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ABSTRACT

Benthic foraminifera and ostracoda represent excellent proxies to characterize modern and fossil
settings, since composition and structure of assemblages reflect a suite of environmental
parameters. Nevertheless, the response of each group to coastal dynamics on river-influenced

shelves and their record beneath modern coastal plains are poorly investigated.

This Ph.D. thesis presents six study cases where modern and fossil assemblages of benthic
foraminifera and ostracoda are compared and integrated to obtain a high-resolution
palaeoecological characterization of the Po coastal plain late Quaternary sediment succession.
Multivariate statistical techniques allowed to discern most of the (palaeo)environmental information
inherited by meiofauna. The first study case combines benthic foraminifera and ostracoda from the
shallow river-influenced North Adriatic shelf to define depositional environments dependent on the
position from the Po Delta. The resulting biofacies are applied to the second study case to test how
meiofauna record delta dynamics within a Holocene shallow marine succession of the Po Delta. In
the third study case, paleontological, sedimentological and geochemical data reveals distinct facies
associations within a three-stage progradation model for the Holocene high-stand succession of
the Po Plain along a 70-km stretch of coast. Then, focusing on the last phase of high-stand
progradation, benthic foraminifera are tested as tracers of short time-scale autogenic deltaic
processes within an expanded prodelta succession. The high resolution obtained inspired the fifth
study case, where the palaeoecological record provided by benthic foraminifera and ostracoda
within a Pleistocene back-barrier succession of the Po coastal plain is compared. The last study
aims to identify biotopes and ecological zones of the Bellocchio Lagoon in order to define

environmental drivers on meiofaunal assemblages of the North Adriatic back-barrier settings.

This research work emphasizes the importance of integrating benthic foraminifera and ostracoda,
since exclusively their combination allows to extract complete (palaeo)environmental information

from modern and fossil settings.
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“There are only two ways to live your life:
as though nothing is a miracle, or as though everything is a miracle”

Albert Einstein






1. INTRODUCTION

Meiofauna is a term commonly employed in biology and ecology to indicate benthic organisms with
dimension generally <1 mm (Mare, 1942). It includes a wide number of phyletic groups, such as
nematodes, harpacticoid copepods, polychaetes, oliochaetes and turbellarians (Ellison, 1984). In
this Ph.D. thesis, the word “meiofauna”, will be specifically referred to benthic foraminifera
(unicellular protistans) and Ostracoda (crustaceans), since they are also included within this group
(Sherman and Coull, 1980; Ellison, 1984; Moodley et al., 1997; Murray, 2006). With the exception
of soft-shelled benthic foraminifera, these organisms share the characteristic of being enclosed
within a hard test that can be preserved within sediments, which is an essential feature for the
study of fossil assemblages. Tested benthic foraminifera are distributed from transitional brackish-
water settings to the deep ocean, whereas ostracoda also live in continental freshwater bodies, but
they are usually far more scarce than benthic foraminifera in the marine realm (Athersuch et al.,
1989; Murray, 2006). Due to their high preservation potential, complementary distribution, and
short life cycle that allow them to rapidly modify the structure and composition of assemblages,
benthic foraminifera and ostracoda are considered excellent palaeoenvironmental and
palaeoecological indicators (Alve, 1995; Scott et al., 2001; Boomer et al., 2003; Frenzel and
Boomer, 2005; Murray, 2006; Rodriguez-Lazaro and Ruiz-Mufioz, 2012; Horton et al., 2013). They
have been commonly employed for the characterization of late Quaternary sediment successions
of the major Mediterranean coastal areas (e.g., Amorosi et al., 1999b, 2004, 2016b; Carboni et al.,
2002; Fanget et al., 2013a, 2016; Cearreta et al., 2016; Rossi et al., 2017).

An essential requirement for palaeoenvironmental studies is the availability of modern databases
that can be compared with the fossil record. Classically, modern benthic foraminifera and
ostracoda were studied to define biotopes or biofacies, i.e. assemblages formed in response to a
series of specific environmental conditions and defined by a similar faunal content. This is also the
case of river-influenced shelves, areas of peculiar interest due to the high amount of organic
carbon that is transported, stored and remineralized within their sediments (McKee et al., 2004 and
references therein). Analyzing the existing bibliography about the modern meiofauna of the

Mediterranean shallow marine areas, two main problems can be detected:

1. Benthic foraminiferal and ostracod databases have been treated separately, even if they
were represented by the same set of samples. This is the case, for example, of the Po
prodelta databases of Colalongo (1969) and D’Onofrio (1969) and the Adriatic databases
for ostracoda and benthic foraminifera created by Breman (1975) and Jorissen (1988),
respectively. First attempts were made by Frezza and Di Bella (2015), who briefly
described the composition of the benthic foraminiferal fauna (Frezza and Carboni, 2009)

associated to each ostracod assemblage identified near the modern Ombrone River mouth.
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2. The correlation between the distribution of the benthic fauna and selected, significant,
environmental factors is not always clear. Benthic foraminifera are known to be strongly
dependent on quantity and quality of organic matter inputs, but they are also influenced by
possibly stressful conditions like high deposition rates and hydrodynamic conditions
(Moijtahid et al., 2009; Goineau et al., 2011, 2012). Other studies identified bathymetry and
grain-size of the bottom sediment as the controlling factors on benthic foraminifera (Frezza
and Carboni, 2009) or even did not define the most significant environmental drivers on the
fauna (Donnici and Serandrei Barbero, 2002). Far more scarce are the studies about the
distribution of ostracoda, and they usually identify a series of environmental drivers that
determine the structure and composition of assemblages, such as organic matter, sediment
grain-size, depth and distance from river mouths (Angue Minto’o et al., 2013; Frezza and Di
Bella, 2015; Salel et al., 2016).

From a palaeoecological perspective, the combined application of benthic foraminifera and
ostracoda could represent a useful tool to reconstruct changes in palaeoenvironmental conditions.
Benthic foraminifera were applied to quantify past environmental changes from tidal marshes (e.g.
Horton and Edwards, 2006) to the deep ocean (e.g. Rasmussen and Thomsen, 2017). Studies
performed from coastal plains to continental shelves of the Mediterranean are mostly focused on
the palaeobathymetric oscillations in relationship with glacial-interglacial cycles (Carboni et al.,
2002, 2010; Morigi et al., 2005; Milker et al., 2011, 2017; Di Bella et al., 2013, 2014). The same
purpose was accomplished by means of the ostracod fauna, which was even considered indicative
of phases of increasing fluvial discharge (Mazzini et al., 1999; Bassetti et al., 2010; Marco-Barba et
al., 2013; Angue Minto’o et al., 2015; Fanget et al., 2016).

In the last decades, it was demonstrated that the Po Plain late Quaternary sediment succession
was formed as well in response to the eustatic oscillations connected to climatic changes at the
Milankovitch time scale (100 ky) (Amorosi et al., 1999a, 2016a) and quantitative relative sea-level
variations were locally reconstructed by means of benthic foraminifera (Rossi and Horton, 2009).
However, the high-stand succession was formed under a strong autogenic control related to the
development of the Po Delta, and delta dynamics such as river avulsions and delta lobe switching
prevailed over the allogenic control of the glacio-eustatic cyclicity (Amorosi et al., 2017). In this
context, the application of benthic foraminifera and ostracoda as palaeobathymetric proxies could
not be sufficient anymore. In fact, the evolution of a river delta depends on the geomorphological
setting of the coast, as well as on the relative influence of three key features that are at the base of
the classical classification of deltas: tides, waves and river inputs (Galloway, 1975). Changes of
these parameters are reflected not only on the subaerial morphology of the deltas, but also on their
submerged portion and on the facing shelf (i.e., prodelta) in terms of bottom grain-size, sediment

accumulation, organic matter content, and a plethora of other variables that contribute to the
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creation of peculiar biogeochemical conditions at the bottom (McKee et al., 2004). Bathymetry is
considered an indirect parameter in the sense that it includes itself a lot of environmental variables
that co-vary with water depth, therefore it defines a point in the space associated with specific
environmental conditions (Rossi and Horton, 2009). However, in spatially restricted geographical
areas the bathymetric control on the benthic communities is barely detectable and other factors,
secondary at larger spatial scales, prevail (Tyler and Kowalewski, 2014). In front of the Po Delta
and coastal plain, the North Adriatic shelf is characterized by low depths (maximum of ca. 45 m
water depth) and assemblages of benthic foraminifera and ostracoda greatly change in a relatively

restricted space (Breman, 1975; Jorissen, 1988; Donnici and Serandrei Barbero, 2002).

In this case it is required to investigate if bathymetry still represents an important driving factor on
the distribution of the benthic fauna, but it is also necessary to take into consideration additional
environmental parameters. In order to achieve these objectives, part of this work will focus on the
analysis of the modern meiofauna of the North Adriatic Sea (Chapter 5). Specifically, through the
multivariate analysis of selected test sets from the modern Adriatic databases of benthic
foraminifera (Jorissen, 1988) and ostracoda (Breman, 1975), the objectives of this part of the work

are:

e to recognize the main environmental drivers on the distribution of each faunal group in a

shallow marine, river-influenced setting;

¢ to build a model for the distribution of benthic foraminifera and ostracoda in areas subject to

different degrees of riverine inputs;

e to evaluate the combined application of benthic foraminifera and ostracoda as a proxy for
specific ecological and palaeoecological conditions in shallow marine settings subject to

deltaic progradation.

After the definition of the environmental drivers that control the benthic community turnover on the
modern North Adriatic shelf, it will be possible to obtain a comprehensive and detailed
interpretation of the mud-dominated, shallow marine sediment succession of the Po Plain. In order

to achieve this aim, the record of benthic foraminifera and ostracoda was integrated:

e at alocal scale, within the shallow marine succession of the reference core EM13 (Chapter
6); the micropalaeontological record was analyzed and directly compared to the modern
North Adriatic dataset by means of statistical techniques, in order to select the benthic
group that provides the best palaeoenvironmental resolution potential in river-influenced

sediment successions.
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e ata larger scale, on a series of cores analyzed during the Ph.D. project (EM13, Core 7 and
Core 1) including the Holocene shallow marine succession (Chapter 7); here,
palaeontological (benthic foraminifera, ostracoda and mollusks) and geochemical data were
integrated to test the applicability of these proxies for the interpretation of the mud-
dominated prograding succession of the Po Delta, which can be difficult to characterize by

means of sedimentological data alone.

Marine ostracod fauna can be very scarce, especially in sediment successions recovered in areas
subject to strong riverine sedimentation (Fanget et al., 2013b), preventing the application of
quantitative statistic to detect faunistic changes. Therefore, we performed a study exclusively on
benthic foraminifera, to test them as indicators of short palaeoenvironmental variations induced by
short-term autogenic deltaic processes within the Holocene shallow marine succession of Core 7
(Chapter 8).

Even though shallow marine sediments represent a high portion of the late Quaternary Po Delta
and coastal plain subsurface succession, also back barrier deposits are well developed, especially
in proximity to the innermost palaeoshoreline position reached during the maximum marine
ingressions (Amorosi et al., 1999a; Campo et al., 2017). Benthic foraminifera and ostracoda were
applied in conjunction to qualitatively characterize these deposits in terms of degree of
confinement (sensu Guélorget and Perthuisot, 1983), and assemblages indicative of outer, central
and inner lagoonal/estuary conditions were recorded (Amorosi et al., 2004, 2017). The degree of
confinement within a back-barrier setting is defined as the time required for the complete renewal
of marine waters in terms of dissolved elements (Guélorget and Perthuisot, 1983). It is a complex
parameter that combines several environmental variables which greatly change in time and space
in response to the physiographic setting of the coast and climate conditions (Debenay and Guillou,
2002). Benthic foraminifera represent a tool to define not exclusively the degree of isolation from
the sea, but the environmental stress as well (Armynot du Chatelet and Debenay, 2010; Frontalini
and Coccioni, 2011). On the other hand, composition and structure of ostracod assemblages in
transitional environments are known to be strongly controlled by salinity, followed by a series of
additional environmental parameters, such as characteristics of the substrate (e.g. grain-size,
vegetation), water depth and environmental stability (Frenzel and Boomer, 2005 and references
therein). Therefore, benthic foraminifera and ostracoda have been always applied as
comprehensive proxies in transitional environments, since their distribution is influenced by
multiple parameters (Murray, 2006; Mesquita-Joanes et al., 2012). A similar approach was adopted
for the late Quaternary back-barrier sediments of the Po Plain (Amorosi et al., 2003, 2004), but the
palaeoecological information provided by single meiofaunal groups have never been compared.

In contrast to the previous studies, we applied a new approach to a peculiar back-barrier sediment

succession attributed to the Middle Pleistocene (MIS 7; Amorosi et al., 1999a) within core 223-S12
12



recovered in the Po coastal plain (Chapter 9). In analogy with the studies performed within this
Ph.D. project on the Holocene shallow marine succession, the record of benthic foraminifera and

ostracoda was compared in a back-barrier succession as well, in order to:
e understand the palaeoecological information provided by single benthic groups;

e assess which benthic group shows the highest palaeoenvironmental resolution in back-

barrier settings.

However, in order to understand in detail the response of benthic foraminifera and ostracoda to
changes induced by global (sea-level) and local (fluvial and wave regime, sediment transport,
trophic conditions, etc.) factors on transitional settings, it is necessary to disentangle the
contribution of the most significant environmental drivers on each meiofaunal group. This can be
performed through the analysis of modern databases composed by biotic and abiotic variables,
that represent the “modern analogues” of late Quaternary successions, with an approach similar to
the one undertaken for the shallow marine setting. In order to obtain a reliable comparison with
fossil assemblages, it is necessary to produce modern training sets from the area close to the
recovered sediment successions, due to site-specific assemblages (Gehrels, 2007). Even though
several ecological studies were performed on transitional environments in the Mediterranean, the
guantification of the most important influencing factors on biota is difficult to obtain (Ruiz et al.,
2006; Carboni et al., 2009; Frontalini et al., 2013; Melis and Covelli, 2013; Ferraro et al., 2016;
Salel et al., 2016) and only few works achieved this aim (Armynot du Chéatelet et al., 2016). Few
studies were performed on the lagoons of the Po Delta close to the cored successions of the Po
Plain, but they lack of a detailed dataset (D’Onofrio et al., 1976) or are focused on the application
of living benthic foraminifera as bioindicators of heavy metal pollution (Coccioni, 2000). Therefore,
the characterization of the “Sacca di Bellocchio”, a coastal lagoon located south of the Po Delta, is

currently being performed (Chapter 10) with the following aims:
¢ to obtain a modern training set from a transitional environment of the Po coastal plain;

e to understand the environmental drivers on modern benthic foraminifera and ostracoda

within a back-barrier setting of the study area.

The data included within the present Ph.D. thesis are preliminary, but the meiofaunal

characterization of the lagoon of Bellocchio is work in progress and future perspectives include:

e the definition of biotopes for living benthic foraminifera in relationship with environmental

conditions;
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the analysis of dead benthic foraminiferal assemblages to obtain the response of benthic
foraminifera to general environmental conditions, since this type of assemblage is not

affected by seasonal fluctuations (Horton and Edwards, 2006 and references therein).

the comparison between living and dead foraminiferal assemblages in order to assess the
degree of taphonomic alteration on assemblages and, possibly, differences in the

composition and structure of assemblages due to population dynamics;

the comparison between the meiofaunal assemblages of the Sacca di Bellocchio and the
late Quaternary microfossil fauna in order to shed light on the evolution of the back-barrier

environments of the Po coastal plain.
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2. GEOLOGICAL AND MEIOFAUNAL SETTING

2.1 The North Adriatic

2.1.2 Physiographic and oceanographic setting of the North Adriatic Sea

The Adriatic Sea is an epicontinental basing elongated in NW-SE direction, approximately 800 km
long and 200 km wide that represents the northernmost portion of the Mediterranean Sea (Fig.
2.1). The northern sector of the Adriatic Sea is characterized by a low-gradient platform (ca. 0.02°)
gently dipping towards SE (Cattaneo et al., 2003). It is interrupted in proximity of Pescara by the
Meso-Adriatic Depression, a remnant slope basin that reaches a maximum depth of 260 m. The
southern Adriatic Sea is a deep basin, bordered by steep slopes, and reaches ca. 1200 m of water
depth.
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Fig. 2.1 Location, bathymetry and main morphological features of the Adriatic Sea (modified from Storms et al., 2008).

The Adriatic Sea is characterized by a microtidal regime and is strongly influenced by the
thermohaline circulation of surficial waters (0-30 m) (Paschini et al., 1993). The interaction between
freshwater inputs from the NW side of the basin and the Mediterranean saltwater from the south
determines the general circulation pattern characterized by the northward current on the eastern
Adriatic and the southward Western Adriatic Current (WAC in Fig. 2.2; Poulain, 2001). This anti-
clockwise circulation pattern greatly affects the distribution of river-supplied sediments on the

shallow Adriatic shelf. Sediments are predominantly supplied by the rivers located along the
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northern and western Adriatic coasts,
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promontory in proximity of Ancona (Fig. Fig. 2.2 Main circulation pattern of surface currents in the Adriatic
o ] Sea (modified from Spagnoli et al., 2014).
2.3), can be distinguished from the

southern sector of the basin on the basis of the main depositional regimes (Frignani et al., 2005):

¢ in the North Adriatic, the sediment supply is prevalent: the amount of riverine inputs is
higher than the amount of sediment accumulated on the seafloor, determining an excess of

sediment which is transported in a southward direction by the WAC;

¢ in the South Adriatic, the sediment accumulation is prevalent: sediments exported from the
North Adriatic are deposited in this sector, where the accumulation of sediment exceeds

the low sediment inputs provided by the southern Apennine rivers.

In the North Adriatic, sediment inputs are provided by Alpine rivers (mean sediment load of 3.2
Tg-yrh), the Po River (that represents itself the major sediment source of the whole Adriatic Sea,

with ca. 12.2 Tg-yr*) and Apennine rivers down to Ancona (16.9 Tg-yr™) (Frignani et al., 2005).

As a consequence of the interplay between sediment inputs and water currents, the North Adriatic
sediments are distributed according to their grain-size along belts parallel to the coast (Brambati et
al., 1983). The substrate is sandy in proximity to the coastline, followed by the “Adriatic mud belt”,
a fine-grained zone enriched in organic matter at ca. 20-40 m water depth (van der Zwaan and

Jorissen, 1991) and finally by offshore sands.

North of the Adige River, the relatively low suspended load provided by other Alpine rivers
prevents the formation of a continuous mud belt, which consists of scattered mud patches in front
of river mouths (Frignani et al., 2005). In contrast, sedimentation rates increase from the Adige
River towards the south. The extremely high sediment accumulation rates near the Po Delta
mouths (Fig. 2.3) are largely related to episodic flood sedimentation (Palinkas and Nittrouer, 2007).
After major flood events, sediments can be deposited down to >20 m water depth, and their
thickness progressively increase towards the Po outlets, reaching values even >35 cm (Wheatcroft
et al., 2006). The shallow (<20 m water depth) shelf from the Po Delta to Ravenna and the Adriatic

mud belt (20-40 m water depth) are characterized by the occurrence of episodic hypoxic events
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due to the deposition and remineralization of high amounts of riverine organic matter, and by
seasonal water stratification (Van der Zwaan and Jorissen, 1991, Alvisi et al., 2013).

On the sediment-starved Adriatic shelf, offshore sands consist of a thin layer of marine sands
deposited in response to the shift of a barrier-lagoon-estuary system during the Holocene
transgression (Trincardi et al., 1994).
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Fig. 2.3 Mass accumulation rates for the six depositional compartments identified by Frignani et al. (2005). The Po Delta
area is shown in detail in the lower-left box. The upper-right box show the thickness of the HST wedge calculated by
Correggiari et al. (2001) (from Frignani et al., 2005).

17



2.1.2 Transitional environments of the Po Delta and 12°02'
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centuries (Correggiari et al.,, 2005; Verza and

Cattozzo, 2015). South of the Po Delta, wide portions of the submerged coastal plain were
reclaimed for agro-pastoral activities from the XIX to the first half of the XX century (Stefani and
Vincenzi, 2005) and the present-day wetlands along the coastal plain represent the remnants of

these activities.

The widest extension is shown by “Valli di Comacchio” (112.3 km?), followed by the complex of the
lagoons and weatlands located on the Po Delta (110 km?). The coastal wetlands “Valle Bertuzzi”,
“Piallassa Baiona” and the minor wetlands “Piallassa Piomboni”, “Valle Mandriole” and “Vene di
Bellocchio” are characterized by a much lower extension (Migani et al., 2015; Verza and Cattozzo,
2015). These deltaic lagoons and coastal wetlands are connected to the Adriatic Sea, whereas two
of them (Valle Mandriole and Valle Bertuzzi) are completely isolated from the sea and their
brackish water results from saltwater intrusion (Antonellini et al., 2006). Almost all these humid
areas are impacted by anthropogenic activities, since they host industrial settlements or they are
artificially regulated for fishing activities, with the exception of Valle Mandriole and the coastal

system of Vene di Bellocchio, which are natural and protected areas.
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2.1.3 Modern meiofauna of the North Adriatic area

The historical importance of the Adriatic area for the study of benthic foraminifera and ostracoda is
testified by abundant literature sources. The first attempts to study the meiofauna of the North
Adriatic are dated back to the XVIII century, with the works of Linnaeus (1758), d’Orbigny (1826)
and Fornasini (1904) about the descriptions of benthic foraminifera recovered from the shoreface
sands of Rimini (southern Po coastal plain). In the second half of the XX century, the first
researches about ostracod and benthic foraminiferal assemblages of the modern Po prodelta were
performed by Colalongo (1969) and D’Onofrio (1969). At a basin scale, the reference studies about
the distribution of the meiofauna on the whole Adriatic Sea were performed by Bonaduce (1975)

and Breman (1975) for ostracoda, and by Jorissen (1987, 1988) for benthic foraminifera.

An abundant literature is available for the distribution of the meiofauna of the North Adriatic
lagoons, even though studies concerning ostracoda are far more scarce than those about benthic
foraminifera. This fact can be related to the widespread application of benthic foraminifera as bio-
indicators of the environmental quality, since these lagoons are classically polluted areas due to
the developed anthropogenic activities on the nearby coastal plains. The Lagoon of Venice is
certainly the most studied, with a great nhumber of researches about both benthic foraminifera
(Albani and Serandrei Barbero, 1982, 1990; Albani et al., 2007; Coccioni et al.,, 2009) and
ostracoda (Ruiz et al., 1999, 2000). Reference studies for ostracoda and benthic foraminifera were
also carried out in the Marano and Grado Lagoons (Montenegro and Pugliese, 1996; Melis and
Covelli, 2013), whereas only benthic foraminifera were investigated in the lagoons of the Po Delta
(D’Onofrio et al., 1976; Coccioni, 2000).

Lagoons — The lagoons of the North Adriatic are generally characterized by oligotypic meiofaunal
assemblages, especially in the innermost and central portions (Fig. 2.5). Inner lagoonal areas
influenced by the fluvial runoff are characterized by benthic foraminiferal assemblages with a
strong dominance of Ammonia tepida, usually accompanied by locally abundant Haynesina
germanica and Cribroelphidium oceanense, species tolerant to salinity and organic matter
fluctuations (D’Onofrio et al., 1976; Albani and Serandrei Barbero, 1982; Debenay and Guillou,
2002; Melis and Covelli, 2013). In the same areas, the ostracod fauna is mainly represented by the
eurihalyne, opportunistic Cyprideis torosa and the freshwater-tolerant taxon Loxoconcha elliptica,
but low frequencies of Leptocythere bacescoi, Leptocythere lagunae and Loxoconcha stellifera are
also recorded (Montenegro and Pugliese, 1996; Ruiz et al., 2000; Fig. 2.6). Central lagoonal areas
are dominated by the foraminifera A. tepida and A. parkinsoniana (Melis and Covelli, 2013) and the
ostracod taxon Cyprideis torosa, locally associated to Xestoleberis spp. in areas with vegetated
bottoms (Ruiz et al., 2000). Ammonia tepida, A. parkinsoniana and C. torosa are still common in
outer lagoons, but the meiofaunal assemblages are more diversified and include marine taxa

locally transported from the nearby marine areas. Among benthic foraminifera, Miliolinella spp.,
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Triloculina spp. and Quinqueloculina seminula are recorded, whereas ostracoda are represented

by Semicytherura spp., Pontocythere turbida and L. bacescoi (Albani and Serandrei Barbero,
1990; Ruiz et al., 2000; Debenay and Guillou, 2002; Melis and Covelli, 2013). Agglutinated benthic

foraminifera, mainly represented by Trochammina inflata, are recorded in salt marsh environments

highly influenced by tidal oscillations (Debenay and Guillou, 2002; Serandrei Barbero et al., 2004).

Mediterranean microtidal environments

Diversified assemblage

dominated by
Ammonia tepida

B Ammonia tepida

~-e Haynesina germanica
- Haynesina depressula
. Quinqueloculina seminula

Oceanic end member

Trochammina inflata
Jadammina macrescens

Quingueloculina seminula
Discorinopsis aguayoi

continental end member

Fig. 2.5 Distribution of the most characteristic benthic foraminiferal species in Mediterranean microtidal environments
(modified from Debenay and Guillou, 2002).
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Fig. 2.6 Distribution of ostracod assemblages in the Lagoon of Venice (from Ruiz et al., 2000).

Nearshore and prodelta areas — The meiofauna is extremely scarce along the whole coastline of
the Po Delta between 0-10 m water depth (Colalongo, 1969; D’Onofrio, 1969; Fig. 2.7). Here,

foraminifera are represented by a very low number of specimens and are absent in front of the

main Po River outlets (“Zone A” of D’Onofrio, 1969). Faunas include different species of benthic

foraminifera (both shallow-water and deep-water taxa) and reworked plaktonic taxa from older

units. Ostracoda are absent, or represented by extremely low number of valves (“Zone A’ of

Colalongo, 1969) of mixed marine and brackish/freshwater taxa, with predominant Pontocythere
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turbida and C. torosa and subordinately Cytheromorpha fuscata, Heterocypris salinus and
Leptocythere rarepunctata. Authors considered this assemblage the result of the high fluvial inputs
of the Po River, that (i) prevent the development of an abundant meiofauna, due to the turbidity of
the water and salinity oscillations, and (ii) transport valves of brackish and freshwater ostracoda

from the humid areas on the delta plain and reworked foraminifera from older rock units.
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Fig. 2.7 Distribution of the meiofaunal zones in the bottom sediments in front of the Po Delta: A) benthic foraminifera
(from D’Onofrio, 1969); B) ostracoda (from Colalongo, 1969).

In the nearshore zone of the North Adriatic Sea, between ca. 7-25 m of water depth, benthic
foraminiferal assemblages are mainly composed by A. parkinsoniana, A. tepida, Ammonia beccarii,
Aubignyna perlucida, Textularia agglutinans, Cribroelphidium spp. and Miliolidae (“biofacial unit II”
of Jorissen, 1987; “biotope I” of Donnici and Serandrei Barbero, 2002; Fig. 2.8). This group
includes both taxa tolerant to organic matter inputs (A. parkinsoniana, A. tepida, A. perlucida,
Porosononion granosum, Cribroelphidium poeyanum, T. agglutinans) and species related to sandy
substrates with relatively low organic matter concentrations (A. beccarii, Porosononion lidoense, C.
decipiens, Adelosina spp., Miliolinella spp., Quinqueloculina spp., Triloculina spp.). Overall, this
assemblage is indicative of variable stressed conditions in terms of riverine inputs, with local high
concentrations of species tolerant to fluctuating salinities and organic matter inputs (e.g., in front of

the Po outlets and at 10-15 m water depth along the Italian coastline). More or less in the same
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zone, at 5-20 m water depth, Breman (1975) identify the “shallow infrallitoral assemblage”
(biofacies 1).The areal distribution and the composition of this ostracod assemblage is in
accordance with the “Zone B” identified by Colalongo (1969) at ca. 10-25 m water depth in
proximity of the Po Delta. The most abundant species are the widespread opportunistic taxa
Palmoconcha turbida, Semicytherura incongruens and Pontocythere turbida, also recorded by
Bonaduce et al. (1975). These species are associated to lower frequencies of taxa commonly
found on sandy substrates, such as Carinocythereis whitei, Loxoconcha tumida, Cytheretta

adriatica, Cytheretta judaea, and Xestoleberis fuscomaculata.

At 20-40 m water depth along the so called “Adriatic mud-belt”, an area characterized by the
accumulation of abundant riverine organic matter provided by the Po River (Van der Zwaan and
Jorissen, 1991), Jorissen (1987) recorded the “biofacial unit IV’ and Donnici and Serandrei
Barbero (2002) the “biotope 2”. From lower to higher depths, the most abundant benthic
foraminiferal taxa are Nonionella turgida, Bulimina marginata and Valvulineria bradyana, which
tolerate high organic matter inputs and oxygen deficiency (Jorissen, 1988; Fig. 2. 9). Within the
same area, ostracoda are characterized by the “biofacies lla” of Breman (1975), with the
dominance of the mud-lovers Cytheridea neapolitana and Palmoconcha turbida, associated to
species distributed on every type of substrate such as S. incongruens, Hiltermannicythere turbida,
Pontocythere turbida and C. whitei (Fig. 2. 10). Low frequencies of Loxoconcha tumida and
Loxoconcha versicolor are recorded as well. Within the same area, Bonaduce et al. (1975)
recorded a relatively scarce ostracod fauna, mostly represented by Pontocythere turbida, L.

ramosa, Palmoconcha turbida, S. incongruens and Semicytherura spp.

Sand platform — Out of the fluvial influence of the Po and Apennine rivers, benthic foraminiferal and
ostracod assemblages of the North Adriatic sand platform at >20 m water depth are extremely
diversified. Benthic foraminifera are represented by the “biofacial unit 111" of Jorissen (1987) and the
“biotope 3” of Donnici and Serandrei Barbero (2002), which mainly include sandy-related taxa with
a low tolerance for organic matter inputs such as Asterigerinata spp. (A. mamilla and A. adriatica),
Cibicides lobatulus, Neoconorbina terquemi, Rosalina bradyi, Buccella granulata, Elphidium
crispum, Reussella spinulosa and Miliolidae (Quinqueloculina spp. and Triloculina trigonula). The
ostracod biofacies Ild of Breman (1975) is typical of this area, which includes high percentages of
taxa adapted to bottoms with different grain size, mainly S. incongruens, Pontocythere turbida, L.
tumida, H. turbida (Breman, 1975; Bonaduce et al., 1975). They are associated to species that
prefer sandy substrates such as C. whitei, C. adriatica, Aurila spp. and a variety of Semicytherura
(e.g., S. inversa, S. tergestina, S. ruggierii, S. robusta) and Callistocythere (C. flavidofusca, C.
intricadoides and C. rastrifera) species. Within a mixed sand-mud substrate at 25-30 m water
depth slightly north of the main Po River outlet, Colalongo (1969) recorded the presence of very

rich assemblages in terms of abundance of valves and number of species (“Zone C”). The
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composition of this assemblage is rather similar to the previously cited biofacies Ilb of Breman
(1975). The most abundant species are S. incongruens and Pontocythere turbida, with the
subordinate occurrence of a large number of taxa belonging to the genera Aurila, Callistocythere,
Leptocythere, Loxoconcha, Semicytherura and Xestoleberis and also the species C. whitei and C.
neapolitana. However, at the same water depth but in a northernmost position within sediments
mostly made of fine sands, Colalongo (1969) distinguished an additional assemblage (“Zone D”).
The number of valves and the species richness is drastically lower compared to the “Zone C”,
valves are usually thick and poorly preserved, suggesting a taphonomic control on the ostracod
assemblage. Pontocythere turbida, S. incongruens, L. tumida and C. adriatica are the most

common species.
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Fig. 2. 10 Distribution of the ostracod biofacies in the Adriatic Sea (from Breman, 1975).
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2.2 The Po coastal plain

2.2.1 Stratigraphic architecture

The Po coastal plain represents the easternmost sector of the Po Plain, the surficial expression of
a foreland basin bounded by the southern Alps to the north and the northern Apennines to the
south (Castellarin et al., 1985; Doglioni, 1993). The Po Basin is filled by Pliocene-Quaternary
sediments, up to 7 km thick in the major depocenters (Pieri and Groppi, 1981), that cover the
south-verging Alpine and north-verging Apennine thrusts. Geophysical investigation revealed that
the lower portion of this sediment succession is affected by the deformation induced by the buried
thrusts, but the late Quaternary deposits are relatively undisturbed (Regione Emilia-Romagna and
Eni-Agip, 1998). Six depositional sequences were recognized and classified as unconformity
bounded stratigraphic units (UBSU) within the Plio-Quaternary infilling of the Po Basin (Fig. 2.11),
which shows an overall regressive trend, from open marine to alluvial deposits (Ricci Lucchi et al.,

1982; Regione Emilia-Romagna and Eni-Agip, 1998).
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Fig. 2.11 Seismic profile interpretation showing the subdivision of the Plio-Quaternary Po Plain sediments into six
depositional sequences identified as UBSU (from Regione Emilia-Romagna and Eni-Agip, 1998).

The uppermost UBSU (Emilia-Romagna Supersynthem; Regione Emilia-Romagna and Eni-Agip,
1998) was deposited after ca. 0.87 Ma and it is subdivided in the “lower Emilia-Romagna synthem”
(AEIl) and “upper Emilia-Romagna synthem” (AES), separated by an unconformity with an
estimated age of ca. 0.45 Ma (Molinari et al., 2007). Beneath the modern Po coastal plain, five
subsynthems with a thickness of ca. 50-100 m were identified (Fig. 2.12) within the upper Emilia-
Romagna synthem (AES 4-8 of the CARG Project — Geological Mapping of Italy at scale 1:50.000).
Each one corresponds to a transgressive-regressive (T-R) sequence formed under a major glacio-
eustatic control at the Milankovitch-scale cyclicity of 100 ky (Amorosi et al., 1999a, 2004, 2005).
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Fig. 2.12 Schematic cross-section from the Apennines to the Po coastal plain that shows the transgressive-regressive
sequences within the “upper Emilia-Romagna synthem” (AES) and their subdivision into systems tract (modified from
Amorosi et al., 2016a).
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Fig. 2.13 Stratigraphy, interpreted facies association and frequencies of arboreal pollens from core 223-S17 (location in
Fig. 2.12), correlation with pollen zones from European series and the oxygen-isotope curve of Martinson et al. (1987)
(from Amorosi et al., 1999a).
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Detailed chronostratigraphic and pollen analyses allowed to correlate the three uppermost T-R
cycles with the oxygen isotope curve (Amorosi et al., 1999a). Specifically, pollen assemblages of
the lower portion of each T-R sequence mainly include termophilous taxa indicative of relatively
warm, interglacial conditions (Fig. 2.13). Conversely, the high concentrations of non-arboreal
pollens recorded within the upper portion of the T-R sequences suggest that they formed during
cold, glacial intervals. Therefore, transgressive deposits were attributed to the Marine Isotope
Stages (MIS) 1, 5 and 7, and low-stand sediments were ascribed to MIS 3-4 and 6 (Amorosi et al.,
2004).
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Fig. 2.14 Cross-section illustrating the stratigraphic architecture of the Holocene succession beneath the modern Po
delta plain (modified from Amorosi et al., 2017).

Due to the availability of high amounts of data, the youngest T-R cycle (which corresponds to
AES8, Ravenna subsynthem) has been extensively studied in the last years (Amorosi et al.,
1999b, 2017; Campo et al., 2017). It was formed in response to the Holocene transgression and it
was subdivided into the classical sequence-stratigraphic units that show the following features on
the coastal portion of the Po Plain (Fig. 2.14):

1. The sequence boundary is represented by a major paleosol formed at the onset of the Last
Glacial Maximum (30-26 ky BP). The overlying alluvial deposits are interpreted to represent
the Low-stand Systems Tract (LST).

2. Above the transgressive surface (TS) locally marked by the Younger Dryas paleosol (12.5-
10 ky BP; Campo et al.,, 2017), the Transgressive Systems Tract (TST) is characterized by
a thin, deepening-upward succession of paludal to shallow-marine deposits, formed in
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response to the development of a wide wave-dominated estuary in the area (Amorosi et al.,
2017).

3. The High-stand Systems Tract (HST) is developed above the Maximum Flooding Surface
(MFS), which marks the switch from deepening-upward to shallowing-upward trends. The
HST includes shallow-marine to coastal plain sediments deposited after ca. 7 cal. ky BP
under a major autogenic component (Amorosi et al.,, 2017). Sediment deposition was
mainly influenced by local factors, such as river avulsions and delta lobe switching occurred

during the Holocene progradation of the Po Delta system.

2.2.2 Holocene evolution of the Po Delta

The morphology of the modern Po Delta was determined by the combined influence of natural and
anthropogenic processes occurred in the last millennia. The main branches on the modern Po
Delta plain are Levante, Maestra, Pila, Tolle, Gnocca and Goro, from north to south. Volano and
Primaro represent two additional distributary channels located south of the modern Po Delta, but
the latter is nowadays occupied by the artificially diverted Reno River. At present, the Po Delta is
classified as a wave-influenced delta (Pranzini, 2013), since after the middle of the XX century the
strong human intervention (with processes such as fluvial regimentation, damming, water-methane
extraction, etc.) produced a noticeable reduction of the solid transport to the delta (Simeoni and
Corbau, 2009). However, conditions were different in the past, since the Po Delta experienced
several evolutionary phases, as reconstructed by a series of comprehensive reviews (e.g., Ciabatti,
1967; Veggiani, 1990; Bondesan et al., 1995; Correggiari et al., 2005; Stefani and Vincenzi, 2005;
Amorosi et al., 2017).

During the LGM, the Po Delta was located several hundred km south from its current position
(Maselli et al., 2011), when the sea level was 120-130 m lower than today (Fairbanks, 1989), and a
wide alluvial plain was developed in the modern Po Plain and North Adriatic Sea. At the beginning
of transgression (19 cal. ky BP), the Po River flowed within its incised valley in a NW-SE direction
through the modern Po Plain (Fig. 2.15a). During the YD climate instability phase (14.8-11.3 cal. ky
BP), a minor sea-level fall possibly occurred and channel incision was promoted (Maselli et al.,
2011), whereas interfluve areas were sediment-starved and a YD paleosol developed (Amorosi et
al., 2014b). In response to the rapid sea-level rise that started with Meltwater Pulse 1B (MWP-1B
between 11.6-11.3 cal. ky BP; Fairbanks, 1989), a backstepping wave-dominated estuary
developed with wide freshwater and low-brackish water areas in its inner portions (Fig. 2.15b-c;
Amorosi et al., 2017).
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Fig. 2.15 Palaeogeographic evolution of the Po coastal plain from the Younger Dryas (YD) to ca. 4 ky BP, when the
earlier deltaic system started to prograde after the infilling of the estuary (modified from Amorosi et al., 2017).

Cross section

At the maximum marine transgression, dated at 7.7-7 cal. ky BP, the shoreline was located up to
20 km inland from its present position (Fig. 2.15d; Amorosi et al., 2017). The following formation of
the high-stand shallow marine to coastal succession of the Po coastal plain was subject to a strong
autogenic control operated by the Po Delta (Amorosi et al., 2016a). The shelf was sediment-
starved until the wave-dominated estuary was filled (Fig. 2.15e-f; Amorosi et al., 2017). Coastal
progradation started after 7.0 cal. ky BP, when the Po River branches evolved through a series of
natural avulsions under a dominant wave activity, occupying a broad coastal area (Correggiari et
al., 2005; Stefani and Vincenzi, 2005; Amorosi et al., 2017). At ca. 5 cal. ky BP, the most active Po
outlet was located ca. 30 km north of the present-day position near the Venice region (Saline-Cona
branch, Piovan et al., 2012), whereas the rest of the shoreline was relatively starved due to the
modest sediment supply provided by the southern river branches (Amorosi et al., 2017). From ca.
3.0 cal. ky BP, the main Po river branches was located between Adria and Ravenna and formed a
series of cuspate deltas testified by a series of sand ridges parallel to the modern coastline
(Ciabatti, 1967; Bondesan et al., 1995).
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Fig. 2.16 Palaeogeographic reconstruction of the Po Delta evolution from the Bronze Age to present, derived from

geomorphologic and historical data (modified from Correggiari et al., 2005).
Geomorphologic and stratigraphic analyses allowed to reconstruct the activation of the main fluvial
channels that led to the construction of several wave-dominated deltas along the Po coastal plain
(Fig. 2.16a-e). Specifically, Po di Adria to the north and Po di Spina to the south were the most
active channels during the late Bronze Age (Correggiari et al., 2005). During the Roman Age (ca.
2500-1500 yr BP) the Olano and Eridano were the southernmost and the most important Po river
branches. At ca. 1500 yr BP, a natural avulsion determined the formation of the Po di Primaro

which significantly prograded during the Middle Ages (ca. 1500-500 yr BP). At the same time, in
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the northern sector of the coastal plain, the most active channels were Po di Ariano first, followed
by Po di Volano. In the middle of XII century, a major natural avulsion called “Rotta di Ficarolo”
greatly reshaped the evolution of the Po River, shifting the entire fluvial system in a northernmost
position and determining the definitive abandonment of the Po di Primaro. In this new position, Po
di Ariano-Goro firstly prograded, followed by Po delle Fornaci (the modern Po di Levante), which
created the first lobate delta of the Po River (Ciabatti, 1967). The rapid progradation of this delta is
ascribed to an increased solid transport, due to a phase of climate change after the Little Ice Age
and the human intervention with the deforestation of the drainage basin (Veggiani, 1990;
Corregagiari et al., 2005). The risk of the infilling of the nearby Venice Lagoon by the high sediment
supply provided by Po delle Fornaci led to the Porto Viro cut, a forced diversion operated ca. 350
yr BP (1599-1604 A.D.; Fig. 2.16f). The formation of the supply-dominated modern Po Delta
system started after this event, which deviated the entire drainage system towards a southern
position. A very rapid progradation started, influenced by delta lobe shifting, advancement and
abandonment, that determined the peculiar shape of the present-day Po Delta (Fig. 2.169).

2.2.3 Microfossil assemblages of the late Quaternary succession of the Po coastal plain

Benthic foraminifera and ostracoda included in the late Quaternary sediment succession of the Po
coastal plain have been extensively studied in the recent years mainly for palaeoenvironmental
purposes (Amorosi et al.,, 1999a, 2003, 2004, 2017). Identification of facies associations was
performed on the basis of stratigraphic and sedimentological characteristics, as well as through the
analysis of benthic foraminiferal and ostracod assemblages. Moreover, within lithologically
homogeneous sediment successions, benthic foraminifera and ostracoda were able to track
significant changes even at the scale of the sub-environment (e.g. Rossi and Vaiani, 2008). These
microfossils have been proved to be useful indicators, providing information about past ecological
conditions in terms of depth, salinity, degree of confinement, hydrodynamic conditions, food and
oxygen availability (Rossi and Vaiani, 2008; Amorosi et al., 2008, 2017; Rossi and Horton, 2009).

Microfossil assemblages with peculiar palaeoenvironmental significance, related to different facies
associations, were recognized in the uppermost 140 m of the Po coastal plain sediment
succession, that include the two most recent T-R cycles attributed to MIS 1 and 5e (Amorosi et al.,
2003, 2004).

Freshwater microfossil assemblage (F) — This assemblage is exclusively composed of freshwater
to mesohaline ostracod taxa, with dominant Pseudocandona albicans and Candona neglecta. It
was recorded within soft, organic-rich clays attributed to swamp facies association.

Back-barrier microfossil assemblages (B) — The late Quaternary brackish-water microfossil
assemblages of the Po Plain sediment succession are mainly characterized by the opportunistic

benthic foraminifera Ammonia tepida and Ammonia parkinsoniana and the ostracod Cyprideis
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torosa. However, changes in the relative proportions of these taxa and the occurrence of a variety
of subordinate species, led to the differentiation between different associations. Specifically, outer
lagoonal/estuarine deposits (association Bd) include scarce frequencies of Cribroelphidium spp.,
Aubignyna perlucida, Miliolidae, Loxoconcha elliptica, Leptocythere spp. and Loxoconcha stellifera.
The central lagoonal/estuarine fauna is still dominated by A. tepida, A. parkinsoniana and C.
torosa, but it is more oligotypic (association Bc). Inner lagoonal/estuarine sediments include almost
exclusively the euryhaline ostracod C. torosa, with scattered tests of the benthic foraminifera A.
tepida and A. parkinsoniana (association Bb). Ostracoda are absent within the marsh assemblage

(association Ba), dominated by extremely high frequencies of Trochammina inflata.

Reworked microfossil assemblages (R) — Microfossil assemblages with large-size tests of benthic
foraminifera and thick ostracod valves with evident traces of abrasion were commonly found in
sandy deposits and are considered indicative of a high-energy depositional environment. Beach
ridge and upper shoreface sands usually include coastal taxa such as Ammonia beccarii,
Elphidium crispum, Elphidium macellum and Miliolidae along with reworked planktonic and benthic

foraminifera from older units, whereas

ostracoda are rare and mainly
PROGRADING

DELTA-STRANDPLAIN

(HST) represented by Pontocythere turbida

(association Rm). Conversely,

washover sands are characterized by

WAVE-INFLUENCED

DELTA

brackish-water taxa, likely transported
from nearby lagoonal environments,
mainly A. tepida, A. parkinsoniana,
Elphidium spp. and C. torosa

(association Rb).

Marine microfossil assemblages (M) —
These assemblages are found from
offshore transition to prodelta and
transgressive barrier deposits.
Specifically, microfossil assemblages
within transgressive barrier sands and

offshore transition sediments are

P RETROGRADING composed by abundant and well-
BARRIER-LAGOON-ESTUARY
7 (= diversified marine species

Fig. 2. 17 Model for the palaeoecologic distribution of the microfossil (@ssociations Me-Md). The most

assemblages identified in the late Quaternary sediment successions of . .
the Po Plain (from Amorosi et al., 2004). common benthic foraminiferal taxa are

Texularia spp. (mainly T. agglutinans
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and T. bocky, subordinately T. sagittula, T. candeiana and T. aciculata) and Miliolidae (Adelosina,
Quinqueloculina, Triloculina, Cycloforina, Sigmoilinita, Siphonaperta, Spiroloculina, Miliolinella and
Pseudotriloculina), associated to lower frequencies of P. granosum and P. lidoense (listed as
Cribroelphidium granosum and Cribroelphidium lidoense in the cited works but nowadays gathered
into the single species P. granosum; in this thesis, the genus is updated in accordance with the
standard references, but | retain the differentiation of the two species due to their distinct ecological
distribution recorded in the reference works of Jorissen for the Adriatic Sea), Elphidium spp.,
Nonionella turgida, Asterigerinata spp., Lagena spp. and Buccella granulata. Ostracoda are
diversified as well as foraminifera, represented by Pontocythere turbida, Leptocythere spp. (mostly
L. cf. L. multipunctata, L. bacescoi and L. laevis), Callistocythere spp. (mostly C. adriatica, C. cf.
flavidofusca and C. intricadoides), Semicytherura spp., Loxoconcha spp. and Carinocythereis
whitei. Prodelta facies association is characterized by abundant opportunistic species, like the
benthic foraminifera A. tepida and A. parkinsoniana, associated to locally high frequencies of
Semicytherura incongruens or Pontocythere turbida (associations Mb-Ma). Subordinate benthic
foraminiferal taxa are P. granosum, C. poeyanum, P. lidoense and C. decipiens, Haynesina
depressula, E. advenum and mostly Quinqueloculina seminula among the miliolids. Ostracoda
include a variety of Semicytherura (S. acuticostata, S. costata, S. rarecostata), Loxoconcha (L. gr.
rhomboidea, L. exagona, L. rubritincta, L. tumida), Neocytherideis fasciata and, locally, valves of L.
elliptica and L. stellifera, likely transported by the river inputs. Peculiar prodelta microfossil
assemblages indicative of a fine-grained substrate enriched in organic matter, comparable to the
modern shallow North Adriatic mud-belt, were recorded under the modern Po delta plain by Rossi
and Vaiani (2008) and Rossi (2009). These assemblages are extremely oligotypic, dominated by
N. turgida and Palmoconcha turbida, opportunistic species typical of shallow marine environments

with reduced oxygen concentrations.
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3. METHODOLOGICAL APPROACH

Benthic foraminiferal and ostracod data analyzed in my Ph.D. project are represented by modern

and late Quaternary meiofaunal (ostracoda and benthic foraminifera) databases. Specifically, the

analyzed modern databases are represented by:

e a sub-set of 87 samples from the northern sector of the Adriatic Sea, derived from the pre-

existing databases of Breman (1975) for ostracoda and Jorissen (1988) for benthic

foraminifera of the Adriatic Sea;

e 64 surface samples collected in the lagoon of Bellocchio (“Sacca di Bellocchio”, south of

the Po Delta)

/ /
4 12.00° 12.50° 13.00°
N 122

Venicem Y
18 4126 ,
115 J28--—773 (
147 - / ~
L\ =" 430 N
110 04 .
3 ~=4 . 134
~45.00° 105 -~—--, .
48 103 133
\ . 135
- l1.53 102
142 *101
. 136
L\/\’\V 1 g/157-1oo
165 162°160 139 1_37
164" 166*167 99
9 138

:

.163 // 168 0169
=44 .50 / bue 70
ees! o '9g ‘97 98 .
Ravenna g2 99 17

-/\/ ' 172

\
. \89 |
185.- 782, \\

\ \
Sa0 gg Y\

\ N
192 ¥ N\
. \
/ 193 86
. \\ \\
~43.50° ‘am N\
83-"85\ \\
YN
Ancona 823
81\
\‘ \
L_25km | /\,/ 80 \ \\
1

Fig. 3.1 Distribution of samples selected from
databases of Breman (1975) and Jorissen (1987),
analyzed during my Ph.D. project to determine
modern biofacies of ostracoda and benthic
foraminifera.

The micropalaeontological samples from the late
Quaternary database of the Po coastal plain include a
total of 263 samples from three cores (core EM13, 223-
S12 and Core 7).

3.1 Modern databases

3.1.1 North Adriatic Sea database

A total of 320 samples for ostracoda and 285 samples
for benthic foraminifera compose the Adriatic Sea
databases of Breman (1975) and Jorissen (1988),
respectively. These databases are formed by the same
set of samples (grab samples and piston-core tops),
collected during an oceanographic cruise in 1962. The
first meiofaunal analyses were performed by Breman
(1975) on the ostracod fauna and, in a second
instance, by Jorissen (1987, 1988) on benthic
foraminifera. Since benthic foraminifera were not
stained in the field, both authors analyzed the total
assemblages in the sediment fraction >150 pm.
Procedures for the treatment and preparation of
samples were described at length in the reference
works (Breman, 1975; Jorissen, 1988). These samples
also include quantitative values of four abiotic factors
for each sample: water depth (m), percentage of sand

(%), calcium carbonate (%) and organic matter (%).
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Therefore, datasets can be considered perfectly comparable in terms of meiofauna and

environmental parameters.

Due to their vicinity to the Po coastal plain, the Adriatic meiofaunal databases of Breman (1975)
and Jorissen (1988) can be considered the best modern analog for the shallow-marine, late
Quaternary meiofaunal assemblages of the Po coastal plain. | performed integrated statistical
analyses of the meiofauna on a total of 87 samples from the North Adriatic Sea, between the
northern Adriatic coasts and Ancona (Fig. 3.1). Since the meiofauna of the southern sector of the
Adriatic show a higher dissimilarity compared to the North Adriatic meiofauna, it was excluded from
the analyzed database. This fact could be linked to the different depositional regimes acting on
these two sectors of the shallow Adriatic Sea (Frignani et al., 2005).

