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Abstract: Studies of the spatial distribution and size of modern planktonic foraminifera are still
lacking in the Mediterranean Sea. In this study, 17 core-top sediments collected from a north-south
transect along the central Mediterranean have been analyzed for planktonic foraminiferal content, in
terms of their distributional pattern and intraspecific size variability. Among the analyzed planktonic
foraminiferal species, Globigerina bulloides and Globigerinoides ruber (w) were the most abundant,
presenting an antagonistic behavior and an overall decreasing trend in their average size values from
Adriatic to Ionian sub-basins. Intraspecific differences have been also documented for G. ruber (w),
with the dominant sensu stricto morphotype to present generally higher frequencies and more
constant shell sizes than sensu lato. The greater size variability of the latter is possibly related to its
adaptation in particular hydrographic conditions based on its depth habitat preference and ecological
characteristics to reach the (sub)optimum growth conditions. The rest of the species occur in minor
percentages and show on average 11% increase with decreasing latitude characterized by distinct
species-specific size variations along the transect. Our results show that the relationship between
planktonic foraminifera shell size and abundance or sea surface temperature are either absent or
weaker than previously reported for other regions and that in central Mediterranean assemblages’
size may be mainly related to nutrient availability. Besides the environmental parameters (sea surface
temperature, primary productivity, water depth, stratification), the possible hidden cryptic diversity,
still lingers to be consistently determined, could give a better understanding of the geographic and
morphological differentiation within the Mediterranean planktonic populations.

Keywords: planktonic foraminiferal biogeography; surface sediments; morphometrics; shell size;
environmental biomonitoring; ecological optimum conditions; primary productivity; depth habitat
preference; cryptic speciation; central Mediterranean hydrodynamics

1. Introduction

Foraminifera are one of the most abundant and diverse heterotrophic protists in the
oceans consisting of a major group of calcareous marine microplankton [1]. Due to their
great abundance and their good fossilization potential, foraminifera are commonly used
for bio-ecostratigraphic [2-7], paleoceanographic/paleoclimatic [8-19], and /or paleobio-
geographic [20-24] studies. Particularly, planktonic foraminifera are the most frequently
applied microfossil group in this manner because they have an excellent fossil record
with global distribution, high abundance in sedimentary archives, and further present an
enhanced sensitivity to varying sea surface conditions [25,26]. The geographic ranges and
abundance of these organisms can also provide valuable quantitative and qualitative proxy
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data through the estimation of several paleoceanographic and paleoclimatic indices for
reconstructing paleoenvironments [27-29]. Both their abundance and shape-size-related
changes are strongly related to surface ocean physico-chemical properties, most notably
temperature, but also nutrient and oxygen availability, water column stratification, salin-
ity, turbidity, and carbonate saturation [8,25,30-38]. Elucidation of the factors governing
their distribution, and processes involved in their ontogenetic development are therefore
essential for reconstructing paleoceanographic conditions.

Compared to the large body of knowledge on the taxonomy, physiology, and ecology
of planktonic foraminiferal species, their spatial distribution and size response to hydrocli-
mate remains poorly studied, especially for the oceanic sub-basins and/or marginal seas,
which are often more responsive to paleoceanographic and paleoclimatic changes than
global oceans. Moreover, as a significant constituent of microzooplankton, they are key
components of pelagic food webs and the main predators of phytoplankton in (sub)tropical
oligotrophic waters regulating thus the carbon flux in such environments [39-43]. Although
at a global scale, their abundance follows the overall pattern of primary productivity
(PP; [44]), at a regional scale this relationship is weaker possibly due to the omnivorous diet
of the planktonic foraminifera in the marine food web, and phase shifts in the production
of phytoplankton and zooplankton [1]. Species abundance varies with season, water mass,
and water depth [36]. Both the highest horizontal and vertical separation of species are
recorded from temperate to subtropical waters, owing to a wider diversity of meso-scale
local hydrographic features and biotic variables, which make their distribution patchy on
temporal and spatial scales [45,46].

Based on the species-specific ecological tolerance limits of modern planktonic
foraminifera [1,47], the potential reduction in abundance is related to their departure
from optimum conditions [48], and the subsequent size-related and/or weight-related
changes on the planktonic fauna [49], since planktonic foraminifera must compensate for
their greater shell weight to maintain buoyancy [50]. Changes in size can be attributed
to different processes (volume or surface area dependent) linked to the ecology of each
species [51-53]. Particularly, isometric features increase with the cube of linear dimensions,
while surface area-related features increase merely with the square of linear dimensions.
Consequently, surface area-dependent processes, such as feeding, respiration, and skeletal
support of foraminifera have to keep up with volume and weight changes.

The main goal of this study is to evaluate and further quantify the spatial and size-
related distribution of modern planktonic foraminifera from the central Mediterranean
Sea. In our attempt to better understand the paleoecological and paleobiogeographical
significance of size variability in planktonic foraminiferal fauna of Adriatic and Ionian
basins, the relative importance of environmental factors controlling rates, magnitudes,
spatial scale, and biotic change are also examined. This allows for the establishment of a
detailed reference record for the central Mediterranean in terms of planktonic foraminiferal
ecosystem functioning (including species composition, diversity, and size variability),
providing, on the one hand, a solid eco-morphological microplankton response to environ-
mental conditions for the study area, and facilitating, on the other hand, paleoceanographic
correlations at a local (e.g., eastern Mediterranean—Aegean and Levantine basins; [24])
and a global, e.g., [37], scale.
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2. Study Area
2.1. Regional Oceanographic Setting

