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Abstract 12 

 13 

Commercial bottom trawling is one of the anthropogenic activities causing the biggest impact 14 

on the seafloor due to its recurrence and global distribution. In particular, trawling has been 15 

proposed as a major driver of sediment dynamics at depths below the reach of storm waves, 16 

but the issue is at present poorly documented with direct observations. This work analyses 17 

changes in water turbidity in a tributary valley of the La Fonera (=Palamós) submarine 18 

canyon, whose flanks are routinely exploited by a local trawling fleet down to depths of 800 19 

m. A string of turbidimeters was deployed at 980 m water depth inside the tributary for two 20 

consecutive years, 2010-2011. The second year, an ADCP profiled the currents 80 m above 21 

the seafloor. The results illustrate that near-bottom water turbidity at the study site is heavily 22 

dominated, both in its recurrence and its magnitude and temporal patterns, by trawling-23 

induced sediment resuspension at the fishing ground. Resuspended sediments are channelized 24 

along the tributary in the form of sediment gravity flows, being recorded only during working 25 
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days and working hours of the trawling fleet. These sediment gravity flows generate turbid 26 

plumes that extend to at least 100 m above the bottom, reaching suspended sediment 27 

concentrations up to 236 mg l-1 close to the seafloor (5 m above bottom). Few hours after the 28 

end of daily trawling activities, water turbidity progressively decreases but resuspended 29 

particles remain in suspension for several hours, developing bottom and intermediate 30 

nepheloid layers that reach background levels ~2 mg l-1 before trawling activities resume the 31 

day after. The presence of these nepheloid layers was recorded in a CTD+turbidimeter 32 

transect conducted across the fishing ground few hours after the end of a working day. These 33 

results highlight that deep bottom trawling can effectively replace natural processes as the 34 

main driving force of sediment resuspension on continental slope regions and generate 35 

increased near-bottom water turbidity that propagates from fishing grounds to wider and 36 

deeper areas via sediment gravity flows and nepheloid layer development. 37 

 38 
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 51 

1. Introduction 52 

 53 

Bottom trawling is a fishing technique that consists in pulling nets along the seafloor to 54 

harvest benthic and demersal living resources. The means to keep the net open and close to 55 

the bottom are diverse but invariably imply the use of heavy devices such as otter boards, 56 

bobbins, sweeplines or chains, that are in contact with the seafloor continuously or 57 

intermittently. In certain cases, beams or dredges designed to actively bulldoze the seafloor 58 

are used. Aside from the direct impacts on benthic fauna and their habitats, the dragging of 59 

these gears along the seafloor injects large amounts of surface sediments into the water 60 

column, particularly when trawling is carried out over soft bottoms (Black and Parry, 1994; 61 

Pilskaln et al., 1998). In fact, in certain trawling modalities such as otter trawling, the clouds 62 

of resuspended sediments constitute an integral part of the fishing strategy by “herding” fish 63 

swarms towards the mouth of the net (Main and Sangster, 1981). Given the global dimension 64 

and recurrence of commercial trawling (World Resources Institute, 2000; Bensch et al., 2009; 65 

Puig et al., 2012), the question arises whether this human activity can make a sizeable 66 

contribution to present-day sediment resuspension and water column turbidity over extensive 67 

areas of the world’s continental margins. Churchill (1989) brought the issue into focus, 68 

proposing that trawling activities were able to rival storms as the main agent for sediment 69 

resuspension and transport on the middle and outer continental shelf of the Middle Atlantic 70 

Bight. More than 20 years after this pioneering work, the body of literature addressing this 71 

subject it still relatively slim and mainly devoted to coastal and continental shelf settings 72 

(Pilskaln et al., 1998; Palanques et al., 2001; Durrieu de Madron et al., 2005; Tragou et al., 73 

