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ABSTRACT

The Mediterranean Sea is warming about 20 % more rapidly than global ocean and this phenomenon is
impacting ecosystems and biodiversity. Planktonic foraminifera are an important component of surface and
subsurface water ecosystems and food chains. Their species communities have been altering across the oceans
since the Industrial Era, in response to the ongoing climate change, especially in the western Mediterranean Sea,
where a significant productivity decrease has been recently reported.

Here we show planktonic foraminifera and multispecies stable isotopes from three short sediment cores,
recovered on the eastern flank of the Sicily Channel, central Mediterranean Sea. Results fully confirm the
planktonic foraminifera productivity decrease in the Industrial Era, which is especially relevant for the second
half of the 20th century. The planktonic foraminifera productivity decrease matches with a higher number of
Large Azores High events, ie., the establishment of an exceptional and persistent winter atmospheric high-
pressure ridge over the western-central Mediterranean Sea. This is an unprecedented atmospheric phenome-
non for the last millennia Mediterranean Sea history, as a direct response of the global warming. Surface pro-
ductivity and DCM species are especially declining since ~1960 CE, at expenses of winter mixed layer taxa,
suggesting that the Azores High activity prevents a sustained water column vertical mixing and surface water
nutrient fuelling. Our results document and confirm that the climate change has already been affecting Medi-
terranean marine ecosystems and the basic level of the trophic chain, by extending the surface water stratifi-
cation period.

1. Introduction

2021). Many reports clearly establish a thorough impact of SST warming
and increased frequency of marine heat waves on ecosystems and

The Mediterranean Sea is thought to be a climate change hotspot
(Giorgi and Lionello, 2008). Combined instrumental and proxy data for
sea surface temperatures (SSTs) show that since the second half of the
19th century, Mediterranean SSTs have increased by ~1.54 °C +
0.09 °C at an average warming rate of 0.33 °C per decade (Marriner
et al., 2022), about 20 % more than global ocean on average (MedECC,

biodiversity (MedECC, 2021). However, ecological studies and instru-
mental time series can only give a snapshot of the modern environ-
mental framework and do not fully cover the anthropogenic
perturbation, started in 1857 Common Era (CE), with the second in-
dustrial revolution. A longer time perspective is needed to assess the
starting point of biodiversity and ecosystems alteration, based on the
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investigation of marine sediments and proxy data.

Planktonic foraminifera are unicellular zooplankton organisms,
widely adopted for palaeoenvironmental reconstructions (e.g. Schiebel
and Hemleben, 2017). They proved to be sensitive to the ongoing
climate change, because species communities across the oceans are
altered since the Industrial Era (Jonkers et al., 2019). Over the last two
kiloyears (kyr), many studies show that Mediterranean Sea planktonic
foraminifera assemblages were modified by different factors including
hydrological, climatic and also anthropogenic forcing (Pallacks et al.,
2021; Incarbona et al., 2019; Lirer et al., 2013; Margaritelli et al., 2016,
2018; Vallefuoco et al., 2012). Importantly, a decrease in planktonic
foraminifera accumulation rate in the Alboran and Balearic Seas has
been reported since the Industrial Era (IE), likely induced by local
enhanced vertical stratification (Pallacks et al., 2021). The composition
of planktonic foraminifera from surface sediments provides a snapshot
of modern Mediterranean assemblages (Azibeiro et al., 2023; Konta-
kiotis et al., 2021; Zarkogiannis et al., 2020). A very recent report sug-
gests that they are mainly controlled by hydrology and vertical water
column dynamics, rather than by SST change alone (Azibeiro et al.,
2023).

Here we show planktonic foraminiferal abundance and accumula-
tion rates from three sedimentary cores recovered in the Sicily Channel,
along a N-S transect, over the last three kyr and compare them to those
collected in the central-western Mediterranean Sea (Incarbona et al.,
2019; Margaritelli et al., 2018; Margaritelli et al., 2016; Pallacks et al.,
2021; Vallefuoco et al., 2012). Such a dense spatial coverage allows us to
shape planktonic foraminiferal assemblage variations between the pre-
industrial and industrial Era, in a region subjected to multiple hydro-
logical and atmospheric forcings (Incarbona et al., 2016; Incarbona
et al., 2013).

2. Living planktonic foraminiferal surveys

Strong oligotrophy in the Mediterranean Sea is maintained by the
anti-estuarine circulation pattern, since outflow of nutrient-enriched
intermediate water (LIW) is replaced by inflow of nutrient-depleted
surface water (MAW) (Béthoux, 1979; Sarmiento et al., 1988). Winter
convection, frontal zones and coastal upwelling may occasionally bring
LIW into the photic zone, providing nutrients for fertilization in the
upper part of the water column (Krom et al., 2010). In summer, a deep
stable stratification takes place, hindering nutrient uplift (Allen et al.,
2002; Klein and Coste, 1984). In the Sicily Channel, about 80% of pri-
mary productivity variance are explained by the advection of chloro-
phyll and nutrients in MAW from the North African coast (Rinaldi et al.,
2014). These described features strongly affect the marine biota, like
foraminiferal communities.

