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Submarine canyons are important conduits of sediment and organic matter to
deep-sea environments, mainly during high-energy natural events such as
storms, river floods, or dense shelf water cascading, but also due to human
activities such as bottom trawling. The contributions of natural and trawling-
induced sediment and organic matter inputs into Palamés Canyon (NW
Mediterranean) were assessed from three instrumented moorings deployed
in the axis and northern flank of the canyon covering the trawling closure
(February) and the trawling season (March-December) of 2017. During the
trawling closure, large sediment fluxes with high contents of labile marine
organic matter content were registered in the canyon axis, associated to storm
resuspension on the shelf that coincided with dense shelf water cascading and
high surface water productivity. Although no major natural sediment transport
events occurred during the following spring and summer months, near-daily
trawling-induced sediment gravity flows were recorded in the northern flank
mooring, placed directly below a fishing ground, which sometimes reached the
canyon axis. Compositionally, the organic matter transferred by trawling
resuspension was impoverished in the most labile biomarkers (fatty acids,
amino acids, and dicarboxylic acids) and had a high degree of degradation,
which was similar to surficial sediment from the adjacent fishing ground.
Trawling resuspended particles masked the transfer of organic matter
enriched in labile biomarkers that naturally occur during the quiescent
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summer months. Overall, bottom trawling enhances the magnitude of particle
fluxes while modifying its organic carbon composition, increasing the re-
exposure and transfer of degraded organic carbon and potentially affecting
benthic communities that rely on the arrival of fresh organic matter.

KEYWORDS

submarine canyon, NW Mediterranean, surface sediment, sediment transport, carbon
cycle, biomarkers, storms, bottom trawling

1 Introduction

Submarine canyons act as preferential conduits of particulate
matter connecting the productive coastal shelf with the nutrient-
limited abyss (Allen and Durrieu de Madron, 2009; Puig et al., 2014;
Porter et al, 2016). The enhanced flux of organic matter into
canyons combined with their heterogenous set of habitats makes
these morphological features important nursery and refuge areas for
diverse marine life (Vetter et al., 2010; De Leo et al., 2014;
Fernandez-Arcaya et al., 2017). Consequently, several benthic
species of commercial interest tend to congregate near submarine
canyons, supporting many fishing grounds (Farrugio, 2012).

The ecological importance of submarine canyons relies on
the transfer of organic matter to the canyon’s interior, which is
enhanced by natural processes that increase the flux of
particulate matter into canyons (see review by Puig et al,
2014). These processes include river floods that deliver
elevated amounts of suspended sediment to the margin and
high-energy storm-waves, which resuspend sediment from
shallower regions of the shelf. Combined, both processes can
transport elevated amounts of suspended particulate matter into
canyons as turbidity currents and/or hyperpycnal flows (Martin
etal, 2011; Liu et al., 2012; Puig et al., 2014). Dense shelf water
cascading (DSWC) events generated by cooling and/or
evaporation of coastal surface waters can also transport large
amounts of particulate matter into canyons. Their excess in
density forces these waters to sink to greater depths through
submarine canyons as gravity-driven currents that carry
resuspended sediment until reaching neutral buoyancy
(Durrieu de Madron et al., 2005; Canals et al., 2006; Palanques
et al., 2012). Particulate fluxes derived from both storms and
DSWC tend to be highest in the upper and middle canyon
reaches, and decrease with depth as the hydrodynamic forces
subside, rarely reaching the lower canyon (de Stigter et al., 2007;
Palanques et al., 2012; Pedrosa-Pamies et al., 2013). Sediment
transported during storms and DSWC generally have relatively
low particulate organic matter content and is composed of aged
terrestrial organic carbon (OC) eroded from the continental
shelf (Sanchez-Vidal et al., 2008; Tesi et al., 2010; Martin et al.,
2011; Hsu et al., 2014; Sparkes et al., 2015). However, when these
events occur in coincidence with phytoplankton blooms,
particulate matter enriched with marine OC is transferred into
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submarine canyons (Fabres et al, 2008; Pasqual et al., 2010;
Lopez-Fernandez et al., 2013a).

Anthropogenic activities can also modify the transport of
sediment in submarine canyons. Several studies have proven that
deep bottom trawling around submarine canyons can be a main
driver of particulate matter transfer (Martin et al., 2006; Palanques
et al., 2006; Puig et al., 2012; Martin et al., 2014a; Wilson et al.,
2015; Arjona-Camas et al., 2019; 2021). This enhanced transferal
of particulate matter has caused a general increase in
sedimentation rates within the axes of several trawled
submarine canyons (Martin et al., 2008; Puig et al., 2015;
Paradis et al.,, 2017; 2018a; 2018b; 2021a), which has modified
the abundance and biodiversity of meiobenthos (Pusceddu et al.,
2014; Roman et al., 2018). These shifts in meiobenthic community
structures are attributed to a presumed alteration in both the
amount and the composition of organic matter transferred into
canyons, since bottom sediments from fishing grounds tend to be
depleted in labile organic matter compounds (Martin et al., 2014b;
Pusceddu et al., 2014; Paradis et al., 2021b) and the organic matter
associated with local resuspended sediment tends to be highly
degraded (Pusceddu et al., 2015; Wilson et al,, 2015; Wu et al.,
2016; Daly et al., 2018). However, the organic matter composition
of downward particulate matter transferred antropogenically from
fishing grounds into canyon axes have not been studied yet.

The NW Mediterranean margin is incised by several canyons
that present large particle fluxes from both natural sediment
transport processes and from bottom trawling activities, and
Palamos Canyon (also known as La Fonera Canyon) is one of the
most prominent of these. Northern storms are frequent and
persistent in this margin, but they generate relatively small waves
(~2 m) on the inner shelf that have limited capacity to resuspend
sediment. In contrast, the rarer eastern storms generally present
larger waves (> 4 m) and are accompanied by heavy rains and
torrential river discharges carrying large amounts of sediment to the
coast. In the case of Palamos Canyon, the Ter River is the closest to
its canyon head and contributes significant amounts of terrigenous
material to the system (Palanques et al., 2005). These eastern storms
also resuspend sediments that are then intercepted by Palamos
Canyon, supplying large amounts of OC-poor sediment into the
canyon (Martin et al., 2006). DSWC in the NW Mediterranean
margin originates in the Gulf of Lions during winter and generates a
southward flow of cold dense water that reaches Palamos Canyon in
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specific years, supplying large amounts of sediment into it (Ribo
et al,, 2011; Arjona-Camas et al,, 2021).

Palamos Canyon supports important trawling grounds along
its northern and southern flanks, named Sant Sebastia and
Rostoll fishing grounds, respectively (Figure 1). These fishing
grounds are concentrated at the 400-800 m depth range in
accordance to the life-cycle of their most targeted commercial
species, the highly coveted red-and-blue deep-sea shrimp
Aristeus antennatus (Sarda et al., 1994; Tudela et al.,, 2003).
Chronic bottom trawling activities along the canyon’s flanks
cause almost daily sediment resuspension evolving into gravity
flows towards the canyon’s interior (Palanques et al., 2006; Puig
et al, 2012; Martin et al., 2014b), which can be detached as
persistent nepheloid layers at the same depth range of the fishing
grounds (Martin et al., 2014b; Arjona-Camas et al., 2021).
Trawling-derived sediment gravity flows are then channeled
through canyon flank tributaries, such as the Montgri gully in
the northern flank (Figure 1), and can reach the canyon axis,
transporting eroded sediment with high silt content, as well as
lower OC and opal content (Martin et al., 2006; Palanques et al.,
2006). However, these studies have not assessed the variations in
the composition of downward particulate organic matter
transported by natural and trawling activities.

