
geosciences

Article

Benthic Foraminiferal Response to Sedimentary Processes in a
Prodeltaic Environment: The Gulf of Patti Case Study
(Southeastern Tyrrhenian Sea)

Letizia Di Bella 1,* , Martina Pierdomenico 2, Cristiano Bove 1, Daniele Casalbore 1,3 and Domenico Ridente 3

����������
�������

Citation: Di Bella, L.; Pierdomenico,

M.; Bove, C.; Casalbore, D.; Ridente,

D. Benthic Foraminiferal Response to

Sedimentary Processes in a Prodeltaic

Environment: The Gulf of Patti Case

Study (Southeastern Tyrrhenian Sea).

Geosciences 2021, 11, 220. https://

doi.org/10.3390/geosciences11050220

Academic Editors:

Jesus Martinez-Frias, Stefania

Nunzia Lisco and Irene Cornacchia

Received: 15 March 2021

Accepted: 18 May 2021

Published: 19 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Earth Science, University of Rome Sapienza, 00185 Roma, Italy;
cristianobove@gmail.com (C.B.); daniele.casalbore@uniroma1.it (D.C.)

2 Institute for the Study of Anthropic Impacts and Sustainability in the Marine Environment, Italian National
Research Council (IAS-CNR), 00146 Rome, Italy; martina.pierdomenico@ias.cnr.it

3 Institute of Environmental Geology and Geo-Engineering, Italian National Research Council (IGAG-CNR),
00185 Rome, Italy; domenico.ridente@cnr.it

* Correspondence: letizia.dibella@uniroma1.it

Abstract: Analyses of benthic foraminiferal assemblages were carried out on sediment samples
collected in the Gulf of Patti (NE Sicily, Tyrrhenian Sea), where high sedimentation rates in front of
the Mazzarrà River led to the growth of a prodelta. The frequency of riverine sedimentary fluxes is
testified by the widespread occurrence of erosional and depositional bedforms indicative of high-
energy processes on the prodelta slope.The frequency of riverine sedimentary fluxes suggests the
widespread occurrence of erosional and depositional bedforms indicative of high-energy processes
on the prodelta slope. The study aimed to assess the spatial distribution of benthic foraminiferal
assemblages and sediment grain size along different sectors of this prodelta to define any relationship
between the foraminiferal assemblages, the environmental gradients and the sedimentary processes.
In particular, we focused on the role of the highly energetic impulsive torrential inputs that dominate
the depositional environment and likely affect food supply and its control on the foraminiferal
density and biodiversity. The dominance of opportunistic agglutinated taxa associated with hyaline
eutrophic species is a distinctive character likely related to organic matter enrichment and physical
disturbance associated with inputs from torrential rivers.

Keywords: benthic foraminifera; hyperpycnal flow; prodelta; Gulf of Patti (Tyrrhenian Sea)

1. Introduction

The continental shelf represents a sediment transfer zone connecting terrestrial source
areas and deep-sea basins. This environment may receive a large amount of nutrients and
organic carbon directly from rivers or other processes, including the decomposition of
organic matter in surface sediments and the benthic primary production from seaweed
and algae [1,2]. On river-dominated continental shelves, large sediment supply and high
primary production rates, combined with shallow water depth, enhance organic matter
both in the water column and in surficial sediments [3–7]. Moreover, the high variability of
riverine discharge leads to diversified environmental conditions at the seafloor, strongly
influencing benthic communities’ spatial and temporal distribution [8–10].

Benthic foraminifera are an important component of the marine meiofaunal community
at every depth [11–15], locally contributing up to ~80% of the meiofaunal biomass [16,17].
Nevertheless, the distribution of foraminiferal assemblages in modern Mediterranean prodelta
environments has received poor attention. The different approaches followed in the few
studies (e.g., based on living, dead or fossil assemblages) further hamper a comparative
analysis. Most of the studies dealing with the distribution of foraminiferal assemblages in
Mediterranean prodeltas are focused on large river deltas, such as those associated with the
Ebro, Rhone and Nile rivers [10,18–20]. Along the Italian coasts, microfaunal studies were
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conducted at the Ombrone, Tiber and Po deltas [21–25]. All these were mainly focused on
the paleoenvironmental evolution of the Late Quaternary succession since these large deltas
contain among the most complete record of the Mediterranean basin [24,26]. Few studies link
living foraminiferal distribution and sedimentary processes in deltaic areas characterized by
short rivers with torrential regimes [27].

Available studies on living foraminiferal assemblages from river-dominated envi-
ronments suggest a complex interplay between physical and geochemical processes [3,4],
resulting in both positive and negative effects on benthic communities. While the high
organic input may enhance the benthic biomass [8,9,28], rapid organic matter enrichment
and high sedimentation rates may determine eutrophic and oxygen-depleted conditions
at the seafloor and near-bottom waters, resulting in a massive reduction or mortality of
benthic fauna [29–31]. Furthermore, the hydrodynamic and sedimentary processes asso-
ciated with river outflow can represent additional stress for the benthic fauna, leading
to communities dominated by few opportunistic species [32–36]. Given all of the above,
benthic foraminifera, with their rapid response to ecosystem changes, represent a useful
indicator of high-energy sedimentary process and a proxy of paleoenvironmental changes
in river-dominated settings. In this view, benthic foraminifera are widely used to study
and monitor present shallow marine ecosystems and reconstruct the past environmental
conditions, e.g., [24,37–39].

