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ABSTRACTI

DE FALCO, D.; BAROLL M.; MURRU, E.; PIERGALLINI, G., and CANCEMI, G., 2006. Sediment analysis evidences
two different depositional phenomena influencing seagrass distribution in the Gulf of Oristano (Sardinia, western
Mediterranean). Journal of Coastal Research, 22(5), 1043-1050. West Palm Beach (Florida), ISSN 0749-0208.

Sediment grain size and total organic carbon (TOC) content in sediments, coupled with image processing analysis,
were investigated to assess natural vs. anthropogenic distribution patterns of Posidonia oceanica seagrass meadow,
in the proximity of a river mouth and a port embankment in the Gulf of Oristano (Sardinia, Italy). Two unvegetated
areas (~9 km2each) were detected by meadow mapping: (i) in front of the river mouth, and (ii) close to the port.

Both unvegetated areas were characterised by a high silttclay content in the bottom sediments, allowing us to
identify the deposition of fine sediments as a factor limiting P, oceanica distribution. A marked variation within the
depth of sediment grain size was recorded close to the port, where a 5-cm layer with silt+clay >50% overlapped a
sediment with silt+clay <20%, suggesting a recent change in depositional processes.

Grain-size fractionation was analysed using the silt :clay ratio, which indicated high-energy conditions in the area
close to the port. Differently high TOC concentrations were found in front of the river mouth. These data allowed us
to identify two different types of sedimentary process impacts on P oceanica distribution: (i) a "natural” limitation
because of the river inflow and (ii) an anthropogenic impact due to fine-sediment deposition following the dredging

and building ofthe port.
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INTRODUCTION

Seagrasses are key ecosystems of the tropical and temper-
ate coastal seas and have been subjected to drastic reduction
in recent decades (LARKUM, McComB, and SHEPHERD, 1989;
MARBA et al, 1996; SHORT and WYLLIE-ECHEVERRIA, 1996).

Although natural disturbances, eg, geological and meteo-
rological events, can occur, human-induced disturbance is the
major cause ofseagrass decline worldwide. Such disturbances
include reduction of water clarity, mechanical damage, and
the release of toxic compounds (SHEPHERD ef al, 1989;
SHORT and WYLLIE-ECHEVERRIA, 1996).

Posidonia oceanica (L.) Delile is the main seagrass of the
Mediterranean Sea, and generally colonises sandy and mud-
dy-sandy soft substrata. P. oceanica meadows form a key eco-
system in the shallow waters of the basin. They are an im-
portant resource for fishery (Mazzerra ef al, 1993), for the
stabilisation of bottom sediments, and for the protection of
the shoreline from erosion (De FaLco et al, 2003; JEupy De
Grissac and BOUDOURESQUE, 1985).
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The growing pressure of human activity in the coastal
zones of the Mediterranean have caused the progressive de-
terioration and regression ofthe meadows, as documented in
several studies (Cavazza et al, 2000; MArRBA et al., 1996).

Siltation has been identified as a major threat to seagrass
ecosystems. The increase of sediment supply may cause the
reduction of light availability and the increase of silt+clay,
organic matter, and nutrient concentrations in sediments,
which negatively affect seagrasses (Harun et al, 2002; TER-
RADOS ei al, 1998, 1999).

High sedimentation rates may also be a cause of mortality
of P. oceanica meadows (MANZANERA, PEREZ, and ROMERO,
1995 ). The growth of the vertical axis ofthe plant counteracts
sediment deposition up to sedimentation rates that do not
exceed the maximum growth rate of the plant (ca. 1.5 cm
year-1) (BOUDOURESQUE, JEUDY DE GRIssAC, and MEINESZ,
1984; PERCENT ef al, 1989). Experimental evidence showed
that even moderate burial levels (ca. 5 cm) induced signifi-
cant shoot mortality (MANzANERA, PEREZ, and ROMERO,
1995).

