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Abstract

We studied the spatial variability and within-year temporal changes in hydrological features, grain size composition and chemical
characteristics of sediments, as well as macrofaunal assemblages, along a heavily modified inlet in the Gulf of Oristano (western Sardinia,
Italy). The inlet connects the Cabras lagoon to the gulf through a series of convoluted creeks and man-made structures, including a dam
and fish barriers built in the last three decades. Sediments were muddy and mainly composed of the ‘‘non-sortable’’ fraction (i.e., <8 lm
particle size) in all four areas investigated: Lagoon, Creeks, Channel and Seaward. Along the inlet, however, the ratio between the <8 lm
and the 8–64 lm fractions was highest in Creeks and Channel, between the fish barriers and the dam, suggesting impaired hydrodynam-
ics. Consistently, steep gradients in water salinity, temperature and dissolved oxygen concentrations were found in proximity to the fish
barriers. The whole inlet was characterized by a major organic enrichment of sediments, with up to an annual mean of 33.6% of organic
matter and 11.7% of total organic carbon in Seaward due to the presence of seagrass leaf litter. Acid-volatile sulphide and chromium-
reduced sulphur concentrations were highest throughout the year in Seaward and Lagoon, respectively, with a peak in summer. Consis-
tently, the whole inlet supported low structured macrofaunal assemblages dominated by few opportunist species, with a relatively lower
diversity in Lagoon throughout the year and the highest abundances in Seaward in summer. We infer that the presence of artificial struc-
tures along the inlet, such as fish barriers and the dam, impair the lagoon-gulf hydrodynamics, sediment exchange and animal recruit-
ment and colonization. We suggest that the removal of these structures would favour water renewal in the Cabras lagoon, but would also
increase the outflow of organic C-bonding fine particles into the gulf with serious consequences for Posidonia oceanica and Cymodocea

nodosa seagrass meadows. We conclude that all possible consequences of such initiatives should be carefully considered before any action
is taken.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Coastal lagoons and the adjacent marine areas form
unique transitional systems whose inlets play a key role
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(Isla, 1995). Inlets are critical in the interaction between
lagoons and the coastal marine ecosystem as they influence
the exchange of water masses with different physical and
chemical characteristics and ensure the renewal of the
water within the lagoon (Guerorget and Perthiusot,
1992). Human control of the inlets has been a common
practice since ancient times (e.g. the opening of the Anse-
donia channel in the Orbetello lagoon by the Romans;
ristics and macrofauna distribution along a ..., Mar. Pollut. Bull.
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Cognetti et al., 1978). However, in the last few decades
major interventions affecting the morphology of inlets,
such as the installation of artificial structures and barriers,
are profoundly impairing the trophic status and function of
these systems worldwide (Lardicci et al., 1997, 2001; Kout-
soubas et al., 2000; da Cunha and Wasserman, 2003; Sato,
2006). This results in nutrient enrichment (da Cunha and
Wasserman, 2003) and accumulation of fine sediments
and organic matter inside the lagoon (De Falco et al.,
2004) and, more drastically, the loss of habitats (Elliott
and Cutts, 2004). However, the environmental and biolog-
ical effects of human intervention on these inlets have been
poorly investigated, even though artificial structures are
known to affect sediment characteristics and the distribu-
tion of animals in marine coastal and brackish environ-
ments (Cavazza et al., 2000; Frihy, 2001; da Cunha and
Wasserman, 2003; Bulleri and Chapman, 2004; De Falco
et al., 2004; Bulleri and Airoldi, 2005; Cardoso et al., 2005).

In the Gulf of Oristano (western Sardinia, Italy), where
this study was conducted, human intervention has drasti-
cally altered the inlets of various transitional systems cov-
ering a total surface of about 46 km2 and representing
about 50% of Sardinian wetlands (De Falco and Piergal-
lini, 2003). Of these systems, we find the Cabras lagoon
which is renowned both for its fishery activities (e.g. Liza

ramado, Mugil cephalus) involving about 250 fishermen as
well as its naturalistic value (e.g. it is part of the Ramsar
Convention on Wetlands and the Natura 2000 network fol-
lowing the EU habitat directive). In the last few decades,
however, the Cabras lagoon has experienced high anthro-
pogenic pressure mainly due to massive nutrient loading,
urban discharge and a progressive reduction of freshwater
input due to upland activities (e.g. agriculture). This has led
to a periodic crisis of the system, with major dystrophic
events causing fish mortality and an impoverished benthic
macrofauna (Murenu et al., 2004; Magni et al., 2004,
2005a). In previous studies the surplus of sedimentary
organic matter was indicated to be the probable cause of
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oxygen depletion in near-bottom waters which induce
hydrogen sulphide release from the sediments (Magni
et al., 2005b). De Falco et al. (2004) suggested that a major
change in the sedimentary regime of the lagoon has been
occurring over the last few decades and that a cause would
appear to be the inlet modification.