Within the analyzed databases, the abundance of ostracoda and benthic foraminifera was
originally expressed as compositional data in percentage form. Among the additional information
included within the databases, the number of total identified valves was reported for ostracoda,
whereas the benthic foraminiferal dataset did not include the total number of counted tests. For this
reason, the analyzed data could not be transformed into relative abundance (i.e., number of
valves/tests) and must be used as percentages. However, the total number of ostracod valves
was used to obtain the relative abundance of each taxon, to remove the contribution of obviously
transported or reworked freshwater and brackish water taxa (mostly represented by Candona spp.,
llyocypris spp., Limnocythere spp., Cyprideis torosa, Leptocythere lagunae and Loxoconcha
elliptica) and finally percentage abundances of the remaining (in-situ) taxa were calculated. After
these operations, samples including <20 valves were removed from the dataset. This is considered
an appropriate threshold value for ostracod studies in marine settings (Cronin, 1999; Bassetti et al.,
2010). The final ostracod dataset included 71 samples. In order to reduce the dispersion of the
data, selected species were grouped up to genera level according to their taxonomy and ecological

characteristics.

Pre-treatment of the data was not required for the benthic foraminiferal dataset, since all the
samples originally included >250 tests and the contribution of finely agglutinated taxa (Eggerella
spp. and Reophax spp.) susceptible to fragmentation after burial was already removed by Jorissen
(1988). Since nine out of the 87 samples selected for the analyses were not included in the original
database due to the scarce fauna (<250 tests), the final benthic foraminiferal dataset included a
total of 78 samples. Some species were already partially grouped on the basis of their genera,
morphologic groups and/or ecological preferences (Jorissen, 1988), therefore an additional
grouping was not performed. Some taxa were gathered together in the original database, since
they were considered as formae at that time (e.g. A. parkinsoniana groups A. parkinsoniana and A.

tepida; P. granosum groups P. granosum and P. lidoense, C. poeyanum groups C. poeyanum and
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C. decipiens; complete list is included in Jorissen, 1988), thus preventing the analysis of the single

species distribution.

3.1.2 Sacca di Bellocchio database

The meiofaunal study of the lagoon of Bellocchio is currently in progress. The database will include

a series of parameters, specifically:

e Biotic variables: abundances of living (rose Bengal-stained) and dead benthic foraminifera;

total abundances of ostracoda;

e Abiotic variables:

o sediment characteristics: grain size, concentration of CaCO;, C, N, H, S, clay

composition;

o water characteristics: salinity, Ph, temperature, Oxygen Reduction Potential (ORP)

and concentration of dissolved oxygen (DO). These parameters were measured by

Permanently s \ain tidal creeks
submerged areas

Channels © Samples
Washover fan

Fig. 3.2 Distribution of samples collected from the Sacca di
Bellocchio for meiofaunal analyses. Main geomorphological
features are indicated. Not-colored areas within the Sacca di
Bellocchio are not submerged and characterized by
occasional pools and seasonal dry-ponds.
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means of a multiparametric probe and are
available for a limited number of samples.
Specifically, the few cms of water along the
tidal creeks in the southern portion of the
lagoon prevented the acquisition of the data.

A total of 64 surface samples were collected
from the Bellocchio Lagoon (south of the Po
Delta) in October 2016 and May-June 2017
(Fig. 3.2). Since the lagoon of Bellocchio is a
natural reserve, sampling operations were
performed with the permission of the Command
for forestry, environmental, food and
agricultural protection of the Carabinieri Force
(formerly the State Forestry Corps). Samples
were collected from relevant areas of the
lagoon: permanently submerged areas in the
lagoonal basin, channels, creeks and ponds
(Fig. 3.2). Sediment samples were collected
using a plastic tube of 8 cm of diameter with a
sharp ring at one of its extremities, that allowed

the collection of undisturbed samples.



Two aliquots of sediment (ca. 50 ml each one) were collected from the uppermost cm of the
undisturbed samples. The first aliquot was stained in the field with buffered rose Bengal dye (2 g of
rose Bengal in 1000 ml of 95% ethanol) for at least 14 days to differentiate living and dead benthic
foraminifera (Schonfeld, 2012). The second aliquot was collected for grain-size, geochemical (C,
N, H, S) and mineralogical (CaCQOs3, clay composition) analyses. The value of water depth was

measured at each site.

Samples were successively oven-dried at 30 °C and weighted. Successively, they were soaked in
water for ca. 8 hours and gently washed through a 63 um sieve with tap water to remove the finer
particles and the excess of dye. After washing, samples were dried again at 30°C and weighted in
order to quantify the sand fraction.

The quantitative analysis of benthic foraminifera and ostracoda was performed on the sediment
fraction >63 um, due to the extremely low number of living specimens recorded in the fraction >125
pum, which is generally recommended for environmental and biomonitoring studies using benthic
foraminifera (Schonfeld, 2012). Only living foraminifera at the time of collection were counted, i.e.
the specimens showing a bright stained protoplasm up to the last or penultimate chamber. Living
ostracoda are usually recognized on the basis of the presence of soft parts attached to the
carapace or valves (e.g. Ruiz et al., 1997). Since the living individuals in our samples were
extremely scarce, both living and dead ostracoda were counted, as well as entire carapaces and

single valves, on the whole range of the juvenile moults and adults.

3.2 Po coastal plain late Quaternary database

The analyzed late Quaternary micropalaeontological assemblages were collected from three
continuously cored boreholes distributed on the modern Po Delta and coastal plain (Fig. 3.3), each

one representing specific palaeoenvironmental
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o The Pleistocene back-barrier succession of core 223-S12 represented the peculiar record
of a transitional setting developed during the MIS7, one of the rare examples in the Po

coastal plain.

3.1.1 Sample collection and treatment

During the research project, 155 samples were directly collected and treated from the 34 m-long
core EM13, drilled in collaboration with ExxonMobil. Samples were collected sectioning the core
into 2 cm-thick slices, excluding the external surfaces of the sediment core in order to avoid the
collection of possibly displaced specimens. Samples were treated following the standard
procedures reported, for instance, in Amorosi et al. (2008) and Rossi and Vaiani (2008). Samples
were oven-dried at 60 °C for 2-3 days, weighted to obtain the dry weight (ca. 80-100 g per sample)
and then soaked in water and hydrogen peroxide (35%) for 8 hours. They were washed through a
63 um sieve and dried again for 24 hours. Samples from Core 7 and core 223-S12 were already
available for the analyses. All the treated samples are stored in the sedimentary laboratory at the

BiGeA department of the University of Bologna.

All the studied samples were qualitatively analyzed under a binocular microscope in the fraction
>63 um. Selected samples were dry-sieved and quantitatively analyzed in the fraction >125 um
and relative abundance of benthic foraminifera and ostracoda was obtained. Specifically, a total of
116 samples were quantitatively analyzed from the three previously mentioned cores. All of them
were counted for benthic foraminifera, whereas only 42 were quantitatively analyzed for ostracoda,
due to: (i) the relatively low abundance of ostracoda within the shallow-marine successions of core
EM13 and Core 7 and (ii) the specific aim of the focusing on the benthic foraminiferal record of
Core 7. The following table reports the number of samples analyzed during the Ph.D. project and

the amount of samples that were quantitatively and statistically analyzed.

ANALYSED SAMPLES FOR THE Ph.D. PROJECT
Counted for Statistically Statistically
. Counted for | analyzed for
Core Treated benthic X analyzed for
- ostracoda benthic
foraminifera o ostracoda
foraminifera
EM13 155 49 23 37 17
223-S12 19* 19 19 11 16
Core 7 89* 48 0 37 0

Tab. 1 Samples from the three cores analyzed during the Ph.D. project. The asterisk indicates samples that were already
available for the analyses.
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3.1.2 Identification and ecological interpretation of benthic foraminifera and ostracoda

Benthic foraminiferal and ostracod taxa were identified following original descriptions and several
key papers. Specifically, the identification of benthic foraminifera relies upon the following works:
Ellis and Messina (1940), Hansen and Lykke-Andersen (1976), AGIP (1982), Jorissen (1988),
Albani and Serandrei Barbero (1990), Cimerman and Langer (1991), Sgarrella and Moncharmont
Zei (1993), Hayward et al. (1997), Fiorini and Vaiani (2001), Rasmussen (2005) and Milker and
Schmied|, (2012). Ostracoda were taxonomically identified using the works of Uffenorde (1972),
Bonaduce et al. (1975), Breman (1975), Athersuch et al. (1989), Henderson (1990), Mazzini et al.
(1999), Faranda and Gliozzi (2008), Frenzel et al. (2010), Cabral and Loureiro (2013) and Salel et
al. (2016).

Interpretation of the ecological characteristics of species and the environmental significance of the
late Quaternary benthic foraminiferal and ostracod assemblages are inferred from the comparison
with modern benthic faunas from shallow-marine (Colalongo, 1969; D'Onofrio, 1969; Uffenorde,
1972; Bonaduce et al., 1975; Breman, 1975; Jorissen, 1987; Murray, 1991; Van der Zwaan and
Jorissen, 1991; Barmawidjaja et al.,1992; Donnici and Serandrei Barbero, 2002; Frezza and
Carboni 2009; Mojtahid et al. 2009; Goineau et al. 2011, 2012, 2015; Frezza and Di Bella, 2015)
and transitional environments (Montenegro and Pugliese, 1996; Debenay et al., 2000; Ruiz et al.,
2000; Frenzel and Boomer, 2005; Carboni et al., 2009; Frontalini et al., 2009; Melis and Covelli,
2013; Pint and Frenzel, 2017) of the Mediterranean area. The interpretation of microfossil
assemblages also relied upon the comparison with microfaunal associations recovered from late
Quaternary coastal successions of Italy (Carboni et al., 2002; Aguzzi et al., 2007; Di Bella et al.,
2013, 2014; Amorosi et al., 2014a, 2016), with special attention for works performed on the Po
coastal plain (Amorosi et al., 2004, 2008, 2017; Rossi and Vaiani, 2008; Rossi, 2009; Milli et al.,
2013; Campo et al., 2017).

3.3 Statistical elaborations

Multivariate statistical techniques were applied to modern and late Quaternary benthic foraminiferal
and ostracod faunas for palaeoenvironmental purposes. Prior to the statistical analyses, data
matrices were produced grouping taxa with similar ecological preferences up to the genus level
and removing rare species (with different threshold values for shallow marine and back-barrier
settings) in order to reduce the noise produced by non-significant taxa. Successively, abundance
data were transformed using methods adopted in the literature and selected on the basis of the
environmental setting (Legendre and Gallagher, 2001; Legendre and Legendre, 2012). In shallow
marine settings, data transformation helped to reduce the contribution of minor taxa (e.g. Mojtahid
et al.,, 2009; Rossi and Vaiani, 2009), whereas it was enhanced in back-barrier setting (e.g., Slack

et al., 2000). Then, distance matrices were created choosing appropriate similarity (or dissimilarity)
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measures recommended in the literature (Legendre and Gallagher, 2001; Legendre and Legendre,

2012).

After treatment of the data matrices, two main groups of multivariate statistical methods have been

applied:

Cluster analyses (classical Q-mode and Multivariate Regression Trees, MRT), in order to
discriminate groups of samples with a similar fauna. This method is often applied in both
modern environments and fossil successions, since it allows to place discrete limits
between groups. | additionally tested MRT because it has a desirable advantage over
classical Q-mode cluster analysis: it partitions groups not only on the basis of biotic
variables (i.e., abundances of taxa) but also considering abiotic (i.e., environmental)
variables. Therefore, MRT defines quantitative threshold values of environmental variables
that create groups with a similar fauna. This is particularly useful in the presence of modern
dataset including biotic and abiotic data for each sampling station (e.g., as the case of the

North Adriatic database analyzed within this Ph.D. project; see Chapter 5).

Ordination analyses (Metric and non-Metric Multidimensional Scaling, MDS and nMDS), to
identify (palaeo-)environmental gradients evidenced by the meiofaunal assemblages. They
were applied with the additional aim of checking if the groupings operated by the cluster

analyses were reliable and followed natural gradients (e.g. Chapter 8).

A series of additional statistical analyses were performed on the basis of specific questions for

each study case.

Similarity Percentage (SIMPER) analyses: how much is the contribution of each taxon to

the formation of clusters? (e.g. Chapter 9)

Correlation matrices are usually applied to a single faunal group, in order to understand
which taxa can (or cannot) be found together and if they are related to the same set of
abiotic parameters. However, | wanted to go further and answer to the following question:
which benthic foraminiferal taxa and ostracod taxa could | find in the same meiofaunal
assemblage? And, moreover, how both are linked to environmental parameters? (see
Chapter 5);

Analysis of Similarities (ANOSIM): is there a significant difference between groups?
ANOSIM is a non-parametric test that works on dissimilarity matrices. It tests if the rank of
distances between groups defined a priori is greater than the rank of distances within
groups. | applied this method to understand if groups of samples showed significant

differences in terms of diversity indices (see Chapter 9).

39



Analogue matching (AM) specifically answers to the following question: which modern
samples are most similar to the fossil ones, in terms of faunal composition? This technique
operates on two databases, one composed a set of fossil assemblages and the second one
composed by modern assemblages. It calculates the dissimilarity (or similarity) between
every fossil and modern samples and it finds modern samples that are most similar (i.e.,
that show the minimum dissimilarity) to the fossil ones. | used AM to find the closest
modern analogue to each fossil sample of core EM13, in terms of both benthic foraminiferal
and ostracod assemblages (see Chapter 6). It should be mentioned that modern databases
for the Adriatic Sea (Breman, 1975; Jorissen, 1988) report meiofaunal data analyzed in the
fraction >150 um. On the other hand, fossil assemblages from sediment cores were
analyzed in the fraction >125 pm as suggested by reference works (Boomer, 2003;
Schonfeld et al., 2012; Weinkauf and Milker, 2018). Nevertheless, this discrepancy is not
significant, since benthic foraminiferal data from these two size fractions are considered
fully comparable and do not imply significant problems for palaeoenvironmental

reconstructions (Weinkauf and Milker, 2018).

Calculation of faunal parameters: what is the structure of benthic foraminiferal and ostracod
assemblages? Indices of species diversity, dominance, distribution of individuals among
taxa and faunal density were computed to detect changes in the structure of benthic
communities connected to shifts of palaeoecological conditions. This procedure was
exclusively applied when it was considered essential for the purpose of the work, as in the
case of Chapter 9. Conversely, it was not applied to Chapter 5 and 6, where taxonomic
categories are derived from literature data that often gather several species into groups of
higher taxonomic rank. The Foraminiferal Abnormality Index (FAI; Frontalini and Coccioni,
2008) was expressed in presence of significant values of aberrant benthic foraminifera
indicative of stressed conditions (FAI>1%), as in Chapter 9. Except for core 223-S12,
abnormal tests of benthic foraminifera within the Po Plain sediment successions are always
very rare (FAI<1%). Literature data presented in Chapter 5 do not include quantitative
information about deformed tests of benthic foraminifera. The FAI and the structure of the
meiobenthic community of the Bellocchio Lagoon (Chapter 10) will be analyzed when the

full database will be compiled.

40



4. RESEARCH SUMMARY

The purpose of this Ph.D. project is to detect coastal and delta dynamics within the late Quaternary
sediment succession of the eastern Po Plain through the analysis of benthic foraminifera and
ostracoda. In order to track even small palaeoenvironmental changes, is essential to understand
the mechanisms that drive the faunal turnover in each group. The cornerstone of the project is the
integration of benthic foraminifera and ostracoda, combined with the comparison of the distinct

palaeoecological information provided by each group.

To achieve these goals, shallow marine and back-barrier settings were investigated, since they
represent extremely fragile and unstable environments that change in response to allogenic (e.g.,
sea-level oscillations) as well as autogenic (e.g., channel avulsions, delta lobe switching, closure of
tidal inlets) processes. Both modern and fossil faunas were investigated within each setting: a
comprehensive knowledge of present-day fauna would allow to interpret in detail the fossil record.
This operation should be performed in the same geographical area, in order to retain comparable

benthic assemblages.

This resulted in the analysis of six study cases during my Ph.D. project (Fig. 4.1):

Modern settings : Late Quaternary Po Plain sediment succession

EM13 Holocene shallow marine succession

North Adriatic shelf Po coastal plain HST

Core 7 late Holocene shallow marine succession

Lagoon of Bellocchio Core 223-S12 Pleistocene back-barrier succession

Most of the obtained results were reported in four research papers, which were already published
(chapters 8 and 9) or either submitted (chapters 5 and 7). Preliminary results about the fossil
meiofauna of core EM13 and the modern meiofauna of the Lagoon of Bellocchio are presented in

chapter 6 and chapter 10, respectively.

e First study case: Modern meiofauna of the North Adriatic Sea (Chapter 5). The North Adriatic
shelf faces the Po coastal plain and its sedimentary dynamics are strongly influenced by the
Po River, particularly in the shallowest (<40 m water depth) sector, therefore it represents the
best modern analog for late Quaternary shallow marine successions of the Po Plain. This
chapter presents the multivariate analysis of modern benthic foraminifera and ostracoda from
this sector of the basin. Even though data were derived from literature sources (Breman, 1975;
Jorissen, 1988), we obtained new insights about the environmental drivers influencing the
distribution of the meiofauna: benthic foraminifera are mostly related to organic matter,

whereas bathymetry and grain-size (i.e. sand concentration) drive ostracod assemblages.
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Moreover, we show that the combination of the two
meiofaunal groups allow to obtain a refined
characterization in terms of depositional environments
on river-influenced shelves.

Authors contribution to the paper: all the authors
defined the design of the work. | performed the
statistical analyses, prepared all the figures and the PoRlain HST
majority of the supplementary and in-text tables, with
the exception of table 5 which was prepared by VR. I,
VR and SV interpreted the data. All the authors

contributed to the writing of the paper.

Second study case: The palaeoecological record of

delta dynamics (Chapter 6). In chapter 6, modern

meiofaunal  assemblages  were  quantitatively

compared to the fossil fauna of the Holocene shallow Fig. 4.1 Location of the study cases presented
in the Ph.D. thesis. Modern databases from
literature sources in green, based on new data
in red, sediment successions in yellow.

marine  succession of core EM13, which
chronologically encompasses the wave-to-river
dominated Holocene evolution of the Po Delta. Here, | show that each group shows a different
palaeoecological record: in accordance with modern data, benthic foraminifera are related to
organic matter fluxes, whereas ostracoda seem to be indicative of the amount of sediment
input. Included in the well-known evolutionary frame of the Po Delta, | show that the integration
of benthic foraminifera and ostracoda represents a powerful tool to obtain an high-resolution

characterization of shallow marine, river-influenced sediment successions.

Third study case: Three-fold nature of the Po Plain highstand succession (Chapter 7).The
further step was to test benthic foraminifera and ostracoda as palaeoecological indicators at a
wider scale: in chapter 7 they were applied for the characterization of the depositional systems
of the high-stand succession of the Po coastal plain. They provide information about
palaeoenvironmental conditions along the whole stratigraphic interval, from proximal to distal
locations, in both sand and fine-grained deposits, over three phases of coastal evolution: i)
uppermost TST: bay-head delta progradation in an estuarine environment, ii) lower HST:
predominant aggradation of wave-dominated deltas, and iii) upper HST: rapid progradation of
the river-dominated Po Delta.

Authors contribution to the paper: the paper was mostly ideated by AA, in collaboration with
LB and BC. Sedimentological and stratigraphic analyses were performed by AA, LB and BC.
Geochemical data were analyzed and interpreted by AA and IS. Most of the radiocarbon dates
were determined by WH. Mollusks data were collected, treated and interpreted by DS.
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Micropalaeontological data were collected, treated and interpreted by SV, VR and GB.
Specifically, | treated, analyzed and interpreted benthic foraminifera and ostracoda from Core
7 and core EM13, therefore my contribution was mostly focused on the wave-dominated and
river-dominated facies in the seaward portion of the succession (phases 2 and 3 of the model).
| produced Figure 4, | contributed to the writing of the micropalaeontological contents of the
paper and to the preparation of Table 1. The majority of the figures were prepared by LB and
BC. Writing of the paper was mostly performed by AA with the subordinate collaboration of all
the authors.

Fourth study case: Benthic foraminifera: a key tool in river-dominated successions (Chapter
8).The shallow marine succession of Core 7 was studied to specifically focus on the
prograding portion of the upper HST, in order to investigate the ability of benthic foraminifera
to detect subtle, short-time palaeoenvironmental changes within a river-dominated succession
of the Po Plain. In chapter 8 we show that these microfossils track changes of river influence,
related to short time-scale autogenic deltaic processes that governed deltaic evolution in the
last millennia.

Authors contribution to the paper: all the authors contributed to the ideation and writing of the
paper. Analysis of benthic foraminifera were performed by me and SV. | performed the
statistical analyses and contributed for the 80% to the preparation of the figures. Interpretation
of microfossil fauna was done by me and SV, whereas geochemical data were interpreted by
AA.

Fifth study case: Accuracy of benthic foraminifera and ostracoda in back-barrier successions
(Chapter 9). Within the Pleistocene back-barrier succession of core 223-S12, benthic
foraminifera and ostracoda were compared to test which group shows the highest
palaeoenvironmental resolution potential in such settings. The amount of aberrant specimens
within the two benthic foraminiferal assemblages suggests the development of
stressed/unstressed conditions, whereas three ostracod assemblages were determined by
salinity and thus can be correlated to different degrees of isolation from the sea. In this case,
ostracoda gave more straightforward indications about palaeoenvironmental conditions, even
though benthic foraminifera provided relevant additional information and integrated the
palaeoecological record in presence of monospecific ostracod assemblages. Additionally, a
detailed taxonomic analysis of Elphidiidae, Rotaliidae, and Nonionidae was performed to
increase our knowledge on peculiar taxa recovered in the analyzed deposit.

Authors contribution to the paper: | and SV defined the design of the work and carried out
benthic foraminiferal analyses, whereas | performed the ostracod analyses and statistical
elaborations. Interpretation of fossil data and preparation of the paper was contributed to by

both authors.
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Sixth study case: Modern meiofauna of the Lagoon of Bellocchio (Chapter 10). Despite the
exceptional level of detail obtained in the Pleistocene back-barrier succession of core 223-
S12, some features of the fossil assemblages were not fully understood (e.g. environmental
factors that determined the development of stressed conditions, connection between ostracod
assemblages and effective distance from inlets, etc.). Therefore, the study of the modern
meiofauna of the Bellocchio Lagoon started with the aim of understanding the dynamics that
govern the meiofaunal turnover within these settings. This chapter presents preliminary results
about living benthic foraminifera, live and dead ostracoda and the future perspectives of this
project, such as the identification of benthic foraminiferal biotopes (using living individuals) and
meiofaunal thanatofacies (dead benthic foraminifera and ostracoda) to develop a proxy for

palaeoenvironmental reconstructions within back-barrier successions.
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Abstract

In this study we investigate the distribution of ostracoda and benthic foraminifera from the shallow
(<40 m water depth) North Adriatic shelf fed by the Po River and, to a lesser extent, Apennines
and Alpine rivers. We recognize the main environmental drivers on each benthic group and identify
depositional settings under different degrees of river influence, integrating faunistic and
environmental data from a sub-set of samples of previously published databases (Breman, 1975;
Jorissen, 1988). Multivariate statistical analyses, including Analogue Matching technique and
Multidimensional Scaling, indicate that distinct environmental parameters drive the meiofaunal
turnover across the North Adriatic inner shelf: grain-size (sand %) and bathymetry for ostracoda;
organic matter concentration for benthic foraminifera. The integration between ostracoda and
benthic foraminifera, which show seven and five biofacies respectively, gives us the opportunity to
distinguish three main areas with respect to the relative position to the main source of riverine
material (i.e., the Po River) and the accumulation of river inputs. In proximity of the Po Delta, where
high fluxes of sediment occur, taxa tolerant to organic-rich (2.7% on average) muddy (0.5-15.6% of
sand) substrates and periodical oxygen deficiency are abundant (Palmoconcha turbida,
Leptocythere ramosa, Ammonia parkinsoniana-Ammonia tepida, Nonionella turgida). Downdrift of
the main feeding mouths, under the combined influence of the Po and Apennine rivers, ostracoda
discriminate between shallow (8-13 m water depth), sandy (15.9-73.3%) substrates (Semicytherura
incongruens, Xestoleberis spp.) subject to the action of longshore currents and deeper (13-20 m
water depth) more clayey (1.1-11.2% of sand) bottoms (S. incongruens, Palmoconcha turbida).
Conversely, benthic foraminifera are monotonous from coast to offshore, being represented by
taxa tolerant to moderate concentrations of organic matter (0.1-1.3%) as A. parkinsoniana-A.
tepida and Aubignyna perlucida. The mud-lover species Cytheridea neapolitana and Bulimina
marginata, tolerating high organic matter concentrations (1.35% on average), are abundant in the
Adriatic mud-belt subject to major accumulation of riverine material at 20-40 m water depth. Updrift

of the Po Delta, on sandy substrates with low organic matter (0.65% on average) the meiofauna
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mostly include S. incongruens, Pontocythere turbida and Milioloidea. Out of the fluvial influence at
ca. >20 m water depth, diversified meiofaunal assemblages characterize the North Adriatic inner
shelf, where ostracoda discriminate sediment-starved areas enriched in sand (19.4-97.4%). Our
results show that the combined application of ostracoda and benthic foraminifera would represent
a valuable tool to obtain refined depositional characterization of river-influenced shelves, and to
achieve detailed palaeogeographical reconstructions of late Quaternary shallow marine

successions.

Keywords: Ostracoda; Benthic foraminifera; Adriatic Sea; depositional environment; prodelta;

multivariate analysis

1. INTRODUCTION

Benthic ostracoda and foraminifera represent useful ecological indicators of the depositional
dynamics of continental shelves, due to their abundance and adaptability to different environmental
conditions (Athersuch et al., 1989; Murray, 2006). However, multiple factors are potentially
responsible for the meiofaunal community turnover in shelf settings which are complex ecosystems
subject to the interaction of several sedimentary, hydrodynamic and biological processes and their
variation in time and space (e.g. Jorissen, 1987; Murray, 2006; Rodriguez-Lazaro and Ruiz-Muiioz,
2012). This is further emphasized on river-influenced shelves, as changes in spatial distribution
patterns of the riverine inputs are known to strongly affect meiofaunal assemblages (e.g., Van der
Zwaan and Jorissen, 1991; Mojtahid et al., 2009; Goineau et al., 2015).

The interpretation of ostracod and benthic foraminiferal assemblages exclusively based on
environmental affinities to extant taxa produces palaeoecological reconstructions that implicitly
include several palaeoenvironmental parameters commonly estimated on a qualitative way. This is
partially in contrast with the requirements of modern palaeoecology that aspires to quantify
palaeoenvironmental changes through time, connecting biotic assemblages with a reduced set of
significant abiotic (i.e., environmental) factors (Holland, 2005; Patzkowsky and Holland, 2012).
When multiple fossil groups are applied as proxies, the necessity of finding independent
connections between single faunal groups and controlling factors is even more important to obtain
detailed palaeoenvironmental reconstructions (Amorosi et al., 2014; Barbieri and Vaiani, 2018).
Several stratigraphic studies have taken the advantage of the combined application of ostracoda
and foraminifera as palaeoenvironmental proxies (Alberti et al., 2013; Fanget et al., 2016; Amorosi
et al.,, 2017; Rossi et al., 2017; Moissette et al., 2018), but only few of them clearly linked the
stratigraphic distribution of fossils to specific controlling factors (Morigi et al., 2005; Yasuhara et al.,
2012; Amorosi et al., 2014; Azzarone et al., 2018; Rossi et al., 2018). Moreover, the integration of

ostracoda and benthic foraminifera was never adopted on river-influenced shelves, even though
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these settings represent a common situation all over the world (Walsh and Nittrouer, 2009). If the
contribution of single environmental parameters on their distribution is disentangled, it will be

feasible to obtain more accurate interpretations of the fossil record.

In order to understand the ecological response of both ostracoda and benthic foraminifera, modern
databases should be comparable in terms of study area, measured variables and sampling
techniques. In the Mediterranean basin, several databases were created to examine the
relationships among the distribution patterns of ostracoda or benthic foraminifera and a set of
environmental parameters in marine areas (e.g., Donnici and Serandrei Barbero, 2002; Goineau et
al.,, 2011, 2015; Frezza and Di Bella, 2015). However, the integrated meiofauna analysis for the
ecological characterisation of modern marine environments is scarcely adopted (Pascual et al.,
2008; Angue Minto’o et al.,, 2013), and the most part of these studies focus on the effects of
anthropogenic activities on specific coastal areas (Frontalini et al., 2011; Salvi et al., 2015;

Balassone et al., 2016).

The Adriatic Sea databases produced by Breman (1975) for ostracoda and Jorissen (1988) for
benthic foraminifera share the same abiotic variables with a significant relevance for the analysed
environmental setting (i.e., water depth, percentage of organic matter, sand and calcium
carbonate), furnishing the opportunity to compare meiofauna dynamics. We use in our work part of
these databases focusing on the North Adriatic inner shelf (i.e., <40 m water depth), which is
subject to the major influence of the Po River and several subordinate Alpine and Apennine rivers

distributed along the eastern Italian coast (Frignani et al., 2005; Fig. 1).

Here, we describe the quantitative distribution, composition and species-environmental relations of
modern ostracoda and benthic foraminifera on the North Adriatic river-influenced shelf, subject to
the interaction among river sediment inputs, oceanographic processes, physiographic setting and
their variation in time and space. Specifically, we define the main biofacies and discern the
contribution of single environmental parameters on the distribution of ostracoda and benthic
foraminifera groups, applying a set of multivariate statistical analyses that jointly consider faunal
and abiotic variables. Moreover, we illustrate that ostracoda and benthic foraminifera are
complementary (palaeo)biological indicators able to identify depositional environments under
different degrees of river inputs, providing an improved characterization of continental shelves, also

in a stratigraphic perspective.
2. STUDY AREA

The Adriatic Sea is a narrow (ca. 200 x 800 km) epicontinental basin elongated in a northwest-
southeast direction in the Mediterranean Sea (Fig. 1). It represents the foreland basin of the
Apennine and Dinaric thrust belts, resulted from the subduction of the Adriatic plate and the

accretion of the Apennine chains in the Meso-Cenozoic (Doglioni, 1993). The western side of the
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Adriatic Sea is a Plio-Quaternary foredeep divided in two sectors by a structural high in proximity of
Ancona (Ori et al., 1986; Ricci Lucchi, 1986).
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Figure 1 Map of the northern Adriatic Sea and distribution of samples analysed within this work for ostracoda (Breman,
1975) and benthic foraminifera (Jorissen, 1988). Rivers are coloured according to their geographical grouping (after
Cattaneo et al.,, 2003). Mass accumulation rates are derived from Frignani et al. (2005). Blue arrows indicate the
simplified pattern of sediment flux, influenced by surface circulation pattern of the Adriatic Sea (after Harris et al., 2008.

The Adriatic Sea can be divided into three morphological domains: i) the northern Adriatic,
characterized by a 300 km-long platform dipping towards SE of about 0.02°, bordered by the shelf
break at ca. 120 m water depth; ii) the central Adriatic, that reaches a depth of 260 m in the Meso-
Adriatic Depression and is bordered by a narrower (ca. 50 km) and steeper (ca. 0.5°) shelf; iii) the
southern Adriatic, the deepest portion with a maximum depth of 1200 m (Cattaneo et al., 2003;
Storms et al., 2008).

The microtidal Adriatic Sea is strongly influenced by a cyclonic thermohaline circulation prone to
seasonal variability, and driven by wind forcing and freshwater input from rivers. Three main water

masses are present: i) a surficial temperature-mixed layer (0-30 m) characterized by less saline
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and cooler waters mainly derived by Po river runoff (Western Adriatic Coastal Current, WACC); ii)
a Levantine Intermediate Water layer (30-130 m) and iii) a deep (>130 m), very dense water
(Cattaneo et al., 2003).

Sediment inputs are mostly provided by the rivers located along the northern and western sides of
the Adriatic Sea (Fig. 1). The main sources are the Eastern Alpine rivers (providing 3.2 Tg-yr™ of
sediments, mainly by the Adige River), the Po River (12.22 Tg-yr, representing the major source
of sediments of the whole Adriatic Sea) and Apennine rivers down to Ancona (16.9 Tg-yr™). In this
sector of the basin, the river input is higher than sediment accumulation, i.e. the amount of
sediment provided by rivers is higher than the amount of sediment deposited on the seafloor
(Frignani et al., 2005). The surficial counter-clockwise WACC transports and deposits the excess
of sediment in the central and southern Adriatic, where the sediment accumulation on the sea
bottom overcomes the low fluvial supply (Frignani et al.,, 2005). The interaction between sea
currents and riverine inputs also determines the distribution of sediments on belts parallel to the
Adriatic coastline according to the grain size, with sands along the coast followed basinward by

mud and offshore relict sands (Brambati et al., 1983).

Based on mass accumulation rates and sediment characteristics, three main areas can be
distinguished on the North Adriatic inner shelf (Frignani et al., 2005; Fig. 1): i) North of the Adige
River, where the low sediment accumulation promotes the formation of scattered mud patches
exclusively in front of the river outlets; ii) from the Po outlets to Ravenna, where the maximum
values of mass accumulation rates are recorded; iii) from Ravenna to Ancona, where values of
sedimentation rates are moderate. South of the Po Delta, high amounts of sediments are
accumulated at 20-40 m water depth along the “Adriatic mud-belt” (Van der Zwaan and Jorissen,
1991). Here and in areas of maximum sediment deposition immediately south of the Po Delta,
periodical/seasonal oxygen deficiency occur at the sediment-water interface due to the intense
accumulation and degradation of organic matter (Van der Zwaan and Jorissen, 1991; Alvisi et al.,
2013). The organic material included in prodelta sediments is mainly represented by refractory
organic matter of terrestrial origin, with a great contribution of soil-derived OM (Tesi et al., 2007).
Labile organic matter derived from phytoplankton represents a minor portion of the organic material

deposited on the shelf and it is rapidly degraded (Miserocchi et al., 2007; Tesi et al., 2013).

The highest values of mass accumulation rate (3.3 g-cm™®y™) are recorded in front of the Po River
outlets, where both continuous and episodic sedimentation phases occur (Frignani et al., 2005;
Palinkas and Nittrouer, 2007; Fig. 1). The latter are related to major flood events with a sub-
decadal return time (Cattaneo et al., 2003), leading to the deposition of thick fine-grained layers
becoming progressively thinner in a southward direction (Wheatcroft et al., 2006). Two main peaks

in water and sediment discharge occur yearly, one during the late autumn related to the

50



precipitation maxima and the other in the late spring triggered by snow melting (Cattaneo et al.,
2003).

In the sectors of the North Adriatic shelf not affected by riverine sedimentation, sediment-starved
conditions occur and the modern seafloor is represented by remains of alluvial plain deposits
developed during the last glacial period and, to a lesser extent, by patches of transgressive back
barrier-coastal deposits that represent the result of the backstepping migration of a wide barrier-
lagoon-estuary system in response to the Holocene transgression (Trincardi et al., 1994; Storms et
al., 2008; Ronchi et al., 2018).

3. METHODOLOGICAL APPROACH
3.1 The Adriatic Sea database

The analysed data were derived from the modern ostracod and benthic foraminiferal databases of
the Adriatic Sea, published by Breman (1975) and Jorissen (1988). A total of 357 grab samples
and piston-core tops were collected during the oceanographic cruise in 1962 from 7.5 to 1205 m of
water depth in the whole Adriatic Sea to perform analyses on ostracoda and benthic foraminifera.
Treatment and preparation of samples for meiofaunal analyses followed standard procedures
described in detail in Breman (1975) and Jorissen (1988). Analyses were performed on the
sediment fraction between 150-450 pum for ostracoda and 150-595 um for benthic foraminifera. The
fraction >150 um was selected by the authors in order to retain most of the adult individuals and
keep the data comparable to other (palaeo-)ecological studies (Breman, 1975; Jorissen, 1987,
1988). Each sampling station was also characterised in terms of water depth (m), content of sand

(%), calcium carbonate (%) and organic matter (%) by Van Straaten (1970).

Basic statistical analyses were previously performed on original works (Breman, 1975; Jorissen,
1987, 1988). Specifically, Breman (1975) run a Q-mode PCA on a reduced set (120) of ostracod
samples from the whole Adriatic Sea, selected due to the limited storage space of the employed
statistical program. Concerning benthic foraminifera, statistical analyses were performed on: i) the
entire dataset (285 samples), analysed with a Q-mode PCA and an R-mode cluster analysis on the
50 most abundant taxa (Jorissen, 1987); ii) a subset of 124 samples from biofacial units Il and 1V,
analysed with an R-mode cluster analysis on the 40 most abundant taxa (Jorissen, 1988). Here,
we apply a suite of most recent statistical methods to ostracoda and benthic foraminifera from a
North Adriatic subset of stations (n = 87) at maximum 40 m water depth, distributed from the
northern coasts down to the Conero promontory near Ancona (Fig. 1), in order to characterize in

detail the portion of the shelf directly influenced by river inputs.

Ostracod taxa were reported by the author at species level as standardized relative frequencies on

the total assemblage and the total number of identified valves was included (Breman, 1975). We

51



removed transported or reworked freshwater and brackish water taxa (such as Candona spp.,
llyocypris spp., Limnocythere spp., Cyprideis torosa, Leptocythere lagunae and Loxoconcha
elliptica; complete list included in Supplementary Material Tab. 1) from the original data and
recalculated relative frequencies. Afterwards, only seventy-one samples including at least 20
valves were retained for the construction of the ostracod matrix; this number is considered a
suitable threshold value to discern small samples (valves <20) not suitable for quantitative studies
in marine settings (Cronin, 1999; Bassetti et al., 2010). Finally, we grouped selected species up to
genera level according to their taxonomy and ecological characteristics to reduce the dispersion of

the data (list of taxa in Supplementary Material Tabs. 1, 2).

The benthic foraminiferal matrix is composed of 78 samples including more than 250 counted tests
of unstained individuals (i.e. total assemblages), excluded the contribution of finely agglutinated
taxa such as Eggerella scabra and Reophax spp. due to their susceptibility to fragmentation after
burial (Jorissen, 1988). Relative abundances of taxa were expressed in the original dataset as

compositional data in percentage form.
3.2 Multivariate statistical analyses

The most common ostracod and benthic foraminiferal taxa with a relative abundance >5% in at
least one sample were included in the matrices for multivariate statistical analyses, following
reference works on Mediterranean river-influenced shelves (Frezza and Di Bella, 2015; Goineau et
al., 2015). We calculated the square root of the relative proportions of the data (Hellinger
transformation) and then applied the Euclidean distance to compute the Hellinger distance, a
measure recommended for clustering and ordination of quantitative species data, which gives less
statistical weight to rare taxa (Legendre and Gallagher, 2001). We standardized to zero mean and
unit variance (z-standardization) the abiotic variables in order to compare environmental
parameters with different orders of magnitude (e.g. absolute values of water depth and
concentration-like data of sediment composition).

Finally, we separately performed the following statistical analyses on both ostracod (71 samples

and 27 taxa) and benthic foraminiferal (78 samples and 22 taxa) matrices:

1. Multivariate Regression Trees (MRT) were performed to determine biofacies focusing on
the relationship between sites with similar meiofaunal content and environmental conditions
(De’ath, 2002). MRT is a constrained clustering technigue that defines gquantitative values
of environmental variables to discriminate groups with a similar faunal composition (De’ath,
2002). This operation is performed on the whole dataset (including biotic and abiotic
variables) to obtain the first partition and then it is successively repeated for every defined
group until each sample forms a single group. The resulting tree must be “pruned”, i.e. its

dimension must be reduced until it retains the most informative partitions, expressed as the
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best predictive performance of the tree. Usually, it is the smallest solution within one
standard error of the lowest value of cross-validated relative error (CVRE). The final tree is
formed by a series of splits (nodes) with a related value of one explanatory variable, and
terminal nodes (leaves) represent groups of sites (clusters) resulting from the chosen
partition. In order to assess if MRT groups significantly differ in terms of environmental
variables, a Kruskal-Wallis test was applied (Supplementary Material Tab. 3). If the p-value
was significant (<0.05), a post-hoc test was performed to identify significantly different
groups by means of a pairwise Wilcoxon test for multiple sample, with a Bonferroni
correction to reduce the probability of making Type-I errors (Supplementary Material Tabs.
4,5).

A Similarity Percentage analysis (SIMPER) based on the Euclidean distance was applied to
groups derived from MRT to quantify biotic and abiotic variables responsible for the
grouping of samples, and to assess which species mostly contribute to the similarity

between samples of the same group (Tables 1-4; Clarke, 1993).

A Metric Multidimensional Scaling (MDS; Gower, 1966) was performed on each matrix to
further test the relationships between assemblages and environmental parameters and to
determine the main factor(s) driving meiofauna turnover across the study area. MDS was
computed exclusively using faunistic data, in order to assess if MRT clusters could still be
discriminated from the faunal composition of samples. This ordination technique allows to
obtain a Euclidean representation of points projected onto a space of reduced
dimensionality, preserving their distance relationships. Since both MRT and MDS use the
same metric distance, this type of ordination is recommended to order groups of points
defined by the MRT in a low-dimensional space (De’ath, 2002). The connection between
samples and environmental variables was visualized fitting the latter as vectors and contour

plots on the MDS graphs.

Ostracod and benthic foraminiferal databases were correlated by means of a Spearman’s
correlation matrix, in order to assess the relationship among ostracod, benthic foraminiferal
taxa and environmental variables (p-values and R-values provided in Supplementary

Material Tab. 6). Only the stations shared by both databases were included (69 samples).

All the analyses were carried out with the R software (R Core Team, 2018), except for the

calculation of SIMPER, performed using the software PAST (PAlaeontological STatistic — version

3.10 by Hammer et al., 2001). The following R packages were used: base (base statistics, Kruskal-

Wallis and Wilcoxon tests, MDS), mvpart and MVPARTwrap (MRT), vegan (fitting environmental

vectors and contours on MDS), ade4 (for the function is.euclid), ggplot2 and ggthemes (MDS

plots), Hmisc and corrplot (computation and graphical representation of correlation matrices).
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Moreover, we produced spatial distribution maps of the environmental variables included in the
Adriatic Sea database using the software Surfer (Golden Software, version 11.0) and the krigging
interpolation as gridding method, since it provides the best resolution for irregularly spaced data.
Some stations not included in the analysed sub-set of samples were added to obtain a complete
map of the area. The blank boundary in correspondence to the Adriatic coasts was defined

digitizing the coastline and adding it as a breakline for the grids.
4, RESULTS: NORTH ADRIATIC MEIOFAUNAL BIOFACIES

The combination of MRT, SIMPER and Kruskal-Wallis test reveals a distinctive set of meiofaunal
biofacies (sensu Jackson, 1997) distributed across the inner portion (<40 m water depth) of the
North Adriatic shelf. In total, we identify seven ostracod biofacies and five benthic foraminiferal

biofacies.

<15.6% Sand | 215.6%
| |

<29 229
4|m Depth '7'“
<24.7% 224.7%

CaCoO, S <18 m[pepth |218m 251%[ 5and |<51%

- - =11 - Cluster 5 Cluster 6 Cluster 7

n=6 n=14 n=12 n=10 n=9 n=8

CV Error: 0.6 SE: 0.0473

Figure 2 Multivariate Regression Tree (MRT) obtained from the ostracod matrix and four explanatory variables
(concentrations of sand, organic matter, CaCO3 and water depth in m). Discriminant variables and threshold values are
reported at each node of the tree. Cross validation error and Standard error are also indicated.

4.1 Ostracod biofacies

The MRT performed on the ostracod matrix gathered the analysed samples into 7 groups/clusters
(Fig. 2), which correspond to specific environmental conditions (Figs. 3, 4a-c) characterized by a

distinctive faunal assemblage (Tables 1, 2).

The first node separates samples on the basis of the sand content in the sediment, with a
threshold value of 15.6%. Depth determines the second subdivisions at each side of the tree: for
samples on the left side, the boundary is placed at 20.5 m, whereas it corresponds to 29 m for the
samples on the right side. The lowermost nodes are related to different abiotic variables. On the

left portion of the tree, samples with <15.6% of sand and at depth <20.5 m are further separated by
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the CaCO; limit placed at 24.7%, that defines the first two leaves of the tree (cluster 1 and cluster
2). On the right part of the diagram, samples with 215.6% of sand content placed at <29 m water
depth are divided between samples at <18 m water depth (cluster 4) and samples comprised
between 18 and 29 m water depth (cluster 5). On the other hand, samples located at 229 m water

depth are split into cluster 6 and cluster 7, based on the concentration of sand (251% and <51%,

respectively).
40 100
—~ 30 -
ol e
a B0
[0 ©
= 2 ’ ]
. =1
* ”
10 F " . :
5 -*-I- Biofacies
. . . . : R
1 2 3 4 5 6 7 1 2 3 4 5 6 7 2
B3
4
114_4 =5
] B36
0 &7
2
< 60
| ~~ Ll
2 S
£ o
o?® o
C .
® @)
S 40
° * ‘ - .
-*‘Qﬁ ﬁ
01 20 = *
1 2 3 4 5 6 7 1 2 3 4 5 6 7

Figure 3 Box plot summarizing the values of the four environmental variables for each ostracod biofacies. The thick line
within the box represents the median, and limits of the box represent the upper and lower quartiles.
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Figure 5 Correlation matrix between abundances of ostracod and benthic foraminifera and environmental variables. R-
values (positive in blue and negative in red) are exclusively reported for significant correlations (p-values<0.05,
Supplementary Material Tab. 6).

Biofacies O1 (cluster 1)

Biofacies O1 comprises stations located south of the Po Delta down to Ravenna (Fig. 4a-c). These
samples are placed at shallow water depths (8—17 m), show a low concentration of sand (0.5—
15.2%) and calcium carbonate (20.1-23.5%), and the highest values of organic matter
concentration (3.9%; Figs. 3, 4a-c). The most abundant species of this biofacies are Palmoconcha
turbida, Leptocythere ramosa and other Leptocythere species that includes L. laevis, L. tenera, L.
rara and Leptocythere sp. A (average abundances of 28.8%, 8.6% and 23.7%, respectively). All
these taxa show a significant (p-value<0.05, Supplementary Material Tab. 6) negative correlation
with sand and depth and have the highest positive correlation with organic matter of the entire
dataset (Fig. 5).

Biofacies O2 (cluster 2)

This biofacies groups samples mainly positioned in front of the Adige River mouth and along the

Adriatic coast south of Ravenna between ca. 13 and 20 m water depth (Figs. 3, 4a-c). Two
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scattered samples are also present near the Po Delta and along the northern Adriatic coast (Fig.
4). Stations of biofacies O2 have a low sand content (0.7-11.2%) and moderate CaCO; values
(25.9-57.4%; Fig. 3). This biofacies includes relatively high frequencies of Semicytherura
incongruens and Palmoconcha turbida (average values of 26.6% and 23%, respectively).
Loxoconcha tumida and Loxoconcha ex gr. rhomboidea reach their maximum average abundance,
even though with relatively low frequencies (6.2% and 2.2%, respectively), within this biofacies.
These taxa, as well as S. incongruens, show a positive correlation with sand and CaCOj;

percentages and are negatively correlated to organic matter (Fig. 5).
Biofacies O3 (cluster 3)

Biofacies O3 includes samples distributed along the Adriatic coast south of the Po Delta between
21 and 35 m of water depth (Figs. 3, 4a-c). A very low sand content (0.5-7%) and relatively high
organic matter concentration (0.7-1.8%, average value of 1.35%) characterise this biofacies (Fig.
3). Cytheridea neapolitana is the most abundant species, with an average abundance of 24.7%. It
shows a positive correlation with depth and organic matter, and a negative correlation with sand
(Fig. 5). Relatively high frequencies of Palmoconcha turbida and S. incongruens (average
abundances of 13.8% and 12.5%, respectively) are recorded, together with Carinocythereis whitei,
L. ramosa and Sagmatocythere versicolor (average values of 8.9%, 7.5% and 4.2%, respectively).
These species are negatively correlated to sand, and C. whitei and L. ramosa show a significant

positive correlation to organic matter (Fig. 5).
Biofacies O4 (cluster 4)

This biofacies includes samples characterised by sandy sediments (15.9-90.4% of sand content)
and distributed along the Adriatic coasts at shallow depths (8-17 m water depth), specifically in the
northern sector and from Pesaro to Ancona (Figs. 3, 4a-c). The most common species is S.
incongruens (average value of 36.7%), followed by Pontocythere turbida (17.9%). Both are
positively correlated to sand and negatively correlated to organic matter (Fig. 5). Even though with
relatively low values, Xestoleberis dispar and Xestoleberis fuscomaculata show their highest

average concentrations within this biofacies (1.75% and 1.63%, respectively).
Biofacies O5 (cluster 5)

Biofacies O5 includes samples restricted to the shelf north of the Po Delta, with high sand content
(19.4-97.4%) at 18-29 m water depth (Figs. 3, 4a-c). Semicytherura incongruens and Pontocythere
turbida are the most abundant species (average values of 31.8% and 19.5%, respectively). The
ostracod fauna also includes taxa positively correlated to sand (Fig. 5), such as Aurila spp. (mainly
A. speyeri and A. convexa), Cytheretta spp. (C. adriatica and C. judaea), Loxoconcha tumida,

Paracytheridea spp., Sagmatocythere napoliana and Semicytherura spp.
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Biofacies O6 (cluster 6)

Samples of biofacies O6 are located at 30-40 m water depth on the North Adriatic shelf (Fig. 4a-c),
in correspondence of bottoms enriched in sand (53.5-74.8% of sand). Pontocythere turbida is the
species recorded with the highest frequencies (average value of 34.6%), followed by S.
incongruens (18.7%). Both species show a positive correlation to sand and a negative correlation

to organic matter (Fig. 5). Subordinate taxa are Aurila spp. and Semicytherura spp.
Biofacies O7 (cluster 7)

This biofacies is located in front of the Po Delta, at water depths between 30 and 40 m (Figs. 4a-c)
on moderately sandy substrates (17.6-49.2%; Fig. 3). Biofacies O7 shows relatively high
frequencies of a variety of taxa. Cytheridea neapolitana is the most abundant species (average
frequency: 22.7%), associated to lower percentages of other taxa with a significant positive
correlation to water depth (Fig. 5), such as Callistocythere spp. (mostly C. adriatica and C.
intricadoides), C. whitei, H. turbida, Pterygocythereis spp. (mostly P. jonesii) and Semicytherura
spp. (mostly S. ruggierii associated to other species with low frequencies). Bosquetina carinella,
Costa edwarsii and Cytheropteron spp. (mostly represented by C. rotundatum) reach their highest

frequencies within biofacies O7, while they are almost absent in the other biofacies.

