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Abstract The response of benthic foraminiferal as-
semblages to trace element pollution in the marine
sediments of the Gulf of Milazzo (north-ecastern
Sicily) was investigated. Since the 1960s, this
coastal area has been a preferred site for the de-
velopment of two small marinas and a commercial
harbour as well as for heavy industry. Forty sam-
ples collected in the uppermost 3-4 cm of an
undisturbed layer of sediment in the littoral envi-
ronment were used for this benthic foraminiferal
analysis. The enrichment factors (EFs) of selected
trace elements (As, Co, Cr, Cu, Mn, Ni, Pb and
Zn) were also calculated. Changes both in benthic
foraminiferal assemblages and in some trace ele-
ments concentrations have provided evidence that
the gulf’s littoral zone can be subdivided into three
sectors characterised by environmental changes in the
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marine ecosystem. In the sector unpolluted, close to the
Milazzo Cape, foraminiferal assemblages exhibit high
values of species richness and foraminiferal density
while trace element concentrations and their EFs are
very low. Here, the highest densities of Miliolids and
epiphytic species are present. On the contrary, in the
sector polluted, from the marinas to the crude oil
refinery, foraminiferal density and species diversity
are low, and assemblages are dominated, albeit
with very low densities, by species that tolerate
stressed environmental conditions, such as LOFAs,
agglutinants and Ammonia spp. Here, the highest
trace elements concentrations of Pb, Zn and Cu
and related EFs were detected. Eastwards, in the
sector moderately polluted, foraminiferal popula-
tions are quite poor. They are characterised by
low values of species richness and foraminiferal
densities, nevertheless trace element concentrations
become lower than in the other sectors and their
EFs are often below 1. Deformed foraminifera,
with percentages up to 7.14 %, were found in all
three of the sectors. Differences in benthic foraminiferal
assemblages, coupled with results from statistical
analysis, indicate that anthropogenic trace element
pollution could be considered as one of the most
important causes of the modifications of foraminiferal
assemblages in the study area.
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Introduction
Background and aims of the work

Benthic foraminifera are among the most abundant micro-
organisms in the marine ecosystem (Lee and Anderson
1991). They are easy to collect, and owing to their small
size, they provide a very reliable database that is useful in
the statistical analysis of foraminifera assemblages
(Armynot du Chatelet et al. 2004). Benthic foraminifera
are microorganisms that readily respond to environmental
changes in marine ecosystems; in fact small variations in
salinity, temperature, pH, oxygen concentration, food sup-
ply and anthropogenic pollution may modify populations
and their spatial distribution noticeably (Sen Gupta 1999a
and reference therein).

Coastal marine areas are subjected to both natural
(i.e. volcanic ash, erosion of igneous and metamorphic
rocks and hot spring) and anthropogenic pollutants (i.e.
trace elements, sewage waste, and hydrocarbons) that
have a negative impact on the marine ecosystem (Alve
1991; Di Leonardo et al. 2007; Frontalini and Coccioni
2008; Tranchina et al. 2008 and reference therein).
During the last few decades, a large number of publica-
tions have shown that high levels of heavy metals and
trace elements in marine sediments can produce local
extinctions, and modifications in foraminiferal assem-
blages, which include pathological processes in the fo-
raminifera cell (Alve 1991; Sharifi et al. 1991; Le Cadre
and Debenay 2006), strong variations in population
density, changes in the specific abundance, diversity
and test size (Alve 1991; Yanko et al. 1994, 1999;
Coccioni 2000; Ferraro et al. 2009; Frontalini et al.
2009). Laboratory experiments also show that benthic
foraminifera are sensitive to organic pollutants (i.e.
Yanko and Flexer 1991; Gustafsson et al. 2000; Emnst
et al. 2006). Furthermore, benthic foraminifera living in
highly polluted sites can display aberrant morphologies
in percentages higher than 1 % of the total assemblages
(Alve 1991; Yanko et al. 1994; Frontalini and Coccioni
2008 and reference therein). Thus, the qualitative and
quantitative analysis of benthic foraminiferal assem-
blages and aberrant test morphologies represent a useful
tool in pollution assessment and in the environmental
monitoring of coastal marine areas (Yanko et al. 1998;
Cearreta et al. 2000; Armynot du Chatelet et al. 2004;
Saraswat et al. 2004; Ferraro et al. 2006; Thibodeau et
al. 2006; Di Leonardo et al. 2007; Frontalini and
Coccioni 2008; Caruso et al. 2011).
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The Gulf of Milazzo is a natural bay located offshore
of north-eastern Sicily (Fig. 1a). Since the 1960s, the
coastal area of the gulf was a preferred site for the
development of industries (i.e. a crude oil refinery and
thermal power plant) as well as for the marina and
commercial harbour. All of these activities are potential
sources for anthropogenic trace element contamination.
Thus, the Gulf of Milazzo represents a natural laboratory
for the investigation of the relationships between human
pollution sources, distribution and enrichments of trace
elements and their effects on benthic foraminifera.

The goal of this study is to observe the benthic
foraminiferal response (assemblage variations and the
development of aberrant test morphologies) to trace
element pollution in the marine ecosystem of the gulf
by using a multidisciplinary (micropaleontological, geo-
chemical, sedimentological and statistical) approach.

Environmental settings of the Gulf of Milazzo
and geology of the adjacent Peloritani Mountains

The Gulf of Milazzo extends ~26 km along the shore
from the Milazzo Cape to the Rasocolmo Cape (Fig. 1a).
The continental shelf is ~200 m wide off the Milazzo
Cape and increases its size to ~2 km wide at the centre of
the gulf. The continental shelf edge lies mostly between
120 and 135 m of water depth. Hydrodynamics of the
superficial water layer are complex: a general cyclonic
circulation flows eastward from Capo Milazzo to Capo
Rasocolmo, whereas an anticyclonic circulation, locally
influenced by morphology and winds, characterises the
inner sector of the bay (Decembrini et al. 2004).
Twelve small N-S oriented rivers and several streams
flow from the Peloritani Mountains into the Gulf of
Milazzo, among these the Corriolo river mouth flows
quite close to a crude oil refinery (Fig. 1). During periods
of high stream discharge, continental waters carry a sig-
nificant amount of fresh water and sediments produced
from the erosion of sedimentary rocks, gneiss and
granitoides with subordinate amphibolites and marbles
from the extensively exposed Aspromonte Unit of the
Peloritani range on the shore of the Gulf of Milazzo
(Amodio-Morelli et al. 1976; Bonardi et al. 2001;
Messina et al. 2004). The Aspromonte Unit is locally
unconformably covered by Middle-Upper Miocene to
Pleistocene sedimentary sequences (Bonardi et al. 2001
and references therein). Plio-Quaternary extensional ba-
sins formed in the Milazzo onshore are filled with a
variety of sediments which mostly consist of gravels,
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Fig. 1 a The Milazzo Gulf
with the positions of the
sampling sites; b detail of
the harbour area and the
crude oil refinery (modified
from Google Earth)

B Milazzo a

[ Crude Oil Refinery Rasocolmo Cape
e vz Sampling site HE 16208

HE 16/10% ]
U River

calcarenites and bioclastic sands, clayey, marls and marly
limestone.

Material and methods
Sampling

Forty surface marine sediment samples were collected in
the Gulf of Milazzo submerged littoral zone in August
2008. The names of the sampling stations are reported in
detail in Fig. 1. Each sampling site (labelled HE) was
marked by two numbers: the first one indicates the name
of the transect and the second one indicates its bathym-
etry. Sediment sampling was carried out at water depths
of ~10, ~20 and ~30 m, taking the top 3—4 cm
(~100 cm®) from the undisturbed layer of sediment by
using a 4 kg Van Veen grab. Sediments were scraped
using a plastic blade to avoid trace element contamina-
tion, immediately sealed in polyethylene flasks and
stored at —20 °C until analysis (see Pepe et al. 2010 for

= .HE Hi10
fE H-ini10

HE H-outM0
.

HE 5/30
. . HE 7/30®

HE R-1/30 - HE 7/20®
Y e 4k 7120

3 HE 7H0®

further details). A complete list of the coordinates and
bathymetries for each sampling site is given in Table 1.

The age of sediments is approximately constrained by
assuming an average sedimentation rate of ~0.8—
1 mm/years. These values have been calculated in the
Pozzuoli Bay (Eastern Tyrrhenian Margin). Here, two
tephras, dated at 5,090+140 years BP (Insinga et al. 2006)
and 79 AD, respectively, have provided a calibrated time
interval for the bounded marine stratigraphic units (Sacchi
et al. 2013). A similar value of 0.85+0.15 mm/years was
also derived from marine sediments collected from the
coast of south-eastern Sicily (Gerardi et al. 2012).
According to this data, the resulting age we determined
for the studied sediments is ~40-50 years.

