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Abstract: A 300-year paleoenvironmental reconstruction using benthic foraminifera in the Gulf of
Gaeta (central Tyrrhenian Sea, Italy) is here presented. The Gulf of Gaeta dynamics are strongly
influenced by the fluvial input, particularly the Volturno River and human activities. The sedi-
mentary archive reveals a strong relation between the variations in the composition of the benthic
foraminiferal assemblages and human interventions in the Volturno coastal area. According to the
statistical analysis, three main temporal phases are identified and supported by the variations in
the enhanced benthic foraminifera oxygen index (EBFOI) values over time. We hypothesize that the
main environmental modifications might be ascribed to the construction of two dams, Sorgente Capo
Volturno (1909–1916) and Ponte Annibale (1953–1958). The dams have probably altered the supply
of sediments causing a physical stress related to the variations in grain-size, the organic matter and
the oxygen availability. This temporal reconstruction further supports the ability of foraminifera to
register paleoenvironmental changes induced by human activities such as the modification of the
physical environment within the sedimentary record.
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1. Introduction

Benthic foraminifera are single-celled organisms widely applied as environmental
tools in biomonitoring programs of coastal and estuarine sedimentary environments [1–4].
Because of their abundance, diversity, sensitivity to environmental changes (e.g., variations
in organic matter, pollutants, water and sediment physical parameters), as well as their
fossilizable tests (i.e., shells), they have been used to investigate short- and long-term
paleoclimatic variations and in paleoenvironmental reconstructions [5,6]. The investigation
of sediment archives (i.e., cores) allows us to read the historical environmental variations
resulting from natural climatic fluctuations and anthropic activities over time [7–9]. In the
Anthropocene, foraminiferal-based proxies are capable of recording the dramatic signature
of anthropogenic impact even including the physical disturbance on modern ecosystems,
distinguishing background (i.e., pre-impacted) from human-altered conditions [7,10,11].

Marine coastal areas receiving loads of continental sediments are strongly related to the
human activities (e.g., vegetation or land use change, human settlement and industry) such
that they can be registered in the sedimentary records [12]. Rivers’ mouths are complex
environments where interactions between fresh and marine waters take place [13,14].
Riverine inputs may have a strong impact on the marine areas nearby the mouth that
represents possible contamination pathways to oceans and, ultimately to the sediment. In
this scenario, monitoring the fluvial inputs (i.e., water and sediments) in terms of quality
and quantity is crucial to understand the dispersal mechanisms of sediments, nutrients and
pollutants and their effects on the surrounding marine and estuarine environments [15,16].
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Changes in the coastal ecosystems are also driven by physical disturbance such as the
construction of dams that can unbalance the natural discharge of sediment.

The Tyrrhenian Sea, with a high sedimentation rate, represents a key area for assessing
paleo-climatic and -environmental changes over the last centuries [17–20]. In particular, the
sedimentary records of Gaeta Gulf (Campania Region, southwestern Tyrrhenian Sea) have
been deeply investigated [21–24]. Correlating multi-proxy data and historical archives,
Margaritelli et al. [22] recognized several climatic intervals in the last five millennia. During
the last centuries, palynological analyses have revealed that clear shifts of vegetation
patterns underlined paleoclimate changes in the coastal inland of the Gulf of Gaeta [23].
However, the area has also experienced an increase in human activities with deforestation
and the development of agricultural activities (e.g., farming, field harvesting, ornamental
species culturing, among others).

During the last decades, waste disposal management turned into a dramatic issue
in the Campania Region. Illegal discharges of industrial and urban waste have been
documented in continental and marine environments, including illegal dumping and
burning of toxic waste [25,26]. The impact events and the common burns of industrial
residuals led to the Campania Plain becoming known as the Terra dei Fuochi (Land of Fires),
with toxic compounds possibly migrating from soils to groundwater, rivers and estuarine
and coastal environments. Moreover, the increase in agricultural activities in the Campania
Region has caused a high input of pesticides and fertilizers in aquatic environments with a
consequent deterioration of the water quality [27].

The present research aims at utilizing the outcomes of previous studies in the Gulf
of Gaeta by focusing on the response of benthic foraminifera to historical human-induced
changes in the last ca. 300 years. Our reconstruction ranges between the year 1686,
late period of the Little Ice Age (ca. 1250–1850) [22] and the Modern Warm Period (ca.
1950 CE–present). Furthermore, the effect of land-use change is carefully investigated and
associated to the variations in the benthic foraminiferal communities along this tempo-
ral interval.

