 1
articulated Glycymeris

2-StkB | Tow 11 Arcticadredge 29.05.2014 57°48.453 8°31.743 57°48.436 8°32.313 62.1 48.7 2 live Glycymeris (1
bag), 23 dead and 1
articulated Glycymeris

2-StkB | No 2 Sidescan Sonar  29.05.2014 57°48.583 8°30.215 «x X 65.1 x Only sand (one rocky
patch)

2-StKB | Tow 12 Arcticadredge 29.05.2014 57°48.673 8°29.330 57°48.624 8°30.032 70.9 65.1 1 dead Arctica, 16
dead Glycymeris

2-StkB | No 3 Sidescan Sonar 30.05.2014 57°43.230 8°33.169 57°48.421 8°29.610 34.7 66.9 very rocky, risky,
some sandy patches

2-StkB | No 4 Sidescan Sonar 30.05.2014 57°48.260 8°30.051 57°48.076 8°33.095 65.9 34.4 rockyin 60m depth
with occasional sand
waves. Good in 40m-
section

2-StkB | Tow 13  Arcticadredge 30.05.2014 57°48.267 8°33.173 57°48.220 8°32.471 32.8 50.9 nothingin dredge. Did

not stay on bottom
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2-StkKB | Tow 14  Arcticadredge 30.05.2014 57°48.289 8°32.908 57°48.676 8°32.399 34.8 47.5 nothingin dredge. Did
not stay on bottom
because of strong
tides

2-StkB | Tow 15 Arcticadredge 30.05.2014 57°48.704 8°32.157 57°48.143 8°32.338 47.6 58.4 onlyrocksin dredge.
Severe damage to AD.
Have to use 2nd
dredge.

2-StkB | Tow 16 Beam Trawl 30.05.2014 57°48.442 8°32.671 57°48.396 8°31.587 37.6 61.2 noshells

2-StkB | Tow 17 Beam Trawl 30.05.2014 57°48.437 8°31.981 57°48.371 8°33.093 57.0 33.4 1 live Glycymeris, 45
dead Glycymeris

2-StkKB | Tow 18 Beam Trawl 30.05.2014 57°48.374 8°32.982 57°48.491 8°31.667 34.1 60.5 2 dead Glycymeris

2-StkB | Tow 19 Beam Trawl 30.05.2014 57°48.514 8°30.646 57°48.507 8°29.575 60.6 64.8 4 live Glycymeris, 50
dead Glycymeris

2-StkB | Tow 20 Beam Trawl 30.05.2014 57°48.595 8°29.497 57°48.530 8°30.767 65.7 59.9 51 dead Glycymeris

5-Skye | No 1 Sidescan Sonar 31.05.2014 57°36.999 6°33.160 57°36.548 6°28.230 47.3 65.9 Turned through dog-
north leg into loch

5-Skye | No 2 Sidescan Sonar  31.05.2014 57°36.491 6°28.128 57°34.520 6°28.042 65.1 55.9 Turned through dog-

north leg into loch

5-Skye | No 3 Sidescan Sonar 31.05.2014 57°32.184 6°27.605 57°31.043 6°27.445 77.2 475

north

5-Skye | Tow1l  Arcticadredge 31.05.2014 57°31.104 6°27.451 57°31.418 6°27.471 483 74.6 9 dead, 3 damaged

north Glossus

5-Skye | Tow2  Arcticadredge 31.05.2014 57°32.650 6°27.732 57°33.023 6°27.899 65.1 62.3 broken Arctica,