Granulometry
One hundred grams of sediment for each sample was
oven-dried at 55 °C for 48 h, and subsequently weighed

and washed through a 63-um sieve. The residual fraction
was oven-dried and weighed again. In this way, we
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Table 1 Geographic coordinates and bathymetries of the sam-
pling sites

Sample Latitude (°N)  Longitude (°E)  Depth (m)
HE 1/10 38.2219483 15.2500650 10
HE 1/30 38.2733100 15.2349517 30
HE 2/10 38.2221150 15.2500167 6
HE 2/30 38.2603650 15.2489883 30
HE 3/30 38.2478000 15.2541617 30
HE 4/30 38.2143467 15.2579817 30
HE H-out/10  38.2189467 15.2492150 30
HE H/10 38.2155533 15.2498150 20
HE H-in/10 38.2159983 15.2482267 11
HE 5/20 38.2129167 15.2568583 20
HE 5/30 38.2143800 15.2581367 30
HE R1/20 38.2108067 15.2665667 20
HE R1/30 38.2116483 15.2800850 30
HE R2/30 38.2122750 15.2715150 30
HE R3/20 38.2101217 15.2802800 20
HE R3/30 38.2116483 15.2800850 30
HE 6/10 38.2085300 15.2919133 10
HE 6/20 38.2093350 15.2916217 20
HE 6/30 38.2107200 15.2911867 30
HE 7/10 38.2122117 15.3114750 10
HE 7/20 38.2138850 15.3110850 20
HE 7/30 38.2151517 15.3099000 30
HE 9/10 38.2199417 15.3418367 10
HE 9/20 38.2216600 15.3409667 20
HE 9/30 38.2241767 15.3414650 30
HE 11/10 38.2306450 15.3818550 10
HE 11/20 38.2331233 15.3794917 20
HE 11/30 38.2331233 15.3788250 30
HE 12/10 38.2399733 15.4076550 10
HE 12/30 38.2425083 15.4076383 30
HE 13/10 38.2474583 15.4303583 11
HE 13/20 38.2493017 15.4287917 20
HE 13/30 38.2502133 15.4281467 30
HE 14/10 38.2614467 15.4546367 10
HE 14/30 38.2648400 15.4525983 30
HE 15/10 38.2763617 15.4845883 8
HE 15/20 38.2787867 15.4761683 20
HE 15/30 38.2776900 15.4704250 30
HE 16/10 38.2899100 15.5003383 16
HE 16/20 38.2922683 15.4972800 34

obtained the percentage of mud (silt and clay) by taking
the difference between the unwashed and washed sample
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(Caruso et al. 2011). Afterwards, the sediment was sieved
to obtain separate fractions of the size 0.063-0.5, 0.5-1,
1-2 and >2 mm. Each fraction was weighed and
expressed as a percentage of the total sediment's weight
(Shepard 1954).

Trace elements proxy

The partial manganese concentration was determined in
the grain size fraction <63 pum by using an inductively
coupled plasma-mass spectrometry (PerkinElmer model
ELAN-DRC-e) after digesting 0.5 g of sediment sample
with a mixture of HNO3;—H,0, (2:1) in bombs using a
microwave oven (CEM MSD 2000). Partial trace ele-
ment digestion is widely used in environmental geo-
chemical studies to remove non lattice-bound elements,
giving an estimate of the maximum amounts of elements
that are potentially modifiable with changing environ-
mental conditions (Chatterjee and Banerjee 1999;
Yawar et al. 2010). Precision, reported as a relative
standard deviation) percentage, was better than 5 %.

The enrichment factors (EFs) for manganese and
other trace elements determined in the same samples
(As, Co, Cr, Cu, Ni, Pb and Zn; Pepe et al. 2010) were
calculated as “Elementgympie/ Elementy,ciground." To
select background level values as close to the local
pre-industrial ones as possible, the results obtained for
the Sicily Channel from Di Leonardo et al. (2013) and
Tranchida et al. (2010) were considered.

The normalisation of trace elements in respect to
aluminium, or other aluminosilicate elements, generally
used to correct for differences in sediment grain size and
mineralogy (e.g. Carral et al. 1995; Daskalakis and
O’Connor 1995; Morford et al. 2001; Alagarsamy and
Zhang 2010), is not necessary here considering that the
same granulometric fraction (<63 um) was used for the
digestion of both the samples collected in the Gulf of
Milazzo and in the sediments analysed in the work of Di
Leonardo et al. (2013) and Tranchida et al. (2010).

Trace element measurements on samples HE 1/10,
HE 2/10, HE 13/20 and HE 15/10 have not been
performed. Thus, these samples were not taken into
account in the statistical analyses (see below).

Foraminiferal analysis
A review of the relevant literature raises several ques-

tions concerning the thickness of the undisturbed layer
of sediment sufficient to obtain a reliable database of
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benthic foraminiferal assemblages that can be used as
bio-indicators of pollution in a marine ecosystem. In
this study, the choice was made to analyse the upper-
most 3—4 cm of the top-soft sediment because the
highest percentages of benthic foraminifera (>90 %)
usually live in this portion (Jorissen 1988).

Presently, an intense debate exists around the use of
living or dead benthic foraminifera in the assessment of
anthropogenic pollution in a marine ecosystem (i.e.
Bernhard 2000; Murray 2000; Morvan et al. 2006).
Because of the impossibility of carrying out seasonal
sampling, it was chosen to study the total (living+non-
living specimens) benthic foraminiferal assemblages.
The latter provides integrated information about the
general conditions of a marine ecosystem over a long
period, being mostly comparable to assemblages in core
samples (Alve and Nagy 1986; Debenay et al. 2009;
Martinez-Colon et al. 2009).

The qualitative and quantitative analyses of the ben-
thic foraminifera were carried out on the fraction
>63 um, which was subsequently subdivided into
smaller statistically representative aliquots of the total
sample by using an Otto microsplitter. The split fraction
was weighed and all specimens were counted, classify-
ing normal and deformed ones for each species. The
classifications proposed by Loeblich and Tappan
(1987), Cimerman and Langer (1991), Sgarrella and
Moncharmont Zei (1993) and Sen Gupta (1999b) were
used to recognise the species. In all samples, benthic
foraminifera tests seem to be well preserved, without
mechanical damages or re-crystallisation; furthermore,
no displaced or re-worked species were recognised.

Since many samples are characterised by a low num-
ber of individuals (Table 2), it was chosen to plot each
species or group as a foraminiferal density (foram g™' of
dry sediment) rather than as a percentage. In spite of
some authors' (e.g. Goineau et al. 2011) assertions that
percentages provide more reliable data on replicated
cores, the use of percentages in samples characterised
by variable granulometry and by a very low number of
specimens might give rise to an overestimation of cer-
tain species. On this basis, and taking into account that
the size of recognised foraminifera is lower than
0.5 mm, two types of foraminiferal density (FD-1 and
FD-2) were calculated. FD-1 corresponds to the number
of individuals per gram of total dry sediment (foram per
gram of dry sediment), while FD-2 corresponds to the
number of individuals per gram of dry sediment, ex-
cluding the fraction greater than 0.5 mm. FD-2 has been

applied to calculate densities of each species and/or
group.

Five foraminiferal parameters were calculated using
the Paleontological Statistics Data Analysis (PAST)
software (Hammer et al. 2001): (1) species richness
(S), as the number of total taxa and (2) Shannon—
Weaver (H), (3) Dominance (D) and (4) Fisher-« index,
i.e. the relationship between number of species and
number of individuals in an assemblage (Fisher et al.
1943; Murray 1973), and (5) Margalef’s richness index.

Some species and/or genera were grouped together on
the basis of ecological considerations. Four species of
Ammonia were recognised (Ammonia beccarii, A.
gaimardii, A. tepida, and A. parkinsoniana; Hayward et
al. 2004) and also plotted together as Ammonia spp.
because they are generally considered as pollution-
tolerant taxa (Samir and El-Din 2001; Caruso et al. 2011).

Bolivina spp., Bulimina spp., Cassidulina carinata,
Cassidulina crassa, Fursenkoina acuta, Globobulimina
affinis, Globocassidulina subglobosa and Uvigerina
peregrina were grouped together because they are con-
sidered as low-oxygen foraminiferal assemblages
(LOFAs; Smart 2002).

The Elphidium group contains three species:
Elphidium aculeatum, Elphidium crispum and
Elphidium macellum.

Asterigerinata  planorbis, Buccella granulata,
Elphidium spp., Gavelinopsis praegeri, Lobatula
lobatula, Peneroplis spp., Planorbulina acervalis,
Rosalina bradyi, Rosalina obtusa and Sorites
orbiculus were grouped together because they are
epiphytic foraminifera (Langer 1993).

The order of “Miliolida” includes the following gen-
era: Adelosina, Quinqueloculina, Sigmoilopsis, Sorites,
Spiroloculina, Triloculina and Vertebralina. Miliolids
were chosen because they are known to be sensitive to
pollution (Samir and El-Din 2001; Di Leonardo et al.
2007; Valenti et al. 2008; Ferraro et al. 2009).

The genera Cribrostomoides, Lagenammina,
Saccammina and Textularia were grouped together
as “agglutinants”.

Deformed specimens belonging to L. lobatula, A.
parkinsoniana, Quinqueloculina spp. and R. obtusa
were also recognised, separately counted and reported
as total deformed foraminifera (TDF).

