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Abstract
Arctica islandica – Annually Banded Mollusc Offers High Temporal Resolution Record
into End of North Sea Little Ice Age
Eilidh Towers

Sclerochronology affirms the well-established fact that banded growth increments in marine molluscs
accurately record oscillations in climate and environment for the past millennia or more.

This study considers how such records can enhance understanding of environmental shifts across the
18th to 20th centuries. Specifically, it investigates whether sclerochronological data are fundamentally
associated with stable carbon and oxygen isotope values and if the climate phenomenon of the Little Ice
Age impacts the marine radiocarbon reservoir effect. Furthermore, this study compares the North Sea
and the Irish Sea to discover whether observed environmental changes are equivocal or not. Three shells
of Arctica islandica were retrieved from the Dutch natural history museum "Naturalis" in Leiden, the
Netherlands, to construct a chronology dating back to the 18th century from growth increments.
Collection dates for the three shells vary between 1882 and 1954 in the North Sea and the Irish Sea.
Shells were prepared, photographed and milled for calcium carbonate material. Digital images allowed
counting of increments while the milled material was measured for stable carbon and oxygen isotopes
and was radiocarbon dated. The ontogenetic bias was removed from sclerochronological data using
MATLAB software to produce a purely environmental growth signal. The results agreed with the
proposed hypothesis that there is a link between growth increments and the stable isotope data. However,
further analysis is required to validate the presence of the Little Ice Age in the radiocarbon reservoir
effect.

These results indicate that the stable carbon and oxygen isotopes and growth increments are a good
indicator of favourable growth conditions for Arctica islandica. Therefore, this study highlights that
Arctica islandica is a suitable proxy for the North Sea and Irish Sea palaeoenvironment reconstructions.
On this basis, future climate research can accurately depend on sclerochronological data to aid in
understanding the patterns of anthropogenic climate change.

Keywords: sclerochronology, Arctica islandica, palaeoenvironments, Little Ice Age, radiocarbon
reservoir effect
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Popular Summary
Arctica islandica – Annually Banded Mollusc Offers High Temporal Resolution Record
into End of North Sea Little Ice Age
Eilidh Towers

Climate research is imperative to increase current knowledge of human-induced climate change. Climate
change mitigating actions must be based on proven fact and need to become common and widespread
in today’s interconnected, globalised society. However, despite recent media attention, climate change
is not a new phenomenon as climate has continuously been in flux across Earth’s history, regulated by
a series of biogeochemical cycles and feedback loops. Since the industrial revolution, human activities
altering the Earth’s land, air, and ocean have increased, particularly through the burning of fossil fuels,
increasing the atmospheric carbon dioxide concentration. Thus, the industrial revolution (plus/minus
100-years) is a key timespan for climate research.

Many different methods can be used to explore and investigate past climates. Pre-20th century direct
measurements of climate parameters are minimal, so indirect methods are crucial. The use of clamshells,
particularly the long-lived species Arctica islandica, is one such way. This shallow-water marine bivalve
mollusc is common throughout the North Atlantic and is commercially harvested along the North
American coastline. This clam grows annually, laying down new shell increments each year when
environmental conditions are favourable. Counting these increments down shell produces an accurate
clock with shells often recording 150 years and the longest records spanning 500 years. The width of
each increment indicates the amount of growth each year, with more shell growth occurring in years
with favourable environmental conditions, i.e., higher temperatures and a plentiful food supply.
Sampling shell material can reveal seawater temperature and amount of dissolved inorganic carbon
present during the organism’s life using oxygen and carbon isotope analysis. Radiocarbon dating of the
same samples will produce absolute dates for the shell and give insight into the marine radiocarbon
reservoir effect (MRE). Radiocarbon is produced in the atmosphere continuously and will break down
into nitrogen after a statistical half-life of 5730 years. Whilst alive, organisms are constantly
incorporating radiocarbon into their structures. However, when dead, the radiocarbon concentration in
said structures will only decrease, so measuring the concentration of radiocarbon left produces a death
date. However, when applying this concept to marine samples there is a complication as the ocean is
offset from the atmosphere due to several things, including oceanic circulation, known as the MRE.

This study aimed to use these tools to investigate the period around the industrial revolution, 1700-
1950, known as the Little Ice Age in climate literature. Historical records reveal this period was colder
than the 1000 year average, with alpine glacier advancement and droughts destroying crops. A.islandica
specimens from the North Sea and the Irish Sea identify climate change through this time, but the
methodology fails to produce accurate details regarding actual temperature change. Instead, the results
suggest that conditions in the North Sea are replicated in the Irish Sea. This study does conclude that
A.islandica is a useful tool in past climate reconstruction and, with further research will reveal more
detailed and precise results.

Keywords: sclerochronology, Arctica islandica, palaeoenvironments, Little Ice Age, radiocarbon
reservoir effect
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1 Introduction

Climate has undergone countless shifts through geological time, dramatically affecting the environment

and societies. Today, the climate is changing due to human activity, including fossil fuel burning,

increasing the concentration of atmospheric CO2. In particular, the rate of increase is unprecedented,

currently occurring ten times faster than any other time in the previous 420 thousand years before the

industrial revolution (Falkowski et al., 2000). Furthermore, there is no equivalent sink for these carbon

emissions resulting in global heating and ocean acidification.

Prior to modern global heating, the Little Ice Age (LIA) was the latest period of climate variability

and had a pronounced impact on European society.  Current literature suggests LIA was a cooler period

between the late 17th century and early 20th century, most influential in European and North Atlantic

climate systems (Lamb 2011). Numerous historical records describe glacial advancement, sea ice

blocking ports, and disrupted weather patterns resulting in famine and abandonment of far north

settlements (Mann, 2002). However, LIA research fails to produce a global picture of this period

emphasising the need for further studies. Better understandings of the mechanisms behind and the

patterns that dominated the LIA may provide fundamental insight into the turbulent changes in the

current global climate system. The overall aim of this study is to improve understanding of LIA

mechanisms through palaeoclimate reconstruction with a long-lived clam-shell and, in doing so, aid the

overall awareness of the changing climate.

Palaeoclimate studies attempt to reconstruct these changes to understand how the climate system

responds to external and internal factors. The use of dead, e.g., fossils, or living organisms, e.g., corals,

trees, is one method to extract climate data. Arctica islandica is the Earth’s current reported longest-

living non-colonial animal. The growth bands in its shell effectively track climate and environmental

change over the years it grew. This shallow marine benthic bivalve is abundant in the coastal regions of

the North Atlantic Ocean and throughout the North Sea. Not only can oxygen and carbon isotope data

be extracted from the calcium carbonate shell material, but this creature is also an excellent record of

the fluctuations in the radiocarbon reservoir effect. The shell’s growth increments preserve ontogenetic

history with seasonal physical and isotopic variation (Saulsbury et al., 2019). Constructing a composite

chronology extending for a millennium or more into the past is not only possible using numerous shells,

but essential to proxy and environmental reconstructions (Butler & Schöne, 2017; Morton, 2011). Stable

carbon and oxygen isotope data provide insight into temperature and primary production variation of

the water the shell inhabited. This study will utilise A.islandica collected from the North Sea and the

Irish Sea to obtain this stable carbon and oxygen isotope data to investigate the environmental

parameters across the end of LIA.

As a marine organism, A.islandica is ideally suited for investigating the marine radiocarbon reservoir

effect (MRE) and advancing the accuracy of radiocarbon dating for marine samples. The marine realm



2

is the largest carbon reservoir, capable of holding 50 times more carbon than the atmosphere and has a

longer carbon residence time (Alves et al., 2018). This divergence between atmosphere and ocean

influences radiocarbon dating; hence, valuing the MRE by measuring radiocarbon activity in samples is

critical in palaeoenvironment reconstruction. Radiocarbon dating samples in Europe from the past 300

years involve considering the LIA’s impact on MRE. Determining whether LIA causes a substantial

MRE offset is critical for radiocarbon dating samples between the 17th and 20th centuries. This project

focuses on the North Sea MRE and measures 14C concentration from an A.islandica sample collected in

1954 to analyse MRE offset at the end of LIA.

The objectives of this master’s project are to demonstrate how A.islandica is highly effective for

basin-scale, multi-centennial, and sub annually resolved marine climate reconstructions before the

instrumental era using samples collected from the North Sea and the Irish Sea.
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2 Background
2.1 Geological History
2.1.1 Geology and Formation of the North Sea
Present-day, the North Sea is a shallow epicontinental sea 50-400m deep with a coastline comprising

northwest Europe, Scandinavia and the British Isles (Phillips et al. 2017; Lamb et al. 2018). The North

Sea encompasses various rifted basins of Mesozoic sediments overlain by Tertiary siliciclastic and

carbonates (Ziegler 1992). The North Sea's crystalline basement is a combination of low to high grade

metamorphic, igneous, and metasedimentary rocks from the Precambrian to the Ordovician (Balson et

al. 2001). The intense rifting associated with successive ocean opening and closing events and the

volume of sediments deposited during the Mesozoic and Tertiary epochs have contributed to the

applicability of this entire area to hydrocarbon extraction (Balson et al. 2001). Indeed, the North Sea

has brought economic booms to the countries along the North Sea shores, and the carbon from these

North Sea stores has contributed to the changes in the global carbon cycle.

2.1.1.1 Specimen Site 1 - Tea Kettle Hole Formation
One A.islandica specimen was collected from the Tea Kettle Hole formation in the North Sea's central

south in the UK and Dutch waters. This formation's depositional environment was non-deltaic

periglacial to aeolian, inferred as Saalaian chronostratigraphy in the Middle Pleistocene 0.25 to 0.15 Ma

(Cameron et al. 1992). This sporadic formation, fine-grained sands with organic detritus, is thin in UK

profiles but can be up to 6m in Dutch boreholes (Cameron et al. 1992).

2.1.1.2 Specimen Site 2 & 4 – Doggerbank
Specimens two and four are from the isolated topographic high of the Doggerbank. Located in the centre

of the North Sea, sediments of the Doggerbank contain marine – intertidal – proglacial – subglacial –

marine cycles documenting significant climatic changes through the Quaternary (Cotterill et al. 2017).

Following the retreat of the North Sea ice sheets, rising sea level and environmental flux during the

Holocene entirely submerged the Doggerbank (Cotterill et al. 2017). Notably, the shallowest point on

the Doggerbank is only 11-12m below present sea level (Phillips et al. 2017).

2.1.1.3 Specimen Site 5 – Port Erin, Irish Sea
The Irish Sea has a similar geological history to the North Sea up to the Mesozoic. The Iapetus Ocean

suture line from its closure 410 Ma is present in the Irish Sea to the northwest of the Isle of Man, and

the remnants of the Caledonian orogeny run across the island (Hawkins et al. 2013). Specimen five was

collected in Port Erin Bay on the northwest coast of the Isle of Man. Here the Mull Hill and Lonan

Formations outcrop as thin interbedded sandstone/mudstone units, tightly folded and laminated in some
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sections (Hawkins et al. 2013). In this area, Quaternary sediments reflect land-forming processes during

and after the last ice age, 80-11.5 kyrs ago (Chiverrell 2002).

2.1.2 Deglaciation of the North Sea

The North Sea basin geomorphology holds many traces of Quaternary glaciations, deglaciations,

interglacials, stadials, interstadials, ice-sheet growth and decay. Indeed, the subsiding Central Graben

of the North Sea basin has accumulated 3 km of Oligocene to Holocene sediments (Phillips et al. 2017).

The major contributing factor to this depositional infill was the advancing and retreating ice masses of

the Pleistocene. Additionally, evidence for last the three major glacial episodes of the past 500 ka is

documented as tunnel valleys and drainage systems that developed under the large ice sheets and

preserved in the North Sea Basin (Cotterill et al. 2017; Phillips et al. 2017). Recent advancement states

this three-stage model is too simple, and again, crucial evidence for the several advances and readvances

of Pleistocene glaciation derives from the North Sea basin sediments (Cotterill et al. 2017; Phillips et

al. 2017). Therefore, the North Sea Basin is a critical site in illuminating the major northern European

palaeo-ice masses' controls.

Sea level changes in the North Sea varied throughout the Quaternary with a minimum level around

118-135m lower than the present during the Last Glacial Maximum (LGM) 29-22 ka BP (Phillips et al.

2017). From this time to the present day, extensive ice retreat and concurrent sea-level rise and

transgression have transformed the North Sea basin. Notably, the conversion from glacimarine to

shallow temperate marine conditions occurred in the Late-glacial and Early Holocene, and complete

marine conditions did not appear until approximately 6 ka BP (Phillips et al. 2017).

2.1.3 The Little Ice Age
The LIA was not a large-scale global glacial period; instead, it was restricted to the northern hemisphere,

where temperatures dropped approximately 0.6°C between the 15th-19th centuries (Mann, 2002).

European climate was most strongly impacted by this cooling, as indicated by the expansion of mountain

glaciers across the continent. Other regions may have also experienced cooling of the LIA. However,

evidence suggests the variations are highly variable between regions, with timing and nature of cooling

punctuated with intermittent periods of warmth (Mann, 2002).

Regions bordering the North Atlantic hold historical records of climate cooling, including artists

paintings, early photographs, written stories, and other documentation of weather conditions. During

this time, modern science's emergence even produced centuries-long thermometer measurements (Mann

2002). Nordic records from settlements in Greenland show that around 1400 CE, these settlements,

which during the Medieval Warm Period were affluent areas, became harsher and harder places to live

until they were abandoned (Ruddiman, 2008). Speculation of the impact of such cold temperatures on

historical events such as the Great Fire of London in 1666 CE or the storming of Bastille, Paris, in 1789

CE is rampant (Mann, 2002). However, more likely, cold temperatures were responsible for numerous
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crop failures resulting in increased famine, disease and child mortality (Mann 2002).

However, LIA may have been a period of increased variability in climate rather than average climate

change. Noticeably, temperature changes and altered atmospheric circulation fluctuate from year to year,

enhancing weather uncertainty and possibly causing a more damaging effect on society than a consistent

year after year cooling (Mann, 2002).

2.1.3.1 Evidence for the Little Ice Age

There is direct evidence for LIA, primarily as long-duration thermometer measurements and reliable

historical documents, although they are dominantly European oriented (Mann 2002). For example, there

are records of first-hand experiences from people living in the Alps and Scandinavia documenting the

effects of advancing glaciers. Impacts include the loss of grazing pasture and the destruction of villages

and houses by the ice during the 14th and 15th centuries (Ruddiman 2008). Near the beginning of the

instrumental era, an expedition voyage by the HMS Challenger, 1872-1876 CE, obtained deep ocean

temperature measurements (Gebbie & Huybers 2019). These observations consisted of 4081

temperature readings from below the mixed layer and 760 from more than 2000m depth. The

measurements from this voyage were collated and corrected in 2019, with the results corroborating with

modelled oceanic temperature change (Gebbie & Huybers, 2019). Conclusions of this study include

indications that the upper 2000m of ocean gas been warming since the 1700s, with a quarter of the heat

sourced from the deep ocean (Gebbie & Huybers, 2019). However, possible biases and sources of error

may mean the comparability with modern observations is minimal (Gebbie & Huybers, 2019).

Another historical record is the presence and frequency of sea ice along the north and western coasts

of Iceland, measured as the number of weeks per year in which sea ice reached and blocked the coast

(Ruddiman 2008; Lamb 2011). Until 1600 sea ice was infrequent before increasing and peaking in the

1800s before declining to almost none in the 1900s (Fig. 1). Thus, an excellent example highlighting

the distinction between the LIA and the warm 20th century (Lamb 2011).

Changes in glaciation can be deduced from the position of moraines and tills, marking glacial

advancement and retreat (Benn & Evans 2010). Between 1600-1800 growth of mountain glaciers

increased in the Alps and Scandinavia (Bradley & Jones 1993). Alongside documented mountain glacier

Figure 1. Frequency of sea ice along the north and western coasts of Iceland since 870 AD in weeks per
year as 20-year averages (Lamb, 2011).
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advance in Europe, there is evidence to suggest glaciation increased in the Southern Hemisphere (from

Patagonia and New Zealand) during LIA. However, the timing of cooling between different areas varies,

indicating that this was a series of independent regional climatic changes, not a global synchronous

glaciation (Mann 2002). Furthermore, there is a delayed response to climate change, by decades or

centuries. Large ice masses have inherent inertia and complex local variation due to localised melting

and accumulation, ground and ice topography, winter precipitation and summer temperatures (Benn &

Evans, 2010). Therefore, it is difficult to extract the climate change signal from glacial evidence alone

(Bradley & Jones 1993; Mann 2002).

In the Canadian Arctic, lichen halos indicate where permanent annual snow extended across Baffin

Island (Ruddiman 2008). Where lichens grow, the acid secreted breaks down the bedrock into mineral

grains, leaving an imprint on the rock after the lichen has died and decomposed. Baffin Island is one of

three locations where the LGM ice sheets have survived the longest, until 6kyrs ago when the ice

retreated in this area (Ruddiman 2008). The halos are scattered across Baffin Island, suggesting they

grew during warm periods following LGM and killed by fresh snow that prevented photosynthesis

during the summer growing season for many years in succession. In this sense, they are an LIA product,

confirmed by dating the halos through size measurement as they grow at predictable rates (Ruddiman

2008).

There is a whole host of indirect proxy measurements for evidence for LIA. Commonly used are

dendrochronology methods using growth and density of tree rings, isotopic indicators from corals and

other marine organisms, laminated sediment cores, annually resolved ice cores and speleochronology,

amongst others (Jones et al. 1998; Mann 2002; Mann et al. 2009; D'Andrea et al. 2012; Marcott et al.

2013; Schöne 2013; Holland et al. 2014).

2.1.3.2 Notable Trends through the Little Ice Age

Different data sets compiled from the various sources of evidence, as discussed above, produce several

trends for temperature anomalies through the LIA period (Fig. 2). The lack of coherency through the

datasets in Figure 2 highlights the offset in climate consistency between regions. The sediment record

in the Subtropical North Atlantic (Fig. 2c) and tropical Andes (Fig. 2h) suggests peak cooling occurs in

the 17th and 18th century. A combination of instrumental, historical and proxy data in Central England

(Fig. 2e) also highlights the 17th century as peak cooling representing Western Europe. However, this

diverges from western North American (Fig. 2b) data from tree rings, where the 19th century is the

coldest. In contrast, Eastern China (Fig. 2g) temperatures from AD 1100-1800 compiled from

phenological evidence provide no peak cold period as temperatures are relatively uniformly low (Mann

2002). Despite this offset in maximum cooling throughout the Northern Hemisphere, compiling trends

acquires an estimated pattern of overall large-scale mean temperature changes (Bradley & Jones 1993;

Mann 2002). The period 1400-1900 was moderately cooler than AD 1000-1400 by approximately 0.3°C,

and 0.8°C cooler than the late 20th century in the Northern Hemisphere as a whole (Mann 2002).
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However, there is no single clear pattern; instead, millennial-scale climate changes during the last 8kyrs

have been highly variable from region to region (Ruddiman 2008). Thus, LIA in regions bordering the

North Atlantic could have just been local phenomena. In effect, LIA is most clearly expressed as altered

patterns of polar atmospheric circulation affecting the North Atlantic region (Mann 2002). Furthermore,

evidence for LIA in the Southern Hemisphere is sparse and incohesive with limited historical records,

few dendroclimatic studies, and ice core records from Peru and Antarctica that do not signify summer

temperatures (Jones et al. 1998).

2.1.3.3 Possible Explanations for Cause of Little Ice Age
LIA occurred before the intense fossil fuel burning and industrial activity of the 20th and 21st centuries.