The lagoon of Cabras has a single inlet which has been
drastically modified in the last few decades. In the early
1970s a connecting channel (200 m wide and about 2 km
long) was opened between the lagoon and the gulf to pre-
vent flooding of the villages located around the lagoon.
A W-shaped dam was subsequently installed between the
lagoon and the connecting channel at the high tide mark
in the late 1970s. This structure was intended to control
the water level in the lagoon and to prevent the tide from
entering. In addition, man-made barriers were built in
1997 in the proximity of the gulf to facilitate fish capture.
Today, the water exchange between the lagoon and the gulf
is limited to narrow, convoluted creeks which flow into the
connecting channel on the seaward side of the dam. The
connecting channel is separated from the lagoon by the
dam and from the gulf by the fish barriers. Thus, the aim
of this study was to assess the spatial variability and
temporal changes in the hydrological features, grain size
composition and chemical characteristics of the sediments,
and macrofaunal assemblages along this modified inlet
which connects the Cabras lagoon to the Gulf of Oristano.
An initial spatial study was conducted in summer 2003, fol-
lowed by a second temporal study between autumn 2003
and summer 2004.

2. Material and methods

2.1. Study location

We conducted the field surveys in the inlet which con-
nects the Cabras lagoon to the Gulf of Oristano, in western
Sardinia, Italy (Fig. 1). The study location is part of an
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extensive area of transitional systems and coastal lagoons
associated with the Gulf of Oristano. The gulf is character-
ized by extended Posidonia oceanica meadows which cover
about 70% of its seabed and are then replaced along the
coast by Cymodocea nodosa (Cancemi et al., 2000; De
Falco et al., 2006). Water circulation of the Cabras lagoon
and the Gulf of Oristano was investigated by Cucco et al.
(2006) and Ferrarin and Umgiesser (2005). We refer to
these previous studies for a detailed description of the
hydrodynamic features of the study location.

In summer 2003, three different areas were considered: a
seaward area located beyond the fish barriers (hereafter
Seaward), an area located between the fish barriers and
the W-shaped dam (hereafter Channel), and an area located
in the southernmost sector of the lagoon in the proximity
of the W-shaped dam (hereafter Lagoon) (Fig. 1). A subse-
quent temporal study was performed on four sampling
dates: in November 2003 (hereafter called autumn 2003),
and then in January, May and August 2004 (hereafter
called winter, spring and summer 2004, respectively). In
addition to the three areas sampled in summer 2003, Sea-

ward, Channel and Lagoon, a fourth area was selected in
the creeks (hereafter Creeks) located between the Lagoon

and Channel (Fig. 1).

2.2. Field surveys and laboratory analysis

In each area, three plots were sampled in summer 2003,
and two plots in the temporal study between autumn 2003
and summer 2004. The replicate plots were randomly cho-
sen and were separated by hundreds of meters. At each rep-
licate plot, two replicate samples were taken for grain size
and chemical analyses of sediments using a PVC corer
(40 cm long, 5.5 cm inner diameter) while three replicate
samples were taken for macrofauna using a 216 cm2

Ekman–Birge grab (penetration depth of about 15 cm).
Macrofauna samples were sieved on the shore through a
mesh size of 0.5 mm, fixed with a 5% buffered formalde-
hyde solution stained with rose Bengal. On each sampling
date between autumn 2003 and summer 2004, hydrological
measurements were made using a multiprobe cast (Hydro-
lab Datasonde 4a). Approximately 20–30 points were mea-
sured for each vertical profile down to near-bottom water
(about 10 cm above the surface sediments). Values were
averaged for each 30 cm depth. Water depth was approxi-
mately 2 m in all areas.

In the laboratory, the surface layer (0–2 cm) of sedi-
ments was carefully sliced off each core. The surface layers
from the same replicate cores were mixed together and
treated as one single sample. A sub-sample of ca. 4 g was
suspended in 500 ml of distilled water and treated with
hydrogen peroxide (H2O2, 4% solution) in order to elimi-
nate organic matter before being wet sieved through a
net of 64 lm. The sand fraction [Sand (>64 lm)] remaining
in the sieve was dried and weighed. Ten milliliters of sus-
pension with the mud fraction (<64 lm) were then treated
with Na-Hexametaphosphate 0.6% to avoid particle floccu-
Please cite this article in press as: Como, S. et al., Sediment characte
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lation after a dilution to obtain a sediment concentration of
�0.5 mg ml�1. The grain size analysis of the mud fraction
was performed using a laser Galai CIS 1 instrument, at spe-
cific size intervals of 0.5 lm (Molinaroli et al., 2000). The
percentage of the sortable [hereafter Sort (8–64 lm)] and
non-sortable [hereafter Non-sort (<8 lm)] fractions were
then calculated (McCave et al., 1995; De Falco et al., 2004).

