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Abstract

The research of s PhD concerns the seafloor settings and shomne evolution of two highly
dynamic coastal environmenia the North Adriatic Sea (ltaly): the Chioggia inlet in the Venice
Lagoon and the Pover prodelta.In this thesis, | applied ®emiautomatic and repatable method

to describe in detail the shallow water seafloors of these two valuable areas, which were partly
unexplored beforeStarting from multibeam echosounding (MBES) and ground ttath, | provide
seabed morphebathymetry, substrateomposition and benthic habitat mapping of the study areas.
Althoughthis methodological approacwasdesigned specifically for #sestudy areasit canbe
appliedto other shallow coastal environment3his work fits in the innovative benthic habitat
mapping researches and can contribute to monitor and protect coastal regions and haagats

requiredby the European Marine Strategy Framework Directive (MSEO 20066-EC)

Moreover, through the comparson of repeated morphdathymetric surveys over timd
highlighted the changes of the seafloageomorphology, sediment and habitat distributiofte
interpretation of the assessed changes allowed me to highhgiaral and human inducedctive

coastal praesses

The Chioggia inlet is a highly huratered tidal inlet and ithas beenstrongly modified by the
recent construction of the mobile barriers (MoSE), a project inezhth defend the City of Venice
FYR Ad&a 1322y FNRY *ithe thésis,ISgc8ment howdhiede @djwvdabrd ! f G
structures are markedly influencing the inlet, modifying the water circulation ahdngingthe
sedimentdistribution. We found a diffused thick shell substratum in the inlet channel linked to the
increased currets in the restricted section of the inlet. The sam@rents seem to be responsible
for the migration of large dunegup to 12 cm day) and the shrinking of smaller dune fields over
time. Another direct consequence of the human imprint is the formatiortvad large erosive
depressions (scour holes) that we found around the new built breakwatenpleted in 2006) that
implied the erosiorof about 476,000 of seafloor sedimentsThese features are very active and
almost doubled their extension from therst MBES survey in 20162,500 nd and 35,500 ) to

the last in 2016105,100 m and 61,700 M), endangering the stability of the comte structure
itself. I finally mapped the seabed biocoenosis addcumented the presence of lljuman-made

hard-substratahabitat in correspondence of the breakwater and MoSEaiprevetments. This new




habitat hosts a diversified and structurally comptealiogical communiges, in marked contrast with

the adjacent sofisedimentary habitats.

The asymmetricPo riverprodelta shape depend on the Adriatic longshore current that sea
constant sediment transport toward south. CGmsmaller scale, tis study deument that the
recognized morphological features (especially those in shallow water) underwent rapid shifts and
alternating phases of construction/obliterationver a short period of time (2013016). These
changegeflect the interplay between the rivesediment discharge and the reworking action of the
sea that contribute to sediment resuspension and dispersal. Excepttfick muddy sedimentary
lobe deposited in the northern part of the study area after sharie flood events, we generally
documenteda lowering of the prodelta front. This deepening is only marginally due to the well
known subsidenceThepresence of mddy sediments rich of water and organic cont@nbbably
enhances the methanogenesis processes and the formation of collapse andy grestébility

features.
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Preface

The research leading to the results of this cumulative thesis was conducted between September
2016 and September 2019 and is the outcome of a scientific kod 2 NI (A 2 y Foscari 6 SSy
University and the Institute of Marine Sciences of the Italian National Research Council (CNR
ISMAR)Within theltalian National Flagship Project RITMAR&re than 25CNRISMARscientists,

including the author of this thesj contributed to acque an extensive and higiesolution MBES

datasets in the Venice Lagoon and in the Po di Pila delta betweeha2@l2016.These areas are

very shallow and morphologically complevausingchallenge for traditional acoustic or optida

surveys. Additional rgund-truth surveys, composedf grab samples and underwater video

collection, was performed to check the recorded acoustic data and -wagtate the results.

The thesis consists of a brief introduction, including an overview ef fain goals and a
characterization of the study areas, followed by the core dissertation consisting in three scientific
studies. The firsstudywas published in an international peegviewed journal and the third one is
submitted and under review. Theesond paper is ready tbe submitted. The thesis is then

concluded with a chapter of summary discussions.
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1. Introduction and background

1. Introduction and background

1.1. General overview

Since historical ages, coastal arbase played a crucial role in theumangeography: they host an
intense agriculture and industrial activitgensepopulation and severdiard infrastructures (Elliot

and Cutts, 2004)Littorals are also important environments because provide habitats ofyman
organisms and support important bagical, physical and chemical cycles that balance ocean and
marine systemgqCostanza et al., 1998; Barbier et al., 20)out the 4050 % of the world
population resides at less than 100 km from the coasts, grouptedlamge cities such as Tokyo,
Shanghi, New York, etc. (Crossland et al., 200%)particular, estuaries and lagoon are the most
productive environments (e.g. source of fishery), lawe also among the most susceptible to
anthropogenicinfluences (Chapnmg 2012); they indeed constitute a particularly important place

for human settlements and for the development of productive activities.

Studying the morphodynamics of seafloor bedforms can provide a better understanding of substrata
composition and sedimeintransport pathways in littoral regions; this can help to recognize the
active coastal processes and to identifying and mitigate the navigation hazards that are particularly

important in tidal inlet whichusuallyserve as commercial giping channelsBruun, 198§.

It is known that coastal lagoons and estuaries account foP4l8f the coastal zone worldwide
(Kjerfve, 1994), but the associated human pressure on these habitats are not yet completely
understood The impacts indeed involvefi@dirent sector of he environmentge.g. water column,
soil, biota) transmittingeach otherat different velocitiesand for long distancegKnights et al.,
2013) Several times, these impacts reflect on the morgdaithymetry and the substrate
compositionof the seaflooMadricardo et al., 2017)ther times the benthic habitats are altered,
losing its initial setting (Pister, 200@Qur ability to monitor and quantify these changes, such as the
identification of the drivers that induce the modificatiors central to undermsnd the spatie
temporal behavior of the marine seafloors and the ecosystems (Montei®aleazzi et al., 2@}

The complexity of the seafloor is a fundamental structural propriety of the benthic marine
ecosystems (Lecours et al., 20H8)d it has been deonstrated to be positively correlated with
biodiversity (Ferrari et al., 2016). This complgxst far from being understood given that only the
0.05 % of seafloor of the ocean and about 5 % of the coastal and transiéonmiabnments have
been mapped irmigh resolution(Blonde] 2010; NOAA, 2014 his is also very important frotect

the ecosystem services, as indicates by the European Marine Strategy Framework Directive (MSFD

1



1. Introduction and background

¢ EC 200%6-EC) that consider the seaflo&rS I £ G K 'y Ay R A AR2NE y2YTS YK § (
Preservation of coastal ecosystems requires an understanding of the delicate equilibrium that these

sites maintains during its existenfiéilatova et al., 2011)

In this perspective, the study of the @ution of the seafloors is relewmt to understand, not only

the hydrodynamic circulation and sediment transport, but also the benthic habitat distribution. The
recent development of innovative acoustic remote sensing techniques allows today to study the
geomorphology, the texturasediment composition and the benthic habitatd the seabedalso in
coastal areas with low depth and high turbidity. It has been obsethetl repeated morphe
bathymetric surveys over timean highlight the changef the seabedin geomorphological,
sedimentolgical and habitat distribution termgRattray et al., 2013Fraccascia et al., 2016;

MonterealeGavazzi et al., 2018)

Today, these methodologies have besgldomapplied in environments characterized by shallow
waters (< 10 m depth), such as those typwfathe North Adriatic Sedn 2012, Hughes Clarke et al.
(2012) as first applied muitemporal MBES surveys to describe the temporal morpathymetric
progressbn of mass wasting events on the Squamish prodelta through several acoustic surveys. In
2016,MonterealeGavazzi et al. (2016) appliddr the first time,similar methodgo those adopted

in this thesign an extremely shallow tidal channel in the northevenice lagoon (e.g. Scannello
channel) Testing several clustering analystse authorsclassifiedautomatically the backscattéo
recognize biogenic features (such as sponges and macrophltastascia et al. (2016) described

the migration of smalbedforms in a natural tidal inlet (Knudedyb). Mascioli et al. (2017) studied the
subtidal setor of the southwest German Wadden Sea, introducing some morphometric codes to
semiautomatic map the features of the seabed. Kruss et al. (2019) applied witassuaprocedure

to identify macroalgae patches in a shallow water fjord of the Svalbardgelelgio.Homrani et al.
(2019) analyzed the morphological evolution of shelly sand banks in a shallow water tidal system
(South Brittany, France) through multipleaustic surveysAll theseresearchefiowever focun a

single aspect of the seafloor (elpckscatter signatures, bedforms migration, macroalgae coverage,
submarine slidesgtc.) whereas an integrate and interdisciplinary approach that considkirthe
seabed elementsindertaken hereirto fully define the environmental dynamicshe informaton
collected in this PhD project can also be useful to integrate modeling studies: the high resolution
data showed herein can be used to crosdidate the previgin of morphological and

sedimentological evolution of seafloors in the shtatm span.




1. Introduction and background

1.2. Research objectives

The overall aim of this thesis is toderstand the temporal evolution of the coastal seafloor of the
North Adriatic Sea througlepetitive acoustic surveys.

This thesis proposes a neapproachto analyzethe seafloormorpho-bathymetry, sediment and
habitat distribution. Two study areas of the North Adriatic Sea have been selected to develop this
method: the Chioggia inlet and theoRli Pila delta. Thesdynamicregionswere analyzed with
repeated bathymetric surveyts assess their spat-temporal evolution in the shofterm taking into
account thee hydrodynamis, geomorphological and ecological characteristics. The surveys were
carried out with the latestMultiBeam EchoSoundeMBE$generation a Kongsberg EM2040 Dual
Compact Simultareously, a groundruth survey accompaed the recorded acoustic data with the
collection of surficial sediment samples and underwater videos. Wheadable, satellite images

were used to support the studies of emerged areas.

In order to test the thesisseveral research goals were defined:
1. Describe in detail the proprieties of the seafloor in the study areas;
2. Qualitatively assess the change ovéme of seafloor morphologies and sediment
distribution;
3. Understandthe processes that induce these changes;
4. Develop of a semautomatic, effective and repeatable method to study thieallow water

coastal seaflom

Study I:Tidal inlets in theAnthropocene: geomorphology and benthic habitats of the Chioggia
inlet, Venice Lagoon (Italy). PUBLISHED in Earth SuRemeesses and Landforms

The aim of this study is to investigate the Chioggia inlet seafloors with MBES survey, throughout the
recogniion of the main features (erosional, depositional, biogenic and anthropogenic) and the
sediment distribution. A classifidon of benthic habitat and a mapping of theengineering
structureshave beerperformed Finally, a possible interpretation of the anthropogenic alterations

of the seafloordue to human pressures, especially the recent MoSE construction,beas

proposedl.
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Study lIBathymetric and backscatter data of seafloor change of the Chioggia iMen(ce Lagoon)
as a result of human interventionREADY TO BE SUBMITTED.

The aim of the second studytis analyzethe changesn Chioggia Inlet seafloor during a spain5
years. The evolution of the morpHmathymetry such as the substratariationhavebeen studied,
especially focusing on the main seafloor featuries gcour holes, dune fields). Development of a

standard protocol talescribethe evolution of a seddor starting from multiple MBES datasets.

Study Ill: Shortterm evolution of Po della Pa delta lobe from highresolution multibeam
bathymetry (20132016). SUBMITTED in Estuarine, Coastal and Shelf Science

The aim of the last study t® mapthe Po proelta seabed (morphdathymetry and substrata
composition) and its evolution during a tinspan of three years. A particular focus was given to the
interpretation of the sedimentological features, also in relation of the Po river influence and the
Adriaticmeteo-marine conditions. The support of satellite images wasdto definethe changes

of emerged areas antthe prodelta mouth bar.

1.3 Benthic Habitat Mapping and MultiBeam EchoSounder

There are different definitions of habitat and there is no genexgieement in the scientific
community knowledge of the uniqueness of this tetmecology, two main approaches are possible

to describe the "space" used by a species or community.

1. Habitat as abiotic, including the physical characteristics of the substratéhe surrounding
environment (such as the water column) or comprising thessate of biotic origin (e.qg.
coral structures).

2. Habitat defined by the community itself which insists and/or characterizes it. This approach

overlaps with similar concepts obmmunity and biocoenosis.

The meaning introduced by the seabed mapping dis@pis still different. It is mainly based on
geological/sedimentological concepts and it focuses on "patterns on the seafloor", i.e. the patterns
observed in the seabed usingeanographic tools, including physical sampling and remote sensing
surveys(e® wh+0d | LJ2&daArAofsS &dGFyRINRAI S RSTAYAGA?Z
OKFG &adzLILI2 NI I LI NLGAOdzZE F NI 6A2t 23A0FE O2YYdzy Al

4



1. Introduction and background

In the terrestrial mappinghabitats are usually easily to recognize because dominated by vegetation
or arthropogenic structures. Conversely, in the marine habitats the geomorphology and

hydrodynamic are mixed together to define a particular habitat (Brown et al., 2011).

To producean effective classification of these habitats it is necessary to apply Berddbiat

Mapping (BHM) procedures. The BHM is a recent branch of the marine sciences, with
Ydzf GARAAGOALI AYI NB Ay TfdsSyOSa 27F 3ISentaoaAdfthe 0 A 2 f
distribution and extension of the habitats in the seabed ang/ideA FA OF G A2y 2F (GKS &
(MESH, 2008). The objective of this mapping is a quantitative description of the submerged habitats,
considering biotic (organisms, commity, etc.) and abiotic (textural composition, morphology, etc.)

components (Bravn and Blondel, 2009).

The classification of the seabed can be performed visually, mechanically or acoustically (Kostylev et
al., 2001). All visual (underwater videos/photogsidamechanical (grabbing, coring) methods are
punctual, so they require a laf time and energy to be performed. Besides, these solutions are not
suitable to investigate large areas. Conversely, acoustic methods (SideScan Sonar, Single Beam and
MultiBeam EhoSounder) can survey large areas in a short time, saving energy and moa&HM

permit to combine acoustic data with groustclth data (i.e. collection of information igitu),

obtaining an effective classification and description of the seabed (Bebvat, 2011). Summarizing,

the BHM process involves acoustic surveys, giemmnh sampling, data analyses and finally
derivation of a descriptive model. This last step is generally performed with GIS software that permit

an effective representation ohe spatial data with thematic mapBi@. 1).
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Figure 1: processingethodology for Benthic Habitat Mapping. Source: FeStaith et al. (2007).

The most effective solution to obtain continuous seabed information where the light does not
penetrate is base®n acoustic waves because they propagatdl throughthe water coumn. The
preferred instrument used to perform this task is the MultiBeam EchoSounder which aagister
simultaneously the morphtathymetry and the backscatter of the seafloor (Browrd&Blondel,
2009).

The MBES is a sonar, i.e. an instrument that<nams acoustic waves towards the seabed and
analyzes the returning signal (echo) reflected from the bottom or from other objects (fishes,
submerged vegetation, etc.). Transducer and reé8edd | NS Ayadl ff SR 2y ©@Sa
position can be irggrated into the data collection. With a differential position system (DGPS) and a
Y20A2Y &aSyaz2N) dzyAd daw! v GKS aKALIQa Yz2GdAaAzy Ol
accurae bathymetric record can be produced. The MRES collect continuos data from the

seabed along a band (swath) of variable width depending of instrument setup and depth of
investigated area. The MBES estimates the depth by producing an acoustic putee@ndihg the

time it takes for the signal to return to the receivence it has been reflected from the seabed. The
velocity of propagation of the sound depends from the density of the water (i.e. salinity,
temperature and pressure) so a constant monmgyiwith a sound probe is required. The transducer
ensonifies the sdaed with a series of swaths perpendicular to the navigation motion and record

the reflection echoes i regionparallelto the motion and perpendicular to the direction of the

ensonificaion (Fig. 3.
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Usingthetweg I & G NI @St GAYS jROA IBKD & lyRS NIKES2 dryyFO A RSH
depth D at the acrossack position for each sounding y can be calculated as follows (Jong et al.,

2010; Lutjens, 2018):
0 -0z4ATAO

© -w34 OB

Sea surface @

YA MBES location
p

h 4

A Sea bottom

H i

. . -
Footprint at maximum : -
Footprint at minimum
swath angle

(0°) swath angle

Figure 2: bathymetric measurement arfdotprint size depending on the swath. Source: Litjens (2018).

The instrumental frequency influences the resolution of the data: typical frequencies used in the
surveys range from 10 kHz to 400 kHizhall further be highlighted, that to achieve high a@axy,

a high resolution as well as a narrow beam is needed. The higher the frequency, the shorter is the
wavelength and the narrower the beam width. However, the higher the frequency the highlspbis

the absorption (Lurtorand Augustin2010; Vandell2013).

MBES do not only measure the tra¥mhe of the sound waves to estimate the bathymetry, it also
registers the intensity of the reflected signal (acoustic backscatter). When a sound pulfeehits
seabed, most of the signal is scattered in all diccttand some parts also penetrate into the
substratg depending on the impedand&ig. 3. The signal with the highest strength that returns to

the receiver is called backscatter (Lurtand Augusti, 2010). Each substrata type has a different
acoustic impedance: the type of sediment (or rock) and its gg&e, roughness, compaction and
slope define the acoustic response of the seabed (Lurton, 2003; Ferrini and Flood, 2006; Sutherland
et al., 2007Le Bas and Huvenne, 2009). Generally hard substrata scatter acoustic energy stronger
than soft ones (Lucieer et al., 2013; Neves et al., 2014). Also, the biological coverage (underwater

vegetation, megazoobenthos, etc.) can influence the signal of bat&s¢&konseca et al., 2002;

7
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Urgeles et al., 2002; Holmes et al., 2008; De Falco et al., 2010; McGonigle and Collier, 2014,

Monterale-Gavazzet al, 2016). Acquiring backscatter information and classifying it into acoustic

intensity classes, can therefol® used to study the seafloor characteristics and benthic habitats

(Lurton et al., 2015).

