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Abstract.
This study examines the multi-decadal to centennial variability of benthic ecosystems, depositional environments
and biogeochemical processes in the Gulf of Taranto (Italy) over the last millennium. Our study is based on
sediment cores from two sites in the eastern Gulf of Taranto (Mediterranean Sea), and benthic foraminifera data
20

of 43 surface sediment samples from the western Adriatic Sea reflecting modern conditions. We use the data to
unravel relative contributions of natural and anthropogenic forcing to conditions at the sediment-water interface
in a marine setting with a long history of human impacts in river catchments. High abundances of infaunal
foraminifera in surface sediments trace the nutrient-rich Po river outflow and display an area of high organic
matter deposition in the north-eastern Gulf of Taranto. Decreasing Ca/Ti ratios suggest increasing terrigenous
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fluxes at ~1300 AD driven by wetter conditions during persistent negative phases of the North Atlantic
Oscillation (NAO). A strong NAO connection is also evident in high-resolution clay mineral data. The
smectite/illite ratio reflects variable Po river runoff, and correlates well with NAO strength for the past 300
years. Benthic ecosystem variability as reflected by foraminifera is closely linked to the Northern Hemisphere
temperature evolution during the past millennium. Spectral analysis reveals a quasi-periodic variability of ~50 to
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~70 years suggesting an Atlantic Multidecadal Oscillation (AMO) forcing of Italian hydrology. Coeval with
increasing anthropogenic activity, the effects of rising temperatures and nutrient discharge during the past 200
years further enhanced nutrient and organic matter fluxes. This is reflected by a substantial rise in the abundance
of shallow to intermediate infaunal benthic foraminifera (SIIBF) and a concurrent decrease of Uvigerina
mediterranea δ13C since at least 1800 AD. The SIIBF decrease in the youngest samples likely reflects

35

environmental effects of stricter regulations on fertilizer use in Italy and the reduction of sediment transport due
to the stabilization of river banks.

1

1 Introduction
In recent years substantial progress has been made to understand large-scale climate trends of the Holocene and
their impacts on marine and terrestrial environments based on the integration of proxy data and climate
modelling (e.g., Chevalier et al., 2017; Grimm et al., 2015; Donders et al., 2008; Tierney et al., 2011). However,
5

on shorter (i.e. decadal to multi-decadal) time scales, the understanding of regional patterns and their link to
climate is still inadequate, partly because high-resolution proxy records are still sparse. The Mediterranean Sea is
particularly suitable for investigating short-term and regional responses to climate changes, because it is a semienclosed basin with strong influence from land, located at the transition between the temperate mid- to highlatitudes and the subtropical low- pressure belt, and thus responds sensitively to climate variability (Lionello et
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al., 2006). But the Mediterranean borderlands have also been densely populated and subject to intense land use
and agricultural activity during the past millennium (e.g., Holmgren et al., 2016; Lamb, 2013; Luterbacher et al.,
2012; Pongratz et al., 2008). Therefore, the Mediterranean region is a highly complex system, and distinguishing
between natural and anthropogenic influences on the oceanography and marine ecosystems is complicated but
paramount for assessing future impacts of climate change.
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The Mediterranean Sea responds to precession-driven changes in African Monsoon strength on orbital time
scales (Cramp and O’Sullivan, 1999; Emeis et al., 2000; Rohling et al., 2015 and references therein; Weldeab et
al., 2014). On suborbital timescales, Mediterranean climate dynamics are modulated by the North Atlantic
climate variability, e.g. during the cooling of the Younger Dryas or the 8.2 ka event (Bar-Matthews et al., 1999;
Cacho et al., 2001; Rohling and Pälike, 2005, and references therein). On shorter time scales, Mediterranean
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climate variability has also been influenced by fluctuations in the North Atlantic Oscillation (NAO) and the
Atlantic Multidecadal Oscillation (AMO) in subtle, but nonetheless persistent, ways. While the NAO drives
European winter temperatures and precipitation patterns (Beniston et al., 1994; Frisia et al., 2003; Hurrel, 1995,
2001), AMO fluctuations correlate with changes in summer temperature and precipitation (Enfield et al., 2001;
Knight et al., 2006; Marullo et al., 2011; Sutton and Hodson, 2005).

25

Underlying these orbital and suborbital trends are changes in the activity of the sun reconstructed on the basis of

atmospheric 14C records (Stuiver, 1994). Solar forcing of Mediterranean climate is documented in various

proxy records, e.g., central European lake level and Alpine glacier fluctuations (Holzhauser et al., 2005; Magny
et al., 2007). A prominent example for effects of solar forcing is the rapid and short-term cooling of the Little Ice
Age (LIA) that terminated the relatively warm and dry conditions of the Medieval Warm Period (MWP)
30

(Despart et al., 2003; Grove, 2001; Guiot and Corona, 2010; Holzhauser et al., 2005; Luterbacher et al., 2001,
2004).
Combined evidence thus suggests that oceanographic and biogeochemical processes of the Mediterranean Sea
are intimately linked to global and regional climate dynamics, but the relative influence of anthropogenic
processes on late-Holocene marine environments is still a subject of debate. The Gulf of Taranto provides an
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ideal setting for addressing this question since it is especially susceptible to both climate variability and humaninduced changes in land use, eutrophication and pollution on the Italian mainland. High amounts of nutrients and
suspended sediments from the Po and other Italian rivers are transported NW-SE along the Adriatic coast and
result in unusually high sedimentation rates on the outer shelf of the Gulf of Taranto. Sediment archives from
these depocenters provide the basis for climate and environmental reconstructions on decadal to multi-decadal
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time scales (Grauel et al., 2013a; Taricco et al., 2015; Versteegh et al., 2007; Zonneveld et al., 2012). For
example, Versteegh et al. (2007) suggested a centennial solar forcing in alkenone-based sea surface temperature
2

(SST) reconstructions from the Gulf of Taranto, implicating wind-induced mixing to play a crucial role for
regional productivity. Goudeau et al. (2013) correlated high rates of detrital matter deposition on the eastern
Apulian shelf with negative phases of the NAO and enhanced river discharge. Anthropogenic influences on the
trophic state of the Po river discharge plume over the past 200 years is evident in dinoflagellate cyst distributions
5

that responded to industrialization and fertilizer application in Italy (Zonneveld et al., 2012).
Benthic foraminifera are especially suitable for studying climatic and oceanographic processes since their
abundance and faunal composition primarily depend on organic matter (OM) fluxes and oxygen availability at
the sediment water interface; both factors are linked to atmospheric circulation and anthropogenic activity.
Depending on the trophic state at the sea floor, they inhabit stratified microhabitats on and below the sediment
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surface and are commonly classified as epifaunal (living on top of, or up to 0.5 cm within the sediment), shallow
and intermediate infaunal (commonly living between 0.5 and 2 cm in the sediment), and deep infaunal
(commonly living below 2 cm in the sediment) (e.g., Corliss, 1985; Linke and Lutze, 1993; Lutze and Thiel,
1989; Mackensen and Douglas, 1989; Murray 2006; Jorissen et al., 1995). Changes in trophic conditions and the
oxygenation of bottom waters can therefore be traced in the abundance of certain opportunistic species and shifts
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in the proportion of epi- and infaunal taxa (e.g. De Rijk et al., 1999; Jorissen et al., 1992, 1995; Schmiedl et al.,
2000). Furthermore, the stable carbon isotope signature of benthic foraminifera is an important tool for assessing
deep-water ventilation and for quantifying organic matter fluxes (e.g. Duplessy et al., 1988; Imbrie et al., 1984;
Schmiedl et al., 2004; Shackleton 1987; Theodor et al., 2016 a,b; Zahn et al., 1986). Clay minerals and relative
element abundances in sediments represent proxies for weathering on land, river discharge, and dispersal in the
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ocean that are independent of sea-floor ecology, allowing for a comprehensive reconstruction of past
sedimentation processes and changes in climate and ocean circulation. The proportion of individual clay
minerals in marine sediments mainly depends on the climatic conditions in the hinterland and the source rocks,
making them ideal proxies for identifying source areas and dispersal pathways (e.g. Biscaye, 1965; Ehrmann et
al., 2007; Petschick et al., 1996; Venkatarathnam and Ryan, 1971).
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This study combines high-resolution benthic foraminiferal faunal and clay mineral data from two sediment cores
in the Gulf of Taranto. Total organic carbon and nitrogen contents of bulk sediment and X-ray fluorescence
elemental ratios provide additional information on organic matter fluxes and sediment origin and dispersal
processes. Our multiproxy approach aims at identifying the relative contributions of natural climatic and
anthropogenic forcing on benthic ecosystem variability and biogeochemical processes in the Gulf of Taranto
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over the past 1300 years.

2 Environmental Setting
The Gulf of Taranto is located at the southern tip of Italy (Fig. 1). The oceanography of the Gulf of Taranto is
strongly influenced by water masses from the Adriatic Sea to the north and the Ionian Sea to the south. The Po
river drains large parts of the southern Alps and northern Apennines and discharges high amounts of sediment35

and nutrient-rich freshwater into the northern Adriatic Sea, from where it is transported to the south by the
counter clockwise West Adriatic Current (WAC). The WAC (<37 psu; Lipizer et al., 2014) moves as a narrow
coastal band along the western Adriatic margin and is further enriched in nutrients and sediment by smaller river
systems of the Apennines before it reaches the Gulf of Taranto. The sediment supply from the southern
Apennines is relatively small, but detectable near the coast through elevated smectite concentrations (Degrobbis
3

et al., 1986; Tomadin 2000; Milligan and Cattaneo, 2007) (Fig. 1 A). The stronger Padane detrital matter flux
dominated by illite (from rivers Po, Brenta, Adige, Reno) is seen in a parallel band further in the basin (e.g.
Milligan and Cattaneo 2007; Tomadin 1979, 2000) (Fig. 1 A). Maximum extension of the WAC plume along the
coast and into the Gulf of Taranto occurs in late spring due to snow melt in the Alps and the northern Apennines,
5

