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* Canyons hold the highest expected shrimp biomass. 

* Variability of shrimp distribution is canyon-dependent  

* A 1 ºC warmer temperature hardly decreases the shrimp biomass in canyons. 
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Abstract 

Submarine canyons aggregate numerous marine species and can affect the structure of benthic 

communities. However, analyses dedicated to assess the spatial distribution variability among 

several canyons are rare. In the northwestern Mediterranean Sea, three major submarine canyons 

consecutively indent the narrow margin. There, the abundance of deep-sea blue and red shrimp 

Aristeus antennatus (Crustacea: Decapoda), one of the most important fishery-targeted species in 
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the western and central Mediterranean Sea, sustains relatively high incomes for the nearest fishing 

harbors. To date, the spatial distribution of this shrimp species has only been assessed on known 

fishing grounds, but it has neither been modeled simultaneously covering several submarine 

canyons nor according to the environmental conditions. In this study, we aimed to look over the 

spatiotemporal shrimp distribution in a region of the northwestern Mediterranean Sea with a 

particular interest in variations in the three submarine canyons. From summer landing data between 

2005 and 2014, we implemented a species distribution model with georeferenced catches linked to 

environmental data of the shrimp habitats. The model showed that the bottom topography was one 

of the most essential variables to explain the spatial distribution of the catches and that the highest 

catch rates were between 475 m and 575 m depth. Overall, two canyons (Blanes and Palamós) 

sheltered high estimates of catches on the shallow and narrow part of their margins (at 510 and 565 

m depth). Among them, 60% of estimated summer catches came from the Palamós Canyon, but this 

estimate shifted to the Blanes Canyon in summer 2008, probably due to variations in fishing fleet 

behavior. Modeled hypothetical temperature changes scenarios (to 1 ºC warmer than the average) 

suggested the shrimp catches would decrease less in the Blanes Canyon (3% fewer catches than the 

average) than in the Palamós Canyon (20% fewer catches than the average). The information 

produced by the species distribution model allowed setting spawning locations and depths, which is 

useful to better understand the canyon influence on benthic communities and to parameterize larval 

transport models. 

1. Introduction 

Good knowledge of species distribution is helpful to assess and forecast the impact of perturbations 

(e.g., human activities, abiotic and biotic changes) on the biological resources and has implications 

for management or conservation plans (Brown and Yoder, 2015). In marine systems, the 

distribution and abundance of populations are altered by fishery activities (Montero et al., 2016), 

climate change (Jones and Cheung, 2015), water pollutants (Neira et al., 2014), invasive species 

(Wilkie et al., 2013), and the effectiveness of implementing marine protected areas (Krüger et al., 
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2017). Marine species aggregate in highly productive coastal areas, in upwelling systems, and 

particular topographic areas such as submarine canyons (Leo et al., 2010, Sigman and Hain, 2012). 

In relatively low productive continental margins, canyons are geomorphological structures 

gathering multiple favorable ecological conditions (e.g., nutrient and food availability, and habitats; 

Fernandez-Arcaya et al., 2017) for benthic marine community development (Almeida et al., 2017), 

including commercially exploited species like hakes, monkfishes, and shrimps (Ramirez-Llodra et 

al., 2009).  

 

Submarine canyons are environmentally important areas for the megafauna dynamism and the 

ecology of multiple species. These structures have an effect on the deep-sea species assemblages 

both within the area itself and on the neighboring open slope (Romano et al., 2017; Tecchio et al., 

2013), which populations may be interconnected due to eggs and larval dispersal by water current 

dynamics, as for the case of Aristeus antennatus (Clavel-Henry et al., 2020). Some benthic 

communities undertake seasonal and ontogenetic migrations between the canyon area and the open 

slope, which are detected by observation of the specimen sizes and the distribution of fishing effort 

throughout the year, as for the case of A. antennatus (Sardà et al., 1997; Sardà et al., 2003a; Tudela 

et al., 2003) and Merluccius merluccius (Stefanescu et al., 1994). In addition, the submarine 

canyons support high levels of biodiversity (Almeida et al., 2017; Romano et al., 2013; 2017), 

which can be structured over the continental slope (Fanelli et al., 2018) and each canyon can be 

colonized by diverse megafauna assemblages (Ayma et al., 2016; Pierdomenico et al., 2019). 

 

The environmental and morphological features (Fernandez-Arcaya et al., 2017; Romano et al., 

2013), including bottom substrates (Fanelli et al., 2018; Pierdomenico et al., 2019) make the 

submarine canyons to concentrate relatively high species richness, abundance, and biomass suitable 

for the exploitation of fish stocks of commercial interest (De Leo et al., 2010; Fernandez-Arcaya et 

al., 2017). In the Catalan Sea, a region of the NW Mediterranean Sea between the latitudes 40.8º N 
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and 43º N, three major submarine canyons (Cap de Creus, Palamós, and Blanes) cross a continental 

margin geographically close to fishing harbors. This shortens the access of the fishing fleets to 

abundant and valuable resources, like the deep-sea blue and red shrimp Aristeus antennatus, which 

is one of the most targeted species of the western Mediterranean Sea. 

 

Most landings of A. antennatus take place in the fishing harbors of Palamós and Blanes that are 

located nearby eponymous submarine canyons (Company et al., 2008). There, the waters conditions 

are mostly determined by the stable Levantine Intermediate Water (LIW), with water temperatures 

between 13.0 and 13.8 ºC and salinity ranges between 38.48 and 38.60 PSU (Salat and Cruzado, 

1981) and match with the physiological preferences of the shrimp (Carbonell et al., 2017). In 

summer, shrimp landings are particularly high because females aggregate at fishing ground depths 

between 400 and 900 m (Sardà et al., 2003b). In contrast, winter waters are turbulent and 

sometimes funneled inside the canyons, which chase the shrimps off the fishing grounds. However, 

these intense perturbations issued from Dense Shelf Water Cascading (DSWC) events only occur 

during very cold and dry winters (Company et al., 2008).  

