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Abstract We present a high‐resolution study covering the past 19 ka from the southeastern
Mediterranean Sea, based on benthic foraminiferal faunas and their stable oxygen and carbon isotopes.
These data are integrated with previously published and newly acquired planktic foraminiferal data from the
same sediment core in order to investigate the benthic‐planktic coupling and its response to past
suborbital climate variability. On a millennial timescale, foraminiferal communities and their isotopic
signatures vary following three main time periods (late glacial, sapropel S1 [~10.1–6.5 ka], and
mid‐Holocene to Late Holocene). Within these intervals, we identified short‐timescale changes related to the
carbon export and hydrological conditions. During the deglaciation, and except for the Younger Dryas, the
coupled benthic‐planktic data indicate an overall poorly mixed water column with a low productivity.
During S1 event, our data confirm the presence of a highly stratified water column, with enhanced primary
productivity export to the deep sea, being associated to high Nile River activity. While the foraminiferal
ecosystem is strongly driven by the combined influence of overturning circulation and the Nile River
activity until the end of the African humid period, we suggest a more regional eastern Mediterranean
climatic‐driven response of the foraminiferal community over the mid‐Holocene to Late Holocene. A strong
multicentennial variability, probably associated to solar forcing, was found for both benthic and planktic
records, and a supplementary 1,600‐year mode was found for the benthic data, suggesting a potential
overturning circulation‐driven forcing for the latter.

1. Introduction

Understanding climate dynamics and its effect on ecosystem functioning remains a challenge of increasing
relevance in our modern era of CO2‐driven climate change. The Mediterranean region was identified as
one of the major climatic hot spots (Giorgi, 2006; Hoegh‐Guldberg et al., 2018; Turco et al., 2015).
Numerous climate models concordantly point to a warmer and drier future climate for this region, particu-
larly for the eastern Mediterranean region (Adloff et al., 2015; Giorgi & Lionello, 2008; Li et al., 2012). Still,
studying past environmental variability and ecosystem functioning in this region is of pivotal importance
to (i) expose associated climatic forcing factors and processes involved and (ii) better constrain the conse-
quences of such a warmer and drier future on these marine ecosystems. The Late Quaternary climate and
environmental variability has already been assessed in this region in numerousmarine and terrestrial studies
(e.g., Almogi‐Labin et al., 2009; Bar‐Matthews et al., 1997, 1999; Bartov et al., 2003; Castañeda et al., 2010;
deMenocal, Ortiz, Guilderson, Adkins, et al., 2000; Dormoy et al., 2009; Ehrmann et al., 2007; Essallami
et al., 2007; Gasse et al., 2011; Giamali et al., 2019; Kontakiotis, 2016; Kotthoff et al., 2008; Revel et al.,
2014), allowing to identify several contrasting key climatic periods such as the Last Glacial Maximum
(LGM; ending at ~19 ka), Heinrich event 1 (H1; ∼18.2–14.8 ka), the Bølling‐Allerød (B/A; 14.7–12.8 ka),
the Younger Dryas (YD; ∼12.8–11.5 ka), the African humid period (AHP, ~11–5 ka) including sapropel S1
(~10.1–6.5 ka) and its two phases S1a (~10.1–8.2 ka) and S1b (~7.9–6.5 ka; Hennekam et al., 2014), the
Roman Warm Period (RWP; ~2.6–1.6 ka), the Medieval Warm Period (MWP; 1.1–0.54 ka), and the Little
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Ice Age (0.54–0.1 ka). However, it remains elusive how these climatic intervals, which affect surface water
conditions, impact the deeper part of the Mediterranean Sea. In the eastern Mediterranean (EM), some stu-
dies focused on the deep‐sea benthic ecosystems and demonstrated that they are able to record changes in the
NorthAtlantic oceanic circulation and the regional dynamics controlling bottomwater oxygenation and food
availability (e.g., Abu‐Zied et al., 2008; Giunta et al., 2003; Jorissen, 1999; Kuhnt et al., 2007; Schmiedl et al.,
2003, 2010, Louvari et al., 2019). Other studies focused on coupled benthic and planktic δ13C signatures
and/or model experiments to address the impact of past climatic changes in the EM (Grimm et al., 2015;
Schilman, Almogi‐Labin, et al., 2001, 2003). In this study, we couple high time‐resolution surface and bottom
foraminiferal data (species composition and stable oxygen and carbon isotopes) from the same sedimentary
record covering the past 19 ka. This paired benthic‐planktic approach, coupling ecology and isotopy, is
unique in terms of time coverage in the EM and is advantageous to fully understand sea surface to deep‐
sea connectivity and its relation to climatic conditions.

The Levantine area is known to sensitively respond to orbital‐ and suborbital‐induced climate variability
from both the high northern latitudes and the low‐latitude African/Indian monsoon systems (Almogi‐
Labin et al., 2009; Bar‐Matthews et al., 1997, 2003; Hennekam et al., 2014; Mojtahid et al., 2015, 2019;
Revel et al., 2014; Schmiedl et al., 2010). For instance, the strong imprint of H1 and YD in the EM geological
archives is one of the most robust evidence for the climate of this region being related to the millennial cli-
mate variability associated to the North Atlantic (Cacho et al., 1999, 2001; Rohling et al., 1998). In contrast,
the organic‐rich sapropel deposits, such as the most recent sapropel S1, result from periods of enhanced
northeast African monsoon system increasing the discharge from the Nile River and other North African
river systems (e.g., Rohling, Cane, et al., 2002). By increasing the freshwater supply to the Levantine
Basin, a strong water column stratification occurred, ceasing the ventilation of the deep sea by oxygenated
waters (e.g., Grimm et al., 2015). This in turn resulted in water column deoxygenation by ongoing respiration
of settling organic matter, whichmay have been enhanced as well by an increased nutrient input stimulating
primary productivity (De Lange et al., 2008; Kallel et al., 1997; Rohling, 1994; Rossignol‐Strick et al., 1982).
Even thoughmillennial timescales are well studied in the EM, we here investigate benthic‐planktic coupling
with a focus on shorter <1‐ka timescales by using a strategically located sedimentological archive.

The present study focuses on the marine sediment core PS009PC located in the southeastern Levantine
Basin and covering the past 19 ka (Figure 1). The vicinity to the Nile River and the high sedimentation rate
(30 cm/ka on average) make this a suitable location to sensitively record climatically induced Nile River
hydrological activity with relatively high time resolution (Hennekam et al., 2015; Revel et al., 2014). Core
PS009PCwas earlier studied for its inorganic geochemical properties, the oxygen composition of the planktic
foraminiferaGlobigerinoides ruber (white, sensu stricto) until 13 ka (Hennekam et al., 2014; Hennekam& de
Lange, 2012), planktic assemblages (Mojtahid et al., 2015), and foraminiferal elemental/calcium ratios
during S1 (Mojtahid et al., 2019). In this study, we present new benthic foraminiferal faunal assemblages
and stable isotope (δ18O and δ13C) records, and we extended the planktic isotopic record with new data from
19 to 13 ka. The main scientific questions addressed in this manuscript are (i) how the benthic foraminiferal
community responds to organic matter flux changes during the Late Quaternary; (ii) how the benthic‐
planktic coupling approach informs us about changes in the overturning circulation versus the Nile River
activity; and (iii) what are the forcing processes controlling the reconstructed environmental changes.