Taxon Av. dissim. [Contrib. % [Cumulative % Assemblage O5 [Assemblage O6 [Assemblage O7
Semicytherura incongruens 562.3 26.1 26.1] 31.8 18.7] 10.3
Pontocythere turbida 403.7] 18.7 44.8 19.5 34.6 12.4
Palmoconcha turbida 354.6 16.4] 61.2] . 0.8, 0.0 1.0
Cytheridea neapolitana 287.3 13.3 745 ) ) . 0.8 53 223
Leptocythere spp. 159.8] 7.4 81.9 X 0.3 0.4 0.6
Loxoconcha tumida 56.7] 2.6 84.6/ m . 3 X 11.7] 4.7 4.9
Leptocythere ramosa 46.6! 2.2 86.7 . 3 . 0.0 0.1 0.4
Carinocythereis whitei 45.8 2.1 88.8] 8.0 6.1 8.9 3.6 0.7 4.1 9.4
Hiltermannicythere turbida 38.0 1.8 90.6 6.0 5.3 8.7 34 2.2 7.9 9.5
Cytheretta spp. 37.6 1.7 92.3 15 3.2 0.2 4.0 7.7 1.4 0.7
Aurila spp. 28.5] 13 93.7] 0.0 0.4 0.1 0.1 6.1 3.9 2.3
Semicytherura spp. 28.1 1.3 95.0 4.1 0.7 0.7 2.2 6.1 5.9 51
Xestoleberis dispar 18.1 0.8 95.8] 4.3 1.3 0.0 0.6 0.7 0.4
Loxoconcha ex gr. rhomboidea 16.1 0.7 96.5 0.0 2.2 0.0 1.4 1.1 0.5 0.2
Callistocythere spp. 12.7 0.6 97.1 1.8 0.5 1.1 1.2 2.2 31 5.9
Sagmatocythere versicolor 10.8 0.5 97.6/ 0.5 1.1 4.2 0.0 0.5 0.9 1.3
Leptocythere bacescoi 9.3 0.4] 98.1 31 35 1.6 1.2 0.5 1.1 2.7
Pterigocythereis spp. 8.8 0.4 98.5] 0.0 0.1 2.4 0.0 0.2 2.2 4.1
Loxoconcha rubritincta 6.0 0.3 98.8 2.2 0.2 0.0 0.9 0.0 0.0 0.0
Xestoleberis fuscomaculata 53 0.2 99.0 0.0 06 o3| G| 05 0.4 05
Costa edwarsii 5.2 0.2 99.2] 0.0 0.0 16 0.0 0.1 0.3 3.2
Cytheropteron spp. 3.9 0.2 99.4 0.2 0.1 1.7 0.0 0.1 0.5 24
Bosquetina spp. 3.2 0.1 99.6/ 0.0 0.0 0.5 0.0 0.0 0.5 2.5
Pontocypris spp. 2.7 0.1 99.7 0.2 1.4 0.5 0.1 0.2 0.1 0.3
Paracytheridea spp. 2.7 0.1 99.8 0.0 0.0 0.0 0.1 2.2 1.4 0.1
Loxoconcha napoliana 2.7 0.1 99.9 0.0 0.1 0.0 0.1 2.2 0.0 0.3
Neocytherideis fasciata 1.3 0.1 100.0 0.0 0.5 0.1 1.0 0.0 0.0 0.0

Table 1 Similarity percentage (SIMPER) analysis performed on faunal composition of ostracod assemblages defined by
the MRT (Fig. 2).

Variable Av. dissim [Contrib. % [Cumulative %
Sand (%) 2356.0 79.7 79.7
CaCOs; (%) 394.2 13.3 93.0
Depth (m) 200.4 6.8 99.8
Organic matter (%) 6653.0 0.2 100.0

Assemblage O3

Assemblage O6 [Assemblage O7
66.4 32.7

30.6 325

35.0 34.4

0.7 0.7

Table 2 Similarity percentage (SIMPER) analysis performed on abiotic parameters related to ostracod assemblages
defined by the MRT (Fig. 2).
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4.2 Benthic foraminiferal biofacies

The MRT performed on the benthic foraminiferal matrix grouped the analysed samples into 5
clusters (Fig. 6), which correspond to peculiar environmental conditions (Figs. 4d-f, 7) where
distinctive associations of taxa occur (Tables 3, 4). With respect to the biofacial units previously
identified in the Adriatic Sea by Jorissen (1987), clusters 1-3 are gathered within biofacial unit I,

while cluster 4 roughly coincides with biofacial unit IV and cluster 5 corresponds to biofacial unit Il.

<225 2225
M| Depth m
<48% 248% 21.2% Organic <1.2%
CaCoO, matter
21.45%| Organic [<1.45%
matter
{ —‘ Cluster 3 & =
— luster 4 luster 5
=9
Cluster 1 - " n=7 n=25
n=11 n=26

CV Error: 0.571 SE: 0.0476

Figure 6 Multivariate Regression Tree (MRT) obtained from the benthic foraminiferal matrix and four explanatory
variables (concentrations of sand, organic matter, CaCO3 and water depth in m). Discriminant variables and threshold
values are reported at each node of the tree. Cross validation error and Standard error are also indicated.

In the MRT tree (Fig. 6), the discriminant environmental parameter for the first node is water depth,
with the limit placed at 22.5 m. The shallower samples on the left portion of the tree are subdivided
by the CaCO; content: samples with <48% of CaCO; are further split on the basis of the
percentage of organic matter (cluster 1 with 21.45%, cluster 2 with <1.45%), whereas samples
including 248% of CaCOg; are gathered into cluster 3. On the right portion of the tree (samples at
water depths 222.5 m), the last two leaves are discriminated by the organic matter concentration

(21.2% in cluster 4 and <1.2% in cluster 5).
Biofacies F1 (cluster 1)

This biofacies is characterised by a shallow water depth (9-22 m), low sand (0.7-14.4%) and
CaCO; content (20.1-42.3%) and high organic matter concentration (1.6-14.4%; Fig. 7). Samples
of biofacies F1 are situated in proximity of the Adige and Po outlets and south of the Po Delta near
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Ravenna (Fig. 4d-f). The dominant taxa is Ammonia parkinsoniana-Ammonia tepida with
subordinate Nonionella turgida (average frequencies of 57.2% and 8.3%, respectively). These taxa
show a significant positive correlation to organic matter and a negative correlation to sand and
CaCO; (Fig. 5).
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Figure 7 Box plot summarizing the values of the four environmental variables for each benthic foraminiferal biofacies.
The thick line within the box represents the median, and limits of the box represent the upper and lower quartiles.

Biofacies F2 (cluster 2)

Biofacies F2 is distributed from the Po Delta to Ancona along the Adriatic coast between 8 and 22
m water depth (Figs. 4d-f, 7). Samples of this clusters have a moderate organic matter
concentration (0.1-1.3%), relatively low CaCO; (20.7-48%) and variable sand content (0.2-73.3%).
Ammonia parkinsoniana-A. tepida is the most common taxa (average frequency of 36.8%). This
biofacies is characterised by the maximum average frequency of Aubignyna perlucida (9.19%),
which shows a negative correlation to depth and sand (Fig. 5). Additional secondary taxa are
Porosononion ex gr. granosum and Cribroelphidium ex gr. poeyanum (on average 9.7% and 9.3%,
respectively). The former does not show any significant correlation with environmental parameters,

whereas the latter is negatively correlated to organic matter and water depth.
Biofacies F3 (cluster 3)

This biofacies is located north of the Po Delta at shallow water depth (8-22 m, Fig. 4d-f). Biofacies
F3 shows the highest values of CaCO; of the entire database (48.9-73%), along with high sand

(7.6-80.8%) and moderate organic matter concentrations (0.3-1.4%; Fig. 7). The highest frequency
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of Milioloidea (including Adelosina spp., Quinqueloculina seminula, Quinqueloculina spp. and
Triloculina trigonula) is recorded within this biofacies (average value of 23.8%). All the mentioned
taxa show a significant positive correlation with CaCO; (Fig. 5). Moderate concentrations of A.
tepida and A. parkinsoniana (14.7% on average), Porosononion ex gr. granosum (11%) and

Cribroelphidium ex gr. poeyanum (9.5%) are also recorded.
Biofacies F4 (cluster 4)

Biofacies F4 gathers stations distributed south of the Po Delta down to Pesaro at 23-35 m water
depth (Fig. 4d-f) and is characterized by high organic matter (1.3-1.8%) and low sand
concentrations (0.5-7%; Fig. 7). Bulimina marginata, with an average frequency of 21.1%, is the
most abundant species of this biofacies, positively correlated to organic matter and depth,
negatively correlated to sand and CaCO; (Fig. 5). Accompanying taxa are Textularia agglutinans
(average frequency of 12.7%), A. parkinsoniana- A. tepida (12.6%), Cribroelphidium ex gr.
poeyanum (7.8%), Porosononion ex gr. granosum (6.4%) and N. turgida (5.9%). Even though with
low frequencies, Valvulineria bradyana shows its maximum concentration within this biofacies

(average value of 2.1%).
Biofacies F5 (cluster 5)

This biofacies occurs between 23-40 m water depth, relatively far from the North Adriatic coast
(>23 m water depth; Figs. 4d-f, 7). Stations of biofacies F5 show high percentages of sand (21.7-
61%), moderate CaCO; (21.7-61%) and low organic matter content (0.2-1.1%; Fig. 7). The benthic
foraminiferal fauna is highly diversified, mainly composed of taxa positively correlated to depth and
sand and negatively correlated to organic matter (Fig. 5), such as Buccella granulata (average
frequency of 11%), Ammonia beccarii (8.4%), Asterigerinata mamilla (7.2%), Lobatula lobatula
(5.8%), Neoconorbina terquemi (3.4%) and R. bradyi (1.9%). Moderate concentrations of T.
agglutinans, Porosononion ex gr. granosum and A. parkinsoniana-A. tepida are also recorded

within this biofacies.
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Taxon Av. dissim. |Contrib. % |Cumulative % |Assemblage F1 -mSemblage F3 |Assemblage F4 |Assemblage F5
Ammonia parkinsoniana - A. tepida 1220.0 61.2 61.2 57.2 14.7 12.6 7.4
Bulimina marginata 114.4 5738.0 67.0 2.3 1.3 0.1 21.1 1.6
Nonionella turgida 103.3 5183.0 721 8.3 4.6 0.4 5.9 0.6
Textularia agglutinans 88.5 4441.0 76.6 5.4 6.1 6.4 12.7 9.0
Buccella granulata 70.5 3535.0 80.1 0.1 1.6 4.8 1.9 11.0
Aubignyna perlucida 585  2933.0 83.1 2.4/ S| 3.9 5.0 0.2
Cribroelphidium granosum gr. 54.0 2709.0 85.8 0.9 9.7 11.0 6.4 9.0
Cribroelphidium poeyanum gr. 43.9 2202.0 88.0 2.8 9.2 9.5 7.8 4.4
Asterigerinata mamilla 36.1 1.8 89.8 0.0 0.0 0.6 0.6 7.2
Ammonia beccarii 334 1.7 91.4 34 4.7 4.4 3.0 8.4
Reussella spinulosa 30.4 15 93.0 0.1 0.3 0.8 2.2 5.9
Quingueloculina seminula 23.8 1.2 94.2 35 2.3 7.7 4.1 1.3
Cibicides lobatulus 22.8 11 95.3 0.2 0.1 0.1 11 5.8
Quinqueloculina spp. 16.7 0.8 96.1 0.1 0.2 3.2 1.0 34
Adelosina spp. 16.0 0.8 97.0 1.8 1.3 6.9 0.5 1.4
Neoconorbina terquemi 13.9 0.7 97.7 0.0 0.0 0.5 0.5 3.4
Triloculina trigonula 13.1 0.7 98.3 2.2 1.6 5.9 0.5 1.8
Elphidium advenum 13.0 0.7 99.0 25 2.7 2.7 2.0 3.1
Elphidium crispum gr. 11.7 0.6 99.5 0.3 3.7 3.3 3.2 3.8
Rosalina bradyi 5267.0 0.3 99.8 0.1 0.0 1.7 0.7 1.9
Valvulineria bradyana 2427.0 0.1 99.9 0.0 0.0 0.0 21 0.0
Cassidulina laevigata gr. 1445.0 0.1 100.0 1.0 0.1 0.0 0.0 0.0

Table 3 Similarity percentage (SIMPER) analysis performed on faunal composition of benthic foraminiferal assemblages
defined by the MRT (Fig. 2).

Variable Av. dissim.|Contrib. % |Cumulative % |Assemblage F1 Assemblage F4 [Assemblage F5
Sand (%) 2317.0 78.5 78.5 4.2 135 49.7 29 59.7
CaCOs (%) 416.0 14.1 92.6 26.5 29.5 62.0 28.6 36.8
Depth (m) 210.3 7.1 99.8 14.3 16.0 145 30.7 31.6
Organic matter (%) 6.7 0.2 100.0 33 0.8 0.6 15 0.6

Table 4 Similarity percentage (SIMPER) analysis performed on abiotic parameters related to benthic foraminiferal
assemblages defined by the MRT (Fig. 2).

4.3 MDS analysis of the North Adriatic meiofauna

The application of the MDS to the ostracod and benthic foraminiferal data (Fig. 8) refines the
results obtained by the MRT, furnishing new insights on the species-environmental variables
relationship (Figs. 2, 5, 6). Indeed, except for scattered samples, the distribution in the MDS
graphs is consistent with the biofacies occurrence across the North Adriatic inner shelf (Figs. 4 and
8).

About ostracoda, the strong environmental gradient underlying the major axis of variation (axis 1 -
MDS1 in Fig. 8) corresponds to the substrate grain-size (specifically, the sand concentration).
Fitted vectors and contour plots clearly display that the arrangement of the samples from positive
to negative eigenvalues of axis 1 (explaining 33.5% of variance) can be connected to an increase
of sand content in the substrate. Biofacies characterized by a low sand content (O1-0O3; Figs. 3,
4a-c) plot on the right side of the graph (<20% of sand), whereas samples with intermediate (20-
60%; biofacies 0O4-O7) and high (>60%; biofacies O5-0O6) percentages of sand are plotted towards
the left side. As indicated by the direction of environmental vectors, axis 2 (MDS2, explaining
20.7% of variance) has a strong positive correlation with bathymetry. Samples belonging to
biofacies 01, O2 and O4 plot in correspondence of low MDS2 values underlying water depths <20
m; in contrast, biofacies O3, 0O5-0O7 samples attain higher MDS2 values and water depths ranging

between ca. 20-40 m.
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Concerning benthic foraminifera, a high percentage of the total variance (42.5%) is explained by
MDS axis 1, which is negatively correlated to the organic matter concentration in the substrate
(Fig. 8). This is indicated by the low angle between this axis and the vector underlying the organic
matter parameter, even if the strength of the gradient (i.e., the length of the arrow) is relatively low.
According to this interpretation, the position of biofacies (F1-F5) follows a negative organic matter
gradient from negative to positive scores of MDS1 (Fig. 8). Biofacies F1, F2 and F4, with organic
matter concentration (>0.8%), plot on the left side of the graph, while biofacies F3 and F5 occur on
the right in correspondence of lower organic matter concentrations (Figs. 7 and 8). Conversely, a
clear correlation between MDS axis 2 (explaining the 13.2% of the total variance) and any
available environmental parameters is difficult to assess. None of the plotted environmental vectors
can be easily related (i.e., is more or less parallel to) to axis 2, therefore this axis could be directly
correlated to a different environmental variable (or a combination of two or more variables) not
included into the analysed database. Nevertheless, taking into account the direction of the vector
corresponding to the water depth, which was recognized by the MRT as the first parameter
influencing benthic foraminifers biofacies (Fig. 6), a distribution of biofacies along a bathymetric
gradient from the upper-left (lower depths) to the lower-right (higher depths) corner of the graph
(Fig. 8) is recognized.

5. DISCUSSION
5.1 Drivers of changes in meiofauna composition across a river-influenced shelf

The employment of multiple statistical analyses on the modern ostracod fauna of the North Adriatic
shelf suggests that the primary factor influencing biofacies composition and distribution is the
substrate grain-size (i.e., sand content), while water depth represents the second most important
environmental driver (Figs. 2, 8). Bathymetry seems to play a significant but not primary role also
for the distribution of benthic foraminifera, that are mainly controlled by the organic matter content
(Figs. 6, 8). Bathymetry is considered a complex gradient that commonly drives faunal distribution
in modern and fossil marine settings (Scarponi and Kowalewski, 2004; Tyler and Kowalewski,
2014; Benito et al., 2016; Danise and Holland, 2017; Rossi et al., 2018). Although the water-depth
distribution of ostracod and benthic foraminiferal species can vary from basin to basin, bathymetry
was commonly identified as the main driver for the meiofaunal turnover from the coast to the lower
continental slope (ca. 5-900 m water depth; Jorissen, 1987; Mendes et al., 2004; Avnaim-Katav et

al., 2015; Bernasconi et al., 2018; Angue Minto’o et al., 2013), as well as from the
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Figure 8 Metric multidimensional scaling (MDS) for ostracod and benthic foraminiferal species composition of stations
based on the Euclidean distance. Colours of groups are in accordance to biofacies defined by the MRT. Contours display
the distribution of the main environmental drivers on assemblages: depth and sand for ostracoda, organic matter and
depth for benthic foraminifera.

inner to the middle-outer shelf depths (Hayward et al., 1999; Pascual et al., 2008; Azzarone et al.,
2018; Rossi et al., 2018). Also considering a narrower water-depth range on continental shelves
facing delta systems, the zonation of meiofaunal assemblages seems to be related to bathymetry
(e.g., Horton et al., 2003; Rossi and Horton, 2009; Frezza and Di Bella, 2015; Benito et al., 2016),
but it should be reminded that water depth is a complex factor strictly related to many biotic (e.g.,
life strategy) and abiotic parameters (e.g., grain-size and vegetation cover of substrate, organic
matter concentration, oxygen content). In turn, the distribution of these parameters is influenced by
the geomorphological features and sedimentary dynamics of the basin, including the position of
river mouths with respect to longshore currents and the amounts of riverine input in terms of
sediment and organic matter (Puig et al., 2007; Hanebut et al., 2015; Liu et al., 2018). Therefore, in

shallow marine, fluvial-influenced environments, bathymetry can be considered an indirect
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influencing factor on the distribution of marine meiofauna that exclusively defines a specific

location in the three dimensional space (Rossi and Horton, 2009).

In the Mediterranean basin, among the several parameters underlying water depth, a strong
influence on the distribution of present-day ostracoda seems to be played by the grain-size of the
substrate (Bonaduce et al., 1975; Ruiz et al., 1997; Arbulla et al., 2004; Frezza and Di Bella, 2015;
Sciuto et al., 2015). However, to our knowledge, its effect was statistically validated in just one

case (Pascual et al., 2008).

Sand concentration, which is the first influencing factor on ostracod assemblages of the North
Adriatic Sea, defines two major groups of ostracod biofacies: the first is related to muddy
substrates (biofacies O1-03) and the second to more sandy sediments (biofacies O4-07). Within
these two major groups of biofacies, further subdivisions reflect minor changes in organic
matter/CaCO; conditions along the bathymetric gradient (Figs. 2, 4, 8). Muddy substrates are
formed by the deposition of fine-grained particles of river plumes rich in soil-derived organic matter
(Tesi et al., 2007), mostly provided by the Po River (Cattaneo et al., 2003; Frigani et al., 2005),
which are distributed on specific areas (and at well-defined bathymetric ranges) of the shelf by
surficial currents (Harris et al., 2008; Fig. 1). Within these areas oxygen deficiency as well as
dissolution phenomena, which determines low CaCO; values, can be developed in response to the

high organic matter concentration (Van der Zwaan and Jorissen, 1991).

The organic matter is, indeed, an important controlling factor that exerts a primary influence on the
distribution of benthic foraminifera in the North Adriatic Sea (Fig. 8), as previously assessed by
Jorissen (1988). High concentrations of organic matter occur in areas subject to high accumulation
of riverine sediments (Figs. 1, 4d-f), where a series of opportunistic taxa (sensu Jorissen et al.,
2018) characterize the benthic foraminiferal biofacies (i.e., F1, F2, F4). Conversely, where the
input of riverine material is substantially negligible and the concentration of organic matter is lower
(Figs. 1, 4d-f), benthic foraminiferal assemblages are more diversified and opportunistic taxa are
scarce (biofacies F3, F5). This is consistent with several studies undertaken on other river-
influenced shelves of the Mediterranean Sea (e.g., Rhone Delta and Ombrone Delta; Frezza and
Carboni, 2009; Mojtahid et al., 2009; Goineau et al., 2011).

The contribution of other abiotic parameters, such as sand and CaCOyg, is less significant (Figs. 6,
8); however, a clear distinction between shallow-water (biofacies F1-F3) and relatively deep-water
(biofacies F4, F5) assemblages is recognizable in the North Adriatic Sea (Figs. 4d-f, 8). Among
additional abiotic parameters, salinity is often regarded as one of the most influencing factors on
benthic assemblages from marginal marine settings (e.g. Murray, 2006; Frenzel and Boomer,
2005). Even though salinity values are not provided in the analysed database, its influence on

meiofaunal benthic assemblages can be excluded. In the Adriatic Sea, the lowest salinity values
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are recorded during major flood events, when high amounts of riverine water is delivered to the
prodelta and water stratification is produced, especially if geostrophic currents are weak (Frascari
et al., 2006). Under these conditions, cold, less saline waters are restricted in the upper layer of the
water column, especially in proximity to the Po River mouths; nevertheless, at these locations
salinity rapidly increases to values of 36 psu at ca. 8-9 m water depth (Fox et al., 2004; Frascari et
al., 2006). Since the shallowest samples analysed in this work were collected at 8 m water depth,
benthic foraminifera and ostracoda should not be affected by salinity variations related to intense

fluvial discharge.

5.2 Integrating ostracoda and benthic foraminifera: a multi-proxy tool for river-influenced

depositional environments

On marine settings, riverine influence is considered a qualitative parameter primarily dependent on
the amount of river supply (in terms of organic matter and sediment) and it defines a position in the
basin with respect to the main source of fluvial material (Goineau et al., 2011). The linkage
between meiofaunal assemblages and riverine influence was previously recognized even in the
Rhéne (Mojtahid et al., 2009; Goineau et al., 2011, 2012) and Ombrone prodelta (Frezza and
Carboni, 2009; Frezza and Di Bella, 2015), but not fully explored combining the two groups in a
guantitative framework. Our approach demonstrates that ostracoda and benthic foraminifera of the
North Adriatic shelf are primarily related to different environmental parameters (i.e., grain-size and
organic matter, apart from the water depth). Therefore, only their combination allows to recognize
different (palaeo)depositional environments within the water-depth range 8-40 m, as defined by a
set of abiotic parameters (Fig. 9, Tab. 5) which depends on the sediment supply and relative
position to the Po River mouths (i.e., riverine influence). In a stratigraphic perspective, changes in
meiofauna structure and abundance of key species can track variations in riverine inputs within
past sedimentary successions, highlighting the lateral shifts and/or the approaching of river mouths

during highstand periods.
Prodelta in proximity of the main feeding mouths

Near the Po Delta at <20 m water depth (Fig. 9), where the substrate is enriched in mud and
organic matter, the maximum values of sediment accumulation are recorded (Frignani et al., 2005)
and frequent hypoxic events occur due to the deposition of abundant organic matter of riverine
origin coupled with scarce water circulation (Palinkas and Nittrouer, 2007; Alvisi et al., 2013). All
these environmental conditions are marked by a peculiar meiofauna (biofacies O1+F1), mainly
composed of Palmoconcha turbida, L. ramosa and A. parkinsoniana-A. tepida. Ammonia tepida
shows high concentrations in proximity to fluvial outlets under unstable environmental conditions
(Moijtahid et al., 2009; Goineau et al., 2011, 2012). Palmoconcha turbida and L. ramosa prefer fine-

grained substrates at shallow depths (Colalongo, 1969; Frezza and Di Bella, 2015) and the former
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is considered tolerant to low oxygen conditions (Bodergat et al., 1998). Nonionella turgida is
common at the transition with the mud belt and, locally, south of the Po Delta where organic matter
accumulates and periodical oxygen deficiency occur (Van der Zwaan and Jorissen, 1991; Alvisi et
al., 2013). This species thrives under strong inputs of fresh organic matter derived from riverine
phytoplankton (Goineau et al., 2012), but it even survives in sediments enriched by high low-quality
organic matter inputs near river mouths (Mojtahid et al., 2009; Goineau et al., 2011) under hypoxic

conditions (Barmawidjaja et al., 1992).

In front of the main Po River outlets, the deposition of seasonal floods determines a non-steady
state accumulation of sediment (Palinkas and Nittrouer, 2007). Here, ostracod assemblages are
extremely poor (<20 valves, not included in the statistical analyses) and usually include high
percentages of transported brackish and freshwater taxa. In contrast, benthic foraminifera are
characterized by more abundant assemblages, and mostly by the biofacies F1. This implies that
unstable conditions in proximity of river outlets hamper the development of an autochthonous
ostracod fauna, whereas benthic foraminifera are more abundant and dominated by the
opportunistic A. parkinsoniana-A. tepida (Jorissen et al., 2018). However, it should be specified
that at depth shallower than our minimum values (<8 m), in correspondence of the Po delta front,
both ostracod and benthic foraminiferal assemblages are very scarce (Colalongo, 1969; D’Onofrio,
1969).

Prodelta downdrift of the main feeding mouths

This prodelta area, located at <20 m water depth from Ravenna to Ancona, is affected by the
accumulation of sediments transported by Apennine rivers and, subordinately, by the Po River
(Fig. 9). The substrate has a variable grain-size (1.1-73.3% of sand), it is characterized by
relatively high organic matter content (0.9% on average) and sediment accumulation rates are
moderate (Frignani et al., 2005; Fig. 1). This area shows abundant concentrations of the ostracod
S. incongruens (biofacies O2 and O4), a species distributed on all kind of sediments in the Adriatic
Sea, even though it shows a slight preference for sediments enriched in sands. The characteristic
benthic foraminiferal taxa are A. parkinsoniana-A. tepida and A. perlucida (biofacies F2), that
tolerate relatively high organic matter concentrations and prefer muddy substrates (Fig. 5).
Aubignyna perlucida is known to have a limited tolerance for oxygen deficiency (Barmawidjaja et
al., 1992; Donnici and Serandrei Barbero, 2002). The associated Porosononion ex gr. granosum
and Cribroelphidium ex gr. poeyanum seem to be relatively indifferent to organic matter, in
accordance with Jorissen (1988, 2018). Within this area, ostracoda discriminate significantly
different substrate conditions. Biofacies O4 occurs in the shallowest portion (ca. 8-13 m water
depth), on sandy sediments (15.9-73.3%) with low organic matter content (0.6% on average) and
includes, apart from S. incongruens, other species as Pontocythere turbida and Palmoconcha

turbida, both widespread in the Adriatic Sea between 5-40 m water depth. Even though they are
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Figure 9 A) Distribution of the five depositional environments defined by the combined application of ostracoda and
benthic foraminifera on the shallow (<40 m) North Adriatic Shelf. B) Variation of the meiofaunal biofacies along a
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Table 5 Depositional environments recognized on the basis of ostracod, benthic foraminiferal biofacies and
environmental parameters on the shallow (<40 m) North Adriatic shelf. A summary of the most significant environmental
features, main characteristics of the meiofaunal assemblage and key ostracod and benthic foraminiferal taxa are
reported for each depositional setting.
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abundant under different conditions (the former on sandy sediments and the latter on muddy
substrates), they seem to be able to live on different substrate grain-size, as similarly observed in
other Mediterranean shallow marine settings (Arbulla et al., 2004; Angue Minto’o et al., 2013;
Frezza and Di Bella, 2015). The occurrence of the highest frequencies of two phytal species of the
genus Xestoleberis (X. dispar and X. fuscomaculata; Lachenal and Boodergat, 1988;

Triantaphyllou et al., 2005) indicates a vegetated prodelta setting.

Conversely, the deepest sector (ca. 13-20 m water depth) with more fine-grained bottoms (1.1-
11.2% of sand) and higher organic matter concentration (0.9% on average; Fig. 4) is colonized by
Palmoconcha turbida in association with S. incongruens (biofacies O2) and the above-mentioned
benthic foraminifera (biofacies F2), pointing to a muddy prodelta not affected by hypoxic

conditions.
Prodelta updrift of the main feeding mouths

At shallow depths (<20 m) in the northern Adriatic Sea (Fig. 9), the sediment accumulation is
extremely low due to the negligible inputs provided by the Alpine rivers, with the exception of the
Adige River (Cattaneo et al., 2003; Frignani et al., 2005). Moreover, the efficient distribution of the
riverine inputs by strong longshore currents prevents the sediment accumulation in proximity to
river mouths (Harris et al.,, 2008). A peculiar benthic foraminiferal assemblage dominated by
Milioloidea — biofacies F3 (i.e., Adelosina spp., Q. seminula, Quinqueloculina spp. and T. trigonula)
occurs in this depositional setting, characterized by high concentration of sand and CaCOj;
(respectively 49.7% and 62.0% on average). The ostracod fauna (biofacies O4) is consistent with a

shallow marine area with vegetated bottoms.
Mud belt

South of the Po Delta at ca. 20-35 m water depth, the peculiar setting of the Adriatic mud-belt (Fig.
9) occurs and high abundances of C. neapolitana (biofacies O3) and B. marginata (biofacies F4)
are recorded, along with subordinate L. ramosa, Palmoconcha turbida and N. turgida. These
species thrive under eutrophic and hypoxic conditions typical of the clay belts (Donnici and
Serandrei Barbero, 2002; Mendes et al., 2004; Di Bella et al., 2013; Frezza and Di Bella, 2015).
Sagmatocythere versicolor and V. bradyana are additional characteristic taxa with environmental
affinities similar to those of the most abundant species, such as a slight preference for muddy
bottoms at relatively high depths (Bonaduce et al., 1975; Frezza et al., 2005; Frezza and Carboni,
2009; Mojtahid et al., 2009; Frezza and Di Bella, 2015).

Inner shelf

Far from the river mouths at water depths >20 m (Fig. 9), the organic matter content is low (0.6%

on average) as well as the riverine influence in terms of sediment supply (Cattaneo et al., 2003;
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Frignani et al., 2005). Overall, ostracoda (biofacies O5-07) and benthic foraminifera (biofacies F5)
are highly diversified in terms of number and relative abundance of taxa. Widespread ostracod
taxa indifferent to bottom grain-size such as S. incongruens and Pontocythere turbida are
abundant and are associated to epiphytic benthic foraminifera such as A. mamilla, B. granulata, L.
lobatula, N. terquemi, R. bradyi (Sgarrella and Moncharmont Zei, 1993; Frezza and Carboni,

2009), sensitive to organic enrichment (Jorissen et al., 2018).

However, ostracod biofacies identify different areas in terms of sediment grain-size. Specifically,
biofacies O7 shows a significantly lower sand concentration than biofacies O5-06 (Fig. 3) which
mark the sediment-starved portions of the inner shelf (Fig. 9). In front of the Po Delta, a minor
portion of fine-grained riverine sediments is episodically transported by water currents (Harris e al.,
2008). Here, the most common species is C. neapolitana, which is also abundant in the Adriatic
mud-belt: this taxa does not seem to be disturbed by organic matter enrichment and oxygen
depletion, rather its distribution seems to be related to the presence of fine-grained sediments at
water depths >20 m. Within this depositional setting, it is associated to several depth-related taxa,
such as Bosquetina carinella, Callistocythere spp., C. whitei, Costa edwarsii, Cytheropteron spp.,
H. turbida, Pterygocythereis spp. and Semicytherura spp. (biofacies O7), indicative of an open

marine environment (Bonaduce et al., 1975; Faranda et al., 2007).
5.3 Patterns in the spatial turnover of meiofauna

The general distribution patterns of the meiofaunal biofacies reflects the presence of three macro-
areas (Fig. 9) with peculiar environmental characteristics related to different degrees of river inputs

from the coast to the basin, according to Frignani et al. (2005):

1. Macro-area subject to strong river inputs: in front of the Po Delta, from the Adige outlet
down to Ravenna. Maximum values of sedimentation rates occur near the major source of
river inputs (Fig. 1), where the meiofauna is characterized by mud-lover taxa tolerant to
high organic matter and lowered oxygen content, such as L. ramosa, Palmoconcha turbida,
A. parkinsoniana-A. tepida and N. turgida. At water depths >15 m, fine-grained substrates
enriched in organic matter (the Adriatic mud-belt sensu Van der Zwaan and Jorissen, 1991)
are characterized by high frequencies of opportunistic taxa such as C. neapolitana and B.
marginata, whereas deepward (>25 m water depth) the meiofauna is diversified and typical
of an inner shelf setting. A similar pattern in terms of species and distribution of benthic
foraminifera was identified across the Rhéne prodelta under the influence of the river
plumes, from the main river mouths to the offshore (Goineau et al., 2011, 2015). As far as

we know, no comparable ostracod patterns have been recorded in the Mediterranean area.

2. Macro-area subject to moderate river inputs: from Ravenna to Ancona. This area is subject

to the riverine inputs provided by the Apennine rivers as well as to the deposition of slow-
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settling mud and organic matter particles provided by the Po River (Fig. 1; Frignani et al.,
2005; Harris et al., 2008). The strong, persistent southward along-shelf WACC distributes
at shallow depths (<13 m) the coarse-grained sediments supplied by rivers (Puig et al.,
2007; Fain et al., 2007). In these proximal areas, the sandy substrate (Fig. 4; Brambati et
al., 1983) is mainly colonized by Semicytherura incongruens, associated to the phytal taxa
Xestoleberis spp. A small portion of sediment flux from the Apennine rivers is deposited at
13-25 m water depth, where fine-grained bottoms are characterized by higher frequencies
of the mud-lover species Palmoconcha turbida. Benthic foraminifera are indifferent to
change in grain-size substrate and the assemblages are characteristic of shallow depths
with dominance of taxa tolerant to organic matter (e.g., A. parkinsoniana-A. tepida, A.
perlucida and Porosononion ex gr. granosum). The Adriatic mud-belt is still present at 25-
40 m water depth. A similar distribution of meiofauna was reported from the Tyrrhenian
shelf in front of the Ombrone River (Frezza and Carboni, 2009; Frezza and Di Bella, 2015).

Macro-area subject to low river inputs: the northern shelf of the Adriatic Sea, north of the
Adige Delta. Sandy substrates at 8-20 m water depth result from the low sediment inputs
provided by Eastern Alpine rivers (Adige River excluded) coupled with the longshore
currents (Fig. 1; Frignani et al., 2005). Here, the local riverine sediment supply is not
overcome by the higher contribution of upstream rivers (Harris et al., 2008), determining a
lower concentration of mud and organic matter, and a consequent enrichment in CaCOg;
reflected by the abundance of Milioloidea. Ostracod fauna is typical of sandy substrates
and is similar to that recovered within the proximal prodelta of macro-area 2. The general
geographical context also prevents the basinward development of a continuous mud belt,
and only scattered mud patches occur in front of the river mouths out of the investigated
area (Fig. 1; Brambati et al., 1983; Frignani et al., 2005). Therefore, at ca. 20 m water
depth, the meiofauna directly turns into an inner shelf assemblage typical of the sandy,

sediment-starved North Adriatic shelf.

6. CONCLUSIONS

The availability of ostracod and benthic foraminiferal data from the same set of samples gave us

the opportunity to compare the zonation of both groups in the northern sector of the Adriatic Sea,

and to explore the environmental factors that control their spatial distribution over a river-influenced

shelf in a deltaic progradational context.

The integrated multivariate analysis of the North Adriatic modern meiofaunal databases
revealed that communities are primarily controlled by different environmental drivers:

ostracoda by grain-size and bathymetry, benthic foraminifera by organic matter.
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e The combined application of the seven ostracod biofacies and the five benthic foraminiferal
biofacies allowed the identification of five depositional environments determined by the
position respect to the Po River: 1) In proximity of its mouths, the meiofauna is dominated
by species tolerant to high mud, organic matter inputs, and oxygen deficiency such as
Palmoconcha turbida, L. ramosa, A. parkinsoniana-A. tepida and N. turgida. 2) Downdrift of
the main fluvial mouths, generalist ostracoda in terms of grain-size (S. incongruens) are
associated with benthic foraminifera tolerant to moderate levels of organic matter (A.
parkinsoniana-A. tepida, A. perlucida, Porosononion ex gr. granosum, Cribroelphidium ex
gr. poeyanum). Here, ostracoda discriminate between shallower sandy sediments
(Pontocythere turbida, Xestoleberis spp.) and deeper fine-grained bottoms (abundant
Palmoconcha turbida). 3) Updrift of the fluxes of riverine material, shallow-marine ostracoda
typical of sandy substrates and Milioloidea occur. 4) In the shallow Adriatic mud belt,
species tolerant to high organic matter concentrations and oxygen deficiency (C.
neapolitana, L. ramosa, B. marginata and N. turgida) dominate. 5) On the inner shelf,
meiofaunal assemblages are well-diversified and ostracoda mark changes of substrate
grain-size in relationship with sediment inputs (sediment-starved areas enriched in sand vs.

fine-grained bottoms subject to episodic riverine inputs).

o Distinct sequences of depositional environments are recognized from coastal to offshore
locations on three macro-areas of the North Adriatic shelf subject to different degrees of

riverine inputs.

e Ostracoda and benthic foraminifera have proven to be complementary indicators on river-
influenced shelves, allowing a refined characterization of depositional environments in
relationship with the main riverine inputs. Therefore, they represent a useful tool to
investigate the evolution of fine-grained sediment successions in deltaic progradational

contexts.
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Supplementary Tables*
*Supplementary tables will be available upon request

Suppl. Tab. 1 — Abbreviations used for ostracod taxa and list of freshwater and brackish water taxa

removed from the original ostracod matrix.
Suppl. Tab. 2 — Abbreviations used for benthic foraminiferal taxa.

Suppl. Tab. 3 — Results of the Kruskal-Wallis test to ascertain differences in environmental
variables among biofacies, performed on ostracoda and benthic foraminifera. Significance: *<0.05
**<0.01 **<0.001

Suppl. Tab. 4 — Results of the pairwise Wilcoxon test to identify ostracod biofacies that significantly

differ in terms of environmental parameters. Significant values (<0.05) are shaded in grey.

Suppl. Tab. 5 — Results of the pairwise Wilcoxon test to identify benthic foraminiferal biofacies that

significantly differ in terms of environmental parameters. Significant values (<0.05) are shaded in

grey.

Suppl. Tab. 6 — Quantitative p-values and R-values of the Spearman’s correlation between
ostracoda, benthic foraminifera and environmental variables. Significant (<0.05) p-values are
reported. R-values are shown as follows: significant positive (>0.25) in green and significant

negative (<-0.25) in red.

Suppl. Tab. 7 — Data matrix for analysis of ostracoda and environmental parameters, from Breman
(1975). Abbreviations of taxa as reported in Suppl. Tab. 1. Cluster number of each sample

resulting from the MRT is included.

Suppl. Tab. 8 — Data matrix for analysis of benthic foraminifera and environmental parameters,
from Jorissen (1988). Abbreviations of taxa as reported in Suppl. Tab. 2. Cluster number of each

sample resulting from the MRT is included.
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6. THE PALAEOECOLOGICAL RECORD OF DELTA DYNAMICS

6.1 Introduction

Holocene sediment succession buried beneath the modern Po coastal plain has been proven to be
an excellent archive for palaeoenvironmental studies, since it was formed under a strong
subsidence rate that allowed the formation of a suite of palaeoenvironments in a retrogradational to
progradational trend (Amorosi et al.,, 2005, 2017). In this context, benthic foraminifera and
ostracoda were jointly applied as palaeoenvironmental indicators, mostly in a qualitative or semi-
quantitative fashion (Amorosi et al., 2004, 2008). Numerical palaeoecology (which naturally derives
from numerical ecology), represents a powerful instrument to obtain refined palaeoenvironmental
trends, giving insights about palaeocommunities’ structure, faunal turnover as well as connection
between biotic (i.e., faunistic) and abiotic (i.e., palaeoenvironmental) variables (Legendre &
Legendre, 2012). Statistical approaches were adopted in very few cases for the analysis of
Holocene meiofauna of the Po Plain, but benthic foraminifera and ostracoda were treated
separately (Rossi and Vaiani, 2008; Rossi, 2009).

Here, | report the record of benthic foraminifera and ostracoda from the Holocene shallow marine
succession of core EM13. The two benthic groups were analyzed in parallel using the same
statistical analyses, with the aim of: i) understand the independent palaeoecological response of
each group to the overall Holocene coastal progradation; ii) assess which group provides the best

palaeoenvironmental resolution within a shallow marine, river-influenced succession.

6.2 Materials and methods

T T—
The continuous core EM13 was drilled in the southern Po | " 120 A

Hoon
Delta plain, about 3.5 km from the modern coastline (Fig. 6.1) ‘ge”vervo rivel T

45.00°

as part of the research project in collaboration with

ExxonMobil Upstream Research Company. It is 35 m in
Ferrara

length and core recovery was >95%. Qualitative

micropalaeontological analyses were performed on 155

samples from the whole length of the core. Here, we focus on ¢

44.50°

the thick shallow marine succession between 26 and 5 m core ‘ Ravenna
10 km [ ]

depth. A total of 115 samples of ca. 80 g of dry weight were Fig. 6.1 Location of core EM13
collected every 20 cm from this stratigraphic interval.

All samples were treated as follow: i) oven-dried at 60°C for at least 8 hours; ii) soaked in water
and H,0; (35% vol.); iii) wet-sieved at 63 um using tap water; iii) oven-dried again at 60°C for 8
hours. Forty-nine samples containing abundant and well preserved meiofauna were dry-sieved to

retain the fraction >125 pum and split in order to obtain sub-samples including at least 300
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individuals of benthic foraminifera and 20 valves of ostracoda. All 49 samples were counted to
obtain the number of benthic foraminiferal tests, whereas 23 samples were quantitatively analyzed
for ostracoda (exclusively adult or eventually Al valves were counted). Taxa were identified on the
basis of original descriptions (Ellis and Messina,1940) and literature sources concerning modern
as well as fossil material (Uffenorde, 1972; Bonaduce, 1975; Breman, 1975; Jorissen, 1988;
Athersuch et al., 1989; Sgarrella and Moncharmont Zei, 1993; Fiorini and Vaiani, 2001; Faranda
and Gliozzi, 2008).

To obtain a robust chronological framework of the cored succession, a total of eight radiocarbon
dates were performed on selected samples of mollusk shells, peat and wood material using
accelerator mass spectrometry (AMS) at KIGAM laboratory (Daejeon City, Korea) (Table 6.1).

Sample depth (m)  Radiocarbon-dated material Radiocarbon age  Calibrated age (yr BP)
10.90 Shell 840140 580140

17.50 Wood 1060+30 985+35

22.65 Shell 1900+400 1570450

25.60 Shell 5290+40 5515455

25.78 Shell 2220+30 1655460

26.75 Wood 804050 8900+100

29.00 Peat 8500+50 9500+30

32.00 Wood 9080+50 10250450

Tab. 6. 1 List of radiocarbon dates performed on samples from core EM13.

6.2.1 Statistical analysis

Analogue matching (AM) technique finds modern sites that are faunistically similar to each fossil
sample based on any dissimilarity (or similarity) measure. Benthic foraminiferal and ostracod
matrices for the AM technique were produced grouping selected species with similar ecological
characteristics up to genera level in accordance with the modern databases of Jorissen (1988) and
Breman (1975) presented in chapter 5. Accordingly, the contribution of finely agglutinated benthic
foraminifera (such as Eggerella spp.) and freshwater/brackish water ostracoda was removed. After
these operations, 27 samples with >300 tests of benthic foraminifera and 17 samples with >20
ostracod valves were retained for statistical analyses. The most abundant 24 benthic foraminiferal
and ostracod taxa present with a frequency >5% in at least one sample were included in the final
matrices for the AM. Since in modern databases data are expressed as percentage abundances,
the fossil data were accordingly transformed in percentage form. Then, the square-root of the
percentage abundances for both modern and fossil meiofaunal matrices was calculated, and the
Euclidean distance applied to obtain the Hellinger distance (Legendre and Gallagher, 2001) as a
measure of dissimilarity between modern and fossil samples. It emphasizes the contribution of

mid-range species and downweight species with low abundances (Legendre and Gallagher, 2001,
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Legendre and Legendre, 2012). The first four analogues with the lower values of dissimilarity were

considered.

6.3 Results

A total of 118 benthic foraminiferal and 67 ostracod taxa were identified in the sediment succession
between 25.88 and 8.80 m core depth. AM technique allowed to identify the most similar modern
samples to each fossil assemblage in terms of faunal composition. Modern assemblages of benthic
foraminifera and ostracoda are grouped in accordance with the biofacies recognized in the modern
North Adriatic Sea, described at length in chapter 5 and indicated here with the reference colours.
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Fig. 6.2 Stratigraphy and vertical distribution of the most common taxa of benthic foraminifera or ecological groups and
facies association (BB: Back-barrier; TB: transgressive barrier; DF: delta front; DP: delta plain). Quantitatively analyzed
samples are reported on the right side of the sample column, samples qualitatively analyzed on the left. Colors of
modern analog samples are referred to benthic foraminiferal biofacies described at length in chapter 5.

85



6.3.1 Benthic foraminifera

Above the transgressive barrier sands that mark the passage to marine deposits, benthic
foraminifera between 25.88-25.40 m core depth are characterized by relatively high frequencies of
Milioloidea (25.5-28.9%; Fig. 6.2). Among them, the most abundant genera are represented by
Triloculina (with the most abundant species Triloculina trigonula, 5.4-9.5%) and Adelosina (5.7-
6.7%). This stratigraphic portion also includes high proportions of epiphytic taxa (24.8-29.2%),
mostly represented by Asterigerinata mamilla, Buccella granulata, Neoconorbina terquemi,
Rosalina bradyi and Siphonaperta aspera. Porosononion lidoense (2.9-10.2%) and P. granosum
(7.0-9.2%), gathered into Porosononion ex. gr. granosum are common. These benthic foraminiferal
assemblages are similar to those nowadays recorded on the northern Adriatic shelf at 17-24 m
water depth, with a diversified fauna characteristic of the inner shelf out of the fluvial influence of
the Po River (Suppl. Tab. 6.2).

Between 25.40-23.89 m core depth, Milioloidea are still abundant (14.3-22.7%), but the
concentration of epiphytic taxa progressively decreases (5.0-16.8%), replaced by increasing
Ammonia parkinsoniana-Ammonia tepida (8.8-18.2%). Moderate frequencies of P. granosum (9.7-
17.6%) and Aubignyna perlucida (5.1-14.6%) are recorded. Similar modern benthic foraminiferal
assemblages are mostly located at shallow depths (8-22 m water depth) north of the Po Delta,
updrift of the main feeding mouths, where sediment inputs and organic matter concentration are

low.

Even though Milioloidea are abundant even between 23.89-18.00 m core depth (4.7-28.6%), T.
trigonula becomes very scarce (0.3-3.3%) and it is replaced by higher frequencies of
Quinqueloculina (with the exclusion of Q. seminula; 1.9-19.9%). The most abundant taxa becomes
A. parkinsoniana-A. tepida (18.5-54.1%), whereas the concentration of P. granosum progressively
decreases (20.6-4.6%) and moderate frequencies of Nonionella turgida are recorded (up to 15%).
Similar modern assemblages are located downdrift of the Po River at 12-18 m water depth, on fine-
grained substrates (0.5-36.6% sand) with moderate concentration of organic matter (1% on

average).

Upwards, from 18.00 to 8.80 m core depth, benthic foraminiferal assemblages are dominated by A.
parkinsoniana-A. tepida (31.4-83.7%, 64.1% on average). Aubignyna perlucida is relatively
abundant, but at 15.75-13.66 m core depth this species reaches its maximum concentration (23.2-
33%), at the expense of A. parkinsoniana-A. tepida which significantly decrease within this interval
(57.1-31.4%). Epiphytic taxa almost disappear, as well as N. turgida, a dominant species in the
shallow Adriatic mud belt but rare in proximity to fluvial outlets. Samples between 18.00-15.75 m
and 13.66-8.80 m core depth are mostly similar to those nowadays located in proximity of the Po

and Adige river mouths, where high amounts of riverine material (sediment and organic matter) are
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deposited. Benthic foraminiferal assemblages between 15.75 and 13.66 m core depth are similar
to the modern ones located downdrift of the Po Delta at shallow depth (8-13 m water depth) with
moderate concentration of organic matter (0.68% on average). Benthic foraminifera are rare in the

uppermost portion of the succession and dominated by A. parkinsoniana-A. tepida.
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Fig. 6.3 Stratigraphy and vertical distribution of the most common taxa of ostracoda and facies association (BB: Back-
barrier; TB: transgressive barrier; DF: delta front; DP: delta plain). Quantitatively analyzed samples are reported on the
right side of the sample column, samples qualitatively analyzed on the left. Colors of modern analog samples are
referred to ostracod biofacies described at length in chapter 5.

6.3.2 Ostracoda

From 25.88 to 21.26 m core depth, ostracod assemblages include high frequencies of
Semicytherura incongruens (0.8-23.3%; Fig. 6.3) and a variety of other Semicytherura species
(mostly Semicytherura cf. sella, S. rarecostata, S. ruggierii, S. acuta; 14.4-36.1%). Loxoconcha ex
gr. rhomboidea (5.3-19.7%), Pontocythere turbida (9.0-24.1%) and Sagmatocythere versicolor
(0.9-26.1%) are common, associated to lower frequencies of and Sagmatocythere napoliana (2.4-
12.4%), Palmoconcha turbida (up to 10.8%) and Xestoleberis spp. (up to 6.8%). The ostracod
assemblage recorded at 25.88 m core depth is similar to faunas nowadays developed on the
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sediment-starved Adriatic shelf at 25-30 m water depth, out of the influence of the riverine inputs.
Upper samples are both similar to faunas of the sediment-starved portion of the shelf, as well as
those of the inner shelf sligthly influenced by the Po River runoff (please refer to chapter 5), placed
at 25-40 m water depth. However, it should be noticed that the similarity to these samples is driven
by the moderate frequencies of Pontocythere turbida and Semicytherura spp., whereas Cytheridea
neapolitana typical of the slightly river-influenced inner shelf, is totally absent in core assemblages.
The increase in Palmoconcha turbida and the decrease of Semicytherura spp. at 21.46 m core

depth create a mixed signal, since this sample is related to three different modern biofacies.

Ostracod assemblages between 21.26-14.30 m core depth are dominated by Pontocythere turbida
(5.4-42.9%). Compared to the lower stratigraphic interval, frequencies of Palmoconcha turbida
increases (7.1-16.1%), whereas Semicytherura spp. (8.9-21.6%) slightly decrease. Scarce
frequencies of Leptocythere ramosa (up to 12.5%) and Xestoleberis spp. (up to 9.7%) are
recorded. Loxoconcha ex gr. rhomboidea, S. versicolor and S. incongruens are rare at the base of
this stratigraphic interval and gradually disappear. These assemblages are similar to modern
faunas located far from the main sources of riverine materials, on substrates enriched in sand.
They are mostly similar to faunas recovered at relatively shallow water depth (12.5-20 m), however
they also show a certain degree of similarity to deeper faunas of the sediment-starved shelf (31-40

m water depth).

Between 14.30-8.80 m core depth L. ramosa strongly dominates the ostracod assemblages (42.2-
76.0%), associated to relatively scarce frequencies of Palmoconcha turbida (6.4-13.0%) and
Pontocythere turbida (up to 8.6%). Ostracod assemblages within this interval are mostly similar to
those found in proximity of the modern Po Delta, subject to strong and unstable inputs of sediment
and organic matter. The similarity to modern mud belt faunas is produced by the high frequencies
of L. ramosa recorded in fossil assemblages, even though they do not include Cytheridea
neapolitana. From 8.80 to 6.50 m core depth, the shallow marine succession includes rare
ostracod valves mostly represented by L. ramosa, whereas the uppermost portion is barren in

ostracoda.