Backscattering

Scattering

Reflection

Refraction and I
apsorption 3

<

Figure 3: reflection and scattering of an incident acoustic pulse by a rough surface. SolMde:60 A 6 $206)0

In summary the MBESis able to ceregister bathymetric and acoustic backscatter data. The

bathymetry is derived from the time that the acoustigrsal takes to return to the receiver and

describes thenorphologyof the seabed (morphdathymetry); the backscatter instead is a measure

of the intensiy of the retrodiffused beam and providesome information on the physical

characteristics of the subste.

t

(0}



2. Study areg North Adriatic Sea

2. Study areag North Adriatic Sea

The Adriatic Sea is a closed sea 800 km long and 150 km large. It is the northernmost part of the
Mediterranean Sea, spreading from the Strait of Otranto (where it connects to the lonian Sea) to
the northeast Po Valley. Different countries have coasts on the Adriatic, such as Italy, Croatia,
{t20SYAlLT . 2ayAl YR | SNI S32 03X ephisPH0b6mghdithe | y R
maximum depth is 1,233 m (near Dubrovnik). The Adriatic Seamsithe Adriatic Microplate
(Apulian), which departed from the African Plate during the MesozoicRaittgglia et al., 2004

¢CKS LX FdSQa Y2iAeof tharighBodzNdiai chaigs afieKitS impekt &vith the
Eurasian plateWeber et al., B10; Zecchin et al., 2017In the final part of the Oligocene, the
Apennine Peninsula was created, separating the Adriatic basin from the rest of the Mediterranean
(Zecchin et al., 2017). The main water fluxes of the Adriatic flow counterclockwise fedatrtit of

Otranto along the eastern coast and back to the Mediterranean along the Italian coasts (Artegiani
et al., 199): this southward current branch is knows ®Western Adriatic Coastal Current (WACC).

The salinity is generally lower than Mediterrdang’ Q& o6 SOl dzaS G KS ! RNAIF GA O
the fresh water flowing into the Mediterranean (Artegiani et al., TP9The water surface
temperatures range frm 30°C in summer to 12° in winter. There are several marine protected areas

in the Adriati¢ designed to protect the sea habitats and biodiversity (e.g. Tegnue di Chioggia, Delta
del Po, Torre del Cerrano, Torre Guaceto, etc.). The sea hosts an abupndaranii fauna, with

more than 7,000 species, some of which endemic and threate@edl étal., 2010.

Since historical ages, the Adriatic Sea has been a very important source of food for the neighbor
countries and an important junction for trade, indusamgd touristic/recreational activities. Besides,

their coasts are strongly populated, hosgi more than 3.5 million of people and several important
cities such as Venice, Bari, Trieste, Durrés, Split, etc. Consequently, the Adriatic Sea is a very
impactedand anthropized sea, where management and administration of the waters and the coasts

is afundamental objective, especially in prevision of the global climatic change and mean sea level

rise.

The Adriatic Sea is characterized by a verydoadient profie in the northern and central part
(about 40 m per 100 km) and by steeper gradients insthiethern part (Correggiari et al., 1996). For
this reason, the Adriatic is subdivided in three different sectors: north, middle and $bigh4.

The north basinsithe shallower, rarely exceeding the depth of 100 m and it gradually deepens from
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north to south. It extends between Venice and Trieste towards a line connecting Ancona and Zadar.

This basin is the largest continental shelf of the entire Mediterranean.
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Figure 4: (a) eastern Italy anddjacentseas;(b) subdivisionof the Adriatic Seandits bathymetry.Source: FAO, 2012.

Fromthe Italian coast tahe open sea,lie seabed is composed by a different sequence of sediments
(Brambati, 1983)Close to the painsula, the first encountered sediments are typicalhastalsands
(Frignani et al., 2005 he grain size ranges from fine to coarse sand. Moving away from the land,
at a depth of about 8/10 m, a muddy belt surrounds the cod3tarfibat, 1983;Albani,1998). These
materials are particuldy concentratedn the northernmost part of the basie.g. in front of Venice
coastsp ¢ 246k NR GKS RSLIIK x HnAa Y (KiBrmed8urifgithg Bl A &
Adriatic postglacial trarsgressiorwhen the water level was lowdBimonini et al., 2005T he relict

sands have been intensely exploited during the last centuripdach protection (Preti, 200RARPA
EmiliaRomagna, 2002Correggiaret al,, 2012. Finally, the sediments return to be mudtyward

south at depths of about 100 niBrambati, 1983) Conversely the seafloor tfie easternpart

(Croatia) is terraced and cly (Dinaric limestone).

The salinity of the North Adriatic is the losteof the entre Mediterraneanbecause othe high
discharge of fresh watéMarini et al., 201Q)The north basin indeed hosts some of the major Italian
rivers, such as Po, Adige, Tiaghento, etc. All these rivers contribute to the transportation of

sediments and nutrients in the sea, but also pollutants btter (Cozzi and Giani, 2011).

10
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Concerning the tides, four semidiurn@2, S2, N2 and K2) and three wchal (K1, O1 and P1)
congituents give a significant contribution to the evolution of sea surface elevaseagook, 2009
fortide O 2 y & (i Adétai$, yesulirg in a mixed, mainly semidiurnal tidal regifer. the intrinsic
characteristics of an el@ated and enclosed basithe tides in the North Adriatic result amplified
NBaLISOG 6AGK GKS aSRAGSNNIYySEFYy {SIZS NBIOKAYS3
Considering the active tide increased by the sea level rise (SLR)ddeisks for the Itaiin coasts

of the North Adliatic Sea are very higlAntonioli et al., 2017; Marsico et al., 2017), such as already
demonstrated in the extreme flood event of November 195®st of the coastlandegionsindeed

lays below the mean sea level atig territory is very sensitive to rative sea level rise (RSldre

to land subsidence and eustatism (Tosi et al., 206particular, sme important cities, such as
Venice and Ravenna, and valuable ecosystems, such as the PardeN&araneGrado lagoonare
extremely vulnerableKig. 5. For example, in the last decades the number of high water events
(Acqua Alta) is increased causing several problems to the historicaf &gnice(Gugliuzzo, 2018;

https://www. comune.venezia.jt

Considemg that SLR has been increasiga rate of 1.2 mm/year (Carbognin et al., 201
subsidence is the main component of the increased flood @skund subsidence in the North
Adriatic territory is caused by both natural andtlmpogenic factors, actingrodifferent time
scales. The role played by natural causes includes tectonics, -ilasiasy and compaction of
alluvial finematerial deposits (Tosi et al., 2016), whereas the anthropogenic subsidagheaésult

of mainly groundwater withdrawal, actity largely conducted during the Y&entury (Da Li@nd
Tosi,2019). In this perspective, the policies and strategies for the safeguard of the littoral from the

floods cover a fundamental role in the management of the teryito

11
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Figure 5: the flood rékareasin the Italian territoryin preview of the worst SLR scendtpdated mapon July 2018)The
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entire northeast Italian littoral such as part of the Po Valley are clearly threatened by flood 8skurce:

https://www.enea.it

Inside the North Adriatic environment, two seafloors have been selected to be investigated: the
Chioggianlet and the Po di Pila delta. Theo areasarelocated on the Veneto coast about 40 km
from each other theypresent similarities andifferences and have been chosen foeir academic
interestwhich represents a challenge for remote sensing data attipi. Primarily, both areas are
shallow andvery dynamic, changing their morphology in the times as witnessed by the numerous
historicd nautical charts availabl@.hesechangegshat often occur inthe short-time span, can be
effectively identified withrepeated MBESurveys. Ibther coastal Adriatic areas had been selected,

the seafloor evolution would ndtavebeen assessed witbhort-time surveys.

Secondly, bth regions are characterized byomplex sedimentdynamicsand are frequently
interested by storm eventsin the Qioggiainlet (and in the other inlets of Venice Lagoon) an

important net sediment transportoward the sea has beeattested in previously researches (e.g.

12
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Amos et al., 2010; Defendi et al., 2010rr&an et al., 2010; Villatoro et al., 2010). This transport,
firstly driven by tidecurrents means a generaediment loss in the lagodrasin The Chioggia Inlet
such aghe centratsouthVenice Lagoon and northern Venetian coaats indeedsufferinga well
documented erosiorfe.g.Sfrisoet al., 200%; Pousa et al., 200Barretta et al., 201,0Torresan et
al., 2012 thatisrecentlyenhancedoy human interventionsThe Venice Lagoon h&gen subject to
human pressures since historical timta# from the secondhalf of the last centurytheir magnitude
considerably increased (i.e. excavation of Malamocco channel, (y¢ties modification, MoSE
project construction, &.). Conversely, in the Po delta the sediment dynamicspai@arily driven
by the river behavior. The frequently Po flood events are indeed responsible sé#ieed features
and sediment accumulatioon the prodelta region (Correggiari et al., 2005; fat@ and Vincenzi,
2005). Sediment movimentation and bedforms migrationeaalso governed by metemarine
conditions which occasionalyeneratefast changes during strong storm eventSompareto the
Chioggia inlet, the overall erosion of the region iemainty, Ninfo et al. (2018) showeelven a
deposition and progradationf the area Moreover,the Poprodelta also diffes fromthe Chioggia

inlet because it is more natural and themaninduced seabed evolution obablylessrelevant

Both the Chiogjia inlet and the Po di Pila prodelta lackaomorphological and sedimentological
characterization of theeafloor highresolution data of morphdrathymetry and bottom sediment
distribution are neglected. The majority of the studies are relatedest models, forexample
severalmodelingresearches focused on the morphological evolution (e.g. Cappucci et al., 2004,
Simeoni et al., 200Ferrarin et al., 2008; Carniello et al., 2009), on the water circulation (e.g. Cucco
and Umgiesser, 2006; Bafilore etal., 2008; Ferrarin et al., 20lMaicu et al., 2018and on the
sediment transport (e.gFriedrichs and Scully, 200Ferrarin et al., 2010; Carniello et al., 2012;
Carniello et al., 20%48Braga et al., 2037TheMBES and grounttuth data colected duing this PhD

project will be able to contributea validate the accuracy of these modeling studies.

Finally, bothregionsare protected environments, hosting a high biodiversity and endemic species
and their protection is essentiakindicates by the Empean Marine Strategy Framework Directive
(MSFLI; EC 200866-EC)

13
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2.1. Chioggianlet (study | andl)

The Chioggia inlet (45°13'54 "N, 12°18'3"E WGS84, geographic coordinates) is the southernmost
inlet that connects the Venice Lagodo the Adriatic Se (Fig. §. It has a maximum discharge of
5,0006,000 n#/s and a tidal prism of 82 x én® (Consorzio Venezia Nuova, 1989; Fontolan et al.,
2007). The mean water current through the inlet channel varies with tide reaching a peak value of
0.5mstduring £ T & 3 & etéaD RAD4).dHowever, during extreme excursion of the water level
driven bymeteo-marine conditions (storm surges), the current speed increases up to'ZZaggia,

personal communication)
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Figure 6: (a) the Venice Lagoon and its thregal inlets;(b) the study areaf Chioggia Inlet.

The Venice Lagoon, including the Chioggia inlet, has rdleienced byanthropogenicpressures
since historical times, dating as far back as 9@MBlinaroli et al., 2007). However, the significative
humanmodificationin the area started only in the ¥&entury, with the stabilization of the inldty

the construction of the jetties and the removing of the dunes in the adjacent beaches. These
processes altered completely the natural regime that the Ggia inlet had acquired (Zunica,7119.

The Chiogagi inlet has the typical morpholggf tidal inlets Fig. 7, in agreement with Hayes (1980)
and Smith (1984): there is an elobbal delta with its terminal lobe, a central tidal channel that feost

the maja flux exchanges antivo lateral subaqueous spits that develop from the neighingr

beachesPreviously studieslid notrecognizethe flood-tidal delta in the Chioggia inlet, but during
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our research we confirmed its existen(sestudyN.1). Conversely,le shape and composition of
the ebb-tidal delta have been studied in the pastd.Zecchiret al., 2008 Villatoro et al., 2010).

12°19'48" Bathymetry (m
B B 25275
Bl 55--135
' [ -105--10
B -7s--7
[ ]55-5
B :-25
B os-0

4571424’

45°12'36"

45°10'48"

12°180" 12°19'48"

Figure 7: low-resolutionmorphology and physiography of the Chioggia ialleti Sottomarina littoral Source: Villatoro
(2010).

In this region, thewater current circulation, such as the sources, the transportation and the
deposition of sediments is very complex. The main cur(anttransport of sedimentsobserved

at Sottomarinamoves northwards, i.e. it has the oppositeatition of WACQoresent generally in
the North Adriatic (Brambati et al., 197Bellafiore and Umgiesser, 2010 his characteristic is due
G2 GKS SaidloftAaKYSyd 2F Iy Fyiaoeotz2yald Y2@S)
influence of the Breta and Adige ivers that flow into the Adriatic with southwesiortheast
outflows (Bellafiore and Ugiesser, 2019 Even the littoral sediment transportation gives an
important contribution on the deposition nearby the inlet. The result is a progradatiothe
Sottomaina beach of about 9 m/year and an accretion of the subaqueoustidabdelta of about
50,000 ni/year (Villatoro et al., 2010).

The region, such as the Veneto coast, is interested by winds from first and second quadrant (Bora
and Scirocco)n particularthe bora propagates in the gulf of Venice with a front of 25 km, keeping

its direction and velocity unaltered also after a path of 130 KMAGE, 2006 However, the
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strongest storm surges, occur in presence of scirocco that causes an laosnnaising othe sea

level, especially if in correspondence of baric and tidal summing conditions

In the centralsouthern lagoon suibasin, including the Chioggia inlet, the seafloor sedirmang
exclusively lagoon materials, mostly si#indy: the fner materials are found close to the internal
margin, whereas coarse sands are present along the tidal channel and in the beSb&®marina
YR / I QFigwe Wk piud éontent of the sedient in the inletchannelis commonly lower

than 50 % (Molimroli et al., 2007). The D50 of the sediment ranges between 100 pm and 400 pum
(Villatoro et al., 2010)Bonardi et al. (2005) found that the southern part of the Venice lagoon
(including Chioggia3 characterized by silicatéch sediments.

To cope withlhe flood risks, the city of Venice started in 2003 the construction of the MoSE (Modulo
Sperimentale Elettromeccanico), a project intended to protect the city of Venice and its lagoon by
the highg I G SNJ S@Sy (& o inteér8ed aylténdconaistingflooivs af mobile gates
installed at the Lido, Malamocco, and Chioggia inlets that are able to isolate the Venetian Lagoon
temporarily from the Adriatic Sea during acqua alta high tdebttp://ww w2.comune.
venezia.it/mosedocprg. Together with other inteventions, such as the reinforcements of the
coasts and the rise of the pavements and banks, the mobile barriers should defend the Venice
Lagoon from tides of up to 3 m (sea level higher than d). After several delays, the project is
expected to be fuy completed in 2022. The MoSE consists of rows of mobile gates at the three
inlets, LideTreporti, Malamocco and Chioggia from north to south, which can temporarily separate
the lagoon from the Ariatic Sea during events of a signifitaigh tide Fig. §. The number of gates
depends on the section of each inlet (41 elements at {lickporti separated by an artificial island,

19 at Malamocco and 18 at Chioggia) and each gate can be operatecnueyly. The gates are
composedf metallic hollow structues connected with hinges to the concrete housing installed on
the seabedFig. §. During normal conditions, the gates are full of water and sunk in their housing
structures. When an extreme tide forecast, the gates are filled with compressed air amy thrise

from the water rotating around the axis of the hinges, separating the lagoon from the sea. When
the tide level returrs to normality, the gates are filled again with water and retedno their
housing. To guarantee the navigability in the pori/ehice when the gates are operating, a refuge
lock have been constructed in each inlet that permits vessel transit. Moreover, an arcuate
breakwatero & [ dzy | 0 | @aslbylt Bk sedsidelinleach inlet to protect the MoSE gates from

the waves duringterms Fig. §.
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The effects caused by the infrastructures to the surrounding seafloors and ecosystems have not yet

been fully quantified and documentgd@emmerman et al2013; Perkins et al., 2015)

enice Lagoon

v
Mobile barrier i
i A 1
Concrete housing (caissons)

IRRRRRRN

Figure 8: (a) the MoSBystemfunctioning;(b) the modiffication introduced by the MoSE at the three inlétss possible
to distinguish the MoSE trench, the refuge harbor, the changes at the jetties and the artificial island (only at Lido

Treporti).Sourcehttps://www.mosevenezia.eu

In the Chioggia inlethe MoSE works reduced the inlet cresection from B0 to 350 m and the
seafloor depth changed significantly due to dredging (Villatoro et al., 2010). So far, the MoSE project
has required: (I) the construction of a 500 m long breakwater on the seasidgihesst of the inlet,

(1N the reinforcement of thgetties, (Ill) the creation of a refuge harbor with a double navigation
lock, (IV) the excavation of a 24 m deep and 50 m wide recess for hosting the mobile gates and their
concrete housing structuresy] the stabilization of the seabed near the recegh e deposition

of stones and concrete artefacts and (VI) the dredging and deepening of the channels close to the

inlet.
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2.2. Po delta(study 1)

The Po river is the longest Italian river (about &% with a medan flow of 1,540 ni/s and atotal
watershed of 71,000 k#(Syvitski et al., 2005The Po origiatesin the western Alps, near the city

of Cuneopasseghroughthe entire Po Valley and flows into the North Adriatic after a subdivision

in five branches: Po di Maestra, Po di PiladP®olle, Po di Gnhocca and Po di Goro (from north to
south). According to Syvitski et al. (2005), PBith is the major branch, transporting about the 61

% of fresh water and about the 74 % of sediment ltadhe delta. Almost 15x 10° kg / year of
suspended sediment load fl@into the sea (Catteneo et al., 2007), making the Po rivetalgest

source of sediments of thentire Adriatic. The Po flows through many large anthropized areas,
including the citie®f Turin, Piacenza and Ferrara, and $shene Po Valley hosts more than 16 million

2F LIS2LX Sz Fo62dzi O 2F GKS LaGFtAFYy LR2LdzE I GAZ2

contaminants anditter to the Adriatic Sea.