Vicomed I summer (September-October 1986) and Vicomed II winter
(February-March 1988) cruises provide the most complete documenta-
tion on living planktonic foraminifera throughout the Mediterranean
Sea (Pujol and Vergnaud Grazzini, 1995). In this marginal basin, the
living foraminiferal species are mainly related to the regional hydro-
graphic patterns. Hydrography controls the seasonality and depth of the
turbulent mixing (which differs between the western and the eastern
Basins), the depth of the mixed layer and its seasonal stratification, as
well the strength of the pycnocline (Pujol and Vergnaud Grazzini, 1995).

Fig. 2 highlights the highest abundance of planktonic foraminifera in
the western basin in winter, whereas summer productivity is prevalent
in the eastern Mediterranean. Two stations were sampled at western and
eastern sills of the Sicily Channel (Fig. 1). The productivity regime of
both sites shows transitional features of the two basins: the number of
individuals is still relatively high, somewhat comparable to Algerian and
Sardinia sites, but with prevalent summer productivity like eastern
settings (Fig. 2). The most peculiar feature of the Sicily Channel
planktonic foraminiferal assemblages is the very high abundance of
Globigerinoides ruber pink (almost 90% at the western entrance in sum-
mer) (Pujol and Vergnaud Grazzini, 1995). This dominance is not
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Fig. 1. Bathymetric map of the central Mediterranean Sea (Ocean Data View
software) and location map of M5, M8 and M11 cores (respectively black, red
and blue circles). Oceanographic features are modified from Pinardi and
Masetti (2000). Black, blue and red arrows show the MAW path: AC, Algerian
Current; AIS, Atlantic Ionian Stream; ATC, Atlantic Tunisian Current; MMJ,
Mid-Mediterranean Jet. Dashed line black arrows show semipermanent meso-
scale summer features: ABV, Adventure Bank Vortex cyclonic gyre; MCC,
Maltese Crest Channel anticyclonic gyre; ISV, Ionian Shelfbreak Vortex cyclonic
gyre; MG, Medina cyclonic Gyre. Orange arrows show the LIW path. Circles 1
and 2 show St 342 and St 407 cores (Incarbona et al., 2019). Squares 3 and 4
show stations of the coccolithophore surveys VICOMED I and II (Pujol and
Vergnaud Grazzini, 1995). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Plot between the number of planktonic foraminiferal individuals on
1000 m® and the longitude (°E), as recovered in the Mediterranean summer and
winter VICOMED I and II cruises (Pujol and Vergnaud Grazzini, 1995). Western
Mediterranean, Sicily Channel and eastern Mediterranean productivity styles
are briefly commented.
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further observed in the ABV area in spring 2013, when indeed G. ruber
pink was very rare (Mallo et al., 2017). During Vicomed II winter cruise,
Globigerina bulloides, Globorotalia inflata and Globorotalia truncatulinoides
were significantly abundant (Pujol and Vergnaud Grazzini, 1995).
Looking at species distribution in the surface sediments, the Malta
Escarpment where our N-S transect of cores was recovered, a major
turning point between the western and eastern Mediterranean Sea is
here observed. Relatively high G. ruber and low G. bulloides, G. inflata
and G. truncatulinoides abundances denote a greater affinity for eastern
Mediterranean assemblages, as observed in the distribution maps of
major species (Azibeiro et al., 2023; Kontakiotis et al., 2021).

3. Planktonic foraminiferal ecological preferences

Globigerinoides ruber pink and white thrive in warm, stratified and
oligotrophic water. A distinct preference of G. ruber pink for late summer
months is often observed (Morard et al., 2019; Pujol and Vergnaud
Grazzini, 1995; Richey et al., 2019; Rigual-Hernandez et al., 2012;
Schiebel and Hemleben, 2017; Zari¢ et al., 2005). Ecological studies on
modern G. ruber from plankton tows in the Mediterranean Sea document
that this species dominates planktonic foraminifera assemblages during
late summer in the western basin and throughout the year in the eastern
basin (Giamali et al., 2021; Giamali et al., 2020; Kontakiotis et al., 2021;
Mallo et al., 2017; Pujol and Vergnaud Grazzini, 1995).