Mapping ofthe meadows is considered a useful tool in man-
aging seagrass ecosystems and in implementing protective
measures: it determines the spatial distribution ofthe mead-
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ows and identifies unvegetated areas caused by disturbance
phenomena. For instance, the mapping of P. oceanica mead-
ows in Corsica revealed that the upper growth limit was
deeper at the mouth of coastal rivers and, at times, the mead-
ow was absent near large port facilities (PasQuarLiNT ef al.,
1998). However, mapping itself generally provides little in-
formation on the causes that may determine seagrass distri-
bution. Sediment analysis can provide additional information
useful in interpreting the processes that control P. oceanica
distribution and in identifying disturbance factors. Cavazza
et al. (2000) showed that the building ofa large embankment
at Monterosso Bay (Ligurian sea, Italy) deflected the long-
shore current causing beach erosion and deposition of fine
sediments. The authors highlighted that those changes of
sediment dynamics are related to changes of the spatial dis-
tribution of seagrasses. P. oceanica meadow disappeared in
the deposition area of fine sediments and was subsequently
substituted by the more pioneer species Cymodocea nodosa
(Cavazza et al, 2000). However, the deposition of fine sedi-
ments can be a natural limitation to seagrass distribution
such as in proximity of river mouths.

The present study analyses the impact on meadows distri-
bution of the deposition of fine sediments in the Gulf of Or-
istano (Sardinia, Italy). A previous study showed how P
oceanica meadow influences the sediment texture and com-
position in the northern sector of the Gulfof Oristano. Mead-
ow sediments were characterised by high values of biogenic
carbonate content because of the production of carbonate
skeletal linked to the seagrass ecosystem (De Falco et al,
2000).

The aim of this article is to test whether the spatial vari-
ability and fractionating of sediment grain size and the var-
iability of total organic carbon (TOC) content, coupled with
meadow mapping, can allow us to distinguish natural vs. an-
thropogenic distribution patterns of P oceanica in both the
proximity to a river mouth and to a port embankment along
the shores of the Gulf of Oristano (Sardinia, Italy).

Grain-size fractionation of siliciclastic sediments is known
to be related to the physical environment and has often been
used to study the source and depositional conditions of sedi-
ments in the marine environment (Davies and MoorEe, 1970;
KrAaNck and MiLLiNngaM, 1991; MazzuLLo, LEscuak, and
Prusak, 1988). Silt :clay fractionation has been shown to be
related to energy condition and benthonic activities (ERGIN
and Bopur, 1999).

MATERIAL AND METHODS
The Study Site

The study site is located in the Gulf of Oristano, on the
central-western coast of Sardinia, in the Mediterranean Sea
(Figure 1). The Gulfis approximately 150 km2 wide and is
bordered to the west by two rocky capes, whereas the inner
part is composed of a sandy shoreline on an alluvial plain
with several marshes and lagoons. The major source of ter-
rigenous sediments is the Tirso River, the mouth of which is
located in the north-eastern part of the Gulf. The river has
been subject to numerous hydraulic works in the past 70
years (building of dams and irrigation channels ), which have

reduced water discharge. At this time, the river occasionally
has discharges linked to flood water from the dam, which is
located about 20-km inland from the coastline.

A large port facility was developed in the 1970s to the south
of the river mouth. The port consists of an embankment and
a breakwater that protrudes 1.2 km from the natural shore-
line. In addition, a channel was dredged in the seabed run-
ning approximately 3 km to the northwest and approximately
2 km to the southwest, thus lowering the seabed to a depth
of 15 m.

