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Abstract. Euthecosomata pteropods were analysed in core sediments collected in the framework of the 2016
EUROFLEETS?2 SEMSEEP cruise, offshore of Israel, in the eastern Mediterranean Sea. The investigated cores
were retrieved in a deep-sea coral area at 690 m depth, an actively methane-seeping pockmark area at 1038 m
depth, and a deep-sea channel area at 1310 m water depth. We identified and documented the pteropod species
belonging to the families Heliconoididae, Limacinidae, Creseidae, Cavoliniidae, Cliidae, and Hyalocylidae and
to some heteropods. Our study highlights the importance of investigating pteropods in the size fractions > 63 um
instead of the > 125 pym only. In particular, neglecting the small size fraction may result in a remarkable (up
to 50 %—60 %) underestimation of the relative abundance of the epipelagic species Creseis acicula and Creseis
conica and the mesopelagic species Heliconoides inflatus. This may significantly affect palacoenvironmental
reconstructions. The observed presence of tropical species supports the suggestion that the eastern Mediterranean
is arefugium for these species. This study provides a basic benchmark for the late Holocene evolution of pteropod
and heteropod distribution over 5800-5300 cal BP across the base of the south-eastern Levantine margin.

1 Introduction mata, Pseudothecosomata, and Gymnosomata. The Eutheco-

somata pteropods, which are the focus of this research, are

Holoplanktonic gastropods, representing less than 1 % of the
total marine gastropod population, spend their entire life cy-
cle in the water column (Wall-Palmer et al., 2014). They con-
stitute an important part of the marine food web and have a
major role in the carbon cycle, producing aragonite shells (Be
and Gilmer, 1977; Pierrot-Bults and Peijnenburg, 2015). The
order Pteropoda, one of the major carbonate-producing holo-
planktonic gastropods (Be and Gilmer, 1977; Van der Spoel,
1967; Janssen, 2012), includes three suborders: Euthecoso-

divided into two superfamilies: Limacinioidea Gray, 1850
(trochospiral) and Cavolinioidea Gray 1850 (elongated or bi-
laterally symmetrical). The holoplanktonic gastropod group
Heteropoda has been recently classified in the superfam-
ily Pterotracheoidea within the order Littorinimorpha (Wall-
Palmer et al., 2014). The holoplanktonic gastropod shells,
made of aragonite, are dissolution susceptible and are more
likely to be preserved in the fossil record in highly saline
marginal seas, such as the Red Sea and the eastern Mediter-
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ranean Basin (Almogi-Labin and Reiss, 1977; Berner, 1977;
Berger, 1978; Almogi-Labin et al., 2008). According to var-
ious studies, the recent Mediterranean pteropod fauna in-
cludes transitional, subtropical, and tropical species (Herman
and Rosenberg, 1969; Biekart, 1989; Janssen et al., 2014;
Wall-Palmer et al., 2014; Johnson et al., 2020). In particu-
lar the eastern Mediterranean is characterized by more trop-
ical species, such as Hyalocylis striata (Rang, 1828) and
Cavolinia spp. (e.g. Grecchi, 1984; Bogi and Galil, 2004;
Janssen, 2012; Giamali et al., 2020). The decrease in ptero-
pod species diversity in the Mediterranean from the west to
the east and from the north to the south seems related to an
increase in temperature and salinity and a decrease in nu-
trient content. Pteropoda assemblages have been described
from all over the Mediterranean (Almogi-Labin and Reiss,
1977; Furnestin, 1979; Buccheri and Torelli, 1981; Corselli
and Grecchi, 1987, 1990; Biekart, 1989; Violanti et al., 1991;
Grecchi, 1994, Janssen, 2012).

Studies on living assemblages revealed the existence
of two different groups based on migratory behaviours:
the mesopelagic daily migratory and the epipelagic non-
migratory pteropods (van der Spoel, 1967; Frontier, 1973;
Be and Gilmer, 1977; Wormuth, 1981; Almogi-Labin et al.,
1988, 1991). Epipelagic organisms are usually restricted to
the surface mixed layer in the Gulf of Agaba, Red Sea,
whereas mesopelagic migratory pteropods are controlled to
a large degree by the oxygen levels in the intermediate wa-
ters (Red Sea; Almogi-Labin et al., 1984, 1991, 2008).

Pteropods were recently found to be well preserved in the
deep water of the Levantine Basin (Hyams-Kaphzan et al.,
2018).

The aim of this paper is to document the prevailing ptero-
pod and heteropod assemblages across the base of the south-
eastern margin of this basin, including the juvenile stages that
comprise a large part of the assemblages, by using sediment
cores retrieved during the EUROFLEETS2 SEMSEEP cruise
in September 2016 (Makovsky et al., 2016).

2 Study area

The Mediterranean Sea is a semi-enclosed basin, character-
ized by an anti-estuarine thermohaline circulation (Ozer et
al., 2020), with Atlantic surface water entering through the
Strait of Gibraltar. These waters move eastwards and are
modified to the saltier Levantine Surface Water (LSW) by
evaporation in the easternmost part of the Mediterranean Sea
(Malanotte-Rizzoli et al., 2014; Katz et al., 2020). The Lev-
antine Basin has the saltiest and warmest waters of the en-
tire Mediterranean Sea, with a sea surface salinity of up to
39.7 %o during summer and sea surface temperature rang-
ing between ~ 16 °C in winter and 30.8 °C in summer (Ozer
et al., 2017). The thermohaline circulation and the forma-
tion of intermediate and deep water are important for marine
ecosystems and biogeochemical cycles (Herut et al., 2000;
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Janssen and Peijnenburg, 2014). Below the LSW lies the
Levantine Intermediate Water (LIW) mass. Its formation oc-
curs mainly in winter close to the Rhodes Gyre when the
LSW cools down and sinks to intermediate water depths
(Ozer et al., 2017, 2020) and through cascading events in
shelf regions, contributing to the ventilation of the interme-
diate and deep waters (Waldman et al., 2018). The LIW mass
flows westward, exiting the Mediterranean Sea via the Strait
of Gibraltar carrying nutrients that impoverish the eastern
Mediterranean waters (Herut et al., 2000; Gémez et al., 2000;
Malanotte-Rizzoli et al., 2014).

