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Abstract: Bottom trawling in submarine canyons can affect their sedimentary dynamics, but studies
addressing this topic are still scarce. In the Gulf of Palermo (NW Sicily, SW Mediterranean Sea),
bottom trawling occurs on the continental slope, but principally concentrates within Oreto Canyon.
Hydrographic profiles and time series data of temperature, turbidity, and currents obtained by a
CTD probe and by moored instruments, respectively, revealed increased turbidity values and the
presence of bottom and intermediate nepheloid layers coinciding with periods of bottom trawling
activity. The delay between the onset of trawling activities along the Oreto canyon axis and the
increase in water turbidity at the mooring location indicate that trawling resuspended particles
are progressively advected down-canyon by hydrodynamic processes. Topographic waves and
near-inertial currents seem to contribute to the sediment transport of resuspended particles as bottom
and intermediate nepheloid layers. Results presented in this paper highlight the complex relationship
between hydrodynamic processes and sediment resuspension by trawling in submarine canyons.

Keywords: submarine canyons; bottom trawling; turbidity; nepheloid layers; hydrodynamics;
Mediterranean Sea

1. Introduction

Submarine canyons are morphological features that incise the continental margins
worldwide [1]. They are important pathways for the transfer of water, sediments, and
pollutants between coastal areas and deep-sea environments, particularly during high-
energy natural events such as slope failures, river floods, wave-storms, and cascading of
dense shelf waters [2-6]. The morphology of submarine canyons gives rise to complex
physical and oceanographic conditions that locally increase biological productivity and
diversity [7,8]. Combined with the enhanced particulate matter fluxes that occur in their
interior, canyons also serve as spawning areas for many pelagic and benthic species of com-
mercial interest [9,10]. In consequence, submarine canyon environments are increasingly
targeted by commercial fishing vessels, including bottom trawlers [11].

There is now evidence that sedimentary transport dynamics in the marine environ-
ment can be altered by bottom trawling activities, since the contact of the net and the heavy
trawl doors with the seafloor can resuspend large volumes of sediment [12-17]. Several
studies have shown that when this type of fishery occurs in areas within and around
submarine canyons, sediment resuspended by bottom trawl gears can be transferred to-
wards deeper canyon areas as diluted sediment gravity flows [13,18-20], or as enhanced
near-bottom nepheloid layers (BNLs) that can evolve into intermediate nepheloid layers
(INLs) detached at different water levels [13,21-24]. In consequence, the alterations of the
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sedimentary dynamics by bottom trawling activities can generate anthropogenic sedimen-
tary depocenters along submarine canyon axes, which have been mostly documented in
the NW Mediterranean Sea [25-29].

The Gulf of Palermo, NW Sicily (SW Mediterranean Sea), is incised by many submarine
canyons [30,31], and in this margin, bottom trawling activities occur on the outer shelf and
upper slope areas surrounding the head of submarine canyons, but it mainly concentrates
along the axis of the Oreto Canyon (Figure 1) [32]. In this area, it has been recently
demonstrated that this anthropogenic activity has also increased sedimentation rates by
some orders of magnitude inside various submarine canyon axes (i.e., Oreto, Arenella, and
Eleuterio Canyons), modifying their natural sedimentary regimes [32,33]. Other than that,
there are only a few studies regarding the modern sedimentary dynamics in this margin,
but they are scarce and limited to the continental shelf [34,35]. Hence, the main goal of
this work is to assess the contemporary sediment transport mechanisms along the Oreto
Canyon and investigate how bottom trawling activities can alter the water turbidity and
sediment transport dynamics within it. This has been accomplished by analyzing time
series of turbidity, temperature, and currents from moored instruments deployed in the
deeper sector of the Oreto Canyon, in combination with data from hydrographic transects
conducted over the study area. Vessel Monitoring System (VMS) data have also been used
in order to map the fishing effort of the study area and assess the tracks of bottom trawling
vessels in the Gulf of Palermo at the time of the instrumented mooring deployment.

2. Materials and Methods
2.1. Study Area
2.1.1. Geological Setting

The Gulf of Palermo is located in the northwestern sector of the Sicilian continental
margin and is enclosed by Cape Gallo to the northwest and Cape Zafferano to the southeast
(Figure 1). Two rivers, the Oreto and the Eleuterio, cross the Palermo coastal plain and flow
into the gulf, with an average discharge of 0.25 m®-s~! that can reach maximum values of
53m3s 1 and 26.3 m3-s7! during storm events, respectively [36].

The continental shelf of this gulf occupies a total area of 250 km? and is 8 km wide
on average, narrowing to 2.5 km in its westernmost sector [30]. Sediment grain size is
coarser towards the northwest of the continental shelf and at the river mouths discharging
into the gulf, mainly consisting of sand. The sediment grain size distribution shows a
general fining trend towards the southeast, following the general path of the current [37].
The continental shelf edge is located at a depth of 115-125 m and is intended by the head
of five sinuous to linear submarine canyons (Mondello, Addaura, Arenella, Oreto, and
Eleuterio Canyons), with slope gradients ranging from 6 to 13°, which extend downslope
until reaching maximum depths of 1500 m at the Palermo basin plain [30] (Figure 1).