Furthermore, LIA has too short a time span for astronomical climate forcing to control cooling (Mann

2002). Therefore, despite inconsistencies in timings and contributing factors, the explanation for the

Figure 2. Estimated relative temperature variations for different regions over the past 1000 years from various
proxy climate indicators (Mann, 2002) smoothed to the 1901-1950 mean (Jones et al., 1998). Solid rectangle
highlights the European LIA as the average coldest period from 1400-1900 approximately (Mann, 2002).



8

LIA enigma must lie in natural causes associated with external forces and internal feedbacks of the

climate system. One study by Miller and co-authors (2012) contributes cooling between 1275-1300 AD

to atmospheric sulphur injections from four significant volcanic eruptions with more than 60Tg of

sulphur emitted globally. Atmospheric sulphate particles cause cooling by reducing the solar energy

reaching the Earth's surface (Ruddiman 2008). Miller and co-authors (2012) conclude that this period

was the onset of LIA and a second round of high volcanism intensified the cooling between 1430-1455

AD. Furthermore, sea-ice/ocean feedbacks enhanced the cooling of summer temperatures in subsequent

centuries (Miller et al. 2012).

Tropical eruptions between 1808-1835 are attributed to causing cooling in Europe and drying in

Africa and other monsoonal regions where impacts included years of drought and a disrupted climate

system (Brönnimann et al. 2019). Analysis of the three years following eruptions reveals a substantial

drop in summer temperature in the Northern Hemisphere and cooling in the oceanic mixed layer. The

ocean does not recover to the pre-eruption temperature until the 1860s or 1930s, depending on the model

used (Brönnimann et al. 2019). Further evidence of cooling associated with these eruptions is glacier

Figure 3. Water depth in the North Sea with catchment areas and notable estuaries (OSPAR Commission
2000, 2000).
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advancement in alpine areas and a southward shift of the Atlantic European cyclone track. Researchers

have correlated these climate shifts from eruptions as the driving force behind the LIA (Brönnimann et

al. 2019).

Further modelling studies by Schurer, Tett and Hegerl (2014) further back up the narrative that solar

forcings had a minimal effect on cooling summer temperatures at the onset and during LIA (Schurer et

al. 2014). However, at this time, the amplitude of associated changes was poorly constrained, so

conclusions that volcanism with internal climate feedback are the dominant force for LIA cooling must

be cautionary. Gebbie and Huybers (2019) echo this caution and state that the deep ocean is vital in

global temperature change, and despite modern anthropogenic warming, it is still adjusting to the cooling

of LIA.

Further studies are required to demystify LIA forcings by fully considering the links with multi-

decadal variability patterns such as the Atlantic Meridional Overturning Cycle (AMOC) or the North

Atlantic Oscillations (NAO) (Holland et al. 2014).

2.2 Oceanographic Setting
2.2.1 North Sea Oceanography
The North Sea is a shallow epicontinental sea with a surface area of 750,000 km2 and a volume of 94,000

km3 approximately, including estuaries and fjords (OSPAR Commission 2000 2000). There are five

broad divisions of the North Sea: south, central, north, Norwegian Trench, and Skagerrak, while the

Kattegat is the shallow transition zone between the North Sea and the Baltic Sea (OSPAR Commission

2000 2000). As with all coastal and shelf seas, the North Sea properties, for example, salinity, nutrients,

pollutants, are controlled by the atmospheric, oceanic and terrestrial forcings and their circulation (Holt

et al. 2018).

Two-thirds of the North Sea are shallower than 100m (Winther & Johannessen 2006), with depth

generally increasing northwards towards the Atlantic Ocean to around 200m on the continental shelf

edge (Fig. 3) (OSPAR Commission 2000 2000). The deepest area is Skagerrak, a maximum depth of

approximately 700m, while the Doggerbank area is very shallow, less than 20m (OSPAR Commission

2000 2000). North Sea water is mainly a mixture of North Atlantic water and freshwater run-off, while

deeper waters are dominantly Atlantic (OSPAR Commission 2000 2000) because higher salinity water,

which is dense, sinks to the bottom.

Since the North Sea is a shelf basin surrounded by land, it is strongly affected by continental run-off,

resulting in a higher freshening compared to the open Atlantic (Gröger et al. 2013). The North Sea

receives a river discharge of approximately 3000 km3, a third of which is meltwater from Scandinavia,

from a catchment area of around 850,000 km2 (OSPAR Commission 2000 2000). The dominant source

of freshwater is from the Baltic Sea through the Kattegat (OSPAR Commission 2000 2000; Winther &

Johannessen 2006). With a much larger catchment area of 1.65 million km2, the Baltic Sea receives
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roughly 470 km3 of freshwater per year, shaping the sea's salinity and influencing the hydrography of

the eastern North Sea (OSPAR Commission 2000 2000).

2.2.1.1 North Sea Water Currents, Circulation and Mixing

The subpolar North Atlantic is a significant location of deep water formation and a vital area for

understanding climate variability (Moffa-Sánchez & Hall 2017). Ventilating the deep ocean and

transporting warm subtropical waters northwards, the North Atlantic pathways shape northwest Europe's

climate as part of the AMOC (Winther & Johannessen 2006; Moffa-Sánchez & Hall 2017).

In the north, Atlantic water flows through the Fair Isle and Pentland Firth straits flowing south-

eastwards (Gröger et al. 2013). Only a fraction of this flow follows along the UK coastline southwards

(OSPAR Commission 2000 2000), while the English Channel has just 7% of the total Atlantic inflow to

the North Sea (Winther & Johannessen 2006). Water exits the North Sea along the Norwegian Trench

to the Arctic Sea via the Norwegian current (Gröger et al. 2013). Circulation and vertical mixing of the

water adhere to the bottom topography with currents flowing along the basin contours. Due to the water

exchange with the Norwegian Sea, currents circulating anticlockwise are characteristic in the northern

North Sea enhanced by dominant westerly winds (Otto et al. 1990; Winther & Johannessen 2006). When

the wind switches to the east, a reversal to clockwise circulation may occur resulting in surface water

convergence and downwelling (OSPAR Commission 2000 2000).  Figure 4 summarises these main

water currents of the North Sea.

There are seasonal changes in vertical mixing throughout the North Sea due to surface heat exchange.

In summer, a strong thermocline establishes, stratifying winter's vertically well-mixed waters (OSPAR

Commission 2000 2000). This thermocline separates the warm, less dense surface layer from the rest of

the water column, which remains at the winter temperatures. Surface temperatures and tidal and wind

turbulence alter the thermocline's strength, varying regionally from 50m in the north to 20m in the

English Channel. Furthermore, the thermocline can be destroyed entirely by storms and seasonal cooling

(OSPAR Commission 2000 2000). Seasonal changes also control oxygen levels of the bottom water

influenced by depth and tides. In the central and north North Sea, at depths greater than 70m, the bottom

water becomes motionless in the summer, decreasing oxygen levels (OSPAR Commission 2000 2000).

Semidiurnal tidal motion is the dominant feature of the North Sea. Over a short period (hours),

animated dynamic tides disturb the entire water column in the southern North Sea and English Channel

(Otto et al. 1990; OSPAR Commission 2000 2000). In the western North Sea, the net residual circulation

from cyclonic tidal energy accounts for 50% of the water transport (OSPAR Commission 2000 2000).

Essentially, it is a combination of factors that move water around the North Sea. The inflows and

outflows are controlled by a combination of wind direction and speed, a high cloud cover level, and high

precipitation rates averaging at 425 mm per year.



11

2.2.1.2 North Sea Temperature and Climate Change
North Sea temperatures vary seasonally, ranging from a two- to eight-degree centigrade change

(OSPAR Commission 2000 2000). Sea surface temperature (SST) closely correlates with the strength

of the NAO, which is a pressure gradient between the Icelandic low and the Azores high. The NAO

controls the westerly winds' strength and persistence, impacting water transport and distribution, vertical

mixing, and the surface heat flux (OSPAR Commission 2000 2000; Winther & Johannessen 2006).

Figure 5 shows how the NAO has varied since measurements began in 1864, with the steepest increase

between the 1960s and 1990s (OSPAR Commission 2000 2000). Figure 5 is one of few temperature

time series measured other long temperature and salinity time series over the same period have

considerable data gaps but show climate changes. Annual, inter-annual and decadal variability in

temperature and salinity of bottom water masses is observable in these time series. Notably, but not in

Figure 5, SST show aweak positive trend following a global temperature increase of 0.6°C per 100 years.

There is no significant salinity trend over the 120 years of observation. The main factors behind seasonal

to 100-year variability are fluctuations in the surface heat exchange, wind flow, inflow of Atlantic water

and freshwater inputs (OSPAR Commission 2000 2000). Furthermore, at most observation stations in

Figure 4. General circulation and water currents in the North Sea (OSPAR Commission 2000, 2000).
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the North Sea, there has been a 1-2mm per year increase in mean sea level over the last century (OSPAR

Commission 2000 2000).

2.2.1.3 Modelled Future Scenarios and the Importance of the North Sea

Global future climate change is a topic under increasingly closer scrutiny. North Sea circulation

processes provide insight into global processes due to the link with the AMOC. Modelling various future

scenarios involving different components of the North Sea produce a spectrum of results. Broadly, due

to changes in large-scale ocean circulation and salinity, density layering at the continental shelf edge

will increase, disrupting the circulation of the North Sea (Holt et al. 2018). Therefore, the inflow of

water from the North Atlantic may considerably decline by the end of the 21st century.

Consequently, freshwater sources will influence the North Sea more and oceanic waters less (Holt et

al. 2018). This move towards a more estuarine environment would leave the North Sea more susceptible

to stratification, increasing the risk of coastal eutrophication and bioaccumulation of pollutants (Holt et

al. 2018). Numerous models forecast increased stratification of the North Sea through the 21st century

with a 25% increase in salinity gradient between the bottom and surface waters (Gröger et al. 2013).

Figure 5. The winter (December to March) NAO index and 5-year running mean (red) from 1864-1997
(OSPAR Commission 2000, 2000).

Figure 6. Near-bottom circulation in the northern Irish Sea (Bowden, 1980).



13

 Increased stratification will decrease the winter nutrient flow from the Atlantic by 33% by the end

of this century, causing decreased biological production (Gröger et al. 2013). Due to decreased

biological production, some models suggest a 34% drop in the volume of carbon dioxide absorbed in

the North Sea by the end of the century as part of the run-away greenhouse gas effect (Gröger et al.

2013).

The North Sea is a critical location for better understanding shelf sea biogeochemical cycles, vital

for increasing global oceanographic models' accuracy and precision (Pätsch et al. 2017). Furthermore,

as climate change impacts the AMOC and the strength of deep water formation, atmospheric patterns

and weather in Europe will change, as will North Sea circulation in an intertwined mechanism (Moffa-

Sánchez & Hall 2017).

2.2.2 Irish Sea Oceanography

The Irish Sea is located between the UK mainland and Ireland and is channel-like with a total length of

300 km, comprising a surface sea area of 47,000 km2 (Bowden 1980). In the centre is the Isle of Man,

separating the shallower eastern part with a mean depth of 30m and the deeper western waters of 130m

mean depth (Bowden 1980). Atlantic water enters the Irish Sea through the north and south openings

mixing with the freshwater input from the terrestrial run-off of a 43,000 km2 large catchment area.

Annual mean surface temperature does not vary much across the total area, decreasing northwards from

11°C in the south and coastal margins (Bowden 1980). In summer, a thermocline develops in some

areas, mainly in areas with greater water depth (Otto et al. 1990). Seasonal variation in salinity and

Figure 7. Present-day and Quaternary geographical distribution of Arctica islandica. Grey shows the present
day. Wavy lines are distribution that went extinct less than 9000 years BP and dots denote distribution that
went extinct more than 9000 years BP (Dahlgren, Weinberg & Halanych, 2000).
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temperature is most recognisable in coastal waters due to variation in freshwater inflow. Studies have

correlated Irish Sea temperature and salinity anomalies to those in the North Sea attributed to the inflow

of Atlantic water controlled by atmospheric pressure and wind direction (Bowden 1980). However, the

local effects of evaporation, precipitation and terrestrial run-off should not be overlooked.

Similar to the North Sea, tidal currents are the dominant water movement factor in the Irish Sea

related to the 25-hour semidiurnal tidal periods (Bowden 1980). Based on direct observations through

the 1950-the 60s, Figure 6 maps near-bottom circulation in the northern Irish Sea, showing greater

Atlantic inflow from the south. There is a small southerly flow along the Irish coast from the Atlantic,

but the dominant flow in both surface and bottom waters is northerly, though it may reverse with strong

northerly winds (Bowden 1980).

Therefore, future water transport scenarios in the Irish Sea will rely on the changing patterns of

atmospheric pressure varying evaporation, precipitation, and freshwater inflow in and around the Irish

Sea. Coupled circulation to the North Atlantic currents means variation in the transport of warm

subtropical water northwards will impact the waters flowing into the Irish Sea in a similar mechanism

to that of the North Sea.

2.3 Biology, Morphology and Ecology of Arctica islandica
The bivalve Arctica islandica, also known as the Iceland Cyprina, Black Quahog or Mahogany Clam

(Richardson & Ridgway 2011), is unique because of its long lifespan. Typical ages for individuals in

the North Atlantic are 100-200 years old (Begum et al. 2009; Richardson & Ridgway 2011). With a

maximum observed lifespan of 507 years old, A.islandica is the oldest reported non-colonial animal

(Richardson & Ridgway 2011; Schöne 2013; Moss et al. 2016). Not only commercially crucial for

fisheries in the USA, Canada and Iceland (Dahlgren et al. 2000), A.islandica presents a unique marine

realm record, described as the "trees of the ocean" due to their old age and annual banding, which makes

them useful for chronology (Morton 2011). Furthermore, as a taxonomically isolated species as the sole

survivor of the once diverse family Arcticidae and superfamily Arcticacea, A.islandica has an important

taxonomic position and status as a Late Mesozoic living fossil (Morton 2011; Richardson & Ridgway

2011).

2.3.1 Geographical Distribution and Habitat of A.islandica

A.islandica is a boreal amphi-Atlantic bivalve widely distributed over the continental shelves of eastern

North America and Europe; from North Carolina to Newfoundland and France to Norway, including the

White Sea, the Barents Sea, the UK coastline, Iceland, and the Faroe Isles (Fig. 7) (Dahlgren et al. 2000;

Richardson & Ridgway 2011; Schöne 2013). Hence, the latitudinal range of A.islandica is around 35-

54°N on the western North Atlantic coast and up to approximately 70°N on the eastern North Atlantic
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coast (Begum et al. 2009). These geographical differences result in variations in growth rates and

population size (Dahlgren et al. 2000).

A.islandica inhabits a depth range from the shallow subtidal to more than 500m, commonly occurring

between 10-280m, and optimally between 25-60m (Morton 2011; Richardson & Ridgway 2011; Schöne

2013). The favoured substrate is gravely sand, medium- to fine-grained sand, sandy mud and silty sand

(Morton 2011; Richardson & Ridgway 2011; Schöne 2013; Gosling 2015). Restricted to colder, deeper

water in lower latitudes, A.islandica has an optimum temperature range of 6-10°C but can tolerate a

range of 0-19°C within a salinity of 22-35 Practical Salinity Units (PSU) (Dahlgren et al. 2000; Begum

et al. 2009; Morton 2011; Schöne 2013).

Fossilised individuals accurately track geographical distribution changes through the Quaternary

with specimens dating back to the Jurassic (Dahlgren et al. 2000; Schöne 2013). Two million years BP,

A.islandica was found as far north as Ile de France, Greenland (Dahlgren et al. 2000). More recently, in

the Holocene warm period, 8,000 years BP, A.islandica reached the eastern coast of Svalbard, an area

currently thought reinhabited since the late 1900s due to anthropogenic climate change (Dahlgren et al.

2000). In the south, the Mediterranean population became extinct 9,800 years BP, while the earliest

reports of A.islandica in the Gulf of Maine date to 10,590 years BP (Dahlgren et al. 2000).

2.3.2 Physiology of A.islandica

2.3.2.1 Shell Structure
A.islandica is one of the largest bivalves in the temperate, boreal North Atlantic with a large sub-circular,

inequilateral shell up to 125mm in length (Morton 2011; Schöne 2013). Consisting of right and left

valves nearly equal in size; the shell is around 2.5mm thick mid-dorso-ventrally, solid and evenly

inflated (Morton 2011; Schöne 2013). Internally (Fig. 8A), the shell has a white, chalky texture with a

pallial line and adductor muscle scars (Morton 2011). Three distinct layers construct the shell: inner,

outer and a thin pallial myostracum separating the two (Karney et al. 2011).

The homogeneous inner shell layer is called the hypostracum and extends from the pallial line to the

umbo (Fig. 8A&C) in each valve (Morton 2011; Schöne 2013). The homogenous outer shell layer

(ostracum) comprises all the parts precipitated between the pallial line and the commissure and most of

the hinge plate (Fig. 8B) (Morton 2011; Schöne 2013). The ostracum's annual growth increments shift

from an almost parallel alignment in the umbo to nearly perpendicular in ontogenetically old shell

portions (Fig. 8C) (Schöne 2013). The outermost layer is the periostracum, a thin organic layer covering

the shell surface, protecting it from dissolution and microbial attack (Schöne 2013). The periostracum

changes colour with age from golden brown, in young shells (less than 30mm large), giving the name

Mahogany Clam, to black, from iron complex deposition in older clams, inspiring the name Black

Quahog (Richardson & Ridgway 2011).
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An organic elastic ligament and a set of interlocking ridges and grooves embedded in the hinge plate

dorsally connect the two valves (Fig. 8A) (Schöne 2013). The hinge prevents lateral or rotational

movement of the valves working by the ligament in tandem with the adductor muscles to force the valves

open when they are relaxed (Schöne 2013).

2.3.2.2 Formation and Composition of the Shell

The shell is a bioceramic composite of aragonitic and calcitic CaCO3, trace and minor element

impurities, and organic substances, including chitin, proteins, and lipids (Morton 2011; Schöne 2013).

Depending on the growth conditions, the shell's secretion occurs at varying rates throughout the year by

accretion along the growing margins (Schöne 2013; Killam & Clapham 2018). Shell secretion occurs

outside the pallial line, simultaneously increasing the shell size and thickness (Jones & Quitmyer 1996).

The required elements for secretion diffuse freely through the mantle epithelia, gills, and the

digestive gland by absorption from ingested food and water (Schöne 2013). Shell formation does not

occur at chemical equilibrium with the ambient environment; thus, the biominerals produced have a

chemical composition that differs from the surrounding water (Schöne 2013). However, the bicarbonate

ion's oxygen in the water is in isotopic equilibrium with that of the shell (Schöne 2013). Therefore,

oxygen isotope ratios measured from shell material reflect that of the water, allowing use as an

environmental indicator. Transmembrane pumps exchange hydrogen for calcium ions which react with

carbonate ions, from passive diffusion of water's bicarbonate ions through ion channels, to form CaCO3

(Schöne 2013). The animals' metabolism also produces carbonate ions through a series of reactions

using respiratory CO2, which has a more negative carbon isotope signature than the ambient water

bicarbonate (Schöne 2013). This component comprises up to 10% of shell material and is vital regarding

radiocarbon dating (Section 2.6.2) (Schöne 2013).

2.3.2.3 Morphology and Genetics
Local environmental parameters of water temperature, food, sex ratios, and substrate grain size

control the A.islandica phenotype, so morphological differences in the shell do not reflect a genotypic

difference (Schöne 2013). However, genetic and phenotypic distinctions exist between different

geographical populations indicating isolated reproduction (Schöne 2013).

2.3.2.4 A.islandica soft-bodied animal
The animal inside the shell has a spacious stomach with large sorting areas, a long intestine, and two

short fleshy tube-like siphons - one exhalent and the other inhalant (Morton 2011; Schöne 2013). Like

other burrowing bivalves, A.islandica has a large, white, laterally compressed, muscular, axe-shaped

foot that, when extended, is longer than the shell length (Fig. 9) (Morton 2011). However, unlike other

bivalves of similar mass in similar water temperatures, respiration rates of A.islandica are significantly
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below average (Begum et al. 2009).