2005; Dellapenna et al., 2006; Ferré et al., 2008), which leaves a big gap of knowledge on the 74 

effects of this practice at depths beyond the shelf-break. Filling this gap is a pressing issue 75 
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because of two overlapping factors. First, bottom fisheries have progressively extended their 76 

activities from traditional shallow grounds towards the continental slope and further offshore 77 

during the last decades (Morato et al. 2006, Bensch et al., 2009; Benn et al., 2010). Second, it 78 

is generally agreed (though scarcely documented) that artificial disturbances of the seafloor 79 

tend to be more severe and long-lasting in deep-sea than in shallow water environments, due 80 

to the fact that the natural processes capable of overcoming human imprints are in general 81 

weaker in the former (Theil and Schriever, 1990; Kaiser et al., 2002).  82 

 83 

Among deep-sea environments susceptible of being impacted by trawl industries, submarine 84 

canyons are regarded as relevant and fragile hotspots of biodiversity (WWF/IUCN, 2004; 85 

Fabri et al., 2013). Canyons incising the continental shelf act as preferential routes and/or 86 

traps for organic and inorganic particulate matter from both terrestrial and marine sources. 87 

Also, by promoting local upwelling, canyons can be sites of enhanced biological production 88 

(Allen et al., 2001). Their complex morphology offers diverse habitats and shelter to marine 89 

species, including some of high economic value and, consequently, prosperous fishing 90 

harbours are often based in the vicinity of submarine canyons (Würtz, 2012). La Fonera 91 

Canyon, also known as Palamós Canyon (Fig. 1), is one of the most prominent submarine 92 

canyons of the northwestern Mediterranean (Palanques et al., 2005; Martín et al., 2006; 93 

Lastras et al., 2011). Its flanks from ~400 to 800 m depth are intensely exploited by a local 94 

trawling fleet targeting the blue and red shrimp Aristeus antennatus. Trawlers are active on a 95 

daily basis and year round, except for weekends and holidays, mainly along the Sant Sebastià 96 

fishing ground in the northern canyon flank (Fig. 1). The same ground is usually swept 97 

several times a day, starting typically at 6-7 h (UTC) in an offshore direction. Subsequent 98 

hauls may be carried out until 15-16 h, when the boats head back to port. The bottom trawl 99 

gear used in this fishery consists of 2 otter boards, each up to 1 ton in weight, spread ~100 m 100 
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apart during the trawling operation and connected to the net opening by 60-200 m-long 101 

sweeplines. The net measures 80-150 m in length and is ~50 m wide at its ballasted mouth. 102 

The daunting capacity of these otter trawling gears to resuspend big volumes of sediments is 103 

not new to fishermen: small trawlers’ crews complain about their nets being clogged -and thus 104 

inoperative- by the mud propelled on the wake of the bigger trawlers sailing ahead (Alegret 105 

and Garrido, 2004). Studies conducted in 2001 showed that trawling gears operating in the 106 

Sant Sebastià fishing ground were able to trigger sediment gravity flows that were funnelled 107 

through a tributary valley (named Montgrí) and were observed reaching the main canyon axis 108 

at 1200 m depth (Palanques et al., 2006; Martín et al., 2007). Further studies also documented 109 

the consequences of these man-made flows in terms of downward sediment fluxes and 110 

sediment accumulation rates in the canyon axis (Martín et al., 2006, 2008). Recently, Puig et 111 

al. (2012) evidenced that the periodic sediment removal from La Fonera Canyon fishing 112 

grounds ultimately reshaped the continental slope morphology over large spatial scales.  113 

 114 

This paper aims to improve our understanding of trawling-induced sediment resuspension 115 

events along the northern canyon flank, describing in detail the daily and seasonal variability 116 

of water turbidity and discussing also the implications of such resuspension process in the 117 

generation of nepheloid layers along continental margins. 118 

 119 

 120 

 121 

 122 

 123 

 124 

 125 
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2. Materials and methods 126 

 127 

An instrumented mooring array was deployed in the Montgrí tributary traversing the northern 128 

flank of the La Fonera Canyon (red diamond in Fig. 1). The mooring line was positioned at 129 

41°52.49’N; 3°20.66’E, in a water depth of 980 m, ~200 m deeper than the maximum 130 

working depth of the local trawling fleet, during two consecutive years. From 1 July to 7 131 

November 2010, the line was equipped with 10 Seapoint turbidimeters (AQUA logger 520, 132 

AQUATEC; wavelength 880 nm, scatterance angles 15-150º) at 5, 10, 15, 20, 25, 30, 40, 50, 133 

70 and 100 meters above the bottom (mab). These instruments were programmed to measure 134 

turbidity, expressed in Formazin Turbidity Units (FTU), at 1-min intervals in auto-gain mode. 135 