The most extensive submarine canyons in the Gulf of Palermo are the Oreto and
Eleuterio Canyons, which incise the central and eastern sectors of this gulf (Figure 1). The
Oreto Canyon presents a sinuous path that incises the shelf edge at a depth of 120 m,
and its development has been related to sediment inputs from the Oreto River during
the Late Quaternary Sea level low-stand stages [30]. This canyon presents a V-shaped
thalweg and widens to a maximum of 270 m downslope from a 750 m deep structural
topographic obstacle [30]. Analyses of sediment cores collected in the Oreto canyon axis
reveal a composition of mostly silt (~51%) and clay (~47%), and low amounts of sand
(2%) [32]. The head of the Eleuterio Canyon develops very close to the headland in front of
Cape Zafferano (Figure 1), and probably captures most of the eastward longshore currents
of the gulf, steered by the narrowing of the continental shelf and by the actual geometry of
the coast [30,31]. The Mondello, Addaura, and Arenella submarine canyons are located at
the western sector of the gulf and incise a narrower continental shelf (Figure 1). In contrast
to the Oreto and Eleuterio Canyons, these canyons are steeper (slope gradients up to 13°)
and shorter, and their evolution has been related to slope mass failures retrograding from
the deeper slope domains towards shallower depths [30].
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Figure 1. Bathymetric map of the Gulf of Palermo, showing the location of the main submarine
canyons incising the margin (Mondello, Addaura, Arenella, Oreto, and Eleuterio), as well as the
instrumented mooring line (yellow star) and the CTD stations sampled (grey dots). The red diamond
shows the location of the Med-WAV model’s grid point, from which wave conditions have been
retrieved. The overlying density raster represents the mean annual trawling intensity as swept
area per year (ha-yr~!) obtained from Vessel Monitoring System (VMS) data between 2008 and
2016. The location of the main harbors (Palermo and Porticello) and the most important rivers
discharging into the Gulf of Palermo are also given. The black dashed line shows the direction of
the regional current over the study area, which flows along the continental margin. Bathymetric
contour lines are displayed every 100 m. The bathymetric data used in this paper were acquired
during the course of three oceanographic cruises in 2001, 2004 (CARG cruises), and 2009 (MaGIC
cruise) (www.isprambiente.it (accessed on 1 May 2023); [38]. Also, the scheme of the instrumented
mooring line deployed in the axis of the Oreto Canyon at 750 m depth is shown. The mooring
includes a downward-looking 300 kHz Acoustic Doppler Current Profiler (ADCP) and a string of
turbidimeters. The position of the instruments along the line, expressed in meters above the bottom
(mab), is illustrative of the general mooring design, as they are not scaled.

2.1.2. Oceanographic Setting

The Gulf of Palermo is characterized by strong seasonal variations of oceanographic
processes [39]. The area is dominated by an eastward flowing geostrophic thermohaline
circulation, mainly involving three water masses: the Modified Atlantic Water (MAW), the
Levantine Intermediate Water (LIW), and the Tyrrhenian Deep Water (TDW) [40,41].

The MAW is usually found in this margin between the surface and approximately
200 m water depth (core depth 0-100 m), and it originates from the surface inflow of
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the Atlantic Water into the Mediterranean Sea through the Strait of Gibraltar [42]. Its
hydrographic properties undergo chemical and physical modifications, as well as mixing
processes, by evaporation and by the entrainment of Mediterranean water during its path
along the North African coastline [40,42]. This water mass normally presents salinities
lower than 38.0 and temperatures between 14 and 15 °C, although these properties can
vary along its cyclonic flow along the Mediterranean Sea [42]. Directly beneath, the LIW
is approximately found between 200 and 700 m water depth (core depth 300-500 m). It is
formed during winter periods in the Eastern Mediterranean basin due to meteorological
factors, when dry, cold, and strong winds enhance mixing and evaporation, leading to
vertical convection processes [43]. The LIW circulates westwards through both eastern
and western Mediterranean basins, contributing predominantly to the outflow from the
Gibraltar Strait to the Atlantic Ocean [44]. Its salinities can reach up to 38.8 with maximum
temperatures of 15.5 °C [45]. Both surface and intermediate water masses in the Tyrrhenian
Sea basically follow a cyclonic circulation pattern along the Sicilian and Italian shelves [46],
although small but quasi-permanent gyres are also present [47,48]. In its deeper part, the
water column is occupied by the Tyrrhenian Deep Water (TDW), which is defined to be
a mixing product of the Western Mediterranean Deep Water (WMDW) from the Sicily
Channel and the LIW above it [49] flowing out from the Sardinia Channel [50]. However,
the processes responsible for the formation of this TDW and the actual water masses
involved are still the subject of debate [46,51,52].

Oceanographically, this region is affected by sporadic winter storms from the NW, NE,
and E, as well as by a seasonal wind-driven coastal current, described as the Tyrrhenian
Sicilian Current (TSC) [53]. This current flows eastward, with maximum velocities of
0.9 knots [54].

2.1.3. Bottom Trawling Grounds

The Gulf of Palermo has held bottom trawling grounds for local trawlers for more
than 50 years. Bottom trawlers in this gulf operate using “otter trawl” gear, which consists
of dragging a wide net over the stern that is kept open horizontally and in contact with the
seafloor by two otter boards [13].

During the 1950s, engine-propelled trawl vessels began to fish in this gulf, although it
was not until the 1960s and 1970s when the size of the fishing fleets, mainly from Porticello
and Palermo harbors, rapidly increased. However, they did not exceed 200 horsepower
(HP) average engine power and mainly operated in shelf waters [32]. The industrialization
of bottom trawling fleets occurred in the late 1980s and allowed them to exploit deeper
fishing grounds using more powerful engines (500-2000 HP). Bottom trawling became
more concentrated on the outer shelf and upper slope sectors of the gulf, and on the Oreto
Canyon axis [32]. Concurrent with the expansion of fishing fleets to deeper fishing grounds
in the late 1980s, natural sedimentation rates within submarine canyon axes increased
by one order of magnitude [32,33]. Nowadays, trawling grounds in the Gulf of Palermo
mainly concentrate on the outer shelf and upper slope sectors between Oreto and Eleuterio
submarine canyons (Figure 1). The available fishing data on the region indicate that trawl
hauls at the continental margin are conducted between ~50 and ~700 m depth, following
the bathymetric contours. However, the highest trawling effort is concentrated along the
axis of the Oreto Canyon, where trawlers perform hauls between ~200 and 700 m depth
(Figure 1). In contrast, the axes of other submarine canyons incising the margin remain
untrawled (Figure 1).

2.2. Sampling

In the framework of the Eurofleets-2 ISLAND (Exploring SiciLian CAnyoN Dynamics)
cruise onboard the R/V Angeles Alvarifio, an instrumented mooring line was deployed in
the axis of the Oreto Canyon at 750 m depth (latitude: 38°10.98' N; longitude: 013°26.03'
E) on 8 August 2016 (Figuresl and S1). The mooring line was equipped with a string of
5 turbidimeters (AQUA logger 210TY, AQUATEC, Basingstoke, UK) at 5, 10, 20, 50, and
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80 m above the bottom (mab), programmed to measure turbidity, expressed in Formazin
Turbidity Units (FT'U), at 2 min sampling intervals. The loggers were set to operate in
auto-gain mode, meaning that they go over different gains at the time of measuring and
automatically select a suitable range that does not saturate the signal. The mooring line
was also equipped with a downward-looking 300 kHz Acoustic Doppler Current Profiler
(ADCP) (Teledyne RDI, Poway, CA, USA) placed at 90 mab, above the turbidimeters, which
was configured with vertically stacked cells of 2 m thickness and a sampling interval of
5 min (see mooring schematics in Figure 1). The mooring line was retrieved on 13 January
2017, using a sailboat, and the instruments collected data for five months.

