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A total of ten cores were drilled to understand the relationship between the
palaeoenvironmental evolution of the southern margin of the Salpi lagoon (Tavoliere
coastal plain, Apulia, Italy) and the development of settlements on its shores during the
last part of the Holocene (Late Northgrippian to Late Meghalayan).
Micropalaeontological, palynological, and sedimentological analyses revealed local
and regional events, some of which have already been recognised in the northern part
of the coastal plain, close to the archaeological site of Coppa Nevigata. Facies and
micropalaeontological analyses show that the lagoon was partially connected to the
sea between 6.2 ka BP and 4.2 ka BP. Between 4.2 ka BP and 2.4 ka BP, the area
was characterised by marshes and swamps with restricted brackish lagoon conditions
and permanent freshwater input. After 2.4 ka BP, the continuous freshwater influx from
the Carapelle River determined the progradation of the floodplain and the closure of
the lagoon, with the formation of the two coastal lakes of Lago Salso (north) and Lago
Salpi (south). Pollen data show the expansion of halophytic herbs under local brackish
conditions during the Early Meghalayan and the exponential spread of dryland herbs
consistent with the closure of the basin. The emersion of the land during the Late
Meghalayan allowed the intensive exploitation of the area and the development of a
highly anthropogenic landscape. The development of the settlements of pre-Roman
Salpia Vetus , Roman Salapia , and Medieval Salpi was mainly determined by the
insalubrious condition of the surrounding marshes, due to the reduction in water depth
and oscillations in salinity.
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Abstract

total of ten cores were drilled to understand the relationship between the
palaeoenvironmental evolution of the southern margin of the Salpi lagoon (Tavoliere coastal
plain, Apulia, Italy) and the development of settlements on its shores during the last part of
the Holocene (Late Northgrippian to Late Meghalayan). Micropalaeontological,
palynological, and sedimentological analyses revealed local and regional events, some of
which have already been recognised in the northern part of the coastal plain, close to the
archaeological site of Coppa Nevigata. Facies and micropalaeontological analyses show that
the lagoon was partially connected to the sea between 6.2 ka BP and 4.2 ka BP. Between 4.2
ka BP and 2.4 ka BP, the area was characterised by marshes and swamps with restricted
brackish lagoon conditions and permanent freshwater input. After 2.4 ka BP, the continuous
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freshwater influx from the Carapelle River determined the progradation of the floodplain
and the closure of the lagoon, with the formation of the two coastal lakes of Lago Salso
(north) and Lago Salpi (south). Pollen data show the expansion of halophytic herbs under
local brackish conditions during the Early Meghalayan and the exponential spread of
dryland herbs consistent with the closure of the basin. The emersion of the land during the
Late Meghalayan allowed the intensive exploitation of the area and the development of a
highly anthropogenic landscape. The development of the settlements of pre-Roman Salpia
Vetus, Roman Salapia, and Medieval Salpi was mainly determined by the insalubrious
condition of the surrounding marshes, due to the reduction in water depth and oscillations

in salinity.
Keywords

Holocene; Tavoliere coastal plain; Palaeoenvironmental reconstruction; Pollen; Ostracoda;

Human impact
1. Introduction

Coastal areas are well-studied, unique, and dynamic systems located between marine and
continental environments, and highly dependent on sedimentary and erosive processes,
glacio-eustatic oscillations, and tectonic regimes (Lambeck et al., 2011; Ruello et al., 2017;
Corrado et al., 2020; Buffardi et al., 2021). The sedimentary sequences preserved within these
environments represent high-resolution physical archives and are considered-contexts of
primary interest in the Mediterranean region for the palaeoecological evolution of the Late
Quaternary and the complex interaction between anthropic and natural forcing mechanisms
(Sabatier et al., 2010; Ghilardi et al., 2013; Carmona et al., 2016; Cosentino et al., 2017; Natali
and Bianchini, 2018; Emmanouilidis et al., 2020; Lépez-Belzunce et al., 2020; Di Lorenzo et
al., 2021). With so many examples of natural contexts, as well as human strategies and
motives for inhabiting these coastal zones, their long-term evolution is neither obvious nor
assured. Therefore, reconstructing the palaeoenvironmental picture is crucial for writing the

history of these areas from prehistoric times to the present-day.

Indeed, the coastal wetlands of the Italian peninsula have been thoroughly studied through
multiproxy analyses (Mazzini et al., 1999; Amorosi et al., 2013; Sacchi et al., 2014; D’Orefice
et al., 2020; Pieruccini and Susini, 2020). In the Apulian region (Southern Italy), the most
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important is the wetland of the Tavoliere Plain, also known as the Salpi lagoon, an area
densely settled and exploited since the Early Neolithic (Whitehouse, 2014, and references
therein). Earlier studies by Delano Smith and Morrison (1974) and Delano Smith (1976) at
Palude Frattarolo and Lago Salso (Fig. 1), on the north-eastern edge of the coastal plain,
revealed the presence of wetlands during the 15t cent. CE, south of the ancient port of
Sipontum and separated from the open sea by a sandy barrier. Investigations continued
mainly in the northern part of the coastal plain, focusing on the area surrounding the
archaeological site of Coppa Nevigata, a settlement inhabited from the Early Neolithic to
the Iron Age (Caldara et al., 2003; 2004). Here, palaeoenvironmental analyses showed that
the wetlands at the periphery of the settlement underwent several rapid changes during the
Bronze and Iron Ages due to anthropogenic activities (Caldara and Simone, 2005; 2012). In
contrast, analyses within the lagoon basin showed a natural regressive trend of the wet

environment, gradually becoming dryland (Caldara and Simone, 2005; Di Rita et al., 2011).

However, there is little data available from the southern part of the coastal plain (Battista et
al., 1994; Caldara et al., 2002).

pi (Marin, 1973; De
Venuto et al., 2022). According to historical records, this sector of the coastal plain has been
inextricably linked to the Salpi lagoon. For instance, the historian Vitruvius writes about the
foundation of the Roman town of Salapia that the lagoon was transformed into a natural
harbour (de Arch. 1.4.12). From its inception, this body of water was considered crucial for
the economic development, connections, and coastal character. Later historical sources, such
as the Peutinger Table (Marin, 2018; Totten, 2022), have gestured towards the close links

between settlement on the lagoon and salt production.

In order to fill this gap, this paper presents for the first time the sedimentological,

palynological and micropalaeontological results of continuously drilled boreholes collected

within the area of the "Capitanata" at the southern margin of the coastal plain. Thisstudy
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2. Study area

The so-called "Capitanata" (Fig. 1) covers an area of 440.459 hectares. It lies within the
southern margin of the Tavoliere coastal plain, bordered on the north by the Gargano
Promontory (northern part of the Apulian foreland), on the west by the southern Apennines
chain (known as Subappennino Dauno), on the east by the Gulf of Manfredonia (Adriatic Sea),
and on the south by the Ofanto River watershed. Four major rivers flow into the Gulf of
Manfredonia, from north to south: the Candelaro River, the Cervaro River, the Carapelle
River, and the Ofanto River. The latter is the main watercourse of the area and the main
geomorphological control feature of the coastline dynamics (Simeoni, 1992; Caldara, 1996;

Spagnoli et al., 2008; De Santis et al., 2018).

Due to the abundance of water, the flat morphology, and the altitude, often below sea-level,
the area was routinely affected by seasonal flooding, resulting in unhealthy conditions for
the population. For these reasons, the area was the subject of an extensive infrastructural
land reclamation project which began in the 1920s and drained the wetlands through
embankments and direct channelling (e.g. Marana Castello, C.le Carapellotto, C.le Regina
and F.so della Pila, Fig. 1). Moreover, the Tavoliere coastal plain underwent various land-
tenure, agronomic, and hydraulic re-organisation phases, leading up to the agrarian reform
of 1951 and the consequent completion of a large-scale irrigation infrastructure, which is

still the main feature of the area (Ciccone, 1984; Russo, 1985).

The climate of the study area is semi-arid, with mean annual precipitation below 500
mm/year (Battista et al, 1993). The scarcity of humid air masses coming from the
surrounding mountains reduces seasonal variability and results in dry conditions in
summer. The natural vegetation of the coastal plain and the southern slopes of the Gargano
Promontory consists of steppic plants with patches of Mediterranean elements (Biscotti,
2001). Nonetheless, agricultural activities have shaped the landscape since prehistoric times
(Barker et al., 1987). In contrast, dense mixed forests of oak, beech, and conifer woods are

widespread on the headland (Biscotti, 2001).
2.1. Geological background

Structurally, the area belongs to the Bradanic foredeep, which opened at the beginning of

the Lower Pliocene and gradually filled throughout the Late Quaternary (Tropeano et al.,
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2002). At the same time, the area underwent phases of subsidence and discontinuous
tectonic uplift (Doglioni et al., 1994; 1996), with the onset at the end of the Early Pleistocene.
Thus, the vertical sedimentary succession shows a general polycycle transgressive-

regressive trend from marine to continental depositional environments.

The first sedimentary cycle occurred between the Middle Pliocene and the Early Pleistocene,
overlaying the Mesozoic limestones basement of the Apulian foreland, which forms a
system from west to east in the Gargano headland (Pieri et al., 1996; 1997). The transgressive
units belong to the "Bradanic cycle" (De Santis et al., 2010 and reference therein) and consist
of shallow-marine carbonate deposits passing conformably upward to silty-clayey

hemipelagic deposits (Fig. 1).

