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Preface 

Bottom trawling fisheries have existed for centuries, mainly occurring on coastal shelf 

environments. However, the introduction of the steam engine followed by the diesel 

engine allowed the expansion of bottom trawling grounds to farther and deeper areas. 

This expansion, together with the general increase in fishing efforts, amplified the 

impacts associated to this activity at a global scale. Bottom trawling is now considered 

one of the most harmful anthropogenic activities in the marine environment given its 

widespread occurrence, high frequency, and intensity. 

Since bottom trawling gear are in continuous contact with the seafloor, it can modify 

seabed morphology by erasing natural sedimentary structures and by leaving behind 

trawl marks. Bottom trawling gear can also resuspend large volumes of sediment, which 

can be advected from trawling grounds, eroding the seafloor and altering sediment 

properties. With the global expansion of bottom trawling to deeper fishing grounds since 

the mid-XXst century, it is expected that the impacts caused by this activity will be 

intensified, but studies assessing them are still scarce. 

This dissertation aims to investigate the combined physical and biogeochemical impacts 

that deep bottom trawling exerts in different areas of the western Mediterranean basin. 

This PhD thesis was initially inspired by the results of precedent studies conducted in 

Palamós (also known as La Fonera) Canyon in the NW Mediterranean, where it was 

observed that bottom trawling erodes the seafloor and mobilizes large amounts of 

sediment down-canyon, increasing sedimentation rates in its axis. Prior to this thesis, 

studies were limited to that specific submarine canyon, but whether these impacts were 

also present in other trawled submarine canyons, and to which degree their fishing 

grounds were affected, was still unknown. Moreover, the effects of these alterations in 

sediment biogeochemistry had not been addressed in detail. 
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Aims and Thesis Structure 

The general aim of this Thesis is to assess the physical and biogeochemical impacts of 

deep bottom trawling in sedimentary environments of the western Mediterranean 

margin. 

The thesis is separated into four parts. In the first part, we introduce the problem of 

bottom trawling and how it will be studied. In the second part, we study the physical 

impacts of bottom trawling on the seafloor of fishing grounds located on canyon flanks 

and the transferal of sediment towards canyon axes. In the third part, we assess the 

effects of the continuous alteration of the seafloor by bottom trawling gear in sediment 

biogeochemistry. In the last part, we summarize the main outcomes of the thesis and 

identify future perspectives. 

 

Part I. Introduction and Methods 

i. In Chapter 1, we introduce the state of the art of physical and biogeochemical 

alterations of bottom trawling in shallow environments, and we describe how the 

expansion of bottom trawling grounds to deeper environments may enhance the 

impacts associated to this activity. This is followed by a brief description of the 

hydrodynamics and sedimentary dynamics in the western Mediterranean Sea 

and, more specifically, in the two main study sites of the thesis: the central 

Catalan margin (NW Mediterranean) and the northern Sicilian margin (SW 

Mediterranean). This chapter ends with background information of the previous 

studies that have assessed the impacts of bottom trawling in Palamós Canyon. 

ii. In Chapter 2, we describe the methodology employed in this thesis, including: the 

identification of bottom trawling grounds, the retrieval of sediment cores, and 

how sedimentological parameters, radioactive tracers, and biogeochemical 

proxies in sedimentary records can be used to assess the effects of bottom 

trawling on the seafloor. 
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Part II. Physical Impacts of Deep Bottom Trawling 

i. In Chapter 3, we assess whether trawling activities have increased sedimentation 

rates in small headless submarine canyons of the Catalan margin (Arenys, Besòs, 

and Morràs canyons), which have a lower capacity of intercepting natural 

sediment transport than shelf-incising canyons. This study was published in 

Scientific Reports in 20171. 

ii. In Chapter 4, we examine the intra-canyon variability of trawling-induced 

increases in sedimentation rates within the axis of Blanes Canyon, Catalan margin, 

to understand its  spatial distribution and magnitude. Results presented in this 

chapter were published in Progress in Oceanography in 20182. 

iii. In Chapter 5, we compare two sediment cores collected 20 years apart in a 

sediment depocenter within the axis of Foix Canyon, Catalan margin, to 

determine if the high sedimentation rates are the result of sediment remobilized 

by fishing activities. This work was published in Deep Sea Research I in 20183. 

Part III. Biogeochemical Impacts of Deep Bottom Trawling. 

i. In Chapter 6, we identify the long-term physical and biogeochemical impact of 

bottom trawling in slope sediments from the Gulf of Castellammare, Sicily, as well 

as the effect of the accumulation of fresh particles on the top-most layer of 

trawled and untrawled sites. The outcomes of this study were published in 

Biogeosciences in 20194. 

ii. In Chapter 7, we determine the effects of a 2-month temporal trawling closure in 

the recovery of sedimentary organic matter in Palamós Canyon by collecting 

sediment cores in different seasons and analyzing several biomarkers with varying 

degrees of reactivities. This study has recently been submitted for publication in 

Geophysical Research Letters5. 

                                                      
1 Paradis, S., Puig, P., Masqué, P., Juan-Díaz, X., Martín, J., Palanques A. (2017) Bottom-trawling along 
submarine canyons impacts deep sedimentary regimes. Scientific Reports, 7, 43332; doi: 
10.1038/srep43332. 
2 Paradis, S., Puig, P., Sánchez-Vidal, A., Masqué, P., Garcia-Orellana, J., Calafat, A., Canals, M. (2018b) 
Spatial distribution of sedimentation-rate increases in Blanes Canyon caused by technification of bottom 
trawling fleet. Progress in Oceanography, 169, 241-252; doi: 10.1016/j.pocean.2018.07.001. 
3 Paradis, S., Masqué, P., Puig, P., Juan-Díaz, X., Gorelli, G., Company, J.B., Palanques, A. (2018a) 
Enhancement of sedimentation rates in the Foix Canyon after the renewal of trawling fleets in the early 
XXIst century. Deep-Sea Research Part I, 132, 51-59; doi: 10.1016/j.dsr.2018.01.002. 
4 Paradis, S., Pusceddu, A., Masqué, P., Puig, P., Moccia, D., Russo, T., Lo Iacono, C. (2019) Organic matter 
contents and degradation in a highly trawled area during fresh particle inputs (Gulf of Castellammare, 
southwestern Mediterranean). Biogeosciences, 16, 4307-4320; doi: 10.5194/bg-16-4307-2019.  
5 Paradis, S., Goñi, M., Masqué, P., Duran, R., Arjona-Camas, M., Puig, P. Persistence of biogeochemical 
alterations of deep-sea sediments by bottom trawling. Submitted. 
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Part IV. Conclusions and Future Perspectives 

i. In Chapter 8, we synthesizes the most relevant conclusions of the physical and 

biogeochemical impacts of deep bottom trawling in submarine canyons and slope 

environments. 

ii. In Chapter 9, we outline future research areas derived from this thesis. These 

future research studies are separated by direct impacts on fishing grounds and 

indirect impacts occurring beyond due to the displacement of resuspended 

sediment. 
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 Introduction 

The ocean has always been of great importance to humans. Our species relies heavily on 

its supply of food and on its role as mitigator for climate change (Doney, 2008; FAO, 2020; 

Holt, 1969; Sabine et al., 2004). However, the resources and services provided by oceans 

are being jeopardized by increasing anthropogenic pressures in the environment since 

the last century (Doney, 2010; Hughes et al., 2018; Jackson et al., 2001). At present, 

virtually the whole ocean is affected directly or indirectly by human activities, including 

the most remote regions (Halpern et al., 2008), and the majority of its surface presents 

increasing impacts over time (Halpern et al., 2015). Fishing is the most important direct 

anthropogenic stressor on the marine environment since it essentially covers the 

majority of the ocean’s surface (Kroodsma et al., 2018; Watson, 2017). Of the numerous 

fishing gear types, bottom trawling is considered to be the most harmful fishing 

technique due to its effects in overexploitation, habitat destruction, and the physical and 

biogeochemical alterations of the seabed (Duplisea et al., 2001; Eigaard et al., 2017; Pauly 

et al., 2002; Watling & Norse, 1998). 
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1.1. Bottom trawling 

Bottom trawling consists on dragging a large net along the seafloor held open by two 

heavy doors (i.e. otter boards) (Fig. 1.1). This fishing technique is the greatest 

contributor to global annual catches, accounting for approximately a quarter total 

catches (Cashion et al., 2018; Kelleher, 2005), and up to 80 % of the high-seas benthic 

fisheries catches (Gianni, 2004). Given its importance in providing food for a growing 

population, understanding the diverse impacts generated by this type of fishing activity 

is essential to ensure its sustainability (Golden et al., 2016; Pauly et al., 2002). 

Consequently, the primary concern of the impacts generated by bottom trawling were 

initially driven by the economic and political importance of managing a continuous 

extraction of this resource (Pauly et al., 2002). 

Several studies observed that the large dimension of bottom trawling nets and their 

small mesh sizes not only increases the risk of overexploitation of many commercial 

species, but also increases the vulnerability of marine populations by altering food webs 

(Dayton et al., 1995; Jackson et al., 2001; Myers et al., 1996; Pauly et al., 1998). 

Furthermore, the indiscriminate extraction of marine species also leads to high 

unwanted by-catch, known as discards. Bottom trawling accounts for the highest 

discards, where one-fifth or less of the catch is retained (Alverson, 1994). This type of 

fishing activity is responsible for 50-60 % of the total estimated discards worldwide 

(Cashion et al., 2018; Kelleher, 2005). Fortunately, several management practices have 

reduced bottom trawling discards since the 1990s, which are partly driven by more 

selective gears and a rising market for previously unwanted species (Cashion et al., 2017; 

Zeller et al., 2017). 

 
Figure 1.1 Schematic representation of a typical bottom trawler. Modified from Palanques et al. (2001) 
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Impacts of bottom trawling also extend to the seafloor. Since this fishing activity targets 

benthic species, its gear is designed to be in continuous contact with the seabed, 

inevitably damaging and destroying epi-benthic habitat structures (i.e. sponges, corals, 

seagrass meadows), as well as small biogenic structures (i.e. burrows and mounds) 

which shelter a wide variety of marine organisms, including targeted commercially 

valuable species (Boudouresque et al., 2009; Thrush and Dayton, 2002; Turner et al., 

1999; Watling and Norse, 1998). The impacts that this type of fishery exerts on the 

seafloor is significant considering that bottom trawling grounds occupy 75 % of the 

world’s continental margins (Fig. 1.2) (Kaiser et al., 2002). Moreover, the severity of this 

impact is amplified since fishing grounds are often trawled multiple times per year 

(Amoroso et al., 2018; Friedlander et al., 1999; Oberle et al., 2016a). Given the high 

intensity of bottom trawling activities and the damage it exerts on the seafloor, this 

anthropogenic activity has been compared to forest clear-cutting (Watling and Norse, 

1998) or to farm field ploughing activities (Puig et al., 2012) on land. 

 
Figure 1.2 Global distribution of trawling grounds (red). Adapted from Kroodsma et al. (2018). 

A number of recent international fisheries agreements have recognized the effects of 

bottom trawling on the seafloor as a key management issue since it plays a critical role 

to the well-being of benthic fishing stocks. For instance, the European Union included in 

its current Marine Strategy Framework Directive a descriptor of good environmental 

status when “Seafloor integrity is at a level that ensures that the structure and functions 

of the ecosystems are safeguarded and benthic ecosystems, in particular, are not 

adversely affected” (European Commission Decision, 2017). In order to achieve seafloor 

integrity, it is primordial to understand the physical alterations induced by bottom 

trawling gear on the seabed and the consequent modifications in the biogeochemistry 

of sedimentary organic matter, since it is the source of energy of benthic communities. 
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1.2. Physical and biogeochemical impacts of bottom trawling in shallow 
environments 

Bottom trawling grounds are concentrated in continental margins due to the high 

productivity of these areas (Kroodsma et al., 2018) (Fig. 1.2). This fishery most 

commonly occurs on continental shelves due to its proximity to harbors which partly 

explains that many coordinated research projects1 have focused their studies on the 

diverse impacts generated by bottom trawling on shallow water environments. 

The most direct physical impacts of bottom trawling relate to scraping of surface 

sediments by the continuous contact of trawling gear to the seabed, which modifies the 

seafloor morphology. Several studies have observed that sedimentary structures such 

as sand waves, ripples, bioturbation mounds, and polychaete tubes are eliminated on 

trawling grounds mostly through the sweeping action of the footrope (Fig. 1.1) on the 

seafloor (Bennet, 1998; Oberle et al., 2018; Schwinghamer et al., 1996). However, the 

most significant alteration is induced by the digging action of the doors (Fig. 1.1), which 

can create deep furrows and displace sediment laterally, creating a series of trawl marks 

consisting of trenches and sediment mounds (Fig. 1.3) (Buhl-Mortensen and Buhl-

Mortensen, 2018; O’Neill and Ivanović, 2016). 

 
Figure 1.3 Examples of trawl marks observed on soft (A,D) and mixed bottoms (B,C) (Buhl-Mortensen and Buhl-
Mortensen, 2018). 

                                                      
1 IMPACT: Impact of bottom trawling on sediment and benthic communities in the NW Mediterranean. (1996-1998) 

INTERPOL: Impact of Natural and Trawling Events on Resuspension, dispersion and fate of POLlutants (2001-2003) 
RESPONSE: Response of benthic communities and sediment to different regimes of fishing disturbance in European 

coastal waters (2002-2005) 
BENTHIS: Benthic Ecosystem Fisheries Impact Studies (2012-2017) 
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The degree of alteration on the seafloor depends on the frequency of disturbance, 

sediment type, and natural hydrodynamic disturbances. For instance, trawling in fine-

grained seafloors tend to form deeper trenches, and the cohesive behavior of this 

sediments makes these impacts last longer in comparison to those caused on coarser-

grained sedimentary environments (DeAlteris et al., 1999; Eigaard et al., 2016; Ivanović 

et al., 2011). Similarly, areas with weak hydrodynamics, usually associated to muddy 

environments, tend to have longer lasting trawling-induced alterations than sandier 

seabeds, which are usually associated to areas with more frequent and stronger bottom 

currents caused by waves and tides (Palanques et al., 2001; Sciberras et al., 2013). 

Despite the variety of alterations of the seafloor morphology, the long-term result is a 

general flattening and smoothening of the seabed due to the continuous contact of 

bottom trawling gear with the seafloor (Watling and Norse, 1998). 

The interaction of towed fishing gear with the seabed causes high shear stress capable 

of resuspending sediment. Although sediment resuspension occurs in both sandy and 

muddy environments, its impact is much greater in fine-grained seafloors (Main and 

Sangster, 1981; Mayer et al., 1991; Mengual et al., 2016; O’Neill and Summerbell, 2011), 

and is mainly the result of the digging action of trawling doors and the hydrodynamic 

turbulence it generates (Fig. 1.4) (O’Neill and Summerbell, 2011). The capacity of 

trawling doors to resuspend sediment has been known for decades, and it was initially 

considered a desirable mechanism to herd the targeted benthic species into the net 

(Main and Sangster, 1981). However, the negative effects associated to this sediment 

resuspension are far greater and extensive. 

 
Figure 1.4 Sediment resuspended by the penetration of the doors in the seafloor (lower oval) and the generation 
of turbulence (upper oval) (O’Neill and Ivanović, 2016). 
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Trawling in fine-grained muddy seabed can resuspend large volumes of sediment 

(Churchill, 1989; Dellapenna et al., 2006; Mengual et al., 2019; Schoellhamer, 1996), but 

it is estimated that they are comparable to natural processes such as storms (Ferré et 

al., 2008). However, these natural events are seasonal whereas trawling occurs 

frequently, altering the seasonality of resuspension cycles (Mengual et al., 2016). The 

resuspension of fine-grained sediments can also feed persistent bottom nepheloid 

layers (Bradshaw et al., 2012; Palanques et al., 2014; Pilskaln et al., 1998). This high 

sediment resuspension can lead to several indirect impacts, such as stressing and even 

smothering pelagic species and fragile benthic communities (Caddy, 1973; Humborstad 

et al., 2006; Moore et al., 1997), as well as inducing changes in coastal biogeochemical 

cycles. 

During trawling-induced sediment resuspension, significant amounts of nutrients and 

organic matter are released to the overlying water column (Dounas et al., 2005; Durrieu 

de Madron et al., 2005; Pilskaln et al., 1998; Pusceddu et al., 2005b). This process can 

enhance phytoplankton primary production in shallow trawling grounds due to the 

entrainment of nutrients to surface waters (Dounas et al., 2007; Riemann and 

Hoffmann, 1991) and alter coastal biogeochemical cycles since organic matter in 

resuspended sediment is rapidly recycled in the water column, increasing the risk of 

algal blooms, eutrophication, and even hypoxia in semi-enclosed basins (Caddy, 2000). 

This rapid remineralization of resuspended sediment can shift the composition of 

sinking organic matter towards a more refractory content (Pusceddu et al., 2015, 

2005a), which could affect metabolisms of suspension feeders (Kutti et al., 2015; 

Tjensvoll et al., 2013). These effects are not only limited to organic matter alterations, 

since trawling may also inject contaminants to the water column when it occurs on 

polluted seafloors, making them accessible for uptake by exposed marine organisms 

(Allan et al., 2012; Bradshaw et al., 2012; Cotou et al., 2005; Hanebuth et al., 2018). 

Resuspended sediment by bottom trawling gear can be transported away from bottom 

trawling grounds by ambient currents, leading to a substantial along- and across-shelf 

transport of sediments and leaving behind eroded trawling grounds (Mengual et al., 

2019; Oberle et al., 2016b, 2016a). Sediments in these eroded trawling grounds tend to 

be highly compacted due to the uplifting of old and previously buried sediment (Mayer 

et al., 1991; Oberle et al., 2016b; Schwinghamer et al., 1996). The continuous 

resuspension can also sort sediment based on their grain size, since heavier fractions 

tend to re-settle more quickly whereas lighter fractions are more easily transported 

away, leading to a coarsening of sediment in these trawling grounds (Mengual et al., 

2016; Palanques et al., 2014, 2001). 
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The contact of bottom trawling gear with the seafloor does not always cause erosion if 

sediment is not resuspended (Simpson and Watling, 2006). Bottom trawlers repeatedly 

overturn and mix the sediment which can also alter the physical properties of the 

seafloor. Studies have observed how trawling can destroy the sedimentary structure and 

loosen the sediment, creating the opposite effect to the sediment compaction found in 

eroded environments (Aspen et al., 2004; Watling and Norse, 1998). 

Both trawling-induced sediment erosion and mixing can alter geochemical properties of 

the seafloor. Alterations are greatest on muddy environments, with almost negligible 

impacts in coarser seafloors (Sciberras et al., 2016; Tiano et al., 2019; Trimmer et al., 

2005). The assessment of the biogeochemical alterations of bottom trawling on muddy 

environments present inconsistent results. While certain studies have observed that 

trawling decreases sedimentary OM due to erosion (Hale et al., 2017; Mayer et al., 

1991), other studies have shown that OM concentrations increase as a result of 

sediment reworking by trawling gear (Palanques et al., 2014; Pusceddu et al., 2005a; 

Sciberras et al., 2016). In some cases, trawling on shallow environments can both 

increase and decrease sedimentary OM in comparison to control sites (Bhagirathan et 

al., 2010; Smith et al., 2000). These contradictory results highlight that factors affecting 

the fate of sedimentary OM in trawling grounds remain unclear. Indeed, some studies 

on the biogeochemical consequences of bottom trawling observed increases in 

remineralization of OM at the onset of this activity (Polymenakou et al., 2005; van de 

Velde et al., 2018), whereas other studies observed variable and even negligible effects 

on benthic metabolism (Riemann and Hoffmann, 1991; Warnken et al., 2003). 

1.3. Expansion of bottom trawling to deeper environments 

Bottom trawling grounds have been expanding from continental shelves to deeper areas 

since the 1950s driven by the decline of shallow-water fishing stocks, technological 

advances, and subsidies (Martin et al., 2014b; Morato et al., 2006; Watson and Morato, 

2013). By 1999, 40% of the world’s major trawling grounds had shifted offshore 

(Roberts, 2002). While trawling grounds were generally confined to the upper 100 m 

prior to the 1950s, they now generally occur at 500 m and can even extend to over 1500 

m (Watson and Morato, 2013). Globally, it is estimated that deep bottom trawling 

grounds on continental slopes (excluding seamounts) now occupy 4.4 million km2 (Puig 

et al., 2012). 

The expansion of fishing grounds to deeper areas initially seemed futile, since the deep-

sea is generally characterized by bare and unproductive areas, with lower biomass in 

comparison to the highly productive continental shelf (Glover and Smith, 2003; Norse et 
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al., 2012). However, several commercial species aggregate near topographic features 

such as seamounts and submarine canyons, allowing high catches that make the 

exploitation of deep-sea fisheries in such environments profitable (Clark et al., 2007; 

Fernandez-Arcaya et al., 2017; White et al., 2007). In the case of submarine canyons, 

their capacity to intercept high fluxes of particulate organic matter towards its interior 

along with the complex and heterogeneous seafloor morphologies (i.e. rocky walls and 

outcrops of soft sediment) provide a diverse set of habitats which support high levels of 

biodiversity (Allen and Durrieu de Madron, 2009; Bianchelli et al., 2010; De Leo et al., 

2010, 2014; Puig et al., 2014). Hence, submarine canyons constitute fundamental 

spawning and nursery areas for many commercially valuable species, and canyon flanks 

often support deep bottom trawling grounds (Farrugio, 2012; Fernandez-Arcaya et al., 

2017). 

Bottom trawling in such deep environments causes even greater impacts than those 

observed in shallow continental shelves. The most evident consequence is the rapid 

overfishing and depletion of deep-sea stocks (Koslow et al., 2000; Norse et al., 2012). 

This mainly occurs due to the low resiliency of deep-sea species, since they have slow 

growth rates, delayed age of maturation, and low productivity (Norse et al., 2012; 

Thrush and Dayton, 2002). Bottom trawling also severely impacts benthic fauna, mostly 

due to their direct damage and removal as by-catch, but also by the physical destruction 

of specific habitat structures required by deep-sea benthic species, impairing the 

capacity of recovery of these deep-sea ecosystems (Clark et al., 2016; Koslow et al., 

2000). Benthic community structures are also modified by bottom trawlers, where 

larger slow-growing essential species (e.g. corals) are replaced by smaller fast-growing 

species (e.g. nematodes) capable of withstanding the constant pressure caused by 

recurrent bottom trawling activities (Clark et al., 2016; Gage et al., 2005). 

In comparison to the various studies focusing on the ecological impacts of bottom 

trawling in the deep-sea (see reviews by Clark et al., 2016; Gage et al., 2005; Thrush and 

Dayton, 2002), few studies have addressed how the expansion of fishing grounds to 

deeper environments have physically affected the seafloor. As observed with the 

ecological impacts, the physical alterations of bottom trawling in deeper environments 

are amplified in comparison to their shallower counterparts (see review by Martín et al., 

2014b). This is due to a combination of factors, including lower natural hydrodynamic 

forces capable of resuspending sediment, lower sediment fluxes arriving to the seafloor, 

and the heavier trawling gear required to operate at such depths (Martín et al., 2014b). 

The first comprehensive studies of the impacts of deep bottom trawling on the seafloor 

were centered in Palamós Canyon, NW Mediterranean (see details in Background 
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information: Impacts of bottom trawling in Palamós Canyon). In summary, these studies 

observed that bottom trawling smoothened the complex seafloor morphology and 

modified natural sedimentary dynamics through the resuspension and erosion of large 

volumes of sediment, triggering sediment gravity flows into the canyon’s interior and 

creating persistent nepheloid layers, which ultimately increased sedimentation rates in 

the canyon axis (Martin et al., 2008, 2014a,c; Palanques et al., 2006; Puig et al., 2012, 

2015). Recent studies observed that the seabed and the sedimentary dynamics in 

Whittard Canyon, NE Atlantic, are also affected by bottom trawling activities. Bottom 

trawling grounds close to this canyon presented reduced seafloor roughness, whereas 

enhanced nepheloid layers enriched in labile organic matter compounds were observed 

in the canyon’s interior when bottom trawlers were operating in the adjacent flanks, 

which were attributed to the advection of resuspended sediment by this activity (Daly 

et al., 2018; Wilson et al., 2015). 

Although to our knowledge these type of physical impacts of deep bottom trawling have 

only been documented in these two canyon systems, bottom trawling may be affecting 

other submarine canyons (Fernandez-Arcaya et al., 2017). Considering the increasing 

expansion of bottom trawling grounds to the deep-sea and the high vulnerability of 

these ecosystems, further studies are needed to better understand the physical impacts 

caused by deep bottom trawling, and the associated repercussions on sedimentary 

organic matter. This thesis will provide a greater insight of the impacts of this 

anthropogenic activity by focusing on deep-sea trawling grounds located in the western 

Mediterranean margin. 

1.4. Study sites 

The Mediterranean Sea is a semi-enclosed basin, with limited exchanges with the open 

ocean, which gives it a micro-tidal environment. It is separated longitudinally by the 

Strait of Sicily into two basins, the western basin and the eastern basin. This sea is 

oligotrophic, although lower nutrient concentrations are observed in the eastern basin 

in comparison to the western basin (D’Ortenzio and Ribera d’Alcalà, 2009). The 

Mediterranean margin has the highest density of submarine canyons of continental 

margins worldwide (Harris and Whiteway, 2011), which contribute to increase the 

potential fertility through the greater habitat heterogeneity and higher nutrient fluxes 

within these canyons, all of which promote fisheries (Fernandez-Arcaya et al., 2017). 

Seasonal phytoplankton blooms occur during winter-spring due to convective mixing, 

supplying nutrients for planktonic growth in surface waters (D’Ortenzio and Ribera 

d’Alcalà, 2009; Gačić et al., 2002). These periods of enhanced productivity can also be 
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fueled by the episodic injections of Saharan dusts transported by southern winds 

(Gallisai et al., 2014). Nutrients can also be supplied to the Mediterranean margin by 

rivers and submarine groundwater discharge, most of which occur on the northern 

European coast, with limited inputs from the arid north African coast (Ludwig et al., 

2003; Rodellas et al., 2015). 

Trawling activities are particularly important in the western Mediterranean margin (Fig. 

1.5), presumably linked to the higher nutrient concentrations in this basin. Bottom 

trawlers operating in these margins belong to European Union state members, mainly 

to the Spanish, French, and Italian trawling fleets (Colloca et al., 2017; Sartor et al., 

2011). This fishing technique has been gaining economic importance since the 1970s-

80s, with increasing proportion of fishing vessels targeting deep demersal fisheries using 

bottom trawling gear in the Mediterranean (Sartor et al., 2011). 

This thesis presents studies on the impacts of bottom trawling in the central Catalan 

margin (Chapters 3-5, 7) and in the northwestern Sicilian margin (Chapter 6) (Fig. 1.5). 

The following sections provide succinct descriptions of the trawling fleet operating in 

both margins as well as the general hydrodynamics and sediment transport processes. 

A more detailed description for each specific study site is given at the beginning of each 

chapter. 

 
Figure 1.5 Cumulative fishing effort (hours·km-2) between 2012-2016 in the Mediterranean and surrounding margins. 
Fishing effort was extracted from the Global Fishing Watch database (Global Fishing Watch, 2020). 
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 Catalan margin 

Chapters 3-5 and 7 are centered in studying the impacts of bottom trawling on the 

sedimentary environments of the submarine canyons incising the central Catalan 

margin, which support important bottom trawling grounds along their heads, rims, and 

flanks, and generally extend to 800 m water depth (Fig. 1.6). Trawling fleets mainly 

target the red and blue deep-sea shrimp, Aristeus antennatus, which is the most coveted 

fishery: although it only represents 3 % of total landings, it accounts for 21 % of the 

annual economic income (Gorelli et al., 2016; Maynou et al., 2006). The economic 

importance of this fishery flourished during the 1960s-70s, with the construction of 

bigger trawlers capable of exploring deeper fishing grounds (Alegret & Garrido, 2008; 

Coll et al., 2008). This growth led to an overall decline of catch per unit effort (CPUE) to 

minimal values, revealing the overexploitation status of this fishery (Gorelli et al., 2014, 

2016). 

 
Figure 1.6 Cumulative fishing effort (hours/km2) between 2012-2016 along the NW Mediterranean margin, 
annotating the regional circulation and the most important submarine canyons and rivers in this margin. Contour 
lines are given every 500 m. Fishing effort was extracted from the Global Fishing Watch database (Global Fishing 
Watch, 2020). 
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As many other commercial species, A. antennatus are found around submarine canyons, 

which harbor greater abundance, species richness, and biodiversity of both megafauna 

and meiofauna in comparison to the adjacent open slopes (Company et al., 2012). In the 

case of A. antennatus, its lifecycle is closely intertwined with submarine canyons: the 

post-larval and juvenile phases occur in deep waters (1000-3000 m) and during their 

adult phases they migrate up-slope, presumably following the canyon axes, to shallower 

depths (500-800 m), where trawling takes place (Sardà et al., 2003, 2004). 

Some of the particulate material transferred into submarine canyons incising this margin 

originates from sediment supplied by ephemeral and torrential rivers (Fig. 1.6). 

However, riverine supply is generally low and irregular (Liquete et al., 2009) and is only 

significant after heavy rainfall, which occur during winter storms, and in winter-spring 

as a result of the snowmelt in rivers draining from the Pyrenees (Sanchez-Vidal et al., 

2013). Despite their general low sediment yield, these rivers play a major role in 

supplying organic matter to this margin and could be an important source of food to 

marine ecosystems (Sanchez-Vidal et al., 2013). Sediment delivered by these rivers form 

prodeltas at the mouths of the Ter, Tordera and Llobregat rivers (Durán et al., 2014), 

whereas suspended sediment can be advected southwards along the shelf by the 

regional current (Fig. 1.6). 

The general regional circulation in this margin is dominated by a permanent baroclinic 

geostrophic current formed by the presence of a density front that separates the fresher 

continental waters from the denser saltier Mediterranean waters (Millot and Taupier-

Letage, 2005). This current flows from the NE to the SW, parallel to the coastline, and is 

part of the Northern Current (Fig. 1.6), which originates in the eastern part of the 

Ligurian Sea (Millot and Taupier-Letage, 2005). This current is confined to the upper 300-

400 m of the water column, with a width of 30-40 km and a mean speed at its core of 

~30 cm·s-1 (Castellón et al., 1990; García et al., 1994). Suspended sediment, either 

originating from riverine supply or resuspended from the shelf, is advected by this 

current southward along the shelf, and can be intercepted and funneled into submarine 

canyons (Palanques et al., 2005; Sanchez-Cabeza et al., 1999; Zúñiga et al., 2009). The 

Northern Current can form meanders and eddies which can cause upwelling and 

downwelling events when flowing over submarine canyons, enhancing the transfer of 

particulate matter into these canyons (Flexas et al., 2008; Granata et al., 1999; Jorda et 

al., 2013; Palanques et al., 2005). 

The transfer of sediment and nutrients into submarine canyons can be enhanced by 

high-energy events derived from atmospheric forcing conditions, namely eastern storms 

and dense shelf water cascading (DSWC) events. The capacity of submarine canyons to 
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intercept suspended particles transported during these events mostly depends on its 

incision length into the continental shelf and its distance to the shoreline (Canals et al., 

2013) 

Eastern storms are characterized by moisture-laden winds and heavy rainfall that cause 

episodic flash floods of rivers discharging in this margin, transporting large volumes of 

sediment. In addition, large swell and intense currents along the coast can resuspend 

large amounts of sediment and erode the coastline and inner shelf. Resuspended 

sediment during these events can then be transferred into submarine canyons incising 

the shelf, enhancing vertical particle fluxes within submarine canyons (Pedrosa-Pàmies 

et al., 2013; Sanchez-Vidal et al., 2012). 

DSWC is generally formed in the Gulf of Lion shelf (Fig. 1.6) during cold dry winters that 

increase surface water densities beyond stability (Durrieu de Madron et al., 2005). These 

denser waters sink to the bottom and form a turbulent southward flow that can 

resuspend large amounts of sediment and erode the seafloor (Canals et al., 2006, Puig 

et al., 2008; Ribó et al., 2011). Dense and sediment-laden cold waters cascade 

downslope into shelf-incising submarine canyons found along its path, and sink until 

reaching neutral buoyancy (Durrieu de Madron et al., 2005), sometimes detaching as 

nepheloid layers (Puig et al., 2013). The intensity of these events varies depending on 

the intensity of the cold winds (Canals et al., 2006), and their main effect is often 

restricted to the canyons located on the Gulf of Lions, being intensified in the western 

sector and mostly in Cap de Creus Canyon (Palanques et al., 2005, 2012). Occasionally 

DSWC can reach Palamós (Ribó et al., 2011) and Blanes (Zúñiga et al., 2009) canyons, 

whereas regions located farther towards the southwest seldomly experience the effects 

of DSWC events (Ulses et al., 2008) (Fig. 1.6). 

These high transferals of particulate matter also provide greater organic matter fluxes 

downcanyon, which is often characterized by highly nutritious fresh organic matter 

when they coincide with the spring phytoplankton bloom (Lopez-Fernandez et al., 

2013a; Pasqual et al., 2013; Sanchez-Vidal et al., 2009). However, since high-energy 

events also erode the seafloor, there is also a significant transfer of aged-OC to the 

canyon axis, as observed in Cap de Creus Canyon (Tesi et al., 2010a). Settling particles in 

the canyon undergo grain size sorting with the preferential deposition of coarser 

sediment in the canyon head whereas finer, OC-rich sediment is deposited deeper 

towards the canyon mouth (Pedrosa-Pàmies et al., 2013; Tesi et al., 2010b). 

The massive volumes of material transferred downcanyon by these events has direct 

consequences to the benthic communities inhabiting these canyons. For instance, 
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during DSWC, abundance and biodiversity of meiofauna in Cap de Creus Canyon was 

substantially reduced, possibly due to hydrodynamic stress and suffocation by the 

massive deposition of sediment inside the canyon (Pusceddu et al., 2013). However, the 

benthic community rapidly recovered a few months after the event due to an increase 

in concentration of bioavailable organic matter, suggesting that these events could 

fertilize submarine canyons (Pusceddu et al., 2013). 

Similarly, major DSWC events (i.e., reaching >1000 m deep) can also control the landings 

of A. antennatus, since the associated strong currents initially cause a temporary 

collapse of this fishery in harbors operating in the vicinities of Cap de Creus, Palamós, 

Blanes, and Arenys canyons (Company et al., 2008). However, landings of this specie 

increase 3 to 5 years after a major DSWC event, in coincidence with the lifespan of this 

species, as a consequence of an enhanced recruitment of juveniles associated to the 

higher transfer of organic matter to this deep-sea environment (Company et al., 2008). 