and in fall when enhanced precipitation in the catchment areas leads to increased runoff. In the Gulf of Taranto,
the WAC mixes with the warmer, oligotrophic and more saline Ionian Surface Water (ISW) (38.8-38.9 psu, 17–
19 °C; Budillon et al., 2010) flowing into the gulf from the central Ionian Sea (Poulain, 2001; Turchetto et al.,
2007) (Fig. 1 B). Annual mean SST in the Gulf of Taranto are ~18.7°C. The cold (13.5 °C; Artegiani et al.,
1997), highly saline (>38.7 psu; Turchetto et al., 2007) and relatively nutrient-rich Levantine Intermediate Water
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(LIW) flows into the Gulf of Taranto from the Levantine basin at a depth of 200–600 m (Fig. 1 B). Below the
LIW, Adriatic Deep Water (ADW) consists of Northern Adriatic Dense Water (NadDW) formed by
downwelling as a result of wintertime NE Bora wind outbreaks, and of Southern Adriatic Dense Water
(SAdDW) formed by deep-water convection in late winter to early spring (Grbec et al., 2007; Turchetto et al.,
2007).
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Nutrient transport into the Adriatic Sea and the Gulf of Taranto is influenced by climate and precipitation with
marked seasonal variations in river discharge. In summer, when the Inter Tropical Convergence Zone (ITCZ)
migrates north, the Mediterranean is under the influence of the Hadley cell that creates hot and dry conditions
(Alpert et al., 2006). In winter, the Hadley cell shifts south and the westerlies become the dominant driver of
temperature and precipitation in the Mediterranean Sea region. Changes in the position of the moisture-rich
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westerlies during winter are closely linked to the NAO. The NAO index reflects an atmospheric pressure
gradient between the subtropical high-pressure cell over the Azores and the low-pressure cell over Iceland
(Hurrel et al., 2001). A positive mode of the NAO index is connected to warm and wet winters over northern
Europe, whereas a negative mode is connected to wet and relatively warm winters in southern Europe including
the Mediterranean region (Ferrarese et al., 2008). The Atlantic Multidecadal Oscillation (AMO), expressed by
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SST anomalies over the North Atlantic, is a mode of western European summer temperature and precipitation
patterns with a periodicity of about 70 years (Enfield et al., 2001; Knight et al., 2006; Sutton and Hodson, 2005).
The origin of the AMO is either linked to internal variability of the oceanic thermohaline circulation only, or to a
free oscillation of the coupled ocean-atmosphere system (e.g. Delworth and Mann, 2000; Jungclaus et al., 2005).
Cold and dry Bora winds blow in strong pulses over the Adriatic Sea in winter (Orlic et al., 1994; Rachev and
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Purini, 2001) and enhanced wind-induced mixing of the oligotrophic ISW and the nutrient-rich LIW results in
locally enhanced phytoplankton productivity. Northward winds called Siroccos bring warm and humid air from
the Sahara to the Adriatic region year-round, but most commonly in spring (Sivall, 1957). Although Bora and
Sirroco winds are short in duration, they can have substantial impact on sea level and circulation of the Adriatic
Sea (Ferrarese et al., 2008; Jeromel et al., 2009; Orlic et al., 1994). An aeolian sediment flux related to Bora or
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Sirroco winds is quantitatively negligible compared to the extensive sediment supply from local rivers (Chester
et al., 1997).

3 Methods
Sediments from two sites on the eastern Apulian shelf were sampled during RV Poseidon cruise 411 in April
2011. Gravity core GeoB15403-4 and multicore GeoB15403-6 were recovered from site 03 (39°45.42 'N,
4

17°53.53' E; 170 m water depth); multicore GeoB15406-4 was recovered from site 06 (39°49.49' N, 17°50.02 'E;
214 m water depth) (Fig. 1 B). The 524.5 cm long gravity core from site 03 was sampled at 2.5 mm resolution
for this study focusing on the uppermost 34 cm. GeoB15403-6 was sampled at 5 mm resolution over the length
of 19 cm. The 34 cm long multicore from site 06 was sampled at 5 mm resolution. At both sites, sediments
5

consisted of homogenous, nannofossil-rich greyish to olive green muds. The core tops contain basically
undisturbed surface sediments as indicated by the presence of an oxidized sediment layer. The oxygen
penetration depth can be identified by distinct colour changes at ca. 6 cm for GeoB15403-4, and at 8 cm for
GeoB15403-6. This suggests negligible sediment loss during core recovery. Oxygen penetration was down to 4
cm in GeoB15406-4. The difference between the stations is in good agreement with the eutrophic contrast
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between both sites. We further analysed the distribution patterns of Recent benthic foraminifera in the upper 1-2
cm of multicores from 43 stations along the western coastline of the Adriatic Sea and the Gulf of Taranto to
identify gradients in modern environmental conditions (Table S1). All surface samples were stained with rose
Bengal after core retrieval to distinguish living from dead benthic foraminifera.
For faunal investigations, freeze-dried samples of GeoB15403-4 and GeoB15406-4, as well as the stained
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surface samples were weighed and washed over a 63 µm sieve. The sub-fractions were dried at 40 °C. The
coarse fraction was weighed and dry sieved over a 125 µm sieve before being split into subsamples containing
on average 300 individuals. The identification of benthic foraminifera, preferentially on species level, was
mainly based on the studies of Cimerman and Langer (1991), Jones and Brady (1994), Milker and Schmiedl
(2012), Rasmussen and Thomson (2005) and Sgarella and Moncharmont Zei (1993).
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Stable isotope (δ13C, δ18O) analyses of Uvigerina mediterranea (1-3 tests) Cibicidoides pachyderma (1-5 tests)
from GeoB15406-4 were carried out at the Institute of Geophysics and Geology at the University of Leipzig.
Carbonate powders were reacted with 105% phosphoric acid at 70°C using a Kiel IV online carbonate
preparation line connected to a MAT 253 mass spectrometer. All carbonate values are reported in per mil
relative to the Vienna PDB standard. Reproducibility was ensured by replicate analysis of the NBS19 standard
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and was better than ± 0.029 ‰ for carbon and better than ±0.063 ‰ for oxygen isotopes.
The clay mineral analyses followed standard procedures (Ehrmann et al., 2007) and used bulk sediment samples
from GeoB15406-4 and GeoB15403-6. The samples were oxidized and disaggregated in a 5 % H2O2 solution.
Carbonate was removed by 10 % acetic acid. Sieving the samples through a 63 µm mesh isolated the fine
fraction from the sand fraction. The clay fraction (<2 µm) was separated from the silt fraction in settling tubes.
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The clay mineral composition was analysed by X-ray diffraction (XRD) of the clay fraction. Samples were
mounted as texturally oriented aggregates and solvated with ethylene-glycol vapour. The analyses were
conducted on a Rigaku Miniflex system with CoK radiation (30 kV, 15 mA). The samples were X-rayed in the
range 3–40°2 with a step size of 0.02°2 and a measuring time of 2 s/step. We additionally analysed the range
27.5–30.6°2 with a step size of 0.001°2 and a measuring time of 4 s/step in order to better resolve the (002)
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peak of kaolinite and the (004) peak of chlorite. The individual clay minerals were identified by their basal
reflections. For semi-quantitative evaluations of the clay mineral assemblages we used empirically estimated
weighting factors on integrated peak areas of the individual clay mineral reflections (Biscaye, 1964, 1965;
Brown and Bindley, 1980). The concentrations of smectite, illite, chlorite and kaolinite are given in percent of
the total clay mineral assemblage.
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Total carbon and nitrogen were quantified in samples from GeoB15403-4 by a Carlo Erba Nitrogen Analyser
1500 (Milan, Italy). Particulate organic carbon was determined in weighed powdered bulk samples after acid
treatments that removes carbonate. Precision is 0.05 % for total and organic carbon and 0.005 % for nitrogen.
GeoB15403-4 was scanned for the detection of major and trace elements with an ITRAX XRF-core scanner,
5

COX analytical systems (Croudace et al., 2006), of GEOPOLAR at the University of Bremen. Sections were
scanned applying a Mo-tube with a step size of 2 mm and a count rate of 10 s/per step. Tube settings were kept
constant using a voltage of 30 kV and a current of 20 mA.
The age model for GeoB15403-4 is based on 11 analyses of surface-dwelling planktonic foraminifera by the
AMS 14C method (Table 1). Dating was performed at Beta Analytic Inc. (Miami, Florida, USA). Radiocarbon
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dates were converted to calendar years using the MARINE13 database (Reimer et al., 2013) with a Delta R value
of 73±34. Delta R was calculated using the MarineChrono reservoir database through an interpolation of data
points close to the core locations. The

14

C based age model was complemented by tephroanalysis of the upper

45 cm of the core (Menke et al., under review). Each sample was analysed for its glass shards content in vol% to
identify primary tephra layers. Glass shards from the 63–125 µm fraction were analysed for major and minor
15

elements following the procedure of Kutterolf et al. (2011) using a JEOL JXA 8200 wavelength dispersive
electron microscope at GEOMAR, Kiel. The age model for GeoB15406-4 was calculated based on one AMS 14C
date and a Delta R value of 73 ± 34 (Table 1).
Blackman-Tukey spectral analysis was performed on the original and detrended foraminiferal epifaunal and
infaunal datasets of site 03. Both time series have been smoothed by subtraction of a 21-point running average to
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remove trends reoccurring on greater timescales. After resampling with t = 9.03 yrs, spectral analysis was
performed using the software AnalySeries 2.0.8 (Paillard et al., 1996).

4 Results
4.1 Age Model
Results of AMS 14C dating are listed in Table 1 and are shown in Figure 2. Accordingly, core GeoB15403-4 has
25

a basal age of ca. 55,600 yrs BP. Sedimentation rates increase from the older to the younger part of the core from
5.3 cm/kyr to 28.3 cm/kyr. Within the upper 38 cm, the sedimentation rates decrease to 23.47 cm/kyr. Due to the
similar oxygen penetration depths in GeoB15403-4 and GeoB15403-6, we applied the age model of the gravity
core also to the multicore. GeoB15406-4 has a basal age of ca. 236 yrs BP with a sedimentation rate of 114
cm/kyr.
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4.2 Benthic Foraminifera
At site 03 and site 06, a total of 247 different foraminifera species were identified. The diversity at site 03 is
generally higher and ranges from 52 to 95 taxa per sample compared to site 06 with 27 to 85 taxa. The most
abundant species at site 03 are Cassidulina laevigata s.l., Melonis barleeanus, Gavelinopsis praegeri, Bulimina
aculeata, Cassidulina crassa, Textularia pseudogramen, Miliolinella subrotunda, Globocassidulina subglobosa,
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Brizalina spathulata and Bulimina marginata. The most abundant species at site 06 are Cassidulina laevigata
s.l., Melonis barleeanus, Uvigerina mediterranea, Bulimina marginata, Brizalina spathulata, Cassidulina
crassa, Gavelinopsis praegeri, Gyroidina umbonata, Bulimina costata and Quinqueloculina viennensis). In order
to characterize changes in food and oxygen supply over time, benthic foraminifera were grouped according to
6

their environmental preferences. Species preferring epifaunal and very shallow infaunal microhabitats and are
known to be well adapted to oligotrophic to mesotrophic conditions with relatively low food supply and high
oxygen availability (e.g., Miliolida spp.) are referred to as Epifaunal Benthic Foraminifera (EBF) (see Table S2
for details of classification). Foraminifera preferring mesotrophic environments with elevated food supply and
5

tolerance to moderate oxygen levels are referred to as Shallow to Intermediate Infaunal Benthic Foraminifera
(SIIBF) (i.e. Bulimina spp., Bolivina spp., Uvigerina spp; Table S2). Species tolerant to eutrophic conditions and
very low oxygen availability in the sediment pore water are classified as “Deep Infaunal Benthic Foraminifera
(DIBF)” due to their ability to live deeper below the sediment surface (i.e. Chilostomella oolina and
Globobulimina pseudospinescens; Table S2).
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SIIBF are dominant at both sites with higher values at site 06 (41.6-67.4 %) after a steady and steep rise up to the
most recent samples (Fig. 3 A and B). SIIBF at site 03 vary between 40.4 % and 56.3 % peaking at 1830 AD.
Thereafter, values decrease and fluctuate around 50 %. EBF at site 03 vary between 9.9 % and 21 % without a
clear long-term trend, while EBF at site 06 (5.3–23.9 %) begin at a similar concentration as at site 03 (Fig. 3 A),
but steadily decrease to 5.3 % in the second to youngest sample. DIBF show the low concentrations at both sites
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and vary between 0 % and 3.4 % at site 03, and between 0 % and 2.9 % at site 06. Although site 03 shows a
slightly higher maximum than site 06, the overall abundance of DIBF over the course of the core is slightly
higher at site 06. The δ13C of U. mediterranea at site 06 ranges between -1.07 ‰ and 0.36 ‰ and steadily
decreases at the same rate in step with the decrease in EBF (Fig. 3 B). Cibicidoides pachyderma δ13C varies from
-0.3 to 1.05 ‰ and follows the trend of U. mediterranea, but because individuals of C. pachyderma were not
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abundant in every sample, the temporal resolution is smaller (Fig. 3 B).
A closer look at the dominant species at site 03 reveals that much of the high abundance after 1600 AD and the
sharp peak at 1840 AD are based on rising relative abundances of Bulimina species, as well as U. mediterranea
and U. peregrina (Fig. 4). Other dominant species, such as M. barleeanus, remain nearly constant, except during
a sharp peak at 1787 AD and rising relative abundance in the most recent samples. Some species, such as C.