2. Study Area
2.1. Sampling Site

Piston core PS009PC (32°07.7′N, 34°24.4′E; 552‐m water depth, Figure 1) was sampled during the PASSAP
cruise with the R/V Pelagia in May 2000. The core is located in the southeastern Mediterranean Sea (i.e., the
Levantine Basin). The fine‐grained sediments composing the studied core (i.e., >90% of clay and silt;
Hennekam & de Lange, 2012), before the commissioning of the Aswan Dam, are mainly sourced from the
Nile River (Krom et al., 1999). The large influence of Nile River discharge results in high sedimentation rates
in this region, particularly throughout the Holocene (Almogi‐Labin et al., 2009; Box et al., 2011; Castañeda
et al., 2010; Hamann et al., 2009; Hennekam et al., 2015; Schilman, Bar‐Matthews, et al., 2001; van Helmond
et al., 2015). In our study core, the sedimentation rate is constant from 16 ka to the mid‐Holocene (12 cm/ka)
and increases during the Late Holocene from 12 to 100 cm/ka (Hennekam et al., 2014).
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2.2. Oceanographic Setting

The surface water (0‐ to 200‐mwater depth) of the Levantine Basin consists of eastward Mediterranean sur-
face water (MSW), also calledModified AtlanticWater, which is diverted to the north along the EM coastline
(Pinardi & Masetti, 2000). This anticlockwise flow is the major vector of sediment transport from the Nile
River to the studied site. From 200‐ to 600‐mdepth, the Levantine IntermediateWater (LIW)mass is present.
LIW is occasionally formed during cool winters that induce convection ofMSW to intermediate depths in the
Rhodes gyre (Ovchinnikov, 1984; Lascaratos, 1993; Lascaratos et al., 1993; Menna & Poulain, 2010; Nittis &
Lascaratos, 1998). The LIW plays an important role in theMediterranean Sea circulation as the warmest and
saltiest Mediterranean water mass and because it is involved in the subsequent formation of deep water in
the eastern and western Mediterranean basins (Millot & Taupier‐Letage, 2005).

At a water depth of 552 m, our studied core is, today, mainly located at the transition between LIW and the
Eastern Mediterranean Deep Water (Mojtahid et al., 2019). However, it may have been bathed by different
water masses during the LGM that is characterized by a lower sea level or during the S1 period characterized
by a reduced LIW formation (Cornuault et al., 2018; Freydier et al., 2001; Scrivner et al., 2004; Tachikawa
et al., 2015; Wu et al., 2019).

2.3. Climatology

The climate of the Levantine Basin is highly variable as a result of the influence of both low and high lati-
tudinal atmospheric systems interacting with the local and complex surrounding topography such as the
Taurus, Zagros, and Amanos mountains (Evans et al., 2004; Lelieveld et al., 2012). The northern part of
the EM is mostly temperate with warm to hot, dry summers and mild, relatively wet winters (Bolle, 2003;
Lionello et al., 2006). In contrast, the southern part is characterized by an arid and hot desert climate with

Figure 1. Geographical location of core PS009PC. Locations of the cores used in the text for discussion are indicated on the
map: core PS009PC (32°07.7′N, 34°24.4′E; 552‐m water depth), MD04‐2722 (33°06′N, 33°30′E; 1,780‐m water depth;
Cornuault et al., 2016, 2018), SL112 (32°44.5′N, 34°39′E; 892‐m water depth; Kuhnt et al., 2008), GA‐110 (31°56.61′N, 34°
19.79′E, 670‐m water depth; Schilman, Bar‐Matthews, et al., 2001), GA‐112 (31°56.41′N, 34°22.13′E, 470‐m water depth;
Schilman et al., 2001), and GeoB 7702‐3 (31°39.1′N, 34°04.4′E, 592‐m water depth; Castañeda et al., 2010). White arrows
indicate the surface water current (MSW) and green arrows the intermediate water mass (LIW). Dashed arrow symbolizes
the fresh water flux from the Nile River. The maps were made using the free software “NatGeo MapMaker.”

10.1029/2019PA003827Paleoceanography and Paleoclimatology

LE HOUEDEC ET AL. 3 of 23



low precipitation (Issar & Zohar, 2004). Therefore, the temperature, precipitation, and wind regimes present
remarkable North‐South geographical and seasonal gradients across the region. For instance, the wind‐curl
pattern responsible for the LIW formation responds to (i) the Atlantic westerlies during winter that gain
moisture while moving eastward over the warmMediterranean waters and (ii) the northwesterlies strength-
ened by the Aegean Etesian regime during summer (e.g., Bolle, 2003; Lionello et al., 2006). It is the outbreaks
of cold and dry air into the Levantine Basin from the northern continental regions that lead to significant
buoyancy losses initiating the formation of the LIW in winter (Lascaratos et al., 1993; Wüst, 1961). During
summer, the northern position of the Azores subtropical high‐pressure cell reinforces the dryness of the
southern Levantine. This southern climatic system is modulated by the northeast African monsoon system,
which controls the northward limit of the Intertropical Convergence Zone.

This northward penetration of the monsoonal rain belt, which in turn is affected by precession‐forced
insolation changes (Rohling, 1994; Rossignol‐Strick, 1985), mainly controls the discharge of the Nile River
into the Levantine Basin (Nicholson, 2009). Therefore, the Levantine area, being influenced by high Nile
River sedimentation (Krom et al., 1999), is the ideal location to investigate the present and past dry/wet
oscillations in the Mediterranean climate (e.g., De Lange et al., 2008; Peyron et al., 2017; Schilman,
Almogi‐Labin, et al., 2001).

3. Material and Methods

For consistency with the other proxy studies performed on core PS009PC (Hennekam et al., 2014; Mojtahid
et al., 2015, 2019), we use the same agemodel. However, as that age model contained only the interval from 0
to 16.5 kyr (0–322.6 cm), we added one radiocarbon date (uncorrected 14C age is 16,190 ± 80 years) at 382.6
cm. Using the same calibration strategy as described in Hennekam et al. (2014), we obtain a calibrated 14C
date of 19.0 ka for this depth, and we used a linear age‐depth transition between 322.6 and 382.6 cm
(supporting information, Figure S1).

The benthic foraminiferal fauna was analyzed in 178 subsamples with a 2‐cm resolution corresponding to
~20 years (in the Late Holocene) to 160 years (during the Late Pleistocene). All subsamples were first wet
weighed, and the dry weight was estimated using the sediment‐water content, which was derived by wet
and dry weighing of parallel samples (Hennekam & de Lange, 2012). Subsamples were washed through a
150‐μm sieve. Although we are aware that small‐sized adult species may compose a large part of the forami-
niferal assemblage, the <150‐μm fraction was not considered in this study. According to our experience in
the Mediterranean Sea and the inspection of some of the studied samples from the <150‐μm fraction, this
latter contains mainly juveniles of the species found in the larger fraction, in line with findings of a study
from a nearby location (Schmiedl et al., 2010). Because of the high foraminiferal abundances in some levels,
samples were split into subsamples (aliquots) using an Otto Microsplitter. More than 200 specimens were
picked out from a single aliquot using a binocular microscope, stored in separate Chapman slides, and iden-
tified at a species level. The absolute abundances were standardized per gram of dry sediment (ind/g), and
species relative abundances (%) were calculated with a statistical minimal threshold of 10 individuals per
sample. Here, we present only the species that are present with a relative abundance≥5% in at least one sam-
ple. The complete raw data set is available in Table S1. The benthic foraminiferal accumulation rate (BFAR,
ind/cm2/ka) was calculated as the product of absolute abundance (ind/g), sedimentation rate (cm/ka), and
dry bulk density (g/cm3; Herguera & Berger, 1991). Principal component analysis (PCA) on covariance was
performed using PAST software package (PAleontological STatistics, Version 3.25; Hammer et al., 2001) on
(i) the relative abundances of the 33 major benthic species (≥5%) and (ii) on the stable isotopic records of
Uvigerinamediterranea,Uvigerina peregrina, andG. ruber. Diversity (ShannonH) index was calculated using
the same software.