 

Information about the population dynamics of A. antennatus originates from different local analyses 

in canyons (Sardà et al., 2009, Gorelli et al., 2014) and in areas over the open slope (Maynou, 2008, 

Amores et al., 2014, Carbonell et al., 2017, Cartes et al., 2018). To date, some studies have focused 

on the spatial distribution of the shrimp by data interpolation (i.e., Maynou et al., 1996, Palmas et 

al., 2015) or by estimation with environmental variables (i.e., Paradinas, 2017, Masnadi et al., 

2018). Nonetheless, the spatial variability of shrimp distribution has not yet been tackled over the 

whole fishing areas in the NW Mediterranean Sea, including the submarine canyons. 

 

In the present study, we aim to estimate the location of A. antennatus spawning sites in the Catalan 

Sea, their characteristics related to the topography and water masses, and their spatiotemporal 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

5 

 

variability in various submarine canyon conditions. Spawning sites were modeled by a species 

distribution model based on summer georeferenced catches of A. antennatus linked to bottom 

topography and other near-bottom water characteristics.  

  

 2. Methods 

Geo-referenced daily catch data of A. antennatus on trawling grounds over the Catalan slope, 

seafloor characteristics, and environmental variables were processed by a statistical model to 

estimate the shrimp distribution of their spawning sites. The implementation of the model was 

based on summer data because it focused on the spawning places of mature females, it neglected the 

temporal effect from shrimp mobility and seasonal variability of environmental data, and it 

corresponded to the peak of shrimp catches (Sardà et al., 2003b).  

 

2.1. Catch per unit effort data 

Standardized CPUEs were used as the response variable for fitting the species distribution model. 

Beforehand, a total of 1,645,569 daily geo-referenced catch data of A. antennatus were provided by 

the General Direction of Fishing and Maritime Affairs (DGPAM) of the Autonomous Catalan 

Government for the spawning period of the species (June to September) between 2005 and 2014. 

Each catch data is arranged by shrimp size-category, which differentiates the small shrimps (i.e., < 

30 mm at carapace length) from the large ones (i.e., > 30 mm at carapace length). Analyses were 

conducted on large size-category catches, which have higher rates of ready-to-spawn females 

(Sardà et al., 1997). Catches per unit of effort (CPUE; in kg day
-1

 vessel
-1

) were linked to the 

fishing location recorded by the Vessel Monitoring System (VMS, see Appendix 1) since 2005 

(Martín et al., 2014). The data were provided for the most important shrimp fishing grounds of the 

Catalan Sea: Llançà, Roses, Palamós, Blanes, Arenys de Mar, Barcelona, Vilanova i la Geltrú, and 

Tarragona (see Figure 1). However, we omitted some data from the analysis to avoid biasing by 
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artifactual regional variability because preliminary analyses suggested that CPUEs from Tarragona, 

Llançà, and Barcelona fishing harbors were unreliable. 

 

Figure 1. Location of fishing harbors, VMS data (small black dots), and shelf-indenting submarine 

canyons (blue polygons) along the Catalan slope of the northwestern Mediterranean Sea. The 

location with the highest standardized CPUE is indicated by the orange dot. The 200 and 1000 m 

depth isobaths represent the bathymetric limits of A. antennatus catches. Fishing harbors with data 

used in the analyses are indicated by stars, while data from fishing harbors located by a full circle 

were omitted. 

 

Adapting the method by Mamouridis et al. (2014), CPUE data were standardized by fitting a 

multiple linear regression: 

log(CPUE) ~ year + month + harbor + year|harbor + GRT + ε, (1) 

where log(CPUE) represents log-transformed CPUE, GRT is the vessel Gross Registered Tonnage, 

year|harbor represents the effect of yearly landings by the harbor, and ε the unknown error. This 
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model explained 33.2% of the data variability and was appropriate according to the residuals 

analysis (Figure S1). 

 

2.2. Environmental variables and seafloor characteristics. 

For fitting the species model distribution, we selected environmental variables and seafloor 

characteristics relevant to the preferences of A. antennatus such as bottom salinity, bottom 

temperature (Guijarro et al., 2008), bathymetry (Sardà et al., 2004), dissolved oxygen (Cartes et al., 

2018).  

 

Monthly gridded environmental data from 2005 to 2014 were provided by outputs from the open-

source biogeochemistry and physics reanalysis of the model NEMO-OPA 

(http://marine.copernicus.eu) with a spatial resolution of 0.06º. The gridded bathymetry was 

provided by outputs from EmodNET (http://www.emodnet-bathymetry.eu) with a spatial resolution 

of 0.021º. Additionally, other environmental and seafloor variables were derived from the previous 

outputs, as they may contribute to shape the shrimp CPUEs distribution (Maynou, 2008, Sardà et 

al., 2009, Amores et al., 2014). The kinetic energy (KE) was computed from the meridional (u) and 

zonal (v) velocities, such as: 

     KE = 1/2*(u
2
+v

2
).     (2)  

The rugosity of the floor and the slope were estimated from the gridded bathymetry following the 

methods of Wilson et al. (2007) and Horn (1981), respectively, on a window of nine grid cells. 

Rugosity and slope were supplementary topographic data that characterized the three-dimensional 

relief around the fishing depth. For instance, rugosity values around zero represented an even 

topography, while rugosity values above zero denoted topography steepness increasing on a 

relatively short distance (Figure 2).  
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Figure 2. Rugosity of the Catalan Sea seafloor. The 200 and the 1000 m depth isobaths are 

represented by continuous black lines. Fishing harbor’s symbols are indicated in Figure 1. 

 

Before fitting the model, we summed up monthly standardized CPUE values to grid cells of 0.015 º 

spatial resolution covering a domain between 40.6  43 ºN and 1  5 ºE. With this resolution and 

domain borders, four CPUE grid cells fitted in one grid cell of environmental data. Then, the near-

bottom environmental variables (e.g., salinity and water temperature) and seafloor characteristics 

(e.g., bathymetry, rugosity, and slope) were interpolated to monthly CPUEs location. 

