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Abstract

Hidden within the carbonate shells of Arctica islandica (A. islandica) bivalve
species lies a wealth of information about past environmental conditions. Start-
ing with the 1980s, this clam species surged not only in commercial popularity,
but it quickly became one of the most important biorecorders in the field of scle-
rochronology — which focuses on growth patterns in the hard tissues of accreting
organisms — owing to individual lifespans exceeding centuries in the northern
North Atlantic basin. Growth increments are typically annually deposited and
can be precisely dated, thereby facilitating cross-dating of multiple specimens to
construct century-long master chronologies, and hence, long-term environmental
records. However, compared to the isotopic composition of the growth bands,
which acts as proxy for temperature, salinity and water productivity, growth
increments are more challenging to decipher due to the interplay of multiple
physical and biological factors, with the contribution of each factor varying in
proportion depending on the region. With A. islandica already established in the
community as a versatile climate archive, which novel insights can be envisioned?

There is, for instance, an interest in exploring the spatial variability of envi-
ronmental signals recorded by A. islandica master chronologies across diverse
geographical regions. This attempt enables a more comprehensive understand-
ing of the common growth signal and its relationship to large-scale climate phe-
nomena. Spectral and correlation analyses have consistently revealed that A.
islandica records decadal and multidecadal periodicities, often associated with
natural oscillations that influence large-scale ocean circulation patterns such as
the Atlantic Multidecadal Oscillation (AMO) and Pacific Decadal Oscillation
(PDO), as well as atmospheric circulation patterns like the North Atlantic Os-
cillation (NAO). Given the ongoing state of climate change, characterized by
increasingly frequent and potentially more intense extreme events compared to
recent years, there is a burgeoning interest in assessing whether growth anoma-
lies observed in marine organisms correspond to unusual climatic patterns. In
my research, I define extreme growth as deviations in the 10" and 90" per-
centiles from the mean growth, and believe these can provide valuable insights
into environmental stressors. The aim of this thesis and the results therein is
to identify clues that can guide future research towards a deeper understanding
of the complex large-scale climatic interactions shaping growth variability and
extreme responses in A. islandica.

To extract the shared growth signal in the northern North Atlantic, I have com-
piled previously published centennial-long master shell chronologies in several
bivalve-based networks, and applied distinct principal component analyses. It
was interesting to see a higher degree of congruity in the low growth years across
the networks and the methodological approaches, underscoring the robustness
of the findings concerning bivalve extreme growth. To identify anomalous large-
scale patterns in the sea surface temperature and sea-level pressure, I have relied
on composite maps of growth extremes along with reanalysis data. The compos-
ite analyses revealed that years marked by reduced growth aligned with positive
sea-surface temperature anomalies in the extratropical to polar North Atlantic
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basin resembling multidecadal AMO mode, which paired with a coherent pattern
in the North Pacific suggestive of a negative Pacific Decadal Oscillation. The
bivalve networks further revealed that two chronologies from distinct areas — the
northern Icelandic shelf and the German Bight in the southern North Sea — did
not conform to the spatial patterns observed. Consequently, two case studies
were conducted to investigate the unique characteristics of these locations.

Using the chronology from the northern Icelandic Shelf, based on A. islandica bi-
valves from a water depth of 81 to 83 meters, my approach specifically addresses
why correlations with sea-surface temperature often lack the required statisti-
cal significance and are deemed inconclusive. In this example, I correlated the
growth signal with a three-month running average of temperature and salinity
data across various water depth layers, and found significant correlations with
the subsurface waters starting at a depth of 56 meters during summer and au-
tumn, whereas correlations with the surface temperature layers were lagged by
two years. Additionally, by computing spatial correlation maps, I highlight the
potential of A. islandica to track thermally similar water bodies at large-scale.
Next, I used an unpublished growth chronology of A. islandica from Helgoland
in the southern North Sea alongside composite maps, to investigate which atmo-
spheric patterns are associated with extreme growth events. The results indicate
that growth in A. islandica is reduced during years characterized by a positive
polarity of the NAO in winter, followed by intensified atmospheric blocking over
the British Isles in spring. Spring blocking might also be linked to winter block-
ing in the North Pacific. The regional atmospheric pattern impacts the timing
of the spring phytoplankton bloom, leading to a delay in the availability of es-
sential nutrients necessary for growth.

By bridging research gaps between the field of sclerochronology and climate dy-
namics, this thesis delves into different aspects of the Arctica islandica’s potential
as a climate archive in the North Atlantic. Whether deciphering the common
growth signal across bivalve networks (Paper I), or examining the spatial-depth
relationship with subsurface temperature variations (Paper II), or uncovering
links to atmospheric teleconnections and blocking frequency events (Paper IIT),
each study adds exciting findings, holding relevance for both paleo- and future-
oriented studies.



Zusammenfassung

In den Karbonatschalen von Arctica islandica (A. islandica) verbirgt sich eine
Fiille von Informationen iiber vergangene Umweltbedingungen. Seit den 1980er
Jahren erfreut sich diese Muschelart nicht nur zunehmender kommerzieller Be-
liebtheit, sondern wurde aufgrund ihrer jahrhundertelangen Lebensdauer im
noérdlichen Nordatlantik schnell zu einem der wichtigsten Klimaarchiv auf dem
Gebiet der Sklerochronologie, welche sich mit Wachstumsmustern im Hartgewe-
be von Organismen befasst, die sich vermehren. Wachstumsschiibe werden in der
Regel jahrlich abgelagert und kénnen genau datiert werden, was die Querdatie-
rung mehrerer Exemplare erleichtert. Somit konnen jahrhundertelange Gesamt-
chronologien und langfristige Umweltaufzeichnungen erstellt werden. Im Ver-
gleich zur Isotopenzusammensetzung der Wachstumsbéander, die als Stellvertre-
ter fiir Temperatur, Salzgehalt und Wasserproduktivitat fungiert, sind Wachs-
tumsinkremente jedoch aufgrund des Zusammenspiels mehrerer physikalischer
und biologischer Faktoren schwieriger zu entschliisseln, wobei der Beitrag der
einzelnen Faktoren je nach Region unterschiedlich hoch ist. Welche neuen Er-
kenntnisse sind zu erwarten, nachdem sich A. islandica in der Forschung bereits
als vielseitiges Klimaarchiv etabliert hat?

Es besteht ein Interesse daran, die rdumliche Variabilitat von Umweltsignalen
zu erforschen, die von A. islandica-Masterchronologien in verschiedenen geo-
grafischen Regionen aufgezeichnet werden. Diese Arbeit ermdglicht ein umfas-
senderes Versténdnis des gemeinsamen Wachstumssignals und seiner Beziehung
zu groffraumigen Klimaphdnomenen. Spektral- und Korrelationsanalysen haben
durchweg ergeben, dass A. islandica dekadische und multidekadische Periodi-
zitdten aufzeichnet, die haufig mit natiirlichen Oszillationen verbunden sind,
welche groffiraumige Ozeanzirkulationsmuster wie die Atlantische Multidekadi-
sche Oszillation (AMO) und die Pazifische Dekadische Oszillation (PDO) sowie
atmosphérische Zirkulationsmuster wie die Nordatlantische Oszillation (NAO)
beeinflussen. Angesichts des fortschreitenden Klimawandels, der durch immer
haufigere und potenziell intensivere Extremereignisse im Vergleich zu den letzten
Jahren gekennzeichnet ist, wéichst das Interesse an der Frage, ob bei Meeresor-
ganismen beobachtete Wachstumsanomalien mit ungewohnlichen klimatischen
Mustern zusammenhéngen. In meiner Forschung definiere ich extremes Wachs-
tum als Abweichungen in den 10**- und 90**-Perzentilen vom mittleren Wachs-
tum, welche wertvollen Erkenntnisse iber Umweltstressoren liefern konnen. Das
Ziel dieser Arbeit und der darin enthaltenen Ergebnisse ist es, Anhaltspunkte zu
finden, die kiinftige Forschungen zu einem tieferen Verstidndnis der komplexen
groffraumigen klimatischen Wechselwirkungen fithren konnen, die die Wachs-
tumsvariabilitat und die extremen Reaktionen von A. islandica beeinflussen.

Um das gemeinsame Wachstumssignal im nordlichen Nordatlantik zu extrahie-
ren, habe ich zuvor verdffentlichte jahrhundertelange Muschelchronologien in
verschiedenen Muschelnetzwerken zusammengestellt und verschiedene Haupt-
komponentenanalysen durchgefiihrt. Es war interessant zu sehen, dass die Jahre
mit geringem Wachstum in den verschiedenen Netzwerken und methodischen

Ansétzen ein hoheres MaB an Ubereinstimmung aufwiesen, was die Robustheit
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der Erkenntnisse tiber das extreme Wachstum der Muscheln unterstreicht. Um
anomale grofirdumige Muster in der Meeresoberflichentemperatur und im Mee-
resspiegeldruck zu identifizieren, habe ich mich auf zusammengesetzte Karten
von Wachstumsextremen zusammen mit Reanalysedaten gestiitzt. Die zusam-
mengesetzten Analysen ergaben, dass Jahre reduziertem Wachstums mit posi-
tiven Anomalien der Meeresoberflichentemperatur im auflertropischen bis pola-
ren Nordatlantik einhergingen, die einem multidekadischen AMO-Modus dhneln,
der sich mit einem kohédrenten Muster im Nordpazifik paart, das auf eine nega-
tive dekadische pazifische Oszillation hindeutet. Die Muschelnetze zeigten au-
Berdem, dass zwei Chronologien aus verschiedenen Gebieten — dem nordlichen
isldindischen Schelf und der Deutschen Bucht in der siidlichen Nordsee — nicht
mit den beobachteten raumlichen Mustern tibereinstimmten. Daher wurden zwei
Fallstudien durchgefiihrt, um die besonderen Merkmale dieser Gebiete zu unter-
suchen.

Anhand der Chronologie des nérdlichen isléndischen Schelfs, die auf A. is-
landica-Muscheln aus einer Wassertiefe von 81 bis 83 Metern basiert, befasst
sich mein Ansatz speziell mit der Frage, warum Korrelationen mit der Mee-
resoberflichentemperatur oft nicht die erforderliche statistische Signifikanz auf-
weisen und als nicht schliissig angesehen werden. In diesem Beispiel verglich
ich das Wachstumssignal mit einem dreimonatigen laufenden Durchschnitt von
Temperatur- und Salzgehaltsdaten in verschiedenen Wassertiefenschichten. Ich
fand signifikante Korrelationen mit dem unterirdischen Wasser ab einer Tiefe
von 56 m im Sommer und Herbst, wihrend die Korrelationen mit den Ober-
flachentemperaturschichten um zwei Jahre verzogert waren. Zuséatzlich habe ich
durch die Berechnung raumlicher Korrelationskarten das Potenzial von A. is-
landica hervorgehoben, thermisch ahnliche Wasserkorper in grofem Mafistab zu
verfolgen. Als néchstes habe ich eine unverdffentlichte Wachstumschronologie
von A. islandica aus Helgoland in der siidlichen Nordsee gemeinsam mit zusam-
mengesetzten Karten verwendet, um zu untersuchen, welche atmosphérischen
Muster mit extremen Wachstumsereignissen verbunden sind. Die Ergebnisse
deuten darauf hin, dass das Wachstum von A. islandica in Jahren mit einer
positiven Polaritat der NAO im Winter, gefolgt von einer verstirkten atmo-
sphérischen Blockierung iiber den Britischen Inseln im Friihjahr, reduziert ist.
Die Frithjahrsblockierung kénnte auch mit der Winterblockierung im Nordpazifik
zusammenhéngen. Das regionale atmosphérische Muster wirkt sich auf den Zeit-
punkt der Phytoplanktonbliite im Frithjahr aus und fiithrt zu einer Verzégerung
bei der Verfiigharkeit der fiir das Wachstum notwendigen Néhrstoffe.

Durch die Uberbriickung von Forschungsliicken zwischen dem Gebiet der Sklero-
chronologie und der Klimadynamik werden in dieser Arbeit verschiedene Aspek-
te des Potenzials des Arctica islandica als Klimaarchiv im Nordatlantik unter-
sucht. Ob die Entschliisselung des gemeinsamen Wachstumssignals iiber Mu-
schelnetzwerke hinweg (Paper I) oder die Untersuchung der Beziehung zwischen
raumlicher Tiefe und unterirdischen Temperaturschwankungen (Paper II), oder
die Aufdeckung von Verbindungen zu atmosphérischen Telekonnektionen und
Blocking-Frequenzen (Paper III), jede Studie liefert spannende Erkenntnisse,
die sowohl fiir paldo- als auch fiir zukunftsorientierte Studien relevant sind.
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Infroduction

With the aim of acquiring environmental data preceding the observational pe-
riod (1850-present), researchers have relied on a variety of biotic and abiotic
proxy data sources. These include biotic proxies such as microfossil assemblages
(e.g, planktic and benthic foraminifera, ostracods, diatoms, radiolaria, dinoflag-
ellates), corals, tree rings, mollusks, coralline algae, and fish otoliths, each pro-
viding unique insights into past environmental conditions either through their
growth patterns and/or chemical compositions (i.e., isotopes and elemental ra-
tios). Abiotic proxies retrieved from cave deposits such as speleothems, ice
cores and sedimentary cores are attractive sources of paleoclimate information
as these do not have a biological fingerprint, and can provide deep-time con-
tinuous records of past climate variations and abrupt climate shifts (e.g., Dans-
gaard et al., 1993; Bar-Matthews et al., 2000; Andersen et al., 2004; Lisiecki
and Raymo, 2005; Jouzel et al., 2007; Wang et al., 2008; Barker et al., 2011;
Unal-Imer et al., 2015; Baker et al., 2015).

In marine paleoclimate research, sedimentary cores and foraminifera assem-
blages serve as primary sources of proxy data and information about paleo-
temperatures (Zachos et al., 1994; Dowsett et al., 2005; Pearson et al., 2007;
Kim et al., 2008; Andersson et al., 2010; Leutert et al., 2020) and seawater
composition (Lear et al.; 2000; Waelbroeck et al.; 2002). No proxy source is
without its challenges, and one important caveat, among other, is the lack of
high-resolution necessary for precisely identifying and understanding short-term
climatic processes. On the other hand, corals, coralline algae and mollusks serve
as excellent high-resolution proxy sources due to their inter- and intra-annual
banding patterns in their carbonate-precipitated exoskeletons, which allow for
precise dating and the detection of climate anomalies (e.g., Rimbu et al., 2003;
Felis et al., 2009), and both short- and long-term internal modes of climate vari-
ability (Felis et al., 2000; Cobb et al., 2001; Rimbu et al., 2001; Schone et al.,
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2003a; Wanamaker et al., 2008; Felis et al., 2010; Halfar et al., 2011; Hetzinger
et al., 2012; Lohmann and Schoéne, 2013; Cobb et al., 2013; Mette et al., 2021).
Additionally, coralline algae provides unique information about sea-ice variabil-
ity on decadal to sub-decadal scales (Halfar et al., 2013) and primary production
(Chan et al., 2017), whereas corals and mollusks can offer a detailed record of
paleo-seasonality (Kobashi and Grossman, 2003; Ivany et al., 2004; Beierlein
et al., 2015; Brocas et al., 2016; Mangerud and Svendsen, 2018). Hence, marine
calcifiers have an inherent advantage over other proxy sources due to their abil-

ity to provide detailed and precise records about past oceanographic conditions.

In recent times, the interplay of natural climate variability and anthropogenic
influences has accelerated the rise in global mean temperatures, leading to sig-
nificant changes in ocean biogeochemistry (see Doney, 2010; Gruber, 2011). The
current change in ocean conditions, as it is a crucial climate component respon-
sible for absorbing one third of the anthropogenically-derived emissions (Sabine
et al., 2004), poses a risk to carbonate-precipitating marine organisms and bio-
diversity through the effects of ocean warming, acidification and deoxygenation
(Doney et al., 2009; Gruber, 2011; Heinze et al., 2021). Open ocean warming is
becoming a global occurrence: the number of marine heatwaves has increased
twofold for the satellite observation period 1982-2016 CE (Frolicher et al., 2018).
Coastal areas are more profoundly affected by deoxygenation than the open
ocean (Gilbert et al., 2010) due to factors such as warming, stratification, eu-
trophication, and microbial activity, leading to the global spread and increase

of hypoxic regions (Diaz and Rosenberg, 2008).

A critical and classic example is the increase in frequency and magnitude of
tropical coral reef bleaching events since the 1980s (Brown, 1997; Berkelmans
and Oliver, 1999; Sully et al., 2019). The findings of Frieler et al. (2013) are
concerning, suggesting that global warming should be limited to 1.1 to 1.4 °C
above pre-industrial levels to protect at least 50 % of tropical coral cover from
degradation. On the other hand, some modelling studies are more optimistic.
These indicate that reducing wastewater pollution and other human activities
can help coral reefs recover faster after a marine heatwave (Gove et al., 2023).
Additionally, larger semidiurnal internal tides coupled with a shallower seasonal
thermocline can enhance mixing with colder, deeper waters, providing thermal

refugia in some regions (Storlazzi et al., 2020).

Tropical ecosystems are not the only ones susceptible to oceanic warming and

seawater changes driving geographical shifts (e.g., Rodriguez-Ruano et al., 2023);
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high-latitudes are also affected by this spatial reorganization of core habitats
(Hodapp et al., 2023). Similar to coral reefs, the increased frequency and inten-
sity of marine heatwaves and anomalously warm pools (e.g., Bond et al., 2015;
Di Lorenzo and Mantua, 2016) in intertidal zones at higher latitudes have led
to higher mortality rates among mollusks and other organisms that rely heavily
on these ecosystems for survival (Soon and Zheng, 2019). Notably, ecological
impacts and economic losses were observed during the North American West
Pacific Blob of 2013-2015 (Cavole et al., 2016) and the 2012 northwest (NW)
Atlantic heatwave (Mills et al., 2013).

The experimental study of Li et al. (2015) on Mytilus edulis — a bivalve species of
economic and gastronomic importance — showed that increasing water tempera-
tures exacerbate the impact of seawater acidification, corroborating Hiebenthal
et al. (2012) observations on the same species. Specifically, a decrease of 0.3
pH units (from 8.1 to 7.8), coupled with an increase in temperature (e.g., from
19 °C to 22 °C and 25 °C), leads to significant changes in the biomineralization
pathway of the organism. Such changes include a lower Ca/Mg ratio and cal-
cification rate, as well as alterations in the crystallographic orientation within
the shell microstructure. Additionally, these changes affect the shell’s breaking

force, making bivalves more susceptible to predators.

Amidst such climatic changes, there is an increased interest in researching re-
silient marine organisms capable of withstanding environmental pressures (see
overview by Gazeau et al., 2013), while also providing reliable long-term records
essential for paleoenvironmental reconstructions. In this context, Arctica is-
landica (A. islandica; Linnaeus, 1767) emerges not only as proven unique climate
archive (Schone, 2013), but also as a resilient one (see A versatile and resilient
bivalve species section). This bivalve species serve a dual purpose by offering
reliable reconstructions (e.g., seasonality, mean annual temperature, mean an-
nual temperature range, salinity fluctuations and so on) from analogous past
environments (e.g., Beierlein et al., 2015; Mangerud and Svendsen, 2018; Trofi-
mova et al., 2021) and recent past (Wanamaker et al., 2008; Butler et al., 2013;
Reynolds et al., 2017, 2018; Poitevin et al., 2019; Mette et al., 2021), while also
capturing climatic signals and offering insights into the large-scale atmospheric
and oceanic interactions. Arctica islandica is perhaps the most studied bivalve
species of the North Atlantic region, and yet, very few studies have effectively
connected growth records (see Growth as environmental proxy records section),
including extreme growth events (notably Wanamaker et al.; 2019) with large-

scale oceanic and atmospheric modes of variability (Lohmann and Schone, 2013)
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and their corresponding spatial anomaly patterns (see Motivation).

Large-scale climate modes such as the Atlantic Multidecadal Oscillation (AMO)
(Delworth and Mann, 2000; Dima and Lohmann, 2007), Pacific Decadal Os-
cillation (PDO) (Mantua et al., 1997), El Nino Southern Oscillation (ENSO)
(Alexander et al., 2002), along with atmospheric teleconnections (Barnston and
Livezey, 1987) like the North Atlantic Oscillation (NAO) (Hurrell, 1995) and
the Pacific-North American (PNA) pattern (Wallace and Gutzler, 1981), oper-
ate on interannual, interdecadal to multidecadal time scales, influencing climatic
trends and weather patterns. These modes of natural variability are particularly
valuable for reconstructing past climates, regional climate anomalies, ecosystem
responses, and understanding the interplay between them for forecasting future

climate scenarios.

Our understanding of how natural variability interacts with anthropogenic forc-
ing is also a complex and unclear topic. Swanson et al. (2009) have examined
the role of natural climate variability during the 20" century, and identified pe-
riods where interdecadal variability significantly influences global mean surface
temperature. This underscores the importance of identifying markers of natural
variability. The origin of an internal multidecadal oscillatory mode in the At-
lantic basin is also debated (e.g., Mann et al., 2021), despite its observation in
models and statistical methods (e.g., Delworth and Mann, 2000; Knight et al.,
2005; Dima and Lohmann, 2007, 2010; Dima et al., 2022) as well as terrestrial
(e.g., Gray et al., 2004; Knudsen et al., 2011; Wang et al., 2017) and marine
proxy data (Moore et al., 2017; Mette et al., 2021).

Swanson et al. (2009) also noted that numerical models cannot reproduce the
spatial extent and magnitude of internal circulation modes (e.g., Mann et al.,
2020), although Hausfather et al. (2020) found that the majority of models
starting from the 1970s were quite accurate in their projections. Recent ad-
vancements in modeling, as demonstrated by Su et al. (2018), reveal that in-
corporating submesoscale turbulence enhances vertical heat transport, leading
to surface warming increases ranging from 0.06 to 0.3 °C in extratropical re-
gions. Similarly, Busecke and Abernathey (2019) found that enhancing surface
diffusivity in models strengthens the connection to major climate modes such as
ENSO, NAO, PDO, and the Dipole Mode Index in the southeast (SE) Indian
Ocean. An eddy-resolving ocean model significantly enhances the accuracy of
heat fluxes along the trajectory of the North Atlantic Current and offers insight
into a lagged subdecadal ocean response to NAO (Huo et al., 2024).



The model advancements mentioned are definitely essential for capturing natu-
ral climate variability and improving the accuracy of future projections by more
rigorous means (e.g., Jain et al., 2023). Marine proxy records provide additional
and valuable insights into ocean circulation patterns, anomalies, and relevant
periodicities, which hold the potential to expand our understanding of large-
scale anomaly patterns in the natural environment. The native habitat of A.
islandica in the North Atlantic basin renders it an enticing bio-archive for in-
vestigating large-scale climate phenomena that leave a distinct imprint on the

North Atlantic climate, and ultimately its growth patterns.



1.1 A versdtile and resilient bivalve species

Arctica islandica, also known as the ocean quahog, is a bivalve species (Order:
Venerida) native to the northern North Atlantic basin, stretching from Nova
Scotia to South Carolina on the western margin, and from the Celtic Sea to the
Barents Sea and the White Sea on the eastern margin (Figure 1.1A). As the
sole surviving species of the Arcticidae family (Nicol, 1951), Arctica islandica
dates back to the Cretaceous period (145-66 Myr; Morton, 2011). This long-
term record provides an exceptional opportunity for investigating climatic fluc-
tuations over geological timescales, serving as a significant biogeostratigraphic
marker in coastal sedimentary deposits (e.g., Raffi, 1986; Crippa and Raineri,
2015). Arctica islandica precipitates aragonite, a metastable calcium carbonate
polymorph that is more prone to diagenetic alternations with burial. Casella
et al. (2017), in their experimental study, emphasize its resilience up to 175 °C
during burial. The oxygen isotopic composition of unaltered sub-fossil samples
of Arctica islandica is an excellent proxy for seasonal temperature reconstruc-
tions (Beierlein et al., 2015; Mangerud and Svendsen, 2018; Trofimova et al.,
2021). For instance, during the Holocene Climate Optimum warm period (~
10.5-8.2 kyr BP; Dahlgren et al., 2000) A.islandica sub-fossil samples reveal a
seasonal amplitude of ~ 12 °C at approximately 30-m depth in a fjord from
Svalbard (Beierlein et al., 2015), which is double compared to the present, and
4.5 °C at about 45-50-m depth from Viking Bank, North Sea (Trofimova et al.,
2021), closely aligning with present ranges.

