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Benthic foraminiferal density and species distribution may be used as pollution indicators.

Abstract

The analysis of 90 surficial sediments from three docks of the Naples Harbour (Levante, Granili, and Diaz) permits to compare the distri-
bution modes of heavy metals with grain sizes, total organic carbon content (TOC) and distribution patterns of benthic foraminifera. Forami-
niferal density and species richness decrease with the increasing toxic elements concentrations from the Levante to the Diaz dock. Median
concentrations of Ni, Pb, Zn, and Hg (medians of 21.43 mg/kg, 270.24 mg/kg, 489.65 mg/kg, and 1.18 mg/kg, respectively) were reported
for the Diaz dock where foraminifera are absent, thus suggesting a possible impact of toxic elements on the benthic ecosystem balance. Com-
pared to the unpolluted marine sediments of the Granili dock, the Levante area shows higher heavy metals levels and a quasi-oligotypic benthic
assemblage. This is dominated by the tolerant species Ammonia tepida that may be used as bio-indicator of pollution of anthropised marine

sediments.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Benthic foraminifera are among the more abundant and
most conspicuous protozoa in the costal environment and,
because they have a short life cycle and specific habitats,
they tend to respond quickly to changes in their environ-
ments and can be used as an early warning indicator
(Kramer and Botterweg, 1991) of possible anthropic con-
tamination. Studies of pollution effects on benthic foraminif-
era and the possible use of these biota as proxies were first
proposed by Resing (1960) and Watkins (1961). In the last
years, several papers have been devoted to the possibility to
correlate distribution, diversity, and population density of
benthic foraminifera assemblage with toxic organic and
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inorganic compounds distribution (Boltovskoy et al., 1991;
Alve, 1995; Yanko et al., 1999; Coccioni, 2000; Scott
et al., 2001; Debenay et al.,, 2001; Bergamin et al., 2003;
du Chatelet et al., 2004, and reference therein). Recent stud-
ies (Samir and El-Din, 2001; du Chatelet et al., 2004) dem-
onstrated that some benthic species seem extremely sensible
to heavy metals and/or organic compounds concentration
levels. In particular, some authors (Seiglie, 1975; Setty,
1976; Setty and Nigam, 1984; Yanko and Flexer, 1991;
Samir and El-Din, 2001; du Chatelet et al., 2004) suggested
that selected benthic foraminifera species (in particular
Ammonia tepida and some miliolids as Quinqueloculina
seminulum) seem to better monitor high concentrations of
selected toxic elements and/or organic compounds. The
main objectives of this work are (i) identification of the dis-
tribution modes of the analysed toxic metals relatively to
grain size distribution patterns and total organic carbon con-
tents in the studied sediments; (ii) comparison among the
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distribution patterns of the studied heavy metals and the
benthic fauna.

2. Material and methods

The harbour of Naples, is located in the eastern Tyrrhenian Sea margin
(Gulf of Naples) and is constituted of 11 docks and 30 wharfs that range
from 110 to 440 m in length (Fig. la). The bottom topography is rather
complex and shows a progressive deepening towards the outer part of the
harbour (see Fig. 1b). In this study we investigated a total of 90 surface
samples from three docks of the Naples Harbour: the Levante, Granili,
and Diaz (Fig. 1a). Sediments were collected using a hydraulic vibro-corer

with an inner diameter of 10cm and 6 m long. Three sub-samples were
selected from the surficial 20 cm of sediments, homogenized with a plastic
scoop, placed into pre-cleaned Ziploc plastic bags for chemical and paleon-
tological analyses and stored at —18 °C on board within an hour of
collection.

2.1. Foraminiferal analysis

Each analysed sample was sieved at the 125 pm mesh size. The entire
dried residue was microscopically analysed and all the specimens were
counted. The foraminifera were hand picked and separated from the sediment.
Non-living foraminifera were counted and percentages utilized for statistic
analysis. The Loebelich and Tappan classification (1988) was used.

oy,
I sligtly sandy silt sligtly silty sand ™
ettt sandy clayey sit [ sity sand B

Fig. 1. (a) Location map of the studied docks (Levante, Granili and Diaz) in the harbour of Naples and position of the studied samples (white circle). Black circles
in the Levante dock show samples where CTD measurements were carried out; (b) topography of the sea floor and (c) grain size of the studied samples.



276

L. Ferraro et al. | Environmental Pollution 142 (2006) 274—287

Table 1
Skewness, kurtosis and significance level of Kolmogorov—Smirnov test for normality (K—S p) of the raw and Box—Cox transformed data sets
Data set Ammonia  Ammonia  Quinqueloculina  Planorbulina Quinqueloculina  Elphidium  Ammonia  Rosalina  Cibicides — Bulimina
tepida beccarii spp. deformed mediterranensis  Spp. spp. spp- bradyi lobatulus  spp.
Raw data
Skewness 0.33 3.48 3.31 2.51 1.42 1.86 0.14 2.88 1.52 4.24
Kurtosis —1.50 14.83 10.94 6.52 3.69 6.23 —-1.37 11.42 1.79 22.39
K-Sp 0.04 0.00 0.00 0.00 0.39 0.03 0.20 0.00 0.00 0.00
Box—Cox (power transformation) transformed
Skewness 0.41 2.90 0.94 1.34 3.12 3.89 0.48 2.56 1.05 2.78
Kurtosis —1.03 9.86 —0.30 1.20 13.10 21.63 —0.86 8.65 0.61 8.89
K-Sp 0.16 0.03 0.70 0.16 0.05 0.08 0.11 0.45 0.55 0.18

2.2. Q-mode cluster analysis

The original faunal data set contains 34 benthic species. Q-mode hierarchi-
cal cluster analysis was only performed on a group of eight benthic species
and/or genera due to the exclusion of species or categories occurring with
frequencies below 3%. The selected eight categories are A. tepida, Ammonia
beccarii, Quinqueloculina spp., Elphidium spp., Cibicides lobatulus, Rosalina
bradyi, Planorbulina mediterranensis, and Bulimina spp.