This study investigates an area in the Gulf of Patti, offshore NE Sicily, where the
abundant sediment funneled to the sea by the Mazzarrà River led to the growth of a deltaic
system, showing different erosional and depositional bedforms indicative of high-energy
processes on the prodelta slope [40]. The main goal is to define the varied response of
living foraminiferal assemblages to the sedimentary fluxes, variably impacting different
sectors of the prodelta. In addition, the dead foraminiferal assemblage is investigated at all
sites to identify reworked or displaced foraminifera, possibly representing allochthonous
individuals. These data may suggest important indications about the shelf and slope
sedimentary dynamics and the sediment source area. These results provide a basis for
investigating similar paleoecological relationships during longer (e.g., pre-late Holocene)
intervals, highlighting major climate-driven (glacio-eustatic) environmental changes, or
even on the shorter, historical time scale, during which also anthropogenic impact becomes
relevant. More generally, our study contributes to the analytical and comparative studies
of living foraminiferal assemblages in a combined sedimentary and ecological approach.

Environmental Setting

The study area includes a 6 km wide shelf sector and the upper continental slope,
extending in the depth range from 40 to 160 m offshore the Mazzarrà River in the Gulf of
Patti (NE Sicily, Figure 1). The shelf environment is characterized by a microtidal regime
(maximum amplitude 0.6 m) and storm waves with a significant maximum height of 3–4 m;
longshore currents show a generally predominant eastward flow [41]. The tectonic setting
of the Gulf of Patti is characterized by regional uplift at rates in the order of 1–2 mm/a
since the Pleistocene [42,43]) and frequent seismicity (over 2000 earthquakes recorded
in the last few decades [44]). Because of the rapid uplift, several short and steep course
streams, locally known as “fiumara”, deeply incise the coastal highlands backing the Gulf
of Patti [40]. These rivers are typically dominated by a torrential regime, with longer
intervals of reduced discharge during dry seasons (encompassing spring to fall), followed
by abrupt pulses of increased discharge (during the rainy winters) that may result in
flash-flood events. During the flash-flood events, a large volume of sediment is transported
into the sea at high concentrations in a very short time (within few days), resulting in
hyperpycnal flows [45].
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Figure 1. Multibeam shaded relief map of the prodelta of the Mazzarrà Fiumara and location of
samples (numbered black dots) along three transects (dashed blue lines indicated as western (W),
central (C) and eastern (E)). Bedforms along the shelf in correspondence of the prodelta consist of
shallow gullies and sediment undulations. “E. gullies” indicates part of a small gully field associated
with the Elicona Fiumara (not shown in the figure).

In the study area, the Mazzarrà River is the main sediment source. A 5 km wide
prodelta has been identified at its mouth [40]. The prodeltaic deposits are part of a strati-
graphic unit up to 50 m thick that developed during the post-glacial (late Pleistocene-
Holocene) sea-level rise and highstand. The seafloor in the area of the prodelta is shaped
by sediment undulations with their crests oriented roughly parallel to the bathymetric
contours and cut cross-strike by arrays of variable length gullies. More in detail, gullies
are few tens of meters wide and a few meters deep in the inner-middle shelf, whereas
they increase their width and depth at the shelf edge. Down-slope, trains of coaxial and
crescent-shaped bedforms resemble those recently interpreted, in similar settings, as the
expression of upper-flow regime bedforms by [46]. Based on overall low-quality multibeam
backscatter and sparse seafloor samples, the sediment composition of the area is mostly
dominated by fine-grained sediments with a silty component [40]. High backscatter values
associated with sandy sediments are found only within outer shelf gullies.

2. Materials and Methods
2.1. Sampling Area and Strategy

Surface sediment samples (Table 1) in the study area were sampled using a 30 L Van
Veen grab during the EPICA cruise, carried out in the Southern Tyrrhenian from 16 December
2015 to 3 January 2016 onboard the R/V Minerva Uno (Italian National Research Council).
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Table 1. Location and water depth of sediment samples: (g) from gullies; (u) from seafloor undulations.

ID Latitude Longitude Location Depth (m)

36 38◦08′52′′ N 15◦07′53′′ E Inner shelf (g) 41
37 38◦08′48′′ N 15◦07′39′′ E Inner shelf (u) 35
38 38◦09′12′′ N 15◦07′47′′ E Middle shelf (g) 60
39 38◦09′11′′ N 15◦07′27′′ E Middle shelf (g) 64
40 38◦09′32′′ N 15◦08′21′′ E Middle shelf (u) 80
41 38◦09′36′′ N 15◦07′50′′ E Middle shelf (g) 82
42 38◦09′45′′ N 15◦07′22′′ E Middle shelf (g) 96
43 38◦10′13′′ N 15◦07′24′′ E Outer shelf (g) 120
44 38◦10′06′′ N 15◦07′53′′ E Outer shelf (u) 112
45 38◦10′12′′ N 15◦08′23′′ E Outer shelf (u) 113
46 38◦10′36′′ N 15◦07′51′′ E Outer shelf (g) 144
47 38◦10′31′′ N 15◦07′21′′ E Outer shelf (g) 160
48 38◦09′15′′ N 15◦05′35′′ E Middle shelf 83

Thirteen samples (numbered 36 to 48) were collected from the prodelta deposits
along three transects extending at depth range from 40 to 160 m, referred to as western
(37,39,42,43,47), central (36,38,41,44,46) and eastern (40,45) transect (Figure 1). In addition,
an isolated sample (48) was collected on the middle shelf immediately outside the Mazzarà
prodelta area (Figure 1; Table 1), where small gullies are likely related to the Elicona
Fiumara (not showing in Figure 1), 6 km west of Mazzarrà Fiumara. The samples were
positioned according to different targets indicative of sediment deposition and erosion in
the prodelta environment. Samples 36 and 37 were recovered in the inner shelf, respectively,
inside and outside of a larger gully facing the present-day mouth of Mazzarà River, which
is the largest incision except for those forming along the shelf edge (Figure 1). Samples 38
to 42 were recovered within or close to the thalweg of the smaller gullies in the middle
shelf; as an exception, sample 40 is from the top of a sediment undulation. Samples 43 to
47 were collected on the outer shelf from the distal part of the prodelta (43–45) and within
the thalweg of the shelf edge incisions (46 and 47; Figure 1).