¢KS t2 RStdF 6npc p1Q b3X wmHFigHsMhelargesteltBdiper = IS
Adriatic Sedabout 180 krf), with the largest liquid and solid discharge (Amorosi et al.6R0ftlis

located at south of the Venice Lagoon between the city of Chioggia and Ravenna.
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Figure 9: () thedelta ofthe Po river andts terminal branchegp) zoom orthe Po di Pila delta (main branch).

Over the centuries the delta changed its shape and dimen@&ian 10)incorporating several lobes
built during the last 5,000 years (Amorosi and Milli, 2001; Trincatrél., 2004) The entire Po
system has indeed been under heavy human alteration for land use and freshwater management in

historical time.
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The growth rate of the delta is estimated on 47 m/year after 1886 AD, when the artificial
straightened of the PoidPila was reatied to protect the plain from the floods (Visentini and Borghi,
1938).However, since the 1950, the delta was subject to a strong degradation and retreat, mainly
due to the lack of sediment supply caused by channelization of watercourdesxatoitation @ the
seabed (Stefani and Vincenzi, 20@3ily recently a restart of progradatidar the northern part of

the deltawashypothesizedntegratingsatelliteimages and meteonarine data (Ninfo et al., 2018).
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Figure 10: the map showshe main evolution pases of the modern Po delta. The coast lines were obtained with the
comparison of bathymetry acquired in 1905 and 1953 (Bondesan and Simeoni, 1983). The yellow areas indicate net

offshore erosion, whereas green ones indicate lobe cactiin. Source: Traardi et al. (2004).

Besides the freshwater input, the circulation of water in the delta is also influenced by the Adriatic
Sea littoral current, tidal cycles and winds. Due to the relatively low tide excursian]y winds
waves and WACC affabe dispersal ofsedimens(Trincardi et. al, 2004; Friedrichs and Scully, 2007,
Amorosi et al., 208). The dominant winds, that generate the incoming waves, are the cold Bora,

coming from northeast, and the warm Scirocco, comigg¥r &2 dzG KSF ad Y h NI A5 S

Today the modern delta smulti-lobe, supply dominated system, mainly driven by river discharge

(Fig. 1), as opposed to the wavdominated system of earlier periods (Trincardi et al., 2004).
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Figure 11: the main thre factors influencing the major Po branches during the timias. Po di Pila delta changed its

status from wavedominated delta (1811886) to riverdominated delta (after 1886), likely due to anthropogenic

intervention.SourceTrincardi et al (2004).

The generallowlandsof the Po region summed with subsidence make the area a-hghflood

region especially imiew of SLR. The subsidence is vargng(rates up to-15 mm/year) and has a
nonK2Y23SyS2dza aLlJ GAFf RA dtisNfedotdriohatuyal (g sedinie® € | &
compaction)and anthropogenic (e.g. extraction of methane) factokthoughthe subsidences

well documented for the subaerial Po deloéi ¢ al., 2016 Fiaschet al., 20B) it is not completely
understood for the submerged par{ge. prodelta) Antonioli et al. (2017), provided a relative SLR
LINE2SOGA2Y G Hwman F2NJ GKS NBIA2Y NIy3IAy3ad TN
risks of flood in the area, requiring a continuous monitoring of the land and the artificial structures

(jetties, piers, etc.).

The sediment distribution inside the Po delta region is very comelgx Amorosi et al., 2003; Fox
et al., 2004; Simeoni et al2007). Generallyhigh-density sandy mouth bas prograde over fine
grainedprodelta deposis, resulting in a coarseningp grain size sequenc&hetype of sediment
on the prodelta surfacevaries widely depending on the dispersal of the precipitation dher
catchment (Tesi et al., 2013; Braga et al., 20T sediment pattern distribution is however not
regular in the deltaMoreover, the morphologies and the sediments are continuoteshorkedby
river diversion meteamarine driversand anthropogeni@ctivities (Trincardi et al., 200Maselli
and Trincardi, 203).

In general the sands prevail above then3 isobath, such as in theeighbaing beaches and over

the mouth bar and spits (Simeoni et al., 2007). Thesachesare continuously reshaped.
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Corversely, the muddy sediments are present below thm 8sobath. However, local deposits of
fine materials are present on shallower waters duelte@€ulation (Braga et al., 2017). The sediment
inputs are sufficient to contrast the erosive processes of wawverrents and tides, allowing an

accumulation of mud up to the dh isobath close to the main distributary mouth (Fox et al., 2004).
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Abstract

Adopting a muldisciplinary approach, we mapped with unprecedented detail the seafloor
morphology, sediment distribution and benthhabitats of a tidal inlet in the Venice Lagoon, Italy,
which has been greatly impacted by human activity. Thanks to very high resatutitheam data,

we identified ebb and floodidal deltas, a tidal point bar, active dune fields, pools and scourshole
The seafloor substrate of the inlet was investigated by integrating automatically classified
multibeam backscatter data with sedimentrsples and underwater seafloor images. The sediment
composition comprises four textural classes with 75 % overall #tienaccuracy. The particle size
distribution of each morphological feature was assessed distinguishing, in particular, sediments over
creds and troughs of smatlune fields with wavelengths and heights of less than 4 m and 0.2 m,
respectively.

Adopting sate-of-the-art benthic habitat mapping procedures, we found seven distinctive benthic
habitats that reflect spatial variability in hydrogigmics and sediment transport pathways. The
dominant classes wer8and with sparse shell detrit(46 %) andaresand (32 %). The ripap

revetment used for the inlet jetties and for the hard structures, built in the inlet channel to protect
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Venice from boding, created a new habitat that covessb % of the study area. This study shows
how combininggeomorphologich and ecological analyses is crucial foe monitoring and

management of tidal inlets and coastal infrastructures.

Keywords: Tidal inlet, MiBeam Echosounder, sedimentary dynamics, benthic habitat mapping,

Venice Lagoon

3.1. Introduction

Coastalbarrier systems are elongated coastal landforms, parallel to the shoreline that shelter
lagoons from the open se®ifd, 2008). They include maendeposits with shoreface, beach and
sub-aerial dunes on the seaward side, antbackbarrier lagoon connected tthe sea by one or

moreinlets/ 2 adlf o1 NNASNI d28aGSYa FNRyBRERS1994pKpedrd, ™o

32>

1994; Oertel, 1985;iR1, 2008) andare an important part of the world ecological heritage (Costanza
et al., 1997; Luisetti et al2014). Historically, coastal barrier systeh@se playeda crucial role in
human geographythese sites usuallyost intensive agricultural and ndustrial plants dense

populationandhard infrastructuregGoneng and Wolflin, 2005)

Most of presemtday coatal barrier systems formed early in the middle Holocene (SERTO yr BP)
when a rapid sea level rise induced flooding of the continental skedwel the coast lines shifted
landward approaching their current position (e.g. Stanley and Warne, 1994; 8&maith2011 Stutz
and Pilkey, 2011; Hijma et al., 2012; De Haas et al., 20h@se systems reflect a complex
interaction between the local ggogical and physiographic structure, deael variations and tidal
currents, sediment availability and sedintedispersal processes (Fruergaard et al., 2015).
Understanding the evolution of coastal barrier systems is the key to predicting coastal adaptat
to future sea level risand, more generally, to climate change (Miselis and Lordmaeba, 2017,
Moore ard Murray, 2018).

In the recent evolution of coastal barrier systems human interventions often play a major role
inducing rapid morphological chgas (Williams, 2013; Miselis and Lorefizaeba, 2017). This
anthropogenic forcing can radically shift thgnamics that the system would normally follow under

natural conditions (Oost et al., 2012).
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Humans are altering the planet, including letegm glokal surface geologic processes, in such a way
that a new geological epoch called the Anthropocene has h@eoduced, although still waiting to

be officially recognized (Hamilton, 2016; Finney &uivards, 2016 While the study of landise
changes in théAnthropocene has considerably advanced (Tarolli et al., 2014; Brown at al., 2017),
much less is known abouhe human impact on the seafloor, particularly in coastal areas
(Madricardo et al.2019).

In this work, we investigate in detail the seafloor moofgy of a tidal inlet and the impact induced
by recent human modificationdnlets play a key role in the evolution of coastal barrier systems
(Kjerfve, 1994; Tambroni and Seminara, 2006; De Swart and ZimmermannR2dd9;et al., 20105
given that they:(i) control hydrodynamics, i.e. the rate of water exchange which influetioes
chemicalphysical propertiesf the lagoon; (iilare responsible for the sediment transport from the
lagoon to the open sea and vice versa; éffect the morphodynamics ofhe adjacent coast(iv)
allow the migration ofdifferent species at different lifestages. In addition, tidal inlets are often

subject tointensemaritime traffic and human modification.

We focus on thé/enice Lagoon (Italy), the largest lagoon of the Madanean, surrounding the
historical city of Venice. This lagoon has undergomengt changes in the Anthropocene era and
Oty 0SS O2yaArRSANEARSYIIES Rl SOR&ERAYISYE 6/ AYLE | yR
Lagoon, the shift from the Holocene toginthropocenesociatecological system stat€as defined

in Renaud et al., 2018puld be set at the time dberenissima Repubblica of Venice (starting from
the end of 7" century), when the urbanization and regulation of the lagoon environment radically
modified its natural evolution. To avoid its silting up, the major rivers flowitmthe lagoon were

diverted between the 12 and 19" century.

The natural inlets were radically reshaped by the construction of long jetties between 1808 and
1933 (Fontadn et al., 2007; Balletti et al., @6). They were dredged and deepened from 5 m to 15

m with a consequent increase in tidal flow and erosive processes in the whole lagoon (Gatto and
Carbognin, 1981; Tambroni and Seminara, 2006). The still ongoing caiestrat a system of
mobile barriers & the lagoon inlets during the past 15 years (the MoSE Project, Ministero
RSt f Q! -Magistéas alls Acque, 1997) is one of the major engineering interventions at the
inlets. These barriers have been built to defeéhd city of Venice and the other isids in the lagoon

from extreme flood events (see Trincardi et al., 2016 for the background). The mobile barriers

represent a paradigmatic example of grey infrastructure in response to flooding in view of global
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mean sedevel rise(Temmerman et al., 2013erkins et al., 2005The changes caused by grey
infrastructure to surrounding ecosystems have not yet been fully quantified and documented in

most cases all over the world (Powell et al., 2018).

In this study we prode not only a very high resolution mpging of a tidal inlet seafloor
morphologies and habitats, but we also quantitatively assess the most recent physical changes (e.g.
morpho-bathymetry and sedimentary dynamics) induced by the construction of the moditesbs

and their impact on the tidahlet habitats.This work aims to increase the knowledge about the
benefits or unintended negative impacts of grey infrastructures in view of the knowledged

management coastal zones.

3.2. Geographical setting

The Venice Lagoon is about 50 king and 814 km wide, with a surface area of about 550°KRig.

11). 1t is separated from the Adriatic Sea by a system of barrier islands aligned #A/Niection

and exchanges water with the sea through three inlétdo, Malamocco and Chioggiadiin north

to south).

The lagoon has a mean depth of about 1.2 m, with only 5 % of its area deeper than 5 m (Molinaroli
et al., 2009). The area includskallows, tidal flats, channels and canals, salt marshes, islands, fish
ponds, and reclaimed area§he nmain navigation channels are up to 20 m deep. The deepest point
of the lagoon is close to the Malamocco Inlet where the bottom reaches a depth of 48 m
(Madricardo et al., 2017). Inside the inlets the water velocities canbethan 1mso DI 6 A6 S
2004).

The Venice backarrier system started to form during the Holocene marine transgression that
reached the southern Venice area from 8000 to 9000 yr BP and the ceoithlern lagoon sector

from 5000 to 6000 yr BP (Tadial., 2007; Zecchin et al.0@9; Zecchin et al., 2014). Fluvial, back
barrier, deltaic, shoreface and tidal channel deposits characterize the Holocene sequence in the
Venice Lagoon forming a transgressiegressive cycle (Zecchin et al., 2008; Zecehal., 2009.

The Venice Lagoois a microtidal environment (mean tidal range less than 1 m) and it can be
O2Yy&aARSNBR || aNBaAaUNROGSRe tF3I22y o6Fa RSTAYSR

the main forcing factors of circulation. Four sdmrnal (M2, S2, N2 and K2) drthree diurnal (K1,
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O1 and P1) tidal constituents give a significant contribution to the evolution of sea surface elevation
in the North Adriatic Sea (Book et al., 2009), resulting in a mixed, mainly semidiurnal tidal.regime
The tidal wave propagates fmothe three inlets into the lagoon along the network of tidal channels
eventually reaching the tidal flats and marshes.

The lagoon has been subjected to anthropogenic modifications since historical times, dating as far
back @& 900 BC(Molinaroli et al., 2007) Without human intervention, the lagoon would have
gradually silted up by the river sediment deposition. Therefore, starting from tHec&gtury the

main tributaries were diverted directly into the sea (Cavazzoni, 1999;! f LJ- 2a 2 HoawmnT
and Donnici, 2014). Whereas during the times of the Serenissimal(8®7) the silting process
dominated,a strong erosive process took place in the last centumy particularly between 1970

and 2000, following the dredging aflarge navigation canaidm the Malamocco inletHig. 1) to

the industrial harbor, the lagoon morphology changed dramatically due to the erosion of salt
marshes and to the overall deepening of the tidal channels (Sarretta et al., 2010; Madricardo and
Donnici, 2014). The lagoopatrticularly in its central area, is gradually assuming the characteristics
of a semienclosed marine embayment (Carniello et al., 2009; Molinaroli et al., 2009; Sarretta et al.,
2010) anda quarter of thelagoon habitatdas beerlostwith a consequenthange in the ecological

functionality of the environmen{Favero, 1991Elliotand Cutts 2004)

The recent construction of the MOSE structures (an acronym Nwrdulo Sperimentale
Elettromeccanicoor Experimental Electromechanicdodule from name given tdhe earliest
prototype built to test the functionality of the mobile barriers) at the inlets caaltdstantially affect
the lagoon environment by reducing the tidal exchange and increasing thd@mimance over tidal
flats (Tamboni and Seminara, 2006; €tvo et al., 2010; Ferrarin et al., 2015). The mobile barrier
project will prevent flooding through the installation of 78 mobile gates, laying at the bottom of the
inlet channels (Lido, Malamocco and Chioggia) connecting the&keagoon from the AdriatiSea.
The construction works started in 2003 and it is currently expected to be completed within 2020

2022.
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Figurell: (a) The bathymetry of the tidal channels and inlets of the Venice Lagoon collected during the CNR ISMAR surv
in 2013 (Madricardo et al., 2017); (b) the bathymetry of the Chioggia inlet with the location of the sampling stations for

2012 (green) and 201dight blue); (c) the backscatter mosaic extracted from the multibeam data.

The Chioggianlet

The Chioggi@nlet (45°13'54 "N, 12°18'3"E WGS84, geographic coordinates) is the southernmost
inlet of the Venice Lagoon and has a tidal prism of 82%nf(Consorzio Venezia Nuova, 1989;
Fontolan et al., 2007). The mean water discharge through the inlets variegigétiand current
speed reaching a peak value of 0.5 mtkiring tidal phase syzygp (- Gek a., 2004). Extreme
excursion of the water levelrtven by meteemarine conditions (storm surges) can cause the current

speed to increase up to 2 Ms

This inlethas undergone numerous human interventions during historical time. The most evident
changes have started in 1912 with the construction of gsttithat were modified again in 1950. The
recent works for the construction of MoSE that started in 2003 andstileongoing reduced the
inlet crosssectionfrom 500to 350m and the seafloor depth changed significantly due to dredging
(Villatoro et al.2010).
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So far, the MoSE project has required: (I) the construction of a 500 m long breakwater on the
seaside, gutheast of the inlet, (Il) the reinforcement of the jetties, (lll) the creation of a refuge
harbour with a double navigation lock, (IV) the @xation of a 24 m deep and 50 m wide recess for
hosting the mobile gates and their concrete housing structufésthe stabilization of the seabed
near the recess with the deposition of stones and concrete artefacts and (VI) the dredging and

deepening othe channels close to the inlet.

3.3. Materials and methods

3.3.1. High resolution MultiBeam EchoSounder Data

The acoustic data in the Chioggia Inlet (survey area of about Z0vkene collected in October and
November 2013 (about 4 weeks of work) tye Institute of Marine Science of National Research
Council (ISMARNR) using a Kongsberg EM2040 amhpact MuliBeam Echosounder (MBES)
pole-mounted on the CNR research boat Litus, a 10 m long vessel with a draft of Tt WIBES

has 800 beams (40Gepswath) and during the survey, the frequency was set to 360 kHz. A Seapath
300 system with the supply of a FugtdP differential GlobalPositioning System (DGPS)
automatically registered the ship positioning (0.2 m accuracy). For the correction ofrpitcheave

and yaw movements the Kongsberg motion sensor MRU 5 and a Dual Antenna GPS integrated with
the Seapathwas used. Sound velocity was continuously measured by a Valeport mini SVS sensor,
attached close to the transducers.