The second sedimentary cycle, unconformably overlaying the Plio-Pleistocene carbonate
deposits, occurred during the Middle Pleistocene and continued throughout the Holocene
due to the uplift of the Apulian foreland (Pieri et al., 1996; 1997; Patacca and Scandone, 2001;
Mastronuzzi and Sanso, 2002b) and the glacio-eustatic sea-level changes (Mastronuzzi et al.,
2011; Maselli and Trincardi, 2013; Maselli et al., 2014). These processes resulted in several
marine and continental terraces (De Santis et al., 2010), which are also recognised in many
areas of the Bradanic foredeep (Boenzi et al., 1991; Gallicchio et al., 2014; De Santis et al.,
2021). Thus, the sedimentary sequence, going unconformably from the oldest to the
youngest deposits according to their progressive elevation from sea-level, consists of
shallow marine and infralittoral sandy deposits, continental conglomerates deposits,
alluvial sandy-gravelly deposits, and recent and present-day alluvial plain deposits (De

Santis et al., 2010, Fig. 1).

During the Holocene, climate amelioration and sea-level rise (Dini et al., 2000; Primavera et
al., 2011; De Santis and Caldara, 2015; Vacchi et al., 2016; De Santis et al., 2020) resulted in
the formation of a lagoon within the coastal plain, dammed seaward by a system of coastal
dune belts (Caldara and Pennetta, 1993b; Mastronuzzi and Sanso, 2002a), which stretched
ca. 40 km at its maximum extension, from the foothill of the Gargano Promontory to the
delta of the Ofanto River (Caldara and Pennetta, 1990; 1992; Caldara et al., 2002). Whilst the
chronology for assessing the palaeo-lagoon is still uncertain, archaeological data suggest
that wetlands were most likely already present during the Early Neolithic (Di Rita et al.,

2011 and references therein). Since the Northgrippian (Walker et al., 2018), the coastal
5
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lagoon has undergone several changes, both in terms of dimension and environment
(Caldara and Pennetta, 1993a; Boenzi et al., 2001; 2006; Caldara et al., 2002; Di Rita, 2013),

up to the recent definitive land reclamation (Ciccone, 1984; Russo, 1985).
2.2. Archaeological background

The Tavoliere coastal plain, like many other areas of the northern coast of Apulia, has been
densely populated since the Neolithic period (6.5 ka-3.7 ka BCE, Hamilton and Whitehouse,
2021). The inhabitants practised agriculture and livestock breeding, and exploited the
locally available natural resources (Tafuri et al., 2014; Muntoni et al., 2022). Between the Late
and Final Neolithic (5t and early 4th millennium BCE), drier climatic conditions (Caldara
and Pennetta, 1993b; Boenzi et al., 2001; Fiorentino et al., 2013) are considered the main
reason for the sudden abandonment and massive depopulation of the coastal plain
(Whitehouse, 2014). In addition, this drought induced people living in the Tavoliere to adopt
a more pastoral type of farming (Whitehouse, 2014).

Re-colonisation of the coastal area most likely began during the Copper Age (4th-3rd
millennium BCE) and intensified during the Bronze Age (early 2"d millennium BCE - 12th
cent. BCE), when numerous sites have been-documented along the northern Adriatic coast
and at key inland locations (Cazzella et al., 2017). However, most of these settlements were
short-term small villages devoted to agro-pastoral activities or salt exploitation. In the
Tavoliere coastal plain, however, the most important archaeological evidence is the fortified
settlement of Coppa Nevigata, located south of the Gargano Promontory (Fig. 1). This
settlement was continuously inhabited until the Early Iron Age (18t-8th cent. BCE) and
practised craft and exchange activities (Cazzella et al., 2012), eventually shifting towards

agricultural production and subsistence strategies (Primavera et al., 2017).

During the Iron Age, archaeological and historical data (Goffredo, 2014 and references
therein) indicate that the Tavoliere coastal plain was intensively colonised by Daunian
settlements. These settlements developed over time into new central places, the most
important of those being Arpi (off-map), Cupola-Beccarini (Daunian Sipontum in the
tigures) and Salpia Vetus (Fig. 1, Marin, 1973). During the 5th-4th cent. BCE, these indigenous

settlements developed into proto-urban centres with strong, local, Hellenised aristocracies,
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whose wealth was based on land-tenure, breeding, production and trade of cereals

(Buglione et al., 2016).

According to the chronicles of Vitruvius, between the 3rd and 1st cent. BCE, the marshland
conditions surrounding the city of Salpia Vetus became insalubrious. As a result, the
population was forced to move away from the lagoon and founded a new urban centre
called Salapia, about 6 km from the abandoned Salpia Vetus and closer to the coastline (De
Venuto et al.,, 2022). Archaeological excavations carried out in different parts of the
settlement have highlighted the main frequentation sequences from the 1st cent. CE to the
8th cent. CE (De Venuto et al., 2022). Moreover, archaeological findings of pier-like structures
on the coast of Torre Pietra suggest that the settlement of Salapia was connected to the sea

(Volpe, 1990; Cocchi et al., 2012).

Over the 9t cent. CE (Early Middle Ages), the settlement of Salapia was largely abandoned,
although human occupation probably continued within the ruins of some sectors of the city.
The re-foundation of the settlement and its community was not completed until the 11th
cent. CE (Late Middle Ages), when Salpi (no longer Salapia) regained its status as a city
(Goffredo, 2021). The new medieval settlement was reorganised at a significantly higher
elevation than the surrounding countryside, and enclosed by a deep moat, probably served

for defensive and drainage purposes (Goffredo, 2021).
2.3. Palaeoenvironmental background

The diachronic palaeoenvironmental reconstruction of the wetlands in the Tavoliere coastal
was initially based on the study of some agricultural trenches and cores drilled in the
northern area for water research (Boenzi et al., 2001). During the Early Neolithic, the lagoon
was characterised by euryhaline and eurythermal molluscs living in brackish water or
muddy sands of sheltered zones. After 6.3 ka BP, the lagoon evolved into a sabkha (Caldara
and Pennetta, 1993b; Boenzi et al., 2001), a saline sand/mud flat area where evaporite
minerals (gypsum) accumulated under arid conditions are associated with desertification
processes. According to Caldara et al. (2004), this event led to the abandonment of coastal

settlements of the Tavoliere at the end of the Neolithic.

New systematic coring activities near the archaeological site of Coppa Nevigata (Caldara

and Simone, 2005; 2012; Caldara et al., 2004; Di Rita et al.,, 2011) provided detailed
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information on the evolution of wetlands and the surrounding vegetation in relation to the
human occupation of this portion of the coastal plain. A brackish lagoon
with Hydrobiidae spp. and Cerastoderma glaucum was identified between 3600 and 3090 BP,
followed by alternating terrestrial, wetland and salt marsh phases up to 370 £50 BP (Caldara
et al., 2004). As no evidence of sea-level fluctuations was found towards the middle of the
basin, such deposition of terrestrial/ marshy sediments was interpreted as aggradation of
the coastline due to human colonisation of the lagoon shore between the Neolithic and the
Iron Age (Caldara and Simone, 2005). Away from the settlement, a brackish wet
environment was established before 6340 BP with local changes caused by salinity
fluctuations leading to a progressive transformation of the semi-closed lagoon into a coastal

lake until 3230 BP (Di Rita et al., 2011).

After an erosive episode around 370 +50 BP, a seasonal freshwater marsh formed around
the end of the Middle Ages, which evolved into a terrestrial environment until the historical
reclamation. Locally, saltmarsh vegetation still existed towards the sea, whereas inland, a
deforested landscape consisting mainly of pastures and cultivated fields was widespread

(Caldara et al., 2004; Caroli and Caldara, 2007; Di Rita et al., 2011).
3. Materials and methods

Analyses were carried out on a total of 10 drilled boreholes (Fig. 2) obtained during two
coring campaigns in 2017 (cores labelled SAL, Tab. 1) and 2019 (cores labelled SAM, Tab. 1).
The location of the cores followed a geomorphological survey and mapping of the area, also
taking into account the two archaeological sites of Salpia Vetus and Salapia-Salpi. The first
two coring campaigns were performed using a drilling machine equipped with a hydraulic
piston, a 1 m-long cylindrical corer, and a 101 mm-diameter cutting shoe (max. depth of 16
m). For the 2019 coring campaign, a gasoline-powered percussion hammer was used (max.
depth of 9 m). Both drilling systems and sedimentological characteristics allowed for ca.
90% recovery of the whole sedimentary sequence. The cores were studied and sampled in

the laboratories of IGAG-CNR and INGV (Rome, Italy).

Calibrated AMS 14C ages were obtained from 21 selected charcoal, ostracod shells, and
organic sediments. Samples were processed by Beta Analytic Radiocarbon Dating (Miami,

USA), using pre-treatment of acid washes and acid-alkali-acid protocols for organic
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sediments and sonication in de-ionised water for shells. Calibrated dates were calculated
using the BetaCal4.20 protocol, based on the IntCal20 calibration curve database (Reimer et
al., 2020) and the high probability density range (Bronk Ramsey, 2009). Dating performed

on ostracod shells used Siani et al. (2000) as reference for the MARINE20 curve selection.