The mooring line was also equipped with a downward-looking 300 kHz Teledyne RDI 136 

Acoustic Doppler Current Profiler (ADCP) placed above the turbidimeters. Unfortunately, 137 

during 2010 the ADCP did not record data due to a technical issue affecting the Firmware 138 

5x.37-5x.39 of RDI Workhorse sentinel platforms (Teledyne Field Service Bulletin FSB-194; 139 

08/11/2010) and the 20 mab turbidimeter ceased prematurely to record due to a problem with 140 

the batteries. The same site was reoccupied from 10 May to 12 October 2011. In this occasion, 141 

3 turbidimeters were placed at 5, 20 and 50 mab and the ADCP provided valid current data 142 

from 12 to 78 mab in 2 m-wide bins at 5-min intervals. The N-E current components were 143 

rotated to obtain along- and across-slope components taking into account the main orientation 144 

of the tributary valley (191º from North). To complement these measurements with 145 

observations of the horizontal distribution of resuspended particles in the water column, a 146 

CTD transect (see Fig. 1 for CTD cast positions) crossing the northern canyon flank was 147 

conducted on 11 May 2011 after the end of the daily trawling activity. A Seabird SBE 911 148 

CTD probe equipped with a Seapoint turbidimeter was used.  149 

 150 
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FTU readings from the CTD and moored turbidimeters were converted to estimates of 151 

suspended sediment concentration (SSC) after the general calibration by Guillén et al. (2000):  152 

SSC (mg l-1) = 1.74 x (FTU – FTUmin),  153 

where FTUmin is the minimum turbidity recorded by the sensor during a given deployment 154 

period. 155 

 156 

 157 

 158 

 159 

3. Results 160 

 161 

Figure 2 presents the complete time-series of SSC measured by selected turbidimeters from 162 

both years/deployments 2010 and 2011. An 18-day zoom from each of the two monitored 163 

years is shown in Figures 3 and 4 respectively, the latter also including current speed and 164 

direction. 165 

 166 

3.1. Suspended sediment concentrations in the Montgrí tributary 167 

 168 

The time-series of SSC at the sampling site document the occurrence of frequent events of 169 

very high turbidity, reaching near-bottom SSCs of more than 100 mg l-1 (Fig. 2). These events 170 

were recorded only during working days of the local trawling fleet, while turbidity remained 171 

low during weekends and holidays (Figs. 3, 4). Several consecutive peaks of SSC were often 172 

observed in a same working day between 8 h and 16 h UTC. The suspended sediment 173 

increases occurred sharply, as SSC peaks 1-2 orders of magnitude above background values 174 

of ~1-3 mg l-1, and then faded out in the following few hours. Water turbidity during these 175 
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events increased first close to the bottom and was then subsequently observed propagating 176 

upwards in a few minutes, often reaching the topmost turbidimeter (100 mab in 2010; 50 mab 177 

in 2011). Maximum SSCs recorded by the bottommost turbidimeter (5 mab) during each 178 

deployment were 180 mg l-1 on 2 July 2010 (11:30 h UTC) and 236 mg l-1 on 24 May 2011 179 

(13:46 h UTC).  180 

During the 2010 deployment, high turbidity events were particularly frequent and intense 181 

during the first month of measurements (July), and tended to weaken progressively along the 182 

following months. Nonetheless, SSC peaks in the range 10-30 mg l-1 were still measured in 183 

late summer. The 2011 recording period started earlier in the year (May) allowing to 184 

complement the previous temporal trend. In this case, suspended sediment peaks also tended 185 

to decrease in frequency and concentration towards autumn, and were maximal during late 186 

spring-early summer (Fig. 2).  187 

A detailed view of the shape and daily evolution of consecutive resuspension plumes recorded 188 

during a working day is given in Figure 5, where turbidity data from 10 depths is integrated 189 

from 0 to 24 h of Friday 2 July 2010. From midnight to 8 h UTC, water turbidity remained 190 

below 4 mg l-1 from 5 to 20 mab and below 2 mg l-1 from 20 to 100 mab. Some minutes 191 

before 9 h UTC, a sharp increase of turbidity was observed to a minimum height of 70 mab 192 