6.4 Discussion

6.4.1 Benthic foraminifera as tracers of organic matter fluxes

As it is shown in chapter 5, the distribution of modern benthic foraminiferal assemblages of the
Adriatic Sea is strongly influenced by organic matter concentration and, subordinately by water
depth (even though the contribution of additional factors could not be excluded). The thigh
correlation between benthic foraminifera and organic matter fluxes was demonstrated in other
Mediterranean river-influenced shelves as well (Goineau et al., 2011; Frezza and Carboni, 2009;

Jorissen et al., 2018 an references therein).
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The comparison between fossil and modern assemblages by means of AM indicates that benthic
foraminifera record low levels of organic matter from 25.88 to 23.89 m core depth (Fig. 6.4).
Specifically, they are analogous to deeper faunas of the inner shelf far from river mouths from
25.88 to 25.40 m core depth. Conversely, they are indicative of lower depths in the upper portion of
the stratigraphic interval, suggesting the passage to a shallow prodelta affected by very low
organic matter inputs, as nowadays occur along the northern Adriatic coasts updrift of the main
sources of riverine inputs (chapter 5). From 23.89 to 18.00 m core depth, the similarity to modern
assemblages located downdrift of the Po Delta suggests an increase in the concentration of
organic matter provided by rivers. Foraminiferal assemblages recovered between 18.00-15.75 m
and 13.66-8.80 are related to high levels of organic matter deposited in proximity of a river mouth,
as suggested by the similarity with present-day fauna found in proximity of the Po and Adige river
mouths. However, assemblages indicate a decrease of organic matter inputs from 15.75 to 13.66
m core depth, likely caused by a phase of diminished river discharge or by a shift of the river mouth

in a relatively more distal position.

6.4.2 Ostracoda as tracers of sediment supply

Modern ostracoda of the shallow North Adriatic Sea show a distribution pattern mostly determined
by water depth and grain-size of the substrate (chapter 5). Bathymetry is known to be a complex
factor that implicitly includes several environmental parameters, therefore it simply indicates a
position in the geographical space (Rossi and Horton, 2009). In the case of the North Adriatic shelf,
the influence of the Po River in terms of sediment supply exerts a primary role on the spatial
distribution of bottom grain-size and hence on ostracod assemblages. In fact, fine-grained
sediments provided by the Po and, subordinately, Apennine rivers determine the zonation of the
bottom sediments on parallel belts according to grain-size. These sediments are transported by the
surface WACC tens of km south (Cattaneo et al., 2003; Harris et al., 2008), creating a fine-grained
silty/clayey belt at ca. 15-40 m water depth parallel to the coastline and up to 8 m water depth in
proximity of the Po Delta (Brambati et al., 1983). On such substrates, specific biofacies are
developed in response to very high (e.g., biofacies O1) or relatively lower (e.g., biofacies 02, O3)
rates of sediment supply. This process also affect the distribution of ostracoda at higher depths, far
from the river mouths, where sediment-starved areas are marked by peculiar assemblages (e.g.,
biofacies O5, O6). However, on areas subject to similar mass accumulation rates, the occurrence
of different ostracod assemblages at specific bathymetric intervals (e.qg., biofacies 04, O2 downdrift
of the Po Delta) are due to differences in the sediment dynamics, as explained in chapter 5. In this
context, ostracoda can represent proxies for conditions of sedimentation, in terms of sediment
supply derived from riverine inputs, but they also furnish insights on the processes that governed

sediment dynamics.
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Ostracod assemblages between 25.88-21.26 m core depth indicate an extremely low riverine
sediment supply (Fig. 6.4). In fact, all the assemblages indicate a shallow marine environment
subject to low sedimentation rates. The absence of C. neapolitana in core assemblages confirms
this interpretation, since this species exclusively occur on fine-grained substrates affected by
riverine inputs at high depths (chapter 5). Upward, from 21.26 to 14.30 m core depth, the similarity
to modern sites at shallow depths subject to the inputs of Apennine rivers suggest a slight increase
in sediment supply. However, at these sites the action of longshore currents is still prevalent over
the fine-grained sediment input provided by rivers. Analogs of the upper sample at 16.34 m core
depth indicate a progressive increase in sediment supply. The upper portion of the sediment

succession suggests high riverine sediment supply and possible oxygen deficiency at the bottom.
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Fig. 6.4 Stratigraphy and vertical distribution of modern analogues for ostracoda and benthic foraminifera, interpretation
and phases of evolution of the Po Delta. Colors of modern analog samples are referred to ostracod and benthic
foraminiferal biofacies reported in chapter 5.
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6.4.3 The record of delta dynamics: integrating benthic foraminifera and ostracoda

The combination of benthic foraminifera and ostracoda with radiocarbon dates from the shallow
marine succession of core EM13 allows to understand the palaeoecological response of those

benthic groups to delta dynamics.

The inverse trend shown by radiocarbon dates at the base of the succession indicates the
presence of a condensed section, with ca. 4 cal. kyr of stratigraphic condensation. At distal
locations from the shoreline position at the peak of marine transgression (ca. 7.7 cal kyr BP; Bruno
et al., 2017), as the case of core EM13, the estimated accumulation rates are <<1 mm/yr (Campo
et al., 2017). The low sediment supply were caused by the sediment trapping in estuaries, where
river mouths formed prograding bay-head delta ca. 30 km inland from the modern shoreline
(Amorosi et al., 2017; Bruno et al., 2017). After the infilling of the estuaries, the counter-clockwise
circulation pattern of the Adriatic Sea favored the sediment transport at shallow depth along the
coast, feeding coastal sand bars at proximal locations (Amorosi et al., 2016a; Bruno et al., 2017).
The meiofauna included within the lowermost portion of the sediment succession, at 25.88-25.40 m
core depth, is in accordance with these conditions, since ostracoda clearly indicate an inner shelf
environment not subject to riverine inputs, i.e. under sediment-starved conditions. Benthic
foraminifera similar to modern inner shelf assemblages indicate a generic shallow, relatively open-

marine palaeoenvironment.

The stratigraphic interval at 25.40-22.00 m core depth is chronologically in accordance with a
phase of warm climate and the development of the Roman Empire, that favored riverine stability
and the progradation of a delta lobe south of the study area (Stefani and Vincenzi, 2005). At these
times, the Po coastal plain was characterized by a series of wave-dominated, arcuate deltas that
laterally shifted to rectilinear strandplains (Stefani and Vincenzi, 2005). Benthic foraminifera
consistently mark the first signal of an approach to the coastline (i.e., coastal progradation) with the
abrupt shift to shallower conditions at 25.40 m core depth and then a progressive increase in
organic matter inputs resulting from the progradation of the wave-dominated delta. Within this
interval ostracoda still suggest low sediment input, in accordance with the dominant longshore

transport at shallow depths operated by longshore currents.

After the demise of the Roman Empire (ca. 1500 yr BP), more humid and cold climate conditions
led to instability of the drainage network and repeated flood events (Stefani and Vincenzi, 2005)
are recorded by ostracoda in terms of a relative (even though slight) increase in sediment supply in
the study area from 22.00 m core depth. Moreover, ostracoda are suggestive of the predominant
action of longshore currents, in accordance with the wave-dominated phase of the Po Delta during

these times. The progressive approach of the Volano mouth (Correggiari et al., 2005; Fig. 2.16) is
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recorded by benthic foraminifera, that indicate a progressive increase of organic matter and vicinity

to a river mouth at 18.00-15.75 m core depth.

The Ficarolo avulsion, a major avulsion event that shifted the entire Po drainage system to the
northern sector of the Po Plain, occurred in 1152 AD (ca. 800 yr BP; Ciabatti, 1967). This event is
likely recorded by benthic foraminifera, that indicate a decrease of organic matter inputs at 15.75-
13.66 m core depth. Up to 8.80 m core depth the signal of benthic foraminifera and ostracoda is
uniform: the former suggest high organic matter inputs, the latter high sediment supply, in proximity
to the rapidly prograding Po River mouths. The uppermost portion of the succession, with rare
benthic foraminifera and ostracoda is in accordance with deposition at the immediate vicinity of a

fluvial mouth interested by flood sedimentation.

6.5 Conclusion and future perspectives

In this chapter | presented the record of benthic foraminifera and ostracoda within the shallow
marine succession of core EM13, compared with the modern meiofaunal assemblages described
in chapter 5. Benthic foraminifera and ostracoda provided different palaeoecological signal: the
former gave insights about organic matter inputs ad relative distance from river mouths, the latter
furnished indications about sediment input and dynamics. The stratigraphic distribution of
meiofauna is in accordance with specific phases of the Po Delta evolution. Exclusively the
combination of both meiofaunal represents a comprehensive tool to reconstruct in detail delta

dynamics, at least within this fine-grained succession.

This is the first attempt of a quantitative assessment of the similarity between fossil and modern
samples. In the next future, data about sediment geochemistry will be included to obtain indications
about the sediment provenance and age-depth model will be constructed. | intend to apply the
same techniques to shallow marine benthic foraminifera and ostracoda of a nearby Holocene
sediment succession of the Po Delta, in order to test the reliability of meiofauna in a sector of the

coastal plain that was subject to different coastal dynamics..
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Tab. 6.2 Percentage values of the most common (>5%) taxa of benthic foraminifera recorded within analyzed samples of

core EM13 including >300 tests.
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Tab. 6. 3 Percentage values of the most common (>5%) taxa of ostracoda recorded within analyzed samples of core

EM13 including >20 valves.
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Tab. 6.4 Results of the AM technique for benthic foraminifera, with the 10 closest modern analogues for each fossil

sample. The first four analogs, used for the interpretation of assemblages, are colored in accordance with biofacies

presented in chapter 5.
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Tab. 6.5 Results of the AM technique for ostracoda, with the 10 closest modern analogues for each fossil sample. The
first four analogs, used for the interpretation of assemblages, are colored in accordance with biofacies presented in

chapter 5.
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ABSTRACT

Although general trends in transgressive to highstand sedimentary evolution are well known, the
details of the turnaround from retrogradational (typically estuarine) to aggradational-progradational
(typically coastal/deltaic) stacking patterns are not fully resolved. Following eustatic stabilization,
around 7.7 cal ky BP, the middle-late Holocene sedimentary evolution of the Po Delta records a
complex pattern of delta upbuilding and 60 km of coastal progradation. Distinctive sedimentological,
paleoecological (benthic foraminifers, ostracods, mollusks) and compositional features were used to
distinguish facies associations and sediment-dispersal pathways within a radiocarbon-date chronologic
framework.

A three-stage progradation model was reconstructed for the Holocene eustatic highstand succession
(HST): 1) Just as eustasy achieved highstand (7.7-7.0 cal ky BP), rapid bay-head delta progradation (~5
m/yr), fed mostly by the Po River, took place within a mixed, freshwater and brackish estuarine
environment. 2) A dominantly aggradational parasequence set in the lower HST (7.0-2.0 cal ky BP)
records the development of a shallow, wave-dominated shoreline fed alongshore, with slow coastal

progradation (~2.5 m/yr). 3) The final stage of the eustatic highstand (<2 cal ky BP) saw the upbuilding
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of faster prograding (~15 m/yr), river-dominated Po delta lobes into significantly deeper (30 m) waters
(upper HST).

This study documents the close correspondence of stratal character with sediment distribution
patterns within the HST. The major shift from a dominantly aggradational (lower HST) to a fully
progradational (upper HST) stacking occurs at a surface named the “A-P surface”. This surface
demarcates remarkable changes in sediment characteristics, paleoenvironments and direction of
sediment transport that reflect the transition from a wave-dominated to a river-dominated deltaic
system. Identifying the A-P surface through detailed paleoecologic and compositional data can help
guide interpretation of the rock record, especially in mudstone-dominated systems, where facies
assemblages and their characteristic geometries are difficult to discern from physical sedimentary

structures alone.

Keywords: Progradation, Delta, Paleoecology, Sediment provenance, Holocene, Po Plain

INTRODUCTION

According to conventional sequence stratigraphic models, aggradational to progradational stacking
patterns typify prograding deltas and shorelines within the highstand systems tract (HST — Posamentier
and Vail, 1988; Van Wagoner et al., 1990; Posamentier and Allen, 1999; Neal and Abreu, 2009).
Below the HST, retrogradational parasequence sets (i.e., transgressive systems tracts - TST) comprise
backstepping barrier-lagoon-estuary depositional systems on top of fluvial and coastal-plain strata,
typically deposited as base level rises (Dalrymple et al., 1992; Allen and Posamentier, 1993; Cattaneo
and Steel, 2003; Catuneanu et al., 2009). Criteria for systems tract recognition and for identifying the
boundary between TST and HST (maximum flooding surface or MFS) are well established: in seismic
stratigraphy, this key stratigraphic surface corresponds with a prominent downlap surface. On a basin
scale, the MFS marks the change from retrogradational to aggradational and progradational stacking
patterns. On vertical (outcrop or core) profiles, the MFS represents the turnaround from deepening-
upward to shallowing-upward trends. In downdip cross-sections, characteristic convex up shoreline
trajectories are diagnostic of highstand normal regression, i.e. decelerating base-level rise (Catuneanu

et al., 2009).
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Although general trends in transgressive to highstand sedimentation are known to reflect the balance
between accommodation and sediment supply (‘A/S ratio’, Muto and Steel, 1997), there is a limited
awareness of how retrogradational (typically estuarine) trends are succeeded by aggradational-
progradational (typically coastal/deltaic) stacking patterns on a detailed depositional system scale
(Milli et al., 2013; Aschoff et al., 2018). In addition, the factors that control the dynamics of coastal
progradation still need to be understood and acknowledged. The major sources of uncertainty,
especially for subsurface sedimentary successions, include: (i) poor facies characterization of
prograding sediment bodies, (i1) challenging reconstructions of sediment dispersal systems, (iii) lack of
information about the magnitude of depositional hiatuses and stratigraphic condensation recorded at
parasequence boundaries. Mudstone-dominated systems, in particular, are central components of
modern hydrocarbon exploration (Schieber, 1998; 2016; Macquaker and Bohacs, 2007; Macquaker et
al., 2010; Wilson and Schieber, 2014). In these seemingly homogeneous depositional systems, the
presence of subtle heterogeneities has been widely overlooked and only few studies have focused on
detailed measured sections (Bohacs et al., 2014; Plint, 2014; Lazar et al., 2015; Kietzmann et al., 2016;
Birgenheier et al., 2017).

Several historical papers have outlined the general features of middle to late Holocene highstand
progradation (Curray and Moore, 1964; Oomkens, 1970; Frazier, 1974; Demarest and Kraft, 1987;
Stanley and Warne, 1994), but only few recent studies have framed Holocene successions into
chronologically constrained stratigraphic reconstructions, through hundreds of radiocarbon dates
(Tanabe et al., 2015; Amorosi et al., 2017). None of these studies, however, has examined in detail the
sedimentological features of highstand depositional systems through careful paleoecological
investigation and sediment provenance reconstructions.

The goal of this study is to provide a robust model for complex, Holocene highstand coastal
development and evolution based on a chronologically well-constrained and cored example—the Po
Delta system, northern Italy (Amorosi et al., 2017). Our specific objective is to examine the potential of
a carefully integrated paleontologic and geochemical approach for the reliable interpretation of mud-
dominated prograding successions, where subtle heterogeneities can be difficult to decipher based on

sedimentologic data alone.

GEOLOGICAL BACKGROUND
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The Po Plain, northern Italy, is bounded by the Alps to the north, the Apennines to the south, and
opens to the Adriatic Sea to the east (Fig. 1). The Po River, 652 km in length, flows from W to E across
the Po Plain into the Adriatic Sea, where it forms the Po Delta.

Throughout the Middle-Late Pleistocene, alternating continental and shallow-marine deposits record
a series of transgressive-regressive cycles on ca. 100 ka timescales (Amorosi et al., 2004). A weakly
developed paleosol related to the Younger Dryas cold reversal demarcates the transition from Late
Pleistocene alluvial deposits into the Holocene transgressive-regressive cycle (Amorosi et al., 2016).
Detailed stratigraphic correlations based on ~150 radiocarbon dates have recently resulted in the
identification of a series of millennial-scale Holocene parasequences (Amorosi et al., 2017; Bruno et
al., 2017). Early Holocene parasequences record alternating periods of rapid flooding and gradual
shoaling, and are stacked in a retrogradational pattern. Conversely, middle to late Holocene
parasequences record a complex pattern of coastal progradation and delta upbuilding. For detailed
paleogeographic reconstructions of transgressive parasequence architecture, the reader is referred to
Bruno et al. (2017). This paper expands on previous work and focus on the highstand prograding
succession (HST).

The Holocene highstand succession is a siliciclastic, mud-rich deltaic depositional system up to 30-
m thick (Campo et al., 2017). It comprises an aggradational to progradational parasequence set
(Amorosi et al., 2005, 2017) that laps down onto a prominent, fossiliferous condensed section (Fig. 2;
Scarponi et al., 2013; 2017a). The component parasequences (coarsening-upward successions) likely
reflect shoreline and delta progradation (Rizzini, 1974; Amorosi et al., 1999; Stefani and Vincenzi,
2005). Progradation was dominantly controlled by distributary channel avulsion and delta lobe
switching, which led to the development of five parasequences of limited areal extent (parasequences 4
to 8 in Amorosi et al., 2017)

The study area, between the city of Ferrara and the Adriatic Sea (Fig. 1), represents the almost flat
coastal portion of the Po Plain. This region formed starting circa 7.7 cal ky BP, when the shoreline was
about 30 km inland of its present position (Rizzini, 1974; Amorosi et al., 1999). The HST onshore is
genetically related to the rapidly deposited mud wedge that accumulated on the shelf for 600 km along
the Adriatic Coast of Italy (Trincardi et al., 1996; Cattaneo et al., 2003; Campo et al., 2017).

The toe of the modern Po Delta has been observed at 25-30 m water depth (Correggiari et al.,
2005a), and the dynamics of recent delta progradation have been outlined in detail by Correggiari et al.
(2005b). Along the mud-dominated Adriatic coastline, inner-shelf mud belts are typically elongated
downdrift of the Po River mouth, and the whole modern Po delta system shows a marked asymmetry
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that reflects prevailing sediment dispersal to the south (Cattaneo et al., 2003; 2007). The modern Po
Delta dates back to the early 17" century, when massive hydraulic works (“Porto Viro cut or bypass” —
Ninfo et al., 2018) formed one of the largest anthropogenic deltas in the world (Maselli and Trincardi,
2013). Unlike the majority of modern deltaic systems, which have been subjected to fast degradation
and shoreline retreat due to the post-1950 marked reduction in sediment supply (Blum and Roberts,
2009; Syvitski et al., 2009), the Po Delta has resumed progradation in the last decade (Ninfo et al.,
2018).

METHODS

Fifteen cores were investigated through detailed sedimentologic and paleontologic investigations.
These cores were acquired between the city of Ferrara and the modern Po Delta (Fig. 1). Each core data
set evaluated in this study spans approximately 25-35 m, i.e. the thickness of the Holocene succession.
A total of 140 core descriptions from the Regione Emilia-Romagna stratigraphic database were made
available for study (Fig. 1).

Facies analysis was carried out on a centimeter scale. Graphic logs of cores include description of
lithology, grain size, primary sedimentary structures, lamination styles, bioturbation levels, and
accessory components. The paleoecological characterization of facies assemblages was based upon
benthic foraminifers, ostracods, and mollusks. Benthic foraminifer and ostracod analyses were
performed on a total of 80 samples from four cores (EMS5, EM11, EM13, 187-S6 in Fig. 1), to provide
detailed paleoenvironmental information in terms of salinity oscillations, vegetation coverage, riverine
organic-matter content and oxygen concentration. These data were integrated with previously published
micropaleontological data from cores 205-S5, 205-S7, Core 1, and Core 7 (187-S7 in Fig. 1) (Amorosi
et al., 2005; Rossi and Vaiani, 2008; Barbieri et al., 2017).

Core samples were analyzed following the standard procedure reported in Amorosi et al. (2014a)
and autochtonous vs. allochtonous fossil assemblages were distinguished on the basis of the test
preservation state. Three categories of relative abundance (abundant: >30%, common: 30-10%, scarce:
<10%) were adopted (Table 1). Taxa identification and autoecological data were based on reference
papers, including Bonaduce et al. (1975), Jorissen (1988), Athersuch (1989), Sgarrella and
Montcharmont-Zei (1993), Fiorini and Vaiani (2001), and Milker and Schmiedl (2012).
Paleoenvironmental interpretations of microfossil assemblages are supported by the recent distribution
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of taxa in the Northern Adriatic Sea (Colalongo, 1969; D'Onoftrio, 1969; Breman, 1975, Jorissen, 1988;
Donnici and Serandrei Barbero, 2002) and by comparison with assemblages from other Holocene
coastal to shallow-marine successions of the Mediterranean area (e.g., Di Bella and Casieri, 2011;
Amorosi et al., 2013; Di Bella et al., 2013; Dinelli et al., 2013; Rossi et al., 2017).

As for mollusks, 8 cores were investigated (205-S2, 205-S4, 205-S5, 205-S6, 205-S7, 205-S9, 205-
S10 and EMS in Fig. 1 — see also Wittmer et al., 2014; Kowalewski et al., 2015) and 151 samples, each
representing a ca. 5 or 10-cm core interval, were selected for paleoenvironmental inferences. These
samples are typically dominated by extant mollusks with well-understood biology and ecology. In
addition, standardized volumes of samples allowed us to track changes in fossil abundance (average
density and interquartile range or IQR) and dominant taxa across the sedimentary succession.

A total of 112 core samples and 31 river sediment samples were analyzed for bulk-sediment
geochemistry. Modern river sediments were collected from exposed bars or subaqueous channel beds,
and all grain sizes, from coarse sand to mud, were considered. Geochemical analyses were performed
at University of Bologna. Samples were oven dried at 50°C, powdered and homogenized in an agate
mortar and analyzed by X-ray fluorescence (XRF) spectrometry using a Philips PW 1480 spectrometer.
The matrix correction methods of Franzini et al. (1972), Leoni and Saitta (1976), and Leoni et al.
(1982) were followed. The estimated precision and accuracy for trace-element determinations was 5%.
For elements with low concentrations (<10 ppm), the accuracy was 10%.

The Po Basin is a multi-sourced foreland basin system with strongly heterogeneous compositional
signatures, where exclusive catchment lithologies can be used to delineate basin-wide markers of
sediment provenance and trace detrital signatures across downdip segments of the sediment dispersal
system (Amorosi and Sammartino, 2018). It has been documented that trace metals hosted
preferentially in mafic and ultramafic rocks, such as Cr, can carry clear provenance signals even in
distal segments of the routing system (von Eynatten et al., 2003; Amorosi, 2012; Garzanti, 2016). The
original provenance signal can be confounded by changes in grain size, but alumina is effective as a
normalization factor (Covelli and Fontolan, 1997; Menon et al., 1998; Liaghati et al., 2004): Ct/Al,O3,
in particular, has been tested successfully in Po Plain sediments for the discrimination of
mafic/ultramafic versus non-mafic/ultramafic source-rock composition (Amorosi et al., 2002; Curzi et
al., 2006; Amorosi, 2012; Di Giuseppe et al., 2016). The best proxy for carbonate (dolostone) versus
siliciclastic contribution based on single ratios was obtained by MgO/Al,0; (Amorosi et al., 2002,
2007; Curzi et al, 2006; Greggio et al., 2018), which in this area closely reflects the abundance of
dolomite in the sediment (Marchesini et al., 2000). Comparison of whole-rock geochemistry from
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cored samples with composition of modern soil sediments demonstrates that the effects of weathering
and post-depositional diagenesis on geochemical element distribution in Holocene deposits are

negligible (Amorosi et al., 2014b).

MIDDLE TO LATE HOLOCENE STRATIGRAPHIC ARCHITECTURE

The middle-late Holocene succession of the Po Delta forms an aggradational to progradational
parasequence set (Amorosi et al., 2017) made up of discrete delta lobes with significantly different
characteristics (Fig. 2). In general, the coastal depositional system follows a proximal-distal trend of
finer grain size. The sand to mud ratio decreases at successively eastward positions, and individual
clinothems, i.e. distinct delta lobes, thin out in the same, seaward direction. Thus, coastal progradation
dynamics are well portrayed by depositional dip-oriented (SW-NE) cross-sections (Fig. 2).

Based on stratal patterns and facies stacking relative to key bounding surfaces, the middle-late
Holocene succession of the Po delta area was subdivided into three intervals (uppermost TST, lower
HST, and upper HST — units 1-3 in Fig. 2), each of which contains characteristic depositional systems
with distinct paleontologic and compositional attributes (Figs. 4, 6). These three stratigraphic intervals

are described in chronological order, with a special emphasis on the deltaic facies (Fig. 3).

Uppermost TST (~7.7-7.0 cal ky BP)

Description

The topmost unit of backstepping (TST) estuarine deposits consists of a laterally continuous, <5 m-
thick sand body which transitions basinwards to a thin, predominantly muddy unit (Fig. 2). The sand
body is bounded below, above, and proximally by soft clays with relatively high organic matter
content. It is 4-5 m thick, extends about 5 km down dip (Fig. 2) and correlates 9 km along strike (Bruno
et al., 2017). Above an erosional surface, sand-sized sediment is coarse to fine-grained, and exhibits a
generally fining-upward (FU) trend, although coarsening-upward (CU) successions are also
encountered. Vegetal remains and wood fragments are abundant.

Rare microfossils are present in the sandy lithofacies (Fig. 4A): they are represented by abraded or
broken ostracod valves of the euryhaline Cyprideis torosa, locally accompanied by freshwater-
hypohaline Ilyocypris spp. The macrofaunal content shows variable fossil density (average 49
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spec./dm3; IQR 6-202; Fig. 5); the most commonly observed taxa are 4. segmentum, Lentidium
mediterraneum and hydrobiids (see Fig. 6A and Table 1).

The muddy facies is dominated by soft clay and silty clay, with faint lamination due to clay-silt
alternations, a few mm to cm-thick. This lithofacies assemblage has homogeneous gray color, and only
local abundance of plant and wood fragments. Microfossils are abundant and consist of well-preserved
foraminifers and ostracods. Foraminiferal assemblages are dominated by Ammonia parkinsoniana and
Ammonia tepida with the common occurrence of Haynesina germanica and Cribroelphidium
granosum. In contrast, the ostracod fauna is of low diversity, being mainly composed of Cyprideis
torosa and, subordinately, of Loxoconcha elliptica and Leptocythere species (Fig. 4B and Table 1). The
most abundant mollusk species are the brackish bivalves Abra segmentum and Cerastoderma glaucum
(Fig. 6B; Scarponi et al., 2017b). Continental mollusks were also encountered. In less confined areas,
the small nearshore corbulid Lentidium mediterraneum and the grazer gastropod Bittium spp. are also
present (Bruno et al., 2017).

Sediment composition from 9 sand samples revealed Cr/Al,O; values between about 9.5 and 14, and
low MgO/AlL,O;5 ratios (generally <0.4; Fig. 7). The overall carbonate content is very low, and CaO
ranges between about 4% and 8.5%, with a median value of 5.1% (Fig. 5). Elevated levels of elemental
sulfur, commonly in the range of 500-2000 mg/kg, are an additional diagnostic feature of this facies

tract.

Interpretation

The muddy portion of this facies association likely accumulated in an outer estuarine environment
subject to short-lived salinity fluctuations, as documented by micro- and macrofossil assemblages with
dominant opportunistic and euryhaline species, such as A4. tepida, C. torosa (Pint and Frenzel, 2017)
and bivalve species A. segmentum and C. glaucum. This interpretation is also supported by the presence
of taxa tolerant of restricted conditions and high organic matter content (4. parkinsoniana, C.
granosum, H. germanica, L. elliptica). The formation of a wave-dominated estuary during the early
Holocene and its backstepping evolution under transgressive conditions have been detailed by Bruno et
al. (2017).

Estuarine muds can be linked stratigraphically upstream to proximally equivalent sand bodies,
which lie at the boundary between freshwater and brackish environments (Fig. 2). Given the small-
scale (~5 m) clinoform and mixed, freshwater-brackish fossil content, these sands are interpreted to
have been deposited dominantly by river processes at the head of the estuary, thus representing bay-
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head deltas within a back-barrier environment (Aschoff et al., 2018). The poor preservation state of
ostracods is consistent with continuous reworking under high-energy conditions. Sand bodies with
erosional base and marked FU trends are attributable to distributary channels, whereas CU successions
are more likely to have formed at bay-head delta mouths.

Based on bulk-sediment geochemistry, the Po River represented the fluvial feeder system of most
bay-head delta sands (Fig. 7). Relatively high Cr/Al,O3 and very low MgO/Al,0; and CaO% fall very
close to the compositional field of modern Po River sediments (Fig. 7). The elevated elemental sulfur
concentrations are consistent with sulfate-containing environments, typically wetlands, estuaries or

lagoons (Gerardi and Lytle, 2015).

Lower HST (~7.0-2.0 cal ky BP)

Description

The lower HST exhibits a distinctive aggradational to slightly progradational stacking pattern of
facies (Fig. 2). Proximal, coarse-grained lithofacies forms an amalgamated sediment body, 5 to 10 m
thick, that consists predominantly of very fine to coarse sand (Fig. 2). Silt admixed with very fine sand
is more abundant basinwards. On vertical profiles, silt interlamination frequency and thickness increase
upwards. Individual sand layers are faintly laminated, with low-angle lamination and gently curved
surfaces that possibly reflect hummocky cross-stratification (Harms et al., 1975).

Microfossils are represented by broken or abraded tests of the foraminifer Ammonia beccarii (Fig.
4C); well preserved miliolids and other Ammonia species are locally present at basinward locations
(Table 1). The macrofaunal content of the sandy lithofacies is characterized by high fossil density
(average 215 spec/dm?; IQR 21-438; Fig. 5). Nearshore bivalves Lentidium mediterraneum, Chamelea
gallina, and Spisula subtruncata are the most abundant species in at least 50% of examined samples
(Fig. 6C, Table 1).

The fine-grained lithofacies, mostly developed in the outer portion of this facies tract (Fig. 2), is up
to 10-m thick, and may have a homogenous or mottled texture. Sand-mud alternations and muds are
moderately to heavily bioturbated (Fig. 3A-C). Where high bioturbation levels are present, only
remnant primary sedimentary structures, such as small wave ripples, are visible (Fig. 3C). Clinoform
height as deduced from the stratigraphic panel is <15 m (Fig. 2), and individual lobes become thinner

in a basinward direction.
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Muds show a markedly different and more diversified microfossil content than the sandy lithofacies
(Table 1). The foraminiferal assemblage is characterized by variable amounts of 4. parkinsoniana, A.
tepida, Aubignyna perlucida, C. granosum, and a variety of miliolids, accompanied by subordinate
Nonionella turgida and hyaline epiphytic taxa. The ostracod fauna includes large amounts of
Semicytherura spp. and Loxoconcha gr. rhomboidea, along with Palmoconcha turbida, Pontocythere
turbida and Sagmatocythere spp. (Fig. 4D). The muddy lithofacies is typified by more dispersed
macrofossil assemblages, dominated by Corbula gibba, Chamelea gallina, and Turritella communis
species (Fig. 6D). The average fossil density is less than half of the sandy lithofacies (average 104
spec/dm?; IQR 35-176; Fig. 5).

Major- and trace-element compositions of 34 core samples from this stratigraphic interval show
variable Cr/Al,O; ratios (9—14; Fig. 5), but invariably high MgO/Al,0; ratios (up to 2.4, with median
value of 0.7; Figs. 5 and 7). The overall carbonate content is also remarkably high, as indicated by very

high CaO values (median value is 14.4%; Fig. 5).

Interpretation

The general abundance of sand and of coastal microfossils reflects deposition above storm-wave
base. The progressively lower levels of fossil preservation in a landward direction is considered to
reflect higher hydrodynamic conditions. Remnant lamination in the sandy lithofacies indicates active
currents in a high-energy regime. Reworking by storms waves is supported by the presence of sand
beds showing faint hummocky cross-stratification and oscillation ripples. Intense bioturbation clearly
indicates biogenic activity during fair-weather periods under conditions of very low sedimentation
rates. In the distal parts of the system, the paucity of sand, dominance of silt and higher bioturbation
levels indicate a lower energy depositional regime relative to the updip wave-influenced deposits. The
diversified meiofauna points to a shallow marine environment with a dense vegetation cover, as shown
by several ostracod species (Loxoconcha gr. rhomboidea, Pontocythere turbida, Sagmatocythere
napoliana, Sagmatocythere versicolor) and selected foraminifers (miliolid and hyaline epiphytic taxa).
The relative abundance of A. parkinsoniana, A. tepida, A. perlucida, C. granosum and Palmoconcha
turbida indicates a variable riverine influence.

Ecological traits of the most abundant mollusk taxa within the lower HST clearly depict a
shallowing-upward trend. The dominance of mollusk species that commonly peak in abundance at less
than 15-m water depth (Wittmer et al., 2014) supports the hypothesis of coastal/deltaic progradation in
shallow waters. In addition, the relatively high average density of fossil remains may reflect low
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sedimentary inputs, although changes in the production rates of skeletal remains may have also played
a role in forming such fossil-rich deposits.

The vertical organization of facies, which is typically reflected by the CU succession, and the
development of extensive sheet sands are interpreted to reflect the outbuilding of wave-influenced
(Bhattacharya and Giosan, 2003) to wave-dominated (arcuate) delta systems, with local development of
strandplains shaped by the longshore drift.

Geochemical compositions of cored samples plot far from the field of modern Apennine rivers (Fig.
7), but also display scarce overlap with the Po River end-member (Fig. 7). In contrast, bulk-sediment
geochemistry exhibits closer affinity with the MgO-rich compositions typical of sediments derived
from Eastern Alpine source rocks (Fig. 7). A sediment provenance from limestone and dolostone
source rocks is also supported by very high CaO contents (Fig. 5). As geochemical data from both
sands and muds clearly suggest a mixed sediment contribution of Po River and Eastern Alpine end-
members, it is argued that sand was partly transported by longshore currents, whereas mud was
probably resuspended by storms and wave action above storm wave base, and advected alongshore by
geostrophic currents for long distances along the paleoshelf. In the relatively deeper parts of the delta, a
partial control on sedimentation by current-enhanced or wave-enhanced sediment gravity flows cannot

be ruled out (Macquaker et al., 2010; Birgenheier et al., 2017).

Upper HST (< 2.0 cal ky BP)

Description

A strong progradational stratigraphic motif and a large proportion of mud characterize the upper
HST interval in the study area (Fig. 2). The proximal part of this facies tract consists of amalgamated
sand bodies, 5 to 10 m thick. Grain size ranges from very fine to coarse sand. Sand is structureless to
cross-stratified, with abundant allochthonous plant material and rare foraminifers (Fig. 4E), including
well preserved A. parkinsoniana and A. tepida, along with poorly preserved specimens of planktonic
and benthic taxa, such as Globigerina, Globigerinoides, Orbulina, Cassidulina, and Bulimina (Table
1). The macrofauna includes relatively low density (average 43 spec./dm?, IQR 15-118; Fig. 5) and
oligotypic L. mediterraneum assemblages (Fig. 6E, Table 1).

Basinwards, this facies tract consists of interlayered, millimeter- to centimeter-thick silt to clay
couplets (sand proportion is <2%) that typically exhibit normal grading with locally scoured bases (Fig.
3D). The deposit is largely devoid of burrowing (Fig. 3D-F). Rare sand layers show flat-to-undulating
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lamination (Fig. 3E). Current-generated (asymmetric) ripples are present, whereas wave-modified
current ripples are also common. The meiofauna consists of several opportunistic species, such as A.
tepida, N. turgida, A. perlucida, Haynesina spp., Palmoconcha turbida, Leptocythere ramosa and, to a
lesser extent, Pontocythere turbida (Fig. 4F). The muddy lithofacies is commonly barren in macrofauna
or represented by low density (7 spec./dm?, IQR 0-43) and variable suites of species (Fig. 6F). Of the
three most abundant taxa, none is present in at least 50% of all samples (Table 1).

XRF analysis of 69 core samples, from coarse sand to clay reveals a very narrow range of
compositions, with generally high Cr/Al,O; values (Figs. 5 and 7) and remarkably low MgO/Al,O4
ratios (<0.4 in Figs. 5 and 7). The overall geochemical composition of the upper HST is similar to
sediment composition from the uppermost TST, and the CaO content is invariably lower than in the

lower HST, with scarce or no overlap (median value is 8.3%; Fig. 5).

Interpretation

Low bioturbation intensities and a predominance of graded beds are interpreted as indicators of
fluvially-dominated delta-front units (Bhattacharya and MacEachern, 2009). Abundant plant material
suggests derivation from a terrestrial source (e.g., Bohacs et al., 2014). Current features, such as scours
and low-angle lamination indicate tractional flow. Normal grading records waning flow conditions.
Sand-silt couplets are interpreted to reflect river-generated hyperpycnal flows, in a prodeltaic
environment (Mulder and Syvitski, 1995; Mulder et al., 2003, Bhattacharya and MacEachern, 2009;
Schieber, 2016). Hyperpycnal plumes were related to times of elevated river discharge during floods.
Rapid sediment deposition in the prodelta environment led to significant soft-sediment deformation,
testified by the abundance of dewatering structures (Bohacs et al., 2014; Birgenheier et al., 2017).

Paucity of fossil recovery and low diversity benthic assemblages are attributed to the very high-
energy depositional regime and to deposition rates that exceeded colonization rates by benthic
communities. Sparse bioturbation is consistent with high physical and chemical stresses in hyperpycnal
environments (Bhattacharya and MacEachern, 2009).

The most abundant mollusk taxa retrieved in both sandy and muddy lithofacies are commonly
indicative of a highly stressed regime characterized by high net sedimentation rates (Scarponi and
Angeletti, 2008) or frequent changes in environmental conditions. Diluted microfossil concentrations
of A. parkinsoniana and A. tepida in sandy intervals are consistent with a river-influenced, shallow-
marine depositional environment, close to a river outlet (mouth bar). Poorly preserved foraminifers
from a variety of water depths are interpreted to reflect transport from adjacent environments and/or
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reworking from older units. Small numbers of Ammonia, locally accompanied by planktonics are
observed in proximity of modern Po River mouths, at water depths <15 m (D'Onofrio, 1969). In
contrast, the remarkable amount of opportunistic species tolerant to high organic matter contents within
the distal facies indicates high concentration of riverine organic matter, locally inducing a decrease in
oxygen concentration at the sea bottom, as testified by the abundance of N. turgida and Palmoconcha
turbida. In the modern Po prodelta, comparable assemblages strongly influenced by riverine inputs are
recorded in 15-30-m-deep waters (Breman, 1975; Jorissen, 1988; Donnici & Serandrei Barbero, 2002).

An almost exclusive sediment contribution from the Po River accounts for the geochemical
composition of both sandy and muddy deltaic lithofacies, typified in particular by Cr/Al,O; and
MgO/Al,O5 ratios very similar to modern Po River sediments, with only slightly higher MgO/Al,04
values (Fig. 7). These latter likely reflect a very minor local contribution to the sediment budget by

Alpine sources, via longshore drift.

DISCUSSION

Three-fold nature of Holocene coastal progradation

The evolutionary scenario of highstand coastal progradation reflects significant along margin
variability of the nearshore/deltaic/shelf system (Olariu and Steel, 2009). Three distinct phases of
coastal evolution (A-C in Fig. 8) were reconstructed, based upon detailed sedimentological and
paleontological examination of the succession, integrated with sediment provenance analysis: 1)
uppermost TST: an initial phase of bay-head delta progradation in a shallow estuarine embayment (7.7-
7.0 cal ky BP); 2) lower HST: a subsequent phase of wave-dominated coastal/deltaic progradation with
extensive bay/lagoons in shallow (<15 m), open-marine waters (7.0-2.0 cal ky BP); and 3) upper HST:
a final phase of river-dominated, deltaic progradation (with minimal bay/lagoons or mainland attached

shorelines) in relatively deeper (15-30 m) water (<2.0 cal ky BP).

Phase 1, uppermost TST
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The early phase of coastal progradation, between 7.7 and 7.0 cal ky BP, took place in very shallow
waters (<5 m), with an extensive mixed, freshwater and brackish back-barrier environment (Fig. 8A).
This phase saw the rapid advancing of fluvial mouths into shallow embayments, with a mean
progradation rate of ~5 m/yr, which resulted in more or less coalescing bay-head delta lobes at the head
of a wave-dominated estuary (Fig. 8A). Owing to the shifting of distributary channels, separate, small-
volume bay-head delta systems, each consisting of multiple terminal distributary channels (Olariu and
Bhattacharya, 2006), spread laterally across the estuary (Bruno et al., 2017). In dip-oriented cross-
sections (Fig. 2), the bay-head delta sand body is up to 5 km long, reflecting the approximate distance
between the fluvial mouths and the beach-barrier complex. The large size of the 7.7-7.0 ky BP,
coalescing bay-head deltas is due to the relatively long time available for progradation at the
turnaround from transgression to regression, in response to decelerating eustatic rise, which favored the
complete filling of back-barrier accommodation (Milli et al.,, 2013; Aschoff et al., 2018).
Compositional data indicate that the Po River was the feeder system of most bay-head delta sands (Fig.
7). This implies that between 7.7 and 7.0 cal ky BP, Po River sands were trapped in the estuary and did
not contribute significantly to beach-barrier formation (Fig. 8A). Sediment-supply rates might have
increased starting at the base of the uppermost TST, which coincided with the transition from Boreal
(relatively dry) to Atlantic (more humid) northern Europe climate phase (Mangerud et al., 1974; see
Table 2).

Phase 2, lower HST

This phase of relatively weak progradation (~2.5 m/yr) was characterized by delta and shoreline
upbuilding into relatively shallow (<15 m), open marine waters (Fig. 8B), on fairly gentle slopes. Delta
front-prodelta couplets extended a long way basinwards (~10 km; Fig. 2). Mixed macrofaunal
assemblages from a variety of sub-environments characterize this period (Scarponi et al., 2017a). The
diverse meiofauna indicates a vegetated sea bottom with variable riverine organic matter
concentrations, possibly induced by the combined effect of fluvial avulsions and longshore drift (Rossi
and Vaiani, 2008).

Between the Bronze Age and the Roman Age (5,000-2,000 y BP), the Po Delta occupied a broad
stretch of the coastal system between Ravenna and Adria, and its discharge was dispersed through
several, more or less coeval distributary outlets (Fig. 8B) that nourished cuspate and arcuate (wave-

dominated) deltas (Correggiari et al., 2005b). Shallow-water depths facilitated nearshore sediment
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accumulation, which limited the expansion of the flow and enhanced repeated channel avulsion and
shifting in the loci of deposition.

Sedimentologic, paleontologic, and compositional data suggest that delta initiation took place under
a mixed fluvial-wave dispersal. Less steep offshore slopes and shallower water depths may have had
the effect that a significant proportion of sediment accumulated above fair weather/storm wave base.
This resulted in a higher potential for greater effects of wave energy on the shallow offshore area and
sediment dispersal by longshore currents and waves. A generally high hydrodynamic energy is also
consistent with the poor preservation state of the meiofauna, consisting predominantly of nearshore
foraminifers.

Given the general counter-clockwise oceanic circulation pattern (Zavatarelli et al., 1998; Ravaioli et
al., 2003), the Eastern Alps represented a key sediment delivery system for wave-influenced deltas in
the Adriatic Sea (Fig. 1). Sources of sediment to the Po Plain during this phase were the Triassic
platforms and build-ups in the Dolomite Mountains of the Eastern Alps (Amorosi et al., 2002), where
thick limestone and dolostone successions are drained by major Eastern Alpine rivers. Strike-elongate
sand bodies developed in this period, following temporary Po River avulsion to more southern
positions (Fig. 8B). Beach-ridge sands have a litharenite composition, with abundant extrabasinal
(limestone and dolomite) carbonate grains (Marchesini et al., 2000). High MgO and CaO
concentrations are interpreted to reflect erosion and transport of detrital dolomite and carbonate
material from the Eastern Alpine river catchments across all grain-size grades (Marchesini et al., 2000;
Ravaioli et al., 2003; Curzi et al., 2006; Spagnoli et al., 2014; Amorosi and Sammartino, 2018; Greggio
et al., 2018). During the lower HST, eustasy was relatively stable, whereas regional climate appears to

have varied (Hormes et al., 2001; Wirth et al., 2013; Mangerud et al., 1974; see Table 2).

Phase 3, upper HST

During phase 2, delta progradation was limited to relatively landward locations (Fig. 8B). Due to
trapping of most coarse-grained sediment nearshore, distal, prodelta areas underwent strong sediment
condensation (Amorosi et al., 2017), testified by significant ecological and time condensation of
macrobenthic remains (Scarponi et al., 2013; 2017a; Nawrot et al., 2018). The delta system responded
to the dominance of sediment supply over accommodation focusing sediment accumulation around the
river mouth and along the nearshore. Within the upper HST, the meiofauna is very similar to that of the
modern prodelta (Breman, 1975; Jorissen, 1988), and indicates the occurrence of muddy bottoms with
remarkable contents of riverine organic matter.
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The river-dominated Po Delta is more protrusive than its wave-dominated counterparts (Fig. 8), with
an average rate of progradation of ~15 m/yr. In this period, the delta shore varied significantly along
strike. The poor correlation of highstand parasequences alongstrike is consistent with data from high-
resolution CHIRP-sonar profiles in the adjacent Adriatic Sea, where prodelta lobes overlap laterally
and can be traced along-strike as identifiable seismic-stratigraphic units only over relatively short (10-
20 km) distances (Correggiari et al., 2005b).

Predominant fluvial dispersal with mouth-bar accretion and minor reworking into beach-ridge
complexes is documented by sediment composition of sub-recent delta front sand bodies. Sand
supplied during this period to the river mouth was mostly arkosic and rich in metamorphic rock
fragments, thus reflecting a Po River parent material (Marchesini et al., 2000). The muddy prodelta
units have, as well, remarkably high Cr and Ni concentrations, reflecting sediment contribution from
the western Po River catchment (Amorosi, 2012; Amorosi and Sammartino, 2018).

Accommodation was continuously generated under relatively stable eustatic highstand conditions
by: (i) tectonic subsidence, due to the flexure of the Adriatic plate beneath the Tyrrhenian plate
(Carminati and Di Donato, 1999), augmented by (ii) sediment compaction (Teatini et al., 2011).
Modern subsidence rates for the Po Delta area are in the range of 3-4 mm/yr, with substantially
different values laterally as a function of subsurface lithology (Vitagliano et al., 2017).

Sediment supply rates also varied due to changing climatic conditions: increased flood activity in
the southern Alps between 1.3 and 0.1 ky BP, northern European climate change from Sub-Atlantic to
the Little Ice Age (0.4 ky BP), and Alpine glaciers advance and retreat throughout interval (Mangerud
et al., 1974; Hormes et al., 2001; Wirth et al., 2013; see Table 2). Following the Porto Viro cut, in the
XVII Century (ca. 400 cal. yr BP), the evolution of the delta was no longer a natural process, and

progradation took place under considerable anthropogenic influence (Correggiari et al., 2005b).

Applications beyond the Po Plain: Correlation and prediction

The outstanding spatial and temporal resolution available in the Po coastal plain enabled us to
construct a detailed model for the coevolution of shoreline sandy and offshore muddy depositional
systems under varying accommodation.

Several studies have raised questions concerning the expected evolution of shoreline types as a
function of systems-tract architecture. According to Posamentier and Vail (1988), estuarine/tidal
depositional systems would be mostly concentrated in the lowstand systems tract (LST), whereas wave-
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dominated and river-dominated depositional systems are typically observed within TST and HST,
respectively. A contrasting model, by Dalrymple et al. (1992), first introduced the concept of estuarine,
tidal-dominated depositional systems as typically developed in the TST, as opposed to mostly wave-
dominated, mainland-attached shorelines in the HST.

Our view based on the Quaternary example of the Po Plain is that back-stepping, wave-dominated
estuaries with barrier bars are typical features of the TST (cf. Dalrymple et al., 1992; Zaitlin et al.,
1994), but extensive bay-head delta sand bodies are likely to develop in the uppermost TST, when the
rate of increase of coastal accommodation slows significantly, which causes progradation to start.

Contrary to existing sequence-stratigraphic models, significant differences are expected within the
HST, at the boundary between the dominantly aggradational (and weakly progradational) stacking that
characterizes the lower HST and the strongly progradational stacking of the upper HST. This
stratigraphic surface, here named the “A-P surface”, is marked by remarkable changes in sediment
characteristics, paleoenvironments and direction of sediment transport that reflect the transition from a
wave-dominated to a river-dominated coastal system. The lower HST, in particular, would be
characterized by wave-dominated shorelines, with moderate bay/lagoons, whereas the upper HST
would be suggestive of river-dominated shorelines with minimal bay/lagoon development.

Broadly similar and coeval dynamics of coastal progradation have been outlined for other Holocene
coastal systems, irrespective of their tectonic, climatic, or oceanographic regimes. The change around
7-8 cal ky BP from a funnel-shaped, estuarine morphology, with bay-head delta progradation, to
straight, wave-influenced, river mouth morphologies (Figs. 2 and 8) has been reconstructed in coastal
systems with high sediment supply, such as the Rhine-Meuse Delta (Hijma et al., 2009), the Song Hong
River (Tanabe et al., 2006), and the Tiber River Delta (Milli et al., 2013; 2016). Comparatively low
progradation rates (1 m/yr) characterized wave-influenced deltas in the lower HST (Milli et al., 2013).
The chronologically well constrained example from the Po Plain, thus, provides an improved model for
Holocene delta development and evolution that can be crucial to a predictive understanding of similar

river- and wave-influenced systems.

Forcing mechanisms

Extrinsic factors
The spatial and temporal resolution of this data set also enabled investigation of forcing
mechanisms. Table 2 summarizes the three-fold stratigraphic record of the middle to late Holocene of
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the Po River plain in terms of time spans, systems tracts, and components of accommodation and
sediment supply. In general, eustasy appears to have been more influential in the TST, whereas
subsidence and compaction dominated the HST. Sediment supply varied from the Po River in the
uppermost TST, to the eastern Alps in the lower HST, and back to the Po River in the upper HST.
Meltwater pulses (and associated eustatic rises) were fundamental controlling factors of TST
architecture, contrasting with changing flood activity and glacier advances and retreats in the Alps
during HST deposition (Table 2 and Fig. 9). In summary, the degree of influence of extrinsic factors
recorded by changes in stratal architecture and distribution varies substantially at the systems-tract
scale.

Although Table 2 shows some correspondence between the stratigraphic units and extrinsic
allogenic forcing mechanisms in general, closer examination does not reveal any correspondence in
detail for the HST. Figure 9 compares the stratal architecture of the last 11 ky with the components of
sediment supply and accommodation. Components illustrated are eustasy, flood activity in the Alpine
realm, globally recognized cold events and glacial advances. In the TST, there is close correspondence
between the ages of the upper two parasequences and eustatic rises associated with glacial melt events
mwp-1c and mwp-1d. The overall base of the TST corresponds to MWP-1B (Amorosi et al., 2017;
Bruno et al., 2017). In the HST, eustasy was essentially stable (Vacchi et al., 2016, and references
therein), and the age of the boundaries of the lower and upper HST do not correspond with Alpine
flood activity, cold events, or glacial advances/retreats. Although Alpine flood activity increased
overall in the HST, the most abrupt increase in frequency and variation occurred in the middle of the
lower HST. The magnitude and frequency of cold events generally decreased, but again, the sharpest
decrease was within the upper part of the lower HST. Half of the Bond events (3, 2 and 0 in Fig. 9)
occur in the middle of parasequences and half (4 and 2 in Fig. 9) near parasequence boundaries (Bond
et al., 2001). Global glacial advances spanned many centuries across parasequence boundaries within
the lower HST and were within parasequences in the upper HST.

