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Abstract :

Sea trials were performed on two zones with different fishing efforts on the continental shelf of the Bay
of Biscay (‘Grande-VasiSre' area of muddy sand) in order to assess particulate matter resuspension and
seabed disturbances (i.e., penetration, reworking, grain size changes) induced by different types of
trawls. Optical and acoustic measurements made in the water column indicate a significant trawling-
induced resuspension mainly due to the scraping action of doors. It manifests as a highly dynamic turbid
plume confined near the seabed, where suspended sediment concentrations can reach 200 mg I(-1).
Concentration levels measured behind an "alternative" configuration (trawls with jumper doors instead of
classical doors penetrating the sediment) are significantly lower (around 10-20 mg I(-1)), which indicates
a potential limiting impact regarding the seabed. Grain size analyses of the surficial sediment led to
highlight a potential reworking influence of bottom trawling. On the intensively trawled zone, this
reworking manifests as an upward coarsening trend in the first 5 cm of the cores. A significant decrease
in mud content (30 %) has been also witnessed on this zone between 1967 and 2014, which suggests
an influence on the seabed evolution. The geometric analysis of bottom tracks (4-5-cm depth, 20-cm
width) observed with a benthic video sledge was used to compute an experimental trawling-induced
erosion rate of 0.13 kg m(-2). This erosion rate was combined with fishing effort data, in order to
estimate trawling-induced erosion fluxes which were then compared to natural erosion fluxes over the
Grande-VasiSre at monthly, seasonal and annual scales. Winter storms control the annual resuspended
load and trawling contribution to annual resuspension is in the order of 1 %. However, results show that
trawling resuspension can become dominant during the fishing high season (i.e., until several times the
natural one in summer). In addition, the contribution of trawling-induced resuspension is shown to
increase with water depth, because of the rapid decay of wave effects. Finally, the seasonal evolution of
the respective contributions for erosion (mainly trawling and waves) could be mapped for the whole
study area.
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1. Introduction

Environmental issues linked to bottom trawling have been studied for several decades in terms of
seabed alteration, benthic ecosystem disturbances, and fish stocks overexploitation (e.g. Graham 1955;
Main and Sangster 1979, 1981, 1983; De Groot 1984; Kaiser et al. 2002). The development of more



efficient and impacting fishing techniques starting in the sixties raised the international awareness of
the environmental issue associated with their use (Cole 1971; Van Beek ef al. 1990). The use of
heavier gears (Cole 1971; Chittenden and Van Engel 1972; Linnane et al. 2000) indeed improved their
efficiency, while increasing their impact on the seabed and benthic ecosystems (Jones 1992; Hall
1999). Nowadays, physical and biological impacts induced by bottom trawling are qualitatively
known (e.g. reviews: Jones 1992; Linnane ef al. 2000; Kaiser et al. 2002; Martin et al. 2014) and most
authors agree to state that trawling probably constitutes the main anthropogenic pressure on the
continental shelves and slopes worldwide (Watling and Norse 1998; Puig et al. 2012).

Trawling-induced seabed scraping is responsible for the injection of sediments in the water column,
that results in a local turbidity increase (up to several hundreds of mg.I") and the formation of a turbid
plume in the trawl wake (e.g. Schubel ef al. 1979; Schoellhamer 1996; Durrieu de Madron et al. 2005;
Dellapenna et al. 2006). The plume characteristics (i.e. lateral and horizontal extensions, suspended
sediment concentrations, duration) depend on multiple factors such as seabed composition (fine
particles content), trawl type and traction speed, and local hydrodynamic forcing (Linnane et al. 2000;
O’Neill and Summerbell 2011). The turbid plume height usually reaches 2 to 3 times the net vertical
opening (Main and Sangster 1981; Durrieu de Madron et al. 2005) and its lateral spreading generally
ranges from a few tens to several hundreds of meters depending on the distance from the source. For
instance, in the case of muddy seabeds in the micro-tidal environment of the Gulf of Lions
(Mediterranean sea), Durrieu de Madron et al. (2005) measured a 5 m high and 150 m wide turbid
plume at 90 m water depth. The turbid plume lifetime mainly depends on the settling velocity and the
concentration of the particles in suspension (which have an impact on flocculation processes), the
current velocity (responsible for advection), and turbulent shear in the bottom boundary layer
(Manning and Dyer 1999; Durrieu de Madron et al. 2005; O’Neill and Summerbell 2011). For
instance, Durrieu de Madron et al. (2005) observed that 30 minutes after its generation, the suspended
sediment load had reduced from one to two thirds of its value just after trawling, and less than one
third remained in suspension after a few hours. In certain environments, sediments resuspended by
trawling may contribute to the maintenance of the bottom nepheloid layer (Schoellhamer 1996;
Pilskaln et al. 1998; Palanques et al. 2001). While inducing sediment resuspension, trawls are likely to
initiate the release of nutrients or contaminants and more generally to affect chemical exchanges at the
water-sediment interface (Olsen et al. 1982; Pilskaln ef al. 1998; Bradshaw et al. 2012).

At the continental shelves scale, some areas may be trawled several times per year (e.g. Churchill
1989; Oberle et al. 2015a). Several estimates of the annual area trawled on the continental shelves
worldwide have been proposed in previous studies. For instance, Watling and Norse (1998), Kaiser et
al. (2002), or more recently Oberle ef al. (2015a) respectively estimated a total area of 14.80, 19.98,
and 13.67 million km” trawled per year. Combining these values with existing estimates of local
trawling-induced sediment resuspension fluxes (Churchill 1989; Durrieu de Madron et al. 2005;
Dellapenna et al. 2006; Dounas et al. 2007; O'Neill and Summerbell 2011), Oberle et al. (2015a)
estimated a global bottom trawling-induced resuspension of 21.87 Gt.yr" which is on the same order
of magnitude as the annual fluvial sediment flux to the ocean (17.8-20 Gt.yr', according to Syvitski e
al. 2005).

Churchill (1989) showed that when wave action is weak, trawling could be the most significant source
of resuspension on the outer shelf of the Middle Atlantic Bight. Furthermore, resuspended sediments
are potentially advected away from the generation source. For instance, Ferré ef al. (2008) estimated
that trawling activities in the Gulf of Lions could contribute up to 20% of the annual shelf-to-slope
export of suspended sediment at the scale of the Gulf. On the NW Iberian shelf, Oberle ef al. (2015a)
estimated that 65% of resuspended sediment by bottom trawling (8.78 Mt.yr") were exported off-
shelf, which represented a six-fold increase regarding natural off-shelf sediment transport. More
generally, trawling-induced resuspension becomes more and more significant over natural
resuspension as the water depth increases and as the wave contribution to the total bottom shear
stresses decreases (e.g. Oberle et al. 2015a).

Fishing gears leave marks on the seabed; the characteristics of these tracks (penetration depths,
longevity) depend on the sediment fine particles content, the type of trawl gears and the magnitude of
local natural forcing. In sandy environments exposed to waves and currents, shallow tracks (a few
centimetres) can be filled within a few hours (Krost ez al. 1989). Tracks depth may be more significant



in muddy sediments (up to 30 cm deep) and last up to several months or even a few years in deeper
environments (beyond 50 meters water depth, e.g. Jones 1992; Linnane ef al. 2000; Palanques et al.
2001; Gilkinson et al. 2015). Puig et al. (2012) nicely showed how repeated ploughing action due to
trawling drastically smoothed the submarine canyons topography. The surficial sediment can be
deeply disturbed in terms of vertical structure (mixing, lithology; e.g. Mayer et al. 1991; Simpson and
Watling 2006; Oberle et al. 2015b), habitat complexity (Schwinghamer et al. 1996), bottom roughness
(Jennings et al. 2009), grain size and biogeochemical features (e.g. Pilskaln ef al. 1998; Palanques et
al. 2001; Brown et al. 2005; Dellapenna et al. 2006; Bradshaw et al. 2012; Oberle et al. 2015b),
bioturbation rates linked to floral and faunal communities that are likely to influence the sediment
stability (Pilskaln ef al. 1998), and even consolidation state (Schoellhamer 1996). However, as
reported by Oberle et al. (2015b), although trawling-induced effects on benthic organisms and
sediment biogeochemistry (e.g. Bradshaw et al. 2012; Pusceddu et al. 2014) are well documented, the
trawling-induced seabed changes in terms of sediment texture and lithology remain poorly understood.

The large impact of trawling on natural sediment and associated habitats induced a recent awareness
of the need to develop new less-impacting trawling techniques. In particular, attempts for reducing the
penetration in sediment lead to new gears the impact of which have to be investigated. Designing
alternative gears less damaging regarding the marine environment is becoming a new technological
challenge.

This study aims to quantify the weight of trawling activity among factors of resuspension on the
continental shelf, considering i) the type of gear (more or less impacting), ii) the seabed composition
(muddy sands with various mud concentrations) and iii) the fishing effort. The chosen site is the main
mud belt on the continental shelf of the Bay of Biscay, called the “Grande-Vasié¢re”. We successively
assess the trawling-induced resuspension for two types of gears, the potential influence of trawls on
sediment sorting (grain size and water content analyses), and the trawl marks characteristics left on the
seabed. We propose an original evaluation of a trawling-induced erosion rate based on the image
processing of in situ trawling tracks videos. Finally, we assess the natural and the trawling-induced
erosion fluxes over the whole study area so as to compare their relative contributions, depending on
the water depth and the season.

2. Environmental setting of the “Grande-Vasiére”, a large muddy zone in the Bay of Biscay

2.1 Description of the environmental setting of the “Grande-Vasiére”

The “Grande-Vasiére” (hereinafter GV) stretches from Penmarc’h at the north to the Rochebonne
shoal at the south on the French Atlantic continental shelf. Its limits are roughly defined by the
contour represented on Fig. 1, with a total surface of about 17 500 km®.

The presence of mud in the GV area is thought to result from Holocene deposits still fed by a modern
fine sediment supply (Vanney 1977). Rivers feeding the Bay of Biscay deliver about 2.5x10° t.yr" of
fine sediments to the shelf (Jouanneau ef al. 1999), with main contributions from the Gironde and the
Loire estuaries (1.5x10° tyr' and 0.5x10° tyr' respectively, Castaing and Jouanneau 1987).
Jouanneau et al. (1999) described the GV as a “mud belt” (McCave (1972) terminology) representing
75% of the surface covered by muddy sediments on the French Atlantic shelf. However, Dubrulle et
al. (2007) described it as a patch of poorly sorted sands with entrapped fine-sediment material. This
description is supported by observations showing that fine-sediment content does not exceed 30%,
except near the two extremities (near Penmarc’h and Rochebonne Shoal) identified as preferential
depocenters of fine sediments.
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Fig. 1 Map of the study site including the position of zones A and B and the "Grande-Vasiére" contour over the
northern part of the continental shelf of the Bay of Biscay. Dotted lines in blue represent isobaths. The dark blue
shows water depths over the abyssal plain (> 4000 m), and the transition between the dark and light blue shows
the continental slope.