CARIS HIPS and SIP8vsoé (v.7 and 9.1) was used for processing MBES data considering sound
velocity, tide corrections and manual guglcontrol tools. The bathymetry was created with a raster
resolution of 0.5 m using the Swath Angles Weighting option with a Max Footjaent&9 x 9. The
RFGF FNB NBFSNNBR (2 (K3562mMlbvier thauh thedzitiond el G | {
level datum (IGM1942)

The map of the seafloor (backscatter intensity) was created using the software Fledermaus (v7.0)
with a resolutionof 0.5 m after applying the Angle Varying Gain (AVG) correction to the raw data to
remove the angular artifacts sediment. Théathymetric and backscatter data were then exported

as a 32vit raster files and imported in ArcGis (v10.2) for further anal{iSSRI, 2016).
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3.3.1.1. Seafloor features

From the digital elevation model (DEM) obtained from the MBES bathyeradita, we computed

in ArcGis the main terrain attributes (Lecours et al., 2017a; Lecours at al., 2017b): slope, broad
Bathymetric Positiotndex (BPI) and RuggedneBise BPI and ruggedness were calculated with BTM
(Wright et al., 2005) with BPI inner édmouter radius of 750 and 50 respectively and ruggedness
radius of 11. The results are collected in Appendix.

The seafloor features weifast manually segmented and then automatically classified using terrain
attributes, taking into account the processathgenerates themHKig. R): (i) erosional features
(identified by BPI), (ii) depositional features (identified by ruggedness and b#ekjcdiii)
anthropogenic structures (ripap identified by ruggedness and backscatter and dredging areas by
BPI) andiv) biogenic features (identified by ruggedness). Most of the features are recognizable in

the DEM, but some morphologies show a chagastic signature also on the backscatter mosaic.
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Figurel2: Classified morphologies with their bathymetry (firstutoh with five times vertical exaggeration), with the
terrain attribute used for the sergiutomatic identification (second column); thémackscatter mosaics (third column)

and their slope (fourth column).

3.3.1.2. Backscatter classification

Several approdes have been proposed to identify swdgions with homogeneous surficial
composition from the analysis and segmentation of the seafloor backscatter intensity maps (e.g.
Brown et al., 2011; Diesing et al., 2014; McGonigle and Collier, Bfddjaconou efl., 2018). In

this study, Jenks' optimization method was used to classify the backscatter data. This method
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provided good results in a previous study in the Venice Lagoon (Monte@alazzi et al., 2016).
¢ KS WSy 1aQ hLlghsyah hutoindt ol implémazied B REGIS to classify rasters.
Given a defined number of classes, the method seeks to reduceahancewithin classes and

maximize the variance between classes (Jenks, 1967).

3.3.2. Groundtruth data

The main goabf groundtruthing is to characterize the seafloor and validate the maps produced
with the MBES acoustic data by means of direct observations. In this study, the gratindataset

includes surficial sediment grab samples and underwater images fromfcaope camera.

3.3.2.1. Sediment samples

A total of 44 surficial sediment samples were collected with a Van Veen Grab (5 L) in two different
campaigns. The most recent samples were collected in April 2014 (namdi232the locations

were selected to incide all the charaeristic textural patterns identified within the backscatter
data. To cover all the study area, we added additional 27 sediment samples collected in March 2012.
These latter are located at the seaside, arranged in a regular grid and nfaomedN100 to N126

All samples were classified according to the Fatllal. (1970) method using Gradistat statistical

package (Blott and Pye, 2001) after dry sieving (16 mm to 38 um).

3.3.2.2. Underwater images (Drop frames)

The underwater imagesere sampled during a suey carried out on January 2015 at 20 stations by
means of a drograme camera (3 replicates for each station). The device consisted of an action
camera (GePro HER&@) and underwater lights installed on an aluminum frame, whicheveasily
dropped from the vessel. The underwater images were collected on the same points of a subset of
April 2014 sediment samples. Some additional stations were chosen to investigate particular

seafloor features (e.g. seagrass patchesraip seabedetc.).

Representative dti images (22.5 x 30 cm) were extracted from each recorded video and
characterized in terms of biotic and abiotic features. Epimegabenthos (both living specimens and

empty shells) were identified and counted. A total of 60 imagesvanalyzed.
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3.4. Resuls

3.4.1. Bathymetry and seafloor features classification

The measured bathymetry ranges freB0 m to-1 m ig. B). The shallower areas (depth less than

2 m) are located inside the lagoon, near the harbor of Chioggia and thdataitifcated in south

wed part of the survey area. The deepest areas are within a large scour hole (with maximum depth
of 30 m) located at the western entrance of the inlet channel (see also Ferrarin et al., 2018). The
inlet channel depths vary fromi4 mto -9 m. The soutkeastpart of the inlet channel is shallower

and characterized by the presence of a sand deposit.

The seabed of the study area is predominantly flat or gently sloping: generally, the slope has a
constant value of 1°, increasing up to°2th the lee side of thiargest dunes. Only scour holes and
coastal defense structures show larger gradients up to 30° and 80°, respectively (slope map in
Appendix).By the combined analysis of the MBES and gremuith data, seabed features were

classifed in: erosional, deposdnal and biogenicHig. B).

Seabed surface
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Figurel3: Threedimensional representation of the Chioggia inlet morphology with the identified seafloor features: (a)
and (b) scour holes at hard structures; (c) tidal channel pool; (d) dune field; (e) and (f) largeg)uites,channel point
bar; (h) riprap; (i) dredging marks; (j) MoSE trench; (k) seagrass patches. The pie chart in the upper left corner represents

the percentage areas occupied by each feature class with respect of the total surveyed area.
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3.4.1.1. Eromnal features

Scour holesre localizeerosional features produced over a sediment surface in a turbulent current
(Ferrarin et al., 2018; Madricardo and Rizzetto, 2018). Four scour holes have been identified,

covering a total area of 294,371%fthe 3.02% of the study area) (Fig8a andi3b).

The deepest scour is located inside the lagoon basin, near the inlet entrance and Chioggia harbor
(Figsl3a andl4a). As shown in Balletti et al. (2006), the scour already existed in the historical map
of the Vence Lagoon of 1809811 by Augusto DénaiMagrini, 1934) and in the maps of 1927,
1970 and 2002 (MA'ZVN, 2004). Its current shape is highly irregular, with a maximum relative
depth of 20 m and a surface of 119,084. fihe maximum depth is abotB0 m, wth a slope ranging
between 10° and 30%lope map in Appendix). This scour hole borders the stemetment area at

the west side of the mobile barrier system (MoSE). The scour is indeed abruptly interrupted by the
presence of Mose armored seaflodfig. Ba upper right). Inside this morphologye collected a

poorly sortedgravelly sandsample N18 ifrig. 1) with a D50 of 243 um, composed in large part of
shell fragments and inorganic clasts > 2 mm. The firmmes show a sandy seafloor entirely

covered ly Ophiothrixsp.

Two additional scour Hes occur at the breakwater ends (Fid¢8b andl4b): the scour at the
northern end shows an almost ellipsoidal shape with the 500 m long main axis directed roughly
parallel to the tidal inlet channel axis. The sle@ the scour sides range between 58db° (slope

map in Appendix). The scour has a surface of 83,022amaximum depth of 3 m relative to the
adjacent seafloor, and is characteriseddlightly gravelly muddy sandample N110ig. 1b) with

a smallD50 (67.30 pm).

The scour hole ahe southern breakwater tip covers a smaller surface (53,387amd has an oval
elongated shape half kilometre long. This scour hole is roughly ssodith oriented and has a
relative depth of 4 m. The slope profile isitg irregular, with several stepsikely connected to
collapse slumping processes due to steep and unstable sides or to changes in lithology of the units

eroded below the seafloor. The slope ranges between 5° and 20° (slope map in Appendix).

These two sours formed after the constructioaf the breakwater that started in 2003, as it can be
seen in Villatoro (2010). As the breakwater was built on a regular surface over th@abbelta,
removing the bathymetry associated with these two scour haled nterpolating the remaining

surfacewe can estimate about 430,000%mf sediments have been eroded in about 8 years.
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A fourth scour holeKig. 4c) was identified at the seaside end of the inlet channel at the end of the
northern jetty with an irregular @a of 38,900 rhand a relative deth of 2 m. It is almost parallel

to scour 2 Fig. 4b). In the middle of this feature, we collected the coarsest grab sample (sample
N2,Fig. 1b): the sediment is a very poorly sortedndy graveWith large D50 (2876 ymThe drop

frames show a sandy si#aor abundant covered by shells and small pebbles. No living organisms

were present.
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Figureld: Scour holes and their profiles: (a) the deepest scour hole on lagoon side; (b) the scour holes at breakwater tips;

(c) the mallest scour hole near the northern jetty.

Poolsare distinct depressions in meandering and straight channels and very comman #isaal
environments (poatliffle sequence). Their origin is strictly connected to hydrodynamic processes
(Keller and Mélorn, 1978): inside a channel, near the curve, the current erodes the longest channel
side, deepening the seabed. The pools aralamo scour holes, though more ellipsoidal with lower
relative depth Fig. 8c). Pools are often in pairs with point baw§e identified 3 pools inside the
lagoon tidal channels in the survey area. These pools have the longest axis ranging betweeah 100 an
400 m, the minor axis of about 10 to 60 meters, and a relative maximum depth ranges between 2
and 3 m. They occupy a tosrface of 31,745 fnlnside the northernmost pool, at a depth of 9 m,

we collected a moderately well sorteslightly gravelly sandsample N17Fig. 1b), and the
underwater images show a bare sandy seafloor with vagile fauna such as PaguNadsarius

nitidusand a specimen dAsterina gibbosa
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3.4.1.2. Depositional Features

Dunesoccupy about 4 % of the study aré#83,943 M) and have crests transversally oriented with
respect to the main direction of the current (Ashley, 1990). We found distengfiroups of small

&A1 S RdzySa o0RdzyS FTAStRa0 FyR @SNE fFNHSZ (&L
m to 100 m and height h from 0.02 m to 2 m, respectivElg.(b). By interpolating all the values of

< FYR KX ¢S T2d&/RlI (/KSBNL.48Bsery sinfila 1o ahk KFlethming equation
(Flemming, 200). All bedforms, regardless of the size, epporiented seaward, reflecting the
direction of the ebb tideRig.p 0 @ ¢ KS I NBS&d RdzySa oK I esdp Y
entrance close to the southern jetty (seaside) at a depth ofril@here these bedforms occupy

about half of the nagation channel (Fig3e andi5b). These dunes are out of phaseg bb) with

the most external large dune having a positive conveguioid shape and the internal dune show a
negative convexity lunate shape. The third large dune to the south of thiedh&innel has a straight

shape with an angle of 20° with the main channel direction. All the large dunes are considerably
asymmetric, @arly oriented toward the sea (from west to east); on the stoss side the slope is about
1.2°, whereas it is 20° on tHee side. Furthermore, over the stoss side, some smaller dunes are
ddzLISNRAYLI2ZaSR 6K IT'un OY¥Fgsb)' n YO 2y GKS fINBS

At a ground truth station over the southernmost straight large dune (sample Rigl,1b), we
collectedslightly gravelly and6 5pn I pn >fdiebshotvdd S hddedgendus sandy

seafloor, with small superimposed ripples and a scattered occurrence of loose shells.

Two additional very large dunes inside the lagoon form a doukdbdped feature to the north of

the biggest sour hole, close to inlet entrance at a depth of 6 m (A&fsandl5c). Their wavelength

is 100 m and their height is 2 m. These dunes are also asymmetric, indicating a seaward migration
(southeast), with a stoss side slope of 1.2° and a lee side sbpewH c @ { YI f f RdzySa
m) are superimposed on the stoss side. Close to these dunes, a grab sample of the sediment (sample
N10, Fig. 1b) was collected and analyzed resulting a very poorly satedly grave(D50 = 653

>Y0 @ ¢ KrSmeskRris@alLa sandy seafloor uniformly covered by shells fragments. The
backscatter classification suggests that all the large dunes are covered by the same sediment found

in the sample.
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Figurel5: Dune fields and their profiles: (a) dune field on the seasiddaif@pe dunes near the eastern inlet entrance

(seaside); (c) large dunes near the western inlet entrance (lagoon side).

Point barsare depositional features that form inside channel bend®ethe slipoff slope (Hickin,
1974). One poinbar in the northen part of the study area inside the lagoon has a surface of 40,046
m?, is adjacent to a pooF(g. 8g). This point bar, characterized by a bowed shape, has a relief of
about 3 m on the chanel floor with the main axis of 500 m and a width of 130 m. Teéplts in the

point bar area range between 2.5 m to 5 m, making this area one of the shallowest in the study site.

Ebb and flood tidal deltasare two typical physical elements of tidal inletgth distinctive
sedimentological and morphological propertiebe$e features are concentrations of sand and mud
and reflect the dynamics of ebb and flood currents. These currents are amplified when passing
through the inlet and attenuated where flow smds at both inlet termini. Commonly, the
deposited sediments formroad shoals or deltas (Hayes and Fitzgerald, 2013). Thédeilmelta
genetically related to the Chioggia inlet occupies about 1.85 @@ % of the study area) and is
located at south bthe southernmost jetty at a depth of about 7 m or greateiy(I3; see Appendix),

with a maximum relative height of 3 m with respect to the neighboring area. However, thadsb

delta was eroded in correspondence of the scour holes created by thkjéidflowing around the
breakwater. Several grab samples werdaxied over the ebkidal delta: all the samples are sands
with a small fraction of gravels, with a D50 ranging between 115 pm to 159 um. The mean grain size
in correspondence of these faae increases moving from west to east and from north to south.
The dropframes show a medium sand seafloor with some shell fragments with no living organism

recorded.
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The floodtidal delta covers a surface of 69,018 (@.71 %), is less prominent andétgent was not

fully covered by the surve¥i(g. B). The portiorof the floodtidal delta comprised in the survey area

is located in the middle of the lagoonal sector at a depth of 3 m and it appears like a plain triangular
with the basis in the north sdh direction and one of the vertices towards east shoal. An extens
dredging area interrupts the floetidal delta abruptly Fig.06 A 0 ® CS¢ avYl ff RdzySa

m) are superimposed on the flogdlal delta.

3.4.1.3. Anthropogeniteatures

Rip-rap revetments are artificial rock accumulations used to armorrshiees (Pister, 2009). The

use of these hard structures is increasing in the world to manage and protect the subaqueous
portion of beaches from erosion enhanced by global seallrise. Rigap revetments become a
particular habitat for marine species drtould alter the sediment dynamics of surrounding areas
(Bulleri and Chapman, 2010; Dafforn et al., 2015; Perkins et al., 2015; Aguilera et al., 2017). In the
survey area, rigaps seafloors were mapped around the breakwater and near the jetties. The rock
armoring was placed on the seafloor to protect the MoSE trench from erosion by tidal currents and
bottom sediment transport and are expected to delay the siltation of the themasting the mobile
barrier. These features have an irregular profile compasferioselyspaced reliefs and depressions

of the bottom ig. 8h) and occupy a total surface of 525,937 39 % of the total survey area).

The dimension of the boulders cqmosing the riprap is on average about25 m.

One sediment sample collectedthe inlet channel (sample N2Big. 1b), documents poorly sorted
sandy mudwvith abundant shells. The underwater images show concrete boulders alternated with
partially consatlated muddy patches; abundant presence of algae fragments, encrusting organism

and Ophiothrixsp. One specimen of the cr&achygrapsus marmoratwgas also observed.

Dredging mark€an be defined by the sharp vertical profiles and the presence of inaisie to the
re-profiling machinery, mostly grab and backhoe dredgers. Intihdysarea, these features occupy

a surface of 111,483 hf1.14 % of the total survey area). The marks are clearly visible only in very
shallow waters. The relative depth of tke&cavations is variable, but generally is withia.2 m Fig.

13i).

Mobile bariers (MoSE)epresents the trench for the mobile barriers. Their allocation started only

in 2015 and should be completed by the end of 2019; the trench is easily identifialiieregular
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rectangular shapeHig. 8j). It has longitudinal and transversdimensions of 430 m and 55 m,
respectively. It covers a surface of 23,199(th24 %) and shows a mean vertical profile of 10 m. At

the bottom of the trench the seafloor appeastrongly cemented.

3.4.1.4. Biogenic features

Seagrass patchdsave speckledound/ellipsoidal shapes, slightly in reliégfig. Bk). These natural
features are located along the souttest tip of the lagoon, at a depth of25 m and occupy a
restrictedsurface area of 13,168 1fabout the 0.14 % of the study area) The dfogmesshow a

muddy substratum partially covered by seagrass meadows. The dominant species in this area is
Cymodocea nodos@Jcria) Asch. The shape and extent of the meadows oveN#race Lagoon

have changed over the past decades, however it is quite staldeaghort period of time (Curiel

et al., 2014). Th€ymodocea nodosa a suktropical species and during winter it loses most of the
foliage. After December, only rhizomes and some leaves can be observed (Rismondo et al., 1997).
The acoustic data in théhioggia Inlet were collected in October and November, within theiepe

vegetative period. Therefore, the observed patches represent the full extent of the meadows.

3.4.2. Ground truth samples analysis

3.4.2.1. Sediment grain size

We analyzed a total o44 samples, subdivided between open sea, lagoon and the inlet channel
(Appendix). The range of median diameters is broad and change from 60.3 um to 2.9 mm. Most of
the sediment is classified as sand; however, in few samples, mudwel @f biogenic orig prevail.