2.3.3 Life Mode of A.islandica
A.islandica lives buried vertically in the top 5-10cm of the substrate with the posterior edge at the

sediment-water interface allowing its short siphons to remain in contact with the seawater (Fig. 9)

(Morton 2011; Richardson & Ridgway 2011). This non-selective suspension feeder takes in food,

including plankton and organic detritus, through slow, careful movements to avoid detection by

predators (Morton 2011; Richardson & Ridgway 2011; Schöne 2013). If exposed, for instance, during

an adverse environmental event, A.islandica will burrow back down over a series of 7-10 digging cycles

(Morton 2011).

Burrowing deeper into the sediment occurs at irregular intervals in a periodic pattern where the

individual alternates between residing at the sediment-water interface and at several centimetres beneath

that interface (Richardson & Ridgway 2011; Schöne 2013). There is no apparent rhythmicity in this

burying pattern, but it is commonly between 1-7 days (Richardson & Ridgway 2011; Schöne 2013).

Figure 8. Shell morphology of Arctica islandica. A. view of right valve interior. B. Left valve periostracum.
C. Cross-section of line in B, umbo-ventral margin (Schöne, 2013).
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When buried deeper in the sediment, A.islandica must switch to anaerobic respiration and reduce their

metabolism, a trait that is unrecorded in other bivalve species (Richardson & Ridgway 2011; Schöne

2013).

2.3.4 Reproduction

A. islandica is dioecious, but there is only a slight size difference between male and female individuals

(Schöne 2013). Reproduction occurs via external fertilisation of gametes released from the exhalent

siphon producing planktonic larvae (Dahlgren et al. 2000; Richardson & Ridgway 2011). This panmictic

mating depends on the seawater temperature for larval development, taking between 30-60 days with

gametes widely dispersed by ocean currents (Richardson & Ridgway 2011). Spawning occurs all year

round with no indication that the gametes' quality or quantity decreases as age increases (Richardson &

Ridgway 2011).

Following the larval stage, maturity is reached within 8-15 years, on average after 13.1 years in males

and 12.5 years in females, but varies between geographic regions (Dahlgren et al. 2000; Schöne 2013).

2.3.5 Growth Rates of A.islandica
The species-specific and individual physiology and the ambient environment dominantly control shell

growth to ensure growth occurs throughout the lifetime (Schöne 2013).

Figure 9. Arctica islandica in living position in the top 6cm of gravely sandy sediment with foot extended
and siphons open at shell posterior above the sediment-water interface (Morton, 2011).



19

2.3.5.1 Temperature Effect on Growth
Shell growth increases with warming temperatures. Observations have shown that the minimum

temperature for growth is 1°C, and growth increases noticeably between 1-6°C, and between 1-12°C

where the increase is tenfold (Schöne 2013). This temperature effect is portrayed geographically, with

the growth rate decreasing northwards as temperature declines (Moss et al. 2016). However, average

lifespan increases with latitude; thus, growth rate and hence, metabolic rate inversely correlates with

lifespan (Moss et al. 2016). At high latitudes, A.islandica experiences cold temperature and a limited

and highly seasonal food supply. Further observations show that contradictorily the fastest growth rates

have also been observed in northern locations, leading to the suggestion that geographical differences

in growth rates occur due to variations in primary productivity, not temperature (Richardson & Ridgway

2011; Moss et al. 2016). The effect of varying seawater temperature is further discussed in section 2.5.4.

2.3.5.2 Age Effect on Growth

As the age of A.islandica increases, the growth rate decreases, observable in growth lines in the

periostracum (Schöne 2013). In juveniles, shell growth is rapid, around 2mm per year, which decreases

with the onset of sexual maturity, and after 50 years, the growth rate has decreased to 0.5mm per year

(Morton 2011; Richardson & Ridgway 2011). The biological clocks maintain a periodic rhythm of

growth, producing a shell calendar, and there is no evidence for a complete cessation of growth in the

oldest individuals (Richardson & Ridgway 2011; Schöne 2013).

2.3.5.3 Environmental Effect on Growth
In general, favourable environmental conditions promote growth, while unfavourable ones stunt growth

(Schöne 2013). Conditions including optimal temperatures and a plentiful food supply will increase

growth rates producing broader growth increments such as during summer (Morton 2011; Schöne 2013).

Contrary, predation, bottom trawling and extreme environments will decrease biomineralisation,

resulting in narrower growth increments (Schöne 2013). Importantly for ageing and dating,

unfavourable conditions can also result in aperiodic disturbance lines. These can be indistinguishable

from periodic annual growth lines, leading to an overestimating of the animal's actual ontogenetic age

(Schöne 2013).

Unfavourable conditions can be so extreme that they result in mortality, such as sudden

sedimentation and beach strandings during storms (Richardson & Ridgway 2011). The average annual

mortality rate for offshore populations is estimated at 1-3% and increases to 10% inshore, with other

sources of mortality being predation and commercial fishing (Richardson & Ridgway 2011). The main

predators of A.islandica are cod, Gadus morhua and dab, Limanda limanda, while the wolffish

Anarhichas lupus can break open the thick shells of older individuals (Schöne 2013).
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2.3.6 Growth, Metabolism and Old Age Mechanisms
Metabolic rate, and hence growth rate, are linked to solar insolation levels, which influence the ambient

water through the availability of photosynthesising food sources (Moss et al. 2016). However, the

primary control is the self-imposed metabolic rate depression during deeper burial into the sediment

(Begum et al. 2009; Richardson & Ridgway 2011). Intermittent burrowing subdues reactive oxygen

species formation, breaks the anoxic-reoxygenation cycles, and provides anti-oxidant protection for

A.islandica (Richardson & Ridgway 2011). Surviving these periods of anoxia modulates A.islandica's

metabolism, reducing it to 10% of regular rates and is proposed as the life-prolonging mechanism in this

long-lived species (Begum et al. 2009; Richardson & Ridgway 2011).

2.3.7  Importance of A.islandica
A.islandica is an essential fishery resource, particularly along the American coast where an estimated

20,000 tonnes of quahog meat is collected by hydraulic clam dredgers each year  (Morton 2011).

Furthermore, A.islandica is a stable food source for the Atlantic cod, and eider ducks and scoters in the

Baltic Sea (Morton 2011)

Metabolic rates of A.islandica signify the combination of environmental and physiological factors,

and thus, their growth history is an imperative palaeoclimate archive for the boreal and temperate North

Atlantic (Schöne 2013; Saulsbury et al. 2019). The mineralised shells of A.islandica are diverse and

abundant in the fossil record, so along with their extreme longevity, they are an excellent model of past

and recent climate change (Begum et al. 2009; Saulsbury et al. 2019). The shell's growth increments

preserve the ontogenetic history as seasonal variation in the physical properties and isotopic composition

of the accreted shell material (Saulsbury et al. 2019). Similar to dendrochronology, shell analysis

attempts to ascertain each interacting factor's influence aligning the shell to a specific time. Therefore,

A.islandica is highly effective for basin-scale, multi-centennial, and sub annually resolved marine

climate reconstructions before the instrumental era (Begum et al. 2009; Schöne 2013).

2.4 Sclerochronology
Sclerochronology first appeared in published studies as a defined term by Buddemeier et al. (1974)

regarding coral growth increment research (Peharda et al. 2020; Trofimova et al. 2020).  Buddemeier et

al. (1974, p. 198) defined sclerochronology as "the study of growth patterns in calcareous exoskeletons

and shells […] to provide a means of correlating coral growth with environmental control". Later, the

definition was broadened to account for most taxa with growth patterns, terrestrial or aquatic, such as

fish, gastropods, and bivalves (Trofimova et al. 2020). At the First International Sclerochronology

Conference in 2007, the definition of sclerochronology was redefined as "the study of physical and

chemical variations in the accretionary hard tissues of organisms, and the temporal context in which

they formed" and regarded as an application analogous to dendrochronology (Oschmann, 2009, p. 1).
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Essentially, sclerochronology is the study of periodically layered archives, with the period usually

annual. These annual increments provide a precise and accurate dating mechanism justified when one

increment is independently determined (Butler & Schöne 2017). This field is increasingly diverse and

interdisciplinary, using many techniques, including morphology, geochemistry, and microstructural, to

explore ecology, geophysics, archaeology, palaeoclimatology and more (Trofimova et al. 2020).

2.4.1 A.islandica and Sclerochronology
Since it is the longest-lived non-colonial animal, A.islandica is particularly valuable for

sclerochronology (Richardson & Ridgway 2011). Synchronous growth for hundreds of years within

populations allows comparison of relative banding patterns between different shells, creating an

overlapping stacked chronology (Butler & Schöne 2017). By absolute dating just a few shells, a time

series can be extended backwards for a millennium or more, essential to proxy and environmental

reconstructions (Morton 2011; Butler & Schöne 2017).

However, because the growth rate of A.islandica decrease as ontogenetic age increases, the growth

increments get progressively narrower, hiding the actual environmental signal in the growth pattern

(Schöne 2003; Schöne et al. 2005a; Wanamaker et al. 2009). Removing this ontogenetic trend through

various statistical methods is crucial to attaining the true environmental record from shell growth

(Schöne 2003; Schöne et al. 2005a; Wanamaker et al. 2009).

2.4.2 Detrending in Sclerochronology

The ontogenetic trends are removed from the shell's time series using statistical detrending methods first

developed for dendrochronology (Schöne et al. 2005a). This critical step emphasises the correlation

between shells and finds the population's common signal (Schöne 2003; Butler et al. 2013). Methods

involve modelling the biological growth curve before removing the fitted function from the data (Schöne

2003). The data may then be filtered to 'clean' the data of particular variations, such as intra-annual

variation (Schöne et al. 2005a). Standardisation using the mean and standard deviation normalises the

data producing a standardised growth index (SGI) which is a "dimensionless parameter of how growth

deviates from the average growth trend" (Wanamaker et al., 2009, p.22; Schöne et al., 2005). An SGI

allows comparison of old and young shells to determine if observed growth matches modelled growth

(Schöne 2003). When the SGI is greater than zero, growth was faster than expected; if it is less than

zero, growth was slower; and if SGI equals zero, observed matches expected growth (Schöne 2003).

Following these methods, the common signal obtained from the shells is as strong as that found in

dendrochronologies, validating the environmental signal recorded in the shells (Butler et al. 2013).

2.4.3 Sources of Error
Following the removal of the ontogenetic growth trend, extracting the environmental signal from the

growth pattern remains challenging, as other endogenous growth drivers are present (Butler & Schöne
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2017). Since growth increments, and hence proxies, are only precipitated at certain times of the year,

the environmental signal obtained is potentially seasonally biased and time-constrained; thus,

independent verification of the growing season and variability is necessary (Butler & Schöne 2017).

Furthermore, studies have shown that although bivalves consistently record the maximum summer

temperature, the winter minimum temperature significantly varies; ergo temperature does not solely

control winter growth (Butler & Schöne 2017). Food availability is suggested as the primary control on

shell growth, with implications on its use as a proxy (see Section 2.5.4) (Wanamaker et al. 2009; Butler

& Schöne 2017).

Growth increments can be challenging to observe which is a considerable source of error in the

chronology. For instance, in individuals older than 300 years, the hinge area's increments become so

narrow that they merge and are indistinguishable (Butler et al. 2013). Whereas, if the specimen is short-

lived, less than 50 years old, the margin increments are so wide, comparable measurements are not

possible through a continuous orthogonal transect (Butler et al. 2013). The ability to accurately identify

growth increments is vital to proxy work as the baseline age model for proxy work.

There is evidence that anthropogenic activities impact biogenic skeletons' growth and their potential

to preserve environmental signals. In the coastal regions of Sweden in the Baltic Sea and the North Sea,

the annual growth of A.islandica is affected by heavy mining and industrial pollution, removing the

correlation between the NAO and annual shell growth (Oschmann 2009). Other external factors

impacting annual growth include parasitic infestation and environmental changes reducing the

population density (Oschmann 2009).

The lack of regulated data across sclerochronological studies hampers the effectiveness of comparing

literature (Trofimova et al. 2020). A wide range of methods and reporting standings are in use,

Figure 10. The natural range of oxygen isotope values across various environments (Ruddiman, 2008).
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influencing the datasets' quality and comparability (Trofimova et al. 2020). Conversely,

dendrochronology has an International Tree-Ring Data Bank with set methods and standards, ensuring

compatibility with calls to establish a similar institute for sclerochronology (Trofimova et al. 2020).

2.4.4 Importance of Sclerochronology

The expansive array of sclerochronological archives and proxies allows extensive knowledge of marine

processes with a high temporal resolution for past and present (Trofimova et al. 2020). However, for

this application to reach its maximum potential, the techniques used in analysing the proxies for climate

reconstruction must be developed in the context of the wider environment (Butler & Schöne 2017).

Examples of improvements include a further detailed investigation of the shell's biochemical and

metabolic processes and improved measurement techniques to allow higher resolution at smaller

material concentrations (Butler & Schöne 2017). Advanced in-situ and laboratory experiments would

increase understanding of the ambient environment and proxy variability in the shell on the temporal

and spatial scale (Butler & Schöne 2017).

2.5 Oxygen Isotopes
Sea surface and bottom water temperature data are essential in many studies, particularly environment

reconstruction. However, before 1950 observational data are limited; thus, proxy data, including

physical and biological records, are required to fill the data series gaps (Schöne et al. 2004). A.islandica

provides bottom and sea surface temperatures (depth of living dependent) at an annual and seasonal

resolution for boreal and temperate regions through oxygen isotope analysis.

2.5.1 Chemistry of Oxygen Isotopes
There are three isotopes of oxygen: 16O with eight protons and eight neutrons, 17O with eight protons

and nine neutrons, and 18O with eight protons and ten neutrons (Anon 2001). Isotopes have a constant

abundance that is neither created nor destroyed (Ruddiman 2008). 16O is the most common with a

relative abundance of 99.757%, while 17O and 18O are much less common, only 0.038% and 0.205%,

respectively (Anon 2001). For use as a proxy, it is the lightest and the heaviest isotopes that are

important. The relative difference between these two in various samples can be measured compared to

a standard (Eq. 1).

=
−

× 1000 (eq. 1)

The use of a standard ensures a common reference point across all analysis worldwide and through

time. d18O is measured in parts per thousand with an error margin of ±0.05‰, with the multiplication of

one thousand grading up the extremely small measured values for feasibility (Ruddiman 2008).
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Interpreting the results occurs according to 18O since d18O is the ratio of heavy to light isotope. d18O

high values are enriched in 18O, while low d18O values are depleted in 18O (Ruddiman 2008). In an

A.islandica sample, there are two d18O types to account for, that of the carbonate shell material and that

of the ambient seawater, each with a different standard. d18Ocarbonate is measured relative to the Vienna

PeeDee Belemnite (VPDB) standard, while d18Oseawater is measured relative to Vienna Standard Mean

Ocean Water (VSMOW) (Schöne et al. 2004). A sample with an d18O value of 0‰ in respect to VPDB

has a corresponding VSMOW value of 30‰ (Anon 2001).

2.5.2 Climate and Oxygen Isotopes
Figure 10 depicts the natural range of oxygen isotope compositions in different environments. Notably,

the modern ocean has an d18O of 0‰ but realistically varies between -2‰ and +3‰ depending on the

water's location and depth (Fig. 11) (Ruddiman 2008). This variation results from temperature-induced

fractionation of the oxygen isotopes in the ocean (Ruddiman 2008).

Equilibrium fractionation, defined as the partial separation of isotopes between two or more

substances in chemical equilibrium, is at play during shell carbonate formation (Eq. 2) and is measured

as a ratio of ratios, a (Eq. 3) (Anon 2001).

( ) + ( ) → ( ) + ( ) → ( ) + ( ) (eq. 2)

a is temperature-dependent. Moving the heavier isotope requires too much energy at lower

temperatures, so a greater quantity of the lighter isotope is in the other phase (Anon 2001). As

temperature increases, more energy is available to move the heavier isotope, so a decreases as the two

phases become more isotopically similar (Anon 2001).

= = (eq. 3)

In general, for every 4.2°C temperature increase, there is a 1‰ d18O decrease (Ruddiman 2008).

Hence, on average warmer surface waters have lower d18O values (0-2‰) while colder deeper waters

are more positive (3-4‰) (Ruddiman 2008). Because the surrounding seawater's temperature partially

controls the oxygen isotope composition of A.islandica's shell, analysing d18Ocarbonate determines the

seawater temperature it lived in throughout its lifetime (Schöne et al. 2005a; Ruddiman 2008). This

palaeoclimate indicator was first demonstrated by Harold C. Urey, a Nobel Prize winner in 1934, who

used the VPDB standard to obtain temperatures from biogenic carbonate (Anon 2001). The Epstein

Equation summarises this relationship (Eq. 4). There are specific criteria for the Epstein Equation to

apply: 1. Carbonate precipitation must occur at equilibrium; 2. Carbonate mineral composition must be

known as calcite and aragonite are different isotopically; 3. The isotopic nature must be conserved; 4.

d18Oseawater must be known at the local and regional level (Grossman & Ku 1986). This relationship is
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one of several which all conclude similar findings: assuming constant d18Oseawater a shift in d18Ocarbonate

by 1‰ reflects a temperature change in the ambient seawater of around 4.34°C (Grossman & Ku 1986;

Schöne et al. 2004, 2005a).
℃ = 16.5 − 4.3( − ) + 0.14( − )

(eq. 4)Simplified to:

℃ = 16.5 − 4.3( − )

Accordingly, d18O must be known and is locally, regionally and globally variably. For example,

d18Oseawater variations occur by freshwater influx or evaporation (Schöne et al. 2004, 2005a). The oxygen

isotope composition of seawater can be measured directly, but this data can be scarce, particularly when

reconstructing past environments (Schöne et al. 2004; Ruddiman 2008). One method to solve this infers

d18Oseawater values from salinity. For example, Ganssen in Witbaard et al. (1994) produced a relationship

between the salinity and d18Oseawater specific to the North Sea (Eq. 5) (Schöne et al. 2004). Accordingly,

a measured salinity of 34.89 PSU in the southern North Sea correlates to an d18Oseawater value of 0‰

(Schöne et al. 2004).
= 0.417 − 14.555 (eq. 5)

2.5.3 Factors Influencing Shell Carbonate Oxygen Isotopes

Shell carbonate d18O has several varying factors important for use as a palaeoclimate indicator. Any

alteration of shell carbonate by diagenesis or weathering is important, as is the biogenic isotope

fractionation vital effect (Ruddiman 2008). Warm temperatures may be slightly overrepresented by

d18Ocarbonate because shell production dominantly occurs in the warm summer months, up to as much as

80% of growth, with metabolism limited at colder temperatures (see section 2.3.5.1) (Ruddiman 2008).

The consistency of annual and seasonal carbonate precipitation is a crucial factor. If there is too large a

positive deviation in d18Ocarbonate values, this method cannot accurately represent seawater's mean value

(Ruddiman 2008).

Furthermore, according to Equation 2, shell carbonate forms using oxygen of the ambient seawater

and dissolved carbonate species; hence factors influencing d18Oseawater must be considered. On the global

scale, this involves long term climate trends throughout Earth's history, in particular, the glacial-

Figure 11. Current poles to tropics natural range in oxygen isotope values (Ruddiman, 2008).
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interglacial cycling as the volume of water locked up in ice at the poles is vital (Ruddiman 2008).

Regionally and locally, salinity altering inputs and outputs of precipitation, freshwater and evaporation

are key (Fig. 11) (Ruddiman 2008). In essence, d18Ocarbonate can be a global index of climate change.