Stable oxygen (δ18O) and carbon (δ13C) isotopes were measured on the tests of three benthic species
Cibicidoides pachyderma, U. mediterranea, and U. peregrina. Depending on their respective presence, one,
two, or the three species were handpicked every 4 cm, except for the first part of the sapropel period where
these were rare. Approximately ~5–10 tests of the benthic species were handpicked from the 250‐ to 300‐μm
fraction. For planktic foraminiferal oxygen and carbon stable isotopes, most of the data (13–0 ka) are pub-
lished in Hennekam et al. (2014) and Mojtahid et al. (2015). Here, we performed 107 additional carbon
and oxygen isotope measurements on the same planktic species G. ruber (white, sensu stricto) to extent
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the previous record to 19 ka (i.e., from 279 to 392 cm with a ~1‐cm resolu-
tion (Table S2). The methodology used for planktic and benthic species is
detailed in Hennekam et al. (2014). The δ13C and δ18O were measured
with a Finnigan MAT‐253 mass spectrometer coupled to a Kiel‐III carbo-
nate preparation device at the University of Utrecht for U. mediterranea,
U. peregrina, and G. ruber and at the Pôle spectrometrie Océan (Brest,
France) for C. pachyderma. The standard deviation is ±0.04‰ for δ13C
and ±0.06‰ for δ18O obtained from 196 measurements of the NBS‐19
standard. The δ18O and δ13C isotope measurements are reported in per
mille relative to the Vienna Pee Dee Belemnite.

To infer productivity changes, we use the difference between the δ13C of
planktic (G. ruber) and benthic foraminifera (U. mediterranea; Δδ13Cp‐
b) and the difference between the δ13C of the epifaunal to very shallow
benthic infaunal species C. pachyderma and the shallow to intermediate
infaunal species U. mediterranea (Δδ13Cpachy‐med) as suggested in pre-
vious studies (McCorkle et al., 1990, 1997; Schilman, Almogi‐Labin,
et al., 2001, 2003). High values of Δδ13Cp‐b indicate high sea surface pro-
ductivity because high photosynthetic activity leads to a depletion of 12C
in surface water and subsequently to higher δ13C of planktic foraminifera.
Meanwhile, the remineralization of 12C‐enriched phytodetritus in the
deep‐sea water column and sediment induces a decrease in the benthic
δ13C values. Within the sediment, the pore water δ13C gradient depends
on the quantity of organic matter arriving to the seafloor and reflects its
degradation in the top sediment layers (McCorkle et al., 1990, 1997). As
such, high values of Δδ13Cpachy‐med indirectly indicate high sea‐surface
productivity, although the application of this proxy can be complicated by
lateral advection of terrestrial organic matter in marginal settings
(Theodor, Schmiedl, Jorissen, et al., 2016). Because oxygen consumption
and the degradation of organic matter are two interlinked parameters that
are difficult to decipher, the Δδ13Cp‐b can also be used as a proxy for ocea-
nic ventilation (Loubere, 2001; Spero & Lea, 2002). As such, an active bot-
tom water ventilation with relatively high δ13C‐DIC signature (compared
to aged waters with low δ13C‐DIC) will reduce the Δδ13Cp‐b values. In
addition, the Δδ13Cp‐b values can also be reduced in near‐river locations,
such as our study site, by the introduction of isotopically light DIC to sur-
face waters, originating from riverine influx of remineralized terrestrial
material decreasing the planktic δ13C signature (e.g., Casford et al.,
2002; Mojtahid et al., 2015).

The REDFIT and continuous wavelet transform (Morlet wavelet) analyses were processed using PAST soft-
ware to shed light on the frequency embedded in the relative abundance spectrum. The spectral analyses
were done using pretreated data as follows: (i) at first, a 3‐point average was applied to smooth the noise
that is inherent to the method and to intraspecies and interspecies differences; (ii) then, the records were
linearly interpolated at even spaced time resolution (100 years); and (iii) to finish, the data were band‐pass
filtered to stop low‐frequency variability (wavelengths >3 ka) in order to focus on multicentennial
timescale variability.

4. Results
4.1. Benthic Foraminiferal Fauna

The BFAR ranges from 0 to 9,141 ind/cm2/ka, showing an overall decreasing trend since ~19 ka. The highest
values are recorded in the interval before 15 ka, and the lowest values are found during sapropel S1
(Figure 2). Shannon index values range between 0.5 and 3. The lowest diversities are found during S1

Figure 2. Foraminiferal accumulation rate and diversity of core PS009PC.
Foraminiferal accumulation rate (FAR, ind/cm2/ka) and Shannon (H)
diversity index for both planktic (Mojtahid et al., 2015) and benthic fora-
minifera (this study). The reconstructed relative sea‐level curve (Fleming
et al., 1998; Lambeck et al., 2014) is represented. B/A: Bølling‐Allerod; H1:
Heinrich 1; LGM: Last Glacial Maximum; LIA: Little Ice Age; MWP:
Medieval Warm Period; RWP: Roman Warm Period; S1a & S1b: the two
phases of sapropel 1 event; YD: Younger Dryas. “*”marks the “4.2 ka cal BP”
event (Bar‐Matthews et al., 1997, 1999; Bartov et al., 2003; deMenocal,
Ortiz, Guilderson, Adkins, et al., 2000; Essallami et al., 2007; Ehrmann et al.,
2007; Kotthoff et al., 2008; Dormoy et al., 2009; Almogi‐Labin et al., 2009;
Castañeda et al., 2010; Gasse et al., 2011; Revel et al., 2014; Hennekam
et al., 2014).
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with an interruption at ~8.2 ka (Figure 2). These two phases are synchronous to S1a and S1b events, deter-
mined from geochemical properties, with the lowest Shannon index recorded during S1a and a rebound of
the diversity index during the S1 interruption at around 8.2 ka.

For the whole record, 33 species dominate the assemblages (>5%). These were separated into three statistical
groups based on the PCA analysis (see Figure S2): (i) the post‐sapropel group, (ii) the glacial‐deglaciation
group, and (iii) the Holocene‐sapropel group. Figure 3 shows the relative and absolute abundances of the
main species in each of these groups. This clearly highlights that (i) the species of the post‐sapropel group
are present all along the record but reach their maximum after S1, (ii) the species from the glacial‐
deglaciation group are largely dominant before S1, and (iii) the species from the Holocene‐sapropel group
are nearly exclusively found during S1. Based on the faunal assemblage, the oxygen‐deficient interval asso-
ciated to sapropel S1 is defined between 10.1 and 6.5 ka with a reoxygenation event occurring between ~8.6
and 7.8 ka.

In order to better highlight the trends of individual taxa, we identified key time periods in which some of the
main benthic species present the most noticeable changes (Figure 4). The time period before sapropel S1
records three main changes: (i) from ~19 to 15.5 ka, the community was mainly represented byU. peregrina,
Bulimina marginata, and Hyalinea balthica; (ii) from ~15.5 to 13 ka, the population was dominated by U.
mediterranea and Gyroidina altiformis; and (iii) from ~13 to 10 ka, U. mediterranea was still the dominant
species but seconded this time by Bulimina inflata/striata and B. marginata.

Through sapropel S1 (from ~10.1 to 6.5 ka), Chilostomella oolina was the most abundant species. However,
benthic assemblage changed through this event with the dominance of Globobulimina affinis during S1a
(from ~10.1 to 8.8 ka), the strong presence of G. altiformis/orbicularis, B. inflata/striata, and U. mediterranea
between 8.8 and 7.7 ka, and the strong presence of U. peregrina and G. orbicularis during S1b (from ~7.7 to
6.5 ka).

After S1, the benthic foraminiferal community largely evolved: (i) from ~6.5 to 5 ka, the assemblage was
dominated, in order of importance, by U. peregrina, B. marginata, and G. orbicularis; (ii) from ~5 to 3.5 ka,
B. marginata was the most dominant species together with U. peregrina and C. pachyderma; (iii) from ~3.5
to 1.9 ka, U. peregrina became again the most abundant species with B. marginata and B. inflata/striata;
(iv) from ~1.9 to 0.7 ka, U. mediterranea and C. pachyderma seconded U. peregrina; and (v) from ~0.7 ka to
modern time, the assemblage was mainly represented by U. peregrina and B. inflata/striata with a relative
high presence of U. mediterranea, B. marginata, and C. pachyderma.