Globigerina bulloides is a proxy for cold upwelled water, like in
eutrophic waters (Peeters et al., 2002; Schiebel and Hemleben, 2017). In
the Mediterranean Sea, G. bulloides proliferates in productive surface
water due to winter vertical mixing or frontal areas (Pujol and Vergnaud
Grazzini, 1995; Rigual-Hernandez et al., 2012). Globorotalia inflata is
associated with hydrologic fronts and eddies and with coastal upwelling
(Pujol and Vergnaud Grazzini, 1995; Schiebel and Hemleben, 2017).
Globorotalia truncatulinoides is a deep dwelling species, a proxy for a
deep winter mixed layer (Margaritelli et al., 2022; Margaritelli et al.,
2020; Pujol and Vergnaud Grazzini, 1995; Schiebel and Hemleben,
2017). Neogloboquadrina incompta exhibits a preference for a deep
chlorophyll maximum (Fairbanks and Wiebe, 1980; Pujol and Vergnaud
Grazzini, 1995). In the Mediterranean Sea, N. incompta is significantly
abundant in the Gulf of Lions region, where it peaks in winter-spring
(Azibeiro et al., 2023; Rigual-Hernandez et al., 2012). Globigerinella
siphonifera is common and abundant in tropical and subtropical oceans
(Schiebel and Hemleben, 2017). Globigerinella calida belongs to the
G. siphonifera plexus, with which it shares the same geographical dis-
tribution (Schiebel and Hemleben, 2017). Orbulina universa is abundant
from tropical to temperate waters and tolerates a wide range of water
salinity and temperature (Bijma et al., 1990; Schiebel and Hemleben,
2017). Trilobatus trilobus group species thrive in low-salinity tropical and
subtropical warm oligotrophic surface water (Checa et al., 2020; Jonkers
and Kucera, 2015; Pujol and Vergnaud Grazzini, 1995; Sprovieri et al.,
2003; Zarkogiannis et al., 2020). Globoturborotalita rubescens thrives in
tropical to temperate surface water (Schiebel and Hemleben, 2017;
Seears et al., 2012) In the Mediterranean Sea, it is more abundant in the
Ionian Sea and in the far eastern Mediterranean (Azibeiro et al., 2023).
Turborotalita quinqueloba prefers cold and high fertility surface water
(Incarbona et al., 2013; Schiebel and Hemleben, 2017; Sprovieri et al.,
2003). Globigerinita glutinata is a temperate and cold-water species that
increases in response to phytoplankton blooming (Jonkers and Kucera,
2015; Schiebel and Hemleben, 2005; Schmuker and Schiebel, 2002).
Globigerinoides conglobatus dwells in the deeper photic zone of tropical
and subtropical water (Schiebel and Hemleben, 2005). In present day
Mediterranean Sea, it is very rarely found (Azibeiro et al., 2023; Pujol
and Vergnaud Grazzini, 1995).
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4. Study area
4.1. Hydrological and atmospheric framework

The Mediterranean anti-estuarine circulation pattern is forced by its
negative hydrological balance (Robinson and Golnaraghi, 1994), which
is matched by Atlantic Ocean surface water. The Mediterranean ther-
mohaline circulation mirrors global ocean processes, albeit on the
smaller temporal and spatial scale (Bethoux et al., 1999). Surface water
from the Atlantic Ocean (Modified Atlantic Water - MAW) splits into two
streams at the entrance of the Sicily Channel (Béranger et al., 2004;
Pinardi and Masetti, 2000; POEM group, 1992; Robinson et al., 1999):
the Atlantic Tunisian Current (ATC) flows eastwards, along the African
coast, and is prevalent in winter (Fig. 1); the northern branch, the
Atlantic Ionian Stream (AIS), feeds the Mid-Mediterranean Jet that flows
eastward up to the Levantine basin and is prevalent in summer (Fig. 1).

Three semipermanent meso-scale summer features are associated
with AIS meanders in southern Sicily offshore, the Adventure Bank
Vortex cyclonic gyre, the Maltese Crest Channel anticyclonic gyre and
the Ionian Shelfbreak Vortex cyclonic gyre (Fig. 1) (Béranger et al.,
2004; Lermusiaux and Robinson, 2001; Onken, 2003). A further semi-
permanent meso-scale cyclonic gyre, the Medina cyclonic Gyre, occur
south of Malta (Fig. 1) (Jouini et al., 2016; Menna et al., 2019). These
meso-scale features vary in size, strength and interact with each other,
determining different seasonal water column dynamics and productivity
modes (Béranger et al., 2004; Lermusiaux and Robinson, 2001).

A severe salt-enrichment leads to Levantine Intermediate Water
(LIW) formation in winter, in an area between Rhodes and Cyprus
islands (Malanotte-Rizzoli and Hecht, 1988; POEM group, 1992). LIW
occupies a layer between 150 and 200 and 600 m water depth and enters
the Sicily Channel through the sills south of Malta (Fig. 1), occasionally
together with a thin thickness of the uppermost layer of Eastern Medi-
terranean Deep Water (Gasparini et al., 2005; Lermusiaux and Robinson,
2001).

