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 13 

ABSTRACT 14 

Marine ecosystems have been traditionally exploited by coastal communities in several 15 

ways, especially by fishing. More recently, aquaculture has emerged as an activity through 16 

which coastal communities have diversified their economies. Thus, many regions of the 17 

world face the challenge of allowing both activities to maximise their yields while 18 

complying with conservation objectives. Our study area represents a paradigm of this 19 

reality as intensive mussel aquaculture has expanded in the region since the 1950’s, forcing 20 

small-scale fisheries to adapt to the new scenario. Using a cross-disciplinary approach, we 21 

identified two métiers in the studied fleet: a) one composed mostly of queen scallop catches 22 

(Queen Scallop Métier - QSM), and b) a more heterogeneous one with a varied 23 

composition of Crustacea, Cephalopoda and Fishes (Mixed Composition Métier - MCM). 24 

The MCM is strongly spatio-temporally correlated with mussel raft locations, which 25 

indicates how the bottom trawl small-scale fleet has adapted its strategies to the presence 26 

of aquaculture. Moreover, the rich community associated with mussel rafts is reflected in 27 

the heterogeneous catch composition (of valuable species) of the fishing operations carried 28 

out near mussel rafts. However, accumulated biodeposits have attracted detritus feeding 29 

non-commercial species, creating a new ecological paradigm and posing operational 30 

difficulties for the fleet and higher discards. 31 
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 34 

INTRODUCTION 35 

Human activities, including fishing and aquaculture, impact marine environments in 36 

various ways. Although many of these impacts have been well-studied (Blaber et al. 37 

2000, Cranford et al. 2012, Newton et al. 2014), less is known about interactions 38 

among anthropogenic stressors (e.g., Gibbs 2004, Natale et al. 2013a). For example, there 39 

is the perception by some stakeholders that aquaculture may deteriorate essential habitat for 40 

commercial species, thereby indirectly affecting fishing activities (Wiber et al. 2012). On 41 

the other hand, there is evidence that many fish species aggregate at aquaculture sites, 42 

increasing the density and diversity of wild fish that are susceptible to fishing (Barrett et 43 

al. 2018).  44 

The European Union (EU)'s blue economy (all economic activities that depend on the 45 

sea) provides 5.4 million jobs and a gross benefit of around €500 billion/year (European 46 

Commission, 2017). Regarding fishing activity, EU fleets are dominated by small-scale 47 

fisheries (SSF) vessels, representing 85% of all fishing vessels and 40% of the employment 48 

in the fishing sector. Landings coming from SSF are worth around €2 billion annually. This 49 

represents 25% of the revenue generated by EU fisheries, indicating the high value of SSF 50 

in the seafood supply chain (Stobberup et al. 2017). In this context, Galician SSF represents 51 

one of the key engines of the  local economy in coastal locations (Surís-Regueiro and 52 

Santiago 2014). According to the official census (Ocupesca, 2017), on January 1, 2018, 53 

the Galician fishing fleet is composed of 4251 vessels, of which 3927 (92.4%) are part of the 54 

small-scale fishing SSF fleet. Direct employment to support fishing vessels operating in 55 

Galician waters represents 9283 people, of which 6558 (70.6%) are employed in the SSF. 56 

Total revenue from SSF in Galicia is almost €100 million annually, representing 11.5% of 57 

the total revenue from all fisheries in Galicia (Ocupesca, 2017).  58 
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Regarding aquaculture, Spain is one of the top five largest mussel producers in the world 59 

and Galician mussel aquaculture represents 95% of the total biomass produced in Spain. 60 

In the context of the study area, the Ria de Arousa supports 67% of the total Spanish 61 

production, with a steady yield of about 250 000 tonnes·year-1, representing 41% of the 62 

European and 15% of the world production (Labarta et al., 2004; FAO, 2015). 63 

The Ria de Arousa is also the most important Galician embayment in terms of fisheries 64 

activities. The SSF there provides direct employment to almost 2500 people operating 65 

a fleet comprised of about 1650 vessels (Xunta de Galicia, 2016). Vessels operating in 66 

this fishery in the Ria de Arousa use up to 16 different gear types to capture around 60 67 

commercial species, including targeted and by-catch species (Outeiro et al. 2018b). The 68 

relative importance of this area at the regional and national level is substantial, 69 

supporting 42% of the total number of small-scale fishing vessels in Galicia and 23% 70 

of all Spanish vessels (n = 7200) (Xunta de Galicia, 2016). Thus, the Ria de Arousa is 71 

considered a high fishery-dependent community on the European coast (Natale et al. 72 

2013b). The Ria de Arousa provides space for 3260 mussel rafts, each occupying 500 m2. 73 

Mussel rafts are aggregated spatially in “production polygons”, which are legally 74 

delimitated areas where mussel raft aquaculture is allowed. The polygons in the Ria de 75 

Arousa occupy a total of 38 km2,  representing an important proportion of the subtidal area. 76 

The socio-economic importance of mussel aquaculture is huge in Galicia with a direct 77 

contribution to employment estimated at 4416 people and almost 2000 companies depend 78 

directly on mussel aquaculture (Ocupesca 2017). 79 

According to Vasconcellos and Cochrane (2005), the SSFs developed in this area can be 80 

considered as data-limited. In particular, changes in fleet dynamics, fishing strategies or 81 

reliable figures of effort and production have been understudied, as is common for SSFs 82 

elsewhere. Thus, it is important to determine the parameters that characterise the artisanal 83 

fleet, its spatial and temporal dynamics, and the interactions with other human activities. 84 
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Such knowledge would allow us to identify areas of fishing activity and to evaluate the 85 

sustainability and impacts of the fishery (Stewart et al., 2010). Furthermore, known effort 86 

metrics would be crucial to develop future assessment models and improve current 87 

resource management measures. 88 

This study focused on the beam trawl fishery, a SSF that operates in the study area.  89 

Currently, this is the only bottom trawling gear allowed in the Galician SSF. The beam 90 

trawl (called “bou de vara” in Galician) is a fishing gear towed by small vessels (<12 m 91 

length). This gear is traditionally used in the Ria de Arousa for fishing mainly marine 92 

invertebrates such as molluscs, i.e., queen scallop (Aequipecten opercularis, L., 1758), 93 

common cuttlefish (Sepia officinalis, L., 1758), great Atlantic scallop (Pecten maximus, 94 

L., 1758), and crustaceans, i.e., swimming velvet crab (Necora puber, L., 1758) and spider 95 

crab (Maja brachydactyla, Herbst). Taking into account its traditional use, this fishing 96 

activity is restricted to in-shore waters of the Ria de Arousa and is not allowed in the other 97 

Galician “rias”. 98 

The high production of mussel rafts in the Ria de Arousa affects other activities and 99 

ecosystem components and has been the focus of research studies, especially, in the late 100 