Arctica islandica is an adaptable species for inhabiting surface waters (e.g., 5-m
depth) to several hundred meters below the thermocline (>100 m) of the coast
and continental shelves. A. islandica is primarily found in water depths of 25
to 60 m (Nicol, 1951; Dahlgren et al., 2000; Morton, 2011), which may account
for the predominance of recent live-collected specimens in this range (for exam-
ple BOX 1). In the southern parts of the North Sea, A. islandica is limited to
below 30-40 m depth (Witbaard and Bergman, 2003), where the summer tem-
peratures do not exceed the thermal tolerance of 16 °C for adults (Hiebenthal
et al., 2012) and ~ 20 °C for larvae and juveniles (Mann and Wolf, 1983). The
species has adapted to a warmer habitat such as the German Bight, where sum-
mer temperatures exceed 16 °C (Witbaard and Bergman, 2003; Epplé et al.,
2006). However, a further widening of the temperature tolerance window in the
German Bight renders the clam more vulnerable and reduces the presence of
spat and juveniles (Witbaard and Bergman, 2003; Basova et al., 2012). Basova

et al. (2012)’s research indicates that populations adapted to a broader temper-
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ature and salinity range show less thermal stress compared to locations with a
narrow temperature window. In such locations (e.g., Kiel Bay, Kattegat and
White Sea), the Arctica islandica bivalves show minimal response to increasing
temperatures, but generally express a higher metabolic rate, and higher concen-
trations of a cellular stress marker, lipofuscin (Begum et al.; 2009; Basova et al.,
2012, 2017). The metabolic respiration is lower in Arctica islandica compared
to other bivalve species (Begum et al., 2009), even in warm-adapted populations
of the German Bight (Basova et al., 2012, 2017).
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Figure 1.1. Map of the North Atlantic region showing (A) present-day abun-
dance (red shade) of A. islandica clam species (after Dahlgren et al., 2000;
Schone, 2013) and (B) nine multi-centennial growth records (colorful symbols;
see BOX 1 and Figure 2.2 for more information about each chronology) used
in this research. Dominant ocean currents are shown in panel B. Cold and
fresh oceanic currents are highlighted in blue (EGC: East Greenland Current;
WGC: West Greenland Current; LC: Labrador Current), whereas warm and
saline currents in red (NAC: North Atlantic Current; NC: Norwegian Current;
IC: Irminger Current; PC: Portugal Current).

The spatial distribution of Arctica islandica populations, including those that
have become extinct in certain regions, can be explained by factors such as
latitude and temperature. Sub-fossil specimens also indicate a broader spa-
tial extent compared to modern specimens (Fig.1 in Dahlgren et al., 2000),

with Holocene deposits located in the northern coastal parts of Newfoundland
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and Labrador, SW Greenland (Funder and Weidick, 1991), northern Siberia,
and Svalbard (Beierlein et al., 2015; Mangerud and Svendsen, 2018). Popula-
tions from the Mediterranean region are thought to have become extinct during
Holocene Climate Optimum (~ 9.8 kyr), when the late summer arctic tempera-
tures were about 6 °C higher than present (Mangerud and Svendsen, 2018). At
present, the species is commonly found in the shelf areas surrounding Iceland
(Thérarinsdéttir and Einarsson, 1996; Butler et al., 2013; Lohmann and Schéone,
2013; Marali and Schone, 2015; Mette et al., 2023), the Faeroe Islands (Bonitz
et al., 2018), the North Sea (Witbaard et al., 1994; Witbaard and Bergman,
2003; Schone et al., 2005d), Western Baltic (Brey et al., 1990; Stemmer et al.,
2013), White Sea (Isachenko et al., 2013) and more recently, around Svalbard
(Dahlgren et al., 2000, and references therein), showcasing the warming aspect

of the present climate.

Salinity has a lesser effect on growth and metabolic processes as long as oceanic
conditions prevail, and temperature remains in the optimal range of 5-12 °C
(Withaard et al., 1998; Hiebenthal et al., 2012). Adult and juvenile speci-
mens showed resistance to ocean acidification conditions in experimental studies
(Stemmer et al., 2013; Liu et al., 2023). However, the experimental observations
by Hiebenthal et al. (2012) and Begum et al. (2010) indicate that mortality in-
creases with decreasing salinity (< 15 PSU), particularly in cold waters (4 °C).
In regard to alkalinity conditions, an increase in COs partial pressure, i.e lower
pH, is more prominent during summer-autumn months, when surface waters are
well-stratified. Yet, laboratory experiments indicate that A. islandica’s growth
rate and shell microstructure are unaffected by the low pH (Stemmer et al.,
2013). In fact, A. islandica from the western Baltic is well adapted to these
challenging conditions, such as those at a 15-meter depth below the halocline
in Kiel Bay (Brey et al.,; 1990), albeit at the expense of their longevity (Basova
et al., 2012).

The clam feeds on suspended material and phytoplankton, as well as organic-rich
material found at the interface between sediment — coarse to fine sand, muddy
sands — and water (Morton, 2011; Schone, 2013).  Arctica islandica is known
for its burrowing behaviour of a few days to a week (Taylor, 1976; Abele, 2002)
and prolonged anaerobic respiration. Burrowing is possibly a pre-adaptation to
inhospitable conditions (e.g., anoxia) and seasonal food input, as well as a factor
that contributes to A. islandica’s slow metabolism and exceptional ages (Abele,
2002).



Arctica islandica demonstrates resilience under the aforementioned conditions
but has been endangered by increased human disturbance of the ocean floor
over the past few decades. Demersal fish species that are largely exploited for
human consumption, such as Atlantic cod Gadus Morhua, among others, feed
on the ocean quahog (Brey et al., 1990). Fishing activities by bottom trawl-
ing damage and scar the posterior ventral sides which are typically found at
the sediment-water interface (Withaard, 1994; Ragnarsson et al., 2015). Con-
sequently, over-fishing since mid-1970s in the southern North Sea (e.g., Oyster
Ground; Witbaard and Bergman, 2003) has reduced A. islandica adult and ju-
veniles populations (Witbaard, 1994). Juvenile populations are also more scarce
in the Western Baltic Sea as documented by Brey et al. (1990) and Basova
et al. (2012), possibly due to the effects of beam trawler fishery and fluctuat-
ing environmental conditions. Cyclonic conditions also add to factors causing
physical disturbance. Thoérarindsottir et al. (2009) documented a mass mortal-
ity event among Arctica islandica population from Lonafjordur in the northeast
(NE) Iceland due to a storm in 2006. The shells were displaced from deeper wa-
ters with soft-sediment substrate to shallower areas with hard-bottom substrate,

rendering the ocean quahog more vulnerable to predators.



1.2 Growth as environmental proxy records

Rob Witbaard entitled his dissertation , Tree of Sea“ in 1997 — a term originally
coined by Thompson and Jones (1977) — to highlight the well-defined growth in-
crements of Arctica islandica, resembling the growth rings commonly observed in
tree bark cross-sections. The species gained popularity in the 1980s by becoming
a commercially important species on the western margin of the North Atlantic
(see Figure 1.1A), and also a focal point of research. Initially, research involved
counting the external grooves (e.g., Figure 1.2A); however, this method quickly
became unreliable as older specimens exhibited crowded and indistinguishable
lines, especially toward the ventral margin (see Figure 1.2B). The following
decades focused on improving the reliability of dating and cross-dating Arctica
islandica (Ropes et al., 1982; Schone et al., 2005a; Scourse et al., 2006; Surge and
Schone, 2013; Black et al.; 2019), and debunking the theory that shell growth is

unrelated to environmental parameters (e.g., Thompson et al., 1980).

Bivalve growth and development is temperature dependent (Cargnelli et al.,
1999). Although spawning occurs consistently throughout the year, without
distinct seasonal patterns (see discussion in Schone, 2013), larval density peaks
during late summer and early autumn (Mann and Wolf, 1983). Larval growth
rate increases with temperature, requiring a minimum temperature of 11-12 °C,
and reaching optimal levels of 14.5 °C (Lutz et al., 1982; Mann and Wolf, 1983).
Bivalve larvae exhibit vertical movement to locate the optimal temperature for
development (Mann and Wolf, 1983) and drift with the ocean currents before

settling into sediment and undergoing metamorphosis into spat.

Biomineralization takes place at the ventral margin, where the mantle tissue
(comprising inner and outer epithelium and inner tissue), periostracum, and
shell material, derived in the form of ions from the extrapallial space and its
fluid, come together (Figure 1.2B). In the early larval stages, the organic perios-
tracum layer is first formed for protection and camouflage providing a template
for mineralization, whereas the initial shell layer is composed of granular amor-
phous calcium carbonate (Marin, 2012). With growth, the shell layer develops
into a prismatic outer layer and a nacreous inner shell layer (Figure 1.2B) com-
posed of aragonite. Studies have shown that there are specific epithelial cells
which secrete the prismatic and nacreous aragonite layers (Marin, 2012), and
that temperature variations impacts the crystallographic orientation (Milano
et al., 2017) and size of the biomineral units in A. islandica microstructure
(Hoche et al., 2021, 2022). Bivalves grow their shells by extracting the bicar-
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bonate anions and Ca?* cations required for calcification from filtering water,
digested food and metabolism, and storing them in the outer epithelium and
extrapallial fluid. The inner epithelium of the mantle tissue is in contact with
the ambient seawater, whereas the outer epithelium is adjacent to the shell layer
(Marin, 2012), and together with the extrapallial fluid supersaturated in Ca®",
HCOj3 and other ions, are responsible for secreting new shell layers (see eq.
(1.1)). Bivalves also secrete an organic protein-based template which guides the
build-up of aragonite biomineral units (Saleuddin and Wilbur, 1983). Growth
lines (Figure 1.2B) are deposited in late autumn and winter, depending on bi-
valve location relative to the thermocline after seasonal temperature maximum
(Schone, 2013), and commonly reflect annual periodicities, although sub-annual
periodicities have also been observed (Schone et al., 2005¢). The space between
two growth lines (dark delineations under the microscope) is referred to as a
growth increment or a growth band. The rate of growth, as observed through
growth increments, reflects whether environmental conditions are beneficial or

not, with narrower growth increments indicating less favorable environmental

factors.

Ca’" + HCO3~ — CaCOs + H* (1.1)

J))]outer shell layer ventral margin
=inner shell layer

ventral margin’ umbo

Figure 1.2. Shell morphology of Arctica islandica. (A) Illustration of the anterior
left valve showing the external grooves and growth rings and its specific brown
colouring. The umbo represents the older section, whereas the ventral margin is
the youngest portion of the shell. The dashed line shows the axis of maximum
growth, typically used to cut the valve. (B) Schematic drawing of the aragonite
shell layer in Arctica islandica as seen from a cross-section. The outer shell layer
and hinge plate are used in the field of sclerochronology to determine growth
patterns and the isotopic composition of the carbonate. After Schone (2013).

After field collection, the mantle tissues are removed, and the aragonite shell
valves are cleaned, dried, embedded in epoxy and sectioned along the maximum
growth axis (Figure 1.2A). Extraction of carbonate material for isotopic anal-

yses is performed by micro-milling and/or micro-drilling the outer shell layer
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and hinge plate (the area with the umbo; see Figure 1.2B). For visual inspec-
tion under a polarizing light microscope of the annual growth layers, growth
increments, and other micro-growth structures, the embedded shell is either
stained in Mutvei’s solution (Schone et al., 2005a) and/or the surface is etched
and acetate peels are taken (Ropes, 1984). Sub-fossil specimens in which the
time of death is unknown are dated by radiocarbon dating (e.g., Stott et al.,
2010; Scourse et al., 2006) and amino-acid racemization techniques (Miller and
Brigham-Grette, 1989; Marchitto et al., 2000; Demarchi et al., 2011).

The resulting growth chronologies are detrended to remove the ontogenic growth,
allowing a clearer analysis on the environmental factors influencing growth rate
(examples of detrending functions commonly used can be found in section 2.1
and Figure 2.2 of Paper I), and averaged and standardized (see example in
section 3.1 of Paper III). However, detrending can affect the lower frequency
amplitudes in the frequency domain, potentially removing or distorting infor-
mation about slow periodic processes in bivalves and climate signals (Cook et al.,
1995). Afterwards, the individual chronologies are stacked and aligned tempo-
rally using software products (e.g., Grissino-Mayer, 2001) for cross-dating (Black
et al., 2008, 2016). The resulting composite chronology is checked for robust-
ness (EPS>0.85) using the Expressed Population Signal (EPS) and Rbar (the

average of inter-series correlation) by Wigley et al. (1984).
Additional information on the bivalve biomineralization processes are found in

Saleuddin and Wilbur (1983) and Marin (2012) and composite chronology con-

struction in Schone (2013).
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1.3 Motivation

A substantial effort is dedicated to preparing live-collected and sub-fossil bivalve
shells for the counting of growth increments across multiple specimens, cross-
dating and constructing master chronologies. These processes, as described by
Thompson et al. (1980), are “time-consuming”, often constraining research to
local and regional reconstruction of environmental parameters, with insufficient
time allocated for exploring large-scale climatic patterns. Thanks to the efforts
of many researchers and their working groups, master chronologies of Arctica is-
landica spanning centuries have become readily accessible. By leveraging exist-
ing resources, I embark on further research by revisiting long-term chronologies,
now directing the focus towards extremes and large-scale climate phenomena.
In BOX 1, the reader can find an overview of the master chronologies used in

my research. The visual representation is found in Figure 2.1.

| BOX 1. The location, water depth and chronology span of Arctica islandica records (map symbols) used in this thesis |

# | Lon*™ | Lat* dg;\)/tar:e(rm) Location Period Reference Thesis location
|| 2409 | 71.06| 5-10 Ingoyaisland, N Norway, - | 449 5410 Mette et al. (2016, 2021)
southern Barents Sea
Spikeroog island, German .
Ol 775 53.8 15-20 Bight, North Sea 1840-2002 Epplé et al. (2006)
*’ -6.4 56.63 25-55 Tiree Passage, NW Scotland | 1805-2010 Reynolds et al. (2013)
Chapter 2
Al 1492 | 6627 | ~30 NE Iceland 1495-2003 |  Lohmann and Schéne (2013)
gr| 55 54.2 35-70 Irish Sea 1516-2004 Butler et al. (2009b, 2010)
. Gulf of Maine, NW Atlantic - Griffin (2012); Wanamaker et al.
@ | -69.75 | 43.71 38 Ooean 1762-2013 2019)
7.79- Helgoland island, German .
() 780 54.15 40 Bight, North Sea 1767-2004 Bauer (2011)-unpublished Chapter 4
$3| -69.48 | 40.47 66 Nantucket Shoals (site 315) | 1888-1992 Marchitto et al. (2000) Chapter 2
* -18.19 | 66.53 81-83 Grimsey island, N Iceland 649-2005 Butler et al. (2013) Chapter 2,3
Fladen Ground, ) Butler et al. (2009a);
O] 029 |88.99 >125 North Sea 1545-2001 Estrella-Martinez et al. (2019) Chapter 2

* Species: Glycymeris glycymeris ** The longitude (- for °W; + for °E) and latitude (°N) are given in decimal degrees.

One of the key motivations behind integrating centennially-long chronologies was
to achieve a comprehensive overview over the collective growth signal across the
northern North Atlantic basin. This would allow for understanding whether
the collective growth-climate signal is spatially and temporally coherent, and
what large-scale oceanic and atmospheric patterns and teleconnections are as-
sociated with the extreme indices obtained. The network idea was conceived
while keeping in mind the framework of the PALEX project, and specifically
aimed at addressing the absence of bivalve growth-based networks in the field
of sclerochronology. This synthesis (Paper I/ Chapter 2) was intended to ad-
dress inquiries raised by Trofimova et al. (2020) concerning large-scale ocean-

atmosphere interactions and the potential integration of sclerochronological data
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in paleoclimate reanalyses and proxy-based assimilation approaches.

The synthesis paper showed that while most chronologies adhere to the com-
mon growth signal obtained, two chronologies from specific regions — namely,
the deeper waters in northern Iceland and the shallow environment of the Ger-
man Bight in the southern parts of the North Sea — stood out notably, being
characterized by negative loading indicators (further details provided in Chap-
ter 2; see Figure 2.3). An interesting aspect about the chronology from a water
depth of 81-83 meters in the North Icelandic shelf (Butler et al., 2013) was that
it contrasted with the chronology of Lohmann and Schone (2013). The latter
chronology was based on bivalves collected from a nearby region, albeit at a
shallower water depth (i.e., 30-m). Hence, I was curious to investigate the sen-
sitivity of the Arctica islandica growth signal to potentially depth-dependent
temperature and salinity variations, which eventually led to the study described
in Paper II/ Chapter 3. Although the concept itself may seem intuitive, the
research findings contributed to a deeper understanding of why certain corre-
lations often fail to attain significance with sea-surface temperature, thereby

enriching the rationale behind such occurrences.

For the second region, I turned to an unpublished chronology of Arctica islandica
from the Helgoland waters created by Florian Bauer in his bachelor study of
2011. Similar to the Spikeroog chronology of Epplé et al. (2006) from southern
North Sea (used in Chapter 2; BOX 1), the Helgoland chronology presented
well-defined growth increments of 5 to 8-year periodicity which unmistakably
resonates with the NAO periodicity. Such periodicity is often reported in various
studies from the North Sea in the form of a correlation coefficient with NAO and
spectral analyses, however without delving deeper. In Paper III/ Chapter 4, I
explicitly explore the connections between growth and atmospheric anomalies,
as well as their relationship with atmospheric teleconnection indices, with the
aim of extracting information that may not be readily accessible through other
proxies and observational data. In BOX 2, the reader can find the research

questions tailored for each of the three studies comprising this doctoral thesis.
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BOX 2. Research Questions

Which large-scale climatic phenomena are associated with the common growth signal

Chapter 2/

RQ.1 | of a bivalve-based network from the northern North Atlantic? Which large-scale Paper |
phenomena particularly stand out when analyzing extreme growth indices?
Does Arctica islandica exhibit a depth-dependent growth response to seasonal
) . - . . ’ Chapter 3/
fluctuations in subsurface water temperature and salinity, necessitating consideration
RQ.2 |. ) . L i . o . Paper Il
in correlation analyses? And if so, is it intertwined with large-scale oceanic circulation
patterns?
Is there a discernible connection between the extreme growth indices observed in Chapter 4/
RQ.8 | Arctica islandica and large-scale atmospheric patterns, particularly synoptic Paper lll

atmospheric blocking, in a region prone to such influences as the North Sea?
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Paper |

Unveiling extreme growth responses
from a marine network of A. islandica

shell growth records

RQ.1

Which large-scale climatic phenomena are associated with the common growth signal
of a bivalve-based network from the northern North Atlantic? Which large-scale
phenomena particularly stand out when analyzing extreme growth indices?

This research study has been submitted to the Palaeogeography, Palaeoclima-

tology, Palaeoecology journal and is currently under review pending major revi-

S10NS.

The supplementary material accompanying this paper is found in Appendix A.

The manuscript version is found below.

Author contributions:

DEC designed the study, conducted statistical analyses, wrote the manuscript
and produced all figures. TB, GL and MI contributed with manuscript feedback.
MI supervised.
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Abstract

The longevity and well-defined growth increments of the bivalve species A. is-
landica make it a reliable source for high-resolution environmental reconstruc-
tions. However, only a limited number of studies employ networks of bivalve-
based proxy records to investigate the connection between growth and climate
on a large-scale rather than at a regional level, and even fewer explore extreme
growth responses within a climatic context. In this study, we seek to under-
stand if the shared growth signal in bivalve networks from the northern North
Atlantic region is clear enough among the principle component analysis (PCA)
strategies employed, and whether the years with extreme growth are related to
large-scale climatic anomalies. The PCA strategies show a coherent leading time
component, relatively stable in time and space, however, some incongruities do
occur, either due to methodology or from strong regional influences in some
chronologies. The low extremes in the shared growth signal exhibit greater con-
sistency compared to the high extremes. They are typically associated with
long-term positive temperature anomalies in the North Atlantic, which extend
into subtropical regions and are complementary to cyclonic conditions in the
central areas of the northern North Atlantic basin. Although these features are
generally consistent across the networks and time frames used, we notice that in
the North Pacific, the temperature anomalies change patterns in the 1900-2001
period. We conclude that growth extremes in A. islandica bivalve specimen are
linked to coherent large-scale climate modes, and show potential for obtaining
information beyond the instrumental period.

Keywords: A. islandica; growth record; growth extreme; Atlantic Multidecadal
Oscillation; Pacific Decadal Oscillation; North Atlantic.
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1. Introduction

Sclerochronology can be used to retrieve meaningful climatic signals from multi-
species, multi-proxy records across a vast geographical area (Trofimova et al.,
2020). Although the idea of multi-proxy network is interesting, and it shows its
potential, in particular for regional-scale reconstructions and for identifying lo-
cal climate drivers (e.g., Black, 2009; Black et al., 2009, 2014), it is yet difficult
to create one without having a complete understanding about the large-scale
signal captured by each species’ group or proxy’s type. Discrepancies can occur,
for instance, between tree- and shell-rings in locations where oceanic conditions

are strongly present on land (e.g., Piermattei et al., 2017).

With the exception of a couple of studies (e.g., Butler et al., 2009; Holland et al.,
2014; Reynolds et al., 2018; Peharda et al., 2019), bivalve-based proxy networks
are limited in number compared to, for example, tree-ring (e.g., Cook et al.,
1998, 2002; D’Arrigo et al., 1999, 2001; Gray et al., 2004; Frank and Esper,
2005; Klippel et al., 2019; Balting et al., 2021) and coral (e.g., Charles et al.,
2003; Tierney et al., 2015) networks. Moreover, networks of composite chronolo-
gies that target shell growth increments are greatly underrepresented. It is often
the case that internal modes of oceanic variability are often reconstructed from
terrestrial-based networks (e.g., D’Arrigo et al., 1999; Biondi et al., 2001; Gray
et al., 2004; Wang et al., 2017) instead of marine-based ones.

The North Atlantic basin is, undoubtably, a key region for developing bivalve-
based networks for instance using Arctica islandica (A. islandica; Linnaeus,
1767) species. Because A. islandica is abundantly distributed and reaches multi-
centennial lifespans in the polar and subpolar waters of the North Atlantic region
(e.g., > 500 years; Butler et al., 2013), it yields the longest composite growth
chronologies. The North Atlantic basin is also prone to large-scale ocean circula-
tion changes such as the Atlantic Meridional Overturning Circulation (AMOC)
(Rahmstorf et al., 2015; Dima et al., 2021), poleward shift of subtropical and
subpolar ocean gyres (Yang et al., 2020; Dima et al., 2022), and substantial sea
ice decline starting with 1970s (Walsh and Chapman, 2001). Considering this
dynamical aspect, a marine proxy network might be able capture a large-scale
climatic signal beyond pre-industrial period, which, in turn, it would allow for
a coherent common signal to be retrieved and, ideally, used to evaluate extreme

responses to past conditions.

In the Gulf of Maine, a region undergoing rapid warming, shell growth reduc-
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tion in the A. islandica was associated with a negative Pacific Decadal Oscil-
lation (PDO) phase, and to some extent the variability of El Nino-Southern
Oscillation (ENSO) (Wanamaker et al., 2019), while an Atlantic Multidecadal
Oscillation (AMO) fingerprint has been observed in other sclerochronological
studies (Wanamaker et al., 2008; Holland et al., 2014; Poitevin et al., 2019). A
more recent study by Mette et al. (2021) has revealed that A. islandica records
from the southern Barents Sea captures the AMO signal for the past five cen-
turies. In another example, Caldarescu et al. (2021) have shown that A. islandica
growth links water bodies of similar thermal properties at large-scale, suggesting
a shared response to intrinsic modes of variability. All the aforementioned stud-
ies indicate that there is a high potential in A. islandica for detecting oceanic

circulation patterns and environmental signals.

Our study relies on long-term growth records primarily of the A. islandica bivalve
species. Depending on the chronology length, we combine these records to create
spatial networks that cover both an extended period (1764-2001 CE) and a more
recent time frame (1900-2001 CE). Using nested principle component analysis
and adopting similar strategies as those employed by Reynolds et al. (2018), our
objective is to evaluate the clarity of the shared growth signal across various
strategies and networks, assessing its ability to coherently depict anomalies in
atmospheric-oceanic interactions. It is essential to explore the large-scale aspect
behind such anomalies, not only because growth signal is complex and often
linked to regional climate influences, but also because it can conceal valuable
information. This study provides a synthesis of the shared growth signal in
bivalve shells from the northern North Atlantic, shedding light on the possible
large-scale anomalies in the sea surface temperature and pressure associated

with extreme growth responses.