Seasonal atmospheric variations in the Mediterranean/European
region are controlled by the transition between the subtropical high-
pressure belt over North Africa and westerlies over central and west-
ern Europe. The latitudinal shift of the transition between the subtrop-
ical high-pressure belt over North Africa and westerlies over central and
western Europe brings about drought or penetration of Atlantic low-
pressure areas respectively in summer and winter (Rohling et al.,
2015). The North Atlantic Oscillation (NAO) largely controls rainfall
patterns over the Mediterranean region. Wet westerlies blow across
northern Europe during positive NAO-index phases and dry conditions
are established in southern Europe and northern Africa, while the hy-
drological pattern is reversed during negative NAO-index phases
(Comas-Bru and McDermott, 2014). Other indices, such as the Medi-
terranean Oscillation Index, are important for describing local rainfall
patterns, but are usually linked to large-scale atmospheric circulation
dynamics, primarily to the NAO (Lionello, 2012).

The Atlantic Multidecadal Oscillation (AMO), defined by detrended
SST anomalies averaged over the North Atlantic from 0° to 70°N (Enfield
etal., 2001), is correlated with Mediterranean SSTs of the last 150 years
(Marullo et al., 2011). Other multidecadal atmospheric patterns, like
Eastern Atlantic or Eastern Atlantic/Western Russian (EA/WR) may
impact northern borderlands surface heat exchanges and eastern Med-
iterranean deep-water production (Josey et al., 2011).

5. Material

M5 (15°10.62'E; 35°07.20'N; 509 m water depth), M8 (15°09.05’;
33°59.69’; 488 m water depth) and M11 (15°07.48; 32°52.19’; 724 m
water depth) short sediment cores were recovered by a multicorer on the
eastern flank of the Sicily Channel in July 2010, during the Med-
SudMed’10 cruise (R/V Urania) (Fig. 1). They are respectively 17, 15
and 14-cm long. The sediment consists of fairly homogeneous light



S. Ferraro et al.

brown silt and silty clays, devoid of visible bioturbation or macroscopic
remains of organisms.

6. Methods
6.1. Planktonic foraminiferal analysis

A total of 17, 15 and 14 samples (spaced every 1 cm) for respectively
M5, M8 and Mllcores were considered for planktonic foraminiferal
analysis. Samples were washed using a 63 pm mesh sieve and then oven-
dried at 40 °C. Quantitative planktonic foraminiferal analysis was car-
ried out on split aliquots containing over 300 specimens from the frac-
tion >125 pum. Specimens were identified to the species level (21
species) following taxonomic concepts by Hemleben et al. (1989),
Schiebel and Hemleben (2017) and Morard et al. (2019). The Trilobatus
trilobus group includes T. trilobus, Trilobatus sacculifer and Trilobatus
quadrilobatus (Spezzaferri et al., 2015).

The planktonic foraminiferal accumulation rates (number of speci-
mens - cm ™2 - kyr~!) were calculated using the following equation:

planktonic foraminiferal concentration (number of specimens - g 1) -
sedimentation rate (cm - kyr’l) dry bulk density (DBD) (g - cm™2)
(Pallacks et al., 2021).

The tropical/subtropical group includes G. ruber white, G. ruber pink,
G. siphonifera, G. calida, T. trilobus group species, G. rubescens, G. tenella
and G. conglobatus. The mixed layer group includes G. inflata and
G. truncatulinoides and the surface productivity group includes
G. bulloides, G. glutinata, T. quinqueloba and G. scitula. The Deep Chlo-
rophyll Maximum (DCM) presence corresponds to the N. incompta. The
G. bulloides / G. bulloides + G. inflata + G. truncatulinoides ratio indicates
sea surface winter/spring productivity and a deep winter mixed layer or
hydrological fronts, respectively for high and low values (Incarbona
et al., 2019).

6.2. Stable isotopes

A total of 46 and 41 samples (every 1 cm, using the same samples of
planktonic foraminifera analysis) were analyzed respectively for G. ruber
white and Uvigerina mediterranea 5'0 and §'3C in M5, M8 and M11.
Analyses were carried out at the spectrometry laboratory of the
Department of Geosciences University of Padova by an automated
continuous flow carbonate preparation GasBench II device, attached to a
Thermo Scientific Delta V Advantage Isotope Ratio Mass Spectrometer.
Acidification of samples was performed at 70 °C. Every 7 samples, an
internal standard (MAQ 1 with 5'80 = -1.15 %o and §'3C = 2.58 %) was
run for normalization, while 3 analyses of an internal quality assurance
standard (GR 1 with 580 = -10.44 %o and 5'°C = 0.68 %o) were ran for
each batch of about 60 samples. In addition, a few repetitions of the
international standards NBS 18 and NBS 19 were performed to ensure
accuracy. External precision during the period of the analyses was better
than 0.05 %o for 8'3C and better than 0.10 % for 5'%0, on the basis of
repetitions of the quality assurance standard. All the isotope data are
reported in 8 %o versus VPDB.