The organic matter (OM) content in the sediments was
determined from a sub-sample (about 1 g) by loss of igni-
tion at 500 �C for 3 h (Dean, 1974). Total organic carbon
(TOC) and total nitrogen (TN) were determined by means
of a CHNS elemental analyzer (Froelich, 1980; Hedges and
Stern, 1984). The sub-samples for TOC were decarbonated
using 1 M hydrochloric acid (HCl) and dried at 60 �C. The
reproducibility was satisfactory with an average relative
standard deviation (RSD) for replicate analyses of 0.9%
for TOC and 1.3% for TN. Carbonates (CaCO3, dry
wt%) were determined by dissolution in 1 M HCl for 4 h.
After being filtered through Whatman GF/C filters, the
residue was dried and weighed. The inorganic reduced sul-
phur pool was analyzed separately as acid-volatile sulphide
(AVS) and chromium-reduced sulphur (CRS) following the
two step distillation process (after addition of 1 M HCl for
AVS and 1 M CrCl2 acid solution for CRS) under anoxic
conditions and measured by the methylene blue method
(Fossing and Jørgensen, 1989). AVS includes mainly dis-
solved sulphide (DS) and iron monosulphide (FeS) while
the CRS accounts for pyrite (FeS2) and elemental sulphur
(S0). The efficiency of this methodology in recovering the
S pools is discussed in Fossing and Jørgensen (1989) and
Rickard and Morse (2005), and is related to the mineralog-
ical composition of the sediment. The detection limit is
0.01 lmol g�1 and RSD is lower than 5%.

Macrofauna were sorted, identified to the species level
(when possible), counted and preserved in 70% ethanol.

2.3. Statistical analyses

Data were analyzed using models of analyses of variance
(ANOVA, Underwood, 1997) with Areas (A) as fixed factor
with 3 levels in the summer 2003 study and 4 levels in the
temporal (autumn 2003–summer 2004) study. There were
three replicates in the summer 2003 study, and two repli-
cates in the temporal study. The factor Dates (D; 4 levels,
fixed and crossed to A) were included in the temporal study.
When available the Replicate plots were included as a nested
factor. These designs were used for analyzing the changes in
the following variables: (i) grain size (percentages of Sand,
Sort, Non-sort, and Non-sort/Sort ratio) and chemical com-
position (OM, TOC, TN, CaCO3, C/N ratio, and AVS and
CRS when available) of sediments, (ii) total number of indi-
viduals (N), of species (S) and Shannon index (H 0; calcu-
lated with natural logarithm), and (iii) the densities of the
most abundant taxa (in the summer 2003 study only). The
homogeneity of variances was checked using Cochran’s C-
test and, whenever necessary, data were appropriately
transformed and newly tested (Winer et al., 1991). Signifi-
ristics and macrofauna distribution along a ..., Mar. Pollut. Bull.
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cant differences among areas detected by ANOVA, were
further analyzed using a posteriori Student–Newman–Keuls
(SNK) tests (Underwood, 1997).

In the temporal study, the relationship between the abi-
otic data and macrofaunal assemblages was evaluated using
the BIO-ENV routine (Clarke and Warwick, 2001). This
method was used in order to determine the most important
environmental factors influencing macrofauna distribution.
The following variables were included in the analysis: near-
bottom water temperature, salinity, and dissolved oxygen,
Sand, Sort and Non-sort fractions, OM, TOC, TN, CaCO3,
AVS and CRS of sediments. Correlation coefficients, R,
were calculated in order to further analyze the relationships
between abiotic variables and the total number of individu-
als (N), species (S), and the Shannon index (H 0).
3. Results

3.1. Summer 2003 study

3.1.1. Sediments

The mud fraction (i.e., <64 lm) represented about 90%
of the total sediment dry weight along the inlet (Fig. 2).
The analyses of variance detected significant differences in
the percentage of Sand between Seaward (a mean value
of 13% of the sediment weight) and the other areas (a mean
value of 3%; F2,6 = 13.98, P < 0.05 and SNK test at
P < 0.05; Fig. 2). The non-sortable fraction (Non-sort,
<8 lm) made up the largest portion of mud, being around
90% of the mud dry weight (Fig. 2). No differences were
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Fig. 2. Summer 2003 study: mean (n = 3 ± SE) values of Sand, non-
sortable fraction (Non-sort), total organic carbon (TOC), carbonate
(CaCO3) content of sediments and C/N molar ratio in each area (Seaward,
Channel, Lagoon).
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found, however, for the Non-sort (F2,6 = 1.15, P > 0.05)
and the sortable fractions (Sort; F2,6 = 0.52, P > 0.05),
nor for the Non-sort/Sort ratio (F2,6 = 0.80, P > 0.05).

Organic matter (OM) exceeded 10% of the total sedi-
ment weight in all three different areas of the inlet
(Fig. 2). Seaward had a higher OM content (i.e., a mean
value of 25% of the total sediment dry weight) with respect
to Lagoon and Channel (F2,6 = 12.66; SNK test at P < 0.05;
Fig. 2). In addition, a higher percentage of total organic
carbon (TOC; F2,6 = 44.86; SNK test at P < 0.05), C/N
ratio (F2,6 = 53.74; SNK test at P < 0.05) and carbonates
(CaCO3, F2,6 = 3.30; SNK test at P < 0.05) was found in
Seaward than in Lagoon and Channel (Fig. 2). The a poste-

riori comparisons revealed that the mean value of CaCO3

in Channel was between those found in Seaward and
Lagoon (Fig. 2). There were no differences among areas
in the percentage of total nitrogen (TN; F2,6 = 3.57,
P > 0.05).