 

2.3. Modeling the link between CPUEs and environmental data 

The random regression forest (RF) method R-package RandomForest (Liaw and Wiener 2001) was 

used to adjust the species distribution model. This method was selected for being able to deal with 

the expected non-linear relationships between the response variable (log-transformed CPUE of A. 

antennatus) and predictors (Sardà et al., 2009).  
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Random forest is a stable algorithm with a good predictive capacity (Šiaulys and Bucas, 2012, Luan 

et al., 2018) though it is rarely used for marine species distribution models. Described in Breiman 

(2001), the algorithm starts by randomly sampling several subdatabases (called a bootstrap sample) 

with replacement from the main dataset (i.e., bagging’s method). The size of each subdatabase is 

approximately two-thirds of the dataset. Then, a regression tree is fitted on each subdatabase. One 

tree grows with nodes that are the best split of the subdatabase from randomly-selected predictors. 

Last, all the regression trees are averaged to obtain the final estimates. The number of decision trees 

(i.e., the size of the forest and the number of subdatabases) and the number of randomly-selected 

predictors splitting the tree were fixed to 500 and 4, respectively. Those values were both selected 

for stabilizing the error rate between the predictions and the observations. After building the 

random forest, the out-of-bag data (the remaining one-third of the dataset) were used to evaluate the 

performance of the model (i.e., the proportion of variance explained by the model) and helped for 

the model validation. 

 

The random forest model was fitted with datasets of non-collinear predictors (i.e., the 

environmental and topographic variables). In the case of high collinearity (r-value > 0.60), we 

selected the predictors that explained great variability in the model. Thus, dissolved oxygen or 

salinity was disregarded because of their relatively high collinearity (r-value = 0.62). We proceeded 

similarly for slope and rugosity, as they had very high collinearity (r-value = 0.99). The 

combination of predictors to yield the best model was kept after a stepwise criteria methodology, 

based on i) the proportion of variance explained by the model, ii) their importance in the model 

based on mean squared error (MSE) method (Breiman, 2001), and iii) the verification of model 

residuals (Figure S2). Spatial projection of the residuals and semi-variograms were built on the 

residuals to detect and correct eventual spatial bias created by the data distribution (Dormann et al., 
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2007). Besides, we verified the model performance by ten-fold cross-validation for which ten Root 

Mean Square Errors (RMSE) were calculated by: 

    RMSE = 
√∑[𝐶𝑃𝑈𝐸𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑−𝐶𝑃𝑈𝐸𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑]

2

𝑁
,  (3) 

where N is the number of CPUE data.  

 

2.4. Spawning sites distribution 

 Estimation in the Catalan Sea 

Using estimates from the best-fitted random forest model, the spawning sites were characterized 

according to predictor values and located in the Catalan Sea. For better featuring the variations of 

standardized and model-estimated CPUEs, we scaled them to the percentage of their respective 

maximum CPUE values. Thus, the scale ranged from 0% (the minimum CPUE) to 100% (the 

highest CPUE). 

 

With these scales, we compared the fluctuation of standardized and model-estimated CPUEs and 

estimated the optimized predictor ranges on which the CPUEs were relatively high (e.g., > 75% of 

CPUE maximum). The locations of spawning sites were hindcast by the best-fitted random forest 

on a gridded domain with a grid resolution of 0.015º and the borders between 40.6  43 ºN and 1  

5 ºE from 5 m to 2380 m depth. In total, 40 spatial estimations of CPUEs were predicted based on 

the monthly values of gridded environmental and topographic variables rescaled on grid resolution 

of 0.015º (i.e., June, July, August, and September between 2005 and 2014). Then, the spatial shrimp 

distribution in a specific summer was the summing up of the four-month estimates of CPUEs per 

grid cell. 

 

 Estimation in the submarine canyons 
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To compare the species distribution between the three submarine canyons, we extracted the model-

estimated CPUEs per canyon area (see Figure 1). The three canyon areas were shaped by a polygon 

overlapping head and walls of the canyons as indicated by the isobaths 200 and 1000 m depth. On 

one hand, we approached the variability of the maximum CPUE percentages across the continental 

slope (i.e., around 200 to 1400 m) per summer between 2006 and 2014. On the other hand, we 

estimated the summer contribution of the canyons to the total model-estimated CPUEs, in other 

words, we evaluated which canyons yielded the highest catches by summer. A ratio of the canyon 

surface to the biggest canyon surface (i.e., the Blanes Canyon with 436 km
2
) corrected the total 

model-estimated CPUEs per canyon in order to account for the canyon size differences. 

 

Additionally, we hindcast CPUEs while increasing and decreasing water temperature by 0.1º up to 1 

ºC above (warmer water scenario) and below (cooler water scenario) the canyon-averaged 

temperature. Simulations of CPUE values with water temperature below 13 °C were closer to 

potential scenarios related to persistent-in-time events of dense shelf water cascading (DSWC), 

even though the events may not last to summer. For example, in winters 2005 and 2006, a very 

strong DSWC event lowered the near-bottom water temperature in winter and spring from 13 °C to 

10.5 °C (Canals et al., 2006). On the contrary, warmer water scenarios above 13 °C are in line with 

the reported warming trend of the Western Mediterranean Sea (Schroeder et al., 2016) and with 

global warming trends (Penuelas et al., 2017). 

 

3. Results 

The most suitable environmental conditions and seafloor characteristics for spawning females of A. 

antennatus in the whole Catalan Sea were identified with the Random Forest model and explained 

60.1% of the variability. Overall, the performance of RF was stable, as indicated by RMSE from the 

10-fold cross-validation (1.669 ± 0.009 kg km
-2 

day
-1

). Residuals analyses indicated that there was 

no significant spatial correlation and residual normality was followed (Figure S2). Because the 
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model had good performance ability, we analyzed the predictor ranges associated with high catches 

and the spatial model-estimated CPUEs in the Catalan Sea with details per canyon. 

 

3.1. Predictor ranges and optimized CPUEs estimates 

In order of importance, the predictors included in the model were the combination of summers (i.e., 

year), bathymetry, CPUE longitudes, seafloor rugosity, CPUE latitudes, month, water temperature, 

kinetic energy, and salinity (Figures S3 and S4). 

 

The fitted random forest model proved its predictive capacity for capturing the temporal variations 

of cumulated standardized CPUEs for summer periods during the decade 2005  2014 (Figure 3). 