Tidal currents on the middle shelf do not exceed 0.15 m.s" (Castaing 1981; Tessier 2006). Between
April and September, waves allow very limited sediment resuspension. On the other hand,
northwesterly winds can induce the transport of estuarine plumes towards the shelf break (Lazure and
Jégou 1998; Castaing et al. 1999), which induces deposition throughout the shelf. The natural
resuspension decrease moving offshore enhances deposition as well. The rest of the year, only winter
storms can significantly erode the bottom sediment (Castaing 1981; Barthe and Castaing 1989). They
locally generate deep furrows (Folliot 2004) and more generally influence the erosion/deposition
dynamics. During these energetic conditions, the GV area can be reduced by half (Pinot 1976).
Finally, the resulting annual sedimentation rate ranges from 1 to 3 mm (Dubrulle et al. 2007).

Regarding seabed properties, Dubrulle ez al. (2007) measured homogeneous vertical profiles of *'’Pb
in the seabed that suggest that the upper 7-20 cm of sediment have been mixed within the last decades.
They mentioned bioturbation as one of the potential factor explaining this surficial mixing. In
addition, this region is intensively trawled (mainly for Norway lobster), which lead Dubrulle et al.
(2007) to suggest fishing activities as an additional source of mixing. From historical grain size data
(Vanney 1977; Le Loc’h 2004; Bourillet et al. 2005), Bourillet et al. (2006) showed an increase of the
sand/mud (mud: < 63 um) ratio (from 4 to 6) over the past 30 last years corresponding to a fine
particle loss. Bourillet ef al. (2006) roughly estimated the annual resuspended mass of fine sediments
induced by storms (between 850 and 2000 Mt) and compared it with the one related to bottom
trawling based on the combination of fishing efforts data and characteristics of the gears commonly
used in the GV (between 180 and 380 Mt). They concluded that the fine material resuspended by
bottom trawling could amount to 10 to 30% of the quantity mobilized by storms and that trawling
could strongly influence the temporal evolution of the seabed in terms of structure and composition.
These estimates were based on overly simplifying hypotheses (all detailed in the discussion section
5.4), particularly regarding the quantification of the trawling-induced erosion flux. The penetration



depth of the various trawling gears had indeed not been quantified for any kind of trawl in the GV, nor
had the turbidity generated in the trawl wake been described. Carrying out these quantifications is one
of the objectives of the present study detailed in Section 3.

In order to assess the impact of trawling activities on the seabed, two 16 km?” zones undergoing fishing
efforts of contrasting magnitudes were selected (A and B, Fig. 1). Both zones exhibit approximately
the same water depth (~ 110 m). ”Zone A”, located near Belle-Ile island (central part of the GV),
undergoes a moderate fishing activity whereas “Zone B” (northern part of the GV) is intensively
trawled. The same experiments were carried out in both areas, and are reported in Section 3.

A first series of investigation based on sediment sampling consisted in examining the surficial
sediment characteristics for both zones. Measurements aimed to investigate differences between the
two zones as well as the potential signature of the bottom trawling influence in the surficial sediment
properties (i.e. grain size vertical profiles, fine fraction evolution over time).

2.2 Core analyses (grain size vertical profiles)

Surface sediment cores were sampled with a multiple corer preserving the interface (from Bowers and
Connelly) using Perspex cores (internal diameter: 10 cm, length: 50 cm). Sediment cores were cut in 1
cm thick layers, every centimetre for the five upper centimetres, and then every 5 cm down to 25 cm
below the interface. Grain size analysis and water content were carried out over the upper 25 cm of the
cores sampled in the two zones during the May and June 2014 cruises (8 cores were sampled on zone
A, 12 cores on zone B).
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Fig. 2 Grain size spectra (in volumetric percentage Vp) of all cores at each sediment core depth (zsgp) for zone A
(a) and B (c) represented by thin grey curves with the corresponding average grain size spectra represented by
thicker black curves. Subplots (b) and (d) provide synthetic visions of grain size spectra over sediment core
depth (upper 25 cm) for zone A and B respectively, from individual average grain size spectra (black curves)
illustrated at each sediment core depth on subplots (a) and (c).



Figures 2a and 2c illustrate all grain size spectra compiled at each core depth (i.e. zsgp = 1, 2, 3, 4, 5,
10, 15, and 20 cm) for zones A and B respectively. It is important to mention that only a few cores
enabled to sample sediment until 25 cm depth. Therefore, average representativeness at this sediment
depth can be potentially less significant. In the same way, average vertical profiles of d;9, dsy, mud (<
63 wm) content, and clay (< 4 um) content (hereinafter called "grain size related parameters") were
computed from grain size spectra of all stations at each sediment depth for both zones A and B (Fig. 3)
as well as the corresponding standard deviations (hereinafter called s¢d).

10|

15/¢o0

20 (40

0 50 100 150 200 150 250 350 450 10 20 30 40
(b)

51l

2 [e]

s

Sediment core depth [cm] (zSED)
N
9]

101 le]

15

209

250 50 100 150 200 150 250 350 450 10 20 30 40 0 2 4 6 810

dyo [HmM] dso [um] Mud content [%]  Clay content [%]

Fig. 3 Averaged vertical profiles of d;y, dsp, mud and clay contents for zone A (a) and zone B (b). Horizontal
bars represent the standard deviation at each level, and unfilled grey circles represent individual data of each
core at each sediment depth used to compute average and standard deviation values.

In zone A (Fig. 3a), the vertically averaged values for d,y, ds5p, mud and clay contents are respectively
20.2+ 9.5 wm, 226.3% 7.5 um, 14.5+ 1.6%, and 3.6+ 0.4%. Standard deviations of dsy, mud and clay
contents do not exceed 10 um, 3%, and 0.8% respectively in the upper 25 cm of sediment, which
shows a certain homogeneity. This homogeneity is particularly visible on Fig. 2a on which average
grain size spectra are similar at the different depths within each core and across different stations.
Grain size spectra are centred on ds5p, and continuously distributed between 150 and 400 wm.
Nevertheless, std values linked to grain size related parameters seem to increase upwards in the upper
4 centimetres, especially parameters related to d;y (from 3.5 to 19 um), mud content (from 1 to 3%)
and clay content (from 0.2 to 0.8%).

In zone B (Fig. 3b), the vertically averaged values for d,y, ds5p, mud and clay contents are respectively
10.7+ 7.9 um, 281.0+ 34.1 um, 23.9+ 4.9%, and 5.4% 1.1%. These average std values linked to ds,
mud and clay contents are thus multiplied by a factor 4.5, 3.1 and 2.75 respectively when compared
with those obtained for zone A. Generally, std values associated to all grain size related parameters are
higher than those obtained for zone A at all sediment core depths and are of the same order of



magnitude than vertically averaged ones. This variability is visible on Fig. 2c on which more
significant differences in grain size spectra can be noticed between the different stations at all
sediment core depths. However, average grain size spectra performed at each sediment depth exhibit
similarities regarding their distributions. The mean level grain size spectra are more widely spread and
all levels include 2.5 times more coarse particles (above 500 um) in zone B (18.8+ 2.2%) than in zone
A (7.4= 2.1%). Moreover, the upper 3 centimetres of the sedimentary column exhibit a d;y increase
(form 6.4 to 35.2 um; i.e. +450%) and a ds increase (from 264 to 309 wm; i.e. +17%) upwards, along
with an upward decrease of the mud content (from 28.3 to 16.8%; i.e. -41%) and the clay content (6.3
to 3.4%; i.e. -46%).

2.3 Sonar surveys and temporal evolution of fine fraction in the seabed

The first step of the experiment was to carry out side scan sonar surveys of each zone (Fig. 4) so as to
investigate the homogeneity of the surficial sediment cover. Trawl tracks are visible in both areas and
their density seems to be larger on zone B, which is coherent with the fact that it is more intensively
trawled (see further, section 4.2.1).
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Fig. 4 Side scan sonar maps and historical mud content data localisation for zone A (a) and zone B (c) with the
associated average values (over the upper 15 cm of sediment) at different periods of time (different colours
depict different years or periods) on subplots (b) and (d) respectively. For each of these periods and for each
zone, unfilled circles on subplots (b) and (d) correspond to mud content data used to compute average mud
content values and vertical black error bars correspond to the standard deviations linked to the different periods
on each zone. Sonar maps are superimposed to the map of Sedimentary Facies (SF) described by Bouysse et al.
(1986) [SF1 (VL2a in Bouysse et al. 1986): Muddy litho-bioclastic sand, SF2 (resp. VL1a): Muddy lithoclastic
sand slightly carbonated, SF3 (resp. VL2b): Sandy marl (coarse or gravelly with shells), SF4 (resp. VBb): Sandy
calcareous mud (gravelly with shells)]. These facies are visible around sonar images.



Changes in the GV seabed coverage over the past few decades (past 30 years) have been mentioned in
the literature (Bourillet ef al. 2006; Dubrulle et al. 2007). In order to confirm this trend and compare
historical to modern seabed coverage, historical mud content data from areas surrounding zone A and
zone B were gathered. Historical data points outside of zones A and B (Fig. 4) were included in the
analysis, provided they belonged to the same sediment facies SF2 (resp. SF3) as zone A (resp. B), as
described in the surficial sediment map from Bouysse er al. (1986). All data acquired before 2014
were collected using Hamon day-grabs (Brown et al. 2002), leading to some sediment mixing over the
upper 15 cm. In order to ensure consistency between older and more recent data, mud content values
deduced from more recent sediment cores (described in section 2.2) were vertically averaged over the
upper 15 cm of surficial sediment.

Fig. 4 shows the data points location on zones A and B respectively for four different periods when
data were available (i.e. 1967, 2000-2002, 2013, and 2014), with the corresponding mud contents
averaged over each period. In zone A (Figs. 4a,b), the past 50 years do not exhibit any significant
change in mud content with values ranging from 12 to 18% and standard deviations between + 0.43%
and = 1.28%. On the contrary, zone B (Figs. 4c,d) shows differences of about 30% in terms of mud
content between 1967 and 2014. The average mud content was indeed around 55+ 11% in 1967
whereas it was only 23+ 3.3% in 2014.

2.4 Analysis of the surficial sediment variability in the GV

The relative homogeneity observed in the vertical profiles of the grain size parameters, especially in
zone A, is in agreement with the regular fine sediment supply to the area (Jouanneau et al. 1999). It
may be reinforced by the important mixing induced by bioturbation (Le Loc’h 2004). A possible
correlation between the benthic fauna density, the bioturbation intensity and the strength of fishing
pressure remains an important question not addressed by this manuscript.