Carbon-coated selected specimens were observed
and documented by a scanning electron microscope
(SEM) using a LEO 440 with EDS System OXFORD
ISIS 300 Link and Si (Li) PENTAFET detector.
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Table 2 Concentrations in parts per million of investigated metals (modified from Pepe et al. 2010), number of foraminifera counted,
and benthic foraminiferal densities (FD-1 and FD-2) reported in terms of foram per gram of dry sediment

Samples Mn Co Ni Cu Zn Pb Cr As  number of  FD-1 FD-2 (foram/g
counted (foram/g of of sediment,
foraminifera total sediment) 0.063-0.5 mm)
HE 1/10 - - - - - - - - 149 18.64 116.26
HE 1/30 5214 220 0.00 590 12.56 4.79 8.18 0.00 186 28.22 526.32
HE 2/10 - - - - - - - - 20 1.80 9.27
HE 2/30 148.54 395 879 920 3384 1436 1586 0.78 513 2,045.50 2,488.95
HE 3/30 149.58 4.83 10.87 1592 4513 1489 2197 1.28 287 209.26 278.85
HE 4/30 446.74 14.03 36.83 40.57 12325 4272 58.83 5.70 247 201.27 1,092.06
HE H out/10  407.35 12.94 34.08 35.08 134.04 49.03 7620 4.37 154 161.26 241.51
HE H/10 345.19 10.18 24.63 27.83 182.03 3242 4092 3.27 130 117.68 250.02
HE H-in/10  417.24 12,65 31.77 39.23 122.14 29.17 5081 4.21 35 17.65 20.31
HE 5/20 65235 20.60 45.56 51.09 167.35 49.19 86.64 543 0 0.00 0.00
HE 5/30 350.44 12.84 30.39 22.14 105.51 18.01 7796 2.74 2 0.00 0.00
HE R-1/20 49890 14.09 34.89 3554 11358 2027 5420 6.04 60 28.62 36.88
HE R-1/30 428.51 13.87 33.05 34.04 12034 18.78 77.02 3.06 22 12.16 20.83
HE R-2/30 473.17 16.52 4421 4449 13777 2134 88.13 3.15 28 13.71 25.93
HE R-3/20 208.19 637 13.74 14.02 5349 929 2199 222 45 16.55 21.81
HE R-3/30 386.46 13.67 34.85 3423 112.57 1874 7632 2.72 35 7.32 16.82
HE 6/10 54516 11.77 29.80 30.34 115.11 2372 4539 5.01 2 0.00 0.00
HE 6/20 31230  8.76 20.87 23.89 73.82 17.14 3771 3.76 5 6.97 8.17
HE 6/30 488.21 14.85 3748 36.72 11456 2036 5444 6.06 14 12.51 23.53
HE 7/10 658.72 1396 3229 40.02 130.39 29.62 4573 552 2 0.00 0.00
HE 7/20 22993  6.54 13.71 13.02 49.03 10.74 26.08 1.96 14 23.21 29.06
HE 7/30 41348 12.81 29.64 31.05 11080 19.31 61.41 3.29 8 10.82 22.87
HE 9/10 23241 632 1508 18.16 69.09 1145 23.82 1.95 1 0.00 0.00
HE 9/20 469.07 13.17 3820 32.73 12377 2099 62.72 5.64 1 0.00 0.00
HE 9/30 376.96 11.73 2693 27.53 10595 1556 63.16 2.6 46 39.64 80.89
HE 11/10 103.10 2.839 248 828 2327 475 12.03 0.00 1 0.00 0.00
HE 11/20 297.44 831 1833 18.09 85.61 1551 5552 2.67 11 14.62 16.06
HE 11/30 411.77 1048 2227 2524 99.55 1834 4199 4.15 36 68.69 86.61
HE 12/10 126.66 323 536 11.50 31.87 6.82 2048 044 0 0.00 0.00
HE 12/30 42597 11.01 2476 28.16 10824 23.06 65.70 3.61 14 20.58 22.69
HE 13/10 158.86 390 3.60 11.10 2858 7.37 13.85 0.14 1 0.00 0.00
HE 13/20 - - - - - - - - 8 8.84 9.61
HE 13/30 519.20 1191 2833 3235 10636 2197 4751 6.14 22 41.40 47.44
HE 14/10 44838  9.70 21.74 24.63 91.61 19.10 49.32 3.65 6 0.00 0.00
HE 14/30 42841 1045 2343 26.07 10228 1937 47.06 4.47 14 17.98 19.16
HE 15/10 - - - - - - - - 1 0.00 0.00
HE 15/20 388.51  8.73 22.08 25.72 111.11 2045 5236 3.83 2 0.00 0.00
HE 15/30 527.10 14.40 34.63 29.17 13642 24.02 64.00 7.34 9 10.94 12.23
HE 16/10 51990 12.56 8450 32.13 109.76 30.21 201.33 4.61 1 0.00 0.00
HE 16/20 446.19 1249 3430 30.82 139.78 22.00 83.62 4.13 8 12.10 12.58
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Statistical analysis

A data matrix including foraminiferal densities (FD-1
and FD-2), trace element concentrations and their EFs,
relative abundance of grain-size fractions, some forami-
niferal groups and abundance of TDF was created to
investigate the relationships between biotic and abiotic
features. Data were treated both with bivariate (Pearson
correlation matrix) and multivariate techniques of clus-
ter analysis (CA) and principal component analysis
(PCA) using the PAST software.

Q-mode CA using the Ward’s linkage method
based on Euclidean distance, which produces den-
drograms with exceptionally well defined clusters
(Parker and Arnold 1999), was performed in order
to group samples with similar: (a) foraminiferal
distribution, (b) trace element concentrations and
(c) grain-size fraction, trace element concentrations, FD-
1 and FD-2, percentages of TDF and density of
agglutinants, Miliolids, Epiphytes, Ammonia spp. and
LOFAs.

PCA was applied to highlight the relationships
among trace element concentrations, FD-1 and FD-2,
TDF, agglutinants, LOFAs, Ammonia spp., Miliolids,
and Epiphytes.

Results
Grain-size distribution patterns

Sediments consist of muddy gravel, gravelly mud-
dy sand, muddy sand or sandy mud. The fraction
>] mm (Fig. 2a) is composed of fragments of
molluscs, bryozoans and minerals pertaining to
the Aspromonte unit. This fraction is abundant in
the westernmost part of the gulf, decreases up to
0.86 % in HE H-in/10 and it is absent in HE 5/20.
Peaks of abundance from 10 to 72 % were observed in
samples HE 1/10, HE 1/30, HE 2/10, HE 4/30 and
HE H/10.

The fraction 0.5-1 mm is abundant in samples HE
1/10, HE 1/30, HE2/10 and HE 12/10 (Fig. 2a). The
fraction 0.063—0.5 mm is abundant in almost all sam-
ples, showing an increasing trend towards the eastern-
most part of the gulf. The mud fraction (<0.063 mm) is
higher than 40 % in samples HE 5/30, HE R-2/30, HE
R-3/30, HE 7/30 and HE 9/30 collected in front of the
harbour and close to the crude oil refinery (Fig. 2b).

Trace elements

Concentrations of trace elements As, Co, Cr, Cu, Mn,
Ni, Pb and Zn are listed in Table 2 and their EFs are
shown in Fig. 2c—f. Concentrations of trace elements
sharply increase from HE 4/30 eastwards. For further
details, also see Pepe et al. (2010).

Strong EFs in Cr and Ni are evident at the
Rasocolmo Cape (HE 16/10) with EFs of 2.53 and
2.20, respectively. Enrichments just above 1 charac-
terise samples HE 5/20 and HE R-2/30. Also, they are
moderately enriched in Co (1.35 for HE 5/20 and 1.08
for HE R2/30). Regarding Zn, Pb and Cu, many sam-
ples are characterised by enrichments up to 2.49, 3.21
and 1.66 respectively. As is never enriched.

Benthic foraminiferal assemblages
Diversity of benthic foraminifera

The number of counted foraminifera and diversity indexes
is shown in Fig. 3. The highest number of individuals was
counted in the westernmost part of the gulf, from sample
HE 1/10 to HE H/10, with the exception of the sample HE
2/10 which was collected at the water depth of ~6 m.

The species richness (S) ranges from 1 in samples
HE 9/10, HE 9/20, HE 11/10, HE 13/10, HE 15/10,
HE 16/10 to 27 in sample HE H-out/10. Samples HE
5/20 and HE 12/10 are barren.

Dominance shows the lowest values in the western-
most part of the gulf and close to the crude oil refinery.
D values range between 0.092 (HE R-3/30) and 1 in
samples where only one species was recognised (HE
9/10, HE 9/20, HE 11/10, HE 13/10, HE 15/10). These
samples are also characterised by a Shannon-Weaver
index of zero, while the highest Shannon—Weaver
index (2.52) was found at site HE 4/30.

The Fisher-« index varies from zero (HE 5/30, HE
6/10, HE 6/20, HE 7/10, HE 9/10, HE 9/20, HE 11/10,
HE 13/10, HE 15/10, HE 15/20, HE 16/10) to 23.69
(HE 12/30).

The Margalef index shows the highest values in the
westernmost part of the gulf, up to 5.16 in site HE H
out/10.