The Mediterranean Sea is a land-locked Sea characterized by an anti-estuarine cir-
culation pattern which is forced by negative hydrological balance and density gradient
compared to the open Atlantic Ocean [54]. Particularly, the central Mediterranean basin
consists of the Adriatic and Ionian Seas (Figure 1), which are characterized by complex
geomorphology and oceanography, as well as different productivity regimes. The Adriatic
Sea is a small semi-enclosed shelf area connected to the eastern Mediterranean through the
Otranto Strait. According to its topography, it presents strong bathymetric contrasts from
north to south with its northernmost part being the shallowest (~50 m), the middle Adriatic
deeper (~270 m) and the southern Adriatic the deepest (up to 1250 m) [55]. The same exists
for the Ionian Sea, which constitutes distinct sub-basins with different bathymetric and
hydrological characteristics. For instance, the Salerno area is characterized by a broad
continental shelf with rocky bottoms, the Calabrian sector by numerous narrow submarine
canyons [56], while the central Ionian by the homonymous abyssal plain. Overall, the
Ionian Sea is affected by the inflow of water from the Levantine, Aegean, Adriatic and
western Mediterranean basins and therefore different water masses propagate into the
Ionian Sea and mixing between them can occur. The general hydrographic conditions
determine substantial differences in temperature and salinity values within the study area
and the large-scale circulation pattern undergoes seasonal changes resulting in diverse
physical, biogeochemical, and ecological conditions [57,58].
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Figure 1. Bathymetric map of the central Mediterranean depicting the sampling locations in the
Adriatic and Ionian sub-basins along with the upper ocean current system in the study area.
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2.2. Water Masses and Circulation

The Ionian Sea is affected by the inflow of diverse water masses from the Levantine,
Aegean, Adriatic, and western Mediterranean. At the entrance of the Sicily Strait, inflowing
surface waters occupying the upper 200 m (Modified Atlantic Water; MAW) flow eastward
along the north African coast and separate into two branches: one turns northward along
the Sicilian coast into a broad anticyclonic pattern, while the other continues in an easterly
direction along the African coast with increasing salinity, following a large-scale counter-
clockwise pathway [59,60] (Figure 1). The northern branch, called the Atlantic Ionian
Stream (AIS; [61]), is complicated by quasi-permanent mesoscale gyres and their spatial
variable in terms of shape, position and strength lobes, meanders and transient eddies
contributing to the MAW transport into the eastern Mediterranean off the southern coast
of Sicily [59,62]. Such meso-scale eddies are often very efficient in transferring particles
and passive tracers vertically or horizontally, contributing in this way to the propagation
and mixing of water masses. The eastern-most MAW, termed Atlantic Tunisian Current
(ATC; [63]), shows a marked path in winter when it cools and undergoes a severe salt
enrichment forming the Levantine Intermediate Water (LIW). The LIW, enriched by Cretan
intermediate water, flows westward into the Tyrrhenian Sea at 200-600 m depth as the salty
outflow waters. Its role is particularly important since it is the preconditioning agent for the
dense water formation of both the Adriatic Deep Water (AdDW) and Aegean Deep Water
(AeDW) below 800 m [60,64—66] and their communication to the western Mediterranean
basin [67].

The surface circulation of the Adriatic Sea consists of a basin-wide and seasonal
variable cyclonic gyre with a northward flow along the eastern side, the Eastern Adriatic
Current (EAC; [68]), and a southward return flow along the Italian coast on the western
side (Western Adriatic Current; WAC; [69]) which flushes the nutrient-rich water out of
the northern Adriatic [70]. During autumn and winter, a cold and relatively fresh dense
water mass (AdDW) is also formed in the northern and central Adriatic Sea. Outflowing
AdDW is accompanied by inflowing warmer LIW from the Ionian Sea, and this thermal
circulation is driven by winter cooling of the Adriatic [71]. Overall, there are three main
forcing factors affecting the circulation pattern: (a) river runoff causing heat loss and
low-salinity water gain; (b) atmospheric forcing responsible for dense water formation and
seasonal differences in circulation; and (c) exchange via the Strait of Otranto balancing the
water budget by the intrusion of warm and salty waters from the Ionian Sea. As a result,
temperature, salinity and circulation display marked spatial and temporal variations [72].
Moreover, the Adriatic Sea typically presents lower surface salinities than the rest of the
central Mediterranean, mostly due to large freshwater inputs from rivers, acting as a
dilution basin [73].

2.3. Productivity Regimes

River runoff affects the circulation through freshwater input and impacts the marine
ecosystem by introducing large amounts of organic matter, nutrients, and sediments.
Particularly, Po and Apennine rivers play a major role in freshwater supply for the northern
Adriatic. Beyond the seasonal character of river discharges, the long-term changes of
nutrient concentrations in the northern Adriatic are also strongly influenced by atmospheric
conditions and therefore connected with climatic fluctuations, which can modify the
water column dynamics (e.g., vertical mixing, horizontal advection, water exchange rate
between north-central Adriatic; [74]). The southern Adriatic open waters show oligotrophic
characteristics comparable to the Ionian Sea, with nutrient supply to the euphotic zone
strongly depending on vertical stratification and mixing processes [75]. However, higher
phytoplankton densities have been observed in the surface waters along the south Italian
coasts driven by intensified freshwater inputs [76,77]. Horizontal or vertical advection
of nutrient-rich LIW from the Ionian Sea is also an important productivity factor [78] for
specific locations within the southern Adriatic Sea where phytoplankton blooms follow
deep convection events [79]. Physical and chemical parameters of these blooms [80] have
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shown a switch from typical Mediterranean phosphorous- to nitrogen-limited conditions
for this setting.