1970’s and early 1980’s (Tenore et al. 1984, Penas 1986, Blanton et al. 1987). One 101 

pioneering effort to study the impact of mussel rafts on food chain patterns used a semi-102 

quantitative approach, and was the first to identify the main role of cultured mussels in the 103 

food web at a conceptual level (Tenore et al., 1985). Since then, many scientists have built 104 

on this work in the Ria de Arousa by studying the impacts of cultured mussels on other 105 

species in the food web, including decapod crustaceans (González-Gurriarán, 1982), 106 

portunid crabs (González-Gurriarán et al., 1995), demersal gobiid fishes (Iglesias, 1982; 107 

López-Jamar et al., 1984; Fernández, 1994), infaunal benthic communities (López-Jamar, 108 

1982), and demersal fishes (Chesney & Iglesias, 1979). Recently, the impact of mussel 109 

rafts on the trophic network and ecological carrying capacity of the Ria de Arousa has 110 
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also been investigated (Duarte et al. 2008; Outeiro et al 2018a). Nevertheless, in spite of 111 

the expansion of the mussel raft areas, no research has been carried out to study the 112 

industry’s interactions with or impacts on SSF activity. This is especially important due 113 

to the strong ties between fisheries resources and fishers’ livelihoods. Thus, our research 114 

question is whether an interaction exists between the mussel rafts and the fishing 115 

strategies of the beam trawl fishery. We also aim to provide useful information for 116 

managers about interactions among different human activities, especially mussel 117 

aquaculture, being done in the same coastal area. Specifically, the objective of this study 118 

is to analyse the current fishery dynamics and strategies of this unique small-scale trawl 119 

fishery in Galician waters, with a special focus on investigating the drivers of fishing 120 

strategies (i.e. métiers) with especial attention on the role of mussel aquaculture. Through 121 

a compilation of official information and an intensive onboard monitoring of the beam 122 

trawl fleet, we: i) depict the current legislation and management measures, ii) characterise 123 

the fleet operational features and define métiers, iii) describe species composition of the 124 

catch, and iv) study the spatio-temporal patterns in fishing effort fluctuations and the role 125 

played by mussel aquaculture as a driver of change.  126 

 127 

MATERIAL AND METHODS 128 

2.1. Study area  129 

The Ria de Arousa is located at the north-western coast of the Spanish Iberian Peninsula, 130 

forming part of the southern group of the Rias Baixas (Figure 1) that falls within ICES 131 

Division 9a. The Ria de Arousa is an estuarine ecosystem with a large tidal range and a 132 

high influence of upwelling events (Álvarez-Salgado et al, 1996), accounting for its 133 

extraordinary productivity and thus high importance in terms of the regional economy and 134 

livelihoods of tens of thousands of people in the region. With a total area of 230 km2, it is 135 

the largest Ria on the Galician coast, and may be sub-divided into two areas: The inner 136 
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area (98 km2) is an estuarine-brackish ecosystem with a high fluvial influence (the Ulla 137 

and the Umia rivers) and shallower and more sheltered habitats. In contrast, the outer area 138 

(132 km2) has higher interactions with oceanic processes and deeper and more exposed 139 

habitats (see Figure 1). 140 

2.2. Concepts and definitions 141 

In this study, SSF is defined as the fishery carried out by the vessels registered in the 142 

category “artes menores” (Galician for artisanal fishing gear fleet) in the Galician 143 

National Census of the Operating Fishing Fleet. According to current legislation, this 144 

fleet is composed of fishing vessels up to 15 m length between perpendiculars or 18 m 145 

total length, a maximum of 50 GRT (Gross registered tonnage) or 52 GT (Gross tonnage), 146 

and up to 367 kW (Xunta de Galicia, 2011). The small-scale fleet in Galicia is allowed to 147 

operate down to 100 metres depth and leaves and returns to port on the same day. Apart from 148 

this broad categorisation and to regulate the fishing effort, the fleet is further classified into 149 

seven GRT segments: type I (vessels <1.5 GRT), type II (1.50−2.49 GRT), type III 150 

(2.50−4.99 GRT), type IV (5−7.49 GRT), type V (7.50−9.99 GRT), type VI (10−19.99 151 

GRT) and type VII (≥ 20 GRT). For the case of the beam trawling fleet, a specific 152 

annual experimental management plan regulates the fishery during each fishing season, 153 

from November 1st to March 30th. The Galician SSF targets many valuable species sold in 154 

local markets and we hypothesize that the fleet uses different strategies throughout the 155 

year. Regarding fishing effort metrics, we define the potential beam trawl fleet as the 156 

number of vessels authorised to fish with a beam trawl. On the other hand, the 157 

operational fleet is the part of the fleet composed of authorised vessels that have declared 158 

fishing activity with beam trawl at least one day in a given year. Taking the previous 159 

concepts into account, another measure of effort was defined as the total number of working 160 

days by year carried out by the operational fleet. Further, to assess the effort in terms of 161 

trawled area, we estimated the total area trawled per year by GRT segment by 162 
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multiplying the total number of working days by the average number of hauls deployed 163 

according to fleet monitoring.  164 

 2.3. Official fishery data and small-scale fishery monitoring  165 

Official statistics (2008-2017) on reported catch (landings per port) and vessel 166 

characteristics and effort (licenses, authorizations, and working days) were provided by 167 

the “Servizo de Análise e Rexistros” (SIPDBM, Consellería do Mar, Xunta de Galicia). 168 

In total, data were collected from vessels registered in 8 different ports (Confrarías): A 169 

Illa de Arousa, A Pobra do Caramiñal, Cambados, Carril, Ogrobe, Pontecesures, Rianxo 170 

and Vilanova (Fig. 1). Information of operational fishing effort (trawled area, trawled 171 

distance, trawling time, fishing gear characteristics) and catch composition were collected 172 

by observers on board the small-scale fishing fleet within the monitoring program run by 173 

the Unidade Técnica de Pesca de Baixura (UTPB, Technical Unit of Artisanal Fisheries) 174 

of the Xunta de Galicia (Galician autonomous government). Sampling was undertaken 175 

within the Ria de Arousa, between the Ulla River estuary and Sálvora Island (Fig. 1). The 176 

SSF's observer program monitors fishing vessels randomly selected from the small-scale 177 

fishing fleet covering the full set of multiple beam trawl characteristics used in the Ria 178 

de Arousa. The resultant database analysed in this study includes 1171 hauls performed by 179 

69 different vessels from January 2000 until December 2016. For each haul, observers 180 

recorded the operational and biological information: port of origin, gross registered tonnage 181 