The eastern Mediterranean Levantine Basin is currently
an ultra-oligotrophic marine system. The Levantine Surface
Water reaches a depth of 60—80m with a surface temper-
ature of 28 °C and salinities varying between 39.2 %o and
39.3 %o. Below this layer, a salinity below 38.8 %o represents
the Modified Atlantic Water (MAW). In this water mass, tem-
perature drops by 10°C, decreasing more slowly between
100-500 m depth and reaching minimum values of ~ 14 °C.
In the underlying Levantine Intermediate Water (LIW), be-
tween 100 and 350 m water depth, the salinity and temper-
ature slightly increase up to 39 %o and 15 °C, respectively.
Below the LIW, lies the eastern Mediterranean Deep Water
mass (EMDW). Until the late 1980s, the EMDW originated
only in the Adriatic Sea, with a relatively stable salinity and
temperature of 38.7 %o and 13.35 °C, respectively (Roether
et al., 2007). Then, warmer temperature and more saline wa-
ter from the Aegean Sea became a new source for the EMDW
(e.g. Roether et al., 2007), moving westward through the Cre-
tan Sea. Recent surveys documented colder and less saline
water masses at the bottom of the basin, again derived from
the Adriatic Sea province (Gertman et al., 2016; Ozer et al.,
2020). All the sites included in this work are influenced by
the EMDW.

The seafloor across much of the Levantine Basin com-
prises the eastern deep-sea fan of the Nile River, which
is characterized by deep-sea channel systems (e.g. Gvirtz-
man et al.,, 2015). The Nile fan and the south-eastern
Mediterranean continental margin, offshore of southern Is-
rael, bounding it to the east are deformed due to the mobiliza-
tion of the Messinian evaporites and overlaying sediments.
In particular, SEMSEEP surveying was focused on a large-
scale (15 x 50km), long-term salt-rooted rotational slide,
the Palmahim Disturbance (PD), which is located across
the southern portion of this margin (Garfunkel, 1979). On
the northern margin of PD, between water depths of ~ 500
to 800 m, deep-sea corals and associated habitats are set-
tled on rocky authigenic carbonate outcrops that are associ-
ated with palaeo-seepage (Coleman et al., 2012; Spiro et al.,
2021). At the western toe region of PD several active seep-
age features, including carbonate crusts, bacterial mats, bi-
valve beds, and chemosymbiotically living fauna, were doc-
umented in ~ 1 km scale pockmarks (Coleman et al., 2012;
Rubin-Blum et al., 2014; Basso et al., 2020; Beccari et al.,
2020; Sisma-Ventura et al., 2022).
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Table 1. Location, coordinates, and water depth of the studied cores. Northern Palmahim Disturbance coral site (AG16-20-BC1b), western
Palmahim Disturbance pockmarks (AG16-23-BC2), and Gal-C channel area (AG16-25-BCla).

Station Location Date Latitude  Longitude Water Distance from
N E  depth the Israeli

(m) coastline [km]

AG16-20-BC1 N Palm. Dist. coral site 26 September 2016 32°09.650"  34°23.700/ 690 ~40
AG16-23-BC2 W Palm. Dist. pockmarks 27 September 2016 ~ 32°09.650"  34°10.060 1038 ~ 60
AG16-25-BCla  Gal-C channel area 28 September 2016 32°24.010°  33°39.45(0/ 1310 ~ 100

33°30" 34°00 34°30° 35°00° 35°30°

N

_/\\
B

™~ 0km 50 km
: 31°30"

T T
33°30 34°00° 34°30 35°00 35°30

—

s
T

31°30

Figure 1. Location map of the studied area. The three stud-
ied locations are illustrated: AG16-20-BCl1b, coral area (WAS,
690 m depth); AG16-23-BC2, pockmark area (WA3, 1038 m depth);
AG16-25-BCla, Gal-C channel area (WA2c, 1310 m depth). Map
created and modified from Generic Mapping Tools (GMT 5; Wes-
sel et al., 2013).

3 Material and methods

3.1 Sample preparation

Samples were collected along the Israeli coast during the
EUROFLEETS2 SEMSEEP cruise on board R/V Aegaeo
in September 2016 (Makovsky et al., 2016; our Fig. 1, Ta-
ble 1). A box corer with a sampling area of 30 x 30 cm and
60 cm penetration depth was used to retrieve undisturbed
samples. Several cores were sub-sampled for different pur-
poses (e.g. micropalacontology, sedimentology, geochem-
istry). The sub-cores selected for micropalacontology have
an inner diameter of 9 cm and were sliced on board at 1 cm
resolution.

Sediments are predominantly brownish pelagic clay, of-
ten intercalated with light and/or dark lenses. Surface sed-
iments show slight (AG16-25-BCla) to intense (AG16-23-
BC1) bioturbations (Makowski et al., 2017). In core AG16-
20-BCl1b, collected in the region characterized at present

https://doi.org/10.5194/jm-42-13-2023

by cold-water corals, washed residues also contain elements
from a seep environment, e.g. black and orange tubes, and
gypsum crystals. This environment will therefore be infor-
mally denominated as the “coral-transition core” or “coral-
transition area”.

Samples were studied at 2 cm intervals. Bulk sediments
were air-dried, weighed, and placed in a graded beaker,
where afterward a known volume of water was added; then
the sample volume was estimated. Bulk sediments were
then washed with a 32 um mesh sieve and air-dried, and
the residues were weighed. Grain size analyses were per-
formed by dry sieving the residues using sieves with different
mesh sizes (> 500, 250-500, 125-250, 63-125, 32-63, and
<32 um), and each obtained fraction was weighed.

Stable isotopes analyses on Globigerinoides ruber
(d’Orbigny, 1835) (5-10 specimens) were done on the size
fraction 125-250 um. Stable isotope measurements were car-
ried out at the Stable Isotope Laboratory at UiT (The Arctic
University of Norway). Samples were placed in 4.5 mL vials,
flushed with He and H3PO4, equilibrated for more than 2h
at 50°C, and then analysed on a Gasbench II and MAT253
IRMS for §'80. Results were normalized to VPDB. A stan-
dard deviation of <0.1 %o expresses the long-term instru-
mental accuracy (ThermoScientific).