The fine fraction decrease over time observed on the intensively trawled zone (B) cannot be explained
by changes in the hydrodynamic regime, because i) no tendency of the wave regime in the Bay of
Biscay has been described during this period and ii) at the regional scale the two zones are close
enough to each other, so that any hydrodynamic trend observed in one zone would be expected in the
other one. Regarding river discharges, the main sources of sediment input are the Loire and Gironde
rivers. Planque et al. (2003) showed that the Loire river discharge did not exhibit any significant trend
between 1840 and 2000; it has remained quite stable since 2000. It can therefore be assumed that
changes in mud content cannot be explained by a variation in sediment input either. The Gironde river
influence may be assumed to be limited given the distance from zones A and B. Otherwise, the
influence from the Gironde river should be larger in zone A than in zone B, but no trend has been
observed in the former area.

A potential explanation for a change in surficial sediment can be inferred from investigating the
evolution of chronic bottom trawling activities in the past few decades: the overall engine power of the
French metropolitan fleet (including the French Atlantic one) has considerably increased between the
1960s and the 1990s (Mesnil 2008), which is coherent with the timing of the observed mud content
changes. Such a conclusion is confirmed by more significant trends in grain size related parameters
observed in sediment cores of the most intensely trawled area (zone B): upward increases of d;g, dsy
and upward decreases of mud and clay contents in the upper 3-4 centimetres of the surficial sediment
(see section 2.2).



3. Effects of bottom trawling

A second series of investigations consisted in quantifying the local trawling-induced resuspension in
the water column as well as the seabed micro-topography disturbances (i.e. trawl tracks) induced by
each of the trawl parts. Dynamic measurements were made from an oceanographic vessel (N/O
Thalia) following a professional trawler in operation (F/V Cote d’Ambre) in different configurations

(Fig. 5).

3.1 Trawl configurations

Fig. 5 represents a schematic view of an otter trawl in a twin configuration, as used during all sea
trials, and lists the different parts of the trawl. The main trawl parts impacting the seabed are doors,
groundropes, and chains.
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Fig. 5 Schematic view of the trawling gears and representation of the sampling strategy in the (XY) (a) and (YZ)
(b) plans (i.e. two dimensions horizontal and vertical respectively) with the different deployments realised to
quantify the resuspension induced by the otter twin trawl.

The same otter twin trawl was used during all experiments, under two configurations that only differed
by the type of doors. The doors are fixed on both sides of the trawl in order to maintain the lateral
opening of the net. Groundropes correspond to an assembly of rubber disks (of identical size in our
case), fixed at the basis of the net and thus directly in contact with the seabed. In case of a twin trawl,
the clump is the articulation point between the two gears constitutive of the trawl. The trawl
characteristics are presented in Table 1. The “classical configuration” uses two Thyboron doors (Fig.
6a), which have a permanent contact with the seabed. An “alternative configuration” uses Jumper
doors (Vincent et al. 2015), which have an intermittent contact with the seabed (Fig. 6b). Jumper
doors have been developed to limit the contact with the seabed and thus reduce the impacts on the
benthic environment as well as the fuel consumption. The door tilts as soon as the shoe (i.e. the door
base) collides with the seabed. Its new inclination induces lifting of the door, hence increasing its



distance from the bed (“jumping” behaviour). The door thus follows the seabed topography while
contact with the sea floor is limited. The jumper doors surface and weight are approximately the same
as for classical doors. However, the surface in contact with the seabed is significantly reduced in the
case of jumper doors, since only the shoe occasionally touches the ground.

Fig. 6 Illustration of (a) a classical door used during sea trials (circled in red) and (b) Jumper doors during
experimental trials [scaled devices, set up in a laboratory flume (Ifremer-Lorient, France)]. Contributors to the
creation and development of Jumper door are mentioned in the acknowledgments section.

Table 1 Characteristics of the otter twin trawl used during sea trials

Device Characteristics
Trawl type Otter twin trawl
Floatline length 14 m for each trawl
Sweep length 50 m

Bridle length 13m

Wing spread 7 m for each trawl

Door spread
Vertical opening
Codend mesh size

Trawler length
Trawling speed

Classical door (Thyboron)
Length
Weight
Height

Groundrope
Length
Weight
Disk type
Disk thickness
Disk diameter

Clump characteristics

Type
Weight

50m
0.8 m
70 mm (stretched)

16.5 m
3.5 knots

1.70 m
330 kg
095 m

17 m for each trawl
60 kg for each trawl
Regular

10 mm

50 mm

Chains
100 kg
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3.2 Characterisation of the resuspension plume

Weather conditions during deployments were calm, with a wind velocity inferior to 10 knots and
current velocities that did not exceed 17 cm.s™ after integration over a 3 m high bottom layer.
Significant wave height was lower than 1 m in 100 m water depth. The ambient turbidity measured in
the water column before trawling experiments was vertically homogeneous with values between 2 and
5 mg.I" during both cruises. The similar conditions encountered during both deployments make the
data sets easily inter-comparable between the two zones.

3.2.1 Water column measurements
3.2.1.1 Strategy

The first experiment consisted in assessing the turbid plume generated in the trawl wake with a multi-
sensor probe. The oceanographic vessel stopped as close as possible to the trawl and then
progressively got away from it. Up and down movements scanned the water column, avoiding any
contact with the seabed, so as to catch the turbid plume signature (Fig. 5b). Measurements of
conductivity, temperature, and pressure were acquired with a SeaBird 9/11 CTD probe, while
altimetry data were used to control the probe’s vertical position above the seabed and thus in the turbid
plume. A Sea Tech Optical Backscatterance Sensor (OBS) was mounted on the probe to measure
Suspended Sediment Concentrations (SSC), as well as a RDI narrowband 1200 KHz ADCP (Acoustic
Doppler Current Profiler) looking downward with four acoustic transducers recording the
backscattered acoustic intensity. The return echo was sampled over twenty 25 cm-thick cells. A
second experiment aimed at discriminating the impacts of different parts of the gear on trawling-
induced resuspension and at measuring the resuspension as close as possible to the generation
location. It consisted in fixing a line equipped with 3 turbidity sensors (WETlabs or NKE types, also
monitoring pressure) behind a door (LP1) or behind the clump (LP2, Fig. 5). The sensors were
regularly spaced every 20 m along the line (LS1, LS2 and LS3 respectively at 20, 40 and 60 m from
the door or the clump). A buoy was fixed to the upper extremity of the line so as to ensure the
appropriate buoyancy allowing the three sensors to be within the wake, at different elevations above
the sea floor. In this deployment strategy, the line sensor LS1 was around 0.5 m above bottom (mab)
and the one placed at 60 m (LS3) was about 2.8 mab.

3.2.1.2 Processing

The water column measurements from the multi-sensor probe were replaced in a new mobile
coordinate system following the fishing gear, originated in the middle of the segment between the
doors and aligned with the direction of both the fishing boat and the otter twin trawl ("Y-axis") (Fig.
5a). The X-axis represents the transversal distance from the trawl trajectory. The associated distances
Y and X describing the instantaneous position of the multi-sensor probe linked to the oceanographic
vessel in the trawl wake are expressed with simple trigonometric considerations using the angular
difference between the vessels headings (A) and the distance between the two vessels, as well as the
distance between the trawler and the doors. The vertical Z-axis corresponds to the altimetry above the
seabed (Fig. 5b). The data were corrected from bottom current advection by using the ADCP currents
integrated over a 3 m thick layer above the seabed.

Comparing turbidity signals issued from a wide range of instruments requires thorough calibration
procedures. Therefore, SSC values from each turbidity sensor were calibrated in the laboratory with
suspended sediment samples.

Deriving turbidity estimates from acoustic sensors requires additional processing. As widely described
in the literature (e.g. Gartner 2004; Tessier 2006; Tessier ef al. 2008b), SSC vertical profiles can be
estimated from the backscatter index B/ (in decibels, dB) computed from the ADCP measured back
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scattered intensity, using the sonar equation (Urick 1975; Lurton 2002; see Appendix 1). An empirical
relationship is established between Bl and the SSC logarithm (e.g. Tessier et al. 2008b) such as:

log,1o(SSC) = ¢1BI + ¢, €))

In order to compute c; and c,, reference SSC values are obtained from simultaneous ADCP and OBS
measurements, the latter being calibrated in the laboratory against suspended sediment samples. The
OBS is located close to the ADCP transducer head on the multi-sensor probe, while the first ADCP
cell is located 0.80 m below due to the ADCP blanking distance. The calibration was first performed
when both instruments were within the turbid plume (all dots on Fig. 7) in order to minimize vertical
variability due to turbid fronts. The corresponding coefficients, ¢; and ¢, in Eq. (1), are found equal to
0.046 and 3.63 respectively. From this relationship we obtain a coefficient of determination R of 0.57
and a root mean square error (RMSE) between the OBS and ADCP signals of 26 mg.1"'. Results are
however significantly scattered, mainly because SSC gradients can be found within the turbid plumes,
especially close to trawling doors, hence partly invalidating the assumed correspondence between
OBS and first-cell ADCP records. In order to refine the calibration accuracy, we subsampled the
dataset and only used vertically homogeneous ADCP measurements, i.e. profiles for which SSC
vertical gradients were lower than 10 mg.1".m™ and repeated the calibration procedure (clear blue dots
on Fig. 7). According to Eq. (1), an optimized linear relation (R’ = 0.825) was defined with ¢; = 0.058
and ¢ = 4.131. This new calibration allows reducing the RMSE between the OBS and ADCP to 4
mg.l".

3.0 : : : , : .
y = 0.058x + 4.131 .

2.5F R2z=0825 [ ’

2.0f

1.5

109,,(SSC)

1.0

0.5

0050270 =60 —50 —40 =30 —20

Bl [dB]
Fig. 7 ADCP calibration: fitting a linear relationship between the backscatter index BI of the first cell of the
ADCP and the base-10 logarithm of SSC values measured with OBS sensor on the multi-sensor probe (see text
for colour symbols interpretation).

3.2.2 Characterization of suspended sediment concentrations in the trawl wake
3.2.2.1 Behind the “classical” configuration of trawl, zone A

The data obtained during this experiment (about 10 deployments a few minutes long each) are all
shown in the new system of coordinates relative to the moving trawler (Fig. 8a).

Assuming the trawling velocity and plume geometry are steady over the sampling time, this choice of
reference allows representing a steady picture of the plume features. Following this procedure, Fig. 8a
shows a 3D view of the plume, on which all calibrated SSC values acquired from the OBS sensor and
from the ADCP have been compiled.
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Fig. 8 OBS (Optical Backscatterance Sensor) and ADCP (Acoustic Doppler Current Profiler) data of Suspended
Sediment Concentrations (SSC) obtained with the multi-sensor probe in the trawl wake. (a) 3D vision of the data,
(b) representation of 2DH and 2DV averaging, and associated graphs in (c) and (d) respectively.

Horizontal and vertical averaged sections of the plume are illustrated on Fig. 8c and Fig. 8d,
respectively. For those pictures, small-scale variability has been filtered by averaging SSC values over
20 m long (in the Y or X directions) and 0.2 m high (in the Z direction) “cells”. The horizontal section
of the plume (Fig. 8c) is vertically averaged from 0 to 7 m above bottom, and only SSC values above
the ambient turbidity are represented (i.e. > 5 mg.I"). The vertical section of the plume (Fig. 8d)
represents transversal means (i.e. perpendicularly to the trawl progress axis) of SSC values behind the
trawl.