2. Materials and Methods

2.1. Composite chronologies

Composite chronologies or master shell chronologies are created by using the
growth increments of multiple bivalve shells from the same species, collected
from the same or different depths at a single location and cross-dated. In this
study, we primarily used annually-resolved growth chronologies based on Arc-
tica islandica species because of its prolonged lifespan allowing oceanographic
reconstructions in key locations of the northern North Atlantic (Figure 2.1, Fig-
ure 2.2), i.e. along pathways of major ocean currents: warm, nutrient-rich North

Atlantic Current controlling the east Atlantic climate, and cold, fresh Labrador

20



Current influencing the Iceland region and western side of the Atlantic.

We have also considered shorter composite chronologies (marked with an asterisk
in Figure 2.2) in the same geographical region to increase the number of chronolo-
gies in the observational period 1900-2001. One of these shorter chronologies is
based on a different bivalve species, Glycymeris glycymeris (Linnaeus, 1758),
deemed equally advantageous in reconstructions akin to A. islandica (Brocas
et al., 2013; Reynolds et al.,; 2013, 2017). Another chronology, namely the Nan-
tucket Shoals chronology terminates in 1992, and as such, its use is limited (see
more details in section 2.3). Because we want to incorporate as many chronolo-
gies as possible, we included the German Bight chronology for the observational
period in spite of its decreased population strength and lack of coherent climate
signal (Epplé et al., 2006).

These chronologies not only vary in length, location and depth, but also pre-
processing methodology (Figure 2.2). Detrending methods such as negative
exponential function (NE), spline smoothing (Sp) or regional curve standard-
ization (RCS) are commonly used to remove the ontogenic growth present in
the first few years of bivalves’ life. As a consequence, the detrending method
used hampers the recoverable long-term climatic signal whilst removing the low
frequency biological noise. At this point, we have no compelling evidence to
suggest that the detrending method plays a significant role in detecting the
overall climatic signal. For instance, Lohmann and Schone (2013) generated
spline and power detrended chronologies, and while spline-detrended captured
more high-frequency variance, the climatic fingerprint remained similar. In this
paper, we relied on the power-detrended chronology for its decadal variability.
Additionally, we utilized regional curve standardization-detrended chronologies,
where available, such as for the Irish Sea and Grimsey Island series, due to their

ability to preserve multi-centennial signals (Esper et al., 2003).

All datasets chronologies used in this study are publicly available from the
NOAA’s National Climatic Data Center and PANGAEA database.
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Figure 2.1. Bathymetric map of the northern North Atlantic basin (35°N —
75°N, 90°W — 35°E). The symbols show the sampling site and water depth of
each master chronology used in this study (see more details in Figure 2.2). Major
warm water currents are marked, including the North Atlantic Current and its
branches: AC (Azores Current), PC (Portugal Current), IC (Irminger Current),
and NC (Norwegian Current). Cold-water currents are also indicated: the East
Greenland Current with its eastern branch, East Icelandic Current (EIC), as
well as the West Greenland Current and the Labrador Current. SPG refers to
the subpolar gyre. Gridded bathymetric data was obtained from The General
Bathymetric Chart of the Oceans (GEBCO).
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Collection Site Period Detrending method Reference
Water
depth Location Nr. of specimens
(m)
5-10 Ingdya island, 5 live-collected and 1449- negative exponential function ~ Mette et al. (2016, 2021)
northern 34 dead specimens of 2012
Norway, A. islandica
southern
Barents Sea
* 15-20 German Bight, 8 live-collected 1840- 7-yr moving average filterand  Epplé et al. (2006)
southern North specimens of 4. 2002 single exponential smoothing
Sea islandica
* 25-55 Tiree Passage, 14 live-collected 1805- adaptive power transformation ~ Reynolds et al. (2013)
NW Scotland specimens of 2010 in combination with negative
Glycymeris exponential detrending
Glycymeris; 188 dead
valves
~30 NE coast of 11 live-collected 1495- power function and cubic Lohmann and Schéne
Iceland specimens of 4. 2003 smoothing spline (2013)
islandica
35-70 Irish Sea 109 shells of 4. 1516- adaptive power transformation ~ Butler et al. (2009,
islandica 2004 in combination with negative 2010)
exponential function, cubic
smoothing spline and regional
curve standardization
(comparison)
38 Seguin Island, over 200 live- and 1761- smoothing spline Griffin, (2012);
Gulf of Maine, dead-collected 2013 ‘Wanamaker et al. (2019)
NW Atlantic specimens each of 4.
Ocean islandica
Hok 66 Nantucket 7 live-collected 1888- smoothing spline Marchitto et al. (2000)
Shoals (site specimens of 4. 1992
315) islandica
81-83 Grimsey island, 29 live and dead 649- negative exponential function ~ Butler et al. (2013)
North Icelandic  specimens of 4. 2005 and regional curve
Shelf islandica standardization (comparison)
>125 Fladen Ground 16 specimens (5 1545- adaptive power transformation ~ Butler et al. (2009a);
(site B), adults from Butleret 2001 and smoothing spline Estrella-Martinez et al.
northern North al. (2009a)) and two (2019)
Sea juveniles

Figure 2.2. Sampling location and further details about the annually-resolved
composite chronologies used in this study. NB. (*) refers to two shorter com-
posite chronologies used in the PCA analysis for the 1900-2001 CE period.(**)
The Nantucket Shoals chronology is the shortest (until 1992), and used only for
validating the PCA analysis in the 1900-2001 analysis period.
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2.2. Climate data

Gridded climate reconstructions prior to 1900 are scarce, however Tardif et al.
(2019) introduced a paleo-reanalysis project (Last Millennium Reanalysis; LMR)
in which annually-resolved climate field reconstructions are based on proxy data
assimilation methodology, thus combining various proxy records (e.g., Emile-
Geay et al., 2017), climate models and proxy system models. Here we specif-
ically relied on annually-resolved sea-surface temperature (SST) and sea-level
pressure (SLP) reconstructions of 2° x 2° resolution from the LMRv2.1 (Tardif
et al., 2019) for our analyses. For the observational period (1900-2001), we used
SST at 2° x 2° grid resolution from ERSSTv.5 dataset (Huang et al., 2017),
subsurface temperature from the EN4.2.1 dataset (Good et al., 2013) and SLP
data with 1° x 1° resolution from NOAA’s 20" Century Reanalysis V3 (Slivinski
et al., 2019).

Another rationale is to consider available SST-based climate indices to investi-
gate whether coherent patterns of variability are captured by the growth net-
work. For this we considered two important monthly-resolved indices which
impact the climate in the Northern Hemisphere on decadal to multidecadal
timescales: the Atlantic Multidecadal Oscillation (AMO,s) index based on
HadlSST1 dataset starting from 1870 (Rayner et al., 2003) and the Pacific
Decadal Oscillation (PDOgs) index spanning from 1900 to present (Mantua
et al., 1997).

For reconstructed climate indices, we used the PDO index by Tardif et al. (2019)
(PDOrqrdgif) from the LMR dataset and Biondi et al. (2001) index based on a
network of six pine and fir tree-ring records from California. Wang et al. (2017)
reconstructed a 1200-year annually-resolved Atlantic Multidecadal Variability
(AMO/AMYV) index (AMOyy4,,) based on 46 terrestrial proxy records (tree-
rings, ice-cores, historical documents) from the circum-North Atlantic region.
We also considered tree-ring and coralline algae AMO reconstructions by Gray
et al. (2004) and Halfar et al. (2013), respectively.

2.3. Data analysis

We constructed two bivalve-based networks depending on the number of over-
lapping composite chronologies (Figure 2.2). The first network (Ny7¢4) combines
six growth chronologies of A. islandica over in the common period 1764-2001.

We did not start the network with coeval year 1761 (Figure 2.2) mostly in our
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attempt to reduce uncertainties. For instance, Estrella-Martinez et al. (2019)
have reported a reduced expressed population signal (>0.85; Wigley et al., 1984)
before 1764, attributed to a notable decline between 1752 and 1763. This de-
cline may be due to a decreased abundance of shells and the presence of juvenile

specimens, which may have counteracted the signal.

The second network (Nigp9) comprises eight composite chronologies, six from
Ni764 supplemented by two additional ones (section 2.1; Figure 2.2) in the most
recent period 1900-2001 CE. The Nantucket Shoals chronology by Marchitto
et al. (2000) was added to Njggo, limiting the analysis period to 93 years (re-
ferred as N1ggos ), and as such, it was used only for verifying the Nyggo signal. The
composite chronologies building up the networks are z-normalized /standardized
(mean=0, SD=1) according to the analysis period prior to principal component

analysis.

The PCA or empirical orthogonal function (EOF) analysis is a common sta-
tistical approach used in meteorological and climate studies to linearly reduce
the dimensionality of data into a new set of data explaining dominant spatio-
temporal modes of variability (Jolliffe, 2005; Wilks, 2019). Here the spatial mode
of variability is given by the loading (EOF coefficients; Jolliffe, 2005) of each com-
posite chronology at their respective geographical location (see Figure 2.3) so
that a coherent spatial structure is obtained. The resulting time series stemming
from each spatial mode, i.e. principle components (PCs), describe the temporal
domain (Deser et al., 2010). The selection of appropriate time components for
analyses is performed by the highest percentage of explained variance, usually
the first EOF modes. However, the time components deemed valid must fulfill
the criteria that their eigenvalues are well-separated according to North’s Rule
(North et al., 1982), and that the separation is significant for an eigenvalue
higher than 1 (e.g., Wang et al., 2017; Reynolds et al., 2018).

Reynolds et al. (2018) used a nested PCA approach to extract the large-scale
oceanographic conditions by compiling stable oxygen isotope (6'¥0) chronolo-
gies. Following the recommendations by Reynolds et al. (2018), we apply three
nested PCA strategies to the Ny764 and Nigg, respectively. The first strategy
(S1) accounts for the entire analysis period, whereas for the second strategy (Sz)
we split the analysis period into two non-overlapping bins of equal lengths, and
performed PCA on each half. For the third strategy (S3), we applied PCA on
individual bins of 30-years with 20 years of overlap. Thereafter, the overlapping

periods were averaged to create a single time series.
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To assess the climatic signal behind extreme growth indices, the leading princi-
ple component (PC1) is selected. Extreme high indices are defined as years in
which PC1 values were above 90 % of the data (90" percentile), whereas low
indices fell below 10 % of the data (10" percentile) (following e.g., Wanamaker
et al., 2019). Composite maps of climate data fields were based on years of

extreme low and high values according to each network.

To assess the linear relationship between the principle components, as well as
with climate indices, we relied on the Spearman correlation coefficient (rg). To
account for autocorrelation (lag-1) in the series when performing statistical sig-
nificance test, we calculated the effective degrees of freedom (N.fy) following the
recommendation by Bretherton et al. (1999) and Dima et al. (2005):

N = N2=T172 (2.1)

147179

where N is the sample size, and rirs is the product of the autocorrelation coef-
ficients at lag-1 for the time series used. The statistical significance of the cor-
relations was obtained by considering the N.;; and correlation coefficient (ry),

and performing a student’s t-test under the null hypothesis of no correlation:

Neg — 2
1—r2

t=rs (2.2)

All gridded data products used in this study are z-normalized, whereas the SST
data is additionally linearly detrended. We calculate the grand mean by averag-
ing the ensemble mean values of the LMR data, which consist of 20 individual
ensemble means. All statistical analyses were performed in R and Python. The
PCA analysis was performed using “scikit-learn” package in Python and "fac-

toextra” package in R.

3. Results

3.1. Networks’ spatio-temporal coherence

The EOF analysis applied to the Nj7¢4 marine network yields an EOF pattern
explaining 24.8 % of the variance (Figure 2.3A). The leading mode (EOF1) re-
sulting from strategy S; describes a seemingly quasi-monopolar structure, with
one strong negative loading centered north of Iceland (the weaker loading is not

significant), and four positive loadings arched from the eastern margin of North
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America to the western margin of Europe (Figure 2.3A).

EOF1: 24.8% B EOF1: 20.2%

(5-10 m)
(15-20 m)
(25-55 m)
(—30m)
(35-70 m)
(38 m)
(—82 m)
(>125 m)

O*@®+D>e0ONm

Figure 2.3. Geographical distribution of EOF coefficients (loadings) and their
signs for (A) Nyzs4 and (B) Niggo using the first strategy (S;). The numbers
indicate the loading contribution of each chronology, whereas the colors highlight
the strength of the loading, i.e. positive (red shades) and negative (blue shades).

The shorter network of eight growth chronologies, namely Nigqo, reveals a similar
EOF pattern (Figure 2.3B) and variance to the one obtained with Njzg4, apart
from the 30-m depth chronology from NE Iceland and Gulf of Maine chronology
changing loading signs in the 1900-2001 period. The EOF1 pattern of Nyggos,
explaining 19.8 % of variability, showed that with the addition of the Nantucket
Shoals chronology, the Gulf of Maine region retains its positive loading observed
with Ny764 (Figure 2.3A), whereas the loadings from Iceland region and German
Bight remain unchanged as observed with Niggg in Figure 2.3B. Hence, with the
exception of Grimsey and German Bight chronologies yielding opposite signs,

the majority of chronologies are homogeneous in a SW-NE direction.

The networks processed under three different PCA strategies yield correspond-
ing PC1 time series which show strong agreement with one another (Figure
2.4). For example, PClg; is temporally coherent with PClgsy (rs=0.904; p<0.05;
Nesr=108), yet it shares only 34 % of variability with PClgs (r,=0.582; p<0.05;
N.ss=144). The variance improves to ~ 41 % when PClgy and PClgs are
compared (r,=0.643; p<0.05; N.rr=152). For Nyggp and Niyggp., the difference

in strategy choice is negligible (r;<0.8), aside from some minor amplitude offsets.

3.2. Extremes of the common signal

By using S; and Ss, the PCls display a pronounced decadal to multidecadal
trend compared to S (Figure 2.4). This feature is reflected in the distribution
of extremes, with increased clustering for certain periods of time. There were

identified 24 extreme events for Ny764, and 11 events, for Nyggg, respectively (see
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Appendix A, Table Al). Across each of the three strategies and networks, we
found an increased number of overlapping low indices rather than high ones
(Table 2.1). Moreover, 80 % of the low indices occurring in Nyggp are also
recognized in Ni7e4. By looking solely at 1764-1899 CE period, the overlay of
extreme low indices between strategies improves only with two additional years:
1800 and 1839, respectively. In general, we notice, partly due to the nature of
analysis, that extremes overlap better between S; and S,. The most mismatched
period in terms of extremes among all strategies is from 1764-1800 where high

extremes are highlighted only in S3 (see Figure 2.4).
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Figure 2.4. The principle component time series for the Ny764 network, using
three different nesting strategies: S; (pink line), Sy (green line) and S3 (purple
line), respectively. The corresponding PCls for the Nyggo (black line) and Nyggos«
(dashed black line) using each strategy are also shown. The extreme high (orange
filled circles) and low (blue filled circles) indices are highlighted for the long N74
network.

Spectral analysis indicates that PClgs has two significant peaks of 16 years (90
% Cl, i.e. confidence level) and 43 years (95 % Cl; see Appendix A; Figure Al),
respectively. Similar peaks are found for PClgs at 17 years (90 % Cl) and 48
years (95 % Cl), respectively, whereas PClg; shows a significant peak (95 % CI)
with a 68-year period. Given the decadal to multidecadal component observed,
the PCls time series can be compared with indices of long-term SST anomalies
typical for Northern Hemisphere basins (i.e., AMO and PDO). The correlation
with AMOyy,,, reconstruction is significant for strategy Sy (r;=-0.221; p<0.05;
N.sr=120) and Sy (r,=-0.207; p<0.05; N.;r=130), respectively. By using Nigqo,
the PC1 of neither strategy exhibited a correlation with AMOyy 4,y and AMO g,
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Table 2.1. Common extreme years in PC1 time series across each strategy for
Ny764 and Niggg, respectively. The overlap years between networks are high-
lighted in bold.

Network Low indices High indices

1768, 1802, 1841, 1896, 1908,
Ni7es | 1925, 1929, 1947, 1950, 1952,
1955, 1956, 1959

N 1908, 1925, 1929, 1947, 1948,
19001 1950, 1952, 1954, 1955, 1959

1828, 1845, 1849, 1859, 1883,
1915

1900, 1915, 1918, 1977

due to reduced degrees of freedom, less than the 60-80-year periodicity of the
AMO (Schlesinger and Ramankutty, 1994). Because AMO, series starts with
1870 CE, we used the Njzg4 to re-assess the relationship and increase, albeit
marginally, the degrees of freedom. As a result, the significance and magnitude
of the correlation increases for PClg; (r,=-0.341; p<0.05; N.;;=63) and PClg,
(rs=-0.300; p<0.05; N.rs=66). We observed that PClg; and PClg, indicate sig-
nificant inverse relationships also with AMOyy4,,, and AMOr,.q;r in the range
of 0.2-0.3 (N.s;=85-98) starting from 1840 CE, and with coralline algae-based
AMO reconstruction of Halfar et al. (2013) from 1770 CE (PClg; only). Nei-
ther PClg1, nor PClgy have shown any relationship to the tree-ring based proxy
AMO index of Gray et al. (2004) in the 1764-1985 period. A weak significant
correlation (ry=-0.199; p<0.05; N.;;=101) is similarly observed between PC1g;
and the PDOryq, 4 index, but not with the tree-ring based PDO reconstruction
of Biondi et al. (2001). No significant relationship is found between Njggo and
PDOps.-

PClg;’s extreme highs and lows coincide with some major long-term SST anoma-
lies in spite of weak correlations (Figure 2.5). For instance, low indices at the
end of 18" century and beginning of 19** century covary with a positive AMO
and PDO phase. Thereafter, extreme high indices are subsequently clustered be-
tween 1811 and 1862 CE (Figure 2.4; Figure 2.5) concurring with the last phase
of the Little Ice Age (LIA) in the Northern Hemisphere (Masson-Delmotte et al.,
2013) and strong, negative AMO and PDO phases (Figure 2.5). After 1860-1870
CE, PClg; and PClg, indicate a slight decreasing trend toward lower values
(Figure 2.4). In contrast, PClgs reflects a period of reduced variability until the
1900s (Figure 2.4). In the beginning of the 19" century, the PC1 indices are
low (e.g., minimum recorded at 1908 CE; see Table 2.1), followed by a sharp
a positive peak at 1915. Extreme low years culminate in the 1920s-1960s pe-
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Figure 2.5. Phase shifts of (A) Atlantic Multidecadal Variability (AMOy4y,)
proxy reconstruction of Wang et al. (2017) and (B) Pacific Decadal Oscillation
(PDOrgraif) of (Tardif et al., 2019) in comparison with the principle component
time series of Ny764 network using the second strategy S, (i.e, PClgs; green line
in Figure 2.4). The data are presented with a 10-year low-pass filter. Posi-
tive (above 0) and negative (below 0) phases are highlighted in red and blue,

respectively.
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Figure 2.6. (A) Annually-resolved sea-surface temperature and (B) sea level
pressure data from Tardif et al. (2019) indicating anomalies when PClgy in-
dices are above the 90 percentile (high) and below the 10" percentile (low)
threshold, respectively. The capital letters “H” (i.e., positive anomalies) and
“L” (i.e., negative anomalies) show high- and low-pressure centers, respectively.
The analysis covers the period from 1764 to 2000 CE using the Ny764 network
of this study. Significance at pj0.05 is indicated by hatches. For PCls obtained
with strategies S; and Ss, see Figure A2 in the Appendix A.

riod coinciding with the strongest positive AMO phase in the observational data.

The anomaly patterns for extreme high and low PC1 indices in the gridded
annually-resolved sea-surface temperature and sea level pressure reconstructions
by Tardif et al. (2019) exhibit similar geographical anomaly distributions for
strategies S; (Figure A2.A) and Sy (Figure 2.6). However, this similarity does
not extend to strategy Ss, where anomalies are rather bounded between + 0.2
SD and lack a clear outline (for strategy Ss, see Figure A2.B in the Supplemen-
tary Material). The PClg; and PClg, indicate a homogeneous spatial pattern
associated with warmer (colder) Atlantic and Pacific surface water anomalies
for low (high) indices (Figure 2.6A). These spatial structures are confirmed by
the Nigpo network (Figure 2.7A). Furthermore, certain anomalies exhibit more
pronounced and distinct features than those in Figure 2.6A, showcasing a more
defined regional perspective. One clear difference is, for instance, the SST dipole
present between the eastern and central North Pacific. Composite maps of sea
level pressure (SLP) anomalies reveal persistent anomaly centers arising from jet
stream latitudinal fluctuations, thereby highlighting (tele)connections between
the Atlantic and Pacific basins (Figure 2.6B; Figure 2.7B). More noticeably,
the coherence of extreme low PClgy indices in both networks reveals a dis-

tinct tripole structure. This structure comprises a high-pressure system in the
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high-latitudes of the North Pacific, coupled with a positive center in the west-
ern regions of the central North Atlantic and a negative center situated to the
south of the Greenland and Labrador Sea area (Figure 2.7B). Additionally, the
negative anomaly center extends to the central eastern parts of the North At-
lantic, albeit with reduced magnitude (Figure 2.6B). On the other hand, we
observed that extreme high PClgs indices lack a consistent preferred structure,
with anomalies and their magnitudes differing between Ny764 (Figure 2.6B) and
Nigoo (Figure 2.7B) networks (refer also to Figure A2 and Figure A3 for the use
of other strategies). Despite this, there are signs of a persistent high-pressure
system in the central northern North Atlantic, covering the British Isles (Figure
2.6B), albeit only for PClg; and PClgs.

o
[T T[T 1]

-1.0-0.8-0.6 -0.4-0.2 0.2 04 0.6 08 1.0
standardized anomaly

Figure 2.7. (A) Annually-resolved sea-surface temperature from ERSSTv.5
dataset (Huang et al., 2017) and (B) spring (MAM) sea level pressure data
from 20" Century Reanalysis V3 (Slivinski et al., 2019) indicating anomalies
when PClg, indices are above the 90" percentile (high) and below the 10
percentile (low) threshold, respectively. The capital letters “H” (i.e., positive
anomalies) and “L” (i.e., negative anomalies) show high- and low-pressure cen-
ters, respectively. The analysis covers the period from 1900 to 2001 CE using
the Niggp network of this study. Significance at pj0.05 is indicated by hatches.
For PC1s obtained with strategies S; and Ss, see Figure A3 in the Appendix A.
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4. Discussion

The bivalve-based networks employed in this study are focused on the northern
North Atlantic basin, sharing key locations such as the northern Icelandic shelf,
northern Norwegian shelf, Gulf of Maine and Irish Sea (Figure 2.1, Figure 2.2)
with the network of Reynolds et al. (2018). In contrast to the mentioned study,
we expanded the network by targeting growth records rather than stable oxygen
isotope (6'®0) series while maintaining the same nested PCA approach. Acquir-
ing a consistent shared growth signal poses a more intricate challenge, given that
growth records do not follow a straight-forward function of temperature and the
isotopic composition of seawater. Owing to the fact that bivalve molluscs are
ectotherms, ambient temperature modulates growth, making subsurface temper-
ature anomalies detectable in local water bodies and at large-scale. Significant
influence on growth is discerned through the availability and quality of phyto-
plankton (e.g., Ballesta-Artero et al., 2018; Bonitz et al., 2018), which in turn
is being modulated by winter atmospheric anomalies (e.g., Lohmann and Wilt-
shire, 2012; Lohmann and Schone, 2013) during the bivalve’s growth period, i.e.,
boreal spring and summer. Bivalve growth-climate relationships, if proven and
demonstrated to be consistent with observational data, provide an opportunity

to reconstruct anomalies beyond the instrumental period.