3. Materials and Methods
3.1. Sediment Sampling Strategy and Site Selection

The study is based on the micropaleontological analysis of the distribution abundance
pattern and size variability of the planktonic foraminiferal fauna in a series of modern
core-tops derived from 17 surface sediment sites across the central Mediterranean Sea.
The samples were collected by multicores during various expeditions (POSEIDON cruise
“CAPPUCCINO” in June 2006, Meteor cruise M71/3 in January 2007) and cover a latitudinal
NW-SE transect from the north Adriatic to the south Ionian Sea, spanning variable sea
surface parameters, different productivity regimes, and a wide depth range between 94 and
4088 m (Table 1 and Figure 1). Their chronology is based on ?!°Pb and '¥Cs radiometric
dating applied on some of the present samples [81] and surrounding core-tops [82,83].
Although generally the core-top samples provide integrated information on a longer
time scale (decades, centuries or millennials depending on the sedimentation rate of the
selected sites) compared to the water column (e.g., plankton tow, sediment traps) derived
samples, the relatively low (0.06-0.91 cm yr—!, avg. 0.19 cm yr~!; [77]) sedimentation rates
(likely decrease with distance from the shore) in conjunction with the constant sediment
accumulation rate over the last century that characterizes the central Mediterranean surface
sediments [84] corroborate the recent character of the analyzed samples. Accordingly, all
studied core tops are suggested to have a modern age and in accordance with other core-top
studies within the Mediterranean Sea [18,20,24,77,85,86]. Thus, our dataset represents an
integrated record of some yr to 50 yr or a few 100 yr at most, depending on the core location.
The multicore provided topmost (0-1 cm) sediments with an undisturbed sediment-water
interface. More explicitly, we use 6 core-top samples along the south Adriatic Sea from
the Gargano Promontory to the Strait of Otranto, supplemented by additional 11 samples
from the entire Ionian basin (from the Gulf of Taranto to the Mediterranean Ridge offshore
Crete Island).

Given the availability of processed sediment samples with well-preserved foraminifera,
the analyzed core-tops are further carefully selected based on the major circulation fea-
tures in Adriatic and Ionian basins as well as the Italian river influences. Therefore, they
are strategically positioned to check the sensitivity of environmental parameters and
the subsequent planktonic foraminiferal fauna responses by assessing the adaptability
of each species, including both species-specific distribution patterns and size variations,
to different environmental regimes. For this reason, relative abundances and size off-
sets have been interpreted in regard to upper water chlorophyll-a (Chl-a) concentrations
and mean annual sea surface temperature (SST), salinity (SSS), and density values of the
central Mediterranean water masses. SST and SSS data were derived from the Emodnet
database (https:/ /portal.emodnet-physics.eu/) (15 December 2020) of the years 1900-2013,
while density data obtained from the National oceanic and atmospheric administra-
tion dataset (https:/ /www.ncei.noaa.gov/access/world-ocean-atlas-2018 /bin/woal8.pl)
(15 December 2020) on a 0.1° grid resolution. The Chl-a concentrations at each core lo-
cation were used as satellite data retrieved from OBPG MODIS-Aqua Monthly Global
4 km database (http://oceancolor.gsfc.nasa.gov) (15 December 2020) for the time period
4 September 2002 to 30 June 2020 (Table 1).
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Table 1. Core-top locations, coordinates, scientific expeditions, seafloor water depths, lithology, and mean annual SST, SSS

and density data along with Chl-a concentrations.
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3.2. Micropaleontological Quantitative Analysis

The planktonic foraminiferal assemblages for the studied core-tops were picked from
10 cm?® of wet sediment after washing through a 125 um mesh sieve and cleaning using
the HyPerCal protocol [87]. The 125 pum size fraction was selected in order to increase
the reliability of studied planktonic foraminiferal assemblages that derived from such a
subtropical oligotrophic-to-mesotrophic region with relatively low planktonic foraminiferal
abundance [22,88,89] by avoiding over/under-estimations in the percentages of smaller
(e.g., Turborotalita quinqueloba) or larger (e.g., Trilobatus trilobus) in size than the usual mean
size of other species. The adopted size fraction is commonly used in relevant investiga-
tions within and beyond the Mediterranean Sea, which analyze the modern foraminiferal
record [21,24,90-92] and implement a paleoclimatic analysis [8,9,93,94]. The dry residues
(~3 g) were split using an Otto micro-splitter into aliquots of at least 300 planktonic
foraminiferal specimens, which were identified to the species level according to the tax-
onomic concepts of Hemleben et al. [1] and Schiebel and Hemleben [95]. Raw data were
transformed into percentages of the total absolute abundance, and relative percentage
abundance curves were plotted versus latitude. Following Aurahs et al. [96], we distin-
guish Globigerinoides ruber pink (var. rosea) as a distinct morphotype, whereas for the
white variety (var. alba), we follow the concept of Wang [97] by distinguishing G. ruber
sensu stricto (s.s.) and G. ruber sensu lato (s.l.) morphotypes which have different depth
preferences [98] and reflect distinctive environmental parameters [99,100]. We further note
that G. ruber s.s. is equivalent to Morphotype A (type “Normal”), while those specimens
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are grouped as G. ruber s.l. correspond to the Morphotypes B and C (type “Platys” and
“Elongate”) of Kontakiotis et al. [21] from the Mediterranean Sea. The Globigerina bulloides
group includes the species G. bulloides and G. falconensis due to their similar ecological
preferences [95]. Finally, the ecological interpretations and biogeographic implications for
the studied species were based on the reference of [22,24,101-103].