P. oceanica Mapping

P. oceanica meadows were mapped using image analysis
(PasQuaLINT et al., 1998) of five aerial photographs (Figure
1) collected in 1995 from an altitude of 3000 m (scale
1:20,000). The aerial photos were digitised with a pixel res-
olution of 5 m and subjected to image processing using the
software MULTISCOPE (Matra Cap Systems, Villacoublay,
France). To minimise distortions in the photographs, a geo-
metrical correction was applied by overlaying the photos to a
base map using 20-30 common points detected from the ter-
restrial part of the photos. The software readjusts the photos
by fitting the points on the base map to the correspondence
points on the photos using a polynomial model. In such a way,
all the photo pixels were georeferenced to the coordinate sys-
tem of'the base map. The base map used for the geometrical
correction was the Nautical Chart of the Istituto Idrografico
della Marina (Italian Navy), and the geographical coordinates
were used (Datum Roma 1940).

The colour analysis on the digital images was carried out
by a statistical comparison of the vectors defining the level
of the primary colours for each pixel by using the Principal
Component Analysis method (Pasqeuarint ef al, 1998). Col-
our analyses were performed separately for different sectors
of the photos to analyze comparable seabed areas according
to the water depth.

This method allowed the mapping of the upper bathymetric
limit of the meadows down to a depth of 15 m. The image
analysis was tested by direct observations of the seabed by
divers.

Sediment Sampling and Analysis

Thirty-five samples of marine sediments were collected by
divers from both vegetated and unvegetated sectors (Figure
1). The position of the sampling points in the field was de-
termined using a global positioning system (GPS)device with
an accuracy ofca. 30 m. This error was considered acceptable
in comparison with the sampling grid size (1-1.5 km). Sedi-
ment samples were collected by polyvinyl chloride (PVC)
pipes (10 cm length, 5 cm diameter); three replicates were
made in each station.

The cores were subdivided into two parts of 5 cm to verify
the variability of grain size with depth. Sediment samples
were dried at room temperature. Grain-size distribution was
determined by wet sieving to separate sand 063 p,m) and
silt+clay fractions (<63 p,m), after elimination of organic
matter by oxidation in 6% hydrogen peroxide (H20 2) for 24
hours (CarvEer, 1971); a laser method (Galai Cis 1 laser sys-
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Figure 1. Map of the study site with the location of sediment sampling stations. The quadrates indicate the boundaries of the five aerial photos used

for the image-processing analyses.

tem, magnetic cell mode; Galai Productions, Migdal-Haemek,
Israel) was used to analyze the siltt+clay fraction after the
addition of a dispersant—0.6% sodium-hexametaphosphate
(NaP03)—for 24 hours (M olinaroli et al, 2000). The
boundary between silt and clay fractions was adopted at 4
(xm.

Total organic carbon analyses were performed by chemical
oxidation of organic C and titration with a ferrous sulphate
solution until the colour change of the ferroin indicator
(WarkrLey and Brack, 1934). Three analyses were per-

formed for each replicate. The variability of the replicates
was £6.5%.

Maps of sediment grain-size parameters and TOC content
distribution were made by using contour lines calculated by
spatial interpolation of sediment data, using the kriging
method by means of the software Surfer 7.0 (Golden Soft-
ware, Golden, Colorado). Vegetation maps and sediment com-
position maps were compared using the software Mapinfo 6.5
(Maplnfo, Troy, New York).

One-way analysis of variance (ANOVA) was used to test
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Figure 2. Distribution of the seagrass Posidonia oceanica in the Gulf of Oristano as a result of image-processing analyses.

whether the differences in sediment grain size and composi-
tion between the depositional environments were significant.
The pairwise differences between depositional environments
were tested using the Tukey HSD test.

RESULTS

The image analysis revealed that the upper bathymetric
limit of P. oceanica meadow is generally adjacent and parallel
to the coastline of the Gulf of Oristano except for two large
unvegetated areas. The unvegetated sectors (~9 km2 each)
are located (i) in front ofthe river mouth and (ii) close to the
commercial port to the south of the breakwater (Figure 2).