In detail,slightly gravelly sant the predominant size class. Gravels were also found (wsdnay
gravelsamples). Only 2 samplegre in the mud classlightly gravelly sandy midOn the seaside,

there is a high peentage of sand andlso abundant mud. Inside the inlet there is less sand and
more gravel. Inside the lagoon, mud increases toward the shallow water salt marshes, whereas

gravelly samples occur inside dredged channels.

Few samples are dominated by thearse fraction (> 2 mm)This coarse fraction consists of
bioclasts, mostly shell fragments, especially belonging to bivalve or gastropod mollusks. Other
organic material, like wood fragments, is present in low quantities, except for N5 sampledgsée

for the sample locatin). Nonbioclastic grains are not abundant, except for sample N18.
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Sorting of the sediment samples is strongly site dependent within the study area. All seaside
sediments are welsorted or moderately welsorted, except for sample ND which is poorly
sorted. On the contrary, inside the lagoon and along the inlet channel the sediments show a high
degree of variability, with the sorting index varying between very pesolyed to wellsorted. The

least sorted samples consisted of sedims with a lower coregnt of sand: where mud or gravel is
abundant the grain size variability is larger; indeed, the very pemited samples (N2, N6, N10
and N12 inFig. 1) are sandy gravels or gravelly sands. Sorting correlates with increasing sand

content.

3.4.2.2. Seaflor images

Several benthic taxa, characterizing the various habitats, both alive specimens (mainly
epimegabenthos) and empty shells, were recognized from underwater images (Appendix). Although
some species occur in large abundance, thenber of observed tea remains relatively low,
summing to a total of 37. The seabed lacks of macrophyte cover, with the exception of some
seagrass patche€ymodocea nodogélcria), Asch), easily recognizable also from MBES data in the

westernfringe of the lagoon, and red/lbvn algae colonizing the central inlet Higp.

In 11 out of 19 stations, we observed living organisms, most commonly theCenainus aestuarii
the gastropod\Nassarius nitidysActiniaria and Paguroidea, mostly on sandytfdy sediments and
over seagrassneadows. The stations with coarse sediment and shell fragments presented a low
number of living organisms. In the deepest stations, samples N18 and-i2R), characterized by

boulders or pebbles, aggregates of the theitstar Ophiothrixsp. coveredhe seabed.

Empty shell remains belonging to the thanatocoenosis were identified in 14 out of 19 stations,
mostly Bivalvia, and in particular Veneridae, Mytilidae, Pectinidae and Ostreidae. Among

gastropods, we mostly obsezd Nassarius nitiduand Bittium sp.

3.4.3. Backscatter classification

The recorded backscatter ranges freé8.54 dB to 4.64 dB-(g. 6); some outliers (visibly associated
with artifacts) are probably connected to errors during registration or conversibe backscatter
data are chaacterized by a Gaussian distribution, with a meanr24f20 dB and a mode e25.85

dB. The associated standard deviation is 3.22.
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high intensity-24.63 +20.90 dB (SGS); very high intensity26.90 dB (SG_GS).
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Figurel6: Backscatter classified in four sediment classes with the Galgksithm: Slightly Gravelly Maly Sand_Muddy
Sand_Slightly Gravelly Sandy Mud (SGMS_MS_SGSM) (brown), Sand (S) (beige), Slightly Gravelly Sand (SGS) (light greel
Sandy Gravel_Gravelly Sg&f5_GS) (dark green), corresponding to very low backscatter inter2By0&dB; medium

low backscatter intensity:28.07/-24.63 dB; mediurhigh backscatter intensity24.63/~20.90 dB; very high backscatter

intensity: >20.90 dB, respectively.

3.4.4. Backscatter classification accuracy

Many measures exist to verify the accuracy of a clasdtficgirocess. One of the most popular is
deriving the confusion matrix and counting the percentage of correctly allocated cases (Foody,
2002). This techniqueyeated for land using research, provides the assessment of the accuracy of
amap using two diff @y i LIR2AYyda 2F GASGY dzaSNRA | YR LINEP

reliability of the classification (i.e. the probability that a pixel on a map actuallsesepts that
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category on the ground) and how well a certain area is classified, respectively §8tbCongalton,

1986). Furthermore, an overall accuracy can be derived from these tables.

¢ KS dzyadzLJSNIDAASR WSy1aQ Of | &zRFiledtifying cdnecthid82 ¢ A
stations on 44 totals (Tal). The used method achieved reasbleaccurate predictions of coarser
ASRAYSyGa o{DyD{ FtYR {D{ OflaaSavoe | 2gSOSNE
classes S and SGMS_SM_SGsparticular, the presence of class S is overestimated with respect

to reality. We can only spatate that the false stations are probably located in unclear backscatter
patches, where there is coexistence of classes. The low accuracy could also sk tee ke low

number of collected grab samples of this seafloor type.

Tablell: Confusion matrifor the backscatter classification in the study area.

Ground-truth samples Total Producer |User accurac
SG_GS| SGS S SGSMS_MS_SGSWM classified | accuracy (%) (%)
SG_GS 5 0 0 1 6 100 83
Classified SGS 0 22 0 1 23 81 96
samples S 0 5 2 4 11 100 18
SGSMS_MS_SGYmM 0 0 0 4 4 40 100
Total ground-truth samples 5 27 2 10 44
Overall Accuracy (%) = 75

3.4.5. Benthic habitat classification

Habitat classes are related to the sediment composition, which influences the backscatter signal.
The habitat classeoarse shell detritusSand with sparse sHaletritus Bare sandand Muddy
sedimentat the seaside were defined using the backscattassification supported by the sediment
samples data and the classified seafloor images (Figadi8). Each benthic habitat is characterized

by specific biotideatures specified in the description Big. V.

However, the information from the backscatter intensity alone can sometimes not be enough to
differentiate all target habitats (see e.g. De Falco et al., 2010; Lucieer et al., 2013). The habitat
classegAtrtificial rock bedand Seagrass meadowsere isolatel also using morphbathymetric
attributes, like bathymetry itself and ruggednedsg. B) and theArtificial rock bedpresented
indeed very high ruggedness values and a distinctive backscatter patteractérdzed by chaotic
patches, whereaSeagrass nadowswere visible in the bathymetry and showed medium to high
ruggedness values confined in circle/oval shapes.

The clastagoon mudflatvas defined using both the classification of the backscatter anthef
morphological classification: the lagoon angah lowest values of backscatter, as well as the tidal

point bar and flooetidal delta were grouped into this habitat class.
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Class

BS range
(dB)

Original BS

Classified BS

Drop-frame

Description

1 - Coarse
shell detritus

>-20.90

Seafloor completely covered by
coarse shell detritus, D50 typical
of gravels, poor sorting, scarse
vegetation cover. Observed biota
includes both infauna and
encrusting epifauna (such as
Serpulidae and Actiniaria).
Occasionally dense Ophiothrix
beds are observed.

2 - Sand with
sparse shell
detritus

-24.63 +-20.90

Coarse sand seafloors with
sparse shell detritus and
moderate sorting, vegetation
absent. Infauna and vagile
epifauna (such as Carcinus
aestuarii and Nassarius nitidus )
prevail.

3 - Bare sand

-28.07 = -24.63

Well sorted sand seafloors,
absence of coarse fragments and
vegetation, D50 typical of medium
sands. Epifauna rarely observed.

4 - Lagoon
mudfiat

<-28.07

Very well sorted fine muddy, poor
presence of shells. Typical
mudflat sediment. Significant
vegetation cover (mainly Ulva
sp.). Observed taxa include vagile
epifauna (e.g. Carcinus aestuarii
and Nassarius nitidus ).

5 - Muddy
sediment

<-28.07

Very well sorted fine sediment,
absence of coarse fragments.
Significant vegetation cover
(mainly Ulva sp.). Observed taxa
include both infauna (e.g.
Echinocardium cordatum and
Veneridae) and vagile epifauna
(e.g. Carcinus aestuarii).

6 - Artificial
rock bed

Variable

Riprap seafloor characterized by
rocky substrata with small mud
patches. Presence of macroalgae,

encrusting and vagile epifauna

(e.g. Pachygrapsus marmoratus).

Occasionally dense Ophiothrix
beds are observed.

7- Seagrass
meadow

Variable

Well sorted fine sediment covered
by seagrass (Cymodocea
nodosa) . Diverse infauna and
epifauna assemblages.

Figure I7: Schematic description of the habitat classes with their backscaitgral, classified backscatter and

correspondingeafloor image.
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Figurel8: Benthic habitats in the Chioggia inlet, where the dark blue class represents Coarse shell detritus, the light blue
Sand with sparse shell detritus, the yellow Bare sand, the tettlivlsediment, the grey Artificial rock bed ahd green
Seagrass meadow, respectively. The pie chart shows the relative surface occupied by each benthic habitat class with

respect to the total study area.

3.4.5.1. Class 4 Coarse shell detritus

The man feature of this habitat is the thick layer bfogenic detritus composed of coarse shell
fragments which covers completely the seafloor, masking the underlying sediment (se&atrap
image inFig. 7). The shells can have a different degree of cemématind variable fauna
colonization. The assote textural group is usually sandy gravel, with very high D50 and very poor
sorting. Mud content is typically missing. Coarse shell detritus is very variable in terms of species
composition: it includes mobt bivalves such a€hamelea gallinaVenerupisaurea Mytilus
galloprovincialis Ostreidae indet. and Pectinidae indet., but also gastropods, sea urchins and
decapod remains. Occasionally, the brittle s@phiothrix sp. is very abundant and covers
compldaely the seafloor. Observed living organismslude some bivalves and hermit crabs
(Paguroidea indet.). Moreover, the coarse and partly cemented detritus behaves as a hard
substratum allowing the colonization by epibionts such as Actiniaria indet. amullfke indet.
Sometimes macroalga&lfvasp.) and seagrass fragments are observed.

This class occupies 821,693, me. about the 8.42 % of the study areRig 8), and is placed

especially along the inlet channel and in the northern part of the lagatwereas in the open sea it
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is less represented. This class is frequently located neaapiand as well it is sometimes difficult

to distinguish it from the clasArtificial rock bedThis substratum often fills concave morphologies
(i.e. scour holes angools). It is not completely clear if these bioclastic debris are transported by
the currents from the surrounding area or if they are a deep ancient sedimesesuiently exposed

by current erosion. This kind of seafloor cover is usually related todagkscatter value due to the

strong reflectivity of shells (Stanic et al., 1988; Yu et al., 2015).

3.4.5.2. Class 2 Sand with sparse shell detritus

This is thamost abundant habitat in the survey area with a surface area of 4,495,740fim nc ®np
andit is distributed almost everywhere, with the exception of channel (in light blut&gn8). The
slightly gravelly sand group dominates the substrate type sfttass. High percentages of bioclastic
detritus (mostly mollusc shell fragments) are ofteregent (see drograme image irFig. ¥). Mud
content is low. The sorting is usually moderate. The most common cast shells remains include
Bittium sp., Chamelea glina, Solenoidea indet. antytilus galloprovincialis Live individuals of
Asterina gibbosaCarcinus aestuarand Nassarius nitidukave been observed. This class is often
found in correspondence to dune fields, scour holes and pools. This substratumeaium to high

values of backscatter, depending on the shell density.

3.4.5.3. Class 8 Bare sand

This is the second largest habitat class in the study area with 3,105,868fm oM ®y H 30 |
located almost exclusively on the seaside (in orangd-im 8). The associated sediment is
consistently sand, with very low percentages of othigedractions. The underwater images show

a bare homogeneous seabed, with very welitead sands usually arranged in small ripples (few
centimeters of height). There is a paucity of observed epifauna and vegetation cover. Biogenic
detritus is typically m&ng. This habitat is usually not connected to any large bedform and the

backscattersignature is medium to low.

3.4.5.4. Class ¢ Lagoon mudflat

This class includes all the mudflats inside the lagoon basin (e.g. Sarretta et al., 2010) and occupies
206,02MO0F HoOMM 2 2F GKS &aiGdzZRé I NBIFO® ¢ Kialowas LIA Ol
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than 4 m (in yellow iffrig. 8). The backscatter signature is typically low, but patches with medium
high backscatter reflect at places the presence of shgblodiés or dredging marks. This habitat
characterizes also the tidal point bars and the flamthl delta. The collected sangd are very well

sorted muddy sediments, with poor presence of shells. These muds are very dense and with a plastic
consistency. Oderved taxa include lagoon vagile epifauna (€grcinus aestuarand Nassarius
nitidus). This substratum presents sparsacgroalgae (mainlylvasp.) and a benthic diatom film is

frequently observed.

3.4.5.5. Class § Muddy sediment

The Muddy sedimenhabitat occupies 582,265 F p ®ddpc 22 2F GKS adz2NBSe
mainly on the marine side of the study areargl&el to the coastline and starting at a depth of about

14 m (in red irFig. 8). This habitat belongs to the terrigenous muddgisgents found in front of

the Venetian coasts (Albani, 1988). The substrate in this class is mostowed muddy sandsro
sandy muds, with low D50. The percentage of shells fragments is often very low. A benthic diatom
film is frequent. This class has high number of observed species, including in some cases
macrophytes. NoticeablyJlvasp. is found on the marine side tier free floating or attached to

the thanatocoenosis. Observed zoobenthic taxa include both infaunagehinocardium cordatum

and Veneridae) and vagile epifauna (e.@rdhus aestuarni This is the class with the lowest
backscatter intensity, cleariydicative of fine sediments. No bedforms are associated with these

seafloors.

3.4.5.6. Class 6§ Artificial rock bed

This habita class occupies a surface of 537,045a0F p ®pn 2 2F GKS &addGdzRe
with the seafloor covered with ripap. It is distributed along the jetties, the breakwater and in the
middle part of the inlet channel (in greykig. 8). This class often coincides with the borders of the
surveyed area, due to safety constraints to the survey boat navigation. The undeimwaiges show

an irregular seabed with numerous boulders (tetrapods) alternated with muddy sediment patches.
A thick layer of bioconcretion, mostly oysters and ttelding worms belonging to Serpulidae,
covers the hard surfaces. Macroalgae suclulssp. are also presenOphiothrixsp. are present

in high number, sometimes covering the entire available surface. Poorly sorted sandy mud, with the
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presence of several encsted shells, has been collected from the small patches between the
boulders. The badkatter values associated with this habitat are not uniform, due to the alternate
presence of rocks (strong backscatter) and muddy patches (low backscatter). Probattiyident
biological coverage is also affecting the backscatter signature (De Fallcp2&10; McGonigle and

Collier, 2014). This habitat has high values of ruggedness that was used to isolate this class.

3.4.5.7. Class T Seagrass meadow

This habitatclass, the smallest in the survey area occupying only 13,252 n ®mo 30 = NI
the seabed with seagrass cover. It is located inside the lagoon, at depths shallower than 3 m, near
the Chioggia harbor (in greenfiig. 8). The species Gymodoceaodosa(Ucria) Ascherson, which,
together withZostera marind.. andNanozostera noltiHornemann, make up most of the seagrass
prairies over the Venice lagoon (Curiel et al., 2014). Seagrass meadows are a valuable habitat,
providing several ecological fuimans, such as primary production, oxygenation, nutrient
absorption,sediment stabilization and protection against erosion. These habitats are shelter and
feeding ground for a rich and complex community.

The collected images show a well sorted fine sedimsmafloor with some seagrass leaves, some
shell fragments and macaigae, such abllva sp. Since the grounttuth images were collected
during winter, the observed canopy @lymodocea nodosameadowswas reduced. The recorded
benthic community, both vagiland sessile, is often abundant. Also in this case, ruggedness has

been used to identify this habitat.

3.4.6. Anthropogenic objects

The analysis of high resolution bathymetry (0.2 m) allowed the visual identification of punctual
anthropogenic objects plad voluntarily or not on the sea bottom. We mapped a total of 541
objects, grouped into 7 different categorieBig. ). The most common described objects &Kip

rap debrisand Bricola(wood piles used to delimit the navigation channels) (in yellow aeg o

Fig. 9, respectively). Most of the objects were found insile lagoon and along the inlet channel
and close to the breakwater, whereas the deeper sea area showed less objee{s blue inFig.

19), commonly used as fenders by boats, &miola elements were localized exclusively inside the

lagoon, whereasithe deeper sea areRiprap debrisprevailed. We found three wrecks (in purple
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in Fig. 9) inside the lagoon and in the inlet channel. The bathymetry highlighted the presence of a

few cables and poles (in red and light blueHig. 9) on the seafloor.
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Figurel9: Anthropogenic objects identified in the study area. The pie chart in the upper right corner represents the

percentage number of each object type with respect to the total nuroberapped objects.

3.5. Discussion

3.5.1. Tidal inletseafloor features and sediment distribution

The construction of theeasidebreakwater, built between2003 and 2006most likelysignificantly
changed thehydrodynamic configuration of the flow asqulicted by Ghezzo et al. (2010). The

changes are schematlly summarized in Fig 10.

The water fluxsplits intotwo jets: the main one parallel to the inlet channel exit witinection west

east and a secondary one that heads soutie marrowing of the itet section to provide space for
auxiliary MoSHnfrastructures, i.e. navigation locks and refuge harbours on the northern jetty and
technological buildings at the start of the southern jetty, increased the flow velocity (Ferrarin et al.,
2015 and referenes therein) Fig. 10). As a direct consequenca, general coarsening of the
sediment distribution seems to have occurred inside the inlet channel (Fgand I10). By

comparing our classified BS maps with the results described by Villatoro (2010ywdeafdelt of
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shelly sediments exiting the inlehannel that was not present in 2008 (FitgsandI10). Similar

coarse shell detritus patches were already observed in the North Venice Lagoon by Montereale

Gavazzi et al. (2016). Close to the Chioggia ahlannel, the only regions with a finer sedimeme

located in the southern part of the study area on the lagoon side and in the area protected by the

breakwater at the inlet front (yellow and red classe&ig. 8). Over the residual ebtidal delta, vwe

find predominantly the clasSand with sparsshell detrits (light blue irFig. 8) whereas sandy and

fine sediments are dominant in the seaward side of the study area (orange and red claBges in

18).