6.3. 21°pb radionuclides and radiocarbon datings

210p} activities were measured via alpha counting of its daughter,
210po, assuming secular equilibrium between the two isotopes. In M5,
M8 and M11 cores, 2!°Po was extracted from the sediment with hot
HNOs3 and H;0,, after spiked with 209pg (NIST standard SRM 4326,
diluted to 0.43 Bq g™ 1) used as a yield monitor. After separation of the
leachate from the residue, the solution was evaporated to near dryness
and the nitric acid was eliminated using concentrated HCl. The residue
was dissolved in 1.5 N HCI. Iron was reduced using ascorbic acid and Po
was plated onto a silver disk overnight, at room temperature (Frignani
and Langone, 1991). The lowest values of total 21°Pb in the deepest part
of cores were considered to estimate the value of the supported 2'°Pb
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activity.

Three Accelerator Mass Spectrometry **C radiocarbon datings have
been performed at CEDAD University of Salento, on about 0.25 g of
mixed planktonic foraminiferal specimens, on the deepest sample of
each core (M5, M8 and M11). Radiocarbon datings were calibrated by
the curve Marine 13 (Reimer et al., 2013), with a AR = 0 yr (Incarbona
and Sprovieri, 2020).

7. Chronology

The chronological framework of each M5, M8 and M11 core is based
on the combination of 2!°Pb radionuclides and radiometric ages and
their uncertainties were probabilistically assessed in a Bayesian depo-
sition model by rbacon software version 2.5.8 (Blaauw and Christen,
2011).

210p}, activity in the three cores is shown in in Supplementary Ma-
terial 1 (SM1) Fig. S1, where it is evident that excess lead is limited to the
top 4 cm in cores M5 and M8 and to the top 3 cm in core M11 (raw 2:°Pb
activity values are available in SM1 Table S1). Uncorrected radiocarbon
datings are available in SM2 Table S2 and their calibration was auto-
matically calculated by rbacon software version 2.5.8 (Blaauw and
Christen, 2011) (Fig. 3). The rbacon software calibrations are identical
to those achieved with OxCal 4.3.2, visible in SM2 Fig. S2.

The bayesian depth/age model of the three M5, M8 and M11 cores is
shown in Fig. 3. It was assessed by combining 2'°Pb based on Constant
Flux: Constant Sedimentation (CF:CS) model and Bayesian models using
bottom '*C dates for each core.

Different sedimentation rates between the top *%p activity) and
the lower part (radiocarbon datings) of the cores may be overestimated,
because of physical and chemical alterations in sediments, as commonly
observed in other studies (Cisneros et al., 2016; Pallacks et al., 2021).
The age uncertainty accuracy is especially verified for the top of the
record, subjected to 210p, activity profiles (Pallacks et al., 2021), where
we carried out most of our reasoning and discussion. The time resolution
of this stratigraphic interval, which spans the last 100-150 years and
covers the IE, is an average of 29, 22 and 28 years for respectively M5,
M8 and M11 cores.

8. Results and discussion
8.1. Planktonic foraminifera

Globigerinoides ruber white is the dominant species in all M5, M8 and
M11 cores (Fig. 4). Percentage abundance values in the different cores
are linked to their latitudinal setting, being higher in the southernmost
position (on average 37.6 % in core M5, 40.8 % in core M8 and 46.9 % in
core M11), as already noted by Kontakiotis et al. (2021) and Zarko-
giannis et al. (2020). A distinct abundance decline is observed since the
passage from the Little Ice Age (LIA) to the IE (~ 1850 CE, Fig. 4).
Globigerinoides ruber pink abundance distribution still shows the lat-
itudinal effect but diverges from that one of the white subspecies
because it increases since the IE (Fig. 4). Signals of modifications across
the preindustrial/industrial Era are visible in different other species,
especially since 1900-1950 CE, at least in two of the three cores (Figs. 4-
6): abundance decreases in G. bulloides, T. trilobus and G. rubescens;
abundance increases in G. inflata, G. truncatulinoides and G. calida. This
supports the significant modification of planktonic foraminiferal as-
semblages since the IE, with a breakthrough in the twentieth century.
We highlight that the most significant modern features in Sicily Channel
planktonic foraminiferal assemblages, such as high abundances of
G. ruber pink rather than G. ruber white or G. inflata rather than
G. bulloides (Pujol and Vergnaud Grazzini, 1995), have been occurring
since the beginning of the IE.

Little information is available in the interval before the IE, mostly
because the relatively low-time resolution. The distribution pattern of
each planktonic foraminiferal species is not always aligned among the
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Fig. 3. Bayesian age models for M5 (A), M8 (B) and M11 (C) cores, assessed by calibrated *C and 2'°Pb dates. The lower panel in A, B and C shows the depth/age
plot, where dotted lines represent the 95% confidence interval. In the upper panels, from the left: Monte Carlo iterations; prior (green curve) and posterior (grey
histogram) distribution of the accumulation rate; prior (green curve) and posterior (grey histogram) distribution of the memory. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Downcore variations of selected planktonic foraminiferal species (%) in cores M5 (black lines), M8 (red lines) and M11 (blue lines), plotted versus age
expressed in years CE. The total solar irradiation (W/m?) by Steinhilber et al. (2009) is also shown. Grey and white boxes show preindustrial changes in climate and
society, drawn following Abram et al. (2016), Biintgen et al. (2016) and Margaritelli et al. (2016). MBA-IA: Middle Bronze Age-Iron Age; RP: Roman Period; Dark
Age; MCA: Medieval Climate Anomaly; LIA: Little Ice Age; IE: Industrial Era. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