Hence, the aim of this study is to evaluate how sediment
transport events linked to both natural processes and trawling
activities influence the composition of downward particulate
organic matter into Palamos Canyon, using biomarkers yielded
from the oxidation of CuO which have been used to assess the
origin and degree of degradation of organic matter transferred into
canyons (Tesi et al,, 2008; Goni et al.,, 2013; Pasqual et al,, 2010;
2013). To address this, three instrumented moorings were deployed
in Palamos Canyon to measure the sedimentary dynamics and the
downward particle fluxes and their composition from February to
December 2017. Since 2013, a two-month trawling closure occurs in
Palamos Canyon from early January to early March to allow the
recruitment of shrimp juveniles and avoid the risk of
overexploitation of the fishing stock (Bjorkan et al, 2020),
providing a time-window to study natural particle fluxes in
February and the effect of trawling activities for the remainder of
the year. To identify the alteration of organic matter compounds
transferred into the canyon by natural sediment transport processes
and bottom trawling activities, we compared the sedimentological
and biogeochemical composition of sediment trap samples along
with the composition of surface sediment obtained on the adjacent
trawling grounds.

2 Materials and methods
2.1 Fieldwork and instrumentation

To conduct this observational study, three moorings were
deployed in Palamos Canyon: at 929 m water depth in the
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canyon axis (Axis-900), at 975 m water depth in the Montgri
tributary gully located ~0.5 km from Sant Sebastia trawling
ground (Flank-1000), and at 1230 m water depth in the
confluence of the tributary gully and the canyon axis, at ~2
km from the same fishing ground (Axis-1200), and ~4 km
down-canyon from Axis-900 mooring (Figure 1). The
moorings were deployed in three consecutive periods: from
February 7 to June 5 and from June 9 to October 3 2017, and
from October 3 2017 to March 5 2018, but this study was
centered on data of 2017 (Figure S1).

Mooring Axis-900 was equipped with an autonomous
hydrographic profiler (Aqualog), as well as a near-bottom
autonomous turbidimeter (AQUA-logger 210TY) with a
SeaPoint turbidity sensor set to record turbidity in Formazin
Turbidity Unit (FTU) at 1-min intervals in auto-gain mode,
placed at 5 m above the bottom (mab), and a current meter
(Aquadopp, Nortek) coupled with a temperature sensor (SeaBird
SBE-37) set to record at 5-min intervals and placed at 6 mab.
The Aqualog only registered data from February 7 to April 7,
and the results are explained in detail in Arjona-Camas et al.
(2021). The current meter stopped some days before the end of
the first and second deployments acquiring data from February 7
to May 20 and from June 9 to September 8, respectively, whereas
it recorded data during all of the third deployment (Figure S1).

Mooring Flank-1000 had a string of 5 single-point
autonomous turbidimeters (AQUA logger 210TY, AQUATEC)
placed at 5, 10, 20, 50 and 80 mab, each one equipped with
temperature, pressure, and a SeaPoint turbidity sensor set to
record FTUs at 1-min sampling interval. The mooring line also
held a downward-looking 300 kHz Teledyne RDI Acoustic
Doppler Current Profiler (ADCP) placed above the
turbidimeters, which provided current velocity and direction
from 10 to 80 mab in 2-m bins at 5-min intervals. The
turbidimeter at 20 mab from the first deployment presented
increasing FTUs over time, indicating the effect of biofouling.
Hence, data from this sensor were omitted (Figure S1).

Mooring Axis-1200 was equipped with a single-point
autonomous turbidimeter (AQUA logger 210TY, AQUATEC)
set to record at 1-min intervals in auto-gain mode, placed at 5
mab, and a current meter (Aquadopp, Nortek) paired with a
conductivity and temperature sensor (SeaBird SBE-37) and a
SeaPoint turbidimeter (0-25 FTU) set to record at 5-min
intervals placed at 6 mab. The autonomous turbidity sensor of
the first deployment did not work, so the turbidity data were
extracted from the turbidimeter paired with the current meter,
providing values up to 25 FTUs. Unfortunately, the current
meter only acquired data from February 7 to March 21 and from
June 6 to October 3 (Figure S1). Additionally, this mooring had a
24-cup sediment trap Technicap PPS3/3 model, with a 0.125 m*
cylindrical opening and an aspect ratio of 2.5 (1 m long/0.4 m
wide), placed at 22 mab and programmed to collect downward
particulate fluxes at 7-day intervals, from Monday to Sunday, to
assess the weekly particle fluxes. The sediment trap overfilled in
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FIGURE 1

Bathymetric map of Palamos Canyon, with the location of Axis-900 (pink square) mooring at the canyon axis, Flank-1000 mooring (orange
triangle) deployed in the Montgri tributary gully (MT) and Axis-1200 mooring (blue circle) deployed in the confluence between MT and the
canyon axis. The yellow rectangle above the Flank-1000 mooring delimits the section of the fishing ground where daily hauls were extracted for
Figure 2. Composition of the sediment trap (Axis-1200) was compared with surficial composition of the sediment core collected in the trawled
flank (green cross). Fishing effort is given as cumulative number of hauls per hectare obtained from AIS data from February to December 2017,
identifying the main fishing grounds (Sant Sebastia, Rostoll, Llevant). The location of the Cap Begur buoy is given by a yellow star.

the 4 sample of the first deployment (March 6-13) and in the
8™ sample of the third deployment (December 4-11), providing
valid samples only from February 13 to March 9 and from June
12 to December 7 (Figure S1).

Current speeds and directions from the different current
meters were decomposed in E-W and N-S current velocity
components. In order to obtain the along- and across-canyon
directions for the Axis-900 and Axis-1200 moorings, data from
these moorings were rotated 70° clockwise to align their
reference frames to the canyon axis orientation, converting the
N-S velocity component into the along-canyon velocity
component (positive up-canyon) and the E-W velocity
component into the across-canyon velocity component
(positive towards the NNE). Data of the Flank-1000 mooring
were rotated 11° counterclockwise to align the reference frame to
the canyon gully orientation, converting the N-S velocity
component into the along-gully velocity component (positive
up-gully), and the E-W velocity component into the across-gully
velocity component (positive towards ESE). To make the three
moorings comparable among them, all current direction
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components were reported with respect to the main canyon
axis orientation: along-canyon (i.e. across-gully for Flank-1000)
and across-canyon (i.e. along-gully for Flank-1000). FTUs from
the different turbidimeters were converted to estimates of
suspended sediment concentration (SSC; mg-L™) following the
calibration described in Arjona-Camas et al. (2021). Cumulative
sediment transport (kgm™) in the across- and along-canyon
direction were calculated through the cumulative sum of the
product of the decomposed and rotated current speed and the
SSC. Given the maximum acquisition of turbidity values of Axis-
1200 in the first deployment and the missing data between
mooring deployments, cumulative suspended sediment
transport must be regarded as lower estimates.

In addition, three sediment cores were taken on the trawled
northern flank of Palamoés Canyon (Figure 1), at the time of the
first deployment and during the mooring turnaround cruises:
one during the temporal trawling close season in February 7, and
two during the trawling season, in June 5 and in October 3. The
cores were collected using a K/C Denmark multicorer at ~500-m
depth (see Paradis et al. (2021b) for further details).

frontiersin.org


https://doi.org/10.3389/fmars.2022.1017052
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Paradis et al.