3.3. Morphometric Analysis

For morphometric analysis, the picked specimens were transferred with a brush on a
chapman micro-slide, where each species positioned in separate cells. Given the minimized
difference in average areas for the umbilical or spiral sides for several species [104], we
oriented the foraminiferal shells in umbilical or spiral position (species dependent) to
capture the maximum silhouette area of each individual. The fixed specimens were
photographed in transmitted light under a 50-fold magnification by a modular Leica M165
C fully apochromatic stereo microscope equipped with an integrated 10 megapixel (MP)
Leica IC90 E color camera and processed using Image] software (version 1.50i). The derived
images were parsed into objects by thresholding and their shape and size parameters were
automatically extracted. Automated recognition of multiple foraminifera in the images was
succeeded due to the contrast between the bright background and the dark silhouettes of
the specimens. Following the pioneer work of Kucera and Kennett [105] and in accordance
with a recent study of Zarkogiannis et al. [24] for the eastern Mediterranean, the Equivalent
Circular Diameter (ECD) was measured as an aspect of the size of the species analyzed.
Calibration for the silhouette area and diameter measurements was performed using a
microscale image taken at the same magnification as the foraminiferal images optimizing
the reproducibility and accuracy of the measurements. Additional to size analysis, image
processing automatically performs planktonic foraminiferal counting, as well for each site,
resulting in the overall changes in their assemblages for the study area during recent times.

4. Results
4.1. Relative Abundance Data

Thirteen planktonic foraminiferal species were identified at the studied core-tops
along the N-S transect of the central Mediterranean Sea. The overall changes in their abun-
dances are illustrated in Figure 2. Overall, the planktonic assemblages are dominated by
G. bulloides, followed by G. ruber (including var. alba and rosea), while the species Globiger-
inella siphonifera, Neogloboquadrina pachyderma, Orbulina universa, Globoturborotalita rubescens,
and Globigerinita glutinata are common. Globorotalia inflata, Globorotalia truncatulinoides and
Turborotalita quinqueloba display a more sporadic faunal pattern with lower percentages.

G. rubers. T. trilobus G. bulloides G. inflata G. rubescens T. quinqueloba

G. ruber rosea G. siphonifera N. pachyderma G. truncatulinoides O. universa G. giutinata

0 20 40 0 20 40 O 10 20 O 10 20 o 10 20 0204080 0 20 40 O 10 20 0 5 10 O 10 20 0 10 20 0 10 20 O 10 20 (%)

SR
Il |
—arg—

) }

- -

Figure 2. Planktonic foraminifera species abundances in core-top samples from the eastern Mediterranean. The labels in the

vertical axis are representative of the core-top locations presented in Table 1.
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G. bulloides is the major contributor in the planktonic fauna in all samples with per-
centages up to 57%. However, the average contribution of this species significantly differs
between the two study regions with a clear geographic signal to have emerged in its distri-
bution. More explicitly, a sharp decrease in the abundance of G. bulloides with latitude is
marked with the average values of 43.9% for the Adriatic to be diminished to 26.3% for the
Ionian basin, respectively. It reaches high abundance values, constantly higher than 35%
within the south Adriatic Sea, while its distributional pattern displays minor (almost half)
percentages in the lonian basin. Globigerinoides ruber (w) is the second ubiquitous and more
abundant species showing an average abundance of 29.8% in the central Mediterranean.
This species is continuously present throughout the transect, displaying almost an opposite
distributional pattern compared to G. bulloides. Such an antagonistic pattern is documented
for both s.s. and s.1. morphotypes. Except for two samples (H-03 and GeoB 10718), the s.s.
morphotype is the main constituent in the G. ruber (w) morphospace. This intra-specific
trend is more pronounced in the Adriatic basin, where the dominant morphotype presents
higher frequencies (i.e., at least the double percentages) compared to G. ruber s.1. in most
of the samples. Globigerinoides ruber rosea is present in lower percentages up to 11% being
more abundant in the southern part of the Ionian basin. Globigerinella siphonifera is present
in almost all locations, but its percentages become important by exceeded 10% only in
the westernmost sites (H-04, H-05) within the Ionian basin. Neogloboquadrina pachyderma
presents a highly variable distributional pattern, occasionally reaching significant per-
centages up to 20% (i.e., site H-11 at the northernmost part of the Ionian basin). Orbulina
universa, G. rubescens, and T. trilobus show comparable patterns with continuous although
limited presence (<8%) in both basins. Globigerinita glutinata is mostly found within the
Ionian basin with restricted occurrence in relatively small percentages (<7%), and it is
almost absent in the southern Adriatic Sea. Turborotalita quinqueloba, where present, exists
with very small percentages around 3%. Globorotalia inflata shows a geographically spo-
radic distribution pattern with percentages stably less than 10% and the deep-dweller G.
truncatulinoides is nearby absent from all regions, since it occasionally occurred at very low
percentages (maximum 4%).

4.2. Preservation Regime and Size Variability

The presence of pristine specimens of the tiny thin-walled species reinforces the recent
character of the analyzed material and further indicates the excellent preservation of the
samples, suggesting that the reported assemblages are not biased by dissolution. The
absence of differential preservation of thin-walled specimens of the analyzed species along
with the strong carbonate preservation potential of the study area [106] indicate minimized
modifications on the size spectrum of the planktonic association.

The mean population size of the identified planktonic foraminifera along with the
standard deviation values of species-specific sizes reflecting the overall variability per
basin analyzed are summarized in Table 2, while the species-specific size variations along
the study transect are shown in Figure 3. The number of individuals measured per species
varied from 2 to 170, averaging 21 individuals per species per sample. Generally, the mean
population size of the analyzed planktonic foraminiferal assemblages is skewed toward
larger sizes from north to south. Our dataset reports a 4-16% increase (avg ~11%) for all
species from Adriatic to Ionian settings, except for G. ruber (including both chromotypes
and morphotypes) and G. bulloides, which support the opposite pattern (Table 2). The most
consistent in size within the central Mediterranean sub-basins with the smallest standard
deviation between analyzed samples are the populations of G. bulloides, G. ruber (s.s. and
s.l.), and G. rubescens based on the number of specimens measured.