2.5.4 Oxygen Isotopes and A.islandica Growth Rates
Previous studies show that oxygen isotope analysis shows distinct annual cycles that match the annual

shell growth pattern (Schöne et al., 2004, 2005). The maximum and minimum temperatures obtained

from oxygen isotope analysis correlate with shell growth. Controversially, shell growth starts before the

minimum winter temperature is reached and stops after temperatures begin to drop in summer following

the summer maximum (Schöne et al. 2005a). These results suggest decreasing temperatures directly

cause a growth rate reduction, and indirectly stimulates the biological clock and annual reproduction

cycle seen as the summer months' spawning break (Schöne et al. 2005a). Derived temperatures can be

weighted so that temperatures corresponding to fast growth periods are not excessive pertaining to the

slow growth periods (Schöne et al. 2004). d18Ocarbonate has a strong linear relationship to the annual

growth period because up to 65% of the dominant controls on shell production are temperature and food

availability (Schöne et al. 2005a). It is because of these controls that climatic events and environmental

disturbances are recognisable in A.islandica shells.

2.5.5 Sources of Error
Oxygen isotope fractionation affects shell mineralogy, so the microstructurally distinct shell layers may

yield different isotope signals impacting derived seawater temperatures (Trofimova et al. 2018). One

study found that a 0.3‰ d18Ocarbonate difference exists between the outer-outer shell layer and the inner-

outer shell layer, which, based on Equation 4, is a temperature variation of approximately 1.3°C

(Trofimova et al. 2018). This case study highlights that significant error can occur if sampling occurs in

more than one shell layer.

Other error sources would involve the factors mentioned above influencing the d18O of the seawater

and failing to account for sample alteration in chronologically old specimens.

2.6 Carbon Isotopes
The fundamental chemistry of isotopes, as discussed in Section 2.5, readily applies to carbon isotopes.

There are three carbon isotopes, two stable: 12C and 13C, and one radioactive: 14C with a half-life of

5568±30 years (Romig & Lindblom 2016). The stable carbon isotopes are useful for studies involving

organic carbon and metabolic reactions, amongst others, while radiocarbon is a popular dating method

(e.g. Schöne et al., 2005).  The upper atmosphere sees the continuous generation of 14C at various rates.

However, despite this continuous production, 14C is the least abundant of the three carbon forms, with

only one 14C atom present for every 7.2x1011 atoms of 12C (Wilson et al. 2009).
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2.6.1 Global Carbon Cycle

The global carbon cycle is a closed biogeochemical cycle reusing and recycling carbon throughout the

Earth’s reservoirs (Alves et al. 2018). Due to this cycle’s nature, any perturbation in one reservoir affects

the other sinks’ carbon quantity (Mangerud 1972). Figure 12. portrays the global carbon cycle as a series

of reservoirs and the average flux between them; however, they are oversimplified and understate key

assumptions and interlinking processes (Bolin & Fung 1992).

The atmosphere is a noteworthy reservoir due to the greenhouse effect, whereby increasing

atmospheric CO2 causes global heating currently enhanced due to anthropogenic activities. Quantifying

atmospheric CO2 fluctuations involves considering changes through the broader global carbon cycle.

2.6.1.1 Anthropogenic Impact on Carbon Cycle
Recently, carbon cycle perturbations have resulted from human activity, most notably the injection of

Mesozoic-age carbon into the atmosphere by burning fossils fuels. Other human activities include

deforestation, intense agriculture, land-use alteration, and a global change from wild to domesticated

biomass (Ruddiman 2003). Notably, the anthropogenic increase in atmospheric CO2 is currently

occurring around ten times faster than at any other time in the previous 420 thousand years before the

industrial revolution  (Falkowski et al. 2000). Hence this rapid rise of atmospheric CO2 is different to

Figure 12. The long-term global carbon cycle as a series of compartments with storage in gigatons (109 tons)
and the associated fluxes between them in gigatons per year (Alves et al., 2018; Bolin & Fung, 1992).
Volcanic CO2 release into atmosphere is absent from diagram.
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increases in other geological times because the flux is out of balance. Disequilibrium occurs because

there is no corresponding sink for this carbon input. Furthermore, the location and timing of intense

fossil fuel usage cause a seasonal and latitudinal variation, essentially an interhemispheric offset effect.

Hence, the planet’s geography means that although emissions of old carbon are more significant in the

northern hemisphere, more CO2 drawdown occurs in the southern hemispheres’ larger ocean surface

(Bolin & Fung 1992).

The atmospheric injection of anthropogenic CO2 influences the ratio of carbon isotopes. The carbon

released by burning fossil fuels is isotopically light because the material consumed is organic and

initially created by photosynthesis, which preferentially uptakes the lightest isotope. Therefore, since

the industrial revolution, atmospheric CO2 is lighter with higher quantities of 12C than 13C and 14C than

those before this time, a trend termed the Suess Effect (Eide et al. 2017; Alves et al. 2018).

A second human-derived interference results from nuclear testing in the 1950s and 60s and is crucial

regarding radiocarbon dating. Essentially, nuclear tests in the northern hemisphere produced

anthropogenic 14C disturbing the global ratio of carbon isotopes (Alves et al. 2018).

2.6.1.2 Oceanic Carbon Reservoir

The ocean is a large carbon reservoir, capable of storing around 50 times more carbon than the

atmosphere (Alves et al. 2018). Meaning it has a longer carbon residence time controlled by the rates of

ocean circulation. Therefore, the ocean is the best carbon sink and vital to the long-term stability of the

climate. The CO2 exchange between the ocean and the atmosphere is relatively fast and occurs at a

steady state of around 90 Gt C per year in each direction. A CO2 partial pressure  (pCO2) gradient exists

between surface waters and the atmosphere controlling carbon exchange across this interface.

Where the pCO2 of surface waters is less than atmospheric pCO2, CO2 will diffuse into the ocean.

Temperature and chemical composition control pCO2 of surface waters where colder, more alkaline

water is more CO2 soluble (Sigman & Boyle 2000), creating a latitudinally effect of CO2 dissolution at

Figure 13. Exchange of CO2 at the water-air interface and transfer between poles and tropics.
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high latitudes and outgassing in the tropics (Fig. 13). However, since the industrial revolution, there has

been a net flux of 0.8-2.4 Gt C per year into the oceans as a direct effect of anthropogenic activity (Alves

et al. 2018). Due to slow ocean mixing, the deep ocean remains mostly unaffected by this anthropogenic

carbon. However, as ocean circulation continues, all water masses will eventually be affected by this

anthropogenic offset (Mangerud 1972).

2.6.1.3 Biological Oceanic Carbon
Ocean carbon transfer also occurs by biological methods. Carbon is used organically and inorganically

by marine organisms for hard and soft tissue, associated with long-term carbon storage in sediments on

the ocean floor. Preservation of inorganic carbon depends on the carbonate compensation depth (CCD),

which is the depth at which carbonate material dissolves due to pressure. The regions which this study

will research are not affected by the CCD. Isotopic fractionation, such as in metabolic pathways, is a

key player (Tuerena et al. 2019). Additionally, organic food is depleted in 13C and 14C by earlier isotopic

fractionation. This combined fractionation creates local enrichment or depletions in the organism’s

immediate area. When radiocarbon dating, this effect is negligible mainly but can be disregarded by

measuring d13C (Mangerud 1972).

The significance of the transport of carbon from surface to deep waters, through the biological pump,

is enough to drive interglacial to glacial shifts by atmospheric CO2 drawdown and storage in the deep

ocean and ocean sediments (Sigman & Boyle 2000). The biological pump’s influence on ocean

circulation is much studied, with quotes of 11-16 Gt of carbon transport per year through biological

Figure 14. Global ocean circulation in plan-view and process of circulation in cross-section. Blue arrows
indicate upwelling and downwelling, wavy black arrows show biological transport, and small black arrows
represent diffusion between ocean layers (Post et al., 1990).
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means from the ocean surface to deep waters (Falkowski et al. 2000). The importance of the biological

transport of carbon on ocean circulation is highlighted in Figure 14.

2.6.2 Radiocarbon Dating

Radiocarbon (14C) dating is a valuable tool in many fields, from archaeology to forensic investigations

(Hong et al. 2017); particularly relevant to this thesis is its’ use in palaeoclimatology as a

geochronological tool (e.g. Schöne, 2013).

2.6.2.1 Basic Principles of Radiocarbon Dating

In the upper atmosphere, the bombardment of cosmic rays (primarily protons) cause reactions that

produce neutrons. As these cosmic ray neutrons collide with 14N atoms, neutron capture and proton

emission reactions produce 14C (Eq. 6a.) (Wilson et al. 2009). As carbon oxidises to CO2 (including
14CO2), 14C circulates globally in the atmosphere and the terrestrial and marine biospheres. However,
14C is unstable due to the ratio of neutrons to nucleus size and degrades back to 14N by beta emission

with a neutron decaying into a proton and electron (Eq. 6b. & c.) (Wilson et al. 2009), with a half-life

of 5730 years.

Radiocarbon dating works off the basis that, when alive, plants and animals are continually

incorporating new carbon, and hence new 14C, into their metabolism and cell structures. So, despite

radioactive decay, the concentration of 14C in living organic matter is approximately the same as the

concentration in the atmosphere (Ruddiman 2008). Upon death, this replenishing of new carbon ceases,

and the radioactive decay clock starts ticking, decreasing the concentration of 14C with time, allowing

the time since death to be calculated (Ruddiman 2008). However, some growth structures in living

a. + → +

(eq. 6)b. → +

c. → +

Figure 15. Radiocarbon decay curve with 14C exponentially decreasing over time with the half-life indicated
in blue dashed line (Alves et al., 2018).
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animals do not renew, such as teeth in humans or growth increments in A. islandica. Therefore, these

structures will record the 14C activity at the time they were formed, allowing for an internal record of
14C in the case of A. islandica.

How many 14C atoms in a sample will decay over a set period is calculatable since the rate at which

the number of parent nuclei, 14C, decreases is proportional to the number present (Wilson et al. 2009).

As the daughter nuclei, 14N, increases with time, the number of undecayed 14C decreases exponentially

with time (Fig. 15). Thus, the half-life of 14C, the time it takes for half of the 14C nuclei in a sample to

decay (Wilson et al. 2009), is a fundamental component to radiocarbon dating.

2.6.2.1.1 Variations in Radiocarbon Production
The concentration of 14C in the Earth’s reservoirs of carbon can vary. The production rate of 14C is

latitude and altitude dependent; thus, the maximum production occurs at or near the poles at an average

height of 15 km above sea level (Alves et al. 2018). However, these inconsistencies in average

atmospheric 14C concentration will have evened out within ten years due to atmospheric mixing, which

takes 10 to 15 years on average (Alves et al. 2018).

Long-term changes in 14C production are regulated by the solar magnetic field, which acts as a shield

limiting the abundance of cosmic radiation bombarding the Earth. Fluctuations in solar activity will

modulate this field, causing varying 14C production rates (Alves et al. 2018). For example, sun-spot

activity inversely correlates to 14C production, and there are various long- or short-term solar activity

cycles that could be taken into account when considering radiocarbon dating. Furthermore, the Earth’s

magnetic field, which also acts as a shield, also changes in strength through time, so when the

geomagnetic field is weaker, there is an increased rate of 14C production and vice-versa (Alves et al.

2018).

Volcanic eruptions release atmospheric CO2 from rocks and sediments formed tens of millions of

years ago. Since volcanic carbon is older than the half-life of 14C, it is wholly depleted of 14C. Locally,

this can decrease activity in materials close to the eruption site resulting in ages of up to 1600 years

older than true (Alves et al. 2018).

2.6.2.1.2 Past Variations in Radiocarbon Production

Dendrochronology can be used to reconstruct the past variation of 14C concentration in atmospheric CO2

as trees are in direct contact with atmospheric CO2 through photosynthesis (Ruddiman 2008). Therefore,

counting tree rings provides an accurate record of past 14C concentration in atmospheric CO2 through

time. For example, studies of 14C through the Holocene (the past 11 kyrs) have compiled a complete

record from tree rings providing critical data for estimating 14C changes in various reservoirs throughout

this period (Ascough et al. 2005).
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2.6.2.2 Radiocarbon Activity

“Radiocarbon activity” can be best described as the fraction of carbon in a sample that is 14C. 14C activity

in a carbon sample will decrease with time as fewer 14C nuclei remain (Wilson et al. 2009). Therefore,

amongst other factors, the initial 14C activity of a sample will depend if the sample is in equilibrium with

the atmosphere or not (Wilson et al. 2009). Knowing the 14C activity at the time of death allows

calculation of the time since death and gives prior information about past 14C activity of the atmosphere

and the carbon reservoir in which the sample lived. Most studies measure the concentration of 14C in a

sample using a mass spectrometer, resulting in ratios of all combinations of carbon isotopes. Mass

spectrometry uses magnets to force the high-speed ions around a bend, separating the heavier from the

lighter isotopes. Once the ratio of 14C to 12C and 13C is known, then 14C activity can be calculated as a

fraction of the total carbon (Wilson et al. 2009). Samples up to nine to ten half-lives in age can be dated,

so the oldest material radiocarbon dated is between 50 to 60 thousand years old.

Consequently, the key to radiocarbon dating is knowing the activity when the organism was alive.

Past 14C activity of atmospheric CO2 must be quantified and can change depending on the atmospheric

CO2 content of the total atmosphere and new 14C production in the upper atmosphere. If the CO2

concentration in the atmosphere decreases, the average 14C activity increases even if there is no increase

in 14C production due to a simple dilution effect. Equally, when the CO2 concentration increases, but
14C production remains constant, the activity will decrease (Mangerud, 1972; Hartmann et al., 2013).

Past 14C activity of CO2 in the Earth’s atmosphere has been reconstructed using tree rings and

speleothems to form a “reference curve” known as IntCal, the latest of which is IntCal20 (Reimer et al.,

2020).

Figure 16. 14C ages of bidecadal atmospheric samples and modelled surface (0-75m) and modelled deep
ocean (1000-3800m) values (Stuiver & Braziunas 1993).
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2.6.2.3 Marine Reservoir Effect
Because the atmospheric residence time is short, between 5-10 years, approximating 14C activity at the

time of death is possible (Alves et al. 2018). Subsequently, when dating terrestrial samples, the 14C

activity can be compared to the IntCal20 reference curve, estimating the sample age. However, the

process is more complex for a marine sample. Away from the air-water interface, water is not in

equilibrium with the atmosphere and will radioactively decay, resulting in a lower 14C activity that is

time-at-depth dependent (Alves et al. 2018).

Ocean circulation plays a vital part as it mixes the stratified ocean, slowly upwelling older deep

water, with a lower 14C activity,  into contact with higher 14C activity surface waters over thousands of

years (Ruddiman 2008). Accordingly, dating marine samples generates an apparent 14C activity offset

that must be corrected for; otherwise, the estimated age could be several hundred or thousands years

offset from the actual age (Alves et al. 2018). This phenomenon is known as the MRE, defined by

Ascough, Cook and Dugmore (2005, p.532) as “an offset in 14C activity between contemporaneous

organisms from the terrestrial environment and organisms that derive their carbon from the marine

environment”. MRE is denoted as R(t) in this study's methods, results, and discussion sections.

Fundamentally, radiocarbon dating marine samples can result in older ages than true because the

carbon in the sample was not in direct contact with the atmosphere when it was incorporated into the

sample. Graphically, the offset is distinct, with surface and deep waters deviating from atmospheric 14C

(Fig. 16). This offset provides a tracing method for ocean circulation. For example, Wanamaker et al.

(2012) use MRE to track changes between Arctic and Atlantic water masses in the North Atlantic

meridional overturning circulation. Their results indicate that during increased MRE, the water mass

had Arctic origins providing clarity on ocean circulatory changes over the last millennium and, therefore,

the region’s sensitivity to climate change (Wanamaker et al. 2012).

2.6.2.3.1 Factors Affecting the Marine Reservoir Effect
In coastal areas, terrestrial input is significant for determining 14C activity and MRE. Freshwater

reservoirs are shallower than the ocean, so they are less stratified and have higher flux rates with the

atmosphere; therefore, freshwater is more in balance with atmospheric 14C. However, suppose this input

contains ancient carbonate material broken down from local sediments. In that case, this carbonate

material can dissolve in the water, and the 14C activity of the water will decrease due to the presence of
14C depleted carbon in the ancient carbonate (Alves et al. 2018). A similar depletion can occur from the

influence of glacial meltwater containing old dissolved inorganic carbon (DIC) (Sigman & Boyle 2000).

Coastal waters can thus have a high MRE even in surface waters. For example, Lougheed et al. (2013)

found a significant hard water effect in the Baltic Sea due to 14C depleted carbonates running off the

land into the coastal regions.
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2.6.2.3.2 Calculating the Marine Reservoir Effect
Therefore, it is essential to account for MRE in radiocarbon dating, so MRE must be calculated in each

study. Methods of determining MRE depend on whether the organism’s date of death is known. Suppose

a material is collected pre-1950 and has been stored correctly with the death date known. In that case,

the difference between the samples’ measured 14C activity and the expected 14C activity from the

IntCal20 curve gives us the MRE (Alves et al. 2018). When the date of death is unknown, it is necessary

to radiocarbon date a contemporaneous terrestrial sample to obtain the 14C of the coeval atmosphere

(such as a tree leaf and a mollusc deposited in the same piece of sediment). Taking the terrestrial sample

into account, a similar process of subtracting the modelled marine age from the measured age produces

the MRE (Alves et al. 2018). In this sense, a marine reservoir database compiling reservoir effect values

recorded for the modern surface ocean exists for reference.

2.6.2.4 Radiocarbon Dating Inaccuracies
Besides errors from not accounting for MRE, Alves and co-authors (2018) state that radiocarbon dating

makes several assumptions: 1. The half-life is known; 2. Past atmospheric 14C levels are known; 3.

Oxalic acid is used indirectly or directly as a standard; 4. All sample activities are normalised to a d13C

of -2.5‰ relative to the PeeDee Belemnite standard of South Carolina; 5. Present means 1950, so all
14C activities are reported relative to 1950 CE. Furthermore, Mangerud (1972) discussed how

radiocarbon dating assumes: 1. It is 14C activity at the time of death that is measured; and 2. There has

been no exchange of carbon between the material and their environments since the time of death.

Mangerud (1972) details extensively how contamination of the sample post-death results in

radiocarbon dating error. Briefly, contamination mainly occurs in inorganic carbon material (e.g.

calcium carbonate) because it is more chemically active than wood or other organic material.

Mechanical contamination arises when particles enter the interstices of the calcium carbonate matrix

and become absorbed. Likewise, recrystallisation and reprecipitation of calcium carbonate allow

isotopic exchange between the dead organism and the surrounding environment, further contaminating

samples. Moreover, choosing the most appropriate material for dating is key as mineralogy will

determine how much contamination occurs; for instance, low magnesium calcite is more stable than

high magnesium calcite (Mangerud 1972).

These contamination errors, inadequate sampling and human error in measuring are minor and can

be limited. Nevertheless, many factors affect radiocarbon dating accuracy, including natural and human

perturbations of Earth’s carbon reservoirs. Therefore, all data produced from radiocarbon dating must

be rigorously calibrated by highly refined techniques to consider all the error sources. The carbon

reservoir effect and the offset between the atmosphere and ocean is one of these perturbations.

Determining whether the Little Ice Age impacted this offset and caused a reservoir effect is crucial for
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researchers to correctly carry out radiocarbon dating obtained in North Sea samples at the turn of the

20th century.

2.6.3 Stable Carbon Isotopes

In a similar way to the use of stable oxygen isotopes (Section 2.5), stable carbon isotopes can be used

to reconstruct past climates (Ruddiman 2008). Stable carbon isotopes provide a second proxy to validate

or negate the d18O trends in A.islandica shell material through a similar method. The amount of 13C and
12C in a sample is measured, and the results reported as a ratio of heavy over light in parts per thousand

from the VPDB standard with the notation d13C (Ruddiman 2008). The same logic applies for d13C as it

does for d18O, samples with a high quantity of 13C are 13C enriched and vice versa.