2.3. Grain size analysis

Samples for grain size analysis were treated with H,O, solution, then
washed and dried at 40 °C. Grain size analyses were carried out to establish
the percentage of silt and clay (<63 um) by a Laser Particle-Size Analyzer,
and sand fraction (2 mm to 63 pm) by means of a microsieve. The coarser
fraction (>2 mm), when present, was made up of gravels. The Shepard
(1954) grain size classification was used.

2.4. Heavy metals analysis

‘Pseudo-total metal contents’ were obtained by digesting samples previ-
ously air-dried and sieved through a 2 mm sieve, with aqua regia in Teflon
bombs using a microwave oven (CEM Mars X equipment) at a controlled
pressure and temperature (step 1: 300 psi, 165 °C, 900 W power for
10 min; step 2: 300 psi, 175 °C, 900 W power for 5 min). The suspension
was filtered through 0.45 mm GF/F glass microfibre filters (Whatman).
The term ‘pseudo-total’ is accounted for by the aqua regia digestion which
does not completely destroy silicates. Arsenic, Cr, Cu, Ni, Cd, Pb, V, Zn, and
Hg concentrations were measured by inductively coupled plasma atomic
absorption (ICP-AES) using a Varian Vista MPX. All calibration standards
were prepared in the same acid matrix used for the sediment samples. Rep-
licated measures of international reference materials (PACS2), reagent
blanks, and duplicated soil samples (about 20% of the total number of sam-
ples randomly selected from the set) were used to assess contamination and
precision. The analytical precision, measured as relative standard deviation,

Table 2
Samples number where the different benthic species are present

Levante dock Granili dock

Ammonia tepida 35 13
Ammonia beccarii 11 14
Quinqueloculina spp. deformed 14 0
Planorbulina mediterranensis 6 12
Quinqueloculina spp. 35 20
Elphidium spp. 21 20
Ammonia spp. 36 16
Rosalina bradyi 9 12
Cibicides lobatulus 17 18
Bulimina spp. 20 2

was routinely between 5 and 6%, and never higher than 10%. All results
were calculated with respect to dry weight.

2.5. Total Organic Carbon (TOC)

Total organic carbon was determined by a ThermoElectron Flash EA 1112
elemental analyzer on freeze-dried powdered samples. The carbonate fraction
was eliminated through an HCI treatment in silver capsules.

2.6. Geostatistical methods for generation of spatial
distribution maps

The geostatistical analysis was fundamental in defining the best spatial
interpolator method and in generating distribution maps (Carlon et al., 2001;
McGrath et al., 2004) while GIS algorithms were used to collect, store, analyse
the data recorded in the table of ArcGis® software. Since the probability dis-
tribution of the raw data sets fails the Kolmogorov—Smirnov test for normality
the Box—Cox (power =0.5) transformation was used to normalize the data
(Table 1). The kurtosis values of transformed data, suggest the presence of
samples with a particular abundance or lack of benthic species, that repre-
sented the main reason to use the Radial Basis Functions (RBF) interpolation
technique (Regularized Spline) to produce the grid maps. This method does
not assume stationarity (Mitasova and Mitas, 1993). It takes into account
the global trend in the data and reproduces possible local variations. On the
basis of RBF extrapolated values, contour plots of the benthic distribution in
the studied area were produced only for the species recorded in a number of
samples higher than 10 according to Cressie (1993) (Table 2).

2.7. Bottom topography

Multibeam data were acquired with a Reason SeaBat 8101 echosounder
210° option with a frequency of 240 kHz and operative in the 0.5/500 m range
depth. Water column sound velocities were determined every 8 h by CTD
casts.

3. Results
3.1. Grain size distribution patterns

Grain sizes estimated for the three studied areas are presented
in Appendix A. The particle size at the sea bottom of the Levante
dock is characterised by slightly silty sands (subordinate silty
sands) and slightly sandy silt in the inner part and in the external
ones, respectively (Fig. 1¢). The Granili dock is mainly domi-
nated by silty sand and subordinately by gravel and sandy clayey
silt (Fig. 1c), while the Diaz dock is characterised by slightly
sandy silt and subordinate sandy clayey silt (Fig. 1c).
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Basic statistics of the different heavy metals recorded in the three docks along with ER-L (Effects Range — Low) and ER-M (Effects Range — Median) values
reported for the sediment guidelines of USEPA by Long et al. (1995) and Ligero et al. (2002)

Cd (mgkg ") As(mgkg ) Cr(mgkg™") Cu(mgkg ") Ni(mgkg ") Pb(mgkg ") V(mgkg ) Zn(mgkg") Hg(mgkg