2.2 Sediment sample treatment and
analytical procedure

Sediment trap samples were prepared and processed in the
laboratory using the same method as described in Palanques and
Puig (2018), obtaining sub-sample aliquots for each sample.
Total mass flux (TMF; g-m’2~d’1) was calculated from the sample
dry weight of two sub-sample aliquots, which were averaged and
upscaled based on their dilution factor, and divided by the
collecting area (0.125 m?) and the sampling interval (7 days)
of the sediment trap, with an average standard error of 2.4%.

Average grain size and the fraction of clay (< 4 um),
silt (4 - 63 um), and sand (63 um - 2 mm) in downward
particulate fluxes were analyzed using a Horiba Partica LA-
950 V2m particle-size analyzer by oxidizing approximately
1 g of sample using 20% H,0O, and disaggregating with 2.5%
P,0%.

Elemental analysis of total carbon (TC), organic carbon (OC)
and total nitrogen (TN) contents were carried out with an elemental
analyzer (Costech ECS Analyzer 4010), according to the procedure
described by Nieuwenhuize et al. (1994). Prior to OC analysis,
samples were first decarbonated through acid-fuming in the
presence of 12 N HCI during 24 h and repeatedly adding 100 uL
of 2 N HCI to the sample until effervescence ceased. Inorganic
carbon, quantified as the difference between total carbon and
organic carbon, was converted to CaCO; contents using the
molecular mass ratio of 100/12, assuming all inorganic carbon
present is in the form of CaCO3. Opal (biogenic silica) was analyzed
using a wet-alkaline extraction with sodium carbonate using the
method described by Mortlock and Froelich (1989). Finally, the
lithogenic fraction was calculated as the difference between the total
mass and the main mass constituents (CaCOj3, organic matter, and
opal), where organic matter content was estimated as twice the
OC content.

Specific biomarkers yielded from the CuO oxidation of
sediment trap samples were analyzed following the method
described by Goni and Montgomery (2000). Briefly, between 250
and 400 mg of homogenized ground sample was oxidized with CuO
under basic conditions (2 N NaOH) in an oxygen-free atmosphere
at 150°C for 90 min in a microwave. After oxidation, samples were
spiked with ethyl vanillin and trans-cinnamic acid as recovery
standards, after which the samples were acidified to 1 pH using
small volumes of concentrated HCl, and subsequently extracted
twice using ethyl acetate. Samples were then evaporated under a
constant flow of nitrogen gas, reconditioned in pyridine, and
derivatized by adding bistrimethylsilyltrifluoroacetamide (BSTFA)
+ 10% trimethylchlorosilane (TMCS). Specific reaction products
(Table S1) were quantified by GC-MS (Hewlett Packard 6890 GC
System) with DBI column and the HP5973 mass selective detector
through selective ion monitoring as previously described by Goni
et al. (2009). CuO yields were grouped into specific compound
classes that have distinct chemical precursors including those from
specific terrestrial sources such as vascular plants (lignin phenols,
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cutin acids, and certain p-hydroxybenzenes), soil (certain benzoic
acids), as well as compound classes (fatty-acids, di-carboxylic acids,
amino acids) that can be of both marine and terrestrial origin (Table
S1). Mean concentrations of the parameters were calculated as flux-
weighted mean concentrations over the whole sampling period, as
explained by Heussner et al. (1990).

Sediment samples from the sediment cores taken on the
trawled northern flank of Palamoés Canyon during the cruises
were analyzed for grain size, OC, TN, CaCOs;, and CuO
biomarkers, following the same procedure as the sediment trap
samples. The procedures and the results of these analysis were
published in Paradis et al. (2021b). For this study we use the
results of the surface sediment samples (0-1 cm) of these cores to
compare them with the results of the sediment trap samples.

2.3 Forcing conditions

Significant wave height (H;) was obtained from the Cap de
Begur buoy (3.65° E, 41.92° N), located ~10 km NE at the
continental slope region next to Palamos Canyon (Figure 1),
which is managed by the Spanish Ports Authority. Storms were
defined as H; greater than 2 m for more than 6 h (Mendoza and
Jiménez, 2009) and eastern storms were identified when the
wave direction was between 60° and 120°. Daily Ter River
discharge was obtained from the Catalan Water Agency. Data
of net primary productivity (NPP) were extracted from the
Ocean Productivity database (http://www.science.oregonstate.
edu/ocean.productivity/index.php). NPP data from this
database are calculated using the Vertically Generalized
Production Model, which uses both surface chlorophyll
concentrations and sea surface temperature data extracted
from satellite imagery (Behrenfeld and Falkowski, 1997).

Trawling activity was obtained from vessel Automatic
Identification System (AIS) extracted from Shiplocus, the official
Spanish Port System module that manages and evaluates maritime
traffic data. AIS data were filtered following the method described
by Paradis et al. (2021b) to obtain the number of hauls per hectare
in each fishing ground. The number of hauls above Montgri
tributary gully was then extracted from the polygon delimited
in Figure 1.

2.4 Statistical analyses

Principal Component Analysis (PCA) was performed on CuO
biomarkers of downward particulate fluxes obtained from the
sediment trap (Axis-1200) to reduce the dimensions of the
dataset and maximize the variance between samples. PCA was
performed using Python’s Scikit-learn module (Pedregosa et al,
2011) by first normalizing the data. Based on this PCA, PC loadings
of OC composition of surface sediment collected in the adjacent
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trawling ground (Paradis et al, 2021b) were used to study its
relationship with the composition of downward particulate fluxes.

3 Results
3.1 Forcing conditions

During the sampling period, natural forcing conditions (H, Ter
River discharge, and NPP) followed a similar seasonal pattern, with
generally stronger events occurring during the winter (January-
March) and autumn (October-December) months (Figures 2A-
C). Although the majority of the storms were caused by northern
winds, exceptionally strong eastern storms occurred in January 19-
23 and in February 12-15 with H; reaching 6 m and 5 m respectively,
and strong Ter River floods, reaching 133 m’s” and 30 m’s”
respectively during each eastern storm (Figures 2A, B). Although

10.3389/fmars.2022.1017052

NPP also followed this general seasonal pattern, values were low
during the first eastern storm in January (550 mg C:m™d™) but
increased during the second eastern storm in February due to a late-
winter phytoplankton bloom (1200 mg C-m™>d™) (Figure 2C).

During the more quiescent late-spring and summer months,
these natural forcing conditions receded to background values
(~1 mH,, ~3 m?>.s! Ter River discharge, and ~450 mg Cm?2d!
NPP) (Figures 2A-C). The general decrease of NPP was
interrupted by a second phytoplankton bloom in early-June
(870 mg Cm?>d") (Figure 2C).