Specimens for isotope analyses were picked from the size
fraction > 250 ym and cleaned in an ultrasound bath for a
few seconds to remove any possible contaminations. Since
in some samples both benthic and planktonic foraminifera
were rare, the picking interval was extended to include two
to three samples to reach at least 4—12 mg of pure carbonate.

Rock-Eval analyses were performed on sediments us-
ing a standard Rock-Eval 6 (Technologies Vinci, Rueil-
Malmaison, France) at the University of Lausanne. The tech-
nique involves pyrolysis in an inert atmosphere followed by
oxidation, with temperatures of between 200-850 °C. This
methodology was used for determining the total organic car-
bon (TOC in wt %) and carbonate (wt %) content in the stud-
ied samples; its accuracy, evaluated to less than 2.5 wt %, is
extensively described in Behar and Beaumont (2001).

J. Micropalaeontology, 42, 13—29, 2023
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3.2 Pteropoda identification and Heteropoda checklist

3.2.1 Pteropoda

Residue fractions were split into aliquots containing about
300 pteropod shells using a 1/8 Simpson microsplitter with
a slot width of 500 um. Attention was paid to ensuring that
pteropods did not become entangled in the splitter slots. A
total of about 900 specimens was counted in three sediment
fractions (> 250, 125-250, and 63—125 um) to evaluate the
abundance of both juveniles and adult specimens. The re-
sults were referenced to 1 g of sediments. Only whole speci-
mens or fragments with preserved protoconchs were counted
to avoid possible miscounting following, e.g., Wall-Palmer et
al. (2014).

In some cases, the identification of pteropods, especially
of their juvenile stage, was difficult. In particular, the distinc-
tion between the juveniles of Cavolinia gibbosa (d’Orbigny,
1835) and Cavolinia inflexa (Lesueur, 1813) was uncertain.
For this reason, these species were grouped into Cavolinia
spp. Furthermore, due to difficulties in identifying the juve-
nile stages of Creseis acicula (Rang, 1828) and Creseis con-
ica Eschscholtz, 1829, they were lumped together and pre-
sented as Creseis spp. Additional holoplanktonic molluscs
are very rare in the samples, and their ecological significance
is poorly known; therefore only a checklist is given. They
include Clionidarum sp. 1 and Clionidarum sp. 2, species
belonging to the Gymnosomata (as defined by Janssen et al.,
2012), and the Pseudothecosomata Gleba cordata Forsskal
in Niebuhr, 1776 and Pterotracheoidea spp. Species richness
and Shannon index (H') were calculated on log-transformed
data referenced to 1 g of sediment using the software Primer
v7 (Clarke and Gorley, 2015). Pteropod species are listed in
Table 2 and illustrated in Figs. 2-3.

3.2.2 Heteropoda

The best preserved specimens of adults and juveniles het-
eropods were picked from the fractions > 250 and 125-
250 um to compile a checklist of species present in the Lev-
antine Basin (Table 2, Fig. 4). Specimens in the size frac-
tion > 250 um were counted for comparison with pteropods.
Heteropods are generally identified by the size of the shell,
the size of the keel and its ornamentations, and the size,
shape, and ornamentation of the larval stage (Wall-Palmer
et al., 2020). However, the identification of some species
of the genus Atlanta is based on the eye type, radula, and
operculum, elements that are not preserved in the fossil
record. For this reason, although known for 200 years they
have been generally overlooked in palacoceanographic stud-
ies, and, therefore, their ecological preferences are not suffi-
ciently known (e.g. Wall-Palmer et al., 2016).

J. Micropalaeontology, 42, 13-29, 2023
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3.3 Radiocarbon dating

For core AG16-20-BC1b the benthic foraminifer Cibicides
pachyderma (Rzehak, 1886) was selected as it was one of the
most abundant and massive species, whereas for cores AG16-
23-BC2 and AG16-25-BCla the planktonic foraminifera G.
ruber and Trilobatus sacculifer (Brady, 1877) were used. The
required 0.5 to 1 mg of carbon was retrieved from ca. 4-8 mg
of shell (pure calcite). These were placed in the gas bench
vials, flushed with a helium stream, and dissolved in concen-
trated phosphoric acid (85 %) (Molnar et al., 2013). The CO,
was carried to the graphitization line and reduced to graphite
(Nemec et al., 2010). The graphite samples were pressed into
the aluminium cathodes and measured using the dedicated
AMS 4C system (MICADAS) at ETH Zurich (Synal et al.,
2007). The results were calibrated using the OxCal 4.4 online
software (Ramsey, 2021) and the Marine20 calibration curve
(Heaton et al., 2020) with a local reservoir age correction of
AR =-94+94,

4 Results

Thirteen species of pteropods and seven species of het-
eropods are identified in the studied cores (Table 2; Sup-
plement S1). The assemblages are mainly composed of the
species C. acicula, C. conica, H. striata, Limacina trochi-
formis (d’Orbigny, 1835), Heliconoides inflatus (d’Orbigny,
1835), Peracle reticulata (d’Orbigny, 1835), Styliola subula
(Quoy and Gaimard, 1827), and Clio pyramidata (Linnaeus,
1767). Some of these species have an epipelagic life strategy
(Cavolinia spp., C. acicula, C. conica, H. striata, L. trochi-
formis), and some are mesopelagic species (C. pyramidata,
Clio cuspidata, H. inflatus, Limacina bulimoides, P. reticu-
lata, S. subula).

In all samples, Creseis spp. and related protoconchs are
the most abundant species, reaching up to 96 % of the to-
tal number of pteropods collected in the > 63 pm sediment
fraction. However, the two species C. acicula and C. conica
were identified only in the coarser fractions (> 250 and 125—
250 pum).

Pteropod specimens show different states of shell preser-
vation varying between well-preserved transparent shell to
internal moulds. Also, distinct differences in abundance of
these species have been observed with distinctly higher abun-
dances in the fraction > 63 um compared to the > 125 um
fraction (Fig. 5a—k).

