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ARTICLE INFO ABSTRACT

Editor: Dr. Fabienne Marret-Davies 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.
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1. Introduction stratification (Behrenfeld et al., 2006; Li et al., 2020). In a world sub-

jected to high anthropogenic pressure and affected by a continuous in-

Mankind’s influence on the climate has grown over the last two
centuries, with exponential enrichment of greenhouse gases in the at-
mosphere (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 and Keeling,
2020), the unprecedented increase of atmospheric CO, accelerated
during the 20t century, warming surface oceans (Gleckler et al., 2012)
and depleting marine surface production through enhanced vertical
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crease in atmospheric CO5 since the Industrial Revolution, knowledge
about the impacts of rising sea surface temperatures (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
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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 (Gray et al.,
2004; Liining et al., 2019; Moreno et al., 2012; J. Wang et al., 2017). The
first part of the 20 century was characterized by low pressure gradi-
ents, 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). The close relation between NAO, AMO, and
SST in the pre-industrial Mediterranean (Liining 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), acceler-
ating the increase of SSTs in the Mediterranean at a rate of 0.35 °C per
decade (Shaltout and Omstedt, 2014). Direct (changes in reproduc-
ibility, 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 func-
tioning (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; Schirr-
macher et al., 2019), while anthropogenic warming has affected both
study regions, as reported through instrumental data and paleoenvir-
onmental 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 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 prop-
erties (Bé, 1977; Bé and Tolderlund, 1971; Schiebel and 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 forami-
niferal tests (Kucera, 2007). Water column configuration and food
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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 and Grazzini, 1995;
Rigual-Hernandez et al., 2012; Zarkogiannis et al., 2020), whereas dif-
ferences 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 com-
munities (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 spe-
cies and/or in the ratio between taxa that indicate different local hy-
drographic conditions (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 super-
imposed by accelerated anthropogenic SST warming, starting with the
onset of the Industrial 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 pm 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 car-
ried out along with data on alkenone-derived SST, organic biomarkers,
and coccolithophore (calcifying phytoplankton) assemblage that pro-
vide evidence of a simultaneous modification in water column dynamics
and in the planktic ecosystem network. Especially significant are U¥y,
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. Study area
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 character-
ized 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 (Schneider et al., 2007;
Shaltout and Omstedt, 2014; Stambler, 2014; Tanhua et al., 2013).

The two study sites, as shown in Fig. 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 NAOQ, is influencing the climate and oceanographic conditions of the
western Mediterranean (Hurrell, 1995). Positive NAO phases charac-
terized 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 Medi-
terranean Sea with reduced storm activity and below average precipi-
tation 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
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Fig. 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?.

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; Smith
et al., 2016; Trouet et al., 2009).

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 and 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 et al., 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 and 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 and Richez, 1985; Heburn and La Violette, 1990).
Driven by the strength of the Atlantic Jet (AJ) (Bormans and 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-Yanez et al., 2002). Variations in the Mediterranean
Thermohaline Circulation (MTHC) during winter months force surface
net water flux into the Mediterranean Sea through the Strait of Gibraltar
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(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. 1b).

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,
Ocean Ecology Laboratory, Ocean Biology Processing Group, 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
Fig. 1lc, 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 in-
fluences SST at the Alboran study site.

With highest productivity in March (0.64 mg m~>) 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 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 con-
centrations occur in March (0.66 mg m’3) and lowest ones in August
(0.22 mg m~3). High primary productivity levels are the consequence of
fresh nutrient rich upwelled water at the northern Alboran Sea (Barcena
and Abrantes, 1998; Barcena et al., 2004; Garcia-Gorriz and Carr, 2001),
the local occurrence of which is highly dependent on the hydrography of
the WAG system.

3. Material and methods
3.1. Material

The study is based on high resolution multicore records (MedSeA-S3-
cl; MedSeA-S23-c1; 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
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after the cruise and sliced every 0.5 cm.
3.2. Radiocarbon and radionuclides analysis

Determination of total 2!°Pb activities was accomplished through the
measurement of its alpha-emitter daughter nuclide 2!°Po, following the
methodology described in Sanchez-Cabeza et al. (1998) at the Autono-
mous University of Barcelona. After addition of 2°°Po 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 1N at 70 °C while stirring for 8 h. Po emissions were
subsequently counted using o-spectrometers equipped with low-
background silicon surface barrier (SSB) detectors (EG&G Ortec) for
4x10° seconds. The concentrations of excess 2°Pb used to obtain the age
models were determined as the difference between total 2!°Pb and the
uniform 21°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 pm 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. Anal-
ysis 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 ac-
count, 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-c1)
and 19.25 cm to 39.25 cm (MedSeA-S23-c1) (Appleby and Oldfield,
1992; Bradley, 2015).

The age-depth models for the entire sediment cores in the Alboran
and the Balearic Seas were calculated considering both 4C dates and the
ages from the 20™ century reported by the 2'°Pb age model (up to 5.5 cm
core depth of MedSeA-S3-c1, up to 11.5 cm core depth of MedSeA-S23-
cl and MedSeA-S23-c3) and using Bayesian statistics applied by the R-
code package “rbacon” (Blaauw and Christen, 2011) shown in Figs. S1,
S3 and S4.