From October to December, Hy increased again due to
seasonal autumn storms (Figure 2A). These events were
generally dry storms caused by northern winds that did not lead
to significant increases in Ter River discharges (Figures 2A, B).
NPP steadily increased during autumn until reaching ~780 mg
C-m™>d" in late-November and decreased again to background
values in the following winter months (Figure 2C).
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FIGURE 2
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Forcing conditions in 2017. (A) Significant wave height (Hs) measured at the Cap de Begur buoy, where eastern storms are identified in red
(B) Ter River discharge. (C) 8-day average net primary productivity (NPP). (D) Daily hauls in the trawling ground above the Montgri tributary gully
(see yellow polygon in Figure 1). The horizontal arrow on top indicates the monitoring period.
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Trawling effort in the Sant Sebastia fishing ground above the
Montgri tributary gully varied throughout the year (Figure 2D). No
hauls were detected at the beginning of the year during the seasonal
trawling closure, nor during the weekends or national holidays,
when trawlers are not allowed to operate (Bjorkan et al, 2020).
During working days, an average of 2 hauls per day were recorded,
but trawling effort varied from 0 to 12 hauls per working day.
Highest fishing effort occurred at the beginning of the trawling
season in March, in late August, and again in late December, with 7
to 12 hauls per day (Figure 2D). During late October and throughout
November, there was negligible trawling activity on the Sant Sebastia
fishing ground (Figure 2D) since bottom trawlers had moved to
shallower fishing grounds on the open slope (Figure S2).

3.2 Sediment transport in canyon axis
(929 m water depth)

The time series of the Axis-900 mooring located in the canyon
axis are presented in detail in Arjona-Camas et al. (2021), but
described here briefly to contextualize the observed downward

10.3389/fmars.2022.1017052

particle fluxes. Temperature recorded at 6 mab fluctuated
between 13.2 and 13.6°C throughout the year, with a sharp drop
to 12.6°C between February 13 and 15 (Figure 3A) due to an eastern
storm concurrent with a DSWC event that caused a maximum peak
in SSC of ~230 mgL™". This event was initially directed down-
canyon at 0.3 m-s”', but was followed by a quick up-canyon reversal
of current direction reaching maximum values of 0.6 m-s"
(Figure 3D), following the predominant up-canyon bottom
current direction (~280°) at this site (Figure 3E).

Since the onset of trawling activities in March, several sporadic
peaks of ~20 mgL™ were recorded only during weekdays, with
exceptionally higher SSC of 190, 140, and 120 mg~L’1 at the end of
July, in mid-August and at the end of September (Figure 3B). SSC
was negligible during November, but small peaks of SSC (~60 mg-L’
1Y resumed again in mid-December (Figure 3B). Current velocities
presented fluctuating up-canyon and down-canyon flows (~0.15
m-s™), with increasing speeds of up to 0.4 m-s™' towards the end of
the year in November and December (Figure 3D). The
predominant direction of near-bottom currents was up-canyon
(~280°), although currents came from the northern flank during
some high SSC events (Figure 3E).

o)
=}

o
=}

'
o

270

SCC (mg-L ™)

v
A 14.0
o Trawling 1 Trawling season
[ closure
® 1354
=
=
o
2 130
§
[
125 T Jan T Feb T Mar | Apr T May Tdun T Jul T Aug T Sep T Oct T Nov I Dec
B 300
250
1
=1 200
£ 150 —
O 100+
? ] I |
0 L T [ | LILIJA i | L |
Jan T Feb | Mar I Apr T'May T Jun T gul T Aug T Sep I Oct T Nov I Dec
C o4
c
g. 02— NNE
c
— 8
Eo ,
5 -02-
2< Ssw
8 -04
% . Jan T Feb T Mar T Apr T'May T Jun T Jul T Aug T Sep T Oct T Nov T Dec
>
2D os
c
S ¢ 06
E g- Up-canyon
3 2 04 p-cany
8 0.2
g - 225 °
§ 007 - - -
-0.2 - 180°
< -02 H Down-canyon 0
— L
04 Jan T Feb T Mar T Apr T'May T Jun T Jul T Aug T Sep T Oct T Nov T Dec

FIGURE 3

Axis-900 time-series of (A) temperature at 6 mab, (B) suspended sediment concentration (SSC), (C) across-canyon current velocity, and
(D) along-canyon current velocity. (E) Polar plot of non-rotated current direction (angle), current speed (radius) and turbidity (color bar) at 5
mab. The inverted triangle on top indicates the occurrence of a dense shelf water cascading event. Note the different axis of along canyon and

across canyon current Speeds.

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2022.1017052
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Paradis et al.

3.3 Sediment transport in the Montgri
tributary (975 m water depth)

In the Flank-1000 mooring located in the Montgri tributary
gully, temperatures at 5 mab fluctuated between 13.2 and 13.6°C
during the whole sampling period, with no apparent change
(Figure 4A). In contrast, recordings of SSC, current speed, and
direction indicate frequent sediment transport events into the
canyon’s interior that follow a distinct temporal trend
(Figures 4B-D). During the trawling closure in February, SSC
was negligible at all depths, aside for a small near-bottom (5-10
mab) SSC peak of ~60 mg-L" as well as a sharp off-shore and
down-flank increase in current speed of 0.4 m-s' and 0.2 m-s,
respectively, that occurred in coincidence with the eastern storm
and DSWC event of mid-February (Figures 4B-D).

At the onset of the trawling period in March, peaks of near-
bottom SSC (~400 mg-L'l) and current speeds (~0.4 m-s™) caused
by trawling-induced sediment gravity flows were recorded down-
flank through the tributary (~190°% Figures 4B-D) on a daily basis,
only during weekdays. The magnitude of these sediment transport

10.3389/fmars.2022.1017052

events generally decreased throughout the year to SSC of ~50 mg-L™!
and were limited to between 5-20 mab (Figure 4B). Despite this
general decreasing trend, exceptionally high sporadic near-bottom
SSC of 250-770 mg-L™" were observed in summer months that were
accompanied with strong down-flank current speeds of between
025 m:s” to 0.6 ms" (Figures 4C, D). Sediment gravity flows
through the Montgri tributary gully were absent in late October and
throughout November when bottom trawlers moved to the open
slope (Figure S2), but resumed again in December, with near-
bottom SSC between 100 and 260 mg-L™" and current speeds of ~0.2
m-s’ (Figures 4B-D).

3.4 Sediment transport in canyon axis
(1230 m water depth)

In the Axis-1200 mooring, temperature remained relatively
constant, fluctuating between 13.1-13.4°C (Figure 5A) and did
not present the sharp drop in temperature caused by the storm
and DSWC event observed in the mooring further up-canyon

v
A 140 .
) Trawling 1 Trawling season
1
28 closure !
£51 PPN
S
=
©
i ]
8 130 !
£ i
= i
23 Jan T Feb T Mar T Apr T May T Jun T Jul T Aug T Sep T Oct T Nov T Dec
B 800 .
s : —— 5mab
T 600 1 —— 10 mab
= —— 20mab
cE»Aoo— —— 50 mab
- 80 mab
O
0 L “hum.&u AL Jubbowd S Lnﬂ’
Jan T Feb T Mar T Apr T'May T Jun T Jul T Aug T Sep T Oct T Nov T Dec
C o4
= | NNE E
0.2
2. 00 n‘fl‘gutrwb"lvwlbw"wk»M‘me‘uwb«lwwmqu,wuLWJ‘l‘JMNJMA "
~ & o e o /
7 8 ] mmwmmrﬂwmw W.ﬂmm
14 50
7] W
E 8 04 5
_._El‘ 2 -0.6 — 40 ‘I-A
8 0.8 <
% : Jan T Feb T Mar T Apr TMay TJun T Jul T'Aug T Sep T Oct T Nov T Dec 5qf - E‘i
>
2 D o4 -
% 02 Up-canyon 8
c 02 ; 20
g g &0 ll*mdﬂxlw l‘amﬂ-L&Jﬂfﬂr&l‘\”ml‘d-iﬂﬂdvuwl}w‘wm—w&\-JLWJ’JM%.WP (2]
S B O R B LA BT e Rt
§ oo VAL U ek e Wt Ml "I"‘““r"["""“""* 10
2 o4 !
o Down-canyon 0
< -0.6—
B Jan T Feb T Mar T Apr T May T Jun T Jul T Aug T Sep T Oct T Nov I Dec
P! y ) P

FIGURE 4

Flank-1000 time-series of (A) temperature at 5 mab, (B) suspended sediment concentration (SSC) at different water depths, (C) across-canyon
current velocity at 10-80 mab, and (D) along-canyon current velocity at 10-80 mab. (E) Polar plot of non-rotated current direction (angle),
current speed (radius) and turbidity (color bar) at 10 mab. The inverted triangle on top indicates the occurrence of a dense shelf water

cascading event.

