
Manuscript submitted to Marine Geology 

1 

 

Numerical modeling of bottom trawling-induced sediment transport and 1 

accumulation in La Fonera submarine canyon, northwestern Mediterranean Sea 2 

M. Payo-Payo
1,2

, R. S. Jacinto
1
, G. Lastras

3
, M. Rabineau

2
, P. Puig

4
, J. Martín

5
, M. Canals

3
 3 

and N. Sultan
1
 4 

1
IFREMER, Géosciences Marines-EDROME, Centre de Brest, BP70, CS10070, 29280 5 

Plouzané, France. 6 

2
Université de Brest, IUEM, UMR CNRS 6538, Domaines Océaniques, Place Nicolas Copernic, 7 

29280 Plouzané, France. 8 

3
CRG Marine Geosciences, Department de Dinàmica de la Terra i dels Oceans, Universitat de 9 

Barcelona, E-08028 Barcelona, Spain.  10 

4
Institute of Marine Sciences, CSIC, E-08003 Barcelona, Spain. 11 

5
Centro Austral de Investigaciones Científicas (CADIC-CONICET), Bernardo Houssay 200, 12 

V9410CAB Ushuaia, Tierra del Fuego, Argentina. 13 

 14 

Corresponding author: Marta Payo-Payo (marta.payo.payo@ifremer.fr) 15 

Highlights: 16 

 A novel framework for estimating bottom-trawling sediment resuspension and transport 17 

is provided. 18 

 The results yield a spatial view of submarine canyon sediment dynamics and 19 

sedimentation patterns. 20 

 Model results are in good agreement with in situ data and sedimentation rates. 21 

  22 

  23 



Manuscript submitted to Marine Geology 

2 

 

Abstract 24 

Bottom trawling leads to recurrent sediment resuspension events over fishing grounds. Recent 25 

studies have shown how bottom trawling can drive seascape reshaping at large spatial scales and 26 

enhance sediment transport in submarine canyons, which subsequently impacts deep-sea 27 

ecosystems. Present knowledge on the transfer and accumulation of sediment flows triggered by 28 

bottom trawling is based on localized and infrequent measurements whilst a more complete 29 

picture of the process is needed. The present work focuses on the modeling of sediment transport 30 

and accumulation resulting from trawling activities in La Fonera submarine canyon, 31 

northwestern Mediterranean Sea, thus contributing to an improved assessment of trawling 32 

impacts. Based on mooring data within a canyon gully, we use an inverse model to retrieve the 33 

unknown time series of resuspension due to trawling over the fishing grounds. This resuspension 34 

is later used as forcing for the direct problem: we simulate trawling-induced flows through the 35 

canyon and provide a 3D visualization of potential trawling impacts on sediment dynamics, 36 

including the identification of the propagation patterns of sediments resuspended by trawling. 37 

Flows coming from shallower fishing grounds are funneled through canyon flank gullies towards 38 

the canyon axis, with part of the resuspended sediment reaching the continental rise out of the 39 

canyon across the open continental slope. Trawling-induced sediment flows promote sediment 40 

accumulation beyond the canyon mouth. Given the wide geographical distribution of bottom 41 

trawling, our results have far-reaching implications that go much beyond La Fonera submarine 42 

canyon. Our study represents a starting point for the assessment of the sedimentary impact of 43 

bottom trawling in deep continental margins.  44 
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1. Introduction 47 

Bottom trawling is a non-selective fishing technique involving the towing of heavy collecting 48 

devices to harvest living resources. Bottom trawling is a widespread activity with a global 49 

trawled surface of up to              (WRI, 2001) with 40% of this activity extending beyond 50 

the continental shelf-break; this is a surface equivalent to twice the surface of Europe. At present, 51 

bottom trawling may be considered one of the anthropogenic activities with a stronger and more 52 

widespread impact on the seafloor due to its recurrence, intensity, mobility and wide 53 

geographical extent (Eastwood et al., 2007; Benn et al., 2010; Puig et al. 2012; Martín et al., 54 

2014a). Demersal fisheries, and bottom trawling among them, have extended their activity from 55 

traditional shallow fishing grounds towards the continental slope and further offshore (Haedrich 56 

et al., 2001; Morato et al., 2006). This forced expansion is due to the depletion of shallow coastal 57 

resources as well as to the development of new and more powerful engines and heavier and 58 

larger gears allowing the exploitation of previously inaccessible resources. Also, the adoption of 59 

Exclusive Economic Zones (EEZ) since the seventies has pushed fisheries offshore beyond the 60 

200 nautical miles from coastal baselines. Government subsidies have also favored the offshore 61 

expansion of deep fisheries (Sumaila et al., 2008, 2010; Martín et al., 2014a). Artificial 62 

disturbances of the seafloor tend to be more severe and long-lasting in deep sea environments 63 

than in shallow environments due to their lower resilience and higher vulnerability to external 64 

disturbances (e.g. Pusceddu et al., 2014). Natural processes such as waves and storms able to 65 

overcome human imprints are weaker in the former (Dyerkjaer et al., 1995). Thus, the more 66 
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powerful engines combined with heavier and larger gear which are employed at greater depths 67 

have an enhanced impact on the deep seafloor (Martín et al., 2014a and references therein).  68 

Trawling-induced sediment resuspension and transport, or the initiation of trawling-induced 69 

sediment gravity flows, are not fully investigated and understood. Present knowledge is based on 70 

seldom and geographically localized direct observations from shallow environments and 71 

continental shelves (Churchill, 1989; Palanques et al., 2001; Durrieu de Madron et al., 2005; 72 

Dellapenna et al., 2006; Ferré et al., 2008), monitoring surveys in the wake of trawl gears 73 

(O‘Neill and Summerbell, 2011; O'Neill et al., 2013), numerical modeling of the physical impact 74 

of the gear on the seabed (Prat et al., 2008;  Ivanović et al., 2011; Esmaeli et Ivanović, 2014) and 75 

time series analysis from moored instruments (Palanques et al., 2005; Puig et al., 2012; Martín et 76 

al., 2014b). A better understanding and prediction of trawling impact would allow the 77 

development of methodologies to assess the biological and environmental effects of fishing and 78 

the design of low impact gears (Diesing et al., 2013; Depestele et al., 2015). Process-based 79 

models can complete insight into physical processes in deep environments but are rarely applied 80 

in such systems on a wide scale. 81 

In the present paper, a numerical process-based model developed to reproduce underwater 82 

sediment-laden flows is implemented in La Fonera canyon (hereafter LFC, also known as 83 

Palamós), in the northwestern Mediterranean Sea, an area where extensive bottom trawling takes 84 

place. The consequences in terms of sediment fluxes (i.e. suspended sediment concentration and 85 

current speed) have been monitored at several depths within the water column by means of an 86 

instrumented mooring (Puig et al., 2012; Martín et al., 2014b).  87 

In order to better understand the temporal and spatial propagation of trawling induced turbidity 88 

currents, the resuspension of sediment due to trawling needs to be determined. As such, two 89 
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problems are presented and analyzed in the present manuscript (Fig.1): an inverse model, in 90 

order to retrieve the resuspension due to trawling, and a direct problem, the numerical simulation 91 

of the sediment transfer from the fishing grounds to deeper water sites. The inverse problem 92 

allows us to determine the three major unknowns related to the triggering mechanism of turbidity 93 

currents: area of influence, transfer function (i.e., response at MGM to different events over the 94 

fishing grounds previously defined) and resuspension (  ) over the fishing grounds. The 95 

estimated resuspension issued by the inverse problem is used as forcing in the direct problem.  96 

2. Regional setting 97 

 2.1. Physiography, hydrodynamics and sediment transport 98 

LFC runs about 110 km from 80 m down to 2550 m depth (Fig. 2) (Amblas et al., 2006). Its head 99 

is deeply incised in the 30 km wide North Catalan continental shelf, with its axis located deeper 100 

than 1200 m at the equivalent position of the shelf break. The western canyon rim is only about 101 