 Northern Sicilian margin 

Chapter 6 is centered in studying the impacts of bottom trawling in the trawling grounds 

of the Gulf of Castellammare, northern Sicily. The northern Sicilian margin supports 

several bottom trawling grounds along its margin, separated by different gulfs (Fig. 1.7). 

These gulfs are delimited by capes with rocky shores and bottoms, and soft sediment 

tend to drape the continental shelf and slope in the inner parts of the gulfs (Romano et 

al., 2016). Several torrential rivers discharge into these gulfs, supplying particulate 

matter and nutrients during storm-induced flashfloods (Calvo and Genchi, 1989; 

Regione Siciliana, 2007). A regional cyclonic along-slope current dominates the northern 

Sicilian margin, although the shape of the gulfs can sometimes modify local 

hydrodynamics (Decembrini et al., 2004). Submarine canyons incise the continental 

slopes of the gulfs of Castellammare, Palermo, Patti and Milazzo, which rarely breach 

the continental shelf (Cultrera et al., 2016; Lo Iacono et al., 2014; Harris et al., 2011). 

These submarine canyons support important bottom trawling grounds: fishing grounds 

generally surround canyons by trawling on their flanks and rims, but trawlers often enter 

canyons and conduct hauls along their axis, while in other areas they even cross the 

smallest and least-abrupt canyons transversally. 



Chapter 1. Introduction 

  23 

 
Figure 1.7. Cumulative fishing effort (hours/km2) between 2012-2016 along the northern Sicilian margin, annotating 
the regional circulation and the different gulfs in this margin. Fishing effort was extracted from the Global Fishing 
Watch database (Global Fishing Watch, 2020). 

Bottom trawling in this margin consist of a multi-species fishery targeting demersal 

species such as Merluccius merluccius, Mullus surmuletus, as well as deep-sea 

crustaceans such as Parapenaeus longirostris, which are caught using otter trawl gear. 

The first data of bottom trawlers in the area go back to the 1960s, but this fishing 

technique became more active since the 1980s (European Commission Fisheries & 

Maritime Affairs, 2014), as a result of the modernization of the Sicilian trawling fleet 

(L.R. 1/1980; L.R. 26/1987). This industrialization led to a rapid decline of fishing stocks 

until the Sicilian government established trawling ban areas in the inner shelf of the gulfs 

of Castellammare and Patti (Fig. 1.7) in 1990 to allow fish stock rebuilding (L.R. 25/1990). 

Since the establishment of this closure, demersal biomass has increased in both trawl 

ban areas (Pipitone et al., 2000; Rinelli et al., 2004). 

In the Gulf of Castellammare, (Fig. 1.7) artisanal and trawling fisheries coexist due to 

their marked spatial separation since the establishment of the trawl ban area 

(Whitmarsh et al., 2002). Artisanal fisheries (i.e. non-towed bottom gear and pelagic 

gear) operate in the inner shelf within the trawl ban area, whereas trawlers fish beyond 

the restricted area (Fig. 1.7). Despite the attempt to avoid stock depletion of Sicilian 

fisheries, bottom trawlers have been concentrating their efforts beyond the restricted 

area in the mid-continental slope (>500 m depth), leading to a decrease in CPUE since 

the trawl ban due to the continuous overexploitation of fishing stocks (Arculeo et al., 

2014; Whitmarsh et al., 2002). A more recent management strategy aimed to prevent 

the collapse of Sicilian fisheries established a 30-day bottom trawling closure per year, 

which can occur from 1 August to 31 October (Decreto 1339/2001). 
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1.5. Background information: Impacts of bottom trawling in Palamós 
Canyon 

The first observations that deep bottom trawling was affecting the sedimentary 

environments of submarine canyons came from an extensive study to assess the natural 

sedimentary dynamics governing in Palamós Canyon (Palanques et al., 2005). This study 

consisted in deploying several moorings equipped with turbidimeters, current-meters, 

and sediment traps as well as collecting sediment cores in different locations within the 

canyon to quantify sedimentation rates over the last century. During this study, 

moorings located downslope from bottom trawling grounds recorded simultaneous 

peaks of current speed and water turbidity in near-bottom waters, indicating the 

occurrence of sediment gravity flows coming from the adjacent trawled canyon flank in 

coincidence with the passage of a trawler (Martín et al. 2006; Palanques et al. 2006). 

These trawling-induced sediment gravity flows caused a doubling of natural 

sedimentation rates in a sediment core collected at 1750 m in the canyon’s axis, based 

on 210Pb and 137Cs concentration profiles and by the presence of distinct laminae in X-

radiographies (Martín et al. 2008). This change in sedimentation rate occurred in the 

1970s, in concordance with the industrialization of the trawling fleet which marked the 

expansion of bottom trawling grounds to these deeper canyon flanks (Alegret and 

Garrido 2008; Martín et al. 2008). These initial observations led to a series of further 

studies aimed to understand the full consequences of bottom trawling activities in the 

sedimentary dynamics of Palamós Canyon. 

Further time-series analysis of turbidimeters in the canyon revealed that trawling-

induced sediment resuspension from fishing grounds could be modifying sedimentary 

dynamics in this canyon. Sediment gravity flows were only recorded during working days 

and working hours of the trawling fleet, and not during weekends (Puig et al. 2012; 

Martín et al. 2014c). These trawling-induced sediment gravity flows generated long-

lasting turbid plumes that contributed to persistent nepheloid layers on trawling depth-

range (400-800 m) (Martín et al., 2014c). Results of this longer time-series analysis also 

hypothesized that bottom trawling could be modifying seasonal near-bottom water 

turbidity patterns in the canyon (Martín et al., 2014c). 

The effects of the continuous sediment resuspension by bottom trawlers on the seafloor 

morphology were initially assessed using high-resolution multibeam bathymetry and 

seafloor footage from a remotely operated vehicle (ROV). These results revealed that 

the originally complex drainage network of canyon flanks had been smoothened and 

eroded by bottom trawling, causing similar effect on the seafloor than those produced 
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by ploughing on emerged land (Puig et al., 2012). Subsequent analysis of sediment cores 

collected along the canyon flanks indicated high degrees of erosion on the trawled flank, 

as observed by their lower excess 210Pb inventories in comparison to sediment cores 

collected in the untrawled flank (Martín et al. 2014a). The recurrent bottom trawling 

activities on these flanks also altered sediment characteristics. In comparison to 

sediment cores from the untrawled site, trawled sites had denser and coarser surface 

sediments due to the continuous sediment resuspension, which caused grain size 

sorting through the preferential advection of fine-grained sediment, leading to a bed-

armoring effect (Martín et al. 2014a). This study also highlighted the vulnerability of 

deep environments, since the relative impact of trawling in terms of erosion, sediment 

compaction, and bed-armoring increased with depth and distance from the coast 

(Martín et al. 2014a). 

The continuous alteration of the seabed not only modified sedimentological 

characteristics, but it also affected sediment biogeochemistry. Bottom trawling grounds 

had lower superficial organic carbon concentrations in comparison to untrawled sites 

(Martín et al., 2014a) as well as lower concentrations of organic matter compounds 

(proteins, lipids and carbohydrates), including organic matter of algal origin 

(phytopigments) which represents the most nutritious organic matter fraction for 

heterotrophic consumption (Pusceddu et al., 2014; Sañé et al., 2013). This reduced 

sedimentary organic matter content affected carbon recycling in these deep 

environments, leading to lower carbon turnover rates in the trawled site (Pusceddu et 

al., 2014). 

Bottom trawling also modified the benthic community structure. Fishing grounds 

presented reduced meiofauna abundance (80 %), biomass (70 %), and richness (50 %) 

in comparison to untrawled sites (Pusceddu et al., 2014). Moreover, nematode 

assemblages in the trawled site presented opportunistic life strategies that can quickly 

recover and withstand chronic disturbance of the seabed, indicating a shift in the 

benthic community of these trawling grounds (Pusceddu et al., 2014). Interestingly, 

results of this study observed similar compositions of meiofaunal assemblages and 

sedimentary organic matter in trawling grounds and in a sediment core retrieved deep 

within the canyon’s axis, where one of the first studies had identified increases in 

sedimentation rates due to bottom trawling (Martin et al., 2008), reinforcing that 

sediment resuspended by bottom trawling on the canyon flank is being deposited in the 

canyon axis. In this newly recovered core collected in 2013, excess 210Pb and 137Cs-

derived dating confirmed that sedimentation rates in the canyon axis had doubled in the 

1970s. Moreover, the comparison of excess 210Pb and 137Cs concentration profile of the 
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sediment cores collected in 2013 and in 2002 also suggested a further increase in 

sedimentation rate since 2002, possibly due to an unreported technification of the 

trawling fleet (Puig et al., 2015). 
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 Methods 

This chapter describes how the alterations caused by bottom trawling are assessed, 

including the sampling technique employed and the purpose of each parameter analyzed 

in this thesis. First, the spatial and temporal reconstruction of trawling fleets by means of 

fishing databases is discussed. This is followed by the use of sediment cores as natural 

archives of recent alterations on the seafloor and how physical alterations can be 

determined from sedimentological parameters. It then continues with the assessment of 

trawling-induced changes in the sedimentary record through the analyses of several 

radionuclides. This chapter ends with the use of different biomarkers to assess changes 

in organic matter quantity, composition, and nutritional quality by bottom trawling 

activities. 
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2.1. Identifying spatiotemporal evolution of trawling fleets using fishing 
fleet data 

In order to study the impacts of bottom trawling, the spatial extension of bottom 

trawling grounds needs to be delimited. Prior to technological advancements, this was 

often obtained from fishermen’s logbooks, but this method can be inaccurate and 

requires tedious work. Fortunately, with technological advances and global positioning 

systems (GPS), fishing vessels were soon equipped with these systems for several 

reasons, namely for safety (i.e. avoid collisions) and management (i.e. avoid illegal 

fishing). 

GPS equipment was first introduced in the European Union as Vessel Monitoring 

Systems (VMS), also known as “Blue Boxes”. Blue Boxes are standardized transmitters 

which are protected and sealed against power cuts, the marine environment, and any 

manipulation. They transmit information of the vessel ID, date, time, location, speed 

and bearing by Inmarsat C to the Fishing Monitoring Centre in less than 10 min at ~2 h 

time intervals. VMS became compulsory for EU countries since 2003 for fishing vessels 

with overall length equal to or larger than 15 m (European Commission, 2003). For this 

thesis, bottom trawling grounds were estimated using VMS positioning of bottom 

trawlers navigating at sustained speeds of 3.5 knots or less (Chapters 3-6). 

Although VMS data can map fishing effort quite efficiently at a 200 m grid (Gerritsen et 

al., 2013), its resolution may be too coarse for proper spatial management. Moreover, 

the low frequency of VMS data points also complicates the reconstruction of fishing 

effort, since individual hauls cannot be properly identified (Lambert et al., 2012). Hence, 

VMS data is mainly useful to provide a general overview of fishing grounds. 

These limitations are overcome with Automatic Identification System (AIS) data, which 

records GPS positioning every 6 seconds, allowing for a more accurate determination of 

fishing intensity (Chapter 7). This new mechanism was initially designed to avoid vessel 

collisions at sea since 2005, when the International Maritime Organization mandated 

that all vessels of more than 300 gross tonnage, irrespective of the kind of vessel, had 

this device. AIS was then gradually implemented in EU fishing fleet: first for fishing 

vessels with length over all greater than 24 m (May 2012), then for smaller fishing 

vessels with length over all greater than 18 m (May 2013), and finally for fishing vessels 

with length over all greater than 15 m (May 2014) (European Commission Fisheries & 

Maritime Affairs, 2009). However, AIS transmitters can be turned off by fishermen, 

unlike VMS Blue Boxes, which is mainly done to keep new fishing grounds secret. Hence, 

fishing effort calculated must be regarded as a conservative calculation. Unfortunately, 
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georeferencing marine traffic is a recent practice, and no information is available prior 

to this year. 

The total engine power of trawling fleets can be used as an indicator of the depth range 

of bottom trawling grounds, since the expansion of bottom trawling grounds to deeper 

environments requires heavier trawling gear (Martín et al., 2014b). Historical evolution 

of total engine power of trawling fleets was extracted from the European database 

Fishing Fleet Register (Maritime Affairs and Fisheries, 2020), an online European Union 

database that registers the full history of fishing vessels from Member States, along with 

their characteristics (e.g. vessel length over all, gross tonnage and engine power of 

vessel, main gear type). Data from bottom trawlers was extracted by filtering for fishing 

vessels with otter trawl boards (OTB) as main gear type. This proxy was employed to 

assess whether the increases in sedimentation rates in the canyon’s interior are the 

result of the expansion of bottom trawling fleet to deeper environments, which can 

promote the remobilization of sediment towards the canyon’s interior (Chapters 3-5). 

2.2. Understanding processes in the marine environment using sediment 
cores 

Sediment cores contain a remarkable record of past conditions of the marine 

environment. On one hand, they can register processes that occurred in the past, which 

can be identified by analyzing the sediment throughout the core: physical properties 

and sediment grain size, geochemical composition, presence of microfossils (e.g., 

foraminifera) and remnants of other marine organisms, among other proxies. These 

processes can be understood by establishing the age of the deposits and interpreting 

the mechanisms that have led to the variable parameters within the core. 

Physical and chemical perturbations can alter this registry, and at the same time they 

also leave a mark on sediment cores. The type of perturbation, such as sediment mixing 

by bioturbation or erosive processes, can be traced by analyzing specific proxies or by 

identifying how they vary from the norm. As previously noted, bottom trawling can alter 

the seabed, and such alterations can be registered in sediment cores. Hence, sediment 

cores provide a valuable record to understand the cumulative impacts of bottom 

trawling on the seafloor. 

 Sediment core sampling 

Sediment cores collected for this thesis were sampled using a K/C Denmark A/X 6-tube 

(inner diameter 9.4 cm) multicore, which can recover sediment cores of up to 60 cm in 

length (Fig. 2.1). Sediment cores with the best-preserved sediment-water interphase, 
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which indicates minimal sediment disturbance during sampling, were preserved for 

analyses. Unless otherwise specified, sediment cores were sliced and subsampled at 1 

cm intervals and each section was kept frozen in sealed plastic bags (Fig. 2.1).  

 
Figure 2.1 Sediment multicorer (left) and sediment core subsampling aboard (right). 

2.3. Assessing alterations on the seafloor using sedimentological 
parameters 

Two sedimentological parameters were used in this thesis: sediment dry bulk density 

and grain size. Sediment dry bulk density can be used as a measure of sediment 

compaction of the seafloor. Bottom trawling can lead to greater compaction of the 

sediment through the removal of the superficial porous sediment or through the 

compaction of the seafloor due to the repeated passage of heavy trawling gear (Martín 

et al., 2014a; Mayer et al., 1991; Oberle et al., 2016b; Schwinghamer et al., 1996). 

However, sediment mixing by bottom trawlers can cause the opposite effect, a 

reduction of sediment dry bulk density by breaking the physical structure of the 

sedimentary deposit (Aspen et al., 2004; Watling and Norse, 1998). Determining the dry 

bulk density of a sediment core can indicate the kind of alteration caused by bottom 

trawling on the seabed. 

Analyzing sediment grain size is primarily performed to characterize the type of seabed 

and to identify if there have been any changes in the type of sediment deposited. 

However, it is also capable of identifying other physical alterations caused by bottom 

trawling. As previously explained, the continuous sediment resuspension can sort grain 

size according to their different settling velocities, leading to a coarsening trend in 
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superficial sediments (Martín et al., 2014a; Mengual et al., 2016; Palanques et al., 2014, 

2001). 

2.3.1. Sedimentological analyses 

Both the determination of sediment dry bulk density and grain size analyses were 

conducted at the Marine Science Institute (ICM-CISC). Frozen samples were first 

weighed (wet weight) and lyophilized for approximately 30 hours using a Laboratory 

Freeze Dryer at -50 °C and 0.005 mbar or lower (Fig. 2.2). Sediment dry bulk density was 

calculated dividing the net dry weight corrected for salt content1 by the sample volume, 

the latter estimated from the wet weight assuming a seawater density of 1.025 g·cm-3 

and an average grain density of 2.65 g·cm-3. Sediment grain size fraction was determined 

using a Horiba Partica LA-950V2 particle-size analyzer (Fig. 2.2), which has an accuracy 

of 0.6 % and precision of 0.1 %. Approximately 1-4 g of dry sample was oxidized using 

20 % H2O2 and disaggregated with 2.5 % P2O7
4- left overnight. For each sample, mean 

grain size (µm) and the proportion of sand (2 mm - 63 µm), silt (63 – 4 µm), and clay (< 

4 µm) was obtained. 

 
Figure 2.2 Laboratory Freeze-Dryer (left) and Horiba Partica particle-size analyzer (right). 

  

                                                      
1 Salt content was calculated using an average salinity of 38 ppt from the Mediterranean Sea. 
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2.4. Studying recent sedimentary dynamics recorded on the seafloor 
using radioisotopes  

Radioactive isotopes are useful tracers to understand different processes in the 

environment occurring over very wide timescales depending on the half-lives of the 

radioisotopes. In this thesis, radioisotopes with different origins and half-lives were used 

to understand the degree of impact of bottom trawling on the seafloor. These 

radionuclides record processes occurring over the last century, encompassing the period 

of intensification and expansion of bottom trawling around the globe. Some of these 

radioisotopes, 234Th and 210Pb, are members of the 238U series, but artificial (137Cs) and 

cosmogenic (7Be) radionuclides are also used (Fig. 2.3). A brief description of the 

presence of each of these radioisotopes in marine sediments is given (Fig. 2.3), along 

with how they can assess recent sedimentary dynamics on the seafloor and the possible 

alterations by bottom trawling. 

 
Figure 2.3. Schematic diagram highlighting the main pathways of 210Pb,137Cs, 234Th and 7Be to marine sediments. 
Continuous lines indicate decay of the radioisotope and dashed lines indicate physical transport of the radioisotope.  

2.4.1. Lead-210 and Cesium-137 

Pb-210 (t1/2 = 22.3 years) is a naturally occurring radioisotope from the 238U decay chain 

(Fig. 2.3) and is a valuable tracer of recent sedimentary processes occurring over the last 

century. It is incorporated in marine sediments through two main pathways (Fig. 2.3). 
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The most direct source of 210Pb in marine sediments is from the in-situ decay of 226Ra 

(t1/2 = 1602 years) present in the geological matrix of sediments. Decay of 226Ra provides 

a continuous source of 210Pb, so these two radioisotopes are in secular equilibrium in 

marine sediments. Hence, this first source of 210Pb is denominated supported 210Pb. Just 

as 226Ra is found in marine sediments, it is also found in most rocks and soils as well as 

dissolved in water, and its decay produces the inert gas 222Rn that can diffuse out to the 

atmosphere, where it eventually decays to 210Pb through a series of short-lived 

radionuclides with half-lives in the order of minutes. Any 210Pb present in the 

atmosphere is removed through both wet and dry deposition, eventually reaching 

marine systems. Both 210Pb deposited in marine systems and 210Pb produced by the in-

situ decay of 226Ra dissolved in the water column is quickly scavenged by suspended 

particulate matter because of its high particle reactivity, and sinks to the seafloor, 

providing an additional source of 210Pb in the sediment, denominated excess 210Pb (Fig. 

2.3). The continuous accumulation of sediment on the seafloor ideally generates an 

exponentially decreasing concentration profile of excess 210Pb concentrations with 

depth, governed by the decay of 210Pb over time (Fig. 2.3). The excess 210Pb 

concentration profile can be used to establish the geochronology of approximately the 

last century. 

There is a wide variety of 210Pb dating models, each with different assumptions (Appleby 

and Oldfield, 1978; Krishnaswamy et al., 1971; Robbins and Edgington, 1975). One of 

the most simple dating model is the Constant Flux : Constant Sedimentation (CF:CS) 

model (Krishnaswamy et al., 1971), which assumes a constant flux of excess 210Pb to the 

seafloor, and a constant sedimentation rate. With this model, a mean mass 

accumulation rate (g·cm-2·yr-1) is obtained by performing a weighed least-squared fit of 

excess 210Pb concentrations in terms of cumulative dry mass along the core where an 

exponential decrease of excess 210Pb concentrations is observed (Fig. 2.4). The mean 

mass accumulation rate is then converted to sedimentation rate (cm·yr-1) dividing it by 

the dry bulk densities of the sections. 

Sedimentation rates are usually corroborated by an independent tracer with specific 

time-markers, such as artificial radioisotopes, heavy metals, oil spills, pollen, or volcanic 

ash (Arnaud et al., 2006; Chen et al., 2014; Oberle et al., 2016b). The most employed 

independent time-marker is 137Cs (t1/2 = 30.2 years), an artificial radioisotope originating 

from fission reactions of 235U and other fissionable heavy radioisotopes. Cs-137 was first 

emitted to the atmosphere by nuclear bomb testing in 1952 and, through aeolian 

transport, it eventually covered the Earth’s surface, reaching the seafloor worldwide by 

1954 (Fig. 2.3). Since then, the frequency and magnitude of nuclear bomb blasts 
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increased around the world, which prompted the establishment of the Limited Test Ban 

Treaty in 1963 that ceased future nuclear bomb testing. Large quantities of this 

radioisotope were again emitted to the atmosphere as a result of the Chernobyl 

accident in 1986 and was re-distributed to most of the Northern Hemisphere. These 

events act as independent time-markers used to validate 210Pb dating (Corbett and 

Walsh, 2015; Sanchez-Cabeza et al., 1999) (Fig. 2.4). 

However, excess 210Pb and 137Cs concentration profiles rarely present the ideal profiles 

due to modifications by both natural and anthropogenic processes. Although these 

processes can complicate and even jeopardize sediment core dating, the variations of 

the ideal profile actually provide a record of the alterations induced by bottom trawling 

activities. A brief description of the most common excess 210Pb and 137Cs profiles and its 

interpretations are outlined below. 

 
Figure 2.4 Schematic diagram of different excess 210Pb (blue dots) and 137Cs (red lines) profiles and its possible 
interpretations. Blue lines indicate in which sections the CF:CS model is applied. The dashed red line indicating 137Cs 
profile in Type II profile is diffused to illustrate the effect of mixing. The core length of the Type V profile is longer to 
highlight the deeper penetration of excess 210Pb due to the greater sedimentation rates than in the remaining cores.  

The most common alteration of the excess 210Pb profile is a flattening of the profile in 

surface sediments (Type II in Fig. 2.4), often caused by mixing of the upper layers due to 

bioturbation of benthic communities (Appleby, 1997; Nittrouer et al., 1979), but also by 

less-frequent bottom trawling activities (Karageorgis et al., 2005; Oberle et al., 2016b). 

In these cases, the excess 210Pb profile is interpreted as a two-layer system, with an 

undatable upper layer of mixed sediment, and a bottom layer with negligible mixing in 

which the dating model is applied. Bioturbation often mixes the upper 5 cm but can 

exceptionally reach greater bioturbation depths of up to 25 cm in active environments 
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(Boudreau, 1994; Solan et al., 2019; Teal et al., 2008), whereas penetration depth of 

trawl doors in muddy sediments is far greater, ranging between 15 and 35 cm (Eigaard 

et al., 2016; Linnane et al., 2000; Lucchetti and Sala, 2012). Furthermore, intense 

bioturbation processes can also alter the 137Cs concentration profile in depth, diffusing 

the time-markers (Johannessen and Macdonald, 2012; Nittrouer et al., 1979) (see 

diffused 137Cs profile of Type II in Fig. 2.4). In these cases, sedimentation rates obtained 

from excess 210Pb concentration profiles must be regarded as upper estimates since 

mixing can modify the slope of excess 210Pb concentration with depth (Nittrouer et al., 

1979; Silverberg et al., 1986). 

Intense and chronic bottom trawling increases sediment reworking, altering excess 210Pb 

concentration profiles (Type III in Fig. 2.4), which can also result from a mass sediment 

deposition of reworked sediment (Garcia-Orellana, et al., 2006; Huh et al., 2006). This 

type of profile differs from a trawling-induced Type II profile since the latter is usually 

caused by a lower degree of alteration by trawling gear, whereas a Type III profile is the 

result of repetitive sediment reworking by continuous bottom trawling activities or the 

lateral displacement of sediment caused by the trawl doors (Larsen et al., 2013; Martín 

et al., 2014a; Oberle et al., 2016b; Simpson and Watling, 2006). The high degree of 

perturbation in these profiles hinder the calculation of sedimentation rates and dating. 

Repetitive bottom trawling activities can even erode the seafloor (Martín et al., 2014a; 

Oberle et al., 2016b), leading to low excess 210Pb inventories and shallow horizons of 

excess 210Pb (Type IV in Fig 2.4), although this eroded profile may also result from high-

energy events such as storms or sediment destabilization due to vegetation loss (Arias-

Ortiz et al., 2018). 

Excess 210Pb profiles can also register increases in sedimentation rate in recent years, an 

indirect impact caused by bottom trawling activities (Martín et al., 2008; Puig et al., 

2015), which modifies the slope of excess 210Pb concentrations (Type V in Fig. 2.4). In 

these cases, sedimentation rates can be calculated using the CF:CS model in the two 

sections, obtaining average sedimentation rates over each period (Appleby, 1997; Walsh 

and Nittrouer, 2004). To validate this interpretation, 137Cs time-markers are used to 

corroborate 210Pb-dates obtained considering this increase in sedimentation rate 

(Alonso-Hernandez et al., 2006; Martín et al., 2008). 
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2.4.2. Thorium-234 and Beryllium-7 

Shorter-lived natural radioisotopes, such as 234Th (t1/2 = 24.1 days) and 7Be (t1/2 = 53 

days), are used to identify recent depositional events (Aller & Cochran, 1976; Feng et 

al., 1999; Schmidt et al., 2001). 

Th-234 is also a member of the 238U decay chain (Fig. 2.3), and its incorporation to the 

seafloor also presents two main pathways. The most direct source of 234Th in sediments 

is through the in-situ decay of its parent 238U (t1/2 = 4.47·109 years), and both are found 

in secular equilibrium. Hence, this source of 234Th is denominated supported 234Th (Fig. 

2.3). This short-lived radioisotope is also incorporated to the seafloor through the decay 

of dissolved 238U in the water column. (Fig. 2.3) Thorium is very particle reactive and is 

quickly adsorbed to the settling particles, providing information of the recent sediment 

deposition. Due to its short half-life of 24.1 days, excess 234Th in the seafloor can identify 

recent processes occurring over the last 6 months. Excess 234Th profiles are often used 

to assess sediment mixing (i.e. bioturbation), whereas its inventories are commonly 

employed to assess seasonal or episodic deposition of sediment (Maiti et al., 2010; 

Schmidt et al., 2001). To our knowledge, 234Th has not been used yet to assess the recent 

impacts of bottom trawling on the seafloor. 

Beryllium is a cosmogenic radionuclide produced by cosmic ray spallation reactions with 

nitrogen and oxygen in the atmosphere (Fig. 2.3). The production of 7Be and other 

cosmogenic radionuclides is highly dependent on latitude and altitude, being greater in 

high-latitudes and in the stratosphere and upper troposphere (Lal & Peters, 1967). 

Atmospheric processes influence the transferal of 7Be into the troposphere, and reaches 

the marine environment, where it is rapidly scavenged and deposited on the seabed, 

mainly through wet deposition (Lal & Peters, 1967). Presence of 7Be in marine sediments 

is usually limited to coastal environments due to this radioisotope’s short half-life and 

the long pathway it needs to travel since its production in the upper atmosphere to its 

incorporation in the seafloor (Baskaran and Santschi, 1993; Olsen et al., 1985). It is often 

used as a tracer in coastal environments to assess recent sediment deposition and 

resuspension processes associated to fluvial particles from high river runoffs (Fitzgerald 

et al., 2001; Giffin and Corbett, 2003; Sommerfield et al., 1999). This tracer has been 

used to assess recent sediment erosion by trawlers in shallow coastal environments 

(Dellapenna et al., 2006; Mayer et al., 1991). 

Analyses of these shorter-lived radioisotopes were performed in trawled and untrawled 

sediment cores presented in Chapters 6 and 7 to assess the deposition of recent 

sediment in bottom trawling grounds. 
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2.4.3. Radiochemical analytical methods 

The analyses of all radioisotopes were conducted at the Environmental Radioactivity 

Laboratory of the Institute of Environmental Science and Technology (ICTA) and the 

Department of Physics of the Universitat Autònoma de Barcelona (UAB). 

Concentrations of 210Pb were determined through alpha spectroscopy of the decay 

product 210Po following the method described by Sánchez-Cabeza et al. (1998), 

assuming secular equilibrium of both radionuclides at the time of analysis. Between 150 

and 300 mg of homogenized ground sample were spiked with 209Po as an internal 

chemical tracer and samples were microwave-digested using concentrated HNO3, HF, 

and H3BO3. The resulting solutions were evaporated and reconditioned with 1 M HCl. 

Polonium radioisotopes from the solutions were spontaneously deposited on silver discs 

while stirring at 70°C for 8 hours. Alpha emissions of 209Po (4883 keV) and 210Po (5304 

keV) were quantified using Passivated Implanted Planar Silicon (PIPS) detectors 

(CANBERRA, Mod. PD-450.18 A.M.) and a GenieTM data acquisition software. Supported 

concentrations of 210Pb were obtained by averaging constant concentrations of total 
210Pb from the bottom of the core, assuming complete decay of excess 210Pb at these 

depths. If supported 210Pb of a sediment core was not reached, an average supported 

210Pb concentration of 33  3 Bq·kg-1 was used, obtained from sediment cores collected 

in the NW Mediterranean slope (Martín et al., 2008; Sanchez-Cabeza et al., 1999). These 

supported 210Pb concentrations were corroborated by analyzing 226Ra through the 

gamma ray emissions of its decay product 214Pb (295 and 352 keV) using calibrated 

geometries in a well-type high-purity germanium gamma detector (CANBERRA, Mod. 

GCW3523). 

Gamma measurements also permitted the quantification of 234Th, 137Cs, and 7Be 

concentrations. Concentrations of 234Th were measured by quantifying its emission at 

63 keV. A second measurement was done at least 6 months later, after all excess 234Th 

had decayed, to obtain supported 234Th concentrations, equivalent to 238U 

concentrations. Concentrations of excess 234Th were then calculated by subtracting 

supported 234Th concentrations from total 234Th, accounting for 234Th decay and in-

growth from 238U decay since sampling. Concentrations of 137Cs were quantified through 

its emission line at 662 keV. Finally, presence of 7Be was also measured from its emission 

line of 478 keV. 
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2.5. Evaluating sedimentary organic matter quantity and composition 
using biomarkers 

In deep environments, sedimentary organic matter (OM) is the fundamental energy 

source for heterotrophic benthic communities (Krumins et al., 2013) and bottom 

trawling can affect both its quantity and nutritious quality (Hale et al., 2017; Pusceddu 

et al., 2014, 2005a; Sciberras et al., 2016; Tiano et al., 2019). 

2.5.1. Elemental analyses 

The study of the biogeochemical impacts caused by bottom trawling is first carried out 

by determining the quantity of sedimentary organic matter. A first general description 

of the amount of sedimentary organic matter present is obtained through the analysis 

of organic carbon (OC) and total nitrogen (TN) in sediment cores collected in trawled 

and untrawled sites. Since nitrogen is highly degradable, the molecular OC/TN ratio can 

be used as an indicator of the degradation stage of OM. Low ratios of 6-7 indicate easily 

degradable OM with high nutritional value, whereas OC/TN ratios greater than 10 are 

generally attributed to degraded or highly mineralized OM with a low nutritional value 

(Cowie and Hedges, 1994). This ratio can also distinguish between terrestrial and marine 

origin of OM. Marine OM tends to have an OC/TN ratio of 6-7, as observed from marine 

plankton and fecal pellets, whereas terrestrial OM preserved in marine sediments tends 

to have low nitrogen concentrations due to the large transit time from its source, 

consuming nitrogen-rich compounds and leading to OC/TN ratios greater than 20 

(Meyers, 1994). 

These analyses provide general differences in OM between trawled and untrawled sites, 

but they do not provide information of the mechanisms causing these alterations. A 

more comprehensive study including the analyses of specific biomarkers would reveal 

the biochemical composition of sedimentary OM in trawled and untrawled sites, as well 

as its nutritional quality. 

2.5.2. Labile organic macromolecules 

The first group of organic matter biomarkers analyzed in this thesis are proteins, 

carbohydrates, lipids, and phytopigments. These analyses were carried out at Università 

degli Studi di Cagliari, Italy, under the supervision of Professor Antonio Pusceddu and 

the results are included in Chapter 6. 

Sedimentary OM is composed of different labile products, partly consisting of proteins, 

carbohydrates, and lipids. The sum of these biochemical classes is the biopolymeric 
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fraction of organic matter (BPC), and they constitute the main food sources for benthic 

heterotrophic metabolism (Pusceddu et al., 2009). Hence, BPC concentrations in 

sediments provide valuable information on the quantity of labile OM present in trawled 

and untrawled seafloor. 

Additional information on the nutritional quality and trophic state of coastal marine 

systems can be provided from the relative contribution of proteins, carbohydrates, and 

lipids in sedimentary OM (Dell’Anno et al., 2002). This is based on the different degrees 

of reactivities of these three biochemical classes. For instance, lipids found in marine 

sediments are generally composed of highly reactive compounds of planktonic origin 

(Wakeham et al., 1997). Proteins are also highly reactive, and more readily consumed 

than carbohydrates (Newell and Field, 1983; Williams and Carlucci, 1976) since the latter 

tend to have a significant fraction of refractory ligno-cellulosic compounds of terrestrial 

origin (Buscail et al., 1995). Hence, degraded OM are characterized of having low protein 

to carbohydrate ratios, and minor concentrations of lipids (Danovaro et al., 1993; 

Dell’Anno et al., 2002). Analyzing the concentrations of each of these macromolecules 

will indicate if bottom trawling modifies the composition of sedimentary OM (Pusceddu 

et al., 2014). 

Phytopigments mainly consist of chlorophyll-a and phaeopigments (degradation 

products of algal chlorophyll pigments), and they originate from photoautotrophic 

organisms in surface waters. Phytopigment concentrations on the seafloor have thus 

been used as tracers of labile organic matter exported from the photic layer (Danovaro 

et al., 1999, Fabiano et al., 2001). Phytopigments are considered the most labile form of 

organic matter, and it is often used as an indicator of nutritional quality of sedimentary 

OM (Evrard et al., 2012; Middelburg, 2018; Moodley et al., 2005). Similarly, the 

contribution of phytopigment to biopolymeric C is a useful proxy to estimate OM 

freshness: since in the deep sea there is no in situ primary production, higher values of 

this ratio are associated to recently deposited material of algal origin (Pusceddu et al., 

2010). 