The sedimentary sequence was described following the facies analysis method (Miall, 1985;
2010), taking into account texture, colour, fabric and sedimentary structures, biological
remains and pedological features. Sediment colour has been determined with the Munsell

Soil Colour Charts under moist conditions.

SAM and SAL cores were sampled for a total of 200 micropaleontological samples. All

samples were processed following the standard procedure of drying, disaggregation in
diluted hydrogen peroxide solution (20%), washing in 1.25 mm and 0.63 mm mesh sieves
and drying in an oven at 50°C. Each dried and sieved sample was observed using a
stereomicroscope (X14-150) to identify ostracoda, charophytes, foraminifera (planktic and
benthic) and other biogenic remains I or the ostracod analysis, Ostracods Ecological Groups
(OEG) were used, following Mazzini et al. (2017). The OEG enables standardising species
by their ecological tolerance (SM: Shallow Marine, BM: Brackish to lagoonal Marine, EU:
Euryhaline and FLB: Freshwater to Low Brackish) and reduces to 4 quantitative variables

(% of each OEG) the biological information brought by the fossil assemblages of ostracods.

The grain size analysis has been performed in SAMY, on 15 samples, using a fraction of 30
g of dry sediment. Coarse fraction (>2 mm), sand (2 mm), silt (63 mm) and clays fraction

(<63 mm) were differentiated through weighing sieve residue.

Palynological analysis was conducted on 58 sediment samples collected from SAL2, SAL3,
and SAMO cores. For each sample, 1.70 to 2.70 g of dry sediment was chemically processed
for removal of detrital matter, following Feaegri and Iversen (1989) method, with the
alternating treatment of HCl (37%), HF (40%) and hot NaOH (10%). Following Stockmarr
(1971), tablets containing a known amount of Lycopodium spores were added to estimate
concentrations of pollen, spores, NPPs (Non-Pollen Palynomorphs) and microcharcoals.
The identification of pollen morphology is based on pollen atlases and taxonomic keys
(Feegri and Iversen, 1989; Moore et al., 1991; Reille, 1992; 1995; 1998; Beug, 2004) and

reference pollen collections. Quercus species are grouped as described by Smit (1973),
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whereas pollen grains of cereals have been distinguished within the Poaceae family
following Andersen (1979). Cichorieae corresponds to the only European tribe of Asteraceae
with fenestrate pollen grains belonging to the subfamily Cichorioideae (Florenzano et al.,
2015). The pollen percentages have been calculated on the basic pollen sum, which includes
all the terrestrial spermatophytes; percentages of macrophytes, ferns, green algae,
cyanobacteria, fungi, and Pseudoschizaea have been calculated as the sums of terrestrial
spermatophytes plus, in turn, each group of considered palynomorphs (Berglund and
Ralska-Jasiewiczowa, 1986). The concentration values have been calculated per weight unit
of dried sediment (pollen grains and NPP remains /g). The influx values have been obtained
from the concentration values based on the sedimentation rates inferred from the age-depth
model (grains/cm?2 year; Berglund and Ralska-Jasiewiczowa, 1986). Pollen influx (i.e., the
amount of pollen grains incorporated annually per unit of sediment) is an estimation of the
plant biomass. The pollen diagrams have been plotted against depths using the TILIA
program (Grimm, 1992). All Arboreal Pollen (AP) and Non-Arboreal Pollen (NAP) taxa with
values of the basic pollen sum higher than 2 % have been considered in the CONISS cluster
analysis, which supported the pollen zonation (Grimm, 1992). Charcoal particles have been
identified and counted from pollen slides in order to evaluate the fire impact on past
landscape. Following Sadori and Giardini (2007) and Whitlock (2010) the fragments have
been sorted in three dimensional classes, which represent regional fire (10-50 pm), fire
occurred at landscape/regional scale (50-125 pm), and local fire (>125 pm). Data are

presented as concentration values (charcoals/g).
4. Results
4.1. Chronology

The relative scarcity of datable material did not allow for obtaining a very consistent
chronological sequence for all available cores, except for the SAMO core (Tab. 2). In addition,
5 dates have been rejected due to chronological inversion or exceptionally ancient age, most
likely due to surface runoff processes. Available dates show a good chronological coherence,
with an interval spanning from the Late Northgrippian (6210-6001 cal BP, SAM9-724b, Tab.
2) to the Late Meghalayan (231-124 cal BP, SAL3_260, Tab. 2). It is worth noting that dates
obtained at the base of SAM9 (from SAM9_724a to SAM9_730b) also display a chronological

inversion. However, the short distance that elapses from one dating to another (approx. 6
10
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cm) and the smallness of the chronological gap make it possible to consider them all valid.
Moreover, the age-depth model is based on 3 AMS 14C ages as reported in Tab. 2. It is used
for all data from the SAMO9 core presented in this study

4.2. Facies Analysis

The description of the sedimentary facies observed in all cores allowed the identification of

main sedimentary facies associations grouped into Alluvial facies (AF), Swamp-Marshy
facies (SMF), and Lagoon-Brackish facies (LBF). Additionally, a series of cm-thick tephra
layers have been recognised in SAL1 and SAL3 cores. They consist mainly of grey (7.5YR
6/1) fine- and medium-grained ash with common pyroclastic material made of irregular
pumice fragments. However, the tephra layers resulted in being altered and weathered to
varying degrees, making them unsuitable for chemical and microprobe analysis (Giaccio, B.

personal comment).
4.2.1. Alluvial facies (AF)

AF1 - this facies consists of greyish brown (10YR 5/2) to brown (10YR 4/3) silts with fine-
grained sands (Fig. 3abc). Locally, scarce fine gravels and occasional subangular cm-sized
pebbles are present. The facies is massive and occasionally interbedded with few cm-thick
(3-5 cm on average) fine-grained sand layers. The colour variation is due to the varying
proportion of sands and silts. Fine rootlets are occasionally present, although neither
organic matter nor charred material have been observed. Common redox Fe-Mn mm-sized
nodules (0.2 mm on average), rare mottles, and abundant secondary carbonate precipitation
in mm- to cm-sized (0.3 mm to 1.5 cm on average) nodules are present. Stratigraphy
boundaries are mainly sharp and clear. The sedimentary features and architectural elements
are consistent with distal partially- to well-drained or partially flooded floodplains under
low-energy conditions, although the presence of gravel and pebbles indicates short-term
high-energy events. The interbedded thin sandy layers suggest the occurrence of sand
sheets or sand splays due to the nearby presence of channels. The presence of rootlets and
the development of secondary carbonate and redox features point to weakly pedogenetic
post-depositional modification, thus indicating rapid episodes of sub-aerial exposure under

well-drained conditions.
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AF2 - this facies consists of alternating cm-thick brown-greyish brown (7.5YR 4/3 to 10YR
5/2) to dark yellowish-brown (10YR 4/4) massive silty-sand facies with fine gravel and rare
pebbles and dark brown (10YR 3/3) moderately laminated silty-clayey facies (Fig. 3b).
Locally, the sandy to silty facies show fining- upward trend with sharp lower boundaries,
locally erosive where the pebbles and gravels are present. Scarce redox Fe-Mn mm-sized
nodules (0.2 mm on average) and common secondary carbonate precipitation in mm-sized
(0.5 mm on average) nodules are also present. Locally, the sand bodies are red-coloured
(2.5YR 7/3 to 2.5YR 5/6). Although no organic matter has been observed, scattered mm-
sized (0.1 mm on average) charcoal fragments are present. The overall facies association
reflects a channel-related deposit. The alternation between silty-sands and silty-clays facies
is consistent with rhythmical depositional sub-environments related to natural levees. The
gradual channel filling, with decreasing bedload energy, is attested by the fining-upward
trends from gravel to sandy-silt to silty-clayey, whilst bodies with erosive lower boundaries
are most probably related to channel migrations or crevasse channels within which the
bedload was conveyed. Pedogenic features testify to a short-term subaerial exposure
determined by the topographically elevated areas formed by the natural levees and crevasse
splays.

AF3 - this facies is made of brown (7.5YR 4/3) coarse-grained sand with common fine- to
coarse gravel and pebbles (Fig. 3c), the latter with smooth surfaces. The facies shows a local
fining-upward trend, where pebbles are found above erosive lower boundaries. Locally, the
succession is capped by 1 cm- thick dark brown (7.5YR 3/3) clayey-silt layers, with sharp or
transitional boundaries when located at the top of the succession. The overall sedimentary
features are typical features of fluvial-channel deposits. The sharp boundaries between
sands and silty layers likely indicate an abrupt abandonment of the channel, whereas the

gradual transitions may reflect a gradual filling of the channel.
4.2.2. Swamp - Marshy facies (SMF)

SMF1 - this facies consists of dark greenish-grey (5GY 4/1) to dark grey (7.5YR 4/1) massive
clay and silty-clay, with local occurrence of cm-thick greyish brown (10YR 5/2) massive fine
sand beds with abundant unidentifiable fine shell fragments at the base (Fig. 3d). Occasional
mm-sized charcoal or charred fragments are also found. Concentrations of organic matter

with very fine rootlets infrequently occur in a few cm-thick peaty layers with gradual lower
12



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

388

389

390

391

392

boundaries and clear upper boundaries, along with local reddish-yellow (7.5YR 6/8)
mottles of Fe-Mn oxides. The overall facies indicates a very low-energy depositional
environment consistent with swampy-marshy areas such as ponds or coastal lakes that were
occasionally subjected to rapid sub-aerial processes, as indicated by Fe-Mn oxides mottles.
The sporadic presence of organic matter and thin peaty layers suggests these as mostly non-
vegetated or occasionally weakly vegetated environments, whilst sandy layers reflect

occasional short high-energy ingression of river floods from adjacent fluvial channels.
4.2.3. Lagoon - Brackish facies (LBF)

LBF1 - this facies consists of monotonous greenish-grey (5GY 6/1) massive clay (Fig. 3e)
with scattered rare marine shell fragments of Cerastoderma. Lower and upper boundaries
are mostly gradual. The homogeneous sedimentary features and the overall absence of
architectural elements suggest deposition from suspension under low-energy conditions.
The light grey colour is possibly related to the almost absence of organic matter, whilst the
presence of marine shell fragments is indicative of reworking by storms within shallow to

deep lagoon or brackish environments partially connected to the open sea.