The landings had two local maxima in summers 2008 and 2012. Particularly, in summer 2012, the 

CPUE standardized and model-estimated landings reached maxima of 70.7 T and 43.4 T, 

respectively (Table 1).  

 

Figure 3. Interannual variation of the summer CPUE (percentage of the maximum) from 

standardized (continuous line) and model-estimated (dashed line) CPUEs. 
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Table 1. Value of the predictors with CPUE maximums from both the standardized dataset and the 

model prediction. The column Figure indicates the figure index and panel on which the value of 

maximum CPUE rescaled the datasets. 

 

Predictors 
Predictors value at the 

maximum CPUE 
Value of the maximum 

CPUE 
CPUE from: Figure 

Summer year 2012 
70 742 kg Dataset 3 

43 466 kg  Prediction 3 

Bathymetry -506 m 
20.2 kg day

-1
 km

-2 Dataset 4.A) 

13.3 kg day
-1

 km
-2 Prediction 4.A) 

Temperature  12.97 ºC 
21.1 kg day

-1
 km

-2 Dataset 4.B) 

13.7 kg day
-1

 km
-2 Prediction 4.B) 

Salinity  38.52 PSU 
31.0 kg day

-1
 km

-2 Dataset 4.C) 

19.6 kg day
-1

 km
-2 Prediction 4.C) 

Rugosity 29.24 
22.7 kg day

-1
 km

-2 Dataset 4.D) 

14.6 kg day
-1

 km
-2 Prediction 4.D) 

Coordinates 
2.80º E; 41.30º N 333.6 kg km

-2 
summer

-1 Dataset 1 

3.36º E; 41.88º N 142.6 kg km
-2 

summer
-1 Prediction 6 

 

Except for the kinetic energy predictor, A. antennatus CPUEs (i.e., standardized and model-

estimated) had a comparable Gaussian-like relationship, which, therefore, described the optimal 

environmental variation for the shrimp distribution (Figure 4). CPUEs were maximum at 506 m 

depth with 12.97 ºC water temperature, 38.5 PSU salinity, and seafloor rugosity of 29.2 (Table 1), 

thus providing environmental boundaries for spawning areas. CPUEs near the maximum (i.e., 

above 75% CPUE) were related to temperature variations of T = 0.30 ºC, while the range for 

salinity was much narrower (S = 0.026 PSU). 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

2 

 

 

Figure 4. Distribution of the CPUE (percentage of the maximum) from the standardized (continuous 

line) and the model-estimated (dashed line) CPUEs, according to A) bathymetry, B) water 

temperature, C) salinity, and D) rugosity. The shadowed areas represent the range of the predictor 

values for which the percentage of CPUE is higher than 25% (light grey) and 75% (dark grey). See 

Table 1 for the maximum CPUE values. 

 

3.2. Spawning sites in the Catalan sea and the submarine canyons. 

Over the Catalan Sea, percentages of maximum CPUE were high over a limited bathymetric 

gradient and in the submarine canyons. 

 

High predicted CPUEs occurred on a narrow band of the bathymetry in the rugged canyons. Over 

years 2005  2015, the bathymetry between 475 and 575 m depth sheltered more than 75% of the 

maximum predicted CPUE (maximum at 13.3 kg day k
-1

 m
-2

, Figure 4). This range narrowed from 

480 to 530 m depth in the canyons (see Figure 5). Except for the years 2007, 2012, and 2014, high 
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estimations of CPUEs were also distributed over bottoms depths between 575 and 625 m in the 

Palamós Canyon. Over the open slope, high CPUEs were estimated at bottom depths between 480 

and 860 m, which was a range four times wider than in the canyons. Additionally, estimations of 

CPUE were still moderate over open slopes at bottom depths above 480 m (25 to 50% of the 

maximum CPUE) and below 860 m (i.e., 50 to 75% of the maximum CPUE). 

 

 
Figure 5. Summer distribution of the model-estimated CPUE (percentage of maximum) over the 

continental margin (200 m to 1400 m) in the submarine canyons of Cap de Creus, Palamós, and 

Blanes (see Figure 1) and on the open slope. Percentages of maximum were computed based on the 

maximum CPUE of each summer between 2005 and 2014. 

 

The width of the bathymetric bands was related to the variation of the rugosity (i.e., the fourth more 

important predictor) in each canyon and along the open slope. Indeed, over the bottom floor with 

high estimations of CPUE (i.e., > 75% of the maximum CPUE), no comparable variations of the 
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rugosity were estimated among the three canyons and the open slope (i.e., p-value < 0.05 with a 

Levene’s Test). Due to the geomorphology of the canyons, the bathymetry changed quickly across 

and along the continental slope (i.e., rugosity values higher than 100 in Figure 2). Meanwhile, over 

the open slope, high rugosity values (i.e., 25  100 in Figure 2) are localized on the lower part of 

the continental slope (i.e., below the bottom depth of 500 m in Figure 2). Consequently, across the 

continental slope, the variability of the rugosity could partially explain the differences in the bottom 

depths where high CPUE were estimated (Table 2). For example, high estimations of CPUE are 

around a bottom depth of 535 m in the Cap de Creus Canyon and 594 m over the open slope, where 

the rugosity values ranged within 60  70 (see Table 2).  

 

Table 2. Average values and ranges (minimum/maximum) of the predictors associated with the high 

model-estimated CPUE (percentage of maximum CPUE < 75%) on the open slope and within the 

areas of Cap de Creus, Palamós and Blanes canyons. 