4.1. The climatic coherence of the leading component

4.1.1. The general representation of SST anomalies

In this study, the extremes of the leading time component for the data-rich
Niggo network and, by extension, the Ni7¢4 network provide robust evidence of
a consistent, large-scale subsurface temperature signal across the Pacific and
Atlantic basins (Figure 2.6A; Figure 2.7A). In broad terms, extreme low indices
are linked to positive anomalies in water bodies, whereas extreme high indices
are associated with colder waters. By using seasonally-averaged subsurface tem-
perature data from products such as EN4.2.1 (Good et al., 2013), we observe
persistent pools of positive temperature anomalies in the Labrador Sea, north
of Iceland, and the polar regions of the North Atlantic during the boreal winter
and spring (Figure A4.B). This signal is similar to the one at 5-m depth (Fig-
ure A4.A), but unlike the ERSSTv.5 data (Figure 2.7A), it remains bound to
the extratropical region. In the Atlantic Ocean, a subtropical signal suggests
an enhanced northward transport of anomalously warm Atlantic water, and an
enhanced meridional heat transport is suggestive of a strong AMOC (Dima and

Lohmann, 2010) and a positive phase in the multidecadal component, i.e. AMO.
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Reynolds et al. (2018) have found this latitudinal expansion to be an expres-
sion of the S1 strategy because it retains centennial periodicities compared to
the other two strategies, and to be indicative of long-term coupling between
the tropical Atlantic and the subpolar gyre. Besides centennial time-scales to
be representative of the air-sea coupling in combination with solar variability,
Black et al. (1999) have suggested that a 12-13-year periodicity to be a natural
interdecadal signature of tropical Atlantic at least since 1300s as found in plank-
tonic foraminifera records. We found a significant interdecadal peak (Figure A1)
which might relate to this periodicity (16-17 years), but given the distance, it
may occur with a lag. However, this is an uncertain hypothesis, because this
peak could also relate to the PDO periodicity (Mantua et al., 1997), a delayed
coupling between the AMO and PDO opposite-sign phases (e.g., Karmouche
et al., 2023) and perhaps, more likely, a subpolar air-sea interaction similar to
the one found in the Pacific (Latif and Barnett, 1994). The PDO-like pattern in
the North Pacific is clear with the Nyggo network in the 1900-2001 period (Figure
2.7A), where low (high) indices are associated a negative (positive) PDO and
positive (negative) AMO polarities. This pattern is not apparent in the 1764
and 2000 analysis period (Figure 2.6A), where, as described previously, there
is a rather homogenous structure encompassing the north hemisphere basins.
However, by using the longer PClgy time series in the 1764-1899 period, the
resulting pattern is, in fact, inverted (Figure A5). It may be that the polarity
opposites obtained in Figure 2.7A represent a signature of the 20" century, with
longer out-of-phase polarity between AMO and PDO as indicated in Karmouche
et al. (2023) analysis covering the period from 1900 to 2014.

It is worth highlighting that these phase shifts can be captured through com-
posites of low extremes in A. islandica bivalves. Nevertheless, a persistent ob-
servation is the stability of sea surface temperature (SST) anomalies within the
Atlantic region when associated with low PC1 indices. In connection with the
quasi-monopole structure of the EOF1 pattern (Figure 2.3), positive tempera-
ture changes associated with a warm AMO state might lead to a growth reduc-
tion in the majority of A. islandica ((Figure 2.5A)). However, we must point out
that every bivalve species has a particular, genetically determined temperature
window it can survive in (overview in Cargnelli et al., 1999). Growth is best
at the optimum temperature (4-16 °C) and decreases towards the lower and the
upper temperature limit (Witbaard et al., 1998; Hiebenthal et al., 2012). Marine
heatwaves, for instance, can reach the upper tolerance limit of Arctica islandica

and may cause a decrease in shell growth. With our type of analysis, we cannot
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detect synoptic-scale extremes such as heatwaves, but we do observe that the
time frame associated with extended lower growth (late 1920s to late 1950s) is
similar to the period 1925-1954 CE in which several global SST datasets indicate
an increase in marine heatwaves’ frequency and duration (see Figure 5 in Oliver
et al.,, 2018). For the northern North Atlantic basin, these marine heatwaves
have been linked with a positive AMO state (see Figure 6 in Oliver et al., 2018).
Suppressed shell growth in the 1920-1960s has been observed also in bivalve-
based chronologies from Scotland (Stott et al., 2010) and NE Iceland (Marali
and Schone, 2015). Westward, the warming of the Labrador Current enhanced
coralline algae growth (Halfar et al., 2011) and shell growth (Poitevin et al.,
2019).

4.1.2. The general representation of SLP anomalies

For the Northern Hemisphere, the strength, latitudinal migration and waviness
of the polar jet stream influences the weather systems across North American and
European continents on synoptic timescales (Rimbu et al., 2014; Trouet et al.,
2018). In a similar manner as with the SST anomalies, we suggest that the sea
level pressure (SLP) anomalies observed are long-lived (persistent or more fre-
quent) atmospheric structures. The tripole pattern observed over the Pacific and
western-Atlantic (Figure 2.6B; Figure 2.7B) resembles a negative Pacific/North
American (PNA) phase typically observed in the 500hPa geopotential height
anomalies. Lower than average SLP levels tend to prevail in the central regions
of the northern North Atlantic when associated with low PC1 indices. How-
ever, unlike the typical dipole observed with positive phases of North Atlantic
Oscillation (NAO) (Hurrell and Deser, 2010) and Arctic Oscillation (AO), we
did not find a strong positive center. During the analysis period from 1900 to
2001 (Figure 2.7B) the low-pressure center is particularly concentrated over the
Greenland region. Prevalent cyclonic conditions over the Atlantic (i.e., increased
wind movement, precipitation, wave activity and turbidity) in association with
warm Atlantic waters are not favorable for a proper growth. Although positive
SST anomalies, increased precipitation and riverine discharge enhance strati-
fication and can decrease growth performance, stormy conditions particularly
crucial for shallow-water bivalves due to physical disturbance of their habitat
(e.g., Thorarindséttir et al., 2009). In another example, Komagoe et al. (2018)
have shown that decreased shell growth in Tridacna maxima occurs during ty-
phoon activity at Okinotori atoll, Japan. We may even consider that stormy
conditions are able to reduce inter-series synchronicity (e.g., North Sea Epplé
et al., 2006).

35



Schéne et al. (2003b) have found that large-scale atmospheric anomalies in-
duced oceanographic and implicitly food-related changes which in turn affect
shell growth. For example, a positive winter NAO phase amplifies wind-driven
mixing, thereby augmenting the flux of nutrients and fostering increased shell
growth in a chronology from the central North Sea (Schone et al., 2003b). The
dipole observed over the Atlantic region during high PC1 indices bears some
similarity with a positive NAO phase (Figure 2.6B). The position of the anti-
cyclonic system defines where the westerlies intensify, positively affecting the
degree of winter and spring upwelling and nutrient input. It may be critical
when and where this anticyclonic blocking over the eastern Atlantic takes place.
For instance, it is plausible that shell growth enhanced in some coastal regions
during the last phase of the Little Ice Age when both AMO and PDO were
in their negative phases. Interestingly, on land, the combination of lower solar
activity such as Dalton Minimum (17701840 CE), cold SST anomalies over the
Atlantic and blocking activity over the British Isles are found to be the prerequi-
sites for megadroughts occurrence over Europe (Ionita et al.; 2021). Therefore,
it appears that our pattern (Figure 2.6B), based on the Njz64 bivalve network
spanning this period, align with the findings from lonita et al. (2021).

4.2. Limitations of the bivalve network

Here networks with varying amounts of chronologies tested at two different anal-
yses periods maintain the overall spatial and temporal structure (Figure 2.3),
and as discussed previously, the extremes in the shared growth signal are as-
sociated with climatic conditions. Pronounced mismatches are more frequently
observed when comparing the extremes between PClg; and PClgy with PClgg
in the 1764-1799 CE period, with the latter exhibiting more high extremes (Fig-
ure 2.4). However, it is important to note that these mismatches are an artefact
of the S3 strategy for that period. In fact, when comparing the PC1s within that

time frame, they exhibit no significant discrepancies (as shown in Figure A6).

The signal of the three nested-PCA strategies is, nevertheless, more coherent
in terms of extreme low indices rather than high PC1 indices (Table 2.1). The
resulting extreme years also overlap best between Nigog and Nize4, pointing to-
wards a clear low growth signal. On the other hand, high PC1 indices (higher
growth in most chronologies) converge to the same pattern (e.g., Figure 2.6A)
only when using PClg; and PClgs time series from Ny764 and PClgy time series

from Njggp network. The PClgs patterns are consistent only for Nigpy at low
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indices. Since no specific high indices composite pattern is obtained for PClgs,
it may be that the constraint arises from the methodology approach used for
the S3 strategy. A plausible hypothesis is that while the chronologies used in
the network are able to withhold information at lower frequencies, the time slice
of 30 years for a nested PCA is thereby too short to converge the environmen-
tal signal. It is important to note that there is an inherent limitation on the
low frequency that can be achieved, determined by the shortest length of the
growth record contributing to the chronology construction (Cook et al., 1995).
This “segment length curse” as coined by the authors, can be mitigated by
other detrending techniques, such as the regional standardization curve (Esper
et al., 2003). It is true that most chronologies used in this study have been
ontogenically detrended by negative exponential functions or smoothing curves.
However, very long chronologies, such as those from Grimsey Island and the
Irish Sea, have been processed with the RCS method. In this analysis, they not
only show robust loading signals across two time periods but also retain lower

frequencies.

A second explanation is that above average growth in most chronologies might
in fact relate to regional hydrography, leading to a diffused signal. Variable
conditions seem to be at interplay also because the blocking over the British
Isles observed in the high composite SLP map (Figure 2.6B) is rather absent
over in the 1900-2001 period (Figure 2.7B). It remains unclear why chronolo-
gies in the area do not exhibit a more pronounced reflection of this anomaly,
warranting further investigation in future research. However, the same pattern
might not be applicable in this period due to the general warming ocean trend
(Tierney et al., 2015), and limited cold conditions starting with the 1900s. De-
spite the lack of a congruent atmospheric pattern to understand the dynamics,
high growth remains bound to the same water temperature conditions, with a
notable enhancement during the early 1900s and a peak in 1914-1915, coeval
with a negative phase of the AMO (Figure 2.5). Anomalous cold SST condi-
tions were observed in the 1968-1977 CE period (Hansen and Bezdek, 1996)
concurrent with climatic changes in the North Pacific: negative SLP anomalies
over the Aleutian Low during 1976-1977 CE (Deser and Phillips, 2006) and a
negative PDO polarity (Figure 2.5B).

By having a limited number of chronologies in a network compared to, for in-
stance, tree-derived proxies, may come with caveats regarding the spatial stabil-
ity of the growth signal. The Ny74 network is complemented by two and three
additional chronologies for the periods 1900-2001 and 1900-1992, respectively.
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However, having an adjacent chronology does not always help with the inter-
pretation, even though, intuitively, one would expect that chronologies from the
same region would carry the same loading sign. For instance, the Nantucket
Shoals chronology from 66-m depth showed in our analysis for the 1900-1992
CE period (Nyggo«) a positive loading compared to the 38-m one from Gulf of
Maine. Another example is the opposite signs found in the north of Iceland

between 82-m and 30-m derived chronologies (Figure 2.3B).

Witbaard (1996) conducted an analysis between 1970-1990 CE and found that
two proximal locations in the Fladen Ground, North Sea, indicate very contrast-
ing influences: the northmost one related positively to an eastward branch of the
North Atlantic Current, whereas the southern one was inversely proportional to
another branch. By analyzing shell microstructures, Hoche et al. (2022) deter-
mined that temperature dependence on the size of biomineral units is strongest
in shells from NE Iceland as compared to the Norwegian Trench. In our study, it
may explain the opposing loading signs between the chronology of Butler et al.
(2013) from the northern Icelandic shelf and that of Butler et al. (2009) from
northern North Sea, even more so considering the similar water depths. One of
the additional composite chronologies from the German Bight, North Sea, does
not contribute significantly to the common signal (Figure 2.3B). Epplé et al.
(2006) found that low synchrony in the studied specimens’ growth was poten-
tially due to strong local environmental variability in a shallow setting. In a
similar manner, Stott et al. (2010) found that cross-dating becomes more diffi-

cult in shallow water environments and also during periods of prolonged stress.

Considering these factors, the inclusion of shallow-water chronologies from ex-
tratropical regions or regions exhibiting a pronounced warming trend, as seen
in the southern North Sea (e.g., Wiltshire et al., 2010), could potentially in-
troduce complications into reconstructions due to environmental biases, such as
excessive warmth or the interplay of dynamical factors. Therefore, it becomes
evident that local hydrology plays a crucial role in moderating growth, and it
is plausible that the growth response is influenced by the frequency-dependent
nature of the environment (Stott et al., 2010). These intertwined factors may

not be easily disentangled.

4.3. Potential applications

In this study, we primarily used Ny764 and Niggo bivalve-based networks in their

respective reference periods to evaluate the shared growth signal and its extremes
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(10-90 percentile) in a large-scale climate context. However, some chronolo-
gies extend beyond the analysis periods, and it may be possible to integrate
them in other networks. For example, three additional networks can be formed:
Ny495, covering the period from 1495 to 2003 and incorporating chronologies
from depths of 6-, 30-, and 82-m (as detailed in Figure 2.2). We also included
the Irish Sea chronology, commencing in 1516 CE, to create Ni514, as well as
the Fladen Ground chronology, starting in 1545 CE, forming the Ny545 network.
The PClg; of Nys6 and Nygys are highly correlated (rs = 0.94; Nesp = 298;
p<0.05), whereas the PClg; of Ny95 is not significantly correlated with any
of the above chronologies, only in the 1764-2001 period. We, however, refrain
from using the Ny495 because it is based on solely three chronologies, and the
signal is dominated by the opposing loading signs from 30-m and 82-m depth
from northern Iceland. The resulting EOF1 spatial pattern of Ny516 and Nys45 is
similar to that of N4 (Figure 2.3A), with positive loadings for the NE Atlantic
chronologies and negative loadings for both Iceland chronologies. This result is
expected as the agreement with the Ny7¢4 network is very good (rs>0.8; p<0.05).
The 30-m depth chronology from Iceland seems to change the loading sign in
the 1900-2001 period (Figure 2.3B), indicating a potential broadening of the
Irminger Current and hence more pronounced Atlantic waters. Both networks
indicate higher frequency variability up to 1650 CE (Figure A7). We found
that the correlation with AMOyy,,, index is positive in the 1516-1763 period (r
= 0.165; N.sr = 192; p<0.05), contrary to our observations for the 1764-2000
period. Interestingly, the low extremes in the LIA period, here better covered
with the Ny514, are associated with significantly colder conditions in the Atlantic
Ocean as compared to the 1900-2000 observational period (Figure A8.A). The
high extremes in the 1516-1763 period are associated with warmer water bodies
in the Northern Hemisphere, in reference to the entire analysis period. This may
complicate future reconstructions based on extremes, however, we underline that
either extreme of water temperature can reduce growth. Considering the neg-
ative temperature anomalies of the Little Ice Age in the Northern Hemisphere
(Mann et al., 2009), this particular result is not surprising. Moreover, positive
SLP anomalies in the Greenland and subpolar regions are present for the both
high and low extremes in the 1516-1763 period, indicating persistent anomalies
associated with a negative Arctic Oscillation (Figure A8.C). Such pattern has
been previously observed in reconstructions and models (e.g., Mann et al., 2009,
and references therein). No significant relation to PDOqpg,q;; was observed, al-
though the Pacific dipole is a prominent feature in the composite maps (Figure
A8.A and Figure A8.B).
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Tierney et al. (2015) reconstructed tropical SSTs in the Western Atlantic and
Eastern Pacific regions from coral-based proxy networks (e.g., 4180, Sr/Ca and
growth increments), reconstructions which extend to 1552 CE and 1607 CE,
respectively. We did not find any significant correlations with the tropical SSTs
until the 19"* century. There is an inverse relationship with the reconstructed
SSTs anomalies in the Western Atlantic region between 1800-1960 (r; = -0.341;
Ness = 65; p<0.05) which improves after 1900 CE by using PClg, from Niggg
(rs = -0.414; N.ss = 31; p<0.05). Positive correlations with the Eastern Pacific
region are found only after 1870 CE (r; = 0.240; N.ss = 79; p<0.05). These
results, do not only indicate the potential of linking high-latitude proxies to low-

latitudes ones, but that synchronous phases are time-dependent (Figure A7).

5. Conclusions

The various networks implemented in this study aid in extracting the shared
growth signal present in the upper water column of the North Atlantic. We
observed a significantly stronger alignment in the context of low extremes be-
tween the networks and the strategies employed. Whereas, the interpretation
of high growth variability remains ambiguous, as it could be influenced by an
inherent bias towards optimal growth conditions (Schone, 2008) and dynami-
cal ecosystems. We believe that even with additional chronologies to establish
larger networks akin those in dendrochronology, it is challenging to mitigate
the bias introduced by regional factors. Nevertheless, the inclusion of addi-
tional chronologies has the potential to enhance spatial patterns and facilitate
regional grouping in future studies. For example, incorporating supplementary
chronologies from the western Atlantic region could offer improved insights into
the influence of the PNA (Pacific North American) and NAO (North Atlantic

Oscillation) relationship on extreme growth.

For the 1764-2000 analysis period, we found that growth reduction in the ma-
jority of records used, and relate to warm Atlantic and Pacific surface waters,
long-lived cyclonic conditions in the central northern North Atlantic and a nega-
tive PNA pattern. In the same analysis period, higher growth is associated with
colder waters and blocking conditions over the British Isles. We note that it is
difficult to find clear, robust relationships between growth and climate, largely
because of the many physical and nonphysical factors that jointly control shell
growth, and that there is a high degree of non-stationary. For instance, low

growth happens under negative subsurface temperature anomalies correspond-
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ing to the Little Ice Ages in the 17" to mid-18"" century linked with persistent

positive sea level pressure anomalies in the high latitudes.

Although the correlations with various AMO and PDO indexes — which are also
reconstructed based on different proxy types and are therefore subject to dif-
ferent uncertainties — are not compelling, their corresponding spatial patterns
are evident in the composite maps. Hence, we argue that growth records can
detect multidecadal signals from both internal and external sources (see Mann
et al., 2021). The concurrent phases of AMO and PDO in the cold period
1800-1880 CE and warm phase 1920-1960 CE explain up to 20 % and 45 %,
respectively, of variability in the shared growth signal. Besides these findings,
extremes in the shared growth signal have the potential to reveal out-of-phase
polarities between AMO and PDO as observed starting with the late 19" cen-
tury and possible large-scale reorganizations in the coupled air-sea interactions.
Moreover, there is a high potential to link high-latitude proxies with tropical
ones, at least since the 1800s and late 1800s. Analyzing growth extremes in
recent decades holds the potential to uncover unusual patterns in oceanic and
atmospheric circulations, including cyclonic and anticyclonic blocking, as well as
enhanced warming, all of which impact coastal environments. This information
can be valuable in identifying ,hotspot“ regions, and addressing future changes

in the vulnerable coastal areas of the North Atlantic.
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Bivalve sclerochronological records with annually resolved growth bands are applicable
proxies in reconstructing features of the hydro-climate system. Here we evaluate
the relationship between growth indices of A. islandica, previously collected at
approximately 82 m depth in the North Atlantic, and seasonal subsurface temperature at
various depths for the 1900-2005 period. Correlations with sea surface temperature at
the collection site are not significant during winter and weak for the remaining seasons.
The strongest in-phase correlations persist for summer and autumn below 56 m water
depth, whereas weaker correlations are lagged by one or two years. We also observe
similarities with distant water bodies in the North Atlantic sector, and a corresponding
large-scale oceanographic pattern that increases significantly with water depth along the
trajectory of the North Atlantic Current. We suggest that by investigating the relationship
with the temperature signal at various depths locally and at large-scale increases the
reliability and application of bivalve shells as marine archives.

Keywords: A. islandica, North Atlantic, seasonality, growth index, temperature variability, sclerochronology

INTRODUCTION

Past temperature reconstructions are extremely valuable in the context of understanding climate
and modes of natural variability. Since the availability of observational data is limited to the
last 150 years, marine archives of biogenic carbonate origin have become attractive indicators
for temperature reconstructions. For instance, the carbonate shells of bivalves are used for
high resolution spatial-temporal records, most commonly derived from sclerochronological and
geochemical analyses. To reconstruct ocean temperatures, Weidman et al. (1994) linked the
oxygen isotopic composition (8!8Qg,.;) of Arctica islandica with annual growth increments,
and showed that bottom temperatures are recorded with a precision of £1.2°C. This study
instigated a number of publications exploring the relationship for the North Atlantic sector
(e.g., Schone et al.,, 2004, 2005a,b; Wanamaker et al., 2008a). The ocean quahog, A. islandica
became an important climate archive in the North Atlantic sector, which, due to its extreme
longevity, allows reconstruction of past environmental signals on multi-centennial time scales
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(e.g., Butleretal,2013; Lohmann and Schone, 2013; Reynolds
et al, 2016). While long-lived A. islandica support paleo
reconstructions and 3'®0y,,;; variability in shell growth bands
proved to be a reliable proxy for oceanic temperature
reconstructions, it remains to be determined how well the shell
growth index synchronizes with the temperature signal.

Because the atmosphere is in direct exchange with the
uppermost surface of the ocean, and an imminent cause of
ocean temperature variability (Czaja et al., 2003; Gastineau et al.,
2013), temperature reconstructions usually focus on the upper
mixed layer. Recent efforts have been made to monitor ocean
temperatures at different water depths, but data availability in
the North Atlantic is still spatiotemporally limited. Obtaining a
significant correlation of the shell archive with temperature is
important to assess synchronization of the shell growth index
with oceanic conditions and to retrieve signals of the prevailing
climate indices. Thus, to validate the temperature effect on
shell growth variability, the initial step in the analysis consists
in correlations between growth patterns and instrumental or
gridded sea surface temperatures (SST). These correlations are
often either weak or insignificant, unable to capture high
frequency variability (e.g., Butler et al, 2013), leading to
inconclusive assumptions regarding the role of temperature in
stimulating shell growth.

Bottom water temperature and food availability are pivotal
drivers of shell and tissue growth in bivalves, and it is not
always easy to confirm the dominance of one over the other
(Witbaard et al., 1998; Ballesta-Artero et al., 2018). For instance,
Marali and Schone (2015) found that 43% of annual growth
variability of A. islandica shells around Iceland is explained by
water temperature during the growth season, whereas Schone
et al. (2005a) suggested that 65% of annual growth variability is
explained by summer temperature and food supply. However,
by analyzing A. islandica shells from the Irish Sea, Butler
et al. (2010) obtained significant correlations with SST and
air temperatures, which were not stable in time and lagged
by one year indicating that the delay might come from the
physiological response to environmental dynamics. Witbaard
et al. (1997) analyzed shell archives of A. islandica from Fladen
Ground (between Scotland and Norway), which did not correlate
significantly with temperature or plankton data, but rather
reflected the local hydrology to affect the observed growth
variability. Witbaard et al. (1999) suggested that a combination of
temperature, primary productivity and vertical depth-dependent
coupling between primary productivity and consumer explains
50% of growth variability in shells from the Faroe Islands,
Iceland and the White Sea. Interestingly, in their study the shell
growth variance increased by a factor of 1.5 for shells from
the North Sea, indicating the relationship between the shell
archive and the environmental variability to be strongly site-
specific.

In this study, we hypothesize that one central starting point
in reconstructing past ocean conditions using bivalve proxy
records is by location and depth of the collection site. We
selected an annually resolved master shell chronology from Butler
et al. (2013), comprising a collection of A. islandica shells from
approximately 82 m water depth on the N. Icelandic shelf,

to evaluate whether the temperature forcing on the growth
signal is depth-dependent, related to stratification dynamics and,
hence, synchronized with atmospheric and oceanic modes of
variability. We first examined the correlation with the seasonal
temperature signal and assessed the synchronicity with local
water temperature during the growth period. In a final step, we
explored the strength of correlation with seasonal subsurface
water temperature spatially over the common analysis period
1900-2005 and examined the large-scale temperature effects on
growth variability of A. islandica in the North Atlantic sector. The
results of this study explore the potential temperature range and
the patterns of thermal shifts that can be reconstructed using the
A. islandica shell chronology.