(SSC in the range 20-50 mg l-1). At 11:30 near-bottom SSC peaked at 180 mg l-1 and 193 

subsequent relatively high turbidity bursts occurred until 15-16 h UTC (Fig. 5). During these 194 

high turbidity events, SSC increased first near the bottom and the signal propagated upwards 195 

afterwards. Towards the end of the working day, SSC progressively faded out near the bottom, 196 

and around 20:30 h UTC the suspended sediment plume was apparently detached from the 197 

seafloor, showing higher concentrations at mid-water depths between 50 and 100 mab, while 198 

turbidity near the seafloor was lower (Fig. 5). 199 

 200 
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 201 

3.2. Near-bottom currents 202 

 203 

The speed and direction of water currents measured by the ADCP during a period 204 

representative of the 2011 mooring deployment are shown in Figure 4, while the across- and 205 

along-gully components of current speed are shown in detail together with SSC during two 206 

working days in Figure 6. Increases of current speed in the range 20-40 cm s-1 were coherent 207 

with high SSC events and, like these, matched the time schedule of trawling activities. The 208 

ADCP measurements also showed higher velocities near the bottom, decreasing upwards (Fig. 209 

4). Such maximum velocities were oriented along the gully and down-slope, in agreement 210 

with the development of sediment gravity flows, while the across-gully component during 211 

these events was less clearly oriented and showed values <12 cm s-1 (Fig. 6). On occasions, 212 

the simultaneous increases of down-gully current speed and SSC were restricted to <50 mab 213 

while, above, the water flow was reversed and directed up-slope, suggesting a compensation 214 

flow in the opposite direction of the gravity current (see second turbidity peak in Fig. 6). 215 

Outside events of high turbidity, current speed remained below 10 cm s-1 (Fig. 4). 216 

 217 

3.3. Daily evolution of SSC 218 

 219 

Figure 7 integrates all the available SSC data at selected heights above the bottom from each 220 

deployment, ordered by the time of day. The time-averaged water turbidity at 5-50 mab 221 

increases abruptly around 8 h UTC in agreement with the passage of the trawling fleet 222 

upslope of the mooring site. Time-averaged maximum turbidity values at 100 mab show an 223 

apparent delay of several hours with respect to near-bottom values, although instantaneous 224 

SSC increases occurred often simultaneously during high turbidity events. The distribution of 225 
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high turbidity events is roughly bimodal in 2011, with one maximum centred on 9-10 h UTC 226 

and a second one around 14 h UTC. The first peak roughly corresponds to the time when the 227 

trawling fleet goes offshore and the second one when it heads back to port. This bimodal trend 228 

is less obvious in 2010 but still visible. After the end of the trawling period (15-16 h UTC), 229 

turbidity values drop steadily towards daily minimum values just before trawling activities are 230 

resumed the following day.  231 

 232 

3.4. CTD transect across the Sant Sebastià fishing ground 233 

 234 

Vertical profiles of hydrographic parameters and suspended sediment concentration from a 235 

CTD transect across the Sant Sebastià fishing ground are shown in Figure 8. This transect was 236 

carried out at the end of a working day (11 May 2011), eastwards from the mooring site and 237 

outside any identifiable canyon tributary valley (Fig. 1). A conspicuous bottom nepheloid 238 

layer (BNL) was observed at the profiles intersecting the range of fishing depths (station 3 239 

and 4). In particular, a 20 m thick BNL with SSC increasing towards the seafloor up to 240 

maximum ~5.0 mg l-1 at 5 mab (according to the altimeter) was observed at station 3 (670 m 241 

depth). At station 4 (498 m depth) a 43 m thick BNL with maximum SSC 3.8 mg l-1 was also 242 

present. This BNL appears to detach from the canyon flank and generate the intermediate 243 

nepheloid layer (INL) observed at 500-600 m depth in station 3. No obvious INL detachments 244 

were observed deeper inside the main canyon valley (stations 1 and 2), although a slightly 245 

higher water turbidity was observed at 700-1100 m depth. An additional INL was apparent at 246 

the shallowest stations 4-6 between 150 and 220 m depth (i.e., at shelf-break depths) and 247 

constrained by the density gradient between Atlantic Waters and Levantine Intermediate 248 