In the longitudinal vertical plane, highest SSC values occur between 100 and 200 m behind the trawl,
locally reaching 200 mg.I" near the seabed. Between 300 and 800 m behind the trawl doors, SSC
values range from 30 to 80 mg.I" with an apparent vertical diffusion followed by a settling stage,
while vertical gradients are low. Beyond 800 meters behind the trawl, turbidity becomes significantly
lower with values around 15 mg.l" (Fig. 8d). The results obtained on the vertically averaged
horizontal section are quite similar (Fig. 8c). According to Fig. 8, the plume thickness (bound by the 5
mg.I" SSC contour) is between 3 and 4 m and reaches its maximum about 300 m behind the trawl. The
plume length is typically 1.5 km, while its width is in the order of 200 m on each side of the central
axis. Moreover, the plume generation zone seems to be located near the door positions and not behind
the clump (red pixels on Fig. 8c).
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Fig. 9 Continuous SSC measurements made on zone A with the instrumented line fixed to the trawl, either
behind the door (tows 3 and 4) or behind the clump (tows 1 and 2) in the configuration with classical doors.

Fig. 9 shows the data recorded by the sensors clamped to the line directly fixed to the trawl. The figure
shows four trawling tows under the classical configuration, each of them lasting about one hour.
During the first two tows of trawling (i.e. [1] and [2] on Fig. 9), the line was fixed to the clump (LP2).
In that case, turbidity does not exceed 50 mg.I"" with values around 15 mg.1" at all depths: differences
between the turbidity signals recorded by each sensor are low in spite of peaks detected for the one
closer to the generation source (LS1). These results contrast with the situation behind the door (i.e.
tows [3] and [4] on Fig. 9), where SSC values exceed 100 mg.I" most of the time and locally reach
180 mg.I". Turbidity differences between sensors along the line are greater and steadier, with
differences between LS1 and LS3 of about 60 mg.I". LS2 turbidity levels are of the same order of
magnitude as LS1 levels, but as expected, the turbidity then decreases along the line as the distances
behind the trawl and above the seabed increase.

Results obtained in zone B (not illustrated here) exhibit similar SSC patterns and the same order of
magnitude as in zone A.

3.2.2.2 Behind the “alternative” configuration of trawl, zone A

The number of measurement profiles is approximately the same as in the other configuration with 10
profiles of a few minutes.

Contrary to precedent results, SSC values obtained with the multi-sensor probe behind the
“alternative” configuration (i.e. with "jumper" doors) range from 1 to 6 mg.I" and do not exceed the
background turbidity level most of the time (then they are not illustrated here). Moreover, SSC values
along the line fixed to the Jumper door (Fig. 10b) are lower (around 20 mg.I"") than behind a classical
door (Fig. 10a). Few SSC peaks are punctually detected but never exceed 110 mg.I" and correspond to
times when the Jumper door hits the seabed. The turbidity signal recorded behind Jumper doors is
perfectly correlated with the altimetry data of the line sensors: the turbidity increases as the door
moves closer to the seabed and vice versa. These results are consistent with the absence of turbidity
measured by the different instruments placed on the multi-sensor probe, and prove the ability of the
new gear to strongly reduce the seabed resuspension.
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Fig. 10 Continuous SSC measurements made on zone A with the instrumented line fixed (a) behind a classical
door (Thyboron), and (b) behind a "Jumper" door.

3.3 Evaluation of sediment reworking by video observations

3.3.1 Video acquisitions

Following the approach described by O'Neill et al. (2009), a video sledge equipped with two cameras
and three lasers was deployed to evaluate the trawling-induced disturbances on the seabed micro
topography, particularly to assess the characteristics of the tracks left by the different constituents of
the trawl. The experimental protocol consisted in towing the sledge (0.5 m.s™) across the trawl tracks
generated the day before, during the experiment dedicated to plume observations.

The disturbances height is deduced from the distortion of the print left on the floor by an inclined laser
beam in the field of the camera [a laser stripe (Laser 1 on Fig. 11). The laser beam is projected on the
seabed with an angle of 42.8° in the field of a GoPro Hero 2 camera (Camera 1 on Fig. 11), 1280960
pixels, 48 frames per second] looking downward perpendicularly to the seabed. This print constitutes
an illuminated stripe on all consecutive pictures, which is distorted by the seabed topography: holes
lift the laser stripe position in the picture, whereas bumps lower it. To interpret this laser distortion in
terms of elevation changes (penetration depth), a calibration of the picture is required. The transfer
function is dependent on the inclination of the laser beam and the location of any picture pixels in the
actual horizontal field of the camera on the seabed. The latter is deduced from a calibration procedure
in the laboratory, following Darboux and Huang (2003) and O'Neill et al. (2009). The methodology
has been validated by placing different shapes of known dimensions in the laser stripe plane. The
resulting accuracy is close to 1 mm.
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Fig. 11 Video acquisitions with a benthic video sledge during sea trials so as to quantify the trawling-induced
micro-topography disturbances. The sledge as well as the different lasers and cameras are illustrated on (a) and
(b). An example of the laser stripe 1 projected on the view field of the camera 1 and distorted by a trawl track is
presented on (c). A global schematic view of the device is illustrated on (d).

Swell action or seabed natural topography (which may modify the penetration depth and hence
increase the magnitude of microtopographic gradients) can generate changes in the sledge inclination.
The relative seabed elevation, which has been calibrated in the laboratory assuming a bed parallel to
the sledge, has to be corrected to account for this kind of additional inclination. This can be achieved
by illuminating two spots with two additional laser beams (Lasers 2 and 3 on Fig. 11) in the field of a
second camera (Panasonic camera 2 on Fig. 11), in front of the sledge. A linear relationship between
the inclination angle and the distance between the two laser dots was derived and permitted to include
this angular correction in the computation of the seabed elevation (Draye et al. 2015).

3.3.2 Evaluation of an experimental erosion rate induced by bottom trawling

Based on the exploitation of the video sequences, several tracks have been reconstituted and
characterised by a mean vertical section. Results highlight 4-5 cm deep and 20 cm wide asymmetric
tracks that can be directly related to the door action on the seabed. Results are synthetized on Fig. 12
with the representation of 4 typical track sections in zones A and B. In the literature, groundropes are
generally mentioned as the second most impacting constituent. In our case, groundropes do not leave
significant tracks and seem to only flatten the seabed: video observations reveal wide smoothed areas
with an apparent decrease in burrow density, which may be due to this flattening action.
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Fig. 12 Door track profiles obtained thanks to video sledge images analyses. Results are presented in terms of
Relative Seabed Level (RSL) along the print of the laser beam, the reference level corresponding to a horizontal

vision field of the camera (x). Dark blue curves are linked to the results acquired on zone A and red curves to the
ones obtained on zone B.

Since the doors are the most impacting elements of the gear, the topography changes due to their
penetration are assumed to represent most of the sediment displacement due to trawling. An
experimental erosion rate induced by bottom trawling has therefore been computed from the vertical
profiles of the Relative Seabed Level (RSL) obtained across the door tracks (the x dimension in
following computations). The integration of the seabed elevation regarding a reference level has
permitted to deduce the surface linked to resuspended sediments. The reference level, specific to each
video image, corresponds to the mean level of the undisturbed seabed on both sides of the track.
Combined with other parameters such as bottom sediment concentration, track geometry, and scraped
surfaces, an erosion rate is finally deduced.

As visualised on Fig. 12, the impacted seabed can be split into an accumulation part and a scour part
which can be integrated along the x axis. Their difference represents the cross-area of the resuspended
sediment, and can be computed as the integral of RSL along the track profile (> 0 when accumulation,
<0 when scour):

Sres = J RSL(x) dx ()
Xtrack

This computation does not account for the deposition of particles from the plume: it is assumed that
these deposits are spread over a width in the range of the plume width (typically 200 m, Figs. 5 and 8),
much larger than the track width so that the reference level determination implicitly accounts for the
plume deposition.

Considering that the two doors are the only significant sources of resuspension, the eroded mass per
unit trawling track (kg.m™) is 2.C,eSgzs, where the total bottom sediment concentration Cie is
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assumed to be uniform in each zone, and is deduced from averaging water content analyses made on
seabed samples (Section 2.2), that is 1540 kg.m™ in zone A and 1380 kg.m™ in zone B.

The fishing effort is often expressed as a bed surface impacted by trawling during a given period of
time within a given area. In order to express the fishing effort in terms of suspended sediment mass,
we define an erosion rate, in kg.m?, representing the resuspended mass per unit area, which can be
expressed as

E = 2.Cseq.Sres/ Lrer (3)

where L, represents the width along which erosion occurs behind the trawl. According to the
literature, this width may differ: either it represents the total width L, of a trawling trace, i.e.
including the distance between doors D and the door tracks widths L, or the width L, of sediment
actually impacted by the trawling gears (for instance the doors and groundropes, whose respective
widths on the track are L and the wing aperture WA). In our twin trawl configuration, L = 0.20 m, D=
50 m and WA= 7 m, leading to Ly, = 50.4 m and L,;, = 14.4 m.

In this general formulation, we consider the eroded sediment as a sand mud mixture. Among the
different types of particles injected in the water column, the coarser ones are assumed to settle rapidly
while only fine particles are assumed to contribute to the turbid plume dynamics.

This quantity of resuspended fine particles (E,,.4) can be computed as:
Emua = MC.E 4)

where MC refers to the mud content (< 63 wm) in the surficial sediment. The results obtained on the
two zones are summarised in Table 2. The erosion rates (including all particle classes) obtained from
Eq. (3) range between 0.12 kg.m™ on zone B and 0.14 kg.m™ on zone A when considering the whole
distance between doors L, (hereinafter called E,,.;), and between 0.42 kg.m'2 on zone B and 0.50
kg.m”on zone A using the width of sediment swept by doors and groundropes L,qq (hereinafter called
Ey). The fine particles erosion rates are proportional to the overall erosion rates, according to the
seabed mud content (15% and 25% for zones A and B respectively). Eyuuimua and Esgg mua are thus
obtained while considering E=E,; and E=E, in Eq. (4) respectively (see Table 2).

Table 2 Erosion rates estimates in kg.m™ on the two zones (A and B)

E trawl E trawl mud Esdg Esdg mud
Zone A 0.14+ 0.028 0.02+ 0.004 0.50+ 0.099 0.08+ 0.015
Zone B 0.12+ 0.030 0.03+ 0.007 0.42+0.108 0.10+ 0.027

4. Comparisons between natural- and trawling-induced erosion fluxes

The relative contributions of the trawling-induced and natural erosion dynamics are discussed over the
GV area. After a brief description of the natural- and trawling-induced erosion flux computations,
results linked to comparisons are presented at different spatio-temporal scales.