J. Mar. Sci. Eng. 2021, 9, 551

9 of 23

G. rubers.s

Table 2. Intraspecific ECD ranges and their average values (in pm) per basin analyzed. nd: not

determined.
Species ECD Range Average ECD
Adriatic Sea Ionian Sea Adriatic Sea Ionian Sea
Globigerinoides ruber s.s. 125-419 130-377 229 223
Globigerinoides ruber s.1. 162-417 157469 308 269
Globigerinoides ruber rosea 135-574 126-579 344 302
Trilobatus trilobus 129-561 127-569 273 284
Globigerinella siphonifera 125-544 125-689 273 306
Globigerina bulloides 135414 126-364 227 217
Neogloboquadrina pachyderma 130-392 127-400 213 234
Globorotalia inflata 162-551 171-612 303 357
Globorotalia truncatulinoides nd 153-818 nd 435
Globigerina rubescens 130-207 128-259 169 191
Orbulina universa 153-814 174-905 414 496
Turborotalita quinqueloba 126-199 127-252 166 175
Globigerinita glutinata 126-211 125-315 165 197
G. rubers.| T. trilobus G. bulloides G. inflata G. rubescens T. quinqueloba
G. ruber rosea G. siphonifera N. pachyderma G. truncatuiinoides 0. universa G. glutinata

0 200400 O 200400 O 200400 0 200400 0 200400 O 200400 O 200400 0 300600 O 300600 0 200400 O 400800 O 200400 O 200 400(pm)
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Figure 3. Average population size of the planktonic foraminifera species identified together with their overall population

size. The gray shaded areas denote one standard deviation. The labels in the vertical axis are representative of the core-top

locations presented in Table 1.

Orbulina universa population is the largest one in both study basins, even more than G.
truncatulinoides and G. inflata which are followed (Table 2). Spherical shells of O. universa
reflected by their ultimate chamber that covers all the previous ones of the pre-adult
trochospiral stages seem to be very voluminous in the Ionian as well as in Adriatic basins.
Our results from the central Mediterranean show an inverse correlation between shell size
and latitudinal occurrence since their average shell diameters increase from the Adriatic
(414 pum) to the Ionian Sea (496 um). A closer view of the central Mediterranean dataset,
regarding this species, indicates an intra-basin latitudinal relationship to the shell size, with
the smallest specimens (avg. = 414 pm) occurring in the south Adriatic basin, intermediate
values (avg. =491 um) are recorded in the north Ionian sub-basin and the largest specimens
(avg. =503 um) are found in the south Ionian sub-basin. Next in size is G. ruber rosea, which
is significantly larger than the white variety of the same species, similar to what was found
in the Aegean and Levantine sub-basins [24].

The oligotrophic, symbiont-bearing species T. trilobus and G. siphonifera present similar
shell sizes, indicating that they thrive in the same water masses constrained mostly by
the same productivity regime of the surface waters. Within G ruber (w) morphospace, the
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sensu lato appears larger (by ~20%) than the sensu stricto populations. This seems reliable
since the former includes the mixing of Platys and Elongate specimens (morphotypes B
and C of Kontakiotis et al. [21]). Neogloboquadrina pachyderma and G. bulloides present quite
similar intermediate-sized average values of about 220-230 um, probably correlating with
the same levels of primary productivity of the sub-surface waters. Finally, the species
T. quingueloba, G. glutinata and G. rubescens are the smallest ones recording ECD values less
than 200 um. Although the two first species are known from the literature as small-sized
foraminifera, our results show that G. rubescens can also be added to this group confirming
the previous observations of Al-Sabouni et al. [82] and Zarkogiannis et al. [24] from the
Atlantic Ocean and the eastern Mediterranean Sea regarding its small size.

5. Discussion
5.1. Ecological and Oceanographic Context of the Planktonic Foraminiferal Biogeographic
Distribution in Adriatic and lonian Basins

Changes in oceanographic parameters could lead to a geographic offset among modern
planktonic associations that may lead to differential abundance patterns and/or shell
mass variability towards the optimum growth conditions, modifying the size spectrum
of the entire population [20,21,24,49,89,107]. Therefore, the assessment of the dominant
environmental parameters controlling the planktonic foraminiferal communities within the
Mediterranean Sea, such as SST, SSS, and PP [8,28,89,108,109], along with their correlation
with the ecological characteristics of the identified species are crucial for explaining the
offsets mentioned above.

Although the Adriatic and the Ionian sub-basins are quite similar from the faunistic
point of view, some differences seem to exist regarding the abundance of the most sig-
nificant species. Both sub-basins are dominated by G. bulloides and G. ruber (w), which
exhibit an antagonistic faunal pattern. The maximum abundance peaks of G. ruber (s.s.
and s.l.) are coincident with minimum relative peaks of G. bulloides in the Ionian basin,
while the opposite trend is recorded for the Adriatic Sea (Figure 3), indicating the partly
replacement between these species in the planktonic fauna. The high percentages of the
opportunistic species G. bulloides are controlled by phyto- and zoo-plankton blooms [22]
mainly attributed to the fertilizing effect to the Po River discharge waters and additional
local eastern Italian freshwater inputs in the south Adriatic Sea. On the contrary, relative
abundance of this species gradually decreases within the Ionian Sea, where the plume
waters lose their characteristic features when mixed with other south-eastern Mediter-
ranean surface waters. Globigerinoides ruber is evenly abundant by showing a continuous
presence throughout the study transect, due to its ability to withstand large fluctuations
in temperature and salinity of the water column [22,110]. Its slightly higher contribution
(including both morphotypes) in the Ionian basin (Figure 3) could be attributed to more
favorable (compared to those of the Adriatic Sea) conditions for its flourishment in the
more oligotrophic water column. We highlight that such growth optimum conditions based
on depth habitat preference and environmental parameters would certainly help to explain
the observed regionally variable abundance patterns of the analyzed morphotypes.