LBF2 - this facies consists of very dark grey (10YR 3/1) to very dark brown (10YR 2/2)
massive silts with clay and very scarce sand, with abundant enrichment of fibrous organic
matter, charred or poorly decomposed plant fragments (Fig. 3e). The distinctive
sedimentological features indicate for this facies association a low-energy depositional
setting, rich in wood vegetation, in which organic material was able to accumulate due to
the decreasing energy. The overall facies is consistent with a marginal-shallow and well-

vegetated lagoonal environment.

4.3. Micropalaeontological analyses

i i . Although ostracods were the most abundant group,
dominating the total microfauna, their occurrence is scattered in SAL1 and SAL2 cores and
in the SAM cores. SAL3 was totally barren. In general, all the ostracod species observed in
the cores are referable to the OEGs euryhaline and freshwater to low brackish, whereas the
marine component lacks completely. In SAL1 and SAL2, in the AF1, AF2 and AF3 facies,

only the OEG freshwater occurs, with species typical of springs or waters connected to
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springs (Cypria ophtalmica, Ilyocypris bradyi, Herpetocypris brevicaudata, Prionocypris zenkeri).
In SAM1, SAM5, SAM6, SAM7 and SAMS, in the SMF1 facies, Candona gr. neglecta,
Pseudocandona gr. marchica and Limnocythere inopinata occur, all species tolerating a wide
range of environmental conditions. Characeae gyrogonites are also present in some samples,
indicating relatively shallow depths and clear waters. The foraminifera observed were

mosi|y displaced or reworked from older sediments.

In SAMY, ostracods are abundant and occur within the whole cored sedimentary sequence.
A total of Z ostracod species were identified: Cyprideis torosa, Candona gr. neglecta,
Heterocypris salina, Ilyocypris bradyi, Eucypris virens, Limnocythere inopinata, Cypridopsis vidua.
C. torosa only occurs with smooth shells. The densities of the identified ostracod species for
each sample are shown in Fig. 4, together with the occurrence of the two foraminifera
species Ammonia tepida and Haynesina germanica, diatoms, Characeae, fish remains and
ephippia Daphnia-type. Through the correlation of all these proxies, four different zones

were identified:

MZ1 (730-613cm; 5348-4198 BP) - the lowermost part of the core is characterised by the
occurrence of Cerastoderma cockles, abundant Cyprideis torosa, and scattered occurrence of
Cypridopsis vidua and charophyte gyrogonites. Ammonia tepida and Haynesina germanica are

alternately represented.

MZz2 (590 -480cm; 3970-3115 BP) - 1. bradyi and E. virens become the dominant species,
followed by C. torosa and C. vidua. A. tepida and H. germanica are poorly represented except

in the uppermost samples.

MZ3 (465-259 cm; 3075-2489 BP) - this is the most diversified interval, where all ostracod
species are represented with frequencies lowering towards the top. Charophyte gyrogonites

are abundant, and diatoms also occur. Ephippia Daphnia-type is observed only in the

uppermost samples. At around 350 cm, A. tepida and H. germanica disappear.

MZ4 (239-52 cm; 2286-446 BP) - the uppermost zone is characterised by low ostracod
frequencies (L. inopinata, E. virens and scarce C. torosa) and few reworked and displaced

foraminifera. Fish remains (pharyngeal teeth of Cyprinids) are abundant.
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4.4. Pollen analysis

Due to the scarcity and bad preservation of pollen grains in SAL2 and SAL3 cores, only
results from the 26 samples of SAM9 core are described. The mean pollen count per sample
is 253. A total of 76 terrestrial pollen taxa have been identified, including 33 arboreal, 43
herbaceous plants plus 13 taxa of water plants and NPPs. AP prevails only in the lowermost
two levels, up to 58 % of the total pollen sum. Pollen concentrations range from 1232 (at 196
cm - 1870 BP) to 59,193 (at 700 cm - 5050 BP) pollen grains/g. The percentage and

concentration values of selected taxa are shown in Fig. 5 and Fig. 6.

Four pollen assemblage zones (PAZ) are described from bottom to top. Pollen zonation is

based on CONISS cluster analysis and visual inspection.
4.41.PAZ 1 (720-619 cm; 5250-4260 BP)

At the bottom of the sequence AP values decrease from 58% to 26%. The total pollen
concentration reduces from 59,193 to 10,995 pollen grains/g. Quercus robur type (max. 20%)
and Quercus cerris type (max. 6 %) in association with Ostrya/Carpinus orientalis (max. 7%)
prevail between mesophilous taxa. Mediterranean vegetation is mainly dominated
by Juniperus (max. 12%) and Quercus ilex type (max. 8%). Alnus (max. 8%) well represents
riverine trees. Among herbs, Poaceae (max. 23%) and Amaranthaceae (max. 35%) prevail
with an opposite trend of decrease (former) and increase (latter). Cereals pollen is poorly
but significantly present (max. 2%) and is accompanied by pollen of Plantago undiff. (max.
4%), P. lanceolata type (max. 3%), Urtica (max. 5%). Charcoal concentrations of the 10-50 um

dimensional class vary from 10,321 to 202 charcoals/g.
4.4.2.PAZ 2 (602-452 cm; 4090-3040 BP)

AP (max. 22%) progressively decreases, with a minimum of 2 % at 452 cm. All the arboreal
taxa, apart from Abies (max. 1 %) strongly reduce. Olea is absent, whereas Juglans (max. 1%)
appears in this zone at ca. 3210 years BP. Herbs are predominant and almost exclusively
dominated by Amaranthaceae (max. 90%), as also evidenced by concentration values where
the peak of Amaranthaceae (40,425 charcoals/g) correspond to the increase of total pollen
concentration at ca. 3040 BP. A special mention is due to Urtica (max. 8%), increasing
through the zone. The highest peak of charcoal concentration (19,815 charcoals/g) is
recorded at ca. 3210 BP when the >125 um dimensional class is attested. The
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overrepresentation of local halophilous non arboreal vegetation probably emphasizes the

forest opening.
4.43. PAZ 3 (400-269 cm; 2900-2550 BP)

The pollen zone shows important differences and is characterised by a low amount of AP
(max. 30%). The total pollen concentration is still dominated by herbs (Amaranthaceae:
19,090 pollen grains/g at ca. 2740 BP). First a mesophilous vegetation, with Quercus
robur type (max. 8%), Quercus cerris type (max. 4%), Ostrya/Carpinus orientalis (max. 3%),
Carpinus betulus and Fraxinus excelsior type (max. 1% and 3%, respectively) is present and
accompanied by ferns; then, freshwater riverine vegetation expands, first with a peak of
Typha angustifolia type (max. 22%) and Potamogeton (max. 3%), then with riparian trees such
as Alnus (max. 11%) and Populus (max. 1%). Worthy of mention is the presence of green

algae (i.e. Zygnemataceae, max. 4% and Botryococcus, max. 3%) in the uppermost part of the

zone when the record shows
a significant peak of Juniperus (max. 19%). Apart from Amaranthaceae (max. 74%), which
continue to dominate all over this zone, Cyperaceae (max. 15%) and Liliaceae (max. 4%) are
the main NAP taxa. At the same time, herbs from dry environments, such as Asteroideae
(max. 10%), start to expand. Moreover, a two-folded expansion of Gloeotrichia, a
Cyanobacteria genus, is recorded at ca. 2740 BP both in percentage (max 30 %) and
concentration (12,666 NPP remains/g) values. Concentration values of charcoals are low

(max. 1369 charcoals/g).
444 PAZ 4 (250-54 cm; 2400-470 BP)

AP oscillates from 0% to 23% in this uppermost pollen zone. Mediterranean taxa from
shrublands increase (i.e. Ephedra, max. 6%; Pistacia, max. 5%; Ericaceae, max.
1%). Olea (max. 4%) also expands in this zone, seeming to correlate with the increase
of Juglans (max. 2%). Cichorieae (max. 72%) from dry and pastured environments suddenly
substitute Amaranthaceae (max. 14%) as predominant herbs and increase exponentially in
this zone as clearly attested by concentration values (12,237 pollen grains/g in the
uppermost level). The Hordeum group (max. 8%) increases among cereals,
Avena/Triticum (max. 1%) and Secale (max. 1%) show their first appearance in the record.