The effect of altered sedimentary OM on benthic communities in bottom trawling 

grounds can be indirectly inferred from oxygen consumption rates, denitrification rates, 

sulfate reduction rates, or through OM degradation rates (Duplisea et al., 2001; Tiano 

et al., 2019; Trimmer et al., 2005; van de Velde et al., 2018). Remineralization rates were 

obtained from protein degradation rates, since proteins contain essential compounds 

(i.e. amino acids) for heterotrophic metabolism (Dell’Anno et al., 2000; Mayer et al., 

1995). The effect of bottom trawling on organic matter quantity and nutritious quality, 

as well as in protein degradation rates are assessed in Chapter 6. 
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2.5.3. CuO oxidation products 

Another group of biomarkers analyzed in this thesis were obtained through the alkaline 

CuO oxidation of OC, which yields a suite of organic biomarkers that can be grouped into 

lignin phenols (vanillyl, syringyl, and cinnamyl phenols), cutin acids, benzoic acids, p-

hydroxybenzenes, amino acids, di-carboxylic acids, and fatty acids. These biomarkers 

can be separated based on their source as being strictly terrestrial biomarkers, or of 

heterogenous origin due to a combination of terrestrial and marine sources (Table 2.1). 

These analyses were carried at Oregon State University, USA, under the supervision of 

Professor Miguel Goñi, and the results of these analyses are included in Chapter 7. 

Analysing these biomarkers not only provides information of the origin of the organic 

matter present, but also of its degree of degradation, due to their different reactivities 

(Gordon and Goñi, 2004; Tesi et al., 2012). 

Lignin is a macromolecule present in all vascular plants (Table 2.1). Phenols derived from 

its alkaline CuO oxidation are used as tracers of terrestrially-derived OC in the ocean 

because of their chemical stability. However, vanillic acid and syringic acid are more 

reactive than their corresponding aldehydes, vanillin and syringealdehyde. Hence, the 

acid/aldehyde ratios of vanillyl and syringyl phenols increase when this terrestrial OM 

undergoes degradation (Hedges et al., 1988; Opsahl and Benner, 1995). Similarly, 

cinnamyl phenols have greater reactivity in comparison to both syringyl and vanillyl 

phenols, the latter being the most recalcitrant lignin phenol (Hedges et al., 1988; Opsahl 

and Benner, 1995). Hence, the acid/aldehyde ratios of vanillyl and syringyl phenols as 

well as the cinnamyl/vanillyl and syringyl/vanillyl phenol ratios are used to assess the 

degree of degradation of terrestrial organic matter (Gordon and Goñi, 2004). 

Cutin acids are also macromolecules that exclusively originate from terrestrial plants. As 

with cinnamyl phenols, cutin acids are present in non-woody tissues of vascular plants 

such as needles and grasses, but in greater abundance than cinnamyl phenols (Goñi and 

Hedges, 1990). These hydroxy fatty acids have a greater reactivity than other molecules, 

such as lignins (Goñi and Hedges, 1990; Opsahl and Benner, 1995; Tesi et al., 2012). 

Reactivity of cutin acids vary depending on their chemical configuration. For instance, 

simple-chained cutin acids (e.g. w-C16) are more stable than branched cutin acids (8,w-

C16, 9,w-C16, 10,w-C16), whereas saturated compounds are more reactive than 

unsaturated cutin acids (Goñi and Hedges, 1995). 

P-hydroxybenzenes can be found in high concentrations in several woody and 

herbaceous tissues as well as in phytoplankton and bacterial biomass, whereas benzoic 

acids can be of terrestrial origin, found in vascular plant tissues and soils, as well as in 
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marine tissues (Goñi and Hedges, 1995; Prahl et al., 1994). These two compound classes 

tend to present high recalcitrance, possibly due to the protection of terrestrial p-

hydroxybenzenes and benzoic acids in a mineral matrix, whereas the marine fraction of 

these compounds have higher reactivity (Tesi et al., 2012). 

Table 2.1 Origin of CuO products. 

CuO product Sub-products Origin Additional information 

Vanillyl phenols 
(VP) 

Vanillin (Vl),  
Acetovanillone (Vn), 
Vanillic acid (Vd) 

Terrestrial1 
Angiosperm and gymnosperm 
plants1 

Syringyl phenols 
(SP) 

Syringealdehyde (Sl),  
Acetosyringone (Sn),  
Syringic acid (Sd) 

Terrestrial1 Angiosperm plants1 

Cinnamyl 
phenols (CP) 

p-Coumaric acid (pCd),  
Ferulic acid (Fd) 

Terrestrial1 
Non-woody vascular plant tissues 
(i.e. leaves, needles, grasses)1 

Cutin acids (CA) 

16-Hydroxyhexadecanoic acid (w-
C16),  
Hexadecan-1,16-dioic acid (C16DA),  
8 or 9 or 10,16-Dihydroxy C16 
acids(x,w-C16),  
7 or 8-Dihydroxy C16 α,ω-dioic acid 
(x-C16DA) 

Terrestrial 
Non-woody tissues (i.e. leaves, 
needles, grasses)2 

p-hydroxy 
benzenes (PB) 

p-Hydroxyacetophenone (Pn),  
p-Hydroxybenzaldehyde (Pl),  
p-Hydroxybenzoic acid (Pd) 

Heterogenous 

- Terrestrial: woody and 
herbaceous tissues3,4 

- Marine: phytoplankton and 
bacterial biomass3,4 

Benzoic acids 
(BA) 

Benzoic acid (Bd),  
m-Hydroxybenzoic acid (mBd),  
3,5-Dihydroxybenzoic acid (3,5-Bd) 

Heterogenous 

- Terrestrial: humification 
processes in soil3,4 

- Marine: phytoplankton 
biomass3,4 

Amino acids (AA) 

Butan-1,4-dioic acid (C4DA),  
2-Buten-1,4-dioic acid (C4DA:1),  
2-Carboxypyrrole acid (Cp),  
Phenylglyoxylic acid (Pg) 

Heterogenous 

- Terrestrial: proteic material (i.e. 
bacteria, fungi)3 

- Marine: proteic material (i.e. 
zooplankton, phytoplankton)3 

Di-carboxylic 
acids (DA) 

Penten-1,5-dioic acid (C5DA), 
 Hexan-1,6-dioic acid (C6DA),  
Heptan-1,7-dioic acid (C7DA),  
Octan-1,8-dioic acid (C8DA),  
Nonan-1,9-dioic acid (C9DA),  
Decan-1,10-dioic acid (C10DA),  
Undecan-1,11-dioic acid (C11DA),  
Dodecan-1,12-dioic acid (C12DA) 

Heterogenous 

- Terrestrial: multiple sources, 
abundant in soil, bacteria3 

- Marine: multiple sources, 
abundant in phytoplankton3 

Fatty acids (FA) 

Decanoic acid (C10FA),  
Dodecanoic acid (C12FA), 
Tetradecanoic acid (C14FA), 
Hexadecenoic acid (C16FA:1), 
Hexadecanoic acid (C16FA), 
Octadecenoic acid (C18FA:1), 
Octadecanoic acid (C18FA) 

Heterogenous 

- Terrestrial: lipidic material (i.e. 
bacteria, fungi)3 

- Marine: lipidic material (i.e. 
zooplankton, phytoplankton)3 

1(Hedges and Mann, 1979); 2(Goñi and Hedges, 1990); 3(Goñi and Hedges, 1995); 4(Prahl et al., 1994) 
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During CuO oxidation, several amino acid-derived compounds are produced, such as 2-

carboxypyrrole (Cp), phenylglyoxylic acid (Bg), p-hydroxyphenylglyoxylic acid (Pg). These 

compounds are present in all living forms, as well as di-carboxylic acids and fatty acids, 

but they are especially abundant in phytoplankton and bacteria (Goñi and Hedges, 

1995). These three compound classes make up the most labile biomarkers obtained 

from CuO oxidation, and they have the highest reactivities (Tesi et al., 2012). 

Assessing the quantity of each of these CuO compounds in trawled and untrawled sites 

would indicate if bottom trawling alters the organic matter composition. This could also 

provide additional information of how bottom trawling may be affecting the 

preservation of sedimentary organic matter (Chapter 7). 

2.5.4. Analytical methods for organic matter analyses 

Elemental analysis of total carbon, organic carbon (OC) and total nitrogen (TN) were 

carried out with an elemental analyser (Costech ECS Analyzer 4010), according to the 

procedure described in Nieuwenhuize et al. (1994). Samples for OC analysis were first 

decarbonated by acid-fuming the samples in the presence of 12 N HCl during 24 h and 

repeatedly adding 100 µL of 2 N HCl to the sample until effervescence ceased. Inorganic 

carbon, quantified as the difference between total carbon and organic carbon, was 

converted to calcium carbonate (CaCO3) concentrations using the molecular mass ratio 

of 100/12, assuming all inorganic carbon present is in the form of CaCO3. 

Concentrations of total proteins, lipids, and carbohydrates were quantified using a 

Varian Cary® 50 UV-Vis Spectrophotometer. Briefly, concentrations of total proteins 

were quantified following the procedure explained by Hartree (1972) and modified by 

Rice (1982). Briefly, protein was extracted by reacting approximately 0.1 g of frozen 

sediment with a solution of rameic tartrate and Folin-Ciocalteau reagent in a basic 

environment. Optical density was measured at 650 nm wavelength, and protein 

concentrations were given in terms of bovine serum albumin (BSA) and converted to 

carbon equivalents using the conversion factor of 0.49 mg C · mg-1 BSA. Concentrations 

of total carbohydrates were analysed following the procedure determined by DuBois et 

al. (1956) and optimized for sediments by Gerchakov and Hatcher (1972). Total 

carbohydrates were extracted by reacting approximately 0.6 g of dry sediment with 

phenol, charring the solution using concentrated sulfuric acid, and measuring the optical 

density at 485 nm wavelength. Given the high viscosity of the solution, fine particles 

sometimes do not completely settle after centrifugation. Turbidity in these solutions 

was corrected by measuring optical density at 600 nm (Danovaro, 2009). The outcome 

of these analyses was expressed in terms of glucose equivalents and converted to 
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carbon equivalents using the conversion factor of 0.4 mg C · mg-1 glucose. Total lipids 

were extracted from approximately 0.4 g of frozen sediment using methanol:chloroform 

(1:1 in volume; Bligh and Dyer, 1959) and evaporated in a dry hot bath at 80-100°C. 

Samples were then charred using concentrated sulfuric acid and the optical density was 

measured at 375 nm (Marsh and Weinstein, 1966). The outcome provided lipid 

concentrations in terms of tripalmitine equivalents which were converted to carbon 

equivalents using the conversion factor of 0.75 mg C · mg-1 tripalmitine. For each of 

these analyses, blanks were obtained by analysing these biomarkers in three previously 

combusted samples at 450°C for 4 hours. The biopolymeric fraction of sedimentary 

organic carbon (BPC) was calculated as the sum of protein, lipid, and carbohydrate in 

terms of carbon equivalents. 

Total phytopigment was determined spectrofluometrically (RF-6000 

Spectrofluorophotometer), since this method has a lower detection limit and proves 

more accurate for sediments with lower pigment concentrations (Danovaro, 2009). 

Chlorophyll-a and phaeopigment of approximately 0.5 g of frozen sediment were 

extracted using 5 mL of 90% acetone left overnight at 4°C in the dark. Fluorometry of 

the supernatant was measured at 650 nm for total chlorophyll-a concentrations and 

again after acidification with 0.1 N HCl to estimate the amount of phaeopigments. As 

previously described, total phytopigment concentrations are defined as the sum of 

chlorophyll-a and phaeopigment concentrations and the results are expressed in terms 

of chlorophyll a (Chl-a) equivalents.  

Degradation rates of proteins was calculated based on extracellular aminopeptidase 

activities when incubating approximately 0.1 g of sediment with 200 μM L-leucine-4-

methylcumarinyl-7-amide for 1 h in the dark. Fluorometric analyses were carried out 

before and after incubation, and the difference was used to calculate protease activities 

(Danovaro, 2009). The results were converted to carbon equivalents using the 

conversion factor of 72 µg C · nmol protease (Fabiano and Danovaro, 1998). Turnover 

rates were then calculated by dividing protein-C degradation rates by protein-C 

concentrations. 

CuO oxidations were conducted following the method described by Goñi and 

Montgomery (2000). Briefly, between 250 and 400 mg of homogenized ground sample 

was oxidized with CuO under basic conditions (2 N NaOH) in an oxygen-free atmosphere 

at 150 °C for 90 min in a microwave. After oxidation, samples were spiked with ethyl 

vanillin and trans-cinnamic acid as recovery standards, after which the samples were 

acidified to 1 pH using small volumes of concentrated HCl, and subsequently extracted 

twice using ethyl acetate. Samples were then evaporated under a constant flow of 
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nitrogen gas, reconditioned in pyridine, and derivatized by adding 

bistrimethylsilyltrifluoroacetamide (BSTFA) + 10 % trimethylchlorosilane (TMCS). 

Specific CuO products were quantified by GC-MS (Hewlett Packard 6890 GC System) 

with DB1 column and the HP5973 mass selective detector through selective ion 

monitoring. 
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 Bottom trawling impacts deep 

sedimentary regimes1 

Many studies highlight that bottom trawling activities cause seafloor erosion, but the 

assessment of the remobilization of surface sediments and its relocation is still not well 

documented. In this chapter, these impacts are examined along the flanks and axes of 

three headless submarine canyons incised on the Barcelona continental margin, where 

trawling fleets have been operating for decades. Trawling grounds along canyon flanks 

presented eroded and highly reworked surface sediments resulting from the passage of 

heavy trawling gear. Sedimentation rates on the upper canyon axes tripled and 

quadrupled its natural (i.e. pre-industrialization) values after a substantial increase in 

total horsepower of the operating trawling fleets between 1960s and 1970s. Impacts on 

sedimentation rates were restricted to the upper canyon reaches, next to fishing 

grounds, where sediment resuspended by trawling can be transported towards the 

canyon axes, leaving farther and deeper areas in the canyon unaffected. This chapter 

reinforces the fact that bottom trawling has the capacity to alter natural sedimentary 

environments by promoting sediment-starved canyon flanks and by enhancing 

sedimentation rates in the contiguous axes, independently of canyons’ morphology. 

Considering the global mechanization and offshore expansion of bottom trawling 

fisheries since the mid-20th century, these sedimentary alterations may occur in many 

trawled canyons worldwide, with further ecological impacts in these non-resilient benthic 

communities. 

  

                                                      
1 Chapter based on: Paradis, S., Puig, P., Masqué, P., Juan-Díaz, X., Martín, J., Palanques A. (2017). 
Bottom-trawling along submarine canyons impacts deep sedimentary regimes. Scientific Reports, 7, 
43332; doi: 10.1038/srep43332. 
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3.1. Context and objectives 

The bottom trawling fleet from the whole Catalan margin became industrialized during 

the 1960s-70s, which allowed their expansion to new and deeper bottom trawling 

grounds, mainly located along submarine canyon flanks, to target the coveted red-and-

blue deep-sea shrimp A. antennatus (Alegret and Garrido, 2008; Irazola et al., 1996; 

Sartor et al., 2011). As explained earlier, the seafloor erosion caused by this fishing 

practice increased sedimentation rates in the lower Palamós canyon axis (Martin et al., 

2008; Puig et al., 2015), and similar alterations are expected to occur in other submarine 

canyons incising the Catalan margin. In this chapter, the impacts of bottom trawling are 

assessed in three headless submarine canyons off Barcelona: Arenys, Besòs, and Morràs 

Canyons (Fig. 3.1). These submarine canyons do not incise the continental shelf and are 

presumably less affected by the natural off-shelf transport processes prevailing in the 

Catalan margin (see 1.3.1). Bottom trawling grounds occur in the upper 800 m of the 

flanks of the three canyons and are operated by Barcelona and Arenys trawling fleet. 

 
Figure 3.1 Bathymetric map of the central Catalan margin showing the incised submarine canyons. Colored dots 
indicate VMS positioning over 2005–2011 of bottom trawlers of Vilanova, Barcelona, Arenys, Blanes, and Palamós 
ports (see color code). The studied canyons and locations of sediment cores are indicated by red circles and labelled 
according to their corresponding canyon name (A: Arenys, B: Besòs, M: Morràs). The red star shown in La Fonera 
(Palamós) Canyon axis indicates the location of sediment cores analyzed by Martin et al. (2008) and Puig et al. (2015). 
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3.2. Methods 

3.2.1. Study site 

Arenys, Besòs, and Morràs canyons are the smallest submarine canyons in the central 

Catalan margin, as they do not incise the continental shelf (Fig. 3.1). Morràs Canyon is 

located closest to the shore, at 10 km, and has a wide canyon floor, ranging between 5 

to 7 km in width at all depths (Canals et al., 2013). The canyon has gentle and continuous 

sloping flanks that reach the canyon axis with no important topographic features. Arenys 

and Besòs canyons are located slightly farther from the shoreline, at ~20 km. Besòs 

Canyon has the steepest walls and narrowest canyon floor in comparison to the other 

canyons under study. Arenys Canyon also presents steep walls, but the canyon floor is 

wider than the neighboring Besòs Canyon, ranging between 2 and 4 km in width (Canals 

et al., 2013). 

3.2.2. Sampling 

A total of 10 sediment cores were obtained during several oceanographic cruises aboard 

the R/V García del Cid, following the method explained in 2.2.1. Two cores were taken 

along the flanks of Morràs Canyon and two more at different depths in its axis, whereas 

three sediment cores were collected at different depths along the axes of Besòs and 

Arenys submarine canyons (Table 3.1; Fig. 3.1). 

3.2.3. Analyses 

Dry bulk density and grain size fraction in depth of all sediment cores were determined 

following the method described in 2.3.1. The concentration profiles of excess 210Pb and 

137Cs were quantified following the procedures described in 2.4.3 and sedimentation 

rates were calculated using the CF:CS model over accumulated dry mass, as described 

in 2.4.1. 

Fishing grounds were identified using VMS data spanning from 2005-2011, and vessel 

positionings were separated by harbor, which illustrates how each canyon is generally 

exploited by trawling fleets from a specific harbor (Fig. 3.1). Bottom trawling grounds 

surrounding Morràs, Besòs, and Arenys canyons are mainly visited by Barcelona and 

Arenys trawling fleets. The evolution of fishing effort of trawlers from these harbors was 

extracted from the European database (European Commission Fisheries & Maritime 

Affairs, 2014). Refer to 2.1 for more details on the acquisition of both VMS data and the 

quantification of the historical evolution of bottom trawling.  
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3.3. Results 

Results of the parameters analyzed for all sediment cores are presented separately for 

the three studied canyons. Table 3.1 provides information on the location and sampling 

depth of all sediment cores and summarizes the main parameters derived from 

radionuclide analyses. 

Table 3.1 Sampling data of each core and the main parameters derived from radionuclide analysis of all sediment 
cores (MAR: Mass Accumulation Rate; SAR: Sediment Accumulation Rate). 

Station 
Sampling 

date 
Location 

Depth 

(m) 

Supported 
210Pb 

horizon 

(cm) 

Surface 

excess 
210Pb 

(Bq·kg-1) 

Inventory 

(Bq·m-2) 

Accumulation Rates 

Layers 

(cm) 

MAR 

(g·cm-2·y-1) 

SAR 

(cm·y-1) 

Morràs 1 13/10/2013 
Canyon 

flank 
717 25 180  20 19 600  600 10-25 0.150  0.011 0.207  0.016 

Morràs 2 13/10/2013 
Canyon 

flank 
727 10 55  10 900  100 - - - 

Morràs 3 13/10/2015 
Canyon 

axis 
796 23 410  20 21 800  500 

0-11 0.184  0.009 0.322  0.016 

10-22 0.090  0.005 0.128  0.007 

Morràs 4 13/10/2013 
Canyon 

axis 
987 26 350  20 20 100  500 3-25 0.129  0.005 0.200  0.007 

Besòs 1 15/09/2014 
Canyon 

axis 
810 > 55 230  10 > 54 000 

4-41 0.63  0.06 0.98  0.08 

40-54 0.28  0.03 0.39  0.04 

Besòs 2 28/07/2012 
Canyon 

axis 
1238 28 430  20 19 200  200 

0-12 0.110  0.002 0.205  0.005 

15-28 0.118  0.006 0.180  0.009 

Besòs 3 29/07/2012 
Canyon 

axis 
1487 16 470  20 14 000  200 4-16 0.057  0.002 0.078  0.003 

Arenys 1 28/07/2012 
Canyon 

axis 
1074 20 390  20 20 500  400 

2-14 0.176  0.009 0.297  0.015 

13-20 0.061  0.004 0.078  0.005 

Arenys 2 29/07/2012 
Canyon 

axis 
1410 16 600  30 11 900  200 0-16 0.066  0.004 0.093  0.006 

Arenys 3 29/07/2012 
Canyon 

axis 
1632 15 630  30 11 100  300 0-14 0.061  0.002 0.091  0.003 

3.3.1. Morràs Canyon 

Canyon flank. Sediment cores retrieved along the northern canyon flank of this 

submarine canyon at ~700 m water-depth, where trawling takes place, have similar 

grain size (73% and 25% of silt and clay) and very low sand content (Fig. 3.2). In both 

cores, slight sediment coarsening is present in the upper layers, caused by an increasing 

fraction of sand and reduction of clay. Dry bulk densities of both sediment cores were 

similar in the surface layers (~0.6 g·cm−3). In Morràs 1, dry bulk density increased steadily 

down-core to ~0.8 g·cm−3 at 25 cm, where sediment reached maximum consolidation 

and remained constant with depth, while in Morràs 2 it rapidly reached ~0.8 g·cm−3 in 

the upper 5 cm and remained constant below. 

The concentrations of excess 210Pb in the upper 10 cm of Morràs 1 were constant 

(averaging 196 ± 17 Bq·kg−1) and subsequently decreased until reaching the excess 

horizon at 25 cm, with a total inventory of 19600 ± 600 Bq·m−2 (Table 3.1; Fig. 3.3). A 
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mass accumulation rate of 0.150 ± 0.011 g·cm−2·yr−1 (0.207 ± 0.016 cm·yr−1) was 

estimated from the excess 210Pb concentration profile below the upper mixed layer. In 

Morràs 2, superficial sediments presented low excess 210Pb concentrations (55 ± 10 

Bq·kg−1) that rapidly decreased to a constant 8 ± 2 Bq·kg−1 at 3–10 cm, before reaching 

the excess 210Pb horizon (Fig. 3.3). This profile is characteristic of an eroded profile (see 

Type IV in Fig. 2.4), which impairs the calculation of sedimentation rates in this core. The 

excess 210Pb inventory was of 900 ± 100 Bq·m−2, an order of magnitude lower than in 

Morràs 1.  

Canyon axis. Grain size distributions of sediment cores retrieved from the Morràs 

canyon axis at ~800 m depth (Morràs 3) and ~1000 m depth (Morràs 4) were similar to 

those in the canyon flank, with predominant silt (74%) and clay (24%) fractions and a 

minor presence of sand (< 0.5%) (Fig. 3.2). Dry bulk density profiles of both cores were 

similar, with low values of ~0.4 g·cm−3 at the surface that increased in the upper 10 cm 

to ~0.7 g·cm−3, followed by a steady increase in depth reaching similar maximum 

consolidation (~0.8 g·cm−3) as the sediment cores from the flanks (Fig. 3.2). 

The 210Pb concentration profile of Morràs 3 shows two different decreasing gradients in 

depth, indicating two distinct sedimentary regimes of 0.090 ± 0.005 g·cm−2·yr−1 (0.128 ± 

0.007 cm·yr−1) in the lower sections overlain by a higher sediment mass accumulation 

rate of 0.184 ± 0.009 g·cm−2·yr−1 (0.322 ± 0.016 cm·yr−1) (Fig. 3.3), which are in 

agreement with the 137Cs time-markers: the 1986 Chernobyl accident at 6–7 cm, and the 

1963 maximum fallout at 11–12 cm (Fig. 3.3). The gradually decreasing base of the 137Cs 

profile imply that this radioisotope has presented a certain downward mobility (Ritchie 

and McHenry, 1990; Sanchez-Cabeza et al., 1999) so the 1950s time-marker could not 

be identified.  

On the other hand, there is no evidence of a change in sedimentation rate in Morràs 4 

core, as shown by the single decreasing excess 210Pb slope, below a 4 cm surface mixed 

layer, that corresponds to a sediment accumulation rate of 0.129 ± 0.005 g·cm−2·yr−1 

(0.200 ± 0.007 cm·yr−1). This core did not present clear 137Cs maxima possibly due to 

mixing downcore (see Type II profile in Fig 2.4), although a relative increase at 8 cm 

could correspond to the 1986 Chernobyl accident combined with the 1963 fallout. 

Nevertheless, the sharp base of the 137Cs profile, attributable to the early 1950s, 

validates the 210Pb-derived sedimentation rates. 
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Figure 3.2. Dry bulk density (blue lines) and grain size fraction (grey scales) profiles of sediment cores retrieved in the Morràs Canyon, 
in its flank and axis. 

 
Figure 3.3 Concentration profiles (210Pb in blue and 137Cs in red when applicable) of sediment cores retrieved on fishing grounds of 
the Morràs Canyon flank (1 and 2), and on its axis (3 and 4). 

  

Canyon axisCanyon flank
Morràs 1 Morràs 2 Morràs 3 Morràs 4
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3.3.2. Besòs Canyon 

In the Besòs Canyon, sediment characteristics of the core collected at ~800 m depth 

(Besòs 1) differed slightly from the other deeper sediment cores collected at ~1200 m 

depth (Besòs 2) and ~1500 m depth (Besòs 3). In these latter cores, the grain size 

fractions consisted mainly of silt (76 ± 4% and 66 ± 3%) and clay (23 ± 4% and 33 ± 3%) 

for Besòs 2 and 3 respectively, with a minor sand fraction in both cores (< 0.5%). These 

two cores presented a slight coarsening in the upper layers due to increased silt to clay 

proportion. In the case of Besòs 1, although silt (74 ± 3%) and clay (21 ± 2%) also 

predominated, higher proportions of coarser sediment were present: 5 ± 3% of sand 

along the core and 2–4% of gravel in some deep layers (43–44 cm) (Fig. 3.4). 

Besòs 2 and 3 also presented different dry bulk density profiles from Besòs 1. In Besòs 2 

and 3, bulk density of surface unconsolidated sediment (< 0.4 g·cm−3) rapidly increased 

in the first 10 cm to approximately 0.7 g·cm−3, from where it then gradually increased 

with depth to its maximum consolidation (~0.8 g·cm−3). In the case of Besòs 1, dry bulk 

density increased steadily throughout the whole profile from 0.6 g·cm−3 to almost 0.8 

g·cm−3 in its bottom-most layer (Fig. 3.4), which suggests a higher sedimentation in this 

site in comparison to sediment cores retrieved farther down-canyon. 

The horizon of excess 210Pb profile of Besòs 1 was not reached despite the length of this 

core (55 cm), with an inventory estimated to be greater than 54 000 Bq·m−2. The 

concentration profile of excess 210Pb displays a surface mixed layer in the upper 4 cm, 

followed by two similarly-decreasing trends of 210Pb with equivalent sedimentation 

rates of 0.63 ± 0.06 g·cm−2·yr−1 (0.98 ± 0.08 cm·yr−1) and 0.61 ± 0.04 g·cm−2·yr−1 (0.92 ± 

0.06 cm·yr−1), interrupted by a layer of constant 210Pb concentrations at 25–28 cm, that 

is interpreted to be the result of a rapid sedimentation pulse-event during the early 

1990s (Fig. 3.5). Below 40 cm, a gentler 210Pb slope reveals a lower sedimentation rate 

of 0.28 ± 0.03 g·cm−2·yr−1 (0.39 ± 0.04 cm·yr−1), indicating that recent sedimentation 

rates almost tripled over the early 1970s (Fig. 3.5). These sediment accumulation rates, 

along with the pulse-event, were corroborated by the 137Cs concentration profile, whose 

base, dated in the early 1950s, and the overhead concentration maximum, attributed to 

the 1986 Chernobyl accident, are preserved (Table 3.1; Fig. 3.5). The 1963 time-marker 

is not clearly detected in this core, but based on the shape of the 137Cs concentration 

profile it could correspond to the small peak at 41 cm, which also concurs with the 210Pb-

derived ages. 

In Besòs 2, excess 210Pb concentrations decreased with depth along the core, with an 

intermediate constant concentration between 12 and 15 cm in depth (Fig. 3.5). Similar 



Part II. Physical Impacts of Deep Bottom Trawling 

 54   

sedimentation rates were obtained below and above this layer, 0.118 ± 0.008 g·cm−2·yr−1 

(0.180 ± 0.012 cm·yr−1) and 0.110 ± 0.002 g·cm−2·yr−1 (0.205 ± 0.005 cm·yr−1), 

respectively, interrupted by a rapid sedimentation pulse-event dated in the early 1960s. 

The concentration profile of 137Cs clearly preserves the relative maxima corresponding 

to the Chernobyl accident in 1986, which agrees with the 210Pb-derived ages (Fig. 3.5). 

The 1963 time-marker is not easily identifiable, since it is affected by the presence of 

the pulse-event, although a concentration maximum at 14 cm may suggest its presence 

during this episode, which also concurs with 210Pb-derived ages. In depth, the 1950s 

time-marker is not identified since the gradually-decreasing concentration of 137Cs at 

the base of this profile indicates some downward mobility of this radioisotope (Table 

3.1; Fig. 3.5). 

Farther down-canyon, the 210Pb concentration profile of Besòs 3 revealed a 5 cm surface 

mixed layer, overlaying a sedimentation rate of 0.057 ± 0.002 g·cm−2·y−1 (0.078 ± 0.003 

cm·y−1). This sedimentation rate is corroborated by the 137Cs relative maximum at 5 cm, 

which is attributed to the 1963 peak fallout (Fig. 3.5). Considering the low sedimentation 

rate of this sediment core, 137Cs may have been subjected to minor mobility, displacing 

the base of 137Cs slightly downwards (Fig. 3.5). The 1986 Chernobyl time-marker is not 

preserved, as it would have been located in the surface mixed layer. 

 
Figure 3.4 Dry bulk density (blue lines) and grain size fraction (grey scales) profiles of sediment cores retrieved in the 
Besòs Canyon axis. 

Besòs 1 Besòs 2 Besòs 3
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Figure 3.5 Concentration profiles (210Pb in blue and 137Cs in red when applicable) of sediment cores retrieved in the 
Besòs Canyon axis. Note the change of scale for the depth and excess 210Pb axes of Besòs 1. 

3.3.3. Arenys Canyon 

Sediment cores retrieved along the Arenys Canyon axis at ~1100, ~1400 and ~1650 m 

depth consist mostly of silt (74%) and clay (25%), with minor sand fraction (< 0.5%). As 

observed in the other canyons, there is also a gradual coarsening of grain size in the 

upper layers caused by an increase in the contents of silt (Fig. 3.6). 

Dry bulk density in Arenys 1 steadily increased from ~0.4 g·cm−3 at the surface to ~0.9 

g·cm−3 at 15 cm in depth, remaining constant down to the bottom of the core. For both 

Arenys 2 and 3, dry bulk density increased more rapidly, reaching ~0.8 g·cm−3 at about 

10 cm (Fig. 3.6). 

The excess 210Pb concentration profile of Arenys 1 presents a thin surface mixed layer of 

2 cm and, below, two distinct slopes attributable to two different sediment 

accumulation rates: 0.061 ± 0.004 g·cm−2·yr−1 (0.078 ± 0.005 cm·y−1) that increased to 

0.176 ± 0.009 g·cm−2·yr−1 (0.297 ± 0.015 cm·y−1) in the early 1970s. These sediment 

accumulation rates are confirmed by the three identified 137Cs time-markers (Fig. 3.7; 

Table 3.1). The higher sedimentation rate in the upper layers is also evident in the dry 

bulk density profiles, where sediment in these layers presented a lower compaction with 

depth compared to Arenys 2 and 3 (Fig. 3.6). 

For cores Arenys 2 and 3, excess 210Pb concentrations decrease following a single trend 

in each core, with comparable sediment accumulation rates: 0.066 ± 0.004 g·cm−2·yr−1 
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(0.093 ± 0.006 cm·yr−1) for Arenys 2 and 0.061 ± 0.002 g·cm−2·yr−1 (0.091 ± 0.003 cm·yr−1) 

for Arenys 3 (Fig. 3.6; Table 3.1). 

 
Figure 3.6 Dry bulk density (blue lines) and grain size fraction (grey scales) profiles of sediment cores retrieved in the 
Arenys Canyon axis. 

 
Figure 3.7 Concentration profiles (210Pb in blue and 137Cs in red when applicable) of sediment cores retrieved in the 
Arenys Canyon axis. 

Arenys 1 Arenys 2 Arenys 3
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3.3.4. Evolution of the fishing fleet. 

The Barcelona trawling fleet experienced its greatest expansion during the 1950–1970s, 

when the total number of operating trawlers doubled (from 12 to 24 active trawlers) 

with the construction of new and more powerful vessels (Fig. 3.8a), leading to a 5-fold 

increase in registered total horsepower (from 1050 to 5500 HP). Total horsepower of 

this fishing fleet peaked during the 1990s, after which it decreased by 30% (from ~7300 

HP to ~5100 HP) along a noteworthy dismantling of 29 trawlers, replaced by 14 new 

trawlers. Despite this net decrease, the average horsepower still increased by 50% over 

this period (Fig. 3.8a). 

The growth of the Arenys trawling fleet was delayed by a decade in comparison to 

Barcelona and it occurred over the 1960–1980s, also doubling (from 8 to 17) and leading 

to an almost 6-fold increase in registered total horsepower (from 750 to 4350 HP). These 

increases were accompanied by a three-fold increase in average horsepower over this 

period (Fig. 3.8b). As with the Barcelona fishing fleet, total horsepower peaked over the 

1990s and then almost halved over the following decades (from ~5500 HP to ~3100 HP), 

with 15 trawlers dismantled and replaced by 9 new ones. Despite this overall decrease, 

the average horsepower remained constant during this period (Fig. 3.8b). 