Waters (Fig. 8). 249 

 250 
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 251 

4. Discussion 252 

 253 

4.1. Trawling-induced resuspension events 254 

 255 

The time-series of suspended sediment concentration in the Montgrí tributary valley revealed 256 

the occurrence of frequent events of very high turbidity, induced by trawling as evidenced by 257 

the tight coupling between the temporal distribution of these events and the working schedule 258 

of the fishing fleet operating in the neighbouring fishing ground (Figs. 3, 4, 7).  259 

 260 

The downslope sediment transport events detected deeper than the fishing grounds are 261 

attributable to the generation of sediment gravity flows (i.e. flows by which water moves 262 

downslope due to the contribution of suspended sediment load to the density of the fluid, 263 

creating negative buoyancy; see Middleton and Hampton, 1976). Such type of flows were 264 

identified by measurements from single point current meters deployed in 2001 at the 265 

confluence of the Montgrí tributary valley with La Fonera canyon axis (Palanques et al., 2006) 266 

and confirmed by currents recorded by the ADCP deployed during this study (Puig et al., 267 

2012; Figs. 4, 6). This rapid flushing of sediments through the tributary valley causes the 268 

sharpness of turbidity increases, the subsequent propagation of the signal from the bottom 269 

upwards and the relatively fast fading out of the turbid signal afterwards (Fig. 5). The high-270 

turbidity events observed in the tributary had a frequency and intensity that surpassed our 271 

previous observations. Events with an almost daily recurrence and near-bottom sediment 272 

loads up to 236 mg l-1 at 5 mab in the Montgrí tributary valley at 980 m depth contrast with 273 

more sporadic and less turbid events (maximum 30 mg l-1 at 12 mab) measured in the canyon 274 

axis at 1200 m depth by Palanques et al. (2006). 275 
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 276 

The lack of any significant resuspension event outside working days and working hours in 277 

284 days of continuous recordings (Figs. 3, 4, 7) testifies to the weakness or rarity of natural 278 

processes capable of producing similar effects at this location and depth. Consequently, we 279 

can assert that the present-day near-bottom water turbidity in the Montgrí tributary valley is, 280 

both in timing and magnitude, basically anthropogenic. The consistence of observations 281 

between two consecutive years further indicates a durable situation of altered natural patterns, 282 

which could have been occurring since 1960s-1970s as inferred by changes in sediment 283 

accumulation rates within the canyon axis linked to the increase of total engine power of the 284 

trawling fleet working in the study area (Martín et al., 2008).  285 

 286 

The thickness of the sediment plumes generated by the sediment gravity flows, often 287 

extending 100 m above the bottom, is also remarkable. In the Gulf of Lions shelf, Durrieu de 288 

Madron et al. (2005) reported trawling-induced bottom nepheloid layers (BNL) 3-6 m thick 289 

with average SSC of 50 mg l-1 close to the bottom, rapidly declining upwards. Palanques et al. 290 

(2001) on the inner shelf off Barcelona measured SSC increasing up to 6 mg l-1 and BNL 291 

thickness up to 15 m after the passage of otter trawlers. These observations conducted in 292 

continental shelf environments indicate lower concentrations and thinner turbid plumes 293 

compared with the much higher sediment loads reaching greater distances above the bottom 294 

observed in this study. This fact seems to confirm the previously held (but largely 295 

unsupported by direct observations) idea that trawling fisheries at slope depths might produce 296 

greater physical impacts than shallow-water correlatives. To account for these large 297 

differences, first it must be taken into account that deep-sea trawling in general requires 298 

heavier and bigger gears dragged by more powerful engines than shallow water counterparts, 299 

resulting in an enhanced capacity to impact the seafloor (e.g. Ragnarsson and Steingrímsson, 300 
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2003). Also, the sediment grain size of surface sediments tends to be finer on continental 301 

slopes than on shelves, hence, clouds of resuspended particles could have longer residence 302 

times in the water column in the former case. Surface sediments at the Sant Sebastià fishing 303 

ground near the Montgrí gully are basically composed of silty mud, with sand contents <3% 304 