2-3 km from the coastline, with the tip of its western branch at barely 800 m (Palanques et al., 102 

2005; Lastras et al., 2011). The canyon head presents a N-S orientation whilst the main canyon 103 

axis is orientated WNW-ESE. The canyon walls are steep (over 25°) and indented by numerous 104 

gullies (Lastras et al., 2011).  105 

Two hydrosedimentary domains have been identified within the canyon (Palanques et al., 2005; 106 

Martín et al., 2006): an ―inner‖ domain, up to 1200 m depth, and an ―outer‖ domain. In the first 107 

one the closed circulation is dominated by the influence of the topography and the sediment 108 

inputs from the adjacent shelf whilst in the second one the slope dynamics and the seasonal 109 

trends play a major role on particle fluxes (Palanques et al., 2005; Martín et al., 2006). The main 110 

feature of the regional circulation is a slope current referred to as the Northern Current (Millot, 111 



Manuscript submitted to Marine Geology 

6 

 

1999), which flows from the Ligurian Sea to the Gulf of Lions (GoL) and then southwards over 112 

the continental slope off Catalonia. The microtidal environment of the area facilitates studying 113 

the dynamics of the currents within the canyon and its interactions with topography. The 114 

closeness of the canyon head to the shore and its incision on the continental shelf allows the 115 

canyon to capture the sediments from littoral drift, major storms and dense shelf water cascading 116 

(DSWC) via both its head and northern flank (Lastras et al., 2011; Ribó et al, 2011; Canals et al., 117 

2013).  118 

2.2. Anthropogenic forcing 119 

Deep-sea trawling has been conducted along the flanks of LFC since the early 20
th

 century 120 

(Alegret and Garrido, 2008). The local fleet targets the deep sea shrimp Aristeus antennatus 121 

(Riso 1816). Trawling activities are conducted on the canyon flanks mainly from 200 to 800 m 122 

depth along three main fishing grounds: Sant Sebastià and Llevant on the northern flank and 123 

Rostoll on the southern flank. Fishing is more intense between 400 m and 750 m (Company et 124 

al., 2008; Puig et al., 2012; Martín et al., 2014c). The otter trawl gears employed by the local 125 

vessels present heavy doors (400-1300 kg) that spread apart approximately 100 m while fishing 126 

(Palanques et al., 2006). Previous studies have revealed the importance of trawling-induced 127 

sediment resuspension and associated flows on the near-bottom turbidity  and on the sediment 128 

dynamics in this canyon (Palanques et al., 2006; Martín et al., 2014b). It has been shown that 129 

chronic trawling along the rims of this canyon has resulted in significant modification of the 130 

seascape (Puig et al., 2012). 131 

Mooring observations revealed the occurrence of frequent peaks in suspended sediment 132 

concentration (SSC) and sharp increases in near-bottom velocity (Palanques et al., 2005, 2006; 133 
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Martín et al., 2007). Since these bursts always occurred on working days and hours, and not 134 

under rough sea conditions, they were related to turbidity currents associated to bottom trawling 135 

activities along the northern canyon flank. Such trawling-induced turbidity currents were initially 136 

recorded in 2001 with a mooring located 12 m above the bottom in the canyon axis at 1200 m 137 

depth, (P2 in Fig. 2c) reaching velocities of ~25 cm/s and SSCs of ~35 mg/l, but were not 138 

recorded at a mooring located at 1700 m depth in the canyon axis at a deeper position (P4 in Fig. 139 

2c) (Palanques et al., 2005, 2006; Martín et al., 2007). Mooring data showed that currents only 140 

affected a limited part of the canyon and sediment did not travel too far along the canyon axis. 141 

Isolated turbidity currents observed in the records at 1700 m depth in the canyon axis were 142 

associated with slope failures from the untrawled southern canyon flank (Martín et al., 2007).   143 

In 2011, an instrumented mooring (hereafter MGM, from Montgrí gully mooring, Fig. 2c) was 144 

placed inside the tributary gully of Montgrí at 980 m depth. The position of deployment, 200 m 145 

below the limit of the Sant Sebastià fishing ground on the northern flank, was limited by the 146 

operational working depth of the instrumented mooring. A tight coupling was observed between 147 

the temporal distribution of high turbidity events and the working schedule of the local fleet, 148 

with turbidity currents observed repeatedly on weekdays during working hours. Maximum 149 

velocities of up to 38 cm/s at 12 m above seafloor and SSCs of 236 mg/l at 5 m above seafloor 150 

were recorded (Puig et al., 2012; Martín et al., 2014b) 151 

The effects of trawling were found to extend beyond the fishing grounds, modifying sediment 152 

accumulation rates in the lower canyon (Martín et al., 2008). A sediment core (P4 in Fig. 2c) 153 

retrieved in 2002 from the canyon axis at 1700 m depth allowed the identification of two 154 

sedimentary regimes. The upper part of the core showed a fine layering corresponding to 155 

enhanced sediment accumulation that allowed the preservation of physical structures. The lower 156 
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part records a relatively slow accumulation and significant bioturbation. The transition from non-157 

laminated to laminated sediments in the cores coincides with a two-fold increase in the sediment 158 

accumulation rate linked to the rapid technical development and increase in the engine power 159 

undergone by the local trawling fleet in the seventies. A recent study that analyzed a sediment 160 

core at the same site 9 years later, suggests that the accumulation rate during the last decade has 161 

dramatically increased and could approach 2.4 cm/yr (Puig et al., 2015).  162 

 163 

3.  Data and tools 164 

3.1. In situ data 165 

A 100 m resolution bathymetric grid was generated from a compilation of bathymetric data from 166 

French and Spanish research institutions and has been included in the model (Fig. 2c). 167 

In situ monitoring data are used to calibrate the inverse model and to reliably reproduce sediment 168 

resuspension due to trawling. Current velocity and suspended sediment concentration data (Puig 169 

et al., 2012) from MGM (41°52.49‘N; 3°20.66‘E, Fig. 2c) has been used to construct a synthetic 170 

time series of instantaneous sediment transport through integration over the vertical of the 171 

available dataset.  172 

The area of the fishing fleet over the canyon flanks is defined on the basis of navigation tracks 173 

recorded by the Vessel Monitoring System (VMS) between the years 2007 and 2010 provided by 174 

the Fishing Monitoring Centre of the Spanish Secretariat of Marine Fishing (SEGEMAR). The 175 

data depict two active fishing grounds in the zone: Sant Sebastià and Llevant on the northern 176 

flank and Rostoll on the southern flank (Fig. 3a). A straight line delimits the NE border of the 177 
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fishing grounds as resuspension here was deemed not to influence MGM dynamics where data 178 

are available.  179 

Surface sediment near MGM corresponds to silty mud with sand content less than 3%. However, 180 

in the trawled areas, previous studies have described an upward coarsening trend and a sorting of 181 

grains (Martín et al., 2014a, 2014c). A grain solid density (  ) of 2600 kg/m
3 

is considered for 182 

the sediment in the area.  183 

3.2. Numerical model 184 

We implement Nixes-TC (Jacinto and Burel, 2003), a numerical process-based model developed 185 

to reproduce underwater sediment-laden flows, to LFC. The model follows the principles of 186 

those developed by Parker et al. (1986) and Bradford and Katopodes (1999). The spatial 187 

development of an unsteady turbidity current flowing in deep ambient fluid (Fig. 4) can be 188 

described by the following set of vertically integrated partial differential equations derived by 189 