 
Figure 3.8 Evolution of the Barcelona (a) and Arenys (b) trawling fleets in terms of total horsepower, average 
horsepower, and entry and removal of vessels. Number of bottom trawlers entering and exiting the active fleet are 
shown over a two-year interval. 
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3.4. Discussion 

Several impacts caused by bottom trawling are evident in the sediment cores collected 

in the Barcelona continental margin (Fig. 3.1). Regarding the alterations observed on 

trawled canyon flanks, Morràs 1 (~700 m depth), exhibits constant excess 210Pb 

concentrations in the upper 10 cm which are lower than expected considering the depth 

this core is located at (Sanchez-Cabeza et al., 1999). This might result from the piling of 

overworked sediments by the passage of trawling gears (see Type III profile in Fig. 2.4), 

as evidenced on ROV footage of trawled flanks of Palamós Canyon (Puig et al., 2012). 

Surface excess 210Pb concentrations of the adjacent sediment core Morràs 2, also 

retrieved on fishing grounds at ~700 m depth, were an order of magnitude lower than 

in Morràs 1, while the horizon of excess 210Pb and the maximum consolidation of 

sediment were reached at barely 10 cm (Fig. 3.3), leading to a substantially lower 

inventory of 900 ± 100 Bq·m−2 in comparison to 19600 ± 600 Bq·m−2 calculated for 

Morràs 1 (Table 3.1). All this suggests that a significant amount of sediment was 

removed by the passage of heavy trawling gears (see Type IV profile in Fig. 2.4), which 

can be estimated as almost a century-worth of sediment that had been previously 

deposited in this area. The constant excess 210Pb concentrations observed between 3 

and 10 cm can be related to heavily reworked sediments homogenized by the passage 

of the trawling gear, further highlighting the capacity of otter trawls to erode and 

homogenize the seafloor. 

Concerning the cores taken within the canyon axes, increases in sedimentation rates 

were observed in all sediment cores retrieved in the upper canyon region (i.e., Morràs 

3, Besòs 1 and Arenys 1), starting synchronously in the late 1960s - early 1970s (Figs. 3.3, 

3.5, 3.7). These increases are unlikely attributable to the arrival of allochthonous 

sediments transported by natural processes, since there is no evidence of an 

intensification of dense shelf water cascading events nor significant changes in the 

frequency and intensity of storms along this margin since the 1950s (Jiménez et al., 

2012). Moreover, the sediment yields from rivers discharging in the area have drastically 

reduced by 75 to 90% since the early 1960s, mostly due to river damming, limiting the 

riverine sediment inputs to the margin (Liquete et al., 2009). Therefore, the increases in 

sedimentation rates within submarine canyons have been interpreted as being 

associated to the sediment resuspension by trawling activities since their 

industrialization (Fig. 3.8), advected by the regional Northern Current. The excess 210Pb 

concentration profiles in these cores indicate that this enhanced sedimentation is a 

continuous process and cannot be the result of localized sediment mass-transport 
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event. If so, they would have generated non-steady 210Pb profiles or levels of constant 

excess 210Pb concentrations, and possibly a distinct signature in the grain size fraction 

associated to these events. In this regard, only the shallower cores collected in the Besòs 

Canyon exhibited sediment layers that could be interpreted as generated by rapid 

sedimentation events, most likely derived from slope instabilities and mass failures from 

the canyon flanks (see discussion below). 

 
Figure 3.9 Trawl-induced and natural sediment accumulation rates in the studied submarine canyons. Stacked bars 
are divided by the natural sedimentation rate and the overall enhancement of sedimentation rates as a consequence 
of trawling modernization (trawling-induced) sediment resuspension associated to this activity. Numbers next to each 
sediment core affected by trawling activities indicate the increase factor of sedimentation associated to trawling 
activities after the industrialization of the trawling fleet (1960s–1970s). 

Within the Morràs canyon, only Morràs 3, collected at ~700 m depth and located within 

the trawling depths of the Barcelona fleet, presents a significant (threefold) increase of 

sediment accumulation rate during the early 1970s. Despite the closeness of Morràs 4 

to trawling grounds, it remained unaffected. This sediment core was collected at ~1000 

m depth, deeper in relation to the trawlers’ 800 m maximum depth extension, thus 

being out of reach of the advection of resuspended sediment that could ultimately alter 

its sedimentation rates (Figs. 3.3 and 3.9). 

In the narrow Besòs canyon axis, only Besòs 1 located in the upper canyon, at ~800 m 

depth and down-current of trawling grounds, showed a threefold increase in 
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sedimentation rates during the early 1970s (Fig. 3.5). Both this sediment core and Besòs 

2, located at ~1200 m depth, presented sediment pulse-events, evidenced by layers of 

constant 210Pb concentrations along with constant grain size throughout the cores (Fig. 

3.5). As previously mentioned, these events may result from submarine canyon slope 

failures, which are usually triggered by external factors that can destabilize sediment 

along the canyon flanks (Puig et al., 2014). These pulse-events occurred in coincidence 

with maximum total horsepower in 1990s for Besòs 1 and the period of greatest 

modernization of the fishing fleet in the early 1960s for Besòs 2 (Figs. 3.5 and 3.8), 

suggesting that this rapid accumulation may also have been set off by trawlers. After 

these events, sedimentation rates returned to those enhanced by trawling in Besòs 1 

and to the rates not affected by trawling in Besòs 2, since this sediment core is out of 

reach of the enhanced input of trawling-derived sediment transfer (Figs. 3.5 and 3.9), as 

is the case of Besòs 3, located further down-canyon at ~1500 m depth. 

Finally, the Arenys canyon axis presented a fourfold increase in sediment accumulation 

rates in the early 1970s on the shallower coring site next to trawling grounds, whereas 

sedimentation rates remained unaffected in deeper canyon areas located farther from 

the trawled flanks (Figs. 3.7 and 3.9). 

Our observations provide new evidences of the capacity of trawling activities to modify 

natural sedimentary processes in continental slope environments. Trawling-induced 

alterations of sedimentation processes within the studied submarine canyons is limited 

to their upper reaches, where sedimentation rates tripled and quadrupled since the 

expansion of the operating trawling fleet (Fig. 3.8). These results highlight that the 

effects of trawling in canyon sedimentary regimes are confined to a specific area 

downslope from trawling grounds, leaving farther and deeper areas in the canyon 

unaffected (Fig. 3.9). Our study suggests that submarine canyons that support bottom 

trawling grounds, including those non-incised in the continental shelf, can have altered 

sedimentary regimes along their axes, creating anthropogenic sediment depocenters. 

Indeed, the evolution of the trawling fleets of the ports of Barcelona and Arenys are not 

only in accordance with those of the port of Palamós (Martín et al., 2008), but also with 

all bottom trawler fisheries operating in the Mediterranean Sea, which have shifted their 

target species to deep-water crustaceans over this same period (Sartor et al., 2011).The 

most relevant bottom trawling European fisheries in the Mediterranean Sea (Italy, 

Spain, and Greece) grew substantially between the 1960s and 1980s (Fig. 3.10). This 

modernization is especially evident for the Italian trawling fleet, which experienced an 

order of magnitude increase of its fishing fleet and total horsepower, while Spain and 

Greece tripled the number of operating vessels and total horsepower during this period 
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(Fig. 3.10). Taking this into account and the extension of trawling activities along the 

canyoned Mediterranean margin (Würtz, 2010), it is likely that other European 

submarine canyons have experienced perturbations in their sedimentary regimes: 

transformation of canyon flanks into sediment-starved areas and enhancement of 

sedimentation rates within the proximal canyon axis. Considering the global expansion 

of deep bottom trawling fisheries (Puig et al., 2012), similar impacts might be occurring 

in other submarine canyons at a global scale. 

 
Figure 3.10 Distribution of bottom-trawling ports of the most relevant fisheries in the Mediterranean Sea: Italy, 
Greece, and Spain. Graphs indicate evolution of each countries’ trawling fleets in terms of total horsepower, average 
horsepower, and entry and removal of vessels. Number of bottom trawlers entering and exiting the active fleet are 
shown over a five-year interval. Note the greater scales of total horsepower and number of entering and exiting 
trawlers of Italy. 

Until recently, the awareness of the impacts of bottom trawling has been mostly 

restricted to fishing grounds (Clark et al., 2016; Thrush and Dayton, 2002), but trawling-

derived alterations are not limited to this area. The enhanced sedimentation rates 

evidenced in Palamós (Martín et al., 2008; Puig et al., 2015), and now in Arenys, Besòs, 

and Morràs canyons, which have received three to four times more sediment since the 

1970s, can lead to several ecological implications. Indeed, deep-sea benthic suspension 

feeders are more vulnerable to variations in suspended sediment concentrations, and 

certain species of deep-sea sponges and corals can stop their feeding mechanisms at 

high suspended sediment concentrations (Brooke et al., 2009; Grant et al., 2018). 

Submarine canyons are important habitats for cold-water corals which only occupy 

areas where hydrodynamics prevent high sedimentation rates (Gori et al., 2013). Recent 

ROV footage of Palamós Canyon have identified scarce cold-water coral colonies in areas 
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with presumably high trawling-derived sediment input induced by trawling along the 

contiguous flank, suggesting that sediment concentrations have surpassed these corals’ 

threshold (Lastras et al., 2016). On the other hand, sediment that is being accumulated 

come from nutrient-depleted sediment found on trawling grounds (Pusceddu et al., 

2014; Sañé et al., 2013), which may also affect the trophic status of benthic communities 

in these deep environments that rely on the arrival of sediment rich in organic matter. 

These extended impacts of trawling activities within canyon axes should be considered 

when establishing deep bottom-trawling regulations. 

3.5. Conclusions 

The digging action of bottom trawling gear overturns sediment, modifying the seabed, 

but is also capable of resuspending large volumes of sediment, eroding the seafloor. The 

impacts generated by this activity are not limited to bottom trawling grounds. 

Resuspended sediment by bottom trawling gear can be advected into the canyon, 

tripling and quadrupling sedimentation rates deep within the axes of Morràs, Besòs, and 

Arenys canyons. These anthropogenically-enhanced sedimentation rates were 

evidenced in the upper canyon reaches, in areas that are adjacent and directly down-

current from bottom trawling grounds. 

Given that even these small, non-incising canyons with low capacity of intercepting 

suspended particles also present trawling-derived enhancements in sedimentation rates 

within their axes highlights that these impacts could be occurring worldwide. Submarine 

canyons that sustain bottom trawling grounds could all have become anthropogenic 

sediment depocenters, which could cause further ecological impacts in their deep fragile 

communities. More studies are needed to see the extent of the alterations of deep 

sedimentary regimes caused by this activity. 
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 Spatial distribution of 

sedimentation-rate increases in Blanes 

Canyon caused by technification of 

bottom trawling fleet.1 

In this chapter, a detailed study of 15 sediment cores from Blanes Canyon and its 

immediate surroundings was conducted to compare historic sedimentation rates and 

evaluate the possible impact of bottom-trawling on the sedimentary regimes over the 

past century. Sedimentation rates in the upper canyon axis (900 - 1200 m) had the highest 

rates of 0.9–2.1 cm·yr-1, quantified since the 1970s. Farther downcanyon, sedimentation 

rates increased two to five times after the 1970s, from 0.1–0.2 cm·yr-1 to 0.2–0.8 cm·yr-

1, which coincides with a rapid growth of the total engine power of the fishing fleet 

operating in the study area. The enhanced sedimentation rates occur downslope of the 

main fishing grounds and decrease downcanyon as the distance from trawling grounds 

increases. Natural sedimentation rates (pre-1970s) at similar along-canyon distance from 

shore in the untrawled continental slope (900 - 1500 m) and in the lower canyon axis 

(1500 - 2200 m) are comparable (0.08–0.20 cm·yr-1), suggesting distance from coastal 

sediment sources as the main control on regional sedimentation in deeper parts of the 

margin, but sedimentation rates in canyons can be intensified by bottom trawling. While 

submarine canyons have been regarded as preferential cross-margin conduits for 

sediment dispersal, they can also potentially function as modern depocenters for 

trawling-derived sedimentation. 

  

                                                      
1 Based on: Paradis, S., Puig, P., Sánchez-Vidal, A., Masqué, P., Garcia-Orellana, J., Calafat, A., Canals, M. 
(2018b). Spatial distribution of sedimentation-rate increases in Blanes Canyon caused by technification 
of bottom trawling fleet. Progress in Oceanography, 169, 241-252; doi: 10.1016/j.pocean.2018.07.001. 
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4.1. Context and objectives 

In the previous chapter, we suggested that, considering the global mechanization and 

offshore expansion of trawling grounds to deeper habitats since the mid-XXth century, 

all trawled submarine canyon systems could be acting as anthropogenic sediment 

depocenters, with enhanced sedimentation rates since the onset of the technification 

of the trawling fleets. This previous chapter also concluded that trawling-enhanced 

sedimentation are limited to the upper canyon axes, adjacent to bottom trawling 

grounds along the flanks. However, intra-canyon variability of sedimentation rates 

derived from trawling activities still remains unknown. 

This chapter is focused on Blanes Canyon, which also supports important bottom 

trawling grounds around its rim and flanks, as well as in the upper reaches of the canyon 

head (Fig. 4.1). Impacts of trawling activities within this canyon have been previously 

inferred from the anomalous downward fluxes of particulate matter recorded by 

moored sediment traps in the canyon axis during calm summer months (Lopez-

Fernandez et al., 2013b). Sedimentation rates in certain areas of the Blanes Canyon 

region have been described by Zúñiga et al., (2009), but the potential contribution of 

trawling-induced sediment resuspension on such rates was not considered. This chapter 

provides a wider spatial and temporal analysis of recent sediment accumulation rates 

within and around Blanes Canyon. By analyzing several sediment cores collected along 

the canyon’s axis and in both flanks, we aim to assess the spatial distribution and 

magnitude of the impacts generated by bottom trawling on the canyon’s sedimentary 

record. 
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Figure 4.1 Bathymetric map of the Blanes Canyon region and the position of the sediment cores analyzed in this 
chapter, color coded based on their location in the canyon: eastern canyon flank and open slope in green, western 
canyon flank and open slope in blue, and canyon axis in red (see Table 4.1). The main trawling grounds are 
represented with grey dots, corresponding to Vessel Monitoring System (VMS) positioning of operating trawlers 
between 2005 and 2011. Contour lines are shown every 100 m. The positioning of sediment cores collected in Arenys 
Canyon (Chapter 3) are also shown in yellow. 
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4.2. Methods 

4.2.1. Study site 

Blanes Canyon is one of the most prominent submarine canyons incising the central 

Catalan margin, with greatest incision length on the shelf (16.2 km) while its canyon 

head parallels the shore at less than 4 km (Canals et al., 2013). It is a fault-like 

indentation that cuts the continental shelf generally on a N-S direction, separating the 

non-depositional La Planassa shelf to the East from the depositional Barcelona shelf to 

the West (Durán et al., 2014, Fig. 4.1). The canyon’s flanks present contrasting 

morphology: the western flank presents a rugged topography caused by erosional 

mechanisms, while the eastern flank has been smoothened apparently by steady 

sediment accumulation processes (Lastras et al., 2011). The Northern Current often 

forms meanders and eddies that, when passing over Blanes Canyon, create upwelling or 

downwelling flow regimes (Flexas et al., 2008; Jorda et al., 2013). An intermediate 

nepheloid layer is usually found year-round in the canyon at 600-800 m water depth, 

associated to the boundary of the Levantine Intermediate Waters (LIW) and the Western 

Mediterranean Deep Water (WMDW) (Zúñiga et al., 2009). 

Several small torrential rivers discharge near the Blanes Canyon area during storm-

induced flash floods, generally supplying coarse-grained sediments (Liquete et al., 2009; 

Rovira et al., 2005). The Tordera River has the greatest annual water discharge (7.2 m3·s-

1) and its mouth is located 5 km East from Blanes Canyon (Fig. 4.1). The continuous input 

of sediment has created a prodelta at the mouth of the Tordera River which extends 5 

km southwestwards, shaped by the direction of the littoral drift (Durán et al., 2013). 

Recent studies have proven that rivers are not a significant source of sediment within 

Blanes Canyon, since only a small portion of its sediment load reaches the canyon’s 

interior (Durán et al., 2013; Lopez-Fernandez et al., 2013b; Zúñiga et al., 2009).  

Large amounts of sediment are transferred into Blanes Canyon as a result of eastern 

storms occurring in autumn and winter, which generate large swell and intense currents 

that can resuspend large amounts of sediment and erode the coastline and inner shelf 

(Sanchez-Vidal et al., 2012; Pedrosa-Pàmies et al., 2013). Particulate matter fluxes 

supplied by these events are mostly limited to the upper canyon, where coarse sediment 

is preferentially deposited, whereas finer OC-rich sediment is transported farther, 

reaching greater depths (Pedrosa-Pàmies et al., 2013). 
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4.2.2. Sampling 

A total of 15 sediment cores were collected in Blanes Canyon during three cruises 

conducted in 2003, 2008 and 2012 onboard the R/V García del Cid using a K/C Denmark 

multicorer (Fig. 4.1, Table 4.1). In July 2003, in the framework of the RECS project, 

sediment cores were retrieved from the eastern canyon flank (C1 and C4), from the 

canyon axis (C2), from the western canyon flank (C3), and from the eastern open slope 

(C5). These cores, partially analyzed by Zúñiga et al. (2009), have been renamed here to 

C1-600, C2-1700, C3-900, C4-900, C5-1500, according to their sampling water depths. 

During this cruise, sediment samples were sliced on deck at 0.5 cm interval between 0 - 

5 cm, then at 1 cm interval between 5 - 20 cm, at 2 cm interval between 20 - 30 cm, and 

at 5 cm interval throughout the rest of the cores (Zúñiga et al., 2009). In October 2008, 

as part of the PROMETEO project, four sediment cores were collected within the canyon 

axis at 300, 900, 1200, and 1500 m water depths (BC300, BC900, BC1200, BC1500), and 

at the western open slope at 900, 1200, 1500 m water depths (OS900, OS1200, OS1500). 

Between 5 and 8 cm3 of sediment were extracted using plastic syringes at specific depths 

for each core. In March 2012 during a DOSMARES cruise, three additional sediment 

cores were collected within the Blanes canyon axis at 1750, 2000, and 2200 m depth 

(BC1750, BC2000, BC2200). These sediment cores were sliced on deck at 0.5 cm interval 

between 0–5 cm, and then every centimeter for the lower portion of the core. 

Table 4.1 Data of the sediment cores analyzed, sorted based on its location respect to Blanes Canyon. Sediment 
cores obtained during the RECS survey have been published by Zúñiga et al. (2009). 

Sediment 
core 

Location Depth 
(m) 

Latitude 
(ºN) 

Longitude 
(ºE) 

Sampling 
date 

Research 
cruise 

C1-600 Eastern canyon flank 668 41º 30.94' 2º 55.01' 10/07/2003 RECS 

C4-900 Eastern canyon flank 902 41º 19.30' 2º 57.19' 10/07/2003 RECS 

C5-1500 Eastern open slope 1513 41º20.10' 3º 12.88' 10/07/2003 RECS 

C3-900 Western canyon flank 964 41º 54.60' 2º 48.19' 11/07/2003 RECS 

OS900 Western open slope 952 41º 15.65' 2º 48.92' 26/10/2008 PROMETEO 

OS1200 Western open slope 1294 41º 12.53' 2º 48.77' 26/10/2008 PROMETEO 

OS1500 Western open slope 1512 41º 08.32' 2º 54.31' 26/10/2008 PROMETEO 

BC300 Canyon axis 249 41º 38.50' 2º 51.02' 27/10/2008 PROMETEO 

BC900 Canyon axis 830 41º 34.17' 2º 51.03' 27/10/2008 PROMETEO 

BC1200 Canyon axis 1180 41º 31.03' 2º 51.15' 27/10/2008 PROMETEO 

BC1500 Canyon axis 1465 41º 27.36' 2º 52.54' 27/10/2008 PROMETEO 

C2-1700 Canyon axis 1730 41º 22.34' 2º 51.54' 10/07/2003 RECS 

BC1750 Canyon axis 1748 41º 21.52' 2º 52.07' 14/03/2012 DOSMARES 

BC2000 Canyon axis 1980 41º 14.90' 2º 52.97' 14/03/2012 DOSMARES 

BC2200 Canyon axis 2196 41º 06.30' 3º 10.44' 14/03/2012 DOSMARES 
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4.2.3. Analyses 

Dry bulk densities and grain size fractions of all sediment cores were obtained following 

the procedures explained in 2.3.1. 

Concentration profiles of excess 210Pb were quantified in all sediment cores following 

the procedures described in 2.4.3. Sedimentation rates were calculated from excess 

210Pb concentration profiles following the CF:CS model (Krishnaswamy et al., 1971) as 

described in 2.4.1. 

The spatial distribution of VMS data (refer to 2.1 for more details) from 14 trawlers 

operating around Blanes Canyon between 2005 - 2011 is given in Fig. 4.1, indicating the 

current trawling grounds in this canyon. 

4.3. Results 

Estimated sedimentation rates over the last century are presented in the following 

sections, grouped based on their location in Blanes Canyon: along the eastern and 

western canyon flanks and open slopes, and within the canyon axis (Table 4.2; Figs. 4.3, 

4.5, 4.7). Excess 210Pb concentration profiles from cores collected during the RECS 

project (C1-600, C2-1700, C3-900, C4-900, and C5-1500) have been presented previously 

in Zúñiga et al. (2009), but additional samples have been analyzed in these cores to 

refine the calculation of sedimentation rates. 

4.3.1. Eastern canyon flank and open slope 

East of Blanes Canyon, sediment cores were collected in a trawled canyon flank (C1-

600), an untrawled and relatively flat canyon flank area (C4-900), and at the base of a 

steep continental slope region (C5-1500) (Fig. 4.1). Dry bulk density increased rapidly 

downcore in the upper 5 cm, from ∼0.2 to ∼0.8 g·cm-3 in C1-600 and C4-900, and from 

∼0.6 g·cm-3 to ∼0.9 g·cm-3 for C5-1500 (Fig. 4.2). Sediment cores were mainly composed 

of silt and clay, although the trawled C1-600 had coarser sediment fractions, with 73% 

silt, 25% clay, and 2% sand on average, in comparison to the untrawled C4-900 and C5-

1500 cores, which had 65% silt, 35% clay, and negligible sand content (Table 4.2). 
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Figure 4.2 Dry bulk density profiles of sediment cores located along the eastern canyon flank and open slope of Blanes 
Canyon 

 
Figure 4.3 Excess 210Pb concentration profiles of sediment cores located along the eastern canyon flank and open 
slope of Blanes Canyon, indicating their average sedimentation rates. Note that profiles and fittings are represented 
based on sediment core depth, whereas determination of sedimentation rates through the CFCS model is performed 
using cumulative dry mass (see Section 2.4.1). 

The excess 210Pb concentration profile of C1-600 showed constant concentrations in the 

upper 25 cm of 173  23 Bq·kg-1, and a trend of decreasing excess 210Pb concentrations 

from 25–40 cm with an average sediment accumulation rate of 0.30 ± 0.03 cm·yr-1 (Fig. 

4.3, Table 4.2). In C4-900, the excess 210Pb concentrations presented a surface mixed 

layer in the upper 3 cm that overlay a steadily decaying section of the profile with an 

average sedimentation rate of 0.091  0.003 cm·yr-1. Similarly, C5-1500 showed a steady 

sedimentation profile, with an average rate of 0.091  0.013 cm·yr-1 (Fig. 4.3, Table 4.2). 

4.3.2. Western canyon flank and open slope 

On the western canyon flank, core C3-900, located immediately downslope of a fishing 

ground (Fig. 4.1), had high dry bulk densities ranging from ∼0.5 to ∼1.5 g·cm-3 (Fig. 4.4). 
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Sediments were mostly composed of silt (66%) and clay (24%), with a sand content of 

10% (Table 4.2). Excess 210Pb was present down to 18 cm depth, but the concentration 

profile had no trend with depth, with sustained low values that ranged from 2 to 33 

Bq·kg-1 (Fig. 4.5). 

 
Figure 4.4 Dry bulk density profiles of sediment cores located along the western canyon flank and open slope of 
Blanes Canyon 

Sediment cores OS900, OS1200, and OS1500, collected on the open slope and in the 

interfluve between Blanes and Arenys submarine canyons (Fig. 5.1), had dry bulk 

densities that increase slightly downcore from ∼0.7 g·cm-3 to ∼0.8 g·cm-3 (Fig. 4.4). Grain 

sizes were similar in all three sediment cores, composed mostly of silt (53 - 57%) and 

clay (41 - 45%), and very minor sand (~2%) (Table 4.2). Excess 210Pb concentration 

profiles for both OS900 and OS1200 gradually decreased with depth, yielding constant 

average sedimentation rates of 0.178 ± 0.004 cm·yr-1, and 0.094 ± 0.003 cm·yr-1, 

respectively (Table 4.2; Fig. 4.5). In core OS1500, the supported 210Pb concentrations 

were not reached due to the short length of the core (10 cm). Excess 210Pb 

concentrations were constant (60 ± 4 Bq·kg-1) between 2 and 5 cm in depth due to 

bioturbation. Below this mixed layer, an upper estimate of 0.076 ± 0.013 cm·yr-1, was 

obtained using the 210Pb data between 5 and 10 cm (Table 4.2; Fig. 4.5). 

 
Figure 4.5 Excess 210Pb concentration profiles of sediment cores located along the western canyon flank and open 
slope of Blanes Canyon, indicating their average sedimentation rates. Note that profiles and fittings are represented 
based on sediment core depth, whereas determination of sedimentation rates through the CFCS model is performed 
using cumulative dry mass (see Section 4.2.1). 
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4.3.3. Canyon axis 

In the canyon axis, the highest dry bulk densities of ∼1.0 to ∼1.2 g·cm-3 (Fig. 4.6) were 

measured in core BC300 at the trawled region of the canyon head (Fig. 4.1). This core 

also had the coarsest sediment with high silt (42%) and sand (37%) contents, and a 

reduced clay fraction (24%) compared to other cores (Table 4.2). Sediments of the cores 

retrieved deeper in the canyon axis (BC900, BC1200, BC1500, C2-1700, BC1750, BC2000 

and BC2200; Fig. 4.1), had relatively low dry bulk densities in the upper sections (∼0.5 

g·cm-3), which gradually increased to 0.8 - 0.9 g·cm-3 with depth (Fig. 4.6). Mean grain 

size generally decreased with distance downslope from the canyon head, reflecting 

reduced sand and greater silt and clay contents (Table 4.2; Fig. 4.6), except in BC2200, 

where the coarsest horizon was at 15 - 22 cm core depth, accounting for higher dry bulk 

density values of ∼1.5 g·cm-3 (Fig. 4.6). 

 

Figure 4.6 Dry bulk density profiles of sediment cores located along the Blanes canyon axis. 
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At 300 m in the canyon axis (BC300), the excess 210Pb concentrations were relatively 

constant in the upper 4 cm (90 ± 9 Bq·kg-1) attributed to surface mixing. Below, excess 
210Pb concentrations decreased down to 15 cm from which a sedimentation rate of 0.14 

± 0.01 cm·yr-1 was calculated for the last century (Fig. 4.7; Table 4.2). 

Deeper in the canyon at 900 m (BC900), the excess 210Pb horizon was not reached 

despite the 45 cm length of the core due to high sedimentation rates at this site. Excess 

210Pb concentrations decreased from 284  14 Bq·kg-1 to 136  8 Bq·kg-1, and an average 

sedimentation rate of 2.1  0.2 cm·yr-1 was calculated since the mid-1980s (Fig. 4.7; 

Table 4.2). Further downcanyon in BC1200, the horizon of excess 210Pb was not reached 

at 40 cm, either, and the bottom sections had constant excess 210Pb concentrations of 

82  5 Bq·kg-1. An average sediment accumulation rate in the upper 34 cm of 0.88  0.03 

cm·yr-1, was obtained (Fig. 4.7; Table 4.2). In core BC1500, the concentration profile of 

excess 210Pb had two decreasing trends: a slow decrease in the top 25 cm, from which 

an average sedimentation rate of 0.81  0.04 cm·yr-1, was estimated, overlaying a 

steeper decline that correspond to a lower sedimentation rate of 0.20  0.02 cm·yr-1 

(Fig. 4.7; Table 4.2). This change in sedimentation rate occurred in the 1970s. Similarly, 

core BC1750 also had two distinct sections of excess 210Pb concentration decay, with a 

change in slope at 22 cm core depth. An average sedimentation rate of 0.68  0.03 cm·yr-

1, was estimated for the upper 22 cm, whereas a lower sedimentation rate of 0.23  0.01 

cm·yr-1, was obtained in the bottom layer (Fig. 4.7; Table 4.2). As with BC1500, 

sedimentation rates in this core shifted in the 1970s. 

In core C2-1700, located less than 2 km from BC1750 and described by Zúñiga et al. 

(2009), the excess 210Pb concentration profile presented lower values in the upper 13 

cm, ranging from 40 Bq·kg-1 at 2 cm to 300 Bq·kg-1 at 13 cm, the latter similar to surface 

excess 210Pb concentrations measured in the adjacent BC1750 sediment core (Fig. 4.7). 

Below 13 cm, the profile had two decreasing trends from which an average 

sedimentation rate of 0.67  0.04 cm·yr-1 was calculated at 13–29 cm, which overlaid a 

lower average sedimentation rate of 0.121  0.006 cm·yr-1, at 29–40 cm (Fig. 4.7; Table 

4.2). According to these sedimentation rates and ignoring the uppermost low-210Pb 

concentration layer, the change in steady sedimentation occurred in the 1970s, with a 

similar post-1970s sedimentation rate than the adjacent BC1750. 

Farther downcanyon at 2000 m water depth, the excess 210Pb concentration profile in 

BC2000 showed two decreasing trends of excess 210Pb concentrations, interrupted by 

constant excess 210Pb concentrations at 8 - 12 cm (85  11 Bq·kg-1). An average 

sedimentation rate of 0.20  0.01 cm·yr-1 was estimated for the upper 8 cm, and a lower 
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sedimentation rate of 0.093  0.005 cm·yr-1 was calculated in the bottom 12 - 18 cm 

(Fig. 4.7; Table 4.2). According to this age model, this change in sedimentation rate 

occurred in the mid-1970s. Finally, core BC2200 located at the mouth of the canyon had 

a gradually decreasing trend of excess 210Pb concentration down to 11 cm, from which 

an average sedimentation rate of 0.075  0.004 cm·yr-1, was calculated (Fig. 4.7; Table 

4.2). 

 
Figure 4.7 Excess 210Pb concentration profiles of sediment cores retrieved along Blanes Canyon axis, indicating their 
average sedimentation rates. Note that profiles and fittings are represented based on sediment core depth, whereas 
determination of sedimentation rates through the CFCS model is performed using cumulative dry mass (see Section 
4.2.1). 
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Table 4.2 Main parameters of the sediment cores, averaging values of grain size fractions for each core. Sedimentation rates are 
given in mass accumulation rate (MAR) and sediment accumulation rates (SAR). 

Core 
Length 

(cm) 

Grain size fraction 
(%) Mean 

grain size 
(µm) 

Surface 
excess 

210Pb 
(Bq·kg-1) 

Excess 
210Pb 

horizon 
(cm) 

Sedimentation rates 

Sand Silt Clay 
Layers 
(cm) 

MAR 
(g·cm.-2·yr-1) 

SAR 
(cm·yr-1) 

C1-600 47 2 73 25 15.3 219  14 40 
0 - 25 Mixing / reworked sediment 

25 - 40 0.25  0.03 0.30  0.03 

C4-900 40 0 65 35 9.0 513  19 12 
0 - 3 Mixing 

3 - 12 0.070  0.002 0.091  0.003 

C5-1500 15 0 65 35 8.8 536  20 12 0 - 12 0.078  0.008 0.091  0.013 

C3-900 22 10 66 24 24.3 4  7 18 0 - 18 Reworked and eroded sediment 

OS900 26 2 57 41 11.0 508  20 24 0 - 24 0.129  0.003 0.178  0.004 

OS1200 27 2 54 44 11.3 404  17 15 0 - 15 0.078  0.002 0.094  0.003 

OS1500 10 2 53 45 9.6 158  9 >10 
0 - 5 Mixing 

5 - 10 0.064  0.011 0.076  0.013 

BC300 20 37 42 21 89.1 132  7 14 
0 - 4 Mixing / reworked sediment 

4 - 14 0.16  0.01 0.14  0.01 

BC900 46 11 57 32 26.0 284  14 >46 0 - 46 1.44  0.10 2.1  0.2 

BC1200 40 5 59 36 16.1 381  20 >40 
0 - 34 0.61  0.02 0.88  0.03 

34 - 40 Sedimentation pulse-event 

BC1500 40 6 56 38 17.5 336  16 >40 
0 - 25 0.49  0.03 0.81  0.04 

25 - 40 0.13  0.01 0.20  0.02 

C2-1700 49 2 68 30 9.6 75  4 40 

0 – 13 Allochtonous sediment deposit 

13 - 29 0.41  0.02 0.67  0.04 
29 - 40 0.061  0.003 0.121  0.006 

BC1750 45 0 70 29 11.5 305  13 38 
0 - 22 0.51  0.02 0.68  0.03 

22 - 38 0.21  0.01 0.23  0.01 

BC2000 39 0 69 31 11.2 467  21 18 
0 - 8 0.21  0.01 0.20  0.01 

8 - 12 Sedimentation pulse-event 
12-18 0.070  0.004 0.093  0.005 

BC2200 34 7 59 34 18.1 312  14 11 0 – 11 0.080  0.004 0.075  0.004 

 

4.4. Discussion 

4.4.1. Trawling disturbance of sediments in fishing grounds 

Based on the VMS spatial distribution (Fig. 4.1), cores BC300 and C1-600 were retrieved 

on trawling grounds and they both presented altered superficial sediments. BC300 is 

located in one of the canyon head branches, where trawlers have marked an important 

trawling route entering the main Blanes canyon axis (Fig. 4.1). This core had highly 

compacted (∼1.0 g·cm-3) coarse sediment (Table 4.2; Fig. 4.6) with constant and 

relatively low excess 210Pb concentrations (90  9 Bq·kg-1) in the upper layer (Fig. 4.7), 

which could have resulted from overturning and the continuous removal of 

disaggregated fine-grained sediments through resuspension and winnowing by trawling 

(Martín et al., 2014a; Oberle et al., 2016b) (see Type IV profile in Fig. 2.4).  
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In C1-600, excess 210Pb concentrations were constant in the upper 25 cm, which were 

initially attributed by Zúñiga et al. (2009) to intense, but unidentified, mixing processes. 

However, bioturbation rarely alters excess 210Pb concentration profiles at depths 

beyond 20 cm, and such intense mixing is usually limited to shallow environments 

(Boudreau, 1998, 1994; Solan et al., 2019). This sediment core was retrieved from an 

area next to a fishing ground (Fig. 4.1), and the fact that a mooring deployed nearby the 

coring location was intercepted by a trawler (Zúñiga et al., 2009), suggests that the 

intense sediment overturning observed in the upper 25 cm of this core could have been 

caused by trawling activities (see Type II profile in Fig. 2.4).  