4.1 A simple model for wave and current resuspension

The natural erosion flux computation requires the quantification of bottom shear stresses induced by
waves and currents (t) and the choice of an erosion law. The shear stress is provided by a 3D flow
model and a phase-averaged wave model, and its detailed computation is given in Appendix 2.
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In order to fit the spatial and temporal resolution of fishing effort data, hourly values of total bottom
shear stress computed on a 2.5 km resolution grid were used to estimate natural erosion fluxes
according to Eq. (5), which were then averaged from month to month along two years (2008 and
2009). These natural erosion fluxes have been computed using the "Partheniades form" of the erosion
law of the muddy sand bed.

n
Enat = Eo (TL - 1) ift 2 7 (5)

cr

The erodability parameter £, depends on the sediment properties. As mentioned in Ferré et al. (2008),
values from the literature range between 10~ and 2x10” kg.m™.s" (Mulder and Udink 1991; Amos et
al. 1992, 1997; Widdows et al. 1998). Simulating fine sediment transport along the continental shelf
of the Bay of Biscay, Tessier et al. (2008a) applied the Partheniades erosion law but used an even
lower erosion constant (Ey = 1.3x10° kg.m™s"). Ferré et al. (2008) used E, = 10° kg.m™s" to
compute erosion fluxes at the overall scale of the Gulf of Lions. For an easier comparison with their
results, we selected the same value: since the integrated erosion rate is proportional to this erosion
constant, the sensitivity of our results to this constant will be easily assessed in the discussion. On the
other hand, the evaluation of T is dependent on the unknown roughness length. Computations have
been run with a uniform value of 5x10™* m. This value can represent the skin roughness of a coarse
sand, or a form roughness of a fine sand. It may lead to an overestimation of the relevant bottom shear
stress for fine sand resuspension. The critical bed shear stress ., is set to 0.15 N.m?> according to the
Shields diagram for 200 um fine sand. At last, the exponent # is set to 1, considering it is a common
value used for mud, and many often for fine sediment (e.g. Beach and Sternberg 1988). In this
computation, all particle classes are eroded simultaneously, and the erosion flux of fine particles is
proportional to their content.

4.2 Methodology for assessing the spatial and temporal distribution of trawling-induced resuspension

4.2.1 Fishing effort data

The fishing effort estimate is based on VMS data (GPS-based Vessel Monitoring System). European
fishing vessels longer than 15 m have been progressively equipped with VMS since 2005 (EC Council
Regulation N° 2244/2003 of 12/18/2003). This regulation has been extended to vessels longer than 12
m in 2012 (EC Council Regulation N° 1224/2009 of 11/20/2009). We used authorized and anonymous
VMS data as obtained from the French fisheries authorities (DPMA) and covering all recorded fishing
vessels operating in the French Exclusive Economic Zone from 2005 to 2013, so as to quantify the
distribution and intensity of trawling over the whole studied area. Raw VMS data provide 5 types of
information: "anonymous" vessel individual code, date and hour, latitude and longitude, instantaneous
speed in knots and vessel heading. The VMS dataset included additional information regarding the
gear types, vessels overall length and power classes as declared in the EU logbooks and the EU
Fishing fleet register (http://ec.europa.cu/fisheries/fleet/).

In order to discriminate the current type of activity for each vessel (e.g. fishing or transit), we used
criteria widely and successfully applied in many previous studies (e.g. Lee ef al. 2010; Gerritsen and
Lordan 2010; Gerritsen et al. 2013): trawling is assumed whenever the mean speed is above 0 and
under 4.5 knots and the elapsed time between two successive points is less than 6 hours. Vessel-
fishing tracks were reconstructed from spline curves through successive VMS positions affected to
fishing operations (Hintzen et al. 2010). Different publications stressed that reconstituted vessel tracks
by straight-line or spline interpolations could deviate from real tracks (e.g. Skaar ef al. 2011; Lambert
et al. 2012). In our case, the uncertainty due to the low frequency of VMS transmissions is reduced by
a 1 hour time interval between data, shorter than the classical 2 hours periodicity, while the typical
duration of a trawling operation is about 3 to 4 hours (Cornou ef al. 2015). In addition, the Métiers
specificities (type of bottom trawlers) and fishing grounds (relatively homogeneous strata) of our
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studied area lead to mostly rectilinear fishing tracks that should be correctly estimated from spline
interpolations. Alternative source of data like AIS (Automatic Identification System) could provide a
position record every 6 s and enable a very accurate reconstitution of vessel track (Oberle et al.
2015a,b). Such high temporal resolution data could constitute a valuable improvement to fishing effort
estimates but they were not available for most of our study site.

The total trawled area was estimated from VMS dataset using the method described by Eigaard et al.
(2015). Only twin and single otter trawls were considered as they represent close to hundred per cent
of trawling gears over the GV. The other types of gears (statics and seine gears) were considered as
having negligible impacts on the seafloor. Thus, fishing effort has been computed taking into account
typical trawled width (representative of the distance between doors) for each kind of fishing gear and
vessels category. Multiplying that width by the reconstituted tracks length provides an estimate for the
trawled surface area. A 1’ resolution grid was defined in order to compute fishing effort from VMS
dataset. That resolution was proven to ensure randomly distributed effort inside each cell (Rijnsdorp et
al. 1998). For each cell, the total trawled surface area on the seafloor was computed as the sum of
these individual trawled surfaces. Estimates from the initial fine-scale data grid have been aggregated
to larger grid cells (25 km®) thus reducing the effects of misattribution of fishing effort into adjacent
grid cells. In this study, the fishing effort forcing (FE) is thus expressed in km” swept per month and
per cell of 25 km® each, and can be transformed in fraction of trawled seabed per second. Considering
available dataset and identified sources of errors (speed rules to detect fishing events, reconstruction,
size of aggregation grid cells), we can reasonably consider that VMS data and utilised methods as
acceptable when compared to the objectives of our study and especially the time and space scale
required.

"Winter" period (Deq-Jan-Feb) "Summer" period ﬂJun—Jul—Aug) Annual Vperiod
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Fig. 13 Maps of fishing effort from VMS data (horizontal resolution of 5 km) expressed in number of times of
trawling within given periods: (a) "winter" period (from December to February), (b) "summer" period (from
June to August), and (c) at the annual scale. Cumulated values were obtained from a trawling “climatology”
corresponding to averages of monthly cumulated fishing effort data realised over the 2005-2013 period. For
instance, a value higher than 1 means that the spot is trawled more than one time during the considered period.

Cumulated maps (Fig. 13) highlight that trawling activities are concentrated on restricted areas
bordering the inner part of the GV in winter (from December to February, Fig. 13a). Nevertheless,
winter-integrated fishing effort is relatively intense over these areas and some cells are swept between
4 and 8 times during that period (locally 11 times). Summer trawling activities (Fig. 13b) occur on
larger and deeper areas than in winter, further offshore and centred on the internal part of the GV (i.e.
until 120 m depth). Corresponding cells on the summer-integrated fishing effort map are trawled
between 3 and 7 times (locally 9 times) between June and August. Lastly, the annually integrated
fishing effort map (Fig. 13¢) shows that both winter and summer preferential trawled areas remain still
visible with cells mainly swept between 10 and 16 times (up to a maximum of 45 times).
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4.2.2 Regional trawling-induced resuspension

Considering that trawling-induced erosion rates are similar in zones A and B (respectively 0.14 and
0.12 kg.m™), and assuming they remain representative of muddy sand facies which are dominant in the
GV, a uniform distribution of £, (= 0.13 kg.m'z) has been adopted.

The combination of this experimental erosion rate deduced from door tracks (Eyaw, in kg.m?) with
fishing effort data (FE, in s™) allows the estimation of a regional (i.e. distributed at the scale of the
GV) trawling-induced erosion flux (Ejegionat rawi> 1N kg.m'z.s'l). It is expressed as:

Eregional trawl = Etrawmi¥XFE (6)

Indeed, both the experimental erosion rate E,,,; (section 3.3.2) and the fishing effort FE (section
4.2.1) used in Eq. (6) are related to the total trawled area (i.e. distance between doors are considered in
their respective computation). For both natural and trawling-induced erosion processes, total sediment
(sand and mud) is considered.

Oberle et al. (2015a) have recently proposed a general formulation of trawling-induced erosion rates
(in kg.m™) as a function of the seabed composition (i.e. grain size-specific substrate type, average silt
and clay content) from many available erosion rate estimates existing in the literature (evoked in the
discussion section 5.3; i.e. Churchill 1989; Durrieu de Madron et al. 2005; Dellapenna et al. 2006;
Dounas et al. 2007; O'Neill and Summerbell 2011). Such relation would be helpful to compute
trawling-induced erosion rates at more extended spatial scale (e.g. the global analysis performed by
Oberle et al. 2015a), while the sediment cover heterogeneity has to be taken into account. In the
present case, the relative uniformity of surficial sediment in the "Grande-Vasiére" area allowed the use
of a specific trawling induced erosion rate calibrated on the representative trawlers of the area.

4.3 Results: respective weights of natural and trawling induced resuspension on the whole area

The comparison is based on erosion fluxes averaged along specific periods, months, years, or seasons
(winter/summer) for the two years 2008 and 2009. Estimates are proposed over given bathymetric
ranges within the GV contours. Fig. 14 illustrates maps of averaged erosion fluxes at the annual scale,
and during the “winter” (from December to February) and “summer” (from June to August, i.e. high
season of fishing) periods. In order to make interpretations easier, these erosion fluxes (annual and
seasonal means) induced by natural and anthropogenic forcing are averaged over given bathymetric
ranges (i.e. between 60-80, 80-100, 100-120, 120-140, 140-160, and 160-180 m depth; Fig. 15).
Lastly, a comparison of monthly averaged erosion fluxes is presented over the most intensively
trawled part of the GV area, more precisely between 90 and 120 m depth (Fig. 16).

At the scale of the GV, the dominance of wave forcing on the current one can be underlined, as shown
by respective computations from the flow model and the wave model (not illustrated here). Natural
resuspension fluxes decrease with increasing water depth, especially because of lower wave-induced
bottom shear stresses. However, the resuspension decrease moving offshore varies seasonally. Winter-
averaged natural erosion fluxes decrease 30 times between the 60-80 m bathymetric range and the
160-180 m one (Fig. 15). This trend is more pronounced during the summer down to the 100-120 m
bathymetric range. Beyond 120 m depth, the decrease trend becomes more progressive. This strong
decrease during summer (i.e. low energetic conditions) can be explained by more pronounced
gradients of excess wave-induced shear stress, wave-induced shear stress being then closer to the
critical stress for erosion. High values are confined on the eastern side of the GV and rapidly reduce
with increasing water depth (Figs. 14, 15). More generally, winter averaged erosion fluxes are 6 to 25
times higher than summer averaged values between 60 and 100 m depth and they are around 100 times
higher beyond 100 m depth. Integrated natural erosion fluxes along the whole year or during 3 months
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in winter exhibit comparable values. These observations confirm that the action of waves and currents
induced by winter storms mainly controls the annual natural dynamics over the GV.
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Fig. 14 Maps of temporally averaged resuspension fluxes computed for both natural and anthropogenic forcings
at the scale of the GV, as well as the corresponding ratio. Fluxes are averaged at the seasonal (i.e. winter and
summer) and annual scales.