2. Materials and Methods
2.1. Study Area

The Gulf of Gaeta is located in the central part of the Tyrrhenian Sea, the deepest basin
of the western Mediterranean Sea [28]. The gulf is bordered by the Aurunci Mounts and
the Roccamonfina volcano [29] in the northern sector, by the Apennine fold-and-thrust belt
in the eastern sector and by the Neapolitan volcanic complex in the southern sector [30]
(Figure 1).

The geomorphological and geophysical features of the Gulf of Gaeta are strongly con-
nected to the Volturno River and its discharge (40 m3 s−1). The Volturno River is the longest
river in southern Italy (ca. 175 km in length) and its catchment basin (ca. 1550 km2) includes
territories of Campania, Molise and Lazio regions [31]. The last sector of the Volturno
River crosses the Campanian Plain, flowing till the town of Castel Volturno, where its
mouth is located. The Gulf of Gaeta seafloor can be described as a typical continental shelf.
The Quaternary clastic and volcanic deposits prograde gradually westward, deepening
sharply at 120 m depth [16,24,30]. In the Gulf of Gaeta, the water circulation is character-
ized by the interactions between a cyclonic vortex with the superficial and intermediate
waters [16,32]. Similar to the overall Tyrrhenian circulation, two seasonal currents influence
the coastal circulation in the Gulf of Gaeta as well as coastal morphology and submerged
morphostructures [33,34].
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Figure 1. Location map of the Gulf of Gaeta (central Tyrrhenian Sea, Southern Italy) and the position 
of the SW104-C5 core. 
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shelf. The Quaternary clastic and volcanic deposits prograde gradually westward, deep-
ening sharply at 120 m depth [16,24,30]. In the Gulf of Gaeta, the water circulation is char-
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diate waters [16,32]. Similar to the overall Tyrrhenian circulation, two seasonal currents 
influence the coastal circulation in the Gulf of Gaeta as well as coastal morphology and 
submerged morphostructures [33,34]. 

Humans have been exploiting the volcanic and fertile soils of the Campania and La-
zio regions since the Paleolithic [35]. The first historical human settlement in the area is 
documented back to the 9th century BC. Greek and Roman colonies established in the 
coastal plain of the Volturno River between 200 years BC and 500 years BC, while during 
the Middle Ages, different kingdoms controlled the area. The last one, the Spanish domi-
nation, lasted until 1861, when the region became part of Italy. Until the beginning of the 
19th century, the coastal plain was characterized by extensive marshlands [36]. The first 
remediation actions started in the XVI century under the Borbone Kingdom. The Regi La-
gni, a complex network of artificial drainage channels, was built over the last 400 years to 
make the backwater flow toward the sea. The articulated interventions lasted till the year 
1950. Important artificial interventions also took place along the Volturno River with the 
constructions of dams. In particular, the first dam of Sorgente di Capo Volturno was built 
in the uppermost part of the river between 1909 and 1916, whereas the Traversa di Ponte 
Annibale was also built around Capua between 1953 and 1958. Overall, several human 
interventions occurred along the river for hydraulic energy exploitation and agricultural 
purposes in the last century. Nowadays, agriculture is the most important activity in the 
Campania Plain, with intensive and wide areas covered by permanent orchard and olive 
groves. 

Figure 1. Location map of the Gulf of Gaeta (central Tyrrhenian Sea, Southern Italy) and the position
of the SW104-C5 core.

Humans have been exploiting the volcanic and fertile soils of the Campania and
Lazio regions since the Paleolithic [35]. The first historical human settlement in the area
is documented back to the 9th century BC. Greek and Roman colonies established in
the coastal plain of the Volturno River between 200 years BC and 500 years BC, while
during the Middle Ages, different kingdoms controlled the area. The last one, the Spanish
domination, lasted until 1861, when the region became part of Italy. Until the beginning
of the 19th century, the coastal plain was characterized by extensive marshlands [36]. The
first remediation actions started in the XVI century under the Borbone Kingdom. The Regi
Lagni, a complex network of artificial drainage channels, was built over the last 400 years
to make the backwater flow toward the sea. The articulated interventions lasted till the year
1950. Important artificial interventions also took place along the Volturno River with the
constructions of dams. In particular, the first dam of Sorgente di Capo Volturno was built
in the uppermost part of the river between 1909 and 1916, whereas the Traversa di Ponte
Annibale was also built around Capua between 1953 and 1958. Overall, several human
interventions occurred along the river for hydraulic energy exploitation and agricultural
purposes in the last century. Nowadays, agriculture is the most important activity in
the Campania Plain, with intensive and wide areas covered by permanent orchard and
olive groves.