25

laevigata s.l. even decrease in relative abundance (Fig. 4). The latter species ranges between 6.3 % and 22.3 %
and shows a general decrease towards the youngest samples, after a maximum abundance between ~800 and
1170 AD (Fig. 4). Site 06, covering ~230 yrs BP, shows different patterns in species abundance, even though
most dominant species are the same (Fig. 5). Cassidulina laevigata s.l. (4.5-18 %) shows an overall trend to
higher values in the younger samples, while M. barleeanus fluctuates around a relatively constant background
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value and increases sharply (to 14 %) in the youngest sample. Similar to their patterns at site 03, Bulimina
species and in particular U. peregrina and U. mediterranea are responsible for much of the rise in IIBF
abundance at site 06. Uvigerina peregrina rises steadily from values around zero before 1800 AD to around 10
% in 1991 AD, following a steady rise of U. mediterranea relative abundances that peaks in the youngest sample
at ~16 %.
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Differences in species abundance between site 03 and site 06 are in good agreement with faunal distribution
patterns in the surface sediments of the Gulf of Taranto (Fig. 6). Site 06 is located close to a region with a high
abundance of intermediate and deep infaunal species. The main SIIBF species in both sediment cores (Bulimina
spp., U. mediterranea and U. peregrina) exhibit elevated abundances in surface sediments around the station at
which the DIBF percentage is highest in the core record. The modern SIIBF abundance is more variable but high
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values also concentrate in this area. Site 03 is located just at the southern border of this “infaunal hot spot”, well
represented by lower overall abundances of SIIBF including Bulimina spp., U. mediterranea and U. peregrina.
7

The relative abundance of C. laevigata is higher around site 03 and matches the higher overall abundance of this
species in the down-core sediment record of this site when compared to site 06. Melonis barleeanus shows
slightly higher abundances around site 03 but a more patchy distribution pattern with an exceptional high value
at the north-easternmost surface station of the easternmost transect. For most surface stations, DIBF abundance
5

is anti-correlated to EBF abundance, which shows the highest value at the deepest station in the southeast.
Elevated abundances of SIIBF can be traced along the western Adriatic Sea into the Gulf of Taranto where
SIIBF values are generally high and also DIBF are most abundant (Fig. 6 B).
4.3 Clay minerals
The kaolinite concentration at site 03 fluctuates between 16 % and 20 %, while chlorite fluctuates between 8 %
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and 12 %. Kaol/Chl ratios vary from 1.6 to 2.4 with a general increase from bottom to top (Fig. 7A). A marked
shift from lower values of approximately 1.8 to higher values of approximately 2.2 occurs at ~1600 AD.
Kaolinite concentration at site 06 varies between 18 % and 24 %, while chlorite varies between 8 % and 10 %.
Kaol/Chl ratios fluctuate between 2.0 and 2.8, are constant at 2.4 before 1775 AD, reach a short maximum at
around 1800 AD and then generally decrease in younger times (Fig. 7 A). Kaol/Chl ratios decrease from older to
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the younger samples with exception of a strong rise in the youngest sample and a pronounced peak at ~1800 AD
(Fig. 7 B).
Smectite concentrations at site 03 vary between 32 % and 41 %, and illite concentrations fluctuate between 31 %
and 42 %. Sm/Ill ratios range between 0.8 and 1.3. The lowest values occur before 1300 AD. Sm/Ill is relatively
high between 1300 and 1700 AD. In the younger part of the core the values generally decrease and show a strong
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variability.
Smectite at site 06 varies from 31 % to 38 %, and illite varies from 32 % to 40 %. Sm/Ill ratios fluctuate between
0.9 and 1.3 (Fig. 7 B) showing a similar but overall lower range of values than Sm/Ill in the same time interval
of site 3 (Fig. 7 A).
4.4 Organic Carbon and Nitrogen
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Organic carbon at site 03 ranges between 0.5 and 0.8 % with one outlier of 0.9 % at 142.5 mm, which was
excluded from our interpretation (Fig. 8). Values decrease relatively steadily from ~0.6 % to ~0.5 % between
900 AD and 1600 AD. After 1600 AD the organic carbon content rises continuously and exhibits highest values
in the youngest samples. C/N ratios at site 03 range between 6.85 and 10.08 with the outlier of 12.5 at 142.5 mm
(Fig. 8). The trend in the C/N ratios is similar to that in organic carbon content, with generally high values after
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1600 AD and a maximum value in the youngest sample.
4.5 XRF scanning for element composition
Ca/Ti ratios vary between 11.8 and 17.3 with a steady decline from values around 16 in the older part of the core
to the lowest value at 1820 AD (Fig. 8). After that, Ca/Ti ratios increase again until 1880 AD and level of around
13.5 in the youngest samples.

8

5 Discussion
5.1 Hydrological forcing of terrigenous matter fluxes to the Gulf of Taranto
The clay mineral composition documents the source areas and dispersal pathways of suspended terrigenous
material from the Po and the Apennine rivers through the Adriatic Sea into the Gulf of Taranto. The offshore Po
5

(Padane) flux is rich in illite (> 50 %); in contrast, the coastal Apennine flux is characterized by a generally high
smectite concentration (> 30 %) with the southern Apennines providing kaolinite-rich suspensions (Tomadin,
1979, 2000). Low Sm/Ill ratios therefore document a strong influence of the Padane flux. Minima occur around
1750 AD, 1470 AD and 1250 AD (Fig. 9 D). They coincide with high abundance of SIIBF (Fig. 9 B), which
implies that more nutrients and suspended matter at times of enhanced Po river outflow lead to more eutrophic

10

conditions in the Gulf of Taranto and foster the development of shallow and intermediate infaunal microhabitats.
The drop of Po-derived suspension at 1300 AD roughly coincides with the onset of the LIA and glacier advances
in the Alps (Holzhauser et al., 2005; Le Roy et al., 2015). The cool climate possibly led to increased
accumulation of ice and snow in the Alps and to overall low Po river runoff and sediment discharge. While
Sm/Ill ratios forced by the Po runoff appear to have been limited by the cool climate, the Kaol/Chl ratios rise
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steadily since 1300 AD and follow the general trend towards a more negative NAO after 1300 AD (Fig. 9 H and
I). This can be explained by the fact that the southern Italian borderlands and Apennine mountains are less
susceptible to a colder climate due to their lower elevation and location further south (Drever and Zobrist, 1992;
Matsuoka, 2008; Cyr et al., 2010). A negative NAO index corresponds to warmer and wetter winters across
southern Europe and the Mediterranean Sea (Hurrel, 1995; Tomasino and Dalla Valle, 2000; Trouet et al., 2009),
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which explains the observed increase in discharge and sediment transport from the southern Apennines and the
borderlands of the Gulf of Taranto. The abundance of the shallow infaunal U. mediterranea slightly rises
simultaneously arguing for a steady increase in organic matter fluxes since ~1300 AD and a relatively high OM
quality (Fig. 4) (Fontanier et al., 2002; Koho et al., 2008). A close relation between NAO strength and
precipitation in the Po river catchment has been confirmed based on direct measurements of the NAO index and
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Po discharge since 1921 (Tomasino and Dalla Valle 2000). It is also evident by the correlation of high
proportions of illite (low Sm/Ill ratios) with a negative NAO index, as illustrated in the high-resolution record for
the past 300 yrs at site 06 (Fig. 10 A and B). Although at site 06 the Sm/Ill ratios trace fluctuations in the NAO
index well within the accuracy of the age model, the reliability of different NAO reconstructions has to be
questioned because of significant discrepancies between reconstructed and measured NAO indices of the past
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~200 years (Fig. 10 A black and red lines, e.g. Jones and Mann, 2004). We therefore argue that a comparison of
the NAO index and proxy data can provide useful insights into North Atlantic climate links for the past 200
years, while applications predating this period are less confident. The longer Sm/Ill record at site 03 is most
likely overprinted by the strong temperature influence on large areas of the Po river catchment during the LIA.
The steady decline in southern Apennine suspension load since ~1800 AD, evident through lower Kaol/Chl
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ratios at site 06, is likely attributed to a growing dominance of Po-derived material since the end of the LIA (Fig.
10 E). This interpretation appears reasonable, because the Po catchment area is much larger when compared to
that of the Apennine rivers. Accordingly, Po suspension loads increased proportionally to precipitation at times
of a persistent negative NAO mode and generally increasing temperatures.
A strong increase in terrigenous sediment input around 1300 AD, simultaneous to rising Kaol/Chl ratios, is also
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documented by the Ca/Ti ratios obtained from site 03 (Fig. 9 G). Previous studies in the Gulf of Taranto based
9

on XRF core scanning showed that changes in Ca/Ti primarily reflect the relative dominance of terrigenous
minerogenic versus marine biogenic input (Goudaeu et al., 2014; Richter et al., 2006; Rothwell and Rack, 2006).
These studies further demonstrated a positive correlation between low Ca/Ti values, high terrestrial matter input
and a negative NAO index for the past 16 kyrs. They also documented the same steep rise in terrestrial matter
5