Trawling-induced erosion fluxes decrease moving offshore with a trend depending on the season. In
winter, they regularly decrease from 3.5x10%kg.m™.s™ between 60 and 80 m depth to 5x10° kg.m™.s™
on the 140-180 m bathymetric range. However, in summer, they appear relatively uniform between 60
and 120 m depth with values around 4x10®kg.m™.s™". They then rapidly decrease with values around
10°® (resp. 3x10™) kg.m™.s™ between 120 and 140 m depth (resp. 160-180 m). Thus, on the 80-120 m
bathymetric range, summer fluxes appear 2 times higher than in winter (Fig. 15).

In winter, trawling-induced erosion fluxes are significantly lower than natural fluxes: differences
range from a factor 200 between 160 and 180 m depth to almost three orders of magnitude in the range
60-80 m. Although seasonally-averaged trawling-induced erosion fluxes are systematically lower than
natural ones, summer differences are much weaker: for instance trawling-induced erosion fluxes
would be only 3 times lower than natural ones between 100 and 120 m depth. In addition, maps of
seasonally averaged fluxes on Fig. 14 clearly highlight that trawling fluxes can appear dominant in
certain regions of the GV, especially near northern and southern boundaries.
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Fig. 15 Temporally averaged (over time and over bathymetric ranges) resuspension fluxes computed for both
natural and anthropogenic forcings during the winter and summer seasons.

Fig. 16 provides a detailed vision (monthly averages under actual forcing) of both natural and
anthropogenic erosion fluxes on the bathymetric range where the differences are the weakest, set here
between 90 and 120 m depth. First it can be seen that variations of natural and anthropogenic erosion
fluxes describe annual cycles, which are nearly in opposition of phase. The high season of fishing
comes up during late spring/summer season and is characterised by the highest trawling-induced
erosion fluxes with values around 5x10*kg.m™.s™" for both years (occurring in June 2008 and May
2009 respectively). On the contrary, the lowest trawling-induced erosion fluxes come up during the
winter period with values of 1.2x10*kg.m™.s" in January 2008 and 10®kg.m™.s™ in January 2009. In
that bathymetric range, trawling-induced erosion fluxes are thus smaller during autumn and winter by
a factor ranging between 2 and 5. On Fig. 16, the dotted line represents the monthly-averaged
trawling-induced erosion fluxes computed with a fishing effort climatology realised over the 2005-
2013 period. Given that corresponding estimates are similar to the ones obtained with the actual
fishing effort during the 2008 and 2009 years, the latter years can be considered as representative of
trawling effects, which supports the idea that the comparison is not performed during atypical years
from the trawling point of view. Regarding natural dynamics, the highest values generally occur in
winter. Natural erosion fluxes then exceed the trawling-induced ones by 2 to 3 orders of magnitude.
On the contrary, the lowest natural fluxes come up in late spring (May 2008 or June 2009). During this
period, trawling-induced erosion fluxes can exceed natural ones during one to two months. Although
bottom trawling can be punctually dominant, at the summer scale (Fig. 14) its contribution represents
around 30% of the natural erosion over the 90-120 m bathymetric range of the GV, with the chosen
hypotheses on z, and £, (see discussion). As shown by Fig. 16, the inter-annual variability of natural
erosion fluxes during spring/summer months is likely to modify the relative contribution of bottom
trawling. Moreover, the annual contribution of trawling can vary locally with highest values near the
northern and southern boundaries of the GV (Fig. 14).

On average, the amount of sediment resuspended by natural forcing (i.e. waves and currents) at the
annual scale or during the winter season is largely dominant over the GV. Depending on the
bathymetric range, averaged natural erosion fluxes exceed the trawling-induced ones by 2 to 3 orders
of magnitude in winter and at the annual scale (Fig. 14). However, our results underline how trawling-
induced erosion can dominate the natural-induced one during certain months (Fig. 16) and locally
during the overall high season of fishing (Fig. 14). In addition, it should be reminded that the
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resuspension induced by a door dragged on the seabed can be locally more impacting than a storm
(which generally acts on more extended areas).
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Fig. 16 Monthly averaged resuspension fluxes computed for both natural and anthropogenic forcings between 90
and 120 m depth (i.e. the most intensively trawled area of the GV) during two years. “Actual” trawling forcing
refers to monthly cumulated fishing effort data during the two years, while the trawling “climatology”
corresponds to averages of monthly cumulated fishing effort data during the 2005-2013 period. Grey bands
illustrate the effect of a ten-fold increase of the erosion constant £, on natural erosion flux estimates.

5. Discussion

5.1 Characterisation of the trawling-induced resuspension plume

Turbidity measurements with sensors originally set up in the trawl wake permitted to identify trawl
doors as the main sources of resuspension by trawling gears. This conclusion is consistent with
previous observations from other study sites such as O'Neill and Summerbell (2011) who showed that
trawl doors generate 60 to 70% of the total resuspension in the case of a muddy sand seabed. It
confirms underwater observations from Main and Sangster (1981) as well as sonar images from
Dellapenna et al. (2006) who highlighted that doors mainly initiate the resuspension in the trawl wake.
Associated suspended sediment concentrations reach 200 mg.I" just behind the trawl, which fits
within the range of a few hundreds of mg.I"" mentioned in the literature (e.g. Schubel et al. 1979;
Schoellhamer 1996; Durrieu de Madron et al. 2005; Dellapenna et al. 2006).

By using a new coordinate system aligned with the trawl and following it, a steady state representation
of the plume in the trawl wake could be reconstituted. A 3-4 m high and 300-400 m wide turbid plume
was observed. The plume vertical extension is in agreement with Main and Sangster (1981)
conclusions who suggested that the plume height generally equals 3 times the vertical opening of the
net, which is around one meter in our experiment. The plume lateral extension is of the same order of
magnitude as shown in previous works (e.g. Durrieu de Madron ef al. (2005) in the Gulf of Lions). In
the trawl wake, vertical diffusion is responsible for the plume growth until particles settling processes
dominate (800 m behind the trawl) and the plume height decreases. The length of the plume tail
(behind the position of plume maximum height) L,ume i can be related to the time required for
particles initially located at # = 3 m above bottom to settle at a rate W, through the towing speed U,,,,
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of the trawl: Lyume wit / Uiow = h | Wy. With Uy, = 1.6 m.s” and Lyiume it = 1600 m, the settling velocity
can be estimated to 3 mm.s™. Since suspended sediment concentration does not exceed the ambient
value beyond the considered plume length, and because some trawling-induced turbulence may remain
in the trawl wake, this estimation can be considered as a minimum estimation for the settling velocity.
This value is rather high for the muddy individual particles included in the plume, and too low for fine
sand particles (a 200 pm sand settles at 2.5 cm.s™), which suggests that flocculation processes do
occur within the plume. However, this estimation has to be taken with caution: advection by the
ambient current is likely to deviate the plume from its theoretical trajectory, so that the turbidity
decrease can result from such a deviation of the plume in addition to particle settling.

"Jumper" doors are characterised by an intermittent contact with the seabed and were designed to limit
resuspension without limiting fishing efficiency. SSC measured just behind these doors is about 10
times lower than behind a classical door. Consistently, nearly no excess turbidity is detected in the
trawl wake. These results demonstrate that the use of alternative doors on common fishing gears
significantly reduces the resuspension process. As the fishing efficiency (out of the topic of this paper)
seemed to be the same as before (L. Tréguier, Pers. Comm.), it appears that the designed new door
satisfies the requirement.

5.2 Impacts on the GV seabed

Grain size analyses carried out on sediment cores provided mean spectra and vertical profiles of mud
and clay contents, d;y, and ds in the upper 25 cm for both investigated zones. The vertical profiles of
grain size related parameters exhibit a relative homogeneity, especially in zone A. However, the first
3-4 cm of the surficial sediment exhibit more or less acute trends. The most intensively trawled zone
(B) exhibits upward coarsening whereas the moderately trawled zone (A) only shows a higher
standard deviation of grain size related parameters. These results suggest that the combined action of
natural (i.e. wave, current, and bioturbation) and anthropogenic (i.e. bottom trawling) processes
remodels the upper few centimetres of the sedimentary column in both zones, but induces more
pronounced trends in the intensively trawled zone (B): the more intense fishing effort over this area is
responsible for more significant resuspension and induces a fine fraction loss in the seabed.

Regarding the upward-coarsening trend, our results qualitatively agree with previous findings. Our
observations are consistent with those of Palanques et al. (2014) who observed a ds5) upward increase
in surficial sediment induced by bottom trawling. This upward-coarsening trend was observed by
Oberle et al. (2015b) on the NW Iberian shelf, who assessed the lithological and structural changes
induced by bottom trawling by comparing sediment core data from trawled and untrawled sites (until
50 cm depth). They showed lower and more variable values of clay content in sediment cores sampled
on trawled sites, as well as homogeneous porosity values over sediment core depth (while pronounced
gradients were found on untrawled sites). In the Southern Bering Sea (Bay of Bristol), Brown et al.
(2005) showed that within fished areas, surficial sediments (down to 3 cm) contained fewer fine grains
and were better sorted than sediments located deeper, or located in untrawled sites.

Regarding the relative grain size vertical homogeneity observed in our sediment cores, many studies
highlighted upper mixed layers of 5-10 cm thick induced by bioturbation (e.g. Wheatcroft and Drake
2003; Brown et al. 2005; Simpson and Watling 2006; Oberle et al. 2015b). In addition, some of them
showed a "trawling affected layer" beyond 5-10 cm depth in sediment [e.g. down to 25-30 cm depth in
Oberle et al. (2015b) in the NW Iberian shelf; between 10 and 17 cm depth in Simpson and Watling
(2006) in the Gulf of Maine], interpreted as the effect of bottom trawling on sediment mixing and
overturning. Such interpretations agree with the one of Dubrulle ef al. (2007) for the GV site, who
interpreted homogeneous vertical profiles of *'°Pb in the upper 7-20 cm of sediment cores by a
sediment mixing induced by the combined action of bioturbation, long-term bottom trawling effects,
as well as a regular fine sediment supply (Jouanneau ef al. 1999).

Time evolutions in the seabed composition were highlighted. The mud content in the intensively
trawled zone (zone B) was found to have decreased by 30% between 1967 and 2014, whereas no
tendency was observed in the moderately trawled one (zone A). These conclusions agree with
Bourillet ef al. (2006) who mention a 4 to 6 fold increase in sand/mud ratio (i.e. a fine particle loss)
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between 1969 and 2002 in the GV. Owing to the proximity and comparable water depths of zones A
and B, spatial differences in wave regime or sediment supply between them cannot explain those
differences in mud content evolution. The more intense fishing effort over zone B remains a likely
explanation for this change in surficial sediment composition, in agreement with the surficial sediment
coarsening induced by trawling.