Epipelagic species clearly dominate the assemblage in the
> 63 um fraction in the three cores (Table 2) reaching, re-
spectively, 96 % in core AG16-20-BC1b (Fig. 5Ab), 82 % in
core AG16-23-BC2 (Fig. 5Bb), and 86 % in core AG16-25-
BCla (Fig. 5Cb). The most common epipelagic species in
the three cores are Creseis spp. and L. trochiformis. In the
> 125 pum fraction, the relative abundance of the mesopelagic
species increases significantly up to 77 % of the assemblage
in core AG16-20-BC1b (up to 37 % in the > 63 um fraction),

https://doi.org/10.5194/jm-42-13-2023
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Figure 2. Pteropoda from the Levantine Basin (offshore of Israel). (1)—~(5) Limacina trochiformis (d’Orbigny, 1835), from juvenile to adult
specimen; (6)—(10) Limacina bulimoides (d’Orbigny, 1835), from juvenile to adult specimen; (11)—(12) Heliconoides inflatus (d’Orbigny,
1835), adult specimens, (11) spiral view, (12) aperture view; (13) Creseis conica (Eschscholtz, 1829); (14) Creseis acicula (Rang, 1828);
(15)—(16) Cavolinia gibbosa (d’Orbigny, 1835), adult specimens, (15) side view, (16) ventral view; (17)—(18) Cavolinia inflexa, adult speci-
mens, (17) side view and (18) dorsal view; (19)—-(20) Cavolinia spp. protoconch, (19) side view and 20 dorsal view.

63 % in core AG16-23-BC2 (up to 33 % in the > 63 um frac-
tion), and 75 % in core AG16-25-BCla (up to 45 % in the
> 63 um fraction). The most common mesopelagic species
in the cores are H. inflatus, L. bulimoides, and S. subula.
Seven heteropod species are recognized in the fraction
> 250 um, as reported in Table 2, but they mostly consist
of juvenile specimens. Since the morphology of the shell is
not sufficient to identify all specimens at species level, only
the following species of heteropods were identified: Atlanta
helicinoidea (Gray, 1850), Atlanta selvagensis (de Vera and

https://doi.org/10.5194/jm-42-13-2023

Seapy, 2006), Protatlanta souleyeti (Smith, 1888), Atlanta
rosea (Gray, 1850), Oxygyrus inflatus (Benson, 1835), At-
lanta turriculata (d’Orbigny, 1835), and Firoloida desmares-
tia (Lesueur, 1817).

4.1 Core results

4.1.1 Coral-transition area (core AG16-20-BC1b)

In core AG16-20-BCl1b, 12 pteropod species were identi-
fied, ranging from 49 to 600 individuals g~! (indg~!) in the

J. Micropalaeontology, 42, 13—29, 2023
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Figure 3. Pteropoda from the Levantine Basin (offshore of Israel). (1) Diacria trispinosa (de Blainville, 1821) protoconch; (2)—(3) Clio
cuspidata (Bosc, 1801), (2) adult specimen, (3) protoconch; (4)—(5) Clio pyramidata (Linnaeus, 1767), (4) adult specimen, (5) protoconch;
(6)—(7) Styliola subula (Quoy and Gaimard, 1827), (6) adult specimen, (7) protoconch; (8) Peracle reticulata (d’Orbigny, 1835); (9) Hyalo-
cylis striata (Rang, 1828); (10) Clionidarum sp. 2; (11) Clionidarum sp. 1; (12) Gleba cordata (Niebuhr, 1776); (13) Pterotrachea sp.

> 63 um fraction with maximum abundance in the lower part
of the core at 28-29 cm depth (Fig. 5Ad). The most abundant
taxon is Creseis spp., reaching up to 96 % of the assemblage
in the lower part of the core (Fig. 5SAe). Also abundant is H.
inflatus, reaching up to 35 % of the assemblage. Heliconoides
inflatus does not occur in the middle part of the core and at
12-13 cm depth in the grain size fraction > 250 um, although
it occurs only in the finer size fractions. Rarer and mainly
present in the upper part of the core are L. bulimoides (up to
14 %), L. trochiformis (up to 6 %), and S. subula (up to 5 %)

J. Micropalaeontology, 42, 13—29, 2023

The Shannon index varies along the core with a maximum
value occurring at 8-9 cm (H' = 1.5; Fig. 5Ac).

Pteropod abundances range from 6 to 63ind g™ in the
> 125 um fraction (Fig. 5Ah). The most common species are
Creseis spp. and H. inflatus in the > 63 um fraction with Cre-
seis spp. decreasing down to 62 % and H. inflatus increas-
ing up to 72 % (Fig. 5ALi, j). Remarkable relative abundance
values of S. subula occur in the upper part of this core (up
to 18 %). The species occurring in the > 63 pm fraction are
present in considerable numbers also in the 125 um frac-

-1
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Figure 4. Heteropoda from the Levantine Basin (offshore of Israel). (1)-(4) Atlanta selvagensis (de Vera and Seapy, 2006), (1)—(2) juvenile
specimens, (1) aperture view, (2) spiral view; (3)—(4) adult specimens, (3) aperture view, (4) spiral view; (5)—(6) Atlanta helicinoidea (Gray,
1850), (5) aperture view, (6) spiral view; (7)—(10) Protatlanta souleyeti (Smith, 1888), (7)—(8) juvenile specimens, (7) aperture view, (8) spiral
view; (9)—(10) adult specimens, (9) aperture view, (10) spiral view; (11)—(12) Atlanta rosea (Gray, 1850), (11) aperture view, (12) spiral
view; (13)—(16) Atlanta turriculata (d’Orbigny, 1835), (13)—(14) juvenile specimens, (13) aperture view, (14) spiral view, (15)—(16) adult
specimens, (15) aperture view, (16) spiral view; (17)—(18) Oxygyrus inflatus (Benson, 1835), (17) aperture view, (18) spiral view; (19)—
(20) Firoloida desmarestia (Lesueur, 1817), (19) aperture view, (20) spiral view.

tion. In particular, the relative abundance of L. bulimoides
increases up to 22 % and L. trochiformis up to 16 %. Few
specimens of D. trispinosa are present at 18—19 cm, compris-
ing up to 4 %, and C. pyramidata at 67 cm comprises up to
4 % of the assemblage.