MATERIALS AND METHODS
Master Shell Chronology

The master chronology used in this study is based on an
assemblage of 29 shells of A. islandica, which includes eight
individuals with lifespans over 300 years. Shells from this
collection had been first mentioned in Wanamaker et al. (2008b)
and used later in several other publications (Wanamaker et al.,
2012; Butler et al., 2013; Reynolds et al., 2016). The bivalves had
been collected during a research cruise in 2006 close to Grimsey
Island on the North Icelandic Shelf (NIS) at a water depth of
81-83 m (66.5265°N, —18.19567°W; Figure 1). The region of
sampling is under the influence of the warm Irminger Current
and the cold East Icelandic Current, which makes it interesting
to study. The shell series covers the 649 to 2005 time period;
however, shell coverage fluctuates at certain timestamps: (1) the
period prior to 1175 is covered by two long-lived bivalves which
overlap for a short period of 37 years (952-988), (2) during 1175-
1937, the sample coverage fluctuates between three to eight shells,
(3) the period after 1960 is covered by 15 overlapping shells (see
also Figure 3A in Butler et al., 2013). Here we chose the 1900 to
2005 period as a suitable period for analysis with observational
data (see section “Environmental data”), because of scarce data
and uncertainties before 1900, and generally because of high
expressed population strength used in creating the chronology
and indicating that the specimens are synchronized (Wigley et al.,
1984; see also Figure 3G in Butler et al,, 2013). The growth
increments were detrended, a necessary practice for chronology
construction due to faster growth during juvenile years. Butler
et al. (2013) performed two types of detrending techniques, a
deterministic detrending using a negative exponential function
and an empirical detrending by regional curve standardization
(RCS). We chose to apply only the latter method of detrending
because it preserves the low-frequency signals (e.g., Esper et al,,
2003; Butler et al., 2010; Butler et al., 2013). For further details on
shell collection, treatment, sampling and detrending procedures,
please refer to Butler et al. (2013). The master shell chronology
was obtained from PANGAEA database.'

'https://doi.pangaea.de/10.1594/PANGAEA.816210
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(2013).

FIGURE 1 | Bathymetric map of the Iceland area. The collection site (red circle) on the North Icelandic Shelf is prone to influences from Irminger Current (IC) and East
Icelandic Current (EIC). NAC refers to the North Atlantic Current. Contour lines indicate 1000-m isobaths. The map is adapted after Ran et al. (2011) and Butler et al.

Environmental Data

For correlations with the master chronology, we used seasonal
subsurface seawater temperature and salinity data extracted from
the EN.4.2.1 dataset (Good et al., 2013). This dataset consists of
monthly-resolved objectively analyzed temperature and salinity
values spaced at 1° on the horizontal grid and 42 depth layers.
In general, the temporal and spatial data coverage across all
depths is adequate for analysis in the North Atlantic sector
(see Supplementary Figure 1). The temperature uncertainty
(one standard deviation) is below 1°C, whereas the salinity
uncertainty is in the range of 0.1-0.2 psu in the Iceland area
(see Supplementary Figure 2). The global ocean temperature and
salinity datasets were downloaded from the Met Office website.
Additionally, we used the Atlantic Multidecadal Oscillation
(AMO) index (van Oldenborgh et al., 2009) to associate different
time periods with water temperature anomalies in the North
Atlantic sector.’ We also used the winter (DJF) North Atlantic
Oscillation (NAO) index (Hurrell, 1995) for correlations with
the growth index.* We included in our analysis diatom and
copepod abundance data (Batten et al., 2003) from Continuous
Plankton Recorder (CPR) for CPR area A6 encompassing the
area surrounding Iceland.” EN.4.2.1 dataset is available for 1900-
present, AMO index between 1850-present, NAO index from
1899-present, however, we selected the common analysis period
1900-2005 across all datasets used. The CPR data are available
only since 1958.

Zhttps://www.metoffice.gov.uk/hadobs/en4/
3https://climexp.knmi.nl/

“https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-
oscillation-nao-index-pc-based

>https://www.cprsurvey.org/

Data Analysis

The shell archive is an annually-resolved master chronology
(ARMC). To assess whether the annual shell signal correlates with
year-to-year temperature variations at the approximate collection
site (66°N, 18°W), we applied standard statistical methods such
as the Pearson correlation over a 3-month moving window (i.e.,
DJE JEM, FMA, MAM, AM]J, MJJ,JJA, JAS, ASO, SON, OND, and
NDJ). To evaluate whether the relationship between shell signal
and seasonal water temperature varies with the water depth of
the temperature record, the correlations were computed for 10
different depth layers (i.e., 5, 15, 25, 35, 45, 56, 66, 77, 87, and
98 m). To assess which type of variability drives the strength
of the correlation between the ARMC and water temperature,
we isolated the low and high frequency components. For the
low frequency component, we applied a 5-year Savitzky-Golay
filter (Savitzky and Golay, 1964) throughout our time series
and calculated the Pearson correlation. Thereafter, we isolated
the high frequency residual by subtracting the low pass signal
from the time series (following e.g., Wanamaker et al., 2008a).
We also investigated the spatial extent of this relationship by
creating seasonal grid-point correlation maps for the common
time period 1900-2005. Gridded temperature data were linearly
detrended prior to the analyses. All statistical analyses consider a
significance level of 95% (o = 0.05) or 99% (a = 0.01).

RESULTS

Depth-Dependent Seasonal Variability
and Shell Growth

Our results show that the shell growth index time series is
significantly and positively correlated with time series of water
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temperature during late spring, summer and late autumn, both
at surface and with increasing depth (Figure 2). The correlation
is particularly high at 56-66 m depth throughout the summer
and autumn months, and maximal at 56 m depth during SON
and OND. In addition, the strongest correlations with water
temperature occur during SON along the depth range covered
(i.e., 5-98 m depth). Cross-correlation analyses resulted strong
and concurrent below 45-meters for summer and autumn (see
Supplementary Figure 3C).

There is, however, a prominent dissimilarity between surface
and bottom water conditions as the correlations above 45 m
depth are either not significant or weak (Figure 2). For instance,
there is no significant correlation (p < 0.01) between the
ARMC and surface water temperature during winter and spring
months, however, some of these correlations are positive at
lower significance levels (p < 0.05 and p < 0.1) (Supplementary
Figures 3A,B). The strength of the correlation increases below
45-meter depth, but remains generally weaker than observed
during summer and autumn months.

Synchronization With Temperature Signal

The strongest correlation between the shell growth index and
water temperature for the 1900-2005 period occured during
autumn (SON). Additional cross-correlation analyses revealed
that such strong correlations are concurrent (Supplementary
Figure 3C). To evaluate whether the strong correlation with
SON water temperature is stable through time, we selected
the depth at which the maximal correlation occurred (i.e.,
56 m, Figure 3B). We observed a decreased synchronization
with the temperature time series at 56 m depth during 1962-
1976 and after 1980s (Figure 3A). It is noteworthy that the
decreased growth observed around 1965 matches the decrease
in surface water temperature during a cold phase of the Atlantic
Multidecadal Oscillation (Figure 3). The positive amplitude
observed around 1970 in the ARMC signal is not correlated
with water temperature at 5 or 56 m depth. Moreover, the
positive growth amplitudes between 1980 and 1995 are also
out of sync with the surface and bottom (56-77 m) water
temperatures, which were colder than usual and relate to
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FIGURE 2 | Pearson correlation coefficient (o < 0.01) between the ARMC and subsurface temperature signal extracted from EN4.2.1 dataset (Good et al., 2013) at
the collection site (66° N, 18° W) for the 1900-2005 period. The correlation coefficients for p > 0.01 are not shown (gray grids).
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represent periods in which the shell growth variability does not synchronize with the temperature signal. (C) Atlantic Multidecadal Oscillation (AMO) index (van
Oldenborgh et al., 2009) showing positive (red shade) and negative (light blue shade) phases in the 1900-2005 period.

the negative temperature anomalies observed in the North observed in the correlations with surface and bottom water
Atlantic region. temperatures. For instance, correlations with surface water

Since the maximum correlation occurs during SON with temperatures along the NW-Greenland and the Arctic region
the 56 m water depth time series, we analyzed whether the are substantially weaker than those found at greater depths.

ARMC signal is dominated by high or low frequencies. In this  Positive correlations with surface water temperatures in the

respect, we obtained a stronger correlation when we isolate the ~Labrador Sea and the surrounding area are particularly strong

low frequency signal (r = 0.537; p < 0.00001). The correlation only during winter and spring. The strength of the correlation
between high frequency components of the shell chronology decreases with increasing water depth during DJE but persists
and water temperature is weaker than the low frequency one throughout MAM.

(r=10.336, p = 0.000424). Negative correlations between the ARMC and subsurface
water temperatures prevail in the tropical North Atlantic Ocean
and to some extent in the eastern Pacific Ocean. Such strong

Depth-Dependent Spatial Variability correlations are observed during DJF and with increasing

To analyze the depth dependence variability, we have water depth in the Caribbean Sea. Negative correlations are

computed spatial correlation maps by selecting subsurface also localized in the SE-Greenland in between positive centers

water temperatures for winter (DJF), spring (MAM), summer  resembling a tripole structure. This spatial association is present

(JJA), and autumn (SON) at three different water depths: only during winter at 5 m depth.

the surface (5 m), the water depth at which correlations

are maximal (56 m) and near the collection depth (77 m)

(Figure 4). Positive correlations between the ARMC and water DISCUSSION

temperatures extend latitudinally from the Labrador Sea to

the Arctic Ocean, but also longitudinally from the Baffin Bay Site-Specific Growth Conditions

to the Barents Sea. The spatial pattern of correlation observed To reconstruct past ocean temperatures and capture ocean

persists at a seasonal level and also becomes stronger at greater  variability, as well as variability originating from the atmosphere-

depth (ie, 56-77 m). However, several discrepancies are ocean coupling, highly resolved bivalve records have been
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FIGURE 4 | Depth-dependent seasonal variability of growth index time series with water temperature at three different water depths (i.e., 5, 56, and 77 m) for
1900-2005 analysis period. Color shading shows the Pearson correlation coefficient (p < 0.05) between ARMC and seasonal water temperature time series at each
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recurrently tested and used (e.g., Lohmann and Schone, 2013;
Marali and Schoéne, 2015; Mette et al., 2016; Reynolds et al., 2018;
Poitevin et al., 2019). However, when it comes to the influence
of temperature signals on bivalve shell growth variability, there
is contrasting evidence throughout the North Atlantic region.
For instance, in the North Sea area, some studies were unable
to find a statistically significant correlation with surface water
temperatures (e.g., Witbaard, 1996; Epplé et al, 2006). In
the Fladen Ground, the observed shell growth variability has
been closely connected to local hydrological dynamics and
the advective transport of food to the benthos (Witbaard,
1996; Witbaard et al., 1997). In other locations such as the
Gulf of Maine and the coast of Newfoundland, shell growth
variability has been associated with seasonal water temperature
and stratification conditions (Poitevin et al., 2019; Wanamaker
et al., 2019). In the region of Iceland, Lohmann and Schéne
(2013) found that their record from the northeast coast of
Iceland projects onto blocking situations in the northern North
Atlantic with northeasterly flow toward Iceland and weakening
in the westerly zonal flow over Europe, potentially affecting food
availability controlling the local shell growth. On multi-decadal
time scales, the same record shows a pronounced variability
linked to North Atlantic temperatures and bears similarity
with the AMO pattern (Deser and Blackmon, 1993; Dima and
Lohmann, 2007).

Although there is a general consensus that regional conditions
affect shell growth variability, more precision is required
when establishing relationships with ocean temperatures. Absent
or temporally limited instrumental temperature data at shell
collection depth is often the culprit of weak or inconclusive
correlations with water temperature, leaving studies to rely on

gridded or instrumental SST data. Butler et al. (2013) used two
long (pre-1900) instrumental and gridded SST time series and
one instrumental bottom water temperature record (75 m) to
test the relationship with A. islandica shell chronology from
~82 m depth, and found weak correlations with SST data
and a statistically insignificant one with the bottom water
temperature. The authors furthermore attributed the lack of a
strong temperature signal to the possibility that temperature is
not the main driver of shell variability, but rather an indirect
reflection of phytoplankton productivity in the upper ocean
layer. We cannot, at this point, refute the relationship with food
availability, however, in our study we found contrasting results
upon reanalyzing the shell chronology of Butler et al. (2013). We
not only observed weaker strength of correlation with the all-
year-round SST signal, but also showed that the temperature
signal becomes significantly stronger with increasing water
depth layer (Figure 2). The observed dichotomy between
surface and bottom water bodies (e.g., Schone et al., 2005b;
Wanamaker et al., 2019) brings to attention the need for multi-
seasonal ocean depth-layered temperature profiles in performing
correlation analyses.

Synchronization With Seasonal

Temperature Signal

It is important to consider that bivalve shell growth is maximal
during a specific time of the year. Thus, the correlation with water
temperature should be optimized for the peak growing season at
the specific collection site. For instance, Wanamaker et al. (2019)
identified optimal growth conditions for A. islandica during
the February-May period in the Gulf of Maine by performing
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a similar correlation analysis with monthly temperature data.
For the Icelandic region in particular, previous research on
stable oxygen isotope profiles and annually-resolved shell growth
indices of A. islandica (Schone et al., 2005a; Reynolds et al.,
2016) showed that the growing season starts early in spring and
lasts to mid-late autumn (Feb-March to September-October).
Reynolds et al. (2016) further suggested that peak growth occurs
between June and October when maximum water temperatures
are reached, an observation highly consistent with our own
results. The correlation with water temperatures at 56 m depth is
slightly better (r = 0.449, p < 0.0001) for the peak growth period
(JJASO) than for the entire growth season (r = 0.417-0.438,
p < 0.0001). The water temperature at the shell collection site
ranges from 2.4-3°C in winter to 1.5-2.0°C in spring, 2.4-3.2°C
in summer, and 3.2-4.0°C in autumn (Figure 5). Witbaard et al.
(1998) showed in their experimental study that maximum height
growth in A. islandica occurs between 3.2 and 6.2°C. Despite the
EN4.2.1 temperature uncertainties (Supplementary Figure 2A),
it is apparent that the ARMC best synchronizes with summer
and autumn (JJASO) conditions when water temperatures
above 3.2°C prevail, coinciding with depth expansion of the
warmer upper ocean mixed layer (Figures 5C,D). Hence, we
propose that JJASO is the predominant growth season for
A. islandica collected from NIS, but since maximal correlations
are found particularly with the autumn (SON) temperatures,
we suggest that these temperatures reflect best the observed
ARMC signal.

Failure in identifying the peak growth period reflected by
the annually-resolved growth chronology could produce flawed
correlations. For instance, Butler et al. (2013) used April-
June (AM]) months for correlations with surface and bottom
water temperatures, a period which reflects a strong water
column mixing at this location (Figure 5B). Using the EN4.2.1
temperature record, we noticed that the correlation with AM]J
surface temperature and at the collection site is generally weaker
than with the dominant growth season (see Supplementary
Table 1), indicating unfavorable growing conditions. In addition,
our correlations with AMJ surface and bottom temperature data
are accompanied by a 2-year lag (Supplementary Figure 3).
Butler et al. (2010) found similar lags which were attributed
to the delayed response of nutrient supply to temperature or
possible physiological effects related to reproductive activity.
Interestingly, the strongest correlations obtained in this study are
centered below the 56 m water depth during summer and autumn
and present no time lag (Supplementary Figure 3), indicating
a similar thermal relationship between the water bodies around
the shell’s site location (Figure 5). In a similar correlations study,
Poitevin et al. (2019) found that shallow-water shells from the
Newfoundland Shelf correlated significantly with the January and
February temperature signal down to 175 m depth and with
bottom water temperature (<100 m) for the remaining months
(March-December), indicating the distinct impact of seasonal
thermal stratification conditions on growth variability.

To better assess the observed thermal stratification pattern and
the significance of the 56-m depth boundary layer between the
local water bodies, we correlated the year-to-year shell growth
variability with the EN4.2.1 salinity record (see Supplementary
Figure 4). Salinity does not influence shell growth directly

(explained variance <1%), but serves here as indicator of the
different water bodies and seasonal stratification dynamics. Our
results show significant positive correlations only with water
layers below 56 m (Supplementary Figure 4C). The strongest
in-phase correlation is present in late spring-early summer
(MJ]), coinciding with the eastward movement of a more
saline water body toward the collection site (34.80 isocline;
Supplementary Figure 5) and with the stratification of the mixed
layer throughout the summer and autumn. Strong correlations
with seasonal temperature and salinity starting below 56 m depth
suggest that the upper mixed layer is above this threshold. In fact,
multiple regression analysis showed that 24.3% of the variance
is explained by SON water temperature between 56 and 98 m
depth, whereas 21.9% of the variance is exclusively explained by
the water temperature at 56 m. While this phenomenon may be
site-specific, it also reflects the disparity between the upper and
lower water bodies, the mixed layer and the water body below the
thermocline in their effect on the Arctica shell proxy.

Temporal Synchronization With
Temperature Signal

In addition to analyzing the seasonal synchronization with local
surface and bottom water temperature determinants of the main
growth period and reflective of the seasonal stratification, we
suggest that it is equally important to evaluate how stable
this coupling was during the 106-year analysis period. The
15-year running correlation (Figure 3B) yielded a significant
correlation (r > 0.4) between 1900 and early 1960s, besides a
brief decoupling during the early 1950s and for almost a decade
between 1970 and 1980. Our analysis showed that the observed
growth variability in A. islandica responds to a low-frequency
signal (section “Synchronization with temperature signal”), most
apparent in the strong coupling with AMO phases during the
first six decades (Figure 3). Despite the weak correlation with
AMO index (11-year low-pass filter; r = 0.250, p < 0.05), the
corresponding temperature anomalies in the North Atlantic
sector reflect the dominance of Atlantic and Arctic waters on
multi-decadal timescales. In turn, these changes modulate shell
growth variability resulting in good coupling (cf., Lohmann and
Schone, 2013). The short-term lack of synchronization with SON
water temperature at 56 m depth during the early 1950s could
be attributed to quasi-decadal ocean variability and a temporal
shift in the seasonal pattern. For instance, by computing a 15-
year running correlation with JJA water temperature at 56 m
depth, we do not observe such brief decoupling (Supplementary
Figure 6). However, by shifting the season by one month at a
time (i.e., JAS, ASO, SON, OND), we observe that the correlation
decreases gradually (Supplementary Figure 6). Although shell
growth variability is best explained by SON temperature during
the 1900-2005 period, this finding suggests that short-term
changes in the seasonal pattern of coupling can occur and can
be tied to shifts in timing of primary productivity patterns,
thereby complicating the local hydro-climatic reconstructions.
However, the presence of a high frequency ocean component
in the growth signal explains why weaker correlations with
subsurface water temperature and salinity are often accompanied
by a lag (Supplementary Figures 3, 4).
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We notice that regardless of the projected season (JJA-SON),
the main periods of decreased temporal synchronicity with the
water temperature at the collection site remains unchanged
(Figure 3 and Supplementary Figure 6). The first decoupled
period occurs for almost a decade, between the early 1960s
and mid-1970s, coinciding with the occurrence of the Great
Salinity Anomaly (GSA) in the Icelandic region (Dickson et al.,
1988). The GSA event was an abrupt freshening episode due to
extensive sea ice export from the Arctic through the Fram Strait,
which affected the entire northern North Atlantic region from
mid-1960s to early 1980s (e.g., Ionita et al., 2016). Recognizing
such abrupt events in annually-resolved master chronologies
is important because it reflects the proxys ability to record
drastic environmental fluctuations. For instance, decreased shell
growth during 1965 is also evident in shallow-water shells
from NE Iceland (e.g., Lohmann and Schéne, 2013; Marali and
Schone, 2015), reflecting a common response of the A. islandica
population from North Icelandic shelf to GSA. On the other
hand, the positive growth anomaly observed during late 1960s
and early 1970s might be related, partially, to a methodological
bias as additional shells of low biological age are included in the
chronology starting with 1940 (Butler et al., 2013). Butler et al.
(2010, 2013) mention that time periods in which the chronology
is dominated by series of low biological age might bias the RCS
values toward higher values.

The decreased growth from the mid-1970s into the early 1980s
synchronizes well with negative SST anomalies being preserved
in the upper 200-300 m (Dickson et al., 1988). The second
period of decreased synchronization with the temperature signal
at the collection site starts in the early 1980s and lasts until
the end of the shell chronology. This period is characterized by
an overall negative temperature anomaly in the North Atlantic

sector and a transition in the 1990s toward more positive
anomalies. Although the salinity changes are minimal at this
location and depth (£0.2 psu during the 1900-2005 period)
and such fluctuations may be prone to some errors given the
EN4.2.1 dataset’s uncertainty in the North Icelandic shelf area
(0.1-0.2 psu; Supplementary Figure 2B), we observed that after
1962, the oscillation is more frequent (Supplementary Figure 7).
Multiple regression analysis indicates that prior to the GSA event,
41% in shell variability was explained by SON temperature and
M]J salinity at 56 m depth. The period post-GSA is hydrologically
more variable, with interannual to quasi-decadal alternating
influences from IC and EIC leading to changes in shell variability
that cannot be explained by either temperature or salinity.
Diatom and copepod monthly abundances from CPR (see
section “Materials and Methods”) may help to understand the
lack of synchronization between temperature and shell growth
(Figure 6). Diatom blooms indicate high primary production,
but access of the benthos to this production depends to a large
extent on the presence of zooplankton (Witbaard et al., 2003).
Unfortunately, observational data pre-1950s are lacking, so that
this analysis was constrained to a shorter time series (1958-
2005). Shell growth index correlates marginally with diatom
abundance (r = 0.271, p = 0.063), however, the decrease in
A. islandica growth starting around 1962 coincides with a decline
in diatom abundance and a diatom-based SST reconstruction
(Ran et al, 2011). The correlation with copepod abundance
is not significant (r = 0.187, p = 0.202), however, for the
period affected by GSA (1962-1976), 36% of shell growth
variability is explained by copepod abundance (p = 0.0551).
The growth variability after GSA cannot be explained by a
three-parameter model (temperature, diatoms and copepods)
besides short temporal observations of an inverse relationship
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FIGURE 6 | Annual growth variability of A. islandica during 1900-2005. (A) Copepod and (B) Diatom abundances during 1958-2018. Periods of decreased
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with copepod abundance (Witbaard et al, 2003). Lack of
synchronization between A. islandica growth and environmental
parameters in the late 1970s might also be due to a temporal
mismatch between primary and secondary producers and a
shift in food availability (Olivier et al, 2020). Apparently,
our time series are too short and too noisy to enable the
detection of correlation patterns and their development over
time consistently. We emphasize that the reduced explained
variance with temperature post-1960s may also complicate
correlations with observational temperature data which are
temporally limited and lack monthly to seasonal resolutions.
An example is that the instrumental data used by Butler et al.
(2013), namely Siglunes Station, is too short (1947-2005) and
contains missing data for a statistically robust correlation (e.g.,
Bonett and Wright, 2000), in particular with JJA-SON bottom
water temperature.

Oceanographic Patterns

By expanding our analysis spatially in the North Atlantic
sector, we track the positive relationship with water temperature
observed locally, and search for similarities with distant water
bodies both at surface and with increasing water depth. For
northern Norway, Mette et al. (2016) observed that the explained
variance between the master-chronology of A. islandica and
water temperature was higher at large-scale than locally. It is,
therefore, interesting to address large-scale ocean variability to
explain shell growth variability instead of correlating only with
local phenomena.

The positive spatial correlation observed spreads along the
Norwegian coast and to the Arctic Ocean, following the path of
the North Atlantic Current and also along the western margin of
Greenland, speaking for a predominant influence of the Labrador
Current. Similarly, Mette et al. (2016) and Poitevin et al. (2019)
observed that the spatial correlations are stronger for locations
along main current paths, i.e., the Labrador Current and the
North Atlantic Current. In this study, the spatial pattern of
correlation is stronger at water depths approaching the collection
site (56-77 m). This suggests that the mixed ocean layer across
the observed locations responds to similar intrinsic modes of
variability. Since strong correlations are found only below 56 m
depth within a broad oceanographic area (Figure 4), we propose
that the shell growth variability extracts a common temperature
signal in between the mixed layer and the thermocline in
the range of the optimal growth temperature. The relatively
warm temperature conditions found within this depth range are
furthermore suggestive of an intensified North Atlantic Current
(NAC) and a predominant influence of Atlantic waters in the
Arctic (Spielhagen et al.,, 2011). The signature of the warm and
saline Atlantic water body following the northwards path of
the NAC is further observed during spring and summer below
56 m in spatial correlation plots with salinity (Supplementary
Figure 8). For the period 1900-2005, we remark that a negative
phase in Arctic Oscillation (AO) is generally more dominant,
with more warm air reaching the Arctic region.