(GRT), gear type and size, date, position, average trawling depth, trawling time, trawled 182 

distance and catch composition in number and weight.  183 

2.4 Métier identification  184 

A métier is a group of fishing operations targeting a similar assemblage of species, using 185 

similar gear, during the same period of the year and/or within the same area and which 186 

are characterized by a similar exploitation pattern (EU 2008/949/EC). In order to identify 187 

métiers for the beam trawl, catch profiles were determined using the dataset from the 188 
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monitoring program. From this dataset, only hauls with positive catches were used in the 189 

analysis (n = 1171). In the original dataset 256 species are listed; but not all of them 190 

contribute significantly to the total catch and many are non-commercial species (i.e. 191 

discards). Therefore, only commercial species that contributed with a minimum of 0.5% 192 

to the total catch (in kg) were used to determine catch profiles. Thus, the following 14 193 

species were included in the analysis (FAO code in parentheses): Aequipecten opercularis 194 

(QSC), Callionymus lyra (LYY), Chelidonichthys lucerna (GUU), Gobius niger (GBN), 195 

Maja brachydactyla (JCX), Merluccius merluccius (HKE), Microchirus variegatus 196 

(MKG), Necora puber (LIO), Octopus vulgaris (OCC), Pecten maximus (SCE), 197 

Platichthys flesus (FLE), Sepia officinalis (CTC), Solea solea (SOO), and Trisopterus 198 

luscus (BIB). Once the most important species were identified, a cluster analysis using 199 

the PAM algorithm (Partitioning Around Medoids, see details about the PAM analysis in 200 

Supplementary Material Figures S1 and S2) (Kaufman and Rosseeuw, 1990) was used to 201 

identify groups with a similar catch profile and define the different métiers adopted by the 202 

beam trawl fishery.  203 

In order to investigate the drivers that determine the previously identified métiers, we 204 

modelled the probability of using a particular métier in a single haul by means of a 205 

generalized linear mixed model (GLMM with binomial error distribution). The 206 

classification of hauls (from the cluster analysis) was used as response variable. Spatial, 207 

temporal and operational features of the fishing operations were used as explanatory 208 

variables as part of the fixed structure:  209 

𝑀ℎ𝑓𝑣𝑦 = 𝛼 + 𝛽1𝐵𝐻ℎ𝑓𝑣𝑦 + 𝛽2𝐻𝑃ℎ𝑓𝑣𝑦 + 𝛽3𝑇𝑟ℎ𝑓𝑣𝑦210 

+ 𝛽4𝐷𝑀ℎ𝑓𝑣𝑦+𝛽5𝐷𝑃ℎ𝑓𝑣𝑦 𝑎 + 𝑏 + 𝑐 + 𝜀ℎ𝑓𝑣𝑦 211 

Equation 1. Complete model structure (GLMM) 212 
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a 

 213 

where M is the probability of selecting a particular métier in a haul h during a fishing trip f 214 

by vessel v during year y, and  is the intercept and ’s are the linear coefficients of the 215 

following explanatory variables: base harbour (BH), only using the two most important 216 

harbours, which account for 95% of the fleet which are Cambados and Rianxo (factor 217 

levels: “Rianxo”, “Cambados”), engine power (HP; continuous, Horsepower), time (T; 218 

continuous, days passed from the beginning of the fishing season), distance from the 219 

nearest mussel farm (DM; continuous, log(m)) and depth of catch (DP; continuous, 220 

log(m)). Furthermore, year (a), vessel within year (b) and fishing trip within vessel (c) were 221 

included as nested random effects allowing for variation between years, vessels within 222 

years and between fishing trips within vessels. Random effects were assumed to be 223 

normally distributed with mean 0 and variances σ2
a, σ2

b and σ2
c. Before fitting any model, 224 

variance inflation factors (VIF), were calculated to detect collinearity problems (Zuur et 225 

al., 2007). Calculation of VIFs revealed no signs of collinearity among explanatory 226 

variables with all values below a cut-off level of 3. Model selection was then performed 227 

iteratively. First, with all fixed effects included in the model, the appropriate random 228 

effects structure was selected using the Akaike information criterion (AIC). The optimal 229 

fixed effects were then determined using maximum likelihood estimation (ML) and 230 

comparing AIC to select the most parsimonious model among the candidate model set. 231 

Models with a difference in AIC (ΔAIC) smaller than 2 were considered as equivalent and 232 

the simpler model selected (Burnham & Anderson 2002). To assess the robustness of 233 

the model structure and estimate 95% confidence intervals of estimated coefficients 234 

we performed a bootstrap by means of randomly leaving out 20% of the original data and 235 

resampling the remaining 80% in each of the iterations of the 10 000 runs.  236 

To gain a broader perspective and thoroughly investigate each métier identified in the 237 

previous section, we analysed the relative contribution (%) of commercial and non-238 
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commercial catches to the overall catch composition. The catch composition of the beam 239 

trawl is quite heterogeneous and includes more than 200 species of vertebrates and 240 

invertebrates with an 85 % prevalence of invertebrates. However, in this work, we only 241 

included the biological species and marine debris which represent more than 0,1% of the 242 

total catch volume and grouped them. 243 

All analyses were performed with R language (R version 3.4.3, R Development Core 244 

Team, 2017) and using the packages “glmmTMB_0.2.0” (Brooks et al. 2017), 245 

“MARSS_3.10.4” (Holmes et al. 2012), “ggplot2_2.2.1” (Wickham, 2009), and 246 

“cluster_2.0.7-1” (Maechler et al. 2018). 247 

2.5 Methods for spatial analysis 248 

We took advantage of the geographical data of the monitoring program of the UTPB to 249 

depict the hotspots of fleet activity, using GIS for plotted centroids of each recorded fishing 250 

haul with the kernel density function tool. With these point data, we used the Kernel 251 

Density function within ArcTool box of ArcGIS 10.1 (ESRI, 2011), to generate a heat map 252 

where the highest activity is located. Kernel density calculates the density of features in a 253 

neighbourhood around those features. We delineated the area of fishing activity 254 

excluding areas where the density of points was low (<5 hauls). The algorithm used to 255 

determine the default search radius, also known as the bandwidth, is calculated as follows: 256 

1) Calculate the mean centre of the input points; 2) Calculate the distance from the 257 

(weighted) mean centre for all points; 3) Calculate the (weighted) median of these 258 

distances, DM; 4) Calculate the (weighted) Standard Distance, SD; 5) Applying the 259 

following formula: 260 

𝑆𝑒𝑎𝑟𝑐ℎ𝑅𝑎𝑑𝑖𝑢𝑠 = 0.9 ∗ min (𝑆𝐷 √
1

ln (2)
∗ 𝐷𝑚) ∗ 𝑛−0.2 261 

Equation 2. Kernel Density 262 
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 263 

RESULTS 264 

3.1 Description of the current beam trawl fishery and main operations 265 

The tonnage of the beam trawl fleet ranged from 0.88 GRT to 8.3 GRT comprising 5 266 