north articulated hinge, part

of animal attached =
live!
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5-Skye | Tow 3 Arctica dredge  31.05.2014 57°34.773 6°28.037 57°35.152 6°28.013 57.3 60.5 1 articulated Glossus
north
5-Skye | Tow4  Arcticadredge 31.05.2014 57°35.293 6°27.998 57°35.695 6°27.909 61.6 65.5 empty
north
5-Skye | Tow 5 Arctica dredge  31.05.2014 57°35.845 6°27.876 57°36.224 6°27.872 65.5 69.1 empty
north
5-Skye | Tow6  Arcticadredge 31.05.2014 57°36.350 6°27.903 57°36.561 6°28.314 69.3 69.4 empty
north
5-Skye | Tow7  Arcticadredge 31.05.2014 57°36.597 6°28.460 57°36.644 6°28.985 70.5 73.0 empty
north
5-Skye | Tow8  Arcticadredge 31.05.2014 57°36.799 6°30.896 57°36.856 6°31.421 63.4 55.5 4 live Arctica, 5
north broken Arctica, 1
umbo, 6 small Arctica
5-Skye | Tow 9 Arctica dredge  31.05.2014 57°36.898 6°31.583 57°36.816 6°31.241 52.6 60.4 1 dead Arctica, 2
north damaged Arctica, 2
damaged Glycymeris
5-Skye | Tow 10 Arcticadredge 31.05.2014 57°36.805 6°30.921 57°36.892 6°31.606 62.6 51.9 5 live Arctica + 1 live
north damage umbo, 3 dead
Arctica, 5 damaged
Arctica, 1 small
Arctica
5-Skye | Tow 11 Arctica dredge 31.05.2014 57°36.869 6°31.517 57°36.950 6°32.094 52.3 459 1 live Arctica, 1 live
north Glycymeris, 1 dead
Arctica, 6 damaged
Arctica + bits, 6
damaged Glycymeris,
22 dead Glycymeris
5-Skye | Tow 12  Arctica dredge 31.05.2014 57°36.938 6°32.057 57°36.900 6°31.859 46.2 47.6 2 Arctica, 8
north Glycymeris
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5-Skye | Tow 13 Arcticadredge 31.05.2014 57°36.899 6°31.796 57°36.847 6°31.312 484 60.5 1 damaged Arctica
north
5-Skye | Tow 14 Arcticadredge 31.05.2014 57°36.826 6°31.273 57°36.881 6°31.764 59.5 48.4 2 live Arctica (1
north broken), 2 dead and 3
damaged Arctica, 3
dead and 1 damaged
Glycymeris
5-Skye | Tow 15 Arcticadredge 31.05.2014 57°36.852 6°31.450 57°36.799 6°31.119 52.1 61.8 1 live Arctica, 12 dead
north Arctica, 1 broken
Arctica
5-Skye | Tow 16 Arcticadredge 31.05.2014 57°36.789 6°31.301 57°36.884 6°32.062 54.4 42.6 1 live Glycymeris, 2
north dead Arctica, 3 dead
Glycymeris
5-Skye | Tow 17 Arcticadredge 31.05.2014 57°36.930 6°31.871 57°36.846 6°31.288 45.1 59.4 1 live Arctica, 1 dead
north Glycymeris
5-Skye | Tow 18 Arcticadredge 31.05.2014 57°36.865 6°31.190 57°36.942 6°31.975 64.1 43.8 13 dead Glycymeris, 3
north broken Arctica
5-Skye | Tow 19 Arcticadredge 31.05.2014 57°36.949 6°31.823 57°36.860 6°31.094 44.4 63.7 2live Arctica (1
north broken), 1 live
Glycymeris
6 - Skye | No 1 Sidescan Sonar  31.05.2014 57°19.194 6°32.055 57°12.9598 6°32.304 69.1 >90 many crazy rocks,
south steep holes, but also
some good sediment
parts
6 - Skye | Tow 1 Arctica dredge  31.05.2014 57°14.625 6°32.296 57°14.892 6°32.351 66.5 73.7 2 dead Arctica + flesh
south from Arctica on the