The Volturno Plain–Regi Lagni area between the provinces of Naples and Caserta is
densely populated and falls within the Regional Interest Priority Site “Litorale Domizio-
Agro Aversano” that is characterized by a strong urbanization, intensive agricultural
activities and, in the last decades, by an unknown number of illegal activities [37]. Several
studies have investigated the quality of the Volturno River waters and sediments by
assessing the microbiological and chemical discharges [38–41]. The contamination of the
Volturno River is mainly due to polychlorinated biphenyls, organochlorine pesticides
and polycyclic aromatic hydrocarbons (total amount discharged yearly is 87.1 kg/year,
19.7 kg/year and 3158.2 kg/year, respectively) produced by vehicle traffic, agricultural
waste and combustion processes [40].
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2.2. Core Sampling and Geochronology

The 108 cm long-core SW104-C5 sea sediment was collected with a SW-104 gravity
core (Carma) in 2013 at 93 m water depth in the Gulf of Gaeta, 13 km offshore from the
Volturno’s mouth (40◦58′24,993” N, 13◦47′03,040” E) (Figure 1).

The geochemical analyses of the sea sediments were carried out at the ISMAR-CNR of
Bologna (Italy). The 210Pb and 137Cs were used for establishing the geochronology of the
core. The bottom of the core was dated back to 1686 AC. More details about the age model
and geochronology techniques of the core can be found in Margaritelli et al. [22].

2.3. Benthic Foraminiferal Analysis

For the benthic foraminiferal analysis, twenty-three sediment samples were chosen
at ca. 4.3 cm intervals corresponding to 14.2 yr., in order to well represent the temporal
sequence between 2013 (uppermost layer: 0–1 cm) and 1686 (bottom layer: 98–99 cm). In
the laboratory, sediment samples were gently washed with tap water through a 63 µm
mesh sieve and dried at 40 ◦C. About 300 specimens were dry-picked from the fraction
>125 µm and placed on plastic microslides for morphological identification. Benthic
foraminiferal species were taxonomically identified largely following the works of Sgarrella
and Moncharmont Zei [42] and Milker and Schmiedl [43]. The current nomenclature was
double-checked against the database the World Register of Marine Species [44].

At each core interval, the relative abundance (i.e., %), the species richness (S), the
Shannon index biased correct (H′bc) [45], the equitability (J) and the enhanced benthic
foraminifera oxygen index (EBFOI) were calculated. The EBFOI is a modification of the
BFOI [46] to improve the estimation of dissolved oxygen contents in the sediment [47]. Here
we used Equation (1) that considers suboxic indicators to the Kaiho equation applicable
when oxic indicators are present [47]:

EBFOI = 100(O/(O + D + S/2) (1)

where O, D and S are the sum of oxic, dysoxic and suboxic indicators at each interval.
The oxic requirements of benthic foraminiferal species (i.e., oxic, dysoxic or suboxic) were
attributed following previous literature [42,47–52] and reported in Table S1. The following
oxygenation concentration thresholds and relation of oxygenation were considered for
EBFOI: 100 to 50 high oxic, 50 to 0 low oxic, 0 to −40 suboxic, −40 to −50 dysoxic,
−55 anoxic.

The packages “Entropy” [53] and “vegan” [54] in RStudio were used to determine S, E
and H′bc. The package “rioja” [55] was used to plot vertical temporal profiles.

2.4. Statistical Analysis

The relative abundances of benthic foraminiferal species were used to identify groups
of layers by a constrained hierarchical clustering analysis (HCA) along the core depth (i.e.,
years) and a similarity tree was produced using the Euclidian distance. CONISS was used
as the clustering method [56]. The analysis was performed using the package “vegan” [54]
and the plot produced by the package “rioja” [57] in RStudio.