Frontiers in Marine Science

08

frontiersin.org


https://doi.org/10.3389/fmars.2022.1017052
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Paradis et al.

(Figure 3A). Instead, temperature presented a slight increase
from 13.2 °C to 13.4 °C at the beginning of the event (Figure 5A)
concurrent with an increase of near-bottom SSC >28.5 mg-L'",
above the sensor range, and a peak of near-bottom current speed
of 0.66 m-s"' directed across-canyon and coming from the
northern flank (Figures 5B, C). One day later, on February 15,
a second peak of SSC >28.5 mg-L ™" was recorded, coinciding with
another strong bottom current speed that reached 0.66 m-s™
directed down-canyon (Figures 5B, D). A second sharp increase
in SSC occurred on February 27, reaching the maximum
turbidity reading values of >28.5 mg-L™, with strong across-
canyon bottom current speed of 0.58 m-s”' coming from the
northern flank (Figures 5B, C). At the onset of bottom trawling
in March, near-bottom SSC presented sharp increases of ~20
mg-L" only during weekdays (Figures 5A, B). Unfortunately,
sensors in this first deployment stopped working on March 21.

During the second deployment in summer, frequent increases
in SSC from ~1 mg-L™" to between 60 and 230 mg-L"" were recorded
from June to early September, accompanied by increases in across-
canyon current speed from 0.1 ms™ to 0.45 m-s™ (Figures 5B-D).
Some of these sediment gravity flows were directed towards the S

v
14.0

10.3389/fmars.2022.1017052

and came from the Montgri tributary gully (Figures 5C, E),
occurring in coincidence to the sediment gravity flows recorded
in the Flank-1000 mooring that had SSC exceeding 250 mgL™"
(Figure 4). The remaining sediment gravity flows were directed
towards the SSW and came from an adjacent tributary gully to the
Montgri, or towards the SE, coming from the upper canyon axis
(Figure 5E). A strong sediment gravity flow was again registered in
October 24, reaching high near-bottom SSC of 135 mg.L™" coupled
with strong down-canyon (0.25 m-s?) and NNW (0.15 ms™)
bottom currents (Figures 5B, D). Aside from the down-flank
sediment gravity flows registered during the summer, the
predominant bottom currents during the sampling period were
essentially directed down-canyon (Figure 5E).

3.5 Downward particle fluxes and
composition in canyon axis (1230 m
water depth)

Downward TMF was highly variable during the whole
sampling period, averaging 45.9 g-m.d™" but ranging from 7.4
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gm?>d" to >140 gm™.d™" (Figure 6A). Due to the lack of data
between March and June, a complete analysis of seasonal
variability is not possible. At the beginning of the sampling
period, TMF values increased from 29 g-m™.d™" in mid-February
to >140 gm™>d" when the sediment trap overfilled in early
March, at the onset of the bottom trawling season. Downward
TMF presented sporadic increases from mid-June to late-
September that ranged from approximately 50 gm™>d™" to 125
g-m>.d™, which occurred in coincidence with sediment gravity
flows coming from the northern flank (Figures 5A, 6A). Lower
TMF values of approximately 14 gm™=.d"' were generally
observed from October to early December, interrupted by a
high TMF in late October (55 g¢-m™d™) in coincidence with the
sporadic sediment gravity flow coming from the southern
canyon flank. The sediment trap overfilled in early December
(>93 gm>.d™"), which resulted in an overfilled sample cup and
the clogging of the sediment trap funnel.

The flux weighed average of the mean grain size was 12.8 pm
during the whole sampling period, and ranged from 7.7 pm to
20.0 pm, generally following the patterns of TMF (Figure 6A).
Sediment grain size consisted of mostly silt (71%) and clay (27%)
fractions (Figure 6B), with slight increases in sand content from
0.5 to 6.5% during periods with highest TMF (> 40 gm™>d™)
(Figures 6A, B). The highest sand contents of 6.5% and 5.2% were
detected in the overfilled sediment trap samples from March and
December, respectively (Figure 6C). In comparison to surficial
sediment from the adjacent trawled flank, sediment trap samples
had finer grain size (Figures 6A, B). The predominant major
constituents of the downward particle fluxes were lithogenic and
CaCO; fractions with relatively constant values (average 70% and
26% respectively). Downward particle fluxes presented similar
CaCO; contents as surficial sediment in the sediment core
collected in the adjacent trawled site (Figure 6C).

The flux weighed mean of OC and TN contents was 0.91%
and 0.11%, respectively, and followed a clear seasonal pattern
with high contents at the beginning of the year (0.99% OC,
0.12% TN) that generally decreased in late-spring and summer
to minimum values (0.86% OC, 0.10% TN), and increased again
in autumn towards the end of the year (1.05% OC, 0.13% TN)
(Figure 6D). The OC/TN molar ratio had a flux weighted mean
of 8.2, and ranged from 7.2 to 10.2, with highest values occurring
during high TMF in the summer (Figure 6E). Concentrations of
OC and TN in the sediment trap samples during the winter
months were 45 and 57% higher, respectively, than those
quantified in the surficial sediment of the trawled sediment
core, but presented similar values during the summer
months (Figure 6D).

The composition of organic matter was investigated by
calculating the OC-normalized contents of different types of
biomarkers (in pg of biomarker per 100 mg of OC), which
showed considerable variations throughout the sampling period
(Figure 7). Terrestrial vanillyl phenols (VP) and syringyl phenols
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(SP) displayed low concentrations during the February storm
and DSWC event (44 and 40 pg-100 mg™" OC, respectively), but
reached maximum concentrations in the overfilled sample in
March at the beginning of the trawling season (65 and 50 pg-100
mg ' OC, respectively), with values similar to those of the surface
sediment from the adjacent trawled flank (Figure 7A). In
contrast, terrigenous cinnamyl phenols (CP) and cutin acids
(CA) presented relatively constant concentrations during this
period (18 and 59 ug-100 mg™ OC, respectively). During the
summer, concentrations of terrestrial compounds were similar
to those quantified in the surficial sediment of the core collected
in the adjacent trawling flank, although small sporadic increases
occurred in mid-July and early September (Figures 7A, B). Small
increases in these compounds were also detected during the late-
October sediment gravity flow, as well as the overfilled sediment
trap in early-December. Ratios of SP/VP and CP/VP in the
sediment trap ranged from 0.6 to 1.1 and from 0.2 to 0.4,
respectively, whereas ratios of acid to aldehyde of vanillyl
phenols (Vd/V1) and syringyl phenols (Sd/Sl) ranged from 0.4
to 1.1 and from 0.2 to 0.8, respectively (Figure S3).