The observed dominance of the normal morphotype in central Mediterranean sub-
basins possibly is due to its depth and ecological characteristics. G. ruber s.s. has a very
constant depth habitat (top 30-50 m; [99,111,112]) and prefers a temperature- and salinity-
stratified environment [113], which in the study area is attained by the halocline due
to riverine inputs and/or the seasonal thermocline due to surface warming during late
spring to early fall. The less abundant G. ruber s.I. reaches its highest percentages in
sample GeoB 10,718 south of the strait of Otranto and at sites H02, H03, and H-05 in the
central-eastern part of the Ionian basin, where recurrent or transient small-scale cyclonic
and anticyclonic gyres are formed and enhance the primary productivity (eastern Ionian
bloom of D’Ortenzio, et al. [114]), which primarily controls its distribution [21,100]. The
intermittent nature of these localized blooms (known as “intermittently blooming areas” of
D’Ortenzio and Ribera d’Alcala [115]) due to their pronounced interannual variability in
the spatial shape and timing [114], in combination with the seasonal control of primary
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production trapped at the subsurface Deep Chlorophyll Maximum (DCM) layer [116],
which is estimated to be at times even more important than surface production in such
oligotrophic setting [117], could be considered the most plausible explanations for their
slight record in the satellite-sensed Chl-a data in the study area [114,115]. Moreover,
satellite data provide no information on subsurface production, which is known to be
important in the eastern part of the Mediterranean and does not always match the timing
of surface Chl-a peaks [118] (Figure 4).

11 13 b0 25

Figure 4. (A) Chlorophyll-a (Chl-a), (B) sea surface temperature (SST), and (C) sea surface salinity
(SSS) distribution map for the study area.
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However, the additional factors of heterogeneous bathymetry and distance from the
coast could not be omitted as they have a large influence on the distributional abundance
pattern of this morphotype, as have already been indicated for the Adriatic [85] and the
Aegean Sea [21]. Given the above factors, the observed distributional pattern of G. ruber
s.l. could be correlated with a relevant trend to deeper habitats at these sites. As the
nutrient content decreases offshore [77,119], this regime causes unfavorable conditions for
this species, reflected by even more reduced percentages of the most productivity-sensitive
morphotype Elongate (belonging to G. ruber s.1.). Consequently, the representatives of G.
ruber s.1. are adapted to a different depth habitat, possibly beneath the halocline or deeper
in the mixed layer to avoid the highly stratified and oligotrophic surface waters.

Besides the two abundant aforementioned species, most of the species that live in
the central Mediterranean are surface/sub-surface symbiont bearing species (e.g., G. ruber
rosea, G. rubescens, O. universa, G. siphonifera, T. trilobus) each one displaying percentages
up to ~10%, while important components in some places are also the productivity- and
stratification-related indicators, such as N. pachyderma, G. inflata, T. quinqueloba, and G. gluti-
nata [1,120]. The significant cumulative percentage (up to 30%) of symbiont-bearing species
seems to reflect the ability of this group to cope with the oligotrophy of the study area. Par-
ticularly, G. ruber rosea and G. rubescens thrive in a warmer and overall, more oligotrophic
and stratified water column [28,103,121], and T. trilobus dwells in warm, oligotrophic to
mesotrophic waters but prefers less salty superficial waters [95,122]. Orbulina universa is
usually abundant in (sub)tropical to temperate waters and tolerates a wide range of salinity
and temperature [47,95]. Its increased percentages in the Adriatic and Ionian sites could
be interpreted as an increase in depth and possibly the extent of the thermocline. In only
some locations (e.g., samples H-11, GeoB 10729), these species are replaced by asymbionts
(e.g., T. quinqueloba, G. bulloides) and some deeper dwellers, mostly by N. pachyderma and
G. inflata, that are associated with deep winter mixing and generally more productive
environments [22,95,123]. The relatively low percentages of G. inflata and its general dis-
placement from the Ionian to the Adriatic basin could be explained by the fact that this
species is less frequent or absent in warmer, stratified, and nutrient-depleted regions of
the Mediterranean than in more productive areas (e.g., western Mediterranean; [22,109]).
The same applies to T. quinqueloba, which maintains a residual presence in the study area,
since its ecological preferences are mostly linked to cold and very productive surface
waters [103,124]. The cosmopolitan species G. glutinata comprises significant percentages
up to ~10% of the assemblage composition since it is able to survive both in oligotrophic
and mesotrophic environments [125] due to its dual behavior related to diet requirements,
being thus very sensitive to changes in productivity [42,126], while it is not dependent on
temperature, salinity or depth [1]. Its presence in the Mediterranean Sea has been attributed
to the spring bloom, triggered by the increased nutrients at the end of the winter mixing
and increased solar irradiation [22,127].