In summary, the TST appears to have been strongly influenced by eustasy, whereas the HST shows
no direct relation to allogenic influences at any reasonable level of confidence. The ‘A-P’ surface, in
particular, falls within a period of climate stability, which coincides with a remarkable change in soil
use (Late Bronze Age, Early Iron Age), and which could record, in part at least, the impact of
anthropogenic activities on sediment discharge (Maselli and Trincardi, 2013). Increasing human

influence, especially over the last 3000 years, has been an important driver of changes in sediment
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supply, strongly modulating worldwide deltaic development (Wang et al., 2011; Maselli and Trincardi,
2013; Anthony et al., 2014).

Intrinsic factors

Such a lack of detailed correspondence of the stratigraphic response to coeval allogenic climate and
eustatic influences in the HST is not unexpected, given the character and intrinsic response times of the
Po River system. In such systems, fluvial processes tend to ‘shred’ allogenic input signals (Jerolmack
and Paola, 2010, Kim et al., 2006; Li et al., 2015). A periodic input signal can be dispersed
(“shredded”) over the range of autogenic time scales to the point of being irretrievable at the
downstream end of the sediment-transport system (Jerolmack and Paola, 2010). This “shredding”
destroys the input signal through sediment storage-release processes that act over a wide range of
spatial and temporal scales (Kim et al., 2006). In such cases, the allogenic input signal cannot be
recovered by filtering because it is not merely obscured by noise, but no longer present. Such
“shredding” is most likely in systems that meet two fundamental conditions: 1) the allogenic input
signal must vary more frequently than the longest-period autogenic episode, and 2) the magnitude of
the allogenic input volume must be less than the magnitude of the largest autogenic episode (Frette et
al., 1996). For the Po River system, these two fundamental conditions were estimated and found both in
the range to enable signal “shredding”.

Time scale: The autogenic response time was calculated using three approaches—all indicate a
longest-period autogenic episode length of about 5000 years. Sheets et al. (2002) suggest estimating
such a characteristic timescale (T;) as T; = h/c (where h = distributary channel depth, ¢ = mean
subsidence rate). Their formula was applied using an average value of h = 4 m and a long-term
subsidence rate based on the depth of the MIS 5e coastal body (0.6-0.9 mm/yr in Amorosi et al., 2004).
This results in T; = 4444 to 6666 yr; using long-term topset accumulation rates, T; ranges between 800
and 4000 yr. The measured durations of the HST parasequences and delta lobes were used as an
estimate of response time; for this approach, T; = 500 to 1800 yr. The allogenic input signal was
calculated using Wirth et al’s (2013) spectrum of Alpine climate cycles which ranged from 87 to 3000
yrs and their reports of periods of high flood occurrence that ranged from 200 to 1800 yrs long. Signal
shredding is therefore expected because the allogenic signal (climate/flooding) was faster than the
longest period autogenic variability (~4000—6000 yr), and mostly shorter than the longest duration HST

parasequence.
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Volume scale: The magnitude of allogenic input signal, in terms of sediment flux, also appears to
have been significantly less than the magnitude of the largest autogenic event. Based on Amorosi et al.
(2017), the volume of the largest parasequence in the lower HST is approximately 14.4 km3. The
magnitude of the largest allogenic input signal was calculated based on the 1,800 yr-long periods of
increased flood activity in the southern Alps reported by Wirth et al. (2013) and the estimates of
bedload and suspended flux volumes of the Po River system in the Holocene by Kettner and Syvitski
(2009; suspended flux =18.8 Mt/yr, bedload flux = 0.53 Mt/yr). These values result in an estimated
sediment flux volume of a period of increased flood activity of 2.9 km?3. This influx volume is only
20% of the volume of the largest parasequence/delta lobe, indicating that the second criterion for signal
“shredding” (magnitude of the allogenic input volume must be less than the magnitude of the largest
autogenic episode) was satisfied. Thus, with these parameters, according to Li et al., (2015), the Po
River system is unlikely to allow source-to-sink propagation of climate signals through the delta
system, where avulsion is the largest-scale process in time and space.

Although there appears to be no detailed correspondence between extrinsic forcing factors and the
stratigraphic record of the Po River HST, there does appear to have been some relation in the LST
(Pellegrini et al., 2017) and TST (Amorosi et al., 2017). In the LST and TST, there is a close
correspondence of the ages of many parasequence boundaries with eustatic or climatic events. In
addition, the time scale of allogenic variation appears to have been longer than the characteristic
response time of the depositional system in most of the TST and about half of the LST (Pellegrini et al.,
2017; Amorosi et al., 2017).

In summary, the stratigraphic architecture of the modern Po River delta does not record uniquely
any one particular allogenic forcing (climate or eustasy). The strata are the integrated record of the
system response to these forcing factors mediated through landscape evolution and autogenic

Processes.

CONCLUSIONS

The stratigraphic architecture of the modern Po Delta comprises a middle-late Holocene
aggradational to progradational parasequence set that depicts recurrent events of channel avulsion and
delta lobe construction under eustatic highstand conditions. Using mollusks, benthic foraminifera, and
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ostracods as refined indicators of depositional sub-environments, the detailed character of Holocene
coastal progradation was reconstructed along a 70-km stretch of coast. Compositional data on sands
and muds were used to infer sediment transport pathways from a variety of sources, and indirectly to
infer depositional processes.

A threefold progradational model was reconstructed comparing the stratigraphic architecture of the
uppermost TST, lower HST, and upper HST. At the top of a retrogradational parasequence set,
interpreted to reflect the rapid landward migration of a barrier-lagoon-estuary system under the
influence of eustatic rise, the uppermost TST is dominated by an aggradational to progradational
internal bedset-scale stacking pattern that reflects bay-head delta development into brackish waters,
with a rate of progradation of ~5 m/yr. The lower HST is defined by an aggradational parasequence set
with minor coastal regression (~2.5 m/yr) into shallow marine waters, under locally significant wave-
influence. Finally, the upper HST has the highest sedimentation rates and is typically identified with a
river-dominated progradational parasequence set, associated with rapid regression (15 m/yr).

Fossil assemblages and sediment composition provide diagnostic criteria for depositional processes
and environment recognition across the HST with an unprecedented level of detail. The boundary
between the lower and upper HST, here termed the “A-P (aggradation-progradation) surface”, marks an
abrupt shift in depositional systems configuration and sediment dispersal pathways that cannot be
deciphered based on physical sedimentary structures alone. The integrated approach used in this work
can provide, in particular, predictive power for process regime changes in mud-dominated, deltaic
successions across the transgressive to regressive turnaround. This interpretational framework of
prograding coastal successions can be applied to the ancient record to unravel facies complexity and
reservoir heterogeneity. It also provides practical guidance for correlation and mapping of sandstone
and mudstone hydrocarbon reservoirs, shallow marine seal-prone rocks, and coastal system aquifers,

aquitards, and aquicludes.
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Figure captions

Fig. 1. Study area, with location of cores used for paleontologic (green) and geochemical (red)
analyses. Core descriptions (grey dots) and shallow cores sampled for geochemical analysis (red

crosses) are also indicated. The dashed line indicates the section trace of Figure 2.

Fig. 2. Stratigraphy of the Holocene aggradational to progradational succession of the Po coastal plain
(modified after Amorosi et al., 2017) and its subdivision into uppermost transgressive systems tract (1),
lower highstand systems tract (2) and upper highstand systems tract (3). The direction of the cross-
section (see Fig. 1, for location) coincides roughly with the depositional-dip direction in the area. The
eastern end of the cross-section provides a transition from dip- to strike-oriented delta lobe, as
documented by the reduction of the apparent dip of the beds to horizontal. A: aggradation, R:

retrogradation, AP: aggradation to progradation, P: progradation.

Fig. 3. Representative core photographs of wave-dominated (lower HST) versus river-dominated
(upper HST) deltaic sand-mud alternations and mud-prone lithofacies assemblages. The differences are
subtle and best resolved by integrating physical, biogenic, and chemical observations. Core EM13 (see

Fig. 1, for location). Core width is about 10 cm.

Fig. 4. Diagnostic microfossil assemblages of the middle-late Holocene prograding succession: bay-
head delta (A) and back-barrier/outer estuarine (B) deposits (uppermost TST); wave-dominated, delta
front (C) and prodelta (D) facies (lower HST); river-dominated, delta front (E) and prodelta (F) facies
(upper HST). Assemblages from core EMS5, -14.90 m (A); core 205 S5, -15.90 m (B); core EM 11, -
9.50 m (C); core EM13, -24.70 m (D); Core 7 at -7.55 m (E) and Core 1 at -23.45 m (F). Scale bar is
250 um long. Abbreviations for benthic foraminifers: Abe — A. beccarii; Apt — A. parkinsoniana, A.
tepida; Ape — A. perlucida; Cri — Cribroelphidium spp.; Hge — H. germanica; mil — miliolids; Ntu — V.
turgida; epiphytic taxa mainly include Ast — Asterigerinata spp., Nte — Neoconorbina terquemi, Ros —
Rosalina spp.; pl — planktonic foraminifers. Abbreviations for ostracods: Ctor — C. torosa; Lel — L.
elliptica; Lept — Leptocythere spp.; Lrth — Loxoconcha gr. rhomboidea; Pat — Palmoconcha turbida; Pnt
— Pontocythere turbida;, Sgm — Sagmatocythere spp.; Sem — Semicytherura spp.
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Fig. 5. Box-and-whiskers plots, summarizing major paleontologic (A) and geochemical (B-D)
attributes of uppermost TST, lower HST, and upper HST. Box plots span the interquartile range. The
white segment inside the rectangle shows the median, and “whiskers” above and below the box show

the location of the minimum and maximum. Fossil density in species/dm?.

Fig. 6. Macrofossil assemblages and relevant mollusk taxa retrieved along the depositional profile and
across cores in Fig. 1: Bay-head delta sands (A) and back-barrier muds (B) facies (uppermost TST);
wave-dominated delta front (C) and prodelta (D) facies (lower HST); river-dominated, delta front (E)
and prodelta (F) facies (upper HST). Abbreviations: As - Abra segmentum; Cc - Chamelea gallina; Cg
- Corbula gibba; h - hydrobiids;, Lm - Lentidum mediterraneum; Ss - Spisula subtruncata; Tt -

Turritella communis.

Fig. 7. Scatterplots of MgO/Al,O; versus Cr/Al,O3;, showing consistent changes in sediment
composition across the middle-late Holocene succession, and comparison with modern stream sediment
composition, including the Po River, Romagna (Ravenna) Apennines rivers, and selected Eastern
Alpine rivers. Uppermost TST and upper HST are interpreted to be dominated by Po-River input,
whereas lower HST is influenced by Eastern Alpine stream input. (SA: Sarca, MI: Mincio, AD: Adige,

BR: Brenta, PI: Piave, and LI: Livenza — for location, see Fig. 1).

Fig. 8. Middle-late Holocene evolution of the Po coastal system, based upon stratigraphic architecture,
paleontologic content and geochemical composition. A: uppermost TST, B: lower HST, C: upper HST.
Left: Planview geometry of depositional environments. Right: schematic cross-section. The boundary
between lower and upper HST (“A-P” surface”) separates dominantly aggradational from
progradational stacking patterns and demarcates an abrupt change in sediment characteristics,

paleoenvironments and direction of sediment transport.

Fig. 9. Key global and regional events during the Holocene. a) Parasequence stacking patterns; b)
Stratigraphic phases, Po River system; ¢) Age (ky BP); d) Eustasy (after Liu et al., 2004); e) Glacial
retreat events, central Alps (Hormes et al., 2001); f) Cold events (Wanner et al., 2011); g) Global
glacial advances (Denton and Karién, 1973); h) Iceberg discharge rates and Bond events (Bond et al.,

1997); 1) Enhanced flood activity in the southern Alpine realm (Wirth et al., 2013); j) Parasequence
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number (Amorosi et al., 2017); light pink bars are periods of enhanced flood activity in the general

Alpine realm (Wirth et al., 2013).

Table 1. Summary table of paleontologic attributes of facies associations recognized in this study.

Table 2. Summary of systems tracts and key influences. TST: transgressive systems tract, HST:

highstand systems tract, blue line: transgressive surface, green line: maximum flooding surface.
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Fig. 2. Stratigraphy of the Holocene aggradational to progradational succession of the Po coastal plain
(modified after Amorosi et al., 2017) and its subdivision into uppermost transgressive systems tract (1),
lower highstand systems tract (2) and upper highstand systems tract (3). The direction of the cross-section
(see Fig. 1, for location) coincides roughly with the depositional-dip direction in the area. The eastern end of
the cross-section provides a transition from dip- to strike-oriented delta lobe, as documented by the
reduction of the apparent dip of the beds to horizontal. A: aggradation, R: retrogradation, AP: aggradation
to progradation, P: progradation.
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Wave-dominated deltaic units

River-dominated deltaic units

Fig. 3. Representative core photographs of wave-dominated (lower HST) versus river-dominated (upper
HST) deltaic sand-mud alternations and mud-prone lithofacies assemblages. The differences are subtle and
best resolved by integrating physical, biogenic, and chemical observations. Core EM13 (see Fig. 1, for
location). Core width is about 10 cm.
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Fig. 4. Diagnostic microfossil assemblages of the middle-late Holocene prograding succession: bay-head
delta (A) and back-barrier/outer estuarine (B) deposits (uppermost TST); wave-dominated, delta front (C)
and prodelta (D) facies (lower HST); river-dominated, delta front (E) and prodelta (F) facies (upper HST).

Assemblages from core EM5, -14.90 m (A); core 205 S5, -15.90 m (B); core EM 11, -9.50 m (C); core
EM13, -24.70 m (D); Core 7 at -7.55 m (E) and Core 1 at -23.45 m (F). Scale bar is 250 Om long.
Abbreviations for benthic foraminifers: Abe — A. beccarii; Apt — A. parkinsoniana, A. tepida; Ape - A.
perlucida; Cri — Cribroelphidium spp.; Hge - H. germanica; mil — miliolids; Ntu - N. turgida; epiphytic taxa
mainly include Ast — Asterigerinata spp., Nte - Neoconorbina terquemi, Ros — Rosalina spp.; pl - planktonic
foraminifers. Abbreviations for ostracods: Ctor - C. torosa; Lel - L. elliptica; Lept - Leptocythere spp.; Lrh -
Loxoconcha gr. rhomboidea; Pat - Palmoconcha turbida; Pnt - Pontocythere turbida; Sgm -

Sagmatocythere spp.; Sem - Semicytherura spp.
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uppermost TST, lower HST, and upper HST. Box plots span the interquartile range. The white segment
inside the rectangle shows the median, and “whiskers” above and below the box show the location of the
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Fig. 7. Scatterplots of MgO/AI203 versus Cr/Al203, showing consistent changes in sediment composition
across the middle-late Holocene succession, and comparison with modern stream sediment composition,
including the Po River, Romagna (Ravenna) Apennines rivers, and selected Eastern Alpine rivers. Uppermost
TST and upper HST are interpreted to be dominated by Po-River input, whereas lower HST is influenced by
Eastern Alpine stream input. (SA: Sarca, MI: Mincio, AD: Adige, BR: Brenta, PI: Piave, and LI: Livenza - for

location, see Fig. 1).
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Fig. 9. Key global and regional events during the Holocene. a) Parasequence stacking patterns; b)
Stratigraphic phases, Po River system; c) Age (ky BP); d) Eustasy (after Liu et al., 2004); e) Glacial retreat
events, central Alps (Hormes et al., 2001); f) Cold events (Wanner et al., 2011); g) Global glacial advances

(Denton and Karién, 1973); h) Iceberg discharge rates and Bond events (Bond et al., 1997); i) Enhanced
flood activity in the southern Alpine realm (Wirth et al., 2013); j) Parasequence number (Amorosi et al.,
2017); light pink bars are periods of enhanced flood activity in the general Alpine realm (Wirth et al., 2013).
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preserved milioids and other Ammonia species subtruncata diversity mollusc assemblages typical of energetical dynamic
settings.
Lower HST
Diversified jth common Ammonia Diversified with common Loxoconcha gr. Shallow marine meiofauna including both epiphytic taxa and
Ammonia tepida, Aubignyna perlucida , Cribroelphidium granosum thomboidea, Sagmatocythere versicolor and species tolerant to riverine organic matter. Mollusc assemblages
Prodelta | miliolds; scarce Nonionella turgida, other Ci and pp.; scarce turbida, Corbula gibba, Chamelea. galina and Turritella communis | ™ Lo b intauinal taxa with high tollerance to torbidity
epiphytic taxa (such as Rosalina) wrbida and napoliana plumes or sedimentation pulses in silty to muddy botioms.
Transported euryhaline and freshwater ostracods. Brackish
Bay-head defta Absent Poortypresenved Cyplci lorose, josally asseniaied Vil | pora . Lentidium and | moluse by simpified i
YPpris spp. hydrobiids and ransported freshwater taxa
TST/HST transiton Abundant Ammonia parkinsoniana and Ammonia tepida; common| Autochtonous brackish meiofauna. Low richness and low
Abundant Cyprideis torosa; common Loxoconcha eliptica
Back-barrier | Cribroelphidium granosum and Haynesina germanica; scarce Abra segmentum , Cerastoderma glaucum

| Aubignyna perlucida, Elphidium and other Cribroelphidium species

and Leptocythere spp.

equitability macrobenthic assemblages dominated by brackish
species
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Sedimentology

Timespan  Systems Accommodation Sediment Climate and eustatic events
(ky) Tract Source
20-0.0 upper Subsidence/compaction > Po River S. Alp increased flood activity: 1.3- 0.1
HST eustasy ky BP; N. Europe climate phase change
Sub-Atlantic to Little Ice Age (~0.4 ky
BP); global and Alpine glacier advances
and retreats throughout interval.
7.0-2.0 lower HST  Subsidence/compaction > E. Alps, S. Alp increased flood activity: 6-5, 3.4-
eustasy alongshore, 2.4 ky BP; N. Europe climate phase
Po River changes: Atlantic to Sub-Boreal (~5.2 ky
BP) to Sub-Atlantic (~2.8 ky BP); global
and Alpine glacier advances and retreats
throughout interval
77-7.0 Uppermost  Eustasy > Po River Base of interval coincides with glacial
TST subsidence/compaction melt event mwp-1d
11.5-7.7 lower TST Eustasy >> Base of interval coincides with glacial

subsidence/compaction

melt events: MWP-1B
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ABSTRACT: Benthic foraminifera from stratigraphically expanded, late Quaternary prodelta successions of the Po Delta plain reveal
small-scale paleoenvironmental variations within lithologically homogeneous deposits formed under conditions of rapid sedimentation
(ca. 6 cm/yr). A detailed paleoenvironmental reconstruction was obtained comparing benthic foraminifera with shallow-water assem-
blages from the modern Po Delta. The integration with sediment geochemistry and radiocarbon dates was also tested to detect short

time-scale delta dynamics controlled by autogenic factors.

Core 7 records the development of an inner-shelf environment (interval A), replaced by a prodelta with strong fluvial influence,
shown by the sharp increase in Ammonia tepida and Ammonia parkinsoniana (interval B). These taxa are replaced by Aubignyna
perlucida (interval C) which indicates a major mouth shift (Ficarolo avulsion). Subsequent abrupt increases in A. fepida and A.
parkinsoniana document a step-like progradation of the Po di Goro delta lobe (intervals D and E). In the seaward Core 1, possible minor
mouth shifts are recorded by a sharp increase in 4. tepida and A. parkinsoniana, paralleled by Cr/Al,O5 depletion. The upper portion of
both prodelta successions includes stacked flood layers formed near the river mouth, as indicated by scarce A. fepida and A.

parkinsoniana.

INTRODUCTION

Benthic foraminifera have been extensively studied in river-in-
fluenced shelves, highlighting the relationships between spe-
cies distribution and environmental parameters (Jorissen 1988;
Blackwelder et al. 1996; Osterman 2003; Duchemin et al. 2008;
Frontalini et al. 2011; Barras et al. 2014; Dessandier et al.
2016). In these settings, foraminiferal assemblages are mostly
influenced by fluvial discharge products, in terms of the amount
and type of organic matter, sedimentary features, depositional
rates and oxygen availability (e.g., Van der Zwaan and Jorissen
1991; Jorissen et al. 1992; Mojtahid et al. 2009; Goineau et al.
2011).

Over the last decades, the Po River Delta, one of the major
river-dominated deltas in the Mediterranean area, has been the
subject of a number of studies focused on foraminiferal distri-
bution (D’Onofrio 1969; Fregni 1978, 1980; Jorissen 1987,
1988; Jorissen et al. 1992; Donnici and Serandrei Barbero
2002), which led to the identification of peculiar shallow-water
(ca. 820 m) assemblages. Based on these studies, Ammonia
tepida (Cushman 1926) and Ammonia parkinsoniana (d’Or-
bigny 1839) were recognized as dominant taxa near river out-
lets, where sedimentation rates, organic matter and oxygen
contents are extremely variable. Episodic sedimentation of
thick river flood layers determines foraminiferal assemblages
with few specimens of A. tepida and A. parkinsoniana in front
of the main fluvial mouths (D’Onofrio 1969; Wheatcroft et al.
2006; Tesi et al. 2008). At comparable depths, but away from
river outlets, these species are associated with Nonionella
turgida (Williamson 1858) (text-fig. 1). At deeper locations
(20-30 m water depth), where surface currents concentrate flu-
vial organic matter in clay sediments and episodes of anoxia
regularly occur (the shallow “mud belt” of Van der Zwaan and

Jorissen 1991), N. turgida is abundant, whereas 4. tepida and A.
parkinsoniana become scarce (Jorissen 1988; Donnici and
Serandrei Barbero 2002). Finally, foraminiferal assemblages
dominated by A. fepida and A. parkinsoniana, including high
percentages of Aubignyna perlucida (Heron-Allen & Earland
1913) and commonly associated with Cribroelphidium gran-
osum (d’Orbigny 1846), occupy shallow-water areas (ca. 13 m
water depth) less enriched in organic matter south of the main
river outlets (text-fig. 1; Jorissen 1988). All these assemblages
are controlled by the combined effect of river discharge, dis-
tance from fluvial outlets and current circulation patterns of the
North Adriatic, which govern the distribution of riverine mate-
rial (Jorissen 1988; Donnici and Serandrei Barbero 2002).

The modern distribution of benthic foraminifera in the Po River
delta area has been used as a “modern analogue” for the strati-
graphic interpretation of subsurface sedimentary successions.
Specifically, previous studies have focused on the role of
sea-level rise and the subsequent onset of the Po Delta from the
Last Glacial Maximum to the present, under a sequence-strati-
graphic framework (Amorosi et al. 2008) or on the micro-
paleontological record of the fossil Po mud belt below the
modern delta plain (Rossi and Vaiani 2008). Geomorphology,
core stratigraphy and seismic profiles have also shown that
eustatic sea-level rise exerted a major control on stratigraphic
architecture during the early Holocene, whereas from the
Bronze Age a strong autogenic control took place (Ciabatti
1966; Correggiari et al. 2005b; Stefani and Vincenzi 2005). Lo-
cal (autogenic) factors, such as river mouth migration, delta
lobe switching, and river floods highly influenced deltaic sedi-
mentation during historical times (e.g., Stefani and Vincenzi
2005). High sediment discharge from river mouths resulted in
the local deposition of expanded prodelta sediment successions
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(Correggiari et al. 2005a), which are potentially suitable to ex-
amine short-term deltaic evolution. Specifically, radiometric
dating of selected cores shows remarkably high sedimentation
rates of deltaic units during the last centuries (about 4 to 6 cm/yr
from the late Middle Age; Roveri et al. 2001; Rossi and Vaiani
2008). On such short-term timescales, bathymetric variations
related to eustasy or subsidence might be negligible, and most
likely reflect changes in sediment supply.

These previous studies provide morphological and stratigraphic
evidences for the substantial role of autogenic factors in the
deltaic evolution and form the framework of this work mainly
focused on the response of benthic foraminifera to past
autogenic events. In details, local factors that may influence
prodelta sedimentation, such as mouth migrations and floods
can hardly be assessed by conventional core facies analysis.
However, they produce variations in fluvial discharge, sediment
supply and amount of continental organic matter, that can be re-
corded by benthic foraminifera, which are extremely sensitive
to even subtle changes in river-influenced, marine environmen-
tal conditions (e.g., Jorissen 1988; Jorissen et al. 1992).

This study focuses on foraminiferal distribution from the ex-
panded prodelta succession of Core 7 (text-fig. 1), recovered in
the southern part of the modern Po Delta plain and is integrated
by the review of data from the more distal Core 1 (Amorosi et
al. 2008; Rossi and Vaiani, 2008; text-fig. 1) in order to recog-
nize the foraminiferal evidences of past autogenic events in a
seaward position.

Specific aims of this paper are: (i) to test the ability of benthic
foraminifera to record short paleoenvironmental variations in-
duced by autogenic deltaic processes, strictly constrained in
time and space, such as avulsion and flood events, and (ii) to
provide insights on the overall dynamics of river-dominated
deltas under stable eustatic conditions, when autogenic control
prevails over allogenic factors.

HOLOCENE STRATIGRAPHY AND DEVELOPMENT OF
THE PO RIVER DELTA

Above a thick package of Late Pleistocene alluvial plain depos-
its, the Holocene succession in the subsurface of the Po River
Delta consists of a transgressive-regressive sedimentary wedge
made up of coastal to shallow-marine deposits (e.g., Rizzini
1974; Amorosi et al. 1999, 2017 — text-fig. 1b). These two units
are separated by the transgressive surface (TS in text-fig. 1b).
The superposition of transgressive barrier sands and inner-shelf
clays onto back-barrier facies (text-fig. 1b) reflects the
backstepping of a barrier-lagoon-estuary system during the
early Holocene eustatic rise (transgressive systems tract —
TST). The shallowing-upward succession of prodelta, delta
front, and delta plain deposits of Middle to Late Holocene age
(text-fig. 1b) has been interpreted to reflect delta (and
strandplain) progradation during the following sea-level high-
stand (highstand systems tract — HST — Amorosi et al., 2003).

Po Delta initiation occurred at the onset of sea-level highstand
conditions, ca. 5.5 ka BP (Piva et al. 2008; Amorosi et al. 2016).
As revealed by several comprehensive reviews (e.g. Ciabatti
1966; Nelson 1970; Correggiari et al. 2005a, b; Stefani and
Vincenzi 2005), HST development was controlled by the inter-
play of climate change, autogenic factors and anthropic activity.
Subtle “transgressive” events, followed by localized pro-
gradation and bay infilling, characterized the early sea-level
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highstand (Stefani and Vincenzi, 2005). From the late Bronze
Age to the Middle Ages (ca 3000-1200 cal yr BP), a complex
network of distributary channels developed south of Adria un-
der a dominant wave activity.

In the middle of the XII Century, a major avulsion event histori-
cally reported as “Rotta di Ficarolo” (A.D. 1152-1192; 798-758
yr BP) caused a substantial northward shift of the Po Delta
(Veggiani 1990), with abandonment of the southern mouths. At
first, Po di Goro (text-fig. 1a) was the main outlet (Ciabatti
1966), producing the last cuspate delta of the Po River
(XII-XVI Century). Gradually, Po delle Fornaci (i.e., the mod-
ern Po di Levante in text-fig. 1a) became the most active chan-
nel, generating the first lobate delta. In order to prevent the
infilling of the Venice Lagoon by the northern migration of the
delta, the Venice Republic operated the “Porto Viro” cut in A.D.
1600-1604 (350-346 yr BP), which deviated Po delle Fornaci
into the Goro Lagoon. The Fornaci branch was progressively
abandoned, and the construction of the modern input-dominated
Po Delta started with the development of several delta lobes fed
by recent distributary channels (text-fig. 1a).

The offshore sedimentary evolution of the Po Delta is recorded
by seismic profiles from the modern prodelta area, which reveal
the same history reconstructed onshore on the basis of
geomorphological features (Correggiari et al. 2005a). The delta
lobes that followed the Ficarolo avulsion, between A.D. 1200
and 1600, have been recovered in the subsurface of the modern
delta plain and consist of stratigraphically expanded prodelta
successions (Roveri et al. 2001; Amorosi et al. 2008).-

MATERIALS AND METHODS

Foraminiferal analyses were carried out on Core 7,
stratigraphically described by Stefani and Vincenzi (2005; listed
as 187-S7) and compared with previously published data from
Core 1 (text-fig. 1; Rossi and Vaiani 2008). Core 7, 55 m-long,
was recovered by wire-line perforation in the Po di Goro delta
lobe (ca. 800-350 cal. yr BP; Stefani and Vincenzi 2005).
Micropaleontological analyses were undertaken in the upper 37
m of the succession. A total of 89 samples of approximately 80 g
of dry weight, collected every 50-30 cm, were treated following
the procedures reported for Core 1 in Rossi and Vaiani (2008),
to facilitate comparison of paleontological data between the two
cores. Specifically, sediment samples were (i) dried at 60 °C for
24 hours; (ii) soaked in water or water plus hydrogen peroxide
(35% vol.); (iii) washed through 63 pum sieves (240 mesh); (iv)
dried again for 24 hours. Treated samples were observed under
a binocular microscope to perform a qualitative analysis of the
foraminiferal assemblage. After that, 48 samples containing
well preserved and abundant foraminifera were chosen for
quantitative analysis, divided into small portions including at
least 300 specimens in the size fraction >125 um with a
microsplitter and then counted (11 of these samples contained
fewer than 300 specimens in the whole >125um sediment; de-
tails in Appendix 1). The other 41 samples are barren in
foraminifera or show only very rare and poorly preserved speci-
mens.

Foraminiferal taxa were identified on the basis of original
microfossil descriptions (Ellis and Messina 1940) and several
key papers (Jorissen 1988; Albani and Serandrei Barbero 1990;
Cimerman and Langer 1991; Fiorini and Vaiani 2001; Sgarrella
and Moncharmont Zei 1993; Rasmussen 2005).
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TEXT-FIGURE 1
a) Location of cores 1 and 7. Colored areas correspond to benthic foraminiferal assemblages recorded in the shallow Po prodelta at <20 m water depth

(Jorissen 1988; Donnici and Serandrei Barbero 2002). Cross-line filled areas: distribution of sediments with thickness >15 cm related to the A.D. 2000 Po
river flood (Wheatcroft et al. 2006), corresponding to samples with scarce fauna reported by D’Onofrio (1969). Arrows: main North Adriatic longshore cur-
rent. Black thick line: trace of section reported in text-figure 1b. b) Facies architecture beneath the modern Po Delta and Romagna coastal plain (modified af-
ter Amorosi et al. 2003). LST: lowstand systems tract, TST: transgressive systems tract, HST: highstand systems tract, TS: transgressive surface.
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Stratigraphy and vertical distribution of foraminiferal assemblages within Core 7. Letters atop of core log indicate sediment grain size (C, clay; S, fine
sand; mS, medium sand; cS, coarse sand). Ages are reported as calibrated years BP. Samples analysed for benthic foraminiferal assemblages with >300
specimens included in the data matrix on the right side, samples containing <300 specimens or not included in the data matrix on the left side. Rare
foraminifera indicate samples containing <300 specimens of benthic foraminifera. Colored intervals refer to the environmental distribution of
foraminiferal assemblages (text-fig. 1). Fluvial influence is assessed by the environmental significance of fossil foraminiferal assemblages, as evidenced

also by the nMDS analysis (text-fig. 5).

In order to define foraminiferal assemblages and the main
trends of foraminiferal faunas, multivariate statistical analyses
were performed using the PAST software (PAleontological
STatistic, ver. 3.10, Hammer et al. 2001), specifically designed
for paleontological purposes. Only samples with >300 speci-
mens (a total of 68 samples) were used for statistical analyses.
In addition to samples of Core 7, samples from Core 1 were in-
cluded in the data matrix (37 samples from Core 7 and 31 sam-
ples from Core 1), to compare the trend in microfossil
assemblages of the study area. The data matrix included
non-standardized percentage data of taxa (up to genera level;
Davis 1986), in accordance with other studies on shallow-ma-
rine environments (Jorissen 1988; Donnici and Serandrei
Barbero 2002; Frezza and Carboni 2009; Mojtahid et al. 2009;
Goineau et al. 2011). Groups of taxa up to genera level include
a wide number of species with low frequencies and similar eco-
logical significance, typically found within subsurface sedi-
mentary successions of the Po Delta (Fiorini and Vaiani 2001).
Taxa were grouped in accordance with Rossi and Vaiani (2008),
in order to compare the microfossil fauna of cores 7 and 1.
Eighteen taxa with abundance >4% observed in both cores were
included in the data matrix for multivariate analyses. Q-mode
cluster analysis (Unweighted Pair-group Method with Arithme-
tic mean — UPGMA algorithm) based on Bray-Curtis distance
was applied to obtain groups of samples with similar foram-
iniferal content. In order to detect the taxa responsible for the
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variability among groups of samples defined by Q-mode cluster
analysis, a Similarity Percentage Analysis (SIMPER) was per-
formed. In the end, the application of a non-Metric Multidimen-
sional Scaling (nMDS) allowed us to understand the
distribution of samples related to the main paleoenvironmental
gradient. The acceptable value of stress (<0.20) resulted from
nMDS performed in two dimensions.

The paleoenvironmental interpretation of foraminiferal assem-
blages relies upon a series of specific papers about recent
foraminiferal distribution in the Po Delta and other Mediterra-
nean coastal systems (D’Onofrio 1969; Jorissen 1987, 1988;
Van der Zwaan and Jorissen, 1991; Barmawidjaja et al. 1992;
Bellotti et al. 1994; Donnici and Serandrei Barbero 2002;
Murray 2006; Frezza and Carboni 2009; Mojtahid et al. 2009;
Goineau et al. 2011, 2012, 2015). Fossil foraminiferal assem-
blages were compared with total assemblages of Jorissen (1988)
and Donnici and Serandrei Barbero (2002), which represent re-
liable modern analogue faunas. The use of total assemblages is
particularly important, because taphonomical (transport, test
disintegration, mixing) and biological factors (population dy-
namics) may alter the composition of dead foraminiferal assem-
blages from the original living ones, particularly in
river-dominated shelves (Murray 1991; Jorissen and Wittling
1999; Mendes et al. 2013; Goineau et al. 2015). Relationships
between river flood sedimentation and foraminiferal fauna were



reconstructed through correlation of flood sediment distribution
(Wheatcroft et al. 2006) with foraminiferal assemblages in this
area (D’Onofrio 1969; Jorissen 1988).

The chronological framework of the cored succession relies on
three calibrated AMS "*C dates (Table 1). Conventional radio-
carbon dates were calibrated using software OxCal Ver. 3.10
and the dataset of Reimer et al. (2004). The marine calibration
curve and the Northern Adriatic AR (-61+50) were applied to
dated mollusks.

RESULTS

Stratigraphy of Core 7

The stratigraphy of Core 7 includes a succession of upper Pleis-
tocene, lowstand (LST) alluvial facies overlain by Holocene,
transgressive-regressive (TST+HST) deposits (text-fig. 2). The
sedimentological features of Core 7 have been described at
length by Stefani and Vincenzi (2005), and will not be reiter-
ated here. On the other hand, micropaleontological criteria were
used in this paper to identify the maximum flooding surface
(MFS in text-fig. 2). This key stratigraphic surface, at the
boundary between TST and HST, commonly occurs within
seemingly homogeneous shallow-marine muds and has poor
sedimentological expression. For this reason, the analysis of
foraminiferal assemblages from Core 7 was focused on shal-
low-marine deposits between 25.50 and 7.95 core depth
(text-fig. 2).

Definition of foraminiferal assemblages by statistical analysis

Q-mode cluster analysis allowed the identification of three
main clusters with a cut-off level of 0.47, and additional
sub-clusters within cluster 2 (text-fig. 3). Contribution of
foraminiferal species to each cluster is shown by SIMPER anal-
ysis (Table 2).

Five major taxa that contribute for >60% of the total difference
between groups are 4. tepida — A. parkinsoniana, N. turgida, A.
perlucida and C. granosum. Contribution of taxa is equally dis-
tributed in cluster 1, where the main taxa are C. granosum
(16%) and A. perlucida (12.2%). The major contribution of
Textularia (4.4%), Rosalina (2.5%), Siphonaperta (1.5%) and
Buccella granulata (Di Napoli Alliata 1952) (0.6%) is recorded
in this cluster, which includes the lowermost samples of both
cores (assemblage 1, Text-figures 3, 4a). Cluster 2 is character-
ized by high percentages of 4. tepida — A. parkinsoniana. These
taxa account for 47% in the composition of sub-cluster 2.1 (as-
semblage 2), whereas they show a frequency of 20.9% in
sub-cluster 2.2, with relatively high abundance of A. perlucida
(17.6%), Quinqueloculina seminulum (Linnaeus, 1758)
(12.2%) and C. granosum (9.4%), which define assemblage 3
(text-fig. 4b). The relative contribution of A. tepida — A.
parkinsoniana reaches its maximum in the uppermost samples
of both cores in sub-cluster 2.3, thus foraminiferal assemblage 4
is strongly dominated by these taxa (83.4%) and N. turgida, A.
perlucida, C. granosum and Q. seminulum become very rare
(text-fig. 4¢). Assemblage 5 includes the remaining samples of
cluster 3, from 25.08 to 20.65 m depth of Core 1, where the
main contributor is N. turgida (45.6%), with the slight occur-
rence of A. tepida — A. parkinsoniana (17.4%) (text-fig. 4d).
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TEXT-FIGURE 3

Q-mode cluster analysis (UPGMA, Bray Curtis distance) for the 18 most
abundant taxa (>4%) of benthic foraminifera>125 im from fine-grained
sediment successions of cores 7 and 1. Core 7 samples are shown in bold.
Clusters and sub-clusters’ numbers are circled. Each of them represents a
fossil assemblages, indicated in the column on the right side.

Stratigraphic distribution of foraminiferal assemblages

Following the definition of foraminiferal assemblages through
Q-mode cluster, five intervals were identified on Core 7 based
on the distribution of foraminiferal assemblages.

Interval A, between 25.50 and 23.40 m core depth, includes
samples of assemblage 1. A strong faunal change is recorded
upwards in interval B, which is characterized by assemblage 3
up to 22.80 m core depth, overlain by assemblage 2. An isolated
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TEXT-FIGURE 4

Benthic foraminiferal assemblages from selected samples of cores 7 and 1. a: Foraminiferal assemblage 1 (diversified fauna); Core 7, interval A, 24.50 m
depth; b: foraminiferal assemblage 3 (common 4. tepida, A. parkinsoniana, A. perlucida, C. granosum and Q. seminulum); Core 7, interval C, 19.60 m
depth; c: foraminiferal assemblage 4 (dominated by A4. tepida and A. parkinsoniana); Core 7, interval E, 9.90 m depth; d: foraminiferal assemblage 5
(dominated by N. turgida); Core 1 interval 2, 21.60 m depth. Scale bar: 200 pm.

sample within this interval (22.70 m core depth) belongs to as-
semblage 1. Interval C is determined by the presence of assem-
blage 3 from 21.65 to 19.00 m core depth, with only one sample
at 20.40 m core depth attributed to assemblage 2. This part of
the succession (19.80 core depth) was dated to 715425 cal. yr
BP. The overlying interval D is defined by assemblage 2, up to
12.70 m core depth, whereas the uppermost interval E is identi-
fied by assemblage 4 and the common occurrence of samples
with low amount of specimens dominated by 4. tepida and A.
parkinsoniana (rare foraminifera in text-fig. 2). The radiocar-
bon date performed at 9.90 m depth revealed an age of 565+35
cal. yr BP.

In order to make a comparison with the new data from Core 7,
statistical analyses were performed also within samples from
Core 1. The distribution of foraminiferal assemblages within
Core 1 is substantially comparable with the previous work of
Rossi and Vaiani (2008). In particular, assemblage 1 is recorded
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from 28.90 to 25.15 m core depth, excluding some scattered
samples assigned to assemblage 2 (26.60, 26.40 and 25.60 m
core depths). Foraminiferal assemblage 5 dominates between
25.10 and 20.50 m core depth, and is overlain by just one sam-
ple attributed to assemblage 2. The upper portion of the succes-
sion includes foraminiferal assemblage 4 and samples with a
scarce fauna dominated by A. tepida and A. parkinsoniana.
Among these, sample at 16.55 m core depth is included in clus-
ter 1 (text-fig. 3).

Foraminiferal assemblages in the nMDS

The nMDS ordination of all samples allows the identification of
the general trend of benthic foraminiferal assemblages from
cores 7 and 1 (text-fig. 5).

Samples are regularly distributed along axis 1 of the ordination
plot. Assemblage 1 is placed in the right part of the diagram,
with remarkable positive loadings on axis 1. Foraminiferal as-
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Non-Metric Multidimensional Scaling (nMDS) based on Bray-Curtis distance. Projection of the 68 samples from cores 7 and 1. Circles: samples from
Core 7; squares: samples from Core 1. Arrow indicates the increasing fluvial influence, responsible for the distribution of foraminiferal assemblages on

the plot.

semblages 5 and 3 show similar values for axis 1, but assem-
blage S is positively correlated with axis 2, whereas assemblage
3 has slightly negative loadings. Samples of assemblage 2 are
placed in the central-left part of the diagram, but the most nega-
tive values of axis 1 are related to foraminiferal assemblage 4,
in the extreme left portion of the plot.

DISCUSSION

Paleoecological significance of benthic foraminiferal
assemblages

Results of cluster and SIMPER analyses define five main
foraminiferal assemblages, related to specific benthic environ-
ments. Ecological features of major contributor taxa and the
comparison with modern foraminiferal assemblages near the Po
Delta (Jorissen 1988; Donnici and Serandrei Barbero 2002)
provide detailed information about paleoenvironmental condi-
tions recorded by foraminiferal assemblages.

Foraminiferal assemblage 1 includes taxa typical of shal-
low-marine environments with vegetated and oxygenated bot-
toms, like Textularia, Buccella, Rosalina and Asterigerinata
(Blanc-Vernet 1969; Jorissen 1988; Sgarrella and Mont-
charmont Zei 1993; Goineau et al. 2011). Quinqueloculina
seminulum is reported from inner shelves to lagoons (Murray
2006), and it is also common in prodelta environments (Bellotti
et al. 1994; Donnici and Serandrei Barbero 2002). Cribro-
elphidium granosum and A. perlucida typically live in river in-
fluenced environments on clayey bottoms enriched in organic
matter, and reach maximum frequencies at <20 m water depth,

south of the modern Po Delta (Jorissen 1988). Benthic
foraminiferal assemblage 1 reflects an inner-shelf environment
with low fluvial discharge. Local high concentrations of A.
perlucida or C. granosum suggest transition to the prodelta.

Assemblage 2 shows frequencies of A. tepida and A. parkin-
soniana (40-50%) comparable to those recorded near the Po
Delta outlets, at ca. 10 m water depth (Jorissen 1988; text-fig.
1). These taxa are able to thrive in environments with strong
fluctuations in sediment and organic matter inputs (Jorissen
1988; Mojtahid et al. 2009; Frontalini et al. 2011).

The high frequency of 4. perlucida and C. granosum indicative
of assemblage 3 is consistent with a shallow prodelta environ-
ment. Amounts of A. tepida and A. parkinsoniana (26%), A.
perlucida and C. granosum (24% considered together) compara-
ble to those resulting from SIMPER analysis have been found ca.
30 km south of the Po Delta, at 17 m water depth (Jorissen 1988;
text-fig. 1). Assemblage 3 includes also significant concentra-
tions of Q. seminulum, a species recorded with its highest fre-
quencies in proximity of the Po River outlets (Donnici and
Serandrei Barbero 2002). The considerable amounts of 4.
perlucida, C. granosum and Q. seminulum are consistent with a
shallow prodelta environment with high organic matter content
and slight oxygen deficiency at the bottom.

Ammonia tepida and A. parkinsoniana strongly dominate as-
semblage 4, as in the modern Po Delta, where these taxa are
dominant (>50%) in front of the main river outlets, at 9—15 m
water depth, being typically associated with low amounts of A.
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TABLE 1
Radiocarbon dates from Core 7.
Core depth . Conventional | Calibrated age
Core ID (m) Material age (yr BP) (cal yr BP) Laboratory Reference
Core 7 9.90 Mollusk shells  |820+30 565135 KIGAM (Korea) This paper
Core 7 19.80 Mollusk shells |1050+30 715+25 KIGAM (Korea) This paper
Core 7 28.10 Peat 8150+£100 938020 Beta analytic (FL, USA) |Cibin and Stefani, 2009

perlucida and C. granosum (Jorissen 1988). These zones are
subject to remarkable sediment discharge, especially during
flood events (Wheatcroft et al. 20006; text-fig. 1). Similarly, in
the shallow Rhone prodelta (24 m water depth), Goineau et al.
(2012) observed assemblages almost entirely composed of 4.
tepida (94% within the uppermost 5 cm of a flood layer in the
>150 um size fraction) few weeks after a river flood that pro-
duced unstable conditions with massive sediment input and
high organic matter supply. The observed amounts of A. tepida
and A. parkinsoniana and the distribution of subordinate spe-
cies reflect a strongly river-influenced environment, very close
to the fluvial mouth.

Assemblage 5 is dominated by the stress-tolerant taxon M.
turgida, which typically thrives in mud belt areas, where high
amounts of fine-grained fluvial sediments enriched in organic
matter are deposited (Van der Zwaan and Jorissen 1992;
Mojtahid et al. 2009). This species is also able to proliferate un-
der spring bloom conditions, with strong inputs of fresh
phytodetritus promoted by upwelling or a supply of riverine
sediments (Gustafsson and Nordberg 2001; Diz et al. 2006;
Duchemin et al. 2008; Goineau et al. 2012). In the Northern
Adriatic Sea, this species dominates modern assemblages of the
mud belt located some km seaward from river mouths, at less
than 20 m water depth (Jorissen 1988; Donnici and Serandrei
Barbero 2002; text-fig. 1). The degradation of organic matter
provided by the Po River plume and seasonal algal blooms pro-
mote the development of anoxic conditions in this area (Van der
Zwaan and Jorissen 1992; Barmawidjaja et al. 1995).

Based on the paleoecological significance of benthic foram-
iniferal assemblages, their distribution in the nMDS diagram
can be related to a main paleoenvironmental gradient, that re-
flects a progressive increase of fluvial influence (text-fig. 5), as
it was documented also for the Rhdone prodelta by Mojtahid et
al. (2009). In this context, fluvial influence is intended as the
combination of vicinity to river outlets and amount of fluvial
discharge (i.e., freshwater, sediment and organic matter inputs
provided by rivers), which leads to stressful conditions in the
bottom sediments. The right portion of the nMDS plot is occu-
pied by inner shelf assemblages with the least fluvial influence,
whereas higher fluvial influenced conditions are reflected by
foraminiferal assemblages 3 and 5 in the central area of the dia-
gram. Abundant 4. perlucida and C. granosum characteristic of
assemblage 3 are common a few km south of the Po Delta,
whereas assemblage 5 dominated by N. turgida is typical of the
North Adriatic mud belt located some km away from fluvial
outlets (Jorissen 1988; Donnici and Serandrei Barbero 2002).
These assemblages indicate high fluvial influence in areas sup-
plied by high amount of sediments enriched in organic matter
from the Po River, with slight (assemblage 3) or high (assem-
blage 5) oxygen deficiency. Moving towards the left side of the
nMDS, assemblage 2 is related to a further increase in fluvial
influence that reaches its maximum with assemblage 4, with the
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overwhelming dominance of 4. tepida and A. parkinsoniana
close to the river mouths (Goineau et al. 2012).

A similar variation in fluvial influence has also been docu-
mented in the modern Rhéne prodelta by dead foraminiferal as-
semblages (Goineau et al. 2015). In that setting, the most
stressful and fluvial influenced conditions are recorded near the
fluvial mouths by foraminiferal faunas dominated by A. tepida;
assemblages with abundant N. turgida are found few km further,
under relatively less stressful conditions, whereas more stable
and less fluvial influenced conditions are reflected in high-di-
versity assemblages of the continental shelf. In our samples
plotted on the nMDS diagram we observe a succession of analo-
gous foraminiferal assemblages, from inner shelf (mixed
riverine/marine influence in Goineau et al. 2015) to mud belt
(river plume) and then river mouth faunas, interpreted to reflect
increasing fluvial influence. However, variations in the main
foraminiferal taxa within cores 7 and 1 are abrupt (text-fig. 6),
suggesting sudden paleoenvironmental changes.

Shallow-marine to prodelta evolution of Core 7

Foraminiferal assemblage 1 from interval A is indicative of an
inner-shelf environment and the local abundance of C.
granosum and A. perlucida, mainly in the upper part of the in-
terval, suggests transition to a river influenced (prodelta) envi-
ronment. The highest concentration of open-marine taxa
(Asterigerinata spp., Buccella granulata, Siphonaperta aspera,
Textularia spp.) and the lowest abundance of euryhaline species
(A. tepida and A. parkinsoniana) at 24.50 m depth, thus, are
considered indicative of the maximum flooding surface (MFS in
text-fig. 2), according to the criteria described in Amorosi and
Colalongo (2005) and applied to various subsurface successions
of the Po Delta (e.g., Amorosi et al. 2008; Rossi and Vaiani
2008). After peak transgression, sediment supply prevailed over
the reduced sea-level rise, inducing progradation of the coastal
system (Amorosi et al. 1999).

The high frequencies of 4. perlucida and C. granosum recorded
by assemblage 3 at the base of interval B are consistent with a
shallow prodelta environment. One sample (22.70 m core
depth) from assemblage 1 is present within this interval, which
suggests unstable environmental conditions. The superposition
of assemblages 3 and 2 is indicative of increasing fluvial influ-
ence related to an approaching river mouth (i.e., deltaic
progradation).

The abrupt change in foraminiferal assemblages from interval B
to C is consistent with a sudden decrease in fluvial influence, at-
tributed to a river avulsion in the delta plain (lobe switch in
text-fig. 2), with no substantial bathymetric variations. Based on
the radiocarbon age from the middle portion of interval C
(715£25 cal. yr BP), this paleoenvironmental change at the in-
terval B-C boundary is related to the Ficarolo avulsion, which
occurred between 798 and 758 yr BP (1152 — 1192 A.D,;
Ciabatti 1966). Before this event, Po di Volano was one of the
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most active Po River branches (Correggiari et al. 2005b) and its
maximum discharge phase is recorded by interval B. The
Ficarolo avulsion shifted the most active river mouths to a more
northern position, defining Po di Goro and Po delle Fornaci
(nowadays known as Po di Levante) as the main outlets
(Ciabatti 1966). This event induced a major phase of drainage
reorganization with limited delta outbuilding (Veggiani 1990;
Correggiari et al. 2005b), recorded by foraminiferal assem-
blages of interval C, when the core area was poorly affected by
riverine sedimentation.