In the > 250 pm fraction the pteropods and heteropods fol-
low a similar distribution pattern downcore to a depth of
23 cm, with heteropods always being less abundant than the
pteropods (Fig. SAk).

The sediments consist of mud, the sand fraction compris-
ing less than 5 % of the total sediment weight (Fig. 6a). Small
fragments of carbonate crusts or large pteropod or heteropod

https://doi.org/10.5194/jm-42-13-2023

shells are not observed in this core. The §'80 ranges from
—0.22 %o to —0.52 %o at the top and base of the core, respec-
tively, with a maximum negative value of —1.28 %o at 20—
21 cm. The TOC wt % values vary from 0.34 to 1.15, with the
highest value of 1.15 wt % occurring at 26-27 cm (Fig. 6a).
Carbonate content varies from 7.8 wt% to 21.8 wt % with
higher values occurring from around 18 cm and continuing
downcore (Fig. 6a).

Radiocarbon dating gives an age of 1122-680cal BP
for the upper part of the core, 2820 to 2317cal BP
(1430 =20 BP, 2876 + 21 BP) for the middle part, and 3542

J. Micropalaeontology, 42, 13—29, 2023



20 V. Beccari et al.: Late Holocene pteropod distribution

(A) Coral-transition area - core AG16-20-BC1b, 690 m water depth, distance from coastline ~40 km
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(C) Gal-C channel area - core AG16-25-BC01, 1310 m water depth, distance from coastline ~100 km
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Figure 5. Stable isotopes, dating, and quantitative analyses of pteropods (b—f for the > 63 pm and g—j for the > 125 pm size fraction) for the
following cores: (A) coral-transition area (core AG16-20-BC1b), (B) pockmark area (core AG16-23-BC2), and (C) Gal-C channel area (core
AG16-25-BCla). (a) §180 values and radiocarbon dating (14C) shown for each core. (b, g) % epipelagic (dark grey) vs. % mesopelagic (light
grey) species; (c) species richness (solid black line) and Shannon diversity (H’, solid light grey line), calculated on the total fraction > 63 pm.
(d, h) Pteropod abundance per gram of sediment; (e, i) Limacinioidea: percentage of H. inflatus (solid line), L. bulimoides (grey solid line),
and L. trochiformis (dashed line). (f, j) Creseidae: percentage of C. conica (widely spaced dashed line), C. acicula (closely spaced line),
and unidentified protoconchs of Creseis spp. (solid line). (k) Numerical abundance per gram of pteropods vs. heteropods in the > 250 um
fraction.
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Table 2. Minimum and maximum abundances of pteropods and heteropods for each sample in the investigated cores. The number of
pteropods per gram of sediment is reported in Supplement S1. X: presence of species or genera that have not been counted.

Species AG16-20-BClb  AG16-23-BC2  AG16-25-BCO1
no. per sample  no. per sample no. per sample
(min-max) (min—max) (min—max)

Pteropoda, Euthecosomata

Heliconoides inflatus (d’Orbigny, 1835) Mesopelagic 77-2313 96-1216 230-7173
Limacina bulimoides (d’Orbigny, 1835) Mesopelagic 1-1345 126-1239 370-2800
Limacina trochiformis (d’Orbigny, 1835) Epipelagic 0-135 59-683 185-2667
Creseis acicula (Rang, 1828) Epipelagic 8-593 139-915 89-2130
Creseis conica (Eschscholtz, 1829) Epipelagic 65-2476 63-1088 320-3144
Creseis spp. Epipelagic 801-8596 571-4172 1832-19704
Styliola subula (Quoy and Gaimard, 1827) Mesopelagic 9-158 12-114 0-3431
Cavolinia gibbosa (d’Orbigny, 1835) Epipelagic

Cavolinia inflexa (Lesueur, 1813) Epipelagic

Cavolinia spp. Epipelagic 0-150 0-23 2-35
Diacria trispinosa (de Blainville, 1821) Mesopelagic 0-67 0-8 0-8
Clio pyramidata (Linnaeus, 1767) Mesopelagic 042 16-336 8-113
Clio cuspidata (Bosc, 1801) Mesopelagic 0-12 0-8 0-12
Hyalocylis striata (Rang, 1828) Epipelagic 0-12 0-1
Peracle reticulata (d’Orbigny, 1835) Mesopelagic 0-1 0-46
Gymnosomata

Clionidarum sp. 1 X X X
Clionidarum sp. 2 X
Gleba cordata X X X
Pterotrachea sp. X X X
Heteropoda

Atlanta selvagensis (de Vera and Seapy, 2006) X X X
Atlanta rosea Gray, 1850 X X X
Atlanta helicinoidea (Gray, 1850) X
Atlanta turriculata d’Orbigny, 1835 X X X
Oxygyrus inflatus Benson, 1835 X X X
Firoloida desmarestia Lesueur, 1817 X X X
Protatlanta souleyeti (Smith, 1888) X X X

to 3024 cal BP (3470 + 21 BP) for its lower part (Fig. 5A; Ta- of the assemblage composition (Fig. 5Bj). H. inflatus com-
ble 3). prises up to 35 %, L. bulimoides up to 18 %, L. trochiformis
up to 23 %, S. subula up to 11 %, and C. pyramidata up to
14 % (Fig. 5Bi). In the > 250 um fraction, pteropods and het-
4.1.2  Pockmark area (core AG16-23-BC2) eropods follow the same distribution pattern along the whole
core, although pteropods are more abundant (Fig. 5Bk).
Sand content in this core is below 13 % (Fig. 6b). Small
fragments of carbonate crusts and shrimp claws are present
only in the lower part of this core. The §'30 ranges from
—0.44 %o to 1.02 %o at the top and base of the core, respec-
tively, with a more positive value of 2.04 %o at 26-27 cm. The

In core AG16-23-BC2, 13 pteropod species are identified,
ranging from 134 to 655indg™! in the > 63 um fraction
(Fig. 5Bd). Creseis spp. is the most common taxon, reach-
ing up to 79 % of the assemblage (Fig. 5Bf). H. inflatus is
also abundant, reaching up to 16 % of the assemblage, co-
occurring with L. bulimoides (up to 15 %), L. trochiformis . . .
(up to 7%0), S. subula (up to 4 %I;, and C. pyramidata (4 %) highest sand percentage is ~ 13 % at 34-35 cm (Fig. 6). Car-

(Fig. SBe). The Shannon index reaches the maximum value bonate content is below 20 % at the core top increasing to-
at 12-13cm (H' = 1.7; Fig. 5Bc) wards the core bottom (Fig. 6b). Total organic carbon con-

tent varies from 0.24 % to 0.61 %, being the highest at the

In the > 125 um fraction, pteropods range in abundance core top (Fig. 6b).

from 33 to 13ind g~! (Fig. 5Bh). The most common species
are Creseis spp., reaching a relative abundance of up to 52 %
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Figure 6. Sand content in the > 63 um fraction, total organic carbon (TOC %), and carbonates (%) in the three studied areas: the (a) coral-
transition area, the (b) pockmark area, and the (¢) Gal-C channel area.