5.2. On the Environmental Component on the Latitudinal Size Variability

The average maximum diameter (282 pm) of the central Mediterranean (excluding
the Tyrrhenian Sea) assemblages is comparable with that of the eastern Mediterranean
(279 um; [24]), but slightly lower than that reported for subtropical assemblages on a global
scale (309 pm; [37]). The ~8% offset in planktonic size could be considered reliable due
to the more oligotrophic nature of higher water density in the marginal Mediterranean
Sea compared to the global open ocean. Although tolerance limits of modern foraminifera
are not completely defined, the progressive increase in test size is initially believed to be
related to ecological optimum conditions [37,128-130]. Nevertheless, we note that the
majority (apart from Schmidt et al. [37] who analyzed 69 Holocene samples worldwide) of
the studies supports the optimum-size hypothesis focused on sediment samples collected
within a single oceanic basin [31,131-135], reflecting a limited part of the biogeographical
range of each species.
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Most shell-mass-related studies have shown that the planktonic foraminiferal shell
size increase with seawater temperature (e.g., [38]). In the case of the central Mediterranean
basin, the increase in sea surface temperature from the Adriatic to the southernmost Ionian
sites (Figure 4) could partly explain the average 11% increase observed in most of the
species. However, this trend does not exist for the most dominant species, since both
G. bulloides and G. ruber (w; s.s. and s.l.) present larger tests at higher latitudes. The
decreasing trend with latitude of these two species is quite similar to that (~10% decrease
towards the Levantine basin) reported by Zarkogiannis et al. [24] for the eastern sector
of the Mediterranean Sea, indicating the latitudinal influence on these species within the
entire Mediterranean Sea. This finding is also supplemented by the recent observations
of Mallo et al. [81] showing a W-E difference in size of the same species (more extreme
in G. ruber than G. bulloides, as similarly observed in our N-S transect), with the western
basin hosting the largest individuals, while the gradual decrease in shell size occurs in the
Tyrrhenian, eastern Ionian and finally in Levantine basin. Both latitudinal and longitudinal
trends clearly reveal that the most abundant and paleoceanographically significant species
for the Mediterranean Sea are possibly driven by environmental forces, beyond the SST, in
terms of the specific hydrographic dynamics of each sub-basin within the Mediterranean
Sea. Our findings are consistent with the observations of Rillo et al. [136] highlighting
that SST does not always explain shell size variations, and further show that contrasting
results can be obtained when analyzing intra-specific size patterns, even in a narrower
geographical range as that one adopted here. Furthermore, given the species-specific size
variability presented for the first time here, this study could be considered as a pioneer
since it fills the gap characterized by the lack of studies testing the intraspecific consistency
of the optimum-size hypothesis.

Nutrient availability can mediate the temperature-size relationships observed in the
plankton communities and has been shown to affect planktonic foraminifera size [136,137].
More explicitly, enhanced food availability in the water column facilitates faster cell growth
and larger final shell size [138,139]. On a global scale, surface primary productivity is
strongly correlated with plankton size. Below the value of 150 g C m~2 yr~! there is a
positive relationship, while above this threshold the cell size decreases with increasing
primary productivity [37]. Within the low-productivity ecosystem of the Mediterranean
Sea (<150 g C m~2 yr—1; [140]) it would be expected shell size to be increased with produc-
tivity. According to the current and the already known from the literature’s Mediterranean
dataset, the above size-productivity relationship is evident for several species, mostly the
symbiont-barren taxa, and is more pronounced in a longitudinal way. For instance, O. uni-
versa presents larger size fractions in the eutrophic upwelling areas from the Atlantic to
the Strait of Sicily [89], relatively intermediate-sized shells in mesotrophic-to-oligotrophic
Adriatic and Ionian basins (this study) and lowermost sizes into the ultra-oligotrophic
eastern Mediterranean basin [24]. Into the general oligotrophic Adriatic and Ionian set-
tings, G. ruber and other photosymbiotic species seem to have an advantage due to their
symbionts which they use as an ecological strategy to survive in nutrient-limited environ-
ments [141]. The relatively stable shell sizes reported between Adriatic and Ionian domains
of the most abundant species G. ruber s.s. (229 vs. 223 um; Table 2) and G. bulloides (227
vs. 217 um; Table 2) clearly support this concept. Moreover, the fact that these species
were developed almost equally in size, presenting size structure values around roughly
220 pm, indicates that they possibly reach the optimum environmental conditions for the
study area. The less abundant species (e.g., G. ruber s.1., G. ruber rosea, and G. rubescens),
which are usually influenced by the competition with more abundant co-occurring species,
present significant size variability and thereby reach their highest shell sizes in sub-optimal
conditions. The comparison between the average intraspecific shell sizes for the central
and the eastern basins (Table 3) points toward which species reaches the optimum or
sub-optimum conditions and in which basin exactly within the Mediterranean setting. We
nonetheless note that an additional N-S transect in the western Mediterranean, where the
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eutrophic species dominate, is needed to complete full geographic coverage of the shell
differentiation into the entire Mediterranean Sea.

Table 3. Average population size of the identified planktonic foraminifera species within the Central Mediterranean (this

study) and comparison with the Eastern Mediterranean basin [24]. The number of sampling locations that each species was

encountered is also shown together with the total number of specimens counted. nd: not determined.