Although sedimentation at these shallow locations may be affected by episodic eastern 

storms that could enhance sediment sorting and increase grain sizes of surface 

sediments (Pedrosa-Pàmies et al., 2013; Sanchez-Vidal et al., 2012; Zúñiga et al., 2009), 

trawlers recurrently operate in these areas, and the intense mixing of surface sediments 

observed in these cores are probably derived from trawling activity. In fact, the impacts 

identified at BC300 and C1-600 are classified by Oberle et al., (2016b) as two of the five 

different sediment disturbances caused by trawling: overturning and winnowing of fine 

grain sediment (BC300), as well as intense sediment mixing with similar signals of porous 

surface sediment and constant surface excess 210Pb concentrations (C1-600). 

4.4.2. Impacts beyond trawling grounds: enhanced sedimentation rate within 
the canyon axis 

High downward sediment fluxes ranging between 20 and 25 g·m-2·d-1 were recorded by 

sediment traps deployed at 900 - 1200 m in the axis of Blanes Canyon during the calm 

summer months of 2009, which were attributed to sediment resuspended by trawling 

activities in the adjacent slope and transported downcanyon (Lopez-Fernandez et al., 

2013b). Coincidentally, the corresponding sediment accumulation rates estimated at 

these depths (BC900 and BC1200) are noticeably high (2.1 and 0.9 cm·yr-1, respectively; 

Fig. 4.7; Table 4.2), which is associated to the remobilization of large amounts of 

sediments from bottom trawling in the adjacent slope (Fig. 4.1). 

Farther downcanyon, average sedimentation rates at 1500, 1700, 1750 and 2000 m 

increased around the 1970s. In BC1500, average sedimentation rates quadrupled from 

0.20 cm·yr-1 to 0.81 cm·yr-1. At around 1700 and 1750 m depth in the canyon axis, similar 

natural sedimentation rates of 0.12 cm·yr-1 (C2-1700) and 0.23 cm·yr-1 (BC1750) 

increased to almost 0.7 cm·yr-1 over the same decade. Farther downcanyon at 2000 m 

depth, sedimentation rates at BC2000 doubled over that decade from 0.093 cm·yr-1 to 

0.20 cm·yr-1 (Fig. 4.7; Table 4.2). 
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Although sedimentation rates at ∼1700 m depth were similar in both C2-1700 and 

BC1750, the former presented an altered surface layer. The anomalously low excess 
210Pb concentrations (∼40 Bq·kg-1) in the upper 13 cm of this sediment core (Fig. 4.7) 

were attributed to a sudden deposition of allochthonous sediment prior sampling of C2-

1700 (see Type III in Fig. 2.4). This surface deposit was absent in BC1750, situated at less 

than 2 km (Fig. 4.1), indicating that this particular sedimentation event was localized. 

This upper layer was initially attributed to the allocation of sediment from erosive 

processes that occur at the western canyon axis (Zúñiga et al., 2009), an interpretation 

apparently supported by the altered low excess 210Pb concentrations (∼10 Bq·kg-1), 

coarser grain size (10 % sand fraction), and compacted sediment (∼1.5 g·cm-3) of C3-

900, collected at the western canyon rim (Table 4.2, Fig. 4.4). However, considering that 

trawling grounds are located ∼7 km immediately upslope from the coring site (Fig. 4.1), 

such allochthonous sediment deposit could have also been caused by a localized 

sediment gravity flow triggered by trawling (Martín et al., 2014c; Palanques et al., 2006; 

Puig et al., 2012). Unpublished time series data from a mooring deployed at a nearby 

location would support this interpretation (J. Martín pers. comm.). 

 
Figure 4.8 Evolution of Blanes trawling fleet in terms of estimated total and average engine power between 1900 and 
2013. Shaded area indicates the first period of expansion of trawling fleets in coincidence with the enhancement of 
sedimentation rates within the Blanes Canyon axis. Modified from Gorelli et al., 2016. 

Based on the changes in the excess 210Pb concentration profiles, a shift of sedimentary 

regimes at these locations occurred simultaneously over the 1970s, coincident with the 

beginning of the expansion of the Blanes trawling fleet (Fig. 4.8). During this period, total 

horsepower of this fishing fleet quadrupled from 1070 to 4630 HP and the average 

horsepower tripled from 107 to 309 HP (Fig. 4.8). This resulted from the construction of 

more powerful vessels (700 - 1000 HP) replacing the smaller trawlers operating at that 

time (< 135 HP), which allowed trawlers to expand their fishing grounds towards greater 

depths (Gorelli et al., 2016) where trawling becomes the main mechanism for sediment 

resuspension (Martín et al., 2014c; Puig et al., 2012). Consequently, average 

sedimentation rates within the Blanes canyon axis (1500 – 2000 m) substantially 
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increased by two to five times over that decade (Fig. 4.7). Hence, the high sedimentation 

rates (2.1 – 0.9 cm·yr-1) in the upper canyon axis (900 – 1200 m) may be comprised of 

both natural and trawling-enhanced sedimentation, since the length of the cores allows 

us to reach only the 1980s and 1970s decades for BC900 and BC1200, respectively (Fig. 

4.7). The initial development of the Blanes trawling fleet in the 1970s could have also 

triggered localized sedimentation pulse events at certain locations, identified by 

sections of constant excess 210Pb concentrations at BC1200 and BC2000, similar to those 

described in sediment cores collected in the axis of Besòs Canyon (Chapter 3). 

 
Figure 4.9 Sediment accumulation rates in the Blanes Canyon region according to environment and distance from the 
shore. Grey shaded area illustrates the extension of trawling grounds. Numbers above canyon axis cores indicate the 
increase factor of sedimentation rates due to trawling. Natural (pre-1970s) sedimentation rates of BC900 and BC1200 
can not be quantified with certainty. 

Although almost all sediment cores from the Blanes canyon axis show a significant 

increase in sedimentation rates since the 1970s, the magnitude of such enhancements 

decrease downcanyon with downslope distance from the fishing grounds (Figs. 4.1 and 

4.9). Hence, a fourfold or even fivefold increase occurred at the mid-canyon depths 

BC1500 and C2-1700, respectively, located at 5-7 km downslope from trawling grounds, 

while sedimentation rates only tripled for BC1750, and doubled for the farthest core 

BC2000, the latter located at approximately 9 km downslope from trawling grounds. 

Finally, BC2200 located considerably far from trawling grounds, at more than 50 km 

downslope, does not present any alteration in its average sedimentation rate (Fig. 4.9). 
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Most of the affected sediment cores within the canyon axis are located directly next to 

trawled flank, which confirms the localized effect observed in the small submarine 

canyons from Chapter 3. An exception to this local impact is BC2000, which suggests 

that in prominent and steep submarine canyons such as Blanes Canyon, sediment being 

resuspended by trawling activities along their flanks can be channeled towards the 

canyon’s interior, where the confined currents can propagate higher sediment loads 

deeper within the canyon axis (Lopez-Fernandez et al., 2013b; Zúñiga et al., 2009). 

Indeed, according to a numerical modeling of bottom trawling sediment transport in 

Palamós Canyon, sediment-gravity flows generated by trawling are funneled towards 

the canyon axis through gullies, being able to reach the canyon mouth (Payo-Payo et al., 

2017). Outside the canyon’s confinement, cores OS900 and C5-1500, collected on the 

adjacent open slope at a closer distance (2-3 km) from trawling grounds than BC2000, 

have unaltered sedimentation rates over the last decades (Table 4.2; Fig. 4.9). This 

suggests that on gentler slope environments, the generation of sediment gravity flows 

by trawling activities is unlikely and the resuspended sediment is presumably 

transported along the margin by geostrophic currents following the isobaths, without 

generating increased accumulation rates in these areas next to fishing grounds. 

4.4.3. Canyon vs. slope sedimentary regimes: alterations by bottom trawling 

Current sedimentation rates within the canyon axis, including the contribution of 

trawling, range between 0.20 and 2.1 cm·yr-1, 2.5 to 7 times higher than sedimentation 

rates in both eastern and western canyon flanks and open slope environments, which 

range between 0.08 and 0.30 cm·yr-1. However, most of the increased accumulation 

occurs at the canyon head region surrounded by fishing grounds (grey shaded area in 

Fig. 4.9). With the available sediment cores, comparison of natural (pre-1970s) 

sedimentation rates at equal depths inside and outside the canyon can only be done for 

1500 m. At this water depth, rates are two times higher inside the canyon (~0.2 cm yr-1) 

than in both adjacent slope regions (0.08 - 0.09 cm yr-1). This suggests a preferential 

accumulation of particles by natural processes inside the canyon caused by local 

topographic constrains of intermediate and bottom currents, which leads to greater 

downward particulate fluxes within canyons than in the contiguous slope (Lopez-

Fernandez et al., 2013b; Zúñiga et al., 2009). Nevertheless, at deeper canyon regions 

and taking into account the along-canyon distances from the shore, natural 

sedimentation rates inside the canyon were comparable to those observed on the 

adjacent continental slope regions (Fig. 4.9). These natural sedimentation rates 

decrease with greater distance from shore: at around 30 km from the coast, they range 
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between 0.2 and 0.3 cm·yr-1 at the canyon axis (BC1500) and at the eastern flank (C1-

600) and decrease to ∼0.09 cm·yr-1 for OS1200, BC2000 and C5-900, located at 

approximately 55 km from the coast (Fig. 4.9). 

Table 4.3 Natural (pre-1970s) and anthropogenic (post-1970s) sedimentation rates in open slope and canyon 
environments in the Gulf of Lion and in the Catalan margin along the NW Mediterranean margin. Anthropogenic 
sedimentation rates are only indicated where data is available, while the absence of data does not necessarily imply 
that the area is exempt of such impacts. 

Location 

Sedimentation rate (cm·yr-1) 

Reference Natural      
(pre-1970s) 

Trawling-derived 
(post-1970s) 

G
u

lf
 o

f 
Li

o
n

 Open slope 

0.05 – 0.17 - Zuo et al., 1991 

0.18 - Radakovitch, 1998  

0.12 – 0.18 - Buscail et al., 1997 

Lacaze-Duthier canyon axis 

0.11 – 0.13 - Abassi, 1998 

0.11 - Radakovitch, 1998 

0.14 - 0.19 - Buscail et al., 1997 

C
at

al
an

 m
ar

gi
n

 

Cap de Creus canyon axis 0.04 – 0.1 - DeGeest et al., 2008 

Palamós canyon axis 0.05 - 0.36 0.71 – 2.4 Martín et al., 2008; Puig et al., 
2015 

Blanes open slope 0.08 – 0.18 - This chapter 

Blanes canyon axis 0.08 – 0.20 0.20 – 2.1 This chapter 

Blanes canyon flank 0.13 – 0.30 - This chapter 

Arenys canyon axis 0.08 – 0.09 0.30 Chapter 3 

Besòs canyon axis 0.08 – 0.39 0.92 – 0.98 Chapter 3 

Morràs canyon axis 0.13 – 0.20 0.32 Chapter 3 

Morràs canyon flank 0.21 - Chapter 3 

Foix canyon axis 0.15 – 0.58 0.91 – 1.8 
Sanchez-Cabeza et al., 1999; 
Chapter 4 

Foix open slope 0.11 – 0.25 - Sanchez-Cabeza et al., 1999 

Natural accumulation rates within several submarine canyons of the NW Mediterranean 

are comparable to those quantified on Blanes Canyon, varying between 0.05 and 0.6 

cm·yr-1 (Buscail et al., 1997; Courp and Monaco, 1990; DeGeest et al., 2008; Radakovitch, 

1998; Sanchez-Cabeza et al., 1999). However, these sedimentation rates are 

considerably lower than submarine canyon sedimentation rates enhanced by trawling 

activities since the 1970s, which have increased to 0.2 - 2.4 cm·yr-1 (Table 4.3). This 

indicates that in submarine canyons incising the NW Mediterranean margin, recurrent 

deep bottom trawling activities on their surroundings have transformed their axes into 

anthropogenic sediment depocenters. This has led to a two- to five-fold increase in 

sedimentation rates in the Blanes canyon axis, which could have profound impacts on 

the affected canyon ecosystems. 



Part II. Physical Impacts of Deep Bottom Trawling 

 80   

Aside from the ecological impacts in benthic suspension feeders mentioned in Chapter 

3, the increased sediment transport by bottom trawlers could also affect meiofaunal 

communities which seem to respond positively to the continuous input of sediment 

downcanyon. Indeed, nematode and meiofaunal diversities at 2000 m depth within 

Palamós canyon axis are comparable to shallow untrawled sites on the canyon flank 

(Pusceddu et al., 2014) which are possibly supported by continuous sediment gravity 

flows induced by trawling in this canyon (Martín et al., 2014c; Puig et al., 2012). These 

relatively high diversities do not follow the general decline of overall biodiversity with 

depth evidenced in several submarine canyons (Fernandez-Arcaya et al., 2017). In fact, 

within the Blanes canyon axis, nematode and meiofaunal densities presented high 

temporal variability, indicating possible community alterations derived from trawling 

(Román et al., 2017, 2016). High sedimentation rates from trawling activities may have 

also led to different nematode assemblages with depth in the Blanes canyon axis, with 

dominating opportunistic species that may withstand the enhanced sedimentation rates 

at these sites (Román et al., 2017). Further studies regarding the composition of 

sediment being remobilized downcanyon are needed to better understand these 

ecological alterations. 

4.5. Conclusions 

Various sedimentary regimes have been identified in the axis of Blanes Canyon and in 

the adjacent flanks and open slopes. Recent sedimentation rates in the upper and 

middle axis are substantially higher than in the canyon flanks and nearby open slope (i.e. 

0.2 - 2.1 cm·yr-1 vs. 0.08 - 0.3 cm·yr-1). This is not entirely due to natural processes, but 

as a consequence of trawling-derived sediment resuspension and its subsequent 

transport downslope towards the canyon’s interior. Dating of these sediment cores 

revealed that the increase of sedimentation rates in the canyon axis was triggered by 

the industrialization of the trawling fleet in the 1970s. These anthropogenic 

sedimentation rates decrease towards the lower canyon axis with greater distance from 

trawling grounds (Fig. 4.10). In deeper parts of the margin, natural (pre-1970s) 

sedimentation rates in the canyon axis are similar to those found in the adjacent canyon 

flank and open slope. The above observations indicate that even if submarine canyons 

may act as preferential sedimentary deposits under natural conditions, they can be 

transformed into anthropogenic sedimentary depocenters from the increased sediment 

fluxes originated by deep bottom trawling fisheries. The spatial extension of trawling-

induced enhancement of sedimentation rates should be taken into account when 

establishing regulations on bottom trawling. 
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Figure 4.10. Schematic representation of sedimentation rates in Blanes Canyon. Red bars indicate trawling-disturbed 
sedimentation rates and blue bars indicate natural sedimentation rates. Natural sedimentation rates in sediment 
cores of the upper canyon axis could not be quantified and the shift between natural and trawling-disturbed 
sedimentation rates was inferred. Red arrows indicate the transferal of sediment downcanyon by bottom trawling 
activities. 
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 Enhancement of 

sedimentation rates in Foix Canyon after 

the renewal of trawling fleets in the early 

XXIst century1 

A sediment depocenter had been previously identified at 860 m depth in the axis of Foix 

Canyon (Northwestern Mediterranean) by a preceding study that did not evaluate the 

potential contribution of trawling-induced sediment inputs into the canyon interior. To 

assess whether this sediment depocenter is the result of trawling-derived sediment 

remobilization, sediment accumulation rates obtained using 210Pb and 137Cs 

radiochronology were compared between the original sediment core retrieved in 1993 

and a new core collected at the same canyon axis location in 2013. The comparative 

results indicate an almost two-fold increase in the sedimentation rate in the 1960-70s, 

from 0.5 cm·yr-1 to 0.9 cm·yr-1, as a consequence of the rapid industrialization of the 

fishing sector at that time. Sedimentation rates further doubled to 1.8 cm·yr-1 in the early 

2000s. This period was characterized by the construction of bigger trawlers with more 

powerful engines as well as the modernization of the engines of existing vessels, all of 

which were largely under-declared. These results provide compelling evidence of the 

increasing impact of bottom trawling due to the modernization of trawling fleets at the 

beginning of the XXIst century. 

  

                                                      
1 Based on: Paradis, S., Masqué, P., Puig, P., Juan-Díaz, X., Gorelli, G., Company, J.B., Palanques, A. 
(2018a). Enhancement of sedimentation rates in the Foix Canyon after the renewal of trawling fleets in 
the early XXIst century. Deep-Sea Research Part I, 132, 51-59; doi: 10.1016/j.dsr.2018.01.002. 
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5.1. Context and objectives 

This chapter aims to assess the impacts of fish-trawling activities in sediment 

accumulation rates within the Foix Canyon, a deeply incised submarine canyon in the 

southern Barcelona continental margin (Fig. 5.1). In the previous chapters, we suggested 

that trawling-derived increases in sedimentation rates are limited to the areas located 

directly downcanyon from bottom trawling grounds, with decreasing anthropogenic 

sedimentation rates with increasing distance from fishing grounds (Chapters 3 and 4). 

These impacts were observed in most submarine canyons from the central Catalan 

margin, but a previous study assessing the sedimentation rates on the Barcelona 

continental margin, including the Foix Canyon (Sanchez-Cabeza et al., 1999), was not 

able to identify them. 

The upper canyon axis and flanks of Foix Canyon are heavily trawled by the fishing fleets 

from Vilanova i la Geltrú and Barcelona, extending to ~800 m depth (Fig. 5.1). Impacts 

of trawling activities on the sedimentary dynamics within this canyon have been 

previously inferred from the anomalously high fluxes of particulate matter recorded by 

a moored sediment trap at the canyon head, close to trawling grounds (Puig and 

Palanques, 1998a). Sanchez-Cabeza et al. (1999) identified a mid-canyon depocenter at 

860 m depth, an area with considerably high sedimentation rate of about 0.6 cm·yr-1 

that doubled those quantified in the canyon head. In order to assess whether this mid-

canyon depocenter is influenced by trawling-induced sediment relocation, this same site 

was revisited 20 years later to examine the evolution of sedimentation rates over time. 

The results are compared with the evolution of the operating vessels of Vilanova i la 

Geltrú and Barcelona, to evaluate whether there is a relationship between changes in 

sediment accumulation rates and fishing effort. 
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Figure 5.1 Bathymetric map of the Foix Canyon, showing the location of sediment cores retrieved in its axis in 1993 
and 2013 (red circle). Trawling grounds are represented in colored dots based on VMS positioning of trawlers from 
each harbor over 2005 to 2013: green for Vilanova i la Geltrú and blue for Barcelona. The yellow rectangle limits the 
fishing ground employed to calculate the evolution of fishing effort using VMS data of Vilanova i la Geltrú and 
Barcelona trawlers (see Fig. 5.6). 
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5.2. Methods 

5.2.1. Study site 

Foix Canyon incises the continental shelf at 12 km from the coastline by two meandering 

branches with a wide dendritic network of gullies that join at 1340 m water depth (Fig. 

5.1) (Tubau et al., 2013). Bottom currents in the canyon are constrained by the canyon’s 

topography, leading to up- or down-current flows along the canyon axis, influenced by 

meteorological forcing conditions (Puig et al., 2000). Permanent and intermediate 

nepheloid layers are present at around 400 m water depth retained by the shelf-slope 

density front, which was associated to internal waves breaking at the foot of the front 

within the canyon (Puig and Palanques, 1998b). Particulate matter supplied by the 

Llobregat and Besòs rivers discharging nearby and sediment resuspended by storms on 

the shelf is intercepted by this canyon and transferred to its interior, leading to higher 

downward particle fluxes (Puig and Palanques, 1998a) and enhanced sedimentation 

rates along the canyon’s axis in comparison to the adjacent open slope (Sanchez-Cabeza 

et al., 1999). 

5.2.2. Sampling 

In October 2013, a sediment core was retrieved at 860 m depth in the eastern branch of 

Foix Canyon axis (Fig. 5.1) using a multicorer, as explained in 2.2.1. Less than 200 m 

away, another sediment core was retrieved 20 years before using a box-corer, labelled 

CN-36 in Sánchez-Cabeza et al. (1999) but hereinafter referred to as BC-1993, that had 

been dated using 210Pb and 137Cs. 

5.2.3. Analyses 

Dry bulk density and grain size fraction in depth of all sediment cores were determined 

following the methods described in 2.3.1. 

Concentration profiles of excess 210Pb and 137Cs were quantified following the 

procedures described in 2.4.3. Sedimentation rates were calculated following the CF:CS 

model (Krishnaswamy et al., 1971) as described in 2.4.1. 

5.2.4. Fishing fleet data 

Fishing grounds were identified using VMS data spanning from 2005-2013, consisting of 

32 vessels operating near the Foix Canyon from Vilanova i la Geltrú harbor (hereinafter 

referred to as simply Vilanova) and Barcelona harbor (Fig. 5.1). Refer to 2.1 for more 

details on both VMS data and the historical evolution of bottom trawling.  
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Historical evolution of fishing fleet data of Vilanova and Barcelona harbors were 

extracted from the Community Fishing Fleet Register (Maritime Affairs and Fisheries, 

2020) as explained in 2.1. However, official engine power is greatly underestimated 

(Gorelli et al., 2014; Sartor et al., 2011), and it often surpasses the 500 HP limit of 

trawlers set by Spanish law in 1988 (BOE, 1988). A relationship between real horsepower 

and gross tonnage for the Catalan trawling fleet was identified based on real data 

acquired from interviews of fishermen operating at the neighboring harbors of Blanes, 

Palamós, and Tarragona in 2013 (Gorelli et al., 2016), who agreed to provide real engine 

horsepower values (Fig. 5.2). This relationship differed greatly in vessels that were active 

before and after 1988: the latter had more powerful engines per vessel gross tonnage 

in comparison to trawlers active prior to the 1988 limiting HP ban. This resulted from 

the construction of trawlers that surpassed the legal 500 HP limit, and from the 

modernization of existing trawlers that installed more powerful engines (Gorelli et al., 

2016). To estimate the real horsepower of operating vessels of Vilanova and Barcelona, 

the following assumptions were taken, as explained by Gorelli et al. (2016): 

1. The official engine power of trawlers registered before 1988 was considered to be 

real (HPreal = HPofficial), with a Gt-HP relation of: HPreal = 5.71 · Gt + 99.62 

2. The official engine power of vessels that were either built after 1988 or that 

changed their engines were considered to be under-reported. Real horsepower 

was estimated following the Gt-HP relation: HPreal = 10.25 · Gt + 146.35 

 
Figure 5.2 Relationship of real horsepower (HP) and gross tonnage (Gt) of shrimp trawlers from Palamós, Blanes, and 
Tarragona harbors obtained from interviews. Linear relationships are shown for trawlers active before 1988 (blue 
squares and blue linear fit) and after 2000 (red diamonds and red linear fit). Figure adapted from Gorelli et al. (2016). 
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To apply these assumptions, both the year of construction and the year of engine 

modernization were needed, which was obtained from official records provided by the 

Departament de Medi Ambient i Sostenibilitat of the Generalitat de Catalunya. 

The evolution of fishing effort in terms of total trawling hours was also estimated using 

available VMS data since 2005. Accumulated trawling hours for each year were 

calculated using the methodology described by Garcia et al. (2016) and based on Hintzen 

et al. (2012), which uses spatial tools to integrate data from Vessel Monitoring System 

(VMS), fishing time, and fish landings. For the purpose of this study, total trawling hours 

of VMS data from operating trawlers ranging from 2005-2013 were filtered in a polygon 

that encloses a fishing ground located at the eastern branch of the Foix canyon head, 

less than 2 km from the retrieved sediment cores (Fig. 5.1). 

5.3. Results 

5.3.1. MC-2013 sediment core characteristics and sedimentation rates 

The sediment core retrieved in 2013 consisted mostly of silt (79  2 %) and clay (17  2 

%), with small sand content (4  2 %). Dry bulk density increased gradually with depth 

from ~0.4 g·cm-3 in the topmost layer to ~0.8 g·cm-3 at 15 cm depth, from where it 

remained relatively constant throughout the rest of the core, although with a slight 

increase to ~0.9 g·cm-3 between 42 and 48 cm (Fig. 5.3a). 

Total 210Pb concentrations decreased with depth and the excess horizon was not 

reached despite the length of the core (Fig. 5.3b). Concentrations of 226Ra averaged 29 

 3 Bq·kg-1 throughout the core, in accordance to the supported 210Pb concentrations 

(30.1  0.8 Bq·kg-1) reported for BC-1993 by Sánchez-Cabeza et al. (1999). At 44-56 cm, 

excess 210Pb concentrations displayed relatively constant concentrations, between 100 

and 120 Bq·kg-1. These layers were not taken into account when calculating 

sedimentation rates since they may be altered by biological mixing (e.g. burrow 

formation) or rapid sediment deposition (see Discussion). 
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Figure 5.3 MC-2013: grain size fraction (grey scale) and dry bulk density (blue line) profiles (a), and excess 210Pb (blue 
dots) and 137Cs (red line) concentration profiles, indicating the 137Cs time-markers and estimated sedimentation rates 
(b). Note that 210Pb profile is represented based on sediment core depth, whereas determination of sedimentation 
rates following the CF:CS model is performed using cumulative dry mass (see 2.4.1). 

Excess 210Pb concentration profile of MC-2013 presented two decreasing trends, 

indicating two different sediment accumulation rates. Mass accumulation rates in the 

lower layers (20–44 cm) were 0.70 ± 0.04 g·cm-2·yr-1, equivalent to 0.91 ± 0.05 cm·yr-1 

(R2 = 0.97, p < 0.001), and almost doubled in the upper layers (0-20 cm) to 1.18 ± 0.08 

g·cm-2·yr-1, equivalent to 1.75 ± 0.11 cm·yr-1 (R2 = 0.96, p < 0.001). These estimates are 

corroborated by the 137Cs concentration profile, which shows a clearly defined 1986 

peak at 33-34 cm associated to the Chernobyl accident. The apparent and broad 

increase of 137Cs concentrations at 51-54 cm is most likely attributable to the 1963 137Cs 

maxima prior to the cessation of nuclear bomb testing in the atmosphere. Based on the 

age model, the increase in sedimentation rate at 20 cm would have occurred in the early 

2000s. 

5.3.2. Evolution of the trawling fleet: official and estimated records 

Historical data of the trawling fleets of Vilanova and Barcelona harbors since the 

beginning of the XXth century is shown in Fig. 5.4. According to official records, trawling 

fleets began to expand in the 1960s and 1970s, when total gross tonnage more than 

doubled, from 290 to 640 Gt in Vilanova in the 1970s and from 390 to 910 Gt in 

Barcelona in the 1960s (Fig. 5.4a). Total gross tonnage kept increasing in the following 
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decades, reaching maximum values of 1540 Gt for Vilanova and 1430 Gt for Barcelona 

in 2007, twice the total gross tonnage of the 1970s (Fig. 5.4a).  

Trawling fleets also experienced their greatest expansion in terms of total engine power 

during the 1960s and 1970s: total official horsepower of Vilanova trawlers more than 

doubled in the early 1970s, from 1850 to 4200 HP (Fig. 5.4b), while Barcelona trawlers 

nearly tripled their official horsepower a decade earlier, in the early 1960s, from 1450 

to 4150 HP (Fig. 5.4b). These increases were associated to the construction of bigger 

trawlers with engine powers mostly greater than 300 HP in comparison to the smaller 

trawlers of less than 100 HP operating until then, which increased the average 

horsepower of active vessels (Fig. 5.4c). 

Contrary to the constant increase of total gross tonnage, total official engine power 

reached its maximum in the 1990s and then either maintained similar values in the case 

of the Vilanova trawling fleet, or slightly declined in the following decades in the case of 

the Barcelona trawling fleet (Fig. 5.4b). Given the inconsistency between the historical 

evolution of total gross tonnage and total official horsepower since the 1990s, real 

horsepower was estimated based on trawler’s gross tonnage, applying the post-1988 

Gt-HP relationship (Gorelli et al., 2016; Fig. 5.2) assuming that under-reporting of engine 

power occurred in vessels that were either built after the 1988 regulation or in trawlers 

that changed their engines. The estimated real horsepower shows a continuous increase 

after the 1990s, with a more prominent growth in the early 2000s (Fig. 5.4b). During this 

decade, estimated real horsepower doubled in Vilanova and increased by 50 % in 

Barcelona (Fig. 5.4b), analogous to the evolution of trawlers’ total gross tonnage (Fig. 

5.4a). 

Over this same period, the size of the trawling fleets of both harbors decreased in terms 

of number of active trawlers (Fig. 5.4d), due to the dismantling of 50 % and 75 % of the 

operating trawling fleets of Vilanova and Barcelona, respectively (Fig. 5.4e). However, 

this period experienced the greatest entry of newly built trawlers, 26 new trawlers, 

representing almost 50% of the previously existing fleet (Figure 5.4e). Engine power of 

dismantled trawlers of both harbors (M = 182 HP; SD = 173 HP) was significantly lower 

than the official engine power of newly built trawlers over the same period (M = 302 HP; 

SD = 156 HP), t(51) = 2.6025, p = 0.0121. Further analysis of the modernization of 

operating trawlers indicate that vessels began to change their engines in the late 1980s, 

although their greatest modernization occurred in the early 2000s, when 40% and 20% 

of active bottom trawlers from Vilanova and Barcelona, respectively, changed their 

engines (Fig. 5.4f). 
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Figure 5.4 Evolution of the trawling fleets of Vilanova (green) and Barcelona (blue) in terms of total registered gross 
tonnage (a), total engine power (b), average engine power (c), total number of vessels (d), number of built and 
dismantled trawlers (e), and number of modernized vessels based on their engine changes (f) of trawlers between 
1920 and 2013. Official data is displayed in continuous lines whereas estimated real data is presented in dashed lines. 

The recent evolution of the fishing effort in a trawling ground located at the eastern 

branch of the Foix canyon head (Fig. 5.1) indicates a sharp increase between 2005 and 

2010. According to the analysis of VMS positioning of Vilanova and Barcelona fishing 

fleet, trawling hours per year in this fishing ground increased by 380 h·yr-1 over that 

period, from ~80 h in 2005 to ~1900 h in 2010 (Fig. 5.5). After this period, fishing efforts 

in this fishing ground remained constant at ~1900 h with a slight decline to ~1500 h in 

2013. 
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Figure 5.5 Recent evolution of fishing effort in terms of trawling hours over a fishing ground located at the eastern 
branch of the Foix canyon head (see Fig. 5.1). 

5.4. Discussion 

5.4.1. Comparison of sediment cores (BC-1993 and MC-2013) 

In 1993, several sediment cores were collected within and around the Foix Canyon to 

study sedimentation rates in this area, and a mid-canyon depocenter was identified in 

the currently studied site, BC-1993 (CN-36 in Sanchez-Cabeza et al., 1999). Initially, the 

upper 6 cm of this core were interpreted as being mixed, given the anomalous excess 

210Pb concentrations in these sections (Fig. 5.6a). Sedimentation rates in this site were 

estimated to be 0.51 ± 0.02 g·cm-2·yr-1 (0.58 ± 0.03 cm·yr-1) in the upper 6-37 cm, and 

0.39 ± 0.13 g·cm-2·yr-1 (0.37 ± 0.12 cm·yr-1) in the lower 37-65 cm (Fig. 5.6a; Table 5.1). 

The slight increase in the average sedimentation rate reported by Sánchez-Cabeza et al. 

(1999) was dated to the 1930s. These results do not uphold the general 1960-70s 

increases in average sedimentation rates observed in neighboring submarine canyons 

of the NW Mediterranean (Martín et al., 2008; Puig et al., 2015; Chapter 3 and 4). 

However, if the upper layers were not mixed, the 210Pb concentration profile could be 

interpreted differently, obtaining a sedimentation rate of 0.75 ± 0.05 g·cm-2·yr-1, 

equivalent to 0.93 ± 0.06 cm·yr-1 (R2 = 0.87; p < 0.001) in the upper 20 cm and a lower 

sedimentation rate of 0.44 ± 0.01 g·cm-2·yr-1, equivalent to 0.46 ± 0.01 cm·yr-1 (R2 = 0.93; 

p < 0.001) between 25 and 53 cm (Fig. 5.6b; Table 5.1), separated by anomalous 

concentrations of excess 210Pb found at 20-25 cm. This new interpretation is supported 

by the 137Cs time-markers, and also by the concurrent sedimentation rates obtained in 

the upper sections of this core with those from the lower sections of the new core MC-

2013 (Fig. 5.3b; Table 5.1). 
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Based on the results of MC-2013 and the new interpretation of BC-1993, sedimentation 

rates in this site doubled in the 1960-70s (Fig. 5.6), due to the technification and 

expansion of bottom trawling fleets of Vilanova and Barcelona (Fig. 5.4). These results 

add to the regional remobilization of sediment downcanyon due to the generalized 

technification of the trawling fleets in this margin during the 1960s-70s, increasing 

sedimentation rates over that same decade in the canyon axes of Palamós (Martín et 

al., 2008; Puig et al., 2015), Arenys, Besòs, and Morràs canyons (Chapter 3), and in 

Blanes Canyon (Chapter 4). 

Table 5.1 Sampling data of each core (BC-1993 and MC-2013) and main parameters derived from radionuclide 
analyses, for each sediment core and for the combined analyses of both cores. 