The maps were made using the software ArcMap 10.5 (Esri, Redlands, CA, USA). The
geographic review of the area was based on different historical maps [58–60].

3. Results
3.1. Diversity Indices and Species Abundance Variations

On the basis of the available geochronology, a mean sedimentation rate of 0.30 cm/yr
was calculated.

A total of 77 benthic foraminiferal species, belonging to 43 genera, were recognized.
The benthic foraminiferal abundance and the relative abundance for each species were
reported in Table S2. The S values ranged between 20 (1876) and 36 (1936) without a clear
trend. The H′bc values spanned between 2.5 (1876) and 3.1 (1950) and increased over time.
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A similar trend was exhibited by J, which varied between 0.80 (1928–1936) and 0.88 in 1989
(Figure S1).

The most abundant species in terms of relative abundance were, on average, Valvu-
lineria bradyana (10.7%), Bulimina gibba (10.6%), Cassidulina carinata (9.5%), Hyalinea balthica
(7.75%), Melonis barleeanum (6.8%), Spiroplectinella wrighti (6.1%), Bulimina marginata (5.5%),
Uvigerina mediterranea (4.9%), Ammonia beccarii (4.02%), Bolivina alata (3.95%), Melonis pom-
pilioides (2.94%), Bigenerina nodosaria (2.85%), Globocassidulina subglobosa (2.31%), Elphidium
crispum (2.2%) and Uvigerina peregrina (2.01%) (Table S2). Valvulineria bradyana showed
an overall decreasing trend of abundance along the core, with a maximum of 21.8% in
1853 and a minimum of 3.6% in 1989 (Figure 2). Bulimina gibba abundance exhibited an
increasing trend from 1913 to 1928 and then a steady drop up to 2013 (Figure 2). Cassidulina
carinata presented an increasing trend in the lower part of the core then it decreased till
1958 when the abundance rose up again till 2013 (Figure 2). Spiroplectinella wrighti exhibited
a constant abundance till 1913 when it dropped and remained low up to the top of the
core. Similarly, Elphidium crispum displayed an overall constant abundance till 1950, when
it drastically disappeared. Uvigerina peregrina showed constantly very low values from the
bottom of the core till 1936 when it markedly increased in abundance (Figure 2). A similar
trend was observed for Uvigerina mediterranea (Figure 2). Amongst the minor species, a
clear trend was shown by Bolivina catanensis that increased in recent times (after 1981) and
Porosononion granosum that basically disappeared after 1942, as did E. crispum (Figure 2).

Water 2023, 15, x FOR PEER REVIEW 5 of 13 
 

 

The maps were made using the software ArcMap 10.5 (Esri, Redlands, CA, USA). 
The geographic review of the area was based on different historical maps [58–60]. 

3. Results 
3.1. Diversity Indices and Species Abundance Variations 

On the basis of the available geochronology, a mean sedimentation rate of 0.30 cm/yr 
was calculated. 

A total of 77 benthic foraminiferal species, belonging to 43 genera, were recognized. 
The benthic foraminiferal abundance and the relative abundance for each species were 
reported in Table S2. The S values ranged between 20 (1876) and 36 (1936) without a clear 
trend. The H′bc values spanned between 2.5 (1876) and 3.1 (1950) and increased over time. 
A similar trend was exhibited by J, which varied between 0.80 (1928–1936) and 0.88 in 
1989 (Figure S1). 

The most abundant species in terms of relative abundance were, on average, Val-
vulineria bradyana (10.7%), Bulimina gibba (10.6%), Cassidulina carinata (9.5%), Hyalinea 
balthica (7.75%), Melonis barleeanum (6.8%), Spiroplectinella wrighti (6.1%), Bulimina mar-
ginata (5.5%), Uvigerina mediterranea (4.9%), Ammonia beccarii (4.02%), Bolivina alata (3.95%), 
Melonis pompilioides (2.94%), Bigenerina nodosaria (2.85%), Globocassidulina subglobosa 
(2.31%), Elphidium crispum (2.2%) and Uvigerina peregrina (2.01%) (Table S2). Valvulineria 
bradyana showed an overall decreasing trend of abundance along the core, with a maxi-
mum of 21.8% in 1853 and a minimum of 3.6% in 1989 (Figure 2). Bulimina gibba abundance 
exhibited an increasing trend from 1913 to 1928 and then a steady drop up to 2013 (Figure 
2). Cassidulina carinata presented an increasing trend in the lower part of the core then it 
decreased till 1958 when the abundance rose up again till 2013 (Figure 2). Spiroplectinella 
wrighti exhibited a constant abundance till 1913 when it dropped and remained low up to 
the top of the core. Similarly, Elphidium crispum displayed an overall constant abundance 
till 1950, when it drastically disappeared. Uvigerina peregrina showed constantly very low 
values from the bottom of the core till 1936 when it markedly increased in abundance 
(Figure 2). A similar trend was observed for Uvigerina mediterranea (Figure 2). Amongst 
the minor species, a clear trend was shown by Bolivina catanensis that increased in recent 
times (after 1981) and Porosononion granosum that basically disappeared after 1942, as did 
E. crispum (Figure 2). 