During the ISLAND cruise, three ship-based hydrographic transects were also con-
ducted in the study area. The hydrographic data were collected using a SeaBird 9 CTD
probe coupled with a SeaPoint turbidity sensor (Sea-Bird Scientific, Bellevue, WA, USA).
The first transect, conducted on 15 August 2016, consisted of 5 vertical CTD stations along
the axis of the trawled Oreto Canyon. The second transect was conducted on 16 August
and consisted of 5 vertical CTD stations along the axis of the untrawled Eleuterio Canyon.
Finally, a CTD transect was conducted in the cross-section between the two submarine
canyons on 16 August (Figuresl and S1).

2.3. Field Data Analyses
2.3.1. Mooring Data

Turbidity data acquired during this observational study were processed using SpikeRe-
moval MATLAB (R2023a)’s function [55,56], following (1):

[x, spikes| = spikeRemoval(w) (1)

where w is the input time series, and the outputs are x, which is the de-spiked time series,
and spikes, which is a structure array that contains the indices of spikes, corresponding val-
ues, and replacement values. The complete script and functions can be found in MATLAB's
Central File Exchange (https:/ /www.mathworks.com/matlabcentral/fileexchange /69614-
spikeremoval [accessed 19 October 2022]).

This function replaces spikes (or outliers) exceeding a threshold value by interpo-
lating among previous and subsequent data points or replacing them with NaN values.
The threshold is defined as the mean + a given number of standard deviations (std) of
windowed data centered at spike locations. In this case, the most suitable threshold was
defined as 2 std and 2 passes for detection and replacement of spikes. The turbidimeter at
5 mab presented increasing baseline values over time, indicating the effect of biofouling.
Hence, data from this sensor were omitted. Turbidity measurements in FTU could not
be converted into estimates of suspended sediment concentration (SSC) since no water
samples were collected during the hydrographic survey. Therefore, turbidity values in this
paper have been kept as arbitrary units and expressed in FTU.

Current speeds and directions obtained from the 300 kHz ADCP were decomposed
into E-W and N-S components. In order to obtain the across- and along-canyon velocity
components, the zonal and meridional current components were rotated 25° counter-
clockwise, so that their reference frames became aligned to the local canyon axis orientation.
This rotation converted the X axis values into the across-canyon velocity component
(positive towards the SE), and the Y axis values into the along-canyon velocity component
(positive down-canyon). Progressive vector diagrams were computed following (2):

Y V(t)At 2)

where the time step used was 5 min, which corresponded to the measuring interval of the
300 kHz ADCP.

Progressive vector diagrams essentially show the cumulative displacement of a parti-
cle, such as a water parcel, over time based on velocity data, allowing the understanding
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of the dynamics of ocean currents and their time evolution [57]. For the purpose of the
present study, they were computed for the depth-cells corresponding to 80 mab, 60 mab,
40 mab, and 20 mab.

2.3.2. CTD Data

Raw CTD data were first converted into engineering units using the Data Conversion
function of SBE Data Processing software (v. 7.26.7). Converted CTD data were then filtered
using two low-pass filters (0.03 s and 0.15 s, respectively) to eliminate any high-frequency
fluctuations. Variables such as salinity, potential density, and potential temperature were
derived from primary variables (conductivity, temperature, and pressure). A loop was
then applied to remove the effects of the CTD moving up and down the water column
with the pitch, roll, and heave of the ship. Any negative pressure changes on the downcast
(i.e., CTD moving upwards) or positive pressure changes on the upcast (i.e., CTD moving
downwards) were flagged as “bad quality” and were removed. Afterwards, data were
binned to 1 m intervals, and visualized using Ocean Data View (ODV) software (v. 5.6.5) [58].
Finally, interpolated plots representing CTD and turbidity data were created using the Data-
Interpolating Variational Analysis (DIVA) gridding software [59] included in ODV software
(DIVA parameters: scale lengths chosen automatically; quality limit: 3.0; excluding outliers).

2.4. Ancillary Data
2.4.1. Wave Conditions

Wave conditions during the monitoring period were obtained from model data from
the “Mediterranean Sea Waves forecasting system (Med-WAV)” model [60]. The Med-WAV
consists of a multi-year (1993-2019) wave reanalysis model composed by hourly wave
parameters at 1/24° horizontal distribution, covering the Mediterranean Sea and extending
up to 18.125° W into the Atlantic Ocean. The wave input parameters, which are available
through the CMEMS (Copernicus Marine Environment Monitoring Service) [61], consist of
17 hourly wave parameters validated using wave buoy and satellite measurements.

For the purpose of this study, data were selected and plotted for a particular grid point
(latitude: 38°11.4" N and longitude: 013°25.2" E) (Figure 1), which was the closest to the
mooring site and is a representative location to assess the wave conditions at the study area.
Model results included the following parameters: significant wave height (Hs, m), mean
wave direction (8, °), and primary mean wave period (Tp, s).

2.4.2. Fishing Effort

Trawling activity at the Gulf of Palermo was determined from Vessel Monitoring
System (VMS) data, a mandatory transmission system since 2005 in all European vessels
with an overall length over 15 m [62]. Vessels with VMS transmit information of their
position, speed, and heading to the network of the national coastal guard by the Inmarsat-C
system, at intervals of 1-2 h. However, VMS data for research and impact assessment
have some limitations, including a long duration between position records that can lead
to incomplete coverage of vessel activities and a lack of information on whether a vessel
is actually fishing or drifting when the position is recorded [63]. To overcome the low
sampling frequency, vessel positioning was interpolated based on its speed and heading
and accounting for its drift using the R package VMSbase [64]. Trawling intensity, expressed
as mean swept area in hectares, was estimated using VMS data from 2008 to 2016 in the
Gulf of Palermo in 100 m? grid cells [64]. The VMS data allowed us to define the extent of
the fishing effort at the Oreto Canyon and its surroundings (Figure 1).