three different cores, likely because of different hydrological settings, for
instance in terms of MAW and LIW pathways (Fig. 1). In any case, our
study struggles to identify distinctive water column dynamics (e.g
stratification and surface productivity phases) linked to Total Solar
Irradiation variability, and even to distinguish peculiar assemblages
linked to different historical climatic periods, as reported in previous
high-resolution studies (Cisneros et al., 2016; Incarbona et al., 2023;
Incarbona et al., 2019; Incarbona et al., 2010; Margaritelli et al., 2018).
Most of the species dwelling in cold surface and productive water, like
G. glutinata, G. bulloides, T. quinqueloba and N. incompta, shows abun-
dance peaks close to Middle Bronze Age (MBA)-IE, Dark Ages (DA) and
the beginning and end of LIA (Figs. 4-6). However, the low-resolution of
species abundance signals and the frequent signal offset hamper further
in-depth reasoning. Even the number of individuals per gram of sedi-
ment and the Shannon-Wiener diversity curve do show a variability

since the IE which is higher than the rest of the record (Fig. 6).
Planktonic foraminiferal raw data are available in SM3, Table S3.

8.2. Multispecies stable isotopes

Globigerinoides ruber 5'80 values vary between about 0.9 and 0.1 %o
and exhibit significant (> 0.4 %o) fluctuations, for instance in M11 since
1900 CE (Fig. 7). Uvigerina peregrina 5'80 values are rather contained in
magnitude, varying between about 2.2 and 1.9 %o (Fig. 7).

Globigerinoides ruber 5'3C values vary between about 1.5 and 0.9 %o
and show a distinct trend to heavier values in core M11 (Fig. 7). Uvi-
gerina peregrina 8'3C values in the southernmost M11 core are distinctly
lighter than in M5 and M8, showing an oscillating pattern between 0.6
and -0.4 %o until 1900 CE, thereafter the isotopic analysis was not car-
ried out because of an inadequate number (absence) of benthic
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Fig. 5. Downcore variations of selected planktonic foraminiferal species (%) in cores M5 (black lines), M8 (red lines) and M11 (blue lines), plotted versus age
expressed in years CE. The total solar irradiation (W/m?) by Steinhilber et al. (2009) is also shown. Grey and white boxes show preindustrial changes in climate and
society, drawn following Abram et al. (2016), Biintgen et al. (2016) and Margaritelli et al. (2016). MBA-IA: Middle Bronze Age-Iron Age; RP: Roman Period; Dark
Age; MCA: Medieval Climate Anomaly; LIA: Little Ice Age; IE: Industrial Era. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

specimens (Fig. 7). Distinctly lighter §'3C U. peregrina values in M11 are
likely due to enhanced primary productivity in the northern Libyan
coast, as observed in satellite-derived estimates by D’Ortenzio and
Ribera d’Alcala (2009) and Salgado-Hernanz et al. (2022).

In general, both planktonic and benthic 5'80 values are rather mis-
aligned among the different three cores: oxygen isotopic signals seem to
be more similar for M11 and M8 cores, especially in G. ruber shell
analysis (Fig. 7). Lacking global (sea-level variations/ice volume accu-
mulation) and hemispheric (SST variations for Dansgaard-Oeschger
events) factors, the low-magnitude variability imprinted in the oxygen
isotopic signal is likely due to changes in surface and bottom water paths
and/or mesoscale features activity that differently impacted M5, M8 and
M11 sites (Fig. 1). For instance, M5 core location is adjacent to the
semipermanent meso-scale Medina cyclonic gyre and M11 core location

is in the southern vein pathway of LIW. As for planktonic foraminifera
assemblages, low-resolution and the frequent signal offset restrict our
discussion on stable isotope results to the IE.

8.3. Response to global warming

Focussing on the last two centuries, test accumulation rates are again
modified since the IE, increasing more than three times at the beginning
of the twentieth century and declining after the 1940-1960 CE (Fig. 8A).
This behaviour is almost the same as those recently reported from the
Alboran and Balearic Seas (Fig. 8B), which importantly claims that the
planktonic foraminifera productivity decreased under the anthropo-
genic pressure due to the global warming (Pallacks et al., 2021). Our
results in the Sicily Channel supports this conclusion, widening the
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Fig. 6. Downcore variations of selected planktonic foraminiferal species (%), number of individuals per gram of sediment and Shannon-Wiener diversity curve in
cores M5 (black lines), M8 (red lines) and M11 (blue lines), plotted versus age expressed in years CE. The total solar irradiation (W/m?) by Steinhilber et al. (2009) is
also shown. Grey and white boxes show preindustrial changes in climate and society, drawn following Abram et al. (2016), Biintgen et al. (2016) and Margaritelli
et al. (2016). MBA-IA: Middle Bronze Age-Iron Age; RP: Roman Period; Dark Age; MCA: Medieval Climate Anomaly; LIA: Little Ice Age; IE: Industrial Era. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