Weedy herbs are represented by Centaurea (max. 2%) whilst Apiaceae (max. 5%) and
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Brassicaceae (max. 13%) also increase. The highest values of ferns (i.e. monolete spores, max.
14% and trilete spores, max. 6%), green algae (i.e. Zygnemataceae, max. 11%
and Botryococcus, max. 7 %), fungi (i.e. Glomus, max. 7%), and Pseudoschizaea (max. 8%) of the
record are found. A significant peak of charcoal concentration (8369 charcoals/g) is attested

at ca. 1460 BP when all the dimensional classes are represented.
5. Palaeoenvironmental reconstruction

The stratigraphic data from the new drilled cores of the "Capitanata" show the interplay
between coarse-grained alluvial facies and silty-sandy swamp/marshy facies in controlling
the evolution of the southern margin of the Salpi lagoon (Fig. 7), whilst lagoonal facies are
only observed at the bottom of the sedimentary sequence of the SAM9 core (Fig. 7). On the
one hand, one of the most striking features of the sedimentary sequence of the cores is the
poor chronological resolution due to the average coarse grain size (silty sands to coarse
sands), the general lack of organic matter, and the poor preservation of pollen grains. On
the other hand, the sedimentary sequence of the SAM9 core has resulted in a reliable age-
depth model, based on a set of consistent 14C dates. Thus, facies analysis, coupled with
micropalaeontological and pollen data, indicates that the coastal lagoon in the area of the
"Capitanata" gradually shifted from a transitional marine-brackish environment into a more
sheltered environment, influenced by freshwater inputs, leading to the complete emersion
due to the alluvial plain progradation. This regressive sequence is commonly recorded in
many Mediterranean coastal plains (Lakhdar et al., 2004; Sacchi et al., 2014; Carmona et al.,

2016; Lopez-Belzunce et al., 2020).
5.1. Late Northgrippian (5.2 ka-4.2 ka BP)

Between ca. 6.2 ka and 3.1 ka cal BP, sedimentary facies from the SAM9 core indicate that
the southern portion of coastal plain was occupied by a semi-open coastal lagoon that was
partially connected to the sea. The dominance of the euryhaline species C. torosa, which has
a wide tolerance to hydrological changes such as temperature and salinity, confirms the
occurrence of a lagoonal environment, whilst the occurrence of the foraminifera A.
tepida and H. germanica points to an aquatic environment characterised by fluctuating
temperatures and food sources (Fig. 8, Lintner et al., 2020). The lack of chronology for the
inner areas of the coastal plain (cores SAL1, SAL2 and SAM1) prevents further hypotheses.
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However, the presence of four tephra layers within the floodplain environments in the SAL1
core (Fig. 7), although too altered to be identified, could be ascribed between the fallout
phase of the Plinian 3.7 ka BP Avellino eruption of Vesuvius and the AP3 phreato-Plinian
2.8 ka BP Somma-Vesuvius eruption (Andronico and Cioni, 2002; Calanchi and Dinelli,
2008; Santacroce et al., 2008), as also demonstrated by Caldara and Simone (2005) in the
Tavoliere coastal plain. If such is the case, these tephra layers could be considered as
a terminus ante-quem for the progradation of floodplain environments in the innermost area
of the coastal plain. In fact, considering the stratigraphic depth at which the lagoonal
environments are observed, Fig. 7 clearly shows that the innermost part of the coastal area
was already deactivated and characterised by floodplain environments (SAL1 core) and
marshlands (cores SAL2 and SAM1). The emergence of these environments was likely the
result of the distribution of the sedimentary load from the former palaeodrainage of the
Carapelle River prior to the anthropic drainage regulation, which bypassed the threshold of
the Upper Pleistocene alluvial deposit (Fig. 9a).

The dominance of alluvial environments is also observed in cores SAM4 and SAL3 (Fig. 7),
collected close to the archaeological site of Salapia-Salpi and at the top of the Upper
Pleistocene alluvial deposits. Thus, these cores confirm that this part of the coastal plain was
already stable and not affected by lagoonal or marshland environments during the

Holocene.

The vegetation of the lagoon also testifies to the widespread presence of freshwater
elements. In fact, among the riparian trees, Alnus (alder) shows high values from the
sequence bottom to ca. 4200 cal BP. Poaceae pollen could refer to Phragmites (reeds),
although this family also includes grasses of dry meadows, whose distribution in the
surrounding drylands is evidenced by pollen of Plantago lanceolata type (ribwort plantain,
Fig. 6). Other species of Plantago are halophytes, associated with brackish environments, as
attested today in the Apulian region (Marchiori et al., 1998). However, from 4.8 ka BP the
pollen concentrations drop, whilst halophytic herbs (Amaranthaceae) exponentially
expanded (Fig. 8). The growth of saltmarsh vegetation indicates an increase in salinity,

possibly related to the progressive shallowing of waters and closure of the lagoon.

At around 5 ka cal BP and 4.1 ka cal BP (Fig. 5), the palynological record shows two peaks

of pollen of the pioneer shrubs Juniperus (juniper), indicating the formation of sand barriers
18
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seaward. This differs from the circumstances in the Lago Salso, in which an increase of
Juniperus is only evident at ~4 ka BP (Di Rita et al., 2011). Thus, this evidence confirms the
northward progradation of the dune coastal barriers and the progressive closure of the
southern portion of the lagoon, in contrast to the picture painted by Caldara and Simone
(2005) and Di Rita et al. (2011) in the northern sector, who report that the lagoon was open
to the sea (Hydrobiidae spp. and Cerastoderma lagoon) between 6.3 ka and 3.2 ka cal BP. The
overall evidence is consistent with the marine direction of sediment transport reconstructed
by De Santis and Caldara (2015) and De Santis et al. (2020) before the Holocene climatic
transition (5.5 ka-4.5 ka cal BP). The anticyclonic gyre is also responsible for the distribution
of Ofanto River sediments toward north and northwest and into the central area of the Gulf
of Manfredonia (Spagnoli et al., 2008). The gradual development of sand barriers favoured
the progressive isolation of the brackish water body with consequent silting and
evaporation if freshwater inputs do not overprint the RSL signal. This led to considerable
shallowing and silting of the semi-enclosed lagoons compared to the open lagoons. The
depth of these lagoons seldom exceeds a few decimetres (Ruiz et al., 2006). In the
micropalaeontological assemblage of the SAM9 core, this corresponds to the first clear
inputs of freshwater fauna (I. bradyi and E. virens) and the first disappearance of foraminifera

(Figs. 4, 8).

Arboreal pollen of mesophilous taxa possibly refers to a relict plain forest, growing in the
coastal humid area and dominated by oaks tolerant of wet soils (Quercus robur L.). A
deciduous oak forest associated with thermophilous elements, such as Quercus
ilex (evergreen oak), Ostrya carpinifolia and / or Carpinus orientalis (hornbeams), and Fraxinus
ornus (manna ash), also covered the study area up to the slopes of the southern Apennines,
bordering the "Capitanata" to the west. The co-occurrence of deciduous trees with thermo-
xerophilous species from different bioclimatic zones is typical of the Apulian woodlands
(Russo and Strizzi, 2013). Moreover, evergreen oaks could have been part of the xerophilous
vegetation, such as  the  Mediterranean maquis formations  of Quercus, Olea
(olive), Pistacia (pistachio), and Ericaceae (heather). These vegetation types characterised
the Apulia region (Lago Battaglia - Caroli and Caldara, 2007; Lago Salso - Di Rita et al., 2011;
Lago Alimini Piccolo - Di Rita and Magri, 2009), as well as other contemporary coastal areas

in Sicily (Noti et al., 2009; Tinner et al., 2009) and along the Tyrrhenian coast (Di Donato et
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al., 2008; Sadori et al., 2010; Bellotti et al., 2016; Russo Ermolli et al., 2018; Sadori et al., 2016;
Di Rita et al., 2018a; 2018b; Vignola et al., 2022). Among mountain taxa recognised in the
SAM9 core (Fig. 5), Fagus (beech) sparse pollen grains are likely from the Gargano
Promontory, where this broadleaved tree forms a dense forest below its common altitudinal

belt (Hoffmann, 1961).

Of note is also the sparse presence of Abies (fir) pollen from ca. 5 ka cal BP to 3.1 ka cal BP.
The silver fir (A. alba Mill.) is tolerant to dry conditions and is still recorded in the mountains
of the Calabria region (South Italy) and even along the Tyrrhenian coasts of Northern and
Central Italy during the early-mid Holocene (Colombaroli et al., 2007, 2008; Bellini et al.,
2009). As the potential spatial range of A. alba also include the northern part of Apulia
(Tinner et al., 2013), the occurrence of this conifer in the Salpi lagoon cannot be excluded. In
this context, the role of the Gargano Promontory as a post-glacial refugium for altitudinal
trees (beech and fir) can be hypothesised. Another possibility is the transport of Abies pollen
from the southern Apennines, where it was abundant until ca. 3 ka BP (Allen et al., 2002;
Joannin et al., 2012). The other mountain trees occur only sporadically and probably
originated from a greater distance, both from the Italian Apennines (e.g. Betula; see the
pollen record of Lago Grande di Monticchio, Allen et al., 2002) and exceptionally from the
Balkans (e.g. Picea which is not present in Southern Italy; see the pollen record of Lake
Shkodra, Albania, Sadori et al., 2015). This evidence and interpretation is confirmed by their
occurrence even in the palynological sequence of Lago Alimini Piccolo (Di Rita and Magri,

2009).