3.1.2. Macrofauna

A total of 14,452 specimens were collected. The amphi-
pod Corophium sextonae accounted for 70% of this
amount. There were 62 taxa belonging to polychaetes (35
taxa), crustaceans (20 taxa), mollusks (6 taxa) and pycno-
gonid (1 taxa). Seaward presented the highest number of
species (S) with regard to Channel and Lagoon (S in Table
1; SNK test at P < 0.05; Fig. 3). In addition, Seaward and
Channel had higher total abundances than Lagoon (N in
Table 1; SNK test at P < 0.05; Fig. 3). The analyses of var-
iance did not reveal differences among areas (P > 0.05) for
the Shannon index (H 0) (Fig. 3). Most of the abundant taxa
(e.g. Idotea baltica, Iphinoe serrata, Leucothoe venetiarum,
Loripes lacteus, Melita palmata, Microdeutopus gryllotalpa,
Capitella cf. capitata, Phylo phoetida, Podarkeopsis capen-

sis, Abra alba, Dexamine spinosa and Ptisica marina) were
present only in Seaward and Channel while others, such
as Neanthes succinea and Hydrobia acuta, were found
exclusively in Lagoon. Only widespread taxa were further
analyzed to test for differences among areas. In Seaward,
Protodorvillea kefersteini was more abundant than in
Channel and Lagoon (Table 1, and SNK test at P < 0.05).
Capitella cf. capitata, Phylo phoetida, Podarkeopsis capen-

sis, Gammarus aequicauda, Abra alba and Tapes decussatus

followed a similar pattern among areas, as indicated by the
analyses of variance (Table 1, and SNK test at P < 0.05).
The analyses of variance also revealed differences for Cor-

ophium sextonae, Ostracods and for the polychaetes Stre-
blospio shrubsolii and Hediste diversicolor which were
more abundant in Channel than in the other two areas
investigated (Table 1, and SNK test at P < 0.05).

3.2. Temporal study (autumn 2003–summer 2004)

3.2.1. Hydrology

In Lagoon the water temperature varied mostly between
10 and 28 �C on the winter and summer sampling dates,
respectively. Salinity varied between 8.6 (Lagoon, spring)
ristics and macrofauna distribution along a ..., Mar. Pollut. Bull.



Table 1
Summer 2003 study: (Panel A) analyses of variance for the total number of
species (S) and (Panel B) summary of analyses of variance for differences
among areas (Seaward, Channel and Lagoon) for the Shannon index (H 0),
the total number of individuals (N) and the most abundant taxa

Source S

df MS F

Panel A

Areas 2 5.18 33.94 ***

Plots (Areas) 6 0.15 6.08 **

Residual 18 0.03

Total 26

Panel B

MS F2,6

H 0 0.61 3.31
N 20.19 12.60 **

Protodorvillea kefersteini (P) 14.36 10.00 *

Capitella cf. capitata (P) 1.91 19.42 **

Phylo phoetida (P) 4.28 78.01 ***

Podarkeopsis capensis (P) 0.97 6.91 *

Gammarus aequicauda (C) 16.38 6.55 *

Abra alba (B) 8.55 8.79 *

Tapes decussatus (B) 9.86 7.06 *

Corophium sextonae (C) 102.70 65.83 ***

Streblospio shrubsolii (P) 12.77 60.18 ***

Hediste diversicolor (P) 11.02 5.15 *

Ostracoda (C) 35.60 6.29 *

Only taxa which showed significant differences are reported. In paren-
thesis: P = polychaetes, C = crustaceans and B = bivalves.

* P < 0.05.
** P < 0.01.

*** P < 0.001.
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Fig. 3. Summer 2003 study: mean (n = 9 ± SE) number of species (S),
individuals (N, ind. 216 cm�2) and Shannon index (H 0) in each area
(Seaward, Channel, Lagoon).
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and 38.0 psu (Seaward, summer). Dissolved oxygen (DO)
concentrations varied between 4.5 (Seaward, near-bottom
summer) and 9.5 mg l�1 (Seaward, near-surface spring).
The hydrological variables showed major gradients along
the inlet, with a progressively stronger vertical stratification
from the lagoon to the gulf in all seasons, except in summer
when the water exchange among areas appeared to be more
limited (Fig. 4). Overall, changes in water temperature,
salinity and DO were most marked between Seaward and
Channel in proximity to the fish barriers, which indicates
that these are a major obstacle to the water circulation.

3.2.2. Sediments

The grain size composition along the inlet was similar to
that described in the summer 2003 study, with muddy sed-
iments mainly composed of the non-sortable (Non-sort)
fraction. The temporal study also revealed within-year
changes among sampling dates in the Non-sort/Sort ratio
(D in Table 2). This ratio was higher on average in autumn
and winter than in spring and summer (SNK test, P < 0.05;
Fig. 5). The temporal study highlighted differences among
areas for this ratio (A in Table 2). The a posteriori compar-
isons revealed that the Non-sort/Sort ratio increased in
Channel and Creeks with respect to Seaward and Lagoon

(SNK test, P < 0.005; Fig. 5). Differences among sampling
dates and areas were also detected for the Sand fraction
(Table 2). It was higher in Seaward than in the other areas,
and higher in spring and summer than in autumn and win-
ter (SNK test, P < 0.05; Fig. 5).