For the purpose of this study, we isolated a grid cell that covered the axis, and
the eastern and the western canyon flanks of the Oreto Canyon, where the maximum
fishing intensity can be found (Figuresl and Sla). Afterwards, the number of trawlers was
calculated using VMS data from 8 August 2016 to 12 January 2017. Then, the number of
fishing hauls was isolated from each vessel’s trip by removing steaming and non-fishing
behaviors (i.e., navigating and drifting), and by considering that bottom trawling was only



J. Mar. Sci. Eng. 2024, 12, 1050

7 of 24

Tp (s) Hs (m)

Number of hauls

carried out while bottom trawlers were going down-canyon at speeds between 0.4 and
5 knots, following the procedure described in [64].

3. Results
3.1. Forcing Conditions
3.1.1. Wave Regime

During the monitoring period, significant wave height (Hs) ranged between 0.1 and
1.7 m during the more quiescent summer months (August and September), and between
0.1 and 3.6 m during fall and winter months (October, November, December, and January)
(Figure 2a). From late October to early January, several storms, defined as sustained Hs
greater than 2 m for more than 6 h [65], were recorded, the majority of them caused by
strong northern and northwesterly winds. Wave mean period (Tp) during storm events
varied between 3.2 and 5.9 s (Figure 2b). The maximum Hs and Tp on the Oreto Canyon
registered during the mooring deployment were 3.6 m and 5.5 s, respectively, which
corresponded to a north-westerly storm that occurred on 6 January 2017 (Figure 2a,b).
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Figure 2. Forcing conditions during the deployment period. (a) Significant wave height (Hs),
indicating the wave direction of the northwesterly (NW) storm occurring on 6 January 2017, and
(b) primary wave mean period (Tp, s), obtained from the Med-WAV model. (c¢) Number of daily
hauls counted from a grid cell covering the canyon axis, and the eastern and the western canyon
flanks of the Oreto Canyon.
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3.1.2. Bottom Trawling Activity

The trawl effort during the monitoring period indicated that the most intense trawling
activity over the study area took place at the fishing grounds located along the axis of the
Oreto Canyon, generally ranging from 250 m to 750 m depth (Figuresl and Sla), and at
the fishing ground situated at the upper slope located northwards from Cape Zafferano
(Figure 1). The fishing activity at these fishing grounds was principally carried out by eight
bottom trawlers registered in Porticello and Palermo harbors.

Trawling effort over these fishing grounds varied throughout the monitoring period
(Figures 2c and 3). During August, bottom trawlers were mostly concentrated in the Oreto
canyon axis fishing ground (Figures 2c and 3a,b), while there was low to negligible presence
of bottom trawlers on the upper slope fishing ground northwards from Cape Zafferano
(Figure 3a,b). During the first half of September, the presence of bottom trawlers increased
in the upper slope fishing ground, as well as in the Oreto canyon axis fishing ground
(Figure 3c), where bottom trawlers performed between 1 to 23 hauls per day (Figure 2c).
From mid-September to late-October, bottom trawling activity disappeared in the Oreto
canyon axis fishing ground (Figures 2c and 3d—f). Only during the second half of September,
bottom trawlers moved to shallower fishing grounds on the continental shelf (Figure 3d).

In November, fishing activity increased again, not only in the Oreto canyon axis
fishing ground, where the number of hauls fluctuated between one and twenty-two per
day (Figure 2c), but also on the continental shelf’s fishing ground and on the upper slope
fishing ground northwards from Cape Zafferano (Figure 3g,h). In the first half of December,
the presence of bottom trawlers slightly decreased in the Oreto canyon axis fishing ground,
increasing again in the second half of December (Figure 3i,j), with one to thirty-three hauls
per day (Figure 2c). Finally, in the first half of January, the presence of bottom trawlers
decreased in the Oreto canyon axis fishing ground since bottom trawlers had moved again
to the upper slope fishing ground northwards from Cape Zafferano (Figures 2c and 3k).

3.2. Hydrographic and Turbidity Structure in Oreto and Eleuterio Canyons

The hydrographic data obtained during the CTD transects conducted along the Oreto
and Eleuterio submarine canyons, and in the mid-slope hydrographic section between
them, revealed distinct patterns in temperature and salinity throughout the water column
ascribed to the different water masses present in the study area (Figures4, S2 and S3). The
upper part of the water column was occupied by the Modified Atlantic Water (MAW),
characterized near the surface by waters with distinctly low salinities (37.9-38.1) and high
temperatures (>15 °C), most probably influenced by the seasonal summer thermocline,
and by temperatures between 13.5 and 15 °C and salinity values ranging from 38.1 to 38.6
underneath, reaching water depths down to 200 m (Figures4, S2 and S3). Below, and down
to about 700 m water depth, the temperature and salinity values showed the more saline
Levantine Intermediate Water (LIW), which is characterized by temperatures ranging from
13 to 15.5 °C and salinities from 38.4 to 39.1 (Figure 4, Figures S2 and S3). The deepest casts
(>700 m depth) recorded the Tyrrhenian Deep Water (TDW), which showed temperatures
over 12.8 °C and salinity values between 38.5 and 38.7 (Figures4, S2 and S3).