4.2. Stable Isotope Records

Benthic foraminiferal δ18O records of U. mediterranea and U. peregrina present an overall decreasing trend
from ~4.5‰ to 2‰ between ~19 and ~8 ka followed by stable values at around 2‰ until modern time.
Measurements obtained from C. pachyderma, between ~15 and 13 ka and over the last 5 kyr, do not show
a specific trend (Figure 5a). More specifically, the continuous δ18O record obtained from U. mediterranea
shows variability throughout the glacial termination (while U. peregrina was not present from ~17 to
8 ka). The δ18O of U. mediterranea is around 4.5‰ during the LGM, and then it decreases by 1‰ over the
H1 event and rises back through the B/A event to reach the value of 4‰ at around 12 ka, corresponding
to the middle of the Younger Dryas time period.

In terms of absolute values, the δ13C values of U. peregrina are systematically lower by ~1.5‰ than U. med-
iterranea, which in turn shows lower δ13C values by ~0.6‰ than C. pachyderma (Figure 5b). The δ13C record
of U. mediterranea, which is the more continuous record over the last 19 ka, shows six distinctive time per-
iods: (i) from 20 to 17 ka, the δ13C values are relatively constant at around 0.75‰ (0.25‰ for U. peregrina);
(ii) from 17 to 15 ka, during the H1 event, the δ13C is relatively stable until 17 ka and then shows a positive
excursion (~0.5‰) centered at around 16 ka; (iii) from 15 to 13 ka, encompassing the B/A period, the δ13C
decreases to reach 0.2‰; (iv) from 13 to 11.5 ka, corresponding to the YD event, the δ13C shows a positive
excursion, up to +0.5‰; (v) from 10 to 6 ka, during S1, the δ13C is at its minimum value of −0.3‰ (also
for the U. peregrina's δ13C, at −1.7‰). Both U. peregrina and U. mediterranea records reach their minimum
value at around 7 ka, during the S1b. (vi) After 6.5 ka, the δ13C strongly oscillates between ~0‰ and 1‰ for
U. mediterranea and between approximately −1.5‰ and −0.5‰ for U. peregrina, while for the C.
pachyderma, the variability is low (i.e., less than 0.3‰).
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5. Discussion
5.1. Ecology of the Main Benthic Foraminiferal Species

The PS009PC benthic species composition is characterized by the dominance of B. marginata/inflata/striata,
U. peregrina/mediterranea, H. balthica, C. pachyderma, G. altiformis, and C. oolina (Figure 3). Because these
species are known to have different ecological requirements in the EM (e.g., De Rijk et al., 2000; Schmiedl
et al., 2010), we interpret their changes in relative abundances, mainly in terms of changes in carbon export
and productivity and, in some cases, in terms of oxygenation.

B. marginata, H. balthica, and U. peregrina are generally considered as meso‐eutrophic species (e.g.,
Fontanier et al., 2003; Koho et al., 2008; Murray, 2006), and in the Atlantic and Mediterranean, U. peregrina
and U. mediterranea respond to high organic matter flux (Fontanier et al., 2008) >10 g/cm2/year (Altenbach
et al., 1999; De Rijk et al., 2000). Although they are both linked to high food quality, B. marginata is consid-
ered to be less opportunistic than U. peregrina (De Rijk et al., 2000; Murray, 2006). In the nearby core SL112,
albeit not based on experimental nor in situ evidence, Schmiedl et al. (2010) hypothesized that U. peregrina
responds to seasonal phytodetritus pulses triggered either by summer Nile flood peaks or by enhanced

Figure 3. Absolute and relative abundances of the main (≥5% of total abundance) benthic foraminiferal species. These
are organized following the three PCA groups (see Figure S2). The full lines represent the relative abundances (%), while
the color‐shaded surfaces represent the absolute abundances (ind/g). For each PCA group, species were ordered
according to their mean percentages in the entire record, from the highest to the lowest (only the spectrum of the discussed
species was colored). The mean spectra are shown on the right for each of the three PCA groups, and the error bars
represent the associated standard deviation. The main events and climate phases are reported similarly to Figure 2.
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winter‐spring wind‐induced mixing, while U. mediterranea might be able to feed on more degraded food
sources. In our record, as in the nearby cores GA‐112 and GA‐110 (Schilman et al., 2003), U. mediterranea
is also shown to be highly sensitive to changes in the degree of organic matter degradation, and therefore,
its high abundance will be used as reflecting periods of enhancement of refractory organic matter input,
while U. peregrina will be used to infer periods of high primary productivity.

The δ13C signal of U. peregrina is systematically lower than the δ13C U. mediterranea by around 1‰. Such
difference between species is often interpreted as reflecting the species vertical distribution in the sediment
such as the deepest microhabitats being characterized by the lowest δ13C‐DIC signature of pore waters as a
result of organic matter mineralization (e.g., Fontanier et al., 2006; Schilman et al., 2003). However, in the
Mediterranean Sea, U. peregrina and U. mediterranea can be found in similar microhabitats (Fontanier
et al., 2008; Schmiedl et al., 2000), but the δ13C signature of U. peregrina was shown to contain a stronger
vital effect as it is close to that of the δ13C of the deep infauna (Schmiedl et al., 2004, Theodor, Schmiedl,
& Mackensen, 2016). Consequently, and as also suggested by Fontanier et al. (2002), we are not using the
δ13C of U. peregrina for our δ13C‐DIC interpretations. The epibenthic to very shallow infaunal C. pachy-
derma would be a more appropriate recorder, although in our case, a continuous record is only available
for the Late Holocene (Figure 5). Furthermore, the δ13C range of variability of C. pachyderma is very low
(0.3‰) compared to the other species (~0.8‰) confirming a lesser reactivity to organic matter input. For
these reasons, we are using the δ13C of U. mediterranea as representing the δ13C‐DIC of pore waters. This
gives us a first approximation of bottom water δ13C‐DIC as the latter also depends on the organic matter flux
rate (Theodor, Schmiedl, & Mackensen, 2016).

The sapropel event is marked by the occurrence of species known to be tolerant to low‐oxygen conditions
(Jorissen, 1999; Schmiedl et al., 2010) such as C. oolina, G. affinis, C. bradyi, and F. rotundata (Figure 3).
However, this episode is also punctuated by the presence of species such as G. altiformis/G. orbicularis,

Figure 4. Pie chart analyses of benthic foraminiferal community. The pie charts present the relative abundances
of the dominant species (≥5%) averaged for the selected time periods. Only the dominant species showing the most
noticeable changes are represented in colors (see also Figure 3), and the other species are undifferentiated and represented
in grey. The main events and climate phases are reported similarly to Figure 2.
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which are typical oligotrophic species (De Rijk et al., 2000, Hyams‐Kaphzan et al., 2018) and classified as
oxyphilic species in the study of Schmiedl et al. (2010) from the EM. Similar to Schmiedl et al. (2010), we
use the presence of Gyroidina spp. through S1 event as an indicator of reoxygenation episodes.