Benthic foraminiferal distribution

A total of 60 benthic foraminiferal species, pertaining
to 42 genera, were recognised. They included 4
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Fig. 2 a, b Grain-sized fractions reported as percentages; ¢—f EFs of trace elements. The /ight gray area indicates the harbour area

while the dark gray area indicates the crude oil refinery

agglutinated, 40 calcareous hyaline and 16 calcareous
porcelanaceous species (Appendix 1 in Supplementary
Material and Plates 1, 2, 3).

The highest values of FD-2 were found in the area
close to the Milazzo Cape (samples from HE 1/10 to
HE 4/30; Fig. 3). Benthic foraminifera are abundant in
samples HE 1/30, HE 3/30 and HE 4/30 but FD-1
shows a low value owing to the high percentages of
the coarser and sandy fractions (see also Fig. 2a). On
the contrary, FD-2 shows values that reach 526, 278
and 1092 foram g' of dry sediment, respectively
(Fig. 3). Besides sample HE 2/30 which shows both
a high number of counted foraminifera and FD-1/2,

@ Springer

samples HE 1/30, HE 3/30 and HE 4/30 show low
values of FD-1, even though a relatively high number
of benthic foraminifera is present due to the high per-
centages of the coarser and sandy fraction (Fig. 2a). On
the contrary, FD-2 which don’t take into account the
granulometric fraction >0.5 mm, shows values that
in the above three samples reach respectively 526,
278 and 1092 foram g ' of dry sediment. Among
the samples collected close to the Milazzo Cape, the
sample HE 2/10 taken at a water depth of c.a. 6 m
shows a low value of FD-2 (9 foram g ' of dry
sediment) and the assemblage is characterised by
rare specimens of A. beccarii, Elphidium spp., L.
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in the area between the harbour and the crude oil
refinery. Benthic foraminifera are rare in samples
HE R-3/30, HE 7/30, HE 9/10, HE 9/30, HE
14/10 and HE 14/30, while they are absent in

dry sediment), collected inside the harbour, and
samples HE 5/20 and HE 12/10.

sediment and FD-2 is reported as the number of individuals per
gram of dry sediment, excluding the fraction greater than 0.5 mm;

see text). Light and dark gray areas as in Fig. 2
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>

Fig. 3 Biodiversity indexes calculated for foraminiferal assem-
FD-2 sharply decreases in sample HE H-out/10

blages of the studied samples and values of foraminiferal densities
(FD-1 is reported as number of individuals per gram of total dry

in shallow water (Sen Gupta 1999a).

lected outside the harbour, and it continues to de-
crease ecastwards. In particular, FD-2 shows low
values in sample HE H-in/10 (20 foram g

lobatula and R. obtusa
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Plate 1 /-3 Peneroplis planatus (HE 1/10). 4-7 P. pertusus
(HE 1/10). 8 Quinqueloculina bosciana (HE 1/10). 9—11 Q.
disparilis (HE 1/10). 12—15 Adelosina mediterranensis (HE 1/
10). 16 Adelosina sp. (HE 1/10). 17 Quinqueloculina lata (HE

The highest densities of Miliolids and epiphytes
were found in the area between the Milazzo Cape

@ Springer

1/10). 18 Spiroloculina angulata (HE 1/10). 19 Laevipeneroplis
sp. (HE 1-10). 20-21 Siphonaperta aspera (HE 1/30). 22-23
Sigmoilopsis asperula (HE 1/10). Scale bar=100 microns

and the harbour (from HE 1/10 to HE H/10) with the
highest values in sample HE 2/30 (1197 and 1126
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Plate 2 /-2 Ephidium crispum (HE 1/10). 3-5 Ephidium
macellum (HE 1/10). 67 Rosalina bradyi, spiral side (HE 1/
10). 8 Rosalina bradyi, ventral side (HE 1/10). 9—10 Rosalina
obtusa, spiral side (HE 1/10). /1 R. obtusa, ventral side (HE 1/
10). 12 Ammonia gaimardii, spiral side (HE 1/30). 13 Ammonia

gaimardii, ventral side (HE 1/30). 14 Ammonia parkinsoniana,
spiral side (HE 12/30). 15 A. parkinsoniana (HE 12/30). 16
Ammonia tepida, spiral side (HE 12/30). 17 Cassidulina crassa
(HE 12/30). 18 Planorbulina acervalis (HE 1/30). 19 Hyalinea
balthica (HE 13/30). Scale bar=100 microns
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Plate 3 /-2 Lagenammina atlantica (HE 13/30). 3
Cribrostomoides jeffreysi (HE 13/30). 4 Globobulimina sp.
(HE 1/10). 5 Bulimina aculeata (HE 13/30). 6 Bolivina
spathulata (HE 12-30). Bolivina catanensis (HE 12/30). § U.

foram g of dry sediment respectively, Fig. 4). Both
foraminiferal groups are rare or absent towards the
east. Lobatula lobatula, Rosalina spp., G. praegeri and
P acervalis are the most abundant species among epi-
phytes. Quinqueloculina, Adelosina and Triloculina are
the most abundant genera among Miliolids. The density
of Adelosina spp., Quinqueloculina spp. and Vertebralina
spp. is characterised by a trend which is quite similar with
the exception of samples HE 4/30 and HE H-in/10 where
the genus Vertebralina was not recognised. Rare speci-
mens of Quinqueloculina spp. were recognised in a few
samples collected between the crude oil refinery and the
Rasocolmo Cape. Specimens of the genus Triloculina

@ Springer

peregrina (HE 13/30). 9 L. lobatula, umbilical side (HE 1/10).
10-11 L. lobatula, spiral side (HE 1/10). 12 Detail of 11. Scale
bar=100 pm

were found in samples HE 1/30, HE 2/30, HE 4/30, HE
H out/10 and HE H/10.

Peneroplis spp. were found in the samples from HE
1/10 to HE 3/30 with density values up to 32
foram g ' of dry sediment (Fig. 4) while they are
absent in samples collected from the harbour to the
Rasocolmo Cape (HE 4/30-HE 16/20).

Rare specimens of Laevipeneroplis sp. (up to 5
foram g of dry sediment) were found in samples
HE 1/10 and HE H/10. S. orbiculus is present only at
sample HE 1/10 (1.6 5 foram g~ of dry sediment).

Densities of Nonion spp. and Elphidium spp. are
characterised by a similar trend (Fig. 5). In particular,
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Fig. 4 Values of foraminiferal density of some selected benthic
foraminifera species and groups (reported as number of individ-

uals per gram of dry sediment normalised with respect to the

dominant species. The latter one is more abundant

these genera are abundant in samples HE 2/30 and HE

4/30 while they become rare or absent elsewhere.

than other species in samples collected at a water

depth of ~30 m (Fig. 5).

The density of Ammonia spp. reaches the highest
values in samples HE 1/30, HE 2/30, HE 4/30 and HE

9/30. Ammonia parkinsoniana and A. beccarii are the

Ammonia spp. and agglutinants are the most abun-
dant foraminifera in front of the crude oil refinery
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(Figs. 4 and 5). Agglutinants were also recognised in
some samples collected close to the Milazzo Cape;
their density reaches high values in samples HE H
out/10 and HE H/10 (15 and 9 foram g ' of dry
sediment respectively) and in the central sector of the
studied area where several rivers flow into the gulf
(see also Fig. 1).

LOFAs are generally rare in all samples (Fig. 4);
four peaks of abundance were observed in samples HE
1/30, HE 2/30, HE 4/30 and HE 7/30, with the highest
value (46 foram g of dry sediment) in sample HE
4/30.

Deformed specimens of benthic foraminifera were
only recognised in three samples. TDF reaches the
value 0.39 % of the total assemblage in sample HE
2/30 while it reaches the values of 1.53 and 7.14 % in
samples HE H/10 and HE 6/30, respectively.

Statistical analysis
Q-mode cluster analysis

A Q-mode cluster analysis that groups samples with
similar foraminiferal assemblages, applying a cut-off
of 32, produces 5 clusters (labelled from A to E,
Figs. 6a and 7a) with a number of samples ranging
from 2 (cluster A and E) to 19 (cluster B). Samples
collected close to the Milazzo Cape (HE 1/10, HE
1/30, HE 2/30, HE 3/30 and HE 4/30) were not
grouped into any cluster because each one of them
was characterised by a particular foraminiferal assem-
blage. For instance, S. orbiculus is only recognised in
sample HE 1/10. Also, the highest densities of epi-
phytes and Miliolids (1,126 and 1,197 foram g ' of
dry sediment, respectively) and foraminiferal density
(FD-2, 2488 foram g ' of dry sediment) were found in
sample HE 2/30.

*  Cluster A contains two samples (HE H out/10 and
HE H/10) collected close to the harbour’s wharf.
Their assemblages are characterised by moderate
values of FD-2 (241 and 250 foram g ' dry sedi-
ment, respectively; Fig. 3). The density of epi-
phytes and Miliolids (Fig. 4) shows intermediate
values respect to the samples collected elsewhere.