The turbidity vertical profiles obtained by the turbidity sensor attached to the CTD
showed the distribution of the nepheloid structure in the water column along the CTD
transects (Figure 5). Generally, increases in turbidity were observed near the seafloor and
at mid-waters, generating bottom and intermediate nepheloid layers, BNLs and INLs,
respectively (Figure 5). In the Oreto Canyon CTD transect, increased turbidity values were
observed between 100 and 200 m depth where a BNL developed at the outer shelf and
canyon head, showing turbidity values of ~0.2 FTU (Figure 5a; station #1). This layer
extended offshore and down-canyon, as observed by the slight turbidity increase in station
#2 (Figure 5a). The maximum turbidity values were found down-canyon between 400
and 500 m depth in a BNL, which reached 0.8 FTU (Figures5a and S4a). A detachment
of this BNL extended almost 3 km offshore as an INL, which was observed at station #4
at the same water depth, but with decreasing turbidity values between 0.2 and 0.4 FTU
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(Figures5a and S4a). The lowest turbidity values (i.e., clear waters) were observed 8.5 km
offshore, from the surface down to 1092 m water depth, at the deepest hydrographic station
#5 (Figure 5a).

o VMS positions

Y% Instrumented mooring

. % o\:b‘—r-.i&o P
RRp- 1R e

Figure 3. Vessel Monitoring System (VMS) positions of bottom trawlers (blue dots) over the study
area during the monitoring period, displayed every 15 days from 1 August 2016 to 15 January 2017.
The yellow star indicates the location of the instrumented mooring line.
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Figure 4. General TS diagram for all the hydrographic casts collected during the CTD transects
conducted along the Oreto and Eleuterio submarine canyons, as well as in the mid-slope section
between them. The different water masses that can be identified in the study area are the Modified
Atlantic Water (MAW), the Levantine Intermediate Water (LIW), and the Tyrrhenian Deep Water
(TDW) (data plotted using Ocean Data View v. 5.6.5).

The Eleuterio Canyon CTD transect showed generally lower turbidity values through-
out the entire water column (Figure 5b). In this canyon, there were slight increases in
turbidity, reaching values of 0.2 FTU, that corresponded to less-developed BNLs and de-
taching INLs at different water depths (Figure 5b). An INL was observed between 100
and 150 m water depth, at the canyon head, extending 3 km offshore (Figures5b and S4b).
Underneath, there was a clearer water layer down to 250 m depth (Figure 5b) and a weak
BNL extending down-canyon from 300 to ~600 m water depth (Figures5b and S4b), giving
rise to a low concentrated (~0.2 FTU) INL developed at ~400 m depth, stretching offshore
for about 3.5 km (Figure 5b; station #9). Similar to the Oreto Canyon, the lowest turbidity
values in the Eleuterio Canyon were found at the deepest hydrographic station #10, from
the surface down to 1149 m water depth (Figure 5b).

The CTD transect conducted at mid-slope depths between the Oreto and Eleuterio
submarine canyons showed clear water from the surface down to ~300 m water depth
(Figure 5c) and increasing turbidity values from 300 m to the deepest part of the profiled
water column, particularly in the station conducted at the Oreto Canyon (station #3), where
turbidity reached 0.8 FTU (Figure 5c). The continental slope between the two submarine
canyons (200-300 m depth) also showed, near the bottom, increasing turbidity, peaking at
about 0.4 FTU (Figure 5c; station #11).
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Figure 5. Hydrographic transects conducted during 15 August and 16 August 2016, show-
ing the spatial distribution of water turbidity, in Formazin Turbidity Units (FTU), throughout
the water column along (a) the Oreto Canyon and (b) the Eleuterio Canyon, and (c) in the
mid-slope section between the two submarine canyons (see transects in Figure 1). The yellow
vertical line in panel (a) indicates the relative location, water depth, and length of the instru-
mented mooring line deployed in the axis of the Oreto Canyon. The black arrow in panel
(a) indicates the approximate location of the canyon axis fishing ground within Oreto Canyon
(data plotted using Ocean Data View v. 5.6.5). Circled CTD casts indicate vertical turbidity profiles
that were examined (an example is provided in Figure 5S4 to show the details in these profiles).

3.3. Time Series of Temperature, Currents, and Turbidity in the Oreto Canyon

The temperature time series, recorded by the turbidimeters placed along the moor-
ing line, showed values ranging between 13.5 and 14.5 °C throughout the deployment
period (Figure 6a). Notably, there was a difference of approximately 0.25 °C between
the turbidimeter placed at 80 mab (at 670 m water depth) and the turbidimeter placed at
10 mab (at 740 m water depth) (Figure 6a). The highest recorded temperature occurred
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on December 22, 2016, while the lowest temperature was observed on January 10, 2017
(Figure 6a).
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Figure 6. Time series of (a) temperature (°C), (b) across-canyon current velocity (m-s~b), (¢ along-
canyon current velocity (m-s~1), and (d) turbidity (FTU) measured by the different sensors installed
along the instrumented mooring line deployed in the axis of Oreto Canyon. Current velocities below
20 mab are not displayed for both across-canyon (b) and along-canyon (c¢) components due to the
presence of highly noisy data. The inverted black triangle in panel (d) indicates the time when the
CTD transects were conducted.

Current velocities during most of the deployment period ranged between 0.1 and
0.2 m-s~! in both across- and along-canyon directions (Figure 6b,c). However, there were
instances of increased current velocities exceeding 0.3 m-s~! during the fall and winter
months (Figure 6b,c). The analyses of time series showed that currents and temperature
were mostly dominated by near-inertial motions (~18h). The inertial motions, defined by
the Coriolis parameter (f), which depends on the rotation of the Earth (Q) = 72921075 s)
and the latitude (¢), were calculated at the study area (¢ = 38.2 °N) following the equation
f=2Qsin ¢, and resulted in a periodicity of 19.4 h.