From the heterogenous compound classes, p-
hydroxybenzenes (PB) and benzoic acids (BA) presented a
similar pattern as VP and SP, with low concentrations during
the February storm and DSWC event (31 and 9 pg-100 mg ' OC,
respectively) that peaked with the overfilling of the sediment trap
in March (51 and 22 pg100 mg" OC, respectively), reaching
similar values as those from the surface sediment sampled in the
adjacent trawled area (Figure 7C). Concentrations of PB and BA
were initially high in early-summer (64 and 27 pg-100 mg" OC,
respectively) and then decreased to similar values as those
observed in the surficial sediment of the trawled site
(Figure 7C). Towards the end of summer, concentrations of PB
and BA increased again to 64 and 22 pug-100 mg ™' OC, respectively,
but dropped to 35 and 8 pg-100 mg ' OC, respectively, during the
late-October sediment gravity flow (Figure 7C).

The fatty acid (FA), dicarboxylic acid (DA) and amino acid
(AA) CuO products are highly enriched in marine organic
matter sources (e.g., phytoplankton, zooplankton) relative to
terrestrial plants (Goni and Hedges, 1995). Given their high
degradability, these compounds are rapidly transformed
during their transport towards the seafloor, so presence of
these compounds in downward particulate fluxes generally
indicate the arrival of fresh marine organic matter, often
derived from periods of high net primary productivity (Goni
et al., 2009). These compounds presented higher OC-
normalized concentrations during the mid-February eastern
storm and DSWC event (89, 65 and 568 pg-100 mg™' OC) and
decreased during the following weeks (72, 52 and 390 pg-100
mg’1 OC) (Figures 7D, E). However, concentrations increased
again in the overfilled sediment trap in March. The summer
months generally presented lower concentrations (~55, ~40
and ~245 pg-100 mg ' OC, respectively), similar to the surficial
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sediment of the core collected in the trawled flank.
Exceptionally high concentrations (103, 78 and 621 pg-100

rng'l OC) were observed in early June, as observed with PB and

BA, as well as in mid-July and mid-September. Concentrations

remained low and similar to the surface sediment of the

trawled area during the remaining sampling period, with

another increase in concentration in the overfilled sediment
trap in early December (68, 39 and 380 pg-100 mg"' OC)

(Figures 7D, E).

10.3389/fmars.2022.1017052

The variations in OC composition in downward particulate
fluxes are summarized in a PCA, which in total explained 74% of
the variance (Figure 8). Eigenvalue scores show that higher PC1
values reflect greater concentrations of all CuO compounds,
consistent with the presence of organic matter with higher
overall biomarker abundances, whereas different groups of
CuO compounds are differentiated along the PC2 axis in
terms of their general reactivity, as observed by Paradis et al.
(2021b) (Figure 8A). With the exception of the last sediment
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cascading event.

trap sample from early-March, the temporal evolution of PC1
generally reflects higher values during the trawling closure than
during the trawling season (Figure 8B). In contrast, during the
trawling season, higher TMF values are normally associated to
lower PC1 and PC2 values, similar to values of surficial samples
from the adjacent trawling ground (Figures 8B, C).

Frontiers in Marine Science

4 Discussion

During the 2017 sampling period, several sediment transport
events of both natural and anthropic origin were identified in
Palamos Canyon. Storms occurred during winter and autumn
months, characteristic of seasonal patterns of this margin
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(Palanques et al., 2005; Zaniga et al.,, 2009; Lopez-Fernandez
et al, 2013b) with exceptionally strong eastern storms in mid-
January and mid-February (Figures 2A, B). These natural
forcing conditions abated during the spring and summer
months, when bottom trawling activities were predominant in
the surroundings of Palamos Canyon (Figure 2; Palanques et al.,
2006; Puig et al., 2012; Martin et al., 2014a). Both storms and
trawling activities transported sediment into the canyon through
different pathways and with different sediment composition. The
following sections describe and discuss in detail each of these
events chronologically.

4.1 Winter storm and dense shelf water
cascading (February)

An exceptionally strong eastern storm occurred a week prior
to the mooring deployment in mid-January, causing a flash flood
of the Ter River (Figures 2A, B). This flood event transported
terrestrial organic matter to the margin and reached the
northern flank of Palamos Canyon (Figure 1), which we
sampled two weeks after this storm. The surface sediment
recovered from this core had high concentrations of lignin
phenols and cutin acids from vascular plants, reflecting fresh
terrestrial inputs from the storm (Figures 7A, B; Paradis
et al,, 2021b).

This storm was followed by another eastern storm a week
after the deployment of the moorings in mid-February that
drove the cascading of dense shelf water into the upper Palamos
Canyon axis, reaching the Axis-900 mooring, which registered a
drop in temperatures (< 12.6°C), as well as an increase in

10.3389/fmars.2022.1017052

turbidity (~230 mg~L’1) and current speed (0.6 m-s')
(Figures 3A, B; Arjona-Camas et al., 2021). No drop of
temperatures was observed either in Flank-1000 nor in Axis-
1200, the latter mooring located ~4 km down-canyon from Axis-
900, indicating that these dense waters had reached neutral
buoyancy at shallower depths. However, this DSWC event
prompted the transport of suspended sediment through the
entire canyon. The Flank-1000 mooring registered SSC of ~50
mgL" and current speeds of 0.4 m s, while the Axis-1200
mooring registered SSC >28.5 mg-L™" and current speeds of
0.6ms™* (Figure S4). However, the turbidimeter at Axis-1200
recorded maximum values during that event due to the sensor
range limitation (28.5 mg-L"), and we expect that actual SSC
were significantly higher given the simultaneous increases in SSC
in all moorings (Figure 54).

The strong sediment transport event associated to DSWC in
the Axis-1200 mooring did not lead to high downward sediment
fluxes in the sediment trap (Figure 6A), which could indicate
either a stronger horizontal rather than vertical sediment flux
that would have bypassed the sediment trap, or that the sediment
transport occurred close to the seafloor and was missed by the
sediment trap located at 22 mab, as hypothesized in other studies
(Bonnin et al., 2008; Rumin-Caparros et al., 2016). Moreover,
high current speeds can affect sediment trap collection efficiency
(Baker et al., 1988; Heussner et al., 2006), so downward
particulate fluxes during this event should be considered as
semi-quantitative.

Downward sediment fluxes from the mid-February eastern
storm and DSWC event had higher concentrations of OC and
TN (1.1% and 0.14%, respectively) (Figure 6D) enriched in
compound classes of marine origin (i.e. fatty acids,
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dicarboxylic acids, and amino acids) (Figures 7D, E) in
comparison to particulate matter accumulated during the
following week (Figure S4). This peak in marine biomarkers
coincided with elevated estimates of NPP that were consistent
with a winter phytoplankton bloom. Although this storm caused
high Ter River discharge (Figure 2B) that reached oft-shore
sediments on the Palamos northern flank (Paradis et al., 2021b),
the organic matter in the sediment traps had low OC-
normalized concentrations of terrestrial compounds because
they were diluted by the enhanced contribution of fresh
marine organic compounds from the phytoplankton bloom
(Figure 2). Other studies have shown similar trends, where the
usual transfer of OC-poor terrigenous organic matter into
canyons during storms (Tesi et al., 2010; Sanchez-Vidal et al,
2012) is offset by the transfer of fresh marine organic matter
during phytoplankton blooms (Fabres et al., 2008; Pasqual et al.,
2010; Lopez-Fernandez et al., 2013a). Hence, these high-energy
DSWC events can result in important drivers of fresh and labile
organic matter from surface shelf and slope waters to deep-sea
environments, while also transferring fluvial derived
terrestrial material.