(Parker et al., 1986): the vertically integrated fluid, momentum and sediment conservation 190 

equations. Key improvements of Nixes-TC are the inclusion of the sedimentation model (settling 191 

velocity) in the equation of flux conservation, together with the development of a non-linear 192 

flow-dependent shear stress coefficient valid for all Reynolds numbers from laminar to fully 193 

turbulent flows.  194 

3.2.1. Equations and processes included 195 

The continuity and momentum equations at the basis of the model are virtually identical to the 196 

shallow water equations with the exception of the hydrostatic thrust. In our case, the inertial 197 

pressure is still given by Bernoulli‘s principle (i.e. pressure is proportional to the loss of kinetic 198 
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energy along a streamline; however, the deviation from hydrostatic pressure is given by the 199 

reduced specific gravity of the particles. The slow-varying slope between the different grid 200 

elements justifies the use of the hydrostatic pressure approximation since variations from 201 

hydrostatic pressure can be considered as negligible. We use the Boussinesq approximation, 202 

which implies that the effect of density difference between the turbidity current and the ambient 203 

fluid is neglected in the acceleration terms but kept in the gravity terms, where it drives the flow. 204 

Equations forming the basis of the model are the fluid continuity equation, the momentum 205 

conservation in   and   and the sediment mass conservation. The horizontal coordinates   and   206 

and the upward normal coordinate z are assumed to be boundary-attached coordinates along the 207 

ocean bed. The system of equations can be written in flux vector form (Bradford et al., 1997) as:  208 
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where h is the flow thickness,     and    are the layer-averaged velocities in the   and   216 

directions respectively,   is the layer-averaged suspended sediment concentration,   (   217 

 )   is the submerged specific gravity, where    is the grain solid density and   the density of 218 

the ambient fluid,          and          are the bottom slope in the   and   directions, g 219 

is the acceleration due to gravity,    is the shear velocity,    is the ambient fluid entrainment 220 

coefficient derived by Parker et al. (1987),    is the sediment entrainment coefficient developed 221 

by Garcia and Parker (1991, 1993),    is the coefficient of bed friction,    is the settling 222 

velocity, (   ) is the porosity of the sediment and    is the near-bed sediment concentration. 223 

In our simulations we consider     . 224 

The inclusion of a sedimentation model (  ) in the equation of continuity is one of the novelties 225 

of Nixes-TC and enables the existence of equilibrium solutions. It arises from the definition of   226 

as the vertical scale of the TC and hence, the thickness over which sediment is present. Since   227 

can be defined as twice the average position of the particles, the variation of the average position 228 

of the particles of sediment will give the variation of  . Physically, as in a 3D formulation there 229 

must be a balance, between vertical turbulent mixing (here water entrainment) and sediment 230 

settling fluxes (here settling velocity). The settling velocity    in the model is function of the 231 

settling velocity in clear water. The settling velocity of sediment with grain diameter D is 232 

computed by the Zanke‘s formula (Zanke, 1977) that extends the Stokes‘ law for larger particles: 233 
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         (2) 234 

  . 235 

The contribution of bed shear stress to motion is expressed by the quadratic formulation     236 

     √       and          √        in the   and   directions. At equilibrium 237 

conditions (i.e.     
 

√    
  ) the driving force of the slope must be compensated by the bed 238 

shear. Hence,    is not constant and it may change as much as the forcing slope, with values 239 

ranging between 10
-3

 and 10
-2

 for turbulent flows as shown in Figure 5. The bed drag depends on 240 

the local properties of the flow: Reynolds number Re and relative roughness ks/h, where ks is the 241 

bed roughness associated to the grain sediment size and it is defined as     . Provided that the 242 

local flow properties may change at every time step and from one grid to another,    is 243 

calculated at every time step for every grid point. It includes the contribution of viscosity and 244 

turbulence to the bed shear stress, thus it is valid for all Reynolds numbers from laminar to fully 245 

turbulent. Figure 5 shows the evolution of    depending on Reynolds number for different 246 

relative roughness (ks/h). 247 

Nixes-TC includes an equation of bed continuity (equation (3)), similar to Exner equation, 248 

although here the sediment flux is vertical. 249 

  

  
 
   

   
           (3) 250 

Where       is the temporal evolution of the bed,     is the net vertical flux of sediment onto 251 

the bed (          ) and   is the porosity of the bed. 252 
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3.2.2. Numerical scheme 253 

The Volume Finite Method permits evaluating the coupled system of nonlinear hyperbolic partial 254 

differential equations provided by Bradford et al. (1997) and Bradford and Katopodes (1999). 255 

Source terms are calculated following an implicit scheme. The Riemann problem at each 256 

interface is solved following Roe (1981). The typical boundary condition of open outflow 257 

boundary is used in the present study. The implementation of the boundary conditions is 258 

accomplished through the use of a ghost cell (outside the domain of interest) at the boundary. 259 

The reflection of the concentration, current thickness and velocities perpendicular and parallel to 260 

the wall are placed in the ghost cell (i.e. concentration, current thickness and perpendicular and 261 

horizontal velocity remain unchanged). These non-reflective open outflow boundaries ensure 262 

that information can freely exit the computational domain without causing disturbances of to the 263 

solution. The implicit numerical scheme ensures that numerical instability does not occur as 264 

implicit algorithms can cope with sharp changes in solution by using reduced time steps. The 265 

condition of stability is the Courant-Friedrichs-Levy (CFL) condition.  266 

Inputs of the model are the orthogonal grid corresponding to the bathymetry of the canyon, 267 

sediment properties (i.e. grain size, fraction of a given sediment grain size and density) and 268 

initial deposit (i.e. volume concentration and porosity) which will be equivalent to an initial 269 

sediment resuspension. The kinematic viscosity and density of water as well as the von Karman 270 

coefficient for the turbulence closure are also included in the parameters file. Initial and 271 

boundary conditions are provided to the model in terms of position, mass and volume of 272 

sediment remobilized (i.e. trawled area and remobilization due to trawling). Outputs of the model 273 

are the values of current thickness, current velocity (streamwise and transverse direction) and 274 
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sediment concentration at each grid point. These variables allow the calculation of mass flux and 275 

instantaneous sediment transport, bed shear stress and spatial distribution of sedimentary deposit. 276 

4. The inverse problem: assessment of the triggering mechanism 277 

Resuspension fluxes due to trawling are not fully understood. The assessment of trawling 278 

disturbances and trawling-induced resuspension requires quantifying the rate at which trawls 279 

inject sediment into the water column, the height of the plume generated by the trawl gear and 280 

the rate at which this plume fades (Durrieu de Madron et al., 2005). 281 

Trawling activity is patchy both in time and space. The trawl gear ploughs furrows along the 282 

towpath leading to sediment remobilization. Seabed disturbance is simultaneous to sediment 283 

cloud release into the water column (Fig. 6a). However, the effective quantity of sediment 284 

resuspended by trawling in deep environments remains largely unknown. The parameters that 285 

allow the quantification of trawling impact over the fishing grounds show variation of one order 286 

of magnitude according to studies conducted in shallow environments. Trawling resuspension 287 

depends on the characteristics of the gear, the nature of the sediment and towing speed (Durrieu 288 

de Madron et al., 2005). The penetration depth (  ) of the trawl in the sediment depends on the 289 

gear component and while the heavier parts, such as the otter doors that keep the net open, will 290 

penetrate down to several centimeters; others, such us the sweep lines, will only skim some 291 

millimeters of the seafloor surface (Schwinghamer et al., 1998; Dellapenna et al., 2006; O‘Neill 292 

and Summerbell, 2011). The rate at which sediment plumes are released and fade depends on the 293 

sediment‘s clay content (Durrieu de Madron et al., 2005; Ivanović et al., 2011). The height ( ) of 294 

sediment plumes after a trawler‘s passage on soft bottom sediments on continental shelves varies 295 

between 5 and 10 m (Churchill, 1989; Durrieu de Madron et al., 2005). The towing speed (  ) 296 
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also influences the sediment release and can vary during fishing hauls with common values 297 

between 2 and 5 knots (He and Winger, 2010). The amount of sediment remobilized by a trawler 298 

in fishing operation is given by the surface trawled per unit of time and the depth scraped (Fig. 299 

6b). Since we lack information about the trawling resuspension fluxes over the fishing grounds 300 

and given the wide range of values and uncertainties in the variables involved, we consider a 301 

mean value of resuspension (  ) spread over the whole fishing grounds under consideration. 302 