The age, based on planktonic foraminifera, is between
1347-917 and 4836-4293 cal BP (1654 + 23 BP at 0-5 cm;
2633 +£24BP at 6-9cm; 3694 +24BP at 27cm; and
4473 4+ 25 BP at 37 cm) (Fig. 5B).

4.1.3 Gal-C channel area (core AG16-25-BC1a)

In core AG16-25-BCla, 13 pteropod species range from 368
to 1618 ind g~ ! in the > 63 um fraction (Fig. 5Cd). The most
abundant genus is Creseis spp., reaching up to 82 % of the
assemblage. The number of Creseis spp. slightly decreases
upcore (Fig. 5Cf), and H. inflatus increases upward, reach-
ing a maximum of 28 % at the core top (Fig. 5Ce). Other
species are less abundant such as L. bulimoides (up to 12 %),
L. trochiformis (up to 13 %), and S. subula (up to 10 %). The
Shannon index reaches the maximum value at the surface
(H' = 1.8; Fig. 5Cc).

Pteropod abundances range from 12 to 589indg™" in the
> 125 pum fraction (Fig. 5Ch). The most common species in-
clude H. inflatus, which reaches abundances of up to 41 %;
Limacina bulimoides reaches abundances of up to 34 %, L.
trochiformis of up to 24 %, and Creseis spp. of up to 37 %
(Figs. 5Ci, Cj). Significant relative abundances of S. subula
(up to 21 %) are observed from the top of this core down to
25cm. A few specimens of C. pyramidata are also present
comprising up to 5 % of the total assemblage. Adult speci-
mens of heteropods co-occurring with juveniles are observed
only in this core, in particular the species A. selvagensis
(Fig. 5Ck).

In the > 250 um fraction, the number of pteropods and het-
eropods is similar in the lower part of the core down to 26—
27 cm, whereas pteropods are more abundant upward, but the
two curves follow the same trend (Fig. 5Ck).

Fine sandy sediments (up to 8 % at 0—1 cm) characterize
the core top (Fig. 6¢). This higher abundance of the sandy
fraction is due to the presence of large pteropods and het-

-1
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eropods. Below 0—1 cm, the sand content varies between 3 %
and 4 %.

The §'30 ranges from —0.73 %o to —0.52%o at the top
and base of the core, respectively, with a maximum negative
value of —1.37 %o at 67 cm.

The TOC wt % content is low, varying between 0.20 % and
0.51 % throughout the core (Fig. 6¢). Carbonate wt. % con-
tent varies from 21 to a maximum value of 33 % at 8-9cm
depth in the core (Fig. 6¢). This core represents the longest
time record among the three studied cores with a basal age
of 5296 + 26 BP at 35 cm depth (Fig. 5C, Table 3).

5 Discussion

Sand and carbonate percentage abundances displaying a sim-
ilar trend in the three cores roughly reflect the depositional
environments (Fig. 6). In particular, the highest sand and car-
bonate content is observed in the pockmark area, where it
decreases in abundance from the bottom to the top of core
AG16-23-BC2 due to the presence of seep-related carbonate
crusts and shrimp claws in addition to the pelagic carbonate.
These elements are missing or very rare in the Gal-C channel
and in the coral area, where the carbonate content is mostly
due to abundant pteropods and heteropods.

Pteropod shells have a high sinking velocity due to their
mass, and their deposition occurs just below the organism’s
living habitats (Vinogradov, 1961), showing a clear similarity
between living and dead assemblages in surface sediments
(e.g. Almogi-Labin, 1984; Weikert, 1987). Of the 17 species
described for the eastern Mediterranean Sea (Janssen, 2012),
13 are observed in this study. Diversity and specimen abun-
dances in both the > 63 and > 125 um fractions is generally
lower in the shallowest coral-transition area (690 m water
depth and around 40 km distance from the coast) than in the
deepest Gal-C channel area (1310 m water depth and around
100 km from the coast; Fig. SAc, Bc). A similar increase in
pteropod abundances with increasing water depth has been
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Table 3. Radiocarbon AMS14C of benthic (Bf; Cibicidoides pachyderma) and planktonic (Pf; Globigerinoides ruber and Trilobatus sac-
culifer) foraminifera obtained from cores AG16-20-BC1b, AG16-23-BC2, and AG16-25-BCla. The three cores were dated independently:
one was dated with benthic foraminifera and two were dated with planktonic foraminifera in the absence of sufficient benthic specimens
for dating in all the three cores. The ages of benthic and planktonic foraminifera that were selected from the top layers of cores AG16-20-
BC1b (2-7 cm; benthic foraminifera) and AG16-23-BC2 (0-5 cm; planktonic foraminifera) appear to be close (ca. 200 l4c years difference).
The benthic age is even younger, pointing to variability in the reservoir age of the mixed layer. The location of the sampling sites (close
to the shore) might be the reason for such close reservoir ages between benthic and planktonic foraminifera. More details are reported in

Supplement S1.