As for the chemical composition of sediments, the
annual mean of these variables (Table 3) highlighted a
major organic enrichment along the inlet with extremely
high OM and TOC values (33.6% and 11.7%, respectively)
in Seaward, also characterized by a high C/N ratio (18.8)
and carbonate content (42.3%). Consistently with the sum-
mer 2003 study, organic matter (OM), total organic carbon
(TOC), total nitrogen (TN), C/N ratio and carbonates
(CaCO3) were highest in Seaward, intermediate in Channel

and Creeks, and lowest in Lagoon (A in Table 4; SNK test,
P < 0.005; Fig. 6). For CaCO3, differences among sampling
dates were also detected (D in Table 4; SNK test, P < 0.05;
Fig. 6). In this study, we tested for changes in the inorganic
reduced sulphur pools. Spatial variability and within-year
changes were found for acid-volatile sulphide (AVS).
AVS concentrations were higher in Seaward than in the
other areas and peaked in summer, as indicated by the sig-
nificant Dates · Areas interaction term (D · A in Table 4;
SNK test, P < 0.05; Fig. 6). Differently, chromium-reduced
sulphur (CRS) did not show within-year changes
(P > 0.05), while it did show a spatial variability among
areas (A in Table 4; Fig. 6). CRS concentrations were
higher in Lagoon, intermediate in Channel and Creeks,
and lower in Seaward (SNK test, P < 0.05; Fig. 6).

3.2.3. Macrofauna
A total of 8978 specimens were collected; 72 taxa

belonging to polychaetes (49 taxa), crustaceans (13),
ristics and macrofauna distribution along a ..., Mar. Pollut. Bull.
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Table 2
Temporal study (autumn 2003–summer 2004): analyses of variance on grain size fractions of sediments

Source of variation df Sand Sortable Non-sortable Non-sort/Sort ratio

MS F MS F MS F MS F

Dates (D) 3 1.84 5.89 ** 0.87 23.17 ** 0.20 15.54 *** 0.93 23.14 ***

Areas (A) 3 1.03 3.29 * 0.27 8.59 *** 0.08 4.54 * 0.29 8.72 **

D · A*,a 9 0.38 1.23 0.03 0.84 0.02 1.34 0.03 0.82
Res*,b 16 0.27 0.04 0.01 0.04

Total 31
Pooled* 25 0.31

* P < 0.05.
** P < 0.01.

*** P < 0.001.
a Denominator of A.
b Denominator of D · A, D.
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mollusks (7) and others (3) were identified. On all sampling
dates, the total number of species (S) and the Shannon
index (H 0) were lower in Lagoon than in the other areas
(A in Table 5; SNK test, P < 0.05; Fig. 7). Significant
within-year changes were also found. H 0 decreased in
spring with regard to the other sampling dates (D in Table
5; SNK test, P < 0.05; Fig. 7), as a result of an increase in
the total number of individuals. However, the spring
increase in N was not statistically significant (Table 5).
Instead, only in Seaward was the total number of individ-
uals (N) higher in summer than on the other sampling
dates, as indicated by the significant Dates x Areas interac-
tion term (D · A in Table 5; SNK test, P < 0.05; Fig. 7).

The Spearman rank correlation coefficient from BIO-
ENV indicated that there was a good agreement between
the distribution of macrofauna and the environmental vari-
ables considered. The combination of environmental vari-
ables providing the highest value was OM, TOC, TN and
CRS (weighted Spearman coefficient = 0.602, un-weighted
Please cite this article in press as: Como, S. et al., Sediment characte
(2007), doi:10.1016/j.marpolbul.2007.01.007
Spearman coefficient = 0.526). We also found several signif-
icant correlations between macrofauna and environmental
variables. Most noticeably, S and H 0 were correlated posi-
tively with all chemical variables of sediments, except CRS
which showed a negative correlation (Table 6). N was corre-
lated positively with TN, CaCO3 and AVS (Table 6).

4. Discussion and conclusions

Inlets along coastal marine and transitional systems
allow the exchange of water masses with different physical
and chemical characteristics, while ensuring the renewal of
water in lagoons (Guerorget and Perthiusot, 1992). Human
interventions, however, can deeply affect such exchange,
subsequently impairing the trophic status and function of
these systems (da Cunha and Wasserman, 2003; Sato,
2006). In our study area, De Falco et al. (2004) recently
suggested that man-made structures located in the inlet of
the Cabras lagoon are an important cause of the changes
ristics and macrofauna distribution along a ..., Mar. Pollut. Bull.
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Fig. 5. Temporal study: mean (n = 2 ± SE) values of Sand, sortable (Sort) and non-sortable (Non-sort) fraction content, and non-sortable/sortable (Non-

sort/Sort) ratio in each area at each sampling date (autumn 2003, and winter, spring, summer 2004). Areas: Seaward, Channel, Creeks and Lagoon.