Species ECD (um) St. Dev. (%) No of Sites N(.) of
Specimens
Central Eastern
Mediterranean Mediterranean
Globigerinoides ruber s.s. 224 218 8 17 897
Globigerinoides ruber s.1. 279 259 11 17 592
Globigerinoides ruber rosea 313 338 15 16 192
Trilobatus trilobus 280 315 18 16 122
Globigerinella siphonifera 292 305 15 17 260
Globigerina bulloides 218 207 9 17 1463
Neogloboquadrina pachyderma 227 220 14 12 211
Globorotalia inflata 337 266 17 11 90
Globorotalia truncatulinoides 435 nd 20 5 20
Globigerina rubescens 184 189 11 13 140
Orbulina universa 471 427 19 17 180
Turborotalita quingueloba 171 192 14 12 79
Globigerinita glutinata 188 189 13 13 118

5.3. The Possible Role of a Hidden Biological Diversity in Mediterranean Assemblages

Numerous studies have shown that many planktonic foraminiferal species display mul-
tiple genotypes, which are genetically independent but morphologically similar [142-144].
These cryptic species may also have different geographical distributions exhibiting possible
morphological gradients with latitude [145] or longitude [107], occupy different niches [142],
and display different relationships between abundance, size patterns, and environmen-
tal parameters [146-148]. Among the identified species, variable relationships have been
discovered between their cryptic species and depth-, and/or environmental (SST, strati-
fication, productivity)-related specializations whose abundance, shell size, and porosity
vary with latitude. For instance, the size-abundance-environmental relationship has been
documented for species with cryptic diversity, namely O. universa [131,146,149-151], G. in-
flata [152], G. ruber [144,146,153], G. siphonifera [148,154,155], G. truncatulinoides [156,157],
G. bulloides [144,146,158,159] and N. pachyderma [160-164]. For most of them, both spinose
and non-spinose species, it is premature to invoke cryptic diversity and ecophenotypy
relationships due to the lack of large-scale inter-basin analysis within the Mediterranean
Sea. However, some of them, especially those presenting the greatest variability in shell size
ranges (G. truncatulinoides, G. inflata, and O. universa) could constitute good candidates for
better explaining the observed geographic differentiation in the study area. Therefore, we
interpret the documented latitudinal divergent trends among the fauna as the consequence
of a hidden biological diversity with different mean sizes within these taxa, adapted to par-
ticular hydrographic conditions. We further note that there may be additional undiscovered
genotypes in different lineages, especially in small and neglected species [165], possibly due
to their relatively low number of specimens that have been surveyed so far.
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5.4. Potential Depth Preferred Regulating Mechanism

We did not find any relationship between population shell size and abundance, cau-
tion thus against the concept of intraspecific size variation in parallel with population
abundances, in accordance with previous studies [38,166]. In the present study, species
richness which previously has been positively correlated with assemblage size [37] is
found constant along our transect, indicating that the population size variation cannot be
explained by assemblage changes. The relatively constant number of 13 species identified
in the majority of the studied core-top samples is by ~40% lower than that of the low pro-
ductivity oceanic gyre centers (>20 species; [167-169]), but similar to that of the marginal
seas [22,89,170]. The slightly higher number in species richness reported here, compared to
the number of 10 that characterizes the ultra-oligotrophic regions (e.g., Levantine Sea [20],
Red Sea [171]), results mainly from the presence of cold- and deep-water dwellers that are
associated with enhanced seasonal primary productivity [109,172]. The mechanism that
could explain the expected ecological optimum pattern of simultaneous large sizes and
high abundances involves higher feeding frequency (higher nutrient availability) leading
to higher individual growth and finally to higher population growth [130]. However, it
also implies that populations in different productive regimes have different generation
times, with the more generations at optimum conditions to lead in higher abundance in
the sediment, but relative to other populations of the same species, and not relative to
the local assemblage [136]. In the local basin-wide abundance, nutrient availability is the
same for all co-occurring species. Both satellite and in situ productivity data measured
across the central Mediterranean reveal an increasing N-S oligotrophy gradient, mainly
due to the limiting Chl-a concentrations from the Adriatic to Ionian Sea [115]. As would
be expected, it is not followed by a relevant decrease in abundance for several species
(e.g., G. ruber, G. siphonifera, G. glutinata), which means that the above mechanism can-
not be applied here, since the primary production pattern of the region cannot explain
sufficiently the observed decrease in mean foraminiferal size with latitude for the most
abundant species either the opposite trend for the rest of the species in accordance also
with their abundances. To understand the observed trends, we need to consider the effects
of vertical instability on planktonic assemblages. The mesotrophic to oligotrophic character
of the central Mediterranean basin is reflected by surface-dwelling oligotrophic and deeper
eutrophic faunas, both of which are growing outside their ecologically optimum ranges
(eastern and western Mediterranean respectively). In this setting, the overall assemblage
is thus characterized by many species with almost overlapping shell sizes (Table 2). The
species with a constant depth habitat such as G. ruber s.s, T. quinqueloba, and T. trilobus
obviously are within optimal conditions and therefore present the lowest size variability.
On the contrary, the species presenting a more variable depth habitat (e.g., G. bulloides,
G. ruber s.1., O. universa) in their attempt to find plentiful food should be adapted to greater
depths, representing sub-optimal ecological conditions for their survival.

6. Conclusions

In the present work, we studied the abundance and size distribution of recent plank-
tonic foraminiferal populations derived by 17 surface sediment samples spanning from
the mesotrophic Adriatic to the oligotrophic Ionian Sea. The fauna consists of subtrop-
ical species, mostly symbiont-bearing spinose species indicative of the mesotrophic-to-
oligotrophic nature of the study area. Even though the most abundant species G. bulloides
and G. ruber (w) show an antagonistic distributional pattern, both present the opposite
trend compared to the rest of the species with their average size decreasing with latitude.
The recent fluctuations in the relative abundance along with morphospecies-specific shell
size trends of the dominating species may reflect the current adjustment to ongoing sea sur-
face warming and a decrease in primary productivity in certain depth levels along the N-S
transect. Overall, our findings are consistent with previous studies, which suggest that sea
surface temperature, depth habitat, and food availability are the main controlling factors for
their latitudinal distributional differentiation in the central Mediterranean. Moreover, shell
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size variation in planktonic foraminiferal species analyzed cannot be consistently predicted
by the environment, with a hidden biological diversity with different mean sizes within
these taxa to be possibly appeared, as an adaptation to ecological (sub)optimum conditions.
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