The three scours shown kig. Ba andrFig. 8b have different sediment distribution$(g. 8): coarser
a 02 dandpsé shyll2dbtiiivartsl Sand with $pérse GHRIE | & &

aSRAYSy(d a4 GKS

detritusd YR FAY SNJ

lj

0 KB&re sauill2ddzNIRA] KaA2YdzOGKKSSNY/Ea CERAdRNSE ¢

tips Fig. Bb) the backscatter signal highlighthe presence of mainyand with sparsshell detritus

(Fig. b).
ﬁ \ Before MoSE construction
Lagoon
— —— ©Vortex? Sea
Vortex Ebb tlde fl
©) - — o I Waves
—p —
m/ — Tides
\
Sandy seafloo
ﬁ; After MoSE construction
New MOoSE structures Shelly seafloor
Shelly searioor
[ \\' ‘@Vortex?
@Vortex — P”mary.let Waves
Ebb Vortex> —
_______ tide flow ©) Tides
\
Narrowing 03* New
deepening @40 breakwater
armoring
) Secondary jet

Figurel10: Schematic summary of the dominant processes in the Chioggia inlet before (top) and after (down) the

construction of the MoSE hastluctures.
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The presence of the graviglction, i.e. shell detritus, could be related to a) the deposition of shells
transported by the currents from the area surrounding the scours, or b) the erosion of a deep
ancient fine sediment rich in organic deétrs buried by the ebitidal delta, leavng the coarser and
heavier shells at the bottom of the scours and forming a sort of armoured bed.

The internal lagoon scour is considerably older than the scour holes at the breakwater and its
presence is documentealready in the historical military hydsimpographic map of Denaix of 1810

ca. (Magrini 1933). The sediment distribution is likely related to the action of the currents which is
stronger in its northern partwhereas its southern part is closer to an ardadeposition, rich in
muddy sediment.

It is likely that, these depressions eroded the deep silty clayey sediments at the base of the ebb
tidal delta (sample N110). This material coalsio belong to the prodelta Holocene sediment facies
deposited in a mane-lagoon environment with abundant fst water inputs coming from a paleo

river Brenta (Zecchin et al., 2008). During marine transgression events, the river delta moved several
times. Zecchin et al. (2008) found this sediment at a depth 2@k in thecore LICNR collected

in the area now ocupied by the breakwater.

Scour holes around breakwaters have been observed globally (e.g. in J&a&m et al., 1968,
Katayama et al., 1974; in The Netherlar@®oelvink et al., 1999; in the U:S.illycrop andHughes,

1993). Processes leading to tfeemation of scour holes around hard coastal structures have been
extensively studied mainly on the basis of tank experiments (Sumer and Fredsge, 1997; Fredsge and
Sumer,1997; Sumer et al., 2001; Noormets et al0620Fredsge and Sumer (1997) invesgagan

a tank experiment the scouring at the round head of a rubhleund breakwater (similar to our

case) using regular waves. They found that the major mechanism responsible for the scouring was
the formation of leewake vortices in each half period ofglvaves. The scouring process, governed

by the KeulegaiCarpenter number defined in eq. 6 of Sumer and Fresge (1997):

06p—8,

where B is the base width of the breakwater head and L is the width of the protection layer on the
seafloor Fig. ba). Larger values d{Cimply the forming of larger scour holes. In our case with B =
60 m and L = 40 m, we obtadKC= 1.15. This value &fCcorresponds to a separated flow regime
with no formation of a horseshoevortex in front of the breakwater. In th flow regime, a legvave
vortex forms close to the structure (Sumer and Fresge, 1997). The depth of thelsdesrwas

likely substantially enhanced by the presence ctltectional currents that contribute to the wave
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action. In this setting, largeale vortices generated at the breakwater tip could increase the
transport capacity of the flowHjg. 10).

Sedinent from most of the dune fields fall inside the clas§&sarse shell detrituand Sand with
sparse shell detritud.ooking at the classified tiescatter, however, it is possible to distinguish a
repetitive pattern of sediment distribution with the clas&3GS in the troughs and the class SGS
over the crestsKig. 11). This sediment pattern is related to the larger energy that is necessary to
remove the coarser sediment from the troughsid. 11). Feldens et al. (2015) found higher side
scan sonar backsttar intensities between dunes in the dune fields close to the Fehmarn Island in
the southwestern Baltic Sea in water depths between 12 m aBdr2 In deeper waters between

60 m and 110 m, on the outer Murcia continental shelf (western Mediterranean Baggn et al.
(2017) found that the backscatter imagery of a dune field extending from Cape Cope to the Aguilas
submarine canyon displayed highatensity values on the crests and lower intensity values on the
troughs. The contrasting sediment patternsuttbbe related to the bdirectional nature of the tidal

flows in the case of the Chioggia inlet and to the flow reversal within the Fehmarm Bie¢ Baltic

Sea or possibly to the combined action of the waves and currents. A similaoargiation betveen
bathymetry and backscatter values is found also for a sand wave field in the Cook Strait in New

Zeeland (Lamarche et al., 2011).

Bathymetry

mw -5.4m
-6m

Sediment

Bl SG_GS
1 SGS

B S

B SGMS_MS

0 10 20m

Figurelll: Bathymetry and sediment distribution of a dune field in the Chioggia inlet with Sandy Gravel_Gravelly Sand
(SG_GS) in the troughs and Slightly Gravelly Sand (SGS) over the crests.
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The relationship between the wavelength and height of the ideadidunes is consistent with the
SYLANROIE NBfIFUGA2YAaKALl F2dzy R 0Ga.130Wh&EY YA yATR  OUMKdDy

wavelength and h the dune height with the correlation coefficiehtR.84.

Amos et al. (2010) showed that the sandkfttirough the inlets is dominated by béalad transport.

The strong asymmetry towards the sea of all dunes found istin@y area is related to the direction

of the residual currents (e.g. Fraccascia et al., 2016) and it suggests a net seawiaabltexhsport

and a predominant influence of the ebb tide current. This is in agreement with the results of Ferrarin
et al. (D15) who found in the last 70 years an increased amplitude of the major tidal components
and a shift of the Venice Lagoon tidal asymmeétwards ebb dominance. Particularly, over the last
few years, they observed an enhanced ebb dominance over the wagb®ih to be related to the

recent reduction of the inlets crossectional area.

3.5.2. The anthropogenic impact on tidal inlet benthi@bitats

The human influence on the coast is stronger than in other regions of the Earth given that more
than 40 % of tk world population lives in coastal neighborhoods (Small and Nicholls, 2003; Ouillon,
2018).1t is indeed recognized that human actiggican be a morphogenetic process (Marriner et

' f ®> HAMHT Y202 ReZa 0171 PdeseNRALHnd fcan inffuéhcettre $nais y =
characteristics of an estuarine environment such as the tidal prism (Kerner, 2007; Winterwerp et
al., 2013), theurbidity (Rapaglia et al., 2011; Winterwerp et al., 2013; Rodrigues et al., 2017), the
sediment budget (Syvitski et al., 2005; Wang et al., 2007; Sarretta et al., 2010; Zhu et al., 2016), the
erosion rate (De Roo and Troch, 2015; Zaggia et al., 201 Ahanmdorphodynamics itself (Jeuken

and Wang, 2010; Mongéanuzas et al., 2013).

The Chioggia tidal inlet represents an example where humdnced morphological processes have
radically changed the seafloor over tini®y comparing the bathymetric data caltedin 2013 and

the previous complete bathymetry of the lagoon collected in 2002Y-CVN, 200% we observed

three main processes ongoing in the Chioggia inlet (Fi§sandl12): a) the main inlet channel
experienced severe to extreme erosion likelyedathe increased flowKig. 12), and in some parts

of the inlet channel the deepening was due to the dredging and the seafloor armouring associated
with the MoSE constructions (Figg, 13i, 13}, 110 andl12); b) a strong deposition occurred in
correspnderce to the floodtidal delta (Figsl3 andl12), the large dunes (Fid8e,13f andl12) and
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the large internal scour hole (Fig8a andi12); c) large scour holes formed around the breakwater
tips that were not present before the breakwater consttioa as documented by Villatoro (2010).

In addition, deposition of fine sediments is occurring inside the area protected by the breakwater
(Figs. 16 and 8).
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Figurel12: Bathymetric difference between the 2013 and 2002 dataset

As observed bgarretta et al.Z010), a generalised erosive process affected the central basin of the
Venice Lagoon, with consequent loss of sediment by deposition into the channel network and/or
seaward dispersion through the inlets. The southern-Babin of the lagoon drained by theChioggia

inlet is less affected by this process compared to the Malamocco area (Sarretta et al., 2010). Yet, it
is possible that part of the sediment eroded from the lagoon floor is transported to the Chioggia
inlet, partly depositing onhte floodtidal ddta, on the large dunes and in the internal hard structure
scour hole and partly transported outside the inlet into the dlutal delta region.

Within the tidalchannel inlet, the erosive process already observed by comparing the historica
maps of 1927 ath 1970 by Villatoro (2010) is still actived. 12). The resizing of the inlet channel

and the dredging operations within the MOSE project are very likely responsible for the deepening

of the channel and a general increase of the curregibcities insié the channel inlet, as already
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predicted by the modelling study of Ghezzo et al. (2010). Villatoro et al. (2010) found a deposition
trend in the inlet approaching the southern jetty (frohO m in 1927 te4 m in 2006). The 2013
measureowever show a neewed erosive trend in that area.

By comparing our data with the sediment distribution of 2006 by Villatoro et al. (2010), we observe
that the grain size of the inlet seafloor has increased with dense shell detritus deposits often
dominating.

The ebbtidal delta started to form after the end of the jetties construction, continuing its deposition
process for half a century (Brancolini et al., 2006; Fontolan et al., 2007). After the construction of
the breakwater (2002006), the erosive prass started in jst a few years forming large scours at
the two breakwater tipsThese scour holes could even endanger the stability of the breakwater
itself by undercutting its base. In addition, the load of the new structures that will support the MoSE
has increased theubsidence rate, showing a deepening up to 40 mm/year in some emerged sectors
of the inlet (Tosi et al., 2013).

The benthic habitat classes are characterized by specific seafloor composition and morpho
bathymetric attributes, strongly depalent upon hydrognamics and morphodynamics. These are
major ecological factors for the highly dynamic lagoon inlets determining suspended sediment
transport and deposition, oxygenation, saprobity, etc., which overall influence benthic communities
recruitment, structure am functioning. Hydrodynamic alteration can indeed strongly modify
benthic habitats and communities and their natural succession (e.g. Ashley and Grizzle, 1988;
Blanchet et al., 2005; Pranovi et al., 2008; Tagliapietra et al., 2012).

Most o the described hbitats, as well as their general spatial succession from the lagoon seawards,
are well documented for the mudflats of the Venice Lagoon and the coastal area. The tidal channels
and inlet habitats instead are still almost unexplored angittiventhic asseflages were described
extensively only by a survey carried outli®301932(Vatova, 1940; Vatova, 1949n this survey,

the Chioggia inlet was not described in detail. Later studies and monitoring efforts on the benthic
assemblages foced mostly on themudflats, with the exception of a few studies of limited spatial
extent (e.g. Occhipirthmbrogi and Gola, 2001)

The map shown ifrig. 8 represents the first extensive full coverage map of tidal inlet benthic
habitats in the Venice Lagoon. In particulae observed a mamade habitat, here nameAirtificial

rock bed(in grey inFig. 8). This hard substratum habitat class, that occupiesua 5.5 % of the
study area and is found in correspondence to the jetties anerap hosts a diversified and

structurally complex biological community, in marked contrast with the adjacent habitats. In fact,
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nearly all the hard substrata in the west sb@f the northern Adriatic Sea are atrtificial. The recent
works at the inlets have greatly expanded this habitat, amtipular by filling a 400 meters long
section of the channel seabed continuously from side to side.

Several studies have been carried globally on artificial reef habitats, which are a consequence
of increasing human coastal urbanization and coastalqation from sea level rise and should be
considered a main driver of change in coastal environments (e.g. Chapman, 2003; Bulleri and
Chapman, 2004, Pister, 2009; Bulleri and Chapman, 2010; Perkins et al., 2015). However, this trend
does not necessarilgpresent a negative impact on the ecosystem. Artificial hard substrata over an
otherwise softsedimentary seabed increase habitat hetesogity, therefore enhancing
biodiversity (Turner, 1989; Williams, 1964). They increment the spatial complexity asdrfaee
available for colonization of benthic communities (Svane and Petersen, 2001) and play as refugia,
feeding grounds and nursery a® for fish populations (Brickhill et al., 2005; Clynick et al., 2007).
Their ecological function, however, may diftemsistently from natural rocky habitats (e.g. Ferrario

et al., 2016) as well as from the pegisting sandy bottom (Bulleri and Chapmaa10). Although

the artificial rock bed, recently deployed on the inlet seabed, is not particularly extended compared
to the other habitats, impacts from habitat fragmentation and loss of connectivity cannot be
excluded. Moreover, artificial substrata mpyomote the settlement of noindigenous species in
comparison to a sofsedimentary environment (Wasson et al., 20@asby et al., 2007). This issue
deserves particular attention given that the Venice Lagoon is a hotspot femaigenous species
within the Mediterranean Sea (Occhipi#tmbrogi et al., 2011). More ecological research is needed
to verify the ecologicalole of this habitat for the whole system and to understand its evolution.
Dredging is also responsible for significant ecological itspéeg. Van Raalte, 2006; Monge
Ganuzas et al., 2013; Van Maren et al., 2015). In many cases, this activity ine@e@asedmental
deterioration, by changing the pattern of hydrodynamics, augmenting salinity stratification and
resuspending muddy sedimesjtpollutants and nutrientd\Newell et al., 1998; Teatini et al., 2017)

In this study, we identified 111,483%of dredging surfaces (about the 1.14 % of the study area),
located exclusively in the shallow lagoon basin. Dredging may have important censeguor the
ecosystem functionality due to direct hydrodynamics and morphology alterations (Cozzoli et al.,
2017). Dedging can modify the natural development of the lagoon geomorphology (Healy et al.,
1996): for example, as previously mentioned the wastrgin of the flooetidal delta is sharply cut

by the presence of a dredged canal. This physical element that sheuidog an important and

structured shape (Hayes and Fitzgerald, 2013) has been seriously resized to just 69,018 m
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Furthermore, the presnce of dredging channels near mudflat and salt marshes, can limit the

spreading of seagrass meadows, strongly depehdearthe depth gradient (Paulo et al., 2016).

The anthropogenic submerged litter and abandoned fishing gear are an emerging issue for the
society and for marine sciences: however, most of the available researches are based on
photo/video surveys (e.g. Sahihg et al., 2013; Pham et al., 2014) or amples collected by seabed
trawling (Kammann et al., 2017; Grgsvik et al., 2018; Maes et al., 2018; Madricardo2ét.§).,
being mainly focused on plastic/glass rubbles. This study also confirms that MBE% sian be a

useful aid in mapping the dengitlistribution of macrditter and wrecks in shallow coastal areas.

3.6. Conclusions

Through the combined analysis of MBES and ground truth data, we constructed high resolution
maps of the seafloor morphologgediment distribution and habitats of thedhily human modified

Venice Lagoon tidal inlets.

We found 10 distinctive erosive, depositional morphological features, 4 sediment classes ranging
from muds to sandy gravel and 7 benthic habitats among w&ardwith bioclast§46 %) andare

sand(32 %) were dominant.

Then, we assessed the direct and indirect modifications induced within the tidal inlet by a new grey
infrastructure, the MoSE systersiill under construction to protect the historical city of Vemiand

the other lagoon islands frorioods. Specifically:

1) We documented that a general coarsening of the sediment distribution has occurred inside
the inlet channel likely due to the increased flow velocity inducedhaynarrowing of the
inlet.

2) All dunesmapped in the tidal inlet are markidy asymmetric and seaward oriented, showing
a net ebbdominated bedload transport.

3) The mechanism of flow separation induced by the construction of the breakwater results in
rapid erosion around the structuref 430,000m? of sediment in 8 years, threatemg the

stability of the structure.
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4) The armoring of the tidal inlet channel seafloor with the-rgp revetment placed near the
mobile barrier lodgments introduced a new habitat, calkdificial rock bedexploited by

hard substrata benthic associations.

The proliferation of a variety of built grey infrastructures (breakwaters, seawalls, jetties and pilings,
mobile barriers, etc.) and anthropogenic activities in the near shore estuarine and marine waters
callsfor a compehensive assessment of their impaxct the seafloor to support a knowleddmased
management of the coastal environment. The multidisciplinary approach described in this work can
be applied to study the consequences of ggstantial transformation of catal landscapes that

is taking placein response to urbanization and sea level rise and consequent engineering

intervention on the coastal systems.
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3.8. Appendix

TablelAl: Grain size of the sediment samples collected from the grutidstations.Sorting and skewness are referred
to um unitscale.