Foraminiferal assemblage 2 within interval D indicates a sub-
stantial increase in fluvial influence, consistent with a
prograding delta. The sharp increase in A. tepida — A. parkin-
soniana at the base of this interval records the approach of the
Po di Goro river mouth during its phase of maximum activity
(Ciabatti 1966).

The topmost part of prodelta deposits (interval E) shows a fur-
ther increase in A. tepida and A. parkinsoniana (assemblage 4),
indicative of substantial proximity to the fluvial outlet, and of-
ten includes low amount of foraminifera, mainly near the transi-
tion to delta front sands. Samples with rare foraminifera are
ascribed to the massive sediment input discharged by river
floods, similar to modern thick flood layers, which are locally
barren in foraminifera or include low number of specimens
(D’Onofrio 1969). The deposition of thick flood layers pro-
duces sediment reworking in the uppermost cms of the bottom
layer (Wheatcroft 1990) where most of the foraminifera live
(Jorissen et al. 1992; Murray 2006), thus creating foraminiferal
assemblages with scarce specimens dispersed in the sediment.
In this respect, interval E represents a thick succession of flood
layers (text-fig. 2), similar to the ones observed close to the
present Po outlets (Wheatcroft et al. 2006). The presence of
abundant foraminifera of assemblage 4 records lower sediment

supply among the flood events. Increases in 4. fepida and A.
parkinsoniana at the base of intervals D and E suggest rapid
transition to more riverine-influenced conditions. Specifically,
the step-like distribution superposed onto the overall increasing
trend of taxa indicative of fluvial influence (i.e., A. tepida and
A. parkinsoniana) provides evidence for irregular deltaic
progradation (text-fig. 2). A radiocarbon date from interval E
(565£35 yr BP) indicates that the deposition of this interval pre-
ceded the Porto Viro cut, which occurred between 350 and 346
yr BP, thus the prodelta succession was deposited in ca. 150
years, with an average sedimentation rate of 6.6 cm/yr.

Recent Po Delta evolution as revealed by cores 1 and 7

The observed evolution of the Po di Goro delta lobe is consis-
tent with the chronology and foraminiferal distribution recog-
nized in more seaward position (Core 1; Text-figures 1, 6). At
this location, prodelta sedimentation started about 600 yr BP
(Rossi and Vaiani 2008; text-fig. 6) and rapid delta progradation
led to deposition of a 14 m-thick succession in about 225 years,
between the Ficarolo and Porto Viro avulsions, with an overall
shallowing-upward trend (from about 18 to 8-10 m depth —
Rossi and Horton 2009).

The alternation of foraminiferal assemblages 2 and 1 in the
basal part of the prodelta succession is attributed to unstable en-
vironmental conditions (text-fig. 6; Rossi and Vaiani 2008).
Samples with very low amounts of A. tepida — A. parkinsoniana
have been included in assemblage 1, which indicates inner shelf
conditions with possible low fluvial influence, as suggested by
local abundant C. granosum and A. perlucida. These samples
were previously grouped by Rossi and Vaiani (2008) into a sep-
arate assemblage, indicative of a prodelta without oxygen defi-
ciency in the bottom sediments. High percentages of C.
granosum in the Adriatic Sea are recorded from 17.5 m water
depth within clayey bottoms enriched in organic matter
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TABLE 2

Similarity percentage (SIMPER) analysis for benthic foraminiferal assemblages defined by cluster analysis (Fig. 3), including taxa with occurrence >4%
in at least one sample of the two cores. Overall average dissimilarity: 57.47.

Taxon Average dissimilarity | Contribution % | Cumulative % Cluster 1 Cluster 2.1 Cluster 2.2 Cluster 2.3 Cluster 3

Ammonia tepida. A. parkinsoniana 20.20 35.14 35.14 6.41 47.00 20,90 83.40 17.40
Naonionella turgida B8.53 14.84 49.98 9.92 6.11 4.44 0.37 45.60
Aubignyna perlucida 515 8.97 58.95 12.20 B.26 17.60 1.89 3.88
Criboelphidium g im 4.63 8.05 67.00 16.00 B8.58 9.36 3.25 4.93
Quingueloculina seminulum 3.30 5.74 72.74 6.11 7.55 12.20 5.60 6.57
Triloculina spp. 1.79 312 75.85 3.96 3.86 3.37 0.22 0.78

other Quinquelocuilina 1.66 2.89 78.74 4.30 2.79 3.68 0.07 241
Adelosina spp. 1.65 2.87 81.61 a1 2.63 5.57 1.84 1.52
Textularia spp. 157 2.73 B4.34 4,36 0.59 2.97 0.00 0.62
Haynesina depressula. H. germanica 1.47 2.56 86.90 2,94 2.09 3.27 1.74 0.86
Elphidium spp. 1.41 245 89.35 4.39 0.82 1.62 0.06 1.00

other Criboelphidium 1.28 2.23 91.57 201 2.06 4.21 0.40 1.18
Ammonia beccani 1.19 2.07 93.64 2.09 2.30 2.81 0.22 0.91
Miliofinella spp. 1.16 2.02 95.66 3.08 1.23 1.82 0.032 0.28
Criboelphidium lidoense 0.98 1.70 97.36 1.08 1.63 3.94 0.92 1.33
Rosalina spp. 0.83 1.44 98.80 245 0.35 0.40 0.00 0.00
Siphonaperta spp. 0.48 0.83 99.63 1.46 0.043 0.00 0.00 0.041
Buccella granulata 0.21 0.37 100.00 0.62 0.043 0.074 0.00 0.00

(Jorissen 1988), but they are coupled with common 4. tepida —
A. parkinsoniana and A. perlucida only near the Po Delta. The
low percentages of A. tepida and A. parkinsoniana recorded in
samples of Core 1 point to low fluvial-influenced conditions
relatively far from river mouths, but the remarkable presence of
A. perlucida and C. granosum suggests high organic matter
content. Similar assemblages could reflect transitional condi-
tions between inner shelf and prodelta, in a slightly fluvial-in-
fluenced environment, with high organic matter and no
remarkable oxygen deficiency. The repeated superposition of
assemblages 1 and 2 could be linked to the transition from inner
shelf (i.e., without or very low fluvial influence) to prodelta
(i.e., more fluvially-influenced) environments, recording the
first influence of the prograding Po di Goro lobe after the
Ficarolo avulsion.

The abrupt change (25.08 m core depth) to assemblage 5
(text-fig. 6) documents the onset of a shallow mud belt (Van der
Zwaan and Jorissen 1991), where fluvial organic matter was
concentrated by the North Adriatic currents, a few km away
from the river outlets. According to the radiocarbon age of
605+65 cal. yr BP at 25.70 m core depth, this mud belt was
formed two centuries after the Ficarolo avulsion (Rossi and
Vaiani 2008). Assemblages dominated by N. turgida are absent
in Core 7, indicating that a mud belt did not developed at this lo-
cation. The shallow Po mud belt grew in response to the
Ficarolo event, which determined an increased sediment supply
in the Core 1 area (Rossi and Vaiani 2008). At the same time,
comparable conditions are not recorded in Core 7 due to its
closer position to the river mouths, reflected in foraminiferal as-
semblages dominated by near-fluvial mouth species (4. tepida
and A. parkinsoniana) of interval D (text-fig. 1).

Upsection, the foraminiferal assemblage 2 occurs at 20.20 m
core depth, overlain by foraminiferal assemblage 4 also with
low numbers of specimens (rare foraminifera, text-fig. 6). Simi-
lar to Core 7, such a sharp change in the foraminiferal assem-
blage suggests flood sedimentation near the river mouth and
records a step-like deltaic progradation. Sample at 16.55 m
depth shows a dramatic decrease of A. tepida and A. parkin-
soniana, replaced by 4. perlucida and C. granosum (Rossi and
Vaiani 2008). This sample is included in assemblage 1 (text-fig.
3) and it is placed near assemblage 3 in the nMDS diagram
(text-fig. 5). This strong faunal turnover is diagnostic of de-
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creasing fluvial influence, and can be related to minor river
mouth migration or to a period of reduced flood activity.

To summarize, the superposition of different foraminiferal as-
semblages in the prodelta succession of Core 1 indicates irregu-
lar deltaic progradation with an overall increase in fluvial
influence, related to approaching river outlets. The observed
paleoenvironmental reconstruction is substantially consistent
with that of Core 7, however it shows some local features, such
as the development of the mud belt related to its seaward posi-
tion, or the possible river mouth migration at 16.55 m core depth
not recorded in Core 7.

This paleoenvironmental evolution is also consistent with
trace-metal distribution (text-fig. 6). In particular, chromium
represents an efficient indicator of sediment source composition
for the late Holocene deposits of the Po Plain (Amorosi et al.
2014): high chromium concentrations (Cr/Al,O; >11.5 in
text-fig. 6) are characteristic of sediment supplied from Alpine
(ophiolite-rich) sources drained by the Po River, whereas lower
chromium values indicate sediment provenance from the
Apennines (Amorosi et al. 2002; Amorosi 2012).

Within the prodelta succession of Core 1, changes in sediment
geochemistry are paralleled by the distribution of 4. tepida and
A. parkinsoniana (text-fig. 6). In detail, high amounts of 4.
tepida and A. parkinsoniana, which are indicative of high flu-
vial influence and proximity to fluvial outlets, are associated
with high Cr values, supporting the hypothesis of direct sedi-
ment supply from the Po River mouth. In contrast, the decrease
of these taxa and concomitant lower Cr values indicate dimin-
ished Po River influence, in response to (i) a local shift of the
fluvial mouth or (ii) decreased river input due to reduced flood
activity (orange bars in text-fig. 6). After the onset of Po sedi-
mentation, the first low-Cr event is recorded at 26.10-25.80 m
core depth, paralleled by the occurrence of assemblage 1 with
very low A. tepida — A. parkinsoniana concentrations. The un-
stable environmental conditions recorded by benthic
foraminifera are confirmed by geochemical values, which point
to an oscillating fluvial influence from the Po River. The second
and third low-Cr events respectively correspond to oscillating
N. turgida and an increase in A. perlucida and C. granosum,
both with very low A. tepida — A. parkinsoniana. A decreased
fluvial influence is recorded mainly by geochemical values in



the upper part of the mud belt, where foraminiferal assemblage
5 indicates stable environmental conditions. The third event is
recorded both in micropaleontological (assemblage 1) and geo-
chemical data.

In the very short interval of time involved (about two centu-
ries), eustatic sea-level change and subsidence were negligible,
and changes in sediment provenance are inferred to represent
minor variations in the depositional environment under a pre-
dominantly autogenic control. Increasing distance from river
mouths or decreasing Po River discharge resulted in mixing of
fluvial deposits with sediment supplied from different sources
by the basin circulation pattern. Such changes can be recorded
by benthic foraminiferal assemblages or by sediment geochem-
istry and a detailed record of short-term deltaic events can be
obtained if these proxies are used together.

CONCLUSIONS

We examined a thick prodelta succession spanning less than
300 years (from the Late Middle Ages) by micropaleonto-
logical analysis of two closely spaced cores from the modern Po
Delta plain. In this short interval of time, deltaic evolution was
controlled by autogenic factors and bathymetric changes most
likely reflect variations in sediment supply, whereas subsidence
and eustatic changes were negligible.

Modern shallow-water benthic foraminiferal assemblages from
the Po shelf reflect specific environmental conditions, con-
trolled by fluvial discharge, sediment supply, the amount of
continental organic matter and are mainly related to the distance
from river outlets. Identification of these assemblages within
late Holocene, expanded prodelta successions reveals
small-scale paleoenvironmental variations that developed in re-
sponse to local events, such as mouth migration and river
floods, superposed onto an overall shallowing-upward trend.
Above a basal interval that records the historical Ficarolo avul-
sion, i.e., the onset of the Po Delta in the study area, the super-
position of A. tepida and A. parkinsoniana — dominated
assemblages are ascribed to the step-like progradation of the Po
di Goro delta lobe during its phase of maximum activity. At a
more seaward location, foraminiferal assemblages and chro-
mium vertical profiles document occasional changes in fluvial
(Po River) input, consistent with river mouth shifting or
changes in the frequency and amount of flood deposition. Up-
per prodelta deposits in both cores show the vertical stacking of
flood layers, deposited near the river mouths.

The ability of benthic foraminifera to detect subtle variations in
environmental parameters allowed the recognition of high-fre-
quency (centennial scale) paleoenvironmental changes within a
prodelta succession. These changes, mostly related to autogenic
factors, can be used to assess natural delta dynamics on river-in-
fluenced shelves.
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APPENDIX 1

Benthic foraminiferal count of Core 7. List of taxa is the same as reported in text-fig. 2.

Sample depth (m) 9.65 5.90 10.25 10.85 11.05 11,60 11.85 12.35
Tot % Tot [% Tot % Tot [ Tot % Tot % Tot % Tot %
Ammonia tepida, A. parkinsoniana 253]  83.2% 239 78.4% of 00% 96|  67.6% 57  73.1% 254]  78.2% 222] 70.5% 224]  68.9%
Ammonia beccarn 0 0.0% 0| 0.0% 0 0.0% 1 0.7% [i 0.0% 0 0.0% 1 0.3% [ 1.8%
Aubignyna perfuida 9 3.0% 13| 4.3% 0 0.0% 10| 7.0% 3 3.8% 6 1.8% 10 3.2% 15| 4.6%
Nonionella turgida 0 0.0% 0] 0.0% 0 0.0% 0] 0.0% 0 0.0% 0] 0.0% 0 0.0% 3] 0.9%
Criboelphidium granosum 12 3.9% 8| 2.6% 0 0.0% 5] 3.5% 7 9.0% 20| 6.2% 9 2.9% 40  12.3%
Criboelphidium lidoense 1 0.3% i 3% 0 0.0% 3] 1% 1 1.3% 11 4% 4 1.3 sl 9%
other Criboelphidium [} 0.0% I nEI [} 0.0% i 0% 0 0.0% 13  a. n% 0 0.0 o] 0%
Elphidium spp. 0] 0.0% 0% of  00% 1 7% 0 0.0% o] 0% 0 0. 2 6%
Haynesina depressula, H. germanica 18] 63% 4 1.3% [} 0.0% 12| 8.5% 4 5.1% 8| 2.5% 4 1.3% 18| 4.9%
Quinqueloculing seminulum 9 3.0% 30| 9.8% i 0.0% 1 1.7% 3 7.7% 11 3.4% 57] 18.1% 14 4.3%
other Quinguelocuiling 0 0.0% 0] 0.0% 0 0.0% [ 0.0% 0 0.0% 0] 0.0% 0 0.0% [ 0.0%
Adelosina spp. 0 0.0% 1 0.3% 0 0.0% 3] 2.1% 0 0.0% 0] 0.0% 3 1.0% 2| 0.6%
Siphonaperta spp. 0 0.0% 0% 0 0.0% 0% 0 0.0% 0] 0% 0 0.0% 0 0%
Triloculina spp. 1 0.3% 0% 0 0.0% 0% 0 0.0% 2! 6% 4 1; 0| X nﬁ
Miliplinglla spp. 0] 0.0% 0% 0] 0.0% 0% 0 0.0% 0 0% 1 0. 0| 0%
Textularia spp. t_?l 0.0% 0% o] o00% 0% 0 0.0% d 0% 0 0.0% i 0%
Aslerigerinata spp. [ 0.0% 0 0.0% 0 0.0% [ 0.0% 0 0.0% 0] 0.0% 0 0.0% [ 0.0%
Buccella granulata 0 0.0% [ 0.0% 0 0.0% 0] 0.0% 0 0.0% 0| 0.0% 0 0.0% 0| 0.0%
Rosalina spp. 0 0.0% [ 0.0% 0 0.0% [ 0.0% 0 0.0% 0] 0.0% 0 0.0% 0| 0.0%
Other Miliclidae 0 0.0% 0] 0.0% 0 0.0% 0] 0.0% 0 0.0% 0] 0.0% 0 0.0% c:nl 0.0%
Other taxa of  0.0% [ 0.0%] 0 0.0% 0] 0.0%] 0 0.0% 0] 0.0%] 0 0.0% 0] 0.0%)
Total 304  100.0% 305 100.0% 0 0.0% 142 100.0% 78 100.0% 325 100.0% 315 100.0% 325 100.0%
depth (m) 12.55 13.10 13.55 13.85 14.10 14.40 14.65 15.10
Tot % Tot % Tot % Tot % Tot % Tot % Tot % Tot %
A ia tepida, A. parki 48 72. 7% 150)  43.7% 133|  426% 99 65.1% 190| 57.1% B9 55.2% 133 73.1% 46 51.7%
A beccari 0 0.0% 61  17.8% i 0.3% [ 0.0% 3 o09% 0| 0.0% 0 0.0% 0 0.0%
Aubit i 2 3.0% 14 4.1% 7| 2.2% 4 2.6% 24 7.2% El 7.2% 0 0.0% 0 0.0%
M turgida 0 0.0% 2 0.6% 2| 0.6% 1 0.7% 4 1.2% 1 0.8% 1 0.5% 6 6.7%
Criboelphidy 2 3.0% 40, 11.7% 27) B.7% 28|  18.4% 27 B.1% 17 13.6% 28 15.4% 9 10.1%
Crib idium i 0 0.0% 6 1.7% 8| 2.6% 1 0.7% 8| 24% 1 0.8% [ 0.0% 0 0.0%
other Criboelp 0 0.0% 9| 2.6% 8| 2.6% 0| 0.0% 5| 1.5% 0| 0.0% 1 0.5% 1 1.1%
Elphidium spp. 0 0.0% 0] 0.0% 0| 0.0% 0| 0.0% 0| 0.0% 1 0.8% 0 0.0% 0 0.0%
Hi fe fa, H. 0 0.0% 6| 1.7% 0| 0.0% 4| 2.6% 15| 4.5% 4| 3.2% 11 6.0% 8 9.0%
Qui il 14]  21.2% 29| 8.5% 89| 28.5% B 3.3% 50|  15.0% 21| 16.8% 5 2.7% 2 2.2%
other Quing 0 0.0% 0] 0.0% 5| 1.6% 0] 0.0% 0|  0.0% 0] 0.0% 0 0.0% 1 1.1%
Adelosina spp. [1} 0.0% 25| 7.3% 19 6.1% 0 0.0% 1 0.3% 0 0.0% 0 0.0% 1 1.1%
iphonaperta spp. 0 0.0% 0| 0.0% [ 0.0% [ 0.0% 0|  0.0% [ 0.0% 0 0.0% 0 0.0%
Tr spp. 0 0.0% 0] 0.0% 10| 3.2% 7] 4.6% 6| 1.8% 1 0.8% 1 0.5% 8 9.0%
Mi la 5pp. 0 0.0% 0] 0.0% 0| 0.0% 0] 0.0% 0|  0.0% 1 0.8% 0 0.0% 7 7.9%
Textularia spp. 0 0.0% 0 0.0% [ 0.0% 0 0.0% o]  0.0% 0 0.0% 0 0.0% 0 0.0%
Ash ta spp. 0 0.0% 0| 0.0% 0| 0.0% 1 0.7% 0|  0.0% 0| 0.0% 1 0.5% 0 0.0%
g 0 0.0% [ 0.0% 0| 0.0% 0| 0.0% 0| 0.0% [ 0.0% 0 0.0% 0 0.0%
Rosalina spp. 4 0.0% 0| 0.0% 1 0.3% 0| 0.0% 0| 0.0% 0 0.0% 0 0.0% 0 0.0%
Other Miliclidae 0 0.0% 0 0.0% 0 0.0% 0f 0.0% 0  0.0% 0 0.0% 0 0.0% 0 0.0%
Other taxa 0 0.0% 1 0.3% 2| 0.6% 2| 1.3% 0  0.0% [ 0.0% 1 0.5% 0 0.0%
Total 66 100.0% 343 100.0% 312 100.0% 152 100.0% 333 100.0% 125 100.0% 182 100.0% 89 100.0%
Sample depth (m) 15.40 15.65 16.20 16.40 16.85 17.10 17.55 17.90
Tot % Tot % Tot % Tot % Tot % Tot % Tot | Tot %
A ia tepida, A. parki 118)  36.8% 120]  40.8% 150)  43.1% 161  49.8% 151]  49.2% 160  52.1% 145  46.3% 27| 45.0%
ia beccarni 0] 0.0% 2 0.6% 1 0.3% 2| 0.6% 5 1.6% 8 2.6% 9| 2.9% [ 0.0%
Aubigry fuicid: 15| 4.7% 52| 16.5% 19 5.5% 26| 8.0% 31 101% 39]  12.7% 54|  17.3% 6] 10.0%
i turgida 49)  15.3% 9 2.8% 14 4.0% 13| 4.09 B 2.0% 10 3.3% 17 5.4% 4 6.7%
Criboelp g 23 7.2% 37 11.7% 55  15.8% 51  15.8% 19 6.2% 28 9.1% 24 T.7% 8 10.0%
Criboelphic h 1 0.3% 2 0.6% 4 1.1% 5 1.5% B 2.6% 3 1.0% 3 1.0% 2| 3.3%
other Crib 14 4.4% 16 5.1% 0 0.0% 0| 0.0% 0 0.0% 0 0.0% 0| 0.0% [ 0.0%
Elphidium spp. 5| 1.6% 3 0.9% 1 0.3% 8 2.5% 1 0.3% 0 0.0% 0| 0.0% 1 1.7%
Hay i la, H. 2 0.6% 0 0.0% 27 7.8% 15| 4.6% 2 0.7% 0 0.0% 2 0.6% [ 0.0%
Quing inul 8| 2.5% 9 2.8% 29 8.3% 8| 2.5% 34 11.1% 14 4.6% 11 3.5% 2 3.3%
other Q locuil 35| 10.9% 19 6.0% 0 0.0% 4 1.2% 9 2.9% 10 3.3% 13| 4.2% 5| 8.3%
A spp. 8| 2.5% 7 2.2% 7] 2.0% 3| 0.9% 14]  46% 1 3.6% 5| 1.6% 3 5.0%
Siphonaperta spp. 0] 0.0% 0 0.0% 0 0.0% 0] 0.0% 0 0.0% 0 0.0% 0| 0.0% 0] 0.0%
Triloculina spp. 39 121% 28 8.9% 26 7.5% 19| 5.9% 20 6.5% 18 5.9% 15| 4.8% 0 0.0%
Miliolinella spp. 0] 0.0% 0 0.0% 15 4.3% 6| 1.9% 5 2.0% 5 1.6% 15| 4.8% 2 3.3%
Textulana spp. 0| 0.0% 0 0.0% 0 0.0% 1 0.3% 0 0.0% 1 0.3% 0| 0.0% 0 0.0%
Asterigerinata spp. 0] 0.0% 0 0.0% 0 0.0% 0] 0.0% 0 0.0% 0 0.0% 0] 0.0% [ 0.0%
Buccella granulata 0| 0.0% 0 0.0% 0 0.0% 0] 0.0% 0 0.0% 0 0.0% [ 0.0% 0| 0.0%
Rosalina spp. 1 0.3% 0 0.0% 0 0.0% 0| 0.0% 0 0.0% 0 0.0% 0| 0.0% 0| 0.0%
Other Miliclidae 0] 0.0% 0 0.0% 0 0.0% 0] 0.0% 0 0.0% 0 0.0% 0] 0.0% 0| 0.0%
Other taxa 4 1.2% 3 0.8% 0 0.0% 1 0.3% 1 0.3% 0 0.0% 0 0.0% 2 3,3%
Total 322 100.0% 316 100.0% 348 100.0% 323 100.0% 307 100.0% 307 100.0% 313 100.0% 60  100.0%
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APPENDIX 1
Continued.

Sample depth (m) 18.15 18.45 18.85 19.15 19.35 19,60 20.15 20,40

Tot % Tot % Tot To Tot % Tot % Tot | Tot % Tot %
A ia tepida, A. parkinsoni 156]  49.8% 154]  50.0% 152]  49.7% 82|  26.5% 66|  21.8% 56|  18.2% 32| 39.0% 119]  38.4%
ia beccani 8| 2.6% 8 2.6% 10 3.3% 1 3.5% 14 4.6% 12 3.9% ) 0.0% 1 3.5%
Aubi rucid: 25 8.0% 15 4.9% 57|  18.6% 53] 17.1% 47| 15.5% 60|  19.5% 14 17.1% 23| 7.4%
turgida 51|  16.3% 4 1.3% 3 1.0% 5 1.9% 13 4.3% 7| 2.3% 2 2.4% 27| B.T%
Criboelphid 9 2.9% & 1.9% 13 4.2% 18 5.2% 18| 5.9% 24 7.8% 11| 13.4% 24 7.7%
Criboelp [ [ 0.0% 8| 2.6% 13| 4.2% 11 3.5% 17 5.6% 12| 3.9% 5 6.1% 5 1.6%
other Criboelphid; 5| 1.6% 7| 2.3% 11 3.6% B 1.9% 21 6.9% 18| 5.9% 3| 3. 7% 7| 2.3%
Elphidium spp. 1 0.3% 0 0.0% [ 0.0% ) 1.9% 0| 0.0% 10 3.3% 2| 2.4% 5 1.6%
! ina depressula, H. 2 0.6% 13| 4,2% 1 0.3% 3| 1.0% 5/ 1.7% 0 0.0% 0 0.0% 2 0.6%
Qui l inui 23 7.3% 45| 14.6% 24 7.8% 22 7.1% 32| 106% 53] 17.3% 7| 8.5% 32| 10.3%
other Quinquelocuiling 10 3.2% 5 1.6% 7] 2.3% 20 6.5% 13 4.3% 5 2.0% 1 1.2% 1 3.5%
Adelosina spp. 11 3.5% 17| 5.5% 1 0.3% 43| 13.9% 10| 3.3% 16| 5.2% 2| 2.4% 10| 3.2%
Siphonaperta spp. 0| 0.0% 0 0.0% 1 0.3% [ 0.0% [ 0.0% 0| 0.0% 0] 0.0% 0| 0.0%
Triloculina spp. 5 1.6% 15 4.9% 3 1.0% 21 6.8% 9| 3.0% 18| 5.9% 2| 2.4% 17| 5.5%
spp. 5 1.6% 4 1.3% 10 3.3% [ 0.0% 10 3.3% 5 1.6% 0] 0.0% [ 0.0%
Textularia spp. 1 0.3% 1 0.3% 0| 0.0% 8| 2.6% 20| 6.6% 7 2.3% 0| 0.0% 6 1.9%
spp. [ 0.0% 0 0.0% [ 0.0% [ 0.0% [ 0.0% [ 0.0% [ 0.0% 0| 0.0%
B lla g 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0 0.0% 0| 0.0%
Rosalina spp. [ 0.0% 4 1.3% [ 0.0% 0| 0.0% 1 0.3% 1 0.3% [ 0.0% 2| 0.6%
Other Miliclidae 0| 0.0% 1 0.3% 0| 0.0% 0| 0.0% 0| 0.0% 0| 0.0% 0] 0.0% 0| 0.0%
Other taxa 1 0.3% 1 0.3% [ 0.0% 2| 0.6% 7 2.3% 2| 0.7% 1 1.2% 9| 2.9%
Total 313 100.0% 308 100.0% 306 100.0% 310 100.0% 303 100.0% 307 100.0% 82 100.0% 310 100.0%

depth {m) 20.90 21.20 21.60 22.10 22.55 22.70 22.95 23.25

Tot % Tot % Tot % Tot % Tot % Tot % Tot % Tot %
A ia tepida. A. parkinsoni 62| 18.8% 67|  21.6% 13| 20.0% 155  51.3% 95  30.5% 32| 10.3% 91  30.1% 47| 13.7%
Ammonia beccani 1 3.3% 10| 3.2% 2 3.1% B 2.0% [ 1.9% 2 0.6% 9 3.0% 3 0.9%
Aubignyna periuci 48] 14.6% 41 13.2% 12| 18.5% 29 9.6% 14 4.5% 35| 11.2% 43 14.2% 64| 18.6%
Nenionella turgida 25 7.6% 15| 4.8% 8] 13.8% 26 8.6% 29| 9.3% 51| 16.3% 23| 7.6% 24 7.0%
Cri idium g 36| 10.9% 27| 8.7% 0 0.0% 7| 2.3% 29| 9.3% 30 9.6% 17| 5.6% 18 5.2%
Criboelphidium lick 17 5.2% 14 4.5% 0 0.0% 7 2.3% 3| 1.0% 2 0.6% 10| 3.3% 1 3.2%
other Crib ici 19 5.8% 8| 2.6% 0 0.0% 6 2.0% 18 5.8% 17 5.4% 9| 3.0% 6 1.7%
Elphidium spp. 8 2.4% 10| 3.2% 0 0.0% 5 1.7% 10 3.2% 10 3.2% 1 0.3% & 1.7%
Hay p H. g i 4 1.2% 1 0.3% 1 1.5% 7 2.3% 8| 2.6% 20 6.4% 6| 2.0% 5 1.5%
Qui i inul 30 9.1% 68|  21.9% 9| 138% 26| 8.6% 25 8.0% 1 3.5% 26| 8.6% 77| 22.4%
other Qui 7 2.1% 15 4.8% 3 4.6% 3 1.0% 12 3.9% 22 7.1% 5 1.7% 28 8.1%
ina spp. 13 4.0% 12 3.9% 2 3.1% 13 4.3% 7 2.3% 10 3.2% 24| 7.9% 22 6.4%
Siph ta spp. 0 0.0% 0| 0.0% 0 0.0% 0| 0.0% 0 0.0% 0 0.0% 0| 0.0% 0 0.0%
Triloculing spp. 15 4.6% 7| 2.3% 4 6.2% 5 1.7% 16 5.1% 22 7.1% 5| 1.7% 10 2.9%)
Miiolinella spp. 1 3.3% 6| 1.9% 4 6.2% 0| 0.0% 4 1.3% 15 4.8% 7| 2.3% 7 2.0%
Té ia spp. 16 4.9% 6| 1.9% 5 7.7% 5 1.7% 8 2.6% 4 1.3% 14 4.6% 3 0.9%
Asterigerinata spp. 0 0.0% [ 0.0% 0 0.0% 0| 0.0% 0 0.0% 0 0.0% 0| 0.0% 0 0.0%
granulata 1 0.3% 0] 0.0% 0 0.0% 0 0.0% 1 0.3% 0 0.0% 0| 0.0% 1 0.3%,
Rosalina spp. 2 0.6% [ 0.0% 0 0.0% 0 0.0% 13 4.2% 15 4.8% 4 1.3% 2 0.6%
Cther Miliclidae 0 0.0% 0| 0.0% 0 0.0% 0] 0.0% 0] 0.0% 1 0.3% 0| 0.0% 1 0.3%
Other taxa 4 1.2% 3] 1.0% 1 1.5% 2 0.7% 13 4.2% 13 4.2% 8| 26% 9 2.6%
Total 329 100.0% 310 100.0% 65  100.0% 302 100.0% 311 100.0% 312 100.0% 302 100.0% 344 100.0%

Sample depth (m) 23.55 23.75 23.95 24.20 24.50 24.95 25.25 25.50

Tot % Tot % Tot % Tot % Tot % Tot % Tot % Tot %
A ia tepida, A. parkinsoni 26| 7.6% 37| 11.5% 42]  13.1% 28| 7.5% 13| 4.2% 24| 8.0% 26| 8.3% 20| 6.5%
A beccari 13 3.8% 2] 0.6% 4 1.2% 3| 0.8% 3 1.0% 9 3.0% 6 1.9% 20 6.5%
Aubi rucid: 26 7.6% 46| 14.3% 56|  17.4% 8 2.1% 26| 8.5% 0| 0.0% 0| 0.0% 0| 0.0%
Nanionella turgida 32 9.3% 29 9.0% 10 3.1% 38| 101% 2| 0.7% 18 8.0% 5 1.6% 1 0.3%
Crib icli S;I 16.0% 41| 128% 69|  21.5% 93|  24.8% 53]  17.3% 40|  13.3% 46 14.7% 30| 9.7%
Crboelphidium fi 0| 0.0% 5 1.6% 0] 0.0% 0| 0.0% 12| 3.9% ) 0.0% 3] 1.0% 0| 0.0%
other Crib i 7 2.0% 18| 5.6% 0| 0.0% 3 0.8% 4| 1.3% 29| 9.6% 21 6.7% 3| 1.0%
Iphidium spp. 17 5.0% 3 0.9% 18 5.6% 8| 2.1% 12 3.9% 23 7.6% 24 7.7% 24 7.8%
| ina depressula, H. 5) 1.5% 10| 3.1% 1 0.3% 7| 1.9% [ 2.0% 15| 5.0% 7| 2.2% 4 1.3%
Qui i i 25 7.3% 14 4.4% 35| 10.8% 18 4.8% 25 8.2% 19| 6.3% 38]  12.2% 51| 166%
other Quinguel 28]  82% 24]  75% 15| 47% 19  51% 23] 7.5% 3l 1% 5| 18% o  29%
Adel spp. 8| 2.3% 13 4.0% 8| 2.5% 20| 5.3% 17| 5.6% 22 7.3% 26| 8.3% 28| 9.1%
Siphonaperta spp. 0 0.0% 5 1.6% 1 0.3% 0 0.0% 4 1.3% 14 4.7% 20, 6.4% 9) 2.9%
Triloculina spp. 30 8.7% 17, 5.3% 18| 5.0% 38  10.1% 25 8.2% 29| 9.6% 15| 4.8% 27| 8.8%
liolinella spp. 12| 3.5% 1 3.4% 3 0.9% 13 3.5% 4 1.3% 7 2.3% 3| 10% 5 1.6%
Ti ia 5pp. 40| 11.7% 17| 5.3% 23 7.2% 45| 12.0% 34| 11.1% 21 7.0% 15 4.8% 39|  12.7%
Asterigerinata spp. 0| 0.0% 0 0.0% 0] 0.0% 0| 0.0% 3 1.0% 2| 0.7% 0] 0.0% 3 1.0%
Buccelia granulata 0| 0.0% 0 0.0% 1 0.3% 1 0.3% 13| 4.2% 0| 0.0% 3| 1.0% 5 1.6%
Rosalina spp. 5 1.5% 13 4.0% 6 1.9% 6 1.6% 18 5.2% 17 5.6% 28| 9.0% 16 5.2%
Other Miliclidae 0| 0.0% 3 0.9% 1 0.3% 2| 0.5% 1 0.3% 2| 0.7% 6]  1.9% 5| 1.6%
Other taxa 14 4.1% 13 4.0% 12 3.7% 25 6.7% 10 3.3% 7 2.3% 5] 48% 9| 2.9%
Total 343 100.0% 321 100.0% 321 100.0% 375 100.0% 306 100.0% 301 100.0% 312 100.0% 308 100.0%
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Abstract. Integrated analyses of multiple groups of microfossils are frequently performed to unravel the
palaeoenvironmental evolution of subsurface coastal successions, where the complex interaction among sev-
eral palaeoecological factors can be detected with benthic assemblages. This work investigates the palacoen-
vironmental resolution potential provided by benthic foraminifera and ostracoda within a Pleistocene lagoonal
succession of the Romagna coastal plain (northern Italy). Quantitative approaches and statistical techniques have
been applied to both groups in order to understand the main factors that controlled the composition of assem-
blages and compare the palaecoecological record provided by single fossil groups.

The two faunal groups are characterized by the high dominance of opportunistic species (Ammonia tepida—
Ammonia parkinsoniana and Cyprideis torosa); however, detailed palacoecological information is inferred from
less common taxa. Benthic foraminiferal assemblages are mainly determined by the frequencies of abnormal
individuals and species related to high concentrations of organic matter, showing two assemblages: a stressed
assemblage, consistent with a brackish-water environment subject to salinity and oxygen fluctuations, and an
unstressed assemblage, which indicates more stable conditions. Despite the lower number of species, ostracoda
show more significant differences in terms of species composition and ecological structure between their three
assemblages, formed in response to a salinity gradient and indicative of inner, central, and outer lagoon condi-
tions. The stratigraphic distribution of ostracod assemblages shows a general transgressive-regressive trend with
minor fluctuations, whereas benthic foraminifera highlight the presence of a significant palacoenvironmental
stress.

In this case, the higher abundance along the stratigraphic succession, the higher differentiation of the assem-
blages, and the well-defined relationship between taxa and ecological parameters determine Ostracoda as the
most reliable fossil group for precise palacoenvironmental reconstructions. Nevertheless, benthic foraminifera
indicate palaeoenvironmental stress and can be used to refine the environmental interpretation in the presence of
monospecific ostracod assemblages.

1 Introduction to the deep ocean; (ii) a short reproductive cycle that al-
lows them to react quickly to environmental changes; and

The use of microfossils as palacoenvironmental proxies is  (iii) a hard shell that guarantees a high preservation poten-

quite common in geological studies since they are sensitive
to a great number of ecological factors. Benthic foraminifera
and Ostracoda are widely applied for stratigraphic and
palaeoecological purposes since both of them have (i) an
extremely wide distribution, from continental water bodies

tial in sediments (Murray, 2006; Rodriguez-Lazaro and Ruiz-
Muioz, 2012). These characteristics also make them suitable
for ecological studies in modern environments, especially in
the paralic realm, where benthic foraminifera and ostracoda
are particularly abundant. Special attention has been reserved
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for lagoons because today their fragile equilibrium is endan-
gered by a series of factors, such as anthropogenic pollution
and climatic changes. Composition and structure of assem-
blages have been described in relation to many ecological
parameters, allowing the use of recent assemblages as “mod-
ern analogues” of fossil associations.

Benthic foraminiferal assemblages are determined by mul-
tiple factors, which sometimes create stressed conditions.
Benthic foraminifera have been proved to be excellent envi-
ronmental bio-indicators in paralic environments, such as es-
tuaries and lagoons (Coccioni, 2000; Frontalini et al., 2009;
Armynot du Chatelet and Debenay, 2010). Under stressed
conditions, these microorganisms modify the community
structure and develop a series of peculiar morphological ab-
normalities of the test (Alve, 1991). Abundant studies have
been focused on the response of benthic foraminifera to
anthropogenic pollution (Yanko et al., 1994; Alve, 1995;
Armynot du Chatelet and Debenay, 2010; Frontalini and
Coccioni, 2011), but foraminiferal abnormalities can also oc-
cur from natural stresses, such as extreme values of salinity,
nutrients, oxygen, or very rapid changes in ecological param-
eters (Scott and Medioli, 1980; Almogi-Labin et al., 1992;
Geslin et al., 2002). High concentrations of aberrant benthic
foraminifera also occur in fossil assemblages, even though
only a few cases are reported in the literature and are at-
tributed to low or oscillating salinity (Bik, 1964; Bugrova,
1975; Wang et al., 1985). As suggested by Boltovskoy et
al. (1991), the presence of highly deformed assemblages in
both modern and fossil environments is not related to a sin-
gle factor, but it may be produced by a series of ecological
parameters. Although assessing which is the main ecological
factor that led to the creation of deformities is generally diffi-
cult, the relative abundance of aberrant benthic foraminifera
is a good proxy for palacoenvironmental stress (Geslin et al.,
2002).

Nevertheless, benthic foraminifera could be absent in en-
vironments characterized by strong fluctuations in salinity,
organic matter, and hydrodynamic conditions (Laut et al.,
2016; Pint and Frenzel, 2017). Conversely, ostracoda are
abundant from freshwater to hyperhaline environments and
guarantee a great continuity of palaeoecological information
(Rodriguez-Lazaro and Ruiz-Mufioz, 2012). Even if paralic
environments with unstable environmental parameters are of-
ten characterized by oligotypic assemblages dominated by
opportunistic taxa, rare species provide reliable information
(Slack et al., 2000). Salinity is considered one of the ma-
jor controlling factors affecting the distribution of ostracoda;
therefore, this group is often applied for palaeosalinity re-
constructions (Gliozzi and Mazzini, 1998; Marco-Barba et
al., 2013; Amorosi et al., 2014). However, a combination
of factors usually affects benthic assemblages in transitional
environments, determining the degree of confinement, de-
fined as the time of renewal for marine waters (Guélorget
and Perthuisot, 1983). Ostracod assemblages can be indica-
tive of a wide range of parameters, including the salinity and
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the degree of isolation from the sea, as it has been recently
demonstrated by Salel et al. (2016) in the Gulf of Lion and
Ebro Delta (western Mediterranean).

Both benthic foraminifera and ostracoda can provide a
wide range of palaeoenvironmental information (type of sub-
strate, salinity, organic matter content, oxygen concentra-
tion, etc.), but each group has peculiar characteristics that
make it more suitable as a proxy for specific conditions.
Within back-barrier sediment successions, the interaction of
sediment supply, accommodation space, and eustatic oscilla-
tions produces subtle environmental changes detectable by
the combined application of benthic foraminifera and os-
tracoda. However, palaeoenvironmental reconstructions per-
formed on both groups are rarely applied and mostly based
on qualitative or semi-quantitative approaches (e.g. Rossi et
al., 2011; Trog et al., 2013), whereas quantitative analyses
and statistical methods are often applied to only a single fos-
sil group (e.g. Marco-Barba et al., 2013; Vaiani and Pen-
nisi, 2014). Integrated analyses of multiple fossil groups are
scarcely available in the literature and they are mostly re-
stricted to the postglacial period (e.g. Cearreta et al., 2003;
Amorosi et al., 2014).

The aim of this work is to compare the palaecoenviron-
mental resolution potential of Foraminifera and Ostracoda
through multivariate analysis of fossil assemblages within
a Pleistocene short sedimentary succession of the Po River
coastal plain. Composition and structure of assemblages have
been analysed in detail in order to investigate the ability of
each group to highlight specific palaecoecological conditions
within the same stratigraphic interval.

2 Geological setting

The Po River coastal plain is the easternmost part of the
Po Plain (Fig. 1), a foredeep system bounded by the Alps
to the north and the northern Apennines to the south, filled
with Pliocene—Quaternary sediments with a maximum thick-
ness of 7km in the major depocenters (Pieri and Groppi,
1981; Castellarin and Vai, 1986). Geophysical investigations
have evidenced that the Po basin is deformed by diffuse
north-verging thrusts, but the late Quaternary sediments were
deposited under relatively undisturbed conditions (Regione
Emilia-Romagna and ENI-AGIP, 1998).

Detailed subsurface studies on the Po coastal plain re-
vealed a cyclic facies architecture of transgressive—regressive
(T-R) cycles formed by alternated alluvial and wedge-shaped
coastal deposits (Amorosi and Colalongo, 2005). Integrated
pollen analyses and radiocarbon dates performed on the three
uppermost T-R cycles allowed their attribution from Marine
Isotope Stage (MIS) 7 to 1 (Amorosi et al., 1999a, 2004).
Specifically, thick alluvial sediments including scarce pollen
of non-arboreal taxa are related to cold conditions, whereas
abundant deciduous and broadleaved pollens are included
within back-barrier and shallow marine deposits formed dur-

www.j-micropalaeontol.net//37/203/2018/
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Figure 1. Location map of core 223 S12.

ing interglacial periods (MIS 1, 5, and 7; Amorosi et al.,
1999a, 2004). This suggests that T-R cycles were formed in
response to glacio-eustatic fluctuations with a frequency of
100 kyr, determined by the Milankovitch eccentricity-driven
cycles (Lisiecki and Raymo, 2005).

The two most recent coastal wedges show a retrograda-
tional stacking pattern of coastal plain and littoral facies,
interpreted as a landward-migrating barrier—lagoon—estuary
system during the transgressive phase, followed by deltaic
and coastal progradation related to high stand conditions
(Amorosi et al., 2004).

Lagoonal sediments in the subsurface of the Po River
coastal plain are commonly developed within back-barrier
facies associations. These are generally thin (1-2m) at
the base of Holocene (MIS 1) and Eemian (MIS 5e)
transgressive—regressive wedges and are truncated at the top
by an erosive ravinement surface that marks the passage to
transgressive barrier facies (e.g. Amorosi et al., 2004; Campo
et al., 2017). In contrast, well-developed paralic successions
are locally present close to the innermost palaeoshoreline po-
sition reached at the peak of the MIS 1 and 5e transgres-
sions (Dinelli et al., 2013; Campo et al., 2017) or below the
Eemian units, representing the sedimentary response to the
MIS 7 sea level variation (Amorosi et al., 1999a; Vaiani and
Pennisi, 2014). Specifically, below the two uppermost T-R
cycles, coastal and paralic deposits attributed to MIS 7 were
recognized at some locations of the Po River coastal plain at
more than 140 m core depth (e.g. Fiorini and Vaiani, 2001;
Bondesan et al., 2006). The age attribution is supported by
the stratigraphic position and the comparison with Mediter-
ranean pollen zones, which limit the deposition of this in-
terval during the late Middle Pleistocene (Amorosi et al.,
1999a).

www.j-micropalaeontol.net//37/203/2018/

3 Materials and methods

The analysed succession is part of core 223 S12, drilled ap-
proximately 14 km inland from the modern shoreline near the
city of Ravenna (Fig. 1) by wireline perforation, which guar-
anteed a continuous and undisturbed core stratigraphy, with
recovery percentages higher than 90 %. This core reached a
depth of 170 m and includes two paralic to shallow marine
intervals formed in response to MIS 1 and 5.5 interglacials
and a lagoonal interval attributed to MIS 7; these are alter-
nated by continental deposits formed during glacial periods
(Amorosi et al., 1999b, 2004). The detailed distribution of
benthic foraminifera in the upper 130 m of this succession,
including the MIS 1 and 5.5 interglacials, is reported in Fior-
ini (2004); this work is focused on the lower portion of this
core, between ca. 165 and 160 m core depth, dated to the
MIS 7 (Amorosi et al., 1999b), which has not been studied in
detail.

Micropalaeontological analyses were performed on 19
sediment samples of ca. 150g that were treated with a
standard method as reported, for instance, in Amorosi et
al. (1999b) and in Fiorni and Vaiani (2001): (i) dried for
8h at 60°C, (ii) soaked in water, (iii) wet-sieved at 63 um
(240 mesh), and (iv) dried again. The obtained residue was
examined under a binocular microscope to qualitatively anal-
yse the meiofauna. Foraminiferal tests were subsequently
separated with flotation from 16 samples with abundant
fauna, using carbon tetrachloride (CCly). Both the light
(floated) and the heavy fractions were dry-sieved through a
125 um sieve to concentrate adult tests and avoid problems of
specific attribution on juvenile moults and individuals. The
obtained light residue was then split into small proportions
containing at least 300 specimens of benthic foraminifera,
which were counted and identified. For all samples, the light
fraction was then added to the heavy residue, including most
of ostracoda, and split into portions including at least 300 os-
tracod valves for quantitative analyses. At the same time,
benthic foraminifera were counted within the same residue
to determine the relative proportion of the two groups. The
micropalaeontological samples are housed in the Department
of Biological, Geological and Environmental Sciences of the
University of Bologna.

Identification of taxa was supported by original descrip-
tions (Ellis and Messina, 1940). Furthermore, several refer-
ence works focusing on detailed taxonomy of Elphidiidae
(Hansen and Lykke-Andersen, 1976; Hayward et al., 1997)
and on the Mediterranean benthic foraminifera (e.g. Joris-
sen, 1988; Cimerman and Langer, 1991; Fiorini and Va-
iani, 2001; Milker and Schmiedl, 2012) have been used for
specific attribution of benthic foraminifera. Additional tax-
onomical remarks are reported in Appendix A. Due to the
remarkable presence of deformed benthic foraminifera, the
foraminiferal abnormality index (FAI, defined as the percent-
age of aberrant specimens in each sample) was calculated
(Frontalini and Coccioni, 2008). Morphological abnormali-
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ties of tests were identified following Yanko et al. (1994),
Geslin et al. (1998), and Coccioni (2000). Ostracod identifi-
cation is also supported by works of Bonaduce et al. (1975),
Breman (1975), Athersuch et al. (1989), Henderson (1990),
and Mazzini et al. (1999). Photographs of specimens were
obtained using a scanning electron microscope JEOL JSM
5200 at the Department of Biological, Geological and Envi-
ronmental Sciences of the University of Bologna. A detailed
analysis of the most common benthic foraminifera has been
carried out due to their high morphological variability, and
selected images are depicted in Plates 1 and 2.

Data matrices for multivariate statistical analyses were
produced considering the most abundant taxa, with a fre-
quency > 1 % in at least one sample for both groups, in order
to reduce background noise produced by rare species. Anal-
yses performed on the full data matrix and with cut-off levels
of 3 and 4 % show that the composition of clusters is stable;
therefore, a 1 % cut-off level was applied, as suggested by
other studies on benthic foraminifera and ostracoda of tran-
sitional environments (e.g. Frontalini et al., 2013; Martinez-
Garcia et al., 2013). The benthic foraminiferal data matrix
included the 14 most common taxa or groups and the rel-
ative abundance of deformed specimens (FAI) as an addi-
tional variable. A total of 10 species or morphotypes were
included in the ostracod data matrix. Specifically, Cyprideis
torosa was differentiated in noded and un-noded forms be-
cause these two morphotypes are related to different envi-
ronmental conditions, as evidenced by several works (e.g.
Keyser and Aladin, 2004; Frenzel et al., 2012; Pint et al.,
2012). Prior to statistical analyses, a logarithmic transforma-
tion (log;o(X + 1), where X is the number of tests or valves)
was applied to relative abundance data in order to increase
the contribution of less abundant species and to reduce the
overwhelming effect of the dominant taxa. One sample in-
cluding only 277 ostracod valves (163.65 m core depth) was
included in the data matrix since it can be considered a sig-
nificant number for quantitative analysis on ostracod assem-
blages (Boomer et al., 2003) and it enhances the accuracy of
the palaeoenvironmental reconstruction.

A Q-mode cluster analysis, using an unweighted pair
group method with arithmetic mean algorithm (UPGMA),
was performed in order to group samples with similar fauna.
To further evaluate the null hypothesis of no variability in
the faunal composition between benthic assemblages, a one-
way analysis of similarities (ANOSIM; Clarke, 1993) with
9999 permutations was carried out. This test compares the
ranks of distances within groups with ranks of distances be-
tween groups: if the dissimilarity between groups is greater
than that within groups, p values are < 0.5 and groups are
considered to be distinct. A similarity percentage (SIMPER)
analysis defined the main taxa responsible for the differences
between groups. These analyses were based on the Bray—
Curtis dissimilarity, a measure that does not take into account
the absence of species, but it focuses on the composition of
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assemblage and the relative abundances of taxa (Field et al.,
1982; Legendre and Legendre, 2012).

To characterize the biodiversity of assemblages, four fau-
nal parameters were calculated: (1) species diversity (S),
the number of species in each sample; (2) dominance (D);
(3) Shannon—Weaver index (H), a measure of entropy that
considers the distribution of taxa among the total individuals
(Shannon, 1948); and (4) Pielou’s evenness (J), to describe
how individuals are divided between taxa (Pielou, 1975). Fi-
nally, differences between the structure of assemblages were
tested using a Euclidean-based ANOSIM on D, H, and J.
In this case, the Euclidean distance was chosen because it
retains the mean and variance properties of original data, in-
cluding the O values.

Multivariate statistical analyses and calculation of di-
versity indices were carried out using the software PAST
(PAlaeontological STatistic — version 3.10 by Hammer et al.,
2001) as specifically designed for palaeontological analyses.

4 Results

All 16 samples included abundant ostracod valves and were
counted for quantitative analysis. Due to the low abundance
of benthic foraminifera at the base (163.95-163.50 m core
depth) and at the top (160.85-160.55m core depth) of the
studied interval, only 11 samples were quantitatively anal-
ysed to determine the benthic foraminiferal fauna.