5.2. Changes in Surface Productivity and Organic Matter Flux

The major changes in the benthic foraminiferal community mainly occur during three contrasting time per-
iods: the glacial‐deglaciation, Holocene‐sapropel, and post‐sapropel/Holocene intervals. This is in line with
earlier studies from the EM for this time period (Abu‐Zied et al., 2008; Drinia et al., 2016; Kuhnt et al., 2007;
Louvari et al., 2019; Schmiedl et al., 2010). In our study, this subdivision is clearly expressed in the commu-
nity changes (Figure 3), in the BFAR and diversity index (Figure 2), and in the stable carbon and oxygen
isotopes (Figure 5). Hereafter, we discuss in detail the three major changes in benthic faunal groups (gla-
cial‐deglaciation, Holocene‐sapropel, and post‐sapropel, see Figure 3) along with the planktic‐based proxies
obtained from the same studied core (Hennekam et al., 2014; Mojtahid et al., 2015).
5.2.1. The Glacial and Deglaciation Conditions
In our record, the BFAR shows its maximum values during a period of a relatively low sea‐level stand (until
16.5 ka), encompassing the LGM and the beginning of H1 (Figure 2). During these two time intervals, the
benthic community remained generally unchanged and is dominated by the meso‐eutrophic and opportu-
nistic B. marginata, H. balthica, and U. peregrina (Figures 3 and 4). Therefore, we hypothesize that this
benthic community indicates a maintained high trophic level over the LGM and the beginning of H1. A high
trophic level is coherent with the low sea‐level stand at the time, resulting in shallower benthic habitats and
a narrower continental shelf. This latter resulted potentially in larger inputs of continental organic matter
and nutrients. In this case, the introduction in surface waters of isotopically light δ13C terrestrial material
might explain the low Δ13Cp‐b recorded during this period (Figure 6).

The BFAR decreased significantly at the onset of the sea‐level rise that occurred from the mid‐H1 event, at
~16.5 ka, to its end, at ~15 ka (Figure 2). At that time, a significant change in the benthic faunal community

Figure 5. Stable isotopes foraminiferal records in core PS009PC. (a) Oxygen stable isotopic records obtained from C. pachyderma, U. peregrina, U. mediterranea
(this study), and G. ruber (Hennekam et al., 2014; Mojtahid et al., 2015; and this study from 13 to 19 ka). (b) Carbon stable isotopic record obtained from the
same species. The red arrows underline the main feature of the benthic δ13C record discussed in the text. The MD04‐2722 δ13C record is from Cornuault et al.
(2016), and the EM benthic compilation is extracted fromGrimm et al. (2015). (c) June insolation at 15°N is reported along the studied time period (Berger & Loutre,
1991). The Termination I is defined between ~19 and 10–11 ka (e.g., Denton et al., 2010; Raymo, 1997). Themain events and climate phases are reported similarly to
Figure 2. The arrows at bottom of figures indicate potential processes associated with changes in isotopic composition: productivity in surface water, Nile River
activity, carbonate ion effect and ventilation (more or less aging waters) for the δ13C, and salinity and temperature for the δ18O.

10.1029/2019PA003827Paleoceanography and Paleoclimatology

LE HOUEDEC ET AL. 9 of 23



occurred, withU. mediterranea becoming the dominant species whileU. peregrina almost vanished from the
assemblage (Figure 7a). This community transition is also found in the nearby core SL112 (Figure 7a), albeit
it was not discussed in detail in Schmiedl et al. (2010). On the Eastern region of the North Africa, H1 is
expressed as a dry interval resulting from a southward shift in the monsoon rain belt and consequently a
reduction in summer rainfall intensity (Revel et al., 2015; Shanahan et al., 2015). This would be consistent
with a relative decrease in Nile River runoff and nutrient input (Bout‐Roumazeilles et al., 2007; Dormoy
et al., 2009; Nebout et al., 2009). An environment with low nutrient inputs results in low primary production
at the surface and consequently low export of phytodetritus to the bottom. This might explain both the
planktic δ13C decrease and the benthic δ13C increase recorded from ~16.5 to 15.7 (Figure 5), together with
the decrease of the abundance of the eutrophic U. peregrina species (Figure 7a).

Remarkably, between ~13 and 11 ka, the low presence of U. mediterranea is synchronous with a slight
rebound in the occurrence of U. peregrina as well as with an increase in the benthic δ13C record
(Figure 7a). Simultaneously, we record a relatively high presence of the other eutrophic species, that is, B.
marginata/inflata/striata (Figures 3 and 4), along with a highly diverse planktic foraminiferal fauna charac-
terized by the presence of the opportunistic Globigerina bulloides (Mojtahid et al., 2015). For this time inter-
val, which coincides with the arid and cold YD (deMenocal, Ortiz, Guilderson, Adkins, et al., 2000), both
surface and bottom water ecological indicators point to an enhancement of the surface productivity in our
study area, similarly to what have been observed in other sub‐basins of the EM (e.g., Geraga et al., 2008;
Triantaphyllou et al., 2009). However, because the Nile River runoff is known to be low during the YD in
the area (deMenocal, Ortiz, Guilderson, Adkins, et al., 2000), this high surface productivity might be the
result of intensified wind activity (Box et al., 2008; Robinson et al., 2006), which might have fertilized surface
waters by either dust input or enhanced surface water mixing. Isotopically, both planktic and benthic δ13C
records increase progressively (~+0.7‰) through the YD (Figure 5a). While the planktic signal corroborates
an increase in surface productivity, the increasing benthic δ13C values (Δ13Cp‐b ~ 0) suggest that bottom
water processes act independent from surface productivity (discussed further in section 5.3).
5.2.2. Sapropel Conditions
During S1, the BFAR and the Shannon diversity index (H) drop drastically (Figure 2). This is likely due to the
low bottomwater oxygen conditions that characterized the deep basins of the easternMediterranean Sea dur-
ing this episode, resulting from a highly stratifiedwater column (e.g., Grimm et al., 2015) and/or high organic

Figure 6. δ18O‐δ13C benthic‐planktic coupling in core PS009PC. (a) Δδ18O and Δδ13C records. Δδ18Op‐b and
Δδ13Cp‐b represent respectively the difference between the oxygen and the carbon isotopic records ofU. mediterranea and
G. ruber for the same lithological level. (b) δ18O‐δ13C crossplot from the benthic U. peregrina and U. mediterranea
foraminiferal records (this study) and from the G. ruber planktic foraminiferal records (data from Hennekam et al., 2014
and this study for the 13‐ to 19‐ka interval). Clusters were based on PCA analyses (Figure S3).
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matter input (De Lange et al., 2008). These processes are corroborated by the planktic data from the same core
showing that the S1 interval is characterized by a maximal value of the PFAR (Figure 2), which was
interpreted as indicating high primary production, and low values of δ13C were interpreted as increased
input of isotopically light terrestrial material (Mojtahid et al., 2019). Despite these low‐oxygen conditions,
benthic foraminifera do not completely vanish, highlighting a variability in bottom oxygen content
(Figure 3). The intermittent presence of C. oolina, G. affinis, C. bradyi, and F. rotundata indicate intervals
of low‐oxygen conditions, while the occurrence of oxyphilic species such as G. altiformis/orbicularis, B.
inflata/striata, and U. peregrina/mediterranea indicate episodes of reoxygenation (De Rijk et al., 2000;
Schmiedl et al., 2000, 2010; Figures 3 and 4). These reoxygenation events are likely so well expressed at
this site due to the shallow depth of 552 m (e.g., Mojtahid et al., 2019). The consistent occurrence of
oxyphilic species from 8.6 to 7.8 ka indicates a major period of reoxygenation during sapropel S1
(Figure 4). This interruption, usually correlated to the Northern Hemisphere cold 8.2‐ka event, is also