(mean φ = 7.4) (unpublished results). Additionally, steeper bathymetries of continental slopes, 305 

and in particular on the rims of submarine canyons, compared to gently-sloping shelves, can 306 

promote sediment gravity flows, while the topographic constrain of the tributary valley may 307 

act as a funnel, focusing and channelling resuspended particles toward greater depths. Such 308 

factors contribute to promote sediment gravity flows and further enhance the propagation of 309 

resuspended sediments far from their source. 310 

 311 

4.2. Seasonal evolution of water turbidity in the Montgrí tributary 312 

 313 

A remarkable aspect of the turbidity time series recorded in the Montgrí tributary valley is the 314 

decline in frequency and intensity of high-turbidity episodes from late spring/early summer 315 

through autumn (Fig. 2). This temporal trend is coherent with previous observations of 316 

downward particle fluxes in the canyon axis at 1200 m depth downslope from the Montgrí 317 

tributary valley), which were high from May to July 2001 and declined markedly from mid-318 

August (Martín et al., 2006). It also makes sense in light of the general mobility patterns of 319 

the fishing fleet, which in turn follows the seasonal displacements of the targeted species. 320 

Aristeus antennatus tends to form aggregations at depths of 400-900 m during the 321 

reproductive period in spring and early summer, and moves to shallower depths by late 322 

summer (Sardà et al., 1994), being fished at 400-600 m from autumn through winter 323 

(Demestre and Martín, 1993) The spring-early summer deep aggregations are mainly 324 
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composed of highly priced mature females, hence maximum captures and working depths 325 

take place during that period (Demestre and Martín, 1993; Tobar and Sardà, 1987).  326 

 327 

It is worth to note that the data set shown in Fig. 2 suggests a disruption of the general annual 328 

cycle of sediment transport in the Northwest Mediterranean continental margin, where 329 

particle fluxes tend to be higher in autumn-winter and lower in spring-summer due to the 330 

seasonal dynamics of the coastal and slope currents and the occurrence of storms and river 331 

discharges (Heussner et al., 1996). Changes in the annual trends of sediment resuspension as a 332 

consequence of trawling activities were also noted by Floderus and Pihl (1990) at shallow 333 

depths in the Kattegat.  334 

 335 

4.3. Can bottom trawling contribute to feed nepheloid layers? 336 

 337 

Hydrographical profiles conducted after the passage of the trawling fleet over the Sant 338 

Sebastià fishing ground reveal the presence of slope BNLs and detachments of INLs from the 339 

canyon flank (Fig. 8). At the shallowest stations 4-6 a diluted INL is apparent at 340 

approximately 150-220 m depth, likely generated by natural processes causing detachments of 341 

suspended particles at the shelf-break that spread constrained by the density gradient between 342 

Atlantic Water (AW) and Levantine Intermediate Water (LIW). On the other hand, the well 343 

developed and concentrated (4-5 mg l-1) BNL and the deep INL recorded in the area where 344 

trawling takes place (stations 3 and 4) are likely related to trawling-induced resuspension. The 345 

across-canyon transect shown in Figure 8 was conducted at the end of a working day and 346 

hence reflects turbidity values corresponding to the aftermath of the passage of trawling gears.  347 

 348 
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Observations at the mooring site reveal that the residual part of the sediment that remains in 349 

suspension after the passage of the sediment gravity flows contribute to feed a BNL, 350 

maintaining relatively high turbidity values near the seafloor for several hours until the 351 

trawling activities resume the day after (Fig. 7). Additionally, the lighter and presumably finer 352 

fraction of the resuspended particles tends to be detached from the seafloor and uplifted into 353 

the water column at the end of a working day (Fig. 5), contributing to the development of an 354 

INL at mid water depths. In fact, the INL detachment observed at station 3 around 500-600 m 355 

depth seems to be generated by trawling activities in shallower areas (around station 4) from 356 

where resuspended particles could be detached and retained by the density gradient between 357 

the Levantine Intermediate Water (LIW) and the Western Mediterranean Deep Water 358 

(WMDW) (Fig. 8). 359 

 360 

Internal waves being propagated along shelf-slope density fronts have been proposed as a 361 

mechanism to create resuspension and/or maintenance of particles in suspension generating 362 

nepheloid layers in continental slope regions, which tend to be detached from the seafloor into 363 

the ocean interior (Gardner, 1989; Puig and Palanques, 1998; Puig et al., 2004; McPhee-364 