During the following 2 weeks, downward sediment fluxes in
the sediment trap increased from ~30 to ~100 g-m™>.d™
(Figure 6A), indicating the settling of sediment that had
remained in suspension after the DSWC event (Arjona-Camas
etal, 2021). These samples displayed lower OC and TN contents
and decreasing OC-normalized concentrations of the most labile
compounds (i.e. amino acids, fatty acids, dicarboxylic acids;
Figures 7, 8), which indicate the resuspension and transfer of
OC-poor sediment resuspended by the strong DSWC currents
(Puig et al,, 2008). Alternatively, these trends could also reflect a
general degradation of these compounds given their long transit
time in the water column before reaching the sediment trap.

4.2 Onset of trawling season (March)

Bottom trawling activities began on March 8, after 2 months
of a trawling closure on the fishing grounds surrounding
Palamos Canyon (BOE, 2017). At the onset of bottom trawling
activities, high sediment fluxes were recorded at the Axis-900
mooring (Arjona-Camas et al., 2021), and sediment gravity flows
with high SSC (200-400 mg-L") and strong bottom currents
(~0.4 m-s”") were channeled through the Montgri tributary gully,
recorded by the Flank-1000 mooring, some reaching the Axis-
1200 mooring ~1.5 km further down-flank (Figure S5). The
strong sediment gravity flows occurring on Thursday and Friday
(March 10 and 11) that reached Axis-1200 with SSC between 10-
20 mgL" would have caused the overfilling of that week’s
sediment trap cup, with a total mass flux of >140 gm™>.d
(Figure S5). Sediment transported at the onset of the trawling
season had coarser grain size with higher sand content than the
previous trap samples (Figures 6B, S5), as observed in trawling-
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induced sediment gravity flows from a sediment trap deployed in
this same site in 2002 (Palanques et al., 2006).

Downward sediment flux during the onset of the trawling
season was enriched in most biomarkers, including terrestrial
compounds (lignin phenols) and labile marine compounds (fatty
acids, di-carboxylic acids, and amino acids) in comparison to the
previous trap sample (Figures 7, S5), with a similar overall
composition to surficial sediment from the trawled flank
(Figure 8; Paradis et al., 2021b). This confirms that bottom
trawling is translocating sediment from the fishing grounds into
the canyon. The higher terrestrial content was associated to the
transfer of surficial sediment from the fishing ground which was
enriched in these compounds due to the Ter River flash flood
that occurred in January (Paradis et al., 2021b), while the higher
marine compounds indicate the transferal of the remnants of the
phytoplankton bloom (see section 4.1).

4.3 Trawling season (March-October)

Previous studies observed that bottom trawling during the
summer causes almost-daily sediment gravity flows through the
Montgri tributary only during working days (Palanques et al.,
2006; Puig et al., 2012; Martin et al., 2014a), which were also
evident during this study (Figures S5, S6). The intensity of these
sediment gravity flows in Flank-1000 mooring decreased as the
trawling season unfolded, from ~500 mg-L™ in early March to
~15 mg-L"" in late October, although some large isolated peaks
were still registered (Figure 4A). This decreasing trend proves a
progressive depletion of sediment available for resuspension by
bottom trawling gears during the trawling season, as
hypothesized in previous studies (Martin et al., 2014a).

Although these sediment gravity flows were directed towards
the canyon axis, only the exceptionally intense sediment gravity
flows (SSC >250 mg-L’l) at Flank-1000 reached the Axis-1200
mooring, causing SSC and TMF to increase from ~1 to 60-230
mgL" and from ~16 to 120 gm™>d"" respectively (Figure S6), with
similar magnitude as those registered during the summer months at
the same site in 2001 (Martin et al., 2006). These sediment gravity
flows mainly originated from the Montgri tributary gully (~190°),
but also from an adjacent tributary gully towards the NNE (~220°)
(Figure S6), as hypothesized in previous studies (Martin et al., 2006;
Palanques et al., 2006). This proves that the various tributary gullies
along the flanks of Palamos Canyon (Lastras et al., 2011) would
likely serve as pathways of resuspended sediment from the fishing
grounds along the canyon flanks into the canyon axis (Figure 1),
presumably leading to increases in sedimentation rates not only at
1750 m in depth, as reported in previous studies (Martin et al., 2008;
Puig et al,, 2015), but likely throughout the whole canyon axis, as
observed in the adjacent Blanes Canyon (Paradis et al., 2018b).

Trawling-derived sediment gravity flows transported coarser
grain sizes in comparison to periods with naturally low TMFs
(Figure S6), as observed by Palanques et al. (2006). However,
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downward particulate matter collected by the sediment trap had
finer grain size than surface sediment of trawling grounds
(Figures 7A, B) as a result of grain size sorting and winnowing of
finer grained sediment by bottom trawling (Martin et al., 2014b;
Paradis et al., 2021b). The flux weighed mean concentration of OC
and TN during this period (March-October) was lower (0.84% OC,
0.10% TN) than during the rest of the study period (1.00% OC,
0.13% TN) (Figures 6D, S6), which also coincided with the periods
with lower net primary productivity in the area (Figure 2C). This
could indicate that marine productivity is the main driver increasing
OC and TN contents sinking to the seafloor, where submarine
canyons play an important role in its transfer to deeper
environments (Fabres et al., 2008; Lopez-Fernandez et al.,, 2013a;
Grinyo et al., 2017), and that bottom trawling does not alter the OC
and TN content of the downward particulate matter fluxes.
However, the composition of OC obtained from CuO oxidation
indicates that periods with high downward particulate fluxes due to
bottom trawling-derived sediment gravity flows transferred highly
degraded terrestrial compounds and lower content of the most
labile marine compound classes, and its biogeochemical
composition was similar to surficial sediment from the adjacent
trawling ground (Figures 8, S6). Despite the similar biogeochemical
composition to the trawled site, in the majority of the samples, OC,
TN and the most labile compound classes (ie. fatty acids, di-
carboxylic acids, and amino acids) had slightly higher content in the
sediment trap than in the trawling ground (Figures 6, 7), which
reveals that the downward particle flux consisted of a combination
of eroded sediment transferred from fishing grounds with
hemipelagic settling of particulate organic matter enriched in
biomarkers of marine origin (Figure 7). In contrast, in the
absence of trawling-derived sediment gravity flows during the
summer, particulate organic matter had higher content of reactive
marine compound classes, such as in early June, associated to the
high NPP occurring then (Figures 2C, 7).

4.4 Intermission of trawling activities
(November-December)

Throughout October and November, SSCs in all three
moorings were negligible, while the downward sediment fluxes
in the sediment trap were only ~10 gm™.d™" (Figures 3-6) with
the exception of an isolated sediment gravity flow in late-
October (Figure S7). This reduced sediment flux occurred in
the absence of fishing activities in the Sant Sebastia fishing
ground (Figure S2), confirming the strong relationship
between sediment transport into Palamos Canyon and this
anthropogenic activity. During this low sediment flux period,
sediment collected in the Axis-1200 trap had higher OC and TN
contents (1.04% OC, 0.13% TN), than during the summer
months (0.84% OC, 0.10% TN) when frequent trawling-
derived sediment gravity flows were registered in the canyon
axis (Figures 6D, S7). This was likely the result of increasing NPP
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(Figure 2C) and the lower dilution of organic matter due to
lower lithogenic transport during this period in comparison to
periods with trawling-derived sediment gravity flows. This is
supported by the more labile organic matter during this period
(Figures 7, S7), indicating the transferal of fresh material into the
canyon in the absence of trawling activities.