Table 3
Temporal study (autumn 2003–summer 2004): annual mean values (n = 8 ± SE) of organic matter (OM), total organic carbon (TOC), total nitrogen (TN),
C/N molar ratio, carbonates (CaCO3), acid-volatile sulphides (AVS) and chromium-reduced sulphur (CRS) for each area

OM% TOC% TN% C/N ratio CaCO3% AVS (lmol g�1) CRS (lmol g�1)

Seaward 33.6 1.3 11.7 0.3 0.78 0.02 18.8 1.3 42.3 2.1 5.38 1.39 11.2 3.0
Channel 21.8 1.0 6.3 0.4 0.63 0.02 11.6 0.6 29.5 2.0 0.75 0.65 25.6 3.8
Creeks 16.3 0.9 4.3 0.2 0.55 0.02 9.0 0.2 26.7 2.7 0.14 0.09 22.4 1.6
Lagoon 13.3 0.4 3.3 0.1 0.48 0.03 8.0 0.2 18.2 1.2 0.16 0.09 41.9 6.0
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in the sedimentary regime of the lagoon which have
occurred over the last three decades. In particular, the con-
struction at the end of the 1970s of an artificial channel
closed by a dam may have favoured the accumulation of
fine sediments inside the lagoon (De Falco et al., 2004).
De Falco et al. (2004) also demonstrated that in the Cabras
lagoon the so-called ‘‘non-sortable’’ fraction (i.e., <8 lm
particles) of sediments, which tends to flocculate and aggre-
gate with organic matter (McCave et al., 1995), has the
greatest affinity (i.e., is most correlated) among various
grain size fractions with sedimentary organic carbon. The
organic enrichment of sediments, in combination with pro-
longed climatic stasis, low dissolved oxygen concentrations
and high temperatures in summer, may subsequently lead
to the production of toxic hydrogen sulphide which rapidly
diffuses in the water column with deleterious effects both on
the benthic and pelagic components of the lagoon ecosys-
tem (Murenu et al., 2004; Magni et al., 2005b).

In the present study, we found that the surface
sediments along the inlet have a grain size composition
similar to that previously described for the Cabras lagoon
at the basin scale (De Falco et al., 2004). In particular,
the <8 lm particles were the most abundant fraction of
the surface sediments both inside and outside the lagoon,
Please cite this article in press as: Como, S. et al., Sediment characte
(2007), doi:10.1016/j.marpolbul.2007.01.007
especially in Creeks. These results suggest, to some extent,
a lagoon export of organic C-bonding fine sediments. We
also found that the ratio between the <8 lm and the 8–
64 lm fractions of sediments, assumed to be an index of
hydrodynamics (De Falco et al., 2004, 2006), was higher
in Creeks and Channel than in Seaward and Lagoon in all
seasons. We infer that this could be related to the presence
of the artificial barriers located between the Seaward and
Lagoon areas. These barriers would impair the water move-
ment and reduce the effect of tide- and wind-induced
currents which are the main forces affecting sediment re-
suspension and transport in shallow micro-tidal environ-
ments (Isla, 1995; Cucco et al., 2006; Ferrarin and Umgies-
ser, 2005). As is consistent with the presence of artificial
structures, steep gradients in water salinity, temperature
and dissolved oxygen concentrations were found in the
proximity of the fish barriers, between Seaward and Chan-

nel. These barriers were installed in 1997 to stop adult fish
from trying to go beyond the Channel and back to the gulf.
Similarly to our study area, the effects of fish barriers on
water movement and the supply of organic matter have
been described in the Sacramento–San Joaquin River Delta
(California) (Jassby and Cloern, 2000). It is worthwhile to
note that in summer 2003 the <8/8–64 lm ratio did not
ristics and macrofauna distribution along a ..., Mar. Pollut. Bull.
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Please cite this article in press as: Como, S. et al., Sediment cha
(2007), doi:10.1016/j.marpolbul.2007.01.007
racte
show significant differences among areas. This could be
related to an inter-annual variability in the meteo-marine
conditions. In particular, an anomalous long period of high
atmospheric pressure (and a decrease of wind stress) was
recorded in the Mediterranean Sea region in summer
2003 (Black et al., 2004). This may have resulted in reduced
transport and a lower re-suspension also at a local scale.
Finally, irrespective of areas, the <8/8–64 lm ratio was
higher in autumn 2003 and winter 2004 than in spring
and summer 2004, probably due to higher rainfall and
greater inflow from the watersheds in autumn and winter
in our study area (Pinna, 1989).

The chemical composition of sediments showed addi-
tional major spatial differences along the inlet in terms of
organic enrichment, with the highest OM and TOC con-
tents found in Seaward (Fig. 6). In this area, OM and
TOC values, were in the same range as those commonly
reported for detritus of P. oceanica and C. nodosa (Enrı́-
chez et al., 1993; Tyson, 1995; and references therein). Con-
sistently CaCO3, which also was highest in Seaward