spatial area of this phenomenon to a large (western-central) portion of
the Mediterranean Sea. Further, we observe that the ongoing decline in
planktonic foraminiferal accumulation rate since the second half of the
twentieth century is associated with the most abrupt temperature rise in
regional and global records (Figs. 8C-D). Interestingly, this event has
been preceded by increasing test accumulation rates in both the western
and central Mediterranean Sea, between ~1920 and 1960 CE (Figs. 8A-
B), when the positive AMO phase was occurring (Fig. 8E). As the AMO
Index variability drives different large-scale atmospheric circulation
patterns and SST values over the Mediterranean (Marullo et al., 2011;
Zampieri et al., 2017), we can speculate that its positive mode may have
fostered winter/spring surface productivity in the Sicily Channel as
proposed by Incarbona et al. (2019). In Fig. 8E it is also evident that a
new positive AMO phase is established since ~2000 CE, without a clear
response in increasing planktonic foraminiferal accumulation rates. Two
explanations may be raised for such a behaviour: i) the M5, M8 and M11
do not record signals on transition to 2000 CE, because missing samples
at the top of the record; ii) AMO positive mode is not still effective under
very high regional and global temperatures. The latter explanation
would be supported by the very low number of planktonic foraminiferal
individuals found during spring 2013 CE throughout the Mediterranean
Sea (Mallo et al., 2017), and would be compatible with Mediterranean
planktonic foraminiferal data from global compilations (Chaabane et al.,
2023; de Garidel-Thoron et al., 2022) and with observed low produc-
tivity in the area during the’50-°70 surveys (Cifelli, 1974).

Importantly, the planktonic foraminifera productivity increase/
decrease in the [E matches with a lower/higher number of Large Azores
High events in winter (Cresswell-Clay et al., 2022) and strengthened/
weakened paleostorm activity in the Gulf of Lions (Sabatier et al., 2012)
(Figs. 8F-G).

The exceptional area extent and frequency of the Azores High in
winter since the IE, has brought anomalous dry conditions over western
Europe and western-central Mediterranean region and seems to be a
direct effect of Global Warming and CO5 level exponential increase
(Fig. 8H) (Cresswell-Clay et al., 2022).

Planktonic foraminiferal data, especially for the northernmost cores
M5-MB8, clearly show that increased Large Azores High Events during the
IE would have modified the surface marine environment (Fig. 9). The
persistent atmospheric high-pressure ridge over the western-central
Mediterranean Sea would have reduced winter productivity, by inhib-
iting vertical mixing in the water column and surface water nutrient
fuelling, as further supported by the significant decrease in the Gulf of
Lions paleostorm activity (Fig. 8G) (Sabatier et al., 2012). Surface pro-
ductivity and DCM species declined in the IE with a short increase in the
M8 core ~1960 CE, while the Azores High was relaxing (Fig. 9B-C).
Winter mixed layer taxa shows an opposite pattern, pointing out that the
Large Azores High Events significantly limit the winter vertical mixing
extent down to only a few hundred metres (Fig. 9D). This change in the
planktonic foraminiferal productivity is evidenced by the G. bulloides /
G. bulloides + G. inflata + G. truncatulinoides ratio, already used in the
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Fig. 7. Downcore variations of G. ruber and U. peregrina 5'%0 and 8'3C in cores M5 (black lines), M8 (red lines) and M11 (blue lines), plotted versus age expressed in
years CE. The total solar irradiation (W/m?) by Steinhilber et al. (2009) is also shown. Grey and white boxes show preindustrial changes in climate and society, drawn
following Abram et al. (2016), Biintgen et al. (2016) and Margaritelli et al. (2016). MBA-IA: Middle Bronze Age-Iron Age; RP: Roman Period; Dark Age; MCA:
Medieval Climate Anomaly; LIA: Little Ice Age; IE: Industrial Era. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Sicily Channel (Incarbona et al., 2019), that shows a steeper gradient in
the second half of the 20th century, in response to the highest number of
Large Azores High Events (Fig. 9E).

Tropical and subtropical taxa do not show significant variability,
except for the short decrease ~1960 CE, in coincidence of the planktonic
foraminiferal accumulation rate increase (Fig. 9F). Oxygen isotope data
would support lacking significant modification in the summer marine
environment. The A5'80 between U. peregrina and G. ruber, that high-
lights the stratification strength in summer (Incarbona et al., 2013;
Incarbona and Sprovieri, 2020), do not show significant changes in
amplitude over the last two centuries (Fig. 9G).