GRAPHICAL | GRAPHICAL
0| d 0 0 0
SAMPLE | LON (°E) [ LAT (N) [% GRAVEL| %SAND | %MUD |DSO (um)| g o™ [ e TEXTURAL GROUP DESCRIPTION
N2 12.316294| 45.232519|  55.07 44.57 036 | 2875.84 5.66 023 Sandy Gravel Bimodal, Very Poorly Sorted,
Fine Skewed
N3 12.328111|45.230830|  0.05 99.79 0.16 269.36 131 -0.30 Slightly Gravelly Sand U”'moda"svl\(':\','veslf"ed’ Fine
N4 12.316463| 45.226414|  0.62 98.95 0.44 150.74 172 0.33 Slightly Gravelly Sand Bimodal, Moderately Sorted,
Very Coarse Skewed
N5 12.320368| 45.229442|  0.08 89.74 1019 | 121.06 1.64 -0.16 Slightly Gravelly Muddy Sand U”'m“’da'l'in“gogss\}sg’ Sorted,
N6 12.283275| 45.230016|  43.43 56.35 0.23 514.74 4.75 0.48 Sandy Gravel Bimodal, Very Poorly Sorted,
Very Coarse Skewed
. Unimodal, Moderately Well
N7 |12.286210|45.230302  1.67 98.16 017 242.31 152 0.24 Slightly Gravelly Sand Sorted. Coarse Skewod
I\ 12.283082| 45.227241|  0.07 64.72 35.20 87.39 2.07 -0.30 Slightly Gravelly Muddy Sand | Bimodal PS";’;LVV;O”Ed' Fine
N10 | 12.285880(45232035| 43.96 55.85 0.19 653.21 6.32 0.44 Sandy Gravel Bimodal, Very Poorly Sorted,
Very Coarse Skewed
N11  |12.312171|45.220774| 1.50 98.50 0.00 547.11 1.50 007 Slightly Gravelly Sand Unimodal, Moderately Well
Sorted, Symmetrical
N12  |12.310500 (45232003 24.13 75.80 0.06 521.34 413 0.71 Gravelly Sand Bimodal, very Poorly Sorted,
Coarse Skewed
N13  |12.283579(45236032| 1.96 97.99 0.06 289.89 1.29 -0.05 Slightly Gravelly Sand Unimodal, Well Sorted,
Symmetrical
N14 |12.305744|45233483| 0.12 82.27 1761 | 102.14 1.68 -0.33 Slightly Gravelly Muddy Sand | Unimodal, Moderately Sorted,
Very Fine Skewed
N15  |12.30176445.230136|  0.07 99.82 0.11 288.68 1.32 -0.06 Slightly Gravelly Sand Unimodal, Well Sorted,
Symmetrical
. Unimodal, Moderately Well
N17  |12.285202|45.240604| 1.05 098.38 057 242.58 158 0.30 Slightly Gravelly Sand Sorted Coarse Skewod
N18  |12.289612| 45231970  7.98 91.38 0.64 243.03 213 0.47 Gravelly Sand Unimodal, Poorly Sorted, Very
Coarse Skewed
N19  |12.282081| 45229594  1.00 98.70 0.29 24213 1.41 0.08 Slightly Gravelly Sand Unimodal, Well Sorted,
Symmetrical
N23  |12.299920(45.232125|  4.10 46.90 49.00 64.66 3.07 0.32 Slightly Gravelly Sandy Mud | Bimodal, Poorly Sorted, Very
Coarse Skewed
N100 |12.318375| 45246453  0.62 76.97 2241 93.03 2.16 0.12 Slightly Gravelly Muddy Sand | Bmodah P"gli'é’ws:d”ed' Coarse
N101 |12.333663|45.248097|  0.02 47.58 52.40 60.26 1.86 -0.09 Slightly Gravelly Sandy Mud U”'modagy“:ﬁ:z{ﬁgf' Sorted,
N102 |12.313254| 45241809 0.37 99.05 0.58 107.87 121 0.11 Slightly Gravelly Sand Unimodal, Very Well Sorted,
Coarse Skewed
. Unimodal, Moderately Well
N103 |[12.317633|45.242493| 0.07 96.94 2.98 111.75 1.50 0.28 Slightly Gravelly Sand Sorted, Coarse Skewod
N104 |12.333347|45.244005| 0.50 83.21 16.29 84.71 172 0.41 Slightly Gravelly Muddy Sand | Unimodal, Moderately Sorted,
Very Coarse Skewed
N105 |12.31439845.238171| 0.7 98.69 0.55 136.16 1.26 013 Slightly Gravelly Sand Unimodal, Very Well Sorted,
Fine Skewed
N106 |12.317247|45238220| 4.21 95.19 0.60 156.04 1.86 0.33 slightly Gravelly Sand Unimodal, Moderately Sorted,
Very Coarse Skewed
N107 |12.331123(45.230434| 0.56 72.50 26.94 80.35 1.89 0.31 Slightly Gravelly Muddy Sand | Bimedal, Moderately Sorted,
Very Coarse Skewed
. Unimodal, Moderately Well
N108 |12.322365|45.234841| 1.03 94.97 4.00 109.57 162 0.35 Slightly Gravelly Sand Sorted, Very Corse Skewed
N109 |12.332425(45.234624|  0.00 84.42 1558 | 101.13 161 -0.05 Muddy Sand Bimodal, Moderately Well
Sorted, Symmetrical
N110 |12.325555(45.230073|  0.01 57.51 42.48 67.31 1.60 -0.04 Slightly Gravelly Muddy Sand | Mimedal, Moderately Well
Sorted, Symmetrical
N111 |12.332250(45.230004| 0.61 98.36 1.03 196.61 1.45 014 Slightly Gravelly Sand Unimodal, Moderately Well
Sorted, Fine Skewed
. Bimodal, Moderately Well
N112  [12.312221]45226031| 0.2 98.16 1.62 121.92 1.49 0.32 Slightly Gravelly Sand Sorted. Very Coaree Skewed
. Unimodal, Moderately Well
N113  |12.323584|45.226208| 0.35 97.42 2.24 137.58 154 0.13 Slightly Gravelly Sand Sorted Coarse Skewod
N114 |12.319972|45222150| o0.18 98.45 1.37 147.41 1.49 0.10 Slightly Gravelly Sand Unimodal, Moderately Well
Sorted, Symmetrical
N115 |12.32431745.222339|  0.99 98.18 0.83 155.67 1.46 0.08 Slightly Gravelly Sand Unimodal, Moderately Well
Sorted, Symmetrical
N116 |12.329113| 45222302  0.08 98.86 1.06 150.43 1.34 0.01 Slightly Gravelly Sand Unimodal, Well Sorted,
Symmetrical
N117 |12.331302|45.222455  1.20 97.97 0.84 150.05 1.43 0.10 Slightly Gravelly Sand Unimodal, Moderately Well
Sorted, Symmetrical
N118 |12.333948| 45222433  0.26 93.99 5.75 130.91 1.47 0.22 Slightly Gravelly Sand Unimodal, Moderately well
Sorted, Fine Skewed
. Unimodal, Moderately Well
N119 |12.316685|45.219229| 2.26 96.18 1.56 151.29 1.50 0.14 Slightly Gravelly Sand ot Conrea Seomod
N120 |12.323783| 45219508 0.38 98.10 152 135.59 1.42 0.04 Slightly Gravelly Sand Unimodal, Moderately Well
Sorted, Symmetrical
N121 |12.327187| 45219879 027 99.06 0.67 154.06 1.41 0.10 Slightly Gravelly Sand Unimodal, Well Sorted,
Symmetrical
N122 |12.33075145.220036|  0.05 97.24 2.71 135.88 137 0.14 Slightly Gravelly Sand U”'moda"svl\(':\','vif"ed’ Fine
N123 |12.333371[45.220387| 013 97.23 2.64 136.26 1.36 -0.18 Slightly Gravelly Sand U”'moda"svl\::\','veslf"ed’ Fine
N124 |12.323733|45.217165| 0.0 97.55 2.45 115.23 1.37 0.15 Sand Unimodal, V‘S/Egvfec’ém' Coarse
N125 |12.320094(45217723|  0.00 95.17 483 118.82 135 -0.08 Sand Unimodal, Well Sorted,
Symmetrical
N126 |12.334268(45.218483| 0.01 94.09 5.01 116.04 137 -0.09 Slightly Gravelly Sand Unimodal, Well Sorted,
Symmetrical
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TablelA2: Briefdescription of the drofirames collected from the grourtduth stations.

Stations Ripples Matrix dimension Sorting Gen»ere}ll Thanatocoenosis Living biota Shells coverage Shells density Average shells | Macrophytobent | Macrophytobent Notes
description % size hos typology hos coverage
Abra sp., Acanthocardia tuberculata, Cerithium sp.,
Coarse shell Chamelea gallina, Mytilus galloprovincialis, Nassarius Seagrass
NO2 NA NA NA nitidus, Ostreidae indet., Pectinidae sp., Scapharca 95 Very high 2cm g
fragments ) : ! " fragments
sp., Serpulidae indet., Spisula subtruncata, Tellina sp.,
Veneridae indet., Venerupis aurea
NO3 NA < 1 mm WS Medium sand 2 Very low 0.5cm
NO4 NA <1 mm MS Medium sand Bmlum‘ SP- Chamelga ga‘IIma, Splsu\a} P }Nassanus Actiniaria indet. 4 Very low 1.5cm Seagrass
nitidus, Solenoidea indet., Veneridae indet. fragments
NO5 NA <<_1_mm ws Fine sand 0 Very low NA Seagrass
fragments
Cardiidae indet., Cerithium sp., Gibbula sp., Mytilidae
Coarse shell indet., Nassarius nitidus, Ostreidae indet., Pectinidae | Actiniaria indet., Seagrass patch-
No6 NA NA NA fragments sp., Ruditapes sp., Scapharca sp., Serpulidae indet., Pectinidae sp. 100 very high 25cm type 1 5
Veneridae indet., Venerupis aurea
NO7 12-20 cm <1 mm ws Medium sand Nassarius nitidus 1 Very low 0.5cm Seagrass
fragments
NO8 NA <<_1_mm WS Fine sand / silt Nassarius indet. 0 Very low NA
Coarse sand + . - . P near to Ostreidae
N1O NA <1 mm ps coarse shell Chamelea gall‘lna. (;yclope nemea‘. Ruditapes sp., Bma]wa indet. o5 Very high 15¢em indet.
Serpulidae indet., Venerupis aurea (siphons)
fragments Jthanatocoenosis
Abra sp., Bittium sp., Loripes lacteus, Mytilus
N11 12-40 cm 1_mm PS Coarse sand galloprovincialis, Scaphopoda indet., Serpulidae indet., 65 Medium 0.5¢cm
Spisula subtruncata, Tellina sp., Veneridae indet.
. Acanthocardia tuberculata, Calliostoma sp., Chamelea
Medium sand + allina, Cyclope neritea, Loripes lacteus, Mytilidae
N12 NA <1 mm ws coarse shell g » Cyclop . Loripes | L Paguroidea indet. 20 Low 15cm
indet., Pectinidae sp., Serpulidae indet., Spisula sp.,
fragments . L H 5
Tellina sp., Veneridae indet., Venerupis aurea
Medium sand + vio\acfsnégjr:rs] ?\;J.}iﬁlzan;igea:gv?:EZiif Iécc);\m::rsca S|
N13 20-30 cm <1 mm MS coarse shell » My galop! y p P 18 Low 1.5cm
Scaphopoda indet., Serpulidae indet., Solenoidea
fragments s N !
indet., Veneridae indet., Venerupis aurea
Carcinus Seagrass Ophiothrix sj
N14 NA <<_1_mm ws Fine sand aestuarii, 1 Very low lcm g P p-
N L fragments observed nearby
Nassarius nitidus
N15 20-30 cm <1 mm ws Medium sand Mytilidae indet., Solenoidea indet., Veneridae indet. 2 Very low lcm
Asterina gibbosa,
N17 6-10 cm 1_mm MS Medium sand Bittium sp., Veneridae indet. Carcmu_s 1 Very low 0.5cm Seagrass
aestuarii, fragments
Paguroidea indet.
N18 NA <1 mm ws Medium sand + Serpulidae indet., Veneridae indet. Actlnl_ana _|ndet.. 7 Very low 0.5cm Seagrass Ophiothrix sp. bed
gravel Ophiothrix sp. fragments (50% coverage)
Partially Seagrass
N19 NA <<_1 mm WS consolidated fine Veneridae indet. 1 Very low 0.5cm g
" fragments
sand / silt
Partially Pachygrapsus Seagrass Rocks, presence
N23 NA <<_1_mm WS consolidated fine Ostreidae indet., Serpulidae indet. marmoratus, 0 Very low NA 9 P
— = " P fragments of Ophiothrix sp.
sand / silt + rocks Ophiothrix sp.
Carcinus
aestuarii,
N24 NA <_1_mm WS Medium sand Veneridae indet. Nassar!us n!tldus, 1 Very low 0.5cm Seagrass patch- 48
Paguroidea indet., type 2
Tunicata indet.
(col.)
N25 NA << 1 mm ws Fine sand / silt Veneridae indet. 1 Very low lcm Seagtr;f: ga“:h' 60
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FigurelAl: Slope map of the study area.
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FigurelA2: Broad Bathymetric Position Index (BPI) map of the study area obtained from BenthicMededier tool.
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FigurelA3: Ruggedness map of the study area.
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FigurelA4: Bathymetry map of the study area with the isobaths.

72



3. Study I: Tidal inlets in the Anthropocene: geomorphology and benthic habitats of the Chioggia inlet,
Venice Lagoon (Italy)

73



4. Study 1I: Bathymetric and backscatter data of seafloor change of the Chioggia inlet (Venice Lagoon) as a
result of human intervention

4. Study ll:Bathymetric and backscatter data of seafloor change
of the Chioggia inlet (Venice Lagoon) as a resulbhoman
intervention

Stefano Fogarit?, Emanuela Molinardij Fantina Madricard® Marco SigovidiandFabio Trincardi
158 NIYSYyd 2F 9YyOBANRYYSydGlt {OASyOSas LyF2NNIGAOA | yF
Scientifico, Via Torino 155, MestVE, Italy

2|stituto di Scienze Marin€onsiglio Nazionale delle Ricerche, Arsenaissa 104, Castell@37/F, 30122 Venezia, Italy

Abstract

To characterize the seafloor morpi@thymetry and substrate composition, seabed mapping and
especially mulbeam echosounding are increasingly uskdhas also been observed that repeated
surveys over time can higght the changes of the seabed, in geomorphological and
sedimentological terms. This can help to recognize the active coastal processes ancritoedbe
response of the environment after localized human pressures, sutcheasonstruction of hard

strucures.

Thanks to multiple highesolution multibeam datasets, we studied the seafloor evolution of a
strong impacted tidal inlet, Chioggia inlet\fienice Lagoon (Italy). Adopting staikthe-art benthic
habitat mapping procedures, we described two mamportant seabed morphologies, i.e. scour
holes and dunes, and their shegrm changes (time span &fyears) after the artificial modify of
inlet configuration. The used methods allowed also identifying the sediment composition of the
seabed and quantifygg temporal trends of change of the main substrate classes. The results indicate
that after the construction of the hard structure the hydrodynarofdhe inlet completely changed,
promoting a major water current and bottom shear stress. This reflectiimereased seabed

erosion, formation of large scour holes and speeded displacement/shrinking of dune fields.
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The methodologies presented in thisager are repeatable and can be used to study the
consequences of the transformation a@bastal landscapes in response of sea level rise and

consequent engineering intervention.

Keywords: Tidal inlet, MultiBeam Echosoundeigl dynamics,seafloor changeletection Venice

Lagoon

4.1. Introduction

Coastal lagoons occupy about the %3of the coastlines in the world (Bird, 1994; Kjerfve, 1994).
These regions are important for sal biogeochemical processes (Sousa et al., 2013) and are an
essential part bthe ecological heritage (Costanza et al., 1997; Luisetti et al., 2014). These shallow
water bodies host different unique ecosystems, such as wetlands, saltmarshes, seagrdess/sjea
mangroves and tidal plains (Basset et al., 2013; Newton et al., 2048hd-high productivity of
these habitats, the lagoons have been historically exploited, hosting intensive agriculture and
industry, harbour activities, high population and hanfrastructures (Génenc¢ and Wolflin, 2005).
The changes in these environmemigy occur as a result of natural driven, e.g. metearine or
hydrodynamic conditions (van Denderen et 2015),but can be also induced by anthropogenic
pressure (Steffen et al., 2011; Lewis and Maslin, 20d8¢ed, the higlanthropization increase #
exposure of coastal lagoon to potential impacts: pollution, habitat losing, invasion of alien species,
sea levelise and overexploitation are the main cause of degradatMA { Millennium Ecosystem

Assessment, 2005).

Nowadays lagoons and tidal inletseancreasingly influenced by human intervention and activities.
However, the longerm response of the environmérto anthropogenic pressures is still poorly
understood. Oftentimes, these impacts reflects on the monrtiadhymetry and the substrate
compostion of the seafloor; our ability to monitor and quantify these changes, such as the
identification of the driversthat induce the modification, is crucial to understand the spatio
temporal behavior of the marine seafloors and the ecosystems (Montei®alazzi et al., 2018).
Understanding the temporal dynamics of the seafloors is indeed a key component to theiiveffec

management. Moreover, the impact of the human pressure on the coastal zones, especially in
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relation of hard structure construction, assesha crucial role in view of the global mean sea level

rise and coastal wetland vulnerability. This is also vapprtant to tutelage the ecosystem services,

as indicates by the European Marine Strategy Framework Directive (RIEED200%6-EC) that

conh RSNJ GKS aSIFIFEt22NI KSIHfGK Iy AYRAOIFG2NI 2F (K¢

seafloor mappingespecially using the MultiBeam EchoSounder (MBES), is progressively carried out.