 
Figure 2. Temporal relative abundance variations of selected benthic foraminiferal species and oxic, 
dysoxic and suboxic groups. Note the horizontal scales (%) are not homogeneous. 

3.2. Changes in the Benthic Foraminiferal Composition 

Figure 2. Temporal relative abundance variations of selected benthic foraminiferal species and oxic,
dysoxic and suboxic groups. Note the horizontal scales (%) are not homogeneous.

3.2. Changes in the Benthic Foraminiferal Composition

The HCA showed a clear separation of the samples into two main clusters, namely
cluster I from 1686 to 1913 and cluster II from 1918 to 2013 (Figure 3a). Cluster II can
be further subdivided in two sub-clusters (sub-cluster II a: 1918–1950; and sub-cluster
II b: 1958–2013) (Figure 3). Cluster I (1686–1913) was characterized by relatively higher
abundances of V. bradyana, C. carinata, M. barleeanum, B. marginata, M. pompilioides and E.
crispum (Figure 2) than in Cluster II. A significant increase in abundance of B. gibba, B. alata,
B. nodosaria and U. peregrina was observed in sub-cluster IIa (1918–1950). Compared to
cluster I, a decrease in V. bradyana, C. carinata, H. balthica, B. marginata, M. pompilioides and
G. subglobosa was observed in sub-cluster IIa (Figure 3a). In sub-cluster IIb (1958–2013) an
increase in abundance of C. carinata, H. balthica, B. marginata, U. mediterranea, B. nodosaria,
G. subglobosa and U. peregrina occurred. At the same time, there was a further decrease
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in abundance of V. bradyana, B. gibba and M. pompilioides, while E. crispum was absent
(Figure 3a).
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(b) Enhanced benthic foraminifera oxygen index (EBFOI) temporal variations with a smooth curve
(in orange) based on local polynomial regression fitting added to evidence the main trend; (c) Pale-
oenvironmental reconstruction and land-use changes in 1857 [58], 1915 [59] and 1990 [60].

On average, suboxic taxa (42%) were the most abundant, followed by oxic (31%) and
dysoxic (27%) ones (Table S1). Suboxic taxa did not show a clear trend, while oxic taxa
decreased after 1913, mirrored by the increased dysoxic taxa. The maximum value (47)
of the EBFOI was recorded in 1823 and 1735, while the lowest one (19) was recorded in
1958 (Figure 3b). Overall, the EBFOI exhibited relatively higher values (close to high oxic
conditions) until 1913. Then, there was a decrease in EBFOI (low oxic conditions) from 1918
to present (Figure 3b).

3.3. Historical Environmental Changes: The Imprint of Human Activities

The analysis of historical maps of the study area revealed important information
about the land-use changes during different historical periods (i.e., 1858, 1914 and 1990).
In the 19th century, the whole area was mainly covered by natural lands, with only a
few residential areas (i.e., the city of Caserta and the towns of Capua and Aversa) and a
wide coastal area characterized by a sandy beach (Figure 3c). At the beginning of the 20th
century, the largest part of the plain was already used for agriculture purposes. At the
end of the 20th century, natural lands remained only in the inner mountainous area (i.e.,
northern area). The whole plain was urbanized (i.e., development of the towns of Capua,
Giugliano and, along the coast, Castel Volturno) or used as cultured lands. The coastal area
was reduced, and an intense loss of sandy beach was observed.
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4. Discussion