4.1 Benthic foraminifera diversity and assemblages

A total of 4756 benthic foraminifera, belonging to 36
taxa, have been counted and identified between 163.50 and
160.95 m core depth (Table S1 in the Supplement). The high
morphological variability shown by Elphidiidae and Am-
monia specimens allowed the identification of several taxa,
which are described in detail in the taxonomic section (Ap-
pendix A) and depicted in Plates 1 and 2.

Species richness (S) varies from 12 (sample at 161.45m
depth) to 23 (163.05m) (Table 1). Dominance (D) shows
a maximum value of 0.33 in the sample at 161.45m,
whereas the minimum corresponds to 0.12 at 163.20 m core
depth. The lowest value of Shannon—Weaver index (H) is
recorded at 161.45m core depth (1.42) and the highest is
reached at 163.20 m core depth (2.29). Pielou’s evenness (J)
varies from 0.57 (161.25 and 161.45 m core depth) to 0.79
(163.20 m core depth).

Ammonia parkinsoniana and intermediate A. ftepida—A.
parkinsoniana forms generally dominate the foraminiferal
fauna (20.54 and 33.03 % on average, respectively), with
subordinate Haynesina germanica (13.89 %), Aubignyna
perlucida (7.99 %), Ammonia tepida (7.16 %), and Cribroel-
phidium granosum (5.35 %). Lower concentrations of Hay-
nesina depressula (2.66 %), Elphidium sp. 1 (1.86 %),
Cribroelphidium oceanense (1.60 %), Elphidium advenum
(1.40 %), and Elphidium clavatum (1.31 %) are recorded.

www.j-micropalaeontol.net//37/203/2018/
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Plate 1. SEM photomicrographs of some of the most common benthic foraminiferal species found in the studied succession. Scale
bar = 100 um. (1-2) Ammonia parkinsoniana (sobrina-type), 162.50 m. (1) Umbilical side. (2) Spiral side. (3—4) Ammonia parkinsoniana,
162.50 m. (3) Umbilical side. (4) Spiral side. (5-6) Ammonia tepida—A. parkinsoniana intermediate morphotype C, 162.50 m. (5) Umbilical
side. (6) Spiral side. (7-8) Ammonia tepida—A. parkinsoniana intermediate morphotype B, 162.50 m. (7) Umbilical side. (8) Spiral side.
(9-10) Ammonia tepida—A. parkinsoniana intermediate morphotype A, 162.50 m. (9) Umbilical side. (10) Spiral side. (11-14) Ammonia
tepida, 162.50 m. (11, 13) Umbilical side. (12, 14) Spiral side. (15-16) Aubignyna perlucida, 163.20 m. (15) Spiral side. (16) Umbilical
side. (17-18) Haynesina depressula, 162.50 m. (17) Side view. (18) Peripheral view. (19-20) Haynesina germanica, 162.50 m. (19) Side
view. (20) Peripheral view. (21) Elphidium advenum, 162.70 m. Side view. (22) Elphidium clavatum, 163.05 m. Side view. (23) Elphidium
gerthi, 162.50 m. Side view. (24-25) Elphidium sp. 1, 163.20 m. (24) Side view. (25) Peripheral view. (26-27) Elphidium sp. 2, 161.30 m.
(26) Side view. (27) Peripheral view.
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Plate 2. SEM photomicrographs of selected Elphidiidaec and individuals affected by morphological abnormalities of the test. Scale
bar = 100 um. (1-2) Cribroelphidium granosum, 163.05 m. (1) Side view. (2) Peripheral view. (3) Cribroelphidium lidoense, 162.50 m. Side
view. (4) Cribroelphidium oceanense, 162.70 m. Side view. (5) Parrellina verriculata, 161.30 m. Side view. (6=7) Cribroelphidium poeyanum,
162.50 m. (6) Side view. (7) Peripheral view. (8) Ammonia tepida—A. parkinsoniana intermediate morphotype A, 162.50 m. Change in coil-
ing direction. (9-10) Ammonia tepida, 161.75 m. Twinned tests. (9) Umbilical side. (10) Spiral side. (11) Ammonia tepida—A. parkinsoniana
intermediate morphotype B, 160.95 m. Change in coiling direction and anomalous protuberances on the spiral side. (12) Ammonia parkinso-
niana, 163.40 m. Non-developed test. (13) Haynesina germanica, 163.20 m. Change in coiling direction. (14) Cribroelphidium oceanense,
162.50 m. Complex form. (15) Cribroelphidium oceanense, 163.20 m. Abnormal protruding chamber. (16) Elphidium clavatum, 163.20 m.
Aberrant chamber shape. (17) Aubignyna perlucida, 162.50 m. Twinned tests. (18) Haynesina germanica, 162.50 m. Twinned tests.

J. Micropalaeontology, 37, 203—230, 2018 www.j-micropalaeontol.net//37/203/2018/
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Morphological abnormalities, mainly observed in transi-
tional individuals of A.tepida—A. parkinsoniana, C. ocea-
nense, and H. germanica (Table S1), have been recorded
in all samples, except at 161.25 m core depth. The average
value of FAI recorded in the studied succession is 5.45 and
reaches the maximum at 163.40 m core depth (12.26). Fol-
lowing the literature (Yanko et al., 1994; Coccioni, 2000),
different types of test abnormalities have been recognized:
abnormal protruding chambers, abnormal additional cham-
bers, distorted chamber arrangement, change in coiling di-
rection, twinned tests, and non-developed tests. Some indi-
viduals exhibit two or even more test abnormalities, resulting
in complex forms, sometimes difficult to recognize (Plate 2).

The Q-mode cluster analysis performed on the benthic
foraminifera dataset allows us to distinguish two main groups
of samples (Fig. 2a). ANOSIM analysis confirms the pres-
ence of significant differences in species composition be-
tween groups of samples recognized by the Q-mode clus-
ter analysis (R =0.982, p =0.0173; Table 2). SIMPER
analysis evidences that more than 50 % of differences be-
tween clusters are defined by four major groups of benthic
foraminifera (Table 3), with the dominant contribution of
the abundance of deformed specimens, followed by C. gra-
nosum, C. oceanense, E. clavatum, and other less common
species of Elphidium and Cribroelphidium (Cribroelphidium
lidoense, Elphidium gerthi, Elphidium sp. 1, and Elphidium
sp. 2; see the taxonomic section for descriptions). Cluster A
is mainly defined by the high occurrence of abnormal indi-
viduals and the significant presence of C. granosum, C. ocea-
nense, E. clavatum, Cribroelphidium poeyanum, and other
species of Elphidium and Cribroelphidium. In contrast, clus-
ter B is characterized by a very low occurrence of aberrant
specimens, a lower number of Elphidiidae and A. perlucida
and slightly higher frequencies of Miliolidae (represented
by Adelosina cliarensis, Miliolinella sp., Quinqueloculina
seminula , and Triloculina trigonula). Ammonia parkinsoni-
ana, A. tepida (and related morphotypes), and H. german-
ica represent some of the most common taxa in both clusters
(Table 4) and they do not substantially contribute to the main
differences between them. A very low contribution is also
provided by Asterigerinata mamilla and Haynesina depres-
sula. The one-way ANOSIM performed on diversity indices
reveals significant variations in D, H, J, and for crossed di-
versity indices between assemblages (Table 2).

4.2 Ostracod diversity and assemblages

The 16 samples analysed for Ostracoda included 5013 ostra-
cod valves from 19 taxa (Table S2). Some of the most com-
mon or peculiar taxa are reported in Plate 3.

The number of recorded ostracod species per sample (.S5)
ranges from 1 (samples at 163.40, 163.65, and 163.95 m core
depth) to 13 (163.20 m depth, Table 1). As a consequence, D
shows the maximum value of 1 in samples 163.40, 163.65,
and 163.95 m core depth and it reaches a minimum of 0.29

J. Micropalaeontology, 37, 203-230, 2018
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Plate 3. SEM photomicrographs of the most common or peculiar ostracod taxa found in the studied succession. Scale bar = 100 um. (1) Pseu-
docandona sp., juvenile LV, 160.55m. (2) Basslerites berchoni, RV, 163.05m. (3) Cyprideis torosa, noded RV, 163.65m. (4) Cyprideis
torosa, un-noded RV, 162.50 m. (5) Cytherois fischeri, RV, 161.45 m. (6) Leptocythere bacescoi, RV, 161.25 m. (7) Loxoconcha elliptica, RV,
160.95 m. (8) Loxoconcha stellifera, LV, 161.45 m. (9) Pontocythere turbida, RV, 161.75m. (10) Semicytherura reticulata, RV, 161.25 m.
(11) Semicytherura cf. sulcata, RV, 163.05 m. (12) Xestoleberis dispar, RV, 161.25 m.
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Figure 2. Dendrogram classification from the Q-mode cluster analysis using the Bray—Curtis distance on (a) benthic foraminifera and

(b) ostracoda.
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Table 2. Results of the one-way ANOSIM analysis based on diversity indices (Euclidean distance) and faunal composition (Bray—Curtis
distance) between the two benthic foraminiferal and the three ostracod assemblages defined by Q-mode cluster analysis (Fig. 2).

Benthic foraminifera ‘ Ostracoda
R p | R p
D 0.6982 0.03772 | 0.4403  0.0009P
H 0.7072 0.0219% | 0.4587 0.0014°
J 0.7237 0.0143% | 03923  0.0028P
DxHxJ 0.7132 0.01492 | 0.4467  0.0008P
Faunal composition 0.982 0.0173% | 0.9429  0.0001°

2 and b indicate significant values of p < 0.05 and p < 0.01, respectively.

Table 3. Similarity percentage (SIMPER) analysis performed on benthic foraminiferal assemblages defined by Q-mode cluster analysis

(Fig. 2a). Overall average dissimilarity: 25.7.

Taxon Average dissimilarity ~ Contribution (%) Cumulative (%) Cluster A Cluster B
Deformed specimens 3.76 14.63 14.63 1.40 0.30
Cribroelphidium granosum 3.30 12.83 27.46 1.35 0.39
Cribroelphidium oceanense 3.10 12.07 39.53 0.91 0.00
Elphidium clavatum 2.46 9.56 49.09 0.72 0.00
Other Elphidium, Cribroelphidium 2.10 8.17 57.26 1.01 0.39
Cribroelphidium poeyanum 1.79 6.95 64.21 0.67 0.15
Miliolidae 1.59 6.20 70.41 0.25 0.54
Elphidium advenum 1.22 4.74 75.15 0.78 0.54
Aubignyna perlucida 1.17 4.54 79.69 1.54 1.21
A. tepida—A. parkinsoniana morphotypes 1.00 3.90 83.59 2.07 2.33
Asterigerinata mamilla 0.95 3.70 87.29 0.28 0.00
Haynesina germanica 0.88 343 90.72 1.72 1.81
Ammonia tepida 0.88 342 94.14 1.46 1.40
Ammonia parkinsoniana 0.82 3.20 97.33 1.87 2.05
Haynesina depressula 0.69 2.67 100.00 1.06 1.08

at 161.25 m core depth. In the same sample, H has the max-
imum value (1.39), whereas the minimum (0) is recorded in
samples with only one species. In samples at 163.40, 163.65
and 163.95m core depth J has the value of 0, whereas it
reaches 0.67 at 161.25 m core depth.

Ostracoda are largely dominated by Cyprideis torosa
(87.59% on average). Other species are mainly repre-
sented by Xestoleberis dispar (6.34 %), Loxoconcha stellif-
era (2.99 %), and Pontocythere turbida (1.02 %).

The Q-mode cluster analysis performed on the ostra-
cod fauna reveals the presence of three groups of samples
(Fig. 2b) with significantly different faunal composition,
as confirmed by ANOSIM (R =0.9429, p =0.0001; Ta-
ble 2). The SIMPER analysis (Table 5) shows that more than
50 % of the difference between clusters is defined by noded
C. torosa (25.96 % of relative contribution), L. stellifera
(18.92 %), and X. dispar (18.14 %), followed by lower con-
tributions of Pontocythere turbida (10.03 %), un-noded C.
torosa (6.13 %), Leptocythere bacescoi (5.92 %), and Can-
dona sp. (5.82%). Cluster 1 is dominated by noded and
un-noded C. forosa. Relatively low numbers of Pseudocan-

www.j-micropalaeontol.net//37/203/2018/

dona sp. and Candona sp. are recorded only in this cluster
(specifically, within the upper samples at 160.75, 160.70, and
160.55 m core depth). Un-noded C. torosa dominates cluster
2, followed by very low frequencies of X. dispar and L. stel-
lifera recorded in scattered samples. Although cluster 3 is
still dominated by un-noded C. torosa, it includes high con-
centrations of several other species, such as X. dispar, L. stel-
lifera, P. turbida, L. bacescoi, and Basslerites berchoni (Ta-
ble 6). The results of ANOSIM performed on diversity in-
dices indicate highly significant differences (with p < 0.01)
in the ostracod assemblages between D, H, J, and crossed
indices (Table 2).

4.3 Stratigraphy and distribution of microfossil
assemblages

The lower stratigraphic portion of core 223 S12 is composed
of finely grained, alluvial deposits completely barren in mi-
crofossils with scattered layers of fine sand (Fig. 3; Amorosi
et al., 1999b). From 163.95 to 163.50 m core depth, ostracod
assemblage 1 occurs and includes very high proportions of

J. Micropalaeontology, 37, 203-230, 2018
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Figure 3. Stratigraphy and vertical distribution of benthic foraminifera and ostracoda in the studied interval of core 223 S12. Curves represent
the relative frequency of major benthic foraminiferal and ostracod taxa, FAl index, diversity indices, and the quantitative ratio between benthic

foraminifera and ostracoda (BF / O).

noded C. torosa, whereas benthic foraminifera are extremely
rare and include mainly small specimens of A. tepida—A.
parkinsoniana. Above this interval, benthic foraminifera be-
come abundant, represented by assemblage A, whereas os-
tracoda are characterized by assemblage 2, entirely com-
posed of un-noded specimens of C. torosa. A major shift in
lithology and in the composition of ostracod fauna occurs
at 163.30 m core depth, where clayey silt sediments are re-
placed by fine sands. This interval is characterized by os-
tracod assemblage 3, which is replaced by ostracod assem-
blage 2 at 162.60 m core depth. From 161.60 m core depth,
both fossil groups mark a change in faunal composition, as
benthic foraminifera shifts from assemblage A to assemblage
B and ostracoda from assemblage 2 to assemblage 3. Benthic
foraminifera of assemblage A and ostracoda of assemblage 2
are recorded again within the following stratigraphic interval,

J. Micropalaeontology, 37, 203—230, 2018

from 161.10 to 160.80 m core depth. Upward, clayey sedi-
ments include scattered individuals of A. fepida—A. parkin-
soniana, whereas ostracoda are abundant and represented by
assemblage 1. Above a thick peat layer at 160.50 m core
depth, clay and silts of alluvial plain (Amorosi et al., 1999b)
are barren in microfossils.

5 Discussion

5.1 Benthic foraminiferal assemblages

Both assemblages are dominated by euryhaline taxa, such
as A. parkinsoniana, A. tepida, and H. germanica, which
suggest the development of a brackish lagoon environment.
These taxa dominate lagoons, coastal lakes, and estuaries,
where salinity, oxygen, organic matter, and nutrients rapidly
change (Alve and Murray, 1994; Stouff et al., 1999). Specif-

www.j-micropalaeontol.net//37/203/2018/
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Table 4. Mean values of relative abundances of selected taxa, FAI,
and diversity indices for benthic foraminiferal assemblages identi-
fied using cluster analysis.

Benthic foraminifera

Assemblage A B
Ammonia parkinsoniana 18.68 24.83
Ammonia tepida 6.96 5.66
A. tepida—A. parkinsoniana morphotypes  27.81 45.94
Asterigerinata mamilla 0.36 0.00
Aubignyna perlucida 8.91 3.36
Cribroelphidium granosum 6.16 0.67
Cribroelphidium lidoense 0.09 0.13
Cribroelphidium oceanense 0.67 0.00
Cribroelphidium poeyanum 1.13 0.13
Elphidium advenum 1.58 0.58
Elphidium clavatum 1.54 0.00
Elphidium gerthi 0.23 0.00
Elphidium sp. 1 2.10 0.13
Elphidium sp. 2 0.09 0.09
Haynesina depressula 2.70 2.47
Haynesina germanica 12.66 14.32
Miliolidae 0.28 0.39
FAI 6.58 0.40
Dominance (D) 0.19 0.31
Shannon—-Weaver (H) 2.03 1.49
Pielou’s evenness (J) 0.71 0.57

ically, A. parkinsoniana is common in the northern Adri-
atic lagoons of Venice (Coccioni et al., 2009), Marano, and
Grado (Melis and Covelli, 2013) and also in the Goro la-
goon of the Po River delta (Fig. 1; Coccioni, 2000). Ammonia
tepida is a widespread species dominant in lagoons, estuar-
ies, and deltaic environments (Jorissen, 1988; Murray, 2006),
commonly recorded in central lagoonal assemblages of the
Mediterranean associated with H. germanica (Debenay et al.,
2000). The latter taxon prefers to feed on labile organic mat-
ter, such as diatoms, in contrast to A. fepida, which is able
to consume many food sources, including refractory material
(Goldstein and Corliss, 1994; de Nooijer et al., 2007).

The observed foraminiferal distribution is substantially
comparable with that present today in the Goro lagoon
(Fig. 1; Coccioni, 2000), a brackish-water area with an av-
erage depth of ca. 1.5m, showing remarkable local and
seasonal variations in physico-chemical parameters (salin-
ity: 11.7-31%o; temperature: 4.2-27.5°C; oxygen: 3.7—
12.4mgL~") of the bottom water. In this lagoon, the fre-
quencies of A. parkinsoniana, A. tepida, and related morpho-
types (from 16 to 84 % of total assemblage, average 52 %)
are not clearly linked with the sample position within the
lagoon. A similar pattern is also shown by other abundant
species, such as H. germanica and C. oceanense (listed as
C. gunteri in Coccioni, 2000). Similar to the assemblages of
core 223 S12, foraminifera with morphological abnormali-
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ties are common, but their presence in the Goro lagoon is
mainly attributed to heavy metal contamination; in the suc-
cession analysed, the distribution of these peculiar specimens
is the main factor for the distinction of two clusters, defining
assemblages A and B (Fig. 2a).

5.1.1 Stressed assemblage (assemblage A)

The concentration of abnormal individuals (FAI) is rela-
tively high (6.58 on average) and exceeds 1 in all samples
of the assemblage, which is considered the threshold value
between stressed and unstressed populations from literature
sources (Alve, 1991; Frontalini and Coccioni, 2008). Ben-
thic foraminifera exposed to extreme values of salinity, oxy-
gen deficiency, high concentrations of nutrients, or contam-
inants show frequencies of deformed tests always > 1 %,
whereas the occurrence of benthic foraminiferal abnormal-
ities under normal conditions is always lower (Stouff et al.,
1999; Le Cadre and Debenay, 2006). Therefore, the high FAI
recorded in the samples studied can be considered indicative
of palacoenvironmental stress, likely resulting from rapid os-
cillations in physico-chemical parameters such as salinity
and oxygen concentration at the bottom. This is in accor-
dance with other studies performed on benthic foraminiferal
assemblages that interpret the high occurrence of abnormal
specimens within transitional palaeoenvironments as a con-
sequence of reduced, fluctuating salinity (Bik, 1964; Wang
et al., 1985), oxygen depletion (Alve, 1991), or both (Geslin
et al., 2002). Nevertheless, the contribution of other adverse
ecological parameters could not be excluded since commu-
nities with high numbers of deformed tests generally result
from the interplay of multiple environmental factors (Scott
and Medioli, 1980; Boltovskoy et al., 1991).

Similar values of relatively low dominance (0.19 on av-
erage) and high diversity (H value of 2.03 on average)
recorded for this assemblage are reported from inner to outer
portions of Adriatic and Tyrrhenian brackish-water environ-
ments (Carboni et al., 2009; Melis and Covelli, 2013).

The distribution of H. germanica and A. tepida suggests
relatively high nutrient inputs, represented by labile and re-
fractory organic matter. Ample food availability (and pos-
sibly low oxygen concentration) is confirmed by the rela-
tively high frequencies of A. perlucida, C. granosum, and C.
poeyanum, which typically live in shallow marine environ-
ments with substrates enriched in organic matter and limited
oxygen deficiency (Jorissen, 1988). These Cribroelphidium
species are considered stressed and tolerant forms, in con-
trast to their unstressed counterparts represented by C. [i-
doense and C. decipiens, more abundant on substrates with
low organic matter content (Jorissen, 1988). In addition to
these taxa, a wide variety of Elphidium and Cribroelphidium
species are recorded almost exclusively within this assem-
blage and greatly contribute to the increase in interspecific
diversity. In detail, Cribroelphidium oceanense is a brackish-
water species, common in shallow Mediterranean lagoons

J. Micropalaeontology, 37, 203-230, 2018



214

G. Barbieri and S. C. Vaiani: Benthic foraminifera or Ostracoda?

Table 5. Similarity percentage (SIMPER) analysis for ostracod assemblages defined with Q-mode cluster analysis (Fig. 2b). Overall average

dissimilarity: 45.35.

Taxon Average Contribution Cumulative Cluster 1  Cluster 2  Cluster 3
dissimilarity (%) (%)
Noded C. torosa 13.41 25.96 25.96 2.08 0.23 0.06
Loxoconcha stellifera 9.77 18.92 44.87 0.00 0.35 1.81
Xestoleberis dispar 9.37 18.14 63.02 0.00 0.48 1.69
Pontocythere turbida 5.18 10.03 73.05 0.00 0.15 0.95
Un-noded C. forosa 3.17 6.13 79.18 2.09 2.48 2.28
Leptocythere bacescoi 3.06 5.92 85.10 0.00 0.00 0.59
Candona sp. 3.01 5.82 90.92 0.51 0.00 0.00
Basslerites berchoni 2.51 4.86 95.78 0.00 0.00 0.46
Xestoleberis decipiens 1.32 2.55 98.33 0.00 0.00 0.28
Pseudocandona sp. 0.86 1.67 100.00 0.16 0.00 0.00

Table 6. Mean ostracod assemblages’ parameters and relative fre-
quencies of major taxa.

Ostracoda
Assemblage 1 2 3
Noded C. rorosa 47.94 0.43 0.07
Un-noded C. torosa 49.66 98.05 65.15
Candona sp. 2.07 0.00 0.00
Pseudocandona sp. 0.33 0.00 0.00
Basslerites berchoni 0.00 0.00 0.78
Loxoconcha stellifera 0.00 0.80 8.59
Leptocythere bacescoi 0.00 0.00 1.17
Xestoleberis decipiens 0.00 0.00 0.86
Xestoleberis dispar 0.00 1.07  19.00
Pontocythere turbida 0.00 0.22 3.00
Semicytherura spp. 0.00 0.00 0.25
Dominance (D) 0.96 0.96 0.52
Shannon—Weaver (H) 0.09 0.11 1.00
Pielou’s evenness (J) 0.16 0.12 0.45

and coastal lakes (Debenay et al., 2000; Carboni et al., 2009;
Frontalini et al., 2009). This taxon is particularly abundant in
eutrophic areas characterized by high concentrations of nu-
trients and variations in salinity (Melis and Covelli, 2013).
Elphidium advenum lives in coastal areas and it is recorded
in low percentages in the Mediterranean lagoons (Albani and
Serandrei Barbero, 1990; Hohenegger et al., 1993). Elphid-
ium clavatum and E. gerthi are usually found in low-salinity
waters, such as estuaries, outer lagoons, and marginal marine
environments strongly influenced by fluvial inputs (Murray,
2006). Moreover, E. clavatum is an opportunistic species,
able to tolerate high sediment and nutrient inputs, also in
oxygen-depleted conditions (Linke and Lutze, 1993; Alve
and Murray, 1999).

Summarizing, the composition of foraminiferal assem-
blage A is indicative of a brackish lagoon with substantially
stressed conditions, possibly produced by strong variations
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in salinity and oxygen. This assemblage is considered to re-
flect a palaeoenvironment comparable with the recent Goro
lagoon, probably with higher organic matter and lower oxy-
gen concentration as revealed by the frequencies of species
indicative of these conditions (such as A. perlucida, C. gra-
nosum, C. poeyanum, and C. oceanense).

5.1.2 Unstressed assemblage (assemblage B)

This assemblage shows a significantly lower number of aber-
rant specimens (FAI values < 1); this concentration is in
agreement with the number of abnormal individuals naturally
present within benthic foraminifera populations, as revealed
by laboratory studies (Stouff et al., 1999). Compared with
assemblage A, it also includes a lower number of species
indicative of high nutrient inputs and low oxygenated bot-
tom water, such as selected Cribroelphidium, Elphidium, and
A. perlucida. The substantially lower concentrations of these
taxa, mainly replaced by morphotypes of A. tepida and A.
parkinsoniana, are responsible for the differences in faunal
composition and community structure between the two as-
semblages (specifically, higher D and lower H and J values
of assemblage B). Therefore, even if assemblage B shows a
lower H index, the absence of species related to eutrophic
conditions seems to be indicative of a less stressed environ-
ment in terms of oxygen conditions.

The palacoenvironmental interpretation of assemblage B
is substantially comparable with that of the previous one;
however, the low FAI values are indicative of unstressed con-
ditions in a relatively stable palacoenvironment, character-
ized by lower concentrations of organic matter and without
oxygen depletion at the bottom.

5.2 Ostracod assemblages

All ostracod assemblages are dominated by C. torosa, a
widespread, euryhaline taxon, commonly found in transi-
tional environments such as lagoons, estuaries, and inland
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ponds (Athersuch et al., 1989). It is an opportunistic species,
able to live from almost freshwater to hypersaline conditions,
irrespective of substratum type, vegetation cover, tempera-
ture, and oxygen concentration (Meisch, 2000). This species
is recorded with very high frequencies in the major northern
Adriatic lagoons of Italy, such as Venice, Marano, and Grado
(Montenegro and Pugliese, 1996; Ruiz et al., 2000). In ac-
cordance with benthic foraminifera, the ostracod fauna dom-
inated by C. rorosa reflects the development of a lagoonal
basin.

Despite the strong dominance of C. torosa in the analysed
succession, significant differences in composition and eco-
logical structure of ostracod assemblages could be related to
the faunal response to changing palaecoenvironmental condi-
tions. In comparison to benthic foraminifera, ostracod assem-
blages show more significant differences in the community
structure (Table 2), indicating that this group reacted with
sharp faunal changes to subtle palacoenvironmental varia-
tions not recorded by the other fossil group.

5.2.1 Inner lagoon assemblage (assemblage 1)

Cyprideis torosa presents two morphotypes with different or-
namentation of the valves, and both of them are recorded
within this assemblage: noded and un-noded. The formation
of nodes in C. torosa is related to salinity and concentra-
tion of Ca2™ in the water (Keyser and Aladin, 2004; Frenzel
et al., 2012). There is disagreement about the salinity lim-
its proposed for the presence of noded valves. Some authors
reported the occurrence of noded valves in waters with salin-
ity of < 14-15psu (Marco-Barba, 2010), but it seems that
nodes are formed mainly below the switching point of os-
motic regulation for C. forosa at ca. 8 psu (Aladin, 1993).
High frequencies of noded valves are reported for values of
salinity below 2 (Frenzel et al., 2010, 2012) or 5 psu (Marco-
Barba, 2010). Since ecophenotypes in C. forosa are likely de-
termined by multiple factors (Van Harten, 2000; Keyser and
Aladin, 2004), palacosalinity estimation based exclusively
on morphological variability in C. torosa should be carefully
used, but it is a useful proxy to detect palacoenvironmental
trends (Pint et al., 2012).

Pseudocandona and Candona are freshwater—-mesohaline
taxa found only within the uppermost samples, frequent in
European ponds and lakes (Meisch, 2000; Pieri et al., 2005).

The very high dominance (0.96 on average), paralleled by
the low H and J values (on average 0.09 and 0.16, respec-
tively) suggest restricted palacoenvironmental conditions.

The co-dominance of noded and un-noded C. torosa re-
flects deposition in a restricted, oligohaline environment, like
a low-salinity inner lagoon possibly with oxygen deficiency,
where only this opportunistic species is able to thrive. The
abundance of noded valves of C. torosa is indicative of oligo-
haline conditions (Frenzel et al., 2012). Un-noded C. forosa
associated with lower frequencies of noded valves is reported
from specific areas of the Venice Lagoon subject to high
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freshwater inputs from rivers and urban and industrial ac-
tivities (Ruiz et al., 2000). The presence of Candona and
Pseudocandona in the uppermost samples indicates a consis-
tent contribution of freshwater. Similar ostracod assemblages
composed mainly of C. forosa and freshwater species are re-
ported from a northern European oligohaline lagoon strongly
influenced by river inflows (Pint and Frenzel, 2017).

5.2.2 Central lagoon assemblage (assemblage 2)

Assemblage 2 is dominated by un-noded C. torosa, the most
widespread morphotype of this species in Mediterranean la-
goons. The observed concentrations of un-noded C. torosa
(>90 %) are similar to those recorded in the Venice La-
goon, where monospecific assemblages also occur (Ruiz et
al., 2000). Very low concentrations of brackish-marine taxa
such as X. dispar and L. stellifera are reported from the north-
ern Adriatic lagoons of Venice, Marano, and Grado and could
suggest slight influxes of normal saline water (Montenegro
and Pugliese, 1996; Ruiz et al., 2000). Ostracod assemblages
dominated by un-noded C. torosa are also reported from con-
fined lagoons of the Gulf of Lion characterized by extreme
euryhalinity (Salel et al., 2016).

The increasing H index in comparison to assemblage
1 can be related to a higher salinity. Dominance is still
very high (paralleled by low J index) and suggests variable
physico-chemical parameters.

Ostracod assemblage 2 is consistent with a central la-
goonal basin, possibly subject to salinity oscillations. The
dramatic decrease in noded C. forosa, replaced by the un-
noded morphotype and the absence of freshwater taxa, indi-
cates an increasing salinity.

5.2.3 Outer lagoon assemblage (assemblage 3)

The concentration of the euryhaline C. forosa decreases and
a great number of species appear. One of the most common
taxa is X. dispar, a phytal, polyhaline—euhaline species com-
monly recorded along the Italian coasts and in open lagoons
greatly influenced by seawater (Bonaduce et al., 1975; Bre-
man, 1975; Arbulla et al., 2004; Aiello et al., 2006). This
assemblage also includes relatively high percentages of L.
stellifera, a shallow-water species that lives from mesoha-
line to normal saline waters in lagoons, bays, and slightly
freshwater-influenced areas along the Adriatic coast, reach-
ing higher concentrations on vegetated substrates (Bona-
duce et al., 1975; Arbulla et al., 2004; Aiello et al., 2006).
Other species are less common but recorded almost exclu-
sively within assemblage 3. Among them, P. turbida typi-
cally lives in coastal environments; it is dominant along the
Italian shorelines of the Adriatic Sea and also near the flu-
vial mouths of the Po Delta (Colalongo, 1969; Bonaduce et
al., 1975). Leptocythere bacescoi is well distributed along
the Adriatic coast of Italy, reported also from the Limsky
Channel and Marano and Grado lagoons, from polyhaline to
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euhaline waters (Uffenorde, 1972; Breman, 1975; Montene-
gro and Pugliese, 1996). Other taxa such as X. decipiens, B.
berchoni, and Cytherois fischeri live in polyhaline—euhaline
shallow water environments with vegetated bottoms (Uf-
fenorde, 1972; Bonaduce et al., 1975; Arbulla et al., 2004).
Rare specimens of the brackish-water taxon Loxoconcha el-
liptica and some marine species of the genus Semicytherura
(Athersuch et al., 1989) are exclusively recorded within this
assemblage.

The maximum diversity (H index), evenness, and decrease
in dominance indicate more favourable palacoenvironmental
conditions for the ostracod fauna, in accordance with an in-
creasing salinity due to the influence of seawater.

The composition of this assemblage is considered to re-
flect a lagoon highly influenced by normal saline waters,
possibly an outer lagoonal area. Brackish-marine taxa char-
acterize this assemblage, and the great abundance of phytal
species indicates vegetation cover at the bottom. Ostracod
assemblages with high frequencies of C. torosa and Xestole-
beris are reported from the Venice Lagoon, behind the sand
barriers that divide the lagoon from the northern Adriatic
Sea (Ruiz et al., 2000), where macroalgae and low hydro-
dynamic conditions are present. Ostracod assemblages with
higher frequencies of marine taxa such as P. turbida and
Semicytherura spp. are recorded around the tidal inlets (Ruiz
et al., 2000) in areas greatly influenced by seawater.

5.3 Evolution of the palaeolagoon: the combined
approach of benthic foraminifera and ostracoda

Detailed micropalaeontological analyses performed on ben-
thic foraminifera and ostracoda allow an accurate charac-
terization of the stratigraphic interval. The two microfos-
sil groups provide distinct information, related to specific
palaeoenvironmental conditions. The main differences be-
tween the benthic foraminiferal assemblages are represented
by the FAI and the number of brackish-water species re-
lated to high concentrations of nutrients. Accordingly, two
assemblages have been defined: (i) a stressed assemblage,
formed mainly in response to salinity oscillations accom-
panied by high organic matter and low oxygen concentra-
tions at the bottom, and (ii) an unstressed assemblage that
suggests oxygenated conditions in a more stable palacoen-
vironment. Despite the overall lower number of species, os-
tracod assemblages show higher differences in the commu-
nity structure and include taxa with specific environmen-
tal tolerance ranges, indicative of distinct sub-environments.
In this case, the contribution of subordinate freshwater and
brackish-marine taxa allowed the definition of inner, central,
and outer lagoon assemblages that reflect a distinct salinity
gradient.

Above the basal alluvial plain deposits, the great abun-
dance of noded C. torosa (assemblage 1) marks the begin-
ning of transgression and the onset of a strong freshwater-
influenced inner lagoon, where abundant populations of cal-
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careous foraminifera cannot be developed mainly due to
the extremely low salinity. In these settings agglutinated
foraminifera are locally present (e.g. Debenay et al., 2000),
but these are not observed in this succession, probably for
the low preservation potential of their fragile tests. In this
respect, previous work on foraminiferal assemblages of sub-
surface successions of the Po Plain have shown the rare oc-
currence of agglutinated foraminifera of the inner lagoon, al-
most entirely represented by Trochammina inflata, and ob-
served uniquely in Holocene sediments of the upper 20 m of
cored successions (e.g. Amorosi et al., 2004; Fiorini, 2004).

Upward, the superposition of ostracod assemblages 2 and
3 indicates the passage to central and outer lagoon conditions
and an increasing salinity. The development of a marine-
influenced lagoon is consistent with the landward migration
of a back-barrier system driven by MIS 7 transgression, when
the sea level reached a maximum of —18 m below the present
sea level in the Adriatic area (Dutton et al., 2009). The high
occurrence of deformed benthic foraminifera provides evi-
dence for an extremely unstable environment in the palae-
olagoon, with thalassic conditions (FAI < 20 %; Pint et al.,
2017). The maximum FAI value recorded in the first sam-
ple including abundant benthic foraminifera (163.40 m core
depth) is indicative of very stressed conditions possibly re-
lated to oxygen depletion and salinity variations, considered
important environmental parameters that control the devel-
opment of test deformities in paralic environments (Geslin et
al., 2002). This is also consistent with the monospecific os-
tracod assemblages, represented by the highly opportunistic
taxon C. torosa. However, other disadvantageous palaeoen-
vironmental parameters could have contributed to the forma-
tion of the stressed foraminiferal assemblage.

A drastic reduction of marine-influenced ostracod species
(i.e. the onset of assemblage 2) from 162.60 to 161.60 m
core depth is indicative of lower salinity and higher con-
finement, likely related to a progradation of the lagoon dur-
ing a reduced rate of sea level rise. The recorded ostra-
cod assemblage with extremely high concentrations (> 90 %)
of un-noded C. forosa could be indicative of both brack-
ish and hypersaline conditions (Ruiz et al., 2000; Salel et
al., 2016; Pint and Frenzel, 2017) in the absence of SEM
analysis on sieve pores (Pint et al., 2017); however, the ben-
thic foraminiferal assemblages are consistent with a brackish
palaeoenvironment. In detail, hyperhaline environments de-
termine benthic foraminiferal assemblages with a very low
diversity, often represented by monospecific populations of
A. tepida (Almogi-Labin et al., 1992; Engel et al., 2012).
The relatively high diversity of benthic foraminifera within
this stratigraphic interval and the common occurrence of se-
lected taxa, such as H. germanica and E. clavatum, indicate
the presence of brackish waters. The high rate of deformed
tests can be related to unstable environmental parameters,
probably oscillations of salinity derived from freshwater in-
puts. Nevertheless, species related to bottom water enriched
in organic matter (A. perlucida, C. granosum, C. oceanense,
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E. clavatum) are still abundant and suggest that the palaeoe-
cological stress could even be provided by slightly reduced
oxygen concentrations. As a whole, ostracoda and benthic
foraminifera highlight an episode of more restricted condi-
tions in the lagoon, when the interplay between freshwater
and marine inputs created an unstable palacoenvironment.

A new phase of higher salinity, related to a higher influ-
ence of seawater, is recorded by ostracod assemblage 3 be-
tween 161.60 and 161.10m core depth. The lower propor-
tions of the opportunistic C. forosa, paralleled by the com-
mon occurrence of shallow marine ostracoda and the high-
est value of the ostracod’s Shannon and evenness indices
at 161.25m core depth, are inferred to indicate the maxi-
mum marine influence. Benthic foraminifera with a FAI < 1
(foraminiferal assemblage B) evidence a phase of relatively
stable palacoenvironmental conditions, recorded only within
this interval.

Upward, the presence of ostracod assemblage 2 with the
high dominance of un-noded C. torosa is considered to re-
flect a lower influence of seawater. At the same time, stressed
foraminiferal assemblages indicate unstable palacoenviron-
mental conditions likely related to low salinity, high organic
matter content, and low oxygen concentrations typical of the
innermost portion of Mediterranean coastal lagoons (Alves
Martins et al., 2016). In the following samples, a great faunal
turnover to oligohaline ostracod assemblages reveals relevant
freshwater inputs in a restricted environment, in proximity
to the innermost portion of the lagoon. Here, palacoenviron-
mental conditions exceeded the tolerance limit for calcare-
ous foraminifera, which disappeared. The relative regressive
trend culminates with the deposition of barren sediments of
an alluvial plain.

6 Benthic foraminifera or Ostracoda,
the conclusions

Quantitative palaeontological analyses performed on ben-
thic foraminifera and ostracoda from a relatively short strati-
graphic interval attributed to MIS 7 allowed a detailed
palaeoenvironmental reconstruction. Specifically, the quanti-
tative approach provided information about the environmen-
tal resolution potential for each group of fossils.

The combined application of benthic foraminifera and os-
tracoda indicates the development of a lagoon subject to mi-
nor environmental variations, in response to the interplay of
freshwater and marine water inputs. A general transgressive—
regressive trend is recorded by ostracod assemblages, with
the occurrence of a minor relatively regressive phase. Outer
lagoonal, unstressed conditions observed by ostracoda and
benthic foraminifera are related to the highest marine influ-
ence recorded in the succession.
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Both fossil groups contributed to the palaeoenvironmen-
tal reconstruction; however, the most accurate environmen-
tal resolution is commonly shown by the Ostracoda for their
(i) abundant occurrence, (ii) higher differences in the ecolog-
ical structure of assemblages, and (iii) distinct faunal com-
position in terms of species with precisely defined tolerance
ranges. Scarce or rare taxa greatly contribute to the palaeoen-
vironmental interpretation, even if assemblages are domi-
nated by opportunistic species. The same characteristics are
not accomplished by benthic foraminifera, which show more
similar assemblages in this succession. In spite of the higher
number of species, they are generally not related to distinc-
tive or quantitatively defined environmental ranges, produc-
ing a less precise palaecoenvironmental reconstruction. In ad-
dition, benthic foraminifera are not present in inner lagoon
deposits (probably for the low preservation potential of ag-
glutinated tests). However, when ostracod fauna is composed
almost entirely of un-noded C. torosa, the distinction be-
tween brackish or hyperhaline settings is provided by the
benthic foraminifera.

Benthic foraminiferal assemblages are mainly defined by
the abundance of specimens with morphological abnormali-
ties. High concentrations of deformed benthic foraminifera
are quite rare in fossil assemblages and are here consid-
ered to indicate stressed conditions, possibly produced by
oxygen depletion, fluctuation of salinity, and, eventually,
other factors that typically characterize transitional environ-
ments. Therefore, benthic foraminifera also give indications
of palacoenvironmental stress that are not clearly shown by
ostracod assemblages.

In conclusion, it is substantially intuitive that the quantita-
tive approach to both (or even multiple) fossil groups should
be preferred in palacoenvironmental studies. However, if
a choice is required between ostracoda and foraminifera
within lagoonal successions, we would prefer Ostracoda.
This group allows us to obtain more detailed palaeoen-
vironmental reconstructions with the recognition of sub-
environments not recorded by the benthic foraminifera. In
contrast, foraminifera provide relevant additional informa-
tion (i.e. environmental stability) and, locally, an unambigu-
ous interpretation of peculiar ostracod assemblages (i.e. en-
tirely represented by un-noded C. torosa).

Data availability. All the data analysed in this paper are available
in the tables provided within the paper or in the Supplement.
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Appendix A: Taxonomic descriptions of some
species of benthic foraminifera

Elphidiidae, Rotaliidae, and Nonionidae are some of the
most common families of benthic foraminifera reported from
modern and fossil coastal deposits, from arctic to tropical
areas (Murray, 2006). Due to the high morphological vari-
ability among individuals of each group, the specific attri-
bution of a taxon is sometimes difficult. Many studies were
performed with the aim of clarifying the classification of
these taxa from different geographical zones (e.g. Hansen
and Lykke-Andersen, 1976; Hayward et al., 1997).

The contribution of recent studies that combine molecu-
lar and morphological data (e.g. Holzmann and Pawlowski,
2000; Darling et al., 2016) is a valuable resource. Previously,
attribution of some taxa was controversial due to the uncer-
tainty around formae, subspecies, or species. The genetic
characterization of benthic foraminifera with similar mor-
phological features offers solutions for this problem.

Within the studied interval, the high morphological differ-
entiation of the above-mentioned groups led us to a detailed
taxonomic analysis, following the classification of Loeblich
and Tappan (1987). In the case of uncertain attribution be-
tween species, varieties, or formae, the contribution of ge-
netic studies on benthic foraminifera has been taken into con-
sideration, mainly for the taxonomy of selected Elphidiidae
(Darling et al., 2016).

Family Nonionidae Schultze, 1854

Subfamily Nonioninae Schultze, 1854

Genus Haynesina Banner and Culver, 1978

Haynesina depressula (Walker and Jacob, 1798)
Plate 1, figs. 17-18

1798 Nautilus depressulus Walker and Jacob:
p. 641, pl. 14, fig. 33

1976 Nonion depressulum (Walker and Jacob);
Hansen and Lykke-Andersen, p. 21, pl. 19, figs. 3—
6.

1978 Haynesina depressula (Walker and Jacob);
Banner and Culver, p. 200, pl. 10, figs. 1-8.

1984 Nonion depressulum (Walker and Jacob);
Sgarrella and Barra, p. 88, pl. 4, fig. 16.

1988 Nonion depressulum (Walker and Jacob);
Jorissen, p. 23, pl. 2, fig. 7.

1991 Haynesina depressula (Walker and Jacob);
Cimerman and Langer, p. 81 , pl. 83, figs. 1-4.

1993 Nonion depressulum (Walker and Jacob);
Sgarrella and Montcharmont-Zei, p. 238, pl. 24,
figs. 3—4.
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1997 Haynesina depressula depressula (Walker
and Jacob); Hayward et al., p. 98, pl. 19, figs. 4—
7.

2001 Nonion depressulum (Walker and Jacob);
Fiorini and Vaiani, p. 393, pl. 8, figs. 18-19.

2012 Haynesina depressula (Walker and Jacob);
Milker and Schmiedl, p. 112, fig. 25, 17-18.

2013 Haynesina depressula (Walker and Jacob);
Melis and Covelli, p. 449, pl. 1, fig. 25.

2016 Haynesina depressula (Walker and Jacob);
Darling et al., p. 9, fig. 3, S17.

Description and remarks: Test planispiral, involute, with
8—12 chambers in the last whorl. Rounded to lobate outline,
compressed profile, and rounded periphery. Inflated, slightly
depressed sutures that gently open near the umbilicus.
Relatively wide, star-shaped umbilical area covered by
papillae, which are also present in the innermost part of the
sutures, along the aperture, and at the base of apertural face.
The primary aperture is defined by a row of interiomarginal
rounded pores on the last chamber. The test is smooth.

Distribution: It is reported from infralittoral zones of
the Mediterranean Sea, in proximity to the river mouths
(Sgarrella and Barra, 1984; Jorissen, 1988; Sgarrella and
Montcharmont Zei, 1993). This species also occurs in
brackish-water environments such as lagoons and coastal
lakes (Carboni et al., 2009; Melis and Covelli, 2013).

It is considered not tolerant of heavy metal pollution, pre-
ferring clean and sandy substrates (Frontalini and Coccioni,
2008).

Haynesina germanica (Ehrenberg, 1840)
Plate 1, figs. 19-20

1840 Nonionina germanica Ehrenberg: p. 23, pl. 2,
fig. 1.

1976  Protoelphidium  anglicum
D’Onofrio et al., p. 273, pl. 19, figs. 1-7.

Murray;

1976 Nonion germanicum (Ehrenberg); Hansen
and Lykke-Andersen, p. 21, pl. 19, figs. 7-12.

1978 Haynesina germanica (Ehrenberg); Banner
and Culver, p. 191, pl. 5, figs. 1-8; pl. 9, figs. 1-
11, 15.

2000 Haynesina germanica (Ehrenberg); Coc-
cioni, p. 78, fig. 3, 22-23.

2013 Haynesina germanica (Ehrenberg); Melis
and Covelli, p. 449, pl. 1, fig. 28.

2016 Haynesina germanica (Ehrenberg); Darling
etal., p. 9, fig. 3, S16.
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Description and remarks: Test planispirally enrolled, invo-
lute, with 6-12 chambers in the last whorl. The outline is lob-
ulate, profile inflated with parallel sides, periphery broadly
rounded. Backward curved, slightly depressed sutures be-
coming more depressed and wide near the umbilical region.
Depressed umbilicus occupied by papillae. Umbilical area,
depressed sutures, and base of the apertural face ornamented
by papillae. A series of interiomarginal pores at the base of
the apertural face forms the aperture. Wall smooth.

Haynesina germanica could seem quite similar to H. de-
pressula; however, they differ for some morphological fea-
tures. In particular, H. depressula is laterally more com-
pressed (Plate 1, fig. 18) and has chambers that increase in
height more rapidly (Plate 1, fig. 17). Consequently, individ-
uals of H. depressula are flatter and more elongated com-
pared to the broader tests of H. germanica.

In our samples, H. germanica shows some morphological
abnormalities, such as abnormal additional chambers,
change in coiling or distorted chamber arrangement (Plate 2,
fig. 13), and twinned tests (Plate 2, fig. 18).

Distribution: This is one of the dominant species in
the inner and central portions of Mediterranean lagoons,
usually related to freshwater inputs and high-confinement
conditions (Debenay et al., 2000; Carboni et al., 2009). It
is very common in a wide range of Italian brackish-water
environments, including the Po Delta lagoons (D’Onofrio
et al., 1976; Coccioni, 2000). This species usually prefers
low-salinity waters, within organic-rich clayey bottoms
(Melis and Covelli, 2013).

Haynesina germanica is considered a tolerant species to
pollution since high percentages of abnormal individuals are
reported from lagoonal areas contaminated by heavy met-
als or urban wastes (Zampi and D’Onofrio, 1986; Coccioni,
2000).

Family Trichohyalidae Saidova, 1981
Genus Aubignyna Margerel, 1970

Aubignyna perlucida (Heron-Allen and Earland,
1913)

Plate 1, figs. 15-16

1913 Rotalia perlucida Heron-Allen and Earland:
p.- 139, pl. 13, figs. 7-9.

1988 Ammonia perlucida (Heron-Allen and Ear-
land); Jorissen, p. 51, pl. 2, figs. 11-12, pl. 11,
figs. 4-5.

1990 Valvulineria perlucida (Heron-Allen and
Earland); Albani and Serandrei Barbero, p. 312,
pl. 4, figs. 11-12.

2000 Ammonia perlucida (Heron-Allen and Ear-
land); Coccioni, p. 76, fig. 2, 26-28.
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2000 Aubignyna perlucida (Heron-Allen and Ear-
land); Murray et al., p. 61, pl. 1, figs. 1-14.

2008 Aubignyna perlucida (Heron-Allen and Ear-
land); Frontalini and Coccioni, p. 409, pl. 1, fig. 7.

Description and remarks: Test low trochospiral, spiral side
evolute, umbilical side involute with five to six chambers
in the final whorl. Lobate to slightly lobate outline, inflated
profile with broadly rounded periphery. Backward curved,
slightly depressed sutures, more depressed near the umbil-
ical area. Closed, depressed umbilicus. Fine papillae cover
the umbilical area and the basal part of the last chambers.
The aperture consists of a thin slit in interiomarginal posi-
tion, often covered by pustules. The test is smooth and finely
perforated.

Aberrant tests of A. perlucida are not commonly recorded
in our samples and include some individuals with distorted
coiling or twinned tests (Plate 2, fig. 17).

Distribution: Aubignyna perlucida is one of the most
common species in the northern Adriatic lagoons, reported
from Venice, Goro, Marano, and Grado lagoons (Albani
and Serandrei Barbero, 1990; Coccioni, 2000; Melis and
Covelli, 2013). It is also recoded south of the Po Delta,
where it reaches relatively high concentrations at shallow
depths (ca. 15-20 m) (Jorissen, 1988; Donnici and Serandrei
Barbero, 2002). This species lives in areas characterized by
high organic matter inputs and it shows a limited tolerance
for anoxic conditions (Jorissen, 1988).

The common occurrence of deformed specimens of A. per-
lucida within northern Adriatic polluted lagoons suggests
that this taxon is quite sensitive to environmental and an-
thropogenic stress (Coccioni et al., 2009; Melis and Covelli,
2013).

Family Rotaliidae Ehrenberg, 1839
Subfamily Ammoniinae Saidova, 1981

Genus Ammonia Briinnich, 1772

Ammonia parkinsoniana (d’ Orbigny, 1839)
Plate 1, figs. 1-4

1839 Rosalina parkinsoniana d’Orbigny: p. 99,
pl. 4, figs. 25-27.

1988 Ammonia parkinsoniana var. parkinsoniana
(d’Orbigny), morphotype 5; Jorissen, p. 46, pl. 9,
figs. 1-2.

1991 Ammonia parkinsoniana (d’Orbigny);
Cimerman and Langer, p. 76, pl. 87, figs. 7-9.

1993 Ammonia parkinsoniana (d’Orbigny); Sgar-
rella and Montcharmont-Zei, p. 228, pl. 20, figs. 4—
5.
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2000 Ammonia specimen/T9; Holzmann and
Pawlowsky, p. 89, pl. 1, fig. 5.