GRT types. The length of vessels ranges from 4.9 to 12.8 m. Despite the scattering 267 

in size and volume, 80% of the fleet presented a GRT below 5, and 85% of the fleet a length 268 

below 10 m, which gives an idea of the small-scale characteristics of this fleet. From the 269 

data obtained through the monitoring program we observed that the most sampled type of 270 

vessels were Type III and Type IV hoarding 85% of the total fleet, being the Type III the 271 

most important. The other three types of vessels (I, II and V) represent a residual 272 

percentage of sample hauls (Table 1). The distribution of declared vessel activity was 273 

similar to the number of vessels per type of GRT, where the largest percentage is 274 

represented by type III; but with a slightly greater presence of lower types (type I and II) 275 

(Table 2). The sampled hauls in the monitoring program agreed with the declared activity 276 

of the fleet (Table 1 and 2). The proportion of type III total vessels from the total fleet with 277 

declared activity in the period 2008-2017 (Table 2), is in agreement with the proportions 278 

in sampled hauls for this Type of GRT (Table 1). The similar proportionality between 279 

sampled hauls of the monitoring program across the five GRT types and the real 280 

distribution of GRT types of the total fleet is assumed to be a good proxy of the 281 

accuracy and representability of our sampling to make inferences about the whole fleet. 282 

The power capacity of types I to V followed an increasing trend from the 5 HP of type I to 283 

the 40 HP of type V (Table 1). We did not observe large differences on mean mesh sizes 284 

between the five types of GRT, all of them around 50 mm, while type V is somewhat below 285 

50 mm. The mean codend size and mean length of the beam followed an increasing trend 286 

from the smaller type I to type V. Type III presented the largest mean number of hauls per 287 

day with 8.9±2.6 and decreased slightly for smaller and larger vessels. The mean trawling 288 
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length per haul presented two groups with type I, II and III with length hauls below 1000 289 

m, and type IV and V with far larger hauls - above 1500 m. Mean trawling time 290 

followed an increasing trend from type I with 15 min to type V with 40 min duration of 291 

hauls. The most abundant type III presented an average haul length of 20 min. The same 292 

increasing trend applied to the area trawled per day and vessel and the depth of the hauls 293 

(Table 1). Using the traits and attributes from the monitoring program and the real data 294 

obtained for the whole fleet for each GRT type, we estimated some effort indicators of 295 

working days per GRT type, number of hauls per season, and area trawled per season in 296 

Table 2. Type III GRT presents the largest absolute numbers of hauls per season and area 297 

trawled with 23.4 km2 (Table 2). In each season, monthly total landings of queen scallop 298 

Aequipecten opercularis were concentrated in the first month when the fishing season 299 

opens. We observed a clear intra- seasonal pattern such that total landings of queen scallop 300 

decreased through the fishing season. From 1999-2017, of the 5 months when fishing 301 

gear is allowed (from November to March each year), almost 45% of the total landings 302 

of queen scallop in the Ria de Arousa were landed in November, decreasing to about 15% in 303 

each of the other months (Supplementary Material Figure S3). This trend is partly 304 

explained by the nature of the alternance of fishing gears in Galicia, which in the case for 305 

beam trawl in the Ria de Arousa is not an exception (Figure 6 in Supplementary Material). 306 

In November, when the season opens, as the yield of queen scallop per haul decreased 307 

through the fishing season, fishers change their fishing strategy and target other species 308 

and/or use other fishing gear types. The most common fishing gears combined with beam 309 

trawl are floating shellfisheries (70% of the vessels use both fishing gears), followed by 310 

the scallop dredge with 48.3% of the vessels, 42% with crustacean traps then large 311 

trammel net with 21.8% and small trammel net with 20.7% (Supplementary Material 312 

Figures S4). 313 

3.2. Métiers used by the beam trawl fleet  314 
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Cluster analysis indicated a two-group partition as the likely structure of the data (see k-315 

plot and silhouette plot for k=2 in Supplementary Material Fig S1 and S2). From the 1171 316 

hauls, 201 hauls where assigned to the first group, but its average silhouette width (ASW) 317 

of 0.05 indicated low internal coherence in the group (left side Fig. 1SM). On the other 318 

hand, the second group, containing 970 hauls, showed a strong internal structure with an 319 

ASW of 0.82 (right side Fig. 1SM). The catch profile for group 1 (left side on Fig. 2) was 320 

clearly dominated by a single species, the queen scallop (QSC). In group 2, no single 321 

species dominated the catch profile, but in terms of quantity (right side, Fig. 2), the queen 322 

scallop (QSC), the pouting (BIB) and the common cuttlefish (CTC) had a slightly higher 323 

contribution to the catches in the group than did other species. Thus, considering the 324 

differences in catch profiles, two métiers were identified: the métier dominated by queen 325 

scallop, called Queen Scallop Métier (QSM), and the métier with a mixed catch 326 

composition, called Mixed Composition Métier (MCM). 327 

 328 

3.3 Commercial and Non-Commercial Catch composition by métier  329 

In terms of total catch, a clear distinctive pattern of total catch by groups is observed 330 

between the two métiers. Bivalvia dominates the QSM while MCM has marine debris and 331 

algae as the most important. The group of Echinodermata, mostly represented by 332 

Holothuria, is the second most important catch in the MCM, while marine debris and algae 333 

represents the second most important catch for the QSM. Both groups are totally discarded 334 

as they are not commercial species (Table 3). About 10% of the catches of the MCM 335 

consist of a varied group of fishes with low rates of discarding, representing an important 336 

part of the total value of this métier. Regarding discard percentages, we want to point out 337 

the similarity between both métiers except for the Bivalvia group. In the case of MCM, 338 

this group has a substantially higher discard rate (44%) compared to the relatively low 339 

discards in the QSM (<10%). It is interesting to remark the low rate of discards in the 340 
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group of fishes in both métiers, which are species with a higher mortality once caught. 341 

Only Myliobatis aquila and lesser-spotted dogfish, Scyliorhinus canicula, present a high 342 

percentage of discards as they are not commercial, nonetheless they represent less than 343 

1% of the total catch in both métiers.  344 

At species level, the dominance of queen scallop in the QSM is evident, followed by 345 

Holothuria, then the king scallop Pecten maximus, common cuttlefish Sepia officinalis 346 

and pouting Trisopterus luscus. The rest of commercial species in the QSM do not reach 347 

1% of the total catch. In the MCM, Asciididae and Holothuridae spp. have the largest 348 

proportion of individuals followed by queen scallop and common cuttlefish. In terms of 349 

discard rate, P. maximus and Mytilidae are the most discarded species for both fishing 350 

strategies (apart from the non-commercial species such as Holothuridae spp, Ascidiidae, 351 

Asteria rubens and Paguridae spp., which are discarded in their totality). In the case of 352 