* Cluster B contains samples collected mainly at a
water depth of ~10 m. A sub-cluster is composed
of samples HE H-in/10 and HE 16/20 collected
inside the harbour and at the Rasocolmo Cape.
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They are characterised by the lowest values of
FD-2 and their assemblages are constituted by a
very low number of species (Fig. 3).

*  Cluster C is composed by three samples (HE 6/30,
HE 7/30 and HE 13/30) collected at a water depth
of ~30 m. FD-2 shows values ranging from 22 to
47 foram g ' dry sediment. The assemblages were
characterised by the presence of few species
(Fig. 3). LOFAs are the dominant foraminifera in
sample HE 7/30 (Fig. 4).

e Cluster D is constituted by nine samples (HE
5/30, HE 7/20, HE 11/20, HE 12/30, HE R-
1/20, HE R-1/30, HE R-2/30, HE R-3/30 and
HE R-3/20). FD-2 is characterised by very low
values (Fig. 3). The foraminiferal assemblages
are made up of a few species that are dominated by
agglutinants, Ammonia spp. and LOFAs (Figs. 4 and
5). Miliolids and epiphytes are rare or absent
(Fig. 4).

e Cluster E is made up of two samples (HE 9/30 and
HE 11/30) collected at a water depth of ~30 m. A4.
parkinsoniana, A. beccarii and A. tepida were the
dominant species. Miliolids and epiphytes are rare
(Fig. 4).

A Q-mode cluster analysis that groups samples by
similar trace element content, applying a cut-off of
130, produces 6 clusters (labelled from A’ to F’,
Figs. 6b and 7b) with a number of samples ranging
from 2 (Cluster A’) to 9 (Cluster C”). High concentra-
tions of Ni and Cr (84.50 and 201.33 mg kg, respec-
tively) are detected in sample HE 16/10. The latter one
has not been grouped into any cluster.

The concentration of trace elements shows a de-
creasing trend from cluster A’ to E’.

* Cluster A’ is constituted by two samples (HE 5/
20 and HE 7/10) characterised by a high concen-
trations of trace elements. With the exception of
Mn and As which are similar, the concentration of
trace elements are higher in the HE 5/20 sample
than in the HE 7/10 sample. In respect to all
of the samples, the highest concentrations of Co
(20.60 mg kg'), Cu (51.09 mg kg') and Pb
(49.19 mg kg™) were detected in sample HE 5/20
(Table 2).

* Cluster B’ contains eight samples (HE 11/30, HE
14/30, HE 14/10, HE H out /10, HE H in/10, HE
R-1/30, HE 7/30, HE 12/30) characterised by high
concentrations in trace elements (Table 2).
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highest concentration of As (7.34 mg kg ') was

detected (Table 2).

Cluster C’ includes nine samples (HE 4/30, HE
16/20, HE 9/20, HE R-2/30, HE R-1/20, HE 6/30,

Cluster D’ is composed of five samples (HE H/10,
HE 5/30, HE R-3/30, HE 9/30, HE 15/20). This

HE 15/30, HE 13/30 and HE 6/10). This cluster

includes the sample HE 15/30, in which the
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cluster includes the sample HE H/10, in which the
highest concentration of Zn (182.03 mg kg ';
Table 2) was detected.

¢ Cluster E’ includes five samples (HE 6/20, HE
11/20, HE R-3/20, HE 7/20, HE 9/10), all collect-
ed in the area between the crude oil refinery (HE
R-3/20) and the central sector of the gulf.

¢ Cluster F’ includes six samples (HE 1/30, HE
12/10, HE 11/10, HE 13/10, HE 2/30, HE 3/30)
and has the lowest concentrations of trace ele-
ments (Table 2); these samples were collected
close to the Milazzo Cape (HE 1/30, HE 2/30
and HE 3/30) and in the central sector of the gulf
(HE 11/10, HE 12/10 and HE 13/10) at 10 m of
water depth.

A Q-mode cluster analysis that groups samples
with similar trace element concentrations, foraminif-
eral densities and grain size fractions, applying a cut-
off of 300, produces 4 clusters (labelled from A" to D",
Figs. 6¢ and 7c) with a number of samples ranging
from 3 (cluster A") to 13 (cluster C"). Three samples
(HE 1/30, HE 2/30 and HE 4/30) collected close to the
Milazzo Cape were not grouped into any cluster.

e Cluster A" is constituted by samples HE 3/30, HE
H out/10 and HE H/10. They are characterised by
intermediate values of trace metals and FD-2
values (between 241 and 278 foram g ' dry sedi-
ment; Fig. 3). Miliolids are the dominant forami-
nifera (Fig. 3).

¢ Cluster B" includes nine samples (HE 5/20, HE
7/10, HE 16/10, HE 6/30, HE R-2/30, HE R-1/20,
HE 13/30, HE 6/10 and HE 15/30). This cluster
contains the samples HE 5/20 and HE 7/10
characterised by high concentrations of trace ele-
ments (Table 2) and very low values of FD-2
(Fig. 3). Also, this cluster contains the sample
HE 6/30 which has the highest TDF percentage
(7.14 %) (Fig. 5).

¢ Cluster C" contains 13 samples (HE 9/20, HE
16/20, HE 14/10, HE 15/20, HE H in/10, HE
12/30, HE 14/30, HE R-1/30, HE R-3/30, HE
7/30, HE 5/30, HE 9/30 and HE 11/30). These
samples are characterised by a concentration of
trace elements that varies from low values of FD-
2 (Fig. 3) to moderate and high values (Table 2).

e Cluster D" is composed by eight samples (HE
6/20, HE 11/20, HE 9/10, HE R-3/20, HE 7/20,
HE 13/10, HE 11/10 and HE 12/10). This cluster

@ Springer

contains the samples characterised by the lowest
FD-2 values (Fig. 3) and trace metals concentra-
tions (Table 2).

Principal component analysis and pearson
correlation matrix

The PCA ordination diagram shows that trace ele-
ments, Ammonia spp., LOFAs, agglutinants and TDF
are located very close to each other with the exception
of Mn (Fig. 8). FD-1, FD-2, Miliolids and epi-
phytes are, on the contrary, located far from trace
elements.

The Pearson correlation matrix shows that trace
elements have high correlation coefficients among
themselves and are negatively correlated with forami-
niferal density (i.e. Mn and FD-2, —0.29; Cu and FD-
1, =0.26; Zn and FD-1, —0.25), some foraminiferal
groups (i.e. Miliolids and Mn, —0.28; Miliolids and
Co, —0.24; epiphytes and Mn, —0.29; epiphytes and
Zn, —0.27) are positively correlated with TDF
(Table 3). Only the genus Ammonia shows a positive
correlation coefficient with Pb (0.22).

All of the above mentioned correlation coefficients
are not high, probably owing to the low foraminiferal
density in most samples.

Discussion

Q-mode cluster analysis performed on benthic forami-
niferal assemblages permitted the sub-division of the
Gulf of Milazzo into three sectors (Fig. 7a), namely
unpolluted (U), polluted (P) and moderately polluted
(MP). The sector U extends from the promontory of
the Milazzo Cape to the north of the harbour (site
samples from HE 1/10 to HE 3/30), sector P extends
from the two small marinas to the crude oil refinery
(site samples from HE 4/30 to HE R-3/30) while the
sector MP extends eastwards from the crude oil refin-
ery to the Rasocolmo Cape (site samples from HE
6/10 to HE 16/20).

A Q-mode cluster analysis performed on trace ele-
ments shows a notable difference between sectors U
and the others ones. Between sectors P and MP the
differences in terms of concentrations and EFs are
only remarkable for Pb, Cu and Zn, while the other
trace elements do not show significant differences
(Fig. 7b). A similar pattern is observed in the Q-
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Fig. 8 PCA ordination
diagram
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mode cluster analysis performed taking into account
trace element concentrations, foraminiferal densities
and grain size fractions (Fig. 7c).

Sector U (HE 1/10-HE 3/30)

Sector U is characterised by the lowest trace element
concentrations and EFs as well as the highest values of
FD-2 and species richness, with the exception of site
HE 2/10 where FD-2 is very low because the sample
was collected at a water depth of ~6 m. In particular,
the contemporaneous high values of species richness
and low values of Dominance indicate that well
diversified assemblages occur. This sector is also
characterised by the highest densities of Miliolids
and epiphytic species. In particular, abundant speci-
mens of P. pertusus and P. planatus and rare individ-
uals of S. orbiculus have been recognised. Peneroplids
and Soritids generally proliferate in unpolluted shal-
low waters and in subtropical-tropical areas; further-
more, it is well known that they host symbionts
belonging to the red and green algae and dinofla-
gellate symbiont group, respectively (Hallock 1999).
Sorites is a typical genus of the Indo-Pacific area
that prefers a habitat with sea-grass where it lives
attached to rhizomes of P. oceanica or to green and
red algae (Langer 1993). Miliolids and epiphytic
species live in well-oxygenated and unpolluted sea
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water (Sen Gupta 1999a). Therefore, the contempo-
raneous presence of these species together with the
low values of trace element concentrations and their
EFs permit us to consider this sector of the Gulf of
Milazzo as unpolluted.