3.3. Biomarkers

Alkenones (heptatriaconta-8E,15E,22E-trie2-one and heptatriac
onta-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 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
pm; L(m ) * ID(mm) * OD(mm): 50 * 0.32 * 0.45). Hydrogen was the
carrier gas (2.5 mL min’l). Concentrations were determined using n-
hexatriacontane (CH3(CH3)34CHs3) 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
Uk’37 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.
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3.4. Planktic foraminifera

3.4.1. Taxonomic concepts

Analysis of planktic foraminiferal tests was performed on cores
MedSeA-S3-c1 and MedSeA-S23-c1. The five morphospecies Globiger-
inoides 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 iso-
lated. Classification of the different foraminiferal species was carried out
by visual identification using a binocular stereo microscope (magnifi-
cation 10x - 20x) and a bifurcated illuminator. Taxonomic identifica-
tion of the target species was based on Schiebel and Hemleben (2017).
The white (G. ruberwyrre) and pink (G. ruberpiyg) varieties were
collected separately. A distinction between the two morphotypes of
G. ruberwytg, G. ruber sensu lato (G. rubers;) and G. ruber sensu stricto
(G. rubersg) was made, based on differences in test morphology (Kon-
takiotis et al., 2017; Numberger et al., 2009; L. Wang, 2000)

3.4.2. Analyzed size fraction

Bulk sediment mass was obtained after drying samples at 60 °C for
approximately 24 hours. Samples were washed over a 63 pm 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 and > 315
pm. Results are presented and discussed for > 150 pm size fraction. More
than 300 specimens were identified in the > 150 pm size fraction in all
samples.

The standard > 150 pm 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 un-
derrepresented, 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 pm size fraction.

3.5. Coccolithophore sedimentary record

Analysis of relative abundance of calcareous nannoplankton assem-
blages (coccolithophores) was done on core MedSeA-S3-c1. Following
standard procedures in Bown and Young (1998) smear slides of each
sample (<63 pm) were prepared and analyzed by a polarized micro-
scope (x 1000 magnification). Considering around 20 taxonomic units,
at least 500 specimens were counted and identified by taxonomic con-
cepts of extant coccolithophores (Young et al., 2003).

4. Results
4.1. Age model

Concentrations of 210Pbmt and 210PbXS with depth in the sediment
records are shown in Figs. S1, S3 and S4. 210pp, activity of the 3
analyzed cores is decreasing from the surface, reaching a constant
average value (210Pbsup) of ~31 + 2 Bq kg~! at ~12.5 cm depth
(MedSeA-S3-c1), ~35 + 3 Bq kg’1 at ~20.5 cm depth (MedSeA-S23-c1)
and ~33 + 2 Bq kg ! at ~18.5cm depth (MedSeA-523-¢3). Applying the
CF:CS model the maximum mean mass accumulation rate (MAR) is
0.047 +0.002 g cm 2 yr~! (MedSeA-S3-c1), 0.105 + 0.008 g cm ™2 yr
(MedSeA-S23-c1), and 0.110 + 0.004 g cm ™2 yr~! (MedSeA-523-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-c1, respec-
tively) with calibrated 1C ages at depth 15.5 cm (1297 yr CE, 26 cal
1257 — 1337 yr CE) and 30.5 cm (433 yr CE, 20 cal 358 - 534 yr CE) of
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core MedSeA-S3-c1, and at depth 19.25 cm (1481 yr CE, 20 cal 1442 —
1529 yr CE) and 39.25 cm (1050 yr CE, 206 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 33.5 cm
kyr~! (MedSeA-S3-c1), 50.6 cm kyr~! (MedSeA-S23-c1), and 53.8 cm
kyr ! (MedSeA-S23-¢3) (Table S1).

4.2. Absolute changes in reconstructed SST

Data on SST and alkenone concentration of both records is summa-
rized in Fig. 2 and Data Set S4 & S5 (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.

4.3. Planktic foraminiferal species abundances

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. 3, Data Set S1 & S2).

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. ruberwprrg (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. ruberwurte (4.8-11.5%, on average 7.9%). In both Balearic and
Alboran records, the morphospecies G. rubergy, (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,
G. inflata and G. truncatulinoides show abundance fluctuations of oppo-
site signs at their core locations over some time intervals, but also be-
tween study sites (Fig. 3). Due to their low relative abundances,
variations in G. ruberss, G. ruberpng 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™2 yr™!) than in the
Balearic (22.5 ind. cm 2 yr’l) 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.

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 S3 (Supplementary In-
formation). Taxa do not show any significant abundance variation
throughout the record, except for Emiliania huxleyi, Gephyrocapsa oce-
anica and Florisphaera profunda since the 20t century (Fig. 2). Most
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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.

5. Discussion

5.1. Age model
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Fig. 2. Downcore variations of SST, surface
production of calcareous organisms and
relative abundances of calcareous nanno-
plankton taxa during the Common Era in the
Alboran (red) and Balearic cores (blue). (a)
Alkenone (Uky37) derived SSTs. (b) Alkenone
concentration of total Cs;. (c-d) Test accu-
mulation 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 nanno-
plankton 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).

Age depth-models calculated for both study sites are in good agree-
ment with results from other studies obtained nearby (Cisneros et al.,
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