outside => go back?;
Dredge damaged
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6 - Skye | Tow2  Arcticadredge 31.05.2014 57°16.396 6°32.317 57°16.528 6°32.340 64.8 63.0 (data of end of tow
south not precise) nothing,
only rocks in AD
6 - Skye | Tow 3  Arcticadredge 31.05.2014 57°17.318 6°32.333 57°17.228 6°32.331 64.8 55.1 1 dead Arctica
south
6 - Skye | Tow 4 Arctica dredge  31.05.2014 57°17.305 6°32.334 57°17.191 6°32.302 62.3 54.4 1 live Arctica (broken,
south removed flesh before
bagging) and 6 dead
Arctica, 1 dead
Glycymeris
6 - Skye | Tow 5 Arcticadredge 31.05.2014 57°17.297 6°32.324 57°17.174 6°32.322 58.7 54.4 1 live Arctica (broken,
south removed flesh before
bagging), 3 dead
Arctica (1 broken in 2
pieces)
6 - Skye | Tow 6  Arcticadredge 31.05.2014 57°17.104 6°32.312 57°16.923 6°32.292 55.1 60.1 1 dead Arctica, 1
south piece of a live Arctica
(found flesh)
7-|Nol Sidescan Sonar 01.06.2014 57°03.047 6°25.973 57°03.721 6°28.868 202.4 75.9 surveying started at
Canna 3:34 due to depth
north (57°03.347, 6°27.712)
7-|1No2 Sidescan Sonar 01.06.2014 57°03.721 6°28.868 57°04.882 6°28.571 75.9 35.9
Canna
north
7-|Towl Arctica dredge  01.06.2014 57°03.422 6°28.193 57°03.521 6°28.631 74.4 71.6 5 live Arctica, 2
Canna broken dead Arctica
north
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7-| Tow2 Arctica dredge 01.06.2014 57°04.064 6°28.733 57°03.874 6°28.798 119.2 98.0 1 dead Arctica, 1 dead
Canna Glycymeris
north
7-|Tow3 Arctica dredge 01.06.2014 57°03.508 6°28.594 57°03.446 6°28.331 71.2 73.4 empty
Canna
north
7- 1 Tow4 Arctica dredge 01.06.2014 57°03.486 6°28.460 57°03.403 6°28.080 71.6 744 empty
Canna
north
7- | Tow5 Arctica dredge 01.06.2014 57°03.433 6°28.251 57°03.380 6°27.899 75.9 70.1 16 (2 of them broken
Canna and put in extra bag)
north live Arctica, 1
articulated broken
Arctica
7- | Tow6 Arctica dredge 01.06.2014 57°03.442 6°28.281 57°03.393 6°27.921 75.9 74.4 7 live Arctica, 3 dead
Canna Arctica
north
7- | Tow7 Arctica dredge 01.06.2014 57°03.447 6°28.291 57°03.372 6°27.943 75.9 74.4 1live Arctica, 3 dead
Canna Arctica
north
8- Nol Sidescan Sonar 01.06.2014 57°01.002 6°27.389 57°01.005 6°35.449 78.7 88.7
Canna
south
8-|Towl Arctica dredge  01.06.2014 57°00.992 6°34.306 57°00.994 6°33.832 80.1 79.8 empty
Canna
south
8-| Tow?2 Arctica dredge 01.06.2014 57°01.004 6°32.868 57°00.998 6°31.967 81.6 94.4 empty
Canna
south
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9-/Nol Sidescan Sonar  01.06.2014 57°02.637 6°24.503 57°00.666 6°28.287 64.4 40.0 end coordinates not
Rhum precise
NW
9- Towl Arctica dredge 01.06.2014 57°02.479 6°24.652 57°02.177 6°25.094 53.0 58.8 2 dead Arctica (1 of
Rhum them broken)
NW
9-|Tow?2 Arctica dredge 01.06.2014 57°01.889 6°25.658 57°01.630 6°26.326 42.0 91.6 1 broken dead Arctica
Rhum
NW
9- Tow3 Arctica dredge 01.06.2014 57°01.055 6°27.408 57°00.819 6°27.975 88.7 38.7 6 live Arctica (2 of
Rhum them broken,
NW removed flesh from
one of them), 4 dead
Arctica (one of them
only umbo, one
broken), 20 dead
Glycymeris. AD teeth
bent
9-  Tow4  Arcticadredge 01.06.2014 57°01.088 6°27.327 57°00.887 6°27.883 98.7 44.1 2 live Arctica (both
Rhum broken) put in
NW separate bags. 1 piece
of dead Arctica. AD
damaged.
7-| Tow8 Beam Trawl 01.06.2014 57°03.429 6°28.045 57°03.474 6°28.303 75.9 77.3 4 dead Arctica (3
Canna small, 1 piece of big)
north
7-|Tow?9 Beam Trawl 01.06.2014 57°03.445 6°28.202 57°03.459 6°28.065 75.9 77.3 no shells, very muddy
Canna sand
north
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7-|Tow 10 Beam Trawl 01.06.2014 57°03.425 6°28.306 57°03.312 6°27.594 73.7 78.7 4 dead Arctica (2
Canna small complete, 1
north small broken, 1 large
articulated broken)
7-|Tow 1l DayGrab 01.06.2014 57°03.469 6°28.290 57°03.504 6°28.306 77.3 80.9 one bag of sediment
Canna was collected. No
north shells
7-|Tow 12 Day Grab 01.06.2014 57°03.444 6°28.339 57°03.458 6°28.346 73.0 74.4 noshells
Canna
north
7-|Tow 13 Day Grab 01.06.2014 57°03.464 6°28.331 57°03.482 6°28.361 75.9 75.9 noshells
Canna
north
10-  No1l Sidescan Sonar 02.06.2014 56°46.700 5°54.173 56°48.672 5°57.727 33.0 65.9 dogleg transect.
Loch Rocky for the most
Shiel part, sediment
towards the end
10- | No?2 Sidescan Sonar 02.06.2014 56°48.550 5°57.064 56°48.233 5°56.353 55.8 29.8 sediment, then rock
Loch
Shiel
10- | Tow1l  Arcticadredge 02.06.2014 56°48.172 5°57.476 56°48.771 5°57.311 52.2 64.4 curved line between
Loch these points. Empty
Shiel
10- | No 3 Sidescan Sonar 02.06.2014 56°48.560 5°57.303 56°47.509 6°01.134 59.4 69.4 sedimentalmost all
Loch the way
Shiel
10- | Tow 2 Arctica dredge  02.06.2014 56°47.673 6°00.577 56°47.760 6°00.235 76.6 77.3 empty
Loch
Shiel
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10- | Tow 3 Arctica dredge  02.06.2014 56°47.787 6°00.083 56°47.917 5°59.458 76.1 69.8 empty
Loch

Shiel
10- | Tow4  Arcticadredge 02.06.2014 56°48.147 5°58.612 56°48.263 5°58.123 45.9 61.6 2 broken Arctica.
Loch Dredge damaged
Shiel
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