Levante dock

Min. 0.08 11.15 68.73 15.38 8.20 34.40 20.08 0.00 0.00

Max. 3.07 165.69 838.50 467.33 154.31 322.38 815.10 1573.00 1.27

Median  0.57 23.20 208.81 94.49 19.01 133.35 142.22 226.99 0.47

MAD 0.42 22.13 116.37 70.97 11.75 61.80 70.96 161.13 0.28
Granili dock

Min. 0.06 9.19 5.99 19.79 9.12 2291 50.35 32.51 0.00

Max. 1.92 45.03 388.59 150.19 30.37 225.34 242.69 578.57 1.13

Median 0.64 20.80 21.24 35.21 13.34 36.63 102.65 111.66 0.20

MAD 0.36 4.36 64.89 24.16 2.15 37.63 18.08 130.11 0.20
Diaz dock

Min. 0.49 10.07 6.89 31.24 10.69 34.60 55.96 45.72 0.02

Max. 2.00 33.03 165.15 626.05 34.89 739.22 115.40 1994.30 7.23

Median 1.02 14.85 4471 220.04 21.43 270.24 70.80 489.65 1.18

MAD 0.34 2.95 25.07 98.24 6.19 120.20 8.47 274.22 0.64
ER-L 1.20 8.20 81.00 34.00 20.90 46.70 nd 150.00 0.15
ER-M 9.60 70.00 370.00 270.00 51.60 218.00 nd 410.00 0.71

3.2. Heavy metal contents

Concentrations of heavy metals and total organic carbon
(TOC) are presented in the Appendix A.

Basic statistics of the different heavy metals recorded in the
three docks are summarised in Table 3 and shown in Fig. 2 as
Box—Wiskers plots. Generally, the heavy metals show increas-
ing concentrations from the Granili dock to the Diaz dock with
intermediate ones recorded in the Levante dock.

Total organic carbon (TOC) contents increase following the
order Levante—Granili—Diaz docks (median of 0.41, 1.87, and
4.22%, respectively).

Compared to the ER-L (Effects Range — Low) and ER-M
(Effects Range — Median) values reported for the sediment
guidelines of USEPA, (Long et al., 1995; Ligero et al., 2002)
Granili dock generally shows lower concentration values for
most heavy metals. Only Cu and Hg show median concentra-
tion values close to the ER-L. Conversely, Diaz dock shows
higher Pb, Zn, and Hg concentration levels than the ER-M
levels and higher As and Cu concentration values than the
ER-L values (Table 3). The Levante dock shows an intermediate
situation with As, Cr, Cu, Pb, and Zn characterised by higher
concentrations than the ER-L levels, but no heavy metals
concentration value higher than ER-M indices.

Concentration levels of As are similar for all the three
docks (median values of ~15—20 mg/kg). In the area of the
Campania (southern Italy) this element is generally present
with moderate to high concentrations in the marine sediments
due to the influence of active hydrothermal circulation and re-
lated dissolution of As-bearing sulphides as already described
by De Vivo et al. (1989), De Vivo and Rolandi (2001) and
Federico et al. (2002).

Correlation matrix (Pearson method) calculated for the un-
transformed heavy metals, TOC and grain size parameters in
the three docks (Table 4) shows high correlation coefficients

(>0.7) for Cd, Cr, Cu, Pb, Zn, TOC, and silt/clay contents
measured in the Granili dock. This suggests an important con-
trol of grain size and organic matter on the distribution modes
of most of the analysed heavy metals in this area. The Diaz
dock shows a very different behaviour with generally high cor-
relation values estimated among the same trace elements but
no correlation with grain size distribution and organic carbon
content, thus suggesting a reduced control of fine sediments
and/or TOC on the distribution patterns of the toxic elements,
whose dispersion is probably driven by important anthropic in-
puts. The Levante dock again shows an intermediate behaviour
with high correlation values among most of the heavy metals
and correlation values of about 0.5 among heavy metals and
grain size.

3.3. The benthic foraminiferal assemblage
and distribution

The benthic foraminiferal assemblages are composed almost
entirely of small species (ranging from 125 um to 150 pum;
Appendix B), that are present only in sediments of the Levante
and Granili docks, while the Diaz dock appears completely bar-
ren. Only a restricted number of samples in the Levante dock
shows morphological deformities (see Appendix B).

A rich population of A. fepida was found in all the samples
of Levante dock with a maximum concentration in the central
and outer parts of the area (Fig. 3a). A. fepida has a discontin-
uous distribution in the Granili dock with percentages of 19—
32% in the innermost part and a progressive decrease in the
outer part of the dock (Fig. 3b). A gradual transition between
A. tepida and A. beccarii can be observed moving from the
Levante to Granili dock (Fig. 3¢ and d). A. beccarii is discon-
tinuously present in the Levante dock (Fig. 3c), while it is rep-
resented in almost all the samples of the Granili dock with



278

1000
900
800
700
600
500
400
300
200
100

mg/kg

. Ferraro et al. | Environmental Pollution 142 (2006) 274—287

mg/kg
o

Wb

Cd DD

- CdDG
Cd DL

CcrbG [}F——H

CrDL

crbb H—
CuDG |fF—

cubDL |H}——
F ]
I

Cu DD

'L&
8

Zn DL
Zn DD

AsDL |#——i

As DG |H
AsDD |H

Hg DG
Hg DL
Hg DD

-[JH

Median

Min-Max
25%-75%

Fig. 2. Box—Wiskers plots of the studied heavy metals in the three docks. DL, DG and DD codes were used to identify samples from the Levante, Granili and Diaz

docks, respectively.