Core 

Coordinates 
Depth 

(m) 

Accumulation rates 

Reference  
Latitude (N) Longitude (W) 

Interval 
(cm) 

MAR 

(g·cm-2·y-1) 

SAR  

(cm·y-1) 

Year of 
change 

BC-1993 41º 4.6’ 1º 55.6’ 861 

0-6 Surface mixed layer Sánchez-
Cabeza et al., 

1999 
6-37 0.51 ± 0.02 0.58 ± 0.03 

~1930s 
37-53 0.39 ± 0.13 0.37 ± 0.12 

0-20 0.75  0.05 0.93  0.06 

1960-70s This study 20-25 
Anomalous excess 210Pb 

concentrations 

25-53 0.44  0.01 0.46  0.01 

MC-2013 41° 4.55’ 1° 55.48’ 865 

0-20 1.18 ± 0.08 1.75 ± 0.11 Early 
2000s 

This study 
20-44 0.70 ± 0.04 0.91 ± 0.05 

44-56 
Anomalous excess 210Pb 

concentrations 
1960s 

BC-1993 & MC-2013 

0-20 1.18 ± 0.08 1.75 ± 0.11 
Early 
2000s 

This study 

20-46 0.68 ± 0.02 0.96 ± 0.03 

1960-70s 46-51 
Anomalous excess 210Pb 

concentrations 

51-79 0.44 ± 0.01 0.46 ± 0.01 

To compare both sediment cores (MC-2013 and BC-1993), the excess 210Pb and 137Cs 

concentrations of BC-1993 were corrected by radioactive decay for 20 years, while 

depth profiles were shifted 26 cm downwards based on the sedimentation rates 

quantified in MC-2013, obtaining a correct overlap of excess 210Pb and 137Cs 

concentration profiles of both cores (Fig. 5.6c). This overlap is confirmed by the 

congruency of excess 210Pb and 137Cs inventories, corrected by decay to 2013, over the 

combined layers: 15800 ± 200 and 15300 ± 200 Bq·m-2 of excess 210Pb for BC-1993 and 

MC-2013, respectively, and 500 ± 20 and 560 ± 10 Bq·m-2 of 137Cs for BC-1993 and MC-

2013, respectively. 
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Figure 5.6 Excess 210Pb (blue circles) and 137Cs (red line) concentration profiles, indicating 137Cs time-markers and 
calculated sedimentation rates for each core. Original interpretation of BC-1993 from Sánchez-Cabeza et al., 1999 (a). 
New interpretation of BC-1993, indicating different sediment accumulation rates and sections with anomalous excess 
210Pb concentrations (b). Combined BC-1993 (grey data points) and MC-2013 profiles indicating the calculated 
sediment accumulation rates of the joint analysis of both cores (c). Note that 210Pb profiles are represented based on 
sediment core depth, whereas determination of sedimentation rates following the CF:CS model is performed using 
cumulative dry mass (see section 4.2.1). 

In the combined BC-1993 and MC-2013 210Pb profile, the anomalous concentrations of 

excess 210Pb in BC-1993 at 20-25 cm depth (now found at 46-51 cm after the shifting) 

are in accordance with the anomalous concentrations in the lower sections of MC-2013 

(44-56 cm), which are dated to the 1960s (Fig. 5.6c). This anomaly may be the result of 

rapid sedimentation pulse-events during this decade, presumably triggered by trawling-

induced slope sediment instabilities from the onset of the expansion of the trawling fleet 

during the 1960s. A similar feature was observed within the axis of the Besòs and Blanes 

canyons (Figs. 3.3 and 4.4). 

5.4.2. Enhancement of sedimentation rates in the early 2000s and evolution of 
trawling fleet 

In the sediment core recovered in 2013, the almost two-fold increase in sedimentation 

rates from 0.70  0.04 g·cm-2·yr-1 (0.91  0.05 cm·yr-1) to 1.18  0.08 g·cm-2·yr-1 (1.75  

0.11 cm·yr-1) was dated in the early 2000s (Fig. 5.3b). Over that period, the trawling 

fleets of Barcelona and Vilanova were decreasing in terms of total official engine power 
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and number of active trawlers (Figs. 5.4), which would contradict the doubling of 

sedimentation rates over that period. 

However, after implementing the official 500 HP maximum required for all 

Mediterranean trawlers when joining the European Union in 1988 (BOE, 1988; Sartor et 

al., 2011), underreporting of vessel engine power rendered official data unreliable. Real 

data of Palamós, Blanes, and Tarragona trawlers in the Catalan margin revealed a 

continuous increase of total engine power since 1988, resulting from the construction 

of bigger trawlers and many engine modernizations that were not adequately declared 

(Gorelli et al., 2016). Given the comparable socio-economic conditions of Catalan 

harbors, it is likely that a similar undeclared increase in total engine power occurred in 

Vilanova and Barcelona. For instance, shrimp trawlers of Barcelona had engine powers 

ranging between 800 and 1100 HP in 2000 (Sardà et al., 2003), surpassing the legal 500 

HP limit found in our dataset. Indeed, the estimated real horsepower actually illustrates 

a continuous increase after the 1990s (Fig. 5.4), despite a general decrease in the size of 

the fishing fleet (Fig. 5.4d). Since sediment resuspension in fine-grained sea-bed is 

influenced by the size and weight of the trawling gear (O’Neill and Ivanović, 2016), 

modernization of the trawling fleets of Barcelona and Vilanova could have increased the 

volume of sediment being mobilized and transported downcanyon, which would have 

led to the observed doubling of the sedimentation rates in the Foix canyon axis in the 

early 2000s (Figs. 5.3b and 5.6c). 

The continuous technification of Catalan trawling fleets allowed the expansion of fishing 

grounds to deeper environments, a factor that is limited by engine power (Ragnarsson 

and Steingrimsson, 2003). This increased the proportion of A. antennatus being 

exploited, stimulated by the growing economic dependency towards this fishery (Gorelli 

et al., 2016). In fact, recent evolution of fishing efforts in the eastern branch of the Foix 

canyon head based on VMS data presents a clear increase since 2005 (Fig. 5.5), 

indicating a growing expansion of trawlers operating in deeper fishing grounds. 

Therefore, the technification of the trawling fleet in the early XXIst century not only 

increased sediment resuspension as a consequence of the use of more powerful gear, 

but also promoted a redistribution of trawling grounds to deeper areas which may have 

intensified sedimentation rates in the Foix canyon axis during this period. 

Increases in sedimentation rates at the beginning of the XXIst century were already 

suggested in Palamós canyon axis, also by comparing two dated sediment cores 

collected 9 years apart (Puig et al., 2015). This recent increase occurred along with the 

continuous expansion of trawling fleets of this margin in terms of real horsepower 

(Gorelli et al., 2016), which ascertains the anthropogenic enhancement of 
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sedimentation rates in Palamós canyon axis. Sedimentation rates in this canyon are 

estimated to have increased by one order of magnitude in comparison to natural 

sedimentation rates (pre-1970s), from 0.25 cm·yr-1 to approximately 2.4 cm·yr-1 (Puig et 

al., 2015) while in the Foix Canyon, present sedimentation rates (1.8 cm·yr-1) are four 

times the natural sedimentation rates (0.48 cm·yr-1) (Fig 5.6c; Table 5.1). 

According to Maynou et al., (2006), bottom trawling in the NW Mediterranean would 

not be profitable without subsidies, and their elimination would result in the reduction 

of the operating trawling fleets. Interestingly, the Financial Instrument for Fisheries 

Guidance (FIFG) adopted over the last decades (1994-2006) provided subsidies to 

reduce fishing efforts in terms of horsepower and required that any new construction 

had to be compensated with the withdrawal of older vessels (Boude et al., 2001; 

Hatcher, 1998). This program led to an overall decrease of the fishing fleet power of the 

European Union, although certain Member States’ fishing fleet capacity actually 

increased after the FIFG program, most notably Spain (European Commission Fisheries 

& Maritime Affairs, 2010; Surıś-Regueiro et al., 2003). This country was the greatest 

recipient of the FIFG funding (receiving 46 % of the total funds, 2231 million €) and 

destined over 900 million € to the construction and modernization of vessels, mostly to 

bottom trawlers (over 350 million €), increasing the fishing capacity of trawlers (Pew 

Environment Group, 2010). Indeed, after the implementation of the FIFG, the number 

of active trawlers of Vilanova and Barcelona harbors declined due to the greater 

dismantling of vessels in comparison to the incorporation of new trawlers (Fig. 5.4). 

However, this was not translated into a reduction of fishing effort, since total real engine 

power and total gross tonnage increased during this period (Fig. 5.4), causing a further 

impact on surface sediments from fishing grounds and, in the case of the Foix Canyon, 

a subsequent doubling of sedimentation rates at deeper locations in the canyon axis 

(Fig. 5.3b). 

5.5. Conclusions 

Foix Canyon is recurrently visited by bottom trawlers from Barcelona and Vilanova. 

These fleets began to grow in the 1960-70s, causing a two-fold increase in natural 

sedimentation rates in its axis during this period, which was recorded in two cores 

collected 20 years apart. The continuous growth of these trawling fleets was 

accentuated at the beginning of the XXIst century, when the Financial Instrument of 

Fisheries Guidance (1994-2006) allocated almost half of its funding to Spain. These 

subsidies were largely destined to the construction of bigger trawlers and the 

modernization of the active ones, and the resulting greater engine power remained 
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undeclared in official records. These more powerful trawlers, with greater capacity to 

resuspend sediment, substantially increased sedimentation rates in the Foix Canyon in 

the early 2000s, doubling the post 1960-70s sedimentation rates. Sedimentation rates 

at this site are currently four times higher than the natural sedimentation rates prior to 

the 1960-70s. 

This chapter demonstrates that there is a close link between the growth of trawling fleet 

and sedimentation rates in the adjacent canyon axis, where average sedimentation 

rates inevitably increase after periods of technification of the operating trawling fleet. 

This chapter also proves that multiple changes in accumulation rates in sediment cores 

collected in submarine canyon axes can be used as a proxy to indirectly assess the 

historical impact of bottom trawling fisheries. 
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 Organic matter contents and 

degradation in a highly trawled area 

during fresh particle inputs (Gulf of 

Castellammare, southwestern 

Mediterranean)1 

The physical and biogeochemical impacts of bottom trawling were studied on the 

continental slope of the Gulf of Castellammare, Sicily (southwestern Mediterranean), 

through the analysis of two triplicate sediment cores collected at trawled and untrawled 

sites (∼550  m depth) during the summer of 2016. The untrawled site had a 

sedimentation rate of 0.15 cm· yr−1 and presented a 6 cm thick surface mixed layer of silty 

sediment with low excess 210Pb concentrations, possibly resulting from the resuspension, 

advection, and eventual deposition of coarse and old sediment from adjacent trawling 

grounds. In contrast, the trawled site presented compacted century-old sediment highly 

depleted in OM (20 -60 % lower OM than the untrawled site). However, the upper 2 cm 

of the trawled site consisted of recently accumulated sediments enriched in excess 234Th, 

excess 210Pb, and phytopigments, with similar OM composition to the untrawled core. 

Protein turnover rates of this fresh sediment doubled those of surface sediments of the 

untrawled site. The enhanced remineralization rates in surface sediment of the trawled 

site was associated with the arrival of fresh particles on a chronically trawled deep-sea 

region that is generally deprived of OM. We conclude that the detrimental effects of 

bottom trawling can be temporarily and partially abated by the arrival of fresh and 

nutritionally rich OM, which stimulate the response of benthic communities. However, 

these ephemeral deposits are likely to be swiftly eroded due to the high trawling 

frequency, preventing the recovery of bottom trawling grounds.  

                                                      
1 Based on: Paradis, S., Pusceddu, A., Masqué, P., Puig, P., Moccia, D., Russo, T., Lo Iacono, C. (2019) 
Organic matter contents and degradation in a highly trawled area during fresh particle inputs (Gulf of 
Castellammare, southwestern Mediterranean). Biogeosciences, 16, 4307-4320; doi: 10.5194/bg-16-4307-
2019. 
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6.1. Context and objectives 

As explained in section 1.3.2, the Gulf of Castellammare supports important fishing 

grounds for both artisanal and trawling fisheries due to the establishment of a 

permanent trawling ban area in the shelf and upper slope. Despite the numerous studies 

that address the ecological and socioeconomic effects of this trawl ban (Fanelli et al., 

2009; Pipitone et al., 2000; Romano et al., 2016; Whitmarsh et al., 2002), no studies 

have yet assessed the impacts of bottom trawling on the gulf's sedimentary 

environment. This study aims to reveal the effects of bottom trawling on sediment 

erosion and the consequent alterations on sedimentary organic matter by comparing 

sediment cores collected at a trawled and untrawled site and by collecting ROV video 

footage next to the sampling locations (Fig. 6.1). The degree of erosion is estimated from 

sedimentological parameters (dry bulk density and grain size) and radioactive tracers 

with different half-lives (210Pb and 234Th), whereas the alterations on sedimentary 

organic matter are determined from elemental (organic carbon and nitrogen) and 

sedimentary OM (proteins, carbohydrates, lipids), as well as phytopigments and protein 

degradation rates. This coupled analysis will also provide insights of the effects of the 

arrival of fresh sediment on impacted trawling grounds. 

 
Figure 6.1 Bathymetric map of the Gulf of Castellammare. Location of sediment cores sampled at the trawled (red 
circles) and untrawled (blue squares) sites, where unfilled sampling points indicate unsuccessful core retrievals. ROV 
dives are shown with triangles (see Fig. 6.2). The distribution of trawling grounds as trawling frequency (number of 
total hauls per grid area) in 2016 (1 January to 10 August) was calculated for a 200 m × 200 m grid. The limit of the 
trawl banned area between Torre dell'Uzzo and Cape Rama is indicated by a dashed line. The main trawling harbors 
(Castellammare del Golfo and Terrasini) and the most relevant ephemeral rivers (San Bartolomeo, Nocella, and Jato) 
are also annotated. The yellow arrow illustrates the direction of the regional surface current. 
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6.2. Methods 

6.2.1. Study site 

The Gulf of Castellammare, enclosed by Cape Rama to the east and Cape San Vito to the 

west (Fig. 6.1), presents a cyclonic along-slope current with an average speed of 0.1–

0.2 m·s−1 on the upper continental shelf, which can sometimes reach maximum speeds 

of 0.4 m·s−1 (Sarà et al., 2006). Small seasonal torrents discharge into the gulf, namely 

the Nocella, Jato, and San Bartolomeo rivers, with annual average water discharges 

ranging between 0.24 and 0.32 m3·s−1 (Regione Siciliana, 2007). Storm-induced flash 

floods can cause short flushing events of up to 1.2 m3·s−1 that transport significant 

amounts of nutrients into the sea (Calvo and Genchi, 1989). 

The seafloor morphology consists of a sub-horizontal gently sloping continental shelf 

that extends approximately 5 km offshore. The gradient of the continental slope is 

around 11° down to 500 m water depth, and it then gradually decreases to around 1.5° 

at 1300 m water depth (Lo Iacono et al., 2014). Several small, narrow submarine canyons 

cut the slope, breaching the shelf break at 120 to 140 m depth (Lo Iacono et al., 2014). 

Bottom trawlers generally perform hauls on an E-W direction beyond the trawl ban limit, 

perpendicularly crossing the middle parts of these small submarine canyons (Fig. 6.1). 

6.2.2. Sampling 

In the framework of the FP7 EU-Eurofleets 2 ISLAND (ExplorIng SiciLian CAnyoN 

Dynamics) cruise on board the R/V Angeles Alvariño, sediment cores were collected in 

August 2016 from trawled and untrawled sites in the Gulf of Castellammare (Fig. 6.1). 

Sampling locations were selected based on the distribution of operating trawlers using 

data from a vessel monitoring system (VMS) (see section 6.2.4). Sampling took place 

prior to the temporal fishing closure in the Gulf of Castellammare, which occurred 

between September 17 and October 16 in that particular year. This ensured that 

sediment cores reflect the alterations caused by bottom trawling persisting in this deep 

environment. 

A total of five multicore deployments were conducted (see Methods section 2.2.1) at 

trawled and untrawled sites along the 550 m contour line. However, only one trawled 

and one untrawled location could be sampled (Fig. 6.1), possibly due to high sediment 

compaction at the trawled sites, as experienced by Martín et al., (2014a), and/or due to 

the swell during the coring operation that could hamper a successful triggering of the 

multicorer. 
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Triplicate sediment cores were retrieved at each site from three independent multicore 

deployments to account for spatial variability of organic matter analyses. The sediment 

cores were sliced on deck (0–1, 1–3, 3–5, 5–7, and 7–9 cm) and stored in calcinated 

aluminum foil at −20 °C until analysis of organic matter content. At each site, a single 

sediment core from one of the three deployments was reserved for sedimentary, 

radiochemical, and elemental analyses. This sediment core was sliced on deck at 1 cm 

intervals and kept in sealed plastic bags at −20 °C until being freeze-dried in the 

laboratory for analyses. 

Prior to sediment recovery, the remotely operated vehicle (ROV) Seaeye Falcon, from 

the University of Plymouth (UK), collected visual evidence of trawling impact at the 

trawled sampling site and of no impact at the control site to corroborate the sampling 

strategy (Fig. 6.2). 

 
Figure 6.2. ROV-seafloor pictures from the trawled (a) and untrawled (b) sites in the Gulf of Castellammare. The 
trawled site presents linear marks and furrows on eroded sediments produced by the intense trawling activity in the 
area, whereas the untrawled site shows mounds and tracks characteristic of bioturbation activity. 

6.2.3. Analyses 

Dry bulk density and grain size fractions were obtained following the procedures 

explained in 2.3.1. 

Sediment cores were dated using excess 210Pb and 137Cs concentration profiles, as 

explained in 2.4.1, and recent deposition of sediment was assessed using excess 234Th 

concentration profiles, as explained in 2.4.2. Analyses of these radioisotopes are 

detailed in 2.4.3. 

Elemental organic carbon and total nitrogen were analyzed with depth, following the 

procedures described in 2.5.4. Labile organic matter biomarkers (proteins, 

carbohydrates, lipids, phytopigments) as well as protein turnover rates were analyzed 

in the triplicate sediment cores, following the analytical procedures described in 2.5.4.  
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6.2.4. Trawling effort from VMS data 

Fishing intensity of the Italian bottom trawling fleet was obtained using VMS data (see 

2.1 for more details). Fishing intensity was calculated using yearly VMS data from 2007 

to 2015, whereas for 2016, only VMS data from 1 January to 10 August were taken into 

account, prior to sampling. Trawling frequency was represented as the number of times 

trawled per grid cell (200 m × 200 m) during each year. The native VMS data were 

processed using the R package VMSbase (Russo et al., 2014). The size of the grid was 

defined considering the error associated with the reconstruction of the trawling hauls 

as described by Russo et al. (2011). 

6.2.5. Statistical analyses 

Statistical analyses were used to test whether OM quantity and biochemical 

composition (protein, carbohydrate, lipid, and phytopigment concentrations), freshness 

(the phytopigment-to-biopolymeric C ratio), and degradation rates (sedimentary 

protein turnover rates) were statistically different between trawled and untrawled sites 

in the upper 9 cm of triplicate sediment cores. The analysis consisted of two orthogonal 

factors: site (trawled vs. untrawled) and depth in the sediment (five levels: 0–1, 1–3, 3–

5, 5–7, 7–9 cm). Permutational analyses of variance (PERMANOVA), in either the 

univariate (variable by variable) or multivariate contexts, were based on Euclidean 

distances of previously normalized data using 999 permutations of residuals with 

unrestricted permutation of raw data (univariate tests) or under a reduced model 

(multivariate tests) (Anderson, 2001). Since for almost all tests the interaction between 

factors was significant, we conducted post hoc permutational pairwise comparison tests 

between trawled and untrawled sites for each sediment layer and among sediment 

layers for trawled and untrawled sites, separately. Given the restricted number of 

unique permutations, p values were obtained from Monte Carlo simulations (Anderson 

and Robinson, 2003). Bi-plots produced after canonical analysis of principal components 

(CAP) were used to visualize the differences between trawled and untrawled samples in 

terms of organic matter biochemical composition (Anderson and Willis, 2003). All 

statistical analyses were performed using the routines included in the PRIMER 6+ 

software. 

6.3. Results 

Bottom trawling in the Gulf of Castellammare is limited to the mid-slope (>500 m), 

beyond the trawling-ban area. In the main slope bottom trawling ground, where the 

trawled core was retrieved, hauls generally follow the ~600 m contour line in a W–E 
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direction (Fig. 6.1). Fishing effort has generally increased since 2007, with a 

predominating trawling frequency of 1 to 40 hauls per grid cell during that year, which 

then increased to around 60 to 100 hauls per grid cell since 2013 (Fig. 6.3). A smaller 

trawling ground opened in 2012 towards the eastern side of the gulf, close to Cape Rama 

(Figs. 6.1, 6.3). Although trawling frequency for 2016 was only computed from January 

to August, this year presented the highest fishing effort in comparison to the previous 

years. 

 
Figure 6.3. Evolution of trawling intensity. Number of times trawled per year and per grid cell (200 x 200 m) in the 
Gulf of Castellammare. Note the increasing trawling frequency since 2007, with the exception of 2008 and 2009, and 
that computation of trawling frequency in 2016 is limited to VMS data prior to the sampling period, August 10th. Blue 
and red circles indicate the sampling sites of the untrawled, and trawled site, respectively. 

6.3.1. Physical characteristics 

The untrawled sediment core presented an excess 210Pb concentration profile that 

extended to 25 cm in depth, with a total inventory of 17900 ± 900 Bq·m−2 (Fig. 6.4a; 

Table 6.1). In the upper 6 cm, excess 210Pb concentrations slightly decreased towards 

the surface from 372 ± 22 Bq·kg−1 to 272 ± 15 Bq·kg−1 (Fig. 6.4a). Below, excess 210Pb 

concentrations presented a continuous decrease between 6 and 25 cm, with an average 

sediment accumulation rate of 0.090 ± 0.003 g·cm−2·yr−1, equivalent to 0.151 ± 
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0.005 cm·yr−1 (R2 = 0.995) (Table 6.1) that was independently validated by 137Cs. 

Detectable concentrations of 137Cs appeared at 17 cm depth, which was ascribed to the 

first detonations of thermonuclear weapons in the early 1950s. Above, 137Cs 

concentrations depicted a broad concentration maximum at 8–13 cm, centered at 10–

11 cm. This maximum was attributed to the combined accumulation of the maximum 

fallout prior to the cessation of nuclear atmospheric testing in 1963 as well as the 

deposition of 137Cs emitted from the Chernobyl accident in 1986 (Fig. 6.4a). The 

deposition of 137Cs from each of these events could not be distinguished due to the low 

sedimentation rate and the sampling resolution of this core. Concentrations of excess 

234Th ranged between 71 and 97 Bq·kg−1 between 2 and 5 cm, decreased to 37 ± 

7 Bq·kg−1 at 1–2 cm and was not detected on surface sediments (0–1 cm) of the core 

(Fig. 6.4b). The penetration depth of excess 234Th could be greater than the upper 5 cm 

analyzed, leading to an inventory of at least 1080 Bq·m−2 (Table 6.1). Dry bulk density of 

the untrawled site remained constant in the upper 7 cm at ∼0.5 g·cm−3, gradually 

increased to ∼0.7 g·cm−3 at 15 cm, and then remained relatively constant with depth 

(Fig. 6.4c). The upper 6 cm presented coarser grain size consisting of higher silt (77 %) 

and lower clay (22 %) fractions, in comparison to the rest of the core, which had lower 

silt (44 %) and higher clay (54 %) fractions (Fig. 6.4c, Table 6.1). CaCO3 concentrations 

were constant in the upper 10 cm, with an average concentration of 18.4 ± 0.4 %, 

decreased to ∼15 % at 15–20 cm, and then slightly increased with depth until ∼20 % at 

30 cm (Fig. 6.4d). 

In the sediment core collected from the trawled site, both excess 210Pb and excess 234Th 

were only present in the upper 2 cm, with inventories of 340 ± 30 and 1000 ± 50 Bq·m−2, 

respectively (Table 6.1, Fig. 6.5a,b). 137Cs was not detected in the upper 5 cm analyzed. 

Dry bulk density rapidly increased from 0.4 to 0.7 g cm−3 in the upper 3 cm and kept 

increasing to ∼0.8 g cm−3 at 13 cm, from where it remained relatively constant with 

depth (Fig. 6.5c). Despite the slight coarsening of grain size in the upper 2 cm, this core 

presented constant grain size along the upper 37 cm, consisting of higher clay (57 %) 

and lower silt (41 %) fractions (Fig. 6.5c, Table 6.1), similar to grain sizes below the upper 

6 cm of the untrawled site. Concentrations of CaCO3 averaged at 26.9 ± 0.7 % in the 

upper 10 cm, whereas the deeper layers had lower concentrations of ∼24 % (Fig. 6.5d) 
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Figure 6.4 Sedimentological and geochemical characteristics of the untrawled sediment core. (a) Concentration 
profiles of excess 210Pb (circles), indicating the average sedimentation rate below the upper 6 cm, and 137Cs (triangles). 
(b) Concentration profile of excess 234Th in the upper 5 cm. (c) Dry bulk density and grain size. (d) CaCO3 concentration 
profile. The analytical error is given in horizontal error bars. Vertical scales indicate the process that has occurred in 
the depth range given. SML: surface mixed layer; SR: sedimentation rate. 

 

 
Figure 6.5 Sedimentological and geochemical characteristics of the trawled sediment core. (a) Concentration profiles 
of excess 210Pb. (b) Concentration profile of excess 234Th in the upper 5 cm. (c) Dry bulk density and grain size profile. 
(d) CaCO3 concentration profile. The analytical error is given in horizontal error bars. Vertical scales indicate the 
process that has occurred in the depth range given. SML: Surface Mixed Layer; SR: Sedimentation Rate. 
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6.3.2. Sedimentary organic matter 

Trawled and untrawled sediment cores presented different OC and TN concentration 

profiles (Fig. 6.6). The untrawled core had OC concentrations of ∼0.9 % in the upper 

20 cm, which then decreased to ∼0.8 % at 35 cm. In contrast, the trawled core 

presented OC concentrations that fluctuated between ∼0.8 % and ∼0.7 % with depth. 

Similarly, concentrations of TN in the untrawled core were ∼0.13 % in the upper 20 cm, 

which then decreased to ∼0.10 % at 35 cm, whereas the trawled core presented TN 

concentrations varying between ∼0.11 % and ∼0.09 % with depth. For both OC and TN, 

concentrations in the upper 20 cm were ∼20 % lower at the trawled site in comparison 

to the untrawled site, reaching similar concentrations at 25 cm in depth (Fig. 6.6). 

Profiles of the OC∕TN ratio presented similar values at both sites, varying between 6.5 

and 7.5 throughout the core (Fig. 6.6c). 

 
Figure 6.6 Profiles from elemental analyses of untrawled (blue) and trawled (red) cores. Organic carbon (a), total 
nitrogen (b), and the OC∕TN ratio (c). The analytical error is represented by error bars. Vertical scales indicate the 
process that has occurred in the depth range given for both untrawled (blue) and trawled (red) sediment cores. SML: 
surface mixed layer; SR: sedimentation rate. 

In general, organic matter quantity was higher at the untrawled site than at the trawled 

site, with the exception of surface layers, which generally presented similar 

concentrations at both sites (Fig. 6.7). Protein concentrations at the untrawled site were 

1.5 mgC·g−1 in the upper 3 cm, increased to maximum concentrations of ∼3 mgC·g−1 at 

3–7 cm, and decreased to 2.4 mgC·g−1 at 7–9 cm. The trawled site had similar 

∼1.5 mgC·g−1 protein concentrations in surface sediment that increased to almost 

2.5 mgC·g−1 in the deepest layer analyzed (Fig. 6.7a). Carbohydrate concentrations at 

the untrawled site presented decreasing concentrations from between 0.7 and 

0.9 mgC·g−1 in the upper 3 cm to 0.44 mgC·g−1 in the deepest layer, whereas the trawled 

site had constant concentrations of 0.42 mgC·g−1 in the upper 9 cm of the trawled site 

(Fig. 6.7b). Untrawled and trawled sites had similar lipid concentrations of ∼0.6 mgC·g−1 
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in the topmost sediment layer, decreasing to 0.34 ± 0.03 and 0.17 ± 0.01 mgC·g−1 at 7–

9 cm of the untrawled and trawled cores, respectively (Fig. 6.7c). Biopolymeric C 

concentrations were constant (2.5 ± 0.1 mgC·g−1) along the upper 9 cm of the trawled 

core, whereas concentrations increased in the untrawled core from 2.9 ± 0.2 mgC·g−1 in 

the topmost layer to ∼4 mgC·g−1 in the 3–7 cm layer, before returning to similar values 

observed in the surface layer (Fig. 6.7d). At both sites, phytopigment profiles showed 

decreasing trends, with a sharper decrease at the trawled site from 126 ± 7 µgC·g−1 in 

the top layer to relatively constant values of 39 ± 5 µgC·g−1 below 3 cm, whereas the 

untrawled site showed a gradual decrease from 161 ± 18 µgC·g−1 in the topmost layer to 

77 ± 12 µgC·g−1 in the deepest one (Fig. 6.7d). 

Statistical analyses of the data indicated that both sampling site and core depth had 

significant effects on the quantity of sedimentary OM (Table A.1). The post hoc 

comparison tests (Table A.2) demonstrated that OM contents between trawled and 

untrawled sites were generally statistically different only below the topmost sediment 

layer (0–1 cm), with the exception of carbohydrates. 

 
Figure 6.7 Organic matter quantity of untrawled (blue) and trawled (red) sites. Proteins (a), carbohydrates (b), lipids 
(c), biopolymeric carbon (d), and phytopigments (e). Bar graphs and error bars illustrate the mean values and standard 
errors at each site and depth of the triplicate sediment cores collected. Asterisks next to bars denote significant 
difference of post hoc permutational pairwise tests between trawled and untrawled sites: * p < 0.05; ** p < 0.01; *** 
p < 0.001; n.s. denotes not significant. Vertical scales indicate the process that has occurred in the depth range given 
for both untrawled (blue) and trawled (red) sediment cores. SML: surface mixed layer; SR: sedimentation rate. 
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6.3.3. Organic matter biochemical composition, freshness, and turnover rates 

Variations in the biochemical composition of sedimentary OM in terms of protein, 

carbohydrate, lipid, and phytopigment contents were assessed through PERMANOVA 

testing (Table A.3). The results revealed that the biochemical composition of 

sedimentary OM not only differed between trawled and untrawled sites, but that these 

differences varied depending on the depth in the core. The consequent post-hoc 

pairwise tests between the trawled and untrawled sites at all sediment layers indicated 

that the biochemical composition of sedimentary OM, similar to the OM quantity, varied 

significantly between trawled and untrawled sites at all depths, excluding surface 

sediments (Table A.4). The bi-plot produced after the canonical analysis of principal 

components (Fig. 6.8) revealed that the vertical variations in the biochemical 

composition of sedimentary OM in the untrawled sediment core are greater than those 

observed at the trawled site, as observed from the greater spatial distribution of these 

samples. However, the proximity of superficial samples of trawled cores to most of the 

untrawled samples in the bi-plot illustrates a resemblance in their biochemical 

composition. 

 
Figure 6.8 Variations in the biochemical composition of the sedimentary organic matter. Bi-plot after canonical 
analysis of the principal coordinates. Note that symbols represent the same core depth for both trawled (red) and 
untrawled (blue) sites and that increasing depth is also illustrated by a fading filling.  

The contributions of phytopigment to biopolymeric C and the protein turnover rates at 

trawled and untrawled sites are given in Table A.5 and illustrated in Fig. 6.9. The relative 

contribution of phytopigments to biopolymeric C was similar in superficial sediments of 

trawled and untrawled sites, with relatively high values (∼5 %) that decreased with 

depth at both sites, although more pronouncedly at the trawled site, reaching ∼1.4 % 

at 5–7 cm, than at the untrawled site, reaching 2.5 % at 7–9 cm (Fig. 6.9a). Turnover 

rates were significantly higher in the upper 3 cm of the trawled site (0.017–0.025 d−1) in 
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comparison to ∼0.015 d−1 of the superficial sediment of the untrawled site (Table A.5b, 

Fig. 6.9b). Below, turnover rates decreased to ∼0.005 d−1 for both sites. 

 
Figure 6.9 Organic matter freshness and degradation rates of trawled (red) and untrawled (blue) cores. Relative 
contribution of phytopigments to biopolymeric C (a) and protein turnover rates (b). Bar graphs and error bars 
illustrate the mean values and standard errors at each site and depth of the triplicate sediment cores collected. 
Asterisks next to bars denote significance of post hoc permutational pairwise tests between trawled and untrawled 
sites: * p < 0.05; ** p < 0.01; *** p < 0.001; n.s. denotes not significant. Vertical scales indicate the process that has 
occurred in the depth range given for both untrawled (blue) and trawled (red) sediment cores. SML: surface mixed 
layer; SR: sedimentation rate. 

6.4. Discussion 

6.4.1. Long-term impacts of intense bottom trawling 

Evidence of the long-term impacts of intense bottom trawling are clear at a trawled site 

of the Gulf of Castellammare. ROV images from the trawled area present a barren 

seafloor, with several deep linear furrows hundreds of meters long and up to 70 cm 

deep, caused by the trawling gear's heavy otter doors (Fig. 6.2a). The shallow 

penetration depth of excess 210Pb in the trawled core suggests that only the upper 2 cm 

of sediment had been recently deposited on top of highly compacted sediments (0.7–

0.8 g·cm−3) that had accumulated more than 100 years ago, considering the absence of 

excess 210Pb (Figs. 6.5a,c, see Type IV profile in Fig. 2.4). These sedimentological patterns 

are characteristic of a seafloor eroded by trawling activities, as observed in other 

trawled regions with shallow horizons of excess 210Pb and exposed over-consolidated, 

century-old sediments (Martín et al., 2014a; Oberle et al., 2016b; Chapters 3 and 4). The 

uprooting of old sediment at this trawled site, with only a thin accumulation of recent 

sediment in superficial layers, reveals that the rate of sediment erosion induced by the 

high trawling frequency is greater than sediment accumulation rates in the Gulf of 

Castellammare. Furthermore, the coincident penetration depth of both excess 210Pb and 

excess 234Th at the trawled site (Figs. 6.5a,b) indicates that the accumulation of fresh 

sediment would have occurred after the passage of the last trawler over the sampling 

area and thus reveals that trawling frequency controls the residence time of fresh 

sediment in these trawling grounds. 
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In contrast, excess 210Pb inventories were 2 orders of magnitude higher in the untrawled 

core. This core had a sedimentation rate of 0.151 ± 0.005 cm·yr−1, comparable to those 

quantified at similar depths in the Mediterranean Sea (DeGeest et al., 2008; Miralles et 

al., 2005; Sanchez-Cabeza et al., 1999). The upper 6 cm of this core had excess 210Pb 

concentrations that slightly decreased towards the surface, a deep penetration depth 

of excess 234Th, and low dry bulk densities (Fig. 6.4a,b), altogether signs of biological 

mixing (Arias-Ortiz et al., 2018; Pope et al., 1996; van Weering et al., 1998). The influence 

of bioturbation at this site is corroborated by the presence of several burrows directly 

observed during ROV dives prior to sampling (Fig. 6.2b). Sediment mixing caused by 

bioturbation could explain the broad 137Cs concentration maximum observed at 8–

13 cm, attributed to the combined accumulation of 137Cs from the 1986 Chernobyl 

accident and from the 1963 global fallout, as well as diluting the 1954 signal with depth 

(Fig. 6.4a). However, bioturbation alone cannot account for the coarsening of sediment 

observed in the upper 6 cm (Fig. 6.4c; Table 6.1). Provided the high capacity of bottom 

trawling gear to resuspend sediments (Martín et al., 2014a, 2014c; Oberle et al., 2018; 

Puig et al., 2012), the siltation of superficial sediments on the untrawled site could be 

explained by the preferential deposition of siltier particles resuspended from the 

adjacent trawling ground, since its eastern limit is located ∼1 km up-current from this 

sampled site (Fig. 6.1). Finer clay particles resuspended by bottom trawlers can be 

advected to farther distances along the margin (Linders et al., 2018). This siltier 

sediment would have been posteriorly redistributed and preserved within the surface 

mixed layer of the untrawled site. 