To the west ofthe river mouth, the upper limit ofthe mead-
ow is ~4 km from the shoreline. To the north of the com-
mercial port, the meadow has been partly removed following
the dredging of a channel to allow for the passage of ships.
To the south ofthe port, the upper limit is ~2.5 km from the
breakwater.

The spatial variability of silt+clay content, silt :clay ratio,
and TOC content in sediments are shown in Figures 3, 4,
and 5.

The contour map in Figure 3 highlights two sectors char-
acterised by sediments with a silt+clay content higher than
>50%. The northern sector corresponds to the unvegetated
area in front of the river mouth whereas the southern sector
corresponds to the unvegetated area located in the proximity
of the port’s breakwater (Figure 2).

The cores did not show variations in depth of grain size in
the northern unvegetated sector. A marked variation was re-
corded in the samples of the southern unvegetated sector
(samples MS14, MS13, MS15, and MS20) where the upper 5-
cm sediment layer showed significantly higher silt+clay con-
tent in comparison with the deeper layer 5-10 cm (83 + 13%
vs. 16 £ 4%, p = 0.0006).

The grain-size partitioning ofthe silt+clay fraction was an-
alyzed using the silt :clay ratio. The values of the ratio range
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Figure 3. Contour map of the silt+clay content in sediments. The areas with silt+clay content >50% are shaded.

from 1.4 to 25.5. In Figure 4, the sector with the silt :clay
ratio >9 is shaded: the highest values were found in the un-
vegetated area south of the breakwater. The silt :clay ratio
values decrease in the vegetated sites and in the unvegetated
northern sector (<6).

The spatial distribution of TOC content showed a maxi-
mum (~2%) in the northern sector (Figure 5). TOC values
decreased toward the west (~0.6%) as well as close to the
port (~0.6%).

A comparison between silt+clay content, silt:clay ratio,
and TOC content was performed between three depositional
environments identified by the mapping: the P oceanica
meadow (a), the northern unvegetated area in front of the
river mouth (b), and the southern unvegetated area adjacent
to the port (c).

Table 1 shows the mean values of the considered variables
for each of the depositional environments, whereas Table 2
shows the summary results of the one-way ANOVA.

Silt+clay content is significantly lower (Tukey HSD test)
in sediments of P. oceanica (a) compared with sediments of
both unvegetated areas (b and c) (Table 2).

Sediments of the southern unvegetated sector (c) show sig-
nificantly higher silt :clay ratios, whereas sediments of the
northern unvegetated sector (b) show higher TOC content.

DISCUSSION

The distribution of P oceanica meadow in the Gulf of Or-
istano revealed two unvegetated sectors related to the pres-
ence of the river mouth and the port embankment.

Both unvegetated sectors were characterised by high per-
centages of silt+clay content in the sediments allowing us to
identify the deposition of finer sediments as an important
factor limiting P. oceanica distribution in the studied site. By
contrast, the two unvegetated sectors differed in terms ofthe
spatial trend of the limit of the meadow, the silt :clay ratio,
and the thickness of the silt+clay layer in the sediments.

In the northern area, the limit of the meadow is approxi-
mately perpendicular to the coastline, and the meadow is ab-
sent up to the river mouth.

The solid load of the river probably constitutes a natural
limitation for P. oceanica meadow. The presence of the mead-
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Figure 4. Contour map ofthe silt:clay ratio variability in the sediments. The areas with silt:clay ratio >9 are shaded.

ow in front of the port entrance (Figure 2) indicates that fine-
sediment deposition, caused by river inflow, is mainly in the
northern direction and toward the deepest area of the Gulf.
Low values of silt :clay ratio (<6) indicate low-energy condi-
tions that favour the accumulation of fine particulates. It is
known that the development of seagrass meadows in deltaic
areas may be limited by turbid water, which decreases light
availability, as well as by the siltation due to the high sedi-
mentation rate of fine-grained sediments (TerraDOS ef dl.,
1998).