We also observe a strong positive correlation during winter
and spring with the surface waters around the coast of
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Newfoundland. Poitevin et al. (2019) associated the enhanced
shell growth in the area with a negative phase of North Atlantic
Oscillation (NAO). The decrease in westerly winds reduces
surface ocean heat loss to the atmosphere, thus maintaining
a positive ocean temperature anomaly. Such positive anomaly
is stronger during spring with increasing water depth, but
it is also present during summer and autumn (Figure 4),
indicating that the surface warming signal trails at greater depths
during the next season. Another feature revealing an ocean-
atmosphere interaction is the tripole pattern observed during
winter (Figure 4). The tripole pattern is associated with SST
anomalies, similar to the ones generated by NAO variability
(Deser et al., 2010; Hurrell and Deser, 2010). The fact that this
feature is significantly persistent only during winter, suggests that
the signal along the path of Labrador Current is a local response
of uppermost layer of the ocean to the variability of NAO.
Although correlations with winter NAO index are not significant
(p > 0.05), we suggest that interactions between NAO and the
ocean can be identified interannually during winter, reflecting a
winter re-emergence mechanism (Hurrell and Deser, 2010).

The negative temperature association that dominates the
tropical Atlantic indicates that the water conditions are inversely
related to those experienced by A. islandica in the North Atlantic
region. The longitudinal extent and the timing of such negative
correlations (i.e., autumn and winter) suggest that these are
regions affected by a high-pressure and intensified northeasterly
trade-winds which typically prevail during winter (Amador
et al., 2006). The strongest correlations are centered along the
coast of South America below 56 m depth (Figure 4) and
indicate winter mixing associated with the Southern Caribbean
coastal upwelling system (Rueda-Roa and Muller-Karger, 2013).
The spatial extent covered by our analysis at various depths
indicates that by using growth indices of A. islandica, it
is possible to track thermal connections between different
water bodies.

CONCLUSION

This study explored the depth-dependent relationship of an
annually-resolved master chronology of A. islandica from the
North Icelandic shelf to ocean temperatures. Our findings
suggest that positive correlations are exclusively found between
the mixed layer and thermocline during summer and autumn
corresponding to patterns of thermal expansion of the local water
bodies. The spatial extent of the analysis from tropical to extra-
tropical regions of the North Atlantic Ocean marks potential
source regions responsible for driving shell growth variability
affected by interannual to quasi-decadal variability associated
with NAO and multi-decadal variability linked to AMO. Such
results are important in understanding drivers of variability in
A. islandica and why correlations with sea surface temperatures
can be particularly inconclusive. We, thereby, recommend that
for maximizing the use of A. islandica as proxy, correlations
should be made, as a first step, with water temperature data
during the peak growth period, close to the collection site and
depth over a long period of time (e.g., several decades and longer).

In the absence of a strong temperature signal, shell growth
might synchronize with other environmental conditions (e.g.,
high diatom abundances) and competition from zooplankton
feeding activity. With GSA-like events to be foreseen in the future,
abrupt temperature changes do not only impact the growth,
but alter the possibility of coupling the shell growth index to
environmental parameters. In retrospective, depending on the
location, such periods of decadal decoupling might be useful
in identifying temperature and climatic anomalies. The use of
growth indices in A. islandica together with other proxy-based
temperature reconstructions (e.g., $'80 from same chronology)
over the past 1000 years or with model simulations for a more
robust outlook, could improve our skills in observing large-scale
ocean variability at various water depths. Our results enhance the
application of A. islandica to track thermally linked water bodies
across a much broader region and emphasizes the need to look
not only at the relationship with the sea surface temperature, but
also with the water temperature at different depths.
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climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-
oscillation-nao-index-pc-based).
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Abstract

Understanding the dynamics and impacts of atmospheric blocking events is es-
sential for improving weather forecasts, assessing climate change impacts, and
enhancing resilience to regional extreme weather events. While observational
analyses, modeling studies, and statistical approaches provide valuable insights
into the complex interactions between blocking and large-scale climate drivers,
our focus is on seeking novel perspectives from marine organisms, such as Arctica
islandica growth records. We evaluate whether growth extremes in an Arctica
islandica master chronology from Helgoland (southern North Sea) are associated
to atmospheric circulation anomalies with the prospect of reconstructing such
occurrences in the 1836-2004 period. Our results indicate that years character-
ized by growth reduction in Arctica islandica correspond to positive phase of the
North Atlantic Oscillation during the boreal winter, accompanied by spring anti-
cyclonic activity and enhanced blocking frequency centered on the British Isles.
Consequently, the wind patterns alter timing, quantity and quality of spring
blooms. We conclude that our record from the southern North Sea brings North
Atlantic atmospheric blocking into a long-term perspective.

Keywords: Arctica islandica; growth extremes; atmospheric blocking, block-

ing frequency, North Atlantic Oscillation; East Pacific/ North Pacific index;
Helgoland.
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1. Introduction

In recent years an increase in extreme events (e.g., marine and terrestrial heat
waves, droughts, floods) has been observed, which have been caused to a large
extent by specific weather patterns, like atmospheric blocking (Chapman et al.,
2022; Kautz et al., 2022; Bakke et al., 2023). Atmospheric blocking disrupts
the typical eastward progression of mid to upper tropospheric air circulation,
acting as a precursor to the development of synoptic extreme weather events.
When blocked, the jet stream exhibits meandering patterns over mid- and high-
latitudes (Rex, 1951). Depending on their nature—whether cyclonic or anticy-
clonic—these meandering structures can stall over a region, giving rise to cold-
spells (Cai et al., 2024), heavy precipitation leading to flooding (Ionita et al.,
2020a), unusual wind patterns (Kautz et al., 2022), and the initiation of both
terrestrial and marine heat waves (Perkins et al., 2012; Oliver et al., 2018). At-
mospheric blocking is, thereby, a crucial factor in the development of weather
extremes (Rimbu et al., 2014; Kautz et al., 2022), which affect both terrestrial

ecosystems and marine ecosystems (Smale et al.,; 2019).

In their statistical analysis of 500 mb geopotential height between 1950 to 1979,
Lejends and Okland (1983) emphasized that the frequency and duration of at-
mospheric blocking occurrence is higher in the Atlantic region compared to the
Pacific. This observation underscores the pivotal role of atmospheric circulation
patterns in shaping regional climate dynamics and the importance of the Euro-
Atlantic region (Diao et al., 2006). Seasonal, inter-annual and inter-decadal
weather and climate variability over the Euro-Atlantic region is primarily dic-
tated by the North Atlantic Oscillation (NAO) polarity (Hurrell, 1995; Hurrell
and Deser, 2010). In its positive phase, a strong dipole in the sea-level pressure
develops between Azores and Iceland (Jones et al.; 1997), deviating the storm
track northwards and bringing warmer and wetter conditions into the high-
latitudes (Hurrell, 1995), which contrasts the dry regime of the southern and
eastern continental regions. Regardless of its strength, the NAO teleconnection
pattern is spatially (e.g., Barnston and Livezey, 1987; Cassou et al., 2004; Hur-
rell and Deser, 2010) and temporally (Pozo-Vazquez et al., 2001) non-stationary.
Recent research efforts have shown that coupling NAO with the second and third
leading mode of atmospheric variability—namely, the East Atlantic (EA) and
its extended teleconnection, the East Atlantic-West Russian (EA/WR), and the
Scandinavian (SCA) pattern—offers a more precise depiction of boreal winter
climatology (e.g., Moore and Renfrew, 2012), temperature and precipitation pat-
terns (Comas-Bru and McDermott, 2014; Ionita, 2014; Tonita et al., 2015) and
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sea-level changes (Chafik et al., 2017) in the Euro-Atlantic sector.

By employing empirical orthogonal analysis on blocking frequency data, Rimbu
et al. (2014) have found that the first three dominant patterns explaining 35
% to 44 % variability on interannual to interdecadal time-scales, respectively,
are related to anticyclonic blocking over Greenland, North Sea and Scandinavia.
Over the past two decades, frequent blocking over the North Sea has resulted
in a significant increase in precipitation deficits over Central Europe (lonita
et al., 2020b). As the North Atlantic Oscillation influences zonal wind patterns,
variations and anomalies in the strength of the westerlies redistribute the upper
ocean’s heat content and density (Bersch, 2002). Additionally, these fluctuations
affect the mixed layer depth and the winter recurrence of temperature anomalies
(Alexander and Deser, 1995), playing a vital role in supporting primary produc-
tion and the organisms at dependent trophic levels. In the southern regions of
the North Sea, in particular the German Bight, four decades of instrumental
recordings from the island of Helgoland reveal a notable change in water condi-
tions: an increase of 1.64 °C and 0.3 PSU (i.e., practical salinity unit) in mean
annual temperature and salinity, respectively (Wiltshire et al., 2010). Moreover,
the North Sea in general and the German Bight experienced an ecological regime
shift after 1987 CE (Reid and Edwards, 2001; Reid et al., 2001; Edwards et al.,
2002; Schliiter et al., 2008), aligning with increased marine influences following
the occurrence of the shift (Wiltshire et al., 2008).

Considering the interplay between the atmospheric dynamics and a shallow-
water environment such as the German Bight, we want to see whether particu-
lar atmospheric anomalies, namely atmospheric blocking, can be reconstructed
from the growth history of benthic organisms such as Arctica islandica (A. is-
landica) bivalve species. Many studies from the North Sea (Schone et al., 2003a,
2005¢,d; Epplé et al., 2006; Holland et al., 2014) have shown that A. islandica
shell growth signal captures a signature associated with NAO. However, Epplé
et al. (2006) have found it challenging to explain growth variability in terms of
physical and biological parameters. To overcome such challenges in a dynamic
environment, we primarily focus on the extreme growth response of A. islandica
bivalve species to uncover anomalous atmospheric teleconnection patterns be-

yond pre-instrumental period.
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2. Study area

The island of Helgoland (54° 10" — 54.6"N, 7° 52’ — 56.6"E) is located 70 km
off the coast of Germany, in the German Bight, southern North Sea. In this
highly dynamical estuarine sea, water transport alternates between warm and
saline Atlantic water entering the northern and southwest North Sea — which
has become more dominant in recent decades (Wiltshire et al., 2010) — and less
saline and dense coastal waters via the Elbe and Weser rivers (Figure 4.1). The
dynamical nature of the area stems from synoptic atmospheric patterns, com-
monly identified in sea level pressure anomalies, which facilitate or hinder heat
and moisture transport from the tropical Atlantic. For instance, lonita et al.
(2008) have shown that anticyclonic conditions over Scandinavia and the Ger-
man Bight reduce spring moisture and precipitation contributing to low riverine
discharge and high salinity anomalies. Later research by Lohmann and Wilt-
shire (2012) have found that winter blocking conditions over Scandinavia change
water conditions (e.g., clear vs. turbid) leading to a delay in the spring diatom
bloom, in turn, affecting the performance of dependent members of the food
web. Such observations have been enabled by the Helgoland Roads project,
which provides high resolution, long-term monitoring of physical, chemical and
ecological parameters of this marine protected area since 1962 (Wiltshire and
Manly, 2004; Wiltshire et al., 2010, "Helgolander Felssockel” NSG).
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Figure 4.1. Bathymetric map of the Eastern Atlantic region (45°N — 63°N,
30°W — 30°E) showing collection site near the island of Helgoland (red marker),
German Bight, North Sea. The red arrows indicate the North Atlantic Current
and associated Atlantic waters, the yellow arrows represent coastal waters, and
the blue arrows denote Arctic waters. The isolines start from 1000-m depth and
link to the depths displayed on the color-bar. Gridded bathymetric data was
obtained from The General Bathymetric Chart of the Oceans (GEBCO). After
Fig.15 in Turrell et al. (1992) and Fig.5 in Hofmann et al. (2005) and AMAP.

3. Materials and Methods

3.1. Master shell chronology

In this study we used an unpublished master chronology based on growth-
increment widths of 25 shells of A. islandica from the vicinity of Helgoland
(Bauer, 2011). Seventeen A. islandica specimens were live-collected at 40-m
water depth (54°9'2"N, 7°47'6"E) to (54°9'7"N, 7°49'6"E; see Figure 4.1) in Au-
gust 2005. The master chronology was supplemented by the following sub-fossil
specimens: six shells from the Biologische Anstalt Helgoland (BAH) (coded
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HM) and two valves, on loan, from the Zoological Museum of Kiel (courtesy
of Bernd Schone; coded A10L and A11L). The live-collected specimens under-
went the standard preparation routine, involving the removal of soft tissue and
periostracum. Subsequently, cross-sections were made along the maximum axis
of growth, followed by a thorough cleaning, polishing, and etching. The speci-
mens were then stained with Mutvei solution (Schone et al., 2005b) for visual
inspection under stereo-microscope. Cross-dating of live-collected and sub-fossil
specimens was achieved visually and with the aid of the dendrochronology soft-
ware TSAP-Win™. Subsequent increment length corrections were made man-
ually and with the aforementioned software. Further details can be found in
Bauer (2011). Increments from the first five years of life were excluded in all
individuals, and the ontogenic trend removed by cubic spline function (A=400)
in JMP® software. Thereafter, the growth indices (GI) at year (i) for each
chronology was calculated by dividing the measured increment by the predicted

increment after the removal of the ontogenic trend (eq. (4.1)).

GI. = log (Observed 1ncr.> (4.1)

Predicted incr.

The relative shell growth per unit time is calculated by standardizing (u=0;
o=1) the resulting growth indices (eq. (4.2)) in the dimensionless quantity SGI
(i.e., Standardized Growth Index).

g

SGI =

(2) (4.2)

In this study, the final SGI measure is calculated by using a dynamic normal-

ization with a moving average of 11 years (eq. (4.3)).

S(;IZ — N[A(/LSG[7 11)
MA(O’SG], 11)

SGIll,i = (43)

The resulting SGI covers the 1767-2004 period, although the first four years
are covered by only one specimen (A10L) from Zoological Museum of Kiel (see
Figure 4.2A).

3.2. Environmental data

We used monthly sea level pressure (SLP) and geopotential height at 500 mb
(Z500) at 1° x 1° grid resolution in the period 1836 to 2004 CE as a diagnos-
tic for potential large-scale anomalies in the surface and mid-level atmosphere

circulation. Zonal (u-wind) and meridional (v-wind) fields accompany the SLP
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Figure 4.2. (A) Life-span of individual shell samples (sample depth) used in
the master chronology from Helgoland (Bauer, 2011). (B) Spectral analysis of
the SGI against AR(1) red noise background at 95 % and 99, %, respectively,
confidence limits. Significant peaks are marked on the figure.

and Z500 maps and were extracted at 10 m height and 5500 m height (500mb),
respectively. The data were extracted from the 20" Century Reanalysis V3
(Slivinski et al., 2019).

We supplemented our analyses with monthly and seasonally averaged sea-surface
temperature (T peg0) and salinity (Spgeigo) from the high-resolution, long-term
observational dataset “Helgoland Roads” (54°11.3’N, 7°54.0’E; Wiltshire and
Manly, 2004). As a primary productivity marker for local waters and its ob-
served connection to atmospheric blocking (see Lohmann and Wiltshire, 2012),
we used diatom data from the Helgoland Roads dataset, and calculated the mean
diatom day (MDD) according to Wiltshire and Manly (2004) for the first quarter
(January to March) and second quarter (April to June) of the year, respectively.

The first leading mode of atmospheric variability, accounting for one-third of
the explained SLP variance and impacting the North Atlantic-European sector
on interannual to interdecadal time scales (Hurrell, 1995; Hurrell and Deser,
2010), is represented by NAO. The NAO index is defined as the meridional sea
level pressure gradient between Azores islands and Iceland during boreal winter,
December to February (DJF). In this study, we primarily used the longest obser-
vational index of Jones et al. (1997) starting with 1824 CE. We also compared
our master shell chronology to the NAO reconstruction index by Jones and Cox
(2001). This index employs instrumental station pressure data and historical
archives extending the reconstruction to 1659 CE on a monthly-resolution, and

to 1500 CE on a seasonal-resolution.

The second and third leading modes of atmospheric variability represent the
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East-Atlantic pattern (EA) and Scandinavian (SCA) pattern, respectively. The
EA pattern (Barnston and Livezey, 1987; Cassou et al., 2004) has a positive
center of action located central-eastern North Atlantic and North Sea. We also
used the extension of the EA pattern, namely the East Atlantic/West Russian
(EA/WR), which has a strong positive center over the British Isles and one in
Eurasia (Barnston and Livezey, 1987). Compared to the EA, the SCA pattern is
displaced over Scandinavia/Russia and subpolar regions (Barnston and Livezey,
1987; Bueh and Nakamura, 2007). We also employed the East Pacific/North Pa-
cific (EP/NP) teleconnection, characterized by a positive center over the North
Pacific and Alaska, and a positive but weaker one over the central North At-

lantic (Barnston and Livezey, 1987).

The observational teleconnection indices begin with the 1950 CE and are stan-
dardized by the 1981-2010 climatology. To mitigate the temporal constraints of
the EA and SCA observational indices, Comas-Bru and Herndndez (2018) em-
ployed an empirical orthogonal function on the NOAA’s 20" Century Reanalysis
(V2c¢) SLP data to extract these two modes of variability. Due to data bias, we
additionally used the EA and SCA indices starting with 1865 CE.

3.3. Data analysis

In this study, we applied a threshold of lowest 10" percentile and highest 90
percentile to the SGI (e.g, Wanamaker et al., 2019) to define low and high
extreme events, respectively. The years obtained with our defined threshold
(Table C1) were further used for the composite SLP and Z500 analyses. The
statistical significance of the composite maps was determined by a two-sided
t-test (confidence level of 90 % and 95 %, respectively).

Additionally, the SGI was correlated via Pearson correlation coefficient (r) anal-
ysis with the instrumental T geg0, Steigo and MDD data from Helgoland Roads
dataset, as well as with the observational and reconstructed teleconnection in-
dices. All correlations take into consideration the presence of lag-1 autocorrela-
tion in the time series. For calculating the effective degrees of freedom (N.yy),
the greater lag-1 from the time series was selected. The statistical significance

of the correlation was set to 90 % and 95 % confidence level, respectively.

We calculated one-dimensional (1D) blocking frequency index and two-dimensional
(2D) blocking frequency field by using daily spring (MAM) Z500 data for the cli-
matological period 1836-2004 CE. The southern (GHGS) and northern (GHGN)
geopotential height gradients of each point are calculated using eq. (4.4) and eq.
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(4.5), respectively (Scherrer et al., 2006). For the 1D blocking index, we calcu-
lated gradients using latitudes between 45°N and 65°N, with 55°N serving as our
reference latitude. For the 2D field, we used geopotential height data between
20°N to 90°N to effectively cover the 35°N to 75°N region. A grid point is con-
sidered blocked only if both the northern geopotential height gradient is above
the 0 m/°lat threshold and the southern geopotential height gradient is below
the -10 m/°lat threshold, and this configuration persists for five consecutive days

or more (Scherrer et al.; 2006).

— Z(¢o — 15°)

_ Z(¢v)
GHGS = =

(4.4)

Po + 15°) — Z (o)

A
GHGN = =

(4.5)

4. Results

The master shell chronology from Helgoland displays regular sub-decadal vari-
ability, with an extreme peak occurring at least once per decade, except in the
1900-1920 period (Figure 4.3A; Table C1). Spectral analysis (Figure 4.2B) in-
dicates significant peaks at approximately 6, 7 and 12 years, respectively. We
observed a slight change in the frequency regime between 1767 to 1900 and 1900
to 2004, with the first period showing a periodicity of 6.5 years, and the latter
of 7.7 years. The wavelet analysis of the SGI validates this subtle shift (Fig-
ure C1), and also a lack of variability between 1900 and 1920 (shaded period
in Figure C1). At the beginning of the record, for instance, the 1767-1870 CE.
time frame corresponds to a periodicity of about 6 years, compared to 8-year
period at the end of the record (1956-2004 CE).

4.1. Relationship with instrumental data

Significant correlations with instrumental water temperature at Helgoland (T geig0)
are attained at one-year lag in the boreal winter-spring monthly averages (Ta-
ble 4.1). Cross-correlation analysis shows that the maximum correlation is ob-
served at lag-5 for JEMA (r= 0.731; N.sr=15; p<0.05) and slightly higher for
the MA average (r=0.733; N.fy=15; p<0.05). In-phase correlations are not sig-
nificant for the 1962-2004 period. The highest correlation with measured salinity
at Helgoland (Sgeig0) is observed at lag-1 during early spring and autumn, al-

though — alike the in-phase correlations — these are not statistically significant
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(Table 4.1). Multiple regression analyses indicate that the temperature and
salinity conditions during early spring (MA) explain 23.2 % (Adj. R?) of SGI
variability one year later. No in-phase or lagged relationships were found with
the MDD index of Wiltshire and Manly (2004) for the first two quarters. How-
ever, there seems to be a positive, albeit not significant, relationship with winter
MDD until 1985, apparent also in cross-wavelet analysis. We observed that co-
eval low and high extremes occur during 1974-1975, 1984 and 1980, respectively
(Table C1).

Table 4.1. Pearson correlation coefficients between SGI of A. islandica and
instrumental water conditions at Helgoland and observational atmospheric tele-
connection indices. The asterisk refers to one-year lag. Statistically not signifi-
cant correlations are marked by ns. Several correlations improve across multiple
analysis periods.

SGI Season Pearson’s r | No¢s | Confidence Period
Trhego | JEMA/JFMAM -0.453* 16 p<0.1 1962-2004
MA -0.507* 16 p<0.1 1962-2004
MAM -0.489* 16 p<0.1 1962-2004
S Hetgo MA 0.252% 16 ns 1962-2004
SO -0.263* 16 ns 1962-2004
MDD JFM 0.386 9 ns 1968-1985
AMJ -0.226 16 ns 1968-2004
NAO DJF -0.219* 72 p<0.1 1824-2004
October -0.200 72 p<0.1 1824-2004
Annual -0.221 72 p<0.1 1824-2004
EA MAM -0.228 58 p<0.1 1865-2004
EP/NP JF 0.427 23 p<0.05 1950-2004
JF 0.660 13 p<0.05 1970-2004
BF MAM -0.437 15 p<0.1 1968-2004
MAM -0.677 9 p<0.05 1970-1995

4.2. Relationship with teleconnection indices

In-situ water temperature from winter to early summer at Helgoland shows a
significant correlation with NAOp rys in the period 1962-2004 CE. The most
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significant correlation (i.e., r=0.748; N.fy=18; p<0.05) is observed during spring
months (MA/MAM). We note analogous findings when comparing the observa-
tional winter NAO index (from 1950 onwards) with Tpeg. Furthermore, the
winter-spring T eg, correlates with the winter (DJFM) SCA teleconnection in-
dex (e.g., MA: r= -0.438; N.;=18; p<0.1), but not with EA and EA/WR
indices. Likewise, the Sgeygo is not linked with EA and EA/WR teleconnec-
tion indices, but only with SCA during JEM (r= 0.440; N.;;=22; p<0.05) and
JFEMA months (r= 0.370; N.fy=23; p<0.1). Analyses with the reconstructed
winter (DJF) SCA blocking index of Comas-Bru and Hernandez (2018) yielded
similar results for the 1962-2004 period. The JFM salinity average correlates
also with NAOppy in the period 1962-2004 CE (r= -0.390; N.;y=22; p<0.1).