Variable (unit)  Open slope Cap de Creus Palamós Blanes 

Bathymetry (m) 594 (472/921) 535 (471/686) 528 (398/737) 498 (471/581) 

Temperature (ºC) 13.0 (12.8/13.3) 13.2 (13.0/13.6) 13.0 (12.7/13.3) 13.0 (12.7/13.8) 

Salinity (PSU) 38.5 (38.4/38.6) 38.4 (38.3/38.5) 38.5 (38.4/38.6) 38.5 (38.3/38.6) 

Rugosity 67.8 (24.5/152.2) 61.4 (14.1/117.7) 138.3 (51.3/252.5) 121.1 (44.8/ 171.8) 

KE (cm
2
 s

-2
) 1.47 (0/18.0) 1.33 (0/22.8) 1.15 (0/23.2) 0.93 (0/8.4) 

 

The model estimated relatively high catches (> 40% of maximum CPUE) in the canyon zones of the 

Catalan Sea (Figure 6). On average, high CPUEs (> 60% of maximum including the maximum 

estimate of CPUE of 142 kg km
-2 

summer
-1

; Table 1) were located in the Palamós canyon head and 

middle upstream wall. Low values of CPUEs (i.e., 20  60% of maximum CPUE) were situated on 

the downstream wall of the Blanes Canyon where the highest standardized catches (i.e., 333 kg km
-

2
 summer

-1
; Table 1) were located before the model fitting. In the two canyons, estimated CPUE 

showed important temporal variability (Figure S5), as expected from the interannual variations 

shown in Figure 3 and Figure 5. The CPUEs estimated in the Cap de Creus Canyon were barely 
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higher than estimates on the open slope (< 20%, Figure 6). The estimated CPUEs were low (< 5% 

of maximum CPUE) on bottom depth below 500 m. 

 

Figure 6. Average model-estimated CPUE (percentage of the maximum) in the Catalan Sea over the 

decade 2005  2014. Isobaths at 200 and 1000 m depth are represented by continuous black lines. 

Fishing harbors indicated by a star provided model input data. Fishing harbor’s symbols are 

indicated in Figure 1. 

 

3.3. Evolution of the spawning sites in the submarine canyons 

The contribution of the Blanes Canyon to the catches within the three main canyons (Blanes, 

Palamós, and Cap de Creus) increases with time (see Figure 7). Between 2005 and 2007, high 

model-estimated catches from Palamós Canyon prevailed in the total catches from all canyons (> 

60% of the catches), but in 2008 and from 2011, the relative contribution of catches from the Blanes 

Canyon (50 to 60% of the CPUE) was dominant. This shift was also identified in the gridded 

CPUEs estimates (Figures S6.A to S6.J) with contributions lower than 50% of the maximum CPUE 
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in the Blanes Canyon up to the year 2007 and starting 2008, with contributions higher than 50%. 

The contribution to the total catches by the Cap de Creus Canyon remained relatively stable over 

time, with an average CPUE of 20%, ranging from 11% in 2007 to 25% in 2008. 

 

Figure 7. Variation of annual CPUE contributions (in percentage) from the three submarine 

canyons. Model-estimated CPUEs in each canyon were divided by the sum of CPUEs in all 

canyons (200 to 1000 m depth). The variability in canyons sizes (Cap de Creus 350 km
2
; Palamós 

372 km
2
; Blanes 436 km

2
) was accounted by rescaling the CPUEs to the size of Blanes Canyon 

(i.e., multiplying the CPUE by 1.25, 1.17, and 1, respectively). 

 

Except for the seafloor characteristics (i.e., rugosity and bathymetry) and the KE, the remaining 

environmental conditions in each canyon were barely different (see Table 2). In particular, the near-

bottom temperature linked to maximum catches ranged from about 12.9 ºC to 13.1 ºC. Nonetheless, 

the hindcast CPUE after changing water temperature differed among canyons (see Figure 8). In the 

Blanes Canyon, the estimated CPUE was maximum at 13 ºC and a decrease or a rise of temperature 

would barely change the CPUE. In the Palamós Canyon, the rise of temperature would decrease the 

catches by 20% below the maximum CPUE at 13ºC, whereas colder temperature would decrease 

 

Summer 
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the catches by 7%. In the Cap de Creus Canyon, cold temperatures (<12.8 ºC) would generate 

maximum CPUE values, but from 12.8ºC to 13.5ºC, the CPUE would decrease by 15%. 

 

 

Figure 8. Model-estimated CPUE (percentage of the maximum) in the canyons of Cap de Creus 

(grey lines), Palamós (black line), and Blanes (black line with diamond tick marks) by artificially 

decreasing and rising the average water temperature by 1 ºC. The dashed line indicates the average 

near-bottom sea temperature (13 ºC) for which the CPUEs are maximum in the canyons of Palamós 

and Blanes. The dotted line is the sea temperature (12.8 ºC) at which the CPUEs in the canyon of 

Cap de Creus begin to decrease.  

 

4. Discussion 

For the first time, the summer spatial distribution of the blue and red deep-sea shrimp over the 

entire continental slope in the Catalan Sea has been modeled. Boundaries of spawning areas in the 

Catalan Sea and inside submarine canyons were set by analyses of optimal environmental and 

seafloor conditions. Then, potential effects of water warming, following the current trend of water 

temperature (Schroeder et al., 2016) and water cooling due to eventual strong and long-lasting 

deep-water formation events on spawners catches were tested.  
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Overall, ranges of optimal environmental and seafloor conditions found by species distribution 

modeling overlapped with the ranges estimated in several previous studies. Estimation of the depth 

bottom ranges on which the shrimp distributed (i.e., depths of 400  900 m) were in agreement with 

Demestre and Martín (1993), Cau et al., (2002) and Rinelli et al. (2013), except that relatively high 

CPUEs of shrimps were particularly concentrated on a narrow and shallow bathymetric band in the 

canyons. Although the shrimp distribution across the continental slope was described by previous 

studies (Demestre and Martín, 1993, Sardà et al., 1994, 1997), it was not previously related to the 

seafloor rugosity. Fanelli et al. (2018) found that the slope of the western Mediterranean Sea 

canyons influenced the taxonomic composition of the deep-sea megafauna. This led us to assume 

that the present study, using rugosity instead of slope, would illustrate the results from Fanelli et al. 

(2018) applied to one deep-sea species (i.e., A. antennatus). We remained aware that some 

environmental factors with influence on the shrimp distribution at spawning time were not 

considered in our study. For example, prey distribution, availability of food, suspended organic 

particles, and chlorophyll may explain high catch rates inside the canyons (Cartes et al., 1994; 

Company et al., 2008). In fact, data about these factors are hardly available on the spatial gridded-

domain tackled in our study. Besides, shrimp-related biological factors like its physiology (e.g., 

average size, reproduction stages, and sex rates) across the continental margin (Orsi Relini et al., 

2013) may also help to precisely define the predicted spawners distribution. For improvement of the 

species distribution model, this information should be associated with the georeferenced catches in 

future studies. 