Core Core depth  Material Sample ID e age lo error

(cm) (yrBP) (£ years)
AG16-20-BC1b 2-7 Bf, Cibicidoides pachyderma ETH-115056 1430 20
AG16-20-BC1b 14-15 Bf, Cibicidoides pachyderma  ETH-115057 2876 20
AG16-20-BC1b 22-25 Bf, Cibicidoides pachyderma  ETH-115058 3470 21
AG16-23-BC2 0-5 Pf, G. ruber and T.sacculifer =~ ETH-117606 1654 23
AG16-23-BC2 6-9 Pf, G. ruber and T.sacculifer =~ ETH-117607 2633 24
AG16-23-BC2 26-27 Pf, G. ruber and T.sacculifer ~ ETH-117608 3272 24
AG16-23-BC2 28-29 Pf, G. ruber and T.sacculifer =~ ETH-117609 3694 24
AG16-23-BC2 36-37 Pf, G. ruber and T.sacculifer =~ ETH-117610 4473 25
AG16-25-BCla 4-5 Pf, G. ruber and T.sacculifer =~ ETH-117611 1299 23
AG16-25-BCla 20-21 Pf, G. ruber and T.sacculifer ~ ETH-117612 3427 24
=AG16-25-BCla  34-35 Pf, G. ruber and T.sacculifer =~ ETH-117613 5296 26

reported also by Cita and Zocchi (1978) and Hyams-Kaphzan
et al. (2018). This suggests a different level of oceanographic
interaction between the shelf and the continental slope, in
agreement with the observations of Alkalay et al. (2020).

The best preservation of specimens observed in the deep-
est Gal-C channel area supports the idea that the eastern
Mediterranean and the Red Sea act as a carbonate trap in the
absence of an aragonite compensation depth (ACD) in water
depths shallower than 3000 m (Berger, 1979).

In our study, we also report the presence of abundant pro-
toconchs that cannot be identified at species level, although
they are not strongly corroded. In particular, Cavolinia spp.
protoconchs still present the very delicate thin narrow and
parallel striations, which characterize them through their
embryonic parts (Janssen et al., 2012), as also described
by Almogi-Labin and Reiss (1977) for specimens collected
in the Red Sea and the Gulf of Aqaba. Rare protoconchs
of Diacria trispinosa (de Blainville, 1821) also occur in the
studied areas as previously documented by Almogi-Labin
and Reiss (1977). Their presence indicates that environmen-
tal conditions support the reproduction of these pteropod
species.

5.1 Autoecology of pteropods and palaeoenvironmental
interpretation

Planktonic gastropods, in particular pteropods, have been
widely used for palaeoclimatic and palaeoceanographic re-
constructions. They are very sensitive to the temperature and
salinity of the water masses, which act as effective barriers

https://doi.org/10.5194/jm-42-13-2023

to the pteropod populations (e.g. Biekart, 1989; Thiede and
Junger, 1992).

The observed Heliconoides inflatus is a mesopelagic, sub-
tropical species living at a depth ranging from 200 to 1000 m,
water temperatures of between 14 and 28 °C (Violanti et
al., 1991; Grecchi, 1984; Van der Spoel, 1967), and salin-
ity oscillations of between 36 %o—41 %o in the Gulf of Aqaba
(Bé and Gilmer, 1977; Almogi-Labin, 1982; Almogi-Labin,
1984). The epipelagic species L. trochiformis is considered to
be a tropical species preferring water temperatures between
13.8-28°C and salinities similar to H. inflatus (Almogi-
Labin, 1982).

The genera Creseis and H. inflatus, observed as abun-
dant in this study, have been argued by Almogi-Labin and
Reiss (1977) and Violanti et al. (1991) to be dominant in
the eastern Mediterranean Sea and present since the end of
the last glaciation (Blanc-Vernet et al., 1969; Grecchi, 1984).
Recent studies demonstrate that the mesopelagic H. infla-
tus and the epipelagic Creseis spp. are highly depth sensitive
(e.g. Singh et al., 2001). Grecchi and Bertolotti (1988) point
out that G. cordata (Pseudothecosomata), Clionidarum spp.,
and heteropods typically prefer warm waters. Wall Palmer
et al. (2004) report that the heteropods A. rosea and A. sel-
vagensis are typically found in tropical and subtropical water
masses of the Atlantic Ocean.

Our results are consistent with the suggestion of
Biekart (1989) that the easternmost part of the Levantine
Basin acts as a refugium for warm-water pteropod species.
Cavolinia is a warm-water genus, living between 0-250 m
water depth, which has been documented as rare in the Lev-
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antine Basin (B¢ and Gilmer, 1977; Herman, 1981; Violanti
etal., 1991; Janssen, 2012, and references therein). The geo-
graphical distribution of the C.. gibbosa d’Orbigny 1835 sub-
species gibbosa in the Levantine Sea has been used to suggest
that this species could be a Tethyan relict, which survived
the glacial cycles in this region (Rampal, 1980; Corselli and
Grecchi, 1987; Biekart, 1989).

Therefore, the primary pteropod assemblages observed
across the base of the south-eastern Mediterranean margin
reflect a subtropical to temperate environment as also in-
dicated by the §'30 values that are typical of the eastern
Mediterranean region (Fig. 5Aa, and Ba; e.g. Hennekam
et al.,, 2015; Mojathid et al., 2015). The only exceptions
are the 8'30 values measured from the specimens in the
pockmark area (Fig. 5Ba). However, the isotopic signature
of foraminiferal shell from these sediments might be af-
fected by diagenesis due to biogeochemical processes re-
sulting from methane emissions. As previously demonstrated
by Dessandier et al. (2020), discrete authigenic calcite over-
growth on foraminifera altered their §'80 signature, corrob-
orating the presence of seep-related features throughout the
pockmark core.