2.2. Grain-Size Analysis

Grain-size analyses on grab samples were performed using dry sieving and laser
particle sizer. All samples were treated with hydrogen peroxide and distilled water to
remove organic matter and salts before drying in a convection oven at ca. 40 ◦C. The grain
size of samples with <5% of fine fractions (<63 µm) was determined only by dry-sieving
(from +4 through −4.5 ϕ; ASTM series); for heterogeneous samples, wet sieving was used
to separate coarse and fine (i.e., clay and silt) fractions. The fine fraction was treated with
500 mL of distilled water and a 50 mL solution of sodium hexametaphosphate (NaPO3) be-
fore analyzing with a laser particle sizer. The descriptive statistics of grain-size distribution
were calculated using the logarithmic (original) Folk and Ward formulas [47]. In contrast,
grain-size classification was performed based on the Folk classification scheme [48,49] and
plotted on ternary diagrams using the USGS software Sedplot [50].

2.3. Foraminiferal Assemblages

The micropaleontological analyses were focused on the characterization of benthic
foraminiferal assemblages. Specifically, small cores (about 15 cm long and 4 cm in diameter)
were collected by subsampling the central part of the grab samples, which was assumed as
relatively undisturbed. Since it is known that the grab sampling method does not guarantee
the full integrity of the undisturbed sediments [51], the total living microfaunal content was
considered in the topmost 5 cm of the cores. This approach does not significantly impact our
results since literature data indicate that, in similar environmental contexts, the uppermost
sediment (0–2 cm) records the highest faunal density and diversity [20,34,52–54].

The response of the living benthic community to the maximum fluvial input, related
to rainy winter seasons, was assessed by considering only the living fauna (rose bengal-
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stained individuals). For this purpose, all subsamples were stained and preserved in a
solution of 90% ethanol with 2 g/L of rose bengal [51,55,56]. After 15 days, the samples were
wet-sieved through a 63 µm sieve and then dried at 40 ◦C. For each sample, rose bengal-
stained foraminifera (>63 µm) with well-preserved tests were counted, hand-picked, and
identified using a binocular microscope. Nontransparent agglutinated and porcelaneous
tests were broken to inspect the interior. The rose bengal staining method has been
widely used in ecological studies for distinguishing living from dead foraminifera [5,57,58].
However, under specific conditions (i.e., anoxic environments), the accuracy of this method
may be affected by the presence of undecayed protoplasm, which can persist for weeks
or months after death [57,59–61]. While the staining criteria are confidently applied to the
superficial samples, ambiguities may arise in the case of deeper intervals [62], commonly
consisting of a slight overestimation of the living assemblages [63].

To avoid an overestimation of the abundance of tubular agglutinated taxa like Rhab-
dammina, Hyperammina (their test fragments were frequently found in the samples), only
specimens reaching at least 0.5 cm in length were counted. Benthic foraminiferal density
expressed as individuals per grams of dry sediment (ind/g) and diversity indexes were
calculated for each sample (5 cm top layer). Species diversity was quantified considering
the number of taxa occurring in the samples (S) [5], while Shannon–Weaver (H) [64] and
Fisher (α) [65] indexes were calculated using the Paleontological Statistics (PAST) version
1.38 data analysis package [66].

To highlight the occurrence of the maximum concentration of living foraminifera inside
the sediments, we calculated the average living depth (ALDx) for the total assemblage in
the first 5 cm of the sediments based on the following equation [67]:

ALDX = ∑i=1,x (ni × Di)/N

where ALDX is the average living depth (cm) of the fauna in a core of x centimeters length;
ni is the number of specimens in the sediment interval i; Di is the midpoint of the sediment
interval i (cm); N is the total number of individuals for all layers.

Charts of species density (relative abundance of single species per g of dry sediment)
at each station were also derived.

The foraminifera were identified according to the generic classification of [68]. Identi-
fication of species was mainly based on previous studies from shelf and canyon systems in
Mediterranean and extra-Mediterranean settings [69–73].

The dead assemblages were analyzed as well to identify possible allochthonous
foraminiferal tests. Following [74], a minimum of 100 individuals was counted in the top
5 cm for each station. When necessary, the samples were divided into subfractions using an
Otto microsplitter. Based on the state of preservation (broken, badly preserved specimens)
and ecological characteristics of the taxa, reworked or displaced taxa were considered and
counted to quantify allochthonous taxa and better estimate sedimentary dynamics. In
fact, because of their small size, foraminifera can be easily transported by sedimentary
processes [5,75].

Finally, energy-dispersive spectrometry (EDS) analysis on sulfur crystals collected
in sample 42 was performed with FEI-QUANTA 400 scanning electron microscope (SEM
Laboratory of Earth Sciences Department Sapienza University of Rome).

2.4. Statistical Analyses

A two-way hierarchical cluster analysis (HCA) was applied on the matrices of living and
dead specimens to recognize groups of samples with homogeneous foraminiferal content,
likely indicating uniform ecological conditions. For both living and dead data, simplified
matrices of species abundance occurring in the 0–5 cm sediment interval were used only
for those species showing relative abundances greater than 5% in at least one station [74].
Samples 42, recording an insufficient number of benthic foraminiferal individuals, was not
considered for the statistical analysis. The HCA was carried out with the statistical package
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Paleontological Statistics (PAST) [76,77], using the group average method on a Bray–Curtis
similarity matrix derived from square-root transformation of the data.