(Fig. 6), displayed values similar to those found in the Gulf
of Oristano which is about 70% colonized by P. oceanica
meadows and, along the coast, C. nodosa (Cancemi et al.,
2000; De Falco et al., 2000, 2006). Our findings suggest that
large amounts of seagrass leaf litter accumulate in Seaward,
but are prevented from upward transport by the presence
of the fish barriers. Along with major spatial differences
in terms of organic enrichment of sediments among areas,
we also found a differential accumulation of inorganic
reduced sulphur compounds in the sediments along the
inlet. In particular, acid-volatile sulphides (AVS) were
highest in Seaward, while chromium-reduced sulphur
(CRS) accumulated mostly in Lagoon. The reasons for such
different AVS and CRS accumulation patterns in the differ-
ent areas (and different sediment types) need further inves-
tigation. This includes the study on the reactivity of
biogeochemical buffers, such as the iron–iron monosul-
phide–pyrite system (Jørgensen, 1996; Viaroli et al.,
2004). We acknowledge that, although our repeated mea-
sures gave valuable information on spatial and temporal
changes in pool sizes, only the determination of process
rates and fluxes could provide details of the exchanges
between pools, pool turnover rates and the transfer of
energy (Viaroli et al., 2004). In fact, the highest AVS con-
centrations were consistently found, irrespective of the sea-
son, in the presence of the highest TOC and OM contents
which support high sulphate reduction rates, i.e., in Sea-

ward (Fig. 6). Low near-bottom DO concentrations found
in Seaward (Fig. 4) may have concurrently contributed to
inhibiting the AVS oxidation to CRS as AVS includes
the more reduced S forms (Rickard and Morse, 2005).
For the same reason, it is possible that relatively high
near-bottom DO concentrations found in Lagoon may
have favoured CRS accumulation as a result of a faster oxi-
dation of AVS. Sulphide is the end-product of sulphate
reduction which represents one of the main pathways of
organic matter decomposition in eutrophic coastal environ-
ristics and macrofauna distribution along a ..., Mar. Pollut. Bull.
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Fig. 6. Temporal study: mean (n = 2 ± SE) values of total organic carbon (TOC), C/N molar ratio, carbonates (CaCO3), acid-volatile sulphides (AVS)
and chromium-reduced sulphur (CRS) in each area at each sampling date (autumn 2003, and winter, spring, summer 2004). Areas: Seaward, Channel,
Creeks and Lagoon.

Table 5
Temporal study (autumn 2003–summer 2004): analyses of variance on the total number of species (S), Shannon index (H 0) and total number of individuals
(N)

Source of variation df S H 0 N

MS F MS F MS F

Dates (D) 3 0.28 1.02 0.19 4.27* 22630.60 1.85
Areas (A) 3 3.92 26.93** 0.70 10.76** 27528.01 0.87
D·A*,a 9 0.14 0.53 0.05 1.45 12206.28 3.49***

Plots (D · A)*,b 16 0.27 2.81** 0.05 1.72 31824.03 2.61*

Res 64 0.10 0.03 3501.05

Total 95

* P < 0.05.
** P < 0.01.

*** P < 0.001.
a Denominator of A.
b Denominator of D · A, D.
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ments (Giordani et al., 1996; Azzoni et al., 2001; Viaroli
et al., 2004). This compound is extremely toxic in the dis-
solved form, and is one of the major causes of the impov-
erishment of benthic assemblages (Magni et al., 2005b,
2006). Dissolved sulphide (DS) is expected to be higher in
the AVS dominated area (Seaward) since it contributes to
this pool in variable proportions. Its proportions depend
on a series of processes such as sulphide production and
oxidation rates and the reactivity of the iron buffer system,
which can effectively remove pore-water DS by precipita-
tion in insoluble iron sulphides (Giordani et al., in press).
Overall, AVS and CRS values found in our study location
are comparable to those reported in other similar organic-
enriched systems such as Valle Smarlacca (6–25 and 25–
75 lmol g�1, respectively; Azzoni et al., 2001), Lesina
lagoon (3–30 and 15–90 lmol g�1; Giordani et al., in press)
and the Sacca di Goro (1–20 and 15–40 lmol g�1, respec-
tively; Giordani et al., in press).
Please cite this article in press as: Como, S. et al., Sediment characte
(2007), doi:10.1016/j.marpolbul.2007.01.007
Examining the relationship between environmental vari-
ables (i.e., hydrological features, sediment grain size com-
position and chemical characteristics) and macrofaunal
assemblages in our study area, OM, TOC, TN and CRS
provided the leading (‘best-matching’) combination of abi-
otic factors influencing animal distribution. Organic matter
in surface sediments is an important source of food for
benthic fauna (Lopez and Levinton, 1987; Snelgrove and
Butman, 1994). However, an overabundance may lead to
reductions in species richness, abundance, and biomass
due to oxygen depletion and a buildup of toxic byproducts
(ammonia and dissolved sulphide) associated with the
breakdown of these materials (Diaz and Rosenberg,
1995; Gray et al., 2002). Pearson and Rosenberg (1978)
developed a conceptual, graphical model to describe a
generalized pattern of response of soft-bottom benthic
communities in relation to organic enrichment. A recent
study by Hyland et al. (2005) has quantified this relation-
ristics and macrofauna distribution along a ..., Mar. Pollut. Bull.
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Fig. 7. Temporal study: mean (n = 6 ± SE) number of species (S), individuals (N, ind. 216 cm�2) and Shannon index (H 0) in each area at each sampling
date (autumn 2003, and winter, spring, summer 2004). Areas: Seaward, Channel, Creeks and Lagoon.