This approach averages the uncertainties while providing a more general picture of the sediment 303 

dynamics in the canyon. The resuspension is expressed in terms of equivalent remobilized 304 

sediment thickness and is considered to be instantaneously injected in the water column and 305 

uniformly resuspended over the first 10 m above the bottom in the water column (Churchill, 306 

1989) (Fig. 6c). This initial height allows us to take into account the scale of turbulence, which is 307 

given by the fishing gear size. The volume concentration of the sediment plume released is 308 

calculated by means of mass conservation (equation (4)) between the sediment scrapped from the 309 

bed layer (i.e. left part of the equation) and the sediment injected into the water column (i.e. right 310 

part of the equation):  311 

                      (4) 312 

where    is the volumetric concentration of the sediment in the bed,    is the sediment thickness 313 

remobilised,    is the volumetric concentration of the sediment cloud and   is the height of the 314 

sediment cloud. In our simulations we consider a value of         (650 g/l). 315 

 316 
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4.1. Influence of the depth reached by trawlers in the sediment transport in 317 

MGM/Definition of the area of influence (i.e. critical depth) of the trawling fleet 318 

A first set of simulations was performed to define the area of influence of the local trawling fleet 319 

and to determine the critical depth from which trawling-induced turbidity currents develop down 320 

the canyon reaching MGM. For all the simulations an initial homogeneous instantaneous 321 

remobilization is considered over the northern continental shelf, upper continental slope and 322 

canyon flank at an increasing range of depths. The shallower area considered reached the 200 m 323 

isobath, the second area increased the depth considered to 300 m and so on in 100 m increments 324 

until a depth of 800 m. (Fig. 3b). The 200 m isobath roughly corresponds to the canyon rim 325 

depth, thus restricting trawling to the continental shelf, whilst in the trawled area down to 800 m 326 

it covers both this part of the continental shelf and the canyon flank. The 800 m isobath defines 327 

the limit of actual trawling activity over the northern canyon flank. The initial sediment thickness 328 

considered is 1 cm provided the mean scraped depth values given in previous studies (Churchill, 329 

1989; Durrieu de Madron et al., 2005), which is equivalent to a volumetric concentration of 330 

         
   (0.65g/l). A grain size of 63µm is considered since no significant differences 331 

were observed in the sensitivity tests performed for the range of values corresponding to silt 332 

(Supplementary Figure 1).  333 

Turbidity currents do not reach the MGM mooring site when trawling is limited to the shelf at 334 

less than 200 m water depth (Fig. 7). Shallower than this depth threshold, bottom trawling 335 

increases local turbidity without sediment laden flows developing down the continental slope due 336 

to the shelf‘s low gradient.  337 

4.2. Development of the transfer function 338 

A second set of simulations for different initial events was carried out. Remobilization is 339 

imposed over the fishing grounds (Fig. 3a) defined on the basis of VMS data for the period 2007-340 

2010. The resulting area is a conservative estimation of the potential area that can be bottom 341 
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trawled. The remobilized thickness (  ) ranges from 0.1 cm to 0.75 cm and is considered to be 342 

instantaneously injected in the water column and uniformly resuspended over the first 10 m 343 

above the bottom. These values correspond, according to equation (4), to resuspended sediment 344 

concentrations of 0.065 g/l and 0.4875 g/l respectively and trigger turbidity currents that, at the 345 

location of MGM, display values of instantaneous sediment transport of the same order of 346 

magnitude as those measured. Two functions are derived from this exercise: (i) a transfer 347 

function 𝑓(   ), and (ii) an amplitude function 𝐴(  ). The transfer function contains 348 

information about the response of the system at MGM to an event over the fishing grounds (i.e. 349 

temporal evolution and time scale). The transfer function is obtained by means of normalization 350 

of the responses at MGM for the different initial conditions. The application of a moving average 351 

filter with a window size of 600 s allows the removal of undesired noise associated with the 352 

combination of the different signals. The maximum window size applied is limited by the time 353 

lag between the first peak and the first valley and by the time lag of the arrival of the response at 354 

MGM, this is to say, 2100 s. The amplitude function contains information about the forcing 355 

imposed. The amplitude function relating amplitude at MGM and remobilization over the fishing 356 

grounds is found through spline fitting. The instantaneous transport (𝑀  ( )) at MGM at a time 357 

t caused by a punctual remobilization Rs over the fishing grounds at a time    is given by the 358 

product of both functions. 359 

𝑀  ( )  𝐴(  ) ∙ 𝑓(    )          (5) 360 

Similar responses are obtained for different initial conditions over the fishing grounds considered 361 

(Fig. 8a). Each event of resuspension over the fishing grounds triggers a response at MGM that 362 

appears to last about 16 hours (Fig. 8a and 8c). There is a time lag of about 30‘ between the 363 



Manuscript submitted to Marine Geology 

18 

 

remobilization over the canyon flanks and arrival time at MGM (Fig. 8a and 8c). The peak of the 364 

event reaches MGM at about 90‘ after the remobilization (Fig. 8a and 8c). The similar responses 365 

obtained for each individual event in terms of time scale and the fact that response amplitudes 366 

are proportional to the forcing allow the decomposition of the signal into two functions: a quasi-367 

linear relationship (Fig. 8b) between the remobilization (  ) over the fishing grounds (i.e. 368 

forcing) and the amplitude (𝐴) of the response at MGM, and a transfer function (Fig. 8c) 369 

containing the physical processes and time scales inherent to the system. By splitting the 370 

response of an event of resuspension into these two functions (i.e. transfer function and 371 

relationship 𝐴    ), we isolate the part of the response at MGM due to the system itself (i.e. 372 

transfer function) and the part of the response due to the external forcing (i.e. relationship 𝐴  373 

  ). 374 

4.3. Inverse analysis model 375 

Our aim is to quantify the unknown sediment removal    ( ) along the fishing grounds that 376 

would cause turbidity events comparable to those measured in 2011 at MGM. To do so, we use 377 

an inverse analysis model, i.e. a model that calculates from a set of observations the causal 378 

factors that produce them. Our set of observations is the data measurements 𝑀( ) at MGM, and 379 

the causal factor is the sediment remobilization over the fishing grounds    ( ). Our inverse 380 

model is based on the previously determined functions for a single event (i.e. transfer function 381 

𝑓(   ) and amplitude function   (  ) . The signal obtained at MGM is considered as linear 382 

superposition of n discrete instantaneous remobilization events over the fishing grounds (Fig. 9). 383 

Each one of these events condenses the remobilization associated to its 60 s window, implying 384 

that resuspension is expressed in terms of equivalent thickness removal per minute. The modeled 385 
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instantaneous sediment (𝑀 ( )) transport at MGM is given by the convolution of the transfer 386 

function and the different amplitudes. 387 

𝑀 ( )  ∫ 𝐴( ) ∙ 𝑓(   )𝑑 
 

 
         (6) 388 

By linearizing and discretizing the problem, we are able to relate the discrete data measurements 389 

(𝑀( )) at the mooring site to the discrete inverse model parameters (i.e. unknown amplitude of 390 

the different events 𝐴( )). The comparison between measurements (𝑀( )) and inverse model 391 

output (𝑀 ( )) at MGM allows us to infer the amplitude 𝐴( ) of the different events at MGM 392 

and due to the relationship 𝐴     (see Fig. 8b), we can infer the latter. 393 

𝑀( )  𝑀 ( )           (7) 394 

The left part of the previous expression 𝑀( ) is the synthetic series of instantaneous sediment 395 

transport (kg/m
2
) obtained from the dataset measured at MGM. The right part of the equation (7) 396 