The trend of the upper limit of the P. oceanica meadow in
front ofthe port clearly indicate a regression due to the build-
ing of the embankment. The meadow limit moves away from
the embankment that protrudes from the coastline for ca. 1.5
km and gets closer to the shoreline toward the south. Large
amounts of silt+clay sediment were removed following the
building of the port and the dredging of the channel in the
1970s. The dredged sediments should be dumped outside the
Gulfof Oristano. It can be supposed that during the dredging,
the finer fraction of the bottom sediments were resuspended,
transported by currents outside the dredging area, and partly

deposited in the southern area, which corresponds to the un-
vegetated sector close to the port. The silt fraction settled in
this sector. Meanwhile, the clay fraction was dispersed in a
wider area. This process seems confirmed by the presence of
a thin layer (ca. 5 cm) of fine sediments (silt+clay >50%)
with a low clay fraction content (silt: clay ratio >9), which
overlapped sand sediments.

Sediment removal, dispersal, and deposition are probably
the main factors determining the absence of the P. oceanica
beds in this sector due to increased sedimentation following
dredging, which triggered P. oceanica regression as result of
siltation (cavazza et al, 2000; ManzanNErRA, PEREZ, and
RoMmERO, 1995).

The spatial distribution of organic matter content in sedi-
ments confirms the differences between the two depositional
environments of fine-grained sediments. Spatial distribution
of TOC in sediments indicated that the northern unvegetated
sector, with higher TOC values, is influenced by river inflow,
unlike the southern unvegetated sector, which has lower TOC
values. This pattern could be explained by the deposition in
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Figure 5. Contour map of'the total organic carbon (TOC) content in the sediments. The areas with TOC content >1.2% are shaded.

Table 1. Mean values of silt+clay content, silt : clay ratio and total organic carbon (TOC) content in the three depositional environments identified by

aerial photo image processing.

Silt+Clay (%) Silt : Clay Ratio TOC (%)
Depositional Environments n Mean SD Mean SD Mean SD
Posidonia oceanica meadow (a) 20 21 16 4.1 2.3 0.5 0.6
Unv. Northern sector (b) 5 73 28 5.5 3.1 1.6 0.4
Unv. Southern sector (c) 10 48 32 11.8 6.7 0.5 0.3

Table 2. Summary of one-way ANOVA results. Depositional environments are Posidonia oceanica meadow (a), river delta (h). and unvegetated, area close
to the port (¢). Nonsignificant pairwise differences are underlined.

% Variability

Among W ithin
Depositional Depositional Pairwise
Dependent Variable Environments Environments F P Differences
Silt+clay 92 8 11.6 0.00016 abc
Silt : clay ratio 92 8 11.9 0.00013 abc
Total organic carbon 90 10 9.5 0.0059 abc
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the southern sector of deeper sediments generally character-
ised by lower organic matter content.

PASQUALINI et al. (1998), analyzing P. oceanica mapping
along Corsica island (France), observed that the upper limit
of P. oceanica meadows tends to move away from the coastline
in the proximity of urban centres, port facilities, and coastal
river mouths. The authors suggested that this phenomena
can be caused by human activity or drops in salinity (Pas-
QUALINI ef al, 1998), but they did not support these hypoth-
eses with other data that could explain the causes of meadow
regression.

The findings of this study, with results of the comparison
of sediment and vegetation data, seem to indicate the depo-
sition of fine sediments as a limitation to P. oceanica meadow
in the Gulf of Oristano. Following these results, further sed-
iment analysis, using a more detailed grid sampling size, can
contribute to a better inference of the origin and sediment
transport pathway in the studied area.

In conclusion, sediment analysis evidenced two different
depositional phenomena influencing P. oceanica distribution
identified by photo aerial image analysis in the northern part
of the Gulf of Oristano: (i) a “natural” limitation because of
fine-sediment deposition in front of river mouth and (ii) an
anthropogenic impact due to fine-sediment deposition related
to dredging and port building.
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