The variations in current velocity also exhibited distinct patterns depending on the
height above the bottom, as evidenced by the progressive vector diagrams of the currents
(Figure 7). Starting on 7 August and for the first 15 days, currents at 80 mab were relatively
confined, with small displacements in both along- and across-canyon directions of ~2 km
(Figure 7a). From 22 September, the currents at 80 mab became relatively unconfined,
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showing minimal influence from the canyon topography (Figure 7a). During this period,
the currents flowed preferentially towards the northwest until 26 September, when they
gradually shifted towards the southeast and predominantly up-canyon (Figure 7a). Con-
versely, currents below 80 mab were relatively confined due to the influence of the canyon
topography and were predominantly oriented along the canyon axis with a significant up-
canyon component (Figure 7b,c). On 23 October, a turn in the current direction affected all
depths. Currents at 80 mab progressively turned down-canyon, maintaining the elliptical
pattern, and afterwards gradually shifted towards the northwest (Figure 7a). In contrast,
currents closer to the bottom flowed down-canyon homogeneously through the sampled
water column until 3 November (Figure 7b-d). Afterwards, currents at 60 and 40 mab
shifted, flowing preferentially along the axis with a predominant up-canyon component,
while still being affected by current oscillations directed down-canyon (Figure 7b,c). This
pattern was also described by currents close to the bottom (20 mab) (Figure 7d). However,
the down-canyon component seemed more relevant, with progressive vectors indicating a
gradual shift of the currents towards the southeast (Figure 7d).
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Figure 7. (a—d) Progressive vector diagrams computed from 4 levels of water currents (80, 60, 40,
and 20 mab) obtained by the downward-looking 300 kHz Acoustic Doppler Current Profiler (ADCP)
installed in the instrumented mooring line with a 5 min measuring interval during the monitoring
period. Starting points are (0, 0) for all the diagrams. Horizontal and vertical axes are across-canyon
and along-canyon components, respectively, expressed in km. Note the change in scale in panel (a) in
both horizontal and vertical axes.
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The turbidity record displayed baseline values for the majority of the deployment
period, characterized by turbidity shifts ranging from 1 to 3 FTU throughout the monitored
water column. However, there were two distinct periods of elevated turbidity, occurring
from mid-August to mid-September and from mid-December to early January (Figure 6d),
that coincided with the most intense bottom trawling periods during the deployment
(Figure 2c). During the summer period, several turbidity peaks, ranging from 4 to 7 FTU,
were observed across all depths (10-80 mab), with exceptional higher near-bottom turbidity
peaks of approximately 20 FTU recorded in early September (Figure 6d). Subsequently,
between the transition from summer to winter, water turbidity gradually decreased and
remained within baseline values, typically fluctuating between 1 and 3 FTU. Nevertheless,
sporadic turbidity peaks of 8 FTU were recorded at 20 mab in early and late November.
Increased turbidity was noted from mid-December to early January, showing peaks from
6 to 8 FTU between 10 and 50 mab, and from 1 to 4 FTU at 80 mab (Figure 6d).

4. Discussion
4.1. Role of Bottom Trawling as a Contemporary Mechanism of Sediment Resuspension

During the present study, the time series of turbidity in the Oreto canyon axis revealed
the occurrence of high-concentration turbidity peaks exceeding 2 FTU at <80 m above the
seafloor (Figure 6d). These turbidity peaks could not be attributed to natural environmental
factors, since no river floods or significant storm events occurred within the study area
during the duration of the deployment (Figure 2a,b). However, these turbidity peaks could
be related to sediment resuspension caused by bottom trawling activities, as observed by
the temporal distribution of these peaks in coincidence with periods of intense trawling
activity at the Oreto canyon axis fishing ground (Figures 2c and 6d). This was particularly
evident during late August and the first half of September, after the conclusion of the
summer holiday period, as well as during the second half of December, coinciding with
the Christmas season, when relatively high turbidity increases of 4-7 FTU and 6-8 FTU,
respectively, were recorded at all instrumented water depths throughout the water column
(Figure 6d). Conversely, lower turbidity values were consistently observed throughout the
water column during the bottom trawling intermission at the Oreto canyon axis fishing
ground, which occurred in late September and October (Figure 6d). It is likely that during
this period, the large bottom trawlers from Palermo and Porticello harbors, which regularly
operate in the Oreto Canyon, had relocated to shallower depths of the continental shelf or
to alternative fishing grounds situated along the northwestern Sicilian continental margin
(Figure 3d—f). Even in periods characterized by relatively low bottom trawling activity in
the Oreto Canyon, such as the month of November (Figure 2c), a few isolated high-turbidity
peaks were still recorded (Figure 6d). For instance, in early November, these turbidity
peaks coincided with isolated bottom trawling activities at the Oreto canyon axis fishing
ground (Figure 2c). However, in late November, isolated turbidity peaks occurred on days
when bottom trawlers were not in operation (Figures 2c and 6d), which could be the result
of a sediment destabilization originating from the Oreto canyon flanks.

These findings in Oreto Canyon support the idea that sediment resuspension induced
by bottom trawling activities plays a substantial role in increasing turbidity levels in the
water column within submarine canyon environments. Previous studies have effectively
demonstrated that the action of bottom trawling gears scraping and ploughing the seabed
results in increased near-bottom water turbidity owing to sediment resuspension. After sed-
iment is resuspended by bottom trawlers, the fishing grounds become eroded, potentially
leading to preferential re-deposition of coarser sediment fractions [13,66], whereas finer
particles are transported by ambient currents towards deeper regions, either as enhanced
nepheloid layers [13,22-24,67] or as sediment gravity flows [18-20]. In the context of the
Oreto Canyon, the occurrence of sediment gravity flows, characterized by downslope
water movement due to the contribution of suspended sediment load to fluid density, was
ruled out, since no concurrent increases in current velocity were recorded in the moored
instruments when turbidity levels rose (Figure 6). Such sediment gravity flows have been
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previously documented in the NW Mediterranean Sea, particularly at the confluence of
a trawled tributary valley (Montgri) with the Palamés canyon axis [13,18]. In that region,
trawling-induced resuspended sediments from a canyon flank fishing ground were chan-
nelled through the Mongri tributary, causing significant turbidity peaks coinciding with
velocity increases. However, the data collected in our study did not show evidence of these
fast sediment gravity flow events channelized through the main axis of the Oreto Canyon.
Instead, the moored instruments appeared to intercept the less dense resuspended particles
transported by fluctuating currents with relatively low velocities (<0.2 m-s~!) confined
within the canyon, which reached the mooring instruments with variable temporal offsets
relative to the passage of bottom trawlers (Figure 6d). Most likely, these resuspended parti-
cles contributed to feeding intermediate and bottom nepheloid layers, which maintained
elevated turbidity levels in the water column even some time after the cessation of bottom
trawling activities (Figure 6d). This was observed in both the moored instruments and
hydrographic profiles conducted within the Oreto Canyon during the ISLAND Cruise, a
day after the passage of bottom trawlers (Figures 5a and 6d).