Excluding the fresh superficial layers of the trawled site, the chronic erosion induced by 

bottom trawling resuspension considerably depleted the trawled site of both OC and TN 

by ∼20 % in comparison to the untrawled site (Fig. 6.6; Table 6.1). Concentrations of OC 

and TN were similar in the deeper layers of both sites, where sediments would have 

accumulated more than a century ago, revealing that bottom trawling re-exposes old 

sediment impoverished in OM (Fig. 6.6; Table 6.1). Similarly, the trawled site had lower 

proteins (−5 % to −38 %), carbohydrates (−13 % to −58 %), lipids (−36 % to −52 %), 

biopolymeric carbon (−12 % to −37 %), and phytopigments (−53 % to −67 %) than the 

untrawled site, with the exception of the superficial layer (Fig. 6.7). These results are in 

accordance with previous studies that showed comparable losses of organic matter in 

trawling grounds on the flanks of Palamós Canyon, reinforcing the concept that chronic 

and intensive bottom trawling depletes these deep-sea sedimentary habitats of organic 

matter, promoting their degradation over time (Martín et al., 2014a; Pusceddu et al., 

2014; Sañé et al., 2013). 
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6.4.2. Effects of the arrival of fresh sediment 

During the ISLAND cruise, ROV dives showed high settling fluxes of large particulate 

matter aggregates to the seafloor (Fig. 6.2). At both sampling sites, evidence of recent 

accumulation of surface sediments was confirmed by the presence of excess 234Th and 

high concentrations of phytopigments (Fig. 6.7e), a compound that usually represents 

the most important food source for deep-sea heterotrophic consumption (Pusceddu et 

al., 2010; Stephens et al., 1997). This indicates that the Gulf of Castellammare was 

receiving highly nutritious organic matter inputs during the sampling period. Indeed, 

both the composition of sedimentary organic matter and the relative contribution of 

phytopigment to biopolymeric C were similar in the fresh superficial sediments at both 

trawled and untrawled sites. However, the subsurface, century-old sediments of the 

trawled site have distinctively different organic matter composition and significantly 

lower nutritional quality in comparison to its untrawled counterpart (Figs. 6.8 and 6.9a). 

This suggests that, aside from the ephemeral deposition of fresh OM that will be swiftly 

eroded by bottom trawling, deep-sea trawling grounds are generally characterized by 

nutritionally poor organic matter contents (Pusceddu et al., 2014), which increases the 

dependence on the supply of fresh OM in order to sustain benthic communities. This 

hypothesis is corroborated by the higher OM turnover rates in surface sediment of the 

trawled site in comparison to the untrawled site (Fig. 6.9b), which reveal a prompt 

stimulation of microbial activities resulting from the recent accumulation of fresh and 

nutritionally enriched OM on the trawled site. In fact, benthic communities in areas that 

have severe nutrient limitations, such as in eroded sediment of this trawled site or in 

oligotrophic deep-sea regions, react instantaneously to food pulses (Bett et al., 2001; 

Fabiano et al., 2001; Witte et al., 2003). In contrast, the untrawled site is characterized 

by relatively higher total organic matter contents as well as fresh and bioavailable 

compounds throughout the core, possibly due to a deeper penetration of labile material 

through biological mixing (Fig. 6.7). However, these sections also presented slowly 

decreasing concentrations of phytopigment to biopolymeric C with depth and lower 

turnover rates, revealing that unstressed environments have a lower consumption of 

labile OM and a relatively reduced dependence on the arrival of fresh OM (Fig. 6.9a). 

The higher OM turnover rates observed in the freshly deposited surface layers of the 

trawled site also indicate a greater efficiency of OM consumption and remineralization 

in the trawling ground in comparison to the untrawled site. Enhanced mineralization 

through self-priming can occur when fresh and degradable organic matter, such as fresh 

phytoplankton, arrives to areas with more refractory compounds (Canfield, 1994; van 

Nugteren et al., 2009), as was observed in a shallow trawling-disturbed area in the 
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southern North Sea, off the Belgian coast (van de Velde et al., 2018). Similarly, bottom 

trawling in the shallow Thermaikos Gulf (Aegean Sea) intensified microbial activities, 

which enhanced nutrient cycling and organic carbon mineralization (Polymenakou et al., 

2005; Pusceddu et al., 2005a). This could have been attributed to the combined effect 

of trawling-induced mixing of superficial labile OM with more degraded subsurface OM, 

along with the continuous arrival of fresh OM to these shallow continental shelves 

(Buscail et al., 1990; Tselepides et al., 2000). In contrast, surface sediments collected at 

greater depths in the intensely trawled flank of Palamós Canyon presented significantly 

lower turnover rates than the nearby untrawled grounds (Pusceddu et al., 2014). 

However, those sediment cores did not present signs of recently accumulated sediment 

as observed at our sampling sites, further proving the dependence on the arrival of fresh 

and nutritionally rich sediment in intensely trawled grounds to support benthic 

organisms living in these impacted deep-sea environments. 

The high nutritional quality and OM turnover rates in recently accumulated sediments 

in the trawled site suggest that high OM fluxes could help deep bottom trawling grounds 

recover the nutritional characteristics of sedimentary OM. These results confirm that 

actions aimed at mitigating the impacts of bottom trawling include the implementation 

of temporary fishing closures, allowing for a longer-lived deposition of fresh OM on the 

seafloor. However, such temporary trawling closures would most probably not allow the 

full restoration of fresh sediment from trawl-induced erosion, given the low 

sedimentation rates found in these deep environments. Further management strategies 

would need to be implemented to mitigate the impacts of bottom trawling erosion 

(Depestele et al., 2019), which would magnify the effect of temporary closures on the 

restoration of sedimentary OM in nutrient-deprived trawling grounds. 

6.5. Conclusion 

Chronic and intense deep bottom trawling in the Gulf of Castellammare erodes large 

volumes of sediment, exposing century-old, compacted sediment that is depleted in 

OM. This continuous erosion limits the accumulation of fresh sediment since any 

recently deposited particulate matter is promptly removed due to the high trawling 

frequency. Nevertheless, this study presents evidence that the short-lived deposition of 

recent and nutritionally rich organic matter leads to high turnover rates of labile OM. 

These results emphasize that nutrient-deprived and eroded deep bottom trawling 

grounds are highly dependent on the arrival of fresh and nourishing particulate organic 

matter to sustain benthic communities, which can temporarily and partially abate the 

detrimental effects of bottom trawling in superficial sediment. 
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 Persistence of biogeochemical 

alterations of deep-sea sediments by 

bottom trawling1 

Bottom trawling grounds have been expanding to deeper areas of the oceans since the 

mid-XXth century, and mitigating strategies aimed to protect fish stocks, such as temporal 

trawling closures, have recently been implemented. In this chapter the biogeochemical 

properties of sediments from deep-sea trawling grounds in Palamós Canyon (NW 

Mediterranean) is analyzed to assess the effects of a 2-month closure in the recovery of 

sedimentary organic matter. In comparison to untrawled sites, the continuous erosion 

and sediment mixing in trawling grounds led to coarser reworked sediments depleted in 

organic matter (~30% loss) and promoted the degradation of labile compounds (52-70% 

loss). These impacts persisted after the temporal trawling closure, highlighting that this 

management strategy is insufficient to restore deep-sea trawling grounds. In addition, 

and considering the continuous expansion of bottom trawling to deeper environments, 

it is postulated that this activity could have significant and irreversible biogeochemical 

impacts on ocean margins at a global scale, hampering carbon burial capacity. 

  

                                                      
1 Based on: Paradis, S., Goñi, M., Masqué, P., Duran, R., Arjona-Camas, M., Puig, P. Persistence of 
biogeochemical alterations of deep-sea sediments by bottom trawling. Submitted. 
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7.1. Context and objectives 

As explained in section 1.5, bottom trawling along the flanks of Palamós Canyon 

continuously resuspend sediment, causing winnowing of fine-grained particles and 

erosion of fishing grounds (Martín et al., 2014a). Recurrent bottom trawling in this area 

significantly depletes sedimentary organic matter, severely impairing the structure of 

benthic communities (Martín et al., 2014a; Pusceddu et al., 2014; Sañé et al., 2013). The 

loss of organic matter in such deep trawling grounds could be related to sediment 

erosion, but could also be the result of enhanced degradation, and therefore, 

determining the relative importance of these mechanisms would provide a greater 

insight on the biogeochemical consequences of this anthropogenic activity. Moreover, 

since 2013, a 2-month trawling closure has been recently established in the area during 

the shrimps’ recruitment season, occurring from early January to early March, to avoid 

the risk of overexploiting the resource (Bjørkan, et al., 2020; Boe, 2013). As commented 

in the previous Chapter 6, this type of seasonal trawling closures could temporally 

restore deep-sea sedimentary environments, but the effectiveness of this recently 

implemented management strategy still needs to be assessed. 

Hence, the aim of this chapter is two-fold. First, we examine the combined physical 

impacts of bottom trawling on the seafloor and its effects on the quantity and 

composition of sedimentary organic matter in sediment cores collected in trawled and 

untrawled flanks of Palamós Canyon. We investigate the mechanisms involved in the 

alteration of organic matter in sediments impacted by trawling through the analysis of 

a variety of biomarker compound classes of different origins and reactivities yielded 

from the alkaline CuO oxidation of organic carbon. Second, we compare 

sedimentological parameters and biomarkers in sediment cores collected during 

different seasons, including sampling towards the end of the temporal trawling closure, 

to evaluate the capacity of recovery of this deep bottom trawling ground. 
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Figure 7.1 Bathymetric map of Palamós Canyon and cumulative bottom trawling fishing effort (hauls per hectare) 
computed from February 2017 to March 2018 using AIS positioning. Sampling locations of sediment cores collected 
in trawled (red circle) and untrawled (green circle) sites. The location of the Cap de Begur buoy is indicated by a yellow 
star. 

7.2. Methods 

7.2.1. Study area 

As previously mentioned, Palamós Canyon is one of the most prominent submarine 

canyons incising the NW Mediterranean margin. Its head is located closest to the shore, 

at less than 1 km, and 15 km of this canyon incises the continental shelf (Canals et al., 

2013). This canyon presents a general W-E direction, with the exception of the canyon 

head, which has a N-S direction. The canyon head presents a network of branches with 

several rocky outcrops and walls that have been colonized by benthic megafauna (i.e. 

corals) (Lastras et al., 2011, 2016). The most important river that discharges close to 

Palamós Canyon is the Ter river, located 15 km northwest from the canyon’s head (Fig. 

7.1). This river has an average annual discharge of 12.1 m3·s-1, with highest values 

occurring during the spring months from the snowmelt (Sanchez-Vidal et al., 2013). 
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Episodic winter storms can discharge maximum values as torrential floods, transporting 

more than 20 % of annual loads of suspended solids and OM (Sanchez-Vidal et al., 2013) 

which can reach the vicinities of Palamós Canyon given its proximity to the coast. 

7.2.2. Estimating fishing effort using AIS data2 

For this study, fishing effort was calculated using AIS data of bottom trawlers extracted 

from ShipLocus, the main module of the Spanish Ports Authority to exploit maritime 

traffic data for management and research purposes. For more details on AIS, see section 

2.1. 

AIS data consists of a combination of static data (vessel name, call sign identifier, IMO 

number, and vessel dimension) and dynamic navigation sensor data (vessel position, 

speed over ground, course over ground, and heading). Since the large AIS dataset 

exceeds common computational data management capacities, the high-frequency time 

series (i.e. up to one record every 6 seconds) was reduced to the first entry per minute 

of each vessel, providing a smaller and more homogenous dataset for the entire 

sampling period. Fishing vessels were then filtered for bottom trawlers by conducting a 

cross-check of the AIS dataset with data extracted from the Community Fishing Fleet 

Register (Maritime Affairs and Fisheries, 2020), extracting vessels with bottom otter 

boards (OTB). Identification of trawling activity was conducted by filtering speed, 

following similar criteria that have been successfully employed by many authors (Natale 

et al., 2015; Oberle et al., 2016a). These authors observed that bottom trawler speed 

follow a bimodal distribution corresponding to trawling (low speed) and navigating (high 

speed). To extract trawling speed, the Expectation-Maximization (EM) algorithm 

(Dempster et al., 1977; Hartley, 1958) was used to obtain two gaussian distributions for 

each bottom trawler’s speed (Fig. 7.2). Trawling speed was then defined as the mean of 

the first gaussian distribution  2 standard deviations, to account for 95 % of the 

distribution, obtaining a range of trawling speed of 0.8 to 4.0 knots (Fig. 7.2). However, 

simply filtering trawlers according to this trawling speed may lead to false-positives, 

when a trawler is navigating at the specified trawling speeds, and false-negatives, when 

a trawler is hauling at anomalous speeds for a few minutes due to specific conditions 

(e.g., trawlers can reduce their speed when trawling downslope, in order to keep the 

gear on the seafloor). Hence, a minimum hauling time of 20 minutes per haul was 

assumed to correct for false-positives, whereas anomalous speeds that lasted less than 

5 minutes between trawling conditions were considered as trawling activities to correct 

                                                      
2 https://github.com/paradiss1/AIS_fishing_effort 

https://github.com/paradiss1/AIS_fishing_effort
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for false-negatives. Hauls per vessel were then defined as consecutive entries that meet 

these trawling criteria. Bottom trawling intensity was then obtained on ArcGIS 10.4 by 

calculating the haul density per hectare, which account for the maximum ~100 m width 

of the trawlers’ nets operating in this margin (Palanques et al., 2006). 

 
Figure 7.2 Bi-modal distribution of bottom trawler speeds and the identification of speed at which bottom trawlers 
operate. 

7.2.3. Sampling 

Sediment cores were collected following the procedures explained in 2.2 at 500 m water 

depth in the northern trawled flank and in the southern untrawled flank during four 

different seasons: during the temporal trawling closure in February 2017, during the 

trawling season in June and October 2017, and towards the end of the temporal trawling 

closure in March 2018 (Fig. 7.1). Bad weather conditions in February 2017 (Fig. 7.3) only 

permitted the retrieval of a sediment core in the trawled site, whereas the untrawled 

site could not be sampled. When possible, duplicate sediment cores were collected from 

independent multicore deployments to account for spatial heterogeneity (Table 7.1). 

This accounted for duplicate cores in Oct. ’17 sampling period, and in the trawled site in 

March ’18 sampling period. 

Table 7.1. Sediment cores sampled during each season. 

Sampling period Cores collected in trawling grounds Cores collected from the control site 

February 2017 1 0 

June 2017 1 1 

October 2017 2 2 

March 2018 2 1 
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7.2.4. Analyses 

Dry bulk density, grain size, radioisotopes (excess 210Pb, 137Cs, excess 234Th, 7Be), 

elemental OC and TN, and biomarkers obtained from CuO oxidation were analyzed in all 

sediment cores. 

Analyses of 210Pb was conducted with depth following the methods explained in 2.4.3 

until reaching supported 210Pb concentrations. Excess 234Th was analyzed in surface 

sediment of all sediment cores within one half-life (~3 weeks) since sampling, which 

restricted measurements of sediment cores to the upper 3-6 cm, as explained in 

methods 2.4.3. Gamma spectroscopy also permitted the quantification of 137Cs 

concentrations in surface sediments (see methods 2.4.3). Finally, presence of the short-

lived cosmogenic radionuclide 7Be was also measured (see methods 2.4.3). 

Sediment dry bulk density and grain size (see methods 2.3.1), and elemental analyses of 

OC and TN (see methods 2.5.4) were assessed in the upper 10 cm of each core, whereas 

CuO oxidation products (see methods 2.5.3 and 2.5.4) were analyzed in specific sections 

(0-1, 2-3, 4-5 cm) of all sediment cores. To account for analytical errors of CuO oxidation, 

replicate analyses were done on random samples, and an average percentage error, 

obtained from the standard error, was calculated for each compound (Table 7.2), which 

was extrapolated to the remaining samples. 

Table 7.2. Average percentage error of CuO compound 
classes by conducting replicate analyses on random samples. 

CuO compound 
class 

Average percentage 
error (%) 

Vanillyl phenols 12.0 

Syringyl phenols 13.0 

Cynnamyl phenols 10.6 

Cutin acids 10.0 

p-hydroxybenzenes 19.9 

Benzoic acids 19.9 

Amino acids 20.3 

Dicarboxylic acids 12.3 

Fatty acids 9.0 

7.2.5. Statistical analyses 

Permutational two-way analysis of variance was employed to assess whether there 

were statistical differences in grain size, CaCO3, OC, TN, OC/TN, and CuO oxidation 

product yields between sites (trawled, untrawled), sampling season (June ’17, Oct. ’17, 

and March ’18), and the interaction between site and sampling season, using 999 

permutations (Table B.1). Since no untrawled core was collected in February 2017, this 
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trawled sediment core was excluded from the analysis. This statistical analysis was 

repeated after normalizing for grain size fractions to account for winnowing (Table B.2) 

and for OC-normalized CuO product yields to assess changes in OC composition (Table 

B.3). 

Principal components analysis (PCA) is a statistical technique applied to multivariate 

data in order to reduce dimensionality of the feature space while maintaining large 

amount of information. This technique is widely used to trace similarities of sediment 

composition between samples (Dauwe and Middelburg, 1998; Mead and Goñi, 2008; 

Tesi et al., 2007). In this study, PCA was conducted to reduce the dimension of the 

features and identify the variables that mostly determine the state of trawled and 

untrawled sediment cores. PCA was performed on dry bulk density, grain size 

(proportion of sand, silt, and clay), as well as the elemental and organic matter 

biomarker data (OC, TN, and CuO products) in samples that contained information of 

these parameters. This limited the PCA to sections 0-1, 2-3, 4-5 cm of all sediment cores. 

To identify the variables that mostly determine the state of trawled and untrawled 

samples, a linear discriminant analysis (LDA) was performed on the results of the PCA to 

find the axis that best separates these two classes. Both PCA and LDA statistical analyses 

were carried out using Python’s scikit-learn module (Pedregosa et al., 2011). 

7.2.6. Ancillary data 

Significant wave height was obtained from the Cape Begur buoy (3.65º E, 41.92º N), 

located ~10 km NE from Palamós Canyon, which is managed by Puertos del Estado. Daily 

river discharge of the Ter river was obtained from Agència Catalana de l’Aigua3. Data of 

net primary productivity (NPP) was extracted from the Ocean Productivity database4. 

This database calculates NPP using the Vertically Generalized Production Model, which 

uses both surface chlorophyll concentrations and sea surface temperature data 

extracted from satellite imagery (Behrenfeld and Falkowski, 1997). These variables 

provide information on environmental conditions that could also influence sediment 

cores collected in the cruise (Fig. 7.3). 

                                                      
3 http://aca-web.gencat.cat/sdim21/ 
4 http://www.science.oregonstate.edu/ocean.productivity/index.php 
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Figure 7.3 Potential forcing conditions during the sampling period. Significant wave height (Hs) measured at the Cap 
de Begur buoy (a), Ter river discharge (b), 8-day average net primary productivity (NPP) (c), and daily hauls in the 
trawling ground from January 2017 to March 2018, as well as the 2-month temporal trawling closure (d). Blue vertical 
lines indicate the sampling dates. 

 

7.3. Results 

Profiles of radionuclide concentrations (excess 210Pb, excess 234Th, 137Cs, 7Be), dry bulk 

density, grain-size, as well as the elemental data (OC, TN, CaCO3) and CuO products for 

each sediment core are given in Figures 7.4, 7.6, 7.7, and 7.8, respectively. Summarized 

data of all parameters is given in Tables 7.3, 7.4, 7.5, and 7.6 and the results of the 

permutational two-way analysis of variance for each of these parameters is shown in 

Table B.1. 
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7.3.1. Radionuclides (excess 210Pb, excess 234Th, 137Cs, 7Be) 

Sediment cores from the untrawled site presented similar surface excess 210Pb 

concentrations, ranging from 185 to 240 Bq·kg-1
, whereas trawled sediment cores had 

lower and variable surface concentrations ranging from 50 to 176 Bq·kg-1 for the 

different sampling seasons (Table 7.3; Fig. 7.4).  

 
Figure 7.4. Concentration profiles of excess 210Pb, 137Cs, and excess 234Th in sediment cores collected in 
trawled (red) and untrawled (green) sites (A and B stand for replicate cores at each site). 
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Excess 210Pb concentration profiles in the untrawled sediment cores presented altered 

surface layers that slightly decreased with depth (5 to 30 cm deep). Below, mass 

accumulation rates of 0.33 to 0.63 g·cm-2·yr-1, corresponding to sedimentation rates of 

0.37 to 0.85 cm·yr-1 (Table 7.3; Fig. 7.4) were calculated. Excess 210Pb horizons in these 

sediment cores often exceeded 50 cm in depth, even precluding to reach the supported 

210Pb levels in some instances (Fig. 7.4), leading to considerably high excess 210Pb 

inventories, between 31000 and at least 46000 Bq·m-2 (Fig. 7.5). 

Table 7.3. Summary of results obtained from a) excess 210Pb and b) excess 234Th concentration profiles. 
a) Excess 210Pb 

Season 
Surface concentration 

(Bq·kg-1) 
Penetration depth (cm) 

Mass accumulation rate 
(g·cm-2·yr-1) 

Sedimentation rate  
(cm·yr-1) 

Trawled Untrawled Trawled Untrawled Trawled Untrawled Trawled Untrawled 

Feb ’17  159  7  18  -  -  

June ‘17 176  8 215  10 9 40 - 0.343  0.012 - 0.369  0.012 

Oct. ‘17 
71  9 185  9 10 > 56 - 0.50  0.02 - 0.62  0.03 

49  6 239  12 9 52 - 0.33  0.02 - 0.40  0.02 

March ‘18 
126  8 197  13 > 38 > 51 - 0.63  0.02 - 0.85  0.03 

83  6  10  -  -  

         
b) Excess 234Th     

Season 
Surface concentration 

(Bq·kg-1) 
Penetration depth (cm) 

  

Trawled Untrawled Trawled Untrawled     

Feb ’17  483  15  ≥ 5      

June ‘17 385  11 147  6 2 ≥ 6     

Oct. ‘17 
92  7 26  5 4 4     

115  7 145  7 2 4     

March ‘18 
788  15 27  5 ≥ 5 3     

105  20  3      

In contrast, trawled sediment cores generally presented fluctuating excess 210Pb 

concentrations with depth, and supported 210Pb was found in the upper 10 cm, at an 

accumulated dry mass of ~7 g·cm-2 (Fig. 7.4). These cores presented low excess 210Pb 

inventories which generally ranged from 2100 to 5700 Bq·m-2 (Fig. 7.5). Slightly higher 

inventories were quantified in Feb. ’17 (TR-A) and in March ’18 (TR-A). Excess 210Pb 

concentrations had a deeper penetration in the Feb. ’17 core, leading to an inventory of 

13500 Bq·m-2. In March ’18 (TR-A) core, excess 210Pb concentrations fluctuated between 

10 and 100 Bq·kg-1 with depth and didn’t reach supported 210Pb in the 38 cm of that 

sediment core, leading to an inventory of at least 21000 Bq·m-2 (Figs. 7.4, 7.5). 
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Concentrations of 137Cs in untrawled sediment cores ranged between 4 and 5 Bq·kg-1, 

whereas trawled sediment cores had lower concentrations of ~1 Bq·kg-1 that often 

reached undetectable concentrations with depth (Fig. 7.4). This led to considerably 

higher 137Cs inventories in superficial sediments of the untrawled cores in comparison 

to superficial sediments of the trawled cores (Fig. 7.5). 

Surface excess 234Th concentrations ranged from 26 to 147 Bq·kg-1 in untrawled 

sediment cores, while trawled sediment cores had higher surface concentrations that 

ranged from 92 to 790 Bq·kg-1 (Table 7.3; Fig. 7.4). Excess 234Th profiles generally 

presented decreasing concentrations with depth in all cores, and supported 234Th was 

not always reached in the upper 6 cm (Table 7.3; Fig. 7.4). Inventories were similar in 

both sites but varied with seasons (Fig. 7.5). Higher excess 234Th inventories were 

observed in sediment cores collected in Feb. ’17 and June ’17 (~3000 Bq·m-2), and 

lowered in October ’17 (~1000 Bq·m-2), while even lower inventories were quantified in 

March ’18 (~500 Bq·m-2), with the exception of March ’18 TR-A core that had higher 

excess 234Th inventories of at least 3000 Bq·m-2 (Table 7.3; Fig. 7.5). 

Be-7 was only detected in the superficial layer of the trawled core collected after the 

storm in Feb. ’17, with a concentration of 18  4 Bq·kg-1, leading to an inventory of 46  

9 Bq·m-2 (Fig. 7.4, 7.5). 

 
Figure 7.5. Inventories of excess 210Pb (a), 137Cs (b), excess 234Th (c), and 7Be (d) for trawled (red) and untrawled 
(green) sites. Arrows above excess 210Pb and excess 234Th inventories indicate that the base of the profile was not 
reached in the core, thus values must be regarded as lower estimates. Inventories for 137Cs correspond to the upper 
2.5 g·cm-2 cumulative dry mass of each core to allow comparison. Be-7 was only detected in the top-most sediment 
of the Feb. ’17 trawled core. Replicate cores are indicated by A and B codes. 
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7.3.2. Sediment density and grain size 

Sediment cores collected in the untrawled site had low dry bulk densities in all sampling 

seasons that slightly increased with depth from 0.5 g·cm-3 in the topmost layers to 0.7 

g·cm-3 at 10 cm depth. In contrast, cores from the trawled site had higher dry bulk 

densities ranging between 0.5 g·cm-3 and 0.8 g·cm-3 in the topmost layers that increased 

to up to 0.9-1.0 g·cm-3 within the upper 5 cm (Fig. 7.6). 

 
Figure 7.6. Profiles of dry bulk densities, percentage of sand, silt, and clay, and mean grain size diameter in the upper 
10 cm of sediment cores collected in trawled (red) and untrawled (green) sites. A and B stand for replicate cores at 
each site. 

Untrawled sediment cores had homogenous mean grain sizes of approximately ~12 m, 

consisting of mostly silt (75-80 %), and clay (20-25 %), and negligible sand fractions for 

all sampling seasons (Fig. 7.6; Table 7.4). In contrast, trawled sediment cores had 
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variable and significantly coarser mean grain sizes ranging from 12 to 46 m. These 

sediments also consisted of mostly silt (60-75 %) and clay (20-25 %), but had significantly 

higher sand fractions than in the untrawled site, which ranged from 3 % in the Feb. ’17 

core to ~10 % for the remaining trawled cores (Fig. 7.6; Table 7.4, Table B.1). 

Table 7.4. Summary of grain size parameters of each sediment core. Values indicate mean  1 standard deviation of 
the upper 10 cm. 

Season 
Mean (m) Sand (%) Silt (%) Clay (%) 

Trawled Untrawled Trawled Untrawled Trawled Untrawled Trawled Untrawled 

Feb ’17  14.9  1.1  2.9  0.9  73.6  1.9  23.6  1.7  

June ‘17 23.9  5.7 12.3  1.8 9.6  3.8 1.5  1.1 68.1  4.1 78.8  1.5 22.3  1.9 19.7  1.0 

Oct. ‘17 
27.6  8.2 11.96 ± 1.02 10.9  3.6 1.3 ± 0.8 66.9 ± 2.3 76.3 ± 1.7 22.2 ± 3.1 22.4 ± 1.6 
21.5 ± 6.9 13.5 ± 1.9 8.1 ± 4.5 2.4 ± 1.5 67.1 ± 2.2 74.8 ± 4.3 24.8 ± 2.9 22.8 ± 3.5 

March ‘18 
26.1 ± 5.0 11.6 ± 1.9 11.4 ± 3.7 1.3 ± 1.3 67.0 ± 2.8 73.9 ± 1.9 21.6 ± 1.3 24.9 ± 1.1 
34.0 ± 7.9  16.8 ± 4.3  60.7 ± 3.3  22.5 ± 1.3  

7.3.3. OC, TN, and CaCO3 

Concentration profiles of OC and TN were relatively constant with depth for all sediment 

cores, with the exception of those collected in June ’17, which presented a slight 

increase towards the surface for the upper-most layer in the trawled core, and for the 

upper 5 cm of the untrawled core (Fig. 7.7). Untrawled sediment cores had significantly 

higher OC and TN concentrations, averaging ~0.8 % OC and ~0.11 % TN, whereas the 

trawled sediment cores had lower concentrations averaging ~0.6 % OC and ~0.08 % TN 

(Fig. 7.7; Table 7.5, Table B.1). Concentrations of OC and TN were significantly different 

between seasons due to the slight increase in concentrations in sediment cores 

collected in June ’17 and in the trawled sediment core collected towards the end of the 

trawling closure and after a storm in Feb. ’17, which had higher concentrations than the 

remaining trawled cores, with 0.7 % OC and 0.09 % TN. For both trawled and untrawled 

cores, molar OC/TN ratios fluctuated between 6 and 9 during all sampling seasons (Fig. 

7.7; Table 7.5, Table B.1). 

Concentrations of CaCO3 in the untrawled sediment cores were relatively constant with 

depth and between seasons, accounting for approximately ~24 % (Fig. 7.7). The trawled 

sediment cores had significantly higher CaCO3 concentrations than the untrawled cores 

(Table 7.5, Table B.1) and fluctuated with depth with values ranging between 25 and 35 

% (Fig. 7.7; Table 7.5). The trawled site presented significant differences between 
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sampling seasons, with lowest concentrations in Feb. ’17 and highest concentrations in 

March ’18. 

 
Figure 7.7. Bulk elemental concentration profiles of OC, TN, molecular 
OC/TN ratio, and CaCO3 of sediment cores collected in trawled (red) and 
untrawled (green) sites. A and B indicate the replicate code of each sample. 

Table 7.5. Summary of elemental parameters of each sediment core. Values indicate mean  1 standard deviation 
of the upper 10 cm. 

Season 
OC (%) TN (%) OC/TN(at) CaCO3 (%) 

Trawled Untrawled Trawled Untrawled Trawled Untrawled Trawled Untrawled 

Feb ’17  0.72  0.05  0.094  0.005  8.9  0.6  24.8  0.4  

June ‘17 0.61  0.08 0.88  0.08 0.085  0.009 0.111  0.003 8.3  0.6 9.2  0.7 27.4  1.7 23.6  0.8 

Oct. ‘17 
0.59  0.07 0.82  0.05 0.079  0.008 0.108  0.008 8.7  0.6 8.9  0.3 30.1  1.2 24.5  0.6 

0.59  0.04 0.81  0.05 0.075  0.005 0.110  0.004 9.2  0.8 8.6  0.5 28.8  1.5 24.2  0.3 

March ‘18 
0.61  0.07 0.82  0.2 0.081  0.003 0.108  0.003 8.8  0.6 8.8  0.4 28.5  1.7 24.0  0.8 

0.52  0.03  0.069  0.003  8.7  0.3  33.6  1.6  
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7.3.4. Biomarker yields 

Concentration profiles of CuO oxidation products in the upper 5 cm of all cores did not 

present significant changes with depth, with the exception of the trawled core collected 

in Feb. ’17 after the storm and towards the end of the trawling closure, which had 

considerably high concentrations of most biomarkers in its topmost layer (Fig. 7.8). 

 
Figure 7.8. Profiles of CuO oxidation products of terrestrial origin (a) and heterogenous origin (b) in sediment cores 
collected in trawled (red) and untrawled (green) sites. A and B correspond to the replicate code of each sample. 
Abbreviations: VP, vanillyl phenols; SP, syringyl phenols; CP, cinnamyl phenols; CA, cutin acids; PB, p-
hydroxybenzenes; BA, benzoic acids; AA, amino acids; DA, di-carboxylic acids; FA, fatty acids. 
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Seasonality did not influence the concentrations of any of the biomarkers analysed, 

whereas trawled sediment cores presented significantly lower concentrations of all 

biomarkers in comparison to untrawled sites (Table B.1). However, differences between 

trawled and untrawled sites varied depending on the specific type of biomarker (Table 

7.6). For the terrestrial lignin phenols, slightly lower average concentrations of vanillyl, 

syringyl and cinnamyl phenols were quantified in the trawled site in comparison to the 

untrawled site, whereas concentrations of cutin acids in the trawled site were even 

lower than in the untrawled site (Table 7.6a). Similarly, slightly lower concentrations of 

p-hydroxybenzenes and benzoic acids were quantified in the trawled site in comparison 

to the untrawled site, whereas the remaining CuO products of heterogenous origin had 

even lower concentrations in the trawled site in comparison to the untrawled site (Table 

7.6b). 
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7.4. Discussion 

7.4.1. Bottom trawling erodes the seafloor 

Intense bottom trawling activities occur on the northern flank of Palamós Canyon (Fig. 

7.1a), and this chronic disturbance has altered the sedimentary regime of the area. 

Sediment cores collected on these bottom trawling grounds were generally depleted in 

excess 210Pb inventories by 80-90 % in comparison to sediment cores from the untrawled 

site (Fig. 7.3), indicating a high degree of erosion, as observed in other deep bottom 

trawling grounds located nearby (Chapters 3 and 4) (see Type IV profile in Fig. 2.4). 

Trawled sediment cores collected in February ’17 (TR-A) and March ’18 (TR-A) had 

higher inventories than the remaining trawled cores due to a deep penetration of excess 

210Pb (Figs. 7.4, 7.5), a trait attributed to either intense sediment mixing by trawling gear, 

and/or the lateral displacement of sediment as mounds next to bottom trawl marks (see 

Type III profile in Fig. 2.4). 