Pinus pollen is not abundant in the SAM9 core record, suggesting that pinewoods were not
widespread in the Tavoliere plain, but were restricted to the northern side of the Gargano

Promontory (Lago Battaglia - Caroli and Caldara, 2007).

Towards the end of the Northgrippian (4.2 ka BP), AP percentage and concentration values
abruptly decrease, whilst NAP percentage increases (Figs. 5, 6). This indicates a decline in
forest cover. As anthropogenic pollen indicators are scant (Fig. 5), such deforestation is
interpreted as a regional event, most probably caused by the arid conditions that the
Mediterranean basin experienced at around 4.2 ka BP (Bini et al., 2019; Di Rita and Magri,
2019; Di Rita et al., 2022). A similar decline in broadleaved vegetation, accompanied by an

opening of the landscape, is attested throughout Apulia before 4 ka BP (Caroli and Caldara,
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2007; Di Rita and Magri, 2009). It is possible that this climatic episode contributed to the
further lowering of the water table in the southern sector of the Salpi lagoon, paving the

way to the colonisation of halophytic herbs during the Early Meghalayan.
5.2. Early Meghalayan (4.2 ka-2.4 ka BP)

During the early phases of the Meghalayan (Fig. 9b), facies analysis in the SAM9 core shows
the closure of the lagoon and the formation of a marsh environment (Fig. 7), indicating a
reduction in the water table, the steady-progressive retreat of the lagoon, as well as a
decrease in salinity. These conditions reflect the aforementioned continuous development
of the beach barrier, prograding up to the northern sector of the Salpi lagoon during the 4.2
ka BP dry climatic event (Di Rita et al., 2011). The dunes most likely isolated the back-coastal
areas and promoted the formation of marshy wetlands, especially in the inner sector of the
coastal plain. Conversely, floodplain progradation can be observed in the innermost part of
the coastal plain, as shown by cores SAL2 and SAM1 (Fig. 7). Conversely, the fauna of the
cores from Coppa Nevigata (Caldara et al. 2003, Caldara and Simone, 2005) display a strong
marine influence, both in the foraminifera (A. beccari, H. germanica, Porosonion granosum,
Elphidium oceanensis, Rosalina bradyi and R. floridensis), as well as among the ostracoda (C.
torosa, Loxoconcha elliptica, Leptocythere spp., Propontocypris pirifera) and the molluscs
(Cerastoderma glaucum, Abra segmentum, Ciclope nerite, Loripes lacteus). Caldara and Simone
(2005) identified a lagoonal environment (Hydrobiidae spp. and Cerastoderma lagoon) that
spans from 3.6 ka BP to 2.8 ka BP, thus indicating open marine lagoon conditions in the

northern area of the coastal plain.

The freshwater input is clearly recorded by the ostracod assemblage of SAM9 core (Fig. 8).

Indeed, the relevant OEG is freshwater. The dominant species, [ —bradyiand H.—salina,

o5 The periodic increase in

ostracod freshwater species during this time span is alternated with peaks of
Amaranthaceae (in both pollen percentage and pollen concentration; Figs. 5, 6), indicating
that halophytic vegetation continued to dominate such patchy shallow-water environments
(Fig. 8). As at the same time the AP concentration values tend to be nought (Fig. 6), it can be
argued that the SAM9 core records indicate an open landscape with an over-representation
of local halophytes, probably due to increasing aridity and the definitive replacement of the

former plain forest with a saltmarsh.
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The rapid expansion of saltmarsh herbs, combined with water level changes and fostered
by the climatic exacerbation at the early stages of the Meghalayan, is a regional event
recorded in the Salpi lagoon and surrounding areas (Caroli and Caldara, 2007; Di Rita et al.,
2011; Di Rita, 2013). These data confirm the onset of drier climatic conditions along the
Apulian coast during the 4t millennium BP, although palaeoclimatic records from the

Adpriatic Sea points out rapid fluctuations (Piva et al., 2008; Siani et al., 2013).

Arboreal pollen from the SAM9 core reveals that the woodland in the study area did not
recover after the opening at 4.2 ka BP, unlike at Coppa Nevigata (Caldara et al., 2003) and
in other part of Southern Italy (Noti et al., 2009; Tinner et al., 2009; Calo et al., 2012; Di Rita
et al., 2018b), where an increase of evergreen taxa is recorded. In the southern part of the
Salpi lagoon, the mixed deciduous and evergreen oak forest was replaced by an almost
treeless open landscape with scattered Mediterranean shrubs and trees (Pistacia, Quercus ilex
type; Fig. 5), which persisted up to the present (see also concentration values in Fig. 6). This
was most probably due to continuous human activities from the Bronze Age onwards,
affecting a transitional environment under semi-arid conditions. Indeed, during this period,
archaeological records show a strong intensification of settling, when many sites are
documented along the Northern Adriatic coast and at key inland locations (Cazzella et al.,
2017). The high frequency of fires, evidenced by the peaks of charcoal concentration (Fig. 6),
could have been favoured by the climatic change, although an anthropogenic source cannot
be ruled out. In fact, concomitantly to the largest class of charcoal fragments, the presence
of pollen of ruderal plants (nitrophilous Urtica, up to 8%; Fig. 5) testifies to an anthropogenic
environment, thus confirming the human frequentation of the lagoon during the Bronze
Age. However, in the absence of the primary anthropogenic pollen indicators (i.e. cereals,
Olea), it is possible that the marshland was not cultivated. An exception is the pollen of
Juglans (walnut), whose occurrence in pollen sequences of Southern Italy starting around
2.7 ka BP has been interpreted as an indication of the widespread use of walnut in Greek
and Roman times (Sadori, 2013). The earlier attestation in the SAMY core (ca. 3 ka BP, Fig.
5) is noteworthy, although the presence of walnut in pollen samples from other Apulian
areas dated to 6 ka BP onwards (Di Rita and Magri, 2009; Di Rita et al., 2011) argue for

Mediterranean populations growing in glacial refugia (Pollegioni et al., 2017).
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Between 3.2 ka and 2.4 ka BP, the age-depth model of the SAMY core testifies to a higher
sedimentation rate (Fig. 8). This increase could be attributed to a) cold climate phases
occurring at 3.5 ka-3.2 ka BP and 2.6 ka-2.3 ka BP (Orombelli and Pelfini, 1985; Haas et al.,
1998), also recognised in the Adriatic Sea and the Aegean Sea as the most recent Adriatic
cooling event (Sangiorgi et al., 2003) or b) anthropic deforestation and short-term
hydrological changes due to enhanced runoff processes. Regardless of the natural- or
human-induced cause, the sedimentary accretion in alluvial plains appears to overwhelm
the rate of relative sea-level rise, forcing lagoonal and brackish environments to a freshening

of water due to a surplus of sediment supply (Nichols, 1989).

Caldara and Simone (2005) found many preserved organic materials in the sediment core
closest to the archaeological site of Coppa Nevigata, dated to before 3 ka BP and interpreted
as product of a rapid sediment accumulation caused by wash over. On the other hand,
Caldara et al (2003) identified a sedimentation gap between 3.110+50 and 370+50 BP, related
to arid phases and aquifer depletion. Pollen data of Lago Battaglia also testifies to the
increased sediment deposition and the spread of Cyperaceae at the expense of halophytic

vegetation during this period (Caroli and Caldara, 2007).

Ataround 2.8 ka BP, a spike of C. torosa marks a clear increase in salinity, which is confirmed
by the occurrence of A. tepida and H. germanica (Fig. 8). Conversely, grain size analysis
highlights a stable silty/clay ratio, pointing to overbank deposits possibly remobilised in
the lagoonal environment due increased sediment inflow from the Carapelle River (Fig. 4).
At the same time, pollen grains from hygrophilous herbs and riparian-emergent
macrophytes (i.e. Cyperaceae and Typha angustifolia type) periodically increase. In addition,
the cyanobacterium Gloeotrichia colonised the marsh environments to a fluctuating extent,
as clearly indicated by the concentration peak at ca. 2.7 ka BP (Fig. 8). This filamentous
cyanobacterium contributes to nutrient-poor eutrophication of lakes by transferring
phosphates into the water (Stevenson, 1996; Kornijéw et al., 2016). Thus, the increase in
salinity is linked to evaporation processes and water shallowing under dry climate

conditions, which have also contributed to the waves of expansion of Amaranthaceae.

The virtual disappearance of Fagus from the record after ca. 2.8 ka BP (only one pollen grain
came from the sample dated to ca. 2190 BP) indicate the reduction of the Gargano beech

forest due to the onset of drier conditions through the Meghalayan. This evidence is
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confirmed by pollen data from the northern side of the Gargano Promontory (Caroli and
Caldara, 2007). The same trend is seen in the Abies curve, whose last attestation is dated to
ca. 3090 BP (Fig. 5). Since the decline of Abies in Lago Grande di Monticchio occurs
simultaneously (Allen et al., 2002), it is probably a combination of climate change and

human exploitation.