Table 4
Correlation matrix (Pearson method) calculated for the untransformed heavy metals, total organic carbon (TOC) and grain size parameters in the three studied
docks
Cd As Cr Cu Ni Pb A% Zn Hg TOC Silt Clay Docks
Cd 1.00 0.23 0.67 0.41 0.50 0.60 0.39 0.56 0.58 0.25 0.40 0.09 Levante
1.00 0.38 0.51 0.70 0.57 0.54 0.46 0.81 —0.03 0.58 0.34 0.54 Granili
1.00 0.64 0.90 0.85 0.87 0.87 0.08 0.76 0.68 0.76 0.51 0.46 Diaz
As 1.00 0.03 —0.13 —0.08 0.04 —0.16 —0.08 —0.04 0.09 0.01 0.13 Levante
1.00 0.60 0.61 0.91 0.53 0.85 0.41 0.21 0.36 0.09 0.22 Granili
1.00 0.81 0.56 0.59 0.70 0.46 0.53 0.79 0.28 0.33 0.35 Diaz
Cr 1.00 0.74 0.79 0.60 0.78 0.90 0.63 0.21 0.34 0.17 Levante
1.00 0.87 0.67 0.97 0.55 0.84 —0.11 0.65 0.54 0.71 Granili
1.00 0.84 0.80 0.90 0.07 0.77 0.78 0.62 0.40 0.43 Diaz
Cu 1.00 0.63 0.28 0.64 0.71 0.33 0.02 0.25 —0.02 Levante
1.00 0.76 0.91 0.63 0.87 —0.18 0.75 0.56 0.74 Granili
1.00 0.89 0.85 —0.01 0.96 0.44 0.79 0.58 0.54 Diaz
Ni 1.00 0.35 0.96 0.90 0.49 —0.02 0.22 0.01 Levante
1.00 0.61 0.88 0.61 —0.01 0.47 0.20 0.35 Granili
1.00 0.88 0.13 0.87 0.49 0.73 0.54 0.51 Diaz
Pb 1.00 0.34 0.54 0.86 0.41 0.47 0.13 Levante
1.00 0.49 0.87 —0.15 0.75 0.61 0.79 Granili
1.00 —0.02 0.85 0.75 0.62 0.44 0.47 Diaz
\ 1.00 0.91 0.50 —0.07 0.19 —0.01 Levante
1.00 0.43 0.15 0.31 0.29 0.35 Granili
1.00 —0.04 0.08 —0.14 0.07 0.00 Diaz
Zn 1.00 0.69 0.09 0.31 0.03 Levante
1.00 —0.17 0.72 0.57 0.77 Granili
1.00 0.41 0.73 0.53 0.51 Diaz
Hg 1.00 0.25 0.51 0.11 Levante
1.00 —0.19 —0.13 —0.16 Granili
1.00 0.32 0.18 0.21 Diaz
TOC 1.00 0.30 —0.02 Levante
1.00 0.49 0.66 Granili
1.00 0.55 0.51 Diaz
Silt 1.00 0.30 Levante
1.00 0.94 Granili
1.00 0.93 Diaz
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Fig. 3. Distribution of A. tepida, A. beccarii and Elphidium spp. benthic species in the Levante (a, ¢ and e) and Granili (b, d and f) docks.

abundances up to 82% of the total assemblage (Fig. 3d). Elphi-
dium spp. has a somewhat irregular distribution in the two
docks (Fig. 3e and f). Quinqueloculina spp. occurs in the
two docks, except for a few number of samples (Appendix
B), with a regular distribution (Fig. 4a and b). R. bradyi is
not continuously present in the samples of the Granili dock
(Fig. 4d). In the Levante dock R. bradyi is exclusively present

in the inner part (Fig. 4c). C. lobatulus shows a discontinuous
distribution reaching the highest percentages (Fig. 4e) in the
inner part of the Levante dock, while in the Granili area
C. lobatulus is present in all the samples with a discontinuous
distribution (Fig. 4f). Bulimina spp. is present only in the
Levante dock (Fig. 5a) while P. mediterranensis is almost con-
tinuously present in the Granili dock (Fig. 5b).
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Fig. 4. Distribution of Quingueloculina spp., R. bradyi and C. lobatulus benthic species in the Levante (a, ¢ and e) and Granili (b, d and f) docks.

3.4. Q-mode hierarchical cluster analysis

The Q-mode cluster analysis, results in the grouping of sam-
ples into three main clusters (I, Il and III) (Fig. 6) clearly related
to their distribution in the two studied docks. The first cluster
contains most samples located in the Levante dock with a benthic
foraminiferal assemblage dominated by A. tepida, and

subordinate Quinqueloculina spp. and Elphidium spp. (Fig. 6,
Appendix B). The second cluster is represented by samples of
the Levante dock and subordinately by samples of the Granili
dock and is characterised by dominant Quinqueloculina spp.
and A. tepida. Within this cluster two sub-clusters Ila and IIb
can be recognised (Fig. 6). Cluster Ila (where samples from
Levante and Granili dock are present) is dominated by
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Fig. 5. Distribution of Bulinima spp. and P. mediterranensis benthic species in the Levante (a) and Granili (b) docks.