5.3 Trawl bottom tracks and determination of a trawling-induced erosion rate

Trawl marks, especially those linked to doors, were clearly observed on side scan sonar images in both
zones. They are more numerous in zone B which is coherent with the more intense fishing effort over
this area. Video processing techniques were used to reconstitute the tracks vertical sections.
Asymmetric door tracks of about 4-5 cm deep and 20 cm wide were clearly identified, which is
consistent with results from similar investigations in mainly muddy sand beds (Linnane et al. 2000).
Unlike O’Neill and Summerbell (2011) who found that groundropes contributed to up to 20-30% of
the local trawling-induced resuspension, we observed that groundropes mostly flatten the seabed and
their influence on resuspension could be neglected given the absence of visible tracks. Dounas ef al.
(2007) reported completely flattened and scraped surfaces linked to the impacts of groundropes and
nets in a 100 m depth muddy environment in the Heraklion Bay (Cretan Sea).

The tracks cross-sections were considered to provide a proxy for the amount of resuspended
sediments; they were therefore used to compute an experimental erosion rate induced by the doors
scraping the seabed. The rates obtained with this method are similar in the two zones with a mean
value of about 0.13% 0.03 kg.m™ with a mud content ranging from 15 to 25%. The standard deviation
linked to the erosion rate estimate is comparable to the potential resuspension induced by the other
trawl parts, especially groundropes (O’Neill and Summerbell, 2011). Given that track observations
were realised the day following their generation, a certain amount of sediment resuspended by the
trawl has been potentially deposited in the tracks, especially sand that settles rapidly. As a
consequence, our erosion rate estimation could be under-estimated. Durrieu de Madron ef al. (2005)
performed trawling experiments in the Gulf of Lions in 90 m water depth. They computed an erosion
rate as the ratio between the sediment suspended mass in the plume over a given length and the area
scraped by the trawl over this same length. They found resuspension rates ranging from 0.19 kg.m™ for
a clayey silt seabed to 0.8 kg.m™ in the case of silty clay (whose mud content exceeds 80%, while it
was around 20% in our area). Their computation considers the surface scraped by the doors and
groundropes (i.e. Ly, in Section 3.3.2). Then, it is more appropriate to compare these values to our Eyy,
nua Parameter. In our study case, the mean Eg, g value is around 0.09 kg.m'z. Although in the same
order of magnitude, our estimation is lower, which may be due to a lower mud content, and
consequently a higher resistance to penetration. More recently, O’Neill and Summerbell (2011)
estimated the mass of sediment remobilised per unit swept area behind different trawl constituents (i.e.
several types of groundropes, doors) from video observations (plume dimensions) and suspended
sediment concentration measurements provided by a fully-equipped experimental benthic sledge
placed in the wake. They computed the hydrodynamic drag linked to each constituent. They fitted
linear correlations between the hydrodynamic drag and the resuspended mass, depending on the
seabed composition (sand/mud fractions). They finally proposed an estimation of the amount of
resuspended sediment behind a trawl representative of the Scottish demersal whitefish fleet. When
averaged over the total width between doors, resuspension rates ranged between 0.5 (sandy bottom)
and 3 (sandy mud) kg.m™. These values can be compared to our parameter Ej,; of 0.13 kg.m™. Our
estimation is thus much lower, at least by a factor 4. In the case of sandy muds, a similar disagreement
could be noticed between O'Neill and Summerbell (2011) and Durrieu de Madron et al. (2005)
estimates, with respective erosion rates of 3 and 0.8 kg.m™. In addition, a rigorous comparison would
require a reduction of the value of Durrieu de Madron et al. (2005) in order to account for the total
distance between doors instead of the width scraped by doors and groundropes.

A certain confusion can be noted in literature regarding the provided unit of trawling-induced erosion
flux. For instance, Durrieu de Madron et al. (2005) expressed it in kg.m™.s™, while in Dounas et al.
(2007) the same flux value is reported in kg.m™. Actually, the trawling-induced resuspension can be
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expressed as a mass of sediment either per unit area (then the width of the concerned surface becomes
important), or per unit of track length. Trying to express it per unit time requires the insertion of the
trawling speed, which is not relevant, nor necessary. In addition, the multiplication of such an eroded
mass (per unit trawled length) by the fishing effort, for instance expressed as trawling length per unit
area and unit time, leads straightforwardly to an erosion flux, in eroded mass per unit area and unit
time (for instance in kg.m™.s™). This is the type of information we recommend to use, as it enables the
comparison with erosion fluxes due to the natural action of waves and currents in the same area. In
addition, when the erosion rate is reported in kg.m™ of trawled area, the width where it applies has to
be specified. The order of magnitude of the resulting "fluxes" is not the same, so that attention should
be paid when dealing with such data, especially when comparing literature data.

5.4 Comparison between trawling-induced and natural erosion

Combining the experimental trawling-induced erosion rate with fishing effort data over the GV
provided an estimate of the time and space distribution of the anthropic resuspension. These anthropic
erosion fluxes were compared to natural ones (i.e. waves and current action) after averaging at the
monthly, seasonal, and annual time scales and over given bathymetric ranges.

Results show that bottom trawling can punctually become the dominant source of resuspension on the
most intensively trawled part (e.g. between 90 and 120 m depth) of the GV during the high season of
fishing (i.e. late spring/summer). The trawling-induced erosion dynamics seems to be regular from one
year to the next given that fluxes deduced from fishing effort data of 2008, 2009 or monthly averaged
over the 2005-2013 period remain similar. Thus, the significant and possible dominant contribution of
trawling to resuspension, during the high season of fishing, depends on the inter-annual variability of
natural forcing action. In winter, it clearly appears that averaged trawling-induced erosion fluxes are 2
to 3 orders of magnitude lower than natural ones, the latter controlling the annual erosion dynamics
over the entire GV. However, the trawling-induced contribution to erosion may locally exceed a few
per cents, especially in the northern part near Penmarc’h where the mud content is generally high
(more than 50%). It can be noticed that the more intensively trawled areas correspond to muddier
sediments, so that the local erosion of fine sediments is all the more enhanced. Regarding the potential
trawling influence outside the GV, it would be probably significant over zones with higher mud
content due to higher penetration of trawl in the seabed. These muddy areas are not so much extended
but constitute concentrated patches as the West and South Gironde mud fields in front of the mouth of
the Gironde estuary (e.g. Bouysse et al. 1986). Along the coast and behind islands, muddy sediments
are encountered in bays sheltered from long oceanic waves. But in these shallow areas, muddy
sediments are likely to be eroded by wind-induced waves that may mask the anthropic effects.

Bourillet et al. (2006) had already proposed a similar evaluation of both natural- and anthropic-
induced resuspension over the GV area. They found that fishing activities contributed as 10 to 30% of
the storm resuspension over the GV (180 to 380 Mt.yr" against 850 to 2000 Mt.yr', respectively).

The lower contribution deduced from our study is partly due to differences in natural erosion
evaluations, and partly to the trawling-induced resuspension rate.

Regarding the trawling impact, we estimate that the total resuspended mass of fine material over the
90-120m bathymetric range of the GV area would be 1.5 Mt.yr" (against 180 Mt.yr" in Bourillet e al.
2006). Such a difference can be explained by different hypotheses regarding the gears penetration:
Bourillet et al. (2006) considered a significant penetration of groundropes and sweeps (Fig. 5) leading
to a remobilization 13 times larger per trawl, clearly overestimated when compared to our
observations. Assuming even larger penetration depths (e.g. 15 c¢cm for doors, 5 cm for chains)
according to Lekkeborg (2005), Leynaud (2007) re-evaluated the contribution of trawling
resuspension at 50%. In addition, fishing effort data used by Bourillet et al. (2006) and Leynaud
(2007) were less comprehensive and less accurate than present day VMS data.

On the other hand, wave-induced resuspension is computed under different assumptions leading to a
total of 850 Mt.yr" in Bourillet ez al. (2006), much more than our estimates over the same area (158
and 207 Mt for 2008 and 2009 respectively). Bourillet et al. (2006) crudely estimated the natural-
induced resuspension fluxes by considering the occurrence of three classes of storms: extreme events

27



(erosion fluxes of 107 kg.m™.s™ occurring 0.3% of the year), intense ones (erosion fluxes of 6.10™
kg.m™s" occurring 1% of the year), and moderate ones (erosion fluxes of 2.10*kg.m™s™" occurring
3.5% of the year). Our natural resuspension assessment involves the actual history of wave forcing
along two years and its spatial distribution using a validated new generation wave model, so that the
new estimate seems more reliable.

It should be reminded that the computation of wave and current induced resuspension is strongly
sensitive to the erosion law and to the bottom shear stress assessment. The former involves three
parameters (Ey, 1., and n in Eq. 5) among which the erosion constant (£,) has a large weight because
of the linearity of Eq. (5) regarding E,. According to the literature, E, can be reasonably set to 10™ or
10° kg.m™.s™ instead of 10” kg.m™.s', as discussed in section 4.1. The incidence on natural erosion
flux and finally on the ratio between anthropic and natural effects is straightforward and is partly
illustrated on Fig. 16. In the same way, the critical shear stress 7. can influence the integrated erosion
flux. Dealing with muddy sands, the Shields critical shear stress validated for pure fine sands could
reasonably be multiplied by a factor 2 (i.e. 7., = 0.3 N.m™; Jacobs et al. 2011). It would limit natural
erosion along the year, especially during summer months when the actual bed shear stress is often
close to the critical value. This reduction of the natural forcing effect would lead to an increase of the
trawling contribution. The impact of the exponent » in Eq. (5) is lower as usual values remain between
1 and 1.6.

Last but not the least, the computation of the actual shear stress is dependent on the roughness length.
Some ambiguity concerning the type of roughness (skin or form related) involved in wave-induced
shear stress modelling (Appendix 2, Eqs. 2.1 and 2.2; Soulsby et al. 1993) allows significant
variations of T.

Despite remaining uncertainties, the new computation has permitted to provide a more accurate spatio-
temporal distribution of natural forcing. It has allowed to better quantify the trawling-induced erosion
dynamics by estimating accurately the penetration of the different trawl constituents in the seabed. The
use of a 3D sediment transport model, validated in terms of resuspension and turbidity, will enable to
limit uncertainties concerning the results sensitivity to the setting of natural erosion and thus to clarify
the relative natural and anthropic contributions to erosion.