Figure 7. Relative abundance of key species in the Levantine Basin. (a) Relative abundances of U. peregrina and U. mediterranea in core SL112 (Schmiedl et al.,
2010) and core PS009PC (this study) and δ13C measured on U. mediterranea from core PS009PC (this study). The red arrows mark the main features of the
δ13C. (b) Relative abundances of U. peregrina and B. marginata from core PS009PC (this study). (c) Relative abundance of G. ruber and G. sacculifer from core
PS009PC (Mojtahid et al., 2015). The main events and climate phases are reported similarly to Figure 2, and the three shaded time periods underline the
Holocene dry episodes as discussed in the text. (d) Δδ13C comparison between PS009PC core and the nearby GA‐112 and GA‐110 cores (Schilman, Almogi‐Labin,
et al., 2001, 2003) along the benthic faunal assemblages. C. pachy: C. pachyderma; G. rub: G. ruber; H. flo: Heterolepa floridana; U. med: U. mediterranea. To
overcome the difference in resolution between the compared benthic and planktic species in PS009PC, the Δδ13C was calculated from δ13C values averaged from
five successive lithological levels for the three considered species.
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recorded in the Aegean and Adriatic Seas (e.g., Casford et al., 2003; De Rijk et al., 1999; Giamali et al., 2019;
Incarbona et al., 2019; Kontakiotis et al., 2016;Marino et al., 2009; Rohling,Mayewski, et al., 2002; Siani et al.,
2010, 2013; Triantaphyllou et al., 2009, 2016). Several studies proposed that the 8.2‐ka interruption during S1
formation is due to a more pronounced Siberian high‐pressure system (e.g., Pross et al., 2009; Rohling,
Mayewski, et al., 2002; Schmiedl et al., 2010), combined with a southward migration of the Intertropical
Convergence Zone weakening the monsoon systems (e.g., Fleitmann et al., 2007; Triantaphyllou et al.,
2009). The time interval for the reoxygenation event based on benthic foraminiferal abundances is slightly
longer than the S1a/S1b interruption (8.2 to 7.9 ka, Figure 3) defined by sedimentary Ba/Al (a geochemical
proxy for export productivity) from the same core PS009PC (Hennekam et al., 2014). This may corroborate
earlier findings showing the high importance of re‐ventilation (vs. a decrease in productivity) for the cause
of this event.

The reappearance of U. peregrina together with the freshwater‐intolerant planktic taxon G. sacculifer during
S1b indicates less severe environmental conditions compared to S1a as previously suggested by Hennekam
et al. (2014) and Mojtahid et al. (2015). Both planktic and benthic data indicate high river runoff, enhanced
input of terrestrial organic matter, and overall low bottom oxygen conditions with intermittent reoxygena-
tion events (Figure 8).
5.2.3. Post‐Sapropel Conditions
During the Holocene, after the end of the sapropel, largest variability in the benthic community mainly
occurs in three species: U. peregrina, U. mediterranea, and B. marginata (Figures 3 and 4). In the nearby
core SL112, U. peregrina showed an opposite pattern compared to U. mediterranea (Schmiedl et al.,
2010). In our study core PS009PC, this opposite pattern in these two benthic foraminifers is less obvious
(Figure 7a). Our data especially show that the opportunistic and eutrophic U. peregrina alternates asynchro-
nously with the less opportunistic and eutrophic B. marginata (Figure 7b). Therefore, even if the bottom
environment can be still considered as overall eutrophic over this time period, those oscillations might
reflect the quality/nature of phytodetritus exported to the seafloor.

Interestingly, the periods of low‐U. peregrina/high‐B. marginata abundances are centered around 4.0, 2.5,
1.9, and 0.7 ka, which may correspond to specific climate events (Figure 7). The first episode coincides
approximately with the so‐called 4.2‐ka BP event, a dry event in the Mediterranean region that may have
played a large role in the collapse of the Old Kingdom of Egypt (Cullen et al., 2000) and is associated with
a weakened Indian monsoon (Dixit et al., 2014) and low Nile discharges (Adamson et al., 1980; Hassan,
1997). The second and third periods coincide with the onset and the end of the RWP (Figure 7b). While this
event is recorded in the North Atlantic and western Mediterranean as a more humid period (Cullen, 1981;
Mojtahid et al., 2013), dry conditions seem to have prevailed in the eastern Mediterranean region (e.g.,
Avnaim‐Katav et al., 2019; Giamali et al., 2019; Mojtahid et al., 2015; Schilman, Bar‐Matthews, et al., 2001;
Revel et al., 2014). In this area, this time period is also linked to a decrease in the Nile River flood discharges
starting between 3.1 and 2.8 ka (Nicholson&Flohn, 1980;Woodward et al., 2008). Even though the time reso-
lution is lower for planktic assemblages, the discussed arid 4.2‐ka BP event and the RWP are also character-
ized by the relatively high occurrence of the oligotrophic planktic taxon G. ruber (Figure 7c) and a drop in
diversity indicating low primary production (Mojtahid et al., 2015). The Medieval Warm Period (~1.1–0.54
ka) seems to match the last major drop at ~0.7 ka in U. peregrina's abundance. This time period is known
to have a strong regional hydrological variability. While arid conditions prevailed in the western
Mediterranean (Martín‐Puertas et al., 2010; Nieto‐Moreno et al., 2011), several studies show that the climate
is more humid towards the Levantine region (Frumkin et al., 1991; Schilman, Bar‐Matthews, et al., 2001).
Other studies show a more complex pattern within the Levantine area itself. In the East Levant (Syria,
Israel), studies reported warm and humid conditions (Frumkin et al., 1991; Kaniewski et al., 2011;
Schilman, Bar‐Matthews, et al., 2001), while there are studies that point to dryer conditions at around 1 ka
in the south Levant region and in the Nile catchment area (Flaux et al., 2012; Macklin et al., 2015; Revel
et al., 2015). Additionally, the MWP episode is very different from the two previous “dry” events because
while the benthic record indicates a less eutrophic environment (i.e., less U. peregrina and B. marginata),
planktic foraminifera show an opposite signal. During the MWP, the abundance of oligotrophic G. ruber
strongly decreases, and the high occurrence of G. sacculifer (Figure 7c) together with the eutrophic G. bul-
loides and the deep dwelling neogloboquadrinids mark a clear shift towards productive and well mixed sur-
face waters (Mojtahid et al., 2015).When comparing our observations with the study of Schilman et al. (2003)
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that uses Δδ13C in foraminifera from a nearby core (GA‐112; Figure 7d), our low‐U. peregrina/high‐B.
marginata intervals correspond with low Δδ13C events in their core. They interpreted these intervals as
periods of decreased productivity in the EM sea surface waters (Figure 7d). However, when applying the
Δδ13Cp‐b and the Δδ13Cpachy‐med in our record, these oscillations are no longer present, and they are
also very much attenuated (even absent) in the deeper nearby core GA‐110 (670 m; Figure 1) according to
the same study of Schilman et al. (2003; Figure 7d). This discrepancy might be explained in terms of a
difference in water depths possibly affecting the path of the organic carbon to the seafloor as hypothesized
by Schilman et al. (2003). The shallowest core (GA‐112, 470 m) is potentially more influenced by the Nile
river inputs than the two deeper cores (GA‐110, 670 m, and PS009PC, 552 m).

Considering all data, it appears that in the EM, the climatically “dry” periods since 6 ka are systematically
linked to periods of relatively low Nile river runoff, to which U. peregrina respond by lowering its abun-
dances, as also discussed in Schmiedl et al. (2010). Yet the presence of the eutrophic B. marginata during
these “dry” periods (Figure 7) indicates a persistence of high trophic conditions at the seafloor. Dry cli-
matic conditions favor strong wind mixing and dust input, which may enhance the nutrient supply to sur-
face waters and therefore stimulate primary production, similarly to the dry YD interval. Also, dry periods
might favor longer spring/summer‐type conditions that trigger another type of primary production to
which B. marginata might respond. Indeed, in the modern Mediterranean, there is a strong seasonal
variability in the primary production with an early spring new production dominated by diatoms and a
late regenerated production dominated by picoplankton and nanoplankton (e.g., Siokou‐Frangou et al.,
2010). In the modern Bay of Biscay, B. marginata is one of the species that responds only to spring bloom,
while U. peregrina reacts to the autumnal bloom (Fontanier et al., 2002, 2003; Langezaal et al., 2006).
Because they are not mutually exclusive, the combination of the two hypotheses, a lower phytodetritus
export and a change in the nature of the primary production during those dry events, might explain
the observed faunal pattern.