input during the past 1000 years that is also found in our data.
To summarize, the combination of clay mineral and XRF data concordantly suggests an increase in terrigenous
fluxes to the Gulf of Taranto at ~1300 AD. This change in sedimentation can be attributed to generally wetter
conditions and enhanced runoff from the borderlands of the Gulf of Taranto and is correlated to persistent
negative NAO phases. The Po river runoff shows a strong correlation to NAO strength for the past 300 years.
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However, runoff declined at the onset of the LIA during which only strong runoff events had an impact on the
benthic foraminifera record.
5.2 Northern hemisphere climate forcing on marine ecosystems of the Gulf of Taranto
The pronounced mobilization of terrestrial material and its deposition in the Gulf of Taranto around 1300 AD is
not reflected in the abundance and species composition of the benthic foraminiferal fauna (Fig. 9 B and G).
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Obviously, the fauna did either not respond to the associated changes in substrate or these changes were
negligible. Instead, the trend in the relative abundance of SIIBF taxa generally follows the Northern Hemisphere
temperature curve reconstructed from tree ring, ice core, coral and sediment records of the past 1500 years
(Mann et al., 2009) (Fig. 9 A). Numerous previous studies demonstrated that the abundance of shallow and
intermediate infaunal foraminifera is closely related to the availability of food (e.g., De Rijk et al., 2000; Jorissen
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et al., 1995; Schmiedl et al., 2000), which in the Gulf of Taranto is controlled by riverine nutrient sources and
related surface water productivity (e.g. Focardi et al., 2009; Zonneveld et al., 2009;). This suggests that positive
northern hemisphere temperature anomalies resulted in enhanced precipitation in the catchment areas of the
Italian rivers in the borderlands of the Adriatic Sea and the Gulf of Taranto. The positive correlation between
temperature anomalies and Po river discharge during the instrumental period since 1920 AD (Tomasino and
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Dalla Valle, 2000) corroborates this interpretation. The C/N ratios in our cores increase simultaneously with the
abundance of the SIIBF at around 1600 AD (Fig. 9 B and C). The two curves also show similarities during other
time intervals, for example a rise around 1350 AD and minimum values between 1500 and 1600 AD, followed
by a steep increase. Increased C/N ratios at 1600 AD suggest enhanced input of terrestrial organic matter
(Meyers, 1994) and Kaol/Chl and Sm/Ill ratios show a concurrent steep rise of suspended terrigenous material.
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These observations support our conclusion of elevated precipitation and associated runoff at times of enhanced
Northern Hemisphere temperatures (Fig. 9 D and H).
Other proxy data from this region documented a similarly strong temperature component in their records. Frisia
et al. (2003) argue, that their stalagmite record is not predominantly reflecting variations in precipitation but also
temperature. Low winter temperatures limited stalagmite growth and pronounced lamina growth started at about
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1850 AD, when Northern Hemisphere temperatures began to rise steeply after the LIA. Alkenone-derived sea
surface temperatures (SST) from the Gulf of Taranto show a similar temperature trend (Fig. 9 F; Versteegh et al.,
2007). The SST record corresponds to changes in atmospheric 14C for the period between 1420 AD and 1920

AD, the time before human interferences have likely substantially overprinted the natural climate signal (Fig. 9 E
and F). Some short-term fluctuations in the SST and benthic foraminiferal records, however, do not correspond
40

to changes in the Northern Hemisphere temperature record. The most prominent example is a SST and infauna
10

maximum between 1650 AD and 1850 AD. Since the change in solar forcing is too small to directly influence
regional SST, Versteegh et al. (2007) imposed wind stress to be a key factor, because it influences sensible and
latent heat exchange at the water-air interface and strongly modulates the surface-water productivity via
turbulence. Turbulence causes deeper convection (Grbec and Morovic, 1997), which in turn cools the surface
5

water and introduces nutrients into the photic zone (Boldrin et al., 2002). This process could expand the season
of alkenone production from late autumn to early spring when overall temperatures are higher and could also
cause the peak in alkenone temperatures between 1650 AD and 1850 AD. Enhanced primary production and
related organic matter fluxes to the sea-floor is a plausible explanation for the peaks in the SIIBF abundance in
both sediment cores (Fig. 9 B and Fig. 10 C) indicating a temporal shift to more eutrophic conditions. The higher
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temporal resolution at site 06 allows to identify smaller peaks within the overall rise in SIIBF abundance that
coincide with high sunspot numbers supporting the hypothesis of sunspot variations influencing seafloor
ecosystems through surface productivity (Fig. 10 D). However, at the time of SST, SIIBF and C/N maxima, the
Sm/Ill ratios indicate elevated Po river input. This implies that the eutrophic conditions were caused by enhanced
Po river outflow, possibly due to the combined effects of a negative NAO index and rising temperature.
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Power spectra of the detrended time series of the different benthic foraminiferal microhabitat groups at site 03
reveal a significant periodic variability on multi-decadal time scales, centered at ~54 yrs and ~72 yrs (Fig. 11).
According to Knudsen et al. (2011) a 55- to 70-year quasi-persistent AMO existed through most of the Holocene
and was forced by internal ocean-atmosphere variability. The AMO coupling to regional climate appears to have
been modulated by insolation-driven shifts in atmospheric circulation patterns and sea-ice cover. Sutton and
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Hodson (2005) proposed that warm phases of the AMO led to elevated summer temperatures and precipitation
over Western Europe during the 20th century. A study on multi-decadal variability of Mediterranean SST’s
(Marullo et al., 2011) suggests a 70 yr periodicity suggesting a stimulation by the AMO. Our benthic
foraminiferal record reveals striking similarities with the AMO reconstruction (Mann et al., 2009) and supports
the hypothesis that the AMO influenced the central Mediterranean hydrology and marine environments during
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the past 1100 years.
Although the fluctuations of the different mineralogical (Ca/Ti, clay mineral ratios), biogeochemical (C/N ratio)
and foraminiferal proxy records can be generally reconciled with regional precipitation changes and hemispheric
climate modes, a detailed comparison reveals a decoupling of the terrigenous fluxes and faunal development for
most species (Figs. 9 and 10). One explanation could be that changes in terrestrial input due to elevated
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precipitation at times of a negative NAO were too subtle to influence substrate composition, organic matter
availability and biogeochemical gradients in the sediment. This seems likely when comparing the relatively lowamplitude changes in clay mineral ratios at site 03 to the pronounced shifts observed in sediment cores from the
Aegean Sea across major transitions such as the last glacial termination (Ehrmann et al., 2007). We argue that
while the NAO signal seems to modulate the overall hydrological regime, the AMO paces rainfall and related
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impacts on marine environments on multidecadal time scales.
5.3 Anthropogenic impact on marine environments of the Gulf of Taranto
At least since the time of the Roman Classical Period anthropogenic activity had a significant impact on the
depositional dynamics of the Po River and on the western Adriatic Sea. At that time erosion and sediment input
increased due to deforestation, agriculture and river embankment (Stefani and Vincenzi, 2005). The demise of
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the Roman infrastructure after the fall of the Roman Empire resulted in the re-establishment of near-natural
11

conditions over large areas of Italy. This was around 450–650 AD, a time when climate was cooling
(Luterbacher et al., 2012). Between 1465 AD and the end of the 1500s, large hydraulic construction projects
were completed in order to protect the local agriculture. Negligence of these constructions combined with strong
storm surge events and disastrous flooding, which characterized the LIA, resulted in a loss of reclaimed
5

territories and a transfer back to marshland between the 17 th and the first half of the 19th century (Simeoni and
Corbau, 2009, and references therein). Increasing population and anthropogenic activity in the Po Valley since at
least the 1600s (Lahmeyer, 2006; Lotze et al., 2011; McEverdy and Jones, 1978) must have steadily increased
nutrient and trace element loads of the Po River. This in turn caused more frequent plankton blooms and anoxia
in the northern Adriatic Sea (e.g., Degobbis et al., 2000; Giordani and Angiolini, 1983; Justic, 1987; Marchetti et
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al., 1989). The quality of the plume waters has also an impact on the composition of dinoflagellate cyst
associations (Zonneveld et al., 2012), and the accumulation rate and abundance of different dinoflagellate
species registering distinct historical events and inventions, such as the beginning of the industrial revolution in
Italy, the introduction of ammonia as fertilizer, and the recent restriction of fertilizer use within the Po Valley
(Figs. 9 and 10, orange triangles).
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Persistent dominance of shallow to intermediate infaunal benthic foraminifera in the Gulf of Taranto since ~1800
AD also expresses eutrophication by Po riverine nutrients, but the faunas at the two study sites differ in the
proportions of shallow infaunal and epifaunal foraminifera. The relative abundance of SIIBF at site 03 declines
after a peak at ~1800 AD, whereas the SIIBF at site 06 continues to rise until about 1970 AD (Figs. 3 and 9).
Also, the proportion of the epifauna at site 03 shows only minor variations, while it continuously declines at site
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06. Sedimentation rate at site 06 is about three times higher than at site 03. Varying sedimentation rates between
different stations in the Gulf of Taranto have also been reported by Goudeau et al. (2014) supporting earlier
evidence for regionally heterogeneous sediment accumulation in this region (Rossi et al., 1983). The difference
in the depositional environment between the two sites is today reflected in the distribution pattern of modern
benthic foraminifera in surface sediments of the Gulf of Taranto when compared to the Adriatic Sea (Fig. 6).
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Elevated abundances of SIIBF taxa and the development of deep infaunal niches (Jorissen et al., 1995) around
site 06 suggest the presence of high organic matter availability at the sea floor. This eutrophic hotspot spreads
across isobaths (Fig. 6; Zonneveld et al., 2008) and thus is not directly linked to water depths, but to more or less
stationary small-scale eddies in the surface water causing zones of nutrient injection and enhanced primary
productivity in the surface ocean (Pinardi et al., 2016) and related organic matter fluxes to the sea-floor. Small-
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scale variability and local patchiness of high-productivity zones in the Gulf of Taranto are also indicated by
satellite images of chlorophyll-a concentration in the upper ocean (Zonneveld et al., 2009). The associated
regional slow-down of current velocities induces deposition of suspended matter and leads to enhanced
accumulation of organic matter at the sea-floor. Accordingly, the fauna comprises both less opportunistic taxa,
such as U. mediterranea, and more opportunistic taxa, such as U. peregrina (Fontanier et al., 2002; Koho et al.,
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2008). The latter species benefits from seasonal pulses of freshly deposited phytodetritus and its abundance
mimics the seasonal dynamics of surface water productivity as well as the total amount of riverine nutrient
fluxes. This makes U. peregrina a suitable indicator species for the human-induced eutrophication in the Gulf of
Taranto that started around 1800 AD or even earlier. The abundances of Bulimina species (Figs. 4 and 5)
resemble the trends seen in U. peregrina and argue for similar controls by organic matter fluxes.
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Independent micropaleontological and biogeochemical data corroborate the inference of enhanced nutrient input
into near-coastal Italian surface waters and associated higher organic matter fluxes in the Gulf of Taranto during
12

the past two centuries. The decrease in the δ13C record of the shallow infaunal U. mediterranea corresponds to a
similar trend in the δ13C record of the epifaunal C. pachyderma. Therefore, we assume that U. mediterranea is
suitable to display the general source of the bottom water mass for a first approximation, although it is a shallow
infaunal species whose isotopic signature is commonly influenced by the pore water isotopic gradient (Linke and
5