Although there is a notable correlation between physical water conditions at
Helgoland and some teleconnection indices, no significant relationship was found
with the SGI between 1950 and 2004 CE, besides a significant anti-correlation
with the longer spring EA reconstruction of Comas-Bru and Hernandez (2018) in
the period 1865 to 2004 CE (Table 4.1). The relationship with winter NAOp,p
is also one-year lagged in the 1824-2004 period, and yet the SGI correlates con-
currently with the yearly NAO index and the October month. The master shell
chronology did not correlate with the NAO reconstruction of Jones and Cox
(2001). Among the teleconnection indices, the January-February EP /NP index
demonstrates the strongest correlation with the SGI, which improves signifi-
cantly after 1970 (Table 4.1). It is intriguing to observe this enhanced correla-
tion, especially considering that the January-February EP/NP index does not

significantly correlate with the water conditions at Helgoland.
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Figure 4.3. (A) Annually-resolved standardized growth index (SGI) of A. is-
landica shells from Helgoland showing extreme high (red circles) and low (blue
circles) growth values. The threshold for negative and positive extremes is set to
10*" and 90" percentile, respectively. Extreme indices for the observational data.
are also highlighted in panels B to H. The dashed pink line refers to the SGI time
series without the 11-year moving average. (B) Instrumental sea surface temper-
ature (Tpergo) and (C) salinity (Sgeygo) data from Helgoland Roads (Wiltshire
et al., 2010) during boreal winter-spring months (JFMAM). (D) Mean Diatom
Day (MDD) for JEM months from Helgoland Roads (Wiltshire et al., 2010). (E)
North Atlantic Oscillation (NAO) index (Jones et al., 1997) beginning with 1825
CE averaged for DJFM months. (F) Observational East Atlantic (EA) index
and (G) Scandinavian teleconnection index (SCA) averaged for DJFM months.
(H) January-February averaged East Pacific/ North Pacific observational index.
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4.3. Extremes and atmospheric anomalies

Composite analyses indicate that there is a significant relationship between ex-
treme SGI values in the A. islandica master chronology from Helgoland and re-
gional spring atmospheric anomalies (Figure 4.4 and Figure C2). The SLP and
7500 patterns corresponding to extreme high SGI display a significant negative,
cyclonic, center in the Labrador Sea, close to the Newfoundland coast (Fig-
ure C2). Furthermore, the Z500 map (Figure C2.B) indicates positive anoma-
lies over the Greenland and Baffin Bay and central NE Atlantic between 30°N
to 40°N. Atmospheric blocking over Greenland is much more prevalent during
negative Arctic Oscillation (AO) and NAO years (Rimbu and Lohmann, 2011;
Hanna et al., 2016). However, we did not find any correlation between NAO and
the Greenland Blocking (GB) index of Hanna et al. (2016) during the period
between 1851 and 2004 CE. We find instead that colder spring (MA) T gy, are
associated with winter GB (r= -0.555; N.fy=16; p<0.05) and AO (r= 0.637;
Nesr=18; p<0.05). In this scenario, it is likely that the collection area encoun-
ters colder waters that support growth, along with continental north-easterly

winds that promote coastal-upwelling.
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Figure 4.4. Low growth in A. islandica from Helgoland (red-filled circle on map)
and its association with surface and mid-level atmospheric circulation anomalies
during spring months (MAM) for 1836-2004 CE reference period. Composite
anomaly maps for (A) sea level pressure (SLP) and 10-m wind fields and (B)
geopotential height at 500 mb (Z500) and zonal and meridional wind vectors
at 500 mb extracted from 20" Century Reanalysis V3 dataset (Slivinski et al.,
2019). Significant regions at 90 % confidence level are displayed by dotted areas.
The arrows indicate the wind vector direction, whereas the length of the arrow
refers to the mean anomaly (m/s)

In contrast, during extreme low SGI values, the North Sea is positioned along
the eastern pressure gradient formed by a double-connecting anticyclonic struc-

ture in the Labrador Sea and the British Isles (Figure 4.4). Significant centers
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of action are situated in the NW Atlantic (40°W to 60°W) and NE Atlantic
(20°W-0°E), spanning zonally between 50°N to 60°N. As a result, wind anoma-
lies generated along the eastern gradient of the anticyclone (Figure 4.4), enter
the North Sea from the northwest, pushing coastal waters in the German Bight

and causing higher sea levels.

4.4. Extreme low SGI and spring blocking frequency

Cyclonic-like circulation over the polar regions and a persistent high-pressure
system over the British Isles causes a disruption of the zonal flow and leads to
an increase in the frequency of atmospheric blocking over the British isle and
North Sea (Rimbu et al., 2014). Our analyses show that extreme low SGIs co-
incide with enhanced blocking frequency in the mid- to high-latitudes (Figure
4.5A). Because a minor shift was noticed in the SGI periodicity pre-1900 CE to
post-1900 CE, we looked specifically whether the centers of action also shifted
longitudinally in these two time frames (Figure 4.5B). The years associated with
extremely low SGI values not only depict the latitudinal mean distribution of
spring blocking days, but also show an intensified activity around the centers
shown in Figure 4.4A (shaded areas in Figure 4.5B). Our analyses show that, on
average, the percentage of spring blocking days increased post-1900 CE. More-
over, we notice that the center identified in the west Atlantic moved westwards,
whereas the east Atlantic center broadened. Additionally, a higher percentage

of blocking activity is observed in the eastern North Pacific.

Since there is a clear indication between spring blocking activity and suppressed
growth in A. islandica, we developed a regional blocking index for the 1900-
2015 CE period. We selected a region latitudinally bound between 50°N and
65°N, and longitudinally, between 20°W and 10°E as observed to show partic-
ularly high blocking in this time frame. The resulting index does not explain
year-to-year variability of the SGI, however, we detect that for a higher per-
centage of blocking days (e.g. >10 %), we could establish a temporally limited
correlation (Table 4.1), in particular between 1970 and 1995 CE. High spring
THego in the time period 1968-1987 CE are also linked with enhanced spring
blocking (r=0.645, N.sr= 9, p<0.1). In this time frame, the regional blocking
index correlated positively with winter NAO index (r=0.540, N, ;r= 16, p<0.1).
An intriguing observation arising from correlation analyses reveals a connec-
tion between regional blocking index in the eastern Atlantic and the EP/NP
index during the period 1960-1997 CE (r=-0.424, N.;;= 26, p<0.05), thereafter
the correlation increases significantly with the SCA index (r=-0.465, N.jr= 23,
p<0.05; 1997-2015).
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Figure 4.5. (A) Spring blocking frequency anomaly (%) for SGI extreme low
values in the 1900-2004 CE period. The red marker indicates the site location.
The black square shows the area used for the creating the blocking index in panel
C. Dotted areas indicate 95 % confidence level. At 90 % confidence level, the
Scandinavian center is also highlighted. (B) One-dimensional blocking frequency
showing longitudinal occurrence of mean blocking days for extreme low SGI val-
ues. The shaded longitudinal intervals refer to the anomaly centers in Figure
3A. (C) Spatially-averaged spring blocking frequency. The shaded interval rep-
resents the 1968-2004 CE time frame, indicating a pronounced anti-correlation.
High extremes in the blocking frequency index in panel C are marked by pink cir-
cles, whereas low extremes in the SGI are marked by blue circles. The blocking
data was calculated from 20" Century Reanalysis V3’s Z500 dataset (Slivinski
et al., 2019).

5. Discussion

The studied chronology of Arctica islandica from Helgoland presents an excep-
tional case of well-defined growth associated with atmospheric variability. It is
therefore interesting to turn our attention to whether analogous climatic signals
have been documented in the area. We also have to consider that Marchitto et al.
(2000) have found inter-series correlations to decrease with increasing distance
(e.g., 50 km), and it is not uncommon for bivalve records to indicate different
environmental parameters at short distances (e.g., Witbaard, 1996; Witbaard
et al., 1997). However, high-frequency oscillations of 3 to 8 and 12 to 16 years
have been reported by Holland et al. (2014) and Butler et al. (2009) across
longer distances in the North Sea. Within the German Bight area, Epplé et al.
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(2006) have found specific 5- to 7- year periodicity in a master chronology of
A. Islandica from 15-20 m water depth at Spiekeroog island, located 47 km to
the south-west of Helgoland. This particular periodicity encountered in both
master-chronologies, and the additional absence of in-phase relationships with
physical and biological parameters is thereby specific for the inner German Bight

area.

5.1. Lagged response due to atmospheric dynamics

Next, it is important to address the absence of a clear in-phase relationship with
instrumental environmental data from Helgoland Roads. Firstly, we agree that
43 years of overlapping data from Helgoland Roads can be statistically insuffi-
cient to explain long-term trends and temporal synchronicities. Secondly, the
relationship is statistically significant only for the boreal winter-spring months,
shedding light on the growth period for A. islandica from Helgoland, corroborat-
ing Schone et al. (2005d) findings that A. islandica records bottom water tem-
perature starting with February-March, when the water temperature is lowest.
Several studies have addressed the one-year lagged response with environmental
data. For example, in their analysis of the Serripes groenlandicus bivalve species
from polar NE Svalbard, Ambrose et al. (2006) have found a similar one-year
delayed growth response to environmental conditions which could stem from the
bivalve’s biological control, involving energy storage and its effective utilization
one year later. In the recent study of Mette et al. (2023) using Arctica islandica
from SW Iceland, the observed one-year lag relationship between growth and
temperature was suggested to be indicative of the influence of subpolar gyre
dynamics, causing a delay in the availability of food to the benthic community.
An alternative explanation for the lagged relationship in both temperature and
salinity is that winter-spring water anomalies could be sealed below the surface
during summer and autumn due to enhanced water stratification and reemerge
the following year as postulated by Alexander and Deser (1995). This may be
the case in our study, because NAO modulates the temperature at Helgoland,

and the growth — winter NAO relationship is one-year lagged.

Lagged relationships are also common in benthic ecosystems. For instance,
Witbaard et al. (2003) noted that spring growth correlated better with autumn
phytoplankton color in the previous year rather than with concurrent spring
bloom occurrence. In this study, we identify instead a few concurrent years
when SGI and MDD extremes align—specifically, in 1974, 1975, and 1984, along
with a positive peak in 1980. Thus, when diatom bloom earlier in the year—

as suggested by the low MDD, shell growth during that respective year is also
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suppressed. An earlier bloom in the first quarter of the year is a consequence
of a positive NAO polarity as demonstrated by Lohmann and Wiltshire (2012).
To verify this aspect, we generated a winter (DJF) composite pattern for low
SGI extremes (Figure C3) and observed a comparable atmospheric pattern as
documented in the study of Lohmann and Wiltshire (2012). This positive winter
NAO phase triggers milder winter water temperatures, whereas south-westerly
winds improve light availability and water conditions for early phytoplankton
growth. In warm autumn and winter conditions, surviving zooplankton could
rapidly consume the early blooms (Wiltshire et al., 2008), depleting the water
column of necessary nutrients of a certain quality for the commencement of bi-
valve growth in early spring, and suppressing growth. This, however, might not
be the case in more open North Sea region, such as Fladen Ground, as high-
lighted by Witbaard et al. (2003).

It’s worth noting that the winter SLP pattern for extreme high MDD as in
Lohmann and Wiltshire (2012) and the spring one for extreme high SGI in our
study (Figure C2), respectively, exhibit atmospheric patterns indicating conti-
nental prevailing easterly winds over the southern North Sea. It is, therefore,
likely that an extreme delay in diatom bloom could overlap with the start of
growing season in A. islandica leading to better opportunities for shell growth.
In the numerical experiments of Schrum (1997), it is found that thermohaline
stratification tends to occur in certain locations of the German Bight under pre-
vailing westerly and easterly winds. Note that the bivalve collection site is in
the proximity of Helgoland, albeit at deeper waters than 8-m as in the analy-
sis of Lohmann and Wiltshire (2012), therefore it is possible that the easterly
winds push coastal waters offshore where stratification could develop. This may
also explain the delay in diatom bloom under light limitations, whereas colder
and saline bottom waters could be preserved from the previous year. At this
point, we cannot fully pinpoint the mesoscale wind pattern at the collection site
and exact timing or existence of thermohaline stratification. We have yet good
reasons to believe mixing in spring; temperature profiles at 35- and 45-m below
surface from EN4.2.1 dataset (Good et al., 2013) match well with the T geigo.
Achieving a comprehensive understanding of growth extremes in relation to the
lateral and vertical advection of surface waters requires future regional numerical

studies complementing composite analyses.

5.2. Atmospheric blocking and teleconnections

Although the SGI of Arctica islandica does not correlate well with the teleconnec-

tion indexes, the water temperature at Helgoland shows strongest relationship
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with NAO and SCA indexes. According to Chafik et al. (2017) study, the combi-
nation of positive NAO and negative SCA pattern during boreal winter leads to
a sea level rise over the German Bight region. These results are consistent with
the north-western wind pattern entering the German Bight from open North Sea
obtained in our study (Figure 4.4A) and the second dominating water transport
at the German Bight explaining 17 % of the variability identified by Wiltshire
et al. (2010). The SLP pattern obtained in this study is fairly similar to the
second mode of blocking frequency obtained by Rimbu et al. (2014) and the
blocking pattern of Hakkinen et al. (2011). The blocking centers we identified
are slightly south-westward displaced (Figure 4.4A) and less centered on the
North Sea in the 1836-2004 period. However, enhanced blocking activity across
80°W to 20°E (Figure 4.5B) is coherent with Rimbu et al. (2014) findings. In
addition, we find that extreme low SGI are associated with climatology mean of
blocking frequency (Figure 4.5B) and also an eastward band of enhanced activ-
ity between 0°E-20°E in the 1900-2004 period.

Hilmer and Jung (2000) documented that SLP anomalies associated with NAO
are displaced eastward in the 1978-1997 period compared to the previous two
decades, resulting in enhanced sea ice export. Davini et al. (2012) also discusses
that the eastward NAO shift relates to decreased Greenland blocking in that
time frame. Through the analysis of two distinct periods of summer sea-ice
decline in the polar Atlantic, Deser et al. (2000) have found that negative sea-
ice anomalies tend to occur when spring SLP anomalies—modulated by winter
anomalies—are positive in the eastern North Atlantic, although the associated
patterns differ to some degree. Aiming at comprehending the dynamics of sea-
ice-free ecosystems and species growth patterns, this finding, coupled with our
study results, highlights the potential to integrate sea-ice decline observations
and proxy-based reconstructions such as coralline algae (Halfar et al., 2013) with
Arctica islandica’s potential for detecting atmospheric anomalies. By projecting
these onto our results, we can indicate that spring blocking over the eastern
Atlantic and summer ice decline result in reduced bivalve growth, it could align
with Carroll et al. (2014) observations of higher growth in cold, sea-ice dominat-
ing environments. In the arctic North Pacific, the picture might be different, as
Reynolds et al. (2022) have found bivalve growth rate to be higher in warmer,

sea-ice free environments.

In future studies, it is worthwhile to explore several links. Rimbu et al. (2014)
suggest an upper tropospheric mechanism for a Rossby wave train extending

from the central Atlantic to Eurasia, providing insight into why their blocking
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pattern mirrors the EA/WR pattern. At this point, without further investiga-
tion, we cannot fully explain the association behind the SGI and regional block-
ing index, respectively, with the January-February EP/NP index, however we
observe a wave train generated in the North Pacific in the spring Z500 composite
anomaly map (Figure C4). This observation could also relate to the enhanced
blocking both in North Atlantic and Pacific (Figure 4.5B). The time frame of
the significant relationships is intriguing and pinpoints at atmospheric changes
between late 1960s and 1970s as well as 1997, a period of predominantly posi-
tive NAO polarity. By analyzing the oxygen isotopic composition of a coral from
Red Sea, Rimbu et al. (2003) find proxy evidence of an atmospheric shift in the
1970s associated with a change in the ENSO teleconnections (e.g., PNA) over
the Atlantic/Furasia. Several studies suggest that the atmospheric shift could
relate to a change of periodicity in: (1) NAO from a weakly decadal global mode
between 1930-1960 CE to a decadal regional mode limited to the Atlantic region
post-1970 (Walter and Graf, 2002), and (2) ENSO periodicity and amplitude
from 3 years between 1961-1975 to 4-5 years during 1981-1995 and more intense
episodes (Wang and An, 2001). Interestingly, the spring regional blocking index
we generate — besides its link to suppressed bivalve growth between 1960 to early
2000s (Figure 4.5C) — is inversely correlated with the January-February EP /NP
index and spring Nifio 3.4 index. This result corroborates other studies which
indicate the influence of a cold tropical ocean and negative AMO state on block-
ing frequency. We also find that from 1998 onwards, the regional blocking index
is linked to SCA instead of EP/NP, which might relate to the switch between
the global and regional NAO modes. Moreover, Wang and An (2001) identified
an eastward expansion of equatorial trade winds between 1981-1995 CE in their
model study, whereas Yeh et al. (2018) suggest that there is an eastward shift
in North Pacific Oscillation mid-1990s.

Through investigating shell growth extremes, we not only identify an atmo-
spheric fingerprint associated with increased blocking frequency in western Eu-
rope, but also unveil connections between blocking occurrences and teleconnec-
tion indices, warranting a deeper comprehension of the underlying mechanisms
and the non-stationary aspect of the Pacific-Atlantic teleconnections. We also
highlight that the East Pacific/North Pacific teleconnection pattern might be
more important than previously sought. We note that when studying biological
organisms, the atmospheric processes can be delayed and display intermittent
connections (see also Rimbu et al., 2003). Anomalous atmospheric patterns that
are enforced by oceanic conditions and persist for decades have an impact on

the ecosystem. Some shifts might not even be identified. For instance, the
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1987/1988 phytoplankton regime shift identified in central North Sea (Reid and
Edwards, 2001; Reid et al., 2001; Edwards et al., 2002) and also German Bight
(Schliiter et al., 2008; Wiltshire et al., 2008) is not apparent in the growth vari-
ability of A. islandica. Wiltshire et al. (2008) remark that despite the ongoing
changes of the past decades, phytoplankton bloom dynamics is yet resilient, a

resilience that can be observed in Arctica islandica.

6. Conclusion

Our study represents one of the first attempts to establish a relationship between
extreme growth indices of Arctica islandica and coherent atmospheric patterns.
Standard correlation analyses with atmospheric teleconnection indices prove in-
adequate in elucidating growth variability. However, certain lagged relation-
ships, such as those with the NAO index, when supplemented by Helgoland
Roads data suffice to explain the underlying dynamical processes modulating
temperature and spring bloom timing, aligning with previous research studies.
Through a narrowed focus on extreme low growth events in A. islandica, we
demonstrate a synchronous relationship with positive polarity of winter NAO
and enhanced spring blocking activity over the British Isles. Arctica islandica
from Helgoland also exhibits correlations with the EP/NP teleconnection in-
dex and blocking frequency, contributing to our understanding of broader at-
mospheric shifts occurring during the 1960-1970 time frame in the Northern
Hemisphere. The shifts may be connected to the variability of ENSO and NAO
modes, and necessitate further investigation into the mechanistic aspect. Our
study based on extreme low growth in A. islandica help uncover information
beyond the instrumental record, which may not be readily apparent otherwise,
and warrant further exploration with additional datasets sourced from marine

and terrestrial climate archives.
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Conclusion

This doctoral research demonstrates the importance of extreme shell growth
events in Arctica islandica records as indicators of large-scale climatic patterns,
and contribute to the groundwork laid by Wanamaker et al. (2019) in the NW
Atlantic and Lohmann and Schone (2013) in the NE Iceland. We can confidently
confirm the questions of whether extreme shell growth events correspond to sea-
surface temperature and sea-level pressure anomalies (see Answers to Research
Questions section). Extreme low indices identified in the shared growth signal
of bivalve-based networks highlight potential climatic stressors. These include
warm-water pools in the extratropical and polar regions of the North Atlantic
sector prevalent under positive AMO polarity (e.g., the 1920-1950 CE period),
which link with Atlantic tropical cyclones (e.g., Wang et al., 2008). Extreme
low indices showcase the possibility of cyclonic conditions in the central North
Atlantic, corroborating Wang et al. (2008), and coupled with the weakening of
the Aleutian Low in the North Pacific adhere to a typical negative PNA pat-
tern. High indices likely reflect optimal growth conditions in the North Atlantic,
characterized by cold water pools. Interestingly, this scenario is accompanied by
positive PNA pattern and a prominent anticyclone center in the central North
Atlantic. A similar anticyclonic center of action, albeit associated with extreme
low indices, is indicated by the growth record of A. islandica from Helgoland.
The research findings consolidate not only that low growth events have a greater
potential for unveiling climatic anomalies, but that we can also unify the large-
scale patterns observed, despite regional hydrography related responses to the
same climatic stressors (see example of contrasting NAO influence in Schone
et al., 2003a,b).

Extreme events provide valuable insights that are not easily discernible solely
through the study of shell growth variability. For example, the extreme low

growth events in A. islandica from Helgoland in Paper III are synchronously
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associated with positive winter NAO and spring blocking in the central-eastern
North Atlantic. In contrast, correlations with the atmospheric teleconnections
and environmental parameters do not depict the same picture; the correlations
do not attain robust significance levels, and are present only within specific time
periods (e.g., Figure 4.5C; Table 4.1). A similar observation was made in Paper
IT, where the relationship with winter NAO is not significant, but the large-scale
spatial correlation map (i.e., Figure 4) reveals how the NAO impacts the win-
ter mixing layer through the presence of the tripole SST pattern (Deser et al.,
2010). It’s worth noting that although extremes were not the focus of Paper
II, the Pearson correlation used in correlation maps and other analyses is sen-
sitive to extreme values (Schober et al., 2018). In another example, the growth
extremes within the common signal of the bivalve-based network align with pat-
terns of natural oscillatory modes like the AMO in the Atlantic region and the
PDO in the North Pacific (Figure 2.6; Figure 2.7). Once again, the relationship
with AMO and PDO indices failed to provide compelling evidence of a potential

causal relationship highly sought for reconstruction purposes (Figure 2.5).

When correlation analyses yield lagged or non-significant results (e.g., lagged
response with surface temperature and salinity in Figure B3 and Figure B4, re-
spectively), it does not mark the conclusion of the analysis, as explicitly pointed
out in Paper II. Instead, one should view the identified shifts as potential climate
transitions (e.g., GSA and negative AMO shift in Figure 3 and Figure 6; BF
index in Figure 4.5C; EP/NP index in Table 4.1), prompting further investiga-
tion through alternative analyses. The alternative analyses used in this thesis,
namely composite maps on extremes, correlation maps and PCA analysis — fre-
quently used in meteorology — prove to be valuable tools applicable to growth

records of Arctica islandica.

Key findings from Paper I and Paper III suggest that Arctica islandica growth
proxy from the North Atlantic region captures signals from the North Pacific,
opening up opportunities for future studies to establish connections between
these basins using equally advantageous climate archives (see also Appendix D:
Future studies). Moreover, extremes in A. islandica growth bands indicate an
interesting switch in the PDO patterns occurring in the mid-late 19** century
(Minobe, 1997). A curious connection with the North Pacific is identified in
the relationship between the EP/NP teleconnection index and spring blocking
frequency in the eastern Atlantic. These connections warrant further validation
through the integration of marine and terrestrial proxy data, making the field

of sclerochonology an exciting contributor to climate sciences.
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5.1 Research limitations

Relying solely on observational and reanalysis data to understand growth pat-
terns in Arctica islandica bivalve species, or any other species for that matter,
poses a series of limitations, particularly when inferring past climate conditions.
Observational and reanalysis products are valuable for present-day climate con-
ditions, but these may not represent historical climate accurately. Observational
data is often temporally and spatially limited and can vary due to methodology
and data sources. Reanalysis products which assimilate observational data with
numerical models, introduce additional uncertainties related to the assimilation
process, model parameterizations and grid resolution. One clear example in this
case is the regional differences between composite maps generated with the Last
Millenium Reanalysis compared to those from ERSSTv.5 or EN4.2.1 (compare
Figure 2.6 and Figure A2 with Figure 2.7 and Figure A3 and Figure A4), al-
though some discrepancies were also seen between the latter two. In another ex-
ample, the wind field vectors depicted in Figure 4.4A indicate the direction from
which the westerlies enter the North Sea and hint at possible large-scale effects.
However, discerning the exact processes at local scale remains challenging due
to grid resolution of reanalysis data, and requires an in-depth analysis using a
highly-resolved regional model. Another example is the interpolation of subsur-
face water temperature data, both horizontally and vertically, which may distort
actual conditions at specific sites and generate values that are not characteristic
of the study site. Therefore, whenever possible, I attempted to validate the
findings with available instrumental data, although biases in the reconstructed

proxy in relation to observations/reconstructions were, so far, negligible.

While assumptions are integral to driving research forward, it remains unclear
whether bivalve growth-climate relationships observed in the recent past with-
stand the test of time. Firstly, the relationship between growth and climate is
inherently complex, influenced not only by multiple environmental factors (water
temperature and salinity, hydrographic dynamics, nutrient availability, timing
of spring blooms, to name a few), but also by metabolic processes within the
organism. These metabolic processes can sometimes produce deviations from
expected growth responses, complicating the interpretation of growth data in
relation to climate conditions. To address this complexity and compensate for
unclear relationships, it is essential to incorporate abiotic proxy data for addi-
tional information. Oftentimes, coral- and tree-derived proxy data seem more
appropriate to reconstruct particular environmental factors such as air tem-

perature, sea-surface temperatures and precipitation in tropical and terrestrial
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regions, which can be used to compare and augment data acquired from mol-

lusks.

Secondly, growth-climate relationships may be changing over time due to natural
variability and non-linear and non stationary relationships within climate sys-
tem itself. This combination can present challenges when extrapolating growth-
climate relationships inferred from observational data to past or future periods.
To address this issue, machine learning algorithms are valuable tools for main-
taining temporal variability in growth-climate relationships. However, imple-
menting such statistical approaches required an extensive number of samples to
train the model, in the range of thousands, which may not be readily available.
Well-defined intrannual growth increments in long-lived individuals could po-
tentially increase these sample requirements. Furthermore, the validity of the
growth-climate relationships relies on the degree of similarity between the paleo-
environment and the present-day conditions, particularly in terms of mean tem-
perature and seasonal amplitude. The non-stationary nature of growth-climate
relationships can also be seen advantageous by providing insights into the dy-
namic and evolving aspects of the climate that may not be readily apparent
otherwise. Such threads of information should not be discarded, but rather ex-
plored further with other biotic and abiotic proxy data and through multi-proxy

networks.