P. maximus, current regulations forbid the beam trawl fleet to land this species. The same 353 

applies to Mytilus spp., which are mussels detached from mussel rafts ropes and 354 

legislation does not allow fishing vessels to land any individual. Necora puber presents a 355 

moderate ratio of discards, 40% in case of QSM and 22% in the MCM, which may be 356 

due to their size or because they are reproductively active females. The same applies to 357 

Gobiidae and Maja brachydactila but with a lower percentage of discards, below 20%. 358 

 359 

3.4 Spatial patterns and modelling drivers of métiers  360 

Regarding the drivers of the QSM and MCM, model selection favoured the inclusion 361 

of all three nested random effects (year, fishing vessel and fishing trip – Supplementary 362 

Table S1) imposing a correlation between two observations from the same grouping 363 

factor. Although there is some correlation among hauls within a daily trip, a vessel can 364 

use both fishing strategies in a single fishing season. Regarding the fixed effects, the 365 

optimal model indicated that the probability of a vessel selecting the QSM in a particular 366 
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haul was significantly lower (negative coefficient, T) as the fishing season progressed 367 

(Fig. 3a and Table 4). Further, the distance from the haul to the nearest mussel raft was 368 

significant; meaning that hauls from QSM take place further away from mussel farms than 369 

those from MCM (Fig. 3b Table 4). Random effects were also reasonably normally 370 

distributed (Supplementary Material Figure S5). In parallel to the results from the 371 

modelling distance to mussel rafts with GLMM, we present the results from the kernel 372 

density function of sampled hauls (Fig. 4) to help understand the spatial pattern of fishing 373 

strategies and their relation to mussel rafts. The adjusted search radius for the spatial 374 

analysis of the sampled hauls with kernel was similar in both métiers (490 m) and a 58 by 375 

58 m (3364 m2) cell resolution (pixel). The maps had a different range of number of hauls, 376 

QSM goes from a minimum of 5 to a maximum of 30 and MCM from 5 to 60. This 377 

difference of range is attributed to the larger number of hauls available in the operational 378 

program for the MCM compared to QSM. As we focus on the hotspots of maximum 379 

activity, we may still obtain an accurate idea of the maximum activity spatially, the 380 

structure of which varied between métiers. Activity hotspots for the MCM are mainly 381 

located within areas dedicated to mussel aquaculture whereas QSM hotspots showed a 382 

spatial alignment with the channel that crosses the length of the embayment 383 

longitudinally (Fig. 4). Interestingly, MCM hotspots are located on the “edge” of the 384 

areas with exclusive use for mussel aquaculture purposes. Although the fleet is allowed 385 

to trawl within these areas, there are considerable technical difficulties for operating inside 386 

the areas due to the relatively short distance between rafts. Thus, the fleet focused on the 387 

MCM tends to trawl along the borders of the areas where their trawling operation is 388 

potentially larger and without physical obstacles. The channel in which QSM activity is 389 

focused is now the navigational area for shipping movements into and out of the Ria and 390 

also corresponds to the deepest areas of the ria (Fig 1). 391 

 392 
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DISCUSSION  393 

The interaction between two human marine activities, mussel aquaculture and local 394 

small-scale fisheries, was addressed in this study to understand whether interactions 395 

between the two activities exist and to define their magnitude and impact. We detected 396 

significant management implications for the small-scale beam trawl of the Ria de Arousa. 397 

This novel hypothesis (to our knowledge, the first time this has been addressed) is 398 

important to understand impacts of aquaculture activities in the ecological realm (Hinz 399 

et al, 2009) and the likely implications of this on socio-economic issues (Natale et al., 400 

2013b). The second is of great importance to adequately manage and plan coastal 401 

ecosystem services and effectively use efforts to alleviate pressure on ecosystems with 402 

tools such as Marine Spatial Planning (Stelzenmüller et al., 2013). Despite being novel 403 

with respect to fisheries and aquaculture, previous work has identified similar unintended 404 

impacts due to spatial closures, such as MPAs, on the fishing strategies of the small-scale 405 

fleet in Portugal (Horta e Costa et al., 2013) and the Mediterranean (Mallol and Goñi, 406 

2017). Using cluster analysis jointly with GLMM models and Kernel function for spatial 407 

analysis, we have effectively identified the indirect drivers of fishing strategies used by 408 

local fishers in the beam trawl fleet. Our results suggest that the beam trawl fishery has 409 

adapted to distinct catch profiles associated with mussel aquaculture facilities, likely due 410 

to changes in ecosystem communities. The clearest outcome of our research is the 411 

significant relationship of the catch profiles, i.e. métier, with the distance to the nearest 412 

mussel rafts. The hauls in the MCM are significantly closer to the mussel rafts than those in 413 

the QSM fishery. The kernel density map clearly shows the hotspots of hauls for MCM 414 

located within or in the border of the mussel aquaculture rafts areas. However, QSM 415 

hauls are mainly located along the channel of the embayment, outside of the mussel rafts 416 

areas. We detected important differences in the catch composition for each métier that are 417 

worth discussing in the context of previous research. In the case of MCM, we found a 418 
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more diverse profile for catch composition of species than for QSM. Mussel rafts provide 419 

a 3-D habitat for fishes and invertebrates that take advantage of it for shelter or stable 420 

structure for settlement (Romero et al, 1982), for instance, commercially valuable Necora 421 

puber (González-Gurriarán, 1982) and common prawn Palaemon serratus (Figueras, 422 

1984) use the mussel rafts ropes. Many of these opportunistic invertebrates are epifaunal 423 

prey species and mobile predators (Pérez and Román, 1979). The three most important 424 

species of fish in the MCM, Trisopterus luscus, Callionymus lyra and gobies (Gobiidae), 425 

have shifted their diet to adapt to the new feeding paradigm in the Ria de Arousa being 426 

attracted by an epifaunal biodiversity supported by the mussel ropes (Iglesias, 1981; 427 

López-Jamar et al., 1984). Beyond, fallen mussels from ropes support the diet of 428 

scavengers, such as seastars and crabs (Gonzalez-Gurriaran et al., 1993), and other 429 

crustaceans which have easily adapted their diet to cultured mussels (Freire et al., 1990; 430 

Freire et al., 1995). Large amounts of standing biomass on mussel ropes produces a vast 431 

amount of biodeposits (Zúñiga et al., 2014), which can impede infaunal and epifaunal 432 

development (López- Jamar et al., 1984). This may be the reason for the MCM having only 433 

a 5% of its catches composed by epifaunal bivalves, whereas the target species of the QSM 434 

is the queen scallop, which accounts for a large proportion (58%) of the catch. Increased 435 

detrital production from cultured mussels have favoured an increased abundance of 436 

suspension feeding ascidians (Ciona intestinalis, Phallusia mamillata, Ascidia mentula) 437 

which are able to inhabit organically enriched sediments (Rosenberg, 1995) and which is 438 

likely the reason to find ascidians as the most important group of species in the catch 439 

composition of the MCM. Although the data obtained on marine debris is mixed with 440 

groups of algae, most of this group is composed by debris from human activities (personal 441 

observation), having three different sources, includingaquaculture activities (Melli et 442 

al., 2017), commercial and recreational fishing and terrestrial origin (Strafella et al., 443 