3. Results
3.1. Grain Size Analysis

The samples analyzed in this work consist mainly of sediment with silt fraction
between 57% and 75% (e.g., [48,49]; see Figure 2 and Table 2) and clay and sand content
between 10 and 22% and 4–30%, respectively; five samples (39, 40, 46, 47 and 48) also have a
minimum gravel content, with percentages of 0.1–11%. The mean size ranges between 4.9ϕ
and 6.7ϕ. The sediment is generally poor with an overall symmetric distribution, except for
samples 46, 47 and 48, which are very poorly sorted and coarse/very coarse skewed, and
samples 36, 37 and 38 with a fine skewness. A platykurtic or slightly mesokurtic sediment
distribution is common, again except for samples 46, 47 and 48, for which the distribution
curve is leptokurtic. By considering the distribution of the samples (Figure 2c), these results
indicate an overall downslope decrease in sand content, except for samples 46 and 47
(recovered within the upper slope gullies), which also yield the maximum gravel content.

Figure 2. Ternary diagrams for the sediment samples collected in the study area. Sediment classification scheme from [48,49].
(a) Samples with >0.1% gravel; (b) samples with no gravel; (c) pie charts showing the proportion of gravel, sand, silt and
clay for each sample. G—gravel; g—gravelly; (g)—slightly gravelly; S—sand; s—sandy; M—mud; m—muddy; Z—silt;
z—silty; C—clay; c—clayey.

3.2. General Features of Living Foraminiferal Assemblages

A total of 102 species of living benthic foraminifera were identified in the study area,
of which 69 were hyaline, 5 were porcelaneous, and 28 were agglutinated (Table S1). Ag-
glutinated species are dominant in most samples (especially down to −110 m, Figure 3a),
largely represented by Ammoglobigerina globigeriniformis, Eggerelloides scaber, Reophax scorpiu-
rus, Lagenammina spp. (L. atlantica and L. fusiformis); only some deeper samples (41,43,45,47)
show prevailing hyaline taxa with the dominance of Bolivina spathulata and Bulimina
marginata followed by Cassidulina carinata, Globocassidulina subglobosa, Globobulimina pyrula
and Uvigerina mediterranea. The porcelaneous taxa are absent or very scarce, their occur-
rence resulting appreciable only in the shallowest (36,37) and in the deepest samples (46,47),
where genera Adelosina, Quinqueloculina, Triloculina and Pyrgo are present (although with
frequencies <1%).
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Table 2. Granulometric characteristics of sediment samples collected during Epica cruise. (s) slightly.

ID % Gravel % Sand % Silt % Clay Folk Sediment Class Sorting Skewness Kurtosis

36 0 19.97 67.07 12.96 Sandy silt 1.82 0.17 0.88
37 0 30.82 58.75 10.43 Sandy silt 1.86 0.28 0.89
38 0 25.55 60.93 13.52 Sandy silt 1.9 0.16 0.79
39 0.29 15.51 67.98 16.22 (s) Gravelly sandy mud 1.86 0.06 0.86
40 0.18 6.85 74.54 18.43 (s) Gravelly mud 1.69 0.1 0.92
41 0 21.01 63.07 15.92 Sandy silt 1.9 0.07 0.79
42 0 10.2 70.31 19.49 Sandy silt 1.81 0.05 0.89
43 0 4.44 73.41 22.15 Silt 1.67 0.1 0.9
44 0 6.89 73.36 19.75 Silt 1.7 0.09 0.91
45 0 11.84 69.52 18.64 Sandy silt 1.84 0.04 0.87
46 1.97 22.32 57.42 18.29 (s) Gravelly sandy mud 3.23 −0.37 1.15
47 11.5 11.5 58.8 18.2 Gravelly mud 3.84 −0.48 1.62
48 6.38 4.99 68.61 20.02 Gravelly mud 2.98 −0.25 2.09

Figure 3. Test composition of living (a) and dead (b) foraminifera in the study area. Each pie chart is proportional to
foraminiferal relative abundance. The size of the pie charts is based on average density values from the 0–5 cm sampled
sediment interval.

Overall, the mean values of living foraminiferal abundance increase from the inner to
the outer sectors of the prodelta (Figure 3a and Table 3) and in the eastern transect (45 and
40) of the study area except for sample 42 (western transect), where the lowest value was
found (6.06 ind/g). The lower values (<24 ind/g) were detected in front of the river mouth,
between 35 and 112 m depth (Figure 3a and Table 3); intermediate values (between 35 and
79 ind/g) were found on the outer shelf between 120 and 160 m water depth (43,46,47) and
also outside (to the west) of the prodelta (48). The maximum abundances (from 175 up to
353 ind/g) were recorded in two samples from the eastern transect (40 at −80 m, and 45 at
−113 m; Figure 3a and Table 3).
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Table 3. Summary of data for living foraminifera in the analyzed samples. Average living depth (ALD5) for the total fauna
in the first 5 cm; (g) gullies; (u) seafloor undulations. The total number of specimens, proportion of agglutinated (Aggl.),
hyaline (Hyal.) and porcelanaceous (Porc.) taxa (expressed as ind/g) and the diversity indices (α-Fisher and H) are reported
for each sample. (W) western transect, (C) central transect, (E) eastern transect.