Lutze, 1993; Schmiedl et al., 2004) (Fig. 3 B). Accordingly, δ13C values of U. mediterranea can be used to trace
the influence of the nutrient-rich WAC (Grauel et al. 2013b). The δ13C values of U. mediterranea decrease
around 1770 AD towards the younger part at site 06 and suggest increased organic matter fluxes and associated
remineralisation rates (Theodor et al., 2016a, b) (Fig. 10). The inferred elevated nutrient input is consistent with
increasing concentrations of plant waxes suggesting an enhanced supply of terrestrial plant material into the Gulf
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of Taranto starting around 1800 AD (Grauel et al., 2013 b). Concurrent with the pronounced maxima in the
SIIBF at ~1850 AD in both of our sediment cores, the abundance of epiphytic foraminifera off the Po delta
decreased in reaction to higher nutrient loads between 1840 and 1870 AD (Barmawidjaja et al., 1995). The total
abundance of dinoflagellates increased from the 1830s and specific eutrophic species increased again at 1930
AD (Sangiorgi and Dongers, 2004). In a more recent study, Zonneveld et al. (2012) used the abundances of
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dinoflagellate cysts to document changes in the nutrient status of surface waters in the Golf of Taranto that
responded to the industrial revolution and the introduction of ammonia as fertilizer in Italy in 1890 and 1920,
respectively. In addition, the abundance of coccolithophores started to increase from the late 1800s, followed by
the increase of diatoms and other siliceous plankton in the 20 th century (Puskaric et al., 1990). We conclude that
combined evidence from our own and other biogeochemical and micropaleontological studies document a
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pronounced human-induced eutrophication of marine environments along the Italian coast of the Adriatic Sea
and the Gulf of Taranto since approximately 1800 AD. Our new data demonstrate that the impacts of changes in
Italian land-use are not restricted to near-coastal surface water ecosystems, but can be traced even in outer shelf
benthic ecosystems, a case of strong regional land-ocean linkages and tight bentho-pelagic coupling.
The decline of the shallow infauna in the youngest sediments of both cores (Figs. 9 and 10) reflects decreasing
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surface water productivity that may be the result of strict environmental regulations and the decline in fertilizer
use in Italy since the 1970s (Zonneveld et al., 2012). But it is unclear whether the observed decrease in
chlorophyll-a concentrations over the last decades is due to environmental legislation, changing population
dynamics or to natural causes such as changes in the precipitation patterns in the river catchments (Mozetic et
al., 2010). Over the same time span there is evidence for a reduction of sediment transport due to reforestation
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and stabilization of lower order channels, and the construction of embankments and dams along the course of the
Po River (Galay, 1983; Herget 2000; Marchetti et al., 2002 and references therein; Rodolfi, 1988). The input of
sediment particles from the Po river to coastal environments in the Adriatic has almost completely ceased since
the mid-20th century because of dam construction, measures against soil erosion, and massive legal and illegal
river bed excavation (Stefani and Vincenzi, 2005).
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6 Conclusions
Benthic ecosystem variability in the Gulf of Taranto is driven by nutrients from the Po and to a lower extent
from Apennine rivers that are transported along the Italian east coast with the WAC. A high-accumulation
depocenter is developed at the distal end of the WAC in the northeastern Gulf of Taranto. Enhanced

13

sedimentation rates in this area are accompanied by eutrophic conditions reflected by regionally high abundances
of shallow and deep infaunal benthic foraminifera at the sea floor.
Clay mineral and XRF data provide evidence for an increase in terrigenous fluxes to the Gulf of Taranto at
~1300 AD driven by generally wetter conditions and enhanced river runoff from the borderlands of the gulf at
5

times of persistent negative NAO phases. Elevated Po River runoff correlates to NAO strength for the past 300
years. However, during the LIA overall river runoff declined and only strong runoff events had an impact on the
trophic state of benthic ecosystems in the Gulf of Taranto.
Benthic ecosystem variability on the outer shelf of the Gulf of Taranto is closely linked to the Northern
Hemisphere temperature record. Positive temperature anomalies most likely resulted in enhanced precipitation

10

delivering nutrients and organic matter to the gulf. Spectral analysis of benthic microhabitat groups reveal a
periodicity of ~50 to 70 years suggesting an AMO forcing of benthic ecosystems through elevated summer
temperatures and precipitation in the river catchment. Our results suggest, that the NAO determines the overall
hydrological regime but the AMO paces rainfall and marine ecological and biogeochemical responses on multidecadal timescales.
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The effect of rising temperatures and nutrient transport during the past 200 years is amplified by increasing
anthropogenic activity since the 1600s. Enhanced nutrient input and higher organic matter fluxes transported by
a strong WAC resulted in increasing SIIBF abundance (especially the opportunistic U. peregrina), and since
~1800 AD led to a decrease of δ13C values of the shallow infaunal U. mediterranea. The decline of the SIIBF
abundance during the past few decades is likely the result of stricter regulations on fertilizer use in Italy and the
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reduction of riverine suspension load due to the stabilization of river banks.

Acknowledgements
We thank the master and crew of “RV Poseidon” for excellent collaboration. We thank S. Haeßner for support
with sample preparation for clay mineral analyses, Niko Lahajnar and Frauke Langenberg for biogeochemical
analyses and Stefan Krüger for performing the stable isotope measurements. This research was funded by the
25

Deutsche Forschungsgemeinschaft, grant SCHM1180/18 and the “School of Integrated Climate System Science
(SICSS)” of the Cluster of Excellence “Integrated Climate System Analysis and Prediction (CliSAP)”.
The raw data to this paper will be available at http://dx.doi.org/......../PANGAEA after acceptance of the paper
for publication.

References
30

Abrantes, F., Lebreiro, S., Rodrigues, T., Gil, I., Bartels-Jónsdóttir, H., Oliveira, P., Kissel, C., and Grimalt, J.:
Shallow-marine sediment cores record climate variability and earthquake activity off Lisbon (Portugal) for the
last 2000 years, Quaternary Science Reviews, 24, 2477-2494, 2005.
Albert, P., Tomlinson, E., Smith, V., Di Roberto, A., Todman, A., Rosi, M., Marani, M., Muller, W., and
Menzies, M.: Marine-continental tephra correlations: volcanic glass geochemistry from the Marsili Basin and the

35

Aeolian Islands, Southern Tyrrhenian Sea, Italy, Journal of Volcanology and Geothermal Research, 229, 74-94,
2012.
Alpert, P., Baldi, M., Ilani, R., Krichak, S., Price, C., Rodó, X., Saaroni, H., Ziv, B., Kishcha, P., Barkan, J.,
Mariotti, A., and Xoplaki, E.: Chapter 2 Relations between climate variability in the Mediterranean region and
14

the tropics: ENSO, South Asian and African monsoons, hurricanes and Saharan dust, in: Developments in Earth
and Environmental Sciences, edited by: Lionello, P., Malanotte-Rizzoli, P., and Boscolo, R., Elsevier, 149-177,
2006.
Artegiani, A., Paschini, E., Russo, A., Bregant, D., Raicich, F., and Pinardi, N.: The Adriatic Sea General
5

Circulation. Part I: Air–Sea Interactions and Water Mass Structure, Journal of Physical Oceanography, 27, 14921514, 10.1175/1520-0485(1997)027<1492:tasgcp>2.0.co;2, 1997.
Bar-Matthews, M., Ayalon, A., Kaufman, A., and Wasserburg, G. J.: The Eastern Mediterranean paleoclimate as
a reflection of regional events: Soreq cave, Israel, Earth and Planetary Science Letters, 166, 85-95,
https://doi.org/10.1016/S0012-821X(98)00275-1, 1999.

10

Barmawidjaja, D., Van der Zwaan, G., Jorissen, F., and Puskaric, S.: 150 years of eutrophication in the northern
Adriatic Sea: evidence from a benthic foraminiferal record, Mar Geol, 122, 367-384, 1995.
Beniston, M., Rebetez, M., Giorgi, F., and Marinucci, M.: An analysis of regional climate change in Switzerland,
Theoretical and applied climatology, 49, 135-159, 1994.
Biscaye, P.: Distinction between Kaolinite and Chlorite in recent sediments by X-ray diffraction, American

15

Mineralogist, 49, 1281-&, 1964.
Biscaye, P. E.: Mineralogy and sedimentation of recent deep-sea clay in the Atlantic Ocean and adjacent seas
and oceans, Geological Society of America Bulletin, 76, 803-832, 1965.
Boldrin, A., Miserocchi, S., Rabitti, S., Turchetto, M., Balboni, V., and Socal, G.: Particulate matter in the
southern Adriatic and Ionian Sea: characterisation and downward fluxes, Journal of Marine Systems, 33, 389-

20

410, 2002.
Brown, G. t., and Brindley, G.: X-ray diffraction procedures for clay mineral identification, Crystal structures of
clay minerals and their X-ray identification, 5, 305-359, 1980.
Budillon, G., Bue, N. L., Siena, G., and Spezie, G.: Hydrographic characteristics of water masses and circulation
in the Northern Ionian Sea, Deep Sea Research Part II: Topical Studies in Oceanography, 57, 441-457, 2010.

25

Cacho, I., Grimalt, J. O., Canals, M., Sbaffi, L., Shackleton, N. J., Schönfeld, J., and Zahn, R.: Variability of the
western Mediterranean Sea surface temperature during the last 25,000 years and its connection with the Northern
Hemisphere climatic changes, Paleoceanography, 16, 40-52, 2001.
Chester, R., Baxter, G., Behairy, A., Connor, K., Cross, D., Elderfield, H., and Padgham, R.: Soil-sized eolian
dusts from the lower troposphere of the eastern Mediterranean Sea, Mar Geol, 24, 201-217, 1977.

30

Chevalier, M., Brewer, S., and Chase, B. M.: Qualitative assessment of PMIP3 rainfall simulations across the
eastern African monsoon domains during the mid-Holocene and the Last Glacial Maximum, Quaternary Science
Reviews, 156, 107-120, 2017.
Cimerman, F., and Langer, M. R.: Mediterranean foraminifera, 1991.
Corliss, B. H.: Microhabitats of benthic foraminifera within deep-sea sediments, Nature, 314, 435-438, 1985.

35

Cramp, A., and O'Sullivan, G.: Neogene sapropels in the Mediterranean: a review, Mar Geol, 153, 11-28, 1999.
Croudace, I. W., Rindby, A., and Rothwell, R. G.: ITRAX: description and evaluation of a new multi-function
X-ray core scanner, Geological Society, London, Special Publications, 267, 51-63, 2006.
Cyr, A. J., Granger, D. E., Olivetti, V., and Molin, P.: Quantifying rock uplift rates using channel steepness and
cosmogenic nuclide–determined erosion rates: Examples from northern and southern Italy, Lithosphere, 2, 188-

40

198, 2010.