Values of d13C vary from -7‰ in atmospheric CO2 to -22‰ in dead organic carbon to +2‰ in marine

DIC (surface waters) due to fractionation processes (Ruddiman 2008). During photosynthesis, uptake

of inorganic carbon preferentially uses lighter 12C, meaning organic carbon sources are depleted

(Estrella-Martínez et al. 2019b). In the ocean, this depleted organic carbon will be stored on the ocean

floor, where reducing conditions deplete the carbon further to as much as -60‰ (Ruddiman 2008). The

majority of organic carbon is oxidised back to the inorganic forms and returned to surface waters

enriched in 13C. The enriched inorganic reservoir is more significant than the organic reservoir.

Nevertheless, the depleted organic reservoir's overall combined effect means the average d13C value of

the ocean is around 0‰ (Ruddiman 2008).

2.6.3.1 Previous Stable Carbon Isotope Studies and A.islandica

Previous studies have published contradictory conclusions about whether there is an ontogenic effect on

A.islandica d13C (e.g. Schöne et al., 2011; Trofimova et al., 2020). One side finds that as ontogenetic

age increases, progressively more respiratory CO2 incorporates into shell carbonate, decreasing the

d13Ocarbonate values (See Section 2.3.2.2) (Schöne et al. 2011; Mette et al. 2019). However, other studies

do not find this to be true (Schöne et al. 2005b, 2011; Estrella-Martínez et al. 2019b). There is a current

consensus that A.islandica shell material, d13C is proportional to d13ODIC (Estrella-Martínez et al.

2019b). Schone et al. (2011) note an offset between d13Ccarbonate and d13CDIC which is constant throughout

life, and thus, d13Ccarbonate values represent oceanic water where the bivalve lived. Hence, d13Ocarbonate

variability is caused by d13ODIC fluctuation, controlled by biological activity and remineralisation of

organic matter, freshwater influx and vertical mixing (Schöne et al. 2011). Accordingly, reconstruction

of climate oscillations and potential estimation of the oceanic Suess effect is possible using d13Ocarbonate

(Schöne et al. 2011).

Palaeoenvironmental reconstructions are more robust with d13C as a second proxy alongside d18O

analysis (Estrella-Martínez et al. 2019a). Studies show that clear cycles in d13C match those observed

in d18O and in annual growth shell rates of A.islandica (Schöne et al. 2005a). As discussed in sections
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2.3.5, 2.5.3, 2.5.4, and 2.6.3, temperature and food availability are the dominant controls on A.islandica

shell growth, proven by the correlation of stable oxygen and carbon isotope curves with the growth

pattern (Schöne et al. 2005a). These fluctuations in stable isotopes, particularly d13C, are attributed to

primary productivity changes and vertical mixing of the water column, linked with NAO and broader

global oceanic changes (Schöne et al. 2005a; Estrella-Martínez et al. 2019a). The use of stable carbon

isotopes verifies A.islandica as a robust proxy for environmental and climate reconstructions.



37

3 Objectives
This project aims to show that A. islandica responds to and records environmental variability. We will

apply sclerochronological data, carry out radiocarbon dating, and measure the d18O and d13C content of

A. islandica shells that lived in the North Sea and Irish Sea. Thus, these shells can be used as a proxy to

enhance understanding of these climate shifts related to the end of LIA in Europe.

Firstly, we hope to answer the following questions:

· Does the LIA affect the radiocarbon reservoir effect?

· Is sclerochronologically obtained growth increment data fundamentally associated with d13C

and d18O values and/or palaeoclimate?

· How are environmental changes observed in the North Sea specimen compared to the Irish Sea

specimen?

The hypotheses to these questions are that:

· A time series dating back to the 19th century can be constructed from the growth increment data

with absolute dates inferred knowing the collection date.

· The stable isotope can reflect the observed growth pattern and reveal annual changes in the

environment.

· Seawater temperatures can be inferred from stable oxygen isotope analysis.

· The MRE will be affected by LIA and will be observable in our results.

The results will be interpreted and discussed in the context of seawater temperature, primary

productivity, NAO, North Sea oceanography and LIA in Europe. Finally, reconstructions of the

radiocarbon reservoir effect will help other researchers who are carrying out radiocarbon measurements

in the same regions by allowing them to correctly interpret their data (i.e., by correcting for the reservoir

effect).
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4 Methods
4.1 Sample Retrieval
The A.islandica specimens used in this project were collected live from three localities between 1882

and 1954 (Fig. 17, Table 1). The specimens were stored at the Dutch natural history museum “Naturalis”

in Leiden, the Netherlands. Specimen three was not used in this study. Due to collection occurring before

the widespread use of modern GPS instruments, the precise coordinates of collection localities are

unknown. Figure 17 maps informed estimated sites. Shell 1A (herein referred to as shell 1) was sampled

for stable isotope and radiocarbon analysis, while shell 1, 4 and 5 were analysed sclerochronologically.
Table 1. Specimen collection information. Specimen 3 is in italics as it was not used in this study.

Specimen
Number

How many shells
in collection?

Size (cm) Year of live collection Location of live collection

1 3 8 1954 Tea Kettle Hole (North Sea)
2 3 8.5 1925 Doggerbank (North Sea)
3 2 9 1923 Doggerbank (North Sea)
4 1 8 1882 Doggerbank (North Sea)
5 1 8.5 1922 Port Erin, Isle of Man

4.2 Sample Preparation
Preparation of the shells for analysis occurred before this thesis. At Mainz University, each shell valve

was cut transverse in half, and a ~2 cm thick transect was cut from each half, producing two “mirror”

image sections per shell. Each of the sections was mounted on glass slides using epoxy. After mounting,

the sections were ground with 800 and 1200 grit before being polished with 1 Am Al2O3 powder.

For each shell, one of the mirror sections was etched using “Mutvei’s solution”, 0.5 vol.% acetic

acid, 12.5 vol.% glutardialdehyde and 5 g/litre Alcian Blue. The acid slightly dissolves the carbonate

portions, and the glutardialdehyde preserves the structure of the organic material creating “peaks” and

“valleys” on the shell surface. This topography helps identify growth increments because they generate

shadows when light is shined. Furthermore, the Alcian blue stains the organic structure, which increases

the appearance of the banding, further aiding in the identification of the growth increments.

High-resolution images of the stained shell were captured using a Nikon digital camera interfaced to

a stereomicroscope (Leica Wild M2C). Individual images were stitched together using the freeware

Microsoft Image Composite Editor software, creating a single composite image for the ventral margin

(Fig. 18) and umbo area.

4.3 Sclerochronological Analysis
ImageJ version 1.53e with the plugin ObjectJ was the chosen imaging platform for

sclerochronological analysis. The high-resolution digital images show growth increments that can be

counted, and the width between each measured using the software tools provided by the platform.
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Counting occurred in the outermost layer of the shell in the direction of growth along the ventral margin

to minimise error. Width measurements between the growth are perpendicular to the increment itself.

The preliminary measured growth series for each composite image was exported to a Microsoft Excel

spreadsheet. Each composite image with increments marked and widths measured were labelled and

stored in a folder for later cross-examination. Shells 1, 4 and 5 had both umbo and ventral sections

measured, with the ventral section the main focus. Shell 2 only had a composite umbo image, so the

ventral section could not be analysed. Shell 3 was not used in analysis at all. Due to shell 1 also being

used for isotope analysis, sclerochronological analysis was carried out twice to ensure validity.

Difficulties in identifying and measuring increments arose because it can be hard to distinguish

between true annual growth line and sub-annual growth lines. True annual growth lines run entirely

across the section into the margin edge. However, the image’s resolution can sometimes fail to allow

such detailed observation, especially where the banding is particularly dense. Ensuring counting occurs

along the maximum growth axis, and width measurements are perpendicular to the outer edge is also

challenging to achieve in cases. Analogous with varve counting, colleague researchers can carry out

repeat counts.

Figure 17. Map of specimen collection localities in the North Sea and Irish Sea (Towers, 2021).
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4.3.1 Detrending

Detrending the sclerochronological data removes the ontogenetic trends and is an essential step in

observing the accurate environmental signal in shell growth per year.

MATLAB was used for detrending the data in this thesis. Detrending began with shell 1 ventral

section. The growth series was imported as a .txt file into MATLAB as increment size against increment

number. The increment number was converted to calendar year using the known death year (the year of

live collection) (Eq. 7) and then plotted as increment size in millimetres against year, giving a series

from 1827 to year of death. The first 20 years was a period of erratic growth during A.islandica’s juvenile

stage, so it is removed from the detrending process. A rational fit line is added to this new plot, and a

goodness of fit statistic is obtained. Finally, the offset between the fit line and the data points is obtained.

This offset is plotted against the year, producing a detrended graph showing growth per year unaffected

by ontogenetic effects.
( ) = + ( ℎ − ) (eq. 7)

4.4 Radiocarbon Dating
Material for 14C dating was micromilled at Uppsala University using a semi-automated micromill

manufactured by New Wave Research. Samples were milled approximately every 10-15 increments

starting in the ontogenetically youngest increment that could feasibly be milled. At least 500 micrograms

per sample were collected and measured for 14C on a MICADAS accelerated mass spectrometer (AMS)

at the Tandem Laboratory at Uppsala University. Separate fractions of CO2 are obtained by reacting the

sample with 0.5M HCl. Different CO2 fractions are considered to represent different depths in the shell

(outside to inside) and demonstrate the influence of contaminants. For each sample, converting the

desired CO2 fraction to graphite occurred by reaction with a Fe-catalyst in the IonPlus AGE

graphitisation process before being measured in the AMS as a graphite target.

Figure 18. Digital image of ventral margin in the outer layer of specimen one in cross section view. Direction
of growth is shown as DOG with arrow. Box A. magnifies an ontogenetically young section with wide growth
increments. Box B. highlights an onotogentically old section with narrow growth increments (Photo by
B.Lougheed).
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To minimise error, the instruments used were calibrated against known-age or independently dated

material 14C measurements, such as IAEA standard material. This step is critical to correct for changes

in 14C concentration within the atmospheric and marine carbon reservoirs. For the North Sea, the

atmospheric calibration is IntCal20 applicable across the Northern Hemisphere. The Marine20 dataset

includes an assumption of reservoir effect; however, since this study focuses on the reservoir effect

directly, it uses IntCal20.

The radiocarbon reservoir effect per year (with associated error) was calculated as the offset between

the obtained 14C shell sample value and an atmospheric data set (IntCal20) compiled by Reimer et al.

(2020) specific for 14C values pre-1950 (Eq. 8). The year is known from sclerochronological counting

of the increments using Equation 7.
a. , ( ) = ℎ − ℎ

(eq. 8)
b. , ( ), = ( ℎ ) + ( ℎ )

The sampled year was determined by matching a post-sampled image of the shell with the Alcian

Blue stained high-resolution images. Results for each sampled increment were plotted using MATLAB

software as corresponding to a given year. Comparison with the detrended increment sizes and oxygen

and carbon isotope data provides insight into the impacts of environmental change on the reservoir

effect.

Figure 19. New Wave Research Products MicroMill Sampling System set up with shell section 1A on the
stage and milling in progress as highlighted by focus box (Photo by E.Towers).
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4.5 Stable Isotope Analysis
The polished cross-section of shell 1 from Tea Kettle Hole formation in the southern North Sea was

milled for CaCO3 powder to analyse O- and C-isotope data.

Milling occurred at the University of Glasgow using a New Wave Research Products MicroMill

Sampling System where a video microscope is twinned with a high-speed drill and a set of computer-

controlled motorised stages (Fig. 19). Using a point-and-click interface, a live video image of

microscope assembly on a computer monitor allows for precise drilling and milling of samples. The

shell section was milled every three to four growth increments roughly or as best estimated as possible.

Milling started near the umbo and continued down shell into ontogenetically younger and narrower

growth increments. The direction of milling was roughly perpendicular to the growth direction set as a

line to mill along the growth increment trying to stay within the boundaries of the increment (Fig. 20).

Drill settings were set to a slow drill speed at 15%, slow scan speed at 15%, drill depth of 50

micrometres, cut width of 200 micrometres, and the number of scans varied between 4-10 depending on

the length of the line to be drilled. Drill head size started at 0.6mm, but following breakage, the

replacement drill heads were larger from 0.8mm to 1mm.

After each milling operation, the material had to be collected using razor blades and scalpels to gently

push the material off the surface of the shell into a small, labelled vial. The vials and lids were weighed

in grams to 5 decimal places before any material added and re-weighed with the collected material. The

difference between the two weights is the weight of the collected CaCO3.

At least 40 micrograms of CaCO3 material were collected for each sample and measured for O and

C isotope mass using a MAT 253 Isotope Ratio Mass Spectrometer (IRMS) with an online Kiel IV

carbonate device at the University of Bergen, Norway. Results were reported as per mil on the Vienna

Figure 20. Screenshot of the computer monitor with the milling software and a plot of a line to mill along an
increment on shell section 1A. The cross-hairs show precisely where the drill will begin milling and continue
to the top left of the image along the line. The drill speed, depth down to be milled, scan speed and the number
of passes along the line was pre-set using the software. This sample may result in an error due to the black
flecks on the sample’s surface, from the drill head breaking and disturbing the black periostracum outer layer
(Photo by E.Towers).
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Pee Dee Belemnite scale calibrated using NBS-19, with each run calibrated using in-house standards

(CM12, Riedel, and the international standards NBS-18). Therefore, precision is 0.03 and 0.06 for

carbon and oxygen isotopes, respectively.

MATLAB software was used to plot the oxygen and carbon isotope data against sampled years,

detrended increments size, radiocarbon reservoir effect, and observed SST for the North Sea. In addition,

the data were compressed into 30-year time intervals for each variable to make the data comparable, and

biplots were drawn up using Microsoft Excel. The Pearson product-moment correlation coefficient and

the Student’s t-test are calculated for the compressed 30-year time interval data. Pearson’s product-

moment correlation coefficient measures the strength of a linear relationship between two variables with

the calculated value, r, found between +1 and -1 (Sabine & Plumpton 1985; Lane et al. 2013). A

relationship where r = 1 is a perfect positive linear relationship while r = -1 is a perfect negative linear

relationship and a correlation of zero means there is no linear relationship. However, when r = 0 or close

to zero, there could of course be a non-linear relationship between the variables. Furthermore, r = +1 or

-1 does not mean one of these variables is caused by the other as there could be a third or several more

variables influencing the correlation  (Sabine & Plumpton 1985; Lane et al. 2013). The coefficient of

determination, r2, is calculated from r to provide the proportion of variation in the dependent variable

that the independent variable deviation can explain. The student’s t-test is a significance test to test the

significance of the r value by testing the degree of correlation against the null hypothesis of r = 0,

resulting in a p-value  (Sabine & Plumpton 1985; Lane et al. 2013). When the calculated p-value is less

than 0.05, the corresponding r-value and r2-value are considered significant at the 95% confidence level.

In summary, r (or r2) describes the strength of a correlation, and p describes it significance.

Due to the highly precise IRMS measurements, potential sources of error are dominantly physical

such as contamination between increments due to the width of the drill head being too large for pure

milling of a single increment. In the ontogenetically youngest increments, which are very narrow, it is

feasibly impossible to remain within one increment. Thus, multiple increments were milled at once,

which will result in an average of multiple years. A further error will occur from the breaking of the drill

head due to the hardness of the shell and the drill speed being too high. Human error in sampling from

inadequate cleaning of the drill head, equipment, and shell surface before moving onto the following

sample could result in cross-contamination of increments. An error would also occur if material from

the periostracum were collected along with the milled material. The periostracum, being the outermost

layer of the shell, will have a different isotope composition from the designated outer shell layer.

After completing the milling, the shell section was photographed at a high resolution using an

Olympus SZX7 binocular microscope. Eighteen separate images were taken and stitched together using

Microsoft Image Composite Editor and GNU Image Manipulation Program. This image allows

observation of which increments were milled, which had most overlap with others and a higher potential

for error (Fig. 21).
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Figure 21. High resolution image of shell 1 ventral section post-milling for 14C samples, shown with
green markers, and for isotope analysis. Direction of growth (DOG) is indicated with arrow. Image was
stitched together using Microsoft Image Composite Editor and GNU Image Manipulation Program from
18 separate images (Photo by E.Towers and C.Slaymark).
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5 Results
5.1 Sclerochronology
Figure 22 shows the measured growth time series for the ventral section of shells 1, 4, and 5. The plot

for shell 1 has two lines as this shell underwent analysis twice to try and quantify reproducibility. The

resulting data extends for 189 years as the oldest specimen, shell 4 collected in 1882, provides data back

to 1765. Thus, the LIA period is represented in this data, and comparison with literature possible. Shell

1 is the longest-lived, with 120-123 annual increments corresponding to 120-123 years. With further

detailed analysis, the overlap between shell 1 and shell 4 would allow the construction of a continuous-

time series of 189 years to be validated by the radiocarbon dating on shell 1. Like dendrochronology,

sclerochronological analysis on one shell creates a composite chronology by matching the increments

and extending the correct calendar dates backwards.  For all shells, the first 20 years of growth are

juvenile, fast, and highly variable. The increment sizes are between 5-0.5mm, while older adult growth

is lesser, generally no more than 0.05mm. Table 2 lists shells analysed, ages, period growth covers and

their use in this thesis. The entire data set produced is included in Appendix A.

Compared to the raw data plots, differences between shells are more apparent after the first erratic

20 years of growth were removed and a rational fit line added, as seen in Figure 23. Both shell 1 ventral

section trends show less variability and remain relatively steady, below 0.5 normalised units, although

the fit line suggests an exponentially decreasing trend. In comparison, ventral sections of shell 4 and 5

show more noteworthy variability with year to year increment size shifts on the 0.1 magnitude.

Throughout all shell data, fit lines are decreasing.

The final detrended data of increment size against year without ontogenetic influence display

considerable variability in all of the shell’s ventral sections (Fig. 24). Year to year increment size varies

throughout all shells over a range of normalised units of less than 0.05 to more than 0.2. There are

positive and negative data spikes of around 0.3 normalised units size difference from the general year

to year trend.

Through the 1800s, a general increase in increment size in shell 4 is prominent before declining

towards the end of the century. The end of the 1800s into the 1900s is a period of high variability,

precluding a slightly increasing trend, as noted in shell 1 and 5. Shell 1 displays a prominent trend

Table 2. Overview of ventral sections of shells used in this study and main sclerochronological results.

Shell
Increment Size (mm) Year CE No.

Increments/Age
(longevity)

Usage
Max. Min. Mean Standard

Deviation Start End

1 (try
1) 5.097 0.016 0.361 0.757 1834 1954 120 Sclerochronology

& Isotope analysis
1 (try

2) 0.576 0.015 0.120 0.102 1831 1954 123 Sclerochronology
& Isotope analysis

4 0.967 0.028 0.169 0.169 1765 1882 117 Sclerochronology
5 5.571 0.055 0.533 0.891 1860 1922 62 Sclerochronology
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decrease into the middle of the 20th century. Both analyses of shell 1 show similar data trends suggesting

there is a cohesiveness to the pattern. Figure 25 illustrates these trends in one plot of the entire analysed

Figure 22. Raw data for the ventral section of shells 1 (A), 4 (B), and 5 (C) plotted as year against increment
size, in millimetres, where year is the increment number plus the live collection year. Shell 1 (A) has two data
series in blue and red as the first and second tries.

A

B

C
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time series from 1765 to 1954, and the MATLAB script used to produce Figure 25 is included in

Appendix B.

In interest to the LIA, shell 4 displays possible cyclicity between 1800 and 1850 of a general year to

year gradual increase punctuated by higher spikes every 5-8 years. The slightly more accelerated

increase in the second half of the century may also be of interest. The increments increase in size slowly

from 1860 until a high in 1875 before decreasing dramatically by 1878.