2015). The largest catch group in the MCM is marine debris, with hotspots located within 444 
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mussel rafts areas; for the QSM located in  channel areas, the proportion of marine debris 445 

is the second largest by groups but represents a smaller proportion (18%) of the total. 446 

These results may indicate the strong influence of aquaculture activities on marine debris 447 

which, sometimes due to rough sea conditions or operational accidents, ends up being part 448 

of the seabed (e.g., ropes, plastic and other materials) (Mouat et al., 2010; Veiga et al, 449 

2016). The important proportion of queen scallop in the catch composition of the QSM 450 

may be explained using our spatial analysis outcomes. As described, the activity 451 

hotspots of this métier are located along a navigation channel that coincides with the 452 

deepest channel of the ancient river antecedent to the formation of the Ria before last glacial 453 

maximum (Méndez and Vilas, 2005). This channel may present stronger currents, which 454 

this species is known to benefit f rom for diverse reasons (Brand, 2006). Moreover, the 455 

biodeposits from mussel ropes may act as a layer that disfavours the habitat for the queen 456 

scallop (Kamenos et al., 2004). The discard rates in both métiers are similar except for the 457 

queen scallop (which is higher in the MCM) and some fish species, includingCallionymus 458 

lyra, Trisopteurus luscus, Gobiidae and Soleidae spp., (which is higher in the QSM). In the 459 

first case, the difference in the discard rate of queen scallop may be attributed to the smaller 460 

size of individuals, which lack the ideal habitat and feeding conditions around the mussel 461 

aquaculture areas and are thus not of commercial size (<40mm), or the possibility that they 462 

recruit near the rafts, but move deeper as they age. They are thus discarded at a higher rate 463 

in the MCM than in the QSM, where they attained larger sizes. For both métiers, discard 464 

rates of fishes are below 20% (except for Milyobatis aquila and Scilyorhinus canicula).  465 

This is surprising for trawling fishing gear, which are characterised by their high discard 466 

rates (Guyonnet et al., 2008; Broadhurst et al., 2006). The elasmobranchs with a higher 467 

discard rate, Milyobatis aquila and Scilyorhinus canicula, are actually the two species with 468 

a reported high survival rate (90-100%) after being discarded (Revill et al., 2005). At the 469 

same time, high discard rates (>40%) in this fleet are reported for species with a 100% 470 
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survival rate after discarded such as queen scallop, king scallop, and swimming velvet 471 

crab (Revill, 2012). However, the lack of specific data prevents us from confirming 472 

mortalities due to discarding in the beam trawl fishery in the Ria de Arousa. In any case, 473 

in light of the new regulations imposed to the whole EU fishing sector, including the small- 474 

scale fleet (discard ban and its depicted “wasteful practice of discarding”), and taking into 475 

account the results from this study, we suggest a precautionary approach, discouraging 476 

making laws for the whole sector with data of discard rates from only the large scale fleet 477 

(Uhlmann et al., 2014) because the reality of smaller-scale fishing practices may differ 478 

substantially (Sumaila et al., 2001; Carvalho et al., 2011). Much effort has been directed 479 

at examining the impacts of bottom trawling gears using large-scale trawling fleets as an 480 

example (Victorero et al., 2018). Essentially, environmental modification has been 481 

observed due to the removal of habitat-forming species and a reduction of biodiversity 482 

(Clark et al., 2016). Large-scale beam trawlers, otter trawlers, and dredges present fishing 483 

gear features three times larger than those in the case presented here, with vessels up to 484 

30 m length, engines up to 1,000 HP, 12 m beam poles and codend sizes from 16 to 485 

95mm (Revill and Jennings, 2005; Hinz et al., 2012; Revill et al., 2013). Additionally, 486 

beam-trawl disturbance is highly variable among gravel, sand and mud habitats, 487 

highlighting the importance of considering the interaction between some fishing gears and 488 

the habitat in which they are used (Kaiser et al., 2006). The small-scale nature of the beam 489 

trawling fishery in the Ria de Arousa (with most vessels below 8 m length, engine powers 490 

around 50 HP and mesh sizes around 50 mm), suggests a completely different reality. The 491 

environmental impact of the the Ria de Arousa beam trawl fleet is especially interesting 492 

if we consider its capacity to adapt fishing strategies to the new aquaculture situation and 493 

trawling operations on a seabed covered with mussel shells which fall off from ropes and 494 

pseudo-faeces sediments from mussel rafts. Moreover, the impacts of fishing gear on 495 

habitat-forming species, such as Ascidiidae, Holothurias and other benthic species due to 496 
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discards may be mitigated by a high survival rate when discarded (Currie and Parry, 1999). 497 

After sixty years of dense mussel rafts in the Ria de Arousa, the ecosystem has evolved 498 

towards a new state with a dominance of detritus feeding species due to the new food web 499 

paradigm created by the enormous biomass of mussels (Outeiro et al., 2018a). The 500 

existence of two different fishing strategies related to aquaculture facilities, i.e., mussel 501 

farms, can serve as an indicator of this new “equilibrium state” in the study area.  502 

4.1 Limitations, caveats and future directions  503 

In the context of our approach, we should avoid making huge statements regarding the 504 

results and discussion mentioned before. This is mainly because we have used a dataset 505 

that, despite being the best and only one available, is limited in nature. It is limited because 506 

the unit in charge of developing the observational program has limited human resources 507 

to follow on-board observations. In addition, the observational effort should ideally cover a 508 

larger portion of the fleet. Nonetheless, we should not forget the size of the Galician 509 

small-scale fishing fleet, one of the largest in the EU and probably in the top ten in the 510 

world. One of the most important caveats of our study is the difference in haul numbers 511 

in the two métiers depicted with the cluster analysis. However, we are confident that this is 512 

caused by the asymmetry of the small-scale fleet in Galicia in general (Bañon et al., 513 

2018) and, in the Ria de Arousa in particular (Outeiro et al., 2018b), we showed that the 514 

sampling program is representative of the operational fleet. Another important limitation 515 

is the lack of monitoring of the fishing fleet previous to the settlement of the mussel 516 

aquaculture industry in the study area. Nevertheless, there is strong evidence about the 517 

changes in ecosystem conditions around the mussel rafts that drive changes in the 518 

community composition and ultimately, the fishing catch composition. The present study 519 

could expand its scope and impact by including socioeconomic parameters (costs, 520 

revenues, socioeconomic fishers’ profile, etc.) that assess the performance of each fishing 521 
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strategy around the aquaculture sites. It seems timely to carry out thorough research to 522 

estimate environmental and economic costs of aquaculture. In particular, it is necessary to 523 

assess the influence of aquaculture on adjacent industries, including fisheries, because they 524 

are essential for the wellbeing of local economies. For this purpose, fishery-monitoring 525 

programs, as the one used in this study, act as a source of invaluable data to evaluate 526 

potential impacts of human activities on ecosystem services and provide useful information 527 

for proper management.  528 
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  778 
 779 