The upper water masses of the Levantine Basin are char-
acterized by strong light penetration, resulting in a conspicu-
ous vertical migration of pteropods (Herut et al., 2000). The
high relative abundance of epipelagic pteropod species ob-
served in this study (Figs. 5Ab, Ag, Bb, Bg, Cb, Cg) across
the base of the south-eastern Mediterranean margin is consis-
tent with Almogi-Labin and Reiss (1977), who described C.
conica and C. acicula as being the most abundant species in
the fraction > 63 um along the Israeli coast. The high dom-
inance of these species and of H. inflatus may result from
their affinity for deep light penetration and a high tolerance to
low-productivity environments (Stubbing, 1938) and, in the
case of Creseis spp., also their ability to live in very shallow-
water habitats as found off Nosy Be, Madagascar (Herman
and Rosenberg, 1969; Frontier, 1973). A similar ratio be-
tween epipelagic vs. mesopelagic species in the sediments
of the Red Sea has been suggested to be a possible indica-
tion of the large degree of oxygen deficiency in the oxygen
minimum zone (Almogi-Labin et al., 1991, 1998; Singh et
al., 2001). A well-developed oxygen minimum zone would
restrict the ability of mesopelagic species to survive, promot-
ing the dominance of the epipelagic species (Almogi-Labin
et al., 1991, 2008). In the investigated samples the ratio of
mesopelagic vs. epipelagic species is fairly constant over-
all (Fig. 5Ac, Bc, Cc), possibly indicating apparent constant
palaeoceanographic conditions in the three areas.

The different reproduction strategy of H. inflatus with re-
spect to Creseis may explain the observed low abundance
of the former in the > 63 um fraction even when it is abun-
dant in the > 125 pm fraction. Heliconoides inflatus retains
the embryos within its mantle until they reach a size of 66—
68 um, and then it releases the free-swimming veliger lar-
vae into the sea (Lalli and Wells, 1973), increasing their
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probability of survival. Frontier (1973) suggests that this
species is abundant in pelagic environments far from the
coast, and this may explain its low present abundances
around 40 m from the coastline and higher abundances in
the Gal-C channel around 100km from the coast. How-
ever, the prominently high abundance of H. inflatus in the
coral-transition area, which is the closest to the coast, be-
tween 2800 and 3400 BP, in both size fractions (> 63 and
> 125 um), suggests that the oceanic conditions were dif-
ferent off the margin at that time. The mesopelagic H. in-
flatus and the epipelagic L. trochiformis and C. acicula are
regarded as typical upwelling species (Thiede and Jiinger,
2019). Upwelling regions are characterized by an oxygen-
deficient seafloor resulting from the decay of organic matter
(Stein, 1990). Coastal upwelling areas are also characterized
by terrigenous detrital fluxes of terrestrial origin (Sarnthein
et al., 1982). A recent investigation on modern particulate
organic carbon fluxes in the Levantine Basin has demon-
strated that today particulate organic matter may arrive at the
seafloor by vertical sinking but more frequently by lateral
transport due to the impact of terrestrial or shelf processes
(Alkalay et al., 2020). High TOC content in the coral area
(Fig. 6) coupled with a high abundance of the mesopelagic
and upwelling species H. inflatus and other Limacinidae be-
tween 2800 and 3400 BP (Supplement S1) may suggest a
local and coastal upwelling episode at that time or alter-
natively that the hydrographic conditions varied in narrow,
coast-parallel zones, and hence they may rather reflect varia-
tions in Nile discharge.

5.2 Importance of the investigated size fraction

It is well known that the choice of net and sieve mesh sizes
is an important aspect in field sampling and laboratory pro-
cedures, respectively (e.g. Wells, 1973). Studies from the
Mediterranean Sea (Thiriot-Quievreux, 1968) and the South
Atlantic Ocean (Boltovsky, 1971) report that the use of large
size nets could underestimate the real numbers of living H.
inflatus and Creseis virgula in the water masses. The over-
looking of a large part of the living pteropod population can
result in a wrong interpretation of the seasonal data (Wells,
1973). In our results, the significant differences between the
ratio of epipelagic vs. mesopelagic species in the size frac-
tions > 63 and > 125 um (Fig. 5) indicate that the exclusive
use of the largest > 125 um fraction in pteropod analyses is
a severe bias that could cause potential misinterpretations.
These may include, for example, underestimation of ptero-
pod relative abundance and species distribution.

In particular, epipelagic species of the genus Creseis have
an acicular and conical and very fragile elongate shell, sus-
ceptible to fragmentation. They are mainly present as thin
protoconchs <125 pum, and as such they could be underes-
timated in comparison to the mesopelagic, larger, and more
robust H. inflatus (Fig. 5Ae, Af, Be, Bf, Ce, Cf).
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Moreover, the relevant numerical abundance of Cre-
seis spp. indicates the importance of studying the > 63 um
size fraction (Figs. SAf; Bf, Cf; Table 2). Our observed dif-
ferences in abundance between the > 125 and the > 63 um
fractions of Creseis spp. are up to 53 % in the coral-transition
area, 52 % in the pockmark area, and 63 % in the Gal-C chan-
nel area (Fig. 5).

6 Conclusions

Here, we have described the pteropods and heteropods
(Figs. 4-6) from three sampling locations across the south-
eastern Mediterranean continental margin off southern Israel
(the coral, pockmark, and Gal-C channel sites) represent-
ing different habitats over the past 5800-5300 cal BP. Several
differences have been observed in the holoplanktonic ptero-
pod numbers, generally increasing with water depth and dis-
tance from the coast and probably reflecting changing levels
of interaction with the margin. The primary abundant species
observed are consistent with those previously found in the
eastern Mediterranean Sea and are associated with temper-
ate to subtropical environments. The observed presence of
tropical species may support the suggestion that the eastern
Mediterranean constitutes a refugium for these species.

The absence of aragonite dissolution in near-bottom wa-
ters in the eastern Mediterranean Sea provides an excep-
tional opportunity to study the evolution of pteropod assem-
blages in relation to oceanographic and climatic changes.
The relation between Creseis spp. and H. inflatus is generally
constant through the sedimentary record without substantial
changes in the total pteropod assemblage composition. This
may suggest stable conditions of water masses during the
late Holocene. However, between 2800 and 3400 BP a lo-
cal and coastal upwelling episode may have occurred in the
coral area or alternatively the hydrographic conditions varied
along narrow, coast-parallel zones, possibly reflecting varia-
tions in Nile discharge.

This study highlights the importance of including the
smallest fraction (63—125 pum) in studies of pteropod assem-
blages. Most of the protoconchs of Creseis spp. were found
in this small size fraction down to a water depth of ~ 1300 m,
substantially adding important quantitative and qualitative
information and therefore improving the environmental in-
terpretation.

Data availability. All data mentioned in the paper are provided as
a Supplement (S1 and S2).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/jm-42-13-2023-supplement.
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