ID Location Transect Depth (m) ALD5
Averaged Values for 0–5 cm Interval

Ind/g Aggl. Hyal. Porc. α-Fisher H

36 Inner shelf (g) C 41 1.5 17.05 10.67 6.28 0.09 7.74 2.12
37 Inner shelf (u) W 35 1.2 11.25 6.21 4.87 0.17 4.69 1.87
38 Middle shelf (g) C 60 1.2 10.11 8.48 1.63 0.00 8.09 2.13
39 Middle shelf (g) W 64 0.9 23.82 16.95 6.88 0.00 7.14 1.55
40 Middle shelf (u) E 80 1.9 353.70 224.69 129.01 0.00 8.72 2.46
41 Middle shelf (g) C 82 1.9 38.99 9.68 29.31 0.00 6.79 2.01
42 Middle shelf (g) W 96 1.3 6.06 4.25 1.21 0.00 4.53 1.41
43 Outer shelf (g) W 120 1.0 68.18 26.51 41.67 0.00 9.18 1.89
44 Outer shelf (u) C 112 1.1 12.45 7.78 4.67 0.00 10.97 2.30
45 Outer shelf (u) E 113 1.7 175.86 45.69 130.17 0.00 9.30 2.25
46 Outer shelf (g) C 144 0.8 35.29 17.65 17.47 0.18 8.36 1.93
47 Outer shelf (g) W 160 1.5 41.66 14.23 26.13 0.13 8.33 1.94
48 Middle shelf - 83 1.1 79.13 45.04 33.33 0.76 16.63 2.48

The mean values of diversity in the topmost 0–5 cm clearly show low values (Table 3)
along the western transect (stations 37,39,42,43,47) with α-Fisher index ranging from 4.53
to 9.18 and Shannon (H) index <2. The highest values are from station 44 (−112 m; α-Fisher
index: 10.97 and H index: 2.29) and 48 (−180 m; α-Fisher index: 16.63 and H index: 2.48).
At all stations, the ALD5 values show that most living foraminifera occurs in the superficial
sediment layers (topmost 2 cm, Table 3). In samples 39 and 46, the average density of
living foraminifera is recorded in the topmost 1 cm. In all samples, the faunal composition
consists mainly of infaunal groups (Ammoscalaria spp., Eggerelloides scaber, Bolivina spp.,
B. marginata and Globobulimina spp., U. mediterranea). In contrast, epifaunal taxa (mainly L.
lobatula, Epistominella vitrea, Textularia spp., Valvulineria bradyana) are very scarce.

Following the bathymetric gradient, the foraminiferal distribution shows the domi-
nance of A. globigeriniformis and E. scaber down to 50 m depth; at greater depth, R. scorpiurus
strongly increases, together with bolivinids and buliminids. The presence of Globobulimina
spp. is documented starting from 80 m water depth. In comparison, U. mediterranea and
Chilostomella oolina are recorded starting from 120 m water depth.

3.3. Living Foraminiferal Assemblages Distribution

The HCA discriminates four main clusters corresponding to as many living assem-
blages, labeled a, b, c and d (Figure 4a; distribution shown in Figure 5a).

Cluster 1 groups the inner shelf samples (36 and 37) collected at depths shallower than
50 m (Figure 5a), characterized by species of assemblage a, mainly including agglutinated
taxa, such as A. globigeriniformis (26%), E. scaber (22%), Lagenammina spp. (9%) together
with the hyaline Bulimina gr. marginata (B. marginata and B. fusiformis, 13%). Nonionella
turgida and B. spathulata are present with mean values of 9%, while Buccella frigida follows
with frequencies of 5%.
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Figure 4. Two-way hierarchical cluster analysis applied on living (a) and dead (b) commonly occurring species (>5%) in the
Gulf of Patti. The number of clusters and the corresponding assemblage ID are also shown.
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Figure 5. Spatial distribution of the foraminiferal assemblages identified from the cluster analysis
and related pie charts representing the composition (>5%) of each assemblage: (a) living assemblages;
(b) dead assemblages.

Cluster 2 includes two samples from the mid-shelf collected at about 60 m water depth, in
correspondence with seafloor incisions (38, 39 in Figures 1 and 5a). The resulting assemblage b
is mainly characterized by agglutinated taxa like R. scorpiurus (33%), Lagenammina spp. (20%)
and E. scaber (12%). These taxa are followed by Ammoscalaria spp. and Goesella cylindrica with
mean values of 10 and 9%, respectively. Hyaline taxa display low values of less than 4% and
are represented mainly by B. spathulata, B. gr. marginata, N. turgida and B. frigida.

Cluster 3 includes only sample 40 characterized by assemblage c. This is similar to
assemblage b, from which it differs for the high frequencies of hyaline taxa like B. spathulata
(10%), B. marginata (7%), and N. turgida (5%).

Cluster 4 groups the deepest samples recovered from the outer shelf (43–47) with
samples from the middle shelf (41 and 48). The resulting assemblage d is more diversified
than the previous ones and is mainly composed of B. spathulata (25%), R. scorpiurus (14%),
B.gr. marginata (11%) and Lagenammina spp. (9%). This assemblage is also characterized by
typical circalittoral species like C. carinata (3%), G. pyrula (2%) and U. mediterranea (3%).
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3.4. General Features of Dead Foraminiferal Assemblages

A total of 113 species of benthic foraminifera were identified in the dead assemblages,
of which 76 were hyaline, 13 were porcelaneous, and 24 were agglutinated (Table S2).
Hyaline individuals are dominant in most samples except for sample 36, where similar
frequencies of hyaline and agglutinated individuals are recorded (Figure 3b). The agglu-
tinated group shows the highest frequencies (30–49%) closer to the coast and decreases
(27–6%) at water depths greater than 80 m (Figure 3b), with the most abundant species
being the same as that of the living assemblages (A. globigeriniformis, E. scaber, Lagenammina
spp., Table S2). Downward 60 m depth, we observe an increase of Textularia spp. associated
with Lagenammina spp. and, occasionally, with E. scaber, Bigenerina nodosaria and Sigmoilop-
sis schlumbergeri. The composition of the hyaline group is similar to that of the living
assemblages, characterized by the abundance of typical shallow-water taxa like Ammonia
spp. (36,37), associated with Buliminella sp., N. turgida and Haynesina depressula. An increase
of V. bradyana and C. carinata is recorded between 60 to 80 m water depth, accompanied by
higher frequencies of Buliminidae and Bolivinidae in sample 40. Downward 80 m depth, V.
bradyana decreases, while C. carinata is associated with high frequencies of G. subglobosa, B.
marginata, B. spathulata and typical circalittoral species (Melonis spp., Gyroidina umbonata,
Uvigerina spp.).