Quingqueloculina spp., A. tepida, Elphidium spp. and subordinate
C. lobatulus (Fig. 6, Appendix B) and cluster IIb (which includes
only samples from the Levante dock) is characterised by abun-
dant Quinqueloculina spp. and A. tepida. Finally, the third clus-
ter (Fig. 6) characterised by samples located in the Granili dock
consists of well diversified benthic fauna dominated by Quin-
queloculina spp. and Elphidium spp., with common specimens
of C. lobatulus and subordinate R. bradyi, A. tepida, A. beccarii
and P. mediterranensis species (Fig. 6).

4. Discussion

Comparison of basic statistical parameters calculated for
the heavy metals and benthic foraminiferal data sets allows

a preliminary analysis of hypothetical relationships between
the distribution patterns of toxic elements and foraminiferal
ecosystem balance.

Firstly, the most polluted Diaz dock is barren of benthic fo-
raminifera and constitutes the end member between the three
docks. In particular the high concentration of Pb, Hg, Ni and
Zn, two to nine times higher than in the other two docks’
seems to suggest that these elements alone could strongly in-
fluence the mortality of the studied ecosystem. Furthermore,
for these four elements, the Diaz dock sediments show
concentration values that exceed the USEPA ER-M indices
suggesting an important toxic effect on the benthic micro-
organisms. To explore a possible relationship among toxic
elements and benthic foraminifera distribution patterns in the
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Fig. 6. Dendogram estimated for the harbour samples (top) and calculated by Q-mode hierarchical cluster analysis using the Pearson correlation index. Samples
labeled with DL, and DG are from the Levante and Granili docks, respectively. The relative abundance of each species (right) and each sample is expressed using

the chart: 0.1%; 5%; 20%; 50%.
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Fig. 7. Box—Wiskers plot (central diagram) calculated for the most significant benthic species found in the Granili (black filling) and Levante (white filling) docks
(DG-Granili dock and DL-Levante dock), encircled by the median values calculated for the different heavy metals in the two areas.

other two studied docks, we reported in Fig. 7 a synthetic view
of median values of the trace metals in the two areas and the
basic statistical parameters of the six most abundant benthic
species counted in the sediments. The central part of the dia-
gram shows the Box—Wiskers plots for the most significant
benthic species found in the Granili (black filling) and
Levante (white filling) docks encircled by the median values
calculated for the different heavy metals concentration values
measured in the two areas. As earlier documented, the Levante
dock is characterised by higher concentration (generally 150,
200% more) values for several toxic elements (Pb, Cu, Zn,
Cr, Hg, and Ni) than those measured in the Granili area. At
the same time, differences were identified in the benthic
assemblages distribution. In detail, based on the cluster analy-
sis, the Levante dock is dominated by A. tepida species
and subordinated Quinqueloculina spp. and Elphidium spp.,
whereas, in the Granili dock, the microfauna is characterised
by a well diversified assemblage with dominance of Quinque-
loculina spp. and Elphidium spp. A. tepida is commonly
encountered in restricted environments under pollution stress
(Yanko et al., 1994, 1999; Alve, 1995; Debenay et al., 2000,
2001; du Chatelet et al., 2004) and generally described in

the literature as a species tolerant to chemical and thermal
pollution, fertilizing products, heavy metals, and hydrocarbons
(Seiglie, 1975; Setty, 1976; Setty and Nigam, 1984; Yanko and
Flexer, 1991).

Measurements of CTD performed in different sites of the
area (shown in Fig. la) documented a very stable salinity
content with values ranging between 37.1 and 37.39,. For
this we exclude the effect of salinity on the benthic assem-
blage distribution patterns and convey attention towards a pos-
sible control of toxic elements distribution as primary
controllers of the quasi-oligotypic A. tepida assemblage are
found in the Levante area. Our results confirm the capacity
of the A. tepida to support very polluted environments and
high concentrations of heavy metals, while Elphidium spp.
and Quinqueloculina spp. species seem to badly tolerate
high levels of toxic trace metals proliferating in cleaner envi-
ronments, representative of the Granili area. However, on the
basis of our results it is not possible to identify the master
trace elements driving the distribution of benthic foraminif-
era, since Pb, Hg, Zn, Cu, Ni, and Cd generally covariate
in terms of distribution patterns in the studied marine
sediments.
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5. Conclusions

(1) The heavy metals concentration values in three docks of
the harbour of Naples showed different levels of contamina-
tion. The Granili dock shows concentration values, for all the
trace elements, close to the background levels measured by
Feo et al. (2005) in marine sediments collected on the continen-
tal shelf of the southern Tyrrhenian Sea. Conversely, the Diaz
dock shows heavy metals concentration values generally higher
than the USEPA ER-M levels indicating an important influence
of toxic elements on the balance of the benthic ecosystem.

(2) The toxic elements concentration patterns compared
with benthic foraminiferal distribution suggested a possible
control of the chemical system on benthic foraminifera.
The high concentration values recorded in the Diaz dock
are reflected in a totally barren benthic assemblage. A. tep-
ida, dominant in the Levante dock, testifies an important
chemical stress on this area responding with a quasi-oligo-
thropic assemblage also characterised by 10% of deformed
specimens. Conversely, Quinqueloculina spp., sporadically
present in the Levante dock, results as a benthic species
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very sensitive to pollution. Finally, the Granili dock is char-
acterised by a natural benthic assemblage that reflects the
limited influence of heavy metals concentration levels present
in the sediments.