4.2. Role of Water Masses and Current Variability as a Mechanism of Suspended
Sediment Transport

The time series of data collected at the Oreto canyon axis during periods of intense
trawling activity revealed a consistent pattern where turbidity values typically increased
over periods of 2-5 days, in agreement with the low-frequency oscillations of water tem-
perature, and apparently unrelated to variations in the currents (Figures 8 and 9). These
oscillations are likely influenced by the presence of mesoscale oceanographic structures
affecting the circulation over the Gulf of Palermo continental slope area [45]. Such low-
frequency oscillations are ubiquitous in the northwestern Mediterranean Sea, as in the
Ligurian Sea or in the Gulf of Lions, and have been associated with the influence of topo-
graphic waves (e.g., [68-72]). In continental shelf environments, the passage of topographic
waves has been suggested as a controlling mechanism for the cross-shelf exchange of water,
sediments, and nutrients [73]. In the Adriatic Sea, for instance, topographic waves triggered
by the inflow of a dense water vein were observed propagating along the continental slope
with a periodicity of 2—4 days [73]. In the Ligurian Sea, they have been observed along the
slope with periods of 10-20 days and across the slope with periods of 3-6 days [74].

Variations in temperature and turbidity at the monitored depths also provided evi-
dence of the oscillation of the interface between the Levantine Intermediate Water (LIW)
and the Tyrrhenian Deep Water (TDW). In general, lower turbidity values were observed
when the moored instruments recorded relatively cooler temperatures from the TDW,
while residual currents flowed preferentially up-canyon (Figures 8 and 9). In contrast,
higher turbidity values were recorded during periods characterized by the presence of
relatively warmer waters from the LIW at the mooring site, while residual currents flowed
preferentially down-canyon (Figures 8 and 9). This most probably suggests that, during
active trawling periods within the Oreto canyon axis fishing ground, resuspended sediment
particles tend to be retained within the density gradient between the LIW and the TDW.
These particles are then likely detached along the isopycnals and transported towards
deeper regions of the Oreto Canyon during periods when currents are preferentially down-
canyon, ultimately reaching the mooring location (Figures 8 and 9). These results resemble
previous findings in the Gulf of Valencia continental slope by [75], which attributed the
presence of high turbidity values in intermediate and bottom nepheloid layers to internal
waves propagating along the interface between the LIW and the Western Mediterranean
Deep Water (WMDW). The resuspended particles from the slope would be maintained in
suspension by the existing density gradient between these water masses. Numerous other
studies have also related the presence of nepheloid layers with internal waves in various
regions (e.g., [76,77]).
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Figure 8. Time series during a highly active trawling period in summer, showing data of (a) tem-
perature (°C), (b) along-canyon current velocity (m-s~1), and (c) turbidity (FTU) measured by the
different sensors installed along the instrumented mooring line deployed in the axis of Oreto Canyon.
(d) Number of daily hauls counted from a grid cell covering the canyon axis, and the eastern and the
western flanks of the Oreto Canyon from 1 September to 20 September 2016.

Nonetheless, it is worth noting that after a few days of active bottom trawling activity,
lower turbidity values could also be recorded in the near-bottom water column monitored
by the moored instruments (Figures 8 and 9). This was the case in mid-September (12-14),
when the high number of computed trawling hauls did not correspond to significant
increases in turbidity values. This suggests that during this period of intense trawling
activity at the canyon, the moored instruments did not directly capture the resuspended
plume generated immediately after the passage of trawlers. The analyzed VMS data showed
an increased number of vessel positions along the Oreto canyon axis, but predominantly
located shallower than the mooring location (Figure 5a). The topographic high located
at 750 m depth in the canyon axis may in fact act as a natural obstacle preventing the
expansion of trawling grounds to deeper depths [78] (Figures5a and S1b), but also act as a
ramp to facilitate the detachment of INLs down-canyon. This suggests that the resuspended
particles may have already been detached as INLs at shallower depths, which would have
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been afterwards advected over the mooring line as diluted INLs, therefore being unnoticed
by the moored sensors (Figure 8).
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Figure 9. Time series during a highly active trawling period in winter, showing data of (a) tem-
perature (°C), (b) along-canyon current velocity (m-s~1), and () turbidity (FTU) measured by the
different sensors installed along the instrumented mooring line deployed in the axis of Oreto Canyon.
(d) Number of daily hauls counted from a grid cell covering the canyon axis, and the eastern and the
western flanks of the Oreto Canyon from 17 December 2016, to 4 January 2017.

Looking into the details of periods with high turbidity records, it can be seen that
overlying the above-described fluctuations associated with topographic waves, fluctuating
up- and down-canyon currents were also influenced by the local near-inertial frequency,
which had a periodicity of ~18h and modulated the high-frequency oscillations of both
temperature and turbidity (Figures 8 and 9).

This behavior was particularly evident during two notable intervals: between 12 September
and 15 September 2016, and between 19 December and 22 December 2016 (Figures 10 and 11).
For instance, around midday on September 12, the near-bottom instruments (positioned
between 10 and 20 mab) recorded a sharp turbidity peak of ~5 FTU, which persisted for
approximately 2 h. In contrast, the instruments located at mid-waters (50-80 mab) did not
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register such a significant turbidity increase (Figure 10c). Instead, they recorded the subse-
quent arrival of a less concentrated intermediate nepheloid layer (2-3 FIU) that persisted
for several hours, coinciding with a period when currents were primarily directed down-
canyon and the temperature values progressively increased (Figure 10). During periods
when currents shifted up-canyon and temperature decreased, clear waters were observed.
Afterwards, the nepheloid layers were recorded again by the moored instruments on 13
September and 14 September, corresponding to the subsequent two down-canyon inertial
cycles (Figure 10). Similarly, during the winter trawling period, from 19 December to 21
December, the turbidity records also displayed fluctuations at near-inertial frequencies,
showing analogous behavior. Turbidity levels increased during periods when temperatures
rose and currents were directed down-canyon, while turbidity decreased when temperature
dropped, and currents were directed up-canyon (Figure 11).
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Figure 10. Evolution of (a) temperature (°C), (b) along-canyon current velocity (m-s~1), and
(c) turbidity (FTU) records measured by the different sensors installed along the instrumented moor-
ing line deployed in Oreto Canyon during a chosen period in summer (12 September to 15 September
2016), showing in detail the oscillation of the monitored parameters at the near-inertial frequency.