The ecological inferences above discussed point to the radical
transformation of the Sicily Channel environment. It is being impov-
erished and transformed into prevalent summer productivity (Fig. 2),
like eastern settings. Eastern Mediterranean oligotrophy has been
widening its influence into the eastern flank of the Sicily Channel. This
area has been relatively productive over, at least, the last two glacial/
interglacial cycles, as witnessed by planktonic foraminiferal assem-
blages (Incarbona et al., 2013; Sprovieri et al., 2006; Sprovieri et al.,
2003). Our results further support reports of the Mediterranean Sea
tropicalization and invasion of alien species, happening through a pro-
gressive westward direction (Katsanevakis et al., 2014; Peleg et al.,
2020). We set the timing of this phenomenon, at the onset of the IE and
with a recrudescence since the second half of the 19th century and
suggest that the persistent atmospheric high-pressure ridge over the

western-central Mediterranean Sea may have played a major role.
9. Conclusion

We have analyzed planktonic foraminiferal content from three short
sediment cores (M5, M8 and M11) recovered in a North/South transect
in the eastern Sicily Channel. The decadal-scale resolution across the IE
led us to verify the response of assemblages to the ongoing climate
change.

Signals of modifications across the preindustrial/industrial Era are
documented by different species, especially since 1900-1950 CE, like
abundance decrease in G. bulloides and abundance increase in G. inflata
and G. truncatulinoides. This means that the most significant modern
features in Sicily Channel planktonic foraminifera assemblages, such as
high abundances of G. ruber pink rather than G. ruber white or G. inflata
rather than G. bulloides (Pujol and Vergnaud Grazzini, 1995), have been
occurring since the beginning of the IE.

The planktonic foraminiferal productivity decreased over the IE,
with a significant acceleration after the second half of the 20th century.
This observation is consistent with previous studies performed the
Alboran and Balearic Seas (Pallacks et al., 2021). Probably, the pro-
ductivity decline is linked to the establishment of an exceptional and
persistent atmospheric high-pressure ridge over the western-central
Mediterranean Sea, by a higher number of winter Large Azores High
Events, which is in turn due to the ongoing global warming (Cresswell-
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Fig. 8. (A) Downcore variations of planktonic foraminiferal total test accumulation rates (individuals on squared cm per year), in cores M5 (black lines), M8 (red
lines) and M11 (blue lines). (B) Downcore variations of planktonic foraminifera total test accumulation rates (individuals on squared cm per year), in Alboran and
Balearic Seas (green and light green lines) (Pallacks et al., 2021). (C) Mediterranean SST (°C) stack (orange line) (Marriner et al., 2022). (D) Global temperature
anomaly SST (°C) (brown line) (HadCRUT4). (E) Atlantic Multidecadal Oscillation (AMO) Index (grey line) (Trenberth and Shea, 2006). (F) Large Azores High Events
(light blue line) (Cresswell-Clay et al., 2022). (G) Reconstructed paleostorm activity in the Gulf of Lions (purple line) (Sabatier et al., 2012). (H) CO, levels in ppm
(red line) from the Mauna Loa instrumental record and Antarctica ice cores (Ahn et al., 2012). All curves are plotted versus age expressed in years CE. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Clay et al., 2022). Surface productivity and DCM species declines since
the IE, with a steeper gradient in the second half of the 20th century,
opposed to a simultaneous increase of winter mixed layer taxa. This shift
points out that Azores High exceptional winter activity significantly
limited the water column vertical mixing and the photic zone nutrient
fuelling.

This study claims that the Sicily Channel area is an environment
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subject to a radical transformation. It is being transformed into preva-
lent summer productivity, like the eastern oligotrophic part of the
Mediterranean Sea. Our findings indicate that the Mediterranean area in
the near future is undergoing a process of oligotrophy. However, addi-
tional studies covering other basins are needed to support our findings
and to better constrain the ongoing change.
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Fig. 9. (A) Downcore variations of planktonic foraminiferal total test accumulation rates (individuals on squared cm per year), in cores M5 (black lines) and M8 (red
lines). (B) (A) Downcore variations of planktonic foraminiferal surface productivity species (%), in cores M5 (black lines) and M8 (red lines). (C) Downcore variations
of planktonic foraminiferal DCM species (N. incompta) (%), in cores M5 (black lines) and M8 (red lines). (D) Downcore variations of planktonic foraminiferal winter
mixed layer species (%), in cores M5 (black lines) and M8 (red lines). (E) Downcore variations of planktonic foraminiferal ratio between G. bulloides versus G. inflata
and G. truncatulinoides (Incarbona et al., 2019), in cores M5 (black lines) and M8 (red lines). (F) Downcore variations of planktonic foraminiferal tropical/subtropical
species (%), in cores M5 (black lines) and M8 (red lines). (G) Downcore variations of U. peregrina — G. ruber 6180, in cores M5 (black lines) and M8 (red lines). (H)
Large Azores High Events (black line) (Cresswell-Clay et al., 2022). All curves are plotted versus age expressed in years CE. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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