(3) Our results suggest that quantitative analysis performed
on the benthic foraminiferal assemblage represents a suitable
tool for monitoring the heavy metals pollution status of marine
sediments, although toxic elements concentration levels higher
than the USEPA ER-M indices bleach the benthic fauna creat-
ing a sill and non-linear effect on the response of the assem-
blage to chemical contamination.
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Appendix A. Kilometric coordinates, water depths, heavy metals concentration values, total organic carbon (TOC) content

and grain size values measured for all the studied samples

East North Depth Cd As Cr Cu Ni Pb \Y Zn Hg TOC Gravel Sand Silt Clay
(m)  (mg (mg (mg (mg (mg (mg (mg (mg (mg (%) (%) %) (%) (%)
ke') kg™ ke ke k) kg kg) kg kg
Levante dock

DL 1 440423 4520543 6.4 041 2401 173.80 53.18 18.15 15244 14743 258.07 0.75 1.30  2.00 50.00 44.00 1.00
DL 2 440464 4520509 9.06 0.38 18.63 151.22 5260 17.04 5624 86.83 68.20 0.05 1.12 0.00 69.00 30.00 1.00
DL 3 440511 4520489 127 0.16 2345 114.01 3051 14.54 54.00 107.99 28.57 0.09 1.39 0.00 47.00 49.00 4.00
DL 4 440540 4520529 11.7 126 20.72 410.89 173.00 26.08 236.20 168.66 449.28 091 11.11 3.00 41.00 54.00 2.00
DL 5 440570 4520569 12.18 148 2250 467.85 20096 26.11 24494 175.09 51446 0.99 298 2.00 32.00 65.00 1.00
DL 6 440607 4520619 12.8 097 1426 449.78 467.33 26.04 118.78 16592 523.46 047 0.17 8.00 38.00 51.00 3.00
DL 7 440640 45206609 9.66 3.07 23.50 360.72 14390 63.57 190.61 247.28 464.88 0.73 175 2.00 43.00 53.00 2.00
DL 8 440563 4520489 13.6 0.83 81.80 31332 6201 20.75 76.34 14284 224.66 0.19 258 2,00 85.00 13.00 0.00
DL 9 440597 4520519 13.76 0.08 1573 68.73 23.18 822 46.89 4952 17.24 0.07 1.20 0.00 43.00 52.00 5.00
DL 10 440616 4520569 14.88 0.20 18.60 111.14 36.48 823 6488 3385 31.55 0.06 1.57 0.00 88.00 12.00 0.00
DL 11 440656 4520599 1293 047 29.54 220.57 94.07 23.66 133.35 20694 25498 0.35 1.48 0.00 51.00 47.00 2.00
DL 12 440680 4520639 11.1 029 2320 114.67 51.80 8.57 123.84 4734 81.50 0.72 1.82  7.00 47.00 43.00 3.00
DL 13 440717 4520609 11.55 0.24 14.07 29236 9449 33.19 128.00 203.78 194.53 0.36 1.36 10.00 61.00 24.00 5.00
DL 14 440548 4520439 14.15 0.76 1599 29192 101.04 27.77 11649 183.17 296.62 0.32 3.09 200 40.00 52.00 6.00
DL 15 440603 4520459 14.67 0.72 2450 275.60 11841 21.63 223.79 14222 307.33 0.82 2770  4.00 47.00 46.00 3.00
DL 18 440698 4520559 14.09 0.15 3838 11859 17.27 16.10 8091 146.67 109.81 0.36 043 1.00 75.00 23.00 1.00
DL 19 440758 4520579 10.34 037 2536 17742 9695 2456 143.10 14945 230.11 0.62 143  5.00 54.00 35.00 6.00
DL 21 440646 4520429 15.16 0.99 13.62 315.00 110.06 15.51 151.89 109.23 238.60 0.61 278 200 45.00 47.00 6.00
DL 24 440738 4520529 14.79 0.29 1545 15493 192.64 1932 36.13 191.75 153.62 0.00 0.34 0.00 72.00 27.00 1.00
DL 25 440800 4520549 1038 0.10 1848 81.24 1538 843 3440 48.80 0.00 0.08 033 0.00 57.00 40.00 3.00
DL 26 440623 4520379 1423 1.04 1499 400.60 186.97 2392 276.70 15195 387.58 0.71 347 0.00 38.00 56.00 6.00
DL 27 440678 4520379 1489 1.19 19.80 464.60 179.61 33.49 19438 220.21 49431 0.59 1.18  2.00 49.00 44.00 5.00
DL 29 440736 4520459 15.11 0.70 15.05 295.68 127.35 19.01 18596 12591 514.55 0.59 274 15.00 56.00 28.00 1.00
DL 30 440772 4520499 14.18 036 11.15 21039 38445 3436 43.81 189.35 213.37 0.00 1.89  0.00 70.00 30.00 0.00
DL 31 440657 4520339 14.62 1.02 26.25 235.14 111.04 16.17 32238 10431 28095 1.16 327 0.00 28.00 69.00 3.00
DL 33 440749 4520249 528 0.64 3220 170.17 68.81 1553 149.84 4470 124.13 0.33 278 3.00 59.00 36.00 2.00
DL 36 440834 4520249 7.74 057 23.57 16644 81.63 2533 263.30 16544 280.59 0.67 1.40 6.00 72.00 22.00 0.00
DL 39 440849 4520159 122 042 1546 147.06 72.82 10.86 112.61 4235 105.15 0.27 2.00 28.00 69.00 1.00
DL 40 440910 4520169 89 033 6921 111.81 57.99 8.45 8743 2851 75.84 0.15 463 6.00 4500 48.00 1.00
DL 41 440878 4520129 1294 1.03 82.09 208.81 101.20 14.78 19047 32.67 15775 0.59 410 2.00 37.00 58.00 3.00
DL 16 440639 4520489 14.63 145 26.78 838.50 429.00 154.31 235.30 815.10 1573.00 1.27 1.75  0.00 40.00 57.00 3.00