Superimposed on the B. marginata/U. peregrina oscillations, U. mediterranea record its maximumHolocene
values from ~2 to 1 ka (Figure 7a). A similar feature is also recorded in the nearby core SL 112, albeit not dis-
cussed (Schmiedl et al., 2010). The EM in general shows an increase in the relative abundance ofmesotrophic
endobenthic species (Reiss et al., 1999). Note that in our core, the increase inU.mediterranea's abundances is
recorded during a time period of relatively low abundance of both B. marginata/U. peregrina species. As pre-
viously discussed for the glacial‐deglaciation section, we suggest that U. mediterranea traces the

Figure 8. Summary scheme of the main environmental interpretations occurring in the EM since the last 19 ka. B. mar: B. marginata; C. ool: C. oolina; U. med:
U. mediterranea; U. per: U. peregrina. The main events and climate phases are reported similarly to Figure 2.
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enhancement of the Nile River activity because of its high tolerance to refractory organic matter. The
enhancement of terrestrial inputs due to the human activity inducing an increase of erosion in theNile catch-
ment area at that time (Castañeda et al., 2010)might explain this ecological change. Indeed, since 2–2.5 ka, an
increase in the total Nile sediment flux has been reported (Krom et al., 2002), which occurred simultaneously
with the falling of lake levels in the Ethiopian highlands (Gasse, 1977; Hassan, 1997) and an increased defor-
estation (Nyssen et al., 2004). An increase in terrestrial material from 2 ka in the area is supported by (i) the
increase of the Ti/Al ratio in PS009PC sediments (Hennekam et al., 2014), (ii) the BIT index from the nearby
core GeoB 7702‐3 (Castaňeda et al., 2010; see Figure S4), and (iii) the sharp increase in the sedimentation rate
in cores GA‐110 and GA‐112 (Schilman, Bar‐Matthews, et al., 2001). A high anthropogenic impact would
explain an increase in refractory organic matter export to the Levantine Basin without implying an enhance-
ment of the Nile runoff. Also, an increase in riverine nutrient load was suggested to explain the development
of planktic opportunistic taxa (e.g., G. bulloides) without lowering the planktic species diversity through low
salinity during this time period (Mojtahid et al., 2015).

5.3. Changes in the Eastern Mediterranean Overturning Circulation

Planktic and benthic δ18O‐δ13C crossplots can be used to distinguish and isolate specific time intervals and
transitions during the last 19 ka (Figure 6). The δ18O‐δ13C clusters weremade using PCA analysis (see Figure
S2). Although some differences are found in the timing between benthic and planktic crossplots, these per-
iods roughly correspond to the glacial interval, the deglaciation, the Holocene‐sapropel event, and the mid‐
Holocene to Late Holocene (Figure 6).

The decoupling between benthic and planktic δ18O and δ13C signatures for the second part of H1 event
(~16.5–15 ka) is noteworthy (Figure 6). While the planktic δ18O‐δ13C clusters H1 and LGM isotopic values
together, the benthic δ18O‐δ13C separates the two phases of H1, similarly to what has been observed in
the benthic foraminiferal assemblage (Figure 7). The Δδ13Cp‐b is negative (benthic δ13C > planktic
δ13C) during this time interval, which is most likely due to relatively high benthic δ13C values in this sec-
ond phase of H1 (Figure 6). These high values of benthic δ13C are not stable over time but show a first
increase from 16.5 to 15.7 ka followed by a ~0.7‰ decrease until the mid‐B/A event (Figure 5). The same
trend, albeit of less amplitude, is found in a nearby record (MD04‐2722; Cornuault et al., 2016) and in the
EM isotopic compilation of Grimm et al. (2015; Figure 5b). Although these authors do not give an expla-
nation for the first benthic δ13C increase, we here hypothesize an active production of intermediate water
masses (glacial analog of LIW) enriching benthic environments in 13C. For the following decreasing trend
in benthic δ13C from late H1, these authors suggested a progressively sluggish ventilation of the deep sea.
The study of Cornuault et al. (2018) use neodymium isotopes in core MD04‐2722 further to hypothesize
that enhanced EM stratification is associated to a higher contribution of the Modified Atlantic Water.
That said, the overall negative Δ13Cp‐b (benthic δ13C > planktic δ13C) during the second part of H1
(~16.5–15 ka) is complex and may be the result of both the benthic signature and relatively low values
of planktic δ13C due to either low productivity or inflow of Nile water with low riverine δ13C‐DIC values
characterizing this period (Figure 5).

The foraminiferal assemblages indicate enhanced productivity during the YD (Figure 8), while the close to
zero Δδ13Cp‐b may point towards the opposite. For this time period, a generally good vertical mixing due to
wind activity is supported by the presence of deep‐dwelling planktic species such as Globorotalia truncatu-
linoides (Mojtahid et al., 2015). Similar benthic community changes as those we found in our record were
interpreted as responding to a period of a better ventilation within a general context of sluggish circulation
over the AHP (Abu‐Zied et al., 2008; Kuhnt et al., 2007; Minto'o et al., 2015), a feature confirmed by model-
ing (Grimm et al., 2015). An enhanced ventilation of bottomwaters would explain the increase of the benthic
δ13C, which together with the high values of planktic δ13C (i.e., high productivity) would explain the close to
zero Δδ13Cp‐b.

The S1 event is marked by a large discharge from the Nile River (e.g., Kholeif & Mudie, 2009; Weldeab et al.,
2002; Weldeab et al., 2014), clearly indicated in our core by very low planktic δ18O values (Hennekam et al.,
2014). This period is also identified in our planktic δ18O‐δ13C crossplot with δ18O values lower than the post‐
S1/Holocene δ18O values (Figure 6).
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From both the benthic and planktic data, the δ18O‐δ13C clusters encompassing the S1 event start 500 to 800
years before the onset (at ~10.1 ka) of sapropel S1 at this core location and depth (Hennekam et al., 2014).
This suggests a change in the water column stable isotopic composition before the deposition of the
organic‐rich sapropel layer. This time lag has been reported before in the EM literature (e.g., Grimm
et al., 2015; Revel et al., 2014; Weldeab et al., 2014), although the timing is not always agreed upon as it
can take a couple of hundreds or even thousands of years to get a water column (or at least sediment pore
space) completely devoid of oxygen. Hereafter, we refer to these two clusters (benthic and planktic) as
“S1‐like,” because they also include that interval before the deposition of S1 at this core location.

Both planktic and benthic δ18O‐δ13C crossplots subdivided the “S1‐like” cluster into two groups: Group
(i) including pre‐S1a and S1a and Group (ii) including the S1 interruption and S1b (Figure 5). However,
two main differences exist between the planktic and benthic data. Firstly, the benthic δ18O values for
the whole “S1‐like” period are systematically higher than the Holocene δ18O benthic values, whereas
the opposite is observed for the planktic δ18O (i.e., large Δδ18Op‐b; Figure 6). Secondly, the lowest
benthic δ18O and δ13C values are recorded for Group (ii), whereas the opposite is found for the planktic
δ18O and δ13C (Figures 6b and 6c). The strong water column stratification characterizing S1 (e.g.,
Casford et al., 2003; Cornuault et al., 2018; Emeis et al., 2000; Mangini & Schlosser, 1986; Rohling
et al., 2015), by creating a strong and shallow halocline, may have prevented the mixing between sur-
face and deep waters, explaining therefore the large Δδ18Op‐b values of the Group (i; Figure 6).
However, the studies of Rohling (1994) and Myers et al. (1998), using a general circulation model,
and more recently Mojtahid et al. (2019), using benthic foraminiferal Na/Ca from the same PS009PC
core, have shown a reduction in salinity at 450‐ to 550‐m water depth during S1. If this salinity drop
is not directly due to low‐saline surface waters, it might be linked to the presence of a different water
mass bathing the study area during S1. Rohling (1994) hypothesized the presence of stagnant less saline
old deep water (~37.4 PSU) remaining after the deglaciation below 400–450 m in the Levantine Basin, at
least during the most anoxic part of S1 (i.e., S1a). As such, a stagnant old deep water will decrease the
δ13C signature of the benthic foraminifera. This hypothesis might also explain the significant offset
observed in the difference between the benthic and planktic δ13C signature (Δδ13Cp‐b, Figure 7c).