Unlike the living assemblage, the porcelaneous taxa are absent or very scarce (0–3%)
except for the distal samples (Figure 3b), where they are represented by reworked or displaced
specimens or deep-water taxa like Pyrgo and Biloculinella spp. Overall, the dead microfauna
density increases from the inner to the outer sectors of the prodelta. However, minimum
values are recorded by samples 42, similarly to the living assemblage (Figure 3b and Table 4).
It is to note that in this sample, native sulfur minerals were recorded (Figure 6).

Table 4. Summary of dead foraminiferal data for the analyzed samples in the first 5 cm. (g) gullies; (u) seafloor undulations;
(s) slightly. Density (ind/g), proportion of agglutinated (Aggl.), hyaline (Hyal.), porcelanaceous (Porc.) and allochthonous
(Allocht.) taxa (expressed as ind/g) are reported for each sample.

ID Location Depth (m)
Averaged Values for 0–5 cm Interval

Ind/g Aggl. Hyal. Porc. Allocht.

36 Inner shelf (g) 41 260.92 131.03 126.44 3.45 7.74

37 Inner shelf (u) 35 111.39 48.92 61.29 1.07 4.69

38 Middle shelf (g) 60 161.25 69.90 90.66 0.69 8.09

39 Middle shelf (g) 64 223.26 76.74 146.52 0.00 7.14

40 Middle shelf (u) 80 162.70 23.02 139.68 0.00 8.72

41 Middle shelf (g) 82 760.56 105.63 654.93 0.00 6.79

42 Middle shelf (g) 96 41.75 19.21 22.55 0.00 4.53

43 Outer shelf (g) 120 1689.87 297.47 1348.10 44.30 9.18

44 Outer shelf (u) 112 668.42 136.84 526.32 5.26 10.97

45 Outer shelf (u) 113 1047.37 163.15 873.68 10.53 9.30

46 Outer shelf (g) 144 569.18 78.62 481.13 9.43 8.36

47 Outer shelf (g) 160 234.88 15.12 219.77 0.00 8.33

48 Middle shelf 83 1572.65 478.63 1085.47 8.55 16.63
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Figure 6. (a) SEM micrographs (scale bar = 100 µm) and (b) EDS analysis of sulfur crystals collected
in sample 42.

Reworked or displaced taxa show frequencies ranging from 3 (36) to 56% (42) at
water depths below 100 m (Figure 3b). Apart from samples 42 and 40 (19%), showing the
highest allochthonous content, in the shallower sectors (up to 80 m water depth), reworked
or displaced taxa are represented by broken or poorly preserved tests with frequencies
ranging between 2 and 9%. Downward 100 m depth, the allochthonous fraction increases
(12–14%, Figure 3b) and is mainly represented by typically shallow-water taxa most likely
displaced, as for instance,: Ammonia spp., H. depressula, Elphidium spp., Quinqueloculina spp.
and Adelosina spp., e.g., [5,32,70,78–81] (Table S3).

3.5. Dead Foraminiferal Assemblages Distribution

In the dendrogram obtained from the HCA, three main clusters related to assemblages
A, B and C may be recognized (Figure 4b).

Cluster I groups the shallowest samples (36–39) from the depth range 35–60 m
(Figure 5b). The assemblage A is characterized by high frequencies of agglutinated taxa
(E. scaber 19%, Lagenammina 14%, A. globigeriniformis 12%, T. bocki 6%) associated with
hyaline taxa like Buliminella spp. (9%) and B. marginata (6%).

Cluster II includes two samples (40 and 47) located in the eastern part of the study
area and at the slope edge, respectively (Figure 5b). The assemblage B is dominated by
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B. spathulata (27%), C. carinata (24%), and B. marginata (14%). Globocassidulina subglobosa
(9%) and T. bocki (8%) follow with lower frequencies.

Cluster III is represented by the distal samples (41, 43–46, 47) located in a depth
interval between 82 and 160 m depth (Figure 5b). The assemblage C shows an increase of
B. marginata (17%) and G. subglobosa (13%) concerning C. carinata (18%) and B. spathulata
(9%), which in turn display a slight decrease compared to the previous assemblage (B).