The above-described oscillations at near-inertial frequencies are similar to previously
reported findings across the Mediterranean Sea (e.g., [72,79]), where near-inertial tem-
perature variations were mainly correlated with along- and across-slope oscillations that
modulated the sediment flux direction. It has been postulated that inertial motions are gen-
erally generated by atmospheric disturbances, although enhanced near-inertial energy can
be found at greater depths in the water column [79]. They can be transported downwards
into the ocean by propagating waves that can pass through both stratified and mixed water
layers [79]. Some studies, such as [80,81], have suggested that propagating waves inter-
acting with the bottom of continental slopes can cause sediment resuspension. However,
turbidity records at the Oreto canyon axis showed no sharp resuspension peaks linked to
the near-inertial waves at the canyon. Despite this, currents at near-inertial frequencies
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were found to modulate along-canyon sediment fluxes, following the current fluctuations at
the same near-inertial time scales (Figures 10 and 11). These findings suggest that currents
at near-inertial frequencies did not induce sediment resuspension, but rather they were
crucial in advecting sediment resuspended by bottom trawlers along the canyon.
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Figure 11. Evolution of (a) temperature (°C), (b) along-canyon current velocity (m-s~1), and
(¢) turbidity (FTU) records measured by the different sensors installed along the instrumented moor-
ing line deployed in Oreto Canyon during a chosen period in winter (19 December to 22 December
2016), showing in detail the oscillation of the monitored parameters at the near-inertial frequency.

Therefore, topographic waves passing over the Gulf of Palermo might exert an impor-
tant role in controlling sediment transport processes within the Oreto Canyon, favoring
the dispersion and transport of sediment particles resuspended from fishing grounds to-
wards deeper parts of the canyon. This mechanism, added to the slow (<0.2 m-s~!) and
oscillating up-/down-canyon near-inertial flow (Figures 10 and 11), ultimately governs the
distribution and fate of trawling-induced resuspended particles, which may either reach
the deeper parts of the canyon where the mooring was located or settle before along the
canyon axis. This sediment transport mechanism within the Oreto Canyon may also help
explain the elevated sedimentation rates reported in the canyon axis [32,33]. These rates
have increased from 0.11 to 0.73 cm-yr—! at ~500 m depth and from 0.11 to 0.21 cm-yr—! at
~800 m depth within the canyon axis after the industrialization of bottom trawling fleets
during the 1980s [32].

Similar increases in sedimentation rates attributed to bottom trawling activities since
the 1980s have been documented in the neighboring Eleuterio and Arenella submarine
canyons, both at around ~500 m depth. In these canyons, sedimentation rates have in-
creased from 0.11 to 1.38 cm-yr~! and from 0.13 to 1.37 cm-yr—!, respectively, in the
mid-1980s [32]. In fact, both canyons can intercept the sediment supplied to and resus-
pended in the outer shelf and mid-slope by bottom trawling activities (Figures 1 and 3),
which can then be transported by the along-margin Tyrrhenian Sicilian Current (TSC) to
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the head and axis of these canyons [31]. Although we did not record turbidity time series
in any of these canyons, CTD turbidity data in Eleuterio Canyon suggests the potential
impact of trawling-derived resuspended sediment at the canyon head (Figure 5b).
Overall, our results support the idea that trawling-induced resuspension has a signifi-
cant role in increasing turbidity levels within the Oreto Canyon, with a varying intensity
that depends on the position of trawlers within the canyon, as well as the prevailing hydro-
dynamics, which ultimately control the transport and the fate of resuspended particles.

5. Conclusions

This study provides new insights about the nepheloid layer distribution in the Oreto
and Eleuterio submarine canyons and the potential mechanisms contributing to the sedi-
ment resuspension and advection in these submarine canyons. In the Oreto Canyon, bottom
trawling activities were identified as the primary mechanism of sediment resuspension and
generation of nepheloid layers. The time series analyses conducted in the lower reaches
of this canyon showed that turbidity values generally increased during the most active
trawling periods, exhibiting periodic oscillation over about 2-5 days, in agreement with
the low-frequency oscillations of water temperature, and unrelated to variations in the
currents. These temperature oscillations appeared to be related to the oscillation of the
interface between the LIW and the TDW, which were likely influenced by the passage of
topographic waves over the area. These waves, combined with the slow (<0.2 m-s~!) and
oscillating near-inertial (~18 h) currents, determined the distribution, transport, and fate
of trawling-induced resuspended sediments, advecting turbid water down-canyon. This
study also presents findings that the alterations in water turbidity and nepheloid layer
structure by bottom trawling activities occur not only in the NW Mediterranean, where it
was documented until now, but also in other Mediterranean margins.

In summary, the present paper confirms that the resuspension capability of bottom
trawlers can alter the sedimentary dynamics of submarine canyons affected by this human
activity and highlights the importance of understanding the role of the hydrodynamics pre-
vailing within submarine canyon environments in the dispersal and transport of suspended
sediment particles. Further research is needed to comprehensively assess the impacts
resulting from this human activity in deep-sea environments.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse12071050/s1. Figure S1: Bathymetric map of the Oreto Canyon,
showing the location of the instrumented mooring line (yellow star) and the CTD stations sampled
(grey dots) around the canyon. The overlying density raster represents the mean annual trawling
intensity as swept area per year obtained from Vessel Monitoring System (VMS) data between 2008
and 2016. Bathymetric contour lines are displayed every 50 m. The black dashed lines correspond
to the (b) along-canyon and (c) across-canyon sections showing the location of the instrumented
mooring line (not scaled). In panels (b) and (c), the black arrows indicate the approximate location of
the axial and slope fishing grounds in Oreto Canyon, respectively. Figure S2: Hydrographic transect
conducted during 15 August and 16 August 2016, showing the spatial distribution of (a) potential
temperature (°C) and (b) salinity, throughout the water column along the Oreto Canyon (see transect
in Figure 1). The yellow vertical line indicates the relative location, water depth, and length of the
instrumented mooring line deployed in the axis of the Oreto Canyon. The black arrow indicates the
approximate location of the canyon axis fishing ground within Oreto Canyon (data plotted using
Ocean Data View v. 5.6.5). Figure S3: Hydrographic transect conducted during 16 August 2016,
showing the spatial distribution of (a) potential temperature (°C) and (b) salinity, throughout the
water column along the Eleuterio Canyon (see transect in Figure 1) (data plotted using Ocean Data
View v. 5.6.5). Figure S4: Example of vertical turbidity profiles from selected CTD stations in (a) Oreto
and (b) Eleuterio Canyons. See Figure 5 for profiling location along the different sections.
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