𝑀 ( ) is the instantaneous sediment transport issued by the inverse model obtained through 397 

linear superposition of the different punctual events modeled.  398 

The aim of the inverse modeling is to retrieve the amplitude (𝐴( )) of the n different events that 399 

will allow us to infer the forcing over the fishing grounds (  ). However, 𝐴( ) is largely 400 

unknown and multiple solutions are possible. In order to reduce the degrees of freedom of the 401 

system we follow two alternative approaches to determine the discrete inverse model parameters 402 

𝐴( ) and hence, infer the time series of resuspension   ( )  over the fishing grounds: Gaussian 403 

distribution and Autoregressive Moving Average Model (ARMA). 404 
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4.3.1. Gaussian distribution 405 

A preliminary assessment of the impact of bottom trawling is explored by means of a Gaussian 406 

distribution of the fishing effort over the fishing grounds. This first simplified assessment is 407 

presented for illustration purposes and to evaluate the order of magnitude involved. A Gaussian 408 

distribution of the fishing effort over the two fishing grounds is considered. The relationship 409 

found between 𝐴     (Fig. 8b) would suggest that, in a linear approach, if the fishing effort 410 

follows a Gaussian distribution, the amplitude of the events at MGM should also follow a 411 

Gaussian distribution.  412 

Fishing activity over the flanks of the canyon takes place on working days, whilst on Saturday 413 

and Sunday there is no activity. Vessels head offshore at 6 a.m. and head back to port at about 3-414 

4 p.m. (Martín et al., 2014b). We impose the following distribution for a working day: 415 

𝐴( )     
 
(    )

 

 (  )            (8) 416 

Where   =11 h so that the distribution is centered at 11 a.m. and its temporal window is 𝑑  =2. 417 

The coefficient
   is necessary so that the response of the inverse model and the measurements at 418 

MGM are of the same order of magnitude, and takes a value of         . Once the time series 419 

of amplitude 𝐴( ) at MGM of the different events considered is obtained, the remobilization    420 

over the fishing grounds can be inferred from the relationship 𝐴   (  ) (See Fig. 8b).  421 

Maximal resuspension values   ( ) of          over the fishing grounds are obtained through 422 

inverse modeling under the hypothesis of a Gaussian distribution of the fishing effort (Fig. 10a). 423 

The total volume of sediment remobilized per unit of time in the model should be equivalent to 424 

that remobilized by a reasonable fishing activity (see Fig. 6b). This maximal resuspension over 425 



Manuscript submitted to Marine Geology 

21 

 

the whole fishing grounds would be equivalent to the activity of the 22 vessels concerned by the 426 

La Fonera fisheries management plan (BOE Boletin Oficial del Estado, 2013) operating at a 427 

towing speed in the area between 2 and 3 knots scraping            on average. Despite the 428 

uncertainty in the variables involved in its calculation, these penetration depth values of the 429 

fishing gears are  in the agreement with those found in the literature (Jones, 1992; Durrieu de 430 

Madron et al., 2005; Ivanović et al., 2011; O‘Neill and Summerbell, 2011).  431 

          432 

4.3.2. Autoregressive Moving Average Model 433 

A more accurate assessment of the impact of bottom trawling over the fishing grounds can be 434 

determined by means of the Autoregressive Moving Average Model (ARMA) (Whittle, 1951; 435 

Box and Jenkins, 1976). The ARMA model allows splitting a signal in two parts: (i) an 436 

autoregressive part (𝑀  ) expressing the inherent behavior of the system itself, and (ii) a moving 437 

average part (𝑀  ) related to the external forcing of the system (i.e. the external forcing would 438 

be the time series of resuspension over the fishing grounds). The term  ( ) corresponds to white 439 

noise error terms.  440 

𝑀( )  𝑀  ( )  𝑀  ( )   ( )         (9) 441 

𝑀  ( ) explains the part of the signal due to the system itself as the output variable depends 442 

linearly on its own previous values. One can isolate the part of the signal at MGM due 443 

exclusively to the external forcing by subtracting the autoregressive part (𝑀  ) as follows: 444 

𝑀 ( )  𝑀( )  𝑀  ( )          (10) 445 
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Thus, if we construct the time series of amplitude of events 𝐴( ) as a function of 𝑀 ( ), we will 446 

obtain the remobilization over the fishing grounds   ( ) solely associated to the external forcing 447 

(i.e. trawling). 448 

𝐴( )     (𝑀 ( ))           (11) 449 

We propose the use of a polynomial  (𝑀 ( ))    𝑀    𝑀 
 

. This non-linear solution 450 

allows us to consider basal values and intensifies the value of the peaks.  451 

The modeled response 𝑀 ( ) at MGM is obtained by applying equation (7). The comparison of 452 

the measurements 𝑀( ) and the inverse model 𝑀 ( ) allows us to infer the time series of 453 

amplitudes 𝐴( ). Best agreement between model outputs and measurements at MGM is found 454 

for  (𝑀 ( ))  𝑀 
    and         . Once 𝐴( ) is determined, the time series of resuspension 455 

  ( ) (Fig. 11a) is obtained through the relationship between the remobilization     along the 456 

fishing grounds and the amplitude 𝐴 of the event at MGM (shown in Fig. 8b ).  457 

This time series of trawling resuspension   ( ) over the fishing grounds is more accurate since 458 

in this alternative approach 𝐴 ( ) is reconstructed as function of the forcing part (𝑀  ( )) of the 459 

signal at MGM. Values of remobilized sediment thickness greater than 0.01 mm/min (Fig. 11a) 460 

over the fishing grounds trigger turbidity events capable of reaching MGM. The resuspension 461 

obtained through inverse model should be equivalent to that of the actual fishing fleet in the area. 462 

This uniform resuspension over the whole area would correspond to the activity of 22 vessels in 463 

the area operating at a towing speed between 2 and 3 knots and effectively scraping about 464 

7.5 1mm of sediment and injecting it into the water column. We obtain reasonable scraped 465 

depth ranges for realistic towing speeds for the actual fishing fleet in the area. Note the non-466 

uniqueness of the solution, the number of vessels could be less but would need a deeper effective 467 
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erosion to create the same observed turbidity currents. The total amount of remobilized sediment 468 

due to trawling during the period analyzed (i.e. fifteen days) is of about 1.27x10
-3 

km
3
.  Good 469 

agreement is found between the inverse model results and the measures at MGM (Fig. 11b). 470 

Pearson correlation coefficients between the re-suspension series   ( ) and the measurements 471 

𝑀( ) and between the results of the inverse model 𝑀 ( )  and the measurements 𝑀( ) are 472 

   (  ( ) 𝑀( )) = 0.0773 and     (𝑀 ( ) 𝑀( )) = 0.8381 respectively. These respective 473 

values evidence the fact that it is the transfer function which is integrating the physical processes 474 

and time scales of the system. 475 

 476 

5. The direct problem: numerical modeling of trawling induced turbidity currents. 477 

The time series of resuspension   ( ) obtained through inverse modeling (Fig. 11a) is used as 478 

forcing to model the sediment dynamics and sedimentation patterns due to trawling in the 479 

canyon. The resuspension is spread over the whole fishing grounds; hence the area considered is 480 

larger than the area actually trawled at a precise instant of time. The results provided by this 481 

approach might have a larger spatial distribution than in reality.  482 

The resuspension is integrated in the model in terms of instantaneous sediment flux over the 483 

fishing grounds, allowing us to take into account the non-linearity inherent to turbidity currents. 484 

The sediment remobilized is equivalent to an additional volume concentration that is calculated 485 

at each grid point of the area affected by trawling, taking into account the instantaneous 486 

thickness of the sediment cloud at each time step. A height cloud threshold is imposed over the 487 

fishing grounds in order to take into account the scale of the turbulence provided by the fishing 488 
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gears. Sensitivity tests were performed for this height threshold and best results were found for 489 

       m. (Fig. 12). The grain size considered for the direct problem is also 63µm.  490 