Archaeologically, during the Iron Age, the Tavoliere coastal plain experienced the
emergence of new centres (Figg. 8, 9b). The settlement of Cupola-Beccarini (Daunian
Sipontum) is attested from the 7th cent. BCE, whilst Salpia Vetus developed in the 10t cent.
BCE. The latter was hypothesised to be surrounded by brackish waters (Lippolis and
Giammatteo, 2008) and benefited from a favourable position, surrounded and protected by
water to the north, whilst defended to the south by a bank with a ditch, built between the
7t and the 6th cent. BCE. Moreover, in his description of coastal Daunia (Northern Apulia),
the Greek geographer Strabo pointed out that Salpia was located near a navigable river,
most probably the Carapelle River, and a "stomalimne megale" (roughly translated as "big
estuary") through which the grain was traded seaward from other areas of the coastal plain.
Thus, this description may be a reference to a connection between the Carapelle River and

the coastal lagoon.
5.3. Late Meghalayan (2.4 ka-0.2 ka BP)

During the last part of the Holocene, facies analysis of the SAM9 core shows that wetlands
had already developed into floodplain environments (Fig. 7). However, in the SAMS core,
drilled a few metres away from the SAM9 core, the persistence of marshlands indicate that
the area continued to be affected by seasonal flooding. The latter were most probably
influenced by the migration of the Carapelle River within the coastal plain. In fact, Caldara
et al. (2002) reported that the lagoon experienced a sudden increase in turbidity of the main
inflowing rivers, particularly from the Carapelle River, which resulted in the separation of
the Salpi lagoon into two minor basins (Fig. 9¢), lately named Lago Salso (north) and Lago
Salpi (south). The development of a floodplain is well recorded by the ostracod assemblage,
where the euryhaline taxa disappear, and L. inopinata and E. virens occur (Fig. 8). These
species are common in shallow waters, including temporary ponds, swamps, lakes, and
rivers, with a salinity tolerance of 9%o and 5% respectively (Meisch, 2000). The occurrence

of ephippia Daphnia-type and abundant pharyngeal teeth of Cyprinids are recorded in the
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SAMO9 core as well as in the upper part of the SAL2 core, where C. ophtalmica, I. bradyi, H.
brevicaudata and P. zenkeri also occur. This assemblage describes shallow, low-energy waters
rich in aquatic vegetation, as attested also in the pollen data by the increase of Typha

angustifolia type, Typha latifolia type and ferns (Fig. 5).

Pollen data from SAM9 core confirms a patchy scenario (Fig. 8). Amaranthaceae declined
abruptly as riverine inputs and shallower waters were accompanied by a decrease in
salinity, fostering the growth of macrophytes, ferns, and green algae living in shallow
waters (Fig. 8). At the same time, new areas were colonised by herbs from the open
landscape tolerant to xeric conditions. In addition, NPPs such as Glomus, a mycorrhizal
fungus, and Pseudoschizaea testify to the increase in erosional processes on the drylands due
to the combination of semi-arid climate conditions, deforestation, and human pressure
already postulated since the beginning of the Meghalayan (Fig. 8). These factors acted on a
regional scale, as a similar change in the palaeoenvironment (i.e. the expansion of aquatic
and dryland taxa) can also be traced in the record of Lago Battaglia during the same
period (Caroli and Caldara, 2007). In this regard, anthropogenic pollen indicators in the
SAM9 core show that local communities benefited from this landscape change. Since ca.
2350 BP (4th cent. BCE), the inland was exploited for pastoral activities, as indicated mainly
by pollen of Cichorieae (the chicory family) among xeric vegetation, which includes
nitrophilous herbs resistant to animal trampling (Florenzano, 2019). Asteroideae, Poaceae,
and Plantago, whose pollen grains are strongly present in the upper part of the core, are also
indicators of pasturelands (Behre, 1981), bolstering support for 5th-4th cent. BCE (2450-2350
BP) breeding in Daunia revealed by the archaeological record (Buglione et al. 2016).

The slight increase in Olea pollen at ca. 2.4 ka BP (4™ cent. BCE) could be linked to the
expansion of olive groves inland. Although olive is a natural component of the
Mediterranean magquis, the overall scarcity of this taxon in the previous levels suggests that
its occurrence coincides with human exploitation of the area. The only occurrence of
Castanea (chestnut) pollen (1%) at ca. 2190 BP (half 34 cent. BCE) is noteworthy, since this
plant, together with walnut, was frequently spread by humans across the Italian peninsula
since ca. 2700 BP (Mercuri et al., 2013). Apiaceae (the carrot family) and Brassicaceae (the
cabbage family), whose pollen reaches significant values during this period, could also

represent cultivated herbs. In fact, they include plants poorly represented in natural pollen
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deposits due to their entomophilous pollination, but have a crucial economic value as
vegetable-garden and aromatic species. In particular, cabbages have been known as one of
the most common vegetables in Southern Italy since pre-Roman times (Russo Ermolli et al.,
2014; Vignola et al., 2022). Cereal pollen is absent during this period, although pollen grains
of weedy plants such as Centaurea are attested since ca. 2900 BP (half 10th cent. BCE, Fig. 5).
The evidence of human exploitation as highlighted by SAM9 core pollen recorded before
the Roman occupation is consistent with other palaeoenvironmental and historical data for

the region.

Evidence of local cereal cultivation (e.g. Hordeum group: 8%; Fig. 5) in the SAM9 core starts
around 1850 BP during the Roman period. Since cereals are very low-pollen producers, it is
possible that fields reached the former wetland. Olea disappears, while Cichorieae and
Brassicaceae increase strongly (Fig. 5). These data indicate a highly anthropogenic landscape
of pastures, cultivated fields, and vegetable gardens, typical of Roman agriculture (Vignola
et al., 2022). From ca. 1460 BP (end of 5t cent. CE, Late Antiquity), cereal pollen
(Avena/ Triticum, Hordeum group, Secale; Fig. 5) occurs along with walnut and olive,
although the latter does not reach a significant amount (3%, Fig. 5). Because of a low
percentage in the upper part of the SAM9 core, the presence of Olea and other natural
components of Mediterranean maquis (i.e. Pistacia, Ephedra, Ericaceae, Fig. 5) could be
related to the progressive expansion of shrublands due to continuous woodland clearance.
The fact that such vegetation development could be both natural- and human-induced is
confirmed by the exponential increase in percentage and concentration values of Cichorieae
up to the Middle Ages (Figs. 5, 6). The peak of charcoal concentration at ca. 1460 BP seems
to confirm the intensification of anthropic fires, as demonstrated in the southwestern
portion of the Tavoliere Plain (Heim, 1995; Marchesini et al., 1995; Caracuta and Fiorentino,
2009). On the other hand, the area of Lago Alimini Piccolo experienced a more intensive
exploitation of olive trees from the 6th century CE (1450-1350 BP) up to the present-day (Di
Rita and Magri, 2009).

The conditions of the coastal plain appear to be stable throughout the Roman period
onwards. Nevertheless, a deep transformation of the settlement strategies took place
between the 1t and 2nd cent. CE (2050-2150 BP). Vitruvius reports that the area

surrounding Salpia Vetus became insalubrious and wunhealthy. For this reason, the
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population selected a new location for this city -Roman Salapia -adjacent to the southern half
of the lagoon system, in a more elevated area, and thus potentially protected from malaria
breeding. Historical data, however, does not correspond with that of the pollen. Evidence
of cereal cultivation is attested in the SAM9 core proximate to the pre-Roman city until ca.
780 BP (1170 CE, Fig. 5) signalling continued agricultural exploitation in this zone rather
than a complete takeover by unhealthy, marsh-like conditions. The reconstruction is even
more complex when considering sedimentological data from the other drillings. In fact, the
SAMS5 and SAMS6 cores indicate that eastward of the re-founded city of Medieval Salpi, the
area was dominated by marshes from the 3rd cent. CE (1640-1539 cal BP) until the 16t cent.
CE (476-312 cal BP), a trend which perhaps can be traced back to the founding of the Roman
town in the 15t cent. BCE. These are hardly the “ideal” conditions expected for a new town
supposedly fleeing an unhealthy marsh, if the perspective on marshes is wholly negative.
Rather, a more nuanced understanding of the benefits of life adjacent to a marsh must be
considered for the inhabitants of Roman Salapia, as do the ways the settlements was
positioned in and negotiated with the surrounding environment. In fact, the western part
of the city was characterised by floodplains, as shown by SAL3 and SAM4 cores, a
distinction in elevation that would have produced the kind of drainage possibilities that
Vitruvius advocates for in marshy areas, perhaps indication of more healthful conditions

than those found contemporaneously at Salpia Vetus.
6. Conclusions

The high-resolution palaeoenvironmental analyses, coupled with archaeological and
historical data, provides for the first time new insights regarding the evolution of the
southern margin of the Salpi lagoon. In particular, it has enabled outlining and refining the
understanding of its evolution from the Late Northgrippian up to the last part of the
Meghalayan. Until now, the bulk of knowledge of the processes involved in the evolution
of the Tavoliere coastal plain was focused on the northern part of the coastal plain, whilst

the southern margin remained poorly investigated.
As a result of this research, several conclusions can be drawn, as follows:
- Drilling data from the southern margin of the Tavoliere coastal plain show a general

regressive trend of the Salpi lagoon, indicated by a vertical stacking of swamp and
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alluvial deposits over lagoonal facies. This highlights the progressive reduction of the
lagoon, and the seaward progradation of swampy and floodplain environments up to

the definitive emersion of most of the landscape.