An isolated late-October sediment gravity flow coming from
the southern flank interrupted the low TMF during the absence
of trawling activities, which led to high TMF of ~60 gm™.d™
with high lithogenic fraction that diluted the OC contents
(Figure S7). In contrast to trawling-derived sediment gravity
flows coming from the northern flank (see section 4.3), organic
matter presented higher lability (Figure 8C), indicating the
transferal of fresh material, albeit diluted by the high
lithogenic fraction, into the canyon. Therefore, this sporadic
sediment gravity flow seems to be associated to a natural
sediment destabilization from the untrawled southern canyon
flank, as previously observed in deeper parts of this canyon
(Martin et al., 2006; 2007).

After five weeks of trawling intermission in Sant Sebastia
fishing ground, bottom trawlers resumed their activity in
December (Figure S2), increasing near-bottom SSCs to 130-
260 mg-L" in Flank-1000 and to ~50 mg-L™" in Axis-900 during
that month, while the sediment trap in Axis-1200 overfilled once
more, attaining a TMF of at least 94 g-m™=.d"" (Figure S8). This
increase in sediment transport in all moorings confirm that the
fishing ground was replenished with new erodible sediment
during the fishing intermittence, generating large sediment
gravity flows when trawling activities resumed, as was
observed at the onset of trawling season in early March (see
section 4.2). In both overfilled trap samples, the sediment
transported into the canyon consisted of coarser particles with
high terrigenous and marine OC (Figures 6-8, S8), indicating the
translocation of freshly-deposited sediment with higher organic
matter contents into the canyon. This corroborates that chronic
trawling disturbance depletes organic matter from fishing
grounds (Pusceddu et al.,, 2014), while short periods without
trawling disturbance are insufficient to allow its recovery
(Paradis et al., 2021b), which swiftly remove the most OC-rich
surficial sediment from fishing grounds when trawling
activities resume.

4.5 Annual sediment transport and
composition in Palamoés Canyon

Sediment transport into Palamos Canyon during 2017 was
highly dynamic, dominated by natural high-energy events such as
eastern storms and DSWC, as well as by bottom trawling, both of
which transferred large volumes of sediment into the canyon.
Sediment transport through the Montgri tributary gully was
dominated by trawling-induced sediment gravity flows, which
accounted for ~1500 kg:m™ sediment whereas the eastern storm
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and DSWC at the beginning of the year transported ~20 kg-m™ of
sediment through this tributary and into the canyon (Figures 9, 10).
In the case of the moorings located along the canyon axis (Axis-900,
Axis-1200), the magnitudes of sediment fluxes from natural and
anthropogenic events were comparable (Figures 9, 10). In Axis-900,
total sediment flux from storms and DSWC was at least ~120 kg-m’
% during 2017, while bottom trawling accounted for at least ~75
kg-m™. Further down-canyon, natural high-energy events
transported at least ~600 kg-m™ of sediment through Axis-1200
whereas trawling activities accounted for at least ~680 kgm™ of
sediment (Figures 9, 10). Despite the comparable magnitude of
sediment fluxes, natural events tend to be sporadic and seasonal,
whereas bottom trawling causes continuous and persistent
sediment fluxes into the canyon.

With regards to the composition of sediment transported
into the canyon, it is worth noting that terrestrial compounds
(i.e. lignin phenols and cutin acids) were detected during the
whole sampling period (Figure 7), irrespectively of the sediment
transport process, as observed in other submarine canyons
nearby (Tesi et al., 2010; Pasqual et al., 2013), which confirms
the role of submarine canyons as across-margin conduits of
terrestrial organic matter towards deep-sea basins. The high acid
to aldehyde ratio of vanillyl and syringyl phenols, SP/VP and
CP/VP ratios (Figure S3) indicates that terrestrial organic matter
was highly degraded and mostly originated from non-woody
angiosperm leaves and grasses (Hedges and Mann, 1979; Goni
and Hedges, 1995). The highly degraded compositions are
expected given the distance of the Axis-1200 mooring to the
shore and the long transit times that promote its alteration
(Pasqual et al, 2013). Presence of non-woody organic matter
signatures is also expected given the association of these
compounds to fine-grained sediment that can be more easily
transported offshore than larger-sized woody detritus with high
vanillyl phenol contents, which tend to accumulate in more
nearshore environments (Gordon and Goni, 2004; Pasqual et al.,
2013; Zhang et al,, 2014).

Bottom trawling-derived sediment fluxes in the canyon axis had
lower OC content (~0.8%) and consisted of more degraded organic
matter in comparison to downward sediment fluxes in the absence
of bottom trawling during the summer, as well as in comparison to
the sediment fluxes during the storms in February (~1% OC), since
these natural processes occurred in coincidence with high net
primary productivity in surface waters or an intermittence of
fishing activities. The enhanced particulate matter fluxes of
eroded sediment by bottom trawling modify the OC composition
of downward particulate fluxes in submarine canyons from fresh
marine organic matter to degraded and less reactive terrestrial
organic matter. This alteration in the nutritional value of organic
matter would affect the benthic community structure inhabiting
submarine canyons, and could explain the lower diversity of
meiofauna mainly consisting of opportunistic nematode species
as observed within the axes of the studied canyon (Pusceddu et al.,
2014) as well as in the adjacent Blanes Canyon (Roman et al., 2018).
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Despite the lower OC content of these trawling-derived
sediment fluxes (~0.8%), the higher TMF associated to bottom
trawling activities (>54 kg-m'* Figure 6A), indicate that a
substantial amount of organic carbon is transferred into the
canyon (> 0.43 kg OC-m?), where it will eventually be buried in
the canyon axis. Since efficient OC burial is generally associated
to high sedimentation rates (Blair and Aller, 2012; Bianchi et al.,
2018), the enhanced sediment transfer and resulting increase in
sedimentation rates in the canyon axis by bottom trawling
activities (Martin et al., 2008; Puig et al., 2015) could lead to
high OC burial in the canyon axis. However, this enhanced
transport of OC by bottom trawling activities could partially
offset the OC lost from fishing grounds (Martin et al., 2014b;
Paradis et al., 2021b), and further studies will be necessary to
properly quantify the sediment and the OC budgets in Palamos
Canyon, and assess the potential effects on benthic communities.

5 Conclusion

High energy events such as river floods and storms are
important mechanisms that enhance the transport of particulate
matter into submarine canyons, but recent studies have emphasized
that bottom trawling activities modify natural sedimentary
dynamics within these geomorphological features. This study
shows how bottom trawling is altering sedimentary dynamics in
submarine canyons and reveals that the organic matter composition
of down-canyon particulate matter is modified by this
anthropogenic activity. While winter storms transport terrigenous
and fresh marine organic matter into the canyon in the presence of
phytoplankton blooms, trawling-induced sediment gravity flows
transfer more degraded organic matter. Trawling events interrupt
the naturally high concentrations of fresh and reactive organic
matter compounds that are usually transferred during the calm
summer months, which could affect benthic communities that
inhabit the canyon and rely on the input of fresh organic matter.
However, the higher downward particulate fluxes into the canyon
by bottom trawling also increases organic carbon fluxes, urging to
better constrain the sediment and organic carbon budgets in bottom
trawling-affected submarine canyons.
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