(Appendix continued on next page)
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East North Depth Cd As Cr Cu Ni Pb \% Zn Hg TOC Gravel Sand Silt Clay
(m)  (mg (mg (mg (mg (mg  (mg (mg (mg (mg (%) (%) (%) (%) (%)
ke kg ke) kg ke kg9 ke) kg kg
DL 17 440655 4520539 147 048 26.62 16593 58.88 16.24 154.02 134.82 22699 072 043 1.00 51.00 4500 3.00
DL 22 440681 4520459 1498 1.69 12498 471.71 189.63 28.06 24437 111.57 34402 059 346 000 60.00 33.00 7.00
DL 23 440695 4520509 148 0.24 61.26 11406 3575 10.10 63.88 3538 7037 015 192 200 56.00 34.00 8.00
DL 28 440708 4520419 153  1.30 79.26 198.99 9449 2358 15225 156.10 379.28 0.76 1.84 22.00 37.00 38.00 3.00
DL 32 440700 4520289 14.8 1.00 165.69 23244 8344 1656 13038 7444 138.69 026 237 0.00 42.00 55.00 3.00
DL 35 440782 4520219 946 041 17.16 10473 52.15 820 7759 20.08 109.26 0.15 3.56 550 7250 21.00 1.00
DL 37 440816 4520189 10.93 0.69 13.72 331.57 141.04 37.53 23587 215.07 30320 048 573 3.00 47.00 48.00 2.00
DL 38 440874 4520209 83 0.3l 1521 116.02 6248 10.07 98.52 38.62 99.18 023 363 400 39.00 54.00 3.00
Granili dock
DG 1 439572 4521357 9.84 0.86 19.42 4255 79.19 1350 6238 9247 18856 026 0.79 9.56 63.56 2449 240
DG 2 439635 4521324 8.79 0.68 20.56 25.88 39.29 13.74 40.50 104.76 9289 0.08 088 130 89.06 885 0.79
DG 3 439699 4521290 11.68 0.13 18.62 10.12 2679 11.77 3072 87.60 110.54 0.00 0.12 1099 6742 2035 1.23
DG 4 439557 4521297 922 1.27 20.10 49.03 5479 1455 6237 10543 369.25 040 098 0.00 6425 3223 353
DG 5 439621 4521263 9.99 0.88 2359 89.23 53.03 15.15 7825 106.18 252.06 043 145 30.77 5245 1500 1.79
DG 6 439685 4521230 1421 0.63 21.04 2023 32,67 13.20 3510 11650 11278 0.09 027 051 9204 7.02 042
DG 7 439542 4521237 1032 1.52 9.19 1457 3731 9.12 38.16 50.35 345.02 020 0.27 4226 4634 10.05 135
DG 8 439606 4521204 1247 0.07 15.38 599 2291 991 2291 10193 32.51 0.04 0.17 031 7855 19.70 144
DG 9 439670 4521170 11.40 0.12 2025 2225 33.10 1147 3493 93.12 68.80 020 033 0.83 9148 721 048
DG 10 439528 4521177 1034 032 20.28 36.84 48.07 13.64 5240 9352 163.11 025 0.69 10.87 7727 11.06 0.80
DG 11 439592 4521144 11.33 0.09 26.87 9.53 19.79 15.14 2319 77.29 42,57 014 0.17 169 9516 3.15 0.00
DG 12 439655 4521110 13.12 0.68 25.02 946 2201 1275 2551 100.51 96.55 003 025 298 8817 834 051
DG 13 439385 4521184 1090 0.77 2538 388.59 106.21 15.04 22534 103.72  520.30 .13 122 0.00 59.71 3577 4.52
DG 15 439513 4521117 992 0.64 2453  36.15 4855 13.70 4799 97.68 11496 0.19 049 0.00 9742 225 033
DG 16 439577 4521083 13.43 0.59 28.31 830 21.29 1347 2295 12891 5477 <0.10 021 028 8841 10.64 0.67
DG 17 439641 4521050 11.04 0.06 17.13 6.59 2501 12.07 3506 103.37 3791 018 0.13 024 8559 1333 0.84
DG 19 439434 4521090 12.67 0.98 2241 9145 8947 1251 131.02 100.88 304.71 0.77 128 0.53 6829 2786 3.32
DG 20 439498 4521057 1496 0.56 21.93 8.65 32.61 1243 3424 10556 4797 019 049 0.00 81.10 17.89 1.01
DG 21 439562 4521024 13.73 045 18.88 6.66 28.66 1145 3425 119.01 5878 036 025 000 66.02 31.03 294
DG 22 439626 4520990 13.50 1.92 45.03 320.02 150.19 30.37 183.04 242.69 57857 059 1.11 000 71.32 2530 3.38
Diaz dock