2001 Ammonia parkinsoniana (d’Orbigny); Fior-
ini and Vaiani, p. 384, pl. 6, figs. 14-15.

2008 Ammonia parkinsoniana (d’Orbigny);
Frontalini and Coccioni, p. 409, pl. 1, fig. 5.

2009 Ammonia parkinsoniana (d’Orbigny); Coc-
cioni et al., p. 261, pl. 1, fig. 2.

2012 Ammonia parkinsoniana (d’Orbigny); Milker
and Schmiedl, p. 119, fig. 27, 3-4.

Description and remarks: Test low trochospiral, spiral side
evolute, umbilical side involute with eight to nine cham-
bers in the final whorl. Circular outline, rounded periphery
and un-inflated chambers. Backward curved sutures, gener-
ally flush with the test but on the last chambers they can
be slightly depressed. The umbilicus is relatively closed and
provided with a prominent boss. Primary aperture is a thin
slit in interiomarginal position, at the base of the last cham-
ber from the umbilicus to the test periphery. Wall smooth.

Individuals with very large umbilical knobs can be linked
to the A. parkinsoniana sobrina type (Rotalia beccarii var.
sobrina Shupack, 1934) and are considered within the A.
parkinsoniana species here (e.g. Jorissen, 1988).

Deformed individuals of A. parkinsoniana are quite rare
in our samples and they mainly show abnormal protruding
chambers or non-developed tests (Plate 2, fig. 12).

Distribution: Ammonia parkinsoniana is one of the
most common species along the Italian coasts, dominating
the benthic foraminiferal assemblages from 10 to 20 m water
depth in the Adriatic Sea (Jorissen, 1988). It is also common
in Mediterranean lagoons and coastal lakes (Carboni et al.,
2009; Coccioni et al., 2009).

This species is considered less tolerant to environmental
pollution than its counterpart A. tepida, preferring clean and
less polluted areas (Frontalini and Coccioni, 2008). However,
abnormal specimens are still found with relatively low fre-
quencies in polluted brackish-water environments, which in-
dicates a certain tolerance for stressful conditions (Carboni
et al., 2009; Melis and Covelli, 2013).

Ammonia tepida (Cushman, 1926)
Plate 1, figs. 11-14

1926 Rotalia beccarii (Linné) var. tepida Cush-
man: p. 79, pl. 1.

1987 Ammonia beccarii tepida (Cushman); Joris-
sen, p. 38, pl. 2, fig. 8.

1988 Ammonia parkinsoniana (d’Orbigny) var.
tepida Cushman, morphotypes 1, 2, 3; Jorissen,
p. 46, pl. 7, figs. 1-4, pl. 10, fig. 1.

1991 Ammonia tepida (Cushman); Cimerman and
Langer, p. 76, pl. 87, figs. 10-12.
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1993 Ammonia beccarii var. tepida (Cushman);
Sgarrella and Montcharmont-Zei, p. 228, pl. 20,
figs. 5-6.

2000 Ammonia parkinsoniana (d’Orbigny) forma
tepida Cushman; Coccioni, p. 76, figs. 2, 1-3, 7-9,
16-18.

2001 Ammonia tepida (Cushman); Fiorini and Va-
iani, p. 384, pl. 6, figs. 7-8.

2004 Ammonia tepida (Cushman); Hayward et al.,
p- 256, pl. 2, fig. T; pl. 3, fig. T; pl. 4, fig. T.

2008 Ammonia tepida (Cushman); Frontalini and
Coccioni, p. 409, pl. 1, fig. 6.

2009 Ammonia tepida (Cushman); Coccioni et al.,
p. 261, pl. 1, fig. 1.

Description and remarks: Test low trochospiral, spiral side
evolute, six to eight chambers visible in the last whorl of the
involute umbilical side. The outline is lobate, with strongly
inflated chambers and a broadly rounded periphery. Slightly
backward curved sutures, slightly depressed and progres-
sively deeper toward the umbilicus. Open umbilicus without
knob. A thin slit in the interiomarginal position defines the
primary aperture. The test surface is smooth.

Deformities recorded in A. tepida are abnormal protruding
chambers, abnormal additional chambers, and twinned tests
(Plate 2, figs. 9-10).

Distribution: Ammonia tepida is a widespread, eury-
haline species that dominates in estuaries, lagoons, and
deltaic environments (Debenay et al., 2000; Murray, 2006).
In the Mediterranean area, it can be found from the inner-
most to the outer portion of lagoons and in the vicinity of
river mouths (Jorissen, 1988; Debenay et al., 2000). It is
recorded in highly fluvially influenced environments, as it
dominates in the innermost part of the Venice Lagoon (Al-
bani and Serandrei Barbero, 1990) and in the river channels
that flow into the Marano and Grado lagoons (Melis and
Covelli, 2013). Ammonia tepida is also common in the Po
Delta lagoons (D’Onofrio et al., 1976; Coccioni, 2000).
This species is known for its great tolerance of high lev-
els of organic matter, reduced or overwhelming salinity, and
environmental pollution; therefore, it is considered the most
tolerant species of a variety of environmental and anthro-
pogenic stresses (Yanko et al., 1994; Geslin et al., 1998;
Almogi-Labin et al., 1992; Frontalini and Coccioni, 2008).

Ammonia tepida—Ammonia parkinsoniana transi-
tional morphotypes

Plate 1, figs. 5-10
Description and remarks: Intermediate morphotypes
between A. tepida and A. parkinsoniana always occur in our

samples and they were classified within the “A. fepida—A.
parkinsoniana intermediate morphotypes” group. All of
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them present a low trochospiral test, evolute on the spiral
side, involute on the umbilical side, and backward curved
sutures. The aperture consists of a slit in interiomarginal
position and the wall is smooth. The discriminant characters
of transitional morphologies are provided here.

Morphotype A (Plate 1, figs. 9-10): six to eight chambers
in the final whorl, lobate outline, inflated chambers with a
boss in the umbilicus.

Morphotype B (Plate 1, figs. 7-8): 7-10 chambers
visible in the umbilical side, slightly lobate outline that
progressively become lobate at the end of the last whorl; a
small knob is often present in the umbilicus.

Morphotype C (Plate 1, figs. 5-6): 7-11 chambers in
the last whorl, rounded or very slightly lobate outline,
umbilicus without central knob.

Transitional individuals between A. tepida and A. parkin-
soniana are the most commonly deformed taxa in the anal-
ysed samples. They show several types of morphological
abnormalities of the tests, mainly abnormal protuberances
(Plate 2, fig. 11), abnormal additional chambers, distorted
chamber arrangement or change in coiling direction (Plate 2,
figs. 8, 11), twinned tests, and non-developed tests.

Family Elphidiidae Galloway, 1933
Subfamily Elphidiinae Galloway, 1933

Genus Cribroelphidium Cushman and Brénniman,
1948

Cribroelphidium granosum (d’Orbigny, 1846)
Plate 2, figs. 1-2

1826 Nonionina granosa d’Orbigny: p. 128
(nomen nudum).

1846 Nonionina granosa d’Orbigny: p. 110, pl. 5,
figs. 19-20.

1987 Elphidium granosum forma granosum
(d’Orbigny, 1846); Jorissen, p. 47, pl. 2, fig. 1.

1988 Elphidium granosum forma granosum
(d’Orbigny, 1846); Jorissen, p. 104, pl. 2, figs. 1—
2, pl. 16, figs. 1-5.

1993 Elphidium granosum (d’Orbigny, 1846);
Sgarrella and Montcharmont-Zei, p. 229, pl. 21,
figs. 1-2

2005 Elphidium granosum (d’Orbigny, 1846);
Rasmussen, p. 110, pl. 19, fig. 8.

2012 Elphidium granosum (d’Orbigny, 1846);
Milker and Schmiedl, p. 121, fig. 27, 17-18.

Description and remarks: Test planispiral, involute, with
six to eight chambers in the last whorl. Lobate or slightly
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lobate outline, convex profile with flattened sides, broadly
rounded periphery. The sutures are backward curved,
slightly depressed, and open towards the umbilical area.
Umbilicus slightly depressed covered by papillae. Primary
aperture at the base of the last chamber, formed by a row
of small openings. Test coarsely perforated, apertural face
imperforate. Pustules are present at the base of the last
chamber, near the aperture and in the whole umbilical area,
including the inner portion of the sutures.

Distribution: In the Mediterranean, this species is re-
ported from lagoonal to infralittoral environments and it is
abundant near the river mouths (Sgarrella and Barra, 1984;
Zampi and D’Onofrio, 1986; Sgarrella and Montcharmont
Zei, 1993). In the Adriatic Sea, it is common in a narrow
belt between 17.5 and 30 m water depth, on clayey bottoms
enriched in organic matter (Jorissen, 1988). It is one of the
most common species in the northern Adriatic and in the
adjacent Venice Lagoon, from the innermost to the outer
lagoonal areas (Albani and Serandrei Barbero, 1990).

Cribroelphidium lidoense (Cushman, 1936)
Plate 2, fig. 3

1936 Elphidium lidoense Cushman: p. 86, pl. 15,
fig. 6.

1976  Elphidium tuberculatum (d’Orbigny);
Hansen and Lykke-Andersen, p. 14, pl. 12,
figs. 1-4.

1987 Elphidium granosum forma lidoense Cush-
man; Jorissen, p. 38, pl. 2, fig. 3.

1988 Elphidium granosum forma lidoense Cush-
man; Jorissen, p. 105, pl. 17, figs. 1-5.

2013 Elphidium granosum forma lidoense Cush-
man; Melis and Covelli, p. 449, pl. 1, fig. 21.

2016 Elphidium lidoense Cushman; Darling et al.,
p. 10, fig. 3, S13.

Description and remarks: Test planispirally enrolled, invo-
lute, with 8—12 chambers in the last whorl. Rounded to mod-
erately lobate outline, convex profile with flattened sides,
periphery broadly rounded. Backward curved, slightly de-
pressed sutures. Slightly depressed umbilicus occupied by
distinct flat-topped knobs, surrounded by pustules. The pri-
mary aperture is formed by a series of rounded openings in
the interiomarginal position. The test is coarsely perforated,
except to the apertural face, which is imperforate. Papillae
are present in the umbilical region and at the base of the last
chamber.

Cribroelphidium granosum has often been confused with
C. lidoense, but they can be distinguished by a series of fea-
tures (Jorissen, 1988): (i) C. granosum has a lower number
of chambers (6-8) than C. lidoense (8—12); (ii) the umbilicus
of C. granosum is occupied only by pustules or, if any, very
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small knobs, whereas several prominent bosses are present in
C. lidoense; (iii) sutures that open towards the centre of the
test are typical of C. granosum, in contrast to thin sutures of
C. lidoense; and (iv) the test outline of C. granosum is usu-
ally more lobate than the rounded one of C. lidoense. Inter-
mediate morphotypes of these end-members are commonly
recorded in the Adriatic Sea (Jorissen, 1988).

Results of recent genetic studies (Darling et al., 2016)
performed on benthic foraminifera with a morphology com-
parable to C. lidoense reveal that this is a distinct species and
it was classified as Elphidium lidoense. However, genetic
sequencing of C. granosum was not performed; therefore,
a study on this species is needed to understand if it can be
regarded as a form or a separated species.

Distribution: This species is reported from infralittoral
and circalittoral zones of the Mediterranean (Blanc-Vernet,
1969) and it reaches high concentrations in the shallowest
part of the Adriatic Sea (Jorissen, 1988). It also occurs in
the outer lagoons, with low frequencies (Melis and Covelli,
2013).

Cribroelphidium oceanense (d’Orbigny in For-
nasini, 1904)

Plate 2, fig. 4

1826 Polystomella oceanensis d’Orbigny: p. 285
(nomen nudum).

1904 Polystomella oceanensis d’Orbigny; For-
nasini, p. 13, pl. 3, fig. 10.

1976 Elphidium gunteri Cole; Hansen and Lykke-
Andersen, p. 12, pl. 8, figs. 10-12, pl. 9, figs. 1-3.

1997 Elphidium gunteri Cole; Hayward et al.,
p. 80, pl. 11, figs. 13-15.

2000 Cribroelphidium gunteri (Cole); Coccioni,
p.78, fig. 3, 5-6.

2009 Cribroelphidium oceanensis (d’Orbigny);
Coccioni et al., p. 261, pl. 1, fig. 8.

2013 Elphidium gunteri (Cole); Melis and Covelli,
p- 449, pl. 1, fig. 24.

2016 Elphidium oceanense (d’Orbigny) Darling et
al., p. 8, fig. 3, S3.

Description and remarks: Test planispiral, involute, with
8—11 chambers in the final whorl. Outline slightly lobulate to
clearly lobulate, profile inflated, periphery broadly rounded.
The sutures are depressed, straight to backward curved. The
ponticuli are present, irregular in number, generally broad
and slightly raised from the sutures. The umbilicus is de-
pressed and provided by irregular flat-topped knobs. Sutures,
umbilical region, and the base of the apertural face are occu-
pied by papillae. The aperture consists of a series of rounded
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openings arranged in a single row at the base of the apertural
face. The wall is densely and coarsely perforated.

Cribroelphidium oceanense and Cribroelphidium gunteri
show similar morphological features, but the latter species
presents more chambers (about 14) in the last whorl. Speci-
mens recorded in the studied succession always show a low
number of chambers in the final whorl, consistent with the
attribution to C. oceanense.

Our individuals often have a low number of sutural
bridges, especially in the first chambers, where they may be
only partially developed. This species commonly presents
individuals affected by various types of deformation of
the test: abnormal protruding chambers (Plate 2, fig. 15),
distorted chambers, change in coiling direction, and also
complex forms (Plate 2, fig. 14).

Distribution: This species is very common in the Mediter-
ranean lagoons (Debenay et al., 2000). It occurs in the Venice
(Coccioni et al., 2009) and Santa Gilla lagoons (Frontalini
et al., 2009). It is recorded with relatively high abundances
from the Marano and Grado (Melis and Covelli, 2013),
Goro (Coccioni, 2000), and Orbetello lagoons (Zampi and
D’Onofrio, 1986), reported as Elphidium or Cribroelphidium
gunteri. It typically lives at shallow depths, thriving in the
organic-rich innermost and intertidal parts of the lagoons
and it is also present, with lower concentrations, in the outer
lagoons.

It characterizes oligotypic benthic foraminiferal assem-
blages in areas subject to high freshwater inputs and indus-
trial discharges (Frontalini et al., 2009). It also shows a great
tolerance for high concentrations of nutrients and heavy met-
als (Coccioni, 2000; Melis and Covelli, 2013).

Cribroelphidium poeyanum (d’Orbigny, 1839)
Plate 2, figs. 6-7

1839 Polystomella poeyana d’Orbigny: p. 55, pl. 8,
figs. 25-26.

1930 Elphidium poeyanum (d’Orbigny); Cushman,
p- 25, pl. 10, figs. 4-5.

1976 Elphidium kugleri (Cushmand and Bronni-
mann); Hansen and Lykke-Andersen, p. 12, pl. 9,
figs. 4-8.

1976 Elphidium poeyanum (d’Orbigny); Hansen
and Lykke-Andersen, p. 13, pl. 9, figs. 9-12, pl. 10,
figs. 1-5.

1983 Cribrononion sp.; Sgarrella et al., p. 92, pl. 3,
fig. 7.

1987 Elphidium poeyanum forma poeyanum
(d’Orbigny); Jorissen, p. 38, pl. 2, fig. 4.

1988 Elphidium poeyanum (d’Orbigny); Jorissen,
p- 116, pl. 2, fig. 4a-b, pl. 22, fig. 3a-b, pl. 23,
fig. 3.
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2001 Elphidium poeyanum (d’Orbigny); Fiorini
and Vaiani, p. 392, pl. 8, figs. 8-9.

Description and remarks: Test planispiral, involute, with
six to eight chambers in the last whorl. Outline slightly lob-
ulate to lobulate, profile slightly inflated, periphery broadly
rounded. Sutures slightly depressed, increasingly backward
curved in the last whorl. The ponticuli are short. The um-
bilical region can be depressed and it is covered by a flap-
like projection of the last chamber. A row of interiomarginal
openings at the base of the apertural face forms the primary
aperture. The test is smooth, finely perforated by small pores.
Ponticuli, flap projections on the umbilicus and apertural
face, are imperforate.

Cribroelphidium poeyanum differs from Cribroelphidium
decipiens (Costa, 1856) by the lower number of chambers
and the more lobate test, but the latter species is not present
in our samples.

Distribution: In the Adriatic Sea, C. poeyanum lives
in shallow areas influenced by the fluvial run-off, with
relatively high concentrations of organic matter, but it shows
only a little tolerance for oxygen deficiency (Jorissen, 1988).
This species is also recorded north of the Po Delta and in the
Venice Lagoon (Albani and Serandrei Barbero, 1990).

Genus Elphidium de Montfort, 1808

Elphidium advenum (Cushman, 1922)
Plate 1, fig. 21

1922 Polystomella advena Cushman: p. 56, pl. 9,
figs. 11, 12.

1930 Elphidium advenum (Cushman); Cushman,
p- 25, pl. 10, figs. 1-2.

1976 Elphidium advenum (Cushman); Hansen and
Lykke-Andersen, p. 7, pl. 2, figs. 10-11.

1988 Elphidium advenum (Cushman); Jorissen,
p- 22, pl. 2, figs. 9-10.

1990 Cribrononion advenum (Cushman); Albani
and Serandrei Barbero, p. 316, pl. 4, fig. 16.

1993 Elphidium advenum (Cushman); Hohenegger
etal., p. 81, pl. 1, fig. 9.

1993 Elphidium punctatum (Terquem); Sgarrella
and Montcharmont-Zei, p. 230, pl. 21, figs. 3—4.

2001 Elphidium advenum (Cushman); Fiorini and
Vaiani, p. 388, pl. 7, figs. 10, 12-13.

2005 Elphidium advenum (Cushman); Rasmussen,
p- 108, pl. 18, figs. 13-15.

2012 Elphidium advenum (Cushman); Milker and
Schmiedl, p. 119, fig. 27, 7-8.

2013 Elphidium gerthi van Voorthuysen; Melis and
Covelli, p. 449, pl. 1, fig. 22.
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Description and remarks: Planispiral, involute test with
10-14 chambers in the final whorl. Circular to very slightly
lobulate outline, slightly biconvex profile and acute, keeled
periphery. The sutures are slightly depressed and backward
curved. Sutural bridges are relatively numerous, raised from
the sutures, and flush with the chamber wall. The umbilicus
is occupied by a flat, circular boss. Chambers overlap near
the umbilical area. Small papillae are present along the
sutures, at the base of the apertural face, and within a small
collar rim near the last chambers. A series of rounded
openings in the apertural face defines the aperture. The wall
is smooth.

Distribution: This species is widespread in the Mediter-
ranean, reported especially from the infralittoral and cir-
calittoral zones (Blanc-Vernet, 1969; Milker and Schmiedl,
2012). Elphidium advenum is commonly recorded in the
Adriatic Sea and it is considered tolerant to low salinity
and pollution (Jorissen, 1988). It is also reported from the
Venice, Marano, and Grado lagoons and from the Gulf of
Trieste (Albani and Serandrei Barbero, 1990; Hohenegger
et al., 1993; Melis and Covelli, 2013). This species has also
been found near the inlets of the Fogliano and Lungo coastal
lakes, strongly related to sandy bottoms (Carboni et al.,
2009).

Elphidium clavatum (Cushman, 1930)
Plate 1, fig. 22

1930 Elphidium incertum var. clavatum Cushman:
p. 20, pl. 7, fig. 10.

1953 Elphidium clavatum Cushman; Loeblich and
Tappan, p. 98, pl. 19, figs. 8-10.

1982 Elphidium excavatum (Terquem) forma
clavata Cushman; Miller et al., p. 124, pl. 1,
figs. 5-6, pl. 3, figs. 3-8, pl. 4, figs. 2-6, pl. 4,
figs. 4-8.

1997 Elphidium excavatum clavatum Cushman;
Hayward et al., p. 76, pl. 8, figs. 14-17, pl. 9,
figs. 1-5.

2016 Elphidium clavatum Cushman; Darling et al.,
p. 9, fig. 3, S2.

Description and remarks: Test planispiral, involute, with 9
to 13 slightly inflated chambers in the last whorl. Rounded to
slightly lobulate outline, subacute profile. Slightly depressed,
moderately arched sutures that close before reaching the um-
bilicus, forming a ring-shaped area. The ponticuli are mod-
erately short. The umbilicus presents an elevated knob, sur-
rounded by an umbilical collar. Sutures and umbilical collar
can be ornamented by papillae. The aperture is formed by a
row of small circular openings at the base of the last chamber.
Wall thin and translucent.
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This species was originally considered by Cush-
man (1930) as a variety of E. incertum, then it was elevated
to species rank by Loeblich and Tappan (1953), but some au-
thors continued to consider it as a variety or a subspecies. Re-
cent genetic studies (Pillet et al., 2013; Darling et al., 2016)
revealed that the morphotype traditionally assigned to E. ex-
cavatum clavatum is a distinct species and therefore the tax-
onomic name Elphidium clavatum should be applied.

Only rare deformed specimens of this taxon have been
found in our samples, with distorted chambers (Plate 2,
fig. 16).

Distribution: This species is found from Arctic to temper-
ate shallow water environments, from normal to reduced
salinity waters (Miller and Lohmann, 1982; Darling et al.,
2016). It is also reported from brackish to marginal marine
environments of New Zealand, where it dominates benthic
foraminiferal assemblages of middle estuaries (Hayward et
al., 1997). Direct observations revealed that E. excavatum
is a motile species able to shift from infaunal to elevated
epifaunal in response to oxygen and nutrient concentrations;
therefore, it is considered highly adaptable to changing
environmental conditions (Linke and Lutze, 1993).

Elphidium gerthi van Voorthuysen, 1957
Plate 1, fig. 23

1957 Elphidium gerthi van Voorthuysen: p. 32,
pl. 23, fig. 12.

1976 Elphidium gerthi van Voorthuysen; Hansen
and Lykke-Andersen, p. 10, pl. 5, figs. 7-12.

1991 Elphidium gerthi van Voorthuysen; Cimer-
man and Langer, p. 78, pl. 91, figs. 1-2.

Description and remarks: Test planispiral, involute, with
10-12 chambers in the final whorl. Outline from moder-
ately rounded to slightly lobulate, test profile compressed and
acutely rounded periphery. Depressed, backward curved su-
tures. Sutural bridges are variable in number, slightly raised
from the sutures. The umbilicus is depressed and provided
with a prominent knob. Chambers are fused near the um-
bilical area, forming an almost complete ring-shaped area
around the umbilicus, which is interrupted by longer, dis-
tinct sutures of the last chambers. Pustules cover the sutures
and the depressed umbilical area around the knob. A row of
openings at the base of the last chamber form the aperture.
The wall has a smooth surface.

In our individuals, ponticuli are less evident in the last
chambers, where they are often covered by pustules.

Only one specimen with an aberrant chamber shape has
been found in our samples.

Distribution: Elphidium gerthi is reported from shal-

low, strong fluvially influenced waters of the Baltic Sea,
the British Channel, and the Gulf of Cadiz, usually related
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to sandy or vegetated bottoms (Murray, 2006; Mendes et
al., 2012). Hansen and Lykke-Andersen (1976) report the
presence of this species from the shallow Kattegat Sea.

Elphidium sp. 1
Plate 1, figs. 24-25

Test planispirally enrolled, involute, with 7-10 chambers
in the last whorl. Outline perfectly rounded to slightly lob-
ulate, profile compressed with acutely rounded and cari-
nate periphery. Backward curved and depressed sutures, usu-
ally quite deep especially among the last chambers. Sutural
bridges are evident, thick, and broad. Umbilicus slightly de-
pressed or flush with the chambers, without knobs. The pri-
mary aperture is formed by a series of openings at the base
of the apertural face. Abundant, evident pustules and pseudo-
spines cover sutures, ponticuli, border of chambers, umbili-
cal area, and the base of the apertural face. The central part of
the chambers is ornamented with slightly or well-developed
pustules, but it can be also smooth, especially in the last
chambers.

This species differs from Elphidium margaritaceum
(Cushman, 1930) by the more compressed profile, the lower
number of ponticuli and the coverage of pustules, which is
not complete in our individuals.

Only rare aberrant individuals attributed to this taxon,
mainly with a distorted chamber arrangement, are present in
our assemblages.

Elphidium sp. 2
Plate 1, figs. 26-27

Test planispiral, involute, with approximately 9—-10 cham-
bers in the last whorl. Rounded outline, profile biconvex with
flat sides, slightly rounded to acutely rounded periphery. Su-
tures backward curved, slightly or almost not depressed. A
few, short ponticuli that tend to disappear in the last cham-
bers. The umbilicus is slightly depressed. Small openings in
the interiomarginal position at the base of the apertural face
form the primary aperture, which is partially covered by pus-
tules or pseudo-spines. Papillae are also present on the su-
tures and on the umbilical area. The wall is generally smooth,
except for the area covered by pustules.

Subfamily Notorotaliinae Hornibrook, 1961

Genus Parrellina Thalmann, 1951

Parrellina verriculata (Brady, 1881)
Plate 2, fig. 5

1881 Polystomella verriculata Brady: p. 66.

1991 Elphidium sp. 5; Cimerman and Langer,
p. 80, pl. 91, figs. 8-10.

1993 Parrellina verriculata (Brady); Sgarrella and
Montcharmont Zei, p. 232, pl. 21, fig. 7.
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2012 Parrellina verriculata (Brady); Milker and
Schmiedl, p. 122, fig. 27, 27-28.

Description and remarks: Test planispiral, involute, with
eight to nine chambers in the final whorl. Rounded to slightly
lobulated outline, acute and carinate periphery. Sutures back-
ward curved, occupied by large ponticuli that form sub-
rectangular fossettes. Septal ridges and ponticuli are raised,
thick, and form a network on the test. The apertural face is
occupied by pustules. The aperture consists of a row of in-
teriomarginal rounded openings. Sutures and umbilicus are
ornamented with pustules.

www.j-micropalaeontol.net//37/203/2018/

Distribution: This species is recorded in the Mediterranean
Sea and reported from Posidonia prairies and the upper cir-
calittoral zone (Blanc-Vernet, 1969; Sgarrella and Montchar-
mont Zei, 1993).
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10. MODERN MEIOFAUNA OF THE LAGOON OF BELLOCCHIO

10.1 Introduction

Transitional environments represent sites of great interest due to their sensitivity to coastal
dynamics coupled with economic importance, since they host human activities since historical
times. They are subject to the influence of marine and freshwater, and characterized by strong
environmental gradients even at short spatial scales (Debenay and Guillou, 2002). In this context,
benthic foraminifera and ostracoda are considered valuable proxies for the environmental
characterization of transitional settings, as well as to detect the presence of natural and

anthropogenic pressure (Frontalini and Coccioni, 2011; Armynot du Chéatelet and Debenay, 2010).

The distribution of benthic foraminifera and ostracoda was investigated in a wide number of
transitional environments of the Mediterranean Sea (Ruiz et al., 2000, 2006; Carboni et al., 2009;
Melis and Covelli, 2013; Ferraro et al., 2016; El Kateb et al., 2018), with a specific emphasis on the
employment of benthic foraminifera as tracers of pollution (e.g., Frontalini et al., 2009, 2010).
Some studies were performed also on the coastal lagoons of the Po Plain, however they
exclusively treated benthic foraminifera and they mostly deal with the anthropogenic influence on
assemblages (Coccioni, 2000) or they include data with a low level of detail on sparse samples
(D’Onofrio et al., 1976). A model for the distribution of meiofauna in the coastal lagoons of the Po
Plain is currently lacking; moreover, the construction of a modern reference set would represent a
valuable tool for palaeoenvironmental reconstructions in the same study area (Horton and
Edwards, 2006).

This chapter shows some preliminary results about the distribution of ostracoda and living benthic
foraminifera in the coastal lagoon of Bellocchio. This site was selected because it is a protected
area which should be representative of natural conditions. Aims of the project include: i) the
definition of benthic foraminiferal biotopes and ostracod biofacies and their relationship with
environmental parameters; ii) the comparison between living and dead assemblages of benthic
foraminifera to understand the effect of taphonomic processes in this setting and remove the effect
of seasonal variations on benthic populations; iii) the construction of a modern reference set for the
late Quaternary transitional successions of the Po Plain. This project is a collaboration between
University of Bologna (Dr. Veronica Rossi and Giulia Barbieri), University of Urbino (Dr. Fabrizio
Frontalini), CNR (National Research Council) Pisa (Dr. Simone Da Prato), CNR Rome (Dr. llaria
Mazzini) and University of Lille for the geochemical characterization of the sediment and organic

material (Dr. Eric Armynot du Chételet).
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10.2 Study area

The study area is represented by a coastal lagoon

Porto Garibaldi

located south of the Po Delta and it is formally divided .
into “Sacca di Bellocchio I” (southern portion) and : ;
“Sacca di Bellocchio II” (northern portion). They are ‘ Lido di Spina
included within the complex named “Vene del ‘
Bellocchio”, a system of coastal wetlands and Lagoon ot
lagoons developed from the Reno River mouth to VRl cChioalidts ] 5o
Porto Garibaldi (Fig. 10.1). The study area represents
Reno river

the southern portion of the complex, it is bounded by

the Reno River towards the south and the Canale

Logonovo towards the north (Fig. 10.2). Its western

limit is connected with the Comacchio wetlands
through the artificial channel Canale Gobbino. The
lagoon is divided from the Adriatic Sea by a littoral
sand bar to the east. This area is a protected natural

reserve included in the Po Delta Regional Park.

The northern portion of the lagoon is permanently
inundated, with a maximum measured water depth of
ca. 50 cm, whereas perennial or seasonal-dry ponds
and creeks are developed south of the Gobbino
channel. Most of the water inputs are provided by the
Comacchio wetlands, which are artificially regulated
for aquaculture activities, as well as from channels
that drain the surrounding agricultural lands (Migani

et al., 2015). The connection to the sea is nowadays

obstructed due to the marked longshore current and

] ) Fig. 10.2 Variation of the coastline in the study area.
sediment overwash. Therefore, the only inputs of

saline water derive from saltwater intrusion (Perini and Calabrese, 2010).

The coast facing the lagoon of Bellocchio is one of the few traits of the Emilia-Romagna coast in
natural conditions and the first anthropic structure on the shoreline is the jetty of Porto Garibaldi,
ca. 5 km north of the study site (fig. 10.1). This coastal area underwent to a strong shoreline retreat
(Fig. 10.2; ca. 5-11 m/year), and the almost total loss of the humid areas of the Vene di Bellocchio
is forecasted for the year 2090 (Calabrese et al., 2010). The area suffers from severe

anthropogenic subsidence, with a rate of 4-7.5 mm/year, as well as natural subsidence (0.3
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mm/year; Preti et al., 2009). The sediment flux reaching the coastline is negligible due to the

anthropogenic alteration of the channels and inland areas.

10.3 Results

At the moment, | have determined living
benthic foraminifera and ostracoda within 16
samples out of the 64 surface samples that
form the database of the lagoon of Bellocchio.
Seven samples (15A-18A, 12B-14B) were
retrieved from the permanently submerged
portion of the lagoon, at ca. 20-40 cm water
depth, three samples from the washover fan
(15-17B), five samples from minor tidal
channels (12-14C, 16-17C) and one at the

border of the Gobbino channel in proximity of 28-29C_30G,,
V(oL
the closed inlet (18C; Fig. 10.3). The 26bisC,, ;‘\?)332CC

26Co

remaining 48 samples are divided among the

other institutions that take part into the project.

10.3.1 Benthic foraminifera

i H Permanently E— P
A total of 22 taxa were identified from the Sl Bmaroed s Main tidal creeks
analyzed samples, mostly represented by Channels © samples

. Washover fan
calcareous taxa (11 taxa), subordinately by v

porcelaneous (6 species) and agglutinated (5 Fig. 10.3 Distribution of samples collected from the lagoon of

. Bellocchio and main geomorphological features. Data
species) taxa (Table 10.1, Table 10.2). presented in this chapter refer to samples evidenced in red.

Samples of transects A and B from the northern portion of the lagoon are characterized by
relatively abundant Ammonia tepida (24.4-54.8%), associated to lower frequencies of Haynesina
germanica (9.0-33.2%) and Ammonia parkinsoniana (8.3-29.9%). A wide number of scarce to rare
taxa occur. Among calcareous taxa, Cribroelphidium spp. (likely juvenile individuals of
Cribroelphidium oceanense that will be determined with the help of SEM images) occur (up to
7.3%), associated to C. oceanense (up to 8.3%). Ammotium salsum is the most representative
species among agglutinated taxa (2.5-14.3%), associated to rare Trochammina inflata and
Ammobaculites foliaceus (<1%). Among Milioloidea, Quinqueloculina cf. seminula (up to 7%) and
Quinqueloculina laevigata (0.7-2.3%) are the most common species in this sector of the lagoon.
Samples recovered on the washover fan, at the sediment-water interface include few tests of living
A. tepida and H. germanica, as well as transported shallow marine taxa and reworked planktonic

and benthic foraminifera.
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On the southern portion of the study area, samples of transect C are dominated by H. germanica
(55.4-68.8%) with subordinate A. tepida (14.0-39.3%). Aubignyna perlucida locally reaches
frequencies of >11%, whereas other species such as Haynesina depressula, P. granosum, C.
oceanense are very rare (£2%). Among agglutinants, T. inflata is relatively more abundant (1.3-
2.6%) within samples from this portion of the lagoon, even though it is still rare. Milioloidea are very
scarce and mostly represented by Q. laevigata and Quinqueloculina cf. seminula. Samples of the
innermost portion of the tidal inlet, at very low water depth (1-2 cm) are almost barren in benthic

foraminifera.

10.3.2 Ostracoda

The ostracod fauna of the analyzed samples is low diversified and include a total of 10 taxa (Table
10. 3, Table 10. 4). Assemblages are strongly dominated by Cyprideis torosa (64.8-100%),
associated to lower abundances of Loxoconcha elliptica (up to 13%). Samples 16C, 17C and 18C
include low frequencies of freshwater species (llyocypris cf. monstrifica, Candona neglecta).
Specifically, sample 18C is the most diversified sample and includes a mixture of freshwater,
brackish water and marine taxa. Rare living ostracoda or single valves are recorded from sandy

sediments of the washover fan.

10.4 Interpretation

Benthic foraminifera and ostracoda of the lagoon of Bellocchio are dominated by species that
typically thrive in brackish water settings of the Mediterranean area, tolerant to fluctuating
environmental conditions. Among benthic foraminifera, A. tepida is an opportunistic species that
lives from deltaic environments to inner lagoons at the transition with river mouths (Murray, 2006;
Melis and Covelli, 2013; Jorissen et al.,, 2018). Ammonia parkinsoniana is considered less
opportunistic and it is common in the northern Adriatic lagoons (Coccioni, 2000; Coccioni et al.,
2009). Haynesina germanica is common in the Mediterranean lagoons with an intermediate degree
of confinement (Debenay and Guillou, 2002). The dominant ostracod C. torosa is an opportunist,
euryhaline, widespread species that thrives on a wide range of environmental settings (estuaries,
lagoons, coastal lakes, sabhka, etc.) irrespective of the physical and geochemical characteristics of
the substrate (Athersuch et al., 1989; Pint and Frenzel, 2017). Loxoconcha elliptica is a
oligohaline-polyhaline species common in the inner portion of the North Adriatic lagoons
(Montenegro and Pugliese, 1996; Ruiz et al, 2000).

The northern portion of the lagoon is characterized by scarce water circulation and salinity of ca.
30%o. from inland to seaward locations. Salinity is considered one of the most important controlling
factors on the distribution of benthic foraminifera and ostracoda in back-barrier environments (e.g.
Debenay and Guillou, 2002; Frenzel and Boomer, 2005). Nevertheless, the extremely scarce

freshwater inputs from inland sources and the permanent saltwater intrusion determine almost
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stable salinity levels in Bellocchio lagoon, as it was shown by in-situ measurements. Conversely,
the southern portion of the lagoon could be affected by salinity oscillations due to the evaporation
of water in seasonal dry ponds and creeks. Benthic foraminifera in the northern sector of the
lagoon are dominated by A. tepida, H. germanica, A. parkinsoniana and C. oceanense, which
suggest high food availability in terms of both labile and refractory organic matter, as similarly
recorded in other Mediterranean lagoons (Hohenegger et al.,, 1989; Melis and Covelli, 2013).
Ammotium salsum found on this part of the lagoon is typical of sub-tidal settings, suggesting that
substrates of this area are not subject to subaerial exposure (Scott and Medioli, 1980; Kemp et al.,
2009). Conversely, assemblages dominated by H. germanica are found in the southern portion of
the lagoon, characterized by seasonal dry ponds and creeks where the water depth is very
shallow. The abundance of this species is consistent with an intertidal environment subject to
strong oscillations of environmental parameters, since this taxon is abundant on intertidal areas
with high fluctuations of nutrients and salinity (Coccioni et al., 2009; Melis and Covelli, 2013). This
is confirmed by the higher numbers of T. inflata, typical of middle marsh settings (Kemp et al.,
2009).

On the other hand, ostracoda are less diversified and assemblages are dominated by C. torosa
and L. elliptica. Both species tolerate fluctuations in salinity and therefore are able to colonize the
whole lagoonal area, both the northern side with stable conditions, as well as southern sites along
the tidal creek where environmental parameters can fluctuate. Similar assemblages are found in
the innermost portions of the lagoons of Venice, Marano and Grado subject to strong oscillations of
salinity in proximity to river outlets (Montenegro and Pugliese, 1996; Ruiz et al., 2000). Freshwater
species in the southern sites 16C and 17C (along a minor tidal creek) and 18C (behind the sand
bar that obstructs the main inlet of the lagoon) can be transported from the inland humid areas by
the Gobbino channel, even though local lowered salinities cannot be excluded. Shallow marine
taxa within sample 18C are likely transported from the nearby marine environment due to
overwash processes. In fact, tests of marine ostracoda such as the euhaline Pontocythere turbida
or the polyhaline-euhaline Leptocythere ramosa are thick and locally abraded.The paucity of
meiofauna within washover sands suggests that these organisms are not able to colonize such

energetic environment.
10.5 Conclusions and future perspectives

Preliminary results about the composition of living benthic foraminiferal and ostracod fauna from

the lagoon of Bellocchio reveal that:

e Benthic foraminifera seem to be represented by two assemblages: one in the northern area

under stable environmental conditions (A. tepida, H. germanica, C. oceanense), the second
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in the southern portion of the lagoon subject to intertidal oscillations (H. germanica, A.

tepida, T. inflata).

e Ostracoda show a single assemblage, dominated by C. torosa with subordinate L. elliptica.
The presence of freshwater taxa along small tidal creeks suggests transport processes

from inland waters.

e Washover deposits include rare individuals of benthic foraminifera and ostracoda; among

ostracoda, transported shallow marine taxa are also recorded.

After the completion of the meiofaunal database, data about ostracoda and living benthic
foraminifera will be integrated with abiotic data (sediment grain-size and geochemistry) in order to
delineate a possible connection between the meiofauna and environmental parameters. Faunal
parameters such as density of living individuals and diversity indices will be calculated, since the
structure of the assemblage is considered a sensitive indicator of stressed conditions. The results
will be organized in a manuscript that will be submitted to a peer-review journal. Afterwards, the
construction of the modern reference set will be performed on dead benthic foraminiferal
assemblages and ostracoda on the sediment fraction >125 um to keep the data comparable to

fossil samples of the Po Plain sediment succession.
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10.6 Supplementary tables

LIVING BENTHIC FORAMINIFERA

Taxa/Sample 15A % 16A] % 17A % 18A] 128 13B 14B % 15B 16B
Trochammina inflata 2l 0.7% 0.0% 3 1o% < < 0.0%| & € 5
Ammobaculites foliaceus 0.0% 0.0% 1 0.3% 8 8 0.0%)| = § g E g
Ammotium salsum 12 4.0% 8 2.7% 44|  14.3% g % 8 2.5%| 8 2 ; :E Zg
Textularia earlandi 1  03% 0.0% 1  03% > > 0.0% -g S . s s
Ammonia tepida 166| 54.8% 107| 35.5% 75| 24.4%| 8 8 3 164 511%| & £ 3| £ 2
Ammonia parkinsoniana 25| 8.3% 28] 9.3% 26 150%| & 84| 8 96| 200%| < % 8 £ £
Aubignyna perlucida 1 03% 0.0% 1 03w £ 82 | & 0.0%| £ T 3| 2 £
Cribroelphidium oceanense 100 3.3% 25 83% 14  46% ;’ <§ < 1 0.3%| & 2 % 2 2
Cribroelphidium granosum 0.0% 0.0% 1 03%| s 2 28 0.0%| 2 £ gl = T
Cribroelphidium spp. 22 73% 34| 11.3% 6] 52% O =9 | =€ 3 oow| S E2| & s
Haynesina germanica 41] 135% 63 20.9% 102] 332%| 3 28| B¢ 20  9.0%| 8 S i E= £
Haynesina spp. 4 13% 1| 0.3% 0.0% 2g | 2 0.0%| § £ 5 3 3
Bolivina seminuda 0.0% 1 03% oom £ | 58| S 0o%l & &% E g
Quingueloculina costata 1 03% 1 03% 1 03% £ £° | 5 of 28w £ g5l ¢ $
Quingueloculina bosciana 0.0% 0.0% 0.0%| ‘g s 5 0.0% % § 4§ 2 L
Quinqueloculina laevigata 14  4.6% 11| 3.7% 1 0.3%| & 1] j2] 10 31%| < § ; ° °
Quinqueloculina cf. seminula 4 1.3% 14 4.7% 0.0% 8 8 0.0% E Z 2 i i
Miliolinella webbiana 0.0% 8 27% 1 03% 8 8 1 oaw| 8 25| @ @

pgs 2 | 2
TOTAL 303[ 100.0% 301] 100.0% 307 100.0% @ @ 321] 100.0%] =

Table 10.1 Total and percentage abundance of benthic foraminifera within analyzed samples of transects A and B
(northern portion of the lagoon). Samples with <300 tests include a qualitative description of the assemblage.

LIVING BENTHIC FORAMINIFERA
Taxa/Sample 12C 13C 14C 16C % 17C % 18C %
Trochammina inflata © 7 2.3% 8 2.6% 4 1.3%
Entzia macrescens '% 0.0% 0.0% 1 0.3%
Ammonia tepida IS 42| 14.0% 119 39.3% 61 19.6%
Ammonia parkinsoniana g’, 3 1.0% 0.0% 4 1.3%
Aubignyna perlucida T 12 4.0% 1 0.3% 37 11.9%
Cribroelphidium oceanense B 1 0.3% 0.0% 3 1.0%
Cribroelphidium granosum : 0.0% 1 0.3% 0.0%
Cribroelphidium lidoense -}i § @ 0.0% 1 0.3% 0.0%
Haynesina germanica £ g g 207| 68.8% 168| 55.4% 187| 60.1%
Haynesina depressula ?:m 0.0% 0.0% 5 1.6%
Haynesina spp. £ 0.0% 3 1.0% 0.0%
Quinqueloculina costata % 0.0% 0.0% 1 0.3%
Quinqueloculina laevigata 1%} 7 2.3% 2 0.7% 5 1.6%
Quingueloculina cf. seminula ﬂ 21 7.0% 0.0% 2 0.6%
Miliolinella elongata 2 1 0.3% 0.0% 1 0.3%
LL
TOTAL 301] 100.0% 303| 100.0% 311] 100.0%

Table 10.2 Total and percentage abundance of benthic foraminifera within analyzed samples of transect C (southern
portion of the lagoon). Samples with <300 tests include a qualitative description of the assemblage.
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OSTRACODA

Taxalsample 15A % 16A % 17A % 18A
RS
Cyprideis torosa 281 90.9% 277 88.8% 282 884%| & ¥
Loxoconcha elliptica 28 9.1% 35| 11.2% 37| 11.6% %E §
Leptocythere sp. 0.0% 0.0% 0.0%| & e S
23
TOTAL 309| 100.0% 312| 100.0% 319| 100.0%| € S
OSTRACODA
Taxa/sample 12B % 13B % 14B % 15B 16B 17B
Cyprideis torosa 420| 87.0% 284 91.0% 328| 97.3% g_i ©
Loxoconcha elliptica 63| 13.0% 26]  8.3% of 27%|S 58| © 3
Leptocythere sp. 0.0% 2 0.6% 0.0% (q))' %%‘ g g
S >
TOTAL 483| 100.0% 312| 100.0% 337 100.0%| &

Table 10. 3 Total and percentage abundance of ostracoda within analyzed samples of transects A and B (northern
portion of the lagoon). Samples with <300 valves include a qualitative description of the assemblage.

OSTRACODA
Taxa/Sample 12C % 13C % 14C % 16C % 17C % 18C %
llyocypris cf. monstrifica 0.0% 0.0% 0.0% 3 1.0% 2 0.5% 6 2.0%
Candona neglecta 0.0% 0.0% 0.0% 1 0.3% 0.0% 2 0.7%
Candona sp. 0.0% 0.0% 0.0% 0.0% 8 2.0% 49 16.3%
Cyprideis torosa 377 99.2% 547 98.2% 382 100.0% 277 92.0% 362 89.4% 195| 64.8%
Leptocythere spp. 0.0% 0.0% 0.0% 0.0% 1 0.2% 11 3.7%
Leptocythere ramosa 0.0% 0.0% 0.0% 0.0% 0.0% 4 1.3%
Loxoconcha elliptica 2 0.5% 10 1.8% 0.0% 19 6.3% 28 6.9% 28 9.3%
Loxoconcha stellifera 1 0.3% 0.0% 0.0% 0.0% 0.0% 0.0%
Loxoconcha sp. 0.0% 0.0% 0.0% 0.0% 0.0% 2 0.7%
Pontocythere turbida 0.0% 0.0% 0.0% 1 0.3% 4 1.0% 4 1.3%
TOTAL 380[ 100.0% 557 100.0% 382[ 100.0% 301 100.0% 405[ 100.0% 301 100.0%

Table 10. 4 Total and percentage abundance of ostracoda within analyzed samples of transect C (southern portion of the
lagoon). Samples with <300 valves include a qualitative description of the assemblage.
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11. CONCLUSIONS

The application of benthic foraminifera and ostracoda as proxies for present-day and past
environmental conditions is widespread from continental to deep-ocean settings. The Po Plain
represents a great laboratory for the study of late Quaternary microfossil assemblages, since the
high natural subsidence and the relatively low tectonic deformation allowed an exceptional
preservation of the deposits. Benthic foraminifera and ostracoda were applied in the last years with
the aim of determining the palaeoenvironmental evolution of the Po Plain in a sequence
stratigraphic perspective. Even though the geological history of the Po Plain in relationship with the
last climatic-eustatic cycles is well known, depositional dynamics at short-time scales under the
influence of autogenic processes are relatively unexplored, as well as those occurred at the
turnaround from different eustatic conditions. In these contexts, benthic foraminifera and ostracoda

would provide a valuable tool for the interpretation of the sedimentary record.

This project shows the importance of integrating benthic foraminifera and ostracoda in present-day
and fossil settings, focusing on the nature of (palaeo)ecological information provided by each
benthic group. To achieve this goal, my Ph.D. project focused on both present-day environments
and the late Quaternary sediment succession of the Po Plain, from shallow marine to transitional
(i.e., back-barrier) settings. Two study cases presented here represent modern analogs of the late
Quaternary depositional systems of the subsurface of the Po Plain, which were investigated in the
remaining four study cases. Multivariate analyses and statistical techniques represented a useful
instrument to assess the contribution of environmental drivers on modern assemblages and to

detect shift in meiofaunal compaosition within fossil successions.

1. The first study case (chapter 5) investigates and compares the zonation of benthic
foraminifera and ostracoda of the shallow (<40 m water depth) North Adriatic shelf, subject
to a strong river influence in a deltaic progradational context. Due to its vicinity to the Po
Plain, this can be considered the most reliable modern analogue for the late Quaternary
shallow marine succession. We show that the faunal turnover of each benthic group is
driven by distinct environmental parameters: organic matter for benthic foraminifera, grain
size for ostracoda and, secondary for both groups, bathymetry. The integration of the five
benthic foraminiferal biofacies and the seven ostracod biofacies allows the identification of
five depositional environments with a specific position with respect to the main source of
riverine material (i.e., the Po Delta). We identify three sectors of the North Adriatic Shelf
with a specific coastal to offshore sequence of depositional environments, that transposed
in the stratigraphic record would allow to obtain detailed palaeogeographical

reconstructions.

196



Results of the first study case were used as base for the interpretation of the shallow
marine succession of core EM13, recovered on the Po Delta plain (chapter 6). The record
of benthic foraminifera and ostracoda provides distinct lines of evidence for the
palaeoecological characterization of this succession, in relationship with the well-known
evolutive phases of the Po Delta. Preliminary results seem to indicate that benthic
foraminifera are a proxy for organic matter palaeofluxes and give indications about the
distance from a river mouth. The signal provided by ostracoda seems to be indicative of
amounts of sediment input in relationship with depositional processes (wave-dominated vs.

river-dominated settings).

In the third study case (chapter 7), the combination of sedimentological, geochemical and
palaeontological (benthic foraminifera, ostracoda, mollusks) proxies allow to define a three-
stage progradation model for the Holocene high-stand succession of the Po Plain. In this
context, benthic foraminifera and ostracoda represent useful proxies for the
palaeoecological characterization of fine- and coarse-grained deposits and identify
characteristic facies associations: a) bay-head delta and estuary in the uppermost TST
(7.7-7.0 cal. kyr BP); b) shallow marine environment subject to low river influence in the
lowermost HST (7.0-2.0 cal. kyr BP); c) prodelta subject to high sediment input and local
oxygen deficiency in the uppermost HST (2.0 cal. kyr BP- present).

Benthic foraminifera are tested as indicators of autogenic deltaic processes specifically
focusing on the uppermost HST in the fourth study case (chapter 8). Here, we show that
benthic foraminifera from expanded prodelta successions record short time-scale, local
palaeoenvironmental variations induced by autogenic deltaic processes and river floods.
Changes in riverine inputs, related to variations in sediment supply or mouth shifting, are

simultaneously marked by benthic foraminifera and sediment geochemistry.

The palaeoenvironmental resolution provided by benthic foraminifera and ostracoda is
tested in the fifth study case, where a Pleistocene back-barrier succession was investigated
(chapter 9). In this case as well, benthic foraminifera and ostracoda are related to distinct
palaeoecological conditions: the former indicates stressed/unstressed conditions, the latter
inner/central/outer lagoon conditions under different degrees of salinity. In a stratigraphic
perspective, ostracoda seem to be more useful in this case, because the succession of
assemblages clearly indicates a general transgressive-regressive trend with minor

fluctuations of salinity, likely related to minor regressive phases.

In the last study case (chapter 10), | present preliminary results about the meiofauna of the
lagoon of Bellocchio, a natural coastal lagoon that would represent a modern analog for the

late Holocene back-barrier successions of the Po Plain. Benthic foraminifera from the
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analyzed samples are gathered in two assemblages: in the northern sector of the lagoon,
brackish water species typical of nutrient-rich settings dominate; in the southern sector,
taxa of intertidal zones subject to environmental fluctuations are abundant. On the other
hand, ostracoda are dominated by opportunistic taxa tolerant to fluctuating salinity within all
study sites. The future correlation with environmental parameters will allow to test the
presence of specific environmental drivers on the benthic fauna of transitional environments
of the Po Plain.

In conclusion, this research tested the integrated application of benthic foraminifera and ostracoda
in different (palaeo)environmental settings and evidenced that each group provides a distinct
(palaeo)ecological signal. Therefore, it should be preferable to combine both for the
characterization of modern environments as well as fossil successions, especially on river-

influenced settings where it is difficult to detect variations of single environmental parameters.
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