Thirdly, a main caveat in interpreting growth variability within the climate
context arises from the statistical removal of age-related growth in such growth-
based chronologies. As a result, multidecadal periodicites are often removed
adding complexity to the interpretation (see also section 4.2 of the Discussion in
Chapter 2/ Paper I). While I cannot dismiss the possibility that detrending the
Helgoland chronology has preserved only high-frequency variability, it is equally
plausible that this represents the environmental signal rather than merely an

artifact of detrending.

Additional research limitations which are not discussed here may be found in

each individual study.
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5.2 Answers to Research Questions

In this section, I return to my original research questions posed at the beginning
of the thesis, and address them in detail. These answers are intended to provide

a concise summary of the key findings and enhance the overall understanding of

PRURN AU R P

Which large-scale climatic phenomena are associated with the common growth signal
RQ.1 of a bivalve-based network from the northern North Atlantic? Which large-scale
phenomena particularly stand out when analyzing extreme growth indices?

To extract the common growth signal in Arctica islandica from the North At-
lantic basin, I gathered published growth records and applied principle compo-
nent analysis. I followed the nested PCA approach as outlined by Reynolds et al.
(2018), marking the first application of this method to growth records, whereas
Reynolds et al. (2018) originally applied it to the oxygen isotopic composition
of bivalve shells. The main network, Ni7¢4, spanning from 1764 to 2001 and
comprising six chronologies, exhibits a signal with a decadal to multidecadal
trend. This trend correlates with the observational and reconstruction indices
of the AMO and PDO indices, respectively. Although such correlations were
significant but low, in the range of -0.2 to -0.3, I demonstrate that coupling
PCA with composite maps on extreme growth provides an excellent method for
identifying large-scale climatic phenomena. I also find that supplementing the
network with additional chronologies does not alter the trend. However, some
chronologies may potentially express a stronger regional climatic signal, which
could stem from pre-processing techniques. The large-scale climate phenomena
associated with the extremes of the common growth signal correspond to the
sea surface temperature patterns of the AMO in the North Atlantic and the
PDO, in the North Pacific. I am keen to mention that the eastern side of the
PDO can resemble the NE Pacific pattern described by Johnstone and Mantua
(2014). In terms of atmospheric patterns, the PNA pattern and the NAO are
dominant, acting as atmospheric bridges that connect regional climate systems
(e.g., Alexander et al., 2002). These patterns stand out when analyzing growth

extremes of the common signal from a bivalve network.

Significance and contribution of the study:

o Principle component analysis is a statistical tool applicable to growth
records of Arctica islandica across the North Atlantic basin for extract-

ing the shared growth signal. It is particularly useful when inter-series
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correlations are weak, providing insights into the large-scale variability of

the common growth.

o Composite analysis of extreme growth events is a valuable method for

identifying large-scale climate patterns and anomalies.

o Low growth extremes exhibit greater coherence across different time pe-
riods and networks utilized. The low growth events indicate common cli-
matic stressors, which are valuable for understanding both past climate

conditions and future scenarios.

o High growth coincides with the negative phases of the AMO and PDO
during the cold period from 1800-1850 CE, while low growth aligns with
the positive phases during the warm period from 1920-1960 CE.

« Composite maps of extremes across different reference periods may reveal
out-of-phase polarities between AMO and PDO.

o The large-scale patters in SST and SLP across the Northern Hemisphere

are key to identifying ,hotspot® locations relevant in a warming climate.

Does Arctica islandica exhibit a depth-dependent growth response to seasonal
fluctuations in subsurface water temperature and salinity, necessitating consideration
in correlation analyses? And if so, is it intertwined with large-scale oceanic circulation

patterns?

RQ.2

To address this particular question, I explore the growth signal from the master
shell chronology at 82 m depth from Butler et al. (2013). I selected this depth be-
cause it is deeper compared to the collection sites of other chronologies, and the
chronology itself is one of the longer ones available, offering an excellent oppor-
tunity to investigate the matter more thoroughly. I primarily used three-month
averages of temperature and salinity data from EN4.2.1 dataset (Good et al.,
2013), extracted at the collection site for the observational period 1900-2004. I
successfully demonstrated that the growth signal originates not from sea surface
temperatures but from subsurface temperatures starting at 56 m depth during
boreal summer and autumn. This finding explains why correlations with sea
surface temperatures are often not convincing, and suggests a lagged response
to conditions in the uppermost layer of the ocean. By plotting correlation maps
at several water depths, I highlight that it is possible to traced thermally linked
water bodies across the North Atlantic. These water bodies are linked to AMO
phases and NAO influence on the SSTs (e.g., winter tripole pattern explained

in Deser et al. (2010)). During periods of decreased correlation with subsurface
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temperature, the growth signal may be associated with phytoplankton variabil-

ity and zooplankton activity.

Significance and contribution of the study:

o It is one of the first studies to utilize heatmaps of correlation with 3-
month average subsurface temperature, similar to Poitevin et al. (2019),
and additionally incorporates salinity data to link growth variability in A.

islandica with environmental factors at different water depths.

o The most significant result is that I demonstrate correlations with the SST
are lagged by 1 to 2 years, and that stronger correlation coefficients are
observed starting from 56 m depth and extending towards the 82 m depth

of the collection site during summer and autumn.

o The use of correlation maps to track water bodies with similar tempera-
ture and salinity in the North Atlantic and establish connections between

distant regions is a highly effective approach.

o This study underscores that achieving meaningful correlations with en-
vironmental parameters requires analyzing a long time period and sub-
annual data. Performing these correlations helps to identify the growth

period accurately.

Is there a discernible connection between the extreme growth indices observed in
RQ.3 Arctica islandica and large-scale atmospheric patterns, particularly synoptic
atmospheric blocking, in a region prone to such influences as the North Sea”?

The NAO, along with associated EA and SCA blocking patterns, influences
weather patterns by modifying the westerlies over Europe and the North Sea,
thereby altering moisture transport, heat fluxes, wind shear, storm tracks, and
temperature gradients in these regions. Previous studies investigating growth
variability in Arctica islandica from the North Sea have demonstrated periodic-
ities of 5-7 years, which align with atmospheric modes of variability. My study
is the first of its kind to indicate that extreme growth in Arctica islandica from
the Helgoland region in the southern North Sea corresponds to large-scale at-
mospheric patterns. The extreme low events identified using the 10" lowest
percentile, as in Paper I of this thesis, indicate significant blocking anticyclones
over the central eastern part of the North Atlantic during boreal spring. This
corresponds to an increase in blocking frequency over the region compared to the

reference periods. An intriguing link is found with the EP/NP teleconnection
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index, suggesting that the potential atmospheric mechanism involves a Rossby

wave originating in the North Pacific.

Significance and contribution of the study:

o This study represents one of the first attempts made to connect extreme
growth in Arctica islandica with large-scale atmospheric circulation and

blocking.

o Low growth indices correspond to positive winter NAO conditions in the

Euro-Atlantic sector and spring blocking activity over the British Isles.

o The high-pressure system identified during spring in conjunction with a
positive winter NAO polarity, alters wind patterns over the North Sea.
These altered wind patterns, in turn, influence nutrient mixing and light
availability, ultimately affecting the timing and quality of spring blooms
necessary for growth. These results support the findings by Lohmann and
Wiltshire (2012).

« A particularly strong correlation between the EP/NP teleconnection in-
dex and the regional blocking index emerges after the 1970s, suggesting a

potential shift in atmospheric dynamics during that time-frame.

o Composite map analysis can complement and enhance correlation analy-
sis between teleconnection indices and growth variability, particularly for

studying extreme events.
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Figure A1l. Power spectrum of PClgs time series (black line) in the period 1764-
2001 C.E. using N4 network. Significance is shown at two confidence levels
(90 % and 95 %) based on red-noise AR (1) model (red lines). The analysis was
performed using the “dplR” package developed for dendrochronology analyses
in R.
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Figure A2. Annually-resolved sea-surface temperature and sea-level pressure
data from Tardif et al. (2019) indicating anomalies when (A) PClg; and (B)
PClg3 indices are above the 90" percentile (high) and below the 10 percentile
(low) threshold, respectively. The capital letters “H” (i.e., positive anomalies)
and “L” (i.e., negative anomalies) show high- and low-pressure centers, respec-
tively. The analysis covers the period from 1764 to 2000 C.E. using the Ny7g4
network of this study.
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Figure A3. Annually-resolved sea-surface temperature from ERSSTv.5 dataset
(Huang et al., 2017) and boreal spring (MAM) sea level pressure data from 20"
Century Reanalysis V3 (Slivinski et al., 2019) indicating anomalies when (A)
PClg; and (B) PClgs indices are above the 90" percentile (high) and below
the 10" percentile (low) threshold, respectively. The capital letters “H” (i.e.,
positive anomalies) and “L” (i.e., negative anomalies) indicate high- and low-
pressure centers, respectively. The analysis covers the period from 1900 to 2001
C.E. using the Nyggg network of this study.
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Figure A4. Composite map of subsurface temperature anomalies using EN4.2.1
dataset (Good et al., 2013) at (A) 5-m depth (annual average) and (B) 45-m
depth (spring (MAM) average). The analysis was made using PClgy of Niggo
network in the 1900-2000 C.E. analysis period.
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Figure A5. Composite map of SST using LMRv2.1 (Tardif et al., 2019) for
extreme indices in PClgy of Ny7g4 between 1764-1899 C.E. period.
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Figure A6. Comparison of PC1 time series for the three strategies with a refer-
ence period adjusted to 1764-1800 C.E.
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Figure A7. Comparison between PClg; of extended networks Nig6 (grey line)
and Ny545 (dashed grey line) with Nyzg4 (pink line) and (A) Tierney et al. (2015)
reconstructed SSTs from western tropical Atlantic Ocean and (B) Tierney et al.
(2015) reconstructed SSTs from equatorial eastern Pacific. The period of higher
frequency variability (1516-1650 C.E) as compared to the 1650-2000 C.E. period
is highlighted in light blue.
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Figure A8. Composite map for sea-surface temperature and sea level pressure
extracted from LMRv2.1 (Tardif et al., 2019) using the extremes indices of PClg,;
(N1516 network) in the 1516-1763 C.E. period: (A) SST in reference to the 1900-
2000 C.E. period, (B) SST in reference to the entire 1516-2000 C.E. period (C)
SLP in reference to the 1900-2000 C.E. period.
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Figure B1. Global distribution of seasonal (A) temperature and (B) salinity
observation weights extracted from EN4.2.1 dataset (Good et al., 2013) at 5-m
and 56-m depth, respectively.
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Figure B2. Global distribution of seasonal (A) temperature and (B) salinity
uncertainties (standard deviation) extracted from EN4.2.1 dataset (Good et al.,
2013) at 5-m and 56-m depth, respectively.
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Figure B3. Multi-seasonal Pearson correlation analysis between the shell growth
signal and subsurface water temperature at the approximate collection site
(66°N, 18°W) for the 1900-2005 C.E. period at different significance levels: (A)
90 %, (B) 95 % and (C) 99 %. The correlation coefficients above the signifi-
cance threshold are not shown (grey grids). The numbers represent the lag (yr)
at which the maximum correlation occurs.
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Figure B4. Multi-seasonal Pearson correlation analysis between the shell growth
signal and subsurface salinity at the approximate collection site (66°N, 18°W)
for the 1900-2005 C.E. period. The correlation results are presented for different
significance levels: (A) 90 %, (B) 95 % and (C) 99 %. The correlation coeffi-
cients above the significance threshold are not shown (grey grids). The numbers
represent the lag (yr) at which the maximum correlation occurs.
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Figure B5. Seasonal salinity-depth profiles along a longitudinal transect (25°W
— 15°W; 66°N). The transect is close to the shell collection site (black filled
circle). The grey-shaded areas represent no available data.
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Figure B6. A 15-yr running correlation between the annually resolved master
shell chronology and the water temperature at 56-m depth during boreal summer
and autumn 3-month averages. Periods of decreased synchronization are shaded
in grey.
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Figure B7. Salinity variation at 56-m depth during May-July (MJJ) for the
1900-2005 C.E analysis period (grey line). Salinity values above 0 signify a
pronounced influence of Atlantic waters, while values below 0 indicate Arctic
influences. The salinity time series, obtained from EN4.2.1 dataset (Good et al.,
2013) at the shell collection site (66°N, 18°W), underwent detrending and stan-
dardization. A 5-yr Savitsky-Golay (low-pass) filter (Savitzky and Golay, 1964)
was applied to the time series (blue line). The shaded area denotes a period of
diminished synchrony with water temperature.
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Figure B8. Depth-dependent seasonal variability of growth index time series
at four different water depths (i.e., 5-, 56-, 66- and 77-m) for the 1900-2005
C.E. analysis period. Color shading shows the Pearson correlation coefficient
(p<0.05) between ARMC and seasonal salinity time series at each grid point.
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Figure BY. Pearson correlation coefficients between growth indices of A. is-
landica collected at approx. 82-m depth (Butler et al., 2013) and seasonal water
temperature at various depths (5 to 98 m) for the common analysis period 1900-
2005 C.E. The temperature time series were extracted from EN4.2.1 dataset
(Good et al., 2013) close to the bivalve collection site (66°N, 18°W).

Depth

5

15
25
35
45
56
66
77
87
98

DJF
0.188
0.176
0.220
0.213
0.282
0.391
0.367
0.328
0.310
0.315

JFM

0.138
0.134
0.173
0.143
0.173
0.272
0.263
0.232
0.221
0.211

FMA
0.125
0.124
0.169
0.144
0.174
0.282
0.277
0.252
0.239
0.230

MAM
0.197
0.194
0.227
0.203
0.219
0.305
0.299
0.276
0.263
0.257

AMJ
0.275
0.249
0.267
0.248
0.257
0.334
0.336
0.310
0.297
0.303

MJJ
0.335
0.309
0.300
0.289
0.311
0.378
0.374
0.348
0.332
0.343

JJA
0.311
0.295
0.288
0.284
0.329
0.399
0.388
0.367
0.350
0.362

JAS
0.296
0.298
0.306
0.315
0.365
0.423
0.404
0.388
0.374
0.383

ASO
0.283
0.296
0.328
0.340
0.386
0.438
0.405
0.388
0.379
0.386

SON
0.297
0.317
0.356
0.366
0.412
0.468
0.430
0.415
0.404
0.409

OND
0.265
0.278
0.320
0.330
0.394
0.466
0.424
0.403
0.388
0.397

NDJ
0.247
0.244
0.283
0.279
0.355
0.443
0.405
0.373
0.354
0.363

Figure B10. Significance levels of the Pearson correlation coefficients in Figure

B9.
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Figure C1. Spectral analysis of the standardized growth index (SGI) of Arctica
islandica: (A) Wavelet transform (Morlet wavelet) and (B) Global wavelet power
spectra. The black contour in panel A and dashed line in panel B indicate 95 %
significance level using a red-noise background spectrum. The wavelet analysis
was computed in Python using the Torrence and Compo (1998) algorithm.
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Table C1. Years corresponding to growth extremes in the SGI of A. islandica
from Helgoland. The threshold used to define extremes is set at the lowest 10"
percentile and the upper 90" percentile, respectively.

Low extremes High extreme

1768, 1779, 1790, 1801, 1802, 1814, 1815, | 1773, 1786, 1798, 1805, 1812, 1818, 1819,
1837, 1849, 1850, 1870, 1876, 1884, 1896, | 1828, 1841, 1842, 1852, 1853, 1859, 1863,
1897, 1924, 1945, 1961, 1968, 1974, 1975, | 1879, 1880, 1927, 1928, 1935, 1941, 1954,
1984, 1990, 1991 1980, 1994, 2003
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Figure C2. Composite maps for extreme high SGI values in Arctica islandica
from Helgoland (red marker on map) associated with boreal spring (MAM) at-
mospheric anomalies represented by (A) sea level pressure (SLP) and (B) geopo-
tential height at 500 mb (Z500) and their zonal and meridional wind vectors at
10 m and 5500 m, respectively. The arrows indicate the wind vector direction,
whereas the length of the arrow refers to the mean anomaly (m/s). Regions in-
dicating statistical significance at 90 % level are displayed by dotted areas. The
data were extracted from 20" Century Reanalysis V3 dataset (Slivinski et al.,
2019).
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Figure C3. Composite maps for extreme low SGI values in Arctica islandica from
Helgoland (red marker on map) associated with boreal winter (DJF') atmospheric
anomalies represented by (A) sea level pressure (SLP) and (B) geopotential
height at 500 mb (Z500) and their zonal and meridional wind vectors at 10 m
and 5500 m, respectively. The arrows indicate the wind vector direction, whereas
the length of the arrow refers to the mean anomaly (m/s). Regions indicating
statistical significance at 90 % level are displayed by dotted areas. The data
were extracted from 20" Century Reanalysis V3 dataset (Slivinski et al., 2019).
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Figure C4. Boreal spring (MAM) upper tropospheric anomalies (Z500) associ-
ated with extreme low values in (A) January-February EP/NP index and (B)
SGI of Arctica islandica from Helgoland (red marker on map). The extreme low
values were selected for the 1950-2004 and 1900-2004 time periods for the EP /NP
and SGI indices, respectively. Significant regions at 90 % confidence level against
the climatological mean are displayed by dotted areas. Geopotential height data
was extracted from 20" Century Reanalysis V3 dataset (Slivinski et al., 2019).
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Below, I present a compilation of interesting threads that I have either found or
thought of during my research. These are intended to serve as inspiration for

future studies.

o Intra-annual (e.g., daily, seasonal) growth increments have been observed
in A. islandica from North Sea (Schone et al., 2005¢). However, to estab-
lish robust correlations with synoptic atmospheric circulation patterns, a
level of temporal resolution exceeding that of traditional annual-based in-
crements is required. This high-resolution sampling in bivalve shells could
potentially increase the sample size for advanced statistical methods (e.g.,

machine learning).

o Schéne et al. (2005) have found that 58 % in daily growth variation is
linked with temperature and food availability. Increasing the annual sam-
pling resolution or employing physiological assessments and growth models
could enhance the predictability of growth, a crucial aspect for ecological
assessments in a changing climate. Moreover, this information holds prac-
tical value for aquaculture practices, enabling the optimization of cultiva-
tion conditions and maximizing yield. Information about environmental
conditions affecting bivalve growth can aid in forecasting and managing
harvests, contributing to sustainable seafood production. Additionally, de-
riving environmental predictors from numerical model output, reanalysis

data, and other proxy sources can enhance paleo-reconstructions.

o In Figure 4.4, dual centers of action are evident in the atmospheric con-
figuration requiring further analyses. Chronologies from the western-side
of the Atlantic could supplement and clarify this finding. One could also
look into the Baffin Bay-West Atlantic index and its associated pattern
as it holds significant potential for identifying blocking occurrences in the
North Atlantic (e.g., Wazneh et al., 2021). Such investigation may also
offer valuable insights into the mechanisms driving extreme growth occur-

rences on both sides of the Atlantic Ocean.

» Developing bivalve networks by integrating master shell chronologies which
capture the dynamics above and below the thermocline. My hypothesis
is that composite chronologies from the upper 20 meters would be better
at recording atmospheric shifts and anomalies, while those near or below
the thermocline (~ 80-100 meters deep depending on the region, could be
more effective at capturing long-term climate signals (e.g., AMO). Unfor-
tunately, there are not sufficient composite chronologies that 1) span cen-

turies and 2) the bivalves are collected from the same water depth layer. A
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higher percentage of composite chronologies are based on bivalves mixed
from different water depths (e.g., Figure 2.2). The development of future
chronologies could make this possible. Alternatively, instead of focusing
on a network, one could concentrate on surface vs. bottom ocean dynam-
ics and extreme growth processes by using just two chronologies: one from
the below the thermocline and one from above. It could provide insights
into the depth-dependent vertical processes and potential lagged responses
(e.g., Schone et al., 2005d). Here, seasonally-resolved 'O records com-
bined with growth records (e.g., Mette et al., 2016) are more appropriate

for paleoclimate applications.

Inter-basin comparison with the Pacific from a bivalve perspective could
be insightful (e.g., Hetzinger et al., 2012). Bivalve chronologies produced
for local reconstructions in the eastern and central North Pacific could be
combined with Arctica islandica chronologies from the North Atlantic or
compared in terms of extremes to identify potential teleconnections. Cross-
validation on extremes is definitely a strength, however one could run into
synchronization issues. The composite and correlation maps derived from
the findings of all three papers can aid in identifying ,hotspot“ locations

and could thereby optimize the synchrony of chronologies.

Case studies on bivalve extreme growth and corresponding regional and
large-scale weather patterns. By examining in detail each individual ex-
treme year and analyzing which specific weather configuration is linked to
extreme indices, it is likely to uncover critical thresholds or triggers for
extreme growth events in bivalves. For instance, Figure 4.4 depicts the
average atmospheric pattern; however this configuration is not specific to

some extreme years.

To explore extremes derived from a multiproxy network, I did some pre-
liminary findings. However, instead of combining proxy data from trees,
corals and bivalves and running a principle component analysis for ex-
tracting the common signal, I performed PCA on each group of climate
archives. I selected 10 tree cellulose-based §'80 records from ISONET
which were located in proximity to the eastern margin of the North At-
lantic basin, two §'80 coral records from tropical Atlantic (Goodkin et al.,
2008; Hetzinger et al., 2010) and one from the Red Sea (Felis et al., 2000)
in addition to the bivalve-based network from Chapter 2. I also looked into
a couple bivalve chronologies from the German Bight. Next, I used the

10*"-90"" percentile thresholds for defining extremes for each leading time
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Figure D1. Composite spring SST map using the PCA-derived §*O signal from
a collection of tropical Atlantic corals. The SST data was extracted from the
ERSSTv.5 dataset (Huang et al., 2017). The 10" and 90" percentile threshold
was used for identifying extreme low and high growth indices, respectively. Ref-
erence period: 1896-1995 CE.

series and generated composite SST maps for boreal spring, which were
subsequently compared. Some preliminary results showed better coher-
ence among tree- and coral-based proxy records. This could be the choice
of 5180 proxy for trees and corals as compared to growth bands in bivalves
or simply a lagged response in bivalve growth which required further inves-
tigation. However, the most intriguing result is shown below in Figure D1
and Figure D2. It appears that low indices in the common %0 signal in
both tree cellulose and corals correspond to the same spring SST pattern:
positive PDO pattern in the Pacific and anomalously warm water-bodies
in the tropical and high-latitudes of the Atlantic. The patterns for high
growth also share some similarities, i.e., in the western side of the subpolar
North Atlantic. Because §'80 in tree cellulose is a good marker for hy-
droclimate, the high indices are likely indicating drought conditions over
western Europe and positive sea-surface temperatures along the eastern

margin of the Atlantic Ocean.
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Figure D2. Composite spring SST map using the PCA-derived signal from 10
tree-based 60 chronologies of ISONET. The SST data was extracted from the
ERSSTv.5 dataset (Huang et al., 2017). The 10" and 90 percentile threshold
was used for identifying extreme low and high growth indices, respectively. Ref-
erence period: 1896-1995 CE.
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List of acronyms

AO — Arctic Oscillation

AMO/AMV — Atlantic Multidecadal Oscillation/ Variability
AMOC — Atlantic Meridional Overturning Circulation
ARMC — Annually-resolved master chronology

BF — Blocking frequency index defined in Paper III
BP — Before Present (i.e., 1950)

CE — Common Era

EA — East-Atlantic pattern

EA/WR — East-Atlantic/ West-Russian pattern
EGC — East Greenland current

EIC — East Icelandic current

ENSO — El Nino-Southern Oscillation

EOF — Empirical orthogonal function

EP/NP — East Pacific/ North Pacific pattern

GB — Greenland blocking pattern

GSA — Great Salinity Anomaly (1968-1982 CE)

IC — Irminger current

LIA — Little Ice Age (~ 1300-1850 CE)

MDD — Mean Diatom Day index

NAC — North Atlantic current

NAO — North Atlantic Oscillation

NIS — North Icelandic shelf

PCA — Principle component analysis

PC1 — The 1% principle component time series
PNA — Pacific-North American pattern

PDO — Pacific Decadal Oscillation

RCS — Regional Curve Standardization

SCA — Scandinavian blocking pattern

SGI — Standardized Growth Index

SST — Sea-surface temperature
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