Trawled sediment cores had comparable excess 210Pb inventories and penetration 

depths during all sampling seasons (Fig. 7.5), which were similar to a sediment core 

collected in the same site in 2011 (see sediment core NF-4 in Martín et al., 2014a) 

suggesting that the rate of erosion in the north flank of Palamós Canyon is compensated 

by the rate of sediment accumulation. This is also supported by the lower 137Cs surface 

inventories in the trawled sediment cores (Fig. 7.5), which not only indicates erosion, 

but that sediment accumulated prior to 1954 is mixed with recent sediment (4-5 Bq·kg-

1; Fig. 7.4) due to the continuous sediment overturning by the trawling gear. These 

consistent excess 210Pb inventories suggest that the rate of erosion in the northern flank 

of Palamós Canyon is relatively constant and is compensated by the rate of sediment 

accumulation in the area. Assuming that the rate of erosion is similar to the 

sedimentation rate in the area, we can estimate that the rate of erosion ranges between 

3 and 6 kg·m-2·yr-1, which, if extrapolated to the entire northern flank trawling ground 

(42 km2), would amount to up to 125-250·103 tonnes of sediment eroded annually. 

This eroded sediment can be either transported downcanyon as sediment gravity flows, 

increasing sedimentation rates within the canyon’s axis (Martin et al., 2008; Puig et al., 

2015) or advected along the margin and deposited in other untrawled sites, as observed 
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in the previous Chapter 6. Indeed, sediment transported downcanyon by bottom 

trawling along the northern Palamós Canyon flank can be detached as intermediate 

nepheloid layers (Martin et al., 2014c) which could be advected southwards by the 

regional current, eventually depositing in the southern flank, resulting in an increase in 

sedimentation rate in sediment cores collected in the southern flank. This would explain 

the high sedimentation rates quantified in Oct. ’17 UTR-A and March ’18 UTR-A (0.8 – 

0.9 cm·yr-1) as well as the change in slope of excess 210Pb concentrations in the upper 

15-30 cm layers of June ’17 UTR-A and Oct. ’17 UTR-B, indicating an increase in 

sedimentation rates to similar values (Fig. 7.4), confirming the hypothesis postulated by 

Martin et al., 2014a. 

Despite the almost-daily trawling frequency on this fishing ground (Fig. 7.3d), which 

ultimately causes the erosion of surface sediments, excess 234Th inventories were similar 

in trawled and untrawled sites in each sampling period (Fig. 7.5c). Trawled sediment 

cores usually had shallower penetration depths and higher superficial excess 234Th 

concentrations in comparison to untrawled sites (Table 7.3; Fig. 7.4). This fact suggests 

that some of the sediment resuspended by bottom trawlers is re-deposited on fishing 

grounds, scavenging excess 234Th from the water column in the process, where it is 

continuously being produced from 238U decay. This continuous resuspension and partial 

re-deposition of sediments causes grain-size sorting through the selective advection of 

unconsolidated fine-grained sediment whereas coarser sediment is preferentially re-

deposited and compacted by the passage of the trawling gear. This process progressively 

increases dry bulk densities as well as the sand content of the trawled site (Fig. 7.6), 

causing bed armouring effects (Martin et al., 2014a). 

7.4.2. Bottom trawling hampers the preservation of organic matter 

Chronic and intense bottom trawling activities not only altered sedimentological 

properties, but also modified the biogeochemical composition of sediments through the 

relative enrichment of trawling grounds in CaCO3 and the depletion of OC, total nitrogen 

(TN), and specific biomarkers yielded from CuO oxidation in these fishing grounds (Figs. 

7.7 and 7.8). Based on the results of the principal component analysis (PCA) and the 

linear discriminant analysis (LDA) boundary line distinguishing trawled and untrawled 



Part III. Biogeochemical Impacts of Deep Bottom Trawling 

136 

samples, it is apparent that sediments in bottom trawling grounds are characterized by 

a general coarsening and compaction, as well as the depletion of sedimentary organic 

matter (Fig. 7.9). The LDA boundary line highlights a particular impoverishment of labile 

biomarkers, such as amino acid- and fatty acid-derived compounds in trawled 

sediments, and a predominance of refractory compound classes such as p-

hydroxybenzenes and vanillyl phenols (Fig. 7.9b). 

 
Figure 7.9. Multivariate analyses of sediments from trawled and untrawled sites. a) Principal Component Analysis 
(PCA) of sedimentological parameters (dry bulk density, grain size), elemental (CaCO3, OC, and TN) and CuO oxidation 
products in trawled (red) and untrawled (green) samples. The dashed line indicates the boundary line of the Linear 
Discriminant Analysis (LDA) that separates trawled and untrawled classes (see 7.2.5). b) LDA coefficients of all 
parameters based on their shortest distance from the dashed line in the PCA. Abbreviations: VP, vanillyl phenols; SP, 
syringyl phenols; CP, cinnamyl phenols; CA, cutin acids; PB, p-hydroxybenzenes; BA, benzoic acids; AA, amino acids; 
DA, di-carboxylic acids; FA, fatty acids. 

Indeed, despite the statistically lower organic matter content in the trawled site in 

comparison to the untrawled site, the relative difference of each compound classes 

varied according to their reactivity (Fig. 7.10a), highlighting a preferential loss of the 

most labile organic matter compounds (di-carboxylic acids, fatty acids, amino acid-

derived products, and cutin acids) in comparison to the most refractory compound 

classes. This general impoverishment of sedimentary organic matter could be the result 

of the erosion of organic matter-rich sediment (Hale et al., 2017), or the remineralization 

of re-exposed organic matter (Ferguson et al., 2020). In relation to the first mechanism, 
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winnowing of organic matter-rich fine-grained sediment accounted for the depletion of 

the most refractory compound classes (vanillyl, syringyl, cinnamyl phenols, p-

hydroxybenzenes and benzoic acids) since the loss of most of these biomarkers in the 

trawled site became statistically insignificant after normalizing by grain size (Fig. 7.10b; 

Table B.2). However, even after accounting for winnowing, the trawled site still had 

statistically lower concentrations of OC and TN (-21 %) as well as the labile compounds 

(-45 to -67%) in comparison to the untrawled cores (Fig. 7.10b; Table B.2). 

 
Figure 7.10. Relative difference in concentrations of organic matter compounds in trawled cores and in untrawled 
cores for bulk concentrations (a), after normalizing for fine-grained sediment (b), and after normalizing for OC 
contents (c). Dots indicate the average differences and the floating bars represent the error derived from standard 
deviations. Asterisks denote statistically significant difference between trawled and untrawled sites (Tables S2, S3, 
S4): *** p < 0.001, ** p < 0.01, * p < 0.05, and n.s. not significant. Results of statistical analyses are given in Tables 
B.1-B.3. 
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In fact, the compositional differences of sedimentary organic matter between trawled 

and untrawled sites obtained after normalizing biomarker concentrations to OC 

contents show that organic matter from both sites had comparable contents of the 

more refractory compounds, whereas the trawled site was significantly impoverished in 

labile compounds (-31 to 69%; Fig. 7.10c; Table B3). The preferential loss of these 

reactive compounds would occur through enhanced degradation, either driven by 

greater sediment mixing by bottom trawling gear (Ferguson et al., 2020; van de Velde 

et al., 2018) or by a rapid and efficient degradation of nutritious sedimentary organic 

matter in trawling grounds as explained in Chapter 6. The lower availability of labile 

compounds reduces the quality of the remaining organic matter in trawling grounds, 

which have damaging effects to benthic communities (Pusceddu et al., 2014).  

The lower content of all organic matter compound classes in trawled sediment cores 

prove that bottom trawling depletes the organic carbon stock stored in continental 

slope sediments, reducing the preservation of organic matter and its burial efficiency in 

deep-sea sedimentary environments. Moreover, the preferential losses of more labile 

organic compounds are strong evidence that bottom trawling releases previously 

sequestered organic matter stored in deep-sea sediments directly affecting the carbon 

cycle in continental margins. 

7.4.3. Bottom trawling causes persistent impacts on the seafloor 

The impacts caused by bottom trawling generally persisted throughout the year, despite 

the seasonal variations in the arrival of fresh sediment to the area and the 2-month 

temporal trawling closure (Fig. 7.3d), confirming that the impacts generated by this 

activity are greater than the natural seasonal variability (Sañé et al., 2013). Greater 

arrival of fresh sediment to bottom sediments were recorded in sediment cores 

collected in February and June ’17, as evidenced by their high excess 234Th inventories 

(Fig. 7.5c). This resulted from the occurrence of a strong storm in January ’17 that 

produced significant wave heights greater than 6 m (Fig. 7.3a) concurrent with a 

torrential Ter River discharge of 130 m3·s-1 (Fig. 7.3b), as well as an enhanced particle 

export from the spring phytoplankton bloom in May ’17 (600-800 mg C·m-2·d-1; Fig. 7.3c) 

which led to a slight increase in OC and TN contents in the top-most sediments of 
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sediment cores collected in February and June ’17 (Fig. 7.7). Surficial sediments from the 

February ’17 core presented high concentrations of biomarkers of terrestrial origin (i.e. 

cinnamyl phenols and cutin acids from non-woody plant tissues and soil derived benzoic 

acids) (Fig. 7.8) due to the higher fluxes of particulate matter discharged by the Ter River 

two weeks prior sampling, which supplied high concentrations of the short-lived 

radionuclide 7Be (Fig. 7.5d). However, despite the arrival of fresh organic matter by 

natural processes, trawling grounds were still significantly depleted in organic matter 

contents in comparison to the untrawled counterpart even during the closure season. 

The physical and biogeochemical alterations caused by bottom trawling prevailed even 

towards the end of the trawling closure in March 2018 (Fig. 7.10). These results reveal 

that, although a 2-month seasonal trawling closure could allow fish stocks to rebuild, as 

shown by computer-based simulations (Martín et al., 2019), it is insufficient to restore 

the quantity and quality of organic matter in sediments of deep-sea trawling grounds. 

Indeed, with mass accumulation rates of 0.3 – 0.6 g·cm-2·yr-1 (0.37 – 0.85 cm·yr-1) at such 

depths (Table 7.3), a trawling break of 2 months would only allow the accumulation of 

approximately 0.05 – 0.1 g·cm-2 of sediment (0.05 – 0.15 cm), which cannot lead to 

measurable recoveries of sedimentary organic matter in these disturbed environments. 

In fact, with such low sedimentation rates, it would take between 10 and 30 years to 

accumulate at least 10 cm of sediments on these trawling grounds. This period could 

actually be longer considering that trawled deep-sea sites have a greater dependence 

on the arrival of fresh and nutritious organic matter, which tends to be rapidly consumed 

after accumulating on fishing grounds (Chapter 6). 

The slow rate of recovery of the sedimentary structure of the seabed and associated 

organic matter affects the restoration of benthic communities at such depths. Indeed, 

recent studies revealed that there is little evidence of recovery of deep-sea benthic 

communities after 15 years of bottom trawling closure near the seamounts of New 

Zealand (Clark et al., 2019), possibly related to the lack of recovery of the seafloor’s 

sedimentary organic matter. Several studies hypothesize that deep-sea environments 

would need around half a century to naturally recover from the damage exerted by 

bottom trawling (Da Ros et al., 2019), whereas shallower environments may present 

recoveries in a few weeks (Ferguson et al., 2020) which is associated to the greater 



Part III. Biogeochemical Impacts of Deep Bottom Trawling 

140 

sediment fluxes and frequent natural sediment disturbance mechanisms in comparison 

to the more quiescent deep-sea. 

The continued impacts of bottom trawling in deep environments and the slow rate of 

recovery suggests that the loss of organic carbon in these areas through enhanced 

remineralization of the more labile biomarkers may be irreversible, further highlighting 

that bottom trawling affects the preservation of sedimentary organic matter. This is 

especially important considering that continental slopes are regarded as areas of 

preferential carbon burial due to their large extension and the infrequent natural 

disturbance to which they are subject to (Gordon and Goñi, 2004; Haas et al., 2002). 

However, as previously mentioned, these continental slope areas are increasingly being 

affected by intensive bottom trawling activities (Da Ros et al., 2019; Norse et al., 2012; 

Watson et al., 2013), which now occupy 4.4 million km2 worldwide (Puig et al., 2012). 

The harmful effects of bottom trawling activities have been compared to forest clear-

cutting on land (Watling and Norse, 1998), but the smoothening of the seafloor caused 

by bottom trawling may be more akin to the effects of continuous ploughing of land by 

intensive agricultural practices (Puig et al., 2012). In agricultural fields, the continuous 

soil disturbance by tillage on land is responsible for high carbon losses and degradation 

of soil fertility (Lal, 2004), and our results prove that a similar effect occurs on the 

seafloor due to chronic and intensive bottom trawling activities. However, whereas 

tilling on land is occasional and measures are being implemented to reduce its negative 

impacts and mitigate the loss of soil organic carbon sequestration capacity (Lal, 2004), 

bottom trawling continues to intensify and expand to new unexploited grounds with 

little regulation on the type of used gear and ineffective management strategies, such 

as seasonal trawling closures. Considering the wide extension of bottom trawling 

grounds and their continuous expansion to deeper areas, the disturbances by bottom 

trawling could be causing extensive and long-lasting impacts on the seafloor, leading to 

the release of vast amounts of carbon stored in deep-sea sediments. While more studies 

are needed to fully understand the implications and the magnitude of these impacts as 

a driver for global change, our findings are a clear indication of the severity and potential 

global implications of this fishing practice. 
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7.5. Conclusion 

Regulations aiming to mitigate the impacts of bottom trawling are recently being 

established to avoid the collapse of fishing stock. Although the previous Chapter 6 

hypothesized that temporal trawling closures would abate the detrimental impacts of 

bottom trawling by allowing a longer-lived deposition of sedimentary organic matter, 

the study presented in this chapter proved that a 2-month temporal trawling closure is 

insufficient to restore sedimentary organic matter of deep-sea trawling grounds. This 

could be partly influenced by the low sedimentation rates in deep-sea environments, 

but also by the enhanced degradation of the labile organic matter compounds, as 

observed by the persistent low content of labile organic matter compounds throughout 

the year. The results presented in this chapter highlight that the vulnerability of the 

deep-sea is amplified by the low sedimentation rates, causing enduring bottom trawling 

impacts on the seafloor and hampering the preservation of organic matter in deep-sea 

sediments. 
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 Conclusions 

The aim of this thesis was to assess the physical and biogeochemical impacts of deep 

bottom trawling in sedimentary environments from the Western Mediterranean margin 

using recent sediment records. 

The physical impacts of bottom trawling registered in sediments from submarine 

canyons of the Catalan margin was studied through the analyses of over 30 sediment 

cores collected in canyon flanks and axes of the six major submarine canyons incising 

the continental slope. The expansion of bottom trawling grounds to deeper 

environments during the 1960s and 1970s in the Catalan margin, resulting from the 

industrialization of the trawling fleet, modified sedimentary regimes in all submarine 

canyons studied: trawling grounds located along the canyon flanks are highly eroded, 

and this sediment is displaced towards the canyon axis, leading to a two- to four-fold 

increase in sedimentation rates in their axes (Fig. 8.1). 

These impacts are present even in canyons that do not incise the continental shelf 

(Arenys, Besòs, and Morràs canyons; Chapter 3), which have lower capacity of 

intercepting and funneling suspended particles advected along the margin by the 

regional current. These results reveal that trawling-enhanced sedimentation could be 

occurring within all submarine canyons affected by this type of fishing activity, 

regardless of their topography. Trawling-enhanced sedimentation in these canyons are 

limited to areas located next to bottom trawling grounds, and trawling-derived 

sedimentation rates decrease towards the lower canyon axis with greater distance from 

bottom trawling grounds, leaving deeper areas unaffected (Chapter 3, Chapter 4; Fig. 

8.1). 

These increases in sedimentation rates were attributed to the initial expansion of 

bottom trawling fleets in the 1960s and 70s. The results of most of the studied cores 

indicate that canyon axes virtually present two sedimentary regimes: before and after 

the presence of trawling grounds on the adjacent flanks. Even after this decade, trawling 

fleet from all harbors continued to grow in terms of total horsepower and gross tonnage, 

but sedimentation rates in the canyon axes did not indicate an analogous continuous 

increase, suggesting that there is a sediment supply limitation: there is a maximum 

amount of sediment on the canyon flanks that is capable of being eroded by bottom 
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trawlers. However, the combined analysis of two sediment cores collected 20 years 

apart in the upper axis of Foix Canyon revealed that, aside from an increase in 

sedimentation rates in the 1960s-70s, the core collected more recently presented a 

further doubling in sedimentation rates in the early XXIst century. A closer analysis of the 

evolution of the trawling fleet indicated a recent modernization of trawlers which may 

have allowed the exploitation of new fishing grounds using more powerful engines and 

heavier gear, causing a greater remobilization of sediment downcanyon and increasing 

sedimentation rates in canyon axes environments once more (Chapter 5). This increase 

in the early XXIst century was previously observed in the lower Palamós canyon axis by 

Puig et al. (2015), and these findings in both canyons suggest that it could be a general 

phenomenon on this margin (Fig. 8.1). 

 
Figure 8.1 Sedimentation rates in sediment cores collected in the canyon axes of Foix (Chapter 5), Morràs, Besòs, 
Arenys (Chapter 3), Blanes (Chaper 4) and Palamós (Martin et al., 2008; Puig et al., 2015) canyons, differentiating 
between natural sedimentation rates (light blue circles) and trawling-derived sedimentation rates post-1970s (yellow 
circles) and post-2000s (light pink circles), where possible. The factor increase in sedimentation rates is given next to 
each sediment core. 

These impacts are not limited to canyon environments, since resuspended sediment by 

trawling in open slopes can be advected along-slope by currents, eventually depositing 

in farther untrawled areas, as observed in the Gulf of Castellammare (Chapter 6) and in 

the untrawled southern flank of Palamós Canyon (Chapter 7). This highlights that 
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bottom trawling could be altering sediment budgets in the entire continental slope 

environment. 

These continuous physical alterations can also alter the biogeochemistry of deep 

bottom trawling grounds. In the Gulf of Castellammare, bottom trawling grounds were 

highly eroded, with 20 to 60 % less organic matter in comparison to the untrawled site 

(Chapter 6). However, high fluxes of fresh particulate matter to the seabed during 

sampling increased organic matter content in superficial layers of the trawled site, 

leading to comparable organic matter composition to superficial sediment from the 

untrawled site. The arrival of fresh and nutritious organic matter in this nutrient-starved 

trawling ground stimulated the microbial response, enhancing protein turnover rates. 

The results of this study highlight that the arrival of fresh and nutritionally rich organic 

matter could temporarily and partially abate the detrimental effects of chronic bottom 

trawling, but the high frequency of trawling activities quickly erodes this freshly 

deposited sediment, inhibiting the recovery of fishing grounds. This initially suggested 

that temporal trawling closures could be a useful mechanism to mitigate the impacts of 

bottom trawling. 

However, the comparison of sediment cores collected during several seasons in the 

trawled and untrawled flanks of Palamós Canyon (Chapter 7), including towards the end 

of a 2-month temporal trawling closure, revealed that this management strategy is 

insufficient to mitigate the impacts of bottom trawling. The results of this study revealed 

that the continuous sediment overturning and resuspension modifies the sediment 

composition, leading to substantially coarser sediment depleted in organic matter (~30 

% loss). Organic matter in the trawled site was especially impoverished in the most labile 

biomarkers (52-70 % loss), hampering the preservation of organic matter in deep-sea 

sediments and diminishing the nutritional quality on trawling grounds, which could have 

transcendental impacts on benthic communities, including the targeted commercial 

species. These impacts persisted in every sampling season, even after the temporal 

trawling closure, since the low sedimentation rates of the area is not capable of 

restoring these fishing grounds. These results highlight the vulnerability and low 

resiliency of deep-sea environments, and stresses that deep-sea trawling damages the 

seafloor’s integrity beyond repair. 
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 Future perspectives 

Overall, this PhD Thesis has contributed to the understanding of the interdisciplinary 

impacts that deep bottom trawling exerts on the seafloor, both on trawling grounds and 

beyond. Some of the current and future research areas that this thesis arose are 

summarized in this section. 

9.1. Impacts on bottom trawling grounds 

 Assess the various alterations of bottom trawling on the seafloor 

Bottom trawling generates a wide variety of alterations on the seafloor (i.e. erosion, 

trawl marks consisting of deep furrows and overpiled sediment mounds). This thesis 

inferred the condition of the seafloor where the sediment cores were collected through 

the analyses of diverse sedimentological and radiochemical proxies (see profiles in Fig. 

2.4), but such interpretations should be groundtruthed by collecting sediment cores in 

different kinds of altered seafloors using Remotely Operated Vehicles (ROV) equipped 

with push-cores or other image-guided sediment sampling method. Assessing 

sedimentological parameters and radioactive tracers in different known altered trawling 

sites will help discern the alteration caused by bottom trawling and establish a protocol 

to identify the state of the seafloor for future studies. 

 Alteration in organic carbon stock stored in the seafloor 

Although this thesis proved that bottom trawling depletes sedimentary organic matter 

in fishing grounds, the effects in the organic carbon stock stored in the seafloor was not 

calculated. To do so, organic carbon stock in sediment accumulated within a comparable 

timeframe should be quantified, which would help discern the biogeochemical impacts 

of bottom trawling. 

 Biogeochemical impacts of bottom trawling in contrasting margins 

The deep-sea is highly dependent on the arrival of organic matter from surface water, 

so the biogeochemical impact of bottom trawling could vary in eutrophic and 

oligotrophic margins. This thesis was centered in studying the impacts in western 

Mediterranean margins, which are characterized as being oligotrophic margins in 

comparison to other margins where strong upwelling events occur. 
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 Efficiency of temporal trawling closures in the recovery of deep-sea benthic 

communities 

Although the results of Chapter 7 highlight that temporal trawling closures are 

insufficient to restore the seafloor in terms of its biogeochemical composition, this 

management strategy could be sufficient to mitigate and partially recover benthic 

communities in trawling grounds, due to the absence of the passage of trawling gear, 

which directly increases mortality of benthic communities (Clark et al., 2016; Sciberras 

et al., 2018). Indeed, this has been proven effective to allow the spawning and growth 

of commercial species (Samy-Kamal et al., 2015) and the recovery of epibenthic 

communities in shallow Mediterranean trawling grounds (Demestre et al., 2008), but 

their effects in deeper trawling grounds have not been assessed yet. 

9.2. Impacts beyond trawling grounds 

 Recent changes in sedimentation rates associated to modernization of trawling 
fleets 

The modernization of trawling fleets in the beginning of the XXIst century, replacing old 

and smaller trawlers with new and bigger trawlers, caused a greater remobilization of 

sediment downcanyon, further increasing sedimentation rates in the Foix canyon axis 

(Chapter 5). This recent enhancement in sedimentation rates may have occurred in 

other canyon axis environments, which still need to be studied.  

 Composition of trawling-derived sediment fluxes 

Since bottom trawling is transferring eroded sediment from bottom trawling grounds to 

the canyon axis, the natural fluxes of organic matter in canyons may be altered, which 

could have damaging consequences to benthic species inhabiting in submarine canyons, 

such as cold water corals. Future studies should address the relative contribution of 

sediment transported downcanyon by bottom trawling activities and its composition.  

 Alteration of sediment budgets by bottom trawling in submarine canyons 

Although the rate of sediment erosion by bottom trawlers in the northern flank of 

Palamós Canyon was estimated in Chapter 7 and the spatial impacts of trawling-derived 

sedimentation rates in Blanes Canyon were assessed in Chapter 4, a proper 

quantification of how bottom trawling modifies the sediment budget in submarine 

canyons is still missing. If the amount of sediment that is eroded from fishing grounds is 

greater than trawling-derived sediment accumulated in the canyon axis, then part of the 

resuspended sediment by bottom trawlers could be advected farther away by currents 

as persistent nepheloid layers (Arjona-Camas et al., 2019; Martín et al., 2014c). 
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 Alteration of carbon burial by bottom trawling in submarine canyons 

The erosion of sediment from fishing grounds and the transferal of sediment 

downcanyon could be altering the carbon budgets in submarine canyons. The increase 

in sedimentation rate could be increasing carbon burial in canyon axes, offsetting the 

loss of organic carbon in fishing grounds. However, the lower OC content in eroded 

sediment may outweigh the greater sedimentation rates, causing a net loss of OC by 

bottom trawling. 

9.3. Global impacts of deep bottom trawling 

Bottom trawling grounds have been expanding to deeper and unexplored areas to feed 

the world’s growing population since the 1950s (Norse et al., 2012; Watson and Morato, 

2013), and it is estimated that deep bottom trawling now occupy 4.4 million km2 of the 

continental slope (Puig et al., 2012), covering almost all continental slopes (Fig. 9.1). 

Several studies emphasize that bottom trawling at greater depths is unsustainable 

(Norse et al., 2012) and severely damages benthic communities (Clark et al., 2016; 

Kaiser, 2019; Sciberras et al., 2018), but studies assessing the physical and 

biogeochemical impacts of bottom trawling in deep environments are still scarce. The 

effects observed in this thesis can surely be extrapolated to all Mediterranean deep 

bottom trawling grounds, but the impacts in other ocean margins may be modified by 

different hydrodynamic forces (i.e. tides and strong bottom currents), along with 

variable trawling efforts. With the continuous expansion of bottom trawling grounds to 

deeper environments and its almost irreversible consequences, there is an urgency to 

have a global assessment of the impacts generated by this anthropogenic activity. 

 
Figure 9.1. Global distribution of trawling grounds in continental slopes (red). Bottom trawling grounds were obtained 
from Global Fishing Watch database (Global Fishing Watch, 2020) and extracted in continental slopes according to 
Global Seafloor Geomorphic Features Map (Harris et al., 2014). 
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Appendix A. Supplementary information to Chapter 6 

 
Table A.1 Results of the PERMANOVA test for differences in organic matter quantity (protein, 
carbohydrate, lipid, biopolymeric C, and phytopigment) between trawled and untrawled sites, depth 
layers, and their interaction. The percentage variance explained by each source of variation is also 
reported. df = degrees of freedom; MS = mean square; Pseudo-F = permutational F; significance of test 
obtained from Monte Carlo simulations: * = p (MC) < 0.05; ** = p (MC) < 0.01; *** = p (MC) < 0.001; n.s.= 
not significant. 

Variable  Source df MS Pseudo-F p (MC) 
Explained variance 

(%) 

Protein (mgC·g-1) Site 1 4.62 13.2 ** 22 

 Depth 4 3.51 10.1 *** 40 

 Site x Depth 4 0.82 2.4 n.s. 12 

 Residual 20 0.35   27 

 Total 29     

Carbohydrate (mgC·g-1) Site 1 11.29 47.9 *** 44 

 Depth 4 1.68 7.1 ** 15 

 Site x Depth 4 1.57 6.6 ** 27 

 Residual 20 0.23   14 

  Total 29      

Lipid (mgC·g-1) Site 1 4.68 20.4 *** 23 

 Depth 4 4.73 20.6 *** 59 

 Site x Depth 4 0.20 0.9 n.s. 0 

 Residual 20 0.23   18 

  Total 29      

Biopolymeric C (mgC·g-1) Site 1 13.02 36.9 *** 55 

 Depth 4 1.36 3.9 * 11 

 Site x Depth 4 0.87 2.5 n.s. 11 

 Residual 20 0.35   23 

  Total 29      

Phytopigment (gC·g-1) Site 1 11.25 93.0 *** 50 

 Depth 4 3.53 29.1 *** 38 

 Site x Depth 4 0.29 2.4 n.s. 4 

 Residual 20 0.12   8 

  Total 29         
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Table A.2. Results of the pairwise comparison testing for differences in the quantity of each investigated 
variable between trawled and untrawled sites at each depth. df = degrees of freedom; MS = mean square; 
Pseudo-F = permutational F; significance of test obtained from Monte Carlo simulations: * = p (MC) < 0.05; 
** = p (MC) < 0.01; *** = p (MC) < 0.001; n.s.= not significant. 

  Pair-wise comparisons 

 

Depth (cm) 

Factor: Trawled vs. Untrawled 

Variable t p (MC) 

Protein (mgC·g-1) 0-1 0.502 n.s. 

 1-3 1.236 n.s. 

 3-5 1.871 n.s. 

 5-7 2.94 * 

  7-9 1.799 n.s. 

Carbohydrate (mgC·g-1) 0-1 3.648 * 

 1-3 9.139 ** 

 3-5 2.997 * 

 5-7 0.643 n.s. 

  7-9 1.06 n.s. 

Lipid (mgC·g-1) 0-1 0.666 n.s. 

 1-3 3.753 * 

 3-5 1.044 n.s. 

 5-7 2.921 * 

  7-9 5.63 ** 

Biopolymeric C (mgC·g-1) 0-1 2.058 n.s. 

 1-3 4.197 * 

 3-5 2.737 n.s. 

 5-7 3.105 * 

  7-9 3.783 * 

Phytopigment (gC·g-1) 0-1 1.846 n.s. 

 1-3 6.128 ** 

 3-5 11.417 *** 

 5-7 4.572 * 

  7-9 3.251 * 

 

Table A.3. Results of the PERMANOVA testing for differences in biochemical composition (protein, 
carbohydrate, lipid and phytopigment contents) between trawled and untrawled sites, depth layers, and 
their interaction. The percentage variance explained by each source of variation is also reported. df = 
degrees of freedom; MS = mean square; Pseudo-F = permutational F; significance of test obtained from 
Monte Carlo simulations: * = p (MC) < 0.05; ** = p (MC) < 0.01; *** = p (MC) < 0.001; n.s.= not significant. 

  Source df MS Pseudo-F p (MC) 
 Explained 

variance (%) 

Biochemical composition Site 1 31.9 34.0 ***  36 

 Depth 1 13.5 14.4 ***  36 

 Site x Depth 4 2.9 3.0 **  11 

 Residual  20 0.9    16 

 Total  26      
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Table A.4. Results of the pairwise comparison testing for differences in the biochemical composition (in 
terms of protein. carbohydrate. lipid and phytopigment contents) between trawled and untrawled sites 
at each depth. df = degrees of freedom; MS = mean square; Pseudo-F = permutational F; significance of 
test obtained from Monte Carlo simulations: * = p (MC) < 0.05; ** = p (MC) < 0.01; *** = p (MC) < 0.001; 
n.s.= not significant. 

  Pair-wise comparisons 

  Factors: Trawled vs.Untrawled 

  Depth (cm) t p (MC) 

Biochemical composition  0-1 2.237 n.s. 

 1-3 5.353 ** 

 3-5 2.456 * 

 5-7 2.565 * 

 7-9 2.875 * 

 

Table A.5. Results of the PERMANOVA testing for differences in (a) relative contribution of phytopigments 
to biopolymeric C and (b) protein C turnover rates between examined factors and their interaction. The 
pairwise comparison testing for differences of each investigated variable between trawled and untrawled 
sites at each depth is also included. df = degrees of freedom; MS = mean square; Pseudo-F = permutational 
F; significance of test obtained from Monte Carlo simulations: * = p (MC) < 0.05; ** = p (MC) < 0.01; *** 
= p (MC) < 0.001; n.s.= not significant. 
(a)        Pair-wise comparisons 

       Factors: Trawled 

vs.Untrawled 

Source df MS Pseudo-F p (MC) 
Explained 

variance (%) 
 

Depth 

(cm) 
t p (MC) 

Phytopigment/BPC 

(%) 
Site  1 3.6 59.1 *** 18  0-1 1.438 n.s. 

 Depth 4 6 99.5 *** 77  1-3 3.440 * 

 Site x 

Depth 
4 0.1 1.3 n.s. 0  3-5 6.698 ** 

 Residual 20 0.1                5  5-7 4.143 * 

 Total 29    18  7-9 4.588 ** 

           

 (b)        Pair-wise comparisons 

       Factors: Trawled 

vs.Untrawled 

Source df MS Pseudo-F p (MC) 
Explained 

variance (%) 
 

Depth 

(cm) 
t p (MC) 

Turnover (10-3 d-1) Site  1 1.2 26 *** 5  0-1 5.400 *** 

 Depth 4 5.5 120.4 *** 64  1-3 5.452 ** 

 Site x 

Depth 
4 1.2 26.4 *** 27  3-5 4.242 * 

 Residual 20 0        3  5-7 1.234 n.s. 

 Total 29    5  7-9 2.418 n.s. 
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Appendix B. Supplementary information to Chapter 7 
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Table B.2. Two-way permutational analysis of variance after normalizing for fine-grained sediment to 
account for winnowing of OC and TN (a), and CuO yields for terrestrial biomarkers (b), and biomarkers 
of heterogenous origin (c). Significance of test was obtained by performing 9999 permutations: * = p < 
0.05; ** = p < 0.01; *** = p < 0.001; n.s. = not significant. 

    OC TN   

a) Factors F p  F p   

  Site 196 *** 213.5 ***   

  Season 3.43 * 3.89 *   

  Site x 
season 

1.03 n.s. 1.47 n.s. 
  

              

    Vanillyl Phenols Syringyl Phenols Cinnamyl Phenols Cutin Acids   

b) Factors F p F p F p F p   

  Site 2.48 n.s. 4.79 * 21.9 *** 199 ***   

  Season 1.01 n.s. 0.60 n.s. 0.66 n.s. 1.43 n.s.   

  Site x 
season 

0.59 n.s. 0.12 n.s. 0.20 n.s. 7.28 ** 
  

              

    p-hydroxy 
benzenes 

Benzoic Acids Amino Acids Dicarboxylic 
Acids 

Fatty Acids 

c) Factors F p F p F p F p F p  

  Site 1.28 n.s. 5.89 * 78.7 *** 233 *** 144 *** 

  Season 1.22 n.s. 0.65 n.s. 0.04 n.s. 2.01 n.s. 4.30 * 

  Site x 
season 

0.31 n.s. 1.44 n.s. 0.59 n.s. 6.25 ** 3.14 n.s. 

 
Table B.3. Two-way permutational analysis of variance of OC-normalized CuO yields for terrestrial 
biomarkers (a), and biomarkers of heterogenous origin (b). Significance of test was obtained by 
performing 9999 permutations: * = p < 0.05; ** = p < 0.01; *** = p < 0.001; n.s. = not significant. 

    Vanillyl Phenols Syringyl Phenols Cinnamyl Phenols Cutin Acids   

a) Factors F p F p F p F p   

  Site 1.14 n.s. 0.27 n.s. 4.02 n.s. 70.0 ***   

  Season 2.71 n.s. 1.82 n.s. 0.22 n.s. 0.06 n.s.   

  Site x 
season 

0.95 n.s. 0.26 n.s. 2.95 n.s. 6.67 ** 
  

              

    p-hydroxy 
benzenes 

Benzoic Acids Amino Acids Dicarboxylic 
Acids 

Fatty Acids 

b) Factors F p F p F p F p F p  

  Site 0.50 n.s. 0.72 n.s. 59.5 *** 72.9 *** 48.5 *** 

  Season 0.14 n.s. 1.97 n.s. 0.50 n.s. 1.82 n.s. 4.59 ** 

  Site x 
season 

0.71 n.s. 2.32 n.s. 0.90 n.s. 4.46 * 2.73 n.s. 
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