Very few studies that described temporal morphological dyresnaif the seafloor are available in
the literature. However, these studies are based mainly on optical sensgrsumdtruth sampling
methods that are logistically limited, both for limited analyzable areas and cost constraints. In this
work we gquantifythe seafloor changes using acoustic methods. d&scribe and compare between
years the sediment distribution andhé most important seafloor features, i.e. scour holes, dunes
and MoSE area, located in the common area of the three surdéys.aim of thisesearch is to
investigate the shorterm effects of the construction of hard structures in a strongly impacteal tid
inlet, Chioggia Inlet, in Venice Lagoon. The three inlets of Venice Lagooii@poti, Malamocco

and Chioggia) are interested by thenstruction of MoSE project that should defend the historical
center of Venice by high water. The project implies tonstruction of several hard structures and
the alteration of the seabed. We will use a set of three repeated MBES surveys, carriedaout in
period of five years (from 2011 to 2016), to assess the inlet evolution through a monitoring of the

seabed sedimntary dynamics.

4.2. Study area

The Venice Lagoon, located at the northern tip of the Adriatic Sea, is the largest of the
Mediterranean Seawith a surface area of 550 B®h y R A0 A& Ofl aaAFTASR |
(Kjerfve, 1994). It has a mean dbpdf 1.2 m and only the 5 % of its extent is deeper than 5 m
(Molinaroli et al., 2009). The main navigation channels are up to 20 m degsplorse to recurrent
historical human modifications, the lagoon today exchanges water and sediments with th&écAdria
Sea through three inlets: Lido, Malamocco and Chioggia, from north to south (Ghetti, 1974).

The Venice Lagoon is a microtidal environmetiere tides and winds are the main factors that
AYyFEdzSyOS GKS 41 G§SNI OANDdJz lalichrgtifuents Sfaud serhidiugnal S G
(M2, S2, N2 and K2) and three diurnal (K1, O1 and P1) influence significatively the sea surface
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elevation inthe North Adriatic Sea (Book et al., 2009). While propagating from the inlets to the
lagoon, the tidal wave is dermed, either damped or amplified, and it reaches the tidal flats through
the network of channels (Rinaldo et al., 2001).

Today, the recent anstruction of MoSE structures (an acronym fibtodulo Sperimentale
Elettromeccanic@r Experimental Electromechanical Module) could alter the lagoon environment
by modifying the tidal exchange, increasing the -eldminance over tidal flatand influencinghe
seafloor morphebathymetry (Tambroni and Seminara, 2006; Ghezzo et al., 204@arin et al.
2015; Fogarin et al., 2019).

The Chioggia inlet (45°13'54 "N, 12°18'3"E WGS84, geographic coordinates) is the southernmost
inlet that connects the Venice Lagowith the north Adriatic Sed(g. I1). It has a tidal prism of 82

x 1 m3 (Corsorzio Venezia Nuova, 1989; Fontolan et al., 2007) and the tidal wave precedes those
in Lido and Malamocco of about one holr ( éefat, 2004, Villatoro et al., 2010). §tidal range

is 1 m and the current speed varies with weather conditions reachiimgit 0.5 ms during syzygy

(D I Get\ab, 2004). However, during strong metewrine events (storm surges), the current speed

can reach about 2 m's

The inlet has been esl as access to the harbour of Chioggia since Roman times and consequently
has beersubject to numerous anthropogenic interventions. The most evident of these have started
in 1912 and finished in 1930 with the construction of concrete jetties. Continuoustiyfication of

these structures continues until 1950 (Rinaldo et al., 2001).hkn last 16 years, the inlet
configuration is completed changed, due to the construction of the MoSE project. The MoSE

interventions at the Chioggia inlet are chronologicadigorted in Tabll1.
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TaHe 111: chronologically intervention at th€hioggia inlet

Year |Intervention
2003 The construction of the breakwater outside the inlet begins.
Remediation from the possible presence of war device and archaeological
2004 invedigation.
The construction of the refuge harbor and thavigation basin begins. The jetties in
correspondence of the navigation basin were modified.
The construction of the refuge harbor continues.
The construction of the two navigation locksdatme "shoulders" that will connect the
refugeharbor with the mobile barriers begins.
2006 The reinforcement of the seafloor with boulders and stones where the mobile gats
are going to be positioned begins.
Two test areas to experience the seafloor rensfement technologies were realized.
Theconstruction of the breakwater is completed.
2007 The construction of the two navigation locks and the "shoulders" continues.
The works for the seafloor protection are almost completed.
The refuge harboisicompleted and the navigation basiralmost finished.
The modification of the jetties is completed and the construction of the north shoy
is almost finished.
2008 . .
The excavation of the MoSE trench begins.
The area with the prefabrication for MoSEhEtioning planned within theefuge
harbor is being prepared.
The navigation basin has been waterproofed and drained by water. The aim is us
2010 this area to build the concrete caissons.
The south shoulder is almost completed.
The seafloor proteton and theexcavation of the trench is almost completed.
2013 On the south shoulder the construction of the prefabrication is almost finished.
The seafloor protection is completed.
The works to create the support buildings for the MoSE funatigpmsstill ongoing.
2014 The caissons have been sunk inside the trench. The navigation basin has been r¢
by water.
2017 From 19 September 2017 to 31 January 2019 the procedures to install the 18 mo
gates took place.
2019 All the mobile gates arpositioned.

4.3. Material and Methods

4.3.1. Data acquisition

The MBES data have been acquired in a time span of six years, from 2011 to 2016, with a total of

three sets of data: A (2011), B (2013) and C (2016). The dataset A was acquired byatne Itali
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Hydrographic Institute (1IM) of the Italian Navy during two cafgps of nautical chart updating.

The first campaign took place from 16th May to 30th July 2011, while the second one from 1st
August to 3rd September 2011. The dataset B was acquiredebitalian Research Council (CNR
ISMAR) from October to November ZIT'he dataset C was acquired by the [IM during May 2016.

All the technical characteristics of each survey are reportethin 2. Although the three surveys

cover different extents, thecentral inlet area is common to the three campaigRsrthermore,

despite some differences in acquisition and accuracy of position systems, the three surveys are
suitable for a quantitative estimation of the seafloor changes. The processing of the batiyymet
data is the same for the three datasets: the software Carigdtydphic and Side Scan Information
Processing System (SIS) were used to consider sound velocity variability, tides and the quality of the

acquiring data. The backscatter data is processg#dg Fledermaus Geocoder Toolbox (FMGT).

Tale 112: survey technil setup

Dataset A (2011) First

Dataset B (2013) Dataset C (2016)
and second survey

Investigator .LI.LM. CNR ISMAR I.I.LM.

MBES Kongsberg Simrad EM30| Kongsberg EM2040 Duall Kongsberg EM2040 Dual
Compact Compact

Vessel 7-m long 10-m long 7-mlong

Frequency 300 kHz 360 kHz 360 kHz

Acquisition SIS SIS SIS

software

Kongsberg Seatex Seapg
300 with Fugro Seastar
3200/LR OMNISTAR
correction

Motion sensor Kongsberg Seatex MRU | Kongsberg Seatex MRU | Kongsberg Seatex MRU
Valeport mini SVS sensol Valeport mini SVS sensoi Valeport mini SVS senso
Sound velocity datg and an Idroaut Ocean and AML oceanographic | and an ldronaut Ocean

Kongsberg Seatex Seapg Kongsberg Seateeapath
300 (DGPS) supplied by ¢ 300 (DGPS) supplied by {
Fugro HP DGPS Fugro HP DGPS

Positioning system

collection Seven 316 multiparametg SmartX sound velocity | Seven 316 multiparametg
probe profiler probe

Tide correction SHYFEM modelmgesser et

reference ISPRA gauges al., 2004; Umgiesser et a2006) ISPRA gauges

Groundtruth . Surficial sediment sample Surficial sediment sample
Not available . )

survey and underwater videos |and underwater videos

After the processing, théathymetric and backscatter data weramorted as a 3dit raster files
and imported in ArcGis v10.2 (ESRI, 2016). Using the bathymetric data, we created three Digital
Elevation Models (DEMSs) with a raster resolution of 0.9 he data are referred to thiecal datum
Wt dzy G+ { I t dzii23.56vcH doweR thah ha nafjonal vertical level datum (IGM1942)
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well, with the backscatter data we create three different seafloor reflectivity maps with 0.5 m of

resolution.

4.3.2. Groundtruth analysis
4.3.22. Surficial sediment samples

A groundtruth sampling including 46 sediment samples was carried out in 2013 (17 samples) and
2016 (29 samples). The sediments were collected with a Van Veen Grab (5L). The location of the
sampling stations was selected in 2013 in correspondence of the baekscter patches and in

2016 in correspondence of the main morphologies identified from the MBES imagery processed
during the surveys. All the sediment samples were treated following procedure from Loring and
Rantala (1992) and were analysed withrpsievingd ¥ N> OGA2ya X ™M YYO | yR f
granulometer MasterSizer 3000 (fractions < 1 mm). The outputs from both analyses were merged
and the main grairsize parameters were calculated, according to febl&l. (1970) classification,
usingGradistatstatistical package (Blott and Pye, 2001). Finally, the results were processed by the
EntropyMax software (Woolfe and Michibayashi 1995; Stewart et al., 2009; Molinaroli et al., 2014)
to identify the textural groupg$Tab. IA1)

4.3.2.2 Underwatr videos(Drop frames)

A groundtruth video recording was carried out in winter of 2013 and 2016, simultaneously of the
grab sampling. The underwater videos were collected using a-fuaope camera (3 replicates for
each station). The device consistedanf actioncamera (GePro HERE) and underwater lights
installed on an aluminum rectangular frame. The videos were collected in correspondence of grab
samples stations and some additional videos were recorded to investigate particular seafloor

features (eg. seagras patches, rigap seabed, etc.).

From each underwater video, representative still images (drames) were extracted and
characterized in terms of biotic and abiotic features. Epimegabenthos (both living specimens and
empty shells) wer@entified and cointed. A total of 144 images (60 from 2013 dataset and 84 from
2016 dataset) were analyzddiab. IA2).
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4.3.3. Backscatter classification

The objective of backscatter $Bclassification is obtaining homogeneous safgions of surficial
composition é.g.Brown et al., 2011; Diesing et al., 2014; McGonigle and Collier, 2014; lerodiaconou

et al., 2018. Several solutions have been proposed in the literature and the choice of the number

of classes is still debated. In this study we deciddz S WS yiafibd methiodlitd ctassify the
backscatter. This unsupervised method, easily implemented in ArcGis, seeks automatically to reduce
the variance within classes and maximize the variance between classes (Jenks, 1967) and had shown
good resuls in previous apration in Venice Lagoon (Montereale Gavazzi, 2016; Fogarin et al.,
2019). Furthermore, the benefit of this method is that the clusterization is based on frequency
distribution and not on the absolute values of backscatter. Despite neingasamples cattion

from the 2011 dataset, we have nevertheless decided to classify the 2011 backscatter considering
that the sediment classes recognized on 2013 and 2016 are probably the same during the 2011
adzNBSed 2SS aSia O Kikythagayids dnd the dommica ardabfthe thréeyfveydza
(about 3.34 kr, roughly correspond to the central inlet chanrntelhave a comparable range values
distribution. Backscatter signature and EntropyMaxalysiswere used to identify the classes.
Respect Fogarin eal. (2019) where four classes have been observed, the backscatter and ground
truth data collected in 2016 do not include the S class, because this substratum is present almost
exclusively outside the surveyed area. Considering this infoomafor the ba&scatter change
analysis we merged together the middle classes SGS and S (within 2011 and 2013 datasets), that are

considerably similar.

The results of seafloor classification were assessed for accuracy using contingency confusion
matrices(Story and Condtmn, 1986; Congalton and Green, 2002; Foody, 2002; Rattray et al., 2013).

2 A0K GKA& GSOKYAljdzSE Al Aa LRaairoftsS 02 SadAyl
accuracy (indicating how well training set pixels wdessified) and t6 dza SN &a I O0OdzNJ O
the probability that a classified pixel represents that class in reality). Furthermore, an overall

accuracy can be derived from these tables.

4.3.4. Change assessment
In order to understand the evolution of the morpHmathymery of the tidal inlet in the years, we
compared the common DEMs area of each survey. We assume that the bathymetric residuals (BR)

outside the error interval (set to 0.3 m) are in erosion or defasj depending on the sign of the
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difference. The regionwith bathymetric difference inside the error interval can be considered
stable.

To understand the change of the seafloor sediment composition in the time span, we created the
0N yairda 2rgm-Gya &0 NBR2ON &S Id&E&PoitiBsSt/all, R0D4 rBirfoh, 2006; Rattray

et al., 2013; Montereal&avazzi et al., 2018). The evolution of the seafloor is summarized in terms
of gain, loss, swap and net change following the methodology of Pontals(@004) and Rattray et

al. (2013)Gain and loss to psistence ratios (Gp and Lp) show the behavior of a determined seabed
class between years (Braimoh, 2006): values higher than 1 suggest a tendency to gain or to lose
rather than persist of a seaflodype from other classes, whereas values close to O iteliaa
absent change. Net change to persistence ratios (Np), calculates also as N, @easures the
general trend of a seabed class, indicatimg direction of tendency with positive or neget values

(Rattray et al., 2013).

4.3.5. Seafloor featues analysis

Starting from the DEM obtained from the MBES bathymetric data, we processed in ArcGis the main
terrain attributes: slope, broad Bathymetric Position Index (BPI) and Ruggedness (Lecalurs e
2017a; Lecours at al., 2017b). The BPI layer waoelkated using BTM package (Wright et al., 2005)

with inner and outer radius of 50 and 750 respectively while ruggedness was elaborated with radius

of 11. These layers are useful to seaatomatic classify the main morphological features and
describethed S| Ff 22 NDa GF NAIFoAfAle RSGSNN¥AYSR o6& KeR
All the seafloor morphologies identified in the study area, such as the method to recognized them,
are described irdetail in Fogarin et al., 2019. The comparison of areakthe vertical profiles

between features have been obtained with Arcgis. The tool Minimum Bounding Geometry (Toso et

al., 2019 was used to extract length and direction of the main axes oftbephologies.
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4.4. Results

4.4.1 Bathymetric DEMs

The measted bathymetry ranges fror80.0 m to-0.8 m Fig. I1). The shallower sectors (depth less
than 2 m) are located inside the lagoon, close to the mudflats and the harbor of Chioggia. The
deepestpoints are within a large scour hole (with maximum depth36f m) located at the western
entrance of the inlet channel (see also Ferrarin et al., 2018 and Fogarin et al., 2019). The central
inlet changes significantly during the three survey due to huawivity and sediment mobilization.
Excluding the MoSE trendine depth of this channel ranges betweeld m to-9 m; generally, the
southern portion of the channel is shallower than the northern. The MoSE trench instead vary
between a minimum 0f25 m n 2013 to a maximum ofl8 m in 2016. This strong variation in
bathymetric values is due to the dredging of the sector and the sequent positioning of the barriers
housing (caissons). In appendiab. IA3) are reported the parameters of each bathymetrdaset

collected.

The slope of the study area is generally dlagently sloping with values around 1°, increasing to 30°
in correspondence of larger dunes; only scour holes or coastal defense structures present larger

gradients of slope, up to 35° and B@spectively.
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Figure 111: (a) the Venice Lagoon and the Itica of the study area (Chioggia inlefl,c,d) the morphdoathymetric

models of Chioggia inlet (DEMs) obtained frafill, 2013 and 2016 surveys and the position ofgrmindtruth

stations (blue dots).

4.4.2. Bathymetric change assessment and volardifferences

The results of bathymetric change assessment are reportédgnI2. In blue are the areas under
severe erosion (BRe.0 m), in light blue the areas ingdit erosion{H ®n Y -OXB m), i grekn
the areas stable-Q.3m<BR<03imx Ay @&Stt2¢g (GKS I NBSlFa Ay afai3
and in red the areas in severe deposition (BR > 2.0 m). During the first two year2(PB)lwe
observed asevere erosion, while the sectors in deposition or severe deposition can be overlooked.

84




4. Study II: Bathymetric and backdeatdata of seafloor change of the Chioggia inlet (Venice Lagoon) as a
result of human intervention

Ly LI NGAOdzZ F NE GKS SNRaA2y 200dzNNBR Ff2y3a (K
correspondence of scour holes. Small dredged channels are describedaw#rgart of the lagoon
basin. The alternate colors observable on the seaside inlet entrance, indicate a shift of the dunes

towards the sea (east direction).

In the second time interval (2018016) we observed a less erosion and a significant depositiaa.
SNRPaA2Yy Aa Fft2y3a GKS AyftSi OKIyySt FyR Ofz2as
occursnear MOSEHNY LI g KSNBE a2YS NROla&a 6SNB adzyl G2 NJ
jetties. The two sectors in severe erosion in the middlet are connected to dredging activities.

The large displacement of the dunes is still visible.
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Figure 12: bathymetric change assessment for each time interval. Dark blue: severe erosioq ZBER®), light blue:

slight erosioni ®n Y -OB m), greestablef o Y f . w f ndo YOI 2NIy3ISY atari
red: severe depositiofBR > 2.0 m). The pie charts on the right represent the surface of the sectors subject to severe
erosion, erosiomo change, deposition argkvere deposition respect to the total common surface area for each time

interval. The area of MoSE trench hasresmoved.

The volume differences of the common area (excluding the MoSE trench surface) in each time
interval are the following: erosion 61,164,274 rMbetween 201312013 and deposition of +49,470

m?3 between 20132016. These different trends can be suminad in a general volume erosion of
more than 1 million of cubic meters in the entire period 2€16.In Tab. IA6 is reported the

volumedifference calculation for each time interval.
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