Ideally, the analysis would run many times over to gain an average of the data trends and numbers

to improve the validity of these results.

5.2 Radiocarbon Reservoir Effect
Using the shell’s stitched image (Fig. 21) post radiocarbon sampling, the corresponding increment

to sample was determined. Radiocarbon analysis produced a reservoir effect for each increment sampled

and thus each year sampled. The first year sampled was 1825, which has a reservoir effect of 587 ± 37.

Ten samples were taken in total; however, due to time constraints, only three results were returned from

the lab in Uppsala and are displayed in Table 3. Decade to decade change is minimal in the early 1900s

but at a value lower than the early 1800s. The reservoir effect, R(t), error ranges from 11-6% of the R(t)

value suggesting that the noted change in R(t) is substantial. When all ten samples are returned from the

C

A B

Figure 23. Increment size against year for shells 1 (A), 4 (B), and 5 (C) with the first 20 years of erratic
growth removed and a fit line applied. Shell 1 (A) has two data series in blue and red as the first and second
tries.
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Figure 24. Growth series of increment size against year with ontogenetic influence detrended from the
curve for the ventral section of shells 1 (A), 4 (B), and 5 (C). Shell 1 (A) has two data series in blue and red
as the first and second tries.

A

B

C
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.

lab, these results will be useful for future research regarding the radiocarbon offset in the North Sea (full

results are included in Appendix C).

5.3 Oxygen and Carbon Isotope Analysis
The ventral section of shell 1 was sampled 29 times. Each sample was taken from a known increment,

and thus the year sampled is known, ranging from 1826 to 1948. Full results are included in Appendix

D. Oxygen and carbon isotope results are plotted with radiocarbon reservoir effect against time for 1826-

1948 in Figure 26. The associated error for each isotope measurement and the sampled years is seen as

horizontal and vertical error bars. The d18O and d13C datasets mirror each other generally with

Table 3. Radiocarbon reservoir effect results with corresponding sampled year and associated errors.
Radiocarbon
Sample No. Year CE Year Error Reservoir effect,

R(t)
Reservoir effect,

R(t), error
1 1825 0 587 37
2 1827 0 - -
3 1845 0 - -
4 1854.5 0.5 - -
5 1861.5 0.5 - -
6 1886.5 1.5 - -
7 1906.5 1.5 416 48
8 1928 1 421 35
9 1941 1 - -
10 1949 1 - -

Figure 25. A composite plot of shells 1, 4, and 5 ventral sections giving the entire period analysed from 1765
to 1954.
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increasing d18O corresponding to decreasing d13C.  Between 1826-1875 the isotope data is irregular and

variable, fluctuating between d18O 3.57 and 2.49 per mil and d13C 3.5 and 1.5 per mil. Following 1875,

the data is more stable with little fluctuation until 1932, when both datasets increase and fluctuate.

Therefore, the highest and lowest values are found at the beginning and end of the time period outside

the relatively stable middle section at the turn of the century.

Notably, the sparse 14C reservoir effect data appears to agree with this d18O and d13C trend as the two

samples in the early 1900s show little variation and are lower in value than the sample at the beginning

of the 1800s (Fig. 26). Furthermore, the detrended increment size data replicates this pattern. A

fluctuating trend through the 1800s is observed and stabilises around the 1880s before increasing and

fluctuating again from the 1930s onwards (Fig. 27).

5.4 Comparison of Sampled Data with Observed SST
Monthly observed SST anomaly (HadSST 4.0.1.0) data was obtained from The Met Office’s Hadley

Centre for the North Sea and the Irish Sea for 1850 to 2020, plotted using MATLAB as an SST anomaly

with a smoothed SST anomaly overlaying it (Kennedy et al. 2019). SST anomaly values vary between

3.67°C in April 1857 and -5.02°C in January 1855 in the North Sea and between 4.53°C in April 1850

and -4.93°C in October 1852 in the Irish Sea.

Using MATLAB, the isotope data from shell 1 is plotted alongside the SST data for the North Sea

(Fig. 28). Overall, the three datasets show the same similar trend as discussed above. However, the turn

of the century relatively stable period is less visible in the SST data than the isotope data. With further

analysis and a narrower drill head, isotope data at a higher resolution may reveal a closer correlation

and calculation of benthic water temperatures would be possible from the d18O values using the Epstein

Figure 26. Stable isotope results (d18O in pink and d13C in black and yellow) with radiocarbon reservoir effect
(green) with associated error bars through time from 1820 to 1960.
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Equation (Eq. 4). The current biplot of d18O to North Sea SST anomaly (Fig. 29A) reveals an extremely

weak positive linear relationship, r = 0.1, between the two variables. Therefore, only 1.5% of the

variation in d18O can be explained by the North Sea SST anomaly variation. A similar trend is observed

between d13C and North Sea SST anomaly is illustrated in Figure 29B. The low r-value of 0.3 implies

that the North Sea SST anomaly variation explains only 9.5% of the variation in d13C. However, both

correlations between d13C and d18O with the North Sea SST anomaly have corresponding p-values

greater than 0.05; thus, these relationships are of low significance. Therefore, the stable isotope data

obtained from the shell carbonate in this study cannot be correlated to the North Sea SST anomaly.

Detrended increment size data obtained from both analysis tries of shell 1 from Tea Kettle Hole in

the North Sea reveals a good association with the North Sea SST anomaly visually (Fig. 30). Overall,

times of low SST anomaly values correspond with smaller increment size, such as in 1916, where

increment size drops from a detrended index of 0.034 to -0.019 while SST anomaly decreases from

0.63°C to -3.16°C. This pattern is echoed in the Irish Sea, where detrended increment sizes from shell 5

show similarity with the SST anomaly of the Irish Sea (Fig. 31). However, shell 5 detrended increment

size does not reveal the obvious three parts to the data as the other shells and isotope data do. The first

part of the period is more variable at the end of the period, but the middle section is less stable than other

detrended datasets. This trend is similar to the SST anomaly for the Irish Sea, with the whole period

highly fluctuating, with the suggestion of an overall increase (Fig. 31).

However, when growth increment sizes from both tries of shell 1 are statistically compared to the

North Sea SST anomaly, the Pearson’s product-moment correlation suggests these two variables are not

well correlated and not significant as the corresponding p-value is greater than 0.05. A weak positive

linear relationship is obtained from both try 1 and try 2 with r numbers 0.44 and 0.39, respectively, or

20% and 16% of the variation in growth increment size explained by North Sea SST (Fig. 29, H and I).

In comparison, with an r number of 0.94, shell 5 growth increment size against Irish Sea SST show a

very strong positive linear relationship (Fig. 29J). However, this r-value is not significant as the

corresponding p-value is greater than 0.05.

Detrended growth increment size from shell 1 can be analysed against d13C and d18O to obtain the

statistical correlation using Pearson’s product-moment correlation and the coefficient of determination.

The results are shown in Figure 29, C, D, E, and F. Stable carbon isotopes against both detrended growth

increment data sets (tries 1 and 2) produce a strong positive linear relationship with similar r numbers

calculated, 0.98 and 0.93, respectively. Furthermore, these values are significant as the p-value for both

is less than 0.05. Accordingly, the ventral growth increment size variation can explain 96% and 95% of

the variation in d13C in shell 1 try 1 and 2. Contrastingly, biplot analysis of d18O and growth increment

size for shell 1 produces a negative linear relationship that is less strongly correlated. A scatterplot of

GI size try 1 against d18O gives r = -0.88 with p < 0.05 and hence, is a significant strongly negative

linear relationship. GI size try 2 against d18O gives r = -0.77 with p > 0.05 so, this negative linear
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relationship is not significant, and the presence of a third or more variables cannot be ruled out. Full

data for biplots and variable correlation is included in Appendix E.

.

Figure 27. Stable carbon and oxygen isotope data from shell 1 ventral section (d18O in pink and d13C
in black and yellow) with associated error bars plotted with the detrended increment size values(try 1
in blue and try 2 in red) against time.

Figure 28. Observed SST anomaly for the North Sea from 1850 to 1960 (blue diamonds and smoothed
anomaly in light blue) compared to the d18O and d13C results for shell 1 through time.
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Figure 29. Biplots of measured variables from A.islandica specimens shell 1 and shell 5. A. Shell 1 stable
oxygen isotope data against observed North Sea SST anomaly. B. Shell 1 stable carbon isotope data
against observed North Sea SST anomaly. C. Shell 1 stable carbon isotope data against shell 1 try 1 growth
increment sizes. D. Shell 1 stable carbon isotope data against shell 1 try 2 growth increment sizes. E. Shell
1 stable oxygen isotope data against shell 1 try 1 growth increment sizes. F. Shell 1 stable oxygen isotope
data against shell 1 try 2 growth increment sizes. G. Stable carbon isotope data against stable oxygen
isotope data measured from shell 1. H. Shell 1 try 1 growth increment sizes against observed North Sea
SST anomaly. I. Shell 1 try 2 growth increment sizes against observed North Sea SST anomaly. J. Shell 5
growth increment sizes against observed Irish Sea SST anomaly.
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6 Discussion
The data from this study agree with literature (e.g. Schöne, 2013; Butler & Schöne, 2017; Morton, 2011)

that the annual growth in specimens of A.islandica correlates well within an area and provides a

chronology. Thus, enhancing the understanding that common external environmental drivers impact

annual shell growth, and consequently, A.islandica can be used as a proxy to extract those environmental

changes.

6.1 A. islandica and Shell Increment Size
Except for shell 5 from the Irish Sea, all A.islandica shells analysed in this study are within the typical

range for North Atlantic individuals of 100-200 years old (Richardson & Ridgway, 2011; Begum et al.,

2009). At around 80mm in length, shell 1 from Tea Kettle Hole Formation in the North Sea has the

typical characteristics of a North Atlantic A.islandica, found in typical sediment, at a standard latitude

and environment. The periostracum was still intact on some of the ventral section and was a distinct

dark black/green colour, standard for the shell’s age. Also standard was the shift of the annual growth

increments shift from an almost parallel alignment in the umbo to nearly perpendicular in

ontogenetically old shell portions (Fig. 8C) (Schöne, 2013). Accordingly, the wide increment size in the

first 20 years of all shells followed by an exponentially decreasing growth rate is expected according to

the literature (Richardson & Ridgway, 2011; Morton, 2011).

The ontogenetic information is removed from the detrended increment size data, revealing the true

environmental signal (Figures 24). The association of the patterns identified in d18O, d13C, and the

detrended increment size data, hinted at in the 14C R(t) and observed SST anomaly data suggests

A.islandica is accurately recording environmental change through water temperature, food availability,

DIC concentration, and salinity.

The composite plot of Figure 25 gives a chronology of all the shells analysed that shows how the

four shells have a similar pattern indicating the presence of a common environmental signal. Figures 30

and 31 further highlight this signal, where the detrended data for shell 1 (both analysis) and shell 5

corresponds well with the observed SST anomaly for the North Sea and the Irish Sea. Positive anomalies

are associated with wider increments suggesting increased growth. Thus, the data reiterates the

understanding that shell growth increases with warming temperatures. Studies by Schöne, 2013 indicate

that growth increases tenfold when the temperature is 1-12°C, a range that is typical for the North Sea

and the Irish Sea. However, the growth rate will decrease when temperatures drop beneath 6°C, a trend

also noted from comparing observed SST anomaly with detrended increment sizes.

Despite this association, biplot and statistical analysis for shell 1 in the North Sea produce a very

weak correlation that is statistically insignificant between GI and North Sea SST (Fig. 29, H and I),

implying that A.islandica growth is not linked to North Sea SST. However, statistical analysis reveals a

very strong positive linear relationship between GI size and the Irish Sea SST. However, since the r-
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value is insignificant according to the p-value, ambiguity remains whether growth is intertwined with

SST (Fig. 29J). These results could be a characteristic of the physical oceanography rather than

endogenous growth drivers specific to A.islandica.

Furthermore, other endogenous growth drivers are present and may cause deviations in the data. For

example, precipitation of growth increments only occurs at certain times of the year. The most

favourable conditions for growth are during summer when optimal temperatures and a plentiful food

supply are present. Consequently, the environmental signal obtained is potentially seasonally biased and

time-constrained (Morton, 2011; Schöne, 2013). However, data from this study does not show this error

as the sampling resolution is too low. Thus, emphasising the importance of independent verification of

the growing season and growth variability (Butler & Schöne, 2017).

6.2 Oxygen Isotope and Environment
 Literature shows that A.islandica provides bottom and surface sea temperatures at an annual and season

resolution from d18O measurements. This study gave an association between oxygen isotopes, detrended

increment size and observed SST (Fig. 28).

The average d18Ocarbonate in this study is +3.12‰ which is within the normal modern ocean range

(Ruddiman, 2008). The criteria for the Epstein Equation to apply could not be fulfilled as the d18Oseawater

was not known at the local nor the regional level. Hence, this study does not carry out d18Ocarbonate

conversion to bottom temperatures values due to time and method constraints. Statistical analysis reveals

no correlation between d18O and the North Sea SST (Fig. 29A), understandable considering that d18O of

A. islandica reflects bottom temperature, not SST. Nevertheless, d18O appears to mimic changes in the

North Sea SST reiterated in Figure 27, where maximum and minimum d18O values match highs and

Figure 30. The observed North Sea SST anomaly (blue dots) with smoothed data trend (light blue) with
detrended increment size data for shell 1 ventral section (try 1 in black and try 2 in red) against time.
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lows of shell growth. Furthermore, the detrended data from shell 4 hints at 5-8 year cycles (Fig. 24B).

Previous studies indicate that distinct annual cycles match annual shell growth patterns (Schöne et al.,

2004, 2005), so the association of these 5-8 year cycles with d18O is expected to strengthen the observed

patterns.

The method of oxygen uptake into shell carbonate ensures that d18Ocarbonate reflects that of the water;

however, the limitations of this application must be considered (Schöne, 2013). Microstructurally

distinct shell layers may yield different isotope signals, and thus it is essential to know which layers

were sampled (Trofimova et al., 2018). A pronounced limitation of this study is the micromilling

technique. Due to the drill size being too large, more than one shell increment was milled at once.

Despite this producing a good annual signal by removing winter-summer growth differences, the

resulting data is smoothed, so determining individual years is impossible. For example, in 1858 (Fig.

27), the d18O values match a spike in detrended increment size with values elevated over the data points

on either side of it. However, the sample corresponding to this d18O value was milled from four

increments corresponding to 1857-1860, and the median of this range plotted against detrended

increment size. If the lower end of this range were plotted, the d18O values would not match the

detrended data as the pattern would instead show an offset between high d18O values and increased

increment size. Such an offset would indicate a delay in A.islandica growth in response to changing

environment, a conclusion that cannot be ruled out due to the uncertainties of this study. Nevertheless,

the strong significant negative linear relationship between d18O and GI size (Fig. 29, E and F) supports

the conclusion that increased growth and high d18O suggest a year of higher temperatures favourable to

A.islandica growth.

Figure 31. The observed Irish Sea SST anomaly (blue dots) with smoothed data trend (light blue) with
detrended increment size data for shell 5 ventral section (pink) against time.
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6.3  Stable Carbon Isotopes
The d13C data of this study can be interpreted in a d13CDIC context to explain why d13C mirrors d18O

because the literature signifies a linear relationship between d13CDIC and d13Ccarbonate (Estrella-Martínez

et al., 2019b; Schöne et al., 2011). For example, for 1858 (Fig. 26), d18O is high at 3.57‰, but d13C is

low at 1.55‰ despite relating to the same environmental cause. Elevated d18O and observed SST

anomaly of +2.5°C (Fig. 28) suggest favourable environmental conditions for A.islandica growth.

Increased temperatures indicate increased solar insolation, increasing surface photosynthesis in the

water. Increased photosynthesis would leave the seawater enriched in 13C and decrease d13CDIC and

d13Ccarbonate (Estrella-Martínez et al., 2019b). Therefore, when temperatures increase, d18C increases,

growth increment size increases and d13C decreases, creating a mirrored pattern of d18O and d13C.

Furthermore, d13C is very strongly significantly correlated to shell 1 detrended GI datasets one and two

(Fig. 29, C and D). In addition, the small difference between them encourages the patterns'

reproducibility, highlighting the trend's strength, in line with literature implying that A.islandica growth

is strongly twinned with food supply. This correlation negates that d13C is very weakly correlated to

North Sea SST (Fig. 29B), which, as discussed with d18O, is a symptom of the water temperature

gradient. Thus, A.islandica is inferred to be a good environmental proxy.

Extensive debated has surrounded the ontogenetic effect on d13C (e.g., Schöne et al., 2011; Mette et

al., 2019; Schöne et al., 2011; Estrella-Martínez et al., 2019b; Schöne et al., 2005b). Carbon

incorporation from different sources into the shell carbonate is detailed in Section 2.3.2.2. Studies

published in 2019 by Estrella-Martínez et al. conclude that there is no ontogenetic effect on d13Ccarbonate

but rather d13Ccarbonate and d13CDIC are proportional (Section 2.6.3.1). Therefore, any variations in d13C in

Figure 32. Variation in 14C ages between 1825 and 1986 from three datasets: this study (red), Witbaard et
al. (1994) (blue), and IntCal atmospheric ages (green).
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this study and others will be due to fluctuations in biological activity, remineralisation of organic matter,

freshwater influx and vertical mixing (Schöne et al., 2011). Indeed, literature has shown that fluctuations

in d13C are mainly attributed to NAO and other oceanic cycles. However, this study cannot make such

broadscale speculation without a greater data pool and more robust methods (Estrella-Martínez et al.,

2019a; Schöne et al., 2005a).

d13C and d18O strongly correlate as the biplot analysis produces a strong significant negative linear

relationship (Fig. 29G). This biplot shows the relationship between d13C and d18O in seawater due to the

presence of carbon in various forms such as bicarbonate and carbonate ions and resulting reactions

between carbon and oxygen. Different water bodies show a different relationship between the two

variables due to different processes and different physical and chemical properties. Indeed this isotopic

equilibrium can be used as an environmental marker to identify which type of body water originated

from (Mook, 1971).

6.4 Radiocarbon Reservoir Effect
Despite only three samples returned from the lab, this study hints at an MRE pattern (Fig. 26). During

periods of stable isotope and growth increment fluctuation, sampled R(t) is higher than during periods

of low stable isotope and growth increment variation. Over the 103 years from 1825 to 1928, there is an

R(t) variation by at least 17114C yr. This finding could be noteworthy and may indicate that the reservoir

effect variation in the North Sea is considerable. The concentration of 14C in the North Sea could be

altered by freshwater influx containing older carbon sources in the form of inorganic carbon material

such as chalk or limestone. Hence, due to the oceanographic nature of the North Sea, the shallow basin

with large coastal areas suggests that the reservoir effect will be sizeable. Likewise, the smaller channel-

like Irish Sea would also be strongly affected by terrestrial input of 14C, and the reservoir effect must

also be analysed for this area.

Expected influence from oceanography includes the effect of ocean circulation on MRE (Section

2.6.2.3). The North Atlantic is where cold deep bottom water upwells near the north pole and flows

south (Ruddiman, 2008). Therefore, inflow into the North Sea has a component of this deep water

which will radioactively older than other sources of inflow. This cold deep water influenced MRE may

be seen in the R(t) data from this study, with higher values indicating an increased MRE, such as the

data point from 1825, 171 14C years older than the values in 1906 and 1928.

On the other hand, the 1825 elevated R(t) may be a contamination error in the sampling or

measuring process. The two samples dated from 1906 and 1928 show slight variation over time, only a

5 14C yr. difference, which is within the measurement error. Suppose the sample from 1825 was an

anomaly in the data. In that case, the reservoir effect in the North Sea would be unaffected by

environmental changes and relatively stable over time. Hence, it would be much less critical to
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account for the MRE. when dating marine samples. After the dataset has been completed, the stability

of the MRE can be more fully evaluated.