15

De Rijk, S., Troelstra, S., and Rohling, E.: Benthic foraminiferal distribution in the Mediterranean Sea, Journal
of Foraminiferal Research, 29, 93-103, 1999.
De Rijk, S., Jorissen, F., Rohling, E., and Troelstra, S.: Organic flux control on bathymetric zonation of
Mediterranean benthic foraminifera, Marine Micropaleontology, 40, 151-166, 2000.
5

Degobbis, D., Gilmartin, M., and Orio, A. A.: The relation of nutrient regeneration in the sediments of the
northern Adriatic to eutrophication, with special reference to the Lagoon of Venice, Science of the total
environment, 56, 201-210, 1986.
Degobbis, D., Precali, R., Ivancic, I., Smodlaka, N., Fuks, D., and Kveder, S.: Long-term changes in the northern
Adriatic ecosystem related to anthropogenic eutrophication, International Journal of Environment and Pollution,

10

13, 495-533, 2000.
Delworth, T. L., and Mann, M. E.: Observed and simulated multidecadal variability in the Northern Hemisphere,
Climate Dynamics, 16, 661-676, 2000.
Desprat, S., Goñi, M. a. F. S., and Loutre, M.-F.: Revealing climatic variability of the last three millennia in
northwestern Iberia using pollen influx data, Earth and Planetary Science Letters, 213, 63-78, 2003.

15

Donders, T. H., Wagner-Cremer, F., and Visscher, H.: Integration of proxy data and model scenarios for the
mid-Holocene onset of modern ENSO variability, Quaternary Science Reviews, 27, 571-579, 2008.
Drever, J. I., and Zobrist, J.: Chemical weathering of silicate rocks as a function of elevation in the southern
Swiss Alps, Geochimica et Cosmochimica Acta, 56, 3209-3216, 1992.
Duplessy, J., Shackleton, N., Fairbanks, R., Labeyrie, L., Oppo, D., and Kallel, N.: Deepwater source variations

20

during the last climatic cycle and their impact on the global deepwater circulation, Paleoceanography, 3, 343360, 1988.
Ehrmann, W., Schmiedl, G., Hamann, Y., and Kuhnt, T.: Distribution of clay minerals in surface sediments of
the Aegean Sea: a compilation, International Journal of Earth Sciences, 96, 769, 2007.
Emeis, K.-C., Sakamoto, T., Wehausen, R., and Brumsack, H.-J.: The sapropel record of the eastern

25

Mediterranean Sea—results of Ocean Drilling Program Leg 160, Palaeogeography, Palaeoclimatology,
Palaeoecology, 158, 371-395, 2000.
Enfield, D. B., Mestas‐Nuñez, A. M., and Trimble, P. J.: The Atlantic multidecadal oscillation and its relation to
rainfall and river flows in the continental US, Geophysical Research Letters, 28, 2077-2080, 2001.
Ferrarese, S., Cassardo, C., Elmi, A., Genovese, R., Longhetto, A., Manfrin, M., and Richiardone, R.: Response

30

of temperature and sea surface circulation to a Sirocco wind event in the Adriatic basin: A model simulation,
Journal of Marine Systems, 74, 659-671, 2008.
Focardi, S., Specchiulli, A., Spagnoli, F., Fiesoletti, F., and Rossi, C.: A combinated approach to investigate the
biochemistry and hydrography of a shallow bay in the South Adriatic Sea: the Gulf of Manfredonia (Italy),
Environmental monitoring and assessment, 153, 209-220, 2009.

35

Fontanier, C., Jorissen, F., Licari, L., Alexandre, A., Anschutz, P., and Carbonel, P.: Live benthic foraminiferal
faunas from the Bay of Biscay: faunal density, composition, and microhabitats, Deep Sea Research Part I:
Oceanographic Research Papers, 49, 751-785, 2002.
Frisia, S., Borsato, A., Preto, N., and McDermott, F.: Late Holocene annual growth in three Alpine stalagmites
records the influence of solar activity and the North Atlantic Oscillation on winter climate, Earth and Planetary

40

Science Letters, 216, 411-424, 2003.

16

Frisia, S., Borsato, A., Spötl, C., Villa, I. M., and Cucchi, F.: Climate variability in the SE Alps of Italy over the
past 17 000 years reconstructed from a stalagmite record, Boreas, 34, 445-455, 2005.
Galay, V.: Causes of river bed degradation, Water resources research, 19, 1057-1090, 1983.
Giordani, P., and Angiolini, L.: Chemical parameters characterizing the sedimentary environment in a NW
5

Adriatic coastal area (Italy), Estuarine, Coastal and Shelf Science, 17, 159-167, 1983.
Goudeau, M. L. S., Grauel, A. L., Bernasconi, S. M., and de Lange, G. J.: Provenance of surface sediments along
the southeastern Adriatic coast off Italy: An overview, Estuar Coast Shelf S, 134, 45-56, DOI
10.1016/j.ecss.2013.09.009, 2013.
Goudeau, M. L. S., Grauel, A. L., Tessarolo, C., Leider, A., Chen, L., Bernasconi, S. M., Versteegh, G. J. M.,

10

Zonneveld, K. A. F., Boer, W., Alonso-Hernandez, C. M., and De Lange, G. J.: The Glacial-Interglacial
transition and Holocene environmental changes in sediments from the Gulf of Taranto, central Mediterranean,
Mar Geol, 348, 88-102, DOI 10.1016/j.margeo.2013.12.003, 2014.
Grauel, A.-L., Goudeau, M.-L. S., de Lange, G. J., and Bernasconi, S. M.: Climate of the past 2500 years in the
Gulf of Taranto, central Mediterranean Sea: A high-resolution climate reconstruction based on δ18O and δ13C

15

of Globigerinoides ruber (white), The Holocene, 23, 1440-1446, 2013a.
Grauel, A. L., Leider, A., Goudeau, M. L. S., Muller, I. A., Bernasconi, S. M., Hinrichs, K. U., de Lange, G. J.,
Zonneveld, K. A. F., and Versteegh, G. J. M.: What do SST proxies really tell us? A high-resolution multiproxy
(U-37(K '), TEX86H and foraminifera delta O-18) study in the Gulf of Taranto, central Mediterranean Sea,
Quaternary Science Reviews, 73, 115-131, DOI 10.1016/j.quascirev.2013.05.007, 2013b.

20

Grbec, B., and Morovic, M.: Seasonal thermohaline fluctuations in the middle Adriatic Sea, Nuovo cimento
della Società italiana di fisica. C, 20, 561-576, 1997.
Grbec, B., Morović, M., Kušpilić, G., and Marasović, I.: Climate regime shifts of the Adriatic Sea ecosystem,
Rapport du 38e Congrès de la CIESM, 153, 2007.
Grimm, R., Maier-Reimer, E., Mikolajewicz, U., Schmiedl, G., Müller-Navarra, K., Adloff, F., Grant, K. M.,

25

Ziegler, M., Lourens, L. J., and Emeis, K.-C.: Late glacial initiation of Holocene eastern Mediterranean sapropel
formation, Nature communications, 6, 7099, 2015.
Grove, J. M.: The onset of the Little Ice Age, in: History and Climate, Springer, 153-185, 2001.
Guiot, J., and Corona, C.: Growing season temperatures in Europe and climate forcings over the past 1400 years,
PloS one, 5, e9972, 2010.

30

Herget, J.: Holocene development of the River Lippe valley, Germany: a case study of anthropogenic influence,
Earth Surf. Process. Landforms, 25, 293-305, 2000.
Holmgren, K., Gogou, A., Izdebski, A., Luterbacher, J., Sicre, M.-A., and Xoplaki, E.: Mediterranean Holocene
climate, environment and human societies, Quaternary Science Reviews, 136, 1-4, 2016.
Holzhauser, H., Magny, M., and Zumbuühl, H. J.: Glacier and lake-level variations in west-central Europe over

35

the last 3500 years, The Holocene, 15, 789-801, 2005.
Hurrell, J. W.: Decadal trends in the North Atlantic Oscillation: regional temperatures and precipitation, ScienceAAAS-Weekly Paper Edition, 269, 676-678, 1995.
Hurrell, J. W., Kushnir, Y., and Visbeck, M.: The north Atlantic oscillation, Science, 291, 603-605, 2001.
Imbrie, J., Hays, J. D., Martinson, D. G., McIntyre, A., Mix, A. C., Morley, J. J., Pisias, N. G., Prell, W. L., and

40

Shackleton, N. J.: The orbital theory of Pleistocene climate: support from a revised chronology of the marine
d18O record, 1984.
17

Jeromel, M., Malacic, V., and Rakovec, J.: Weibull distribution of bora and sirocco winds in the northern
Adriatic Sea/Weibullova distribucija bure i juga na sjevernom Jadranu, Geofizika, 26, 85-101, 2009.
Jones, P. D., and Mann, M. E.: Climate over past millennia, Reviews of Geophysics, 42, 2004.
Jones, R. W., and Brady, H. B.: The challenger foraminifera, Oxford University Press, USA, 1994.
5

Jorissen, F., Barmawidjaja, D., Puskaric, S., and Van der Zwaan, G.: Vertical distribution of benthic foraminifera
in the northern Adriatic Sea: the relation with the organic flux, Marine Micropaleontology, 19, 131-146, 1992.
Jorissen, F. J., de Stigter, H. C., and Widmark, J. G.: A conceptual model explaining benthic foraminiferal
microhabitats, Marine micropaleontology, 26, 3-15, 1995.
Jungclaus, J. H., Haak, H., Latif, M., and Mikolajewicz, U.: Arctic–North Atlantic interactions and multidecadal

10

variability of the meridional overturning circulation, Journal of climate, 18, 4013-4031, 2005.
Justić, D.: Long-term eutrophication of the northern Adriatic Sea, Marine Pollution Bulletin, 18, 281-284, 1987.
Keller, J.: Lipari’s fiery past: dating the medieval pumice eruption of Monte Pelato, International Conference
‘‘The fire between air and water’’, UNESCO-Regione Siciliana, Lipari, 2002,
Knight, J. R., Folland, C. K., and Scaife, A. A.: Climate impacts of the Atlantic multidecadal oscillation,

15

Geophysical Research Letters, 33, 2006.
Knudsen, M. F., Seidenkrantz, M.-S., Jacobsen, B. H., and Kuijpers, A.: Tracking the Atlantic Multidecadal
Oscillation through the last 8,000 years, Nature communications, 2, 178, 2011.
Koho, K., García, R., De Stigter, H., Epping, E., Koning, E., Kouwenhoven, T., and Van der Zwaan, G.:
Sedimentary labile organic carbon and pore water redox control on species distribution of benthic foraminifera:

20

A case study from Lisbon–Setúbal Canyon (southern Portugal), Prog Oceanogr, 79, 55-82, 2008.
Kutterolf, S., Freundt, A., and Burkert, C.: Eruptive history and magmatic evolution of the 1.9 kyr Plinian dacitic
Chiltepe Tephra from Apoyeque volcano in west-central Nicaragua, Bulletin of volcanology, 73, 811-831, 2011.
Lahmeyer, J.: Population statistics: Growth of the population per country in a historical perspective, including
their administrative divisions and principal towns, Last updated, 30, 2006, 2006.

25

Lamb, H. H.: Climate: Present, Past and Future (Routledge Revivals): Volume 2: Climatic History and the
Future, Routledge, 2013.
Le Roy, M., Nicolussi, K., Deline, P., Astrade, L., Edouard, J.-L., Miramont, C., and Arnaud, F.: Calendar-dated
glacier variations in the western European Alps during the Neoglacial: the Mer de Glace record, Mont Blanc
massif, Quaternary Science Reviews, 108, 1-22, 2015.