4. Discussion
4.1. Response of Living Foraminiferal Assemblages to Sedimentary Disturbance

The environmental interpretation of the living foraminiferal assemblages in the Gulf
of Patti reflects the interplay of variable trophic conditions, high-energy sedimentary pro-
cesses and diverse abiotic factors, the most relevant being depth gradient, sediment grain
size and seasonal climate regime. The studied samples were collected during the winter
season, when rainfall and river discharges are more intense, therefore, representing the
most affecting disturbance for benthic fauna. During these highly energetic hydrodynamic
conditions, the distribution of the benthic foraminifera results primarily controlled by
two factors: sedimentation rates (depending on sediment input from rivers) and water
depth (Figure 5). The low values of average living depth (ALD5 < 2 cm) recorded in all
sites of the study area could be due to the combined effect of scarcely oxygenated seafloor,
with a redox front located very close to the water–sediment surface, and the physical
disturbance associated with frequent sedimentary transport processes. Both these factors
could prevent the colonization of deeper sediment layers. These environmental conditions
are testified by the prevalence of low diversity assemblages dominated by opportunistic
species. However, some differences along the prodelta area can be envisaged. In the central
part of the prodelta, down to 100 m depth (Figure 3a), where gullies and the larger scale
sediment undulations mostly concentrate, agglutinated taxa reach more than 80% of the
total assemblage. Two agglutinated opportunistic species dominate the assemblages a and
b, respectively: A. globigeriniformis at shallow depths (<50 m) and R. scorpiurus from 50
to 96 m depth [71,82]. These findings are consistent with literature data reporting similar
distributions in other Mediterranean and extra-Mediterranean sites and relating them to
stressful conditions at the seafloor [31,71,82–86]. Although both taxa live in a wide depth
range and are tolerant to substrate disturbance caused by rapid sediment deposition or
by strong currents [33,87,88], the abrupt replacement of A. globigeriniformis (assemblage
a) with R. scorpiurus (assemblage b), observed at 50 m depth in our study area (Figure 5),
is in contrast with literature data, which report an overlap of the ecological niches of the
two species. In the Gulf of Patti, the distance of the river mouth might represent a possible
cause of the observed distribution. This fact could imply differences in the distribution
of the organic carbon content and grain size and the outreach of sediment fluxes signif-
icantly impacting the seafloor [85,89–91]. A stronger influence of the fiumara discharge
can be envisaged in the inner shelf, also suggested by the higher sand content preferred
by A. globigeriniformis [31,86,87]. The occurrence of euryhaline taxa like E. scaber would be
favored by the freshwater input [39,92]. The high abundance of E. scaber can be due to its
capability to rapidly colonize new areas [93,94] in shallow, highly energetic, and organic
matter-rich environments [5,32,84,95]. In assemblage a, the agglutinated taxa are associ-
ated with typical infaunal eutrophic species feeding on low-quality organic matter, like
Bulimina gr. marginata, B. spathulata and N. turgida confirm the high availability of nutrients
linked to enhanced river input during the winter season [29,32,52,80,92,96]. Moreover, the
presence of typical infralittoral taxa like B. frigida, which generally live in environments
where factors like grain size, organic matter contents and salinity are highly variable [5,97],
agrees with intense erosive-depositional dynamics expected in the prodelta area of the
Mazzarrà Fiumara.

In the outer sector of the prodelta (at depths greater than 100 m), where the impact
of the sedimentary flows seems to decrease [40], the foraminiferal distribution follows
an overall depth gradient. Higher abundance values are observed (48 to the west, 43
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in the central part and 45 to the east, Figure 3a). However, sedimentary gravity flows
can sometimes reach the shelf edge and accelerate due to the increase of slope gradients,
resulting in deeper and larger incisions hosting upper-flow regime bedforms [46] and
coarser sediment (i.e., samples 46 and 47 in Figure 2). In this sector (assemblage d), the
hyaline taxa increase with depth due to reducing the opportunistic agglutinated taxa
(R. scorpiurus, A. globigeriniformis, E. scaber). Concurrently, typical circalittoral species like
Cassidulina spp., Globobulimina spp. and Uvigerina mediterranea make their appearance.
Buliminids and bolivinids indicate persisting eutrophic conditions at the seafloor, although
they occur along with shallow infauna typical of mesotrophic environments, as for instance,
U. mediterranea [54,96,98–100]. This may be interpreted due to the gradual decrease of
organic flux towards deeper areas [62].

At the easternmost site (40), the high frequencies of typical eutrophic and dysoxic taxa
(assemblage c) like Bolivina spp., B. gr. marginata, and N. turgida, e.g., [21,62,79,81,101–103],
and the high frequencies of allochthonous taxa (19%), suggest a possible deviation of river
fluxes towards this sector of the prodelta, in agreement both with the progressive deflection
in the same direction of the crest lines of sediment undulations [40], and the main direction
of along-shelf currents [41]. Moreover, the presence of a canyon head scarp on this side of
the prodelta could influence the direction of sediment transport.

4.2. Dead Foraminiferal Assemblages and Allochthonous Taxa

The dead assemblages can be very useful to understand and reconstruct the population
dynamics, especially in areas subject to environmental instability (i.e., related to sediment
gravity flows). Whereas the living fauna provides environmental information related
to their lifetime, the dead assemblage provides insights into the relatively longer-term
depositional and taphonomic processes.

The comparison between living and dead assemblages highlights a major faunal
homogenization for the shallower sectors (assemblage A) with a reduction of agglutinated
taxa in the dead assemblages of all samples, indicative of a poor preservation potential. The
dead assemblages (assemblage A and C) confirm a distribution controlled by sediment and
organic matter input along a depth gradient. The most abundant species are represented
by eutrophic taxa (N. turgida, Bolivina spp. and B. marginata ) associated with taxa tolerating
intense bottom currents, like C. carinata and G. subglobosa [34,104–106]. Moreover, the dead
assemblages reveal a high concentration of B. spathulata (assemblage B) in the eastern and
in the deepest sectors of the study area, suggesting low oxygen condition at the seafloor
probably due to the persistent accumulation of organic matter through time; this is also in
agreement with that which has been observed for the living fauna.