Comparing the 14C ages obtained in this study with previous literature and with the IntCal

Atmospheric 14C ages illuminates a different pattern (Fig. 32). A study by Witbaard et al. (1994) also

used A.islandica to show how annual growth bands record productivity and R(t), concluding that the

shells are a good archive of past environmental conditions (Witbaard et al. 1994). With the

anthropogenic influence of the 1950s shown alongside shell 14C from two sources (this study and

Witbaard et al., 1994), the deviations of this study noted above are far less obvious. Instead, this study’s
14C ages align with IntCal and Witbaard et al. (1994). Figure 31 displays a period of stability with little

variation from 1825 to 1957, during which the two datasets obtained from A.islandica are offset from

IntCal atmospheric ages revealing the MRE. The atmospheric nuclear bomb testing of the 1960s causes

the negative spike in 14C ages observed in Witbaard et al. (1994) data and IntCal data. The dataset ends

in 1986 where the 14C ages have not yet returned to pre-testing values.

Figure 33 compares the MRE of the Witbaard et al. (1994) dataset with that of this study and reveals

a similar pattern to the 14C ages. 1825-1957 is relatively stable with little variation in R(t) values. The

dataset for this study is positively offset from the Witbaard et al. (1994) data and could relate to the

location of the shells during life, as R(t) will vary between locations due to factors discussed in Section

2.6.2.3. There is a lack of R(t) data for both datasets between 1828 and 1906, potentially a period of

flux. However, the corresponding 14C ages from IntCal atmospheric do not suggest it would be.

Increased samples for this period would allow observation of a slightly decreasing trend from 1825 to

1957, hinted at in the R(t) of the two datasets. The most visually striking feature of Figure 33 is the large

positive spike between 1957 and 1986 due to the atmospheric nuclear bomb testing, as mentioned before.

Figure 33. Variation in R(t) between 1825 and 1986 from this study (red), and Witbaard et al. (1994)
(blue).
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This anthropogenic feature in the data hides any natural variation during this time and distorts the overall

trend.

Therefore, when analysing the R(t) and 14C ages obtained from A.islandica shell 1 from this study,

comparison with previous literature and IntCal atmospheric data reveals a stable trend over 100 years.

In contrast, comparison with d18O, d13C and detrended growth increments indicates a 100-year period

broken down into periods of stability and flux. Nevertheless, further studies of the North Sea and Irish

Sea MRE with higher sampling resolution and fewer sources of error are necessary to account for MRE

when dating marine samples and to generate an accurate marine reference curve. Otherwise, samples

may generate estimated ages that are several hundred or thousands of years offset from the actual age

(Alves et al., 2018).

6.5 North Sea and Irish Sea
Due to stable isotope analysis and radiocarbon dating occurring on shell 1 from the North Sea only, this

study cannot make conclusive remarks on the similarity or dissimilarity of the two seas. Observed SST

anomaly comparison with shell 1 for the North Sea and shell 5 for the Irish Sea reveals some information

of the two seas (Figs. 30 & 31) and advocates that the palaeoenvironmental proxy use of A.islandica is

not limited to certain areas but can be more widely applied. The Irish Sea has a broader range of SST

anomalies and is more evenly spread, while the North Sea has a narrower ranger and is slightly skewed

towards colder temperatures. This pattern suggests the Irish Sea is a slightly more variable environment

than the North Sea, but the North Sea suggests a slight cooling trend. A weak correlation between the

North Sea SST and shell 1 detrended GI datasets (Fig. 29, H and I). However, a strong correlation

between the Irish Sea SST and shell 5 detrended GI data (Fig. 29J) suggests that the relationship between

the two variables is not simple. Thus, it highlights the need for a more extensive study on the effect of

various oceanography factors on A.islandica growth.

The Irish Sea is smaller and more channel like than the North Sea. With a smaller coastline and less

terrestrial influx than the North Sea, the Irish Sea has less variation across its area in salinity, DIC,

temperature and other properties. Furthermore, due to the southern connection with the English Channel,

the North Sea will influence the Irish Sea, so any differences between the two are expected to be small.

Therefore, the discrepancy in observed SST anomalies between the two seas is not unexpected due to

their physical oceanographic differences. Controversially, the lack of a regular pattern across shell 5’s

detrended increment data suggests the Irish Sea is much more variable than the North Sea in favourable

growth conditions. Although, the interpretation could also be that A.islandica increments cannot

accurately record longer-term patterns in the Irish Sea.

Data inferred from A.islandica represent the seabed environment where temperatures are colder than

those at the surface because A.islandica is a benthic organism. Therefore, if there was a strong significant

correlation between detrended GI sizes and SST anomaly, it would suggest the presence of vertical
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mixing in the water column. The r-value for the Irish Sea SST and GI sizes suggest that A.islandica well

represent bottom waters, but the p-value reveals an insignificant relationship. The correlation between

SST and growth in the North Sea is weak and insignificant, suggesting the bottom and surface waters

are not well connected. Therefore, the temperature gradient may be large in both seas with little mixing

between bottom and surface.

In addition, the act of counting the increments using ImageJ software with the ObjectJ plugin can

also add value to the interpretation of the resulting data. It was distinctly easier to count the growth

increments in shell 5 rather than shell 1. The increments in shell 5 were sparser and further apart, making

them easier to see and mark. In contrast, shell 1 had more numerous and denser growth increments, so

counting and marking was harder, especially in the ontogenetically youngest sections. This disparity in

counting feasibility suggests the North Sea was more favourable for growth and experienced more

Figure 34. Comparison of the detrended increment size data and stable isotope results for shell 1 ventral
section with the northern hemisphere temperature anomaly (relative to 1901-1950 mean) (Mann, 2002) and
the winter (December to March) NAO index (blue) and 5-year running mean (red) from 1864-1997 (OSPAR
Commission 2000, 2000). The focus boxes highlight the time 1820-1960.
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variable conditions. Alternatively, it suggests that this dataset may hold noteworthy human error due to

methodology.

In essence, to gain a more conclusive picture of the North Sea and the Irish Sea conditions, a second

proxy should be used alongside A.islandica.

6.6 Little Ice Age
The overall trend across all resulting figures hint at the period analysed has three sections: 1. a highly

variable early period; 2. a stable middle period; and 3. a late increasing and variable period albeit not as

highly variable as the first section. Accordingly, the LIA may account for one or more of these sections.

In trying to understand the patterns and causes of the LIA, Mann (2002) suggested that LIA was a period

of increased variability in climate rather than an average climate change (Section 2.1.3). An

understanding along these lines would fit with the data from this study.

Figure 34 compares this studies datasets for isotope analysis and detrended increment size for shell

1 with the NAO index and the Northern Hemisphere temperature anomaly (relative to 1901-1950 mean)

taken from literature. There are hints of a general trend through all plots, but more data points in the

measured isotope and increment sizes are needed to be sure. The northern hemisphere temperature

anomaly decrease at the end of the 1800s may be present in the isotope and increment data but is absent

from the NAO index plot. The stability of the measured data through the early 1900s is also absent from

the NAO index. At the same time, the resolution of the temperature anomaly trend is too small to observe

any associated pattern. Overall, Figure 34 reveals an interesting speculative pattern where the isotope

and increment data from this study could follow a general trend associated with LIA. However, the

sampling resolution and limitations prevent more conclusive remarks.

Nevertheless, the association of d18O, d13C, and shell increment size from this study with observed

SST anomalies and a hinted general pattern towards LIA conditions validate the use of A.islandica as a

robust proxy for environmental and climate reconstructions, provided improvements are made in future

replicas of this study to limit the error and uncertainty.
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7 Conclusion
This study answers the questions outlined in the objectives and makes the following conclusions:

· This study has insufficient data to determine whether the LIA affects the MRE. The three R(t)

data points obtained show distinct variation across 103 years, indicating that MRE fluctuates

through time. However, due to the physical nature of the shallow marine basin, the North Sea

MRE likely varies through time without the influence of LIA. Furthermore, the outlier of the

three data points may be an error from contamination or handling mistakes. As such, no

conclusive trend can be confirmed from the data in this study.

· The sclerochronologically obtained growth increment data is significantly correlated with shell

1 d13C data after the ontogenetic bias has been removed through detrending methods.

Correlation with d18O is less certain as the two data sets for growth data from shell 1 produced

different results. An additional set of sclerochronology data for shell 1 would support the

correlation between d18O data and growth increment data. d18O tracks temperature change

linearly while decreased d13C indicates increased photosynthesis, so both datasets indicate

whether the environment is favourable for A.islandica growth.

· Comparison between the North Sea and the Irish Sea environments using A.islandica is limited

due to the lack of stable isotope and radiocarbon analysis performed on the Irish Sea specimen.

However, differences between the two seas are attainable from the observed SST anomaly data

alongside detrended increment data for shell 1 and shell 5 representing the North Sea and the

Irish Sea, respectively. The North Sea is observed to have a smaller anomaly range and biased

towards slightly colder temperatures, while the Irish Sea shows a broader and more even

temperature range. The applicability of A.islandica as a proxy for the Irish Sea is inconclusive

due to a lack of data.

Out of the four hypotheses proposed, only two are valid. First, a time series between 1765 and 1954

can be constructed from the growth increment data with absolute dates inferred knowing the collection

date. The second is that the stable isotope data collected from the Tea Kettle Hole Formation in the

North Sea A.islandica shell can reflect the observed growth pattern and reveal annual environmental

changes. This study could not validate whether seawater temperatures can be inferred from stable

oxygen isotope analysis. Due to time and method constraints, this study does not carry out d18Ocarbonate

conversion to bottom temperatures values. The only seawater temperature data used in this study was

the observed sea surface temperature anomaly offset from bottom temperature. The correlation of SST

anomaly for both the North Sea and the Irish Sea against stable isotope data and growth increment data

were insignificant. Thus the relationship between these variables cannot be determined.

However, this study successfully shows that A. islandica responds to and records environmental

variability. The applicability of sclerochronological methods to A.islandica shells from the North Sea
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and the Irish Sea is highlighted with a chronology was constructed from the growth increment data of

four shells with absolute dates inferred knowing the date of death. To a certain degree, stable isotope

data reflects the observed growth pattern, and reveals annual temperature and photosynthesis changes

with patterns similar to observed SST anomalies. Therefore, this study utilising A.islandica shells from

the North Sea and the Irish Sea enhances understanding of climate shifts from 1765 to 1954.



65

8 Future Recommendations
The obtained chronology of this study forms a reference to which new increment series can be compared

and dated, using additionally collected specimens of A.islandica. It is recommended that additional

specimens be collected from Tea Kettle Hole in the North Sea to validate the chronology further. Future

research could support an extended chronology with evenly spaced AMS 14C dated specimens that could

expand the chronology to a further 500 years if old enough specimens are found. Stable oxygen isotope

analysis from each year of this extended chronology could be used as a palaeothermometer to determine

the North Sea bottom temperature fluctuations through time. Collection and measurement of seawater

would be necessary to determine the d18Oseawater for use in the Epstein Equation. Unfortunately, this is

not possible because the seawater needed to have been collected throughout the period in question.

Further d13C analyses would provide a second proxy to validate or negate A.islandica shell material

with emphasis on the sampling resolution; it must be high enough to obtain a clear trend. A more in-

depth statistical analysis of all resulting data would provide evidence to clarify the significance of any

correlation and remove noise from the trends. Additional sampling for 14C would clarify the MRE in the

North Sea and aim to conclude the significance of the MRE. In all future work, effort must be taken to

reduce limitations at all stages, especially in the laboratories during the milling of shell material.

Selecting an appropriate drill size and minimising contamination would substantially improve the

robustness of the results. Future research may also compare with other palaeo proxy archives, such as

sediment cores or other bivalve species, with care taken to avoid sources that smooth data over hundreds

of years.
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11 Appendices

11.1 Appendix A – Increment Size Raw Data

Shell 1 – Try 1

Measured increment sizes in millimetres and pixel with the corresponding increment number
and year. No pixel data for try 1 of shell 1

Increment Number Year (CE) Size (pixels) Size (mm)
1 1834 - 0.6436
2 1835 - 5.0974
3 1836 - 1.4995
4 1837 - 1.868
5 1838 - 1.4908
6 1839 - 1.0941
7 1840 - 4.2349
8 1841 - 2.6965
9 1842 - 2.1992

10 1843 - 1.618
11 1844 - 1.9552
12 1845 - 2.3689
13 1846 - 1.4725
14 1847 - 1.0364
15 1848 - 0.7432
16 1849 - 0.5504
17 1850 - 0.4776
18 1851 - 0.5414
19 1852 - 0.6082
20 1853 - 0.1902
21 1854 - 0.3988
22 1855 - 0.2956
23 1856 - 0.1614
24 1857 - 0.2381
25 1858 - 0.2622
26 1859 - 0.4053
27 1860 - 0.3367
28 1861 - 0.2891
29 1862 - 0.2026
30 1863 - 0.3035
31 1864 - 0.1762
32 1865 - 0.1738
33 1866 - 0.1307
34 1867 - 0.1762
35 1868 - 0.1486
36 1869 - 0.154
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Increment Number Year (CE) Size (pixels) Size (mm)
37 1870 - 0.2583
38 1871 - 0.265
39 1872 - 0.09855
40 1873 - 0.2256
41 1874 - 0.1373
42 1875 - 0.09212
43 1876 - 0.07937
44 1877 - 0.1086
45 1878 - 0.1405
46 1879 - 0.1636
47 1880 - 0.1069
48 1881 - 0.09673
49 1882 - 0.08832
50 1883 - 0.1446
51 1884 - 0.09151
52 1885 - 0.1242
53 1886 - 0.1191
54 1887 - 0.07664
55 1888 - 0.06945
56 1889 - 0.1349
57 1890 - 0.1805
58 1891 - 0.1142
59 1892 - 0.08782
60 1893 - 0.1191
61 1894 - 0.0984
62 1895 - 0.06909
63 1896 - 0.09882
64 1897 - 0.08071
65 1898 - 0.08449
66 1899 - 0.1043
67 1900 - 0.04343
68 1901 - 0.121
69 1902 - 0.05255
70 1903 - 0.04799
71 1904 - 0.09142
72 1905 - 0.07761
73 1906 - 0.04565
74 1907 - 0.04109
75 1908 - 0.1119
76 1909 - 0.06624
77 1910 - 0.03887
78 1911 - 0.04565
79 1912 - 0.05711
80 1913 - 0.08218
81 1914 - 0.05748
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Increment Number Year (CE) Size (pixels) Size (mm)
82 1915 - 0.04134
83 1916 - 0.1096
84 1917 - 0.06168
85 1918 - 0.07536
86 1919 - 0.1079
87 1920 - 0.06392
88 1921 - 0.06168
89 1922 - 0.06392
90 1923 - 0.07319
91 1924 - 0.04799
92 1925 - 0.06168
93 1926 - 0.06848
94 1927 - 0.05022
95 1928 - 0.121
96 1929 - 0.09362
97 1930 - 0.06655
98 1931 - 0.05953
99 1932 - 0.03887

100 1933 - 0.03432
101 1934 - 0.08268
102 1935 - 0.04842
103 1936 - 0.08722
104 1937 - 0.1145
105 1938 - 0.1145
106 1939 - 0.1021
107 1940 - 0.06647
108 1941 - 0.1174
109 1942 - 0.1075
110 1943 - 0.1041
111 1944 - 0.09137
112 1945 - 0.06268
113 1946 - 0.06537
114 1947 - 0.02777
115 1948 - 0.06091
116 1949 - 0.08249
117 1950 - 0.06268
118 1951 - 0.03765
119 1952 - 0.02603
120 1953 - 0.01614
121 1954 - 0.04209
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Increment Number Year (CE) Size (pixels) Size (mm)

Shell 1 Try 2

Measured increment sizes in millimetres and pixel with the corresponding increment number and
year. Scale for transforming pixels to mm: 1mm = 1888.0042 pixels.

Increment Number Year (CE) Size (pixels) Size (mm)
1 1831 930.2903 0.49274
2 1832 865.3323 0.45833
3 1833 816.7888 0.43262
4 1834 241.8677 0.12811
5 1835 333.2567 0.17651
6 1836 425.6195 0.22543
7 1837 214.6625 0.11370
8 1838 70.2282 0.03720
9 1839 603.8874 0.31985

10 1840 660.8722 0.35004
11 1841 499.5518 0.26459
12 1842 1087.242 0.57587
13 1843 522 0.27648
14 1844 289.6204 0.15340
15 1845 174 0.09216
16 1846 517.6717 0.27419
17 1847 671.3568 0.35559
18 1848 97.6729 0.05173
19 1849 195.1615 0.10337
20 1850 369.3291 0.19562
21 1851 382.2146 0.20244
22 1852 521.8621 0.27641
23 1853 458.5194 0.24286
24 1854 505.0347 0.26750
25 1855 440.9898 0.23357
26 1856 161.4435 0.08551
27 1857 490.1306 0.25960
28 1858 337.3366 0.17867
29 1859 556.8052 0.29492
30 1860 317.0363 0.16792
31 1861 313.2092 0.16589
32 1862 268.9312 0.14244
33 1863 285.0474 0.15098
34 1864 171.6042 0.09089
35 1865 164.7544 0.08726
36 1866 417.1618 0.22095
37 1867 494.7727 0.26206
38 1868 192.0937 0.10174
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Increment Number Year (CE) Size (pixels) Size (mm)
39 1869 465.7252 0.24668
40 1870 270 0.14301
41 1871 165.5174 0.08767
42 1872 173.0665 0.09167
43 1873 194.6998 0.10312
44 1874 246.2925 0.13045
45 1875 226.8127 0.12013
46 1876 156.4609 0.08287
47 1877 159.7623 0.08462
48 1878 131.727 0.06977
49 1879 189.7367 0.10050
50 1880 220.9842 0.11705
51 1881 277.2436 0.14684
52 1882 257.7751 0.13653
53 1883 158.7955 0.08411
54 1884 121.6553 0.06444
55 1885 248.9016 0.13183
56 1886 288.4996 0.15281
57 1887 175.4537 0.09293
58 1888 138.8524 0.07354
59 1889 166.9012 0.08840
60 1890 124.5793 0.06598
61 1891 161.4435 0.08551
62 1892 195.3458 0.10347
63 1893 166.9012 0.08840
64 1894 155.5892 0.08241
65 1895 195.3458 0.10347
66 1896 85.0412 0.04504
67 1897 203.6468 0.10786
68 1898 88.0909 0.04666
69 1899 73.5391 0.03895
70 1900 138.8524 0.07354
71 1901 164.4384 0.08710
72 1902 87.7268 0.04647
73 1903 85.0412 0.04504
74 1904 195.3049 0.10345
75 1905 82.4621 0.04368
76 1906 50.9117 0.02697
77 1907 84.8528 0.04494
78 1908 82.4621 0.04368
79 1909 116 0.06144
80 1910 141.8732 0.07514
81 1911 110.6345 0.05860
82 1912 67.8823 0.03595
83 1913 155.5892 0.08241
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Increment Number Year (CE) Size (pixels) Size (mm)
84 1914 113.7014 0.06022
85 1915 122.4418 0.06485
86 1916 184.1738 0.09755
87 1917 82.0731 0.04347
88 1918 112.0714 0.05936
89 1919 116 0.06144
90 1920 84.8528 0.04494
91 1921 28.8444 0.01528
92 1922 45.607 0.02416
93 1923 76.8375 0.04070
94 1924 136.2351 0.07216
95 1925 86.5332 0.04583
96 1926 82.4621 0.04368
97 1927 84.9588 0.04500
98 1928 29.7321 0.01575
99 1929 50.9902 0.02701