30

Lebreiro, S., Francés, G., Abrantes, F., Diz, P., Bartels-Jónsdóttir, H., Stroynowski, Z., Gil, I., Pena, L.,
Rodrigues, T., and Jones, P.: Climate change and coastal hydrographic response along the Atlantic Iberian
margin (Tagus Prodelta and Muros Ría) during the last two millennia, The Holocene, 16, 1003-1015, 2006.
Linke, P., and Lutze, G.: Microhabitat preferences of benthic foraminifera—a static concept or a dynamic
adaptation to optimize food acquisition?, Marine micropaleontology, 20, 215-234, 1993.

35

Lipizer, M., Partescano, E., Rabitti, A., Giorgetti, A., and Crise, A.: Qualified temperature, salinity and dissolved
oxygen climatologies in a changing Adriatic Sea, Ocean Science, 10, 771, 2014.
Lotze, H. K., Coll, M., and Dunne, J. A.: Historical changes in marine resources, food-web structure and
ecosystem functioning in the Adriatic Sea, Mediterranean, Ecosystems, 14, 198-222, 2011.
Luterbacher, J., Rickli, R., Xoplaki, E., Tinguely, C., Beck, C., Pfister, C., and Wanner, H.: The late Maunder

40

minimum (1675–1715)–a key period forstudying decadal scale climatic change in Europe, Climatic Change, 49,
441-462, 2001.
18

Luterbacher, J., Dietrich, D., Xoplaki, E., Grosjean, M., and Wanner, H.: European seasonal and annual
temperature variability, trends, and extremes since 1500, Science, 303, 1499-1503, 2004.
Luterbacher, J., García-Herrera, R., Acker-On, S., Allen, R., Alvarez-Castro, M.-C., Benito, G., Booth, J.,
Buntgen, U., Cagatay, N., and Colombaroli, D.: A review of 2000 years of paleoclimatic evidence in the
5

Mediterranean, 2012.
Lutze, G., and Thiel, H.: Epibenthic foraminifera from elevated microhabitats; Cibicidoides wuellerstorfi and
Planulina ariminensis, Journal of Foraminiferal Research, 19, 153-158, 1989.
Mackensen, A., and Douglas, R. G.: Down-core distribution of live and dead deep-water benthic foraminifera in
box cores from the Weddell Sea and the California continental borderland, Deep Sea Research Part A.

10

Oceanographic Research Papers, 36, 879-900, 1989.
Magny, M., De Beaulieu, J.-L., Drescher-Schneider, R., Vannière, B., Walter-Simonnet, A.-V., Miras, Y.,
Millet, L., Bossuet, G., Peyron, O., and Brugiapaglia, E.: Holocene climate changes in the central Mediterranean
as recorded by lake-level fluctuations at Lake Accesa (Tuscany, Italy), Quaternary Science Reviews, 26, 17361758, 2007.

15

Mann, M. E., Zhang, Z., Rutherford, S., Bradley, R. S., Hughes, M. K., Shindell, D., Ammann, C., Faluvegi, G.,
and Ni, F.: Global signatures and dynamical origins of the Little Ice Age and Medieval Climate Anomaly,
Science, 326, 1256-1260, 2009.
Marchetti, M.: Environmental changes in the central Po Plain (northern Italy) due to fluvial modifications and
anthropogenic activities, Geomorphology, 44, 361-373, 2002.

20

Marchetti, R., Provini, A., and Crosa, G.: Nutrient load carried by the River Po into the Adriatic Sea, 1968–1987,
Marine Pollution Bulletin, 20, 168-172, 1989.
Marullo, S., Artale, V., and Santoleri, R.: The SST multidecadal variability in the Atlantic–Mediterranean region
and its relation to AMO, Journal of Climate, 24, 4385-4401, 2011.
Matsuoka, N.: Frost weathering and rockwall erosion in the southeastern Swiss Alps: Long-term (1994–2006)

25

observations, Geomorphology, 99, 353-368, 2008.
McEvedy, C., and Jones, R.: Atlas of world population history, Penguin Books Ltd, Harmondsworth, Middlesex,
England., 1978.
Menke V., Kutterolf S., Sievers C., Schindlbeck J. and Schmiedl G., Cryptotephra from Lipari Volcano in the
eastern Gulf of Taranto (Italy) – A

30

14

C- independent time marker for palaeoclimatic studies: Under review in

Quarternary Research.
Meyers, P. A.: Preservation of elemental and isotopic source identification of sedimentary organic matter,
Chemical Geology, 114, 289-302, 1994.
Milker, Y., and Schmiedl, G.: A taxonomic guide to modern benthic shelf foraminifera of the western
Mediterranean Sea, Palaeontologia electronica, 15, 1-134, 2012.

35

Milligan, T. G., and Cattaneo, A.: Sediment dynamics in the western Adriatic Sea: From transport to
stratigraphy, Continental Shelf Research, 27, 287-295, 2007.
Mozetič, P., Solidoro, C., Cossarini, G., Socal, G., Precali, R., Francé, J., Bianchi, F., De Vittor, C., Smodlaka,
N., and Umani, S. F.: Recent trends towards oligotrophication of the northern Adriatic: evidence from
chlorophyll a time series, Estuaries and Coasts, 33, 362-375, 2010.

40

Murray, J. W.: Ecology and applications of benthic foraminifera, Cambridge University Press, 2006.

19

Orlić, M., Kuzmić, M., and Pasarić, Z.: Response of the Adriatic Sea to the bora and sirocco forcing, Continental
Shelf Research, 14, 91-116, 1994.
Paillard, D. L., Labeyrie, L., Yiou, P. : A Macintosh program performs time series analysis, Eos Trans.
American Geophysical Union, 77, 379, DOI: 10.1029/96EO00259, 1996.
5

Petschick, R., Kuhn, G., and Gingele, F.: Clay mineral distribution in surface sediments of the South Atlantic:
sources, transport, and relation to oceanography, Mar Geol, 130, 203-229, 1996.
Pinardi, N., Lyubartsev, V., Cardellicchio, N., Caporale, C., Ciliberti, S., Coppini, G., De Pascalis, F., Dialti, L.,
Federico, I., and Filippone, M.: Marine Rapid Environmental Assessment in the Gulf of Taranto: a multiscale
approach, Natural Hazards and Earth System Sciences, 16, 2623, 2016.

10

Pongratz, J., Reick, C., Raddatz, T., and Claussen, M.: A reconstruction of global agricultural areas and land
cover for the last millennium, Global Biogeochemical Cycles, 22, 2008.
Poulain, P.-M.: Adriatic Sea surface circulation as derived from drifter data between 1990 and 1999, Journal of
Marine Systems, 29, 3-32, 2001.
Puškarić, S., Berger, G. W., and Jorissen, F. J.: Successive appearance of subfossil phytoplankton species in

15

Holocene sediments of the northern Adriatic and its relation to the increased eutrophication pressure, Estuarine,
Coastal and Shelf Science, 31, 177-187, 1990.
Rachev, N., and Purini, R.: The Adriatic response to the bora forcing: A numerical study, Il Nuovo cimento della
Società italiana di fisica. C. Geophysics and space physics, 24, 303-311, 2001.
Rasmussen, T. L.: Systematic paleontology and ecology of benthic foraminifera from the Plio-Pleistocene

20

Kallithea Bay section, Rhodes, Greece, Cushman Foundation Special Publication, 39, 53-157, 2005.
Reimer, P. J.: IntCal04 terrestrial radiocarbon age calibration, 0-26 cal kyr BP, Radiocarbon, 46, 1029-1058,
2004.
Reimer, P. J., Bard, E., Bayliss, A., Beck, J. W., Blackwell, P. G., Ramsey, C. B., Buck, C. E., Cheng, H.,
Edwards, R. L., Friedrich, M., Grootes, P. M., Guilderson, T. P., Haflidason, H., Hajdas, I., Hatte, C., Heaton, T.

25

J., Hoffmann, D. L., Hogg, A. G., Hughen, K. A., Kaiser, K. F., Kromer, B., Manning, S. W., Niu, M., Reimer,
R. W., Richards, D. A., Scott, E. M., Southon, J. R., Staff, R. A., Turney, C. S. M., and van der Plicht, J.:
Intcal13 and Marine13 Radiocarbon Age Calibration Curves 0-50,000 Years Cal Bp, Radiocarbon, 55, 18691887, 2013.
Richter, T. O., Van der Gaast, S., Koster, B., Vaars, A., Gieles, R., de Stigter, H. C., De Haas, H., and van

30

Weering, T. C.: The Avaatech XRF Core Scanner: technical description and applications to NE Atlantic
sediments, Geological Society, London, Special Publications, 267, 39-50, 2006.
Rodolfi, G.: Geomorphological mapping applied to land evaluation and soil conservation in agricultural
planning: some examples from Tuscany (Italy), 1988.
Rohling, E., Marino, G., and Grant, K.: Mediterranean climate and oceanography, and the periodic development

35

of anoxic events (sapropels), Earth-Science Reviews, 143, 62-97, 2015.
Rohling, E. J., and Pälike, H.: Centennial-scale climate cooling with a sudden cold event around 8,200 years ago,
Nature, 434, 975, 2005.
Rossi, S., Auroux, C., and Mascle, J.: The Gulf of Taranto (Southern Italy): seismic stratigraphy and shallow
structure, Mar Geol, 51, 327-346, 1983.

40

Rothwell, R. G., and Rack, F. R.: New techniques in sediment core analysis: an introduction, Geological Society,
London, Special Publications, 267, 1-29, 2006.
20

Sangiorgi, F., and Donders, T. H.: Reconstructing 150 years of eutrophication in the north-western Adriatic Sea
(Italy) using dinoflagellate cysts, pollen and spores, Estuarine, Coastal and Shelf Science, 60, 69-79, 2004.
Schmiedl, G., De Bovée, F., Buscail, R., Charriere, B., Hemleben, C., Medernach, L., and Picon, P.: Trophic
control of benthic foraminiferal abundance and microhabitat in the bathyal Gulf of Lions, western Mediterranean
5

Sea, Marine Micropaleontology, 40, 167-188, 2000.
Schmiedl, G., Pfeilsticker, M., Hemleben, C., and Mackensen, A.: Environmental and biological effects on the
stable isotope composition of recent deep-sea benthic foraminifera from the western Mediterranean Sea, Marine
Micropaleontology, 51, 129-152, 2004.
Sgarella, F., and Moncharmont Zei, M.: Benthic foraminifera of the Gulf of Naples (Italy): systematics and

10

autoecology, Bollettino della Società Paleontologica Italiana, 32, 145-264, 1993.
Shackleton, N.: Oxygen isotopes, ice volume and sea level, Quaternary Science Reviews, 6, 183-190, 1987.
Simeoni, U., and Corbau, C.: A review of the Delta Po evolution (Italy) related to climatic changes and human
impacts, Geomorphology, 107, 64-71, 2009.
Sivall, T.: Sirocco in the Levant, Geografiska Annaler, 39, 114-142, 1957.