Figure 1. Location of the study area in the continental context on the left upper corner. In the main 780 

figure, the isobaths of the study area are shown with the black dots representing the 1171 hauls 781 

used in this study to characterize the métiers and their spatial distribution. Polygons represent 782 

locations of mussel raft areas 783 



 

 784 
 785 

Figure 2. Catch composition by métier from CLARA analysis (Clustering Large Applications) 786 

of the beam trawl fleet in Ría de Arousa from 1999-2016. Left hand side displays the QSM 787 

(Queen Scallop Métier) and the right hand side displays the MCM (Mixed Composition 788 

Métier). Aequipecten opercularis (QSC), Callionymus lyra (LYY), Chelidonichthys lucerna 789 

(GUU), Gobius niger (GBN), Maja brachydactyla (JCX), Merluccius merluccius (HKE), 790 

Microchirus variegatus (MKG), Necora puber (LIO), Octopus vulgaris (OCC), Pecten 791 

maximus (SCE), Platichthys flesus (FLE), Sepia officinalis (CTC), Solea solea (SOO), and 792 

Trisopterus luscus (BIB). Species illustrations represent the most important species for each 793 

métier. 794 



 

 795 
 796 

Figure 3. Predicted GLMM (generalized linear mixed model) results for the main sources 797 

of variation of the probability of a particular haul beam trawling fleet of the Ria de 798 

Arousa to belong to the QSM (Queen Scallop Métier): a) Fishing season (in days) and b) 799 

distance of the sampled hauls to mussel farms (in metres). 800 



 

 801 
 802 
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 804 

Figure 4. Spatial distribution of the beam trawling fleet hauls from the monitoring program of the Technical Unit of Artisanal Fisheries of Xunta 805 

de Galicia. Following the analysis of clusters explained in the manuscript, the two groups of hauls were processed with kernel distribution methods 806 

to map the two métiers observed in our study of the beam trawling fleet. On the left hand side QSM (Queen Scallop Métier) spatial distribution of 807 

hauls and on the right hand side the MCM (Mixed Composition Métier). Polygons represent locations of mussel raft areas. 808 

 809 

 810 

 811 

 812 



 

 813 

Table 1. Summary table of main operational features of the beam trawling fleet monitored by onboard observers program of Xunta de Galicia in 814 

Ria de Arousa. Type I = vessels <1,5 GRT), Type II = vessels from 1.5 to 2.49 GRT, Type III = vessels from 2.50 to 4.99 GRT, Type IV = 815 

vessels from 5 to 7.49 GRT, Type V = vessels from 7.5 to 9.99 GRT. 816 

 817 

 818 

GRT class 
Sampled 

hauls 

% of 

sampled 

hauls 

Mean HP 

vessel 

declared 

Mean mesh 

size (mm) 

Mean 

codend 

size (m) 

Mean 

lenght 

beam 

(m) 

Mean 

number 

of hauls 

per day 

per vessel 

Mean 

trawling 

length (m) 

Mean 

Trawling 

Time 

(minutes) 

Mean trawled 

area (m2) per 

working day per 

vessel 

Mean depth 

of haul (m) 

Type I 25 2.1 5±0.0 50.0 6.7 4.0 8.33±1.5 573.3±119.5 15.5±2.8 19 102.35±717 11.75±0.3 

Type II 101 8.5 14.21±0.0 50.5 6.9 5.0 8.77±3.3 559.8±76.8 19.6±2.6 24 339.3±1256.4 17.15±1.1 

Type III 690 58.2 23.75±0.6 47.61±0.4 7.44±0.2 5.7 8.93±2.6 826.1±192.9 20.1±4.1 42 087.60±2861.3 25.68±1.1 

Type IV 321 27.1 35.23±0.2 50.14±0.2 7.65±0.1 5.9 8.79±3.3 1532.9±324.2 28.6±5.1 79 704.96±6328.6 30.11±0.8 

Type V 49 4.1 40.68±0.0 48.0 8.4 6.9 7.27±3.7 2507.6±624 42.1±9.9 126 529.34±16024.5 36.03±1.1 

 819 
  820 



 

 821 

Table 2. Summary of proxies of fishing effort estimated from the number of vessels with declared activity from the whole beam trawling fleet in 822 

Ria de Arousa for the period 2008-2017. Type I = vessels <1.5 GRT), Type II = vessels from 1.5 to 2.49 GRT, Type III = vessels from 2.50 to 823 

4.99 GRT, Type IV = vessels from 5 to 7.49 GRT, Type V = vessels from 7.5 to 9.99 GRT. Estimated number of hauls per year = estimated mean 824 

number of working days per year (Table 2) × mean number of hauls per day (Table 1); Estimated mean trawling area per year = estimated mean 825 

number of working days per year (Table 2) × mean trawled area (m2) per working day per vessel (Table 1). 826 

 827 

 828 

  

Mean number of 

vessels  

% of vessels of 

the total fleet 

Estimated mean 

number of 

working days per 

year 

Estimated mean 

number of hauls 

per year 

Estimated mean 

trawling area per 

year (km-2) 

Type I 8 9.4 105.3 7020.0 2.9 

Type II 16 18.8 96.9 13 592.8 5.2 

Type III 47 55.3 100.6 42 225.3 23.4 

Type IV 13 15.3 97.4 11 134.1 11.7 

Type V 1 1.2 107.6 782.6 1.6 

 829 

 830 

 831 

 832 

 833 

 834 

 835 



 

 836 

Table 3. Catch composition of the two métiers used by the beam trawling fleet of 837 

the Ria de Arousa sampled within the monitoring program of Xunta de Galicia.  838 