100 1930 187.446 0.09928
101 1931 125.3196 0.06638
102 1932 101.9117 0.05398
103 1933 63.7809 0.03378
104 1934 55.1543 0.02921
105 1935 146.3865 0.07754
106 1936 72.2496 0.03827
107 1937 149.0369 0.07894
108 1938 186.7967 0.09894
109 1939 233.8076 0.12384
110 1940 198.0909 0.10492
111 1941 120 0.06356
112 1942 235.5525 0.12476
113 1943 165.1091 0.08745
114 1944 162.2498 0.08594
115 1945 139.2013 0.07373
116 1946 100.2646 0.05311
117 1947 117.1537 0.06205
118 1948 34.9857 0.01853
119 1949 115.2562 0.06105
120 1950 169.7587 0.08991
121 1951 125.3196 0.06638
122 1952 80.7217 0.04276
123 1953 84.8528 0.04494
124 1954 53.4135 0.02829

Shell 4

Measured increment sizes in millimetres and pixel with the corresponding increment number and
year. Scale for transforming pixels to mm: 1mm = 754.3076 pixels
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Increment Number Year (CE) Size (pixels) Size (mm)
1 1765 704.920 0.935
2 1766 729.285 0.967
3 1767 54.406 0.072
4 1768 504.983 0.669
5 1769 454.876 0.603
6 1770 110.923 0.147
7 1771 82.462 0.109
8 1772 84.380 0.112
9 1773 77.666 0.103

10 1774 177.674 0.236
11 1775 228.980 0.304
12 1776 291.781 0.387
13 1777 223.786 0.297
14 1778 170.880 0.227
15 1779 330.938 0.439
16 1780 393.080 0.521
17 1781 427.327 0.567
18 1782 391.019 0.518
19 1783 370.621 0.491
20 1784 460.109 0.610
21 1785 175.841 0.233
22 1786 238.076 0.316
23 1787 184.911 0.245
24 1788 304.059 0.403
25 1789 144.693 0.192
26 1790 290.496 0.385
27 1791 150.013 0.199
28 1792 59.666 0.079
29 1793 70.000 0.093
30 1794 189.283 0.251
31 1795 150.333 0.199
32 1796 147.635 0.196
33 1797 78.103 0.104
34 1798 53.815 0.071
35 1799 70.767 0.094
36 1800 103.247 0.137
37 1801 67.882 0.090
38 1802 126.064 0.167
39 1803 176.182 0.234
40 1804 72.250 0.096
41 1805 42.426 0.056
42 1806 178.045 0.236
43 1807 186.676 0.247
44 1808 61.221 0.081
45 1809 62.129 0.082
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Increment Number Year (CE) Size (pixels) Size (mm)
46 1810 33.287 0.044
47 1811 26.077 0.035
48 1812 34.986 0.046
49 1813 38.210 0.051
50 1814 133.701 0.177
51 1815 79.449 0.105
52 1816 89.753 0.119
53 1817 63.246 0.084
54 1818 49.425 0.066
55 1819 25.888 0.034
56 1820 24.513 0.032
57 1821 27.488 0.036
58 1822 38.758 0.051
59 1823 40.640 0.054
60 1824 53.791 0.071
61 1825 36.878 0.049
62 1826 106.780 0.142
63 1827 139.703 0.185
64 1828 113.850 0.151
65 1829 106.067 0.141
66 1830 51.051 0.068
67 1831 66.243 0.088
68 1832 45.923 0.061
69 1833 45.255 0.060
70 1834 68.550 0.091
71 1835 23.589 0.031
72 1836 76.838 0.102
73 1837 61.502 0.082
74 1838 227.694 0.302
75 1839 73.068 0.097
76 1840 50.049 0.066
77 1841 20.827 0.028
78 1842 105.200 0.139
79 1843 166.069 0.220
80 1844 131.384 0.174
81 1845 137.067 0.182
82 1846 61.102 0.081
83 1847 103.495 0.137
84 1848 82.582 0.109
85 1849 96.874 0.128
86 1850 83.958 0.111
87 1851 75.519 0.100
88 1852 88.534 0.117
89 1853 84.906 0.113
90 1854 49.171 0.065
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Increment Number Year (CE) Size (pixels) Size (mm)
91 1855 84.042 0.111
92 1856 75.756 0.100
93 1857 49.978 0.066
94 1858 44.562 0.059
95 1859 48.630 0.064
96 1860 32.111 0.043
97 1861 83.663 0.111
98 1862 38.134 0.051
99 1863 41.740 0.055

100 1864 51.225 0.068
101 1865 60.959 0.081
102 1866 66.843 0.089
103 1867 69.656 0.092
104 1868 74.967 0.099
105 1869 59.666 0.079
106 1870 79.247 0.105
107 1871 87.681 0.116
108 1872 123.240 0.163
109 1873 58.138 0.077
110 1874 132.439 0.176
111 1875 144.222 0.191
112 1876 143.178 0.190
113 1877 67.201 0.089
114 1878 61.221 0.081
115 1879 55.173 0.073
116 1880 66.603 0.088
117 1881 45.255 0.060
118 1882 55.173 0.073

Shell 5

Measured increment sizes in millimetres and pixel with the corresponding increment number and
year. Scale for transforming pixels to mm: 1mm = 598.1371 pixels

Increment Number Year (CE) Size (pixels) Size (mm)
1 1860 2126.114 3.554559
2 1861 3332.125 5.570838
3 1862 894.3199 1.495175
4 1863 534.655 0.893867
5 1864 658.3373 1.100646
6 1865 376.4465 0.629365
7 1866 910.8238 1.522768
8 1867 171.2075 0.286235
9 1868 124.5793 0.208279

10 1869 1045.715 1.748287
11 1870 1524.635 2.548972
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Increment Number Year (CE) Size (pixels) Size (mm)
12 1871 963.0119 1.610019
13 1872 134.1641 0.224303
14 1873 51.225 0.085641
15 1874 108.074 0.180684
16 1875 345.0681 0.576905
17 1876 425.2058 0.710884
18 1877 380 0.635306
19 1878 45.2548 0.07566
20 1879 178.3928 0.298247
21 1880 200 0.334372
22 1881 90.9725 0.152093
23 1882 151.344 0.253026
24 1883 94.2019 0.157492
25 1884 261.62 0.437391
26 1885 318.6503 0.532738
27 1886 254.4347 0.425379
28 1887 181.3202 0.303142
29 1888 120.6731 0.201748
30 1889 95.7183 0.160027
31 1890 186.7967 0.312297
32 1891 46.9574 0.078506
33 1892 165.6804 0.276994
34 1893 59.0931 0.098795
35 1894 115.4123 0.192953
36 1895 257.3888 0.430317
37 1896 306.2058 0.511932
38 1897 188.8094 0.315662
39 1898 93.1933 0.155806
40 1899 45.793 0.076559
41 1900 105.7592 0.176814
42 1901 49.3964 0.082584
43 1902 128.7012 0.21517
44 1903 52.8394 0.08834
45 1904 172.7078 0.288743
46 1905 114.0175 0.190621
47 1906 182.4829 0.305085
48 1907 154.1558 0.257727
49 1908 65.6049 0.109682
50 1909 77.666 0.129846
51 1910 128.2809 0.214467
52 1911 156.9841 0.262455
53 1912 237.6215 0.397269
54 1913 38.4187 0.064231
55 1914 152.4861 0.254935
56 1915 153.3101 0.256313
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Increment Number Year (CE) Size (pixels) Size (mm)
57 1916 110.0545 0.183995
58 1917 132.5745 0.221646
59 1918 62.514 0.104515
60 1919 32.249 0.053916
61 1920 101.6071 0.169873
62 1921 40.7922 0.068199
63 1922 83.9524 0.140356
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Simple statistics of the raw data

Size (mm) Year (CE)

Shell 1 Try 1

Minimum Value 0.01614 1834

Maximum Value 5.0974 1954

Mean 0.361146

Standard Deviation 0.756999

Shell 1 Try 2

Minimum Value 0.01528 1831

Maximum Value 0.57587 1954

Mean 0.12035

Standard Deviation 0.102

Shell 4

Minimum Value 0.028 1765

Maximum Value 0.967 1882

Mean 0.168

Standard Deviation 0.16909

Shell 5

Minimum Value 0.054 1860

Maximum Value 5.571 1922

Mean 0.533

Standard Deviation 0.890882
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11.2 Appendix B – Detrending MATLAB Script

MATLAB script to plot shell increment size against year and detrend the data to remove the ontogenetic

signal.

Detrend increments using power function
Load the files (units in mm)

- shell1_ventral.txt = 1 = shell 1 ventral section try 1

- Shell1_Ventral_Try2_mm = 1E = shell 1 ventral section try 2

- Shell4_Ventral_mm = 4 = Shell 4 ventral section

- Shell5_Ventral_mm = 5 = Shell 5 ventral section

filename = 'shell1_ventral.txt';
data = load(filename);

filename1E = 'Shell1_Ventral_Try2_mm.txt';
data1E = load(filename1E);

filename4 = 'Shell4_Ventral_mm.txt';
data4 = load(filename4);

filename5 = 'Shell5_Ventral_mm.txt';
data5 = load(filename5);

Set the death year of the shell (date of live collection)

deathyear = 1954;
deathyear1E = 1954;
deathyear4 = 1882;
deathyear5 = 1922;

Load the data from the files

- ontage = ontological age

- incsize = increment size

ontage = data(:,1);
year = ontage + (deathyear-max(ontage));
incsize = data(:,2);

ontage1E = data1E(:,1);
year1E = ontage1E + (deathyear1E-max(ontage1E));
incsize1E = data1E(:,2);

ontage4 = data4(:,1);
year4 = ontage4 + (deathyear4-max(ontage4));
incsize4 = data4(:,2);

ontage5 = data5(:,1);
year5 = ontage5 + (deathyear5-max(ontage5));
incsize5 = data5(:,2);

Plot all raw data in Figure 1
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figure(1)
hold on
plot(year  , incsize ,'bd-')
plot(year1E  , incsize1E ,'rd-')
plot(year4  , incsize4 ,'cd-')
plot(year5  , incsize5 ,'md-')
xlabel('Year CE')
ylabel('Increment size (mm)')
title('Shells 1 (Try 1+2), 4 & 5 Ventral Raw Data')
hold off

Separate out first 20 years of erratic growth (tip from Bernd Schöne)

ontageyoung = ontage(1:20);
ontageold = ontage(21:end);
yearyoung = year(1:20);
yearold = year(21:end);
incsizeyoung = incsize(1:20);
incsizeold = incsize(21:end);

ontageyoung1E = ontage1E(1:20);
ontageold1E = ontage1E(21:end);
yearyoung1E = year1E(1:20);
yearold1E = year1E(21:end);
incsizeyoung1E = incsize1E(1:20);
incsizeold1E = incsize1E(21:end);

ontageyoung4 = ontage4(1:20);
ontageold4 = ontage4(21:end);
yearyoung4 = year4(1:20);
yearold4 = year4(21:end);
incsizeyoung4 = incsize4(1:20);
incsizeold4 = incsize4(21:end);

ontageyoung5 = ontage5(1:20);
ontageold5 = ontage5(21:end);
yearyoung5 = year5(1:20);
yearold5 = year5(21:end);
incsizeyoung5 = incsize5(1:20);
incsizeold5 = incsize5(21:end);

Plot data without the first 20 years in Figure 2

figure(2)
clf
hold on
plot(yearold , incsizeold ,'bd-')
plot(yearold1E , incsizeold1E ,'rd-')
plot(yearold4, incsizeold4,'cd-')
plot(yearold5 , incsizeold5 ,'md-')

Add the rational fit of increment data

ft = fittype( 'rat01' );
opts = fitoptions( 'Method', 'NonlinearLeastSquares' );
[fitresult, gof] = fit( yearold, incsizeold, ft, opts )
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ft1E = fittype( 'rat01' );
opts1E = fitoptions( 'Method', 'NonlinearLeastSquares' );
[fitresult1E, gof] = fit( yearold1E, incsizeold1E, ft1E, opts1E )

ft4 = fittype('rat01');
opts4 = fitoptions('Method','NonlinearLeastSquares');
[fitresult4,gof] = fit(yearold4, incsizeold4, ft4, opts4)

ft5 = fittype( 'rat01' );
opts5 = fitoptions( 'Method', 'NonlinearLeastSquares' );
[fitresult5, gof] = fit( yearold5, incsizeold5, ft5, opts5 )

Plot the fit line

plot(fitresult,'b-')
plot(fitresult1E,'r-')
plot(fitresult4,'c-')
plot(fitresult5,'m-')

xlabel('Year CE')
ylabel('Increment size')
title('Shells 1 (Try 1+2), 4 & 5 Ventral Filtered')

hold off

Calculate the offset between the data points and the fitted line

- incsizepred = increment for each year predicted by fit model

incsizepred = fitresult.p1 ./ (yearold + fitresult.q1);
offset = incsizeold-incsizepred;

incsizepred1E = fitresult1E.p1 ./ (yearold1E + fitresult1E.q1);
offset1E = incsizeold1E-incsizepred1E;

incsizepred4 = fitresult4.p1 ./ (yearold4 + fitresult4.q1);
offset4 = incsizeold4-incsizepred4;

incsizepred5 = fitresult5.p1 ./ (yearold5 + fitresult5.q1);
offset5 = incsizeold5-incsizepred5;

Plot the offset in Figure 3

figure(3)
clf
hold on
plot(yearold, offset,'bd-')
plot(yearold1E, offset1E,'rd-')
plot(yearold4, offset4,'cd-')
plot(yearold5, offset5,'md-')

xlabel('Year CE')
ylabel('Increment size')
title("Shells 1 (Try 1+2), 4 & 5 Ventral Detrended")
legend('Shell 1 Try1','Shell 1 Try2','Shell 4','Shell 5')
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11.3 Appendix C – Stable Isotope Data

Shell 1 ventral section oxygen and carbon isotope analysis raw data.

· Total number of increments = 132
· Death year = 1954

Sample
Number

Increment
Number

From

Increment
Number to Year From Year To Median

Year
Year Error

(±) d18O d13C
FARLAB
Project
Number

Run Sheet
Number

1 4 4 1826 1826 1826 0 3.18 2.33 2021-09-001 ET21-01
2 6 6 1828 1828 1828 0 2.74 2.61 2021-09-002 ET21-01
3 7 7 1829 1829 1829 0 2.63 2.98 2021-09-003 ET21-01
4 8 8 1830 1830 1830 0 2.90 3.32 2021-09-004 ET21-01

26 10 10 1832 1832 1832 0 2.93 3.10 2021-09-026 ET21-01
5 13 13 1835 1835 1835 0 2.93 3.10 2021-09-005 ET21-01
6 16 16 1838 1838 1838 0 2.49 3.50 2021-09-006 ET21-01
7 19 19 1841 1841 1841 0 2.82 3.16 2021-09-007 ET21-01
8 21 22 1843 1844 1843.5 0.5 3.03 2.32 2021-09-008 ET21-01

29 23 26 1845 1848 1846.5 1.5 2.83 1.92 2021-09-029 ET21-01
9 26 28 1848 1850 1849 1 3.04 2.04 2021-09-009 ET21-01

10 28 30 1850 1852 1851 1 3.15 2.09 2021-09-010 ET21-01
28 30 32 1852 1854 1853 1 3.04 2.00 2021-09-028 ET21-01
11 33 35 1855 1857 1856 1 3.37 1.60 2021-09-011 ET21-01
12 35 38 1857 1860 1858.5 1.5 3.57 1.55 2021-09-012 ET21-01
27 38 39 1860 1861 1860.5 0.5 3.08 1.87 2021-09-027 ET21-01
13 41 43 1863 1865 1864 1 3.13 1.60 2021-09-013 ET21-01
14 44 46 1866 1868 1867 1 3.53 1.57 2021-09-014 ET21-01
15 49 53 1871 1875 1873 2 3.24 1.75 2021-09-015 ET21-01
16 55 58 1877 1880 1878.5 1.5 3.24 1.99 2021-09-016 ET21-01
17 69 72 1891 1894 1892.5 1.5 3.15 1.50 2021-09-017 ET21-01
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Sample
Number

Increment
Number

From

Increment
Number to Year From Year To Median

Year
Year Error

(±) d18O d13C
FARLAB
Project
Number

Run Sheet
Number

18 75 77 1897 1899 1898 1 3.22 1.51 2021-09-018 ET21-01
19 87 91 1909 1913 1911 2 3.20 1.47 2021-09-019 ET21-01
20 94 99 1916 1921 1918.5 2.5 3.13 1.43 2021-09-020 ET21-01
21 108 110 1930 1932 1931 1 3.17 1.36 2021-09-021 ET21-01
22 110 111 1932 1933 1932.5 0.5 3.32 1.60 2021-09-022 ET21-01
23 113 115 1935 1937 1936 1 3.10 1.52 2021-09-023 ET21-01
24 121 123 1943 1945 1944 1 3.44 1.70 2021-09-024 ET21-01
25 124 126 1946 1948 1947 1 3.84 1.57 2021-09-025 ET21-01
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11.4 Appendix D – Radiocarbon Data

Shell 1 ventral section radiocarbon dating analysis raw data. Total number of increments = 132; death year = 1954

Radiocarbon
Sample No. Lab No. Increment

No. From
Increment

No. To Year From Year To Median
Year Year Error d13C ‰ V-

PDB
14C BP SD 1σ

1 Ua-69919 3 3 1825 1825 1825 0 None 687 36
2 5 5 1827 1827 1827 0
3 23 23 1845 1845 1845 0
4 32 33 1854 1855 1854.5 0.5
5 39 40 1861 1862 1861.5 0.5
6 63 66 1885 1888 1886.5 1.5
7 Ua-69925 83 86 1905 1908 1906.5 1.5 None 522 47
8 Ua-69926 105 107 1927 1929 1928 1 None 581 34
9 118 120 1940 1942 1941 1
10 126 128 1948 1950 1949 1

Radiocarbon
Sample No. Year CE Year

Error F14C F14C error 14C age
14C age
error

Shell 14C
age

Shell 14C
error

Reservoir
effect, R(t)

Reservoir
effect error

1 1825 0 0.9876 0.0011 100 9 687 36 587 37
2 1827 0
3 1845 0
4 1854.5 0.5
5 1861.5 0.5
6 1886.5 1.5
7 1906.5 1.5 0.9869 0.0012 106 10 522 47 416 48
8 1928 1 0.9803 0.0012 160 10 581 34 421 35
9 1941 1
10 1949 1
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11.5 Appendix E – Biplots of measured data

Biplots of collected and measured data to show correlation between growth increment size, d18O, d13C and observed SST anomaly with the Pearson Product
Moment Correlation (r) and the coefficient correlation (r2) noted.

Biplot Dependent Variable Independent Variable r-squared value r value (from
EXCEL)

r value (from
MATLAB)

p value Is the r-value
significant (p<0.05)?

A d18O 1 North Sea SST 0.0108 0.1039 0.0747 0.9050 No
B d13C 1 North Sea SST 0.0951 0.3084 0.2960 0.6288 No
C d13C 1 GI Size 1.1 0.9672 0.9835 0.9840 0.0003 Yes
D d13C 1 GI Size 1.2 0.8643 0.9297 0.9282 0.0076 Yes
E d18O 1 GI Size 1.1 0.7803 -0.8833 -0.8889 0.0178 Yes
F d18O 1 GI Size 1.2 0.5973 -0.7729 -0.7810 0.0667 No
G d13C 1 d18O 1 0.6736 -0.8207 -0.8277 0.0420 Yes
H GI Size 1.1 North Sea SST 0.1967 0.4435 0.4365 0.3869 No
I GI Size 1.2 North Sea SST 0.1554 0.3942 0.3876 0.4478 No
J GI Size 5 Irish Sea SST 0.8829 0.9396 0.9914 0.0836 No
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