These results related to the Bay of Biscay can be compared with published results in other sites and
are qualitatively in agreement. In the Gulf of Lions (Mediterranean sea), Ferré et al. (2008) used a
sediment dynamics model to assess the relative natural and trawling contributions to resuspension
fluxes. They concluded that in summer in the outer shelf (i.e. between 80 and 130 m depth), trawling-
induced erosion fluxes could significantly exceed wave- and current-induced fluxes by a factor ranged
between 1.5 and 3, while at the annual scale the natural resuspension fluxes remained dominant. The
maximum annually-integrated trawling-induced resuspension flux was reached in the 90-110 m
bathymetric range, and represented almost 10% of the natural flux. The larger relative contribution of
trawling these authors obtained in the Gulf of Lions may be due to a lower wave action, compared to
the energetic wave climate of the Bay of Biscay, and to a possible muddier seabed, less resistant to
penetration. At the scale of the Gulf of Lions shelf, Ferré ef al. (2008) mentioned that the amount of
sediment resuspended by waves and currents exceeds by three to four orders of magnitude the
trawling-induced one.

In the Middle Atlantic Bight, Churchill’s precursor modelling work (1989) concluded that trawling-
induced sediment resuspension significantly contributes to the suspended sediment load where the
influence of natural forcing significantly declines, i.e. on the outer shelf: average trawling-induced
sediment load during the high season can there exceed the natural-induced one by a factor 6 to 20. In
the middle shelf region (water depth < 100 m), Churchill’s results show that trawling becomes
significant but not dominant from late spring to autumn, and that the yearly-averaged suspended
sediment mass over the Mid-Atlantic Bight continental shelf is dominated by natural resuspension
during the stormy season.
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5.5 Possible consequences on sediment fluxes

The fate of resuspended particles remains an important question not addressed in this paper. Some
studies conducted on other study sites highlighted a significant contribution of bottom trawling to the
off-shelf export of sediment. It is the case of Ferré et al. (2008) in the Gulf of Lions who estimated
that trawling activities could contribute between a few and 20% of the annual shelf-to-slope export of
suspended sediment. More recently, Oberle et al. (2015a) estimated that 65% of resuspended
sediments by bottom trawling on the NW Iberian shelf (8.78 Mt.yr") were exported off-shelf, which
represents a six-fold increase regarding natural off-shelf sediment transport (1.46 Mt.yr™).

Concerning the fate of the fine particles resuspended in the Bay of Biscay, Castaing et al. (1999)
showed the existence of a westerly bottom circulation at 47°N that could contribute to the export of
sediments beyond the continental slope. In that case, these particles are definitely lost. On the
opposite, Pinot (1974) suggested that a potential transport of these particles toward the coast could
lead to a possible increase of siltation in coastal muddy areas. The specific period of trawling-induced
resuspension, mainly in summer and out of phase with winter wave-induced resuspension, is likely to
generate other sediment paths, different from the ones related to natural forcing, because of seasonal
changes of bottom circulation in the Bay of Biscay. Indeed, such seasonal variations have been
recently described by Charria ef al. (2013) and Le Boyer et al. (2013), which motivates a regional
study of sediment budget and fluxes in the whole area. Then it should become possible to confirm
whether trawling-induced resuspension can be neglected to describe these fluxes or should be taken
into account because of specific flow patterns during high fishing season.

6. Conclusions

This study aimed at using in situ data in order to accurately quantify the impacts of bottom trawling on
resuspension, suspended matter dynamics in the water column, and seabed micro-topography
disturbances in the Bay of Biscay. Two zones of the “Grande-Vasiére” characterized by contrasting
seabed facies and fishing efforts were chosen to quantify these processes.

Turbid plumes generated behind a “classical” trawl configuration have been described and appear to
be mainly due to the doors scraping the seabed. SSC values measured within the plume range from
100 to 200 mg.I" in the immediate vicinity of the trawl, and rapidly decrease in the trawl wake. Mean
SSC values in the turbid plume are around 70 mg.l"'. Beyond 800 m behind the trawl doors, the
plume’s signature is not captured any more, probably because of the combined action of settling and
advection processes. The use of relatively small gears explains that the turbid plume is confined in the
first 3 m above the seabed. An “alternative” trawl configuration using “Jumper” doors, which have an
intermittent contact with the seabed, was tested on the same zones. Measurements just behind the
trawl exhibit SSC values 10 times lower than behind the “classical” configuration and SSC values of a
few mgl' are measured further behind the trawl. These results prove that this “alternative”
configuration is effectively less damaging regarding the seabed.

Bioturbation seems to largely contribute to the homogenisation of the surficial sediment (first 25 cm).
The upper 3 to 4 centimetres nevertheless exhibit vertical gradients in grain size and mud content. The
moderately trawled zone exhibits an upward increase of the grain size-related parameters standard
deviation. In the intensively trawled zone, more pronounced trends are observed with upward
increases of d;y (+ 450%) and dsp (+ 17%), and a decrease in mud content (- 41%). These results
suggest the potential role of bottom trawling in fine fraction winnowing of the seabed. These
conclusions are coherent with the long-term decrease in mud content (around 30%) which has been
observed in the intensively trawled area between 1967 and 2014 whereas no significant change
occurred in the moderately trawled area over the same period. Given that relative differences between
the two zones cannot be explained by natural forcing gradients over this period (i.e. wave, current,
wind, river discharge), this trend could be related to a long-term effect induced by bottom trawling.

The trawl doors leave 4-5 cm deep and about 20 cm wide asymmetric tracks in the seabed whereas
other constituents (i.e. mainly groundropes) only have a flattening action on the seabed. Processing the
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door tracks’ cross-sections provided an estimate of the trawl-induced erosion rate of around 0.13 kg.m’
? consistent with other results in the literature.

This trawling-induced resuspension rate was combined with fishing effort data in order to estimate the
overall trawling-induced resuspension fluxes in the GV and compare it to natural erosion fluxes.
Natural fluxes were obtained using a period-averaged wave model, a 3D circulation model and a
classic erosion law from the literature. Using modelled boundary conditions and actual meteorological
forcing, a realistic simulation of the whole Bay of Biscay currents and waves was carried out over two
years and was used in order to assess the magnitude of natural resuspension. Results suggest that
bottom trawling can become the main factor of resuspension in intensively trawled zones of the GV
during calm periods (i.e. high season of fishing during summer period). However, the annual mass of
sediment eroded by bottom trawling only represents around 1% of total mass resuspended by winter
storms over the most intensively trawled area of the GV (i.e. between 90 and 120 m depth). The ratio
between natural and anthropogenic resuspensions remains dependent on the erosion parameters
selected for the natural flux computation, and the setting up of a validated full 3D model including
effects of trawling and respecting different bottom circulation schemes in winter when storm waves
occur and in summer when fishing effort is maximum should allow a final conclusion on the trawling
contribution to sediment fluxes and balance in the Bay of Biscay.
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Appendix 1 Backscatter index provided by ADCP

Tessier et al. (2008b) proposed a processing method for the RDI ADCP 1200 kHz used in this study.
All the following coefficients and hypotheses are thus directly extracted from Tessier ef al. (2008b).
As deduced from the sonar equation (Urick 1975; Lurton 2002), they expressed the backscatter index
BI according to the relation:

BI = RL — SL + TLgeo + TLys — Cgeo (1.1)

where RL is the received level in dB.uPa™ and is expressed as:
RL =B + KC.(EC — ECyp) (1.2)

where B and EC, are internal transducer noises respectively set at 70 dB and 46 counts, KC is a
dB/count conversion coefficient, fixed at 0.423, and EC is the echo received signal in count. SL
corresponds to the emitted level and is set to 217 dB.uPa‘l. TLge, and TL,, are terms linked to the
transmission loss along the beam path (in dB). TL,., is the geometrical attenuation for the spherical
spreading and is expressed as:
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TLgeo = 40.10g10(R) (1.3)

where R is the distance from the transducer and v is the near field correction. 7L, corresponds to the
signal attenuation induced by the water and the particles and is expressed as:

TLys = 2. (ay + a5). R (1.4)

where a,, is the water attenuation coefficient set to 0.5316 dB.m™ according to the model of Francois
and Garrison (1982a,b). When the suspended particulate matter concentrations are generally inferior to
200 mg.1", the signal attenuation induced by the particles can be neglected (as = 0).

At last, Cg, corresponds to a geometric correction that accounts for the expansion of the
backscattering volume with the increasing distance R from the source. It is defined as:

Cyeo = 10.10g1o (. (%)Z.RZ.L) (1.5)

where ¢ is the equivalent opening of the beam and L refers to the half-height cell.
Appendix 2 Computation of the bed shear stress under natural forcing
Computation of the wave shear stress

Wave-induced bottom shear stresses have been computed with a wave hindcast database built with the
WW3 wave model (Boudiére ef al. 2013) that provides parameters such as bottom amplitude
displacement (A4), bottom orbital velocities (U,), and the direction of wave propagation. The WW3
code is a phase-averaged wave model that resolves the random phase spectral action density balance
equation for a spectrum of wave numbers and directions: in the present application, 24 directions and
32 frequencies were accounted for. The realistic and validated configuration proposed by Boudiére et
al. (2013) includes all the continental shelf of the Bay of Biscay, using an unstructured grid. The
horizontal resolution of the computational grid varies in our case from 200 m (nearshore) to 10 km
(open sea). According to Jonsson (1966) formulation, the wave-induced shear stress ,, is computed as:

1
Tw =3 fwpUp® .1)

where p is the water density and f,, refers to the wave-induced friction factor. This factor is computed
according to the Soulsby ef al. (1993) formulation:

A)—o.sz 22

f, =139 (g
where the bed roughness length z, is equal to 510 m.

Computation of the current shear stress

The current-induced bottom shear stress estimation is based on the tridimensional hydrodynamic
model MARS3D (Lazure and Dumas 2008) which runs on a realistic configuration validated at the
regional scale of the Bay of Biscay. This model resolves the Navier-Stokes equations with the

31



classical Boussinesq and hydrostatic hypotheses on Cartesian grid. Regarding the mesh, the horizontal
resolution is equal to 2.5 km and the vertical discretisation is characterised by 40 generalised sigma
levels. The bed shear stress induced by currents is obtained through the relationship:

T, = pu*z (23)
where the friction velocity u+ is computed as:

u, = 0.4u;/In (j—l) (2.4)

where p is the water density, u; is the computed velocity at the elevation z; which corresponds to half
the near-bottom cell thickness, and z is the bottom sediment roughness length set to a constant value
of 5x10™* m.

Computation of the total bottom shear stress

The non-linear interaction between waves and currents is accounted for by computing the total bottom
shear stress according to the formulation from Soulsby (1997):

7 = [(t;y + Tw |cOs P2 + (7, sin ¢p)?]*/? (2.5)

where ¢ is the angle between the current and the wave propagation directions and t,, represents the
wave-averaged bed shear stress. T,, is computed from the current- and wave-induced bed shear stresses
T.and T, which correspond to the bed shear-stresses due to the current alone and to the wave alone,
respectively:

T =T |1+ 12(2)%?] (2.6)

TctTy

The expression of 7 is deduced from a vector addition of t,, and T,.
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