 491 

This time series   ( ) uniformly spread over the whole fishing grounds triggers turbidity 492 

currents reaching MGM of the order of magnitude of those measured at MGM for the period 493 

analyzed between the 9
th

 and the 21
st
 June 2011 (Fig. 13). The model accurately reproduces both 494 

in time and magnitude the instantaneous sediment transport at MGM. The model is able to 495 

reproduce the sharp burst in sediment transport corresponding to the peak in the morning and the 496 

steady decay towards baseline values in the afternoon once the vessels head back to port. The 497 

good agreement found at the mooring site provides a validation of both the resuspension 498 

obtained through inverse model and of the results of the numerical model at the mooring sites. 499 

We identify potential propagation patterns of the resuspended sediment from the fishing grounds 500 

towards the canyon axis and beyond when we force Nixes-TC with the   ( ) issued by the 501 

inverse modeling (see Fig. 14). The results obtained depict an overall picture of pathways and 502 

areas indirectly affected by trawling. The spatial view of the canyon sediment dynamics may 503 

improve the definition of strategic locations for mooring arrays and cores. These additional data 504 

together with a better constraint of the forcing (i.e. quantification of the sediment resuspended by 505 

each vessel in fishing operation) would enable a more realistic simulation of trawling impact. For 506 

the forcing imposed, the flow is funneled through gullies from the fishing grounds towards the 507 

canyon axis and beyond (Fig. 14 and Supplementary video MS1). A minor part of the 508 

remobilized sediment flows along the continental slope and rejoins the flow coming along the 509 

canyon axis at the glacis.  510 
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Mean current speed over the modeled two week-period goes up to 20 cm/s (Fig. 15) with peak 511 

values reaching up to 50 cm/s (Fig. 16) along the canyon axis and gullies. The flow along the 512 

northern continental slope presents much lower values of current speed than those along the 513 

canyon axis and flanks. Maximum values of current speed along this northern branch of the flow 514 

go up to 25 cm/s whilst mean values reach 0.04 cm/s. Higher values are observed in the gullies 515 

of the northern flank and along the lower canyon axis where topographic constraints are at play. 516 

Once the flow reaches the continental rise, it spreads and lower values of mean velocity are 517 

obtained.  518 

Figure 17 shows the evolution of the flow at different locations along the LFC axis and northern 519 

canyon flank gullies (see Fig. 2c for P1 to P7 output points). There is no propagation of turbidity 520 

events associated with trawling at the point P1 at the canyon head (Fig. 17a). For other control 521 

points, depending on their location, two different types of responses are identified. On one hand, 522 

the control points located inside gullies (MGM and P3) reproduce the forcing signal with well-523 

defined working hours and holidays (Fig. 17b). On the other hand, along the canyon axis, 524 

transport seems to be continuous during the week only reaching natural baseline levels during the 525 

weekend (Fig. 17c and d). For these points along the canyon axis, there is an increasing trend in 526 

the values of instantaneous sediment transport through the week, with baselines levels on week 527 

days in the range of half of the peak value of the previous day. We observe a time lag in the 528 

signal along the canyon axis. Instantaneous sediment transport seems more intense in the mid-529 

low canyon and in the monitored gully MGM compared to the upper canyon. The lower values 530 

of the points of cumulated sediment transport for the low canyon points are due to the time lag in 531 

the signal that prevents all the events from going through by the end of the analyzed period. 532 

Table 1 summarizes the averaged and maximum instantaneous sediment transport (i.e.   , Sup. 533 
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Fig. 2); the averaged and maximum sediment transport (i.e.    ) and the cumulated sediment 534 

transport after the 15 day period analyzed for the control points.  535 

The deposition thickness at the end of the study period is presented in Figure 18. Sediment gain 536 

on the lower part of southern canyon flank appears to be more important than on the northern 537 

wall. However these deposits and those along the canyon axis are probably ephemeral, at least in 538 

part, given the values of mean current speed. The deposition over the fishing grounds 539 

corresponds to the decantation of part of the sediment injected to simulate trawling activity. An 540 

accumulation area develops at the canyon mouth, beyond the 2000 m isobath, due to sediment 541 

flows propagating through the canyon axis and also those coming from the continental slope. 542 

This depocenter is coherent with the loss of transport capacity of the flow observed and with the 543 

gradients of current speed obtained. Some deposition is observed in the southern lower canyon 544 

probably due to flow overbank.  545 

6. Discussion 546 

By spreading resuspension over a potential area affected by trawling, we provide a wide picture 547 

of the trawling-induced dynamics in the canyon and show the value of numerical models in 548 

understanding deep processes associated with trawling. We propose a novel methodology based 549 

on an inverse model that allows assessing the resuspension due to trawling. Our novel approach 550 

allows us to establish the link between the trawling activity over the fishing grounds and the 551 

large-scale TC triggered by it. This resuspension is used as forcing for the numerical model to 552 

provide a large scale view of the potential impacts of trawling. We show here that numerical 553 

models can provide insight into how fast these flows move, how far they can travel and how 554 

much sediment can be carried that are difficult to achieve by punctual measurements alone.  555 
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The results obtained in this study indicate notable differences between trawling shoreward and 556 

seaward of the 200 m isobath. Trawling over the flatter shallower areas can locally enhance 557 

turbidity in the water column, similarly to the observations of (Palanques et al. (2001) over the 558 

inner shelf off Barcelona; however, no sediment flows reach MGM. The results confirm previous 559 

observations in LFC (Palanques et al., 2006): it is only when fishing activity takes place on the 560 

steep slopes of the canyon flanks that trawling triggers turbidity currents. The high values of 561 

gradient slopes favor the ignition of sediment gravity flows that extend the impact of trawling 562 

beyond the fishing grounds.  563 

We find similar responses for the different single event forcing scenarios evaluated. We separate 564 

physical processes and temporal evolution (i.e. transfer function), and intensity of the event (i.e. 565 

amplitude 𝐴 , forcing). Our results suggest that for the identified trawled area, the intensity of 566 

the event at MGM (𝐴 ) is strongly determined by the initial condition (  ). The dynamics and 567 

temporal aspects of the flow are included in the transfer function that reproduces the behavior of 568 

turbidity currents discussed in literature (Middleton and Hampton, 1973; Kneller and Buckee, 569 

2000) with a sharp waxing phase and a more gradual waning phase as sediment settles. Velocity 570 

and sediment concentration within the flow follow the same behavior for a single turbidity 571 

current event. The transfer function and the quasilinear relationship between the modeled 572 

amplitude at MGM and its respective initial condition,   , allow the linearization of the problem 573 

and are the basis of the inverse modeling. 574 

Inverse modeling strategies have been proposed to estimate flow speed from tsunami deposits 575 

(Jaffe et Gelfenbuam, 2007; Jaffe et al., 2011), for reconstruction of deposits from turbidity 576 

currents (Lesshafft et al., 2011), and to infer paleo-flow conditions from turbidites (Falcini et al., 577 

2009). Here the objective is not to relate deposits and flow conditions, but to obtain a forcing 578 
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(i.e. resuspension over the fishing grounds) capable of triggering events similar to those 579 

measured at MGM. By using the inverse model we are able to link the trawling activity to the 580 

formation of ―large-scale‖ turbidity currents. Our inverse model employs a novel approach based 581 

on the deconvolution of the transfer and amplitude functions previously determined. The first 582 

approximation through a Gaussian distribution of the fishing effort provides a first validation of 583 

our approach since the equivalent estimated removal of             by the fishing gears of the 584 

local trawling fleet falls in the range of values found in literature (Durrieu de Madron et al., 585 

2005; Ivanović et al., 2011; O‘Neill and Summerbell, 2011).  586 

By using the ARMA model to isolate the part of the signal due to the external forcing 𝑀  , we 587 

were able to obtain a synthetic series of resuspension   ( ) due to trawling that triggers turbidity 588 

events reaching MGM comparable to those measured on June 2011. We observe a tight coupling 589 

between the temporal distribution of the resuspension   ( ) over the fishing grounds and the 590 

measured instantaneous sediment transport 𝑀( ), and between the latter and the results of the 591 

inverse model 𝑀 ( ). The inverse model accurately reproduces both phase and amplitude 592 

modulation of the instantaneous sediment transport at MGM showing an intensification of the 593 

sediment transport during the working hours of the local fishing fleet. The model presents 594 

accurate results, with a significant value of Pearson correlation coefficient of    (𝑀 ( ) 𝑀( )) 595 