The PCA ordination diagram highlights that FD-1,
FD-2 Miliolids and epiphytes are located far from
trace elements (Fig. 8), signifying that these forami-
niferal groups are negatively influenced by trace ele-
ments. This is also confirmed by the Pearson correla-
tion matrix in which trace elements and their EFs
show an anti-correlative behaviour with FD-1, FD-2
Miliolids and epiphytic species (Table 3).

Sector P (HE 4/30-HE R-3/30)

Sector P is characterised by the highest trace element
concentrations of Pb, Cu and Zn and to a lesser extent
of Co and As, and their EFs increase sharply from
sample HE 4/30 eastwards. Here, the increase in trace
element concentrations is supposed to be linked to the
activities of the two small marinas located close to the
HE 4/30 sampling site since Cu and Zn are generally
used in marine paints as anti-fouling agents, while Zn
is used as an anode in marine engines. Sector P is
characterized by low FD-2 values, remarkably lower
than those determined in sector U. FD-2 remain quite
high in sample HE 4/30; conversely, its values slightly

@ Springer
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decrease in the HE H-out/10 and HE H/10 samples
and become very low in HE H in/10 inside the harbour
and in all the others samples. Miliolids, Peneroplis
spp., Ammonia spp., Elphidium spp., Nonion spp.
and epiphytes show a similar decreasing trend. Also,
a decreasing trend is observed in species richness
while Dominance values are slightly higher with re-
spect to the sector U. The above mentioned EF trace
element trend is in accordance with the low values of
FD-2 determined in the area between the harbour’s
wharf and the crude oil refinery as well as with the
decreasing trend of species richness and the disappear-
ance of several foraminifera (i.e. Peneroplis spp. and
epiphytes) that live in unpolluted marine sediments.
This data demonstrates the fact that the presence of
trace elements, together with other possible pollutants
produced by the crude oil refinery (i.e. PAHs or PCB)
as well as the harbour and marinas, is a factor that
strongly influences the foraminiferal assemblages in
this sector, depauperating populations in both abun-
dance and diversity. Conversely, some genera like
Elphidium spp., Nonion spp., Ammonia spp., LOFAs
and agglutinants are the only foraminifera that are able
to survive, even if with low density values, in samples
located in front of the crude oil refinery.

The PCA ordination diagram (Fig. 8) shows that
trace elements are located very close to Ammonia spp.,
LOFAs and agglutinants, signifying that they are not
influenced by these elements. Areas polluted by trace
elements are generally characterised by a low forami-
niferal diversity, and the assemblages are dominated
by few genera, typical of stressed environments such
as, for instance, Nonion and Ammonia (Frontalini and
Coccioni 2008; Frontalini et al. 2010; Caruso et al.
2011 and reference therein). Therefore, on the basis of
the disappearance of Miliolids and epiphytes and the
contemporaneous survival of Ammonia, agglutinants
and LOFAs together with the low values of FD-2 and
species richness and the high trace element concentra-
tions and EFs, we consider this sector of the Gulf of
Milazzo as polluted.

Sector MP (HE 6/10-HE 16/20)

Sector MP is characterized by trace element concen-
trations lower than in sector P; in fact, their EFs are
often below 1. Nevertheless, benthic foraminiferal
populations still remain quite poor, showing very de-
pauperate foraminiferal assemblages (in many cases

@ Springer

fewer than 23 individuals per gram of sediment).
Here, the critical environmental conditions of the
marine ecosystem are shown by the presence of the
lowest values of both FD-2 and species richness as well
as by the highest values of Dominance, thus signifying that
oligotypic assemblages are present. Miliolids, Elphidium
spp. and epiphytes are absent, or in some samples rare,
while Ammonia spp., Nonion spp., LOFAs and
agglutinants are the most abundant foraminifera. The con-
temporaneous increase of these genera is probably related
to the fresh water influx coming from several rivers and
streams that flow into the gulf (Fig. 1). Nonion, Ammonia
and Elphidium are generally considered to be pioneer
species in paralic environments (Debenay et al. 2009;
Frontalini et al. 2010). In particular, Nonion and
Ammonia are tolerant species that are able to survive in
environments characterised by salinity variations and high
levels of anthropogenic pollutants (e.g. trace elements,
crude oil, sewage waste). Furthermore, the presence of
agglutinants can be interpreted as the result of changes
in pH that prevent the formation of calcitic shells or,
possibly, cause their selective dissolution. Therefore,
these distribution patterns, coupled with the decrease
of trace elements, could be explained by a combination
of natural and anthropogenic environmental factors (i.e.
other pollutants in addition to the studied trace ele-
ments) that can interact together in modifying benthic
foraminiferal assemblages.

Deformed foraminifera

Deformed foraminifera have been found in samples
collected in all of the three sectors with TDF percent-
ages of 0.39 % (HE 2/30 in sector U) and higher than
1.5 % (HE H/10 and HE 6/30, in sector P and MP,
respectively) of the total assemblages, respectively. A
review of the relevant literature indicates that up to
1 % of the total assemblages found in a population
living in a non-stressed environment can be deformed
specimens (Alve 1991). Morphological deformations
in benthic foraminiferal tests with percentages higher
than 1 % of the total assemblages can be linked to
the presence of a high concentration of metals (i.e.
Zn, Cu, Cr and Pb; Samir and El-Din 2001; Le
Cadre and Debenay 2006; Frontalini et al. 2009 and
references therein) as well as Polychlorobiphenyls
(Scott et al. 2005). Moreover, the presence of relatively
high percentages of deformed specimens can also be
due to rapid changes in the chemical and physical
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parameters of sea waters, such as salinity and pH (Geslin
et al. 2002; Polovodova and Schonfeld 2008). Thus, the
low TDF percentage in sample HE 2/30 coupled with all
of the data discussed above suggests that a non-stressed
environment is present in sector U. The higher TDF
percentages (up to 7.14 %) observed in samples HE
H/10 and HE 6/30 suggest, on the contrary, that a
stressed environment is present both in sector P and
MP. It must be underlined that, in spite of the fact that
some Authors found positive and significant correlation
coefficients between the abundance of deformed tests
and metals (Yanko et al. 1999; Frontalini et al. 2009 and
reference therein), in the investigated sediment samples
only a weak positive correlation between TDF and trace
element concentrations has been found. On the contrary,
the highest TDF percentages have been found in sector
MP, where sediments are less polluted by trace elements
than in the other sectors. Furthermore, the fact that
correlation coefficients are not very high between TDF
and trace element concentrations strengthen the hypoth-
esis that, as for the foraminiferal assemblages in sector
MP (see “Sector MP (HE 6/10-HE 16/20)”), an inter-
action between natural environmental factors and other
anthropogenic pollutants, besides the studied trace ele-
ments, could have been invoked to better explain the
distribution pattern of both benthic foraminifera and
TDF. Also, the relatively low percentages of TDF in
the most polluted area could be due to the fact that trace
element concentrations are so high that they prevent the
survival of foraminifera. This hypothesis is in accor-
dance with the sharp decrease shown by foraminiferal
density in sector P. However, due to the lack of correla-
tion between the TDF and the trace element concentra-
tions, we cannot exclude the possibility that other con-
taminants (i.e. organic pollutants) produced by the crude
oil refinery, as well as the harbour and marinas, might
influence the survival of some species and as a conse-
quence explain the differences in their distributional
patterns.

Conclusions

The qualitative and quantitative sedimentological, mi-
cropaleontological and geochemical analysis of ma-
rine sediment samples collected in the Gulf of Milazzo
have provided evidence that the littoral zone of the
gulf can be subdivided into three sectors (U, P and
MP) characterised by environmental changes in the

marine ecosystem. In sector U (close to the Milazzo
Cape), benthic foraminiferal assemblages exhibit high
values of foraminiferal density and species richness
and Miliolids, epiphytes and Elphidium are the most
abundant foraminifera. Trace element concentrations
and their EFs, on the contrary, are very low. Based on
this evidence, we conclude that the anthropogenic
pressure on the marine ecosystem in sector U is low,
thus favouring the preservation of healthy environ-
mental conditions. In sector P (from the marinas to
the crude oil refinery), on the contrary, foraminiferal
density and species richness are low; furthermore,
benthic foraminifera assemblages are dominated by
species that tolerate stressed environmental condi-
tions, such as Ammonia spp. and LOFAs while
Miliolids and epiphytic species are absent. This sector
is also characterised by the highest trace element con-
centrations of Pb, Zn and Cu and to a lesser extent of
Co and As, and by substantial EFs in Pb, Zn and Cu
(values up to 3 times higher than the background
level) in the marinas and harbour. Based on this evi-
dence, we speculate that the anthropogenic pressure,
due to the presence of factories as well as marinas and
a harbour, is causing the extreme deterioration of the
marine ecosystem. Eastwards (sector MP), benthic
foraminiferal populations remain quite poor, showing
extremely depauperated foraminiferal assemblages,
nevertheless trace element concentrations become
lower than in sector P and their EFs are often below
1. Here, the critical environmental conditions of the
marine ecosystem are shown by the presence of the
lowest values of both foraminiferal density and spe-
cies richness as well as by the highest values of
Dominance. Deformed foraminifera with TDF per-
centages higher than 1.5 % have been found in sector
P and MP.