Table 6
Correlation coefficient R between environmental variables and S, N and
H 0

S N H 0

Temp
Salin 0.58 ** 0.21 0.70 ***

DO �0.43 * �0.08 �0.54 **

Non-sort �0.41 *

Sort 0.41 *

Sand

Non-sort/Sort ratio �0.36 *

OM 0.62 *** 0.56 **

TOC 0.57 ** 0.57 **

TN 0.62 *** 0.37 * 0.61 ***

C/N 0.55 ** 0.53 *

CaCO3 0.60 *** 0.38 * 0.57 **

AVS 0.43 * 0.43 * 0.38 *

CRS �0.43 * �0.48 *

Temp, temperature (�C); Salin, salinity (psu); DO, dissolved oxygen (mg
l�1); Non-sort, non-sortable fraction (%); Sort, sortable fraction (%); Sand,
sand fraction (%); OM, organic matter (%); TOC, total organic carbon
(%); TN, total nitrogen (%); C/N, carbon to nitrogen molar ratio; CaCO3,
carbonates (%); AVS, acid-volatile sulphides (lmol g�1); CRS, chromium-
reduced sulphur (lmol g�1). In bold: negative correlations.

* P < 0.05.
** P < 0.01.

*** P < 0.001.
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ship and showed that TOC values > about 3.5% pose high
risks of impaired benthic assemblages (e.g. reduced species
richness) from organic loading and other co-varying stress-
ors in sediments. In our study area, TOC < 3.5% was only
found in Lagoon, whereas values of <4% are also reported
for the Cabras lagoon (De Falco et al., 2004; Magni et al.,
2005b). Consistently, poor benthic assemblages occurred
throughout the whole inlet, whenever there were temporal
Please cite this article in press as: Como, S. et al., Sediment characte
(2007), doi:10.1016/j.marpolbul.2007.01.007
changes and spatial differences among areas. In particular,
Lagoon showed the most different macrofaunal assem-
blages among areas both in terms of species composition
and structure. Similarly to what was previously described
(Magni et al., 2004) and even though AVS concentrations
recorded in this study in Lagoon were low, the Lagoon

assemblages were extremely poor and dominated by brack-
ish animals (e.g. the gastropod Hydrobia acuta; Guerorget
and Perthiusot, 1992) and opportunistic taxa (e.g. Tubific-
idae nc). As a matter of fact, the Cabras lagoon is period-
ically subjected to an AVS increase leading to a major
impoverishment of macrofaunal assemblages, such as that
which occurred in the summer of 2001 (Magni et al.,
2005b). A relatively higher number of species was found
in the other investigated areas, although they were also typ-
ical of highly disturbed environments, which are organic-
enriched (e.g. Capitella cfr. capitata, Streblospio shrubsolii

and Phylo phoetida) or commonly associated with detritus
(i.e., Microdeutopus gryllotalpa, Gammarus aequicauda and
Corophium sextonae) (Ruffo, 1982; Tagliapietra et al., 1998;
Lardicci et al., 2001). The strongest temporal changes in
macrofaunal assemblages were found in Seaward, with
the highest total abundances on the summer date. The pres-
ence of opportunist species helps to explain the rapid devel-
opment of high density populations in summer, in spite of
high AVS concentrations. To this regard, it should be men-
tioned that the presence in Seaward of high amounts of sea-
grass leaf litter may have acted as a different sedimentary
environment with respect to the other areas investigated.
In particular, the leaf litter substratum may have reduced
the amount of sediment particles and consequently sedi-
ment compaction, which are known to influence the
recruitment and colonization of many individuals (Lee,
1999; Morrisey et al., 2003; Gallmetzer et al., 2005).
ristics and macrofauna distribution along a ..., Mar. Pollut. Bull.
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Concurrently, a higher refractory nature of OM in Seaward

(indicated by the C/N ratio, Figs. 2 and 6) may have
reduced sulphide production while the relatively lower
compactness in this area, coupled with a higher hydrody-
namics, could have favoured a faster removal of hydrogen
sulphide thereby possibly reducing the exposure time of
benthic animals to toxic compounds in the sediments.

In conclusion, this study provides a detailed description
of the spatial variability and temporal changes in hydrolog-
ical features, grain size composition and chemical charac-
teristics of sediments, as well as macrofaunal assemblages
occurring in a highly human-modified inlet between a
coastal lagoon and the adjacent marine system in the Med-
iterranean Sea. The strong relationships between organic
over-enrichment of sediments, inorganic reduced sulphur
pools (i.e., CRS and AVS) and poorly structured macrofa-
unal assemblages, dominated by few opportunistic species,
highlight the highly degraded conditions of the system. We
infer that the presence of artificial structures, such as the
fish barriers and the dam, impair the water and sediment
exchange between lagoon and gulf, while also impairing
animal recruitment and colonization along the studied
inlet. This is confirmed by Ferrarin and Umgiesser (2005)
who investigated the water circulation between the Cabras
lagoon and the Gulf of Oristano by means of a numerical
modeling approach. They suggested that the removal of the
dam would increase the fluxes through the connecting
channel to approximately 7 times the present amount.
Therefore, we assume that the removal of these structures
would increase the water renewal capacity of the Cabras
lagoon, but could also increase the outflow of organic
C-bonding fine particles into the gulf which would have
serious consequences on the P. oceanica and C. nodosa sea-
grass meadows. We conclude that all possible consequences
of such initiatives should be carefully considered before
any action is taken.
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