The highest frequencies of the allochthonous taxa are recorded in deeper shelf sectors
in the study area (from about 100 m depth, 43, 44, 46 samples) and correlate with a
predominance of fine-grained sediment. They are mainly represented by infralittoral taxa
that are resumed and transported post-mortem into deeper water. In this view, sample
42 is peculiar for the low-density of living foraminifera (dominated by agglutinated taxa)
and the higher frequency of the allochthonous component (56%). The decrease of living
foraminifera is probably due to a stressed local condition at seafloor inhibiting benthic
communities. In this sample, the finding of sulfur native crystals, totally rose-bengal
stained and clearly showing bioerosion signs, suggests a possible presence of bacteria, such
as Thiothrix or Beggiatoa, reduce sulfur compounds present in local fluid/gas emissions to
elemental sulfur [107,108]. The high values of allochthonous content may be due to the
ubication of the sample located fully well within a gully.

4.3. Comparison with Other Mediterranean Prodeltas

The Mazzarrà prodelta is characterized by surficial sediments with an overall silty
composition, indicating the main influence of river-derived sediment plumes, as observed
on other shelf settings supplied by steep and short rivers, as, for instance, on the northern
shelf of the Alboran Sea [109]. The prevailing sediments and associated values of mean
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grain-size (around 5–6.6 ϕ) are generally lower than the values found in larger prodeltaic
settings, such as off the Tiber (around 5–7.8 ϕ; [110]) or the Ebro (8.5–10.5 ϕ; [111]) rivers.
This evidence can be associated with differences in the hydraulic regime and sedimentary
load carried out by short- and medium-size rivers during floods. The more frequent
generation of hyperpycnal flows concerning larger rivers [112].

In the Mediterranean basin, the relationship between foraminiferal distribution and
sedimentary processes in deltaic areas linked to short rivers with the torrential regime
was carried out by [27] in Guadalfeo and Adra submarine deltas off the northern coast
of the Alboran Sea. In these areas, a hydrodynamic and climatic regime similar to those
found in the Mazzarrà River prodelta (strong climatic seasonality determining torrential
floods alternated with periods of low rainfall or dry periods) greatly influences the benthic
microfauna distribution, resulting in foraminiferal assemblages with compositional features
comparable to those reported in this study. Like our study area, opportunistic taxa prevails
in the Spanish prodeltas, mainly represented by agglutinated species feeding on organic
matter and fresh phytodetritus, capable of rapidly recolonizing the frequently reworked
surficial sediments of high-energy shelf environments.

A qualitative comparison between the Gulf of Patti and the microfaunal distribution
found in larger river deltas (Ebro, Rhone, Ombrone, Tiber deltas) shows that despite all as-
semblages are dominated by eutrophic species like Bulimina spp., Bolivina spp., V. bradyana,
a lower abundance of agglutinated taxa occurs [24,81]. In these deltas, the effects of season-
ality and consequently the hydrodynamic regime are buffered by the length of the rivers,
the geomorphological setting of their catchments, and the numerous anthropogenic alter-
ations (dams, defense works, etc.) of their course. These factors influence the foraminiferal
assemblages resulting in a minor abundance of agglutinated opportunistic taxa like Reophax
spp., Eggerelloides spp., A. globigeriniformis and L. scottii, that are concentrated close to the
river mouth, where a more severe seafloor disturbance induced by massive sediment
inputs occurs [10,53]. On the contrary, a higher similarity is highlighted in the assemblages
developing on the continental margins characterized by short rivers with torrential regimes
associated with the developing of shelf-indenting canyons. For instance, in the cases of
canyons in the Ligurian and Gioia basins, despite marked differences between canyon and
open shelf domains, the foraminiferal assemblages are substantially similar to those of
Mazzarrà prodelta in terms of distribution, composition, density and diversity [34,54]. Like
in the Gulf of Patti, we found the dominance of agglutinated taxa and poorly differentiated
assemblages (in terms of species composition) due to the narrow and steep continental
margin favoring the dispersal of riverine input throughout the shelf, which could be one
of the most discriminating factors concerning the large river deltas. The record of similar
assemblages in other sites along the narrow Tyrrhenian margin, characterized by similar
geological, hydrodynamic and sedimentary settings [34,54], confirms the peculiarity of
these associations.

5. Conclusions

Analyses of benthic foraminiferal assemblages and sedimentological data carried out
on sediments samples collected in the Gulf of Patti allowed us to better understand the
influence of sedimentary processes driven by riverine input on the foraminiferal community.
Specifically, the following consideration can be highlighted:

1. In highly energetic hydrodynamic settings, physical disturbance related to sediment
transport processes and food supply represents the most significant environmental
factors controlling the foraminiferal assemblages in faunal density, biodiversity, and
taxonomics compositions.

2. The dominance of opportunistic agglutinated taxa (mainly Reophax spp., Eggerelloides
spp.) associated with hyaline eutrophic species (Bolivina spp., Bulimina spp., N. turgida)
represents a distinctive character of the living benthic foraminiferal community in this
sector of the southern Tyrrhenian margin. A clear decrease of these taxa is recorded
in the marginal areas of the prodelta, confirming their correlation with river input. At
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depth >100 m, more oligotrophic conditions due to greater distance from the coastline
favor developing typical deep-sea assemblages characterized by the occurrence of
shallow infaunal species. The dead assemblage confirms that the distribution is
controlled by sedimentary and organic matter input along a depth gradient.

3. Compared to other sites of the Tyrrhenian margin characterized by similar geological,
hydrodynamic and sedimentary settings confirms the strong correlation between
the assemblages and the organic matter enrichment and the concurrent physical
disturbance by fluvial flows.

4. The study provides insights for paleoenvironmental reconstructions in similar envi-
ronments during the Holocene.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/geosciences11050220/s1, Table S1: Results of the quantitative data. Number of the living taxa
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