Paradoxically, while the old deep water would be mainly present at S1a, the Δδ13Cp‐b offset is maximal for
Group (ii) encompassing the S1b (Δδ13Cp‐b = 0.8‰, Figure 7c). Under higher productivity environments
with low dissolved oxygen and sedimentary carbonate content, such as during S1a, the isotopic composition
of DIC in seawater decreases as the pH increases due to carbonate speciation (Zeebe et al., 1999). This effect
known as the carbonate ion undersaturation effect (Lea et al., 1999; Mackensen, 2008; Mackensen & Licari,
2004) counterbalances the trophic/circulation effect, increasing therefore the benthic isotopic signature and
thus might explain a lower Δδ13Cp‐b values for Group (i). That said, this period should be interpreted with
care, if only for the low numbers of benthic isotopic measurements (Figure 5).

Figure 9. Temporal frequencies of benthic relative abundances in core PS009PC. (a) The presented frequencies are
obtained from all REDFIT analyses performed on the dominant species and mean abundance spectrum of the glacial
and Holocene groups (see Figure 2). The plain line represents 3‐point smooth line. The frequencies of the peaks are
extracted from the smoothed line. (b) The temporal occurrence of the frequencies is reported schematically along the
record. The detailed REDFIT and wavelet analyses for each species are reported in Figure S5.
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After the sapropel S1 (since ~6.5 ka), both planktic and benthic δ18O‐δ13C crossplots indicate a rather stable
isotopic signal. This probably suggests that the EM vertical water mass distribution, after recovering from the
S1 event, is most likely similar to the modern configuration.

5.4. Foraminiferal Response to Long‐ and Short‐Timescale Forcing Processes

Climatic and environmental conditions over the past 19 ka in the EM are known to be affected by both orbi-
tal and suborbital forcing mechanisms (e.g., Hamann et al., 2009; Hennekam et al., 2014; Mojtahid et al.,
2015; Revel et al., 2014; Schmiedl et al., 2010). In our record, the long‐timescale trend linked to the
orbital‐forced glacial‐interglacial transition is well recorded in both our benthic and planktic foraminiferal
δ18O records (Figure 5a). On this long‐term trend is superimposed shorter timescale δ18O variability, match-
ing known climatic periods such as H1, B/A, and YD events across the last deglaciation (Figure 5a).

The observed variability in the planktic foraminiferal records was also investigated through spectral analyses
(Hennekam et al., 2014) and multicentennial variability at around 500 and 1,000 years were linked to solar
forcing, as those frequencies are similar to the variability in atmospheric Δ14Cres (Stuiver et al., 1998). For
purpose of comparison, we conducted similar spectral analyses on the benthic relative abundances obtained
in this study (Figure 9). Those two frequencies were also detected in the benthic records. We further record
the 2400‐year solar mode well known in Atlantic paleoclimatic records throughout the Holocene (e.g.,
Dansgaard et al., 1984; O'Brien et al., 1995) as the Hallstatt cycle (Dergachev & Chistyakov, 1995; Hood &
Jirikowic, 1990; Hoyt & Schatten, 1997; Scafetta et al., 2016). This solar mode is also reported in the EM, from
the planktic‐based reconstructed sea surface temperatures of the Aegean Sea (Rohling, Mayewsk, et al.,
2002). Interestingly, the conducted benthic spectral analyses detected a supplementary frequency at around
1,660 years to which the 800‐year mode might be the secondary harmonic. To our knowledge, this mode was
never reported in the Mediterranean Sea. However, the ~1,600‐year spectral signature is widely recorded in
the Holocene in Atlantic paleoclimatic records (deMenocal, Ortiz, Guilderson, Adkins, et al., 2000,
deMenocal, Ortiz, Guilderson, & Sarnthein, 2000; McDermott et al., 2001; Moros et al., 2004). The solar for-
cing was previously argued to explain this periodicity (Bond et al., 2001) but is now largely debated (Debret et
al., 2007; Dima & Lohmann, 2009; Soon et al., 2014). The 1,600‐year periodicity is now attributed to an inter-
nal forcing, at least for the Late Holocene, likely oceanic‐driven as suggested by Broecker et al. (1999) and
McManus et al. (1999) and resulting from the thermohaline sensitivity to the north European meltwater dis-
charge (Debret et al., 2009). Either the reported 1,600‐year periodicity from our benthic records is linked to
the Atlantic circulation mode or results from an internal Mediterranean circulation mode cannot be deci-
phered here. Because spectral analyses conducted on foraminiferal data are very sparse in the
Mediterranean Sea, we highly recommend a more extensive use for such analytical approach to investigate
more accurately the forcing processes that might control this 1,600‐year periodicity.

6. Conclusions

Our benthic foraminiferal and stable isotope records from the EM PS009PC core suggest a strong response
of the communities to the food flux since 19 ka, which in turn is sensitively linked to climate forcing.
During the last deglaciation (19 to 10 ka), the nutrient flux is conditioned by the Nile River inputs and
therefore by the intensity of the African monsoon, leading to changes in the trophic conditions in the
Levantine Basin. The coupling with planktic data indicates that the period extending from the end of
the LGM until the mid‐H1 event (∼16.5 ka) is characterized by a good vertical mixing leading to high
trophic conditions at the sea bottom. From the second phase of H1 event until the start of S1, the produc-
tivity generally decreases and the overturning circulation progressively weakens with the exception of the
Younger Dryas (∼12.8 to 11.5 ka).

During S1 (~10.1 to 6.5 ka), both benthic and planktic communities strongly respond to the increase of the
Nile River activity. While the planktic foraminifera indicate increased primary production together with
increased terrestrial carbon input, the benthic community records the decrease in oxygen content at the bot-
tom. The coupled benthic‐planktic carbon stable isotope signature indicates an overall poor ventilation of
bottomwaters with a likely presence of old deep‐watermasses bathing the bottom layers of a highly stratified
water column. In addition, our data indicate a change in the stable carbon and oxygen isotopic composition
of the water column ~0.5–0.8 ka prior to the deposition of the organic‐rich sapropel layer, which suggests
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that it can take a couple of hundreds of years, at this depth and location, to get the bottom environment
depleted in oxygen.

During the Holocene, the trophic conditions remain relatively high with no evidence of strong modulation
by the Nile River activity. Yet the benthic community show strong changes. These changes are punctuated
mainly by the alternating presence of the eutrophic species B. marginata and U. peregrina in relation to
dry/humid climatic oscillations since the last 6 ka. We hypothesize that the dry/humid climatic oscillations
influence the nature of primary producers to which those species respond. The high occurrence of B. margin-
ata (in opposite toU. peregrina) matches three climatically dry periods (the “4.2‐ka event” and the RWP and
MWP time periods), during which the nature of primary production may have been favored by wind mixing
and dust input, similarly to the YD. However, an enhancement of the Nile River sediment input to the
Levantine Basin was recorded at around 2 ka and interpreted as the result of increased anthropogenic activ-
ity in the region encompassing the Nile catchment area leading to higher erosion rate, rather than to an
enhancement of the Nile River activity.

The analysis of the embedded periodicities in the benthic relative abundance records highlights the presence
of a strong solar frequencies (~1,000‐ and 500‐year cycles), as previously found from the planktic data.
However, a supplementary ~1600‐year mode was found in the benthic records. The absence of the latter fre-
quency in the planktic data may indicate an overturning circulation‐driven forcing of this cycle.
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