= 83.81% between model outputs 𝑀 ( ) and measurements 𝑀 ( ). The time series   ( ) would 596 

be roughly equivalent to the activity of 22 vessels in the area towing at 2 and 3 knots and 597 

effectively scraping about 7.5 1mm, values that are coherent with those found in the 598 

bibliography (Durrieu de Madron et al., 2005; Ivanović et al., 2011; O'Neill and Summerbell, 599 
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2011). The accurate results obtained at MGM, together with the coherent equivalent value in 600 

terms of fishing effort and penetration of the fishing gears, validate our methodology.  601 

The inclusion of trawling-induced resuspension as forcing in the numerical model allows the 602 

identification of transport patterns and accumulation areas. The outputs of the model for this 603 

given scenario show good agreement with the measurements at the validation point of MGM. At 604 

the canyon head (i.e. point P1, 470 m depth), model results show no influence of trawling, as 605 

other studies based on mooring data have already reported (Martín et al., 2007). Turbidity 606 

currents in the model seem to propagate further down than expected from previous studies 607 

(Palanques et al., 2005; Martín et al., 2006, 2007). We propose three possible explanations for 608 

this result. First, there are few measurements beyond 1700 m along the canyon axis, and what 609 

happens in the canyon beyond that depth remains uncertain. Second, the model only includes the 610 

turbidity current dynamics but not the general pattern of circulation in the canyon. Measurements 611 

in 2001 showed periodical inversions up and down, with low mean values at different depths 612 

ranging between 2 and 3 cm/s and peaks reaching 20 to 40 cm/s, and net water mass flows close 613 

to the bottom directed upward (Palanques et al., 2005; Martín et al., 2006, 2007). These internal 614 

hydrodynamics of the canyon can interact with the turbidity flows and slow them down, limiting 615 

their propagation. Third, different intensities of trawling impact can be expected since the data 616 

analyzed in the present study is from a different time period to that used in previous studies. The 617 

mooring data used to infer the remobilization over the fishing grounds corresponds to 618 

measurements from 2011 whilst the mooring data in the other studies correspond to 2001. 619 

Despite the slow reduction in the number of vessels in Palamós, the local fleet underwent a 620 

dramatic increase in the installed power at the beginning of the 21
st
 century (Puig et al., 2015). 621 

Since the installed power is a reliable proxy of the capacity of trawlers to resuspend bottom 622 
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sediments (Martín et al., 2014a), the further propagation of turbidity currents in the model for 623 

2011 could be reasonable. 624 

Intensification of instantaneous sediment transport is concomitant with higher mean and 625 

maximal values of current speed. This would reflect the bathymetric control on the flows while 626 

funneled through gullies. The canyon buffers transport similarly to river catchments; the signal is 627 

amplified along the canyon axis and weekend days do not imply a return to baselines values of 628 

sediment transport but to roughly half the values of the previous day. Part of the transfer of 629 

sediment from the fishing grounds to the deep takes place through the northern open continental 630 

slope following an alternative path for turbidity currents. This northern branch would interact 631 

with local along slope currents in the area with mean values of 2-4 cm/s and peaks reaching 20 632 

cm/s (Palanques et al., 2005), presumably deflecting their path. Nevertheless, values of current 633 

speed and mean sediment flux are lower through this northern path than along the canyon axis 634 

indicating the canyon role as a preferential conduit of sediment transfer. The current speed (i.e. 635 

bed shear stress) along the canyon axis indicates that most of the canyon acts as a bypass where 636 

ephemeral deposits could develop and might be reintegrated by the following flows. The 637 

thickness of the deposit after 15 days of activity along the deeper canyon axis region is coherent 638 

with the high sediment rates of 2.4 cm/yr measured for the last decade (Puig et al., 2015). The 639 

interaction of the turbidity currents with the hydrodynamics of the canyon axis can shift the 640 

accumulation areas further onshore than the results shown here. Previous studies (Martín et al., 641 

2007; Puig et al., 2012) show a decreasing pattern in the sediment fluxes in the canyon for the 642 

spring and summer months which can be related to the higher availability of sediment on the 643 

external part of the continental shelf and the upper flanks after the winter storms. Since the time 644 

series analyzed corresponds to the beginning of the fishing season, when more sediment is 645 
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available, more heavily sediment laden currents can occur. The accumulation obtained over the 646 

fishing grounds, where erosion is expected (Martín et al., 2014c), is due to the decantation of the 647 

injected sediment over this area in order to simulate the source of sediment in the model. Due to 648 

lower gradients, the flow is slower over the fishing grounds implying that at the final stage of the 649 

simulation there is still sediment in the area which has not flowed downslope (Fig. 18). 650 

The generalization of the area, defining it as the potential area of trawling, makes our approach 651 

more generally applicable and can be considered as an upper bound of the trawling process in the 652 

canyon. However, the reasonable orders of magnitude obtained for the different variables 653 

analyzed validate our methodology. 654 

It has been claimed that the effects of trawling on bottom sediments are not limited to the fishing 655 

grounds but can propagate further and deeper from them (Martín et al., 2008, 2014b).  Our 656 

results definitely support that view and provide a spatial vision of these long-range effects. The 657 

span of these trawling-induced flows highly depends on the area over which fishing activities 658 

take place. Our methodology can help in the definition of fishing grounds with lesser physical 659 

impacts at the scale of the canyon and of the continental margin. The global extent of bottom 660 

trawling gives further-reaching implications to our methodology beyond the local study of LFC.  661 

VMS are deployed by several nations on large commercial fishing vessels (Molenaar and 662 

Tsamenyi, 2000). VMS are mandatory in the EU for vessels larger than 15 m and larger than 24 663 

m in the USA. The application of the inverse model based on mooring data allowed us to obtain 664 

the value of resuspension over the fishing grounds defined on the basis of VMS data. Therefore, 665 

similar approaches could be followed in other regions where VMS data are available. 666 

Furthermore, the approach presented allows the definition of larger areas that could be affected 667 
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by fishing activities taking into account the effects of bottom trawling on the sedimentary 668 

dynamics.  669 

The application of the model provides a spatial vision of the sediment dynamics in the canyon. It 670 

enlarges the present understanding of trawling-induced sediment transfer from the fishing 671 

grounds towards deeper areas. The results obtained in terms of sediment transport provide 672 

valuable information for the definition of future mooring/coring sites that should improve the 673 

insight and knowledge of the canyon dynamics and help both to better constrain the forcing we 674 

impose in the model and with its validation. Feedback loops between field measurements and 675 

modeling are needed for an improved knowledge of turbidity current processes in general.  676 

7. Conclusion 677 

We have developed a numerical methodology to calculate the trawling resuspension over the 678 

fishing grounds and its consequences in terms of sediment transport in canyons. This novel 679 

approach is based on the definition of an area susceptible to being trawled on the basis of VMS 680 

data, inverse analysis and numerical process modeling. The key variable in trawling impact on 681 

sediment dynamics, which is the sediment remobilized, is inferred from the inverse modeling 682 

over the area defined on the basis of VMS data. The transfer and amplitude function at the basis 683 

of the inverse model allow us to link the trawling activity over the fishing activity and its effect 684 

in terms of sediment transport. Similar methodologies can be applied in other areas where 685 

trawling techniques are present. The numerical process based model validated against in situ 686 

mooring data has been used to study the sediment transfer due to trawling resuspension. The 687 

results obtained complete and enlarge the interpretations of the trawling impact on the 688 

sedimentary functioning of the canyon, since present knowledge is based on snapshots of field 689 
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data limited in time and space. Our study allows the identification of the transfer patterns from 690 

the fishing grounds where resuspension is generated, towards the canyon axis and beyond and 691 

the associated trawling-induced accumulation areas. The canyon scale vision may help in the 692 

identification of strategic mooring and coring sites to further advance the state of our knowledge 693 

on sediment dynamics of the canyon and validate this model. The definition of trawling area 694 

based on VMS data allows identifying the potentially ―damaging‖ and affected areas for 695 

sediment transport and would allow the identification of trawling areas with lesser impacts, with 696 

the aim of a management of fisheries not only based on the short term impact on individual 697 

species but with a more long term vision of ecosystem processes.  698 
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 884 