The present study allows us to decipher the paleoenvironmental changes in the Gulf of
Gaeta (Tyrrhenian Sea) during the last ca. 300 years using benthic foraminiferal assemblages.
The severe changes in the land use during the last centuries in the Campania Region have
been confirmed through the historical-cartographic review of the area that allows us to
observe how the natural lands, which covered the main part of the northern area of the
Campania Region till 1850, were completely converted into agricultural and residential
areas during the Industrial Period (Figure 3c). A crucial role in the Volturno River and
Gulf of Gaeta ecological dynamics must be attributed to the construction of dams and the
Regi Lagni reclamation. The reclamation was achieved by filling lowlands with alluvial
materials from river waters that were canalized and diverted [61,62]. Such interventions
(i.e., reduction in wetlands) led to the urbanization of the coastal area and also increased
the amount of fine sediments transported toward the sea, the nutrients supply (i.e., organic
matter), as well as the water turbidity [63].

Based on the HCA, three main phases (i.e., clusters and sub-clusters) corresponding to
marked faunal turnovers have been identified and their separations can be associated to the
dam construction. Specifically, the two major faunal turnovers taking place in 1913–1918
and 1950–1958 well correspond to the building of the dams of the Sorgente Capo Volturno
(1909–1916) and the Ponte Annibale (1953–1958) (Figure 3a).

4.1. Natural Conditions and the Regi Lagni Reclamation

The benthic assemblages along the core were dominated by suboxic taxa with an
upward increase in dysoxic taxa. The 1686–1913 phase is mainly characterized by a high
abundance of V. bradyana, C. carinata and E. crispum. Valvulineria bradyana is a typical
species of coastal terrigenous circalittoral and epibathyal muds [64]. This taxon is normally
favored in a low O2 environment and by high amount of organic matter [65,66]. Cassidulina
carinata has been reported as widespread in circalittoral and bathyal muds deeper than
100 m [42]. Both these taxa have been identified as opportunists and tolerating low-oxygen
conditions [49]. Although the occurrence of dysoxic indicators during this phase, the
EBFOI has, overall, higher and constant values (close to high oxic conditions). Indeed, in
the same interval highest abundance of oxic indicators was recorded including S. wrighti
and E. crispum, species that are sensitive to organic enrichment and commonly found in
low-polluted sites [49,67].

The co-occurrence of both opportunistic and sensitive species suggests a very complex
environment and dynamic conditions where the effects of human interventions are overlain
with climatic changes in the Mediterranean Sea. Accordingly, in this period (1686–1913),
the Volturno coastal plain experienced significant changes with the reclamation of swamp
zones and the Regi Lagni intervention that was represented by historic drainage chan-
nels for rainwater and spring water toward the sea and modified the continental fluvial
regime [68]. These hydraulic restorations started during the Borbone Kingdom, but they
have been completed in different stages up to the present day and from 1850, the reclama-
tion has proceeded with the use of landfill of lowland areas [68]. From a wider-climatic
perspective, this interval records the upper part of the Little Ice Age (ca. 1250 to 1850) and
in particular, the Maunder event, a cold phase with reduced solar activity during the Little
Ice Age [22]. Based on micropaleontological analyses, Margaritelli et al. [22] revealed a
shift of carnivorous vs. herbivorous planktonic foraminifera and the beginning of forest
recovering (e.g., mixed oak forest and evergreen trees and shrubs) at 1850 [69].

This interval also covers an important phase, the Industrial Revolution (1850–1950
sensu [22]) typified along the studied core by an increase in warm-water-oligotrophic
planktonic foraminiferal taxa (i.e., Globigerinoides ruber) and the dominance of herbivorous–
opportunistic planktonic foraminifera associated to more humid climatic conditions. These
wetter and warmer climate conditions were also supported by the pollen record [69].
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4.2. The Aftermath of the Construction of the Capo Volturno Dam