 

In the Catalan Sea, summer estimated landings of large shrimp from Palamós and Blanes fishing 

grounds were greater than any other fishing grounds of the Spanish continental slope, which is in 

line with observations in Demestre and Martín (1993), Gorelli et al. (2016) and Sardà et al. (1997). 

Between these two canyons, a shift in the location of high CPUEs set off from summer 2008 was 

estimated for the first time and showed that fishery over the Blanes Canyon supported more 
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landings than fishery over the Palamós Canyon. This shift likely came from georeferenced CPUE 

that were discontinuously provided over summers (e.g., CPUEs from Arenys harbor were available 

starting 2008 and CPUEs from Blanes harbor starting 2005). In that context, comparing the canyon 

capacity by using georeferenced CPUE from the closest fishing harbor (e.g., Palamós and Blanes) 

would neglect the information recorded at other harbors, which share the same fishing ground. 

Thus, with our estimations, we inferred that Blanes Canyon could sustain the fisheries from several 

harbors (e.g., Palamós, Blanes, and Arenys) and would be a potent resource of the deep-sea shrimp. 

 

Within and among the canyons, the shrimp distribution had relatively small but significant spatial 

variations. First, spatial estimation of shrimp distribution completed and corrected existent maps 

built by VMS data from ships affiliated to Blanes and Palamós in (Gorelli et al., 2014). For 

instance, the distribution of the catches over the canyon walls in the present study differed from 

those provided by Gorelli et al. (2014). This is likely because we included VMS data from Roses 

and Arenys fishing fleets that were localized over the fishing ground in Palamós and Blanes 

canyons, respectively. Second, comparing the shrimp distribution in various canyons during the 

same summer period improved our understanding of the shrimp dynamics and showed that the 

canyon features and their locations shape the distribution of the shrimp, as similarly seen for 

benthic communities in the canyons of the NW Mediterranean Sea and of the rest of the 

Mediterranean Sea (Almeida et al., 2017; Fanelli et al, 2018, Pierdomenico et al., 2019; Romano et 

al., 2013). In fact, the method for estimating spawning areas in the Catalan submarine canyons can 

be exported to other Mediterranean canyons where A. antennatus is present e.g., Italy (Orsi Relini 

and Relini, 1998) and Sardaign (Sabatini et al., 2007). This can help identify other ranges of 

environmental values supporting the shrimp distribution within the canyons. 

Estimation of spawning sites can be of great use for modeling studies implied with egg dispersal 

and population connectivity and for supporting integrated management plans for the species. Spatial 

modeling analyses must focus on the shrimp fishery region unit, taking into account all the 
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important triggers of abundance (i.e., the three canyons in our study), and avoiding the limitations 

of a local approach. Indeed, our study showed relatively high spawner aggregation on the slopes of 

Catalan canyons and suggested that aggregations do not only take place on the open slope (Sardà et 

al., 1994). This illustrated that results from previous studies dealing with single and small areas 

(e.g., Sardà et al. 1994) can be nuanced when they are related to a wider area. On the other hand, 

with a spatial scale including the western and central Mediterranean Sea, the studies of Cau et al. 

(2002) and Fanelli et al. (2018) detected variability in the spatial distribution of the shrimp, 

including a high biomass in the Italian fishing grounds (i.e., Sardinian and Ionian seas). 

Nonetheless, the spatial resolution of these studies was too broad to detect the seasonal variability 

of the shrimp distribution in the NW Mediterranean Sea. 

 

The aspect of our study covering eventual temperature change effect on spawner distribution 

showed that catches would not drop with hindcast bottom temperatures getting up to 1 ºC warmer 

than the average. Indeed, the deep water of the Mediterranean Sea is expected to warm by 0.2 °C 

per decade (Borghini et al., 2014), which would imply at least 30 years before dropping the spawner 

biomass by 20%. Nevertheless, a biomass decrease of 20% in the Palamós fishing grounds, may 

seriously affect the economy of the harbors, where 40% of the income depends on the sales of A. 

antennatus. The biomass is not only directly affected by global warming but could also be 

indirectly influenced by the changes in the trophic chain due to expected biodiversity loss 

(Yasuhara and Danovaro, 2016; Sweetman et al., 2017). With this in mind, future scenarios 

hindcasting the shrimp distribution should consider the interaction with its prey and the prey’s 

sensitivity to environmental changes. 

5. Conclusions 

The summer distribution of the red shrimp biomass on the continental slope indented by three major 

canyons in the Catalan sea was estimated from random forest regression tree models in the summers 

between 2005 and 2014. Based on optimal environmental conditions, the present modeling study 
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achieved an adequate spatial representation of the distributed CPUE and allowed to identify 

expected spawning areas with significantly high CPUEs. The species distribution modeling 

indicated that seafloor characteristics explain most of the shrimp distribution variability and 

suggested that shrimps aggregate on shallow and narrow parts of the canyon margin rather than on 

the open slope. In these three canyons, the bathymetric distribution of the shrimp is comparable 

over the summers of 2005  2014. Nevertheless, small changes in temperatures induced a different 

response in catches per canyon. In addition to spatially estimate high catches in the canyons, these 

results conveyed the suggestion that spatial shrimp dynamics is specific in each canyon. In short, 

this study provides valuable information to be used in the simulation of the larval drift with particle-

tracking models. These models aim to support the fishery stakeholders by understanding the 

connectivity of A. antennatus populations through the larvae dispersion. The use of the shrimp 

spatial distribution model would be to adjust places where the larval tracking starts. Finally, yet 

importantly, the spatial distribution of the shrimp CPUE can support strategies for developing 

fishery management plans for the species. 

Acknowledgements 

M.C was funded by a PhD grant (BES-2015-074126) provided by the Spanish Government.  This 

study was carried out within the Spanish project CONECTA (CTM2014-54648-C2-1-R) lead from 

the ICM-CSIC in Barcelona (ES). The authors thank the two anonymous reviewers for their 

comments and suggestions for improving the manuscript.  