 839 

 840 

 Queen Scallop Métier 

QSM 

Mixed Composition Métier 

MCM 

 %W Caught % W Discarded %W Caught % W Discarded 

Bivalvia 63.72 9.82 9.85 44.00 

Aequipecten opercularis 58.62 3.11 5.38 11.73 

Pecten maximus 3.01 85.81 2.12 71.09 

Mytilidae 1.78 100 2.16 100 

Ostrea edulis 0.22 1.36 0.15 6.08 

Rest Bivalvia 0.08 79.13 0.04 55.79 

Fishes 4.96 14.73 10.11 13.79 

Trisopterus luscus 1.62 4.56 2.81 2.50 

Gobiidae 0.99 23.8 2.43 8.19 

Merluccius merluccius 0.72 0.32 0.81 0.11 

Soleidae 0.39 2.55 0.37 0.36 

Callionymus lyra 0.30 38.03 1.04 13.18 

Myliobatis aquila 0.01 100 0.30 100 

Scyliorhinus canicula 0.20 100 0.51 87.19 

Rest Fishes 0.72 20.23 1.84 12.10 

Cephalopods 2.43 1.72 5.44 3.04 

Sepia officinalis 2.17 0.07 4.49 0.03 

Octupus vulgaris 0.20 19.48 0.62 22.66 

Rest Cephalopods 0.06 0.82 0.33 6.78 

Crustaceans 1.13 40.05 3.37 33.08 

Necora puber 0.11 40.99 1.84 22.53 

Maja brachydactila 0.73 17.30 0.72 15.50 

Paguridae 0.16 100 0.38 100 

Rest Crustaceans 0.12 92.69 0.43 73.46 

Ascidiidae 1.79 100 8.61 100 

Echinodermata 6.24 100 10.98 100 

Holoturia spp 5.16 100 7.59 100 

Asteria rubens 0.67 100 2.60 100 

Rest echinodermata 0.41 100 0.79 100 

Gastropoda 0.21 100 0.28 100 

Algae & debris 18.96 100 50.78 100 

Others 0.57 100 0.58 100 

 841 

 842 
  843 



 

 844 

Table 4. Summary of fitted generalized linear mixed models (GLMM) to the probability of a 845 

particular haul of the beam trawling fleet of the Ria de Arousa belonging to the QSM (Queen 846 

Scallop Métier). CI = confidence intervals at 95%; SD = Standard Deviation. 847 

 848 

 849 

Fixed Estimate 

CI 

(2.5%) 

CI 

(97.5%) p-value 

Intercept -9.7262 -12.8521 -6.6003 <0.0001 

Tr -0.0428 -0.0642 -0.0213 <0.0001 

DM 1.3123 0.9239 1.7008 <0.0001 

Random SD 

CI 

(2.5%) 

CI 

(97.5%)   

Year:Vessel:Trip 2.6629 0.8858 8.0053  

Year:Vessel 2.0916 0.3498 12.5056  

Year 2.8072 1.4834 5.3124   

 850 
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Supporting information 1 876 
 877 

The PAM clustering method is based on the k-medoid approach. According to Kaufman and 878 

Rousseeuw (1990), the first step of the PAM algorithm is searching for k representative objects 879 

(i.e., medoids) among the objects of the dataset. A medoid is defined as that object of the cluster 880 

for which the average dissimilarity to all objects of the cluster is minimal. Once the medoids are 881 

found, the k clusters are constructed by assigning each object of the dataset to the nearest medoid. In 882 

this method, the selection of the most appropriate number of the clusters is facilitated by means of a 883 

graphical display (i.e., the silhouette plot) and a quality index (i.e., the silhouette width). The 884 

silhouette width indicates how well an observation has been classified and average silhouette widths 885 

are calculated for each cluster and for the whole clustering procedure (i.e., ASW). 886 

To explore a number of possible divisions of our dataset and determine the best partition, the cluster 887 

analysis was repeated using k=2 to k=15. In all of the analyses the algorithm was computed using the 888 

whole dataset, which consisted of 1171 hauls. A k-plot was then used to show the ASW values for 889 

each of the cluster analyses. In this graph, the maximum ASW value for the dataset can be identified, 890 

and it is called the silhouette coefficient (SC). According to the scale proposed by Kaufman and 891 

Rosseeuw (1990), a SC larger than 0.71 indicates a strong (group) structure in the dataset, a value 892 

between 0.51 and 0.70 indicates a reasonable structure and values lower than 0.50 indicate a weak 893 

(possibly artificial) structure. 894 

Cluster analysis results: 895 

 896 

From the 1171 hauls, the first cluster contained 174 hauls, but its silhouette width of 0.05 indicated a 897 

low internal coherence in the group. On the other hand, the second cluster, containing 826 hauls, 898 

showed a strong internal structure with a silhouette width of 0.82. The average silhouette width 899 

(ASW) for the whole clustering procedure was 0.69, indicating that a reasonable structure in the 900 

dataset was found. 901 



 

 902 

 903 
 904 

 905 

Figure S1. K-plot of the cluster analysis. The red circle marks the highest average 906 

silhouette width (ASW) and indicates that the best partitioning is achieved with 2 groups. 907 
 908 
 909 
 910 
 911 
 912 
 913 

Figure S2. Silhouette plot for k=2. 914 



 

Supporting information 2 915 
 916 

Monthly landings of queen scallop through the fishing season in Galician ports (1999-917 

2017). 918 
 919 

Figure S2. Queen scallop landings from beam trawl gear by month (during the 5 months 920 

when the fishery is open) in the period 1999-2017 in Galician ports. 921 

     

 

 

 

 

 

 

 

 

 

 



 

Supporting information 3 922 
 923 

Combination of fishing gears in the small-scale beam trawl fleet. 924 
 925 

 926 

Figure S4. Beam trawl fleet combination with the rest of the fishing gears. The 927 

percentage of vessels registered with each fishing gear is shown as a gradient of colours. 928 



 

Supporting information 4 929 
 930 

 931 

 932 

Table S1. Model selection procedure for the GLMM for probability of QSM (Queen 933 

Scallop Métier). GLMM = generalised linear mixed model (see Table 1 in main 934 

manuscript). BH = Base Harbour; HP = Engine Power; T = days since start of fishing 935 

season; DM = distance from nearest mussel farm; DP = depth of catch. Year (a), vessel 936 

within year (b) and fishing trip within vessel (c) were included as nested random effects. 937 

 938 

Model type Family Model structure df AIC BIC 

GLM binomial BH+HP+T+DM+DP+Ɛ 6 762.11 791.55 

GLMM binomial BH+HP+T+DM+DP+c+Ɛ 7 472.14 606.49 

GLMM binomial BH+HP+T+DM+DP+b+c+Ɛ 8 474.14 513.39 

GLMM binomial BH+HP+T+DM+DP+a+b+c+Ɛ 9 467.62 511.78 

GLMM binomial HP+T+DM+DP+a+b+c+Ɛ 8 465.85 505.10 

GLMM binomial HP+T+DM+a+b+c+Ɛ 7 464.58 498.92 

GLMM binomial T+DM+a+b+c+Ɛ 6 464.86 494.30 

GLMM binomial T+a+b+c+Ɛ 5 481.88 506.41 

 939 

Supporting information 5 940 
 941 

Model validation graphs of the GLMM for probability of QSM (Queen Scallop Métier). 942 
 943 
 944 



 

 945 

 946 
 947 
 948 
 949 

Figure S3. QQ-plots of random effects of the GLMM for probability of QSM. GLMM = 950 

generalised linear mixed model (see Table 1 in main manuscript). QSM = Queen Scallop 951 

Métier. 952 