On the basis of this data coupled with the re-
sults from the PCA, we propose that anthropogenic
trace element pollution could be considered as one
of the most important causes of the modifications
of foraminiferal assemblages and of the presence
of deformed specimens in both sectors P and MP
although it is not possible to exclude that other
contaminants (i.e. PAHs or PCB) or other factors
(i.e. changes in salinity, temperature, pH, organic
pollutants) may contribute or, locally, can be the
principal cause for modifications in benthic fora-
miniferal assemblages and their spatial distribution
in sector MP.

@ Springer
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Results from this study provide, for the first time, a
baseline database for future monitoring programs of
the ecological modifications in the marine ecosystem
of the Gulf of Milazzo over time.

Acknowledgements The authors would like to thank Ms.
Cassandra Funsten for reviewing the text's English. We are very
grateful to the two anonymous reviewers for their constructive
comments. The research was funded by MIUR grants n.
2010RMTLYR 001 (A. Caruso team leader) and by grants from
F. Pepe.

References

Alagarsamy, R., & Zhang, J. (2010). Geochemical characteriza-
tion of major and trace elements in the coastal sediments of
India. Environmental Monitoring and Assessment, 161,
161-176.

Alve, E. (1991). Benthic foraminifera in sediment cores
reflecting heavy metal pollution in Serfjord, Western
Norway. Journal of Foraminiferal Research, 21, 1-19.

Alve, E., & Nagy, J. (1986). Estuarine foraminiferal distribution

in Sandebukta, a branch of the Oslo Fjord. Journal of

Foraminiferal Research, 16, 261-284.

Amodio-Morelli, L., Bonardi, G., Colonna, V., Dietrich, D.,
Giunta, G., Ippolito, F., et al. (1976). L’Arco Calabro-
Peloritano nell’orogene Appenninico-Maghrebide.
Memorie della Societa Geologica Italiana, 17, 1-60.

Armynot du Chatelet, E. A., Debenay, J. P., & Soulard, R. (2004).
Foraminiferal proxies for pollution monitoring in moderately
polluted harbors. Environmental Pollution, 127, 27-40.

Bernhard, J. M. (2000). Distinguishing live from dead foraminifera:
methods review and proper applications. Micropaleontology,
46, 38-46.

Bonardi, G., Cavazza, W., Perrone, V., & Rossi, S. (2001).
Calabria-Peloritani terrane and northern lonian Sea. In:
Vai, G.B., Martini, P.I. (Eds.). Anatomy of an orogen: the
Apennines and the adjacent Mediterranean basins (pp.
287-306). Norwell: Kluwer Academic

Carral, E., Villares, R., Puente, X., & Carballeira, A. (1995).
Influence of watershed lithology on heavy metal levels in
estuarine sediments and organisms in Galicia (North-West
Spain). Marine Pollution Bulletin, 30, 604—608.

Caruso, A., Cosentino, C., Tranchina, L., & Brai, M. (2011).
Response of benthic foraminifera to heavy metal contam-
ination in marine sediments (Sicilian coasts, Mediterranean
Sea). Chemistry and Ecology, 27, 9-30.

Cearreta, A., Irabien, M. J., Leorri, E., Yusta, L., Croudace, . W., &
Cundy, A. B. (2000). Recent anthropogenic impacts on the
Bilbao estuary, Northern Spain: geochemical and microfaunal
evidence. Estuarine, Coastal and Shelf Science, 50, 571—
592.

Chatterjee, A., & Banerjee, R. N. (1999). Determination of lead
and other metals in a residential area of greater Calcutta.
The Science of the Total Environment, 227, 175-185.

Cimerman, F., & Langer, M. R. (1991). Mediterranean foraminif-
era. Ljubljana: Slovenska Akademija Znanosti in Umetnosti.

@ Springer

Coccioni, R. (2000). Benthic foraminifera as bioindicators of
heavy metal pollution—a case study from the Goro Lagoon
(Italy). In R. E. Martin (Ed.), Environmental micropaleon-
tology (pp. 71-103). New York: Kluwer Academic.

Daskalakis, K. D., & O’Connor, T. P. (1995). Normalization and
elemental sediment contamination in the coastal US.
Environmental Science and Technology, 29, 470—477.

Debenay, J. P., Della Patrona, L., Herbland, A., & Goguenheim, H.
(2009).  Colonization of coastal environments by
Foraminifera: insight from shrimp ponds in New Caledonia.
Journal of Foraminiferal Research, 39, 249-266.

Decembrini F., Azzaro F., Galletta M., Raffa F. (2004). Short-
term changes of hydrobiological features in the Gulf of
Milazzo (Tyrrhenian Sicily). Rapp. 511 Comm. int. Mer
Meédit., 37, 511.

Di Leonardo, R., Bellanca, A., Capotondi, L., Cundy, A., &
Neri, R. (2007). Possible impacts of Hg and PAH contam-
ination on benthic foraminiferal assemblages: an example
from the Sicilian coast, central Mediterranean. Science of
the Total Environment, 388, 168—183.

Di Leonardo, R., Adelfio, G., Bellanca, A., & Chiodi, M.
(2013). Multivariate statistical study of trace elements in
the offshore sediments of Augusta (SE Sicily). Journal of
Sea Research (in press)

Ernst, S. R., Morvan, J., Geslin, E., Le Bihan, A., & Jorissen, F.
J. (2006). Benthic foraminiferal response to experimentally
induced Erika oil pollution. Marine Micropaleontology, 61,
76-93.

Ferraro, L., Sprovieri, M., Alberico, 1., Lirer, F., Prevedello, L.,
& Marsella, E. (2006). Benthic foraminifera and heavy
metals distribution: a case study from the Naples Harbour
(Tyrrhenian Sea, Southern Italy). Environmental Pollution,
142, 274-287.

Ferraro, L., Sammartino, S., Feo, M. L., Rumolo, P., Salvagio
Manta, D., Marsella, E., et al. (2009). Utility of benthic
foraminifera for biomonitorig of contaminant in marine sed-
iments: a case study from the Naples harbour (Southern
Italy). Journal of Environmental Monitoring, 11, 1226—1235.

Fisher, R. A., Corbet, A. S., & Williams, C. B. (1943). The
relationship between the number of species and the number
of individuals in a random sample of an animal population.
Journal of Animal Ecology, 12, 42-58.

Frontalini, F., & Coccioni, R. (2008). Benthic foraminifera for
heavy metal pollution monitoring: a case study from the
central Adriatic Sea coast of Italy. Estuarine, Coastal and
Shelf Science, 76, 404-417.

Frontalini, F., Buosi, C., Da Pelo, S., Coccioni, R., Cherchi, A.,
& Bucci, C. (2009). Benthic foraminifera as bio-indicators
of trace element pollution in the heavily contaminated
Santa Gilla lagoon (Cagliari, Italy). Marine Pollution
Bulletin, 58, 858-877.

Frontalini, F., Armynot du Chételet, E., Debenay, J.P., Coccioni,
R., & Bancala, G. (2010). Benthic foraminifera in coastal
lagoons: Distributional patterns and biomonitoring impli-
cations. In: Friedman, A.G. (Ed.). Lagoons: Biology,
Management and Environmental Impact (pp. 1-34).
Hauppauge: Nova Publishers

Gerardi, F., Smedile, A., Pirrotta, C., Barbano, M. S., De
Martini, P. M., Pinzi, S., et al. (2012). Geological record
of tsunami inundations in Pantano Morghella (south-east-
ern Sicily) both from near and far-field sources. Natural



Environ Monit Assess (2013) 185:8777-8802

8801

Hazards and Earth System Sciences, 12(1185-1200),
2012. doi:10.5194/nhess-12-1185-2012.

Geslin, E., Debenay, J. P., Duleba, W., & Bonetti, C. (2002).
Morphological abnormalities of foraminiferal tests in
Brazilian environments: comparison between polluted and
non-polluted areas. Marine Micropaleontology, 45, 151—
168.

Goineau, A., Fontanier, C., Jorissen, F. J., Lansard, B., Buscail,
R., Mouret, A., et al. (2011). Live (stained) benthic fora-
minifera from the Rhone prodelta (Gulf of Lion, NW
Mediterranean): environmental controls on a river-
dominated shelf. Journal of Sea Research, 65, 58-75.

Gustafsson, M., Dahllfa, 1., Blanck, H., Hall, P., Molander, S., &
Nordberg, K. (2000). Benthic foraminiferal tolerance to tri-
n-butyltin (TBT) pollution in an experimental mesocosm.
Marine Pollution Bulletin, 40(12), 1072—1075.

Hallock, P. (1999). Symbiont bearing foraminifera. In B. K. Sen
Gupta (Ed.), Modern Foraminifera (pp. 123-139).
London: Kluwer Academic.

Hammer, @., Harper, D. A. T., & Ryan, P. D. (2001). PAST:
paleontological statistics software package for education
and data analysis. Palaeontologia Electronica, 4, 1-9.

Hayward, B. W., Holzmann, M., Grenfell, H. R., Pawlowski, J.,
& Triggs, C. M. (2004). Morphological distinction of mo-
lecular types in Ammonia towards a taxonomic revision of
the world’s most commonly misidentified foraminifera.
Marine Micropaleontology, 50, 237-271.