 885 

TABLE CAPTION 886 

 887 

Table 1. Averaged and maximum and cumulated instantaneous sediment transport for the 888 

control points analyzed. 889 

 890 

FIGURE CAPTION 891 

Figure 1. Flow chart showing the two different problems analyzed (i.e. inverse problem and 892 

direct problem) and the methodology applied in each case. For each phase of the work flow, 893 

methods are shown in the left column and output on the right column.   894 

Figure 2. Location of La Fonera submarine canyon. (a) The study area is located in the 895 

Mediterranean Sea. (b) Bathymetric map of the northwestern Mediterranean Sea.  GoL: Gulf of 896 

Lion, GoR: Gulf of Roses. The red rectangle represents the extension of the modeling domain in 897 

this study. (c) Bathymetric data used for numerical modeling. Red stars indicate the position of 898 

the mooring site (MGM) and output points (P1-P7) analyzed. The white rectangle represents the 899 

zoom over the fishing grounds provided in Fig. 3.  900 

Figure 3. Fishing grounds considered in the present study. (a) Fishing grounds of Rostoll 901 

(southern flank) and Sant Sebastià and Llevant (northern flank) defined on the basis of VMS 902 

data. (b) The analyzed fishing grounds extend over the continental shelf and towards La Fonera 903 

canyon axis reaching different depths from the canyon rims (200 m) to the isobaths of 800 m that 904 

defines the limit of real trawling activity over the northern canyon flank.  905 

 906 

Figure 4. Definition sketch of a turbidity current flowing from left to right in deep ambient fluid. 907 

Major processes taken into account are included as well as vertical profiles of concentration and 908 

velocity. The sketch is presented for a two dimensional current for simplicity. 909 

Figure 5. Bed friction coefficient (Cd) as a function of the Reynolds number (  ) for different 910 

relative roughness (ks/h, where ks is the bed roughness and h the current thickness). The range of 911 

values corresponding to turbulent flows is also indicated.  912 
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Figure 6. Fishing trawlers characteristics and parameters: Side (a) and top (b) views of a trawler 913 

during fishing operation at a towing speed of VT. The surface area of sediment scrapped can be 914 

estimated by the horizontal opening (   ) of the otter boards multiplied by the distance (  ∙ 𝑑 ) 915 

travelled by the trawler by unit time (   ∙   ∙ 𝑑 ). (c) Sketch of the instantaneous release of a 916 

sediment cloud of   height due to the scraping of sediment thickness    by the trawler.   917 

Figure 7. Results for the influence area of the trawling activity. (a) The fishing grounds 918 

considered cover part of the continental shelf and extend down to different depths (i.e. the 919 

trawled area considered is larger as the depth increases). The star indicates the position of the 920 

MGM mooring where the results are analyzed. (b) Outputs of the model in terms of 921 

instantaneous sediment transport (kg/m
2
) at MGM. The depths reached by the fishing grounds 922 

are expressed in the legend: 200 m depth implies trawling action over part of the continental 923 

shelf and down to 200 m whilst 800 m depth implies trawling action over part of the continental 924 

shelf and down 800 m.  925 

Figure 8. (a) Results in terms of instantaneous sediment transport    (     ) at MGM for the 926 

different initial conditions analyzed. (b) Quasi-linear relationship found between the forcing (i.e. 927 

initial conditions in terms of resuspension   ) imposed over the fishing grounds and the 928 

amplitude 𝐴 of the instantaneous sediment transport at MGM. (c) Transfer function obtained for 929 

MGM.    930 

Figure 9. Basis of the inverse modeling applied to MGM data. The boxes on the left correspond 931 

to the forcing over the fishing grounds that we aim to determine. The boxes on the right 932 

correspond to the response at MGM to the forcing that can be obtained by the convolution of an 933 

amplitude function 𝐴( ) and a transfer function 𝑓(   ). We discretize and linearize the 934 

problem by considering the forcing over the fishing grounds as a linear superposition of n 935 

different events whose amplitude is unknown. From the comparison between measurements at 936 

MGM (𝑀( )) and results of the inverse model (𝑀 ( )), the amplitude 𝐴( ) of the different 937 

events at MGM can be determined. The relationship found between amplitude of the response at 938 

MGM and the forcing over the fishing grounds (𝐴    ) is used to infer the latter.  939 

 940 



Manuscript submitted to Marine Geology 

40 

 

Figure 10. (a) Time series of resuspension due to trawling over the fishing grounds issued by the 941 

inverse model (Gaussian approach) for the period 9
th

 to 21
st
 June 2011. (b) Measured (grey line) 942 

and inverse modeled (blue line) instantaneous sediment transport at MGM between the 9
th

  and 943 

the 21
st
  June 2011. 944 

Figure 11. (a) Time series of resuspension due to trawling over the fishing grounds issued of the 945 

inverse model and ARMA model for the period 9
th

 to 21
st
 June 2011. Red dots represent the 946 

punctual events considered, in order to ease the visualization the envelope of the remobilization 947 

is also plotted (green line) (b) Measured (grey line) and inverse modeled (blue line) 948 

instantaneous sediment transport at MGM between the 9
th

  and the 21
st
  June 2011.  949 

Figure 12 Sensitivity tests performed for different height cloud threshold over the fishing 950 

grounds. Outputs are presented at MGM in terms of instantaneous sediment transport   (
  

  
).   951 

Modeled total flux is closer to the measurements when considering a height cloud threshold of 952 

1m. 953 

Figure 13. Measured and modeled instantaneous sediment transport at MGM for the period 9
th

 to 954 

21
st
 June 2011. The forcing of the numerical model is the resuspension time series Rs(t) obtained 955 

through the inverse model under the ARMA approach. 956 

Figure 14. Modeled average sediment flux for the two-week period analyzed. The forcing 957 

imposed triggers turbidity currents reaching MGM of the same order of magnitude than those 958 

measured at MGM for period 9
th

 to 21
st
 June 2011. Note that the results obtained provide an 959 

overall picture of the potential dynamics due to trawling in the La Fonera submarine canyon. 960 

Figure 15. Modeled average current speed over the two week period considered in La Fonera 961 

submarine canyon. The resuspension imposed over the fishing grounds provides values of 962 

instantaneous sediment transport at MGM in agreement with those measured for the period 9
th

 to 963 

21
st
 June 2011 at MGM. 964 

Figure 16. Modeled maximum current speed for the two week period analyzed in La Fonera 965 

submarine canyon. The resuspension imposed over the fishing grounds provides values of 966 

instantaneous sediment transport at MGM in agreement with those measured for the period 9
th

 to 967 

21
st
 June 2011 at MGM 968 
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Figure 17.  Modeled sediment transport at different locations along the canyon axis and northern 969 

canyon flank gullies of La Fonera submarine canyon for the two-week period analyzed. The 970 

numerical model is forced with the resuspension time series Rs(t) obtained through the inverse 971 

model under the ARMA approach that triggers turbidity currents reaching MGM of the same 972 

order of magnitude than those measured at MGM for the period 9
th

 to 21
th

 June 2011. The results 973 

are presented in terms of flux (   ) and cumulated flux (∫    𝑑 ) on the left and right column 974 

respectively. 975 

Figure 18. Map of modeled sediment thickness accumulated for a two week period of trawling 976 

activity.  977 

 978 