Beside the marked variations along the water column and in the continental environ-
ment as previously revealed from the planktonic foraminiferal and pollen assemblages [22],
prominent changes took place in the sea bottom as inferred by the variations in the com-
position of the benthic foraminiferal assemblages from 1918–1950. In this interval, the
benthic foraminiferal assemblages are in fact markedly different from the previous period
with an increase in dysoxic indicators. Bulimina gibba, a common species in muddy and
poorly oxygenated substrates, was the dominant species. In this time interval, a rapid
increase in other triserial taxa (e.g., Uvigerina) was also observed; their elongated forms are
commonly associated to less oxygenated substrates [46]. This was supported as well by
the decrease in the EBFOI. These changes can be mainly ascribed to the construction of the
Sorgente of Capo Volturno between 1909 and 1916 that might have increased the quantity
of finer materials discharged by the Volturno River leading to the development of lower
oxygen conditions (Figure 3b). Similarly, a foraminiferal turnover characterized by a strong
increase in uvigerinids and buliminids was observed after 1920 in the Gulf of Salerno [70].
Like our findings, the variation was related to enhanced availability of organic matter at
the seafloor along with a strong reduction in sandy riverine materials and, ultimately, to
the construction of a dam on the Sele River in 1934.

4.3. Changes Associated with the Ponte Annibale Dam

In the most recent period (i.e., 1958–2013), there was a clear increase in triserial taxa
(such as U. mediterranea, and U. peregrina). The ecological behavior of these species would
support an increase in the availability of organic matter (nutrients) and/or a decrease in
oxygen content, mainly driven by the enhanced terrigenous discharge. In this period, we
observe the highest dominance of dysoxic and suboxic indicators, and the disappearance
of oxic indicators, such as E. crispum and P. granosum. The shift in the benthic foraminiferal
assemblages that takes place between 1950–1958 also exhibits the lowest value of EBFOI
(Figure 3b). These changes perfectly match the completion of the construction of the Ponte
Annibale dam (i.e., 1953) that has been suggested to have reduced the river sediment
supply to the coast [68]. The decrease in sand supply to the river mouth occurred after
the construction of the Ponte Annibale dam (1953) and caused a shoreline retreat (up to
28.3 m/yr) [61,71]. The EBFOI also evidences a phase from 1950 to 1980 with relatively
lower values of oxygen availability at the seafloor.

This interval was also characterized by a significant increase in planktonic species such
as Globigerinita glutinata and Turborotalita quinqueloba [22]. These taxa have been reported to
thrive in areas influenced by continental runoff and nutrient-rich waters, suggesting high
surface productivity [22,72]. Similar to our findings, an increase in B. aculeata in the Gulf of
Salerno (south Tyrrhenian Sea) has been related to enhanced productivity but also suboxic
or dysoxic conditions in pore and bottom waters [20,70]. Accordingly, these authors inferred
a marked decrease in coarse-grained materials, which might have changed the nutrient
supply at the seafloor as a consequence of construction of dams in the central-southern
Tyrrhenian coastal areas during the last century. This interval was also characterized by an
intensive urbanization and particularly of cultivation of the continental area of the Gulf
of Gaeta. In fact, pollen analyses revealed the dominance of Pinus reflecting extensive
plantation of pine forests. It also suggested an overall increase in cultivated plants, such as
Olea, Juglans, Vitis, Corylus, Cannabaceae and cereals, all considered anthropogenic pollen
indicators, further supporting the exploitation of land for agriculture purposes [23,69].

5. Conclusions

The present study identifies three main intervals (i.e., 1686–1913, 1918–1950 and
1958–2013) based on the variation of benthic foraminiferal assemblages in the Gulf of Gaeta
(Tyrrhenian Sea). The first interval reflects mostly natural conditions with higher oxygen
availability. Significant changes in the benthic foraminiferal assemblages and a lowering
of the oxygen availability were associated with the construction of the Sorgente of Capo
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Volturno between 1909 and 1916 that might have increased the quantity of finer materials
discharge by the Volturno River. A further shift in the benthic foraminiferal assemblages
and a lowering of oxygen availability took place between 1950–1958. These changes per-
fectly match the completion of the construction of the Ponte Annibale dam in 1953 that
has been suggested to have reduced the sand supply to river mouth. This investigation
reveals that dam construction unbalancing the sediment input and reducing the coarse
sediment supply might have determined significant alterations in the composition of ben-
thic foraminiferal assemblages and further supports the capability of benthic foraminifera
to record paleoenvironmental variations, even induced by anthropization including the
land-use changes and the construction of dam.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15040815/s1, Figure S1: Plot of diversity indices (S), H’bc and
equitability (J); Table S1: Oxic requirements of benthic foraminiferal species (i.e., oxic, dysoxic or
suboxic); Table S2: Abundance and relative abundance of benthic foraminifera species.
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