Insinga, D., Calvert, A.T., Lanphere, M.A., Morra, V., Perrotta,
A., Sacchi, M., Scarpati, C., Saburomaru, J., and Fedele,
L., (2006). The Late-Holocene evolution of the Miseno
area (southwestern Campi Flegrei) as inferred by stratigra-
phy, petrochemistry and 40Ar/39Ar geochronology. In: B.
De Vivo (Ed.), Volcanism in the Campania Plain:
Vesuvius, Campi Flegrei and Ignimbrites (pp. 97-124).
Amsterdam: Elsevier

Jorissen, F. J. (1988). Benthic Foraminifera from the Adriatic
Sea; principles of phenotypic variation. Utrecht
Micropaleontological Bulletin, 37, 1-174.

Langer, M. R. (1993). Epiphytic foraminifera. Marine
Micropaleontology, 20, 235-265.

Le Cadre, V., & Debenay, J. P. (2006). Morphological and
cytological responses of Ammonia (foraminifera) to copper
contamination: implication for the use of foraminifera as
bioindicators of pollution. Environmental Pollution, 143,
304-317.

Lee, J. J., & Anderson, O. R. (1991). Biology of Foraminifera.
London: Academic.

Loeblich, A. R., & Tappan, H., Jr. (1987). Foraminiferal genera
and their classification vol. 4. New York: Van Nostrand
Reinhold.

Martinez-Colon, M., Hallock, P., & Green-Ruiz, C. (2009).
Strategies for using shallow-water benthic foraminifers as
bioindicators of potentially toxic elements: a review.
Journal of Foraminiferal Research, 39, 278-299.

Messina, A., Somma, R., Macaione, E., Carbone, G., & Careri,
G. (2004). Peloritani continental crust composition
(Southern Italy): geological and petrochemical evidence.
Bollettino della Societa Geologica Italiana, 123,405-441.

Morford, J. L., Russell, A. D., & Emerson, S. (2001). Trace
metal evidence for changes in the redox environment as-
sociated with the transition from terrigenous clay to

diatomaceous sediment, Saanlich Inlet, BC. Marine
Geology, 174, 355-3609.

Morvan, J., Debenay, J. P, Jorissen, F., Redois, F., Bénéteau, E.,
Delplancke, M., et al. (2006). Patchiness and life cycle of
intertidal foraminifera: implication for environmental and
paleoenvironmental interpretation. Marine Micropaleontology,
61, 131-154.

Murray, J. W. (1973). Distribution and ecology of living benthic
foraminiferids. London: Heinemann Educational Books.

Murray, J. W. (2000). The enigma of the continued use of total
assemblages in ecological studies of benthic foraminifera.
Journal of Foraminiferal Research, 30, 244-245.

Parker, W. C., & Arnold, A. J. (1999). Quantitative methods of
data analysis in foraminiferal ecology. In B. K. Sen Gupta
(Ed.), Modern Foraminifera (pp. 71-89). London: Kluwer
Academic.

Pepe, F., Scopelliti, G., Di Leonardo, R., & Ferruzza, G. (2010).
Granulometry, mineralogy and trace elements of marine
sediments from the Gulf of Milazzo (NE Sicily): evaluation
of anthropogenic impact. ltalian Journal of Geoscience,
129, 385-394.

Polovodova, 1., & Schonfeld, J. (2008). Foraminiferal test
abonormalities in the western Baltic Sea. Journal of
Foraminiferal Research, 38, 318-336.

Sacchi, M., Pepe, F., Corradino, M., Insinga, D., Molisso F.
(2013) Architecture and 15 kyr to present evolution of the
Pozzuoli Bay: a perspective on the Neapolitan Yellow Tuff
caldera off the Campi Flegrei, Eastern Tyrrhenian Margin.
Marine Geology (in press)

Samir, A. M., & EI-Din, A. B. (2001). Benthic foraminiferal
assemblages and morphological abnormalities as pollution
proxies in two Egyptian bays. Marine Micropaleontology,
41, 193-227.

Saraswat, R., Kurtarkar, S. R., Mazumder, A., & Nigam, R.
(2004). Foraminifers as indicators of marine pollution: a
culture experiment with Rosalina leei. Marine Pollution
Bulletin, 48, 91-96.

Scott, D. B., Tobin, R., Williamson, M., Medioli, F. S., Latimer,
J. S., Boothman, W. A., et al. (2005). Pollution monitoring
in two North American estuaries: historical reconstruction
using benthic foraminifera. Journal of Foraminiferal
Research, 35, 65-82.

Sen Gupta, B. K. (1999a). In B. K. Sen Gupta (Ed.), Modern
Foraminifera. London: Kluwer Academic.

Sen Gupta, B. K. (1999b). Systematics of Modern Foraminifera.
In B. K. Sen Gupta (Ed.), Modern Foraminifera. London:
Kluwer Academic.

Sgarrella, F., & Montcharmont Zei, M. (1993). Benthic
Foraminifera of the Gulf of Naples (Italy): systematics
and autoecology. Bollettino della Societa Paleontologica
Italiana, 32, 145-264.

Sharifi, A. R., Croudace, T. W., & Austin, R. L. (1991).
Benthonic foraminiferids as pollution indicators in
Southampton water, Southern England, UK. Journal of
Micropaleontology, 10, 109-113.

Shepard, F. P. (1954). Nomenclature based on sand, silt, clay
ratios. Journal of Sedimentary Petrology, 24, 151-158.

Smart, C. (2002). Environmental applications of deep-sea ben-
thic foraminifera. Quaternary environmental micropaleon-
tology. In: Haslett SK (Ed.), Quaternary Environmental
Micropaleontology (pp 14-58). London: Arnold Publisher

@ Springer


http://dx.doi.org/10.5194/nhess-12-1185-2012

8802

Environ Monit Assess (2013) 185:8777-8802

Thibodeau, B., deVernal, A., & Mucci, A. (2006). Recent eu-
trophication and consequent hypoxia in the bottom waters
of the Lower St. Lawrence Estuary: micropaleontological
and geochemical evidence. Marine Geology, 231, 37-50.

Tranchida, G., Bellanca, A., Angelone, M., Bonanno, A., Langone,
L., Mazzola, S., et al. (2010). Chronological records of metal
deposition in sediments from the Strait of Sicily, central
Mediterranean: assessing natural fluxes and anthropogenic
alteration. Journal of Marine System, 79, 157-172.

Tranchina, L., Basile, S., Brai, M., Caruso, A., Cosentino, C., &
Micciche, S. (2008). Distribution of heavy metals in ma-
rine sediments of Palermo Gulf (Sicily, Italy). Water, Air,
and Soil Pollution, 191, 245-256.

Valenti, D., Tranchina, L., Brai, M., Caruso, A., Cosentino, C.,
& Spagnolo, B. (2008). Environmental metal pollution
considered as noise: effects on the spatial distribution of
benthic foraminifera in two coastal marine areas of Sicily
(Southern Italy). Ecological Modelling, 213, 449-462.

Yanko, V., & Flexer, A. (1991). Foraminiferal benthonic assem-
blages as indicators of pollution (an example of Northwestern

@ Springer

shelf of the Black Sea). In: Proceedings of Third Annual
Symposium on the Mediterranean Margin of Israel, Institute
Oceanography and Limnology, Haifa, Israel, Abstract
Volume, 5 pp.

Yanko, V., Kronfeld, J., & Flexer, A. (1994). Response of
benthic foraminifera to various pollution sources: implica-
tions for pollution monitoring. Journal of Foraminiferal
Research, 24, 1-17.

Yanko, V., Ahmad, M., & Kaminski, M. (1998). Morphological
deformities of benthic foraminiferal tests in response to
pollution by heavy metals: implications for pollution mon-
itoring. Journal of Foraminiferal Research, 28, 177-200.

Yanko, V., Amold, A. J., & Parker, W. C. (1999). Effects of marine
pollution on benthic foraminifera. In B. K. Sen Gupta (Ed.),
Modern Foraminifera (pp. 217-235). London: Kluwer
Academic.

Yawar, W., Naeem, K., Akhter, P., Rehana, 1., & Saeed, M.
(2010). Assessment of three digestion procedures for Zn
contents in Pakistani soil by flame atomic absorption spec-
trometry. Journal of Saudi Chemical Society, 14, 125-129.



	Benthic...
	Abstract
	Introduction
	Background and aims of the work
	Environmental settings of the Gulf of Milazzo and geology of the adjacent Peloritani Mountains

	Material and methods
	Sampling
	Granulometry
	Trace elements proxy
	Foraminiferal analysis
	Statistical analysis

	Results
	Grain-size distribution patterns
	Trace elements
	Benthic foraminiferal assemblages
	Diversity of benthic foraminifera
	Benthic foraminiferal distribution

	Statistical analysis
	Q-mode cluster analysis
	Principal component analysis and pearson correlation matrix


	Discussion
	Sector U (HE 1/10–HE 3/30)
	Sector P (HE 4/30–HE R-3/30)
	Sector MP (HE 6/10–HE 16/20)
	Deformed foraminifera

	Conclusions
	References