References 

Almeida, M., I. Frutos, J. B. Company, D. Martin, C. Romano and M. R. Cunha (2017). 

Biodiversity of suprabenthic peracarid assemblages from the Blanes Canyon region (NW 

Mediterranean Sea) in relation to natural disturbance and trawling pressure. Deep Sea 

Research Part II: Topical Studies in Oceanography 137: 390  403. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

12 

 

Ayma, A., J. Aguzzi, M, Canals, G. Lastras, N. Bahamon, A. Mecho and J.B. Company (2016). 

Comparison between ROV video and Agassiz trawl methods for sampling deep water fauna 

of submarine canyons in the Northwestern Mediterranean Sea with observations on 

behavioural reactions of target species. Deep-Sea Research Part I 114: 149  159. 

Amores, A., L. Rueda, S. Monserrat, B. Guijarro, C. Pasqual and E. Massutí (2014). Influence of 

the hydrodynamic conditions on the accessibility of Aristeus antennatus and other demersal 

species to the deep water trawl fishery off the Balearic Islands (western Mediterranean). 

Journal of Marine Systems 138: 203  210. 

Borghini, M., H. Bryden, K. Schroeder, S. Sparnocchia and A. Vetrano (2014). The Mediterranean 

is becoming saltier. Ocean Sci. 10(4): 693  700. 

Breiman, L. (2001). Random Forests. Machine Learning 45(1): 5  32. 

Brown, J. L. and A. D. Yoder (2015). Shifting ranges and conservation challenges for lemurs in the 

face of climate change. Ecology and Evolution 5(6): 1131  1142. 

Canals, M., P. Puig, M. Xavier Durrieu De, S. Heussner, A. Palanques and J. Fabres (2006). 

Flushing submarine canyons. Nature 444(7117): 354. 

Carbonell, A., P. J. Llompart, M. Gaza, A. Mir, A. Aparicio-González, D. Álvarez-Berastegui, R. 

Balbín and J. E. Cartes (2017). Long-term climatic influences on the physiological condition 

of the red shrimp Aristeus antennatus in the Western Mediterranean Sea. Climate Research 

72(2): 111  127. 

Cartes, J. E., J. B. Company and F. Maynou (1994). Deep-water decapod crustacean communities 

in the Northwestern Mediterranean: influence of submarine canyons and season. Marine 

Biology 120(2): 221  229. 

Cartes, J. E., C. López-Pérez and A. Carbonell (2018). Condition and recruitment of Aristeus 

antennatus at great depths (to 2,300 m) in the Mediterranean: Relationship with 

environmental factors. Fisheries Oceanography 27(2): 114  126. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

13 

 

Cau, A., A. Carbonell, M. C. Follesa, A. Mannini, G. Norrito, L. Orsi Relini, C.-Y. Politou, S. 

Ragonese and P. Rinelli (2002). MEDITS-based information on the deep-water red shrimps 

Aristaeomorpha foliacea and Aristeus antennatus (Crustacea: Decapoda: Aristeidae)*. 

Scientia Marina 66: 103  124. 

Clavel-Henry, M., J. Solé, T. Kristiansen, N. Bahamon, G. Rotllant and J.B. Company (2020). 

Modeled buoyancy of eggs and larvae of the deep-sea shrimp Aristeus antennatus (Crustacea: 

Decapoda) in the northwestern Mediterranean Sea. PLoS ONE 15(1): e0223396. 

Company, J. B., P. Puig, F. Sardà, A. Palanques, M. Latasa and R. Scharek (2008). Climate 

Influence on Deep Sea Populations (Climate Influence on Deep Sea). PLoS ONE 3(1): e1431. 

De Leo, F. C., C. R. Smith, A. A. Rowden, D. A. Bowden and M. R. Clark. (2010). Submarine 

canyons: hotspots of benthic biomass and productivity in the deep sea. Proceedings of the 

Royal Society B: Biological Sciences 277(1695): 2783  2792. 

Demestre, M. and P. Martín (1993). Optimum exploitation of a demersal resource in the western 

Mediterranean: the fishery of the deep-water shrimp Aristeus antennatus (Risso, 1816). 

Explotación óptima de un recurso demersal en el Mediterráneo occidental: La pesquería de la 

gamba Aristeus antennatus (Risso, 1816). Scientia Marina 57(2):175  182 

Dormann, C. F., J. M. McPherson, M. B. Araújo, R. Bivand, J. Bolliger, G. Carl, R. G. Davies, A. 

Hirzel, W. Jetz, W. D. Kissling, I. Kühn, R. Ohlemüller, P. R. Peres-Neto, B. Reineking, B. 

Schröder, F. M. Schurr and W. Robert (2007). Methods to account for spatial autocorrelation 

in the analysis of species distributional data: a review. Ecography 30: 609  628. 

Fanelli, E., S. Bianchelli and R. Danovaro (2018). Deep-sea mobile megafauna of Mediterranean 

submarine canyons and open slopes: Analysis of spatial and bathymetric gradients. Progress 

in Oceanography 168: 23  34. 

Fernandez-Arcaya, U., E. Ramirez-Llodra, J. Aguzzi, A. L. Allcock, J. S. Davies, A. Dissanayake, 

P. Harris, K. Howell, V. A. I. Huvenne, M. Macmillan-Lawler, J. Martín, L. Menot, M. 

Nizinski, P. Puig, A. A. Rowden, F. Sanchez and I. M. J. Van den Beld (2017). Ecological 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

14 

 

Role of Submarine Canyons and Need for Canyon Conservation: A Review. Frontiers in 

Marine Science 4(5): 26 pp. 

Gorelli, G., J. B. Company, F. Sardà, J. García del Arco, M. Carretón and L. Martínez (2014). 

Estimation and mapping of fishing effort, size-class of catches and CPUEs for the fishery of 

the deep-sea red shrimp Aristeus antennatus in Catalonia (NE Spain) using Vessels 

Monitoring System data and daily landings per size class. Poster presented at Second 

Symposium on Fishery-Dependent Information, 3-6 March, Rome (Italy). 

Gorelli, G., M. Blanco, F. Sardà, M. Carreton and J. B. Company (2016). Spatio-temporal 

variability of discards in the fishery of the deep-sea red shrimp Aristeus antennatus in the 

northwestern Mediterranean Sea: implications for management. Scientia Marina 80(1): 79  

88. 