15

Stefani, M., and Vincenzi, S.: The interplay of eustasy, climate and human activity in the late Quaternary
depositional evolution and sedimentary architecture of the Po Delta system, Mar Geol, 222, 19-48, 2005.
Stuiver, M.: Atmospheric 14C as a proxy of solar and climatic change, in: The solar engine and its influence on
terrestrial atmosphere and climate, Springer, 203-220, 1994.
Sutton, R. T., and Hodson, D. L.: Atlantic Ocean forcing of North American and European summer climate,

20

Science, 309, 115-118, 2005.
Taricco, C., Vivaldo, G., Alessio, S., Rubinetti, S., and Mancuso, S.: A high-resolution δ18O record and
Mediterranean climate variability, Climate of the Past, 11, 509-522, 2015.
Theodor, M., Schmiedl, G., Jorissen, F., and Mackensen, A.: Stable carbon isotope gradients in benthic
foraminifera as proxy for organic carbon fluxes in the Mediterranean Sea, Biogeosciences, 13, 6385, 2016a.

25

Theodor, M., Schmiedl, G., and Mackensen, A.: Stable isotope composition of deep-sea benthic foraminifera
under contrasting trophic conditions in the western Mediterranean Sea, Marine Micropaleontology, 124, 16-28,
2016b.
Tierney, J. E., Lewis, S. C., Cook, B. I., LeGrande, A. N., and Schmidt, G. A.: Model, proxy and isotopic
perspectives on the East African Humid Period, Earth and Planetary Science Letters, 307, 103-112, 2011.

30

Tomadin, L.: Clay mineralogy of recent sediments around the Po River delta, G. Geol, 43, 249-275, 1979.
Tomadin, L.: Sedimentary fluxes and different dispersion mechanisms of the clay sediments in the Adriatic
Basin, Rendiconti Lincei, 11, 161-174, 2000.
Tomasino, M., and VALLE, F. D.: Natural climatic changes and solar cycles: an analysis of hydrological time
series, Hydrological sciences journal, 45, 477-489, 2000.

35

Trouet, V., Esper, J., Graham, N. E., Baker, A., Scourse, J. D., and Frank, D. C.: Persistent positive North
Atlantic Oscillation mode dominated the medieval climate anomaly, Science, 324, 78-80, 2009.
Turchetto, M., Boldrin, A., Langone, L., Miserocchi, S., Tesi, T., and Foglini, F.: Particle transport in the Bari
canyon (southern Adriatic Sea), Mar Geol, 246, 231-247, 2007.
Venkatarathnam, K., and Ryan, W. B.: Dispersal patterns of clay minerals in the sediments of the eastern

40

Mediterranean Sea, Mar Geol, 11, 261-282, 1971.

21

Versteegh, G., De Leeuw, J., Taricco, C., and Romero, A.: Temperature and productivity influences on U37K′
and their possible relation to solar forcing of the Mediterranean winter, Geochemistry, Geophysics, Geosystems,
8, 2007.
Weldeab, S., Menke, V., and Schmiedl, G.: The pace of East African monsoon evolution during the Holocene,
5

Geophysical Research Letters, 41, 1724-1732, 2014.
Zahn, R., Winn, K., and Sarnthein, M.: Benthic foraminiferal δ13C and accumulation rates of organic carbon:
Uvigerina peregrina group and Cibicidoides wuellerstorfi, Paleoceanography, 1, 27-42, 1986.
Zonneveld, K.: Report and preliminary results of R/V POSEIDON Cruise P339 [POS339], Piräus-Messina, 16
June-2 July 2006. CAPPUCCINO-Calabrian and Adriatic palaeoproductivity and climatic variability in the last

10

two millenia, 2008.
Zonneveld, K. A., Chen, L., Möbius, J., and Mahmoud, M. S.: Environmental significance of dinoflagellate cysts
from the proximal part of the Po-river discharge plume (off southern Italy, Eastern Mediterranean), Journal of
Sea Research, 62, 189-213, 2009.
Zonneveld, K. A., Chen, L., Elshanawany, R., Fischer, H. W., Hoins, M., Ibrahim, M. I., Pittauerova, D., and

15

Versteegh, G. J.: The use of dinoflagellate cysts to separate human-induced from natural variability in the trophic
state of the Po River discharge plume over the last two centuries, Marine pollution bulletin, 64, 114-132, 2012.

22

Table 1: Age tie points used for generating the age models for sediment cores GeoB15403-4 (site 03) and GeoB15406-4
(site 06).

Site

Depth
Radiocarbon age Calendar years
(mm)
(BP)
(cal BP)
03
0.00
-61
211.25
138030
839101
358.00
1174
881.25
232030
1846.5122.5
1248.75
271030
2316142
1598.75
341030
3191138
1845
402030
3947132
1983.75
427030
4277133
2181.25
547030
5767116
2391.25
629030
6656.5124.5
2635.00
835040
8807.5170.5
2868.75
992030
10808169
4061.25
29550110 33286.5356.5
06
0.00
-61
307.50
67030
208126
References: (a) Keller, 2002, Albert et al., 2012, Menke et al., under review
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Figure 1: A) Large scale overview of Italian catchment areas and dispersal pathways of the different freshwater
sources. The coastal Apennine flux (brown) is fed by several smaller Apennine rivers and flows parallel to the Padane

5

flux (grey) which carries material from the Po valley and the eastern Alps. Numbers denote Apennine areas including
the northern (1), middle (2), and southern (3) Apennines. Red bold line displays the border of the Apennine river
catchments. B) Location of the sediment cores investigated in this stiudy. Black dots display the position of surface
sediment samples. The red dot on the lower right shows the locations of core sites GeoB15403-4 and -6 (site 03) and
upper left red dot shows the location of GeoB15406-4 (site 06) in the Gulf of Taranto. Black arrows show the flow

10

directions of the West Adriatic Current (WAC), The Adriatic Surface Water (ASW), the Ionian Surface Water (ISW)
and the Levantine Intermediate Water (LIW).
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5

Figure 2: Age versus depth model for gravity core GeoB15403-4 from site 03 and multicore GeoB15406-4 from site 06.
A) Age model for the entire sediment succession of core GeoB15403-4 from site 03. B) Detail of age data for the upper
1.5 m of core GeoB1503-4 from site 03 including interpolated sedimentation rates and sample resolution. C)
Age/depth model for GeoB15406-4 from site 06 including numbers for interpolated sedimentation rate and sample
resolution. Vertical red bars in B and C indicate 2 uncertainties of radiocarbon ages, horizontal red bars indicate the
depth interval from which planktonic foraminifera were selected for AMS 14C dating.
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Figure 3: A: Relative abundance of benthic foraminiferal microhabitat groups versus time including EBF: Epifaunal
Benthic Foraminifera (bright green for site 03, dark green for site 06), SIIBF: shallow to intermediate infaunal
benthic foraminifera (brown for site 03, orange for site 06), and DIBF: Deep Infaunal Benthic Foraminifera (grey for
site 03, black for site 06). B: Detailed view of microhabitat groups at site 06 (colours as in A) and δ13C of C.
pachyderma (olive green) and Uvigerina mediterranea (dark green) versus time.
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Figure 4: Relative abundance of dominant benthic foraminifera taxa versus time at site 03.
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Figure 5: Relative abundance of dominant benthic foraminifera taxa versus time at site 06.
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5

Figure 6: Relative abundance of the main foraminiferal microhabitat groups (A-C) in surface sediment samples from
the Gulf of Taranto and the western Adriatic Sea. Grey dots display the surface sediment samples, black bold dots
show site 03 (lower right) and site 06 (upper left). EBF = epifaunal benthic foraminifera, SIIBF = shallow to
intermediate infaunal benthic foraminifera, DIBF = deep infaunal benthic foraminifera.
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Figure 7: A) Clay mineral data of site 03 and site 06 with a detailed view of 06 in B) versus time. The kaolinite/chlorite
ratio is shown in green, the smectite/illite ratio is shown in brown. Single black dots in A) depict data points from site
06, with the associated line presenting a five-point running average.
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Figure 8: C/N ratio, organic carbon content and Ca/Ti ratio of site 03 versus time.
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5

Figure 9: Records for North Atlantic climate and solar activity compared to Italian environments for the last
millennium. A) Northern Hemisphere temperature anomaly (black) and strength of the Atlantic Multidecadal
Oscillation (AMO) (gray) derived from average North Atlantic temperature anomalies (after Mann et al., 2009). B)
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Relative abundance of shallow to intermediate infaunal benthic foraminifera (SIIBF) at site 03 (brown) and site 06
(orange dots; orange line displays the five point running average). C) C/N ratio of site 03 as indicator for the origin of
organic matter. D) Smectite/ illite ratio of site 03 as indicator for Po river suspension load, with lower values
suggesting higher Po River fluxes (dark brown). E) Atmospheric ∆14C as a measure for solar activity (red; after
Reimer et al., 2004). F) Alkenone-based sea surface temperature (SST) record for the Gulf of Taranto (Versteegh et
al., 2007). G) Ca/Ti ratio of site 03. H) Kaolinite/chlorite ratio of site 03 as an indicator for sediment input from the
Apennines shown in light green. I) Reconstructed North Atlantic Oscillation (NAO) index (after Trouet et al., 2009).
Orange triangles on the lower time axis mark the onset of the industrial revolution in Italy at around 1890 AD and the
introduction of ammonia as fertilizer at 1913 AD. Dashed black lines show the onset and termination of alpine glacier
advances (Holzhauser et al., 2005). The Medieval Warm Period and Little Ice Age are also indicated (Lebreiro et al.,
2006; Corona et al., 2010; Abrantes et al., 2005; Frisia et al., 2005).
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Figure 10: Comparison of records for North Atlantic climate, sunspot number, and Italian environments for the last
three hundred years. A) Reconstructed North Atlantic Oscillation (NAO) index after Trouet et al. (2009, black line)
and measured NAO index from NOAA (www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/NAO/) (red line). B) Smectite/
illite ratio of site 06 as indicator for Po river suspension load, with lower values suggesting higher Po river fluxes. Bold
brown line represents a five point running average. C) Relative abundance of shallow to intermediate infaunal benthic
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foraminifera (SIIBF) at site 06 and thin line representing a five point running average. D) 21 point running average of
the sunspot number from NOAA (https://www.ngdc.noaa.gov/stp/solar/ssndata.html). E) Kaolinite/ chlorite ratio of
site 06 as indicator for sediment input from the Apennines. Bold light green line represents a five point running
average. F) Relative abundance of epifaunal benthic foraminifera (EFB) of site 06. G) δ13C of U.mediterranea of site 06
as indicator for organic matter fluxes, with lower values suggesting higher organic matter fluxes. Bold dark green line
represents a five point running average. Orange triangles on the lower time axis mark the unification of Italy at 1870
AD, the onset of the industrial revolution at around 1890 AD and the introduction of ammonia as fertilizer at 1913
AD. Dashed vertical line represents the termination of alpine glacier growth recorded by Holzhauser et al. (2005).
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Figure 11: Blackman-Tukey power spectra of the original (red) and detrended and normalized (blue) records of
epifaunal and shallow infaunal benthic foraminifera of site 03. The foraminiferal data reveal periodic multi-decadal to
centennial environmental variations.
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