Shaw, 2006). Our data suggest that besides internal wave activity, resuspension induced by 365 

trawling gears can also play a significant role as initiator of sediment resuspension at slope 366 

depths generating localized bottom and intermediate nepheloid layers over and around fishing 367 

grounds. The fact that the intermediate nepheloid layer detachments on the La Fonera canyon 368 

flank were not observed in the deepest hydrographic stations (1 and 2 in Fig. 8) suggests that 369 

the resuspended particles are preferentially advected along-margin by ambient currents, 370 

following the isobaths, despite the fact that such currents show relatively weak velocities (<10 371 

cm s-1; Fig. 6). 372 

 373 
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These observations are also consistent with a previous study, where a set of CTD profiles 374 

collected in 2001 (Palanques et al., 2005) suggested enhanced near-bottom turbidity on the 375 

northern canyon flank during spring-summer. Zúñiga et al. (2009) also observed in the 376 

neighbouring Blanes Canyon (where the Aristeus antennatus fishery is also active at similar 377 

depths) a consistent intermediate nepheloid layer at 600-800 m depth detaching from the 378 

eastern canyon flank.  379 

 380 

4.4. Ecological consequences and global implications 381 

 382 

Deep-sea ecosystems are in general adapted to a limited variability of physical conditions, 383 

resulting in a high vulnerability to artificial changes in their habitats, matter and energy inputs 384 

or hydrodynamic stress (Glover and Smith, 2003). Consequently, increases of water turbidity 385 

2 orders of magnitude above the background levels and the replacement of natural cycles in 386 

temporal scales from diurnal to annual by a man-made schedule, as observed in this study, 387 

must have favoured adaptation strategies and communities different to those inhabiting the 388 

study area before intensive trawling times. Our observations also confirm that the effects of 389 

bottom trawling can propagate downslope from the areas actually exploited by trawlers, 390 

affecting larger and deeper areas. An extension of trawling impacts beyond fishing grounds 391 

has been documented in the NE Atlantic by Priede et al. (2011), who observed that the total 392 

abundance of demersal fishes had decreased 1000 m downslope from the trawled depth range 393 

(500-1500 m depth). Priede et al. (2011) invoked the removal of eurybathic deep-sea fishes at 394 

the shallow end of their depth range to explain the observed decrease in fish abundance. 395 

Without contradicting that interpretation, our results also suggest that trawling-induced 396 

physical impacts themselves can also propagate downslope from fishing grounds as sediment 397 

gravity flows and eventually as nepheloid layers. This could in turn compromise the survival 398 
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rates of deep-sea animals through suffocation and clogging of respiratory surfaces or by 399 

preventing the normal settlement of larvae, among other effects that may derive from a 400 

substantial change in the amount of suspended solids in the water column (Jones, 1992). This 401 

may have as well implications for the management of the deep-sea and the definition of 402 

protected areas. Conservation measures such as the ban on bottom trawling beyond the 1000-403 

m isobath, recommended by the General Fisheries Council for the Mediterranean in 2005 404 

(GFCM, 2005), might not be enough to guarantee the protection of vulnerable deep-sea 405 

ecosystems below that depth. 406 

 407 

Deep-sea fisheries at slope depths and in the vicinity of steep environments such as submarine 408 

canyons, ridges and seamounts are not exclusive of the study area but fairly widespread and 409 

recently estimated as 4.4 million km2 only on continental slopes (Puig et al., 2012) and 20 410 

million km2 comprising all marine trawled areas (World Resources Institute, 2000). In the 411 

light of these facts, the global scale implications of bottom trawling activities for deep-sea 412 

ecosystems and biogeochemical cycles deserve further interest from the scientific community. 413 