Guijarro, B., E. Massutí, J. Moranta and P. Díaz (2008). Population dynamics of the red shrimp 

Aristeus antennatus in the Balearic Islands (western Mediterranean): Short spatio-temporal 

differences and influence of environmental factors. Journal of Marine Systems 71(3): 385  

402. 

Horn, B. K. P. (1981). Hill shading and the reflectance map. Proceedings of the IEEE 69(1): 14-47. 

Jones, M. C. and W. W. L. Cheung (2015). Multi-model ensemble projections of climate change 

effects on global marine biodiversity. ICES Journal of Marine Science 72(3): 741  752. 

Krüger, L., J. A. Ramos, J. C. Xavier, D. Grémillet, J. González-Solís, Y. Kolbeinsson, T. Militão, 

J. Navarro, M. V. Petry, R. A. Phillips, I. Ramírez, J. M. Reyes-González, P. G. Ryan, I. A. 

Sigurðsson, E. Van Sebille, R. M. Wanless and V. H. Paiva (2017). Identification of candidate 

pelagic marine protected areas through a seabird seasonal-, multispecific- and extinction risk-

based approach. Animal Conservation 20(5): 409  424. 

Leo, F. C. D., C. R. Smith, A. A. Rowden, D. A. Bowden and M. R. Clark (2010). Submarine 

canyons: hotspots of benthic biomass and productivity in the deep sea. Proceedings of the 

Royal Society B: Biological Sciences 277(1695): 2783  2792. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

15 

 

Liaw, A. and M. Wiener (2001). Classification and Regression by RandomForest. Forest 23. 

Luan, J., C. Zhang, B. Xu, Y. Xue and Y. Ren (2018). Modelling the spatial distribution of three 

Portunidae crabs in Haizhou Bay, China. PLOS ONE 13(11): e0207457. 

Mamouridis, V., F. Maynou and G. Aneiros Pérez (2014). Analysis and standardization of landings 

per unit effort of red shrimp Aristeus antennatus from the trawl fleet of Barcelona (NW 

Mediterranean). Sci. Mar. 78(1): 7  16. 

Martín, P., A. Muntadas, S. de Juan, P. Sánchez and M. Demestre (2014). Performance of a 

northwestern Mediterranean bottom trawl fleet: How the integration of landings and VMS 

data can contribute to the implementation of ecosystem-based fisheries management. Marine 

Policy 43: 112  121. 

Masnadi, F., A. Criscoli, L. Lanteri, A. Mannini, G. C. Osio, P. Sartor, M. Sbrana and A. Ligas 

(2018). Effects of environmental and anthropogenic drivers on the spatial distribution of 

deep-sea shrimps in the Ligurian and Tyrrhenian Seas (NW Mediterranean). Hydrobiologia 

816(1): 165  178. 

Maynou, F. (2008). Environmental causes of the fluctuations of red shrimp (Aristeus antennatus) 

landings in the Catalan Sea. Journal of Marine Systems 71: 294  302. 

Maynou, F., G. Y. Conan, J. E. Cartes, J. B. Company and F. Sardà (1996). Spatial structure and 

seasonality of decapod crustacean populations on the northwestern Mediterranean slope. 

Limnology and Oceanography 41(1): 113 125. 

Montero, J. T., T. A. Chesney, J. R. Bauer, J. T. Froeschke and J. Graham (2016). Brown shrimp 

(Farfantepenaeus aztecus) density distribution in the Northern Gulf of Mexico: an approach 

using boosted regression trees. Fisheries Oceanography 25(3): 337  348. 

Neira, C., L. A. Levin, G. Mendoza and A. Zirino (2014). Alteration of benthic communities 

associated with copper contamination linked to boat moorings. Marine Ecology 35(1): 46  

66.  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

16 

 

Orsi Relini, L., A. Mannini and G. Relini (2013). Updating knowledge on growth, population 

dynamics, and ecology of the blue and red shrimp, Aristeus antennatus (Risso, 1816), on the 

basis of the study of its instars. Marine Ecology 34(1): 90  102. 

Orsi Relini, L. and G. Relini (1998). Long term observations of Aristeus antennatus: Size-structures 

of the fished stock and growth parameters, with some remarks about the 'recruitment'. 

Dynamique des populations marines. J. Lleonart, Zaragoza : CIHEAM. 35: 311  322. 

Palmas, F., P. Addis, S. Cabiddu, D. Cuccu, M. C. Follesa, M. Mura, A. Olita, P. Pesci and A. 

Sabatini (2015). Distribution of spawning and nursery grounds for deep-water red shrimps in 

the central western Mediterranean Sea. Mediterr. Mar. Sci. 16(1): 117  127. 

Paradinas, A. I. (2017). Species distribution modelling in fisheries science. PhD, Universitat de 

València. 

Penuelas, J., P. Ciais, J. G. Canadell, I. A. Janssens, M. Fernandez-Martinez, J. Carnicer, M. 

Obersteiner, S. Piao, R. Vautard and J. Sardans (2017). Shifting from a fertilization-

dominated to a warming-dominated period. Nat Ecol Evol 1(10): 1438  1445. 

Pierdomenico, M., F. Cardone, A. Carluccio, D. Casalbore, F. Chiocci, P. Maiorano and G. 

D'Onghia (2019). Megafauna distribution along active submarine canyons of the central 

Mediterranean: Relationships with environmental variables. Progress in Oceanography 171, 

49  69. 

Ramirez‐ Llodra, E., J.B. Company, F. Sardà and G. Rotllant (2010). Megabenthic diversity 

patterns and community structure of the Blanes submarine canyon and adjacent slope in the 

Northwestern Mediterranean: a human overprint? Marine Ecology 31: 167  182.  

Rinelli, P., M. Bianchini, L. Casciaro, A. Giove, A. Mannini, A. Profeta, C. Y. Politou, S. Ragonese 

and A. Sabatini (2013). Occurrence and abundance of the deep-water red shrimps Aristeus 

antennatus (Risso, 1816) and Aristaeomorpha foliacