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Abstract

Humankind’s great hunger for cheap, instant fossil energy has led to exponential
carbon dioxide (CO2) accumulation in the atmosphere since the onset of the Industrial
Revolution. The accumulation of atmospheric CO; not only heats our planet but has
adverse knock-on effects for our ocean and its ecosystem functioning. Owing to its
large specific heat capacity and volume, the global ocean accounts for about 95% of
Earth System warming. Accelerated ocean warming decreases the mixing in the upper
2000m of the water column and impacts the nutrient budget in surface waters, which
further influences marine primary production. Around 25% to 30% of the
accumulated atmospheric CO; is absorbed by the ocean every year, altering the
carbonate chemistry of seawater. Calcifying marine organisms are particularly
affected by declining surface water pH and carbonate ion concentrations [COs?], ina
phenomenon known as ocean acidification. Closely linked to ocean warming, ocean
deoxygenation, specifically at mesopelagic depths, also threatens great parts of the
marine ecosystem. Therefore, the synergistic effects of ocean warming, acidification
and deoxygenation will have unpredictable consequences for global marine ecosystem
services like climate regulation, biodiversity and food security. However, the lack of
oceanographic long-term records relating to biological and physicochemical
parameters prevents a comprehensive assessment of how those climate change drivers
affect marine ecosystems. The main objective of this thesis is to contribute to the
understanding of the ocean in high CO. conditions by reconstructing marine
ecosystem dynamics beyond the temporal scale of instrumental records. This will
place recent observations into the context of past climate change when human
influence was minor or even absent. Additionally, field observations allow us to
capture the complex natural environment of the Mediterranean Sea, a region highly
sensitive to anthropogenic and natural climate change, through which the synergistic
effects of changing physical and chemical conditions on key marine organisms can be

directly assessed.

To investigate marine environmental changes as a response to human induced ocean

warming and acidification, we reconstruct fossil planktic foraminiferal changes over



the last 2000 years in the western Mediterranean Sea. Planktic foraminifera are
globally distributed, calcifying marine zooplankton, and valuable recorders of
physicochemical and biological changes at the sea surface. How sensitive those key
organisms are to the combined effects of climate change drivers on timescales beyond
observational records is still unknown. Chapter 2 and 3 of the thesis are dedicated to
analyzing changes of planktic foraminifera composition, abundance, and test
calcification along with multi-proxy data from three high resolution multicores,
collected in the Alboran Sea, Balearic Sea and the Strait of Sicily. Our findings
suggest that in the pre-industrial era, changes in planktic foraminiferal productivity
and species composition can be explained primarily through natural climate
variability. Starting from about 1800 CE, foraminiferal dynamics are linked to
accelerated sea surface temperature warming, indicating decreased marine
productivity due to thermally induced water column stratification. Reduced test
weights imply that anthropogenic CO; has already affected planktic foraminiferal
calcification during the 20™ century, corroborated by carbon and boron isotope data
indicating enhanced anthropogenic CO, uptake and decreasing pH at our study sites.
Our studies detect a basin-wide imprint of anthropogenic CO; induced changes in

western Mediterranean sediment records.

Moreover, the thesis provides a glimpse on how ocean deoxygenation may impact
oceanic fish ecology. Open ocean deoxygenation is hypothesized to pose severe
threats, specifically to the mesopelagic fish community, by enhancing physical stress,
shifting their habitat into the photic zone, and so changing prey-predator relationships,
with negative effects for their abundance and composition. Mesopelagic fish are key
players in ocean food webs, an abundant nutritional resource for aquaculture and
nutraceutical markets and of highest importance for climate change mitigation as they
transport carbon from the surface to the deep sea. In chapter 4, we investigate the
impacts of ocean deoxygenation on the midwater fish community by using Holocene
otoliths from an Eastern Mediterranean sediment core. Extremely low overall
abundances of otoliths are detected between 7 and 11 kyr ago, when bottom to mid-
waters were highly anoxic, and surface waters were remarkably productive. During

that time the otolith composition is dominated by fish adapted to the epipelagic zone,
4



while mesopelagic species are nearly absent. After re-oxygenation at about 6 kyr ago,
mesopelagic fish species dominate the otolith record to the present day. Our results
suggest a likely negative response of midwater fish to ongoing intensification and
expansion of Oxygen Minimum Zones over coming centuries, which would have
major impacts on marine fisheries, marine conservation, ocean food web structure and

carbon storage capacity.

These long-term records capture the complex natural environment throughout periods
of intense human and naturally induced climate pressure. Together, they allow us to
assess the impact of ocean warming, acidification and deoxygenation on the ecology
and calcification of planktic foraminifera, and on midwater fish dynamics, both key
groups of organisms that are highly important for the structure and functioning of
global marine ecosystem services and food webs. Our findings may help to better
project future ocean food web dynamics and will serve to facilitate marine policy

decision making.



CHAPTER 1

T Introduction



1.1  Anthropogenic CO: increase and impacts on marine

ecosystems

Humankind has developed a great hunger for fossil fuels during the last centuries.
Particularly, since the onset of the Industrial Revolution, our novel demand for energy
needs to be satisfied by the combustion of coal, oil and natural gas, leading to an
exponential increase of human-induced carbon dioxide (COy) in Earth’s atmosphere
(Crutzen, 2002; Waters et al., 2016). The global atmospheric CO- concentrations rose
from 280 ppm during pre-industrial times to about 421 ppm in May 2022, an increase
of more than 50% (Lan et al., 2023), and a level that probably has not been reached
for the last 3 million years (Guillermic et al., 2022; Pagani et al., 2010). The recent
anthropogenic CO; pollution, which is in humanity’s past unprecedented in rate and
amplitude, leads to ocean warming, ocean acidification, and ocean deoxygenation.
The combination of those CO; induced climate change stressors, referred to as the
“deadly trio” (Bijma et al., 2013), is assumed to have severe consequences for marine
ecosystem functioning, with adverse knock on effects for marine fishery, conservation

and climate regulation.

1.1.1 Ocean warming and productivity changes

Enhanced anthropogenic CO, emissions are responsible for shifting the energy
balance of Earth’s climate system and so heating up our planet (Rhein et al., 2013).
Owing to its large specific heat capacity and volume, the lion’s share of energy
imbalance is taken up by the ocean accounting for approximately 93% of Earth system
warming that has occurred since the mid-20™ century (Cheng et al., 2019; Levitus et
al., 2012). Observational records covering the last decades, show accelerated warming
of the sea surface compared to the ocean interior, with global sea surface temperatures
(SSTs) increasing at a rate of 0.13 °C per decade during the last 100 years (Levitus et
al., 2000; Reid & Hill, 2016). This is corroborated by several proxy records describing
unprecedented SST increase with the onset of the Industrial Era (IE) (Abram et al.,
2016) and models projecting surface waters to warm faster than deeper ocean regions
(Bopp et al.,, 2013; Cheng et al., 2019), with an estimated mean global ocean
temperature rise between 1 to 4 °C by the end of the 21 century (Reid & Hill, 2016).
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Accelerated warming of the upper ocean enhances the vertical temperature gradient
which implicates stronger water column stratification (Hoegh-Guldberg et al., 2014).
Human-induced warming during the last decades has significantly contributed to
global upper-ocean stratification (Cheng et al., 2023; Li et al., 2020), impacting
marine life. Stronger vertical gradients prevent nutrient enriched deep-water from
being mixed into nutrient depleted surface waters, and therefore deepening the
nutricline, with negative consequences for primary producers (Chavez et al., 2011,
Longhurst, 1995). Although the relationship between global surface ocean primary
productivity and warming seems to be complicated (Dunstan et al., 2018), there is a
growing body of evidence that thermally induced stratification leads to a decline in
biological marine surface productivity. Satellite images reveal that expansion of low
surface chlorophyll areas and low phytoplankton productivity is closely coupled to
ocean warming and stratification strength (Behrenfeld et al., 2006; Martinez et al.,
2009; Polovina et al., 2008), further corroborated by model projections, estimating a
reduction of 2-16% in global net primary production (NPP) and 7-18% in global
export production (EP) throughout the 21% century, induced by more stratified ocean
(Fu et al., 2016). Accordingly, ocean warming impacts the entire marine ecosystem,
as it cuts of nutrient supply at the sea surface, negatively impacting primary

productivity, and so limiting food supply for upper trophic levels in the ocean.

1.1.2 Ocean acidification and calcification loss

Every year, about 25-30% of anthropogenic CO; accumulating in the atmosphere is
absorbed by the global ocean (Friedlingstein et al., 2022; Gruber et al., 2023; Gruber
et al., 2019). The dissolved CO; reacts with sea water and forms carbonic acid
(H2COs3), followed by an instant release of hydrogen ions (H*) and bicarbonate ions
(HCOsY), which increases sea water acidity. The chemical reaction decreases pH and
the availability of CO3? in sea water, a phenomenon referred to as ocean acidification
(Caldeira & Wickett, 2003; Zeebe, 2012). While global mean ocean pH has decreased
by 0.1 units compared to pre-industrial levels, it may drop below 7.8 by the end of
2100 Common Era (CE) (IPCC, 2019; Jacobson, 2005), also lowering carbonate ion

concentrations in the global ocean significantly, which is expected to have detrimental



implications for abundance and shell structure of marine calcifying organisms
(Kroeker et al., 2010).

Planktic foraminifera and coccolithophores are two of many calcifying organisms
which form their shells and outer skeletal structures using calcium carbonate (CaCQOs)
through a process known as biogenic calcification. As the build-up of their calcite
structures is dependent on pH and carbonate ion concentration, those taxa are
particularly prone to seawater chemistry changes, facing severe consequences with
ongoing ocean acidification (Fabry et al., 2008; Kroeker et al., 2010; Leung et al.,
2022; McNeil & Matear, 2008; Orr et al., 2005). This is supported by a comprehensive
amount of laboratory experiments investigating the responses of coccolithophores
(Meyer & Riebesell, 2015) and planktic foraminifera (Bijma et al., 1999; Lombard et

al., 2010; Russell et al., 2004) to CO; induced changes in seawater chemistry.

Further insights on how marine calcifying organisms respond to ocean acidification
events is given through the fossil record. The Paleocene-Eocene Thermal Maximum
(PETM) was an episode of large geologic carbon release into the ocean atmosphere
system that occurred 55.9 to 55.7 Ma ago, decreasing global sea surface pH by about
0.30 units (Penman et al., 2014), concomitant with an extinction of marine calcifying
organisms (Zachos et al., 2005). The amplitude of pH decline was similar compared
to the projected 21% century pH decrease of 0.33 units (Bopp et al., 2013; Gattuso et
al., 2015), however, the rate of change was one order of magnitude slower, making
today’s ocean acidification rate unprecedented during the last 66 Ma (Zeebe et al.,
2016), and will likely result in widespread future extinctions of marine calcifying
organisms that will significantly exceed those at the PETM (Zeebe & Zachos, 2013).
Another past analogue for CO, changes comparable to the IE provides the Last
Deglacial Transition (LDT) between 18-11 kyr BP, when atmospheric CO levels rose
by around 80 ppm (Marcott et al., 2014), causing a sea surface pH drop between 0.15-
0.05 units (Henehan et al., 2013; Honisch & Hemming, 2005). Even though CO,
related changes during the LDT are slightly below current rates and amplitudes (Bopp
et al., 2013; Gattuso et al., 2015), substantial calcification loss has been reported

across the last glacial-interglacial transition for planktic foraminifera (Barker &
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Elderfield, 2002; Moy et al., 2009) and coccolithophores (L. Beaufort et al., 2011).
Both geological periods can be used as natural experiments, testing the response of

marine calcifying plankton to anthropogenic ocean acidification.

1.1.3 Ocean deoxygenation and midwater fish decline

Open ocean deoxygenation occurs over the entire upper global ocean but is
particularly severe in Oxygen minimum Zones (OMZs), which are mainly located in
eastern boundary upwelling systems of the Atlantic and Pacific Ocean and the Arabian
Sea (Bindoff et al., 2019; Gilly et al., 2013; Helm et al., 2011; Ito et al., 2017;
Schmidtko et al., 2017). Since the mid-20™ century global ocean oxygen content has
decreased between 0.5-3.3% in the upper 1000m, while OMZs expanded in volume,
surface area, and shifted their hypoxic boundary layer (HPL) further upwards to the
sea surface. Open ocean deoxygenation is strongly coupled to CO- induced climate
warming, as it is mainly driven through changes in solubility effects, ocean ventilation
and marine oxygen respiration (Bindoff et al., 2019; Brewer & Peltzer, 2017; Helm et
al., 2011; Oschlies et al., 2018). Further evidence for the strong link between ocean
warming and deoxygenation derives from geological records (A. J. Dickson et al.,
2012; Praetorius et al., 2015), suggesting that throughout Earth’s history, OMZs tend
to be stronger, shallower and bigger during warmer periods with impacts on ancient
marine ecosystems (Jenkyns, 2010; Yasuhara et al., 2019). Therefore, it is assumed
that anthropogenic warming in combination with positive biogeochemical feedbacks
might tip our ocean into larger scale anoxia (Watson, 2016), which is in agreement
with model projections, showing unambiguous decline of ocean oxygen levels for the
coming century (Bindoff et al., 2019; Bopp et al., 2013; Keeling et al., 2010; Shaffer

et al., 2009), with adverse knock-on implications for marine life.

Intensification and shoaling of OMZs in the future are expected to alter marine pelagic
ecosystems. In general, lower oxygen levels have negative impacts for fairly most
marine organisms (Claireaux & Chabot, 2019), with fish being one of the most
sensitive groups to hypoxia (Vaquer-Sunyer & Duarte, 2008). Reduced midwater
oxygen levels affect mesopelagic organisms directly by decreasing oxygen supply at

their tissue level, thus enhancing physiological stress (Seibel & Wishner, 2019;

10



Wishner et al., 2013). As the vertical habitat depth range of many mesopelagic taxa is
strongly controlled by oxygen levels (D. Bianchi et al., 2013; Klevjer et al., 2016;
Maas et al., 2014; Netburn & Koslow, 2015), shoaling of OMZs would compress their
vertical habitat range and push those species into better illuminated regions at the sea
surface, enhancing their visibility to predators with negative consequences for their
survival (Gilly et al., 2013; Seibel & Wishner, 2019). Whether epipelagic species
benefit from enhanced prey availability or deprive from reduced vertical habitat range
through OMZ shoaling is less well understood yet (Prince & Goodyear, 2006; Prince
et al., 2010; Stramma et al., 2012; Stramma et al., 2010). In any case, oxygen
deoxygenation in future warming oceans is expected to alter both epipelagic and
mesopelagic ecosystems.

1.2 The lack of long-term time series and their relevance to

study ecosystem change

Availability of marine environmental data based on monitoring programs and
instrumental measurements is too limited in time and space to comprehensively assess
the effects of natural versus anthropogenic climate change on marine ecosystems.
First in situ measurements have been performed from ships or at coastal sites since
the early 19" century (Kent et al., 2017). However, fine temporal and spatial coverage
of SST and marine biological productivity are just accessible since the start of satellite
remote sensing programs in the late 20" century (Madrid, 1978; Merchant et al.,
2019), and instrumental measurements of seawater carbonate chemistry and oxygen
content at certain locations in the global ocean are at best a couple of decades long
(Bates et al., 2014; Yasuhara et al., 2019). Past changes in marine food web dynamics
and fish stock changes remain largely undocumented as time-series of modern
scientific surveys like the Continuous Plankton Recorder (CPR) (Richardson et al.,
2006) or the California Cooperative Fisheries Investigations Program (CalCOFI)
(Ohman & Venrick, 2003) have just started in the early 20" century, while historical
data is often fragmentary in time and space, making it difficult to study long term

plankton and fish population dynamics.
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The concern of human impacts on marine ecosystems is continuously growing, but
the spatial and temporal limitation of oceanographic observational data hinders us to
separate anthropogenic from natural climate change. Through paleorecords we can
reconstruct environmental changes and ecosystem dynamics covering times scales
further beyond the temporal coverage of instrumental and monitoring data, allowing
for the development of adequate baselines to test human impact on marine life.
Paleorecords can provide preconditions for conducting geohistorical natural
experiments, capturing the complex interplay of many environmental parameters to
test the combined effects of global climate change stressors on marine ecosystems.
Therefore, paleorecords are crucial to better understand the synergistic impacts of
anthropogenic and natural climate change stressors on key marine organisms over

different (decadal to millennial) timescales.

1.3 Paleoenvironmental tools to extend instrumental time

series

One of the most common tools used in paleo studies are proxy data derived from
environmental archives. These proxy data are measurable descriptors in terms of
physical characteristics of the environment, which stand in for desired, direct
measurements like temperature, productivity or pH (Wefer et al., 1999). Proxy data is
derived from environmental archives like ocean sediments or microfossils, which
record the natural variability of ecosystems. This approach has the potential to
reconstruct diverse aspects of the system, from the physical and chemical state of the
water column to ecosystem productivity and structure. Below, selected types of proxy

data and environmental archives used for this work are listed and briefly described.

1.3.1 Marine sediment cores — Travelling back in time

As historians use written chronicles to conceive human history, paleoceanographers
read environmental archives to get a better understanding of past climate changes. As
6 to 11 billion metric tons of sediment accumulating every year on the seabed, ocean
sediments are an important environmental archive, containing information about past
changes in the ocean and the adjacent land masses, in form of biogenic (Fig. 1.1) and

terrigenous material (Bradley, 2015b). Under ideal circumstances, layer after layer of
12



sediment is laid down at the seabed in undisturbed succession, forming continuous
sequences of uninterrupted deposits. Those deposits can persist more than tens of
millions of years at the seabed before tectonic processes might destroy them

(Ruddiman, 2008). Ocean corer systems like Multi Cores and Kasten Cores (appendix

in Gersonde, 2012) are typical devices to sample marine sediments (Fig. 1.2).

Figure 1.1: Biogenic material in form of calcareous microfossils deposited in Mediterranean marine
sediments. (a-b) Planktic foraminiferal shells of the two species Globigerina bulloides (a) and
Globigerinoides ruber (b). (c) Coccolith of Emiliania huxleyi. (d) Fossil otolith of a spotted lanternfish
(Myctophum punctatum).

Accurate dating is crucial to palaeoceanographic studies to test synchronism between
certain events in the past and to accurately define the rate of environmental change.
Through measuring the decay of radioactive isotopes in the sediment, absolute ages
can be assigned to certain depths in the record, allowing for precise dating throughout
the ocean record (Bradley, 2015a). Through carbon exchange, all living organisms
incorporate the radioactive isotope *4C. After their death, radiocarbon decays within
a half-life of 5780 years, making radiocarbon an ideal tool to date Holocene and Late
Pleistocene carbon bearing sediments (Libby et al., 1949). As part of the radioactive

13



decay chain of 2®U, the natural radionuclide 2*°Pb is produced constantly in the
atmosphere through a series of short-lived daughter isotopes, before ending up in
ocean sediments (Appleby & Oldfield, 1992). Owing to its shorter half-life of 22.3
years, ?2%Ph chronologies cover the last 100 to 150 years, making it an ideal dating
method for studying oceanographic changes during the IE, when human impact was
most significant (Nriagu, 1990, 1996). Additionally, artificial radionuclides like **'Cs
tracking nuclear weapon testing and the Chernobyl accident, hence can serve as time

markers in marine sediments (Garcia-Orellana et al., 2009).

Figure 1.2: Ocean sediment coring devices. (a) Kasten core system. (b) Multi core system (Images:
Young Nam Kim/AWI).

1.3.2 Calcifying plankton assemblages — Recorders of past environmental
conditions
Planktic foraminifera and coccolithophores are within the most productive calcifying
plankton on Earth, generating constant calcium carbonate rain from sea surface down
to the seabed, being responsible that almost half of the modern ocean’s seabed is
covered by calcareous o0oze (Rothwell, 2004). Planktic foraminifera /
coccolithophores are single-celled zooplankton / phytoplankton, both building
skeletal calcite structures, forming an excellent marine sedimentary record. Their
good preservation in sediments and the species-specific morphology of their shells
allows to reconstruct their population dynamics which is closely linked with
environmental conditions in the past. Planktic foraminiferal changes are controlled by
several surface water properties (B¢, 1977; Bé & Tolderlund, 1971; Schiebel &
Hemleben, 2017), making their shell accumulation rates and species composition
changes in marine sediments a good recorder for past variabilities in SST (A.
14



Incarbona et al., 2019; Jentzen et al., 2018; Morey et al., 2005; Rutherford et al.,
1999), primary productivity (Hemleben et al., 1989; Herguera & Berger, 1991; Imbrie
& Kipp, 1971; Schiebel & Hemleben, 2005) or hydrography (Lirer et al., 2014;
Margaritelli et al., 2018; Vallefuoco et al., 2012). Similarly, coccolithophores are
sensitive tracers of past and ongoing changes in the marine environment (Baumann et
al., 2005; Baumann et al., 1999). Accordingly, both planktic foraminiferal and
coccolithophore dynamics can be used as tracers for recent human-induced climate
change (Beaugrand et al., 2013; Field et al., 2006; Jonkers et al., 2019).

1.3.3 Calcifying plankton shells — Tracing oceans chemistry

Morphometry and chemical composition of marine plankton carbonate shells contain
important information about the oceanographic conditions which prevailed during
their biogenic calcification, and provides an archive of past biological, environmental,
and human-induced changes. Shell mass is associated with planktic foraminiferal
calcification, thus it can be used as a tracer for changes in ocean surface chemistry,
temperature and productivity (Weinkauf et al., 2016). However, alterations in sea
water pH and [CO3?] seem to be the dominant driver for biological precipitation of
the calcite test, and therefore shell weight (A. N. Davis et al., 2019; Marshall et al.,
2013; Osborne et al., 2016), making shell mass of fossil planktic foraminifera an ideal
indicator for industrial CO- induced changes in the past ocean (Béjard et al., 2023;
Moel et al., 2009; Moy et al., 2009; Oshorne et al., 2020).
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Figure 1.3: Effects on the stable carbon isotope incorporation of planktic foraminiferal tests produced
in the average surface pelagic ocean, modified after (Schiebel & Hemleben, 2017). Positive and negative
coupling marked by (+) and (-).

Stable isotopes are one of the most powerful tools in paleoceanography. Carbon
isotopes recorded within the calcareous shell of planktic foraminifera are directly
related to the carbon isotope signature of seawater, while their composition can be
affected by a variety of biological, chemical, global and regional effects (Fig. 1.3).
Variations in the ratio of light (}2C) vs. heavy (**C) isotopes can serve as indirect
measurements of past environmental changes (Schiebel & Hemleben, 2017).
Particularly, the signal of enhanced uptake of isotopically light 2)CO, by the ocean
(Friedlingstein et al., 2022; Gruber et al., 2023; Gruber et al., 2019) due to
anthropogenic carbon emissions since the onset of Industrial Revolution is carried in
the 8'3C signal of planktic foraminiferal shells, referred to as the Suess effect (Eide et
al., 2017; Mellon et al., 2019; Quay et al., 1992). Boron isotopes (3*'B) consist of the
two naturally occurring stable isotopes 1°B and 'B. Unlike §**C, their composition in
planktic foraminiferal calcite is compromised via vital effects, changing the pH of the

shell microenvironment (Glas et al., 2012; Toyofuku et al., 2017). However, a robust
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correlation between 8B calcite and ocean pH has been reported (Foster & Rae, 2016;
James W. B. Rae, 2018), why stable boron isotopes in planktic foraminiferal shells
have been used to detect and asses the amplitude of ocean acidification events in the
geological past (Azharuddin et al., 2022; Harper et al., 2020).

Alkenones are organic compounds, comprising a suite of long-chain unsaturated ethyl
and methyl ketones, detected in the ubiquitous coccolithophore Emiliania huxleyi and
Gephyrocapsa oceanica (Eglinton et al., 2001; Volkman et al., 1995; Volkman et al.,
1980). As the relative proportions of di- (Cs7:2) and tri- (Csr2) unsaturated methyl
ketones are closely related to the growth temperatures of coccolithophores (Marlowe
et al., 1984), the sedimentary unsaturation index (U¥s;) can be applied as a
paleothermometer (Brassell et al., 1986). Additionally, Cs7 alkenone cannot only serve
as a proxy for primary production but also total phytoplankton biomass (Raja &
Rosell-Melé, 2021).

1.3.4 Fossil fish ear bones (otoliths) — Reconstructing fish population
dynamics
The application of fossil fish otoliths in paleoecology began more than 100 years ago
(Koken, 1884), however, to this point their use as a proxy to reconstruct fish
population dynamics is rather young (Elder et al., 1996). Each fish possesses three
pairs of otoliths made of CaCQOs, serving as the hard structures for the gravity and
auditory receptors. Due to its morphological variability and size, the largest of the
three otolith pairs, the saggitae, provides the most valuable information for
community reconstruction (Tuset et al., 2008). Morphometric analysis of the saggitae
is used for taxonomic fish identification (Lombarte et al., 2006; Parisi-Baradad et al.,
2010), and can be applied to reconstruct past fish assemblages from fossil otoliths
(Cartes et al., 2017; W. A. Jones & Checkley, 2019; Lin et al., 2018; Lin et al., 2016;
Lin et al., 2017). Their ubiquitous distribution in ocean sediments, makes fossil
otoliths a promising new proxy to enhance our understanding of fish population

dynamics in the past, which is insufficiently understood yet.
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1.4  Natural experiments in the Mediterranean Sea

The semi-enclosed Mediterranean Sea is characterized by two large deep sub-basins
(Eastern and Western Mediterranean Sea) connected through the shallow Strait of
Sicily channel (Fig. 1.4). The modern arid climate and net buoyancy loss from west
to east results in an anti-estuarine thermohaline circulation and a pronounced
longitudinal surface gradient in physical and chemical characteristics in the
Mediterranean Sea (Rohling et al., 2009; Schroeder et al., 2012). It’s geographical
location between two climate regimes, the subtropical high and the westerly wind
zone, makes it highly sensitive to changes in atmospheric forcing and anthropogenic
impacts. Several large rivers discharge their high sediments loads into the
Mediterranean causing enhanced sedimentation rates in the basin, which provides a
temporally highly resolved sediment archive for those changes. Owing to the small
volume and the limited communication to the open ocean, those environmental signals
are recorded instantaneously and in an amplified fashion (Rohling et al., 2009).
Accordingly, Mediterranean ocean sediments provide excellent preconditions to test
the response of a highly sensitive ecosystem to natural versus anthropogenic climate

change stressors over long time scales.
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Figure 1.4: Surface water circulation and intermediate and deep water formation in the Mediterranean
Sea (Rohling et al., 2009).
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1.4.1 Natural experiment 1: The Mediterranean Anthropocene

Owing to its climatic conditions and hydrodynamic features, the Mediterranean Sea
shows amplified and very rapid response to climate change, hence can be
acknowledged as a climate change hot spot (Cramer et al., 2018; Giorgi, 2006).
Accelerated recent warming of the Mediterranean region with a rate above global
average (Lionello & Scarascia, 2018; MedECC, 2020), is also reflected in increasing
Mediterranean SSTSs trends with a rate around 0.4 °C per decade (Macias et al., 2013;
Pisano et al., 2020; Shaltout & Omstedt, 2014). High alkalinity and low residence
times of water masses with fast turnover rates (60 to 220 years) makes the
Mediterranean Sea susceptible to the uptake of anthropogenic carbon (Hassoun et al.,
2022; A. Schneider et al., 2010; A. Schneider et al., 2007; Touratier & Goyet, 2009),
however, surface pH decreased by -0.08 units during the IE (MedECC, 2020), which
is in agreement with global trends (Gattuso et al., 2015). Those anthropogenic changes
are also captured in Mediterranean paleorecords like the unprecedented increase of
SST (Marriner et al., 2022) or the enhanced accumulation of heavy *C isotopes in
carbonate deposits (Amitai et al., 2020). We can make use of the Mediterranean Sea
as a geohistorical natural laboratory, by comparing anthropogenic environmental
changes with plankton dynamics, both recorded in the sediment record of the last
centuries, to assess the impacts of ocean warming and ocean acidification on the

marine ecosystem.

1.4.2 Natural experiment 2: The Eastern Mediterranean Sapropels

Strong oceanographic contrasts occur during the Eastern Mediterranean Holocene
(Fig. 1.5), which help to investigate the response of marine pelagic ecosystems to
intensification and shoaling of OMZs. During the Early Holocene, between
approximately 10 to 6 kyr BP, changing orbital configurations lead to a shift of
evaporation and precipitation patterns over eastern Mediterranean surface waters
(Rohling, 1994), enhancing rainfall and river runoff, and so the freshwater and
nutrient input into the eastern Mediterranean Sea (Kallel et al., 1997; Rohling &
Hilgen, 1991). Consequently, Eastern Mediterranean surface waters became highly
productive, whereas mid- to bottom waters suffered from hypoxia, due to a freshwater

lid at the sea surface, impeding oxygen rich waters from being mixed into deeper
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regions (Stratford et al., 2000). This period is reflected in the formation of sapropel
S1 deposits, characterized by dark, organic rich sediment layers, resulting from
enhanced export production and bottom water anoxia (Rohling et al., 2015; Schmiedl|
et al., 2010). Sapropel formation ended with a shift in precipitation patterns and the
re-establishment of well oxygenated, ultracligotrophic conditions, comparable to
those of the modern Eastern Mediterranean Sea (Kontakiotis, 2016; Zielhofer et al.,
2017). By comparing reconstructed fish dynamics with changing geohistorical oxygen
levels, the hypoxic Eastern Mediterranean during S1 formation can serve as an
extreme natural experiment, to study the response of pelagic ecosystems to future
ocean deoxygenation.
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Figure 1.5: Climatic and oceanographic conditions in the Eastern Mediterranean during (top) normal
oxic and (bottom) anoxic conditions, modified after (Rohling et al., 2015; Ruddiman, 2008).
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CHAPTER 2

2 Planktic foraminiferal changes in the
western Mediterranean Anthropocene
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Abstract

The increase in anthropogenic induced warming over the last two centuries is
impacting marine environment. Planktic foraminifera are a globally distributed
calcifying marine zooplankton responding sensitively to changes in sea surface
temperatures and interacting with the food web structure. Here, we study two high
resolution multicore records from two western Mediterranean Sea regions (Alboran
and Balearic basins), areas highly affected by both natural climate change and
anthropogenic warming. Cores cover the time interval from the Medieval Climate
Anomaly to present. Reconstructed sea surface temperatures are in good agreement
with other results, tracing temperature changes through the Common Era (CE) and
show a clear warming emergence at about 1850 CE. Both cores show opposite
abundance fluctuations of planktic foraminiferal species (Globigerina bulloides,
Globorotalia inflata and Globorotalia truncatulinoides), a common group of marine
calcifying zooplankton. The relative abundance changes of Globorotalia
truncatulinoides plus Globorotalia inflata describe the intensity of deep winter
mixing in the Balearic basin. In the Alboran Sea, Globigerina bulloides and
Globorotalia inflata instead respond to local upwelling dynamics. In the pre-industrial
era, changes in planktic foraminiferal productivity and species composition can be
explained mainly by the natural variability of the North Atlantic Oscillation, and, to a
lesser extent, by the Atlantic Multidecadal Oscillation. In the industrial era, starting
from about 1800 CE, this variability is affected by anthropogenic surface warming,
leading to enhanced vertical stratification of the upper water column, and resulting in
a decrease of surface productivity at both sites. We found that natural planktic
foraminiferal population dynamics in the western Mediterranean is already altered by
enhanced anthropogenic impact in the industrial era, suggesting that in this region

natural cycles are being overprinted by human influences.

Chapter based on: Pallacks, S., Ziveri, P., Martrat, B., Mortyn, P. G., Grelaud, M., Schiebel,
R., ... Anglada-Ortiz, G. (2021). Planktic foraminiferal changes in the western
Mediterranean Anthropocene. Global and Planetary Change, 204, 103549.
doi.org/10.1016/j.gloplacha.2021.103549
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2.1 Introduction

Mankind’s influence on the climate has grown over the last two centuries, with
exponential enrichment of greenhouse gases in the atmosphere (Abram et al., 2016;
Crutzen, 2002). As observed by comparing data retrieved from instrumental
measurements and ice core records (Bauska et al., 2015; Friedli et al., 1986; Tans &
Keeling, 2020), the unprecedented increase of atmospheric CO- accelerated during
the 20™ century, warming surface oceans (Gleckler et al., 2012) and depleting marine
surface production through enhanced vertical stratification (Behrenfeld et al., 2006;
Li et al., 2020). In a world subjected to high anthropogenic pressure and affected by
a continuous increase in atmospheric CO; since the Industrial Revolution, knowledge
about the impacts of rising SST on changes in marine productivity plays an important

role in understanding biological and environmental changes in the ocean.

The Mediterranean Basin, as a climate change hotspot (Giorgi, 2006), is particularly
affected by environmental changes. The western Mediterranean is under the influence
of large scale atmospheric patterns like the North Atlantic Oscillation (NAO), since
fluctuations of the atmospheric pressure gradient between the Icelandic Low and the
Azores High are associated with changes in climatic and oceanographic conditions
(Hurrell, 1995; Tsimplis et al., 2013; Ulbrich et al., 2012), altering marine ecosystems
(Drinkwater et al., 2003). The Atlantic Multidecadal Oscillation (AMO) is closely
linked to SST variations in the western Mediterranean Sea (Marullo et al., 2011).
NAO and AMO varies on multidecadal to centennial time scales (Mann et al., 2009;
Olsen et al., 2012; Trouet et al., 2009) with positive phases prevailing during the
Medieval Climate Anomaly (MCA), a warm period which begins in the western
Mediterranean at roughly 800 CE. With the onset of the Little Ice Age (LIA), a
subsequent, cold period lasting from around 1300 CE to 1800 CE, negative NAO
phases became predominant (S. T. Gray et al., 2004; Lilning et al., 2019; Moreno et
al., 2012; J. Wang et al., 2017). The first part of the 20" century was characterized by
low pressure gradients, whereas from the 1970s on, positive NAO phases were
stronger and occurred more frequently (Hurrell, 2020). The high NAO index by the
end of the 20" century appears unprecedented during the last 130 years (Osborn,

2004), but is not unusual in the context of the past centuries (Hernandez et al., 2020).
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The close relation between NAO, AMO, and SST in the pre-industrial Mediterranean
(Llning et al., 2019) was superimposed by anthropogenic induced warming during
the second half of the 20" century (Macias et al., 2013). Since 1880 CE, the annual
mean air temperature has warmed more abruptly in the Mediterranean region
compared to the global average (Cramer et al., 2018), accelerating the increase of
SSTs in the Mediterranean at a rate of 0.35 °C per decade (Shaltout & Omstedt, 2014).
Direct (changes in reproducibility, behavior, fitness and survival of marine organisms)
and indirect (changes in biotic interactions or hydrography, e.g. displacement and
intensity of marine currents, sea surface stratification) effects of ocean warming
resulting in biogeographical shifts of species, mainly towards the northwest, causing
a tropicalization and homogenization of the Mediterranean biota, and altering
biodiversity and ecosystem functioning (C. N. Bianchi, 2007; Lejeusne et al., 2010;
Philippart et al., 2011). Enhanced stratification as a consequence of sea surface
warming is predicted to lower the primary production rate in the western basin,
causing biomass loss in the entire Mediterranean Sea (Coma et al., 2009; Macias et
al., 2015). Particularly calcifying organisms seem to be affected by climate-induced

warming (Beaugrand et al., 2013).

The northwestern and southwestern Mediterranean regions are ideal locations to study
impacts of natural versus anthropogenic climate change on surface ocean properties,
since deep water formation in the Gulf of Lion is strongly connected to NAO
variability (Josey et al., 2011; Vignudelli et al., 1999), driving surface productivity in
the Alboran Sea (Macias et al., 2008; Macias et al., 2016; Macias et al., 2007). The
see-saw pattern between high productive phases linked to strong deep water formation
and vice versa is described in several Holocene marine sediment records (Ausin et al.,
2015; Bazzicalupo et al., 2020; Cacho et al., 2000; Cisneros et al., 2019; Nieto-
Moreno et al., 2015; Schirrmacher et al., 2019), while anthropogenic warming has
affected both study regions, as reported through instrumental data and

paleoenvironmental archives (Nieto-Moreno et al., 2013; Sicre et al., 2016).

Planktic foraminifera are single-celled marine eukaryotes producing calcite and yield

an excellent marine sedimentary record. The sensitivity of planktic foraminifera to
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changing physical and chemical conditions and their good preservation in marine
sediments makes them good tracers of changing environmental conditions, regardless
of whether alterations are caused by natural or anthropogenic drivers. Planktic
foraminifera are under the influence of several surface seawater properties (B¢, 1977;
Bé & Tolderlund, 1971; Schiebel & Hemleben, 2017), although the most important
factor controlling assemblage composition and diversity is SST (Jentzen et al., 2018;
Morey et al., 2005; Rutherford et al., 1999). On a regional and seasonal scale, quality
of food plays a crucial role for the distribution of surface to subsurface dwelling
species (Schiebel et al., 2001), indicated by the close relation between marine primary
production and flux rates of planktic foraminiferal tests (Kucera, 2007). Water column
configuration and food availability are supposed to be the main factors controlling
foraminiferal distribution, abundance and diversity in the Mediterranean Sea (Barcena
et al., 2004; Giamali et al., 2020; Pujol & Grazzini, 1995; Rigual-Hernandez et al.,
2012; Zarkogiannis et al., 2020), whereas differences in the seawater carbonate
chemistry between the eastern and western basin play a minor role (Mallo et al., 2017).
Post-industrial age changes in planktic foraminiferal assemblages in oceans are subtle,
limited to ~ 600 km latitudinal shift compared to pre-industrial communities (Field et
al., 2006; Jonkers et al., 2019; Schiebel et al., 2018). In the Mediterranean Sea, no
evidence of anthropogenic influence on planktic foraminiferal assemblages has been
documented. Even over the latest climate anomalies (e.g. MCA, LIA), the planktic
foraminiferal response appears weak, with small percentage changes in selected
species and/or in the ratio between taxa that indicate different local hydrographic
conditions (A. Incarbona et al., 2019; Lirer et al., 2014; Margaritelli et al., 2018;
Vallefuoco et al., 2012).

The main objectives of this study are to determine how natural climate change, in
particular large scale atmospheric oscillations like the NAO and AMO, have driven
planktic foraminiferal assemblage dynamics during the Common Era at two
strategically ideal locations in the western Mediterranean to study high-frequency
changes in water mass dynamics and marine surface productivity, and to assess if the
signal of natural variability in planktic foraminiferal composition is superimposed by

accelerated anthropogenic SST warming, starting with the onset of the Industrial
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Revolution. For this reason, we investigate the planktic foraminiferal accumulation
rate records in two high resolution multicores collected in the Alboran Sea and the
Balearic Sea spanning approximately the last 1.2 and 1.7 ky. We also report
abundances of selected taxa in the > 150 um fraction, to test the impact of large-scale
atmospheric oscillations like the NAO and AMO during the Common Era. The
planktic foraminiferal palaeoecological reconstruction is carried out along with data
on alkenone-derived SST, organic biomarkers, and coccolithophore (calcifying
phytoplankton) assemblage that provide evidence of a simultaneous modification in
water column dynamics and in the planktic ecosystem network. Especially significant
are U¥3; estimates that capture a pronounced post-industrial SST rise in both the

Balearic and the Alboran seas, which is in line with instrumental measurements.

2.2  Study area
2.2.1 Oceanographic settings

The semi-enclosed Mediterranean Sea is separated by the Sicily Strait sill into the
western and eastern Mediterranean basins. It is characterized by an anti-estuarine
thermohaline circulation with eastward surface and westward subsurface flow, due to
net buoyancy loss from west to east as a consequence of changes in evaporation,
precipitation and runoff (Millot, 1999; Rohling et al., 2009; Schroeder et al., 2012;
Schroeder et al.,, 2008). The Mediterranean Sea features large eastward surface
gradients in physical and chemical characteristics with increasing salinity, SST, and
alkalinity, and decreasing surface nutrient concentrations and dissolved inorganic
carbon (A. Schneider et al., 2007; Shaltout & Omstedt, 2014; Stambler, 2014; Tanhua
etal., 2013).

The two study sites, as shown in Figure 2.1, are under the influence of large-scale
atmospheric phenomena. The differences of atmospheric sea level pressure between
the Icelandic Low and the Azores High, known as the NAO, is influencing the climate
and oceanographic conditions of the western Mediterranean (Hurrell, 1995). Positive
NAO phases characterized by a strong subtropical high-pressure cell and a deeper
Icelandic Low generate strong westerly winds, crossing the Atlantic on a more

northerly track and result in warm and dry conditions over the Mediterranean Sea with
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reduced storm activity and below average precipitation rates. A weak pressure
gradient between the Azores High and the Icelandic Low (negative NAO phase)
causes a more southeasterly pathway and enhanced storminess in southern Europe,
which brings more moisture to the Mediterranean region (Ulbrich et al., 2012). NAO
phases vary on annual to multicentennial time scales and are recorded in
environmental archives like lake sediments, tree rings and speleothems, thus allowing
for reconstructing high resolution records dating back several thousand years (Faust
et al., 2016; Olsen et al., 2012; A. C. Smith et al., 2016; Trouet et al., 2009).
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Figure 2.1: Locations of the study areas in the western Mediterranean Sea, bathymetry, hydrography,
SST, and chlorophyll-a data. (a-b) Ocean Data View (ODV) bathymetric maps (Schlitzer, 2019). Dark
arrows represent surface currents and gyres. (a) Station MedSeA-S23 in the Balearic Sea. Core location
indicated by a blue cross. NC: Northern Current (surface). WMDW: Western Mediterranean Deep Water
formation. M: Mistral. T: Tramontana. (b) Station MedSeA-S3 in the Alboran Sea. Core location
indicated by a red cross. AJ: Atlantic Jet (surface). WAG: Western Alboran Gyre. EAG: Eastern Alboran
Gyre. Upwelling area (orange). References of studies close to core location cited in text. (c) Monthly sea
surface temperature (SST), (d) Monthly surface chlorophyll-a concentration (e) annual mean
chlorophyll-a concentration from 2003 to 2019 CE at the Balearic (blue open circles) and Alboran Sea
(red crosses) core site. Linear fit for both time series indicated by blue (Balearic Sea) and red (Alboran
Sea) line. Data is retrieved from AQUA-Modis, Level 3 sensor, covers the period from July 2002 to
February 2020, and is centered at the exact core location, covering 16 km?2,
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The AMO is a climate cycle varying on multidecadal to -centennial timescales, which
affects SST of the North Atlantic Ocean. SST changes vary with an amplitude of 0.4
°C at their extremes on a 65-80 year cycle (Enfield et al., 2001; Schlesinger &
Ramankutty, 1994). The AMO has a strong connection to SST changes in the western
Mediterranean Sea. SSTs in the Mediterranean region exhibit a 70 year cyclicity,
which is similar to the AMO variability, when looking at instrumental data (Marullo
etal., 2011).

Each study site shows a characteristic hydrography, influenced by the previously
described large-scale atmospheric patterns. As an end-member of the Mediterranean
Atlantic Water (MAW) flowing through the Tyrrhenian Sea, the Northern Current
(NC) connects the Gulf of Lion with the study area in the Balearic Sea (Millot, 1999).
Primarily in the Gulf of Lion, Western Mediterranean Deep Water (WMDW) is
formed through two oceanographic processes described as dense shelf water
cascading and open-sea deep convection mainly in January to February due to cold
air masses (Canals et al., 2006; Rohling et al., 2009). Cold, orographically channeled
air from the northern European continent is causing strong evaporation and surface
water cooling and results in buoyancy loss in the Gulf of Lion, thus affecting deep
water formation (Medoc, 1970; Mertens & Schott, 1998; R. O. Smith et al., 2008).
Interannual variabilities between cold and dry or warm and wet air masses have been
detected and linked to the winter state of the NAO (Ausin et al., 2015; Cisneros et al.,
2019; Josey et al., 2011; Vignudelli et al., 1999).

The hydrography of the Alboran Sea is mainly characterized by two anticyclonic,
quasi-permanent gyres, the Western Alboran Gyre (WAG) and the Eastern Alboran
Gyre (EAG) both spanning around 100 km in diameter (Gascard & Richez, 1985;
Heburn & La Violette, 1990). Driven by the strength of the Atlantic Jet (AJ) (Bormans
& Garrett, 1989; Flexas et al., 2006), the Alboran gyre system is characterized by a
complex mesoscale variability and can vary between a one gyre (1G), two gyre (2G)
or three gyre (3G) system (Peliz et al., 2013; Renault et al., 2012; Vargas-Yafez et
al., 2002). Variations in the Mediterranean Thermohaline Circulation (MTHC) during

winter months force surface net water flux into the Mediterranean Sea through the
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Strait of Gibraltar (SoG), to compensate for water masses transported to the interior
during deep water formation. The MTHC is the main mechanism controlling velocity
and direction of the AJ, whereas local wind forcing and sea level pressure are playing
a minor role (Macias et al., 2016). Upwelling in the region is controlled by winds and
direction and velocity of the AJ (Macias et al., 2008; Macias et al., 2007; Sarhan et
al., 2000). A strong AJ located northwards along the Spanish coast and prevailing
westerlies cause coastal upwelling and result in highly fertile, nutrient rich surface
water. Weak Atlantic water inflow and presence of easterlies induces a southward
shift of the AJ, moving the upwelling area further offshore and generating less fertile
surface water conditions in the northwestern Alboran region (Fig. 2.1b).

2.2.2 SST and surface productivity at the two study sites

Satellite-derived data from 2003 to 2019 (AQUA-Modis, Level 3) shows with 18.8
°C (Balearic Sea) and 18.9 °C (Alboran Sea) an almost equal mean annual SST at
both study sites, whereas higher mean annual chlorophyll-a concentrations of 0.44 mg
m at the Alboran core station, compared to 0.33 mg m= in the Balearic Sea site,
confirm the Alboran Sea to be a high productivity area (NASA Goddard Space Flight
Center, 2020). The Balearic Sea is characterized by lower productivity levels
compared to the Alboran Sea, but is still one of the high productivity regions in the
Mediterranean Sea (Colella et al., 2003; Stambler, 2014). As shown in Figure 2.1c,
seasonal SST variations in the Balearic Sea (August: 26.0 °C; February: 13.2 °C) have
a higher amplitude compared to the Alboran Sea (August: 23.7 °C; February: 15.2
°C). In the Balearic Sea, SSTs are mainly controlled by warm summer and cold winter
airflow, coming from the European continent, whereas cold Atlantic water inflow

influences SST at the Alboran study site.

With highest productivity in March (0.64 mg m-3) and lowest values in August (0.12
mg m), primary production is driven by the annual cycle of the thermal structure of
the water column in the northwestern Mediterranean. High summer SSTs cause a
strong stratification of the water column, impeding vertical advection of nutrients to
the surface causing oligotrophic conditions. Cold katabatic winds during winter

enhance deep mixing and surface nutrient supply, which leads to high primary
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production by late winter to early spring, amplified by higher solar radiation.
Interannual variabilities between cold and dry or warm and wet air masses influencing
the deep water formation in the Gulf of Lion through buoyancy loss, have been
detected and linked to the winter state of the NAO (Cisneros et al., 2019; Josey et al.,
2011; Vignudelli et al., 1999). At the Alboran core station, highest chlorophyll-a
concentrations occur in March (0.66 mg m) and lowest ones in August (0.22 mg m-
%). High primary productivity levels are the consequence of fresh nutrient rich
upwelled water at the northern Alboran Sea (Barcena & Abrantes, 1998; Barcena et
al., 2004; Garcia-Gorriz & Carr, 2001), the local occurrence of which is highly
dependent on the hydrography of the WAG system.

2.3 Material and Methods

2.3.1 Material

The study is based on high resolution multicore records (MedSeA-S3-c1; MedSeA-
S23-cl; MedSeA-S23-c3), collected at two sites of the western Mediterranean Sea
with a MC400-Multicorer system during the MedSeA cruise (Mediterranean Sea
Acidification in a changing climate) on 2 May to 2 June 2013 onboard the R/V
Angeles Alvarifio. Core MedSeA-S3-c1 was retrieved in the Alboran basin (Lat.
36.0746° N, Long. 04.11040° W) at a water depth of 1137 m, with a core length of 33
cm. Cores MedSeA-S23-c1 and MedSeA-S23-c3 were recovered at a water depth of
1156 m in the Balearic basin offshore Barcelona (Lat. 41.1121° N, Long. 2.38200° E)
with core lengths of 43 cm. MedSeA-S23-c3 was sliced onboard every cm, whereas

MedSeA-S23-c1 was processed after the cruise and sliced every 0.5 cm.

2.3.2 Radiocarbon and radionuclides analysis

Determination of total 2:°Pb activities was accomplished through the measurement of
its alpha-emitter daughter nuclide ?°Po, following the methodology described in
Sanchez-Cabeza et al. (1998) at the Autonomous University of Barcelona. After
addition of 2Po as an internal tracer, sample aliquots of 200-300 mg were totally
digested in acid media by using an analytical microwave oven and Po isotopes plated
on silver discs in HCI 1IN at 70 °C while stirring for 8 h. Po emissions were
subsequently counted using a-spectrometers equipped with low-background silicon
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surface barrier (SSB) detectors (EG&G Ortec) for 4x10° seconds. The concentrations
of excess ?1%Ph used to obtain the age models were determined as the difference
between total 2°Pb and the uniform 2°Pb at depth. Maximum mean sediment
accumulation rates and therefore the age-depth model over the last decades / century
was estimated using the Constant Flux : Constant Sedimentation (CF:CS) model
(Krishnaswamy et al., 1971; Robbins, 1978).

Radiocarbon dating (**C) was performed on the lower part of cores MedSeA-S3-c1
and MedSeA-S23-c1. Planktic foraminifera (Globorotalia inflata) isolated from the
250 — 315 um fraction from two different depths (MedSeA-S3-c1: 15-16 cm, 30-31
cm and MedSeA-S23-c1: 19.0-19.5cm, 39.0-39.5 cm) were used for radiocarbon
dating. Analysis was performed by using accelerator mass spectrometry (AMS) at the
NOSAMS facility at Woods Hole Oceanographic Institution (Volkman et al., 1995).
Taking the marine radiocarbon reservoir effect into account, with an offset of 400
years (Siani et al., 2000), radiocarbon ages were calibrated to calendar ages by using
Marinel3 calibration curve (Reimer et al., 2013) where ages were reported with a 26
uncertainty. The age-depth models of the sediment records were obtained by
combining the surficial age models obtained from the 2'°Pb activity-depth profiles
with the ages obtained using the **C technique from planktic foraminifera from
sections 15.5 cm to 30.5 cm (MedSeA-S3-cl1) and 19.25 cm to 39.25 cm (MedSeA-
S23-c1) (Appleby & Oldfield, 1992; Bradley, 2015a).

The age-depth models for the entire sediment cores in the Alboran and the Balearic
Seas were calculated considering both 1“C dates and the ages from the 20" century
reported by the #*°Pb age model (up to 5.5 cm core depth of MedSeA-S3-c1, up to
11.5 cm core depth of MedSeA-S23-c1 and MedSeA-S23-c3) and using Bayesian
statistics applied by the R-code package “rbacon” (Blaauw & Christen, 2011) shown
in Figures S2.1, S2.3 and S2.4.

2.3.3 Biomarkers
Alkenones (heptatriaconta-8E,15E,22E-trie2-one and heptatriaconta-15E,22E-die2-
one) of core MedSeA-S3-c1 and MedSeA-S23-c3 were extracted from sediments,

purified using organic solvents and quantified with a Varian gas chromatograph
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Model 450 equipped with a septum programmable injector, flame ionization detector
and a CPSIL-5 CB column (coated with 100% dimethyl siloxane; film thickness of
0.12 pum; L(m ) * ID(mm) * OD(mm): 50 * 0.32 * 0.45). Hydrogen was the carrier
gas (2.5 mL min?t). Concentrations were determined using n-hexatriacontane
(CH3(CH2)34CHg) as an internal standard. Absolute concentration errors were below
10% (resolution between the alkenones from 1.5 to 1.7). Reproducibility tests showed
that uncertainty in the U¥3; determinations was lower than 0.015 (ca. 0.5 °C) (Cacho
et al., 1999; Martrat et al., 2004; Martrat et al., 2014; this study), confirming the
precision of this paleothermometry tool (Eglinton et al., 2001). SST reconstructions
are based on the global calibration of Conte et al. (2006), estimating the standard error
on surface sediments at 1.1 °C.

2.3.4 Planktic foraminifera

Analysis of planktic foraminiferal tests was performed on cores MedSeA-S3-c1 and
MedSeA-S23-c1. The five morphospecies Globigerinoides ruber (d’Orbigny 1839),
Globigerina bulloides (d’Orbigny 1826), Globorotalia inflata (d’Orbigny 1839),
Globorotalia truncatulinoides (d’Orbigny 1839), and Orbulina universa (d’Orbigny
1839) were isolated. Classification of the different foraminiferal species was carried
out by visual identification using a binocular stereo microscope (magnification 10x -
20x) and a bifurcated illuminator. Taxonomic identification of the target species was
based on Schiebel and Hemleben (2017). The white (G. ruberwwite) and pink (G.
ruberpink) Varieties were collected separately. A distinction between the two
morphotypes of G. ruberwwite, G. ruber sensu lato (G. rubers.) and G. ruber sensu
stricto (G. ruberss) was made, based on differences in test morphology (Kontakiotis
et al., 2017; Numberger et al., 2009; L. Wang, 2000).

Bulk sediment mass was obtained after drying samples at 60 °C for approximately 24
hours. Samples were washed over a 63 um screen using distilled Elix water. The size
fraction larger than 63 pm was oven dried at 60 °C for 1 - 2 hours. Samples were dry
sieved and divided by a Riffle Splitter at the chosen size fractions, 150-250, 250-315
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and > 315 um. Results are presented and discussed for > 150 um size fraction. More

than 300 specimens were identified in the > 150 um size fraction in all samples.

The standard > 150 pum analysis for planktic foraminifera analysis in the oceans is a
legacy of the CLIMAP project (CLIMAP Project Members et al., 1984), mainly
aimed at reconstructing SST variations in the oceans over glacial-interglacial cycles
and benefits from a huge modern reference database (Schmidt et al., 2004). This
fraction is commonly used by Mediterranean specialists even if some species would
be underrepresented, among others Turborotalita quinqueloba, an important proxy
for surface productivity during glacials (Capotondi et al., 2004; Di Donato et al., 2015;
Sprovieri et al., 2003). The number of total planktic foraminiferal shells and their total

accumulation rate was evaluated on the > 150 um size fraction.

2.3.5 Coccolithophore sedimentary record

Analysis of relative abundance of calcareous nannoplankton assemblages
(coccolithophores) was done on core MedSeA-S3-c1. Following standard procedures
in Bown and Young (1998) smear slides of each sample (<63 pum) were prepared and
analyzed by a polarized microscope (x 1000 magnification). Considering around 20
taxonomic units, at least 500 specimens were counted and identified by taxonomic

concepts of extant coccolithophores (Young et al., 2003).

2.4 Results

2.4.1 Age Model

Concentrations of 2!°Phy, and 21°Pbys with depth in the sediment records are shown in
Figures S2.1, S2.3 and S2.4. ?1%Phy activity of the 3 analyzed cores is decreasing from
the surface, reaching a constant average value (**°Phg,) of ~31 + 2 Bq kg at ~12.5
cm depth (MedSeA-S3-c1), ~35 + 3 Bq kg at ~20.5 cm depth (MedSeA-S23-c1) and
~33 + 2 Bq kg? at ~18.5cm depth (MedSeA-S23-¢3). Applying the CF:CS model the
maximum mean mass accumulation rate (MAR) is 0.047 + 0.002 g cm? yr?!
(MedSeA-S3-c1), 0.105 + 0.008 g cm™? yr! (MedSeA-S23-c1), and 0.110 + 0.004 g
cm2 yrt (MedSeA-S23-c3). Combining the calculated 2°Pb ages for the upper core
parts (first 5.5 cm and 11.5 cm for cores MedSeA-S3-c1 and MedSeA-S23-cl,
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respectively) with calibrated *C ages at depth 15.5 ¢cm (1297 yr CE, 2o cal 1257 —
1337 yr CE) and 30.5 cm (433 yr CE, 2c cal 358 — 534 yr CE) of core MedSeA-S3-
cl, and at depth 19.25 cm (1481 yr CE, 20 cal 1442 — 1529 yr CE) and 39.25 cm (1050
yr CE, 26 cal 992 — 1140 yr CE) of core MedSeA-S23-c1, through Bayesian modelling
approach, an age depth model was calculated. The mean sedimentation rate (SR) is
33.45 cm kyr! (MedSeA-S3-c1), 50.60 cm kyr?! (MedSeA-S23-c1), and 53.79 cm
kyr! (MedSeA-S23-c3) (Table S2.1).
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Figure 2.2: Downcore variations of SST, surface production of calcareous organisms and relative
abundances of calcareous nannoplankton taxa during the Common Era in the Alboran (red) and Balearic
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cores (blue). (a) Alkenone (Uk’37) derived SSTs. (b) Alkenone concentration of total C37. (c-d) Test
accumulation rates and test concentrations per gram sediment in Balearic and Alboran cores. (e-g) Red
symbols show percentage values of calcareous nannoplankton species, with 95% confidence interval of
the counts indicated by the error bars. Red lines show 3-pt running average of calcareous nannoplankton
species data. Duration of the Dark Age (DA), Medieval Climate Anomaly (MCA), Little Ice Age (LIA)
and Industrial Era (IE) is based on estimates by Nieto-Moreno et al. (2011).
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Figure 2.3: Downcore variations of relative planktic foraminiferal species abundances (a-g) during the
Common Era in the Alboran (red) and Balearic cores (blue). Symbols show percentage values of planktic
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foraminiferal species with 95% confidence interval of the counts indicated by the error bars. Solid lines
indicate 3-pt running average of >150 um size fraction of planktic foraminiferal species. Duration of the
Dark Age (DA), Medieval Climate Anomaly (MCA), Little Ice Age (LIA) and Industrial Era (IE) is based
on estimates by Nieto-Moreno et al. (2011)

2.4.2 Absolute changes in reconstructed SST

Data on SST and alkenone concentration of both records is summarized in Figure 2.2
and Data Set S2.4 & S2.5 (Supplementary Information). In the Balearic Sea record,
SST ranged between 16.0 °C to 18.0 °C, with slightly higher SST during the MCA
(17.0 °C; 895 — 1135 CE) than during the LIA (16.8 °C; 1135 -1755 CE). An SST
drop to ~16.2 °C is detected between 1135 CE and 1195 CE, and to 16.0 °C around
1851 CE. The 20" century is marked by an SST increase of almost 2 °C. SST recorded
in the Alboran Sea is ranging between 18.8 °C and 17.3 °C. Differences between MCA
(18.4 °C; 378 — 1046 CE) and LIA (17.7 °C; 1103 — 1762 CE) are more pronounced
than in the Balearic Sea. Two minimums of SST are detected at the end of the 13"
century (17.3 °C) and at the end of the 1960s CE (17.4 °C). An SST warming is
detected from the 1970s of up to 18.6 °C.

2.4.3 Planktic foraminiferal species abundance

Even though the time interval under investigation is comparably short, assuming little
changes in climatological and oceanographic conditions, some species reveal large
abundance variations and trends at both study sites, beyond the 95% confidence level
errors related with counting (Fig. 2.3, Data Set S2.1 & S2.2).

In the Balearic Sea record, G. bulloides is the dominant target species (5.4-26.2%, on
average 17.6%) followed by G. truncatulinoides (2.3-12.7%, on average 6.7%), G.
inflata (1.6-10.8%, on average 4.6%) and G. ruberwwite (0.2-8.6%, on average 3.6%).
The Alboran Sea record reveals G. bulloides (28.0-57.4%, on average 38.2%) and G.
inflata (17.6-44.9%, on average 27.5%) as the two dominant species, followed by G.
ruberwnire (4.8-11.5%, on average 7.9%). In both Balearic and Alboran records, the
morphospecies G. rubers. (0.1-8.0% and 3.6-9.1%, on average 3.2% and 5.9%,
respectively), which occurs mainly as “platys” and elongate morphotypes, dominates
over G. ruberss (0-2.1% and 0.6-3.7%, on average 0.4% and 2.0%, respectively).

Other selected species are less abundant on average (< 2%). Noteworthy, G. bulloides,
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G. inflata and G. truncatulinoides show abundance fluctuations of opposite signs at
their core locations over some time intervals, but also between study sites (Fig. 2.3).
Due to their low relative abundances, variations in G. ruberss, G. ruberping and O.
universa are not statistically significant. Only the morphospecies G. rubers. displays
significant abundance changes in both records at the Balearic Sea site during the

Common Era.

To display modern planktic foraminiferal productivity during the last 30 years, the
annual mean test accumulation rates for core top samples representing the time period
between 1980 to 2013 CE were calculated, showing higher rates in the Alboran (30.1
ind. cm? yr?t) than in the Balearic (22.5 ind. cm? yr?) record. In both cores, the
gradual increase of test accumulation rates occurs within radionuclide dating. The
rates of test flux per gram of sediment and the standardized test accumulation rates

show accelerated declines during the 20" century at both study areas.

2.4.4 Calcareous nannoplankton species composition

Calcareous nannofossils are well preserved, indicating absence of significant
dissolution phenomena. The entire assemblage of counted and identified species is
available in Data Set S2.3 (Supplementary Information). Taxa do not show any
significant abundance variation throughout the record, except for Emiliania huxleyi,
Gephyrocapsa oceanica and Florisphaera profunda since the 20" century (Fig. 2.2).
Most strikingly, relative abundances of G. oceanica triple over the past 100 years in
the Alboran core and E. huxleyi and F. profunda show a continuous and gradual

decrease.

2.5 Discussion

2.5.1 Age Model

Age depth-models calculated for both study sites are in good agreement with results
from other studies obtained nearby (Cisneros et al., 2016; Frigola et al., 2007; Masqué
et al., 2003; Moreno et al., 2012; Puig et al., 2015), further discussed in the
Supplementary Information (Text S2.2). There is a rapid change in sedimentation rate
from the upper (oldest 2°Pb date; MedSeA-S3-c1: 1925 +4 yr CE at 5.5 cm core depth;
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MedSeA-S23-cl: 1922 -8 +7 yr CE at 11.5 cm; MedSeA-S23-¢3: 1926 +7 yr CE at
11.5 cm) to the lower core section (youngest 4C date; MedSeA-S3-c1: 1297 -45 +40
yr CE at 15.50 cm core depth; MedSeA-S23-c1: 1481 -39 +48 yr CE at 19.25 cm),
which we attribute to changes in sediment consolidation. Due to higher overburden,
deeper parts of the core experience a higher consolidation leading to lower
sedimentation rates, whereas unconsolidated top core sediments have a very high
sedimentation rate. Due to the lack of a high-resolution age control, sedimentation
rate changes because of poor consolidation are detected by abrupt changes in our age
models. Rapid changes in sedimentation rates between core parts based on high
resolution 2°Pb dates and low resolution “C dating are also reported in other studies
(Cisneros et al., 2016; Margaritelli et al., 2020a). By increasing the numbers of *C
datings below the unconsolidated core part, the distortion would be partly removed,
as can be seen in the study of Sicre et al. (2016). Abrupt changes in sedimentation
rates may be influenced by uncertainties when measuring **C and #°Pb activity, like
differences in reservoir ages in seawater (Alves et al., 2018; Ascough et al., 2005;
Philippsen, 2013; Siani et al., 2000; Struglia et al., 2004), carbonate tests (Barker et
al., 2007; Waelbroeck et al., 2001) or vertical lead diffusion and mixing (Mekik, 2014;
Nittrouer et al., 1984), which is further discussed in Supplementary Information (Text
S2.2).

The poor detection of changing sedimentation rates due to sediment consolidation
behavior and the uncertainties occurring when combining ?°Pb and *C dating
techniques, are both influencing parameters which are dependent on sedimentation
rate. As a result, test accumulation rates seem to be overestimated in the upper (dataset
based on ?°Pb dating) and underestimated in the lower core part (dataset based on **C
dating), causing an anomalous increase at the beginning of the 20" century (Fig. 2.2).
Through standardization of both datasets, setting variation on the same scale, not the
amplitude of varying test accumulation rates, but the slope between the two datasets
becomes comparable. Despite the above mentioned difficulties when combining age
models derived from #1°Pb and *4C dating results, to obtain high resolution age control,
we reconstructed a robust age-depth model, supported by changing parameters

independent from sedimentation rate, like relative abundance of principal planktic
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foraminiferal species (see 5.3.3), and alkenone-derived SST (see 5.2), which coincide

with main environmental changes recorded independently.

2.5.2 SST changes over the past 1600 years

U¥s; SST estimates show good accordance in comparison to instrumental
measurements (HadISST & Kaplan SST V2 data) and paleorecords (Fig. 2.4). With
values ranging between 16-18 °C at the Balearic and 17-19 °C at the Alboran core
site, they are generally consistent with other late Holocene U¥3; SST estimates (Cacho
et al., 1999; Martrat et al., 2014; Schirrmacher et al., 2019; Sicre et al., 2016),
displaying modern annual mean temperature differences at the study regions (Fig.
2.1c). Lower paleotemperatures (14-16 °C) estimated by Moreno et al. (2012) for the
northwestern Mediterranean, can be explained by effects on the sedimentary alkenone
signal through variability in surface production and/or differential degradation of 37:3
and 37:2 alkenones. When corrected, as done by Sicre et al. (2016) using the
temperature calibration of Conte et al. (2006), SSTs coincide with estimates from our
study. Alboran SST estimates are slightly lower compared to values (18.5-20 °C)
obtained by Nieto-Moreno et al. (2013), but are still inside the lower range for autumn
and average annual SSTs in the Alboran basin during the Holocene (Cacho et al.,
1999; Pérez-Folgado et al., 2003). The core location in the Alboran Sea has a strong
Atlantic influence, whereas the study area in the Balearic Sea is in close vicinity to
the deep-water mass formation area, known for strong winter convection (Rohling et
al., 2009; Skliris et al., 2012). Even though both areas are influenced by different
meteorological and oceanographic conditions, they display similar SST trends. This

suggests that both study sites are under the influence of larger-scale processes.

The prolonged pre-industrial cooling trend throughout the MCA and LIA is consistent
with regional (Europe, Mediterranean Sea, and North Atlantic Ocean) and global
ocean cooling from 0 CE to 1800 CE (McGregor et al., 2015). The sedimentary
records reported here are in phase with climatic oscillations during the past
millennium describing warmer SSTs during the MCA compared to the LIA (Lining
et al., 2019; Mann et al., 2009). Taking into account age error uncertainties, both

records describe a ~ 1.0 °C cooling during the MCA-LIA transition between 1100 to
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1300 CE, synchronous with the 1257 CE eruption event (Crowley & Unterman, 2013),
which is associated with the onset of the LIA. The marked temperature drop below 16
°C at the Balearic core site at approximately 1851 -89 +51 yr CE could be related to
the 1809 CE ‘unknown’ and the 1815 CE Tambora volcanic eruptions, as recorded in
northeastern Mediterranean marine records (Gogou et al., 2016), marking the terminal
point for the long-term cooling trend during the pre-industrial Common Era, followed

by warming in the last two centuries.

With increasing SSTs starting in the 19" century, and accelerated sea surface warming
during the 20" century, both cores display the temperature signal, already recorded in
the Balearic (Sicre et al., 2016) and Alboran Sea (Nieto-Moreno et al., 2013),
affirming pronounced 20" century warming in the western Mediterranean Sea
(Lionello et al., 2006; Skliris et al., 2012; VVargas-Yafiez et al., 2010). The absence of
a 20" century warming signal in cores collected at the Minorca contourite (Moreno et
al., 2012) can be ascribed to a lack of age control over the past 500 years and age
model extrapolation in the upper core part. Figure 2.4 shows in detail SST
reconstruction in the Balearic and Alboran Sea, compared to instrumental annual
mean data estimated at core locations retrieved from temperature time series average
over a 5° x 5° grid from Kaplan SST V2 data and the Hadley Centre Sea Ice and Sea
Surface Temperature data set (HadlSST) (Kaplan et al., 1998; Rayner et al., 2003;
Reynolds & Smith, 1994). Industrial SST warming starting around 1850 CE is well
captured by both instrumental and proxy data, describing the two phase warming of
the western Mediterranean (Lionello et al., 2006), and importantly the exact moment
of warming emergence under anthropogenic pressure in most of sites globally (Abram
etal., 2016). SST rise during the last two centuries is more pronounced in the Balearic
(2.0 °C) than in the Alboran record (0.8 °C), accelerating during the 20" century with
an SST increase of more than 1°C at both study sites. This is in good agreement with
satellite-derived mean annual warming rate of 0.026 °C yr! for the western

Mediterranean basin during that period (Skliris et al., 2012).
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Figure 2.4: SST records from the Balearic and Alboran Seas in comparison with nearby paleorecords
and instrumental measurements with a focus on the Industrial Era. (a) Alkenone derived SST in Balearic
core (blue circles). Paleotemperature records of other studies conducted in vicinity of the Balearic study
site: light and dark green lines (Moreno et al., 2012); orange line (Sicre et al., 2016). (b) Alkenone
derived SST in Alboran core (red circles). Paleotemperature records of other studies conducted in
vicinity of the Alboran study site: light and dark brown (Nieto-Moreno et al., 2013). Industrial SST
warming at the Balearic (c) and the Alboran (d) study site. Annual SST and standardized SST anomaly
(SSTA), respectively, obtained through instrumental data: grey line (HadISST) and dark line (Kaplan
v2) (Kaplan etal., 1998; Rayner et al., 2003; Reynolds & Smith, 1994). Red bands indicate SST warming
phases derived from Kaplan and HadISST data. Blue and red circles, respectively, show alkenone
derived SST in Balearic and Alboran core. Brown line shows atmospheric CO2 concentrations measured
(Tans & Keeling, 2020) and reconstructed (Friedli et al., 1986). Filled and open diamonds represent
14C dates and 210Pb dates used as tie-points for age-depth model reconstruction, respectively, color
coded by the corresponding core color (Alboran = red; Balearic = blue), including their associated 2o
errors. Duration of the Dark Age (DA), Medieval Climate Anomaly (MCA), Little Ice Age (LIA) and
Industrial Era (IE) is based on estimates by (Nieto-Moreno et al., 2011).
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2.5.3 Planktic foraminifera

Modern mean test accumulation rates are calculated for 1980 CE to 2013 CE to
provide an average value for planktic foraminiferal productivity and to make our
results comparable to previous studies conducted during the last 30 years (Barcena et
al., 2004; Mallo et al., 2017; Pujol & Grazzini, 1995; Rigual-Hernandez et al., 2012).
Modern mean test accumulation rates are higher at the Alboran (30.1 ind. cm2 yr?)
than in the Balearic (22.5 ind. cm yr?) core site. Our findings are in accordance with
results from sediment traps, deployed at water depths between 1000 and 2000 m
showing that 28.6 to 35.5 ind. cm yrin the western Alboran Sea (Barcena et al.,
2004; Hernandez-Almeida et al., 2011) and 8.2 to 15.0 ind. cm? yr? in the
northwestern Mediterranean Sea (Rigual-Hernandez et al., 2012), displaying different
trophic conditions at the two study sites. Due to nutrient rich upwelling at the northern
edge of the WAG (Fig. 2.1b), the Alboran Sea is one of the most productive marine
regions in the Mediterranean (Garcia-Gorriz & Carr, 2001). The Balearic Sea is
characterized by lower productivity, even if the highly dynamic character of the region
with strong frontal activity (La Violette, 1990) still makes it a more productive region
in the rather oligotrophic Mediterranean Sea (Stambler, 2014). Annual average
chlorophyll-a values (Fig. 2.1e) derived from satellite images during the last decades
show higher values in the Alboran than in the Balearic study area and support the
hypothesis of a positive correlation between primary production and planktic
foraminiferal standing stocks, as phytoplankton serve planktic foraminifera as a major
food source (Hemleben et al., 1989; Schiebel & Hemleben, 2005).

Foraminiferal accumulation rates in the core top samples of our study were
comparable to the export fluxes estimated in sediment traps (Béarcena et al., 2004;
Rigual-Hernandez et al., 2012) from the western Mediterranean, supporting high
consistency from sinking to accumulation in the sediment bed. In addition, the high
carbonate saturation horizon throughout the water column in the Mediterranean Sea,
suggest carbonate dissolution being unlikely (Millero et al., 1979; A. Schneider et al.,
2007).
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Planktic foraminiferal core top assemblages in the Balearic and Alboran Sea are in
good agreement with recent sediment trap, plankton tow, and core top studies
conducted nearby (Barcena et al., 2004; Hernandez-Almeida et al., 2011; Mallo et al.,
2017; Pujol & Grazzini, 1995; Rigual-Hernandez et al., 2012; Thunell, 1978). In the
northwestern Mediterranean, G. ruberwnire (including the two morphotypes), G.
ruberpink and O. universa are part of the summer assemblage associated with low
surface productivity. Globigerina bulloides, G. truncatulinoides, and G. inflata are
dominant from winter to spring, when cold temperatures driving winter-deep mixing
and causing high surface chlorophyll-a concentrations, which stimulate planktic
foraminiferal productivity and cause high export fluxes and high accumulation rates
to the seafloor sediment (Rigual-Hernandez et al., 2012). In the western Alboran Sea,
G. bulloides is the dominant species during periods of high productivity in spring and
fall, whereas G. inflata has highest relative abundances during winter and summer,
characterized by stratification of the water column, reduced upwelling and less
productive conditions (Barcena et al., 2004; Kontakiotis et al., 2016).

The species composition is assumed to reflect the climatic and oceanographic
differences at both study sites. Globigerinoides ruberwwite is a surface dwelling,
symbiont bearing warm water species (Bé & Tolderlund, 1971; Schiebel et al., 2002).
Although it is a shallow dwelling species, it may occur at nutricline depths in less
turbid oligotrophic waters (Pujol & Grazzini, 1995; Schiebel et al., 2004;
Zarkogiannis et al., 2020). Globigerinoides ruberpink seems to exhibit high sensitivity
to changing SST, and to prosper only at maximum SSTs (Mallo et al., 2017). Orbulina
universa has a high tolerance to temperature and salinity (Anderson et al., 1979; Bijma
et al., 1990). As a symbiont bearing species, O. universa is restricted to the euphotic
zone and occurs from temperate to tropical waters (Bemis et al., 2000; Hemleben et
al., 1989), while in the Mediterranean Sea it proliferates by the end of summer (Pujol
& Grazzini, 1995). Globorotalia inflata and G. truncatulinoides are subsurface-
dwelling species, which favor mixed conditions and cool water temperatures
(Hemleben et al., 1989; Pujol & Grazzini, 1995). In the Mediterranean, both species
are indicators of eutrophic conditions with a deeply mixed winter ocean layer (Rigual-
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Hernandez et al., 2012; Rohling et al., 2004). Globorotalia inflata shows an
opportunistic behavior in mesotrophic conditions (Chapman, 2010; Loncari¢ et al.,
2007; Retailleau et al., 2011; Storz et al., 2009), and can be outnumbered by more
opportunistic species such as G. bulloides in eutrophic environments. Globigerina
bulloides thrives in high-productivity regions and is an indicator of upwelling
intensity, responding to phytoplankton blooms and may outnumber species, which are
adapted to less productive conditions (Conan et al., 2002; Schiebel et al., 2004;
Thiede, 1975).

Higher percentages of warm water species G. rubers_ in the Alboran Sea might be
explained by a narrower annual SST amplitude compared to the Balearic Sea (Fig.
2.1e), which favors the warm water species since SST is not falling below its specific
temperature minimum limit of 14 °C (Bijma et al., 1990). Higher relative abundances
of G. truncatulinoides in the Balearic Sea is of the same magnitude of those reported
in the nearby Minorca Basin (Margaritelli et al., 2018). This abundance peak increases
in coincidence of the Maunder Minimum event of the LIA, as in a wide portion of the
central-western Mediterranean, and is due to the development of enhanced vertical
mixing in winter (Margaritelli et al., 2020b). This interpretation is compatible with
enhanced atmospheric circulation developed in close vicinity to the Gulf of Lion and
its wind driven deep mixed conditions and/or a strong NC that may transport G.
truncatulinoides to our study site (Fig. 2.1a). High relative abundances of G.
bulloides, a species associated with periods of elevated primary productivity in the
western Mediterranean Sea (Béarcena et al., 2004; Hernandez-Almeida et al., 2011;
Rigual-Hernandez et al., 2012), demonstrate that the Balearic Sea is one of the most
productive regions in the Mediterranean Sea (Stambler, 2014), although satellite data
reveal that surface primary production may be even higher in the Alboran Basin (Fig.
2.1).

Great percentage values of non-target species in the Balearic Sea (Fig. 2.3g) are
caused by high abundances of small sized species (150-250 pum; Dataset S1 & S2),
dominated by Neogloboquadrina incompta. Its affinity to low-productive conditions

with enhanced stratification of the surface water column (Schiebel & Hemleben,
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2000) would explain the abundance pattern contrasting to the deep mixing indicator

species G. truncatulinoides.
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Figure 2.5: Natural and anthropogenic forcing driving surface productivity and deep winter mixing in
the western Mediterranean Sea during the Common Era expressed through planktic foraminiferal



species composition and abundance changes. (a) Sulphate records in Antarctic and Greenland ice cores
as a proxy for volcanic activity (Crowley & Unterman, 2013). (b) Total solar irradiance (TSI) based on
10Be and *C data (Steinhilber et al., 2012; Steinhilber et al., 2009). Orange fillings indicate TSI periods
below the mean (-0.2 W m). (c) Reconstruction of Atlantic Multidecadal Oscillation (AMO) (Mann et
al., 2009), expressed as 29 point moving average (dark line). (d) Reconstruction of North Atlantic
Oscillation (NAO) through tree-ring and speleothem-based records (Trouet et al., 2009) expressed as 29
point moving average (dark line), lake sediment records as a grey line (Olsen et al., 2012) and
instrumental data covering 1821 CE to 2013 CE (P. D. Jones et al., 1997) expressed as 5 point moving
average (orange line). Positive and negative phases for NAO and AMO indices are highlighted as red
and blue areas, above and below the mean. (e) Paleotemperature reconstruction for continental Europe
as orange dashed line (Ahmed et al., 2013) and alkenone derived SST for Alboran (red) and Balearic
(blue) cores. (f) Paleo storm activity in the Gulf of Lion (Sabatier et al., 2012). (g) Intensity of Western
Mediterranean Deep-Water formation (WMDW), recorded through de-carbonated (green) and total
(dark green) grain-size fraction (Cisneros et al., 2019). (h) Added relative abundance of G. inflata + G.
truncatulinoides in the Balearic Sea (blue) as a proxy for deep winter mixing and G. bulloides versus G.
inflata in the Alboran Sea (dark red) as a proxy for surface productivity. Grey plus and minus symbols
indicate concurrent species composition changes at both study sites, related to (de-) and increasing
phases of NAO modes on multidecadal time scales (i) Standardized total planktic foraminiferal test
accumulation rate at the Alboran (red) and Balearic (blue) core sites: Crosses and dashed lines show
values based on sedimentation rates rest upon **C dating. Triangles represent std. acc. rates based on
sedimentation rates rest upon 2*°Ph dating. Solid lines represent linear fit through LIA and %th century
second half, respectively. Filled and open diamonds represent *C dates and ?°Ph dates used as tie-
points for age-depth model reconstruction, respectively, color coded by the corresponding core color
(Alboran = red; Balearic = blue), including their associated 2a errors. Duration of the Dark Age (DA),
Medieval Climate Anomaly (MCA), Little Ice Age (LIA) and Industrial Era (IE) is based on estimates by
Nieto-Moreno et al. (2011).

External forcing, like variations in solar activity and the cooling effect of sulphate
aerosols expelled into the atmosphere after volcanic eruptions, are thought to be main
mechanisms driving climate during the last millennium (Crowley, 2000; McGregor et
al., 2015). These drivers influence large scale atmospheric patterns like NAO and
AMO (IPCC, 2014), which in turn are associated with changes in climate and
oceanographic conditions. Synchronously, anthropogenic induced climate change is
responsible for almost half of the 20" century warming (Macias et al., 2013). Figures
2.5 and 2.6 demonstrate how natural variability controls planktic foraminiferal species
composition of the western Mediterranean Sea in pre-industrial times, whereas

anthropogenic warming may lead to surface ocean productivity decline.

Decreasing solar activity revealed through increasing number and intensity of solar
activity minima Maunder, Sporer and Wolf (Usoskin et al., 2016), and the more
frequent occurrence of volcanic eruptions has led to a pronounced cooling since the
MCA-LIA transition (Crowley & Unterman, 2013; McGregor et al., 2015).
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Decreasing SSTs in the western Mediterranean are closely linked to negative AMO
phases during the LIA (LUning et al., 2019), affecting water column properties mainly
during summer seasons (Marullo et al., 2011; O’Reilly et al., 2017), triggering
changes in planktic foraminiferal assemblages (A. Incarbona et al., 2019). During the
second phase of the LIA, relative abundances of G. ruberwnite decrease from ~8.1%
to ~0.5% in the Balearic core (Fig. 2.3a). The surface-dwelling species, favoring
warm, stratified waters was probably disadvantaged by decreasing SSTs and
intensified vertical mixing of the water column. As winter SSTs are quite low at
present, warm times with a monthly mean of 13.2 °C in February (Fig. 2.1e), winter
months are expected to be colder during the LIA, with SSTs falling below temperature
tolerance of G. ruberwmite (Bijma et al., 1990), affecting standing stocks of this
species even in summer. The drop in G. ruberwsre is synchronous with an abundance
increase of G. inflata and G. truncatulinoides (Fig. 2.3), two species associated with
deep-winter mixing in this region (Rigual-Hernandez et al., 2012). Results are
supported by former studies in the Tyrrhenian Sea with a positive response of deep
dwelling species during minimum solar activity during the LIA (Lirer et al., 2014;
Margaritelli et al., 2018; Margaritelli et al., 2020b; Margaritelli et al., 2016).
Increasing abundances of the deep dwelling species might indicate more intense
vertical mixing during winter months, delaying the spring bloom and shortening the
growing season for G. ruberwnite. It is not clear if reduced light levels during solar
activity minima have a direct negative impact on the symbiont bearing species, since

the species uses dinoflagellates for photosymbiosis (Hemleben et al., 1989).

During the older part of the Alboran record, percentage values of the warm water
species G. ruberwmre are in phase with U¥3; SST estimates likely driven by
variabilities in AMO (Fig. 2.5). As a main representative of the summer assemblage
(Bércena et al., 2004), proliferation of G. ruberwwire is favored by higher SST during
the DA, whereas lower temperatures throughout the MCA result in a relative
abundance drop. A prevailing negative AMO during the LIA is not recorded in G.
ruberwnite. Instead, it increases its stock continuously in line with U¥5; SST in the

Alboran Sea.
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Changes of climatologic and oceanographical conditions in the Mediterranean are
closely linked to the boreal winter NAO index (Hurrell, 1995; Lionello et al., 2006;
Nieto-Moreno et al., 2015; Schirrmacher et al., 2019; Tsimplis et al., 2013; Ulbrich et
al., 2012), affecting phytoplankton and zooplankton communities through changes in
ocean circulation and air-sea heat fluxes (Drinkwater et al., 2003), including plankton
calcifier (Ausin et al., 2015; Bazzicalupo et al., 2020; Mojtahid et al., 2015). Long-
term variability is displayed by planktic foraminiferal records, i.e. by ratios between
indicators of eutrophic (G. bulloides) and deep-mixing (G. inflata and G.
truncatulinoides) conditions, and the NAO and AMO (Fig. 2.5 & 2.6).

In the northwestern Mediterranean, G. inflata and G. truncatulinoides are associated
with stronger winter mixing conditions (Rigual-Hernandez et al., 2012). A relation
between large scale atmospheric patterns and these species has been reported from the
central Mediterranean Sea and is interpreted as changes in deep winter mixing (A.
Incarbona et al., 2019). The flow of cold and dry air masses from continental regions
into the western Mediterranean, which enhances heat loss and strengthens the NC
circulation (Vignudelli et al., 1999), resulting in strong vertical mixing of water
masses during WMDW formation in the Gulf of Lion during winter months (Medoc,
1970; Mertens & Schott, 1998; Rohling et al., 2009). Cold and dry northerlies and
north-westerlies, better known under the names Tramontana and Mistral, in particular
during a negative phase of the East Atlantic Pattern, have the potential to cause intense
heat loss, affecting dense water formation (DWF) in the Gulf of Lion (Josey et al.,
2011). Globorotalia truncatulinoides inhabit subsurface waters most of their life span
and migrate to surface waters for reproduction (Hemleben et al., 1989; Schiebel &
Hemleben, 2005; Schiebel et al., 2002). Deep turbulent vertical mixing combined with
a thermocline breakdown during the LIA, a period characterized by more negative
NAO modes, may have caused proliferation of G. truncatulinoides and G. inflata in a
shallower habitat. In contrast, stronger water column stratification as a result of lower
surface heat loss during positive NAO and AMO phases during the MCA (Moreno et

al., 2012) would have typically caused a subsurface habitat of G. inflata and G.
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truncatulinoides. During the first half of the LI1A, relative abundances of G. ruberwnire
are changing along with deep dwelling species, which is contradictory since the
surface-dwelling species is a key indicator for water column stratification. As part of
the summer assemblage, G. ruberwnite might have benefited by reduced surface
production during LIA summer months, as reflected in test concentration and
accumulation rates (Fig. 2.2 & 2.5). Intense vertical mixing during negative NAO
phases might have delayed initiation of the spring bloom, shortening the growing
season and decreasing phytoplankton abundance as hypothesized for regions in the
North Atlantic (R. R. Dickson et al., 1988; Fromentin & Planque, 1996). In the
northwestern Mediterranean Sea, katabatic wind bursts (Tramontana, Mistral) are
associated with enhanced vertical mixing and reduced surface productivity (Keerthi
etal., 2021). Due to its positive response to phytoplankton blooms in the northwestern
Mediterranean (Rigual-Hernandez et al., 2012), total planktic foraminiferal
abundances, would decrease during years of intense winter mixing, resulting in
enhanced relative stocks of G. truncatulinoides and G. inflata. Increasing total
planktic foraminiferal stocks and low relative abundances of G. truncatulinoides and
G. inflata would indicate a weakened DWF in the northwestern Mediterranean Sea.
This is further supported by proxies describing the variability of paleo storm activity
and deep water formation in the Northwestern Mediterranean throughout the Common
Era (Cisneros et al., 2019; Sabatier et al., 2012). Prevailing negative NAO phases are
associated with more intense storm activity, bringing cold katabatic winds over the
Gulf of Lion and forcing intense vertical mixing and stimulating deep water formation
in the northwestern Mediterranean Sea, explaining the enhanced abundances of G.

truncatulinoides and G. inflata as a result of high vertical mixing.

At our study site in the western Alboran Sea, planktic foraminiferal assemblage
composition is influenced by complex small-scale hydrographic conditions associated
with NAO modes. On top of the multicentennial variation between MCA and LIA as
described in the previous paragraph, selected species show a multidecadal variability
(Fig. 2.5; plus and minus signs) in both records associated with changes in NAO
modes. The in-phase pattern between the ratio of G. bulloides versus G. inflata in the

Alboran record and the relative abundance changes of G. truncatulinoides and G.
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inflata in the Balearic core, is one of the most striking features of the record. As
illustrated in Figure 2.6, productivity changes in the Alboran Sea are strongly linked
to DWF in the Gulf of Lion, both related to NAO variability (Fig. 2.5). Stronger
WMDW formation results in deficit in surface water masses in the western
Mediterranean Sea, which is compensated by stronger Atlantic surface water inflow
through the SoG (Macias et al., 2016). This leads to higher velocities of the AJ,
flowing in a northward direction along the Iberian Peninsula coast. Together with
prevailing westerlies, this atmospheric and hydrographic concurrence is associated
with highly fertile, nutrient rich coastal upwelling. A poor DWF with less pronounced
westerlies would weaken the AJ, streaming further southward along the northern
African coast, resulting in further offshore upwelling characterized by less fertile
surface water conditions (Macias et al., 2008; Macias et al., 2007; Sarhan et al., 2000).
Seasonal sediment trap data in the Alboran Sea (Bércena et al., 2004) support the
relation between Atlantic water inflow and planktic foraminiferal surface production.
Specifically, G. bulloides is associated to high surface production and G. inflata is an
indicator for less productive conditions. We suppose that a continuous strong AJ
during times towards more positive NAO phases favors the occurrence of G.
bulloides in the Alboran Sea as a result of high surface primary productivity, whereas
a weak AJ during periods of decreasing NAO modes makes the Alboran Sea more

meso- to oligotrophic, thus favoring G. inflata over G. bulloides.

The strong link between DWF in the Gulf of Lion and surface productivity in the
Alboran Sea (Fig. 2.6) and its see-saw pattern related to NAO variability was
previously described in Holocene marine records (Ausin et al., 2015; Bazzicalupo et
al., 2020). There is still uncertainty as to which NAO mode is associated with
reinforced WMDW formation and related surface productivity in the Alboran Sea.
When looking at the multicenntenial variability described by G. truncatulinoides and
G. inflata of the Balearic record, our data corroborate the assumption of Ausin et al.
(2015) relating a negative NAO to enhanced northwesterlies and a strong WMDW
formation, which is further supported by paleoenvironmental records covering the
Late Holocene (Cacho et al., 2000; Schirrmacher et al., 2019). In contrast,

Bazzicalupo et al. (2020) suggest that throughout the Holocene positive NAO phases
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were associated with strong northwesterlies which strengthen DWF and increase
surface productivity in the Alboran basin, which is in accordance with the abundance
changes on multidecadal time scales, which are in phase at both study sites (Fig. 2.5h).
Recent hydrographic studies close to our core location support the hypothesis of
Bazzicalupo et al. (2020) since upwelling intensity increased due to stronger westerly
winds and an enhanced Atlantic Water inflow (Fenoglio-Marc et al., 2013; Vargas-
Yéfiez et al., 2008), thus enhancing productivity during the Dark Age and MCA
(Nieto-Moreno et al., 2013). However, according to our data, the hypothesis of
Bazzicalupo et al. (2020) may be applied to explain the multidecadal NAO
variabilities during the Common Era, whereas findings of Ausin et al. (2015) are in
good agreement with (paleo-) climatic and (paleo-) oceanographic processes stated
above.

Additionally, the following reason may complicate a straightforward relation between
western Mediterranean deep-water formation, Alboran Sea productivity and NAO
variability. The main driver of WMDW formation could have changed from air-sea
heat exchange during the MCA and LIA to buoyancy loss due to more arid climates
during IE (Cisneros et al., 2019), explaining higher water fluxes through the Strait of
Gibraltar during positive NAO indices (Fenoglio-Marc et al., 2013). Our findings do
not contradict Mid-Pleistocene records, relating NAO+ phases to enhanced Alboran
upwelling intensity and primary production (Gonzalez-Lanchas et al., 2020), since
they describe NAO phases with millennial cyclicity, whereas our cores cover higher
temporal resolution. Additionally, complex interannual hydrographic variability
(Peliz et al., 2013) relocating the high productive upwelling zones on a small spatial
scale (Macias et al., 2008; Sarhan et al., 2000) and causing great interannual
variability in the seasonal cycle of algal biomass (Bosc et al., 2004; D'Ortenzio &
Ribera d'Alcala, 2009) makes the Alboran Sea a challenging research site to study
surface productivity changes (Béarcena et al., 2004; Mallo et al., 2017).

In the Balearic and Alboran seas, a decrease of planktic foraminiferal production, test

accumulation rates, and a rapid changing species assemblage are indicating an
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unprecedented reduction of WMDW formation and surface primary productivity
during the 20" century. This is the first evidence of significant changes in planktic
foraminiferal assemblages other than a geographical displacement of assemblages in
the oceans and took place before the oldest survey used by Jonkers et al. (2019).
Particularly, the drop of G. bulloides relative to G. inflata in the Alboran Sea over a
period of low NAO indices during the first half of the 20" century, reveals depleting
surface primary productivity, corroborated by decreasing alkenone concentrations
recorded in the Alboran core at this time (Fig. 2.2b). In the Balearic Sea, declining
abundances of G. truncatulinoides and G. bulloides during the second half of the 20™"
century, indicating reduced vertical mixing and lower surface productivity (Fig. 2.3
& 5h). During the same time period, SST shows unprecedented warming (Ahmed et
al., 2013), as recorded in U¥'5; SST estimates of both cores (discussed in 5.2) and more
positive  AMO phases (Fig. 2.5). These findings suggest that the western
Mediterranean Sea became more oligotrophic during the 20" century, as a result of
anthropogenically induced SST warming and vertical stratification of the surface
water column. Primary productivity depends on light, and nutrient supply affected by
stratification of the water column mostly driven by temperature (Longhurst, 1995).
Higher SSTs increase near surface stratification inhibiting vertical mixing.
Consequently, less nutrients are transported to the upper ocean causing less fertilized
surface conditions (Behrenfeld et al., 2006). Lower primary production levels favor
the proliferation of G. inflata over the high productivity indicator species G. bulloides
(Fig. 2.5h). As the decrease in primary production cascades through the food web,
total planktic foraminiferal abundance declines at 1953 + 5 in the Balearic and at 1947
+ 3 CE in the Alboran Sea, manifested in decreases of test accumulation rates 10X
and 25X faster than during the LIA respectively (Fig. 2.5i). This is in agreement with
decreasing foraminiferal fluxes in the western Mediterranean Sea, when comparing
plankton tow studies carried out from the late 1980s (Mallo et al., 2017; Pujol &
Grazzini, 1995), and decreasing surface chlorophyll-a concentrations at both study

sites during the last two decades (Fig. 2.1e).
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Figure 2.6: Western Mediterranean circulation pattern and interaction with planktic foraminiferal
community as explained in the text. (a) Enhanced northwesterly winds, deep water formation, strong
Atlantic inflow inducing upwelling and increasing relative abundance of G. bulloides over G. inflata in
the Alboran Sea, and G. inflata and G. truncatulinoides in the Balearic Sea. (b) Weakened northwesterly
winds and deep water formation, lowering Atlantic inflow and reducing upwelling, increasing relative
abundance of G. inflata over G. bulloides in the Alboran Sea, and decreasing percentages of G. inflata
and G. truncatulinoides in the Balearic Sea (Figure by Jagoba Malumbres-Olarte).
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These results differ from biogeochemical models and historical data suggesting an
overall increase of surface primary productivity during the last century (D. G. Boyce
et al., 2014; Macias et al., 2014). Marine productivity models show a positive trend
taking the whole productive layer reaching depths of 200 m into account (von
Schuckmann et al., 2020), whereas surface chlorophyll-a concentrations derived from
satellites (Fig. 2.1) just represent the primary productivity of the upper surface layer.
Surface dwellers as G. bulloides (Rebotim et al., 2017) respond to productivity
changes in the upper surface layer. This would explain the low planktic foraminiferal
summer production, despite the fact that summer is the most productive season in the
Mediterranean Sea when considering the entire productive layer (von Schuckmann et
al., 2020).

Interestingly, G. ruberwnite does not capture any warming signal at the beginning of
the IE, but describing an abundance drop at both study sites. Negative excursions of
G. ruberwnite during the same time period are detected at other regions in the western
Mediterranean (Lirer et al., 2014; Margaritelli et al., 2016), suggesting a possible
human overprint, manifested in changes of nutrient cycling in coastal areas. The onset
of the Modern Warm Period starting around 1950 CE is characterized by a recovery

of the warm water species, visible in both records.

Coccolithophore assemblages in the Alboran Sea core also testify a drastic
environmental change since the IE. In the modern ocean, Emiliania huxleyi is the most
common coccolithophore species, an opportunistic and r-selected taxon that rapidly
responds to upper ocean nutrient supply (Young, 1994), and in the Alboran Sea the
recent decrease in abundance suggests an overall decrease in productivity (Fig 2.2e).
In the western Mediterranean, Gephyrocpasa oceanica is identified as a tracer of
Atlantic surface water inflow through the Gibraltar Strait (Incarbona et al., 2008a;
Knappertsbusch, 1993; Oviedo et al., 2015) and has indicated that the inflow of a
sustained surface Atlantic water mass has increased in recent time, as a consequence
of enhanced DWF (Nieto-Moreno et al. (2015), contradicting planktic foraminiferal
composition changes in the western Mediterranean (Fig. 2.5h). In the temperate

Northeastern Atlantic, G. oceanica has a clear affinity for oligotrophic warm waters
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(Bollmann, 1997; Ziveri et al., 2004) as suggested by the recent increase in abundance
in our record (Fig. 2.2f). The opposite abundance changes of E. huxleyi and G.
oceanica described in our record, can be interpreted as a response to decreased
nutrient availability in the western Alboran Sea (Barcena et al., 2004). Florisphaera
profunda abundance is used generally to infer nutricline dynamics and productivity
(Luc Beaufort et al., 1997; Grelaud et al., 2012; Incarbona et al., 2008b; Molfino &
Mclntyre, 1990). However, a recent review points out that in the Mediterranean Sea,
except for the Sicily Channel, the relationship with productivity levels is not clearly
established (Hernandez-Almeida et al., 2019). In particular, previous studies had
shown that F. profunda can have different dynamics of deep production (Stoll et al.,
2007) and this seems the case for the slight decrease of this taxa recorded in our core
in recent years (Fig. 2.2 g). In summary, we interpret G. oceanica abundance increases
and E. huxleyi decreases in the top layer of the Alboran Sea sediment core as a
reduction in surface productivity, which agrees with changes in planktic foraminiferal
composition (Fig. 2.5). Remarkably, this study provides the first evidence of a distinct
ecological modification in Mediterranean coccolithophore assemblages since

industrial anthropogenic greenhouse gas emission.

2.6 Conclusion

We found that during pre-industrial times, planktic foraminiferal assemblages were
strongly related to variabilities in NAO and AMO influenced by changes in solar
irradiation. Positive NAO modes prevailed during the MCA and led to a weakened
DWEF in the Gulf of Lion. A predominant negative NAO during the LIA is associated
with intense, cool northwesterly winds, reinforcing WMDW formation. A
multidecadal variability is overlaying multicentennial variation, reflected in the
species composition of both records showing lower surface productivity in the
Alboran because of reduced DWF in the Gulf of Lion during times of declining NAO
modes, and vice versa. The discrepancy between multidecadal and multicentennial
responses of planktic foraminifera during the Common Era may not explain which
NAO mode is associated with reinforced DWF in the Gulf of Lion and related surface
productivity in the western Alboran Sea. The pre-industrial signal of natural

variability controlling the species composition and indicating sea surface productivity,
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is superimposed by anthropogenic warming during the 20" century. Increasing SSTs
and enhanced vertical stratification since the second half of the last century has
reduced marine surface productivity and resulted in a decrease of planktic
foraminiferal production in the western Mediterranean Sea. Our results are supported
by alkenone derived SST records at both sites showing an unprecedented increase of
SST in the Anthropocene since about 1850 CE, which is remarkably in good
accordance with instrumental data presenting 20™ century warming and
regional/global SST reconstructions. In pre-industrial times, both cores display
warmer and colder sea surface conditions respectively during the MCA and the LIA,

which is consistent with previous studies covering the Common Era.

Planktic foraminiferal assemblage composition is characteristic of climatic and
oceanographic conditions prevailing at both study sites. Differences in total
abundances mirror the distinct trophic conditions in the Balearic and Alboran seas.
Relative abundances of G. inflata plus G. truncatulinoides might be used as a proxy
for deep water formation intensity in the northwestern Mediterranean. Changing
relative abundance between G. bulloides and G. inflata may be indicative of changes
in the hydrographic conditions of the Alboran Gyre system driving surface ocean
primary productivity.

Further investigations are needed to assess the effects of sea warming and changes in
productivity on key marine planktic organisms and test production for the last
centuries at different locations in the Mediterranean Sea, in particular since the semi-
enclosed basin is known to be highly vulnerable and sensitive to alterations of the
global climate. Further work is also required to better understand the mechanisms of
deep-water formation in the entire Mediterranean Sea, including the eastern basin and
the effects of large atmospheric patterns like NAO and AMO, to better predict changes

in MTHC under anthropogenic climate change.

2.7 Supplementary Material

The supplementary information contains three text boxes, four figures, two tables and

three datasets. Text S2.1 provides complementary information on water mass
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properties in the western Mediterranean Sea. Text S2.2 discusses the anomalies in
sedimentation rate changes arising by combining two different dating methods based
on “C and ?%Ph. Text S2.3 describes the age-depth model development of core
MedSea-S23-c3 we used for reconstructing the SST in the Balearic Sea. Figure S2.1,
S2.3 and S2.4 showing the age depth model reconstructed by combining a 2:°Pb based
CF:CS model and Bayesian model using two “C dates for each core. The activity
profile of total 2'°Pb concentration comparing cores from both study sites is depicted
in Figure S2.2. Table S2.2 and S2.3 show data regarding the construction of the age
models. Dataset 1, 2 and 3 containing information about sample properties, planktic
foraminiferal and calcareous nannoplankton counts and alkenone results used for

reconstructing SST.

2.7.1 Complementary description of study areas in the western
Mediterranean Sea (Text S2.1)

At the surface, fresh Atlantic Water (AW) flowing through the Strait of Gibraltar
(SoG) forms two anticyclonic gyres in the Alboran Sea (Gascard & Richez, 1985).
Mixing of AW with saltier Mediterranean Water (MW) produces Modified Atlantic
Water (MAW), which flows along the north African coast and divides into two
branches at the Strait of Sicily. The stronger current is entering the eastern basin where
it forms the Levantine Intermediate Water (LIW) and later the Eastern Mediterranean
Deep Water (EMDW), and one weaker branch continuing through the Tyrrhenian Sea
northwestwards along the south European coast following the cyclonic surface
circulation of the Western Mediterranean Sea (Millot, 1999; Schroeder et al., 2008).
In the northwestern Mediterranean (Gulf of Lion), Western Mediterranean Deep
Water (WMDW) is formed through cold katabatic airflows during winter. LIW
spreads as a subsurface flow towards the west while mixing with regional winter
mixed-layer water masses, known as Mediterranean Intermediate Water (MIW). The
warm and salty MIW flows at subsurface through the SoG into the North Atlantic
(Rohling et al., 2009).
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2.7.2 Age model discussion: changes in sedimentary rates (Text S2.2)

Mass accumulation rate (MAR) of core MedSea-S3-cl is in agreement with those
results obtained in several sediment cores collected in the Alboran Sea (Masqué et al.,
2003). In particular, 2*°Ph inventory, supported #°Pb, surface ?*°Pb and MAR are in
agreement with two sediment cores (ALB-1, ALB-2) collected close to our sampling
station. MAR and sedimentation rate (SR) derived from 2°Pb measurements for
MedSea-S23-c1 are in the range of results obtained in the submarine canyon system
offshore Barcelona (Puig et al., 2015). SR derived from radiocarbon dates are in good
agreement with studies close to the continental slope north of Menorca (Cisneros et
al., 2016; Frigola et al., 2007; Moreno et al., 2012). The accordance with other
sediment cores from the same area emphasizes the representativeness of our results

and supports the accuracy of the age-depth model based on ?°Pb and **C.

When calibrating 1“C dates, we assume the global average marine reservoir age (R(t)
= 400 yr) of surface ocean waters (Reimer et al., 2013), however, values vary as a
function of time and geographical location (Ascough et al., 2005). In the
Mediterranean Sea, reservoir ages vary over the entire basin, within a range between
240 to 660 years. Reservoir ages of “C close to the Balearic core location (MedSeA-
S23-c1) might be higher than expected (R(t)St6: 485 + 35; R(t)St12: 480 % 55),
whereas the reservoir age in the east (R(t)St18: 655 + 35) varies highly in contrast to
the value in the west (R(t)St25: 280 + 35) of the Alboran core location (Siani et al.,
2000).

There is a clear discrepancy between the ?°Pb and C derived sedimentation rates
that is commonly a consequence of physical and chemical alterations in sediments.
Vertical lead diffusion and mixing as a result of physical processes or bioturbation in
the upper sediment layers might bias estimations of mean sedimentation rate based on
210Ph activity profiles towards maximum values (Nittrouer et al., 1984). Particularly
in high productivity areas like the northern edge of the Western Alboran Gyre (WAG),
occurrence of bioturbation effects might be high. Increasing bulk density with core
depth results in higher estimations for 2°Pb derived sedimentation rates, when values

presented in length per time (cm yr?) rather than mass flux (g cm=2yr?).
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Different 4C concentrations and residence time amongst different reservoirs (Alves
et al., 2018), reworking and erosion of sediments (Mekik, 2014), differences in shell
morphology (Barker et al., 2007) and ecology (Waelbroeck et al., 2001) can lead to
age offsets among planktic foraminiferal tests of the same sediment horizon of a given
core. High amounts of ancient, dissolved carbon in river systems can alter the
reservoir age of carbon shells in marine sediment from coastal sites (Philippsen,
2013). The northwestern Mediterranean Sea is characterized by the highest annual
river discharges of the entire western Mediterranean basin (Struglia et al., 2004). The
near-coast Balearic core site with its location in an area of high freshwater input, make
it likely that hardwater effects had enhanced the reservoir age at the Balearic core site.
Both the Balearic and the Alboran Sea are under the influence of the North Atlantic
Oscillation (NAO). Negative NAO phases lead to less pronounced westerly winds and
higher precipitation over the west Mediterranean Sea (Hurrell, 1995), so higher river
runoff might increase the freshwater reservoir effect at both sites. Less freshwater
input and enhanced *C renewal in the surface water masses due to dry climate and
intensification of westerlies over both core sites as a result of a positive NAO mode,
would decrease the reservoir age as reported in Siani et al. (2000). The multidecadal
variability of the NAO (Ortega et al., 2015) could highly influence the radiocarbon
age determination at both core sites. Morphological and ecological differences
between species cause interspecific age offsets. G. inflata features robust shells more
resistant to dissolution than G. bulloides or G. ruber, the latter two species mainly
used for radiocarbon dating (source). Globorotalia inflata on average lives deeper in
the water column than the afore mentioned species. Sturdier tests tend to be older than
fragile shells (Barker et al., 2007) and deeper dwelling species likely incorporate older
carbonate into their shells than surface dwellers (Waelbroeck et al., 2001). According
to that, the reservoir age of G. inflata might be older than the applied global average
of 400 yrs., even though sedimentation rates and bottom water corrosiveness at both

core sites should prevent age offsets (Barker et al., 2007).

The changes in sedimentation rate at 5.5 cm depth (1933 CE) in core MedSeA-S3-c1
(Alboran Sea) and at depth 12.5 cm (1901 CE) in core MedSeA-S23-c1 (Balearic Sea)

might be overestimated. Exaggerated changes in sedimentation rate result from a
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maximum mean sedimentation rate in the upper core part, which is based on ?*°Ph
activity profiles and underestimated sedimentation rates for the lower core part, which
is based on radiocarbon dates affected by reservoir age effects. Since the modelled
age accuracy is of fundamental importance for the interpretation of past environmental
parameters, changes in the amplitude of age uncertainties with depth need to be
considered. While the first 100 yr are subjected to a relatively accurate 2°Pb age-
model, age uncertainties are higher for older core sections. Therefore, the
environmental analysis carried out in this study will emphasize the younger history of
the sediment record (approx. last 150 years), when the paleo-environmental

interpretation includes less uncertainties.

2.7.3 Age-depth model reconstruction of core MedSeA-S23-c3 (Text S2.3)

For reconstructing the age-depth model of MedSeA-S23-c3, we combined the 2°Pb
ages for the upper 11.5 cm, calculated on basis of the CF:CS model applied on the
210pp activity profile of the core, with two radiocarbon dates obtained for the lower
core part of MedSeA-S23-c1l (see tie points in table S2.2). Since both cores were
collected in the same Multicore deployment and 2*°Pb activity profiles show high
similarity (Figure S2.2), we assume that sedimentation history of both cores is
comparable. The low 2Pb activity concentration in the top sample, might be
indicative for enhanced bioturbation and/or vertical diffusion making measurements
of other parameters less reliable. Based on this assumption, we excluded the last data

point in the SST record of the Balearic Sea.
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2.7.4 Figures
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Figure S2.1: Age-depth model for the Balearic Sea core (MedSeA-S23-c3). reconstructed by combining
a 2%Ph based CF:CS model and Bayesian model using two #C dates retrieved from planktic
foraminiferal shells. (a) Activity profile of total 2°Ph concentration (blue dots) with red horizontal line
representing the supported 2*°Pb activity; (b) Activity profile of excess ?'°Pb (open circles); (c) activity
profile of excess 2°Pb plotted against logarithmic y-axis and exponentially fitted by non-linear least
square fit (dark line). Vertical and horizontal error bars representing lo uncertainties and (d) Lower
panel: Depth-age model (red line, single best model) based on two calibrated **C (transparent blue) and
twelve 2°Ph dates (transparent green). 95% confidence interval is marked by grey stippled line, while
darker greys areas inside confidence interval significate more likely calendar ages. Upper left panel:
MCMC iterations. Upper middle panel: prior (green curve) and posterior (grey histogram) distribution
of the accumulation rate. Upper right panel: prior (green curve) and posterior (grey histogram)
distribution of the memory. Important to note: 1“C ages are derived from S23_corel.
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Figure S2.2: Activity profile of total 2°Pb concentration of core MedSeA-S23-c3 (blue dots) and
MedSeA-S23-c1 (orange dots). Error bars represent 1o uncertainties.
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Figure S2.3: Age-depth model for the Balearic Sea core (MedSeA-S23-c1). Reconstructed by combining
a 2%pbh based CF:CS model and Bayesian model using two '#C dates retrieved from planktic
foraminiferal shells. (a) Activity profile of total °Pb concentration (blue dots) with red horizontal line
representing the supported 2*°Pb activity; (b) Activity profile of excess ?'°Pb (open circles); (c) activity
profile of excess 2°Pb plotted against logarithmic y-axis and exponentially fitted by non-linear least
square fit (dark line). Vertical and horizontal error bars representing 1o uncertainties. (d) Lower panel:
Depth-age model (red line, single best model) based on two calibrated *4C (transparent blue) and twelve
210pp dates (transparent green). 95% confidence interval is marked by grey stippled line, while darker
greys areas inside confidence interval means more likely calendar ages. Upper left panel: MCMC
iterations. Upper middle panel: prior (green curve) and posterior (grey histogram) distribution of the
accumulation rate. Upper right panel: prior (green curve) and posterior (grey histogram) distribution
of the memory.
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Figure S2.4: Age-depth model for the Alboran Sea core (MedSeA-S3-c1). Reconstructed by combining
a 2%Ph based CF:CS model and Bayesian model using two #C dates retrieved from planktic
foraminiferal shells. (a) Activity profile of total 2°Pb concentration (blue dots) with red horizontal line
representing the supported 2*°Pb activity; (b) Activity profile of excess ?'°Pb (open circles); (c) activity
profile of excess 2!°Pb plotted against logarithmic y-axis and exponentially fitted by non-linear least
square fit (dark line). Vertical and horizontal error bars representing 1o uncertainties and (d) Lower
panel: Depth-age model (red line, single best model) based on two calibrated *C (transparent blue) and
six 2%Ph dates (transparent green). 95% confidence interval is marked by grey stippled line, while darker
greys areas inside confidence interval means more likely calendar ages. Upper left panel: MCMC
iterations. Upper middle panel: prior (green curve) and posterior (grey histogram) distribution of the
accumulation rate. Upper right panel: prior (green curve) and posterior (grey histogram) distribution
of the memory.
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2.7.5 Tables

Table S2.1: Core depth, mean sedimentation rates (SR) and mean time resolution (TR) of all cores
according to final age-depth model

Core Depth Mean SR Mean TR
[cm] [cm-kyr?] [yr-cm™]
0-5.5 79.48 12.58
6.5-15.5 17.38 57.54
MedSeA-S3-c1 16.5-30.5 17.54 57.01
31.5-33.0 19.42 51.50
core mean 33.45 29.89
0-125 127.76 7.83
13-19 21.87 45.72
MedSeA-S23-cl 19.5-39.0 32.96 30.34
39.5-43 19.79 50.53
core mean 50.60 19.76
0-125 138.00 7.25
13-19 21.79 45.89
MedSeA-S23-c3 19.5-39.0 32.53 30.74
39.5-43 22.82 43.82
core mean 53.79 18.59

Table S2.2: Tie points used on each core to construct age models with their attendant errors through
Bayesian statistics in Figure S2.1, S2.3, S2.4.

Age-
Core Mean depth Method Ages [years _uncertainties
[cm] CE] interval [years
CE]
0.5 210pp 1997 1996 - 1997
15 210pp 1983 1982 - 1985
2.5 210pp 1972 1970 - 1974
MedSeA- 35 210pp 1959 1957 - 1961
S3-cl 4.5 210pp 1942 1939 - 1945
55 210pp 1925 1921 - 1929
15,5 YC (calibrated) 1297 1252 - 1337
30.5 C (calibrated) 433 358 -534
0.5 210pp 2006 2006 - 2007
15 210pp 1999 1998 - 2000
MedSen 25 210p}y 1994 1993 - 1996
35 210ph 1987 1985 - 1989
4.5 210ph 1981 1978 - 1983
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5.5 210pp 1971 1968 - 1974

6.5 210pp 1963 1958 - 1967
7.5 210pp 1955 1950 - 1960
8.5 210pp 1946 1941 - 1952
9.5 210pp 1938 1931-1944
10.5 210pp 1929 1923 - 1936
11.5 210pp 1922 1914 - 1929
19.25 C (calibrated) 1481 1442 - 1529
39.25 YC (calibrated) 1050 992 - 1140
0.5 210Pp 2007 2006 - 2007
15 210pp 2000 1999 - 2001
2.5 210pp 1995 1994 - 1997
3.5 210pp 1989 1987 - 1991
4.5 210pp 1982 1980 - 1985
5.5 210pp 1973 1970 - 1976
6.5 210pp 1965 1961 - 1969
MedSeA- 7.5 210pp 1958 1953 - 1962
523-¢c3 8.5 210pp 1950 1945 - 1955
9.5 210pp 1941 1935 - 1947
10.5 210pp 1933 1927 - 1940
11.5 210pp 1926 1919 - 1933
tie point
19.25 (MedSeA-S23-cl) 1481 1442 - 1529
tie point
39.25 (MedSeA-S23-cl) 1050 992 - 1140

2.7.6 Data Availability
Supplementary data regarding data set S2.1 to S2.5 can be found online at https://doi.
0rg/10.1016/j.gloplacha.2021.103549.
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CHAPTER 3

3 Anthropogenic acidification of the
Mediterranean Sea drives decreased
calcification
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Abstract

Anthropogenic CO; emissions cause ocean acidification and warming leading to
enhanced stratification and associated changes in marine productivity. Although
marine calcifiers are extensively studied, the response of these key organisms to the
combined effects of climate change stressors on decadal to centennial timescales is
insufficiently understood as yet. Here, we present almost 2000 foraminiferal test size
normalized weight (SNW) measurements of the species Globigerinoides elongatus
and Globigerina bulloides alongside other multi-proxy data from three high-
resolution western Mediterranean sediment cores, to investigate the calcification
response to CO,-induced environmental change. We conclude that anthropogenic CO;
impairs foraminiferal calcification. We observe a basin wide SNW decrease with an
enhanced uptake of anthropogenic CO, by Mediterranean surface waters as evidenced
by decreasing planktic foraminiferal §*3C (Suess Effect) and decreasing pH derived
from boron isotopes (5!!B). Rising sea surface temperatures (SSTs) and changes in
biological productivity, inferred from alkenone concentrations and test accumulation
rates, do little to alleviate decreasing SNW resulting from acidification. Our results
show that the effects of anthropogenic CO on ocean carbonate chemistry will drive
ongoing reduction of marine biogenic calcification and alter marine ecosystems even
in high alkalinity systems like the Mediterranean Sea, with knock-on implications for

ecosystem deterioration in a more acidified global ocean.

Chapter based on: Pallacks, S., Ziveri, P., Schiebel, R., Vonhof, H., Rae, J., Littley, E., . . .
Martrat, B. ((under revision)). Anthropogenic acidification of the Mediterranean Sea drives
decreased calcification. Communications Earth & Environment.
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3.1 Introduction

Since the onset of the Industrial Revolution, human-induced climate change has
rapidly modified the Earth system with notable impacts on the oceans. Rapidly
increasing atmospheric CO, concentrations have resulted in global surface ocean pH
decline of approximately 0.1 units compared to pre-industrial levels (Jacobson, 2005),
impacting the calcification process of marine calcifiers (Kroeker et al., 2013; Orr et
al., 2005). Since the mid-19™ century, enhanced CO; emissions have also contributed
to global ocean surface warming by 0.76 £+ 0.16 K between 1904 and 2016 (Abram et
al., 2016; NOAA National Centers for Environmental Information, 2021). In the
second half of the 20" century, anthropogenically induced warming has also
intensified vertical ocean stratification (Li et al., 2020), leading to changes in nutrient
cycling and depletion of surface marine productivity (Behrenfeld et al., 2006). These
alterations of pH, temperature, and food availability are each assumed to influence the
calcification rates of critical calcifying taxa such as planktic foraminifera (Marshall et
al., 2013; Weinkauf et al., 2016, references therein), but their response to the

combination of these factors is still unclear.

The Mediterranean is a primary climate change hot-spot that shows amplified climate
responses to global change (Cramer et al., 2018; Giorgi, 2006), making it a key region
to investigate the response of marine ecosystems to human-induced changes of the
chemical, physical, and biological environment. Due to its high alkalinity and the
short residence times of its water bodies, the Mediterranean Sea is expected to have
an exceptionally high uptake rate of anthropogenic carbon (A. Schneider et al., 2010;
A. Schneider et al., 2007; Touratier & Goyet, 2009). Both annual mean surface air
temperature and sea surface temperature (SST) have accelerated in the Mediterranean
region compared to the global average since 1880 CE (Cramer et al., 2018). The recent
SST warming at a rate of 0.35 K per decade (Shaltout & Omstedt, 2014), may result
in thermally induced stratification and decreasing biological productivity (Pallacks et
al., 2021).

Comprehensive, multi-decadal monitoring of plankton communities started in 1931

(Richardson et al., 2006), while time series measurements of seawater carbonate
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chemistry (Bates et al., 2014) and surface ocean productivity (Madrid, 1978) began
only in the late 20" century. As a result, observational time series are too short to
reasonably attribute changes in the ocean’s biological productivity to
anthropogenically driven climate change (Henson et al., 2010). Laboratory
experiments give important clues on how calcifying plankton copes with rapid climate
change, but it remains difficult to capture the complex natural environment in a
laboratory setting. Paleo-reconstructions of plankton calcification and accompanying
records of environmental conditions can address these issues, providing records going
back to pre-industrial times which could capture the impact of changing physical and

chemical conditions on the marine ecosystem.

Here, we provide radiocarbon and radionuclide-dated, high-resolution marine proxy
records from three locations in the western Mediterranean Sea (Figure 3.1), covering
the transition from the pre-Industrial (pre-IE) to Industrial Era (IE), starting from
about 1800 CE. With these we investigate the basin-wide, interspecies
(Globigerinoides elongatus and Globigerina bulloides) response of planktic
foraminiferal calcification (represented by the measured SNW) to warming,
acidification, and variations in primary productivity, reconstructed using a suite of
paleo proxies, over the onset of the Industrial Revolution. We show an unprecedented
basin wide SNW decrease of 18% to 34% in the species G. elongatus, and 7% to 35%
in G. bulloides over the 20" century. Enhanced uptake of anthropogenic CO. by
Mediterranean surface waters as shown by decreasing planktic foraminiferal §*C
(Suess Effect) and decreasing pH derived from boron isotopes (51!B), brings us to the

conclusion that anthropogenic CO, impairs foraminiferal calcification.

3.2 Results and Discussion

3.2.1 Human induced sea surface warming and productivity changes in the
western Mediterranean

The western Mediterranean Sea is a hotspot of rising SST, at a rate above the global

average (Pisano et al., 2020), and anthropogenically-driven productivity changes

during the IE (Pallacks et al., 2021). Warming of western Mediterranean surface

waters over the 20" century is shown by alkenone derived SST data and (HadISST)
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satellite time series observations (Figures 3.2a, 3.3c). A mid-20" century cooling
period by > 1 K in the Mediterranean from the end of the 1940s to the end of the 1980s
is confirmed, as seen in other western Mediterranean paleotemperature records
(Lionello et al., 2006; Pallacks et al., 2021). This cooling episode is followed by rapid
warming over the last 20 years. Any offsets between instrumental and paleorecords
might be due to low data coverage for SST calibrations in the central Mediterranean
(Text S3.1). Indeed, while the Strait of Sicily alkenone record indicates warming just
above average over the last two decades, other recently published paleorecords in the
Alboran and Balearic Sea (Pallacks et al., 2021) consistently show accelerated 20"
century sea surface warming (Figure 3.2a), with unprecedented warming rates at
present in the Mediterranean Sea (Marriner et al., 2022). High sea surface warming
rates at our sites confirm a rapid, anthropogenically induced sea surface warming in

the western Mediterranean.

Accelerated anthropogenic climate change has altered marine productivity in the
Mediterranean Sea, as reflected by plankton community changes (Pallacks et al.,
2021). The sedimentation rate of planktic foraminiferal tests is positively related to
primary productivity (Schiebel, 2002), while alkenone concentrations are closely
related to phytoplankton biomass (Raja & Rosell-Melé, 2021). Both foraminiferal
tests and alkenones thus serve as proxies of changes in past ocean productivity and
reflect surface productivity levels at all three study sites (Text S3.1). In the Strait of
Sicily, test accumulation rates decrease between the 1850s and 1940s, then increase
rapidly, which, alongside increasing Cs; alkenone concentrations, indicates enhanced
productivity during the second half of the 20" century (Figure 3.2b). Biogeochemical
model results (Macias et al., 2014) and historical records (D. G. Boyce et al., 2014),
confirm productivity increase in Mediterranean surface waters during the 20" century,
and suggest enhanced anthropogenic nitrate and phosphate loads as the main driver of
surface water eutrophication. In contrast, a decrease in productivity is observed in the
Alboran and Balearic records during the second half of the 20" century (Figure 3.2b).
At these sites, enhanced stratification through 20" century SST increase likely explain
surface productivity losses, which are also recorded through changes in planktic

foraminiferal species composition (Pallacks et al., 2021). Our results and previous
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studies thus show regionally distinctive patterns of 20" century productivity changes

for the western Mediterranean.
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Figure 3.1: Station map of the western Mediterranean produced in Ocean Data View (Schlitzer, 2019)
indicating core locations: MedSeA-S3-c1 (Alboran Sea; 3), MedSeA-S23-c1 (Balearic Sea; 23), MedSeA-
S7-c2 (Strait of Sicily; 23). (a) Western Mediterranean SSTs from World Ocean Atlas 2018 (Garcia et
al., 2019). (b) Sea surface pH based on a global gridded dataset covering the period 1982-2020 (Gregor
& Gruber, 2021).

3.2.2 Anthropogenic CO; intrusion into western Mediterranean waters
recorded by planktic foraminiferal test chemistry

The §3C and B signatures of planktic foraminiferal tests provide sensitive tracers

of anthropogenic carbon uptake and acidification of the western Mediterranean Sea.

While fluctuations in carbonate chemistry, productivity, and hydrography may

modulate the carbon isotope signal, these influences are relatively small compared to
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the change in the isotopic composition of ambient seawater due to the input of low
513C CO; from fossil fuel burning (the Suess Effect) (Eide et al., 2017; Mellon et al.,

2019; Quay et al., 1992), making 8'*C a good tracer for natural versus anthropogenic

environmental changes.
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Figure 3.2: Changing environmental parameters at three core locations (Alboran and Balearic Seas,
Strait of Sicily) in the western Mediterranean Sea during the Common Era (a) Sea surface temperature
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(SST) changes derived from alkenones (dark blue line) and the HadISST data set (light blue line). (b)
Marine surface productivity represented by total test accumulation rate (purple line), alkenone
concentration (grey symbols), and species composition (G. bulloides versus G. inflata) and species
abundance (G. inflata + G. truncatulinoides) changes (brown line) (Pallacks et al., 2021) (c) Suess effect
displayed through 6'C (%o VPDB) signature measured in planktic foraminiferal tests of G. elongatus
(red dashed line) and G. bulloides (blue dashed line) with error bars indicating 0.1 %o uncertainty (1SD
level) and displayed as 3 point running average. (d) Surface ocean pH estimated with CO2SYS (black
line- see methods) and boron isotope measurements (Orange symbols) in tests of G. elongatus (Alboran
Sea) and G. ruber albus (Strait of Sicily). (e) Planktic foraminiferal calcification expressed as size
normalized weight (SNW) for G. elongatus (red) and G. bulloides (blue). Grey shaded area in Alboran
and Balearic time series represents the pre Industrial Era, prior to 1800 CE with a compressed time
axis.

We use the two morphotypes of planktic foraminiferal species Globigerinoides
elongatus (syn. Globigerinoides ruber white sensu lato) and G. ruber albus (syn. G.
ruber white sensu stricto) as well as Globigerina bulloides to evaluate environmental
alterations in the upper water column, as they are surface mixed layer dwellers (Pujol
& Grazzini, 1995). As G. bulloides thrives in late winter / early spring and G. ruber
in late spring / summer (Béarcena et al., 2004; Rigual-Hernandez et al., 2012), we also
cover most of the seasonal change in sea surface temperature and primary

productivity.

At all three sites analyzed here, G. elongatus and G. bulloides show a notable §°C
drop during the IE, against a backdrop of pre-industrial natural variability (Figures
3.2c and 3d), which we refer to here as negative anthropogenic carbon isotope
excursions (NCIEs). nCIEs show most marked decreases during the latter half of the
20" century with a mean amplitude of —0.60%o and range between —1.24%. and
—0.14%o (Figure S3.1). We attribute these nCIEs to the increase of the surface ocean
concentration of anthropogenic CO. (Gruber et al., 1999). The measured decline of
8'3C in our foraminiferal tests during the second half of the 20" century describes a
more pronounced Suess Effect signal when compared with results from the Northwest
Atlantic (range = —0.174%o to —0.757%o; weighted average = —0.45%0) (Mellon et al.,
2019).

Ocean uptake of anthropogenic CO; increases hydrogen ion (H*) concentrations and
hence lowers pH (Caldeira & Wickett, 2003). Boron isotope ratios of tests of G. ruber
albus and G. elongatus reveal a notable pH decline in the Alboran Sea of —0.14 units

between 1697 and 1995 CE, which is in accordance with previous estimates over the
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industrial period ranging from —0.06 to —0.16 units (Hassoun et al., 2022), and also
notable ocean acidification in the Strait of Sicily, with reconstructed pH decreasing
by 0.22 units from 1830 to 2007 CE. These results are largely consistent with the
acidification expected from anthropogenic CO, invasion (Figure S3.2), which we
calculate by assuming equilibrium between surface waters and the atmosphere
alongside modern alkalinity and observed SST change at each site (see Methods); we
note that absolute pH values from 6B are lower than recent pH levels (Figures 3.2d)
measured in the Mediterranean Sea (Alvarez et al., 2014; Flecha et al., 2019; Jiménez-
Lépez et al., 2021; Kapsenberg et al., 2017; Marcellin Yao et al., 2016), a feature that
is discussed in more detail in the supplements (Text S3.2). Slightly enhanced
acidification in the Strait of Sicily might be caused by enhanced vertical mixing during
the second half of the 20" century, transporting low-pH Mediterranean intermediate
waters to the surface (Hassoun et al., 2015) as indicated through enhanced
productivity and SST cooling compared to other sites (Figure 3.2a,b). Measurements
reveal recent pH decreases between 0.0009 yr* and 0.0036 pH units yr*in the
Alboran Sea (Flecha et al., 2019) and between 0.0013 yr*and 0.0030 pH units yr*in
the North Western Mediterranean (Kapsenberg et al., 2017; Marcellin Yao et al.,
2016), which exceed the global average trend of 0.0017 + 0.0002 pH units yr
(Gehlen et al., 2020). The rate of pre-industrial to modern pH decline is well-reflected
by our boron isotope derived values and corroborated by CO2SYS model estimates
(Figure S3.2), suggesting acceleration of ocean acidification in western Mediterranean

surface waters during the 20" century.

Whilst the nCIEs primarily reflect uptake of isotopically light CO; in the surface
ocean, falling [COs?7] and pH levels tend to increase 5'°C in foraminiferal tests (Spero
etal., 1997), and could thus dampen the Suess Effect driven nCIE signal we observe.
Based on laboratory and field data (Bijma et al., 1999; Peeters et al., 2002; Spero et
al., 1997), western Mediterranean pH and [CO3?7] changes since 1900 are estimated
to account for approximately 0.24%o to 0.33%o (G. ruber) and 0.48%. (G. bulloides)
of 3'3C test changes (Table S3.1). Ambient water temperature changes have a
minimal, negative effect on 33C in foraminiferal tests (Peeters et al., 2002; Schiebel

& Hemleben, 2017), accounting for —0.12 %o in G. bulloides tests, when basing
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estimations upon SST warming rates in the western Mediterranean (Table S3.1).
Variability in upwelling strength and biological productivity can also influence §°C
in calcite tests at the species scale (Peeters et al., 2002), as can algal or bacterial
symbionts, which change the microenvironment of planktic foraminifera near the test
surface impacting their 83C signal (Bird et al., 2017; Kéhler-Rink & Kihl, 2005;
Spero, 1992). Strong pH and SST changes, differential upwelling, and productivity
patterns at our three study sites are thought on the whole to slightly counter the Suess
Effect and attenuate the full magnitude of the signal of decreasing &*3C in our planktic
foraminiferal tests (Eide et al., 2017).

We conclude that the input of isotopically light anthropogenic CO- in the surface
ocean has caused nCIEs during the IE in both G. bulloides and G. elongatus in the
western Mediterranean Sea. At the same time, enhanced CO; uptake by the ocean
drives acidification, as indicated by boron isotope measurements and model estimates,
attenuating the Suess Effect signal. Sea surface warming, upwelling, and changes in
marine surface production during the 20" century have minor attenuating influences

on the 8:3C signal.

3.2.3 Anthropogenic impacts on planktic foraminiferal calcification

Size normalized weight (SNW) is a useful tool for understanding the differential
response of planktic foraminifera to climate change stressors like ocean warming,
acidification, and productivity changes. SNW provides a normalized measure of
chamber wall thickness and density, reflecting carbonate production and preservation
of planktic foraminiferal tests (Schiebel & Hemleben, 2017), and is used as a proxy
for past [COs?7] (Marshall et al., 2013; Osborne et al., 2016), though has also been
suggested to provide a potential proxy for growth rate in planktic and benthic
foraminifera (Dong et al., 2022; Keul et al., 2013). Although secondary influences
such as physico-chemical conditions of ambient seawater, and autecological
properties can influence SNW, these do not seem to prevent the application of the
proxy (Beer et al., 2010b; Weinkauf et al., 2016). We found that SNW of G. elongatus
and G. bulloides decreased at all three stations throughout the last 200 yr.,

unprecedented against the backdrop of our ~1500 yr. long records in the Alboran and
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Balearic Seas (Figures 3.2e; 3.3f). Basin-wide relative SNW loss during the 20%"

century in G. elongatus ranges from 18% to 34% and in G. bulloides from 7% to 35%
(Figure S3.3).
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Figure 3.3: Changing western Mediterranean biogeochemistry over the last 2000 years driven by
enhanced anthropogenic CO2 emissions. (a) Atmospheric CO2 concentrations derived from measured
(Tans & Keeling, 2020) and reconstructed (Bauska et al., 2015; Friedli et al., 1986) records. (b) Stack
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of Mediterranean Sea Surface Temperature (SST) anomalies (blue line) with light blue shading
indicating the 68% Confidence Interval (Marriner et al., 2022). (c) Generalized additive model (GAM)
fit (purple line) of standardized SST data (purple open squares) including alkenone derived SST and
calculated mean from HadISST for each location. Purple shading indicates 95% Confidence Interval.
(d) GAM fit (dark blue line) to standardized §*3C results comprising G. elongatus (blue triangles) and
G. bulloides (blue circles) of all three stations, blue transparent ribbon indicates 95% confidence
interval. (e) Standardized pH values (black symbols) estimated through CO2SYS for Alboran Sea
(diamonds), Balearic Sea (full circles) and Strait of Sicily (triangles). Standardized pH values derived
from boron isotope measurements (orange symbols) in G. ruber albus at Strait of Sicily (circles), and in
G. elongatus at the Alboran Sea (squares). (f) GAM fit (dark red line) to standardized size normalized
weights (SNW) of G. elongatus (red triangles) and G. bulloides (red circles) of all three stations, red
transparent ribbon indicating 95% confidence interval.

Decreasing ocean pH and [COs?] due to enhanced CO, uptake from the atmosphere
can impede the biological precipitation of carbonate tests (Doney et al., 2009),
depending on the species-specific response. Commonly, G. elongatus and G.
bulloides reduce their test calcite mass with lower [CO3%], calcite saturation (£2), and
pH, shown by numerous studies based on sediment and water samples, sediment trap
time series, as well as culture experiments (C. V. Davis et al., 2017; Marshall et al.,
2013; Moy et al., 2009; Osborne et al., 2016). Despite this, in the natural environment,
it is important to consider the combined influence of the various environmental drivers
on planktic foraminiferal calcification, with studies using cultures, sediment traps,
plankton nets and marine sediments attributing SNW changes to surface ocean
carbonate chemistry, alongside temperature and productivity (Aldridge et al., 2012;
Beer et al., 2010b; Marshall et al., 2013; Moy et al., 2009; Naik et al., 2011; Osbhorne
etal., 2016; Todd et al., 2020; Weinkauf et al., 2016).

Sea surface warming decreases the solubility of atmospheric CO, elevating [COs?]
in surface water, while higher temperature can also foster enzymatic activity, resulting
in faster growth rates and enhanced calcification rates (Spero et al., 1991). Both effects
cause an increase in planktic foraminiferal SNW, a relationship observed in our target
species in a number of earlier studies (Aldridge et al., 2012; C. V. Davis et al., 2017,
Gonzalez-Mora et al., 2008; Marshall et al., 2013; Osborne et al., 2016; Weinkauf et
al., 2016). Sea surface warming in the western Mediterranean, as shown in our records
(Figures 3.2a; 3.3c), should have enhanced SNW in both species over the IE if
temperature were the leading influence. The negative correlation between SST and
SNW of G. elongatus and G. bulloides at all three study sites during the IE, is

indicative of an overriding effect of declining [COs?7] due to anthropogenic carbon
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input during the last 150 yr, masking any small opposing effect of temperature
changes. Although temperature rise may have somewhat dampened the decrease in
SNW, our results substantiate the dominat role of [COs?7] decline due to ocean

acidification as the main driver of test calcite production.

Marine primary productivity in surface waters is assumed to influence test calcite
production and therefore SNW (Mallo et al., 2017; Weinkauf et al., 2016). Test
calcification is energy demanding (de Nooijer et al., 2014), as greater food availability
could allow foraminifera to allocate more energy to it. Chlorophyll a concentrations
may serve as a proxy for marine primary productivity and food availability, as
phytoplankton is considered to be the basis of planktic foraminiferal alimentation
(Hemleben et al., 1989; Schiebel & Hemleben, 2005). However, the relationship
between marine primary productivity and SNW for our targeted species varies
according to interspecific and intraspecific diversity and thus different calcification
responses to changing trophic conditions. Previous studies detect weak positive /
negative correlations between chlorophyll a and SNW for symbiont-barren G.
bulloides / symbiont bearing G. elongatus in the Atlantic Ocean (Aldridge et al., 2012;
Weinkauf et al., 2016), while a reverse correlation is observed for those species in the
Mediterranean Sea (Mallo et al., 2017). Evidence for a minor effect of varying
productivity on the calcification response of planktic foraminifera is given by the fact
that, despite opposing productivity signals during the second half of the 20" century
(Figure 3.2b), we see consistent SNW decreases in both species at all three stations
(Figures 3.2¢; 3.3f).

Changes of the chemical test microenvironment due to photosynthetic activity also
influences calcification of planktic foraminifera (Kohler-Rink & Kuhl, 2005). Higher
photosynthetic activity increases pH and reduces CO, concentrations near the shell,
resulting in enhanced calcification rates (Spero, 1992). If enhanced stratification led
to enhanced light availability during the 20" century, this would likely have increased
SNW of planktic foraminiferal species associated with symbionts capable of
performing photosynthesis, though this effect is evidently masked by the dominant

role of [CO3?] on calcification. Diagenetic processes can bias the significance of SNW
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as a proxy for planktic foraminiferal calcification, as dissolution / precipitation of
carbonates on tests might be interpreted as reduced / enhanced mass of planktic
foraminiferal shells. Across all three western Mediterranean records (Figure 3.1),
scanning electron microscope (SEM) images (Plate S3.1-S3.3) of both species G.
bulloides and G. elongatus show approximately the same degree of dissolution from
top to bottom core depth with minor surface corrosion and breakup of the surface layer
structure of the test wall (Dittert & Henrich, 2000; Regenberg et al., 2013). Therefore,
calcite saturation level of subsurface to bottom waters at the three core sites are
expected to not have significantly changed, and weight loss of settling tests in the deep
water column as discussed by Schiebel et al. (2007) may have been the same over the
entire time interval discussed here. As western Mediterranean deep and bottom waters
are supersaturated with regard to calcite (Alvarez et al., 2014; Millero et al., 1979; A.
Schneider et al., 2007), dissolution at the sediment pore water interface is unlikely.
The post-sapropel (<6 kyrs) western Mediterranean is a mesotrophic sea with limited
changes and overall decreasing biological productivity over the past 150 years
(Jimenez-Espejo et al., 2008; Pallacks et al., 2021). Accordingly, supra-lysoclinical
dissolution as well as corrosive porewater conditions, which may infer post
depositional test weight reduction in surface seafloor sediments through decomposing
organic matter can be assumed absent (Tachikawa et al., 2008). This is in line with
previous sediment trap and core top studies from the western Mediterranean Sea,
reporting no signs of dissolution in fossil planktic foraminifera assemblages (Béarcena
et al., 2004; Béjard et al., 2023; Rigual-Hernandez et al., 2012). In contrast, early
diagenetic calcite coating is reported for both species from core top samples at certain
sites in the western and central Mediterranean Sea (Sabbatini et al., 2011; Van Raden
etal., 2011). However, no signs of diagenetic overgrowth and secondary precipitated
inorganic carbonates (e.g., inorganic calcite crusts, inorganic calcite crystals,
overgrown pores) are present in the tests of G. elongatus and G. bulloides from the
three core sites analyzed here (Plate S3.1-S3.3). Accordingly, due to the constant mild
surface etching dissolution of similar magnitude of all tests observed across all three

records, the relative foraminiferal SNW changes at the three core sites are expected
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to result from changes in biogenic calcification at the sea surface rather than

diagenetic processes during sedimentation.

Driven by industrial carbon dioxide emissions, enhanced anthropogenic CO;
penetration into the western Mediterranean Sea and resulting reductions in pH and
[COs?%7] are shown to be the key drivers of planktic foraminiferal SNW loss during the
20" century (Figures 3.3a-f, S3.2). Reduced SNW of similar magnitude during the
20" century have been observed in the tropical Atlantic, Southern Ocean, the
California Current System, and the western Mediterranean Sea, showing similar
amplitudes of relative calcification decrease (Béjard et al., 2023; A. N. Davis et al.,
2019; Moy et al., 2009; Osborne et al., 2020). Sea surface warming, productivity and
solar activity changes are assumed to play only a negligible role, with rising SST and
solar irradiance maxima potentially slightly attenuating the impact of anthropogenic
CO; on planktic foraminiferal SNW. Accordingly, different oceanographic settings at
the three selected core sites are responsible for the variability in 20" SNW trends (Text
S3.3), while the effects of diagenetic processes biasing the planktic foraminiferal
SNW signal can be ruled out.

3.3 Conclusion

Accelerated anthropogenically-induced surface water pH decline in the western
Mediterranean Sea is confirmed by boron isotopes and drives decreasing SNW of
planktic foraminiferal tests. Negative carbon isotope excursions during the IE in tests
of the planktic foraminifera species G. elongatus and G. bulloides display the signal
of the Suess Effect — the anthropogenic CO-driven shift to lower 3*3C —and highlight
the influence of anthropogenic emissions as the most important driver of foraminiferal
calcite mass decline. Alkenone-derived SST and instrumental temperature records
show unprecedented anthropogenic sea surface warming, that potentially mitigates
this effect slightly. This basin-wide, interspecies multiproxy approach, covering
multidecadal to centennial time scales, thus yields a much-needed high-confidence,
low-variability assessment of the impacts of anthropogenic climate change on key

marine species, in a critically sensitive region.
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3.4 Methods

3.4.1 Material

The study is based on high resolution multicore records collected in the central and
western Mediterranean Sea with a MC400-Multicorer system during the MedSeA
cruise (Mediterranean Sea Acidification in a changing climate) on 2" May to 2" June
2013 onboard the R/V Angeles Alvarifio. Core sampling of MedSeA-S3-c1 and
MedSeA-S23-c1 was previously described in (Pallacks et al., 2021). MedSeA-S7-c2
was retrieved in the Strait of Sicily (Lat. 37.7080° N, Long. 12.40553° E) at a water
depth of 263 m, with a core length of 46.5 cm, sliced every centimeter.

3.4.2 Age Model development

Age models of cores MedSeA-S3-c1 and MedSeA-S23-c1 were estimated through a
combination of radiocarbon and radionuclide dating, previously described in (Pallacks
etal., 2021). The age model of MedSeA-S7-c2 (Table S3.2; Text S3.4) was estimated
through radionuclide analysis, determining total :°Pb activity by measuring its alpha-
emitter daughter nuclide 2°Po, following the methodology described in (Sanchez-
Cabeza et al., 1998). 2°Po was added as an internal tracer, before sample aliquots of
200-300 mg were totally digested in acid media by using an analytical microwave
oven and Po isotopes plated on silver discs in HCI 1N at 70° C while stirring for 8 h.
Po emissions were subsequently counted through a-spectrometers equipped with low
background silicon surface barrier (SSB) detectors (EG&G Ortec) for 4x10° seconds.
The difference between total #°Pb and the constant #°Pb at depth describes the
concentration of excess 21%Pb, which was used to estimate maximum mean sediment
accumulation rates and the age-depth model by applying the Constant Flux : Constant
Sedimentation (CF:CS) model (Krishnaswamy et al., 1971; Robbins, 1978). The
activities of Z*'Cs (661 keV) were determined by y spectrometry in a coaxial high-
purity Ge detector (EG&G Ortec) calibrated with the SRM-4276 solution standard
supplied by the National Institute of Standards and Technology. The quality of the
results determined by gamma and alpha spectrometry was evaluated by participation

in IAEA proficiency tests and continuous analysis of certified and replicate materials.
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3.4.3 Planktic foraminifera

Samples were dried at 60° C for approximately 24 hours to obtain dry bulk sediment
mass. After washing over a 63 um screen using distilled Elix water, the size fraction
larger than 63 pm was oven dried at 60° C for 1-2 hours. Samples were dry sieved
and divided by a riffle splitter (comparable to an ASC Sample Microsplitter, ASC
Scientific) at the chosen size fractions: 150-250 um, 250-315 um, and > 315 um.
Total test accumulation rate was obtained by counting of more than 300 specimens in

the >150 pm size fraction in all samples.

Taxonomic analysis of planktic foraminiferal tests was performed on core MedSeA-
S7-c2 by visual identification using a binocular stereo microscope (magnification
10x-20x) and a bifurcated illuminator. Classification of foraminiferal target species
was based on (Schiebel & Hemleben, 2017), distinguishing between Globigerina
bulloides (d’Orbigny 1826) and the two morphotypes of Globigerinoides ruber
(d’Orbigny 1839), Globigerinoides elongatus and G. ruber albus (Morard et al.,
2019).

3.4.4 Size Normalized Weight
In order to obtain the calcite mass of planktic foraminiferal tests, a size related
measure of test wall thickness and density — the Size Normalized Weight (SNW) —

was obtained, which can be calculated by means of Eq. (1):

CX(100 — %XA)

100

SNW =C +

Where C is the species average mass (ug) for each sample, A represents the average
minimum Feret diameter (um) for each sample and B is the average minimum Feret
diameter (um) of all specimens of one species of all samples. The equation (Eq. 1)
includes the term to account for the relative SNW changes of the same species. Our
methodology for measuring SNW is based on the sieve-based weight (SBW)
technique, however, our approach also integrates measurements of individual test
sizes in SNW estimations, a parameter used for the measurement-based weight

(MBW) technique (Beer et al., 2010a). All specimens of a single sample are weighed
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together, while the average test size per sample is calculated by the minimum Feret
diameter of each individual specimen. The SNW average standard error for each
station (Alboran Sea: 7.0%; Balearic Sea: 8.3%; Strait of Sicily: 8.6%) is below the
methodological 11% error reported by Beer et al. (2010a). Narrowing down the size
fraction of analyzed tests to 250-315 pum ensured sufficient numbers of adult
specimens which are large enough for SNW measurements. By applying the test
weight size-normalization technique described above, we were able to factor out size

related mass changes, mainly influenced by temperature variations.

SNW was determined for G. elongatus and G. bulloides. Bulk population
measurements were performed on as many tests as available but not more than 10 and
at least two specimens per sample per species, representing a total of 1,990 analyzed
tests out of 224 samples included in this dataset. Selected tests were free of visible
clay particles or organic matter and abnormally formed specimens were excluded
from analysis. We weighed selected specimens together by triplicate with a Sartorius
CP2P microbalance at Universitat Autonoma de Barcelona (UAB) and a Mettler
Toledo XP6U Ultra Micro Balance at Max Planck Institute for Chemistry (MPIC) in
Mainz, Germany, in environmentally controlled weighing rooms. Tests were
positioned umbilical side up, photographed with a Canon EOS 650 D camera device
attached to a Leica Z16 APO at UAB and with an Olympus UC90 attached to an
Olympus SZY16 stereoscope at MPIC to measure the minimum Feret diameter of
each individual test, using the software ImageJ 1.53k (C. A. Schneider et al., 2012)
and Olympus Stream Essentials 2.1. After measuring mean weight and mean

minimum Feret diameter we calculated SNW for each sample using Eq. (1).

3.4.5 Biomarkers

Alkenones (heptatriaconta-8E,15E,22E-trie2-one and heptatriaconta-15E,22E-die2-
one) of core MedSeA-S7-c2 were extracted from sediments, purified using organic
solvents and quantified with a Varian gas chromatograph Model 450 equipped with a
septum programmable injector, flame ionization detector and a CPSIL-5 CB column
(coated with 100% dimethyl siloxane; film thickness of 0.12 um; L(m) * ID(mm) *
OD(mm): 50 * 0.32 * 0.45). Hydrogen was the carrier gas (2.5 mL min— 1).
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Concentrations were determined using n-hexatriacontane (CHs3(CH.):4CHs) as an
internal standard. Absolute concentration errors were below 10% (resolution between
the alkenones from 1.5 to 1.7). Reproducibility tests showed that uncertainty in the
U¥ 37 determination is lower than 0.015 (ca. 0.5 °C) (Cacho et al., 1999; Martrat et al.,
2004; Martrat et al., 2014; Pallacks et al., 2021, this study) confirming the precision
of the paleothermometry tool (Eglinton et al., 2001). SST reconstructions were based
on the global calibration of Conte et al. (2006), with a standard error on surface
sediments at 1.1 °C.

3.4.6 Stable isotope measurements

For chemical analysis, adult specimens were selected from a narrow size range
(250—315pm) to minimize uncertainty in paleoceanographic interpretation due to vital
effects, following suggestions by Spero and Lea (1996).

Bulk population measurements, including 5—10 specimens per species sample, were
performed on G. elongatus and G. bulloides. Sample weight was determined through
a Mettler Toledo XP6U Ultra Micro Balance at MPIC. Selected tests were crushed
and soaked in ultrapure water (Milli-Q), before ultrasonication for up to 20 seconds,

to remove clay contamination.

Samples were analyzed on a Thermo Delta VV mass spectrometer equipped with a
GASBENCH preparation device. ~8-50 ug of CaCOs sample, placed in a He-filled
4.5 ml exetainer vial was digested in water-free HsPO4 at a temperature of 70 °C.
Subsequently the CO2-He gas mixture was transported to the GASBENCH in Helium
carrier gas. In the GASBENCH, water vapor and various gaseous compounds were
separated from the He-CO, mixture prior to sending it to the mass spectrometer in
nine separate peaks. Isotope values of these individual peaks were averaged and
reported as 8'°C and 320 relative to V-PDB. A total of 20 replicates of two in-house
CaCOs standards were analyzed in each run of 55 samples. CaCOs; standard weights
were chosen so that they span the entire range of sample weights of the samples. After
correction of isotope effects related to sample size the reproducibility of these

standards is typically better than 0.1 %o (1SD) for §'80 and 0.1 %o (1SD) for 5'°C.
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Samples of 8 to 3ug of CaCO3 were analyzed on the same equipment using a cold trap
technique that analyzes the entire sample in one single peak (Fiebig et al., 2005;
Vonhof et al., 2020). With this setting, 30 CaCOj3 standards were analyzed in each run
of 30 samples. CaCQj; standard weights were chosen so that they span the entire range
of sample weights of the samples. Reproducibility of these <8 g standards with the
cold trap technique, after sample size correction, is typically better than 0.1 %o (1SD)
for 820 and 0.1 %o (1SD) for 6*C.

For boron isotope analysis, samples of G. ruber (250—315 um) were prepared in a
class 100 clean lab at the University of St Andrews STAIG laboratories. The two
morphotypes of the species were analyzed separately. Samples were first crushed
between two glass slides before transferring to acid cleaned centrifuge tubes in
preparation for clay removal by ultrasonication. This was followed by oxidative
cleaning in 1% hydrogen peroxide buffered with 0.1 M NH4OH and a weak acid leach
in 0.0005 M distilled HNOs according to established protocols (Barker et al., 2003; J.
W. B. Rae et al., 2011). After addition of 100 pul boron-free Milli-Q, samples were
dissolved by incremental addition of 0.5 M distilled HNOs (total volume of acid per
sample 30-50 pl). A 5% cut of the dissolved sample was analyzed by ICP-MS for a
suite of trace elements (Table S3.3) including Mg/Ca on an Agilent 8900 following
Foster (2008) and J. W. B. Rae et al. (2011) with the addition of trace hydrofluoric
acid in the wash to improve washout (Zeebe & Rae, 2020). Samples were run
alongside matrix-matched bracketing and consistency standards to monitor long-term
instrument reproducibility which is reported at 95% confidence (2SD). Low Al/Ca in
all samples confirms the absence of residual clays. Elevated Mn/Ca was recorded in
one sample but it does not display elevated Mg/Ca or any other anomalous trace

element or isotopic signal.

After trace element analysis, a few samples with low boron concentrations, as
determined from B/Ca, meant it was necessary to combine adjacent dissolved samples
in MedSeA-S7-c2 core in order to reduce 6B uncertainty (Table S3.4). Boron was

isolated from the sample matrix using boron-specific Amberlite IRA 743 resin (Kiss,
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1988; Lemarchand et al., 2002) using a batch method. For this technique, 2 mi
centrifuge tubes containing 50 ul of resin were pre-cleaned by addition and removal
of 1 ml 0.5M HNO; (repeated 3 times) and 1ml boron-free Milli-Q (repeated twice)
and then pre-conditioned with 100 pl 0.1M ammonium acetate buffer at pH 8.5.
Before loading, the sample was first buffered to pH 5 with 0.1M ammonium acetate.
After pipetting onto the resin, the tubes were agitated on a VWR mini vortex and the
solution pipetted off after the resin settled. Following rinses with boron free Milli-Q
water, the concentrated sample was eluted in 500 ul 0.5M distilled HNOs and the
boron isotopic composition analyzed by MC-ICPMS with sample-standard bracketing
against NIST 951 according to methods described by (Foster, 2008; J. W. B. Rae et
al., 2011). Addition of Hydrofluoric acid at 0.3 M helped to improve washout and
reduce boron evaporation (Zeebe & Rae, 2020). Matrix matched carbonate
consistency standards were run alongside samples to monitor reproducibility which is
+0.23 %o (2SD).

3.4.7 pH Calculations

To estimate unknown variables in the seawater marine carbonate system, we used the
CO2SYS program (version 2.0) (Lewis & Wallace, 1998; Pierrot et al., 2006).
Through a set of given input conditions (e.g., temperature, salinity, atm. CO;
concentration), this program can estimate the remaining unknown variables of a two
“master” carbonate system (TA, DIC, pH, pCO,). We estimated surface ocean pH and
carbonate ion concentrations for the three study sites, using seawater pCO, and total
alkalinity (TA). TA was assumed constant over the last century, accounting for 2400
pmol/kgSW in the Alboran Sea (Cossarini et al., 2015), 2478 pmol/kgSW in the Strait
of Sicily (A. Schneider et al., 2007), and 2550 pmol/kgSW in the Balearic Sea
(Gemayel et al., 2015). Surface seawater pCO, was derived from temperature, salinity
and pressure dependent solubility coefficient (Ko) following the formulation of Weiss
(1974) and atmospheric CO, measurements from an interpolated stack including the
Mauna Loa time series (Tans & Keeling, 2020) and reconstructed CO; concentrations
(Bauska et al., 2015; Friedli et al., 1986). Time-specific Ko values were determined as

input conditions for down core calculations using surface pressure, SST and salinity
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for each study location. SST was based on alkenone (U¥'37) derived paleo estimates at
each study location (Incarbona et al., 2016; Pallacks et al., 2021) and salinity was
defined as the constant mean (1950-2019 CE) of Hadley EN4 (version EN.4.2.2)
subsurface salinity objective analysis (Good et al., 2013). Constants for our CO2SYS
carbonate system estimations were the dissociation constant (K; and K;) defined by
(Mehrbach et al., 1973), refitted to seawater scale by (A. G. Dickson & Millero, 1987),
the dissociation constants Kusos and Kg according to (A. G. Dickson, 1990), and the
chlorinity relationship and boron concentration based on (Uppstrom, 1974).

To calculate pH, the 3B of G. ruber albus and G. elongatus was first converted to
seawater 3'Bporaie Using the calibration of (Henehan et al., 2013) for the 250-300 pm
size fraction:

Slleorate = (Slleoram - 952 + 151)/(060 + 008)

The boric acid dissociation constant is determined by both salinity and temperature
and thus calculated pH can be susceptible to variations in these assigned values.
Salinity was set at modern levels (37 PSU) for the region and temperature was
calculated from Mg/Ca using the species specific calibration for G. ruber from (W.
R. Gray et al., 2018).

Mg/Ca=0.97 + 0.50 x exp(0.063 £ 0.019 x T)

The pH derived from Mg/Ca temperatures were compared to those from temperatures
determined from Hadley, U¥37 and 880 SST in (Table S3.4). A sample depth of 25
m was given to approximate the upper habitation depth of the species below the sea
surface (Pujol & Grazzini, 1995).

3.4.8 Statistical analysis

Statistical analysis has been performed using the statistical software R (R Core Team,
2023). General additive models (GAM) have been used in paleoenvironmental time

series as a superior alternative tool to conventional statistical trend estimations
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(Simpson, 2018). We used a GAM to better show the basin wide, interspecies specific
change in SNW and 8%C, and western Mediterranean SST changes. The complex,
non-linear GAM fits as a smoothed function, which allows us to identify the period
of significant SNW, 8C and SST change based on proper accounting for model
uncertainty. The general and applied mathematical form of the general additive model

can be described as:
yi= Bo + f(Xi) + & where & ~ N(0, ¢?)
SNW = 4.081e%® + 6.997 + & where & ~ N(0, ¢?)
8C =0.02111 + 6.238+ & where &i ~ N(0, 6?)
SST =—0.02993 + 8.033+ & where & ~ N(0, 6°)

SNW and §'*C values were standardized and merged, combining G. bulloides and G.
elongatus at all three stations. Standardized SST is based on alkenone measurements
and the calculated mean from HadISST dataset across the three stations. Uncertainty
in the estimated model fits were addressed through 95% confidence intervals, after
confirming gaussian error distribution via histogram plot, Q-Q plot and Kolmogorov-
Smirnov test for standardized datasets of SNW (p-value=0.5501), &3C (p-
value=0.1738) and SST (p-value=0.7126). Additionally, a GAM fit was applied
(Wood, 2011), by means of the the mgcv package (version 1.8.42). To avoid under
smoothing of the fit, the smoothing term was calculated using restricted maximum
likelihood (Reiss & Todd Ogden, 2009; Wood et al., 2016).

To quantify changes of SNW and 83C during the 20" century, linear regression
analysis was applied including all available data points post 1900 CE. Estimations of
SNW and 8"C (negative anthropogenic carbon isotope excursions; nCIEs) change are
defined by the difference between 1900 CE and 2013 CE, based on the regression
model accounting for statistical significance (Figure S3.1, S3.2). To determine
statistically significant relationships between the explanatory variable (SNW) and the

independent variables (productivity based on species composition and abundance
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changes, SST based on alkenone and HadISST data sets, pH calculated from pCO;
and total alkalinity on CO2SYS, 8°C based on carbon isotopes) we performed
multiple linear regression analysis for time windows prior (pre-Industrial Era) and
post 1800 CE (Industrial Era). To generate evenly spaced time series, we standardized
data for each station and parameter before combining station data for each parameter
by interpolating non-linear GAM fits (method see above) using generalized cross-
validation (GCV) method for smoothing parameter estimation to avoid over
smoothing of the fit. Goodness of the fit for each parameter is shown through deviance
explained (Table S3.5). Due to high collinearity, we have removed §*C from the
multiple linear regression model prior 1800 CE, and pH from the model including
data post 1800 CE. Both parameters are highly correlated particularly during the
Industrial Era as the '*C signals mirrors the input of anthropogenic CO, resulting in
pH decrease (see discussion). The conditions of application required for the multiple
linear regression analysis have been verified by using performance package (version
0.10.3). It can be assumed that there is no Multicollinearity since all parameters
included in the model show a Variance Inflation Factor (VIF) below ten. Information
on multiple linear regression models and their significance values can be found in the
supplementary material (Table S3.6-3.7), confirming a significant correlation
between independent parameters and the explanatory variable, and substantiating the

effect of ocean acidification on SNW.

3.5 Supplementary Material

3.5.1 Alkenone derived SST: mid-20'" century cooling and recent warming
trends (Text S3.1)
The mid-20™ century cooling in the Mediterranean (Lionello et al., 2006), is observed
through instrumental measurements (HadISST) and Mediterranean paleorecords
(Pallacks et al., 2021; this study) at the three study sites. The global surface
temperature decline between 1940 and 1975 CE, is supposed to be a consequence of
global dimming as a result of enhanced natural and anthropogenic sulfate emissions
during that time (Hegerl et al., 2018; Rasool & Schneider, 1971), and is well captured
by the alkenone derived SST measurements in the Strait of Sicily. The shift of the
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warming onset by around five years, might be due to age model uncertainty or the
higher specific heat capacity of water, resulting in faster warming of the atmosphere
than the oceans. Additionally, the alkenone derived warming of 0.048 K yrat the
Strait of Sicily is within error of warming rates observed for the entire Mediterranean
(0.041 +£0.006 K yr?, as seen by satellite datasets covering the time period from 1982
to 2018 CE (Pisano et al., 2020), or slightly higher than warming rates derived by
globally available products such as the HadISST datasets (0.014 K yr! for the Strait
of Sicily from 1993 to 2011). The offset between instrumental and alkenone derived
SST of approximately 1.5 K, might be caused by calibration uncertainty, given that
data coverage is low in the central and eastern Mediterranean (Conte et al., 2006),
though the main trends are reproduced.

To further explore the results, test accumulation rates of foraminifera and alkenone
concentrations are compared. Test accumulation rate in the Strait of Sicily ranges
between 3 to 16 (# cm2 yr 1), which is slightly lower than in the Balearic (16 to 44 #
cm2yr 1) and Alboran (28 to 56 # cm™2 yr 1) records (Pallacks et al., 2021), reflecting
differences in surface chlorophyll-a values at the three study sites (Figures 3.2b; Table
S3.8). Average alkenone concentration rates are highest in the Strait of Sicily (42.72
ng yr* cm2), compared to the Balearic (12.24 ng yr~* cm™2) and Alboran Sea record
(5.26 ng yr* cm2). It suggests diverse productivity patterns between the three sites,
in line with test accumulation rates. Higher values in the Strait of Sicily might be
explained by the shallow core location (depth: 263m), in comparison with the deeper
Balearic and Alboran sites (depths: 1156m and 1137m, respectively) as alkenone
concentrations decrease with depth in the water column (Muller & Fischer, 2001;
Yamamoto et al., 2007).

3.5.2 §""B derived pH in the Strait of Sicily and Alboran Sea (Text S3.2)

Analyzed G. ruber albus tests in the Strait of Sicily core (8.045 + 0.022 (1830 CE) to
7.82 £ 0.031 (2007 CE), show slightly lower modern pH values compared to direct
measurements (pH = ~7.95) conducted close by in 2011 (Alvarez et al., 2014; Hassoun
etal., 2015). Also, results derived from G. elongatus tests in the Alboran core (7.75
0.035 (1697 CE) to 7.62 £ 0.047 (1995 CE)), show significantly lower pH values,
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when compared to recent measurements (7.95 + 0.04 ) in that area (Flecha et al., 2019;
Hassoun et al., 2015; Jiménez-Lopez et al., 2021). This could be explained by
foraminiferal vital effects. The offset from seawater and foraminiferal carbonate is not
constant (Foster & Rae, 2016; James W. B. Rae, 2018), as foraminifera manipulate
pH within their microenvironment (Glas et al., 2012; Toyofuku et al., 2017),
influencing the pH signature in planktic foraminifera tests. Alternatively, while lower
pH values recorded in G. ruber carbonate cannot be explained by differences in habitat
depth of each morphospecies, offsets with direct measurements could be linked to
vertical transport of deeper water depleted in pH. The Alboran core site is situated in
an upwelling cell (Garcia-Gorriz & Carr, 2001), transporting bottom water, low in pH
and carbonate ion concentration, to the surface. Surface carbonate chemistry is also
influenced by Atlantic water inflow. Modern pH values as low as 7.75 have been
measured in upwelling regions on the California shelf (Chan et al., 2017; Feely et al.,
2008) or on the East Australian shelf where pH dropped by 0.12 units during
upwelling events in a matter of hours (Schulz et al., 2019). However, pH levels of
Mediterranean bottom waters as well as Atlantic inflow are not low enough to explain
the offsets between directly measured and reconstructed pH values (Flecha et al.,
2019; Jiménez-Lépez et al., 2021).

3.5.3 Species specific size normalized weight (SNW) variability across
stations (Text S3.3)
The basin wide 20" century SNW drop in the western Mediterranean across all
stations (Alboran and Balearic Sea, Strait of Sicily) and species (G. bulloides and G.
elongatus) is consistent, although the amplitude of reported trends show some
variability. Differences in planktic foraminiferal calcification response to CO;
changes are associated with differences in oceanographic settings and species
ecology. The lowest species average SNW (Figure S3.4) and the most pronounced
20" century SNW loss (Figure S3.3, -29.9%) are reported in the Alboran Sea core.
Here, low pH and carbonate ion concentrations (Figure S3.2), due to enhanced
upwelling and Atlantic water influence (see discussion Text S3.2), can be suggested
to be the main driver for the strongest SNW loss among the three stations (C. V. Davis

et al., 2017; Marshall et al., 2013; Moy et al., 2009; Osborne et al., 2016). High sea
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surface temperatures and productivity increase during 20" century might be
responsible for a moderate SNW decline in the Strait of Sicily (Figure S3.3; -12.8%),
as enhanced temperature and productivity can increase foraminiferal SNW (Aldridge
etal., 2012; C. V. Davis et al., 2017; Gonzalez-Mora et al., 2008; Mallo et al., 2017;
Marshall et al., 2013; Osborne et al., 2016; Weinkauf et al., 2016), thus mitigating
SNW decrease in the Strait of Sicily. The species average SNW change is less
distinctive in G. bulloides (-17.0%) than in G. elongatus (-25.2%). The latter lives and
calcifies closer to the sea surface (Rebotim et al., 2017; Stainbank et al., 2019), thus
it might be more affected by CO, ingress into surface waters. Stronger influence of
anthropogenic CO, for shallower dwelling species is also indicated through the carbon
isotope signature of their tests (G. elongatus: -0.68 %o.; G. bulloides -0.51 %o; Figure
S3.1). This is also supported by less pronounced SNW declines of G. bulloides at the
Strait of Sicily and Balearic Sea stations, as subsurface pH is higher at inner western
Mediterranean regions compared to the Alboran Sea which is influenced by inflow of
low pH Atlantic water (Alvarez et al., 2014; Cossarini et al., 2015; Flecha et al., 2019;
Gemayel et al., 2015; A. Schneider et al., 2007).

3.5.4 Results and discussion: Age Model MedSeA-S7-c2 at Strait of Sicily
(Text S3.4)

Concentrations of 21°Phy, decrease with core depth, reaching a constant average value

(*°Phs,p) of ~20 + 2 Bq kg-1 at ~25-26 cm core depth (Table S3.4). Applying the

CF:CS model, we estimate a maximum mean mass accumulation rate (MAR) of 0.16

+0.010 g cm2 yr* and a sedimentation rate (SR) of 0.25 + 0.02 cm yr ™. The age

model presented in this study considers that the MAR and SR obtained during the 20"

century using the 2°Pb technique can be extrapolated to the 19" century.

The 2%Phy of the topmost sediment layer (259 + 16 Bq kg™?) is in range with results
from other cores collected off-shore the coast of southern Sicily, ranging between 66
to 596 Bg kgt (Hassen et al., 2019; Incarbona et al., 2016). Our results are in good
accordance with Holocene MAR and SR based on #°Pb (Hassen et al., 2019;
Incarbona et al., 2016) and radiocarbon dates (Cacho et al., 2001; Titschack et al.,

2016). The higher sedimentation rates at our study site can be explained by shallower
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water depth, as an inverse correlation between water depth and sedimentation rates is
observed in the Mediterranean Sea (Hassen et al., 2019; Zuo et al., 1997).

The robustness of the age-model is further supported through changing parameters
independent from sedimentation rate, as alkenone derived SST and the instrumental
temperature record (HadISST; Figure 3.2a), which coincides with main temperature
changes recorded independently. In addition, the *’Cs measurement (Table S3.2) of
the sediments, as a marker of the record of the nuclear testing program of the 1960s
and the 1986 Chernobyl accident (Garcia-Orellana et al., 2009), showed a nearly
perfect agreement with the dates obtained through 2°Pb. Therefore, the accordance
with other sediment cores from the same area and the validation through independent
parameters SST and *’Cs, emphasizes the representativeness of our results and

supports the accuracy of the CF:CS chronology based on 2°Ph.
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3.5.5 Figures
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Figure S3.1: Negative anthropogenic carbon isotope excursions (nCIE) in planktic foraminiferal tests
at three Stations in the western Mediterranean Sea for G. elongatus (left) and G. bulloides (right) during
the 20 century with error bars indicating 0.1 %o uncertainty (1SD level). A linear regression model (red
line) is used to calculate nCIEs during the time period fiom 1900 CE to 2013 CE. Beside §**C changes,
the intercept, slope and p-value of the regression model are shown. Station 3: Alboran Sea, Station 7:
Strait of Sicily, Station 23: Balearic Sea.
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Figure S3.2: Estimated changes in western Mediterranean surface water carbonate chemistry performed
by CO2SYS program (version 2.0), assuming equilibration between surface seawater with constant
alkalinity and atmospheric CO> (see Methods). (a,c,e,f) pH and [CO3%] values for Alboran Sea (blue),
Strait of Sicily (orange), Balearic Sea (grey). (b,d)Mean values for all three stations, error bars
represented by standard deviations. Linear trends calculated for time periods 1900-2019 CE (blue);
1950-2019 CE (green), 1999-2019 CE (purple). (a-d) Estimates based on sea surface temperatures
(SST) derived from HadISST data set; (e,f) Estimates based on alkenone derived SSTs (Incarbona et al.,
2016; Pallacks et al., 2021).
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Figure S3.3: 20™ century size normalized weight (SNW; pg) changes in planktic foraminiferal tests at
three Stations in the western Mediterranean Sea for G. elongatus (left) and G. bulloides (right). A linear
regression model (red line) is used to calculate 20" century SNW change during the time period from
1900 CE to 2013 CE. Beside SNW changes, the intercept, slope and p-value of the regression model are
shown. Station 3: Alboran Sea, Station 7: Strait of Sicily, Station 23: Balearic Sea.
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Figure S3.4: Boxplots of average size normalized weight (SNW) at each station for Globigerinoides
elongatus (left) and Globigerina bulloides (right).

3.5.6 Tables

Table S3.1: Carbon chemistry and temperature effect on 6*3C of planktic foraminifera tests in the western
Mediterranean Sea. Mean pH, [CO3%] and temperature changes from 1900 to 2019 yr CE are calculated
based on CO2SYS estimates and HadISST records at all three stations. Species specific impacts on §°C
of planktic foraminifera tests estimated by equations derived from laboratory culture and field
experiments (Bemis et al., 2000; Bijma et al., 1999; Peeters et al., 2002; Spero et al., 1997).

time period

western

effect on §°C

parameter dataset ) references
(yr. CE) Mediterranean G. bulloides G. elongatus
Peeters et al. (2002)
pH Co2sYS -0.11
0.24 £ 0.01 %o to
1900-2019 0.48 + 0.03%0 ° Spero et al. (1997)
0.33 + 0.02%o
[cO5”] umol kg™ COo2sYS 37.1 +2.0 Bijma et al. (1999)
SST °c HadISST 1900 - 2019 1.10 +0.12 -0.11 + 0.01%o n.a. Bemis et al. (2000)
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Table S3.2: Age controls for core MedSeA-S7-c2 (Strait of Sicily). Age model is derived through 2:°PB
and 1¥7Cs profiles. Ages for each sample depth are estimated by CF:CS model (see methods).

Sample ID section depth density 210py, 1¥7¢cs Age
center bottom top Total Total
(cm) (g cm™) (Ba kg™) (Ba kg™) (yr CE)
MedSeA-St7-core2_0.5 0.5 0 1 0.39 258.7 + 16.0 2010 + 1
MedSeA-St7-core2_1.5 1.5 1 2 0.47 186.9 + 7.8 2007 + 1
MedSeA-St7-core2_2.5 2.5 2 3 0.51 204.9 + 9.1 2004 + 1
MedSeA-St7-core2_3.5 3.5 3 4 0.57 180.4 + 9.4 2000 + 1
MedSeA-St7-core2_4.5 4.5 4 5 0.51 197.7 + 8.0 1996 + 1
MedSeA-St7-core2_5.5 5.5 5 6 0.57 204.1 + 8.2 2.8 + 0.8 1992 + 1
MedSeA-St7-core2_6.5 6.5 6 7 0.52 188.7 + 9.9 4.4 * 0.3 1989 + 2
MedSeA-St7-core2_7.5 7.5 7 8 0.64 129.6 + 6.5 4.9 + 1.4 1984 + 2
MedSeA-St7-core2_8.5 8.5 8 9 0.62 118.7 + 5.9 4.2 + 1.0 1980 + 2
MedSeA-St7-core2_9.5 9.5 9 10 0.54 115.8 + 4.4 4.5 + 0.3 1976 + 2
MedSeA-St7-core2_10.5 10.5 10 11 0.59 110.8 + 6.8 3.8 + 1.2 1972 + 3
MedSeA-St7-core2_11.5 11.5 11 12 0.57 108.1 + 6.1 4.0 + 0.2 1968 + 3
MedSeA-St7-core2_12.5 12.5 12 13 0.55 119.0 + 4.5 3.2 + 0.2 1965 + 3
MedSeA-St7-core2_13.5 13.5 13 14 0.56 80.3 + 4.7 2.4 + 0.9 1961 + 3
MedSeA-St7-core2_14.5 14.5 14 15 0.60 76.7 + 4.5 1.9 + 0.9 1957 + 4
MedSeA-St7-core2_15.5 15.5 15 16 0.62 75.4 + 3.4 1.7 + 0.9 1952 + 4
MedSeA-St7-core2_16.5 16.5 16 17 0.41 59.5 + 3.7 1950 + 4
MedSeA-St7-core2_17.5 17.5 17 18 0.64 57.5 + 3.5 1945 + 4
MedSeA-St7-core2_18.5 18.5 18 19 0.61 42.5 + 2.3 1941 + 5
MedSeA-St7-core2_19.5 19.5 19 20 0.64 43.7 + 2.5 1937 + 5
MedSeA-St7-core2_20.5 20.5 20 21 0.55 40.5 + 2.0 1933 + 5
MedSeA-St7-core2_21.5 21.5 21 22 0.70 39.6 + 2.3 1928 + 6
MedSeA-St7-core2_22.5 22.5 22 23 0.59 36.0 + 2.0 1924 + 6
MedSeA-St7-core2_23.5 235 23 24 0.69 28.5 + 1.7 1919 + 6
MedSeA-St7-core2_24.5 24.5 24 25 0.63 27.9 + 1.6 1915 + 6
MedSeA-St7-core2_25.5 25.5 25 26 0.82 21.6 + 1.8 1909 + 7
MedSeA-St7-core2_26.5 26.5 26 27 0.56 1905 + 7
MedSeA-St7-core2_27.5 27.5 27 28 0.75 1900 + 7
MedSeA-St7-core2_28.5 28.5 28 29 0.76 1895 + 8
MedSeA-St7-core2_29.5 29.5 29 30 0.58 1891 + 8
MedSeA-St7-core2_30.5 30.5 30 31 0.68 1886 + 8
MedSeA-St7-core2_31.5 31.5 31 32 0.76 1881 + 9
MedSeA-St7-core2_32.5 32.5 32 33 0.50 1878 + 9
MedSeA-St7-core2_33.5 33.5 33 34 0.66 1873 + 9
MedSeA-St7-core2_34.5 34.5 34 35 0.58 1869 * 9
MedSeA-St7-core2_35.5 35.5 35 36 0.76 1864 + 10
MedSeA-St7-core2_36.5 36.5 36 37 0.64 1860 + 10
MedSeA-St7-core2_37.5 37.5 37 38 0.79 1854 + 10
MedSeA-St7-core2_38.5 38.5 38 39 0.75 1849 + 11
MedSeA-St7-core2_39.5 39.5 39 40 0.73 1844 + 11
MedSeA-St7-core2_40.5 40.5 40 41 0.65 1840 + 11
MedSeA-St7-core2_41.5 41.5 41 42 0.84 1834 + 12
MedSeA-St7-core2_42.5 42.5 42 43 0.58 1830 + 12
MedSeA-St7-core2_43.5 43.5 43 44 0.67 1825 + 12
MedSeA-St7-core2_44.5 44.5 44 45 0.90 1819 + 13
MedSeA-St7-core2_45.5 45.5 45 46 0.66 1815 + 13
MedSeA-St7-core2_46.5 46.5 46 47 0.67 19.5 + 1.2 1810 + 13
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Table S3.3: Trace element data for Station 3 (Alboran Sea) and Station 7 (Strait of Sicily) measured in
planktic foraminiferal calcite tests of Globigerinoides elongatus and Globigerinoides ruber albus.
Sample depths and specimens are the same as analyzed for boron isotopes.

Station 3 7
Depth (cm) 0.5 3.5 10.5 0.5 15 2.5 20.5 215 22.5 42.5
Age (yr CE) 1995 1959 1697 2010 2007 2004 1933 1928 1924 1830
Foraminifera species Globigerinoides elongatus Globigerinoides ruber alba
Li/Ca (umol/mol) 15.86 16.73 15.89 19.03 22.69 18.71 19.71 19.52 16.49 16.64
B/Ca (umol/mol) 123.99  119.89  117.89 | 121.97  118.09  107.88 12571 11421  109.79  107.17
Na/Ca (mmol/mol) 6.17 6.37 6.53 6.77 6.59 6.42 6.67 6.62 6.65 6.47
Mg/Ca (mmol/mol) 2.61 2.76 2.87 2.83 3.29 2.42 2.65 2.93 2.57 2.75
Al/Ca (umol/mol) 1.88 1.86 1.29 2.62 2.23 8.08 0.96 -0.02 0.89 -0.61

Mn/Ca (umol/mol) 56.62 95.58  158.38 | 33.03 30.76  42.31 31.82 31.28 28.62 50.90

Sr/Ca (mmol/mol) 1.37 1.38 1.39 1.41 1.40 1.39 1.40 1.41 1.38 1.40
Cd/Ca (umol/mol) 0.02 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01
Ba/Ca (umol/mol) 0.91 1.00 1.06 0.90 0.98 8.39 1.02 1.04 1.04 1.14
Nd/Ca (umol/mol) 0.69 0.80 0.80 0.34 0.26 0.38 0.33 0.32 0.27 0.21
U/Ca (nmol/mol) 8.94 9.55 14.86 5.15 5.93 7.16 5.75 5.72 5.20 7.00

Table S3.4: Comparison of pH estimations based on different temperature reconstructions. Mg/Ca
temperatures using the W. R. Gray et al. (2018) calibration (this study), HadISST after Reynolds and
Smith (1994) (Pallacks et al., 2021; this study), alkenone SST (Pallacks et al., 2021; this study), 6%0
SST for G. elongatus and G. bulloides calculated bayfoxr package, providing a global core top
calibration (Malevich et al., 2019). Station 3: Alboran Sea, Station 7: Strait of Sicily.

Station 3 3 3 7 7 7
Depth (cm) 0.5 3.5 10.5 0.5-2.5 20.5-22.5 42.5
Age (yr CE) 1995 1959 1697 2007 1928 1830
(°C) 15.7 16.6 17.2 17.0 16.0 16.5
Mg/Ca pH 7.6 7.7 7.8 7.8 7.9 8.0
stdev 0.0 0.0 0.0 0.0 0.0 0.0
(°c) 18.8 183 n.a. 19.8 19.5 n.a.
HadISST pH 7.6 7.7 n.a. 7.8 7.9 n.a.
stdev 0.0 0.0 n.a. 0.0 0.0 n.a.
(°c) 18.6 18.1 18.1 17.9 18.0 n.a.
alkenone pH 7.6 7.7 7.7 7.8 7.9 n.a.
stdev 0.0 0.0 0.0 0.0 0.0 n.a.
(°c) 17.3 17.2 n.a. 14.0 12.1 n.a.
8'%0
pH 7.6 7.7 n.a. 7.9 8.0 n.a.

G.elongatus
stdev 0.0 0.0 n.a. 0.0 0.0 n.a.
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Table S3.5: Goodness of the GAM fit for each interpolated parameter indicated by deviance explained.

Deviance explained (%)

prior 1800 CE past 1800 CE
pH 96.9 83.0
SST 55.9 69.9
Productivity 24.7 28.5
8C 46.5 66.2
SNW 43.1 64.7

Table S3.6: Information on multiple linear regression model post 1800 CE including their significance
levels.

Parameter Coefficient SE tvalue p
(Intercept) -0.24 0.02 -11.61 ook
Productivity 0.20 0.06 3.70 oxok
SST -0.39 0.05 -8.24 il
§3¢ 0.54 0.02 23.33 ko

Model: SNW = (Productivity * 0.20) - (SST  0.39) + (5"°C * 0.54)
F-statistic: 751.2 on 3 and 173 DF, p-value: > 2.2e-16
R2:0.9287; adjusted R2: 0.9275

significance code: <0.0001***; <0.001**; <0.01*

Table S3.7: Information on multiple linear regression model prior 1800 CE including their significance
levels.

Parameter Coefficient SE t value p
(Intercept) 0.12 0.03 3.62 ook

Productivity 0.02 0.01 2.08 *
SST 0.25 0.01 39.6 *Ex
8¢ 0.41 0.06 7.3 o

Model: SNW = (Productivity * 0.02) - (SST * 0.25) + (pH * 0.41)
F-statistic: 850.3 on 3 and 1033 DF, p-value: > 2.2e-16
R2:0.7118; adjusted R2: 0.7109

significance code: <0.0001***; <0.001**; <0.01*

Table S3.8: Alkenone raw data in core MedSeA-S7-c2 (Strait of Sicily). From the left: depth (cm below
the seafloor); total planktic foraminiferal test accumulation rate (tests cm2 yr?) in >150um fraction;
heptatriaconta-8E,15E,22E-trie2-one  [C37:3me (ng g )] and heptatriaconta-15E,22E-die2-one
[C37:2me (ng g~Y)], long chain alkenone; UX37, proxy indicator of sea surface temperature; SST (°C)
derived from the relative proportion of the later (U*37); SST estimation by using the calibration of Conte
et al. (2006) including integrated production temperature SST = (—0.957+54.293%( UK31)—52.894*(
UK37)"2+28.321*( UX37)"3), coretop global, 1-30°C, n=567, R2=0.97; error +1.1°C (SST in °C).
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depth testacc.rate  C37:3me C37:2me UK'37 SST
(cm) #em?yr')  (ng/g) (ng/g) °Q)
0.5 6480 91.3321 114.9540 0.5573 17.7736
1.5 11700 37.1372 53.5772 0.5906 18.4932
2.5 9040 216.4820 261.1089 0.5467 17.5440
3.5 253.6348 286.9932 0.5309 17.1955
4.5 10620 203.2673 238.3512 0.5397 17.3908
5.5 9220 240.5492 282.1828 0.5398 17.3930
6.5 6860 85.8433 92.6097 0.5190 16.9318
7.5 164.6264 190.2852 0.5361 17.3122
8.5 8980 163.8900 208.7534 0.5602 17.8374
9.5 6440 116.7335 135.6453 0.5375 17.3412
10.5 8200 136.7178 169.2247 0.5531 17.6837
11.5 137.2470 158.3447 0.5357 17.3021
12.5 6480 141.9070 176.6236 0.5545 17.7135
13.5 7390 131.6130 171.1601 0.5653 17.9482
14.5 10060 119.5989 154.7963 0.5641 17.9228
15.5 143.1633 174.6133 0.5495 17.6044
16.5 5580 33.8953 46.6279 0.5791 18.2450
17.5 5660 164.0459 219.4922 0.5723 18.0989
18.5 3220 53.2697 59.8389 0.5290 17.1555
19.5 8260 53.6401 64.3113 0.5452 17.5116
20.5 5370 169.5989 222.9050 0.5679 18.0043
21.5 n.a. n.a n.a. n.a
22,5 6250 n.a. n.a n.a. n.a
23.5 7690 n.a. n.a n.a. n.a
24.5 5440 n.a. n.a n.a. n.a
25.5 n.a. n.a n.a. n.a
26.5 6620 n.a. n.a n.a. n.a
27.5 7670 n.a n.a n.a. n.a
28.5 16210 n.a. n.a n.a. n.a
29.5 n.a. n.a n.a. n.a
30.5 3270 n.a. n.a n.a. n.a
31.5 11530 n.a. n.a n.a. n.a
32.5 6750 n.a. n.a n.a. n.a
335 n.a. n.a n.a. n.a
34.5 9870 n.a. n.a n.a. n.a
35.5 n.a. n.a n.a. n.a
36.5 10830 n.a n.a n.a. n.a
37.5 n.a. n.a n.a. n.a
38.5 13110 n.a. n.a n.a. n.a
39.5 11860 n.a. n.a n.a. n.a
40.5 11340 n.a n.a n.a. n.a
41.5 n.a. n.a n.a. n.a
42.5 12760 n.a. n.a n.a. n.a
43.5 12180 n.a. n.a n.a. n.a
44.5 14740 n.a. n.a n.a. n.a
45.5 n.a. n.a n.a. n.a
46.5 7050 n.a. n.a n.a. n.a
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Table S3.9: Size normalized weight (SNW) raw data in core MedSeA-S3-c1 (Alboran Sea) analyzed in
G. elongatus and G. bulloides. From the left: depth (cm below the sea floor); mean and standard
deviation of planktic foraminiferal test mass (ug), minimum ferret (um), and SNW (ug); N equals number
of analyzed tests per sample depth.

depth mass minimum feret snw N

(cm) (ue) (um) (Hg)
G.elong G.bull G.elong G.bull G.elong G.bull G.elong G.bull

mean stdev mean stdev mean  stdev mean  stdev mean stdev mean stdev

0.5 12.88 0.21 6.55 0.10 297.45 23.08 306.45 14.24 12.95 1.21 6.82 0.42 10 10
15 11.38 0.15 8.93 0.58 300.23 23.15 329.51 22.71 11.34 1.03 8.66 1.16 10 10
2.5 11.40 0.10 7.48 0.15 297.96 10.72 296.41 25.19 11.44 0.51 8.03 0.84 10 10
3.5 13.23 0.15 9.83 0.58 287.33 18.81 347.21 21.97 13.75 1.06 8.99 1.10 10 10
4.5 13.12 0.06 9.50 0.26 296.36 14.85 309.97 13.84 13.23 0.72 9.79 0.71 10 10
5.5 12.80 0.10 10.80 0.00 287.35 19.60 333.75 20.98 13.30 1.01 10.33 0.65 10 10
6.5 14.43 0.06 9.30 0.20 292.44 24.71 313.41 10.69 14.75 1.31 9.49 0.53 10 10
7.5 12.62 0.12 10.60 0.00 298.75 14.72 334.07 27.64 12.63 0.74 10.13 0.84 10 10
8.5 14.03 0.25 8.15 0.00 290.46 1239 304.24 21.86 14.43 0.87 8.55 0.61 10 10
9.5 14.58 0.06 292.46 19.66 14.90 1.06 10
10.5 15.82 0.12 9.83 0.06 295.09 24.11 317.43 17.58 16.02 1.43 9.91 0.61 10 10
11.5 15.62 0.06 310.83 14.65 15.00 0.76 10
12.5 13.71 0.00 8.93 0.12 293.34 19.17 311.81 14.78 13.97 0.91 9.16 0.56 7 10
13.5 16.52 0.12 311.10 15.79 15.85 0.92 10
14.5 13.67 0.06 8.02 0.06 291.23 11.93 314.29 13.96 14.02 0.63 8.16 0.42 10 10
15.5 14.67 0.06 295.39 15.07 14.84 0.82 10
16.5 14.98 0.06 9.17 0.21 301.73 15.47 317.96 21.77 14.85 0.82 9.22 0.84 10 10
17.5 15.93 0.06 301.27 20.04 15.81 111 10
18.5 16.13 0.06 10.37 0.06 298.92 17.15 318.44 12.55 16.14 0.98 10.41 0.47 10 10
19.5 13.93 0.15 294.58 20.64 14.14 1.15 10
20.5 14.82 0.06 6.83 0.15 301.60 21.27 313.48 22.69 14.69 1.09 6.97 0.66 10 10
215 16.17 0.15 304.73 19.41 15.86 1.16 10
22,5 17.43 0.15 9.57 0.15 308.88 21.08 323.49 20.81 16.86 1.30 9.46 0.76 10 10
23.5 15.03 0.12 312.38 1931 14.36 1.00 10
24.5 15.25 0.10 9.70 0.00 299.95 18.70 317.56 18.96 15.20 1.05 9.77 0.58 10 10
25.5 1433 0.06 300.98 11.47 14.24 0.60 10
26.5 14.03 0.06 10.92 0.23 299.98 16.38 341.56 20.21 13.99 0.82 10.18 0.82 10 10
27.5 14.30 0.10 300.51 18.63 14.23 0.98 10
28.5 13.95 0.10 8.47 0.06 296.69 13.45 318.65 21.20 14.06 0.74 8.50 0.63 10 10
29.5 16.75 0.00 312.84 18.79 15.97 0.96 10
30.5 13.72 0.06 9.23 0.15 295.93 16.48 327.26 20.52 13.86 0.83 9.02 0.71 10 10
315 16.40 0.00 298.95 19.37 16.40 1.06 10
325 15.48 0.06 9.27 0.21 312.59 20.06 326.03 15.78 14.78 1.00 9.09 0.65 10 10
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Table S3.10: Size normalized weight (SNW) raw data in core MedSeA-S23-c1 (Balearic Sea) analyzed
in G. elongatus and G. bulloides. From the left: depth (cm below the sea floor); mean and standard
deviation of planktic foraminiferal test mass (ug), minimum ferret (um), and SNW (ug); N equals number
of analyzed tests per sample depth.

depth mass minimum feret snw N
(cm) (ug) (um) (ug)
G.elong G.bull G.elong G.bull G.elong G.bull G.elong G.bull

mean stdev mean stdev mean stdev mean stdev mean stdev mean stdev

0.25 17.20 0.10 10.33 0.02 315.56 296.07  23.26 103 0.88 5
0.75 13.93 0.45 10.81 0.10 289.27 2372  308.23  19.30 .75 169 113 0.80 2 5
125 2.76 0.46 9.87 0.01 29126 2650  297.64  20.43 13.39 170 10.48 0.73 5 0
175 15.18 0.36 0.21 0.02 277.49  20.89  306.10 2174 16.88 167 10.57 0.77 5 0
2.25 13.30 0.10 1109 0.08 290.35  18.43 31037 32.48 14.02 100 134 127 5 5
2.75 126 0.32 10.24 0.07 290.05 7.86 297.14 4.79 188 0.66 10.89 0.62 3 6
3.25 10.47 0.10 14.05 0.41 284.77 10.75 31821  44.29 1.30 0.53 .01 2.35 3 2
3.75 13.06 0.06 10.22 0.03 264.32  22.45 31121 19.25 15.30 137 10.42 0.67 3 0
4.25 10.60 0.26 10.37 0.06 292.38 303.45  16.45 10.82 0.65 8
4.75 18.03 0.06 107 0.05 333.77 22552  297.25 2187 15.45 109 n77 0.92 2 6
5.25 17.32 0.25 nu 0.00 29651  23.27  317.47 16.51 17.77 165 nu 058 3 0
5.75 19.25 031 1104 0.02 298.65 2136 309.17 17.58 19.56 171 133 0.66 5 0
6.25 20.08 0.40 126 0.00 302.87  28.75 31180 18.48 20.02 2.30 145 0.68 5 0
6.75 15.63 0.15 12.56 0.03 289.79 1027 32121 2190 16.51 0.75 .41 0.87 5 0
7.25 15.57 0.61 10.98 0.02 288.19 15.68 312.79 26.51 16.56 155 nu 0.96 5 10
7.75 19.01 0.93 10.40 0.14 292.73  25.89 30359 1252 19.82 2.72 10.85 0.59 5 10
8.25 15.97 0.10 12.50 0.00 299.95 3253  323.88  22.75 16.13 185 12.24 0.86 3 0
8.75 18.17 0.84 1221 0.01 306.53  24.99 32130 .78 17.82 2.27 12.06 0.56 5 0
9.25 19.87 0.12 n77 0.10 298.35  29.25  310.76 15.79 20.21 2.10 12.02 0.72 5 0
9.75 16.63 0.15 2.12 0.02 289.91  33.78  329.18 2107 17.55 221 167 0.77 5 0
10.25 16.10 0.26 176 0.01 289.54 8.41  316.33  29.47 17.03 136 180 i 5 0
075  19.99 0.12 0.71 0.05 305.65 1652  309.90  23.24 19.68 118 10.96 0.87 5 0
125 16.78 0.06 12.05 0.04 29548  15.46 316.46 17.05 17.30 0.96 12.09 0.69 4 0
175 20.02 0.17 10.58 0.04 305.56  13.64 314.38 2114 19.71 105 10.68 0.76 5 9
1225  18.39 0.31 13.67 0.01 29235 3275 33552  25.02 19.23 2.48 12.89 0.97 5 10
1275  19.00 0.10 12.33 0.03 304.71 2122 333.16 7n 18.78 141 n72 0.63 5 0
1325 1565 0.51 13.66 0.01 287.66 17.61  334.44 1837 16.68 157 12.93 0.72 5 0
13.75 2029 035 12.78 0.02 313.17 3019  327.22  17.94 19.28 2.19 12.39 0.70 5 9
.25 16.92 0.10 154 0.00 286.84 2856  319.39 17.03 18.10 191 146 0.62 5 0
.75 19.99 0.06 12.37 0.02 294.09  25.49 316.14 31m 2073 186 12.42 124 5 0
15.25 19.49 055 176 0.04 299.98 3167 32224  17.56 19.69 264 158 0.67 5 0
575 15.29 0.40 277.39  18.25 17.01 157 5

16.25 18.17 0.12 297.23  27.15 18.58 182 5

6.75  19.49 0.06 299.43 1540 19.73 107 5

7.25  17.80 296.26 3156 18.28 195 5

17.75 2094 0.17 101 0.05 309.94  23.65 318.13 2142 20.20 171 10.98 0.78 5 9
1825 19.72 0.26 307.34  27.88 19.26 2.01 5

18.75 19.15 0.23 297.67  19.60 19.54 152 5

19.25 19.67 0.23 310.25  20.08 18.95 145 5

19.75 16.55 0.26 306.73  28.23 16.21 175 a

2025 1673 0.06 183 0.35 309.46 2065  308.98  14.47 15.92 112 2.5 0.93 0 0
2075 1913 0.42 14.00 0.17 305.02 14.13 18.22 124 0

2125  19.30 0.35 173 0.29 304.27  26.55 18.81 198 10

2175  18.63 0.06 12.40 0.10 32210 34.06 17.15 187 10

2225  19.27 0.23 14.10 0.53 305.03 2453 33105 2169 18.25 169 13.49 139 10 10
2275 2163 0.25 1.27 0.25 328.64 17.12 19.06 121 0

2325 1857 0.25 13.80 0.26 309.02 2175 17.42 146 10

2375  18.60 0.26 12.33 031 29577  18.24 18.39 140 10
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mean stdev mean stdev mean stdev mean stdev mean stdev mean stdev

2425 2023 05 1190 036 20608 2597 3124 1220 1955 186 2.0 084
2475  19.00 020 1400 020 29293 2826 075 21

25.25 15.40 0.17 13.41 0.22 292.27 16.36 15.23 102

2575 1763 032 204.65  20.81 730 154

2625 1867 031 1250 007 20935 2210 33278 1870 1823 164 189 0.83
2675 1617 038 280.06  18.84 16.49 146

27.25 1760  0.20 20128  18.72 w31 131

27.75 190  0.26 29691  15.57 18.30 121

2825  18.03 025 1367 025 20077 1721 33093 2368  18.03 132  13.08 18
28.75 7.77 0.21 292.25 19.46 17.96 141

2025 1770 0.26 20818 18.55 16.93 131

29.75 19.30 0.17 299.05 2124

3025 1670 0.0 290.64  18.01 17.09 116

30.75 19.70 0.10 13.57 0.15 3173 18.21 32193 6.1 18.40 1w 13.37 0.82
3125 1693 012 285.85  29.95 .98 189

3175 18.83 0.21 287.53 20.20 18.82 153

3225 1833 049 290.23  17.49 B.76 164

32.75 18.70 0.10 294.91 22.79 18.89 156

3325 1863 0.2 153 023 20595 17.52 18.03 118

33.75 19.73 0.25 297.43 27.71 19.50 2.06

3425 1720 044 29049 1597 181 135

34.75 19.87 0.15 307.87 18.21 18.73 125

3525 110 036 287.75  23.96 7.69 185

35.75 19.03 0.06 12.33 0.31 297.51 25.56 3127 18.76 18.63 166 12.57 107
36.25 1785 036 278.04  46.90 1830 345

3675  19.03 038 30482 1186 7.95 106

37.25 2022 ol 286.39  78.62

37.75 2150 0.0 29691  15.57 2060 118

3825 1957 015 1263 015 20669 2160 36363 3665 194 154 1079 122
3875 2167  0.29 307.55  23.05 2081 184

39.25  B27 040 29331  14.63 w79 128

3975 2073 0.40 30032 8.63 2000 096

4025 2163 023 290.50  67.62

4075 1900 036 1273 015  299.14 2560 32525 1602 121 100 1242 076
4125 2143 021 304.47  27.98 2038 207

4175 1987 023 20187 2419 19.95 189

4225 1847 051 282.05  24.41 155 223

4275 17.6667 0.05774 278.76  14.83 1B.64 105

43.25 16.8667 0.15275 12.0333 0.15275 286.21 22.79 322.07 17.07 17.51 155 1186 0.78
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Table S3.11: Size normalized weight (SNW) raw data in core MedSeA-S7-c2 (Strait of Sicily) analyzed
in G. elongatus and G. bulloides. From the left: depth (cm below the sea floor); mean and standard
deviation of planktic foraminiferal test mass (g), minimum ferret (um), and SNW (ug); N equals number
of analyzed tests per sample depth.

depth mass minimum feret snw N

(cm) (ue) (um) (ue)
G.elong G.bull G.elong G.bull G.elong G.bull G.elong G.bull

mean stdev mean stdev mean stdevn mean stdev mean stdev mean stdev

1.50 15.82  0.58 10.90 1.00 298.14 24.37 306.34 22.77 15.99 0.44 11.06 0.90 10 10
3.50 17.50 0.00 9.93 1.53 299.59 18.08 305.03 16.51 17.61 0.00 10.12 1.84 10 10
5.50 16.02 2.08 10.08 0.58 298.56 22.72 306.92 18.55 16.17 1.76 10.21 0.64 10 10
7.50 15.07 0.58 10.52 1.15 287.16 19.46 319.68 20.35 15.78 0.58 10.22 1.18 10 10
9.50 14.55 1.00 10.65 0.00 294.09 13.70 316.03 22.54 14.91 1.30 10.48 0.00 10 10
11.50 17.58 231 795 1.73 299.95 24.93 299.38 14.12 17.68 1.70 8.25 2.28 10 10
13.50 16.93 1.53 1175 1.00 286.28 20.10 314.13 25.84 17.79 1.50 1163 0.75 10 10
15.50 17.13 1.53 10.67 0.58 298.31 17.18 308.98 19.96 17.32 1.72 1073 0.60 10 10
17.50 16.68 1.15 10.42 0.58 300.55 16.12 307.00 21.15 16.74 136 10.55 0.57 10 10
19.50 18.40 0.00 10.13 1.15 298.16 11.83 300.80 24.15 18.61 0.00 10.46 0.96 10 10
21.50 17.57  0.58 10.12 1.53 302.58 24.33 309.84 16.79 17.51 0.44 10.15 1.82 10 10
23.50 1895 0.00 10.50 1.00 304.29 19.34 313.11 11.27 18.78 0.00 10.43 1.46 10 10
25.50 19.55 1.00 12.43 1.15 301.40 20.44 322.22 22.52 19.56 0.96 11.98 1.05 10 10
27.50 19.85 1.00 12.15 2.00 299.88 21.68 305.07 20.89 19.96 0.90 12.38 1.98 10 10
29.50 18.63 0.58 12.73 0.58 311.63 21.84 309.20 25.64 18.01 0.51 12.80 0.44 10 10
31.50 19.62 1.15 10.88 1.53 304.83 19.18 314.94 30.79 19.40 1.18 10.74 0.78 10 10
33.50 20.23 1.15 12.15 0.00 303.54 16.44 327.02 19.93 20.10 135 11.52 0.00 10 10
35.50 18.57 0.58 10.38 1.15 306.10 24.35 309.65 20.38 18.29 0.44 1043 1.17 10 10
37.50 17.87 0.58 11.10 1.00 304.73 18.35 304.65 13.92 17.68 0.62 1132 133 10 10
39.50 19.52  0.58 10.77 1.53 316.26 18.91 313.76 20.72 18.56 0.60 10.67 1.53 10 10
41.50 19.90 1.00 11.72 1.15 308.56 15.59 311.80 26.38 19.44 1.21 1168 0.84 10 10
43.50 19.50 0.00 12.30 2.00 308.96 24.86 322.11 22.08 19.02 0.00 11.86 1.87 10 10

45.50 17.98 0.58 11.55 1.00 301.81 19.19 304.22 19.35 17.97 0.59 11.80 1.07 10 10
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Table S3.12: Carbon isotope (5'°C) data on VPDB scale with a 613C uncertainty of 0.1 permille (1SD
level) for all three stations analyzed in G. elongatus and G. bulloides calcite tests. From the left: depth
(cm below the sea floor); corrected mean values and standard deviation; n number of tests analyzed per
sample depth.

Alboran Sea (Station 3) Strait of Sicily (Station 7) Balearic Sea (Station 23)
depth §t3¢ n-tested| depth st3c n-tested| depth §B3¢ n-tests
(cm) (%) (em) (%) (cm) (%)

S 2 = 2 =
Gelong G.bull € 3 Gelong Gbull ¥ 3 Gelong Gbull € 3
[G) © [G) © 6 ©
corr  corr corr  corr corr corr
050 073 -115 10 10 1.50 0.51 9 0.25 -1.06 10

1.50 0.73 -1.04 10 10 3.50 0.73 -1.19 10 10 1.25 041 -146 5 10

2.50 0.74 -0.75 10 10 5.50 0.78 -1.48 6 8 225 -1.29 10
3.50 0.99 -0.88 10 10 7.50 0.74 10 4.75 -1.11 10
4.50 117 -0.80 10 10 9.50 0.67 -1.20 9 5 5.75 1.25 5

5.50 1.16 -1.00 10 10 11.50 0.75 -1.23 10 10 6.25

6.50 1.07 -0.83 10 10 13.50 0.75 -1.41 10 10 6.75 -0.91 10

7.50 1.26 -0.70 10 10 15.50 0.83 -0.88 9 10 7.25

8.50 1.39 -0.80 10 10 17.50 0.66 -0.78 10 10 7.75 117 5

14.50 123 -0.78 10 10 19.50 0.98 -1.29 10 6 8.75 -0.85 10

20.50 117 -0.97 10 10 21.50 1.00 -0.93 10 10 10.75 121 -091 5 11

28.50 1.22 -094 10 10 23.50 1.07 -0.88 10 9 12.75 111 5
25.50 0.28 -0.92 10 2 13.25 -0.75 10
27.50 0.75 -0.78 10 10 14.25 0.75 5
29.50 0.47 -0.96 10 10 15.75 -0.90 10
31.50 1.05 -0.84 10 9 16.25 1.15 5
33.50 0.66 -0.92 10 10 17.75 0.92 5
35.50 0.81 -0.81 10 10 18.25 -1.06 11
37.50 0.95 -0.86 10 9 19.25 1.27 5
39.50 0.85 -0.85 10 10 23.25 -1.13 10
41.50 1.02 -0.66 10 5 28.75 -1.04 10
43.50 0.87 -1.12 10 9 42.25 -1.19 9

45.50 0.88 -1.15 10 10
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3.5.7 Plates

Plate S3.1: Scanning electron microscope images of fossil planktic foraminifera of core Station 3
(Alboran Sea). (a,b) Globigerina bulloides at 2.5cm core depth (1969 yr CE); (c,d) Globigerinoides
elongatus at 16.5 cm core depth (1279 yr CE); (e,f) Globigerina bulloides at 27.5 cm core depth (651 yr
CE).
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Plate S3.2: Scanning electron microscope images of fossil planktic foraminifera of core Station 7 (Strait
of Sicily). (a,b) Globigerina bulloides at 6.5 cm core depth (1989 yr CE); (c,d) Globigerina bulloides at
23.5 cm core depth (1919 yr CE); (e,f) Globigerinoides elongatus at 44.5 cm core depth (1819 yr CE).
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Plate S3.3: Scanning electron microscope images of fossil planktic foraminifera of core Station 23
(Balearic Sea). (a,b) Globigerinoides elongatus at 2.25/2.75 cm core depth (1992 yr CE); (c,d)
Globigerina bulloides at 20.75 cm core depth (1537 yr CE); (e,f) Globigerina bulloides at 38.75 cm core
depth (998 yr CE).

3.5.8 Data Availability

The dataset used in this study is publicly available online for download at PANGAEA
Data Publisher (https://doi.pangaea.de/10.1594/PANGAEA.955015).
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CHAPTER 4

4 Ocean deoxygenation linked to
ancient midwater fish decline
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Abstract

Mesopelagic fish are integral to ocean food webs (Catul et al., 2011; Hunt et al., 2015),
and play an important role in carbon transport through their vertical migration
behavior (Saba et al., 2021). Ocean deoxygenation caused by anthropogenic warming
is hypothesized to pose severe threats to mesopelagic fauna, by enhancing physical
stress and changing prey-predator relationships (Gilly et al., 2013; Koslow et al.,
2011; Wishner et al., 2013), but the degree to which this interacts with other drivers
of fish abundance is unclear. Here we use otolith-records from Mediterranean
sediment cores to show near absence of mesopelagic fish abundance between 7 and
11 kyr ago, concurrent with high productivity and low oxygenation of mid-depth
waters. At these times, fish species adapted to the epipelagic habitat including
European anchovy (Engraulis encrasicolus) and Silvery lightfish (Maurolicus
muelleri), dominate the otolith record. After reoxygenation, mesopelagic fish
abundance increases by a factor of ~3, with Lanternfish (Myctophidae) being the most
dominant family from the middle-Holocene to present times. Our results provide
evidence for the important role of Oxygen Minimum Zone dynamics in shaping fish
communities, a key ongoing process expected to intensify over the coming centuries
(Bindoff et al., 2019; Keeling et al., 2010; Shaffer et al., 2009). A decline of
mesopelagic fish abundance could have major impacts on marine fisheries, marine
conservation, ocean food web structure and carbon storage capacity with long-lasting,
adverse knock-on effects for structure and functioning of global marine ecosystem

services.

111



4.1 Introduction

Ocean deoxygenation through the intensification, expansion and shoaling of Oxygen
Minimum Zones (OMZs) is thought to pose a serious threat to mesopelagic fish
communities (Koslow et al., 2011). OMZs are associated with the mesopelagic zone,
hence they occur usually at midwater depth, where oxygen saturation is at its lowest,
limiting macrofaunal life (Gilly et al., 2013). A global expansion, intensification, and
shoaling of OMZs has been documented over the last several decades related to
anthropogenic climate change (Bindoff et al., 2019; Bograd et al., 2008; Helm et al.,
2011; Ito et al., 2017; Schmidtko et al., 2017; Stramma et al., 2008; Whitney et al.,
2007). In addition, ocean models project further decline of oxygen levels to continue
during the next decades (Bindoff et al., 2019; Bopp et al., 2013; Keeling et al., 2010;
Shaffer et al., 2009). Intensified oxygen loss enhances hypoxic stress on marine
organisms, leading to negative physiological effects on biological performance,
including survival, abundance and reproduction (Breitburg et al., 2018; Claireaux &
Chabot, 2019; Sampaio et al., 2021), with fish being particularly sensitive to hypoxia
(Vaquer-Sunyer & Duarte, 2008). Lanternfish are key players of the mesopelagic
community, being the most common and abundant family accounting for 75% of
mesopelagic fish biomass (Catul et al., 2011). Lanternfish are diel vertical migrators
(DVM), feeding at the surface during nighttime. At dawn, they migrate down to the
mesopelagic zone to escape visual predation and to hide in oxygen deprived waters
during the day (Barham, 1966; Klevjer et al., 2016). Although adapted to hypoxic
conditions (Catul et al., 2011; Seibel, 2011), Lanternfish are likely impaired by
prolonged hypoxia within a vertically expanded OMZ core (Wishner et al., 2013).
Shoaling OMZs cause vertical compression of their nighttime habitat and upward shift
of their daytime habitat into the lower edge of the euphotic zone, which enhances
exposure to visual predators with negative consequences for Lanternfish overall
abundances (D. Bianchi et al., 2013; Koslow et al., 2011; Netburn & Koslow, 2015;
Seibel & Wishner, 2019).

The potential decline of mesopelagic fish under expanded ocean hypoxia has major
implications for ocean productivity. The mesopelagic zone forms major parts of
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Earth’s total biosphere, providing habitat to mesopelagic fish with an estimated
biomass of 11 to 15 billion tons only between 40° N and 40° S (Irigoien et al., 2014),
which is around two orders of magnitude higher than world fisheries and aquaculture
production in 2020, which is estimated at 178 million tons (FAO, 2022). As most
mesopelagic fish are a reliable source for essential amino acids and nutritive proteins
(Koizumi et al., 2014; Seo et al., 1998), they are an important resource to supply
aquaculture and nutraceutical markets (St. John et al., 2016), and could be a
potentially new nutritional resource to sustainably feed the world. Mesopelagic fish
inherit a central role in the marine food web, thus being of high importance for
trophodynamics (Catul et al., 2011; Eduardo et al., 2021; Hunt et al., 2015). Due to
their great biomass and vertical migrating behavior, they are important contributors
to the marine carbon cycle (Davison et al., 2013; Saba et al., 2021). Owing to their
fundamental functions for marine conservation, commercial fishery and
biogeochemical cycling, a decline in mesopelagic fish abundance would have severe
ecological and socioeconomic implications (Daniel G. Boyce et al., 2020). However,
the effects of OMZ expansion and intensification on mesopelagic communities are
still under debate, as their biological response to the combined effects of
deoxygenation and other environmental stressors seems to be complicated (Claireaux
& Chabot, 2019; Koslow et al., 2019). Apart from oxygen saturation, other parameters
like ocean temperature (Proud et al., 2017; Salvatteci et al., 2022) and primary
productivity (Davison et al., 2013; Irigoien et al., 2014) also play an important role
for mesopelagic fish dynamics, and how species and communities adapt to long-term

environmental variability (W. A. Jones & Checkley, 2019).

The Eastern Mediterranean Sea is an ideal study area to investigate fish community
response to changing ocean oxygen levels, as oceanographic conditions have
alternated between a well oxygenated and a hypoxic water column throughout the last
13.5 million years (Rohling et al., 2015). Repeated climatic changes lead to higher
organic matter preservation in sediments due to low oxygen availability and higher
organic fluxes to the sea floor, causing the formation of dark, organic-rich
sedimentary deposits, called sapropels. The most recent Sapropel S1 was formed

between 9.8-5.7 kyr BP (subsequently abbreviated kyr) (De Lange et al., 2008), and
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is subject to our investigations. Here we show that changes in ocean oxygen levels are
associated with Holocene mesopelagic fish dynamics, by using a high-resolution (38.6
a cm™) marine record of fossil fish ear bones (otoliths), collected in a “Kasten Lot”
core from the central western Aegean Sea (Figure 4.1c; see Methods), a study region
being notable for Sapropel S1 deposits (Casford et al., 2007; Kontakiotis et al., 2016).
Total fish abundance is estimated by otolith accumulation rates (OAR). To evaluate
fish community changes, we identified 82% of all otoliths at least to the family level.
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Figure 4.1: (a-b) Two hypothetical schemes describing oceanographic 2-component system during
Sapropel deposition and Younger Holocene at our core location in the central west Aegean Sea, and the
ecological response of our target fish to changing oxygen concentration levels; adapted from previous
studies (Koslow et al., 2011; Rohling et al., 2015; Seibel & Wishner, 2019). (c) Ocean data view
bathymetry map (Schlitzer, 2019) of study area and M144 KC5-6 core location (red cross).

4.2 Results and Discussion

4.2.1 Eastern Mediterranean Holocene fish dynamics

Total otolith variability and fish family dynamics throughout the last ~10.5 kyr in the
central western Aegean is expressed as OARs and relative abundances (Figure 4.2b,
S4.1; Table S4.1). Previous to S1 deposition, mean :OARs are low (3.4 otoliths m2
yr!) and species composition is dominated by the Silvery lightfish (Maurolicus
muelleri; 39.7%) a mesopelagic fish species belonging to the family of
Sternoptychidae. European anchovy (Engraulis encrasicolus), an epipelagic forage
fish belonging to the family of Engraulidae, accounts for 8.6% of otolith flux. Otoliths

belonging to the mesopelagic Lanternfish family (Myctophidae) make up 31.6%.
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During sapropel deposition in the early Holocene (Table S4.1), mean :OARS increase
slightly (4.9 otoliths m? yr?) together with changes in species composition. The
Silvery lightfish (42.4%) still dominates the record. Abundances of the European
anchovy increase up to 17.7%, while Lanternfish decline to 14.0%. Otoliths from the
Gadidae (4.8%) and Gonostomatidae (2.9%) form minor parts of the sapropel fauna,
and species of both families have been found living in meso- to bathypelagic depths.
Between ~7 to ~3 kyr BP mean OAR increases by ~3x over sapropel otolith
production to 15.9 (otoliths m2 yr?) and reaches a peak of 33.6 (otoliths m2 yr?) at
3.66 kyr BP dominated by Lanternfish (81.0%). We identified a total of 12 Lanternfish
species (Plates 4.1-4.2) without remarkable composition changes throughout the
Middle to Late Holocene. After 3 kyr, there is a marked drop in average «:OAR to
9.79 (otoliths m2 yrt) but no change in the overall fish assemblage.

The Lanternfish species composition is similar to recent fossil assemblages (Lin et al.,
2017) and modern fish catches (Kapelonis et al., 2019; Somarakis et al., 2011) from
the Mediterranean Sea, highlighting the representativeness of our findings. The
dominance of Lanternfish in the Middle to Late Holocene otolith record is in
accordance with previous studies of marine sediments from the Western Atlantic
(Elder et al., 1996), the Eastern Atlantic (Lin et al., 2016), the Eastern Pacific (W. A.
Jones & Checkley, 2019), the Red Sea (Lin et al., 2018) and the Mediterranean Sea
(Cartesetal., 2017; Lin et al., 2017). Fish catch data and acoustic backscatter analysis
(Irigoien et al., 2014; Pauly et al., 2021) corroborate the dominance of Lanternfish in
the modern ocean in terms of biomass and species diversity (Catul et al., 2011).
Accordingly, the predominance of Lanternfish in the central western Aegean otolith

record appears to reflect actual trends of the global mesopelagic fish fauna.

4.2.2 Ocean deoxygenation in the ancient Eastern Mediterranean Sea

Between 9.33 and 6.87 kyr BP, the low :OAR and reduced abundances of Lanternfish
may indicate deterioration of the mesopelagic fish habitat during sapropel S1
deposition (Figure 4.2b). The near absence of Lanternfish suggests that in the Aegean
Sea their daytime habitat between 250m and 650m water depth (Kapelonis et al.,

2021) became uninhabitable. By comparison, the shallow habitats of the Silvery
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lightfish (daytime habitat: 75-275m) and the European anchovy (day-/nighttime
habitat: 0-180m) (Giannoulaki et al., 2013; Kapelonis et al., 2021; Stein et al., 1998)
may have allowed both species to avoid the expansion of anoxic midwater conditions.
The sporadic presence of otoliths (Figure S4.1) belonging to deep-sea fish of the
families Gonostomatidae and Gadidae (Priede, 2017) argue against constantly euxinic
midwater conditions, which are defined through a raised level of free hydrogen
sulfides (H2S), and are lethal to most metazoans including marine fish (Bagarinao &
Vetter, 1989; Riesch et al., 2015).

Numerical model and paleoceanographic data on the distribution and intensity of the
sapropel conditions support our inference that hypoxic waters shoaled, and oxygen
depletion intensified in the early Holocene. During S1 formation large parts of the
Eastern Mediterranean Sea have been associated with anoxic mid- to bottom waters
(Rohling et al., 2015; Rohling et al., 2000; Schmiedl et al., 2010), including the central
western Aegean Sea (Casford et al., 2007; Kontakiotis, 2016). Enhanced freshwater
runoff and reduced evaporation due to abundant precipitation in the eastern
Mediterranean region (Kallel et al., 1997; Rohling & Hilgen, 1991) intensified vertical
stratification in surface waters, impairing deep water formation and leading to oxygen
depleted mid- to bottom waters (Stratford et al., 2000). Sapropel layers are rare in
sediment cores recovered from less than ~80 to ~125m (Perissoratis & Piper, 1992;
Rohling et al., 2015) while cores from greater depths have well developed sapropel
deposits. The presence of sapropel deposits over a wide depth range but not in near
surface cores suggests that the water column was severely anoxic below the wind-
mixed surface ocean. Despite proxy evidence for enhanced hydrogen sulfide (H.S)
concentrations in the Eastern Mediterranean basin during previous interglacial
sapropel phases (Benkovitz et al., 2020; Chiu et al., 2022; Rohling et al., 2006), we
do not assume bottom to midwater euxinia to be present at our study site, as otoliths
of deep-sea fish and benthic foraminifera (personal communication: Oliver Friedrich)
occur throughout the S1 deposit. This is in line with previous studies reporting mild
euxinic bottom water conditions only at considerably deeper sites compared to our
study region (Andersen et al., 2020; Azrieli-Tal et al., 2014; Slomp et al., 2004).
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While mid- to bottom waters became more uninhabitable due to lower oxygen levels,
a shallow OMZ and elevated riverine nutrient runoff are thought to have stimulated
surface ocean productivity (Rohling et al., 2015; Schmiedl et al., 2010). There is
comprehensive microfossil and geochemical proxy evidence from the Eastern
Mediterranean Sea for high downward fluxes of organic matter to the seabed during
S1 formation (Castradori, 1993; Filippidi & De Lange, 2019; Higgins et al., 2010;
Alessandro Incarbona et al., 2019; Sachs & Repeta, 1999; Thomson et al., 2004).
Planktic foraminiferal accumulation rates (Figure 4.2d) provide evidence for
enhanced surface production at our study site during S1, as planktic foraminiferal
standing stocks are positively related to primary production (Hemleben et al., 1989;
Schiebel & Hemleben, 2005). This is in agreement with planktic foraminiferal species
composition changes, indicating eutrophic surface conditions during S1 close to our
core location (Kontakiotis, 2016). However, the ocean production spiked during the
central western Aegean sapropel phase and may have altered midwater habitats by
changes in nutrient inventories, the types of food available to mesopelagic fish or the

composition of microbially-generated dissolved gasses.

4.2.3 Low mesopelagic fish production beneath a highly productive surface

ocean

Lanternfish nearly disappear within the sapropel, likely reflecting the changed
ecology of a newly anoxic ocean basin (Figure 4.2b, S4.1e). Lanternfish feed at the
surface during night and hide in oxygen deprived mid-waters during day. Their thin
bodies, enhanced respiratory surface area, blood pigments and respiratory proteins,
and reduced activity to suppress metabolic activity are thought to be physiological and
behavioral adaptation strategies to low oxygen environments at midwater depth (Catul
et al., 2011; Seibel, 2011). However, adaptation response of Lanternfish to changing
oxygen levels seems to be species specific (Lopes et al., 2013), and might depend on
their development stage (Maas et al., 2014). Studies in the OMZs of Arabian Sea
(Kinzeretal., 1993), Red Sea (Dypvik & Kaartvedt, 2013) and eastern tropical Pacific
(Maas et al., 2014) report avoidance of low oxygen waters by several Lanternfish
species. Lanternfish which retain their daytime habitat depth regardless of extremely
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low oxygen conditions, must transit longer through uninhabitable (anoxic)
environments (Wishner et al., 2013), with potentially negative effects on their
physiology. In highly anoxic ocean environments like the Black Sea, the mesopelagic
fish community is entirely absent. We assume that the vast majority of Lanternfish
was not able to cope with intensified low oxygen levels at mesopelagic depth, despite

possible oxygen adaptation strategies of some species.

The surface ocean continued to be well oxygenated during sapropel deposition, as
seen in the fish community. Silvery lightfish dominates the fish assemblage during S1
deposition (Figure 4.2b, S4.1d), likely reflecting their ability to exploit near surface
habitats above the OMZ. In the Gulf of Corinth, a semi-enclosed subbasin in the
Eastern Mediterranean, Silvery lightfish inhabit shallow daytime habitats living a few
meters above the seabed along the continental shelf at approximately 75-275m water
depth, still residing at the surface during night (Kapelonis et al., 2019). To better cope
with enhanced predator pressure, the species is known for changing from diel vertical
migration to schooling behavior at the surface when exposed to illuminated summer
nights in northern high latitudes (Stein et al., 1998). Both a shallower habitat and
better adaptation strategies to avoid predation in the epipelagic zone, presumably
made the Silvery lightfish less susceptible to an intensification and shoaling of the
OMZ during S1 deposition, while still benefiting from enhanced productivity at the

surface.

High epipelagic fish production during the sapropel is also indicated by the increase
in abundance of European anchovy (Figure 4.2b, S4.1c). These fish thrive in oceanic
systems characterized by strong, shallow OMZs and high surface productivity, as
reported from the modern Black Sea (Capet et al., 2018; FAO, 2018) and from
paleorecords off the coast of Peru (Salvatteci et al., 2019). A shoaling OMZ in the
Peruvian upwelling system is hypothesized to change plankton structure with benefits
for anchovy populations (Bertrand et al., 2011). This is in agreement with enhanced
planktic foraminiferal accumulation rates during S1 formation (Figure 4.2d),
indicating higher primary production. Accordingly, we presume that increasing

surface ocean primary productivity cascaded up the trophic ladder and stimulated
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epipelagic fish production as recorded in our European anchovy and Silvery lightfish
otolith record. At the same time, epipelagic predators benefitted from the shoaling

OMZs, which enhanced mesopelagic prey availability in surface waters (Stewart et

al., 2014).
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Figure 4.2: Paleo fish composition changes in the central west Aegean Sea throughout the last 10.5 kyr
retrieved from a fossil otoliths record (core: M144 KC5-6). (a) Sketches of most common fish species:
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European anchovy (Engraulis encrasicolus;, blue), Silvery lightfish (Maurolicus mulleri, orange); and
species (here: Hygophum benoiti as an example) of the family: Lanternfish (Myctophidae, red) with
typical daytime habitat depth indicated. (b) Relative abundance of the most common fish species/family
as cumulative stacked area plot of 10cm bins. White trend line shows total otolith accumulation rates
(OARs). (c) Stack of Sea Surface Temperature (SST) anomaly [°C] changes in the Mediterranean
throughout the Holocene (Marriner et al., 2022), and SST [°C] variability close to our study site from
core SK-1 (Kontakiotis, 2016). (d) Productivity changes in the central west Aegean Sea shown by
Eutrophication index from core SK-1 (Kontakiotis, 2016), and planktic foraminiferal test accumulation
rates (this study). () M144 KC5-6 sediment surface color scanning. Light brownish bands represent
Sapropel Sla and Sib.

4.2.4 Mid- to Late Holocene recovery of the mesopelagic fish assemblage

The oceanographic shift happening in the eastern Mediterranean during the middle -
Holocene (Kontakiotis, 2016; Kuhnt et al., 2008; Marriner et al., 2022; Rohling et al.,
2015), a period around 7 to 5 kyr ago, sets stage for a substantial transformation of
the mesopelagic fish community in the central western Aegean Sea (Figure 4.2b-d).
With the end of S1 deposition, anoxic mid- to deep waters were displaced by well
oxygenated conditions, allowing Lanternfish to occupy the mesopelagic zone and
avoid predators in the surface ocean. Aside from basin reoxygenation, sea surface
temperature (SST) and productivity are an important secondary driver for
mesopelagic fish dynamics (Davison et al., 2013; Irigoien et al., 2014; W. A. Jones &
Checkley, 2019; Koslow et al., 2019; Olivar et al., 2022; Salvatteci et al., 2022), and

help explain Lanternfish population changes in the eastern Mediterranean Sea.

Higher temperatures enhance metabolic rates and therefore growth and reproduction
(Jennings et al., 2008), including the mid-water fish community (Proud et al., 2017).
Lanternfish remain in the epipelagic zone as larvae before beginning diel migration
as adults (Maas et al., 2014; Sassa et al., 2004). High mid-Holocene SSTs of nearly
20 °C (Figure 4.2c) would have enhanced growth rates of larvae, boosting Lanternfish
biomass. As marine fish is able to adapt their habitat depth to thermal regime changes
(Freitas et al., 2016; Freitas et al., 2021), higher deep-water temperatures in the
Mediterranean would allow Lanternfish to move deeper during the day to increase
avoidance of predators. The combination of reduced predation and elevated growth
rate in a warmer, better oxygenated ocean may explain the mid-Holocene recovery of
the Lanternfish population. In the reverse manner, colder oceans lead to reduced
growth and a shallower habitat depth of Lanternfish, causing low overall abundances

prior to S1 formation and their decline around 3 kyr (Figure 4.2b). However, the
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anticorrelation between Lanternfish abundance and planktic foraminiferal
accumulation rate (PFAR) reported in our record (Figure 4.2b,d) disagrees with
previous observation describing a positive correlation between primary production
and mesopelagic fish abundance (Davison et al., 2013; Irigoien et al., 2014; Olivar et
al., 2022), and emphasizes that the complexity of the marine food web structure is

likely insufficiently understood as yet.

4.2.5 Sapropel S1 analog for future OMZs and its implications

In the future, models suggest that global OMZs will intensify and expand, shifting the
upper hypoxic boundary layer closer towards the sea surface (Bindoff et al., 2019;
Bopp et al., 2013; Keeling et al., 2010; Shaffer et al., 2009), affecting the mesopelagic
fauna, as their vertical habitat depth range is mainly controlled by oxygen levels (D.
Bianchi et al., 2013; Klevjer et al., 2016; Maas et al., 2014; Netburn & Koslow, 2015).
Shoaling of daytime habitat and vertical compression of nighttime habitat, have been
hypothesized to alter prey-predator relationships with negative impacts on the
mesopelagic fish community (Koslow et al., 2011). The near absence of Lanternfish
during sapropel formation suggests that habitat compression occurred during the
sapropel in agreement with Koslow’s model (Figure 4.1a-b). However, Koslow et al.
(2019) reports that the correlation between mesopelagic fish and oxygen broke down
when ocean temperatures became warmer, resulting in an increase of mesopelagic
warm water species including Lanternfish. The community composition of
mesopelagic fish can shift toward taxa better adapted to more intense, shallower
OMZs, as substantiated in our study by the replacement of Lanternfish by the Silvery
lightfish being the dominant species during S1 formation. Koslow et al. (2019) in
agreement with our observations show that the model of Koslow et al. (2011) is not
universal, and mechanisms controlling the marine food structure are more complex
than a simple correlation between oxygen and abundance of mesopelagic fish.
However, the sapropel period in the eastern Mediterranean may have been particularly
hostile to life in the mesopelagic zone, as shown by the near absence of fossil otoliths

during S1 deposition, possibly caused through the development of severe photic zone
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anoxia. Additional to the effects of ocean hypoxia, it is likely that changes in the

marine food web architecture have favored epipelagic over mesopelagic fish.

Unprecedented ocean warming is projected to drive shoaling and intensification of
OMZs in the future, with unknown consequences for pelagic ecosystems. Our findings
suggest an increase of mesopelagic fish abundances with future ocean warming.
However, it is also likely that beyond a certain point, which might be above 20°C SST
warming at our study area, thermally driven stratification and reduced solubility cause
such severe ocean deoxygenation, that the relation with temperature breaks up. Not
till then oxygen levels become the main driver on population dynamics, with dramatic
consequences for the mesopelagic fish community. Therefore, the S1 record might
help to project the pelagic fish community in a highly deoxygenated global ocean.

4.3 Methods

4.3.1 Material

The study is based on Core M144 KC 5-6, collected with a Kasten Corer system
(appendix in Gersonde, 2012) at 559.2m water depth in the central western Aegean
Sea (38°55.545°N; 23°38.684°E) during cruise M 144 from December 2017 to January
2018 on board R/V Meteor (Pross et al., 2021). Sapropel phases are identified through
dark shaded bands (Figure S4.2, Table S4.2). The 345 cm long, 30 cm x 30 cm Kasten
Core is subsampled into cores A and B, each core representing the top 272 cm and a
surface area of 14.5 cm x 14.5 cm, sliced every 1 cm. The 0.5 cm thick walls of the
Plexiglas boxes used for subsampling result in three missing samples at depths 100.5
cm, 101.5 cm and 202 cm. We obtain bulk sediment mass after drying each 1 cm slice
at 50-60°C for approximately three weeks until samples reach constant dry weight.
Dry samples are washed over a 125 um screen, before drying them at 50-60°C for
about 24h. Dry bulk density for each sample is calculated through dividing dry bulk

sediment mass by sample volume.
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4.3.2 Age Model

Six radiocarbon dates (**C) are obtained from different depths of the upper core part
(Table S4.3), measured in planktic foraminifera (Globigerinoides ruber white) tests,
isolated from the 250 to 315 pm fraction. Analysis is performed by using accelerator
mass spectrometry (AMS) at the NOSAMS facility at Woods Hole Oceanographic
Institution (Volkman et al., 1995). Radiocarbon ages are calibrated to calendar ages
by using CALIB REV8.2 program in conjunction with the Marine20 radiocarbon
calibration curve allowing for the globally averaged mixed-layer reservoir age
(Heaton et al., 2020; Stuiver & Reimer, 1993). Ages are reported with 26 uncertainty.
We calculate the age depth model through linear inter- and extrapolation using the
given 14C calendar ages (Figure S4.3). Sedimentation rate ranges from 31.4 to 23.2
cm kyr?, which is in good accordance with sedimentation rates of Holocene records
from the central Aegean Sea varying between 8.6 and 58.5 cm kyr (Casford et al.,
2007).

4.3.3 Otoliths

After dry sieving over a >250 um screen, we isolate all otoliths and otolith fragments
from the coarse size fraction and archive them on micropaleontological slides. Otolith
count and identification is performed on both cores A and B, with lower resolution
between 0.5cm and 151.5cm, and highest resolution between 152.5¢cm and 272.5cm.
A binocular stereo microscope (magnification 10x — 20x) and a bifurcated illuminator

is used to undertake counting and taxonomic analysis.

Otolith accumulation rates (OAR, otoliths m2 yr?) are estimated by dividing raw
otolith counts by dry bulk sediment mass (g?), and further multiply with sediment
accumulation rate (cm yr?) and dry bulk density (g cm™®) of each sample and

multiplied by ten.

Identification of otoliths to the lowest taxonomic level is based on an automatic taxon
identification software (Parisi-Baradad et al., 2010), web database (Lombarte et al.,

2006), and otolith catalogs from the Mediterranean region (Lin et al., 2018; Tuset et
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al., 2008). We classified a total number of 3273 otoliths into one of six groups: the
families Myctophidae, Sternoptychidae, Engraulidae, Gadidae, and Gonostomatidae,
representing the most common taxa of the otolith record, and Other. Within the five
families, the following species are identified: Myctophidae: Benthosema glaciale,
Ceratoscopelus maderensis, Diaphus holti, Electrona risso, Hygophum benoiti,
Hygophum hygomii, Lampanyctus crocodilus, Lampanyctus pusillus, Lobianchia
dofleini, Myctophum punctatum, Notoscopelus elongatus, Symbolophorus veranyi;
Sternoptychidae: Argyropelecus hemigymnus, Maurolicus muelleri; Engraulidae:
Engraulis encrasicolus; Gadidae: Gadiculus argenteus, Micromesistius poutassou.
Otoliths we cannot identify due to deficient preservation and/or missing modern
analog we classify under unidentified. Unidentified and identified otoliths not
belonging to one of the target families are grouped into Other (Figure S4.1; Table 4.4-
4.5). Color images for each target species are taken with reflected light and a black
background using a Canon EOS 650 D camera device attached to a Leica Z16 APO at
UAB laboratory facilities, to produce a reference catalog (Plates 4.1-4.3) and to
perform automated taxon identification through the AFORO software (Parisi-Baradad
etal., 2010).

Relative abundance records for the six groups are smoothed by calculating the mean
values for 10 cm bins (Figure 4.1b; S4.1). Mean values regarding sapropel phases are
calculated for otolith relative abundance and otolith accumulation rate (OAR) for each
target family (Table S4.1).

4.3.4 Planktic foraminifera

For calculation of planktic foraminiferal accumulation rates (PFAR), a total of 108
samples were taken from Core M144 5-6 in a sample resolution of 2—4 cm. All
sediment samples were initially dried and weighed before being disaggregated in
distilled water and washed through a 63 pum sieve. Planktic foraminiferal counts are
based on the >125 pum size fraction. If more than 250-300 specimens were present in
a single sample, representative splits of the sample material were counted. Planktic
foraminiferal counts (PFAR) are then recalculated for the entire sample. PFAR were

calculated following Herguera and Berger (1991):
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PFAR =F X LSR X DBS [ncm™?kyr~1]

where F is the planktic foraminifera abundance (n g*), LSR is the linear sedimentation
rate (cm kyr!) and DBS is the dry bulk sediment (g cm=) (g = grams of dry sediment).

4.3.5 Color scanning

A MINOLTA CM-700d hand-held spectrophotometer was used combined with a CM-
A178 target mask (& 8 mm, with plate) to color scan M144 KC5-6 each cm downcore
on board. Sediment surface was cleaned and covered air-bubble-free with
apolyethylene foil before scanning. Color data were reported in the CIELAB space
using the L*a*b* system. To calibrate the spectrophotometer, a Konica Minolta White
Calibration Cap CM-A177 and Zero Calibration Box CM-A182 were used. Spectral
reflectance was measured over a wavelength spectrum from 400 to 700 nm. The L*

and a* values were used to define sapropel phases (Table S4.4-4.6).
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4.4  Supplementary Material
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Figure S4.1: Downcore variation of fossil otolith abundances (a-f) during the last 10.5 kyr in the central
western Aegean Sea. Data represents the most common families of the otolith record, and others, shown
as otolith accumulation rates (otoliths m-2 yr-; OAR) and relative abundances (%). Color coded lines
are average values calculated for 10 cm bins.

126



150 cm

i
&
g
R
¥
]
/|

' 10cm
% 160cm
'% 20cm
170cm
30cm
180 cm
40cm
190 cm
50cm
200cm
60 cm
210cm
70 cm
220 cm
80cm
230cm
90 cm
240cm
100 cm
250cm
110cm
260 cm
120 cm
270 cm
130cm
280 cm
140 cm

Figure S4.2: Image of core M144 KC5-6 with core depth (cm). Darker bands identified as Sapropel
layers.
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442 Tables

Table S4.1: Mean otolith relative abundances (%) and -accumulation rates (otoliths m- yr?) for each

sapropel phase.

age kyr BP (calender 4C)

3 5

7

9

11

S1
Pre-S1 Post-S1
¢ Sla Sib Interruption o8

% (ot.m'?yr'l,l % {oi.m'zyr"} % (Dr.m'zyr"} % fv!.m'?yr 'JJ % {a(.m'zyr'],]

. 17.7 (0.89)
Engraulidae 8.6 (0.30) 1.4 (0.19)

22.4 (1.03) 12.9 {0.68) 13.6 (0.51)
Gadid 1.2 {0.04) 48 (022) 1.5 {0.21)
aaldae - 32 (0.15) 6.5 (0.34) 0.0 (0.00) =

. 14.0 (0.64)
Myctophidae 31.6 (1.08) 8.0 (0.37) 200 (1.08) 25.0 (0.93) 77.2 (11.11)
G id 1.7 (0.06 248 (0.23) 1.3 {0.19,
onostomatidae 7 {0.06) 2.0 (0.09) 18 (0.20) 0.0 (0.00) 3 {0.29)

R 44.2 (2.17)
Sternoptychidae 40.8 (1.40) a8 (227) 100 (2.08) 432 (1.60) 3.0 (0.41)
Oth 16.1 {0.55 16.4 (0.79] 15.6 (2.19,
ther -1 {0.55) 16.0 (0.74) 16.8 (0.87) 18.2 {0.68) 6 (2.19)

-- (4.85
Total - (3.43) (485) - (14.31)
-~ {4.61) - (2.71) - (5.20)
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Table S4.2: Definition of Sapropel phases through visual analysis of darker bands (see Figure S4.2).
Owing to its high organic content, the Sapropel S1 layer can be identified visually by its darker color,
and can be further subdivided into S1a and S1b, as the color shading displays an interruption attributed
to an arid climate interlude around ~8.2 kyr BP in the Mediterranean region (Rohling et al., 2015).

Sapropel phase Core depth (cm) Age (kyr BP)
Post-S1 0.5-180.5 -45 - 6835
S1b 181.5-203.5 6875 - 7761
S1-Interruption 204.5-210.5 7801 - 8043
Sla 211.5-242.5 8083 - 9331
Pre-S1 2435 -272.5 9371 - 10539

Table S4.3: Uncalibrated and calibrated 14C dates of core M144 KC5-6. Calibration to calendar years
AD (Median Probability), including 95.4 age error, through Marine20 radiocarbon calibration curve
(Heaton et al., 2020; Stuiver & Reimer, 1993).

depth age '*C uncalib. age error age "C calib. 20 minus 20 plus species
(cm) (yr) (yr AD)

35 620 20 1,866 1,727 1,950 G. ruber white
8.5 2120 20 425 272 561 G. ruber white
425 2230 20 299 154 432 G. ruber white
7.5 3130 25 -814 -964 -687 G. ruber white
109.5 4110 25 2,026 -2,192 1,870 | . ruber white
147.5 5330 25 -3,556 -3,691 -3389 | G. ruber white
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Table S4.4: M144 KC5-6 data used in the study from 0.5-99.5cm core depth. From left to right: Core
ID, sample depth, sample mean age, dry bulk weight (DBD), dry bulk density (DBS), sedimentation rate;
Total otolith count, concentration and accumulation rate; core color scan; planktic foraminiferal
accumulation rate (PFAR).

Core Data Total Otolith Abundance (>250um)  COlor  Planktic
scan Foram
core bottom  toj depth mean age DBW DBD sr count conc. OAR (& PFAR
{em) (kyr BP) (&) (gem’) (emkyr?) (#) g’) (#em? kyr?) | (10/065) | (ncm” kyr?)
M144 KC5-6 A&B o 1 0.5 -0.05 141.08 034 2318 13 0.09 717 46.20 1898.81
M144 KC5-6 A&B 1 2 1.5 0.00 120.97 030 2318 15 0.12 8.62 46.91 n.a.
M144 KC5-6 A&B 2 3 25 0.04 117.98 029 2318 n.a. na. na. 47.06 3763.42
M144 KC5-6 A&B 3 a4 3.5 0.08 126.93 033 2429 6 0.05 3.82 51.48 n.a.
M144 KC5-6 A&B a4 5 4.5 0.13 141.93 035 2429 n.a. na. na. 51.43 2191.81
M144 KC5-6 A&B 5 6 5.5 0.17 132.86 033 2429 6 0.05 3.60 53.25 n.a.
M144 KC5-6 A&B 6 7 6.5 0.21 141.26 035 2429 n.a. na. na. 49.42 n.a.
MIsGKCS-6AE 7 8 75 025 14388 036 2429 | 7 0.05 428 | 5206 | 2424.98
M144 KC5-6 A&B 8 9 85 0.29 132.71 033 2429 9 0.07 5.41 52.53 n.a.
MI4GKCS-6AE 9 10 95 033 14054 035 2429 | na. na na. | 5085 | na
M144 KC5-6 A&B 10 1 105 0.37 159.53 040 2429 12 0.08 7.39 54.08 2456.07
M144 KC5-6 A&B 11 12 115 0.41 179.50 044 2429 n.a. n.a. n.a. 54.52 n.a.
M144 KC5-6 A&B 12 13 125 0.45 178.20 044 2429 13 0.07 7.82 53.85 3645.25
M144 KC5-6 A&B 13 14 135 0.50 190.90 048 2429 19 0.10 11.58 52.97 n.a.
M144 KC5-6 A&B 14 15 14.5 0.54 195.20 0.48 2429 n.a. n.a. n.a. 53.73 3769.60
M144 KC5-6 A&B 15 16 155 0.58 182.60 045 2429 20 0.11 11.99 52.97 n.a.
M144 KC5-6 A&B 16 17 16.5 0.62 214.10 0.53 2429 n.a. n.a. n.a. 53.94 n.a.
M144 KC5-6 A&B 17 18 175 0.66 190.80 048 2429 25 0.13 15.14 54.11 2572.66
MI44KCS-6AGE 18 19 185 070 18840 047 2429 | 16 0.08 964 | 5410 | na
M144 KC5-6 B 19 20 195 0.74 65.60 035 2429 n.a. na. na. 55.13 n.a.
MI44KCS-6ARE 20 21 205 078 19528 049 2429 | 19 010 1154 | 5489 | 19120
M144 KC5-6 A&B 21 22 215 0.83 212.80 052 2429 n.a. na. na. 55.60 n.a.
M144 KC5-6 A&B 22 23 225 0.87 194.42 049 2429 24 0.12 14.58 49.54 4274.81
M144 KC5-6 A&B 23 24 235 0.91 206.90 051 2429 21 0.10 12.54 54.39 n.a.
M144 KC5-6 A&B 24 25 245 0.95 190.10 048 2429 n.a. na. n.: 54.44 4096.04
M144 KC5-6 A&B 25 26 255 0.99 205.40 051 2429 9 0.04 5.43 53.79 n.a.
M144 KC5-6 A&B 26 27 26.5 1.03 232.80 0.58 2429 n.a. na. na. 53.08 n.a.
MI4GKCS-6ARE 27 28 275 107 21530 053 2429 | 20 009 119 | 5304 | 339653
M144 KC5-6 A&B 28 29 285 111 216.20 0.54 2429 21 0.10 12.63 52.66 n.a.
MI44KCS6A 20 30 295 115 12460 059 2429 | na. na. n. 5255 | na
M144 KC5-6 A&B 30 31 30.5 120 219.29 052 2429 27 0.12 15.60 53.26 4678.97
MI4GKCS-6ASE 31 32 315 124 21540 054 2429 | na. na na | 5243 | na
M144 KC5-6 A&B 32 33 325 128 212.90 053 2429 20 0.09 12.12 51.87 4647.88
MI4GKCS-6ASE 33 34 335 132 22520 056 2429 | 15 0.07 909 | 5160 | na
M144 KC5-6 A&B 34 35 345 136 219.20 0.56 24.29 n.a. n.a. n.a. 50.44 n.a.
M144 KC5-6 A&B 35 36 355 1.40 215.60 054 2429 13 0.06 7.96 51.23 3194.45
M144 KC5-6 A&B 36 37 36.5 1.44 230.30 057 2429 n.a. n.a. n.: 50.49 n.a.
M144 KC5-6 A&B 37 38 375 148 231.90 0.58 2429 23 0.10 13.91 50.82 2964.33
M144 KC5-6 A&B 38 39 385 1.53 227.51 0.57 3175 23 0.10 18.15 50.50 n.a.
M144 KC5-6 A&B 39 40 395 1.56 227.70 056 3175 n.a. na. na. 49.61 n.a.
MI44KCS-6AGE 40 41 405 159 24524 058 3175 | 25 010 1887 | 5092 | na
M144 KC5-6 A&B 41 42 415 1.62 222.10 0.58 3175 n.a. na. na. 51.28 3919.90
MI4GKCS-6ARE 42 43 425 16 24975 059 2606 | 12 0.05 744 | siis | 419393
M144 KC5-6 A&B 43 44 43.5 1.69 235.30 0.59 26.06 14 0.06 9.14 52.30 n.a.
M144 KC5-6 A&B 44 a5 445 173 235.70 0.59  26.06 n.a. n.a. n.a. 52.04 3022.46
M144 KC5-6 A&B 45 46 45.5 177 245.10 0.61 26.06 18 0.07 1161 51.43 n.a.
M144 KC5-6 A&B 46 47 46.5 1.80 241.70 0.60 26.06 n.a. na. na. 52.51 n.a.
M144 KC5-6 A&B 47 48 47.5 1.84 282.30 0.69 26.06 16 0.06 10.25 52.77 2426.31
M144 KC5-6 A&B 48 49 485 1.88 249.50 0.62 26.06 9 0.04 5.85 53.22 n.a.
MI44KCS-6AGE 49 SO 495 192 25990 064 2606 | na. na. na. | 5326 | na
M144 KC5-6 A&B 50 51 50.5 1.96 248.88 0.59 26.06 16 0.06 9.91 54.27 3485.21
MI44KCS-6ASE 51 52 515 200 25390 063 2606 | na. na. na | 5247 | na
M144 KC5-6 A&B 52 53 525 2.03 250.64 0.62 26.06 18 0.07 11.62 53.07 2409.63
MISGKCS-6ARE 53 54 535 207 25327 063 2606 | 12 0.05 773 | 5222 | na
M144 KC5-6 A&B 54 55 54.5 211 263.78 0.66 26.06 n.a. na. na. 51.61 3301.78
MI4GKCS-6ABE 55 56 555 215 25993 064 2606 | 13 005 83 | 5171 | na
M144 KC5-6 A&B 56 57 56.5 219 257.94 0.64 26.06 n.a. n.a. na. 51.56 n.a.
M144 KC5-6 A&B 57 58 57.5 223 258.50 0.64 26.06 18 0.07 11.61 52.51 3085.00
M144 KC5-6 A 58 59 58.5 227 255.41 0.63 26.06 9 0.04 5.82 51.34 n.a.
M144 KC5-6 A&B 59 60 59.5 230 133.62 0.64 26.06 n.a. na. na. 51.97 n.a.
MI4GKCS-6AGE 60 61 605 234 26453 065 2606 | 11 0.04 705 | 5277 | 253470
M144 KC5-6 A&B 61 62 615 2.38 261.70 0.65 26.06 n.a. na. na. 51.47 n.a.
MIsGKCS-6ARE 62 63 625 242 26420 065 2606 | 16 006 1030 | 5251 | 213448
M144 KC5-6 A&B 63 64 63.5 2.46 264.10 0.65 26.06 15 0.06 9.65 52.23 n.a.
MI4GKCS-GASE 64 65 645 250 26380 065 2606 | na. na 140 | 1384.08
M144 KC5-6 A&B 65 66 65.5 253 270.10 0.67 26.06 7 0.03 51.37 n.a.
M144 KC5-6 A&B 66 67 66.5 2.57 262.90 0.65 26.06 n.a. n.a. 52.08 n.a.
M144 KC5-6 A&B 67 68 67.5 2.61 265.60 0.66 26.06 19 0.07 51.59 1909.36
M144 KC5-6 A&B 68 69 68.5 2.65 267.30 0.66 26.06 26 0.10 51.58 n.a.
M144 KC5-6 A&B 69 70 69.5 2.69 287.29 0.68 26.06 n.a. na. 51.97 n.a.
M144 KC5-6 A&B 70 71 70.5 273 270.20 0.67 26.06 17 0.06 51.91 2577.88
M144 KC5-6 B 71 72 715 2.76 126.60 0.65 3135 n.a. n.a. 52.76 n.a.
M144 KC5-6 A&B 72 73 725 2.80 272.70 0.67 3135 17 0.06 51.96 3125.28
MI4GKCS-6ARE 73 74 735 283 26890 066 3135 | 30 011 519 | na
M144 KC5-6 A&B 74 75 74.5 2.86 273.40 0.67 3135 n.a. na. 51.31 1183.89
MI4GKCS-6ARE 75 76 755 289 27030 067 3135 | 28 0.10 5144 | na
M144 KC5-6 A&B 76 77 76.5 2.92 268.80 0.66 31.35 n.a. na. 50.68 n.a.
M144 KC5-6 A&B 77 78 77.5 2.96 270.50 0.67 3135 31 0.11 51.50 2904.55
M144 KC5-6 A&B 78 79 78.5 299 277.60 0.68 3135 23 0.08 52.03 n.a.
M144 KC5-6 A&B 79 80 79.5 3.02 289.60 0.69 3135 n.a. na. 49.43 n.a.
M144 KC5-6 A&B 80 81 80.5 3.05 277.86 0.68 3135 32 0.12 51.15 2578.48
M144 KC5-6 A&B 81 82 815 3.08 279.30 0.69 3135 n.a. na. 50.49 n.a.
MIsGKCS-6AGE 82 83 825 341 27820 069 3135 | 28 0.10 5020 | 4013.20
M144 KC5-6 B 83 84 835 3.15 121.40 0.63 3135 12 0.10 50.72 n.a.
MI44KCS-6AGE 84 85 845 318 28260 070 3135 | na. na. 4979 | 317043
M144 KC5-6 A&B 85 86 85.5 3.21 283.20 070 3135 27 0.10 50.65 n.a.
MI44KCS-6ASE 86 87 865 324 28080 069 3135 | na na 5113 | na
M144 KC5-6 A&B 87 88 87.5 3.27 273.80 0.68 3135 29 0.11 50.61 2518.28
M144 KC5-6 A&B 88 89 885 331 271.00 0.66 3135 35 013 51.94 n.a.
M144 KC5-6 A&B 89 90 89.5 3.34 265.28 0.65 3135 n.a. na. 51.05 n.a.
M144 KC5-6 A&B 90 91 90.5 337 289.93 0.69 3135 44 0.15 50.51 2152.08
M144 KC5-6 A&B 91 92 915 3.40 272.95 0.67 3135 n.a. na. 51.78 n.a.
M144 KC5-6 A&B 92 93 925 3.43 282.24 0.69 3135 38 0.13 51.80 2613.60
MI4GKCS-6AGE 93 94 935 347 27447 068 3135 | 28 0.10 5171 | na
M144 KC5-6 A&B 94 95 94.5 3.50 275.69 0.68 3135 n.a. na. 50.93 2663.76
MI4GKCS-6AGE 95 96 955 353 27167 067 3135 | 34 013 5077 | na
M144 KC5-6 A&B 96 97 96.5 3.56 275.64 0.68 3135 n.a. na. 51.46 n.a.
MI44KCS-6ARE 97 98 975 359 28421 070 3135 | 36 013 5150 | na
M144 KC5-6 A&B 98 99 98.5 3.63 28237 0.69 3135 37 0.13 51.98 1936.37
M144 KC5-6 A&B 99 100 99.5 3.66 413.34 098 -0.27 45 0.11 52.31 n.a
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Table S4.5: M144 KC5-6 data used in the study from 100.5-199.5¢m core depth. From left to right: Core
ID, sample depth, sample mean age, dry bulk weight (DBD), dry bulk density (DBS), sedimentation rate;
Total otolith count, concentration and accumulation rate; core color scan; planktic foraminiferal
accumulation rate (PFAR).

Core Data Total Otolith Abundance (>250um) " Planktic
scan Foram
core bottom top depth meanage DBW  DBD s count conc. O0AR L PFAR

(em). kyr BP) 0] gem’)  femkyr!) # (#e’) (em” kyr') | (10°/065) | (ncm” kyr)
M144 KC5-6 A&B 100 101 100.5 3.69 26535 0.63 3135 n.a. n.a. n.a. n.a. n.a.
M144 KC5-6 A&B 101 102 1015 372 260.06 0.64 3135 na. na. n.a. n.a. 247815
M144 KC5-6 A&B 102 103 102.5 3.75 264.13  0.65 3135 27 0.10 20.89 51.26 n.a.
M144KCS-6AGB 103 104 1035 378 26084 065 3135 2 009 1870 | 5155 |3150.36
M144 KC5-6 A&B 104 105 1045 3.82 27280 067 3135 na. n.a. n.a. 51.05 n.a.
M144 KC5-6 A&B 105 106  105.5 3.85 268.90 0.66 3135 28 0.10 21.65 50.46 n.a.
M144KCS-6A&B 106 107 1065 388 26897 0.66 3135 | na. na. na. | 4997 | 214205
M144KCS-6A&B 107 108 107.5 391 26520 065 3135 37 014 2864 | 5105 | na
M144 KC5-6 A&B 108 109 1085 3.94 25957 0.65 3135 21 0.08 16.36 50.72 n.a.
M144 KC5-6 A&B 109 110 109.5 3.98 27097 0.67 24.84 n.a. n.a. n.a. 51.13 2502.80
MI144KCS-6A&B 110 111 1105 402 27880 068 2484 2 008 1335 | 5173 | na
M144 KC5-6 A&B 111 112 1115 4.06 28370 0.70 24.84 na. n.a. n.a. 51.33 2479.69
M144 KC5-6 A&B 112 113 1125 410 28660 0.71 24.84 23 0.08 14.07 51.32 n.a.
M144KCS-6AGB 113 114 1135 414 27970 069 2484 30 011 1836 | 5191 | 293271
M144 KC5-6 A&B 114 115 1145 418 279.70 0.69 24.84 n.a. n.a. n.a. 50.92 n.a.
M144 KC5-6 A&B 115 116 1155 4.22 277.50 0.68 24.84 35 0.13 21.40 50.86 n.a.
MI144KCS-6A&B 116 117 1165 426 28280 070 2484 | na. na. na. | 5212 | 309166
M144 KC5-6 A&B 117 18 1175 430 28980 0.71 24.84 19 0.07 11.64 51.91 n.a.
M144 KC5-6 A&B 118 119 1185 4.34 279.22  0.69 24.84 39 0.14 23.86 51.58 n.a.
M144KCS-6A&B 119 120 1195 438 29000 071 2484 | na. na. na. | 5208 |3306.25
MI144KCS-6AGB 120 121 1205 442 31390 077 2484 2 009 1707 | 5147 | na
M144 KC5-6 A&B 121 122 1215 4.46 31150 0.76 24.84 na. n.a. n.a. 50.80 | 2296.89
M144 KC5-6 A&B 122 123 1225 450 31530 0.77 24.84 31 0.10 18.88 50.76 n.a.
MI144KCS-6AGB 123 124 1235 454 30090 074 2484 38 013 2318 | 5141 | 223331
M144 KC5-6 A&B 124 125 1245 4.58 30520 0.75 24.84 n.a. n.a. n.a. 51.55 n.a.
M144 KC5-6 A&B 125 126 1255 4.62 294.80 0.73 24.84 29 0.10 17.76 50.91 n.a.
M144KCS-6A&B 126 127 1265 466 13750 070 2484 | na. na. na. | 5194 | 2567.11
M144 KC5-6 A&B 127 128 1275 470 31860 0.76 24.84 29 0.09 17.13 52.09 n.a.
M144 KC5-6 A&B 128 129 1285 474 302.09 074 24.84 13 0.04 7.91 52.13 n.a.
M144KCS-6A&B 129 130 1295 478 30760 076 2484 | na. na. na. | sii6 | 270222
M144 KC5-6 A&B 130 131 1305 482 290.00 0.71 24.84 37 0.13 22.49 51.82 n.a.
M144 KC5-6 A&B 131 132 1315 486 28763 071 24.84 na. n.a. n.a. 51.21 231278
M144 KC5-6 A&B 132 133 1325 4.90 28646 0.71 24.84 33 0.12 20.21 51.92 n.a.
MI144KCS-6AGB 133 134 1335 494 29432 072 2484 17 006 1039 | 5172 | 226510
M144 KC5-6 A&B 134 135 1345 498 29546 073 24.84 na. n.a. n.a. 52.33 n.a.
M144 KC5-6 A&B 135 136 1355 5.02 299.43  0.74 24.84 17 0.06 10.38 52.32 n.a.
MI144KCS-6A&B 136 137 1365 506 29303 072 2484 | na. na. na. | s215 | 231278
M144 KC5-6 A&B 137 138 1375 5.10 30053 074 24.84 22 0.07 13.44 52.24 n.a.
M144 KC5-6 A&B 138 139 1385 514 30132 075 24.84 31 0.10 19.14 52.59 n.a.
M144KCS-6AGB 139 140 1395 518 29780 073 2484 | na. na. na. | 5203 | 279759
M144 KC5-6 A&B 140 141 1405 5.22 31070 0.76 24.84 32 0.10 19.52 51.82 n.a.
M144 KC5-6 A&B 141 142 1415 5.26 309.20 0.76 24.84 n.a. n.a. n.a. 51.82 2857.20
MI144KCS-6AGB 142 143 1425 530 31470 077 2484 31 010 1890 | 5153 | na.
M144 KCS-6 A&B 143 144 1435 534 29970 0.74 2484 34 0.11 20.75 50.12 3401.62
M144 KC5-6 A&B 144 145 1445 5.39 307.70 0.76 24.84 na. n.a. n.a. 52.63 n.a.
M144 KC5-6 A&B 145 146 145.5 5.43 30251 072 24.84 34 0.11 20.08 51.97 n.a.
MI144KCS-6AGB 146 147 1465 547 27710 068 2484 | na. na na. 5147 | 325856
M144 KC5-6 A&B 147 148 1475 551 293.80 0.72 24.84 27 0.09 16.51 52.15 n.a.
M144 KC5-6 A&B 148 149 1485 555 31824 076 24.84 24 0.08 14.18 52.49 n.a.
M144KCS-6AGB 149 150 1495 559 29030 071 2484 | na. na. na. | 5232 | 351289
M144 KC5-6 A&B 150 151 1505 5.63 31824 0.76 24.84 25 0.08 14.77 52.29 n.a.
M144 KC5-6 A&B 151 152 1515 5.67 30020 0.71 24.84 n.a. n.a. n.a. 52.27 3783.11
MI144KCS-6A&B 152 153 1525 571 30622 073 2484 2 008 1418 | 5144 | na.
M144 KC5-6 A&B 153 154 1535 575 31561 0.75 24.84 24 0.08 14.18 51.48 | 4379.19
M144 KC5-6 A&B 154 155 1545 5.79 30037 071 24.84 22 0.07 12.99 50.97 n.a.
M144 KC5-6 A&B 155 156  155.5 5.83 298.04 071 24.84 34 0.11 20.08 52.35 n.a.
M144KCS-6AGB 156 157 1565 587 29339 070 2484 2 008 1418 | 5163 |2972.44
M144 KC5-6 A&B 157 158  157.5 591  266.56 0.63 24.84 22 0.08 12.99 51.30 n.a.
M144 KC5-6 A&B 158 159 1585 5.95 266.19 0.63 24.84 17 0.06 10.04 51.01 n.a.
M144KCS-6AGB 150 160 1505 599 28290 067 2484 17 006 1004 | 5152 | 325856
M144 KC5-6 A&B 160 161  160.5 6.03 269.75 0.64 24.84 32 0.12 18.90 52.29 n.a.
M144 KC5-6 A&B 161 162 161.5 6.07 32276 077 24.84 18.21 0.06 10.76 51.21 2408.16
MI144KCS-6AGB 162 163 1625 611 35477 084 2484 | 2341 007 1383 | 5148 | na.
M144 KC5-6 A&B 163 164 1635 6.15 37837 0.90 24.84 20.09 0.05 11.87 51.63 4776.58
M144 KC5-6 A&B 164 165 164.5 6.19  357.88 0.85 24.84 10.65 0.03 6.29 51.49 n.a.
MI144KCS-6AGB 165 166 1655 623 27478 065 2484 | 7.08 0.03 418 | 5172 | na
M144 KC5-6 A&B 166 167  166.5 6.27 317.36  0.75 24.84 9.34 0.03 5.52 50.88 | 3401.62
M144 KC5-6 A&B 167 168  167.5 6.31 276.27  0.66 24.84 23.51 0.09 13.89 51.05 n.a.
M144 KC5-6 A&B 168 169 168.5 6.35 287.13  0.68 24.84 17.04 0.06 10.06 50.76 n.a.
MI144KCS-6AGB 169 170 1695 639 29630 070 2484 20 007 1181 | 5053 |3449.31
M144 KC5-6 A&B 170 171 1705 6.43 28450 0.68 24.84 15.95 0.06 9.42 49.27 n.a.
M144 KC5-6 A&B 171 172 1715 6.47 276.06  0.66 24.84 15.55 0.06 9.18 50.27 4212.29
MI144KCS-6AGB 172 173 1725 651 31925 076 2484 16 005 945 | 4904 | na
M144 KC5-6 A&B 173 174 1735 6.55 32442 077 24.84 9 0.03 5.32 49.22 4379.19
M144 KC5-6 A&B 174 175 1745 6.59  336.95 0.80 24.84 14 0.04 8.27 49.18 n.a.
MI144KCS-6A&B 175 176 1755 663 31536 075 2484 19 006 1122 | 4910 | na.
M144 KC5-6 A&B 176 177 1765 6.67 32539 077 24.84 11 0.03 6.50 48.78 | 4967.32
M144 KC5-6 A&B 177 178 1775 671 31761 076 24.84 22 0.07 12.99 50.54 n.a.
M144 KC5-6 A&B 178 179 1785 6.75 34629 0.82 24.84 16 0.05 9.45 51.46 n.a.
MI144KCS-6AGB 179 180 1795 679 33099 079 2484 14 0.04 827 | 47.92 | 517396
M144 KC5-6 A&B 180 181 1805 6.83 32231 077 24.84 22 0.07 12.99 47.70 n.a.
M144 KC5-6 A&B 181 182 181.5 6.87 299.50 0.71 24.84 13 0.04 7.68 48.06 | 8392.78
M144KCS-6AGB 182 183 1825 692 31100 074 2484 12 0.04 709 | 4648
M144 KC5-6 A&B 183 184 1835 6.96 33368 0.79 24.84 16 0.05 9.45 44.89 |15196.03
M144 KC5-6 A&B 184 185 1845 7.00 329.00 0.78 24.84 8 0.02 4.73 47.81 n.a.
M144KCS-6AGB 185 186 1855 7.04 33350 079 2484 10 0.03 591 | 4650 | na.
M144 KC5-6 A&B 186 187 1865 7.08 26496 0.63 24.84 11 0.04 6.50 46.26 | 7327.79
M144 KC5-6 A&B 187 188 1875 712 32487 077 24.84 11 0.03 6.50 45.81 n.a.
M144KCS-6AGB 188 189 1885 716 34362 082 2484 8 0.02 473 | 4600 | na
M144 KC5-6 A&B 189 190 1895 7.20 28880 0.69 24.84 7 0.02 413 46.58 |15291.40
M144 KC5-6 A&B 190 191 1905 7.24 318.77 0.76 24.84 7 0.02 4.13 44.02 n.a.
MI144KCS-6AGB 191 192 1915 728 29480 070 2484 10 0.03 591 | 4523 |11285.75
MI144KCS-6AGB 192 193 1925 732 31711 075 2484 6 002 354 | 4478 .
M144 KC5-6 A&B 193 194 1935 7.36 347.38 0.83 24.84 1 0.00 0.59 44.01 |17739.29
M144 KC5-6 A&B 194 195 1945 7.40 32686 0.78 24.84 4 0.01 2.36 43.70 n.a.
MI144KCS-6AGB 195 196 1955 744 35427 084 2484 4 0.01 236 | 4413 | na
M144 KC5-6 A&B 196 197 1965 7.48 21497 051 24.84 10 0.05 5.91 46.31 7280.10
M144 KC5-6 A&B 197 198 1975 7.52 38136 091 24.84 7 0.02 4.13 46.32 n.a.
MI144KCS-6AGB 198 199 1985 756 32872 078 2484 9 0.03 532 | 4898 | na.
M144 KC5-6 A&B 199 200 199.5 7.60 278.89 0.66 24.84 8 0.03 4.73 39.55 n.a.
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Table S4.6: M144 KC5-6 data used in the study from 200.5-272.5¢m core depth. From left to right: Core
ID, sample depth, sample mean age, dry bulk weight (DBD), dry bulk density (DBS), sedimentation rate;
Total otolith count, concentration and accumulation rate; core color scan; planktic foraminiferal
accumulation rate (PFAR).

Color  Planktic

Core Data otal Otolith Abundance (>250un
scan Foram
core bottom top depth meanage DBW DBD sr count conc. OAR L* PFAR

(em) (kyr BP) (8) (gem?)  (emkyr?) () (#g")  (#cm’kyr)| (10°/065) | (ncm” kyr’)
M144 KC5-6 A&B 200 201 200.5 7.64 324.44 0.77 24.84 10 0.03 591 46.37 |15186.94
M144 KC5-6 A&B 201 202 201.5 7.68 494.88 1.18 24.84 13 0.03 7.68 47.11 n.a.
M144 KC5-6 A&B 202 203 202.5 7.72 0.00 0.00 24.84 n.a. n.a. n.a. 46.32 3910.27
M144 KC5-6 A&B 203 204 203.5 7.76 343.20 0.82 24.84 2 0.01 1.18 47.93 n.a.
M144 KC5-6 A&B 204 205 204.5 7.80 366.88 0.87 24.84 5 0.01 2.95 48.84 n.a.
M144 KC5-6 A&B 205 206 205.5 7.84 317.78 0.76 24.84 7 0.02 4.13 47.33 3783.11
M144 KC5-6 A&B 206 207 206.5 7.88 324.08 0.77 24.84 6 0.02 3.54 47.59 n.a.
M144 KC5-6 A&B 207 208 207.5 7.92 335.40 0.80 24.84 1 0.00 0.59 44.21 n.a.
M144 KC5-6 A&B 208 209 208.5 7.96 317.37 0.75 24.84 3 0.01 1.77 44.09 2296.89
M144 KC5-6 A&B 209 210 209.5 8.00 331.99 0.79 24.84 7 0.02 4.13 44.50 n.a.
M144 KC5-6 A&B 210 211 210.5 8.04 293.67 0.70 24.84 15 0.05 8.86 42.06 7995.40
M144 KC5-6 A&B 211 212 2115 8.08 284.10 0.68 24.84 10 0.04 5.91 43.49 n.a.
M144 KC5-6 A&B 212 213 212.5 8.12 326.69 0.78 24.84 15 0.05 8.86 41.55 8066.93
M144 KC5-6 A&B 213 214 213.5 8.16 336.85 0.80 24.84 15 0.04 8.86 40.29 n.a.
M144 KC5-6 A&B 214 215 214.5 8.20 320.43 0.76 24.84 18 0.06 10.63 43.90 n.a.
M144 KC5-6 A&B 215 216 215.5 8.24 390.11 0.93 24.84 28 0.07 16.54 42.92 7653.65
M144 KC5-6 A&B 216 217 216.5 8.28 341.92 0.81 24.84 13 0.04 7.68 43.05 n.a.
M144 KC5-6 A&B 217 218 217.5 8.32 400.88 0.95 24.84 4 0.01 236 44.39 n.a.
M144 KC5-6 A&B 218 219 218.5 8.36 373.72 0.89 24.84 8 0.02 4.73 42.33 8885.54
M144 KC5-6 A&B 219 220 219.5 8.40 361.66 0.86 24.84 10 0.03 5.91 41.63 n.a.
M144 KC5-6 A&B 220 221 220.5 8.45 415.49 0.99 24.84 10 0.02 5.91 41.94 |18184.37
M144 KC5-6 A&B 221 222 2215 8.49 493.31 117 24.84 11 0.02 6.50 41.62 n.a.
M144 KC5-6 A&B 222 223 222.5 8.53 316.03 0.75 24.84 9 0.03 5.32 43.67 5825.67
M144 KC5-6 A&B 223 224 223.5 8.57 338.45 0.80 24.84 7 0.02 4.13 43.71 n.a.
M144 KC5-6 A&B 224 225 224.5 8.61 293.89 0.70 24.84 4 0.01 2.36 43.39 n.a.
M144 KC5-6 A&B 225 226 225.5 8.65 405.07 0.96 24.84 8 0.02 4.73 43.83 5563.40
M144 KC5-6 A&B 226 227 226.5 8.69 304.61 0.72 24.84 7 0.02 4.13 43.03 n.a.
M144 KC5-6 A&B 227 228 227.5 8.73 325.20 0.77 24.84 8 0.02 4.73 44.47 n.a.
M144 KC5-6 A&B 228 229 228.5 8.77 326.55 0.78 24.84 3 0.01 1.77 44.46 8933.23
M144 KC5-6 A&B 229 230 229.5 8.81 323.82 0.77 24.84 3 0.01 1.77 41.88 n.a.
M144 KC5-6 A&B 230 231 230.5 8.85 380.66 0.91 24.84 5 0.01 2.95 41.68 | 11158.59
M144 KC5-6 A&B 231 232 2315 8.89 296.43 0.70 24.84 6 0.02 3.54 43.11 n.a.
M144 KC5-6 A&B 232 233 2325 8.93 407.96 0.97 24.84 4 0.01 236 41.41 | 11301.65
M144 KC5-6 A&B 233 234 233.5 8.97 349.28 0.83 24.84 5 0.01 2.95 42.96 n.a.
M144 KC5-6 A&B 234 235 234.5 9.01 382.83 0.91 24.84 1 0.00 0.59 44.27 n.a.
M144 KC5-6 A&B 235 236 235.5 9.05 430.32 1.02 24.84 5 0.01 2.95 43.28 | 5118.33
M144 KC5-6 A&B 236 237 236.5 9.09 305.37 0.73 24.84 3 0.01 1.77 46.41 n.a.
M144 KC5-6 A&B 237 238 237.5 9.13 333.80 0.79 24.84 3 0.01 1.77 46.72 n.a.
M144 KC5-6 A&B 238 239 238.5 9.17 352.04 0.84 24.84 6 0.02 3.54 46.26 8821.96
M144 KC5-6 A&B 239 240 239.5 9.21 311.53 0.74 24.84 3 0.01 1.77 49.85 n.a.
M144 KC5-6 A&B 240 241 240.5 9.25 328.91 0.78 24.84 6 0.02 3.54 47.06 5770.04
M144 KC5-6 A&B 241 242 241.5 9.29 346.67 0.82 24.84 5 0.01 2.95 48.11 n.a.
M144 KC5-6 A&B 242 243 242.5 9.33 341.61 0.81 24.84 7 0.02 4.13 50.16 3298.30
M144 KC5-6 A&B 243 244 243.5 9.37 360.70 0.86 24.84 6 0.02 3.54 52.82 n.a.
M144 KC5-6 A&B 244 245 244.5 9.41 385.10 0.92 24.84 13 0.03 7.68 52.33 n.a.
M144 KC5-6 A&B 245 246 245.5 9.45 449.38 1.07 24.84 5 0.01 2.95 51.94 3799.01
M144 KC5-6 A&B 246 247 246.5 9.49 405.67 0.96 24.84 5 0.01 2.95 52.10 n.a.
M144 KC5-6 A&B 247 248 247.5 9.53 364.13 0.87 24.84 8 0.02 4.73 49.76 n.a.
M144 KC5-6 A&B 248 249 248.5 9.57 383.30 0.91 24.84 10 0.03 5.91 48.91 3814.90
M144 KC5-6 A&B 249 250 249.5 9.61 405.83 0.97 24.84 13 0.03 7.68 49.25 n.a.
M144 KC5-6 A&B 250 251 250.5 9.65 400.06 0.95 24.84 8 0.02 4.73 50.57 3043.97
M144 KC5-6 A&B 251 252 2515 9.69 362.22 0.86 24.84 7 0.02 4.13 49.56 n.a.
M144 KC5-6 A&B 252 253 252.5 9.73 327.35 0.78 24.84 1 0.00 0.59 50.05 2805.54
M144 KC5-6 A&B 253 254 253.5 9.77 523.68 1.25 24.84 8 0.02 4.73 50.99 n.a.
M144 KC5-6 A&B 254 255 254.5 9.81 443.16 1.05 24.84 4 0.01 2.36 49.89 n.a.
M144 KC5-6 A&B 255 256 255.5 9.85 485.67 1.15 24.84 2 0.00 1.18 49.22 3107.56
M144 KC5-6 A&B 256 257 256.5 9.89 393.88 0.94 24.84 8 0.02 4.73 50.05 n.a.
M144 KC5-6 A&B 257 258 257.5 9.93 386.96 0.92 24.84 4 0.01 2.36 50.41 n.a.
M144 KC5-6 A&B 258 259 258.5 9.98 366.21 0.87 24.84 7 0.02 4.13 49.76 1963.08
M144 KC5-6 A&B 259 260 259.5 10.02 435.39 1.04 24.84 0 0.00 0.00 49.95 n.a.
M144 KC5-6 A&B 260 261 260.5 10.06  386.88 0.92 24.84 6 0.02 3.54 49.96 3043.97
M144 KC5-6 A&B 261 262 261.5 10.10 387.20 0.92 24.84 9 0.02 5.32 49.91 n.a.
M144 KC5-6 A&B 262 263 262.5 10.14 482.68 1.15 24.84 8 0.02 4.73 50.16 1351.11
M144 KC5-6 A&B 263 264 263.5 10.18 396.23 0.94 24.84 1 0.00 0.59 49.42 n.a.
M144 KC5-6 A&B 264 265 264.5 10.22 357.03 0.85 24.84 9 0.03 5.32 49.15 n.a.
M144 KC5-6 A&B 265 266 265.5 10.26 405.12 0.96 24.84 5 0.01 2.95 48.70 2018.72
M144 KC5-6 A&B 266 267 266.5 10.30 318.43 0.76 24.84 2 0.01 1.18 48.65 n.a.
M144 KC5-6 A&B 267 268 267.5 10.34 324.33 0.77 24.84 3 0.01 1.77 49.47 n.a.
M144 KC5-6 A&B 268 269 268.5 10.38 334.38 0.80 24.84 7 0.02 4.13 49.21 1486.22
M144 KC5-6 A&B 269 270 269.5 10.42 328.90 0.78 24.84 5 0.02 2.95 49.32 n.a.
M144 KC5-6 A&B 270 271 270.5 10.46 327.55 0.78 24.84 6 0.02 3.54 49.55 735.16
M144 KC5-6 A&B 271 272 2715 10.50 391.29 0.93 24.84 2 0.01 1.18 49.35 n.a.
M144 KC5-6 A&B 272 273 272.5 10.54 300.78 0.72 24.84 2 0.01 1.18 49.50 n.a.
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Table S4.7: M144 KC5-6 data used in the study from 0.5-99.5cm core depth. Core depth; Taxa otolith
count, concentration and accumulation rate.

Core Data| Engraulidae Gadidae Myctophidae Gonostomatidae Sternoptychidae Rest
E. encrasicolus G. argenteus M. poutassou A. hemigymnus M. milleri
depth | count OAR relative| count OAR relative| count OAR relative| count OAR relative| count ~OAR relative| count OAR relative| count ~OAR relative| count  OAR relative
tem) ) @emlor' 09 W wemtor’ (9 ) tremlyr) 00 ) @emior’ 09 M wemtort 09 ) tremlr (0 ) wemlor) (%) M wemlor) (9
05 000 000 000 | 000 000 000 | 000 000 000 |10.00 551 7692 0.00 000 000 | 0.00 000 000 | 000 000 000 | 3.00 165 23.08
15 000 000 000 | 000 000 000 [ 0.00 000 000 1000 574 6667 | 0.00 000 000 | 000 000 000 | 000 000 000 | 500 287 3333
25 na. na  na | na na na | na na na | na na na | na na na | na na na | na na na | na na na
35 000 000 000 | 000 000 000 [ 000 000 000 | 500 318 8333 | 000 000 000 | 0.00 000 000 | 000 000 000 | .00 0.64 1667
45 na. na na | na na na | na na na | na na na | na na na | na na na | n; na.  na | na.  na  na
55 000 000 000 | 000 000 000 | 000 000 000 | 600 360 100.00| 0.00 000 000 | 0.00 000 000 | 000 000 000 | 0.00 000 0.0
65 na. na na | na na na | na na na | na na na | na na na | na na  na | n; na.  na | na na na.
75 000 000 000 | 000 000 000 [ 000 000 000 | 500 306 7143 | 0.00 000 000 | 0.00 000 000 | 000 000 000 | 200 122 2857
85 000 000 000 | 000 000 000 | 0.00 000 000 | 600 3.60 6667 | 000 000 000 | 0.00 000 000 | 000 000 000 | 300 180 33.33
9.5 na. na na | na na na | na na na | na na na | na na na | na na na | na na na | na na na
105 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 | 900 554 7500| 000 000 000 | 000 000 000 | 000 000 000 | 3.00 18 2500
1.5 | na. na.  na | na na na [ na na na | na na na | na na na | na na na | na na na | na  na  na
125 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 |1200 722 9231| 000 000 000 | 1.00 060 7.69 | 0.00 000 000 | 000 000  0.00
135 | 000 000 000 | 0.00 000 000 [ 000 000 000 |11.00 670 57.89| 000 000 000 | 000 000 000 | 0.00 000 000 | 800 48 4211
145 | na. na.  na | na na na [ na na na | na na na | na na na | na na na | na na.  na | na.  na  na
155 | 000 000 000 | 200 120 1000 [ 0.00 000 000 | 1600 9.59 80.00 | 000 000 000 | 1.00 060 500 | 000 000 000 | 1.00 060 500
165 | na. na.  na | na na na [ na na na | na na na | na na na | na na na | na na na | na  na  na
175 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 |2200 1333 8800| 000 000 000 | 1.00 061 400 | 0.00 000 000 | 200 121 800
185 | 000 000 000 | 0.00 000 000 [ 000 000 000 |1400 843 8750 | 000 000 000 | 000 000 000 | 0.00 000 000 | 200 120 1250
195 | na. na.  na | na na na | na na na | na na na | na na na | na na na | na na na | na  na na
205 | 000 000 000 | 0.00 000 000 [ 000 000 000 |1300 790 6842| 100 061 526 | 000 000 000 | 0.00 000 000 | 500 304 2632
215 | na. na.  na | na  na na | na na na | na na na | na na na | na na na na.  na | na.  na  na
225 | 100 061 417 | 0.00 000 000 [ 0.00 000 000 | 2200 1337 9167 | 000 000 000 | 0.00 000 000 000 000 | 1.00 061 417
235 | 000 000 000 | 0.00 000 000 [ 000 000 000 |1700 1015 80.95| 000 000 000 | 000 000 000 | 0.00 000 000 | 400 239 19.05
245 | na. na.  na | na  na na | na na na | na na na | na na na | na na na | na na na | na  na na
255 | 000 000 000 | 0.00 000 000 [ 000 000 000 | 800 483 888 | 000 000 000 | 000 000 000 | 1.00 060 1111 | 000 000  0.00
265 | na. na.  na | na na na [ na na na | na na na | na na na | na na na | na na.  na | na.  na  na
275 | 100 060 500 | 000 000 000 [ 0.00 000 000 | 1800 1076 90.00 | 000 000 000 | 0.00 000 000 | 100 060 500 | 0.00 000 0.0
285 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 |19.00 1143 9048 | 000 000 000 | 000 000 000 | 1.00 060 476 | 1.00 060 476
295 | na. na  na | na  na na | na na na | na na na | na na na | na na na | na na na | na  na na
305 | 000 000 000 | 0.00 000 000 [ 000 000 000 |2300 1329 8519 | 1.00 058 370 | 1.00 058 370 | 000 000 000 | 200 116  7.41
315 | na. na.  na | na na na | na na na | na na na | na na na | na na na | na na na | na  na na
325 | 000 000 000 | 0.00 000 000 [ 000 000 000 |1900 11.52 9500 | 000 000 000 | 000 000 000 | 0.00 000 000 | .00 061 500
335 | 000 000 000 | 0.00 000 000 [ 000 000 000 |11.00 667 7333 | 000 000 000 | 1.00 061 667 | 000 000 000 | 3.00 18  20.00
35 | na. na na | na na na | na na na | na na na | na na na | na na na | na na na | na na na.
355 | 000 000 000 | 0.00 000 000 [ 000 000 000 1200 735 9231| 000 000 000 | 000 000 000 | 000 000 000 | 1.00 061 769
365 | na. na na | na na na | na na na | na na na | na na na | na na na | na na na | na  na na
375 | 100 060 435 | 100 060 435 [ 000 000 000 |2000 1210 8696 | 000 000 000 | 000 000 000 | 100 060 435 | 000 000 000
385 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 2000 1578 8696| 000 000 000 | 000 000 000 | 000 000 000 | 3.00 237 13.04
395 | na. na  na | na na na | na na na | na na na | na na na | na na na | na na na. | na na na
405 | 000 000 000 | 000 000 000 | 000 000 000 | 1800 1359 7200 | 0.00 000 000 | .00 075 400 | 0.00 000 000 | 600 453  24.00
415 | na.  na.  na | na na na | na na na | na na na | na na na | na na na | na na na | na na na
425 | 000 000 000 | 000 000 000 | 000 000 000 | 700 434 5833 | 000 000 000 [ 0.00 000 000 | 0.00 000 000 | 500 310 4167
435 | 000 000 000 | 000 000 000 | 000 000 000 | 1400 914 10000 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 0.00
445 | na. na  na | na na na | na na na | na na na [ na na na | na na na | na  na  na | na na na.
455 | 000 000 000 | 000 000 000 | 000 000 000 | 1500 967 83.33 | 100 064 55 | 0.00 000 000 | 0.00 000 000 [ 200 129 1111
465 | na. na. na | na na na | na na na | na na na | na na na | na na na | na na na | na na na
475 | 000 000 000 | 000 000 000 | 000 000 000 | 1400 897 87.50 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 200 128 1250
485 | 000 000 000 | 000 000 000 | 000 000 000 | 600 390 6667 | 0.00 000 000 | 100 065 1111 | 000 000 000 | 200 130 2222
495 | na. na  na | na na na | na na na | na na na | na na na | na na na | na na na | na na  na
50.5 | 0.00 000 000 | 0.00 000 000 [ 0.00 000 000 |1200 744 7500| 000 000 000 | 000 000 000 | 0.00 000 000 | 400 248 2500
515 | na. na  na | na na na | na na na | na na na | na na na | na na na | na na na. | na na na.
525 | 000 000 000 | 1.00 065 556 | 000 000 000 |13.00 839 7222| 000 000 000 | 000 000 000 | 0.00 000 000 | 400 258 22.22
535 | 100 064 833 | 0.00 000 000 [ 000 000 000 | 600 387 5000| 1.00 0.64 833 | 1.00 064 833 | 000 000 000 | 3.00 193 2500
545 | na. na.  na | na na na [ na na na | na na na | na na na | na na na | na na na | na  na  na
555 | 100 064 7.69 | 0.00 000 000 [ 0.00 000 000 | 800 514 6154 | 000 000 000 | 000 000 000 | 000 000 000 | 400 257 30.77
565 | na. na.  na | na na na [ na na na | na na na | na na na | na na na na.  na | na na na.
57.5 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 |1400 9.03 7778 | 000 000 000 | 1.00 0.65 556 065 556 | 200 129 1111
585 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 | 800 518 8889 | 000 000 000 | 000 000 000 000 000 | 100 065 1111
59.5 | na. na.  na | na na na [ na na na | na na na | na na na | na na na na.  na | na.  na  na
60.5 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 | 9.00 577 818 | 000 000 000 | 0.00 000 000 000 000 | 200 128 1818
615 | na. na. na | na na na [ na na na | na na na | na na na | na na na na.  na | na.  na  na
625 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 |1500 9.66 9375| 000 000 000 | 0.00 000 000 000 000 | 1.00 064 625
635 | 000 000 000 | 0.00 000 000 [ 000 000 000 |1400 901 9333 | 1.00 064 667 | 000 000 000 000 000 | 000 000 000
645 | na. na.  na | na na na | na na na | na na na | na na na | na na na na.  na | na.  na  na
655 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 | 700 451 100.00| 000 000 000 | 000 000 0.00 000 000 | 000 000 0.00
665 | na. na.  na | na na na [ na na na | na na na | na na na | na na na na.  na | na.  na  na
67.5 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 |1800 1160 9474 | 000 000 000 | 000 000 0.00 000 000 | 1.00 064 526
68.5 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 | 2300 1477 8846 | 000 000 000 | 000 000 000 000 000 | 300 193 1154
69.5 | na. na na | na na na | na na na | na na na | na na na | na na na na. na | na.  na  na
705 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 |1400 900 8235| 000 000 000 | 000 000 000 000 000 | 300 193 1765
715 | na. na.  na | na na na [ na na na | na na na | na na na | na na na na.  na | na.  na  na
725 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 |1600 1237 9412 | 000 000 000 | 0.00 000 000 000 000 | 1.00 077 588
735 | 000 000 000 | 0.00 000 000 [ 0.00 000 000 | 2800 2166 9333 | 000 000 000 | 000 000 000 000 000 | 200 155 667
745 | na. na.  na | na.  na na | na na na | na na na | na na na | na na na na. na | na  na  na
755 | 000 000 000 | 100 077 357 [ 000 000 000 |21.00 1626 7500 | 1.00 077 357 | 000 000 000 000 000 | 500 387 17.86
765 | na. na.  na | na na na | na na na | na na na | na na na | na na na na.  na | na.  na  na
775 | 000 000 000 | 1.00 077 323 | 000 000 000 2800 216 90.32| 000 000 000 | 0.00 000 000 000 000 | 200 154 645
785 | 100 077 435 | 000 000 000 [ 0.00 000 000 |21.00 1621 9130 | 000 000 000 | 000 000 000 000 000 | 1.00 077 435
795 | na. na.  na | na  na na | na na na | na na na | na na na | na na na na. na | na  na  na
805 | 000 000 000 | 1.00 077 313 | 000 000 000 | 2300 1771 7188 | 0.00 000 000 | 0.00 000 0.0 000 000 | 800 616 2500
815 | na. na  na | na na na | na na na | na na na | na na na | na na na na.  na | na.  na  na
825 | 000 000 000 | 000 000 000 | 000 000 000 | 2400 1854 8571 | 0.00 000 000 | 0.00 000 0.0 000 000 | 400 309 1429
835 | 000 000 000 | 000 000 000 | 000 000 000 |10.00 1620 83.33 | 100 162 833 | 0.00 000 0.00 000 000 | 1.00 162 833
845 | na. na na | na na na | na na na | na na na | na na na | na na na na.  na | na na na
855 | 000 000 000 | 000 000 000 | 000 000 000 | 2300 1774 8519 | 0.00 000 000 | 0.00 000 0.0 000 000 | 400 308 1481
85 | na. na  na | na na na | na na na | na na na | na na na | na na na na. na | na.  na  na
875 | 000 000 000 | 000 000 000 | 000 000 000 | 2400 1857 8276 | 200 155 690 | 1.00 077 345 000 000 | 200 155 690
885 | 1.00 077 28 | 000 000 000 | 000 000 000 |27.00 2070 77.14 | 0.00 000 000 | 0.00 000 0.0 000 000 | 700 537  20.00
895 | na. na na | na na na | na na na | na na na | na na na | na na na na.  na | na na na
905 | 000 000 000 | 000 000 000 | 000 000 000 | 3500 2610 79.55| 100 075 227 | 0.00 000 0.0 000 000 | 800 596 1818
915 | na. na  na | na na na | na na na | na na na | na na na | na na na na.  na | na na na.
925 | 100 077 263 | 000 000 000 | 000 000 000 | 3100 2390 8158 | 0.00 000 000 | 200 154 526 000 000 | 400 308 1053
935 | 000 000 000 | 000 000 000 | 000 000 000 | 2300 1777 8214 | 0.00 000 000 | 0.00 000 0.0 077 357 | 400 309 1429
945 | na. na  na | na na na | na na na | na na na | na na na | na na na | na  na na | na na na
955 | 000 000 000 | 000 000 000 | 000 000 000 | 2800 2168 8235| 000 000 000 | 0.00 000 000 | 0.00 000 000 | 600 464 17.65
965 | na. na na | na na na | na na na | na na na | na na na | na na na | na na na. | na na na
975 | 000 000 000 | 000 000 000 | 000 000 000 | 3000 2314 8333 | 000 000 000 | 1.00 077 278 | 0.00 000 000 | 500 38 13.89
985 | 000 000 000 | 000 000 000 | 000 000 000 | 3000 2311 8108 | 200 154 541 | 0.00 000 000 | 0.00 000 000 | 500 385 1351
995 | 000 000 000 | 100 075 222 | 000 000 000 |37.00 2759 8222 | 0.00 000 000 | 100 075 222 | 000 000 000 | 600 447 13.33
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Table S4.8: M144 KC5-6 data used in the study from 99.5-199.5cm core depth. Core depth; Taxa otolith
count, concentration and accumulation rate.

Engraulidae Gadidae Sternoptychidae

Core Data) E. encrasicolus G. argenteus M. poutassou Myctophidae Gonostomatidae A. hemigymnus M. milleri Rest
depth | count OAR relative| count OAR relative| count OAR relative| count OAR relative| count OAR relative| count OAR relative| count OAR relative| count OAR relative
em) O om0 | W wemter 09 | W wemtrt 09 | ) wenlirt 09 | ) wemlord 00 | ) wenlwh (0 | 00 memlr) 09 | @ wemiie’ 09
1005 | na.  na  na | na  na na | na  na na | na  na na | na na na | na na na | na na na | na na na
1015 n.a. n.a. na. na. n.a. n.a. na. n.a. n.a. n.a. na. n.a. n.a. na. n.a. n.a. na. na. n.a. n.a. na. na. na. n.a.

1025 | 000 000 000 | 0.00 000 000 | 1.00 077 370 | 2200 17.02 8148 | 1.00 077 370 | 0.00 000 000 | 0.00 000 000 | 3.00 232 1111
1035 | 000 000 000 | 000 000 000 | 000 000 000 |2000 1558 83.33| 0.00 000 000 | 000 000 000 | 1.00 078 417 | 300 234 1250

1045 | na. na  na | na na.  na | na na na | na na na | na na. na na.  na na na.  na na | na na.  na
1055 | 0.00 000 000 | 3.00 232 1071 | 000 000 000 | 2000 1547 7143 | 0.00 000 000 | 200 155 714 | 1.00 077 357 | 200 155 714
1065 | na.  na na. | na. na na na. na na | na na na | na na. na | na na na | na na na. | na. na na

1075 | 1.00 077 270 | 000 000 000 | 000 000 000 |2800 2167 7568 | 1.00 077 270 | 1.00 077 270 | 000 000 000 | 600 464 16.22
1085 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 1800 1403 8571 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 3.00 234 1429

1095 | na. na. na. | na.  na na na. na  na na.  na.  na | na na. na | na na na. | na. na na. | na. na na
1105 | 0.00 000 000 | 0.00 000 000 | 000 000 000 | 1900 11.53 8636 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 3.00 182 1364
1115 | na. na.  na | na n. na | na na na. | na  na na | na na. na na.  na na na. na. na na.  na

1125 | 000 000 000 | 0.00 000 000 | 0.00 000 000 |21.00 1285 9130 | 0.00 000 000 | 0.00 000 000 | 0.00 0.0 200 122 870
1135 | 000 000 000 | 0.00 000 000 | 0.00 000 000 |21.00 1285 70.00 | 200 122 667 | 1.00 061 3.33 | 0.00 000 000 | 600 367 20.00

1145 | na. na na | na na  na na. na na | na na na | na na. na | na na na | na na na. | na.  na na
1155 | 000 000 000 | 000 000 000 | 000 000 000 |2600 158 7429 | 0.00 000 000 | 200 122 571 | 1.00 061 286 | 600 3.67 17.14
1165 | na.  na. na. | na. na na na. na na | na na na | na na. na | na na na | na na na. | na. na na

1175 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 1600 9.80 8421 | 1.00 061 526 | 0.00 000 000 | 0.00 000 000 | 2.00 122 1053
1185 | 1.00 061 256 | 000 000 000 | 1.00 061 256 |30.00 1835 7692 | 2.00 122 513 | 000 000 000 | 000 000 000 | 500 3.06 12.82

1195 | na. na.  na | na.  na na na. na na | na na na | na na. na | na  na na | na na na. | na. na  na
1205 | 0.00 000 000 | 100 061 357 | 000 000 000 | 2000 1219 7143 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 7.00 427 25.00
1215 | na. na.  na | na na na na. na na | na na na | na na. na | na na na | na na na. | na.  na na

1225 | 1.00 061 323 | 000 000 000 | 000 000 000 |2300 1401 7419 | 1.00 061 323 | 000 000 000 | 000 000 000 | 600 3.66 19.35
1235 | 1.00 061 263 | 100 061 263 | 000 000 000 | 2900 17.69 7632 | 1.00 0.61 263 | 0.00 000 000 | 200 122 526 | 400 244 1053

1245 | na. na.  na | na  na na na. na na | na na na | na na. na | na na na | na na na. | na. na na
1255 | 000 000 000 | 000 000 000 | 000 000 000 |21.00 128 7241 | 0.00 000 000 | 0.00 000 000 | 1.00 061 345 | 700 429 2414
1265 | na. na.  na | na. na na na. na na | na na na | na na. na | na na na | na na na | na na na

1275 | 0.00 000 000 | 100 059 345 | 000 000 000 |21.00 1240 7241 | 1.00 059 345 | 0.00 000 000 | 0.00 000 000 | 600 354 20.69
1285 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 800 487 6154 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 500 304 3846

1295 | na. na.  na na na. na | na na na. | na  na na. na na na na.  na na na. na.  na na na.  na
1305 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 |27.00 1641 7297 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 10.00 608 27.03
1315 | na.  na na. | na. n. na na. na  na na.  na  na | na na. na | na na na. | na. na na. na na

1325 | 000 000 000 | 1.00 061 303 | 000 000 000 |29.00 1776 87.88 | 1.00 061 3.03 | 000 000 000 | 000  0.00 200 122 606
1335 | 000 000 000 | 000 000 000 | 0.00 000 000 |1400 856 82.35| 0.00 000 000 | 000 000 000 | 0.00 000 000 | 3.00 1.8 17.65

1345 | na.  na na. | na. na na na. na na | na na na | na na. na | na na na | na na na. | na. na na
1355 | 000 000 000 | 0.00 000 000 | 0.00 000 000 |13.00 7.94 7647 | 0.00 000 000 | 0.00 000 000 | 1.00 061 58 | 3.00 183 17.65
1365 | na. na  na | na na.  na | na na na | na na na. | na na. na na.  na  na | na na na | na na.  na

1375 | 100 061 455 | 100 061 455 | 000 000 000 | 17.00 1038 7727 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 3.00 183 1364
1385 | 200 123 645 | 0.00 000 000 | 0.00 000 000 | 2500 1543 80.65| 000 000 000 | 0.00 000 000 | 0.00 000 000 | 400 247 12.90

1395 | na. na.  na | na  na na na. na na | na na na | na na. na | na na na | na na na. | na.  na na
1405 | 1.00 061 313 | 000 000 000 | 000 000 000 |2600 158 81.25| 0.00 000 000 | 0.00 000 000 | 1.00 061 313 | 400 244 1250
1415 | na. na.  na | na. na  na na. na na | na na na | na na. na | na na na | na na na. | na. na  na

1425 | 000 000 000 | 0.00 000 000 | 0.00 000 000 |21.00 1281 6774 | 1.00 0.61 323 | 0.00 000 000 | 0.00 000 000 | 9.00 549 29.03
1435 | 200 122 58 | 000 000 000 | 000 000 000 |2600 1587 7647 | 0.00 000 000 | 200 122 58 | 000 000 000 | 400 244 1176

1445 | na. na.  na | na. na na na. na na | na na na | na na. na | na na na | na na na. na  na
1455 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 2800 1654 8235| 0.00 000 0.00 | 0.00 000 000 | 2.00 118 400 236 1176
1465 | na. na.  na | na. na na na. na na | na na na | na na. na | na na na | na na na. na  na

1475 | 000 000 000 | 000 000 000 | 000 000 000 |2000 1223 7407 | 2.00 122 741 | 000 000 000 | 000 0.0
1485 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 1800 10.63 7500 | 0.00 000 0.00 | 100 059 417 | 1.00 059

500 306 1852
400 236 1667

1495 | na.  na. na. | na. n. n.a na. na  na na.  na  na | na na. na | na na na. | na. na na. na na
1505 | 000 000 000 | 000 000 000 | 000 000 000 |2000 1181 80.00| 0.00 000 000 | 000 000 000 | 000 0.00 500 295 20.00
1515 | na. na  na | na n. n.a, na. na na | na na na | na na. na na. na na | na na na na.  na

1525 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 2200 1299 9167 | 0.00 000 0.00 | 0.00 000 000 | 0.00  0.00
1535 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 1800 10.63 7500 | 0.00 000 0.00 | 0.00 000 000 | 0.00  0.00
1545 | 000 000 000 | 1.00 059 455 | 1.00 059 455 | 1800 1063 81.82| 0.00 000 000 | 000 000 000 | 1.00 059
1555 | 100 059 294 | 000 000 000 | 000 000 000 |23.00 13.58 67.65| 0.00 000 0.0 | 0.00 000 000 | 0.00 0.0
1565 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 2000 11.81 8333 | 0.00 000 000 | .00 059 417 | 0.00  0.00
1575 | 100 059 455 | 0.00 000 000 | 1.00 059 455 1500 886 6818 | 100 059 455 | 0.00 000 000 | 0.00  0.00
1585 | 0.00 000 000 | 000 000 000 | 000 000 000 |1000 591 5882 | 200 118 1176 | 000 000 000 | 1.00 059
159.5 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 |13.00 7.68 7647 | 1.00 059 588 | 0.00 000 000 | 1.00 059 200 118 1176
160.5 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 2400 1418 7500 | 200 118 625 | 0.00 000 000 | 1.00 059 500 295 1563
1615 | 1.00 059 549 | 000 000 000 | 000 000 000 |1385 818 7606 | 0.00 000 000 | 012 007 066 | 200 118 1098 | 124 073 681
1625 | 029 017 124 | 000 000 000 | 0.00 000 000 | 13.53 7.99 57.80 | 029 017 124 | 0.88 052 3.76 | 218 129 931 | 624 369 26.66
1635 | 071 042 353 | 0.00 000 000 | 000 000 000 | 919 543 4574 | 000 000 000 | 0.00 000 000 | 282 167 14.04 | 7.37 435 36.68
1645 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 678 4.00 6366 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 3.87 229 3634
1655 | 0.00 000 000 | 000 000 000 | 000 000 000 | 608 359 8588 | 0.00 000 000 | 000 000 000 | 1.00 059 1412 | 000 000 0.0
1665 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 834 493 8929 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | .00 059 1071
167.5 | 329 194 1399 | 100 059 425 | 000 000 000 | 1405 830 5976 | 1.00 059 425 | 100 059 425 | 029 017 123 | 288 170 1225
1685 | 121 071 710 | 1.00 059 587 | 000 000 000 | 1162 6.86 6819 | 000 000 000 | 100 059 58 | 071 042 417 | 150 089 880
1695 | 1.50 089 750 | 175 1.03 875 | 000 000 000 |11.75 694 5875| 0.00 000 000 | 0.00 000 000 | 000 000 000 | 500 295 2500
1705 | 000 000 000 | 125 074 7.84 | 000 000 000 | 1142 675 7160 | 0.00 000 000 | 0.00 000 000 | 178 105 1116 | 150 0.89  9.40
1715 | 200 118 12.86 | 0.00 000 000 | 000 000 000 | 733 433 4714 | 000 000 000 | 0.00 000 000 | 122 072 785 | 500 295 3215
1725 | 1.00 059 625 | 000 000 000 | 1.00 059 625 | 600 354 3750 | 0.00 000 000 | 1.00 059 625 | 200 118 1250 | 500 295 31.25
1735 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 600 354 6667 | 1.00 059 1111 | 0.00 000 000 | 0.00 000 000 | 2.00 118 2222
1745 | 3.00 177 2143 | 100 059 714 | 000 000 000 | 600 354 42.86 | 000 000 000 | 0.00 000 000 | 200 118 1429 | 2.00 118 1429
1755 | 000 000 000 | 0.00 000 000 | 1.00 059 526 | 700 413 3684 | 000 000 000 | 0.00 000 000 | 400 236 2105| 7.00 413 3684
1765 | 000 000 000 | 000 000 000 [ 000 000 000 | 600 354 5455| 0.00 000 000 | 0.00 000 000 | 1.00 059 9.09 | 400 236 3636
1775 | 100 059 455 | 0.00 000 000 | 0.00 000 000 | 1200 7.09 5455 | 000 000 000 | 0.00 000 000 | 200 118 9.09 | 7.00 413 31.82
1785 | 100 059 625 | 200 118 1250 | 1.00 059 625 | 700 413 4375 | 000 000 000 | 0.00 000 000 | 200 118 1250 | 3.00 177 1875
1795 | 000 000 000 | 000 000 000 | 000 000 000 |10.00 591 7143 | 0.00 000 000 | 000 000 000 | 1.00 059 714 | 300 177 21.43
180.5 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 1500 88 6818 | 000 000 000 | 300 177 13.64 | 100 059 455 | 3.00 177 1364
1815 | 3.00 177 2308 | 000 000 000 | 0.00 000 000 | 400 236 3077 | 1.00 059 7.69 | 0.00 000 000 | 3.00 177 23.08 | 200 118 1538
1825 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 600 354 50.00| 000 000 000 | 200 118 1667 | 1.00 059 833 | 3.00 177 25.00
1835 | 1.00 059 625 | 000 000 000 | 000 000 000 | 400 236 2500 | 1.00 059 625 | 000 000 000 | 300 177 1875 | 7.00 413 43.75
1845 | 0.00 000 000 | 100 059 1250 | 1.00 059 1250 | 400 236 50.00 | 0.00 000 000 | 0.00 000 000 | L00 059 1250 | 1.00 059 1250
1855 | 0.00 000 000 | 200 118 2000 | 0.00 000 000 | 200 118 20.00 | 1.00 059 10.00 | 0.00 000 000 | 200 118 2000 | 3.00 177  30.00
1865 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 400 236 3636 | 000 000 000 | 0.00 000 000 | 500 295 4545 | 200 118 1818
1875 | 200 118 1818 | 000 0.00 000 | 000 000 000 | 200 118 1818 | 0.00 000 000 | 1.00 059 9.09 | 3.00 177 27.27 | 3.00 177 27.27
1885 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 200 118 2500 | 0.00 000 000 | L00 059 1250 | 500 295 6250 | 000 0.0  0.00
1895 | 100 059 1429 | 0.00 000 000 | 000 000 000 | 1.00 059 1429 | 0.00 000 000 | 0.00 000 000 | 500 295 7143 | 000 0.00  0.00
1905 | 1.00 059 1429 | 000 000 000 | 000 000 000 | 200 118 2857 | 0.00 000 000 | 1.00 059 1429 | 200 118 2857 | 1.00 059 14.29
1915 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 000 000 000 | 0.00 000 000 | 600 354 60.00| 400 236 40.00
1925 | 0.00 000 000 | 100 059 1667 | 0.00 000 000 | 1.00 059 1667 | 0.00 000 000 | 0.00 000 000 | 3.00 177 5000 | 1.00 059 16.67
1935 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 000 000 000 | 000 000 000 | 0.00 000 000 | 1.00 059 100.00| 000 0.0  0.00
1945 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 200 118 5000 | 200 118 50.00
1955 | 200 118 5000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 200 118 50.00 | 0.00 0.0  0.00
1965 | 4.00 236 4000 | 0.00 000 000 | 0.00 000 000 [ 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 500 295 5000 | 1.00 059 10.00
1975 | 1.00 059 1429 | 000 000 000 | 1.00 059 1429 | 0.00 000 000 | 1.00 059 1429 | 0.00 000 000 | 200 118 2857 | 200 118 2857
1985 | 3.00 177 3333 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | .00 059 1111 | 0.00 000 000 | 3.00 177 33.33 | 200 118 2222
1995 | 4.00 236 5000 | 0.00 000 000 | 0.00 000 000 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 400 236 50.00 | 000 0.00 0.0

200 118 833
600 354 25.00
100 059 455
1000 591 29.41
300 177 1250
400 236 1818
400 236 23.53




Table S4.9: M144 KC5-6 data used in the study from 200.5-272.5cm core depth. Core depth; Taxa otolith
count, concentration and accumulation rate.

Engraulidae Gadidae Sternoptychidae
CoreData ¢ oncrasicolus G. argenteus M. poutassou Myctophidae Gonostomatidae A. hemigymnus M. miilleri Rest
depth | count OAR relative| count OAR relative| count ~OAR relative| count OAR relative| count ~OAR relative| count OAR relative| count OAR relative| count OAR relative
em) @ et 09 ) ) om0 @ wemr 00 0 om0 ety 04 @ wemrt 00 0 om0

2005 | 200 118 2000 [ 000 000 000 | 000 000 000 | 300 177 3000 | 1.00 059 10.00 | 0.00 000 000 | 300 177 30.00 | 1.00 059  10.00
2015 | 0.00 000 000 [ 1.00 059 769 | 000 000 000 | 200 118 1538 | 1.00 059 7.69 | 0.00 000 000 | 800 473 6154 | 1.00 059  7.69
2025 | na. na. na | na n. na. | na. na na. | na na. na | na  na n na. na na. | na na. na | na n. na.
2035 | 000 000 000 [ 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 [ 200 118 100.00
2045 | 000 000 000 [ 000 000 000 | 000 000 000 | 200 118 4000 | 000 000 000 | 1.00 059 20.00 | 1.00 059 20.00 [ 1.00 059  20.00
2055 | 1.00 059 1429 | 0.00 000 000 | 000 000 000 | 200 118 2857 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 400 236 57.14
2065 | 1.00 059 1667 | 0.00 000 000 | 000 000 000 | 1.00 059 1667 | 0.00 000 000 | 000 000 000 | 3.00 177 5000 | 1.00 059 16.67
2075 | 1.00 059 10000 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 0.00
2085 | 0.00 000 000 [ 000 000 000 | 0.00 000 000 | 1.00 059 3333|000 000 000 | 000 000 000 | .00 059 3333 1.00 059 3333
2095 | 1.00 059 1429 [ 0.00 000 000 | 000 000 000 | 200 118 2857 | 000 000 000 | 0.00 000 000 | 400 236 5714 | 000 0.00 0.0
2105 | 200 118 1333 [ 000 000 000 | 000 000 000 | 3.00 177 20.00 | 000 000 000 | 0.00 000 000 | 9.00 532 60.00 | 1.00 059 667
2115 | 1.00 059 10.00 [ 000 000 000 | 000 000 000 | 200 118 20.00 | 000 000 000 | 1.00 059 10.00 | 400 236 40.00 [ 200 118  20.00
2125 | 1.00 059 667 | 000 000 000 | 000 000 000 | 0.00 000 000 [ 1.00 059 667 | 0.00 000 000 | 1200 7.09 80.00 | 1.00 059 667
2135 | 200 118 1333 [ 000 000 000 | 000 000 000 | 1.00 059 667 | 000 000 000 | 0.00 000 000 | 1200 7.09 80.00 | 0.00 0.0  0.00
2145 | 400 236 2222 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 1100 650 6111 [ 3.00 177 1667
2155 | 200 118 714 | 100 059 357 | 000 000 000 | 200 118 714 | 000 000 000 | 000 000 000 | 2200 1299 7857 | 1.00 059  3.57
2165 | 1.00 059 7.69 | 1.00 059 7.69 | 0.00 000 000 | 0.00 000 000 [ 000 000 000 | 0.00 000 000 | 1000 591 7692 | 1.00 059  7.69
2175 | 1.00 059 2500 [ 0.00 000 000 | 000 000 000 | 0.00 000 000 [ 000 000 000 | 000 000 000 | 3.00 177 7500 | 000 0.00  0.00
2185 | 400 236 50.00 | 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 000 | 000 000 000 | 300 177 3750 | 1.00 059 12.50
2195 | 200 118 2000 [ 000 000 000 | 000 000 000 | 000 000 000 [ 1.00 059 10.00 | 000 000 000 | 400 236 40.00 [ 3.00 177 30.00
2205 | 200 118 2000 | 1.00 059 10.00 | 0.00 000 000 | 1.00 059 10.00 | 1.00 059 10.00 | 0.00 000 000 | 400 236 40.00 | 1.00 059  10.00
2215 | 3.00 177 2727 | 1.00 059 9.09 | 000 000 000 | 1.00 059 9.09 | 000 000 000 | 0.00 000 000 | 500 295 4545 | 1.00 059  9.09
2225 | 500 295 5556 | 1.00 059 1111 | 000 000 000 | 000 000 000 [ 000 000 000 | 000 000 000 | 1.00 059 1111 | 200 118 2222
2235 | 1.00 059 1429 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 1.00 059 1429 | 0.00 000 000 | 400 236 57.14 | 1.00 059 14.29
2245 | 000 000 000 [ 000 000 000 | 0.00 000 000 | 0.00 000 000 [ 000 000 000 | 0.00 000 000 | 200 118 5000 | 200 118 50.00
2255 | 3.00 177 3750 | 000 000 0.00 | 000 000 000 | 000 000 000 | 1.00 059 1250 | 0.00 000 000 | 300 177 3750 | 1.00 059 12.50
2265 | 500 295 7143 [ 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 000 | 000 000 000 | 200 118 2857 | 000 000 0.0
2275 | 0.00 000 000 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 500 295 6250 | 3.00 177 37.50
2285 | 0.00 000 000 [ 000 000 000 | 0.00 000 000 | 0.00 000 000 [ 000 000 000 | 0.00 000 000 | 1.00 059 3333 | 200 118 66.67
2295 | 1.00 059 3333 | 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 000 | 000 000 000 | 1.00 059 3333 | 1.00 059 3333
2305 | 300 177 60.00 | 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 000 | 000 000 000 | 200 118 40.00 | 000 000 0.0
2315 | 3.00 177 5000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 [ 0.00 000 000 | 0.00 000 000 | 0.00 000 000 [ 3.00 177 50.00
2325 | 300 177 7500 | 000 000 000 | 000 000 000 | 0.00 000 000 [ 000 000 000 | 000 000 000 | 1.00 059 2500 | 000 0.00 0.0
2335 | 200 118 4000 | 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 000 | 000 000 000 | 200 118 4000 | 1.00 059  20.00
2345 | 1.00 059 10000 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 000 000 0.00
2355 | 200 118 40.00 | 0.00 000 0.00 | 000 000 000 | 200 118 40.00 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 [ 1.00 059  20.00
2365 | 1.00 059 3333 [ 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 000 | 000 000 000 | 1.00 059 3333 | 1.00 059 3333
2375 | 000 000 000 [ 000 000 000 | 000 000 000 | 1.00 059 3333 | 000 000 000 | 000 000 000 | 000 000 000 [ 200 118 66.67
2385 | 200 118 3333 | 000 000 000 | 0.00 000 000 | 200 118 3333 | 000 000 000 | 0.00 000 000 | 1.00 059 1667 | 1.00 059 1667
2395 | 000 000 000 [ 000 000 000 | 0.00 000 000 | .00 059 3333 | 000 000 000 | 000 000 000 | .00 059 3333 | 1.00 059 3333
2405 | 000 000 000 | 1.00 059 1667 | 0.00 000 000 | 1.00 059 1667 | 0.00 000 000 | 1.00 059 1667 | 200 118 3333 | 1.00 059 1667
2415 | 100 059 2000 [ 1.00 059 2000 | 000 000 000 | 1.00 059 2000 | 000 000 000 | 000 000 000 | 000 000 000 [ 200 118 40.00
2425 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 500 295 7143 | 0.00 000 000 | 000 000 000 | 0.00 000 000 | 200 118 2857
2435 | 000 000 000 | 1.00 059 1667 | 0.00 000 000 | 1.00 059 1667 | 0.00 000 000 | 000 000 000 | 1.00 059 1667 [ 3.00 177  50.00
2445 | 200 118 1538 | 000 000 000 | 000 000 000 | 600 3.54 4615 | 1.00 059 769 | 000 000 000 | 1.00 059 7.69 | 3.00 177 23.08
2455 | 000 000 000 [ 000 000 000 | 0.00 000 000 | 400 236 8000 | 000 000 000 | 0.00 000 000 | .00 059 2000 | 000 0.00 0.0
2465 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 1.00 059 2000 | 0.00 000 000 | 0.00 000 000 | 200 118 40.00 | 200 118  40.00
2475 | 000 000 000 | 000 000 000 | 0.00 000 000 | 700 413 8750 | 0.00 000 000 | 000 000 000 | 0.00 000 000 [ 1.00 059 1250
2485 | 000 000 000 | 1.00 059 10.00 | 000 000 000 | 400 236 40.00 | 000 000 000 | 000 000 000 | 300 177 3000 | 200 118 20.00
2495 | 0.00 000 000 | 000 000 000 | 0.00 000 000 | 700 413 5385 | 1.00 059 7.69 | 200 118 1538 | 0.00 000 000 | 3.00 177 23.08
2505 | 200 118 2500 [ 0.00 000 000 | 000 000 000 | 3.00 177 3750 | 000 000 000 | 000 000 000 | 3.00 177 3750 | 0.00 0.0  0.00
2515 | 1.00 059 1429 | 000 000 000 | 000 000 000 | 400 236 5714 | 000 000 000 | 000 000 000 | 1.00 059 1429 [ 1.00 059 14.29
2525 | 000 000 000 [ 000 000 000 | 000 000 000 | 1.00 059 10000 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 0.00
2535 | 1.00 059 1250 [ 0.00 000 0.00 | 0.00 000 000 | 3.00 177 3750 | 0.00 000 000 | 0.00 000 000 | 3.00 177 3750 | 1.00 059 12.50
2545 | 0.00 000 000 | 000 000 000 | 0.00 000 000 | 0.00 000 000 [ 000 000 000 | 0.00 000 000 | 200 118 5000 | 200 118 50.00
2555 | 000 000 000 [ 000 000 000 | 000 000 000 | 1.00 059 50.00 | 000 000 000 | 000 000 000 | 000 000 000 [ 1.00 059 50.00
2565 | 1.00 059 1250 [ 000 000 000 | 000 000 000 | 1.00 059 1250 | 000 000 000 | 000 000 000 | 600 3.54 7500 | 000 0.00 0.0
2575 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 [ 0.00 000 000 | 0.00 000 000 | 3.00 177 7500 | 1.00 059 2500
2585 | 200 118 2857 [ 000 000 000 | 000 000 000 | 200 118 2857 | 0.00 000 000 | 000 000 000 | 3.00 177 42.86 | 000 0.00  0.00
2595 | 000 000 000 [ 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 100.00
2605 | 0.00 000 000 [ 000 000 000 | 0.00 000 000 | 1.00 059 1667 | 0.00 000 000 | 0.00 000 000 | 400 236 6667 | 1.00 059 1667
2615 | 200 118 2222 | 000 000 000 | 000 000 000 | 1.00 059 1111 | 000 000 000 | 000 000 000 | 500 295 5556 | 1.00 059 1111
2625 | 000 000 000 [ 000 000 000 | 000 000 000 | 300 177 3750 | 000 000 000 | 000 000 000 | 400 236 5000 | 1.00 059 12.50
2635 | 000 000 000 [ 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 1.00 059 10000 000 0.00 0.0
2645 | 200 118 2222 | 000 000 000 | 0.00 000 000 | 3.00 177 3333 | 000 000 000 | 0.00 000 000 | 3.00 177 3333 | 1.00 059 1L11
2655 | 1.00 059 2000 [ 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 3.00 177 60.00 | 1.00 059  20.00
2665 | 000 000 000 [ 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 000 000 000 | 200 118 10000 000 0.0  0.00
2675 | 000 000 000 [ 000 000 000 | 000 000 000 | 000 000 000 [ 000 000 000 | 000 000 000 | 200 118 6667 | 1.00 059 3333
2685 | 0.00 000 000 [ 000 000 000 | 0.00 000 000 | 0.00 000 000 | 000 000 000 | 0.00 000 000 | 500 295 7143 | 200 118 2857
2695 | 000 000 000 [ 000 000 000 | 000 000 000 | 1.00 059 2000 | 1.00 059 20.00 | 0.00 000 000 | 3.00 177 60.00 | 0.00 0.00  0.00
2705 | 1.00 059 1667 [ 000 000 000 | 000 000 000 | 1.00 059 1667 | 000 000 000 | 000 000 000 | 400 236 6667 | 0.00 0.00 0.0
2715 | 000 000 000 [ 000 000 000 | 0.00 000 000 | 0.00 000 000 [ 000 000 000 | 0.00 000 000 | 200 118 100.00| 000 0.00  0.00
2725 | 000 000 000 | 000 000 000 | 0.00 000 000 | 0.00 000 000 | 0.00 000 000 | 000 000 000 | 200 118 100.00| 000 0.0  0.00
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4.4.3 Plates

Plate S4.1: Inner view of fossil fish otoliths from Kasten core M144 KC5-6 (central western
Mediterranean Sea) belonging to family Myctophidae. A-E: Benthosema glaciale; F-H: Diaphus holti;
I-J: Notoscopelus elongatus; K-N: Ceratoscopelus maderensis; O-P: Electrona risso. Scale bar 1mm.

136



Plate S4.2: Inner view of fossil fish otoliths from Kasten core M144 KC5-6 (central western
Mediterranean Sea) belonging to family Myctophidae. A-C: Hygophum benoiti; D: Lobianchia dofleini;
E-G: Myctophum punctatum; H-K: Lampanyctus crocodilus; L-N: Lampanyctus pusillus; O-P:
Symbolophorus veranyi; Q: Hygophum hygomii. Scale bar 1mm.
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Plate S4.3: Inner view of fossil fish otoliths from Kasten core M144 KC5-6 (central western
Mediterranean Sea). A-C: Argyropelecus hemigymnus (Sternoptychidae); D-G: Maurolicus mdlleri
(Sternoptychidae); H-J: Gonostomatidae; K-N: Engraulis encrasicolus (Engraulidae); O-P: Gadiculus
argenteus (Gadidae); Q-R: Micromesistius poutassou. Scale bar Imm.
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CHAPTER 5

5 Synthesis and research perspectives
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5.1 Synthesis

Warming, acidification, and deoxygenation processes— also referred to as the “deadly
trio” — are all concerningly accelerating in today’s ocean. They are assumed to have
severe consequences for its biogeochemical cycling and ecosystems in ways we
cannot predict as yet (Bijma et al., 2013; Gruber, 2011). The lack of temporal and
spatial long-term monitoring and instrumental time series relating to biological and
physicochemical parameters prevent a comprehensive evaluation of how those CO;
induced climate change stressors impact marine biota. In laboratory experimental
settings, physical and chemical parameters can be manipulated in seawater to simulate
past and/or future conditions to overcome the constraints of short time series.
However, they fail to capture the complex interplay and synergistic effects of ocean
warming, acidification, and deoxygenation and the associated long-term responses.
By overcoming those limitations mentioned above, this thesis contributes to the
understanding of how those CO, induced climate change stressors affect marine
ecosystems. This is done by providing long-term records of calcifying plankton and
pelagic fish dynamics from Mediterranean Sea sediments, to test their response to the
“deadly trio”, or as they are referred to here: The trident of climate change impacts.
The features of the Mediterranean Sea (chapter 1.4) make the basin an ocean
laboratory, in which paleoceanographic changes can be studied to differentiate
between natural variability of ecosystems and anthropogenic impacts. Accordingly,

the thesis can advance the understanding of global change processes.

In this thesis, common and novel paleoceanographic tools are applied on geohistorical
long-term records from the Mediterranean Sea to assess the response of pelagic
organisms (zooplankton and fishes) to CO; induced climate change stressors.
Undisturbed marine sedimentary archives, from multicorer, provide the necessary
high temporal resolution to identify the pre-industrial baselines for calcifying
plankton assemblages and their shell chemistry/morphometrics. In this way, the
impacts of anthropogenic warming and acidification are tested against preindustrial
variability on calcifying plankton (Chapters 2 and 3). To better understand the
response of pelagic fish to future ocean deoxygenation (Chapter 4), a marine

sedimentary Holocene record is extracted from the Eastern Mediterranean Sea. The
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geohistorical natural variability preserved in the marine sediments allows to contrast
a well-ventilated “normal” oxygen Mediterranean Sea with anoxic conditions. Here,
the use of a Kasten corer guarantees the sampling of large amounts of sediment, to

yield for high concentrations of fossil otoliths, being scarce in ocean deposits.

In chapter 2, the transition between preindustrial and modern times is investigated
through SST reconstructions derived from alkenones and planktic foraminiferal
abundance dynamics. This approach allows to test for changes in western
Mediterranean climatic and oceanographic conditions induced through anthropogenic
CO; perturbations. Particularly, relative abundance changes of the key indicator
species G. bulloides, G. inflata and G. truncatulinoides shed light on hydrographic
conditions and surface productivity patterns. Those findings suggest that
anthropogenic warming during the 20" century enhanced vertical stratification,
impeding nutrient supply to surface waters, which lead to a decline in marine surface

productivity, overriding the preindustrial signal of natural variability.

Chapter 3 assesses the impacts of ongoing ocean acidification on calcifying marine
zooplankton. Cutting-edge stable isotope mass spectrometry analysis in fossil shells
of G. ruber and G. bulloides, two surface dwelling planktic foraminifera species, show
accelerated anthropogenic carbon uptake, depicted by §**C variability, and ongoing
acidification, depicted by 8''B variability, in the ocean. Such changes were detected
for the first time in Mediterranean planktic foraminiferal shells. Size normalized
weight (SNW) measurements performed in the same two species suggest that those
carbon perturbations at the sea surface impaired foraminiferal calcification during the

20" century.

In chapter 4, an Eastern Mediterranean otolith record is used to contrast the response
of the pelagic fish community to changing ocean oxygen levels throughout the
Holocene. Those microfossils have been applied in ichthyology, fishery biology and
micropaleontology since over a century, but continuous marine records are very rare,
as high concentrations of fossils and large amounts of sediments are needed to gain
statistically significant results. Unlike planktic foraminiferal shells, which record

lower trophic food web dynamics, fossil otoliths can give insights about past
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ecological changes of higher trophic levels, which are so far insufficiently studied in
paleoceanography. Here, it is shown that mesopelagic fish thrived during times of a
well oxygenated water column but became nearly absent when mid- to bottom waters
were severely anoxic. The findings suggest that accelerated ocean deoxygenation
might reduce mesopelagic fish abundance in two ways. Shoaling of OMZs is expected
to compress their vertical night-time habitat, thus enhances predator pressure on
mesopelagic fish, while survival in the core regions of the OMZs become nearly
impossible, once absolute oxygen levels fall below a certain threshold (Vaquer-
Sunyer & Duarte, 2008).

The findings of that thesis, which are based on Mediterranean long-term fossil
records, can provide a glimpse of how the ocean in a future high CO, world could
look like (Fig. 5.1). SST increase, and enhanced stratification might result in
ultraoligotrophic surface waters and declining biological productivity. At the same
time, ongoing acidification impedes the biogenic calcification of marine calcifying
plankton, while reduced ocean oxygen levels and particularly severe midwater anoxia
diminishes mesopelagic fish stocks. With ocean warming, acidification, and
deoxygenation expected to become more severe during the 21% century (Bopp et al.,
2013), global marine ecosystem services are under threat since marine calcifying
plankton and mesopelagic fish are major components of both the marine food web
architecture and biogeochemical cycling in the ocean. Mesopelagic fish are key
players in the marine food web, by connecting shallow with deep sea ecosystems
(Eduardo et al., 2021), and controlling both, bottom-up and top-down processes (Catul
et al., 2011), mediating energy transfer from primary production to top predator
biomass (Hunt et al., 2015). Owing to their large biomass which equals 100x annual
global fish and aquaculture production (FAO, 2022; Irigoien et al., 2014),
mesopelagic fish are not only a vital food for big predatory fish and marine mammals,
but also an important resource to supply aquaculture and nutraceutical markets (St.
John et al., 2016). As a reliable source of essential amino acids and nutritive proteins
(Koizumi et al., 2014; Seo et al., 1998), mesopelagic fish might be a potentially new
nutritional resource to sustainably feed the world. Although, planktic foraminifera

constitute only a small component of the global plankton biomass (Buitenhuis et al.,
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2013; Knecht et al., 2023; Ziveri et al., 2023), making them less important for the
marine food web, they are good indicators for overall plankton biomass changes as
they are closely related to primary production. Mesopelagic fish actively transport
carbon from the surface to the deep ocean through vertical migration, sustaining its
biological carbon pump efficiency (Davison et al., 2013; Saba et al., 2021). Planktic
foraminifera are responsible for approximately 50% of the global pelagic calcite
export flux through sinking shells, highlighting their importance for long-term carbon
storage in ocean sediments (Schiebel et al., 2018). Accordingly, the decline of both
mesopelagic fish and planktic foraminifera due to enhanced warming, acidification,
and deoxygenation in a future ocean, as indicated through this thesis, suggests a major
loss of marine biomass and profound perturbations of the marine carbon pump, which
would have negative knock-on effects on climate regulation, ocean’s ecosystem

functioning and food security.

The scientific findings presented in this work call out for a better protection of our
oceans through improved sustainable management of marine resources and a
reduction of CO, emissions. Mesopelagic fishery is a promising, new solution to
provide a growing aquaculture production and a globally increasing population with
nutritional food, and to counterbalance the declining worlds fish supply which is
already exhausted through industrial fisheries. As indicated in this work, mesopelagic
fish dynamics are highly sensitive to climate change stressors like ocean
deoxygenation. Right now, the role of mesopelagic fish for carbon cycling and pelagic
food webs seems to be too important to enhance pressure on the mesopelagic
communities through inconsiderate exploitation of mesopelagic resources. More
studies are needed to quantify the biomass of mesopelagic fish and better assess their
response to ongoing climate change. Additionally, it is important to implement a
precautionary approach for harvesting midwater resources, including moratoriums on
deep sea fishing, the promotion of marine protected areas and the reduction of fishery
subsidies. Additionally, great and effective efforts need to be done to cut carbon
emissions, to slow down ocean warming, acidification, and deoxygenation, hence
mitigate the effects of CO; induced climate change stressors on marine ecosystems,

which is extremely urgent as we cannot forecast their extensive consequences. Due to
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the high uncertainties regarding fundamental processes and interplay between
combined CO; induced climate change stressors, the magnitude of marine ecosystem
damage over the coming century is likely to be underestimated yet. Only a drastic
reduction in carbon emissions might prevent us from unpredictable marine ecosystem
collapse. Both sustainable midwater fishery and climate mitigation are two crucial
components to protect and restore marine ecosystem functions, to provide for the same

goods and services that satisfied our needs, also for the next generation.

amospnencC02 High CO, World

atmasphericcoz Prei n d Ustri a I Wo rld

Figure 5 1: Sketch of an ocean in a preindustrial compared to a high CO2 world based on main findings
of the thesis.
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5.2 Research perspectives

Fossil planktic foraminifera as a window to long-term biodiversity changes

Knowledge about marine biodiversity change is key to sustain ocean ecosystem
functioning, however, smaller organisms are less well studied than larger taxa and
plankton monitoring programs rarely span more than a century. As diversity of marine
microfossils is closely related to overall diversity of marine microplankton, studying
entire fossil foraminiferal species compositions will allow to quantify biodiversity
dynamics over decades to millennia and assess their relation to environmental long-
term changes. There is further need to use fossil planktic foraminiferal records with
highest temporal resolution to extend observational zooplankton time-series back to
preindustrial times, which will help assess human impact on biological plankton
diversity, refine ecological model projections and evaluate nonlinear dynamics and
the detection of tipping points in marine ecosystems. To better constrain zooplankton
dynamics on seasonal to centennial times scales, we must overcome the lack of
collaborations between zooplankton ecologists and micropaleontologists, calling for

more interdisciplinarity in our research.
The need for more paleo fish records

This thesis reconstructs pelagic fish dynamics throughout the geological past by using
fossil otoliths, in the same fashion as some previous studies produced long time series
by means of other fish proxy types like teeth, scales, or bones. There are many other
environments and time periods which need to be investigated yet, to establish a
comprehensive set of historical baselines which are crucial for marine fishery
conservation and management, as they can help to effectively restore degraded marine
fish populations and communities. More efforts must be made to study fish response
throughout climatic extreme events in the past like the Paleocene-Eocene Thermal
Maximum (PETM) or glacial to interglacial cycles to better understand their responses
to climate change stressors like ocean warming and acidification. Comparing long-

term reconstructions of fish abundance and species composition changes with paleo
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productivity might fill knowledge gaps in the complex research field embracing food

web architecture and trophic web dynamics.
Proxy potentials of fossil otoliths

There are many applications for otoliths in modern fishery science, studying their
morphometrics, growth rings or chemical composition which provide information
about habitats or life history of fishes. As the use of otoliths in paleoceanography is
quite recent, there is a great potential to apply those cutting-edge techniques of modern
fishery science to fossil otoliths. Analyzing otolith size changes in sedimentary
records would provide us with a proxy for fish body size and biomass. The stable
isotopic composition of fossil otoliths could help to better understand past changes in
species trophic level and diet (5!°N) or metabolic rates (§*C). Measuring redox
sensitive elements like Mn/Ca ratios in the calcareous structure of fossil otoliths could
give insights of fish exposure to hypoxic conditions in the past. Those are just a few,
selected examples of how fossil otoliths could serve as proxy archives and the short
list might give a glimpse of their great potential for research in paleoceanography,

paleoclimatology, and paleoecology.
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Figure 2.1: Locations of the study areas in the western Mediterranean Sea, bathymetry, hydrography,
SST, and chlorophyll-a data. (a-b) Ocean Data View (ODV) bathymetric maps (Schlitzer, 2019). Dark
arrows represent surface currents and gyres. (a) Station MedSeA-S23 in the Balearic Sea. Core location
indicated by a blue cross. NC: Northern Current (surface). WMDW: Western Mediterranean Deep Water
formation. M: Mistral. T: Tramontana. (b) Station MedSeA-S3 in the Alboran Sea. Core location
indicated by a red cross. AJ: Atlantic Jet (surface). WAG: Western Alboran Gyre. EAG: Eastern Alboran
Gyre. Upwelling area (orange). References of studies close to core location cited in text. (c) Monthly sea
surface temperature (SST), (d) Monthly surface chlorophyll-a concentration (e) annual mean
chlorophyll-a concentration from 2003 to 2019 CE at the Balearic (blue open circles) and Alboran Sea
(red crosses) core site. Linear fit for both time series indicated by blue (Balearic Sea) and red (Alboran
Sea) line. Data is retrieved from AQUA-Modis, Level 3 sensor, covers the period from July 2002 to
February 2020, and is centered at the exact core location, covering 16 Km2. ..........cccccoevvernnievernnennn, 27
Figure 2.2: Downcore variations of SST, surface production of calcareous organisms and relative
abundances of calcareous nannoplankton taxa during the Common Era in the Alboran (red) and Balearic
cores (blue). (a) Alkenone (Uk’37) derived SSTs. (b) Alkenone concentration of total C37. (c-d) Test
accumulation rates and test concentrations per gram sediment in Balearic and Alboran cores. (e-g) Red
symbols show percentage values of calcareous nannoplankton species, with 95% confidence interval of

the counts indicated by the error bars. Red lines show 3-pt running average of calcareous nannoplankton
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species data. Duration of the Dark Age (DA), Medieval Climate Anomaly (MCA), Little Ice Age (LIA)
and Industrial Era (IE) is based on estimates by Nieto-Moreno et al. (2011)........cc.ccoceieveiniiniciiienne 34
Figure 2.3: Downcore variations of relative planktic foraminiferal species abundances (a-g) during the
Common Era in the Alboran (red) and Balearic cores (blue). Symbols show percentage values of planktic
foraminiferal species with 95% confidence interval of the counts indicated by the error bars. Solid lines
indicate 3-pt running average of >150 pum size fraction of planktic foraminiferal species. Duration of the
Dark Age (DA), Medieval Climate Anomaly (MCA), Little Ice Age (LIA) and Industrial Era (IE) is
based on estimates by Nieto-Moreno et al. (2011) ........ooceriiiieiiiee e e 35
Figure 2.4: SST records from the Balearic and Alboran Seas in comparison with nearby paleorecords
and instrumental measurements with a focus on the Industrial Era. (a) Alkenone derived SST in Balearic
core (blue circles). Paleotemperature records of other studies conducted in vicinity of the Balearic study
site: light and dark green lines (Moreno et al., 2012); orange line (Sicre et al., 2016). (b) Alkenone derived
SST in Alboran core (red circles). Paleotemperature records of other studies conducted in vicinity of the
Alboran study site: light and dark brown (Nieto-Moreno et al., 2013). Industrial SST warming at the
Balearic (c) and the Alboran (d) study site. Annual SST and standardized SST anomaly (SSTA),
respectively, obtained through instrumental data: grey line (HadISST) and dark line (Kaplan v2) (Kaplan
et al., 1998; Rayner et al., 2003; Reynolds & Smith, 1994). Red bands indicate SST warming phases
derived from Kaplan and HadISST data. Blue and red circles, respectively, show alkenone derived SST
in Balearic and Alboran core. Brown line shows atmospheric CO2 concentrations measured (Tans &
Keeling, 2020) and reconstructed (Friedli et al., 1986). Filled and open diamonds represent 14C dates
and 210Pb dates used as tie-points for age-depth model reconstruction, respectively, color coded by the
corresponding core color (Alboran = red; Balearic = blue), including their associated 2¢ errors. Duration
of the Dark Age (DA), Medieval Climate Anomaly (MCA), Little Ice Age (LI1A) and Industrial Era (IE)
is based on estimates by (Nieto-Moreno et al., 2011)........cccovveviieiiriinnene e 41
Figure 2.5: Natural and anthropogenic forcing driving surface productivity and deep winter mixing in
the western Mediterranean Sea during the Common Era expressed through planktic foraminiferal species
composition and abundance changes. (a) Sulphate records in Antarctic and Greenland ice cores as a proxy
for volcanic activity (Crowley & Unterman, 2013). (b) Total solar irradiance (TSI) based on °Be and
14C data (Steinhilber et al., 2012; Steinhilber et al., 2009). Orange fillings indicate TSI periods below the
mean (-0.2 W m). (c) Reconstruction of Atlantic Multidecadal Oscillation (AMO) (Mann et al., 2009),
expressed as 29 point moving average (dark line). (d) Reconstruction of North Atlantic Oscillation
(NAO) through tree-ring and speleothem-based records (Trouet et al., 2009) expressed as 29 point
moving average (dark line), lake sediment records as a grey line (Olsen et al., 2012) and instrumental
data covering 1821 CE to 2013 CE (P. D. Jones et al., 1997) expressed as 5 point moving average (orange
line). Positive and negative phases for NAO and AMO indices are highlighted as red and blue areas,
above and below the mean. (e) Paleotemperature reconstruction for continental Europe as orange dashed
line (Ahmed et al., 2013) and alkenone derived SST for Alboran (red) and Balearic (blue) cores. (f) Paleo
storm activity in the Gulf of Lion (Sabatier et al., 2012). (g) Intensity of Western Mediterranean Deep-
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Water formation (WMDW), recorded through de-carbonated (green) and total (dark green) grain-size
fraction (Cisneros et al., 2019). (h) Added relative abundance of G. inflata + G. truncatulinoides in the
Balearic Sea (blue) as a proxy for deep winter mixing and G. bulloides versus G. inflata in the Alboran
Sea (dark red) as a proxy for surface productivity. Grey plus and minus symbols indicate concurrent
species composition changes at both study sites, related to (de-) and increasing phases of NAO modes
on multidecadal time scales (i) Standardized total planktic foraminiferal test accumulation rate at the
Alboran (red) and Balearic (blue) core sites: Crosses and dashed lines show values based on
sedimentation rates rest upon C dating. Triangles represent std. acc. rates based on sedimentation rates
rest upon 21%Pb dating. Solid lines represent linear fit through LIA and %th century second half,
respectively. Filled and open diamonds represent 1“C dates and ?°Pb dates used as tie-points for age-
depth model reconstruction, respectively, color coded by the corresponding core color (Alboran = red;
Balearic = blue), including their associated 26 errors. Duration of the Dark Age (DA), Medieval Climate
Anomaly (MCA), Little Ice Age (LIA) and Industrial Era (IE) is based on estimates by Nieto-Moreno et
LI 1 OO 45
Figure 2.6: Western Mediterranean circulation pattern and interaction with planktic foraminiferal
community as explained in the text. (a) Enhanced northwesterly winds, deep water formation, strong
Atlantic inflow inducing upwelling and increasing relative abundance of G. bulloides over G. inflata in
the Alboran Sea, and G. inflata and G. truncatulinoides in the Balearic Sea. (b) Weakened northwesterly
winds and deep water formation, lowering Atlantic inflow and reducing upwelling, increasing relative
abundance of G. inflata over G. bulloides in the Alboran Sea, and decreasing percentages of G. inflata
and G. truncatulinoides in the Balearic Sea (Figure by Jagoba Malumbres-Olarte). ..........cc.cocoeneinnnne. 53

Figure S2.1: Age-depth model for the Balearic Sea core (MedSeA-S23-c3). reconstructed by combining
a21%Ph based CF:CS model and Bayesian model using two 1“C dates retrieved from planktic foraminiferal
shells. (a) Activity profile of total 2'°Pb concentration (blue dots) with red horizontal line representing
the supported %P activity; (b) Activity profile of excess 2!°Pb (open circles); (c) activity profile of
excess 219Ph plotted against logarithmic y-axis and exponentially fitted by non-linear least square fit (dark
line). Vertical and horizontal error bars representing 16 uncertainties and (d) Lower panel: Depth-age
model (red line, single best model) based on two calibrated 1“C (transparent blue) and twelve 21°Pb dates
(transparent green). 95% confidence interval is marked by grey stippled line, while darker greys areas
inside confidence interval significate more likely calendar ages. Upper left panel: MCMC iterations.
Upper middle panel: prior (green curve) and posterior (grey histogram) distribution of the accumulation
rate. Upper right panel: prior (green curve) and posterior (grey histogram) distribution of the memory.
Important to note: “C ages are derived from S23_COMeL.........cccvvririiiiennesinisssseseeesesesseseseseseens 61
Figure S2.2: Activity profile of total 2!°Pb concentration of core MedSeA-S23-c3 (blue dots) and
MedSeA-S23-c1 (orange dots). Error bars represent 16 UNCErtainties. ........eveerereriesiereeneeiesesesesieneas 61
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Figure S2.3: Age-depth model for the Balearic Sea core (MedSeA-S23-c1). Reconstructed by combining
a21%Ph based CF:CS model and Bayesian model using two 1“C dates retrieved from planktic foraminiferal
shells. (a) Activity profile of total 2'°Pb concentration (blue dots) with red horizontal line representing
the supported 2°Pb activity; (b) Activity profile of excess #°Pb (open circles); (c) activity profile of
excess 219Ph plotted against logarithmic y-axis and exponentially fitted by non-linear least square fit (dark
line). Vertical and horizontal error bars representing 16 uncertainties. (d) Lower panel: Depth-age model
(red line, single best model) based on two calibrated “C (transparent blue) and twelve 2°Pb dates
(transparent green). 95% confidence interval is marked by grey stippled line, while darker greys areas
inside confidence interval means more likely calendar ages. Upper left panel: MCMC iterations. Upper
middle panel: prior (green curve) and posterior (grey histogram) distribution of the accumulation rate.
Upper right panel: prior (green curve) and posterior (grey histogram) distribution of the memory. ......62
Figure S2.4: Age-depth model for the Alboran Sea core (MedSeA-S3-c1). Reconstructed by combining
a21%Ph based CF:CS model and Bayesian model using two 1“C dates retrieved from planktic foraminiferal
shells. (a) Activity profile of total 22°Ph concentration (blue dots) with red horizontal line representing
the supported 2°Pb activity; (b) Activity profile of excess 2:°Pb (open circles); (c) activity profile of
excess 2%Ph plotted against logarithmic y-axis and exponentially fitted by non-linear least square fit (dark
line). Vertical and horizontal error bars representing 1c uncertainties and (d) Lower panel: Depth-age
model (red line, single best model) based on two calibrated “C (transparent blue) and six 2°Pb dates
(transparent green). 95% confidence interval is marked by grey stippled line, while darker greys areas
inside confidence interval means more likely calendar ages. Upper left panel: MCMC iterations. Upper
middle panel: prior (green curve) and posterior (grey histogram) distribution of the accumulation rate.

Upper right panel: prior (green curve) and posterior (grey histogram) distribution of the memory. ......63
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Figure 3.1: Station map of the western Mediterranean produced in Ocean Data View (Schlitzer, 2019)
indicating core locations: MedSeA-S3-c1 (Alboran Sea; 3), MedSeA-S23-c1 (Balearic Sea; 23),
MedSeA-S7-c2 (Strait of Sicily; 23). (a) Western Mediterranean SSTs from World Ocean Atlas 2018
(Garcia et al., 2019). (b) Sea surface pH based on a global gridded dataset covering the period 1982—
2020 (Gregor & GrUDEE, 202L1)....c.ccuiiiieiiiitiieteiesiei ettt e bbbt n s 71
Figure 3.2: Changing environmental parameters at three core locations (Alboran and Balearic Seas, Strait
of Sicily) in the western Mediterranean Sea during the Common Era (a) Sea surface temperature (SST)
changes derived from alkenones (dark blue line) and the HadISST data set (light blue line). (b) Marine
surface productivity represented by total test accumulation rate (purple line), alkenone concentration
(grey symbols), and species composition (G. bulloides versus G. inflata) and species abundance (G.
inflata + G. truncatulinoides) changes (brown line) (Pallacks et al., 2021) (c) Suess effect displayed
through 8'3C (%0 VPDB) signature measured in planktic foraminiferal tests of G. elongatus (red dashed

line) and G. bulloides (blue dashed line) with error bars indicating 0.1 %o uncertainty (1SD level) and
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displayed as 3 point running average. (d) Surface ocean pH estimated with CO2SYS (black line- see
methods) and boron isotope measurements (Orange symbols) in tests of G. elongatus (Alboran Sea) and
G. ruber albus (Strait of Sicily). (e) Planktic foraminiferal calcification expressed as size normalized
weight (SNW) for G. elongatus (red) and G. bulloides (blue). Grey shaded area in Alboran and Balearic
time series represents the pre Industrial Era, prior to 1800 CE with a compressed time axis. ................ 72
Figure 3.3: Changing western Mediterranean biogeochemistry over the last 2000 years driven by
enhanced anthropogenic CO2 emissions. (a) Atmospheric CO2 concentrations derived from measured
(Tans & Keeling, 2020) and reconstructed (Bauska et al., 2015; Friedli et al., 1986) records. (b) Stack of
Mediterranean Sea Surface Temperature (SST) anomalies (blue line) with light blue shading indicating
the 68% Confidence Interval (Marriner et al., 2022). (c) Generalized additive model (GAM) fit (purple
line) of standardized SST data (purple open squares) including alkenone derived SST and calculated
mean from HadISST for each location. Purple shading indicates 95% Confidence Interval. (d) GAM fit
(dark blue line) to standardized §'3C results comprising G. elongatus (blue triangles) and G. bulloides
(blue circles) of all three stations, blue transparent ribbon indicates 95% confidence interval. (e)
Standardized pH values (black symbols) estimated through CO2SYS for Alboran Sea (diamonds),
Balearic Sea (full circles) and Strait of Sicily (triangles). Standardized pH values derived from boron
isotope measurements (orange symbols) in G. ruber albus at Strait of Sicily (circles), and in G. elongatus
at the Alboran Sea (squares). (f) GAM fit (dark red line) to standardized size normalized weights (SNW)
of G. elongatus (red triangles) and G. bulloides (red circles) of all three stations, red transparent ribbon
indicating 95% CONFIAENCE INTEIVAL .......c.ooviiiiiiiicc e 76

Figure S3.1: Negative anthropogenic carbon isotope excursions (nCIE) in planktic foraminiferal tests at
three Stations in the western Mediterranean Sea for G. elongatus (left) and G. bulloides (right) during the
20t century with error bars indicating 0.1 %o uncertainty (1SD level). A linear regression model (red
line) is used to calculate nCIEs during the time period from 1900 CE to 2013 CE. Beside 8*3C changes,
the intercept, slope and p-value of the regression model are shown. Station 3: Alboran Sea, Station 7:
Strait of Sicily, Station 23: BalEariC SEa. .........ccueiiiiiiiieiee e 94
Figure S3.2: Estimated changes in western Mediterranean surface water carbonate chemistry performed
by CO2SYS program (version 2.0), assuming equilibration between surface seawater with constant
alkalinity and atmospheric CO2 (see Methods). (a,c.e,f) pH and [COs?] values for Alboran Sea (blue),
Strait of Sicily (orange), Balearic Sea (grey). (b,d)Mean values for all three stations, error bars
represented by standard deviations. Linear trends calculated for time periods 1900-2019 CE (blue);
1950-2019 CE (green), 1999-2019 CE (purple). (a-d) Estimates based on sea surface temperatures (SST)
derived from HadISST data set; (e,f) Estimates based on alkenone derived SSTs (Incarbona et al., 2016;
Pallacks €1 Al., 2021). ...ooiiuiiiiiieieiei ettt ettt a et et ntera et re e e 95
Figure S3.3: 20" century size normalized weight (SNW; pg) changes in planktic foraminiferal tests at

three Stations in the western Mediterranean Sea for G. elongatus (left) and G. bulloides (right). A linear
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regression model (red line) is used to calculate 20™ century SNW change during the time period from
1900 CE to 2013 CE. Beside SNW changes, the intercept, slope and p-value of the regression model are

shown. Station 3: Alboran Sea, Station 7: Strait of Sicily, Station 23: Balearic Sea. ...........cccccceevrenne 96
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Figure 4.1: (a-b) Two hypothetical schemes describing oceanographic 2-component system during
Sapropel deposition and Younger Holocene at our core location in the central west Aegean Sea, and the
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Plate S4.1: Inner view of fossil fish otoliths from Kasten core M144 KC5-6 (central western
Mediterranean Sea) belonging to family Myctophidae. A-E: Benthosema glaciale; F-H: Diaphus holti; I-
J: Notoscopelus elongatus; K-N: Ceratoscopelus maderensis; O-P: Electrona risso. Scale bar Imm. .136
Plate S4.2: Inner view of fossil fish otoliths from Kasten core M144 KC5-6 (central western
Mediterranean Sea) belonging to family Myctophidae. A-C: Hygophum benoiti; D: Lobianchia dofleini;
E-G: Myctophum punctatum; H-K: Lampanyctus crocodilus; L-N: Lampanyctus pusillus; O-P:
Symbolophorus veranyi; Q: Hygophum hygomii. Scale bar Imm. ........c.cccooveviiiiiieiiiineieceee e 137
Plate S4.3: Inner view of fossil fish otoliths from Kasten core M144 KC5-6 (central western
Mediterranean Sea). A-C: Argyropelecus hemigymnus (Sternoptychidae); D-G: Maurolicus mulleri
(Sternoptychidae); H-J: Gonostomatidae; K-N: Engraulis encrasicolus (Engraulidae); O-P: Gadiculus
argenteus (Gadidae); Q-R: Micromesistius poutassou. Scale bar Imm. ..........cccccovvrveveieiniceiesieseneenns 138
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