 414 

5. Concluding remarks 415 

 416 

This study conducted in the La Fonera (=Palamós) Canyon at 980 m depth showed that 417 

commercial trawling on the northern canyon flank controls water turbidity in a neighbouring 418 

tributary to at least 100 m above the bottom. Trawling-induced resuspension causes turbidity 419 

increases near the bottom up to 2 orders of magnitude higher than background levels. No 420 

significant increases in turbidity were recorded outside working hours and working days, 421 

implying that natural processes capable of resuspending sediments are weak at the mooring 422 

site, and consequently, that man-made resuspension is the major driver of sediment dynamics. 423 
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This study also suggests that, aside from the generation of sediment gravity flows, bottom 424 

trawling can contribute to the development of slope nepheloid layers, and in this way, its 425 

effects can effectively propagate away from fishing grounds. Since deep-sea trawling is not 426 

exclusive of the study area but increasingly spread around the global ocean, the present study 427 

raises the alert whether natural patterns of sediment resuspension and water column turbidity 428 

in the deep sea are being replaced by a man-made schedule, with unknown consequences for 429 

global biogeochemical cycles and deep-sea ecosystems. 430 
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Figure Captions 622 

 623 

Figure 1. Bathymetric chart of the La Fonera (=Palamós) submarine canyon in the 624 

Northwestern Mediterranean, showing the position of the mooring line (red diamond) in the 625 

Montgrí tributary valley deployed in 2010 and 2011. The main fishing ground (Sant Sebastià) 626 

on the northern canyon flank is marked as a shadowed area. Crosses indicate the positions of 627 

consecutive CTD casts carried out during 11 May 2011. 628 

 629 

Figure 2. Time series of suspended sediment concentration (SSC) in the Montgrí tributary 630 

valley over a total water depth of 980 m depth during two consecutive sampling periods. a: 631 

SSC at 5, 25, 50 and 100 meters above the bottom (mab) from July to early November 2010; 632 

b: SSC at 5, 20 and 50 mab from May to mid October 2011. 633 

 634 

Figure 3. Detail of the time series of suspended sediment concentration in the Montgrí 635 

tributary valley during 2010. “mab” stands for meters above the sea bottom. Days of the week 636 

are indicated in the timeline, working days are shadowed in blue. 637 

 638 

Figure 4. Detail of the time series of suspended sediment concentration and current speed 639 

(ADCP) records in the Montgrí tributary valley during 2011. Days of the week are indicated 640 

in the timeline, working days are shadowed in blue. The rest period from 23 to 26 June 2011 641 

corresponds to the annual Palamos’ Town Festival. Minor ticks in the time axis mark 4-hour 642 

intervals. 643 

 644 

Figure 5. Contour plot of suspended sediment concentration (single-point measurements at 5, 645 

10, 15, 20, 25, 30, 40, 50, 70, and 100 mab) in the Montgrí gully at 980 m water depth during 646 
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2 July 2010. Note the detachment of the turbid plume up into the water column after the 647 

passage of the sediment gravity flow. 648 

 649 

Figure 6. Time series of current speed components (rotated along and across the direction of 650 

the main Montgrí tributary) and suspended sediment concentration at the Montgrí gully 651 

during 20-21 June 2011. Positive current speeds are directed down-slope and to the right 652 

when looking in a down-slope direction. 653 

 654 

Figure 7. Integration of all SSC data (a: 1 July to 7 November 2010; b: 10 May to 12 October 655 

2011) at selected heights over the sea bottom, ordered by time of day. Instantaneous data 656 

(sampling rate = 1 min) are displayed as dots and 1-min averages in solid line. The range of 657 

working hours during fishing days of trawlers at the Sant Sebastià fishing ground is shown as 658 

a shaded area on the timeline. 659 

 660 

Figure 8. CTD vertical profiles of water potential temperature, salinity, potential density 661 

anomaly (sigma-theta), and suspended sediment concentration (SSC) from 100 m depth to 5 662 

meters above the seafloor, along a transect carried out on 11 March 2011 across the north 663 

flank of the La Fonera Canyon. The time (UTC) of cast start is given on top of the profiles. 664 

Shaded areas correspond to SSC values above the baseline at the depths of trawling activities 665 

(400-800 m) in the Sant Sebastià fishing ground. Note that only stations 3 and 4 are within the 666 

fishing ground (see Fig. 1 for positions of CTD stations). AW, LIW and WDMW stand for 667 

Atlantic Water, Levantine Intermediate Water and Western Mediterranean Deep Water 668 

respectively. INL= Intermediate nepheloid layer; BNL = Bottom nepheloid layer. 669 
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Figure 2 683 
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Figure 3 698 
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Figure 6 745 
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Figure 7 753 
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