DD 1 438778 4521697 4.81 1.56 17.89  96.88 626.05 34.89 658.59 61.42 1994.30 1.77 921 0.18 2201 68.86 8.95
DD 2 438829 4521678 5.03 2.00 22.89 15094 620.72 3296 483.60 72.00 1289.13 172 10.76  0.77 19.07 70.00 10.16
DD 3 439040 4521627 497 1.01 1596 5142 25139 2234 29351 69.02 663.33 124 529 0.00 2771 6324 9.06
DD 4 438931 4521639 7.53 1.19 16.83 4773 247.62 24.10 28843 8341 575.80 1.18 422 0.00 3458 57.74 7.68
DD 6 439007 4521611 2.11 1.02 1894 56.31 336.81 30.85 45993 7828 841.71 120 270 0.00 3150 59.81 8.69
DD 8 438982 4521593 3.03 1.19 13.18  45.11 22478 2148 27024 6391 458.74 1.09 927 033 2611 64.80 8.77
DD 9 439008 4521584 2.13 1.30 13.73 4471 24523 21.80 27838 69.23  489.65 135 444 000 4352 5068 581
DD 10 439033 4521574 3.40 1.09 1235 4034 21595 19.39 25442 64.12 451.19 131 630 0.00 3276 5942 17.82
DD 11 438780 4521643 7.53 1.63 16.79  78.38 371.58 33.38 434.64 67.13 1070.17 1.68 993 0.11 20.12 69.44 1033
DD 12 438831 4521624 7.64 0.96 13.50 5021 199.03 1241 25846 63.54 44223 174 291 035 3151 6039 7.74
DD 13 438882 4521604 8.39 0.68 11.06 2279 12747 11.50 16342 5596 315.14 074 5.12 041 3299 57.03 9.57
DD 15 438983 4521566 241 127 1430 4320 238.61 22.11 287.61 7239 483.20 1.86  6.69 0.10 32.10 6138 6.42
DD 16 439034 4521547 3.81 1.23 12.75 40.88 224.77 2143 27297 65.19 471.17 130 525 11.16 29.85 5265 6.34
DD 17 438782 4521588 9.33 198 33.03 165.15 34395 29.06 739.22 7947 87020 723 475 233 3737 5218 8.13
DD 18 438833 4521569 10.15 0.49 17.70 6.89 3124 1326 34.60 11540 4572 0.02 029 0.00 4352 50.68 5.81
DD 19 438884 4521550 9.09 091 1497 3131 15949 1526 221.19 7231 36546 0.85 159 0.00 26.62 63.01 10.37
DD 20 438934 4521531 7.34 0.66 1623  31.51 15890 17.08 218.73 83.61 39190 054 351 135 4453 4788 623
DD 21 438985 4521512 130 0.56 11.48 1972 49.06 10.69 99.83 7599 17644 035 143 4314 5539 146 0.00
DD 22 438784 4521534 891 1.75 18.39  80.16 43497 29.13 429.10 92.70 1028.37 190 863 0.00 1453 7485 10.63
DD 23 438835 4521515 991 0.89 16.23  48.03 220.04 19.39 23795 7596 577.19 1.10 357 0.08 15.06 74.27 10.59
DD 24 438886 4521496 9.96 0.61 13.69 2790 153.28 15.03 162.63 7434 370.19 0.67 332 0.16 41.69 5080 7.35
DD 25 438936 4521477 6.17 0.49 10.77 1839 9543 11.32 112.89 5824 233.08 041 1.81 2731 4222 2674 3.72
DD 27 438786 4521480 7.66 1.38 17.71  81.89 35221 27.79 39936 75.86 940.11 145 668 121 2498 6409 9.71
DD 28 438837 4521461 9.20 1.61 17.90 84.88 369.64 30.51 465.16 83.05 908.48 177 650 0.00 19.88 69.32 10.80
DD 29 438887 4521442 1094 1.18 12.66 63.89 248.89 24.23 34628 60.02 59096 040 246 0.18 31.04 60.63 8.14
DD 30 438938 4521423 694 1.11 11.48 50.70 216.54 23.05 413.73 63.66 507.35 142 607 171 3505 54.17 9.07
DD 31 438989 4521404 5.79 0.84 10.07 26.84 12695 15.25 204.84 5856 27048 0.77 248 0.57 5205 4178 5.61
DD 32 438839 4521407 9.49 097 1485 32.11 18543 13.16 188.00 71.27 384.68 0.51 335 250 20.83 6783 8.84
DD 33 438889 4521388 10.14 0.69 1622 3529 169.33 17.80 193.13 70.80 496.71 0.76 392 0.00 2091 68.96 10.13
DD 34 438940 4521369 6.74 0.58 12.84 1891 135.63 12.08 131.16 6442 24735 072 215 0.00 4550 4741 17.08
DD 35 438892 4521333 9.46 0.50 1425 2622 178.89 12.74 194.17 60.64 49583 057 343 0.05 3495 5645 8.56
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