Stratigraphic analysis of the cores, coupled with ostracod analyses and radiocarbon
calibrated ages, allowed a detailed reconstruction of the facies association and the
identification of the three main palaeoenvironmental changes from the onset of the
regression of the lagoon to the last phase of the Meghalayan. The lagoon was partially
connected to the sea between 5.5 ka and 4.2 ka BP (Late Northgrippian). Between 4.2 ka
and 2.4 ka BP (Early Meghalayan), the development of marshes and swamps with
restricted brackish lagoon conditions and permanent freshwater input is recorded,
possibly a consequence of increased river influx and continuous development of the
dune barrier. Between 2.4 ka BP to present, the continuous freshwater influx from the
Carapelle River caused the rapid progradation of the floodplain into the coastal plain
and the closure of the lagoon, with the formation of the two coastal lakes of Lago Salso

(north) and Lago Salpi (south).

Pollen data confirm the palaeoenvironmental evolution of the lagoon, with the
expansion of halophytic herbs under local brackish conditions during the Early
Meghalayan and the exponential spread of herbs from drylands in correspondence with
the closure of the basin. The emersion of the land during the last phase enabled the
intensive exploitation of the area and the establishment of a highly anthropogenic
landscape, consisting mainly of pastures and cultivated fields from the Roman period
onwards. At a regional scale, the forest cover gradually decreased due to an aridification
trend, documented in Apulia since 4.2 ka BP, whilst the enhanced human activities

contributed to a deforestation process from the Hellenistic period to the Middle Ages.

The comparison between the cores on the southern margin of the Salpi lagoon and the
archaeological areas of Coppa Nevigata indicates an asynchronous evolution of the
lagoonal facies, linked to the different development of the sand barriers and the
different inputs of the main rivers crossing the "Capitanata" plain, in particular the

Carapelle River and Candelaro River.

— Although the sedimentological, chronological and micropalaeontological data do not
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provide detailed reconstruction of the major phases of floodplain progradation or
retreat that may have occurred from Roman to Medieval times, it is assumed that coastal
lakes and marshlands have survived before the extensive land reclamation project that
took place at the beginning of the 20th cent. CE. Such environmental conditions were the
main cause which triggered the decision of the inhabitants of Salpia Vetus to establish
the settlement of Salapia. This newly occupied sector of the coastal plain was far from
the influence of the Carapelle River and closer to the sea, therefore potentially protected

from malaria breeding.
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List of figures:

Figure 1. Geological and geomorphological map of the study area modified from the on-
line idro-geomorphological database of “Regione Puglia” (www.sit.puglia.it), and the
National Geological Map from the “Istituto Superiore per la Ricerca Ambientale (ISPRA,
www.isprambiente.gov.it). Datum: D_WGS_1984; GCS: WGS_1984_UTM_Zone_33N (as
with all coordinates henceforth). Legend: 1) main towns; 2) boreholes; 3) archaeological
sites; 4) water stream (natural/artificial channel); 5) alluvial fan; 6) carbonate Units
(Mesozoic); 7) carbonate Units (Pliocene); 8) marine deposit - Middle Pleistocene; 9)
alluvial deposit - Middle Pleistocene; 10) infralittoral deposit - Middle Pleistocene; 11)
alluvial deposit - Middle/ Upper Pleistocene; 12) alluvial deposit - Upper Pleistocene; 13)
alluvial plain - Upper Pleistocene/Holocene; 15) beach deposit - Holocene; 16)
reclamation deposit - Recent time; 17) artificial reservoir - Recent time (for interpretation
of the references to colour in this figure legend, the reader is referred to the web version of

this article, as for all figures henceforth).
Figure 2. Salpi lagoon, location of the boreholes.

Figure 3. Selection of depositional environments and sedimentary facies recognised in the
Salpi cores. a) SAM9 core - poorly drained floodplain environment (AF1); b) SAM9 core -
poorly drained floodplain (AF1) and crevasse splay (AF2); c) SAM4 core - partially drained
floodplain (AF1) and channel log (AF3); d) SAM9 core - swamp-marshy environments
(SMF1); e) SAM9 core - non-vegetated lagoonal environment (LBF1) and marginal

vegetated lagoonal environment (LBF2).

Figure 4. Grain size and micropalaeontological analyses of the SAM9 core. Densities of the
identified ostracod species (using the OEG freshwater and euryhaline) and of the two most
abundant foraminifera species Hyanesina germanica and Ammonia tepida. Occurrences of

diatoms, carophytes, ephippia Daphnia-type and fish remains are also reported.

Figure 5. Salpi lagoon, core SAM9. Percentage diagram of selected pollen and NPP taxa.

Curves are exaggerated by a factor of 5x.

Figure 6. Salpi lagoon, core SAMY. Concentration diagram of pollen, NPPs, and

microcharcoals.
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Figure 7. Stratigraphic sequence of the Salapia cores with indication of the facies association

and associated depositional environments.

Figure 8. Comparison between pollen and micropalaeontological data from the SAM9 core.
The ecological groups of pollen, NPPs, and ostracods are aligned with the main
palaeoenvironmental changes of the Salpi lagoon and with archaeological data from the
Tavoliere plain. Halophytic herbs: Amaranthaceae; Riparian trees: Alnus, Populus, Tamarix;
Xeric herbs: Cichorieae; Erosion indicators: Glomus, Pseudoschizaea; Algae: Botryococcus,

Pediastrum, Zygnemataceae.

Figure 9. Evolutionary model of the Salpi lagoon during the Holocene. a) Late
Northgrippian (6.2ka - 4.2ka BP); b) Early Meghalayan (4.2ka - 2.4ka BP); c) Late
Meghalayan (2.4ka BP - Present). Legend: 1) archaeological sites; 2) water streams; 3)
alluvial fan; 4) carbonate Units - Mesozoic; 5) carbonate Units - Pliocene; 6) marine deposit
- Middle Pleistocene; 7) alluvial deposit - Middle Pleistocene; 8) infralittoral deposit -
Middle Pleistocene; 9) alluvial deposit - Middle/Upper Pleistocene; 10) alluvial deposit -
Upper Pleistocene; 11) alluvial deposit - Upper Pleistocene/Holocene; 12) swamps deposit

- Holocene; 13) Dune belts - Holocene; 14) Lagoon - Holocene.

List of tables:

Table 1. List of SAL and SAM boreholes.

Table 2. List radiocarbon dating. Dating with asterisk in SAM9 core has been used for the

age-depth model.
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Table 1

Click here to download Table Susini_et_al_2022_Table_1.docx

ID Borehole year Coordinates Elevation (m asl) Depth (m)
SAL1 2017 15°54'57,59"E, 41°23'16,82"N 59m 12,5m
SAL2 2017 15°55'24,175"E, 41°23'33,767"N 5,02 m 10 m
SAL3 2017 15°59'30,058"E, 41°23'43,196"N 2m 16 m
SAM1 2019 15°55'28,709"E, 41°24'3,234"N 3m 5m
SAM4 2019 15°58'43,74"E, 41°23'57,147"N Im 52m
SAMb5 2019 15°59'59,058"E, 41°24'1,991"N 0,3m 1,4m
SAM6 2019 15°59'59,215"E, 41°24'0,952"N 04 m Im
SAM7 2019 15°59'59,469"E, 41°24'0,658"N 0,8m 21m
SAMS 2019 15°56'14,971"E, 41°24'28,036"N 31m 21m
SAM9 2019 15°56'15,575"E, 41°24'28,161"N 34m 7,35 m
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Table 2
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Core ID-core depth (cm) Material Lab. Code Age (BP) Age cal. (BP) Age cal. (BCE/CE)
SAL3_260 Charcoal Beta-509119  160+30 BP 231 - 124 cal BP 1719 - 1826 cal CE
SAL3_270 Charcoal Beta-509118  180+30 BP 224 - 136 cal BP 1726 - 1814 cal CE
SALS SAL3_290 Charcoal Beta-509117  200+30 BP 222 - 140 cal BP 1728 - 1810 cal CE
SAL3_300 Charcoal Beta-509116  240+30 BP 318 - 268 cal BP 1632 - 1682 cal CE
SAM5_65 Sediment Beta-595402 1720430 BP 1640 - 1539 cal BP 310 -410 cal CE
SAMS SAM5_86 Sediment Beta -595401 3400430 BP 3718 - 3564 cal BP 1769 - 1615 cal BCE
SAM6 SAM6_38 Sediment Beta-595403 340430 BP 476 - 312 cal BP 1474 - 1638 cal CE
SAM?7 SAM7_68 Sediment Beta-595404 1750430 BP 1710 - 1566 cal BP 240 - 384 cal CE
SAM9_262* Sediment Beta-598710 2470430 BP 2715 - 2414 cal BP 766 - 465 cal BCE
Ostracod
SAM9_513* shell Beta - 528223  3010+30 BP 3266 - 3107 cal BP 795 - 385 cal BCE
SAM9_724a Charcoal Beta -530035 5180430 BP 5991 - 5905 cal BP 4042 - 3956 cal BCE
SAMY_724b Sediment Beta-528224 5340430 BP 6210 - 6001 cal BP 4261 - 4052 cal BCE
SAMD SAM9_727a Charcoal Beta-528225 5010430 BP 5765 - 5655 cal BP 3816 - 3706 cal BCE
SAM9_727b Sediment Beta -531708 5270430 BP 6125 - 5939 cal BP 4176 - 3990 cal BCE
Ostracod
SAM9_730a* hell Beta - 531709 5180+30 BP 5557 - 5068 cal BP 3608 - 3119 cal BCE
SAM9_730b Sediment Beta -528226 5130430 BP 5939 - 5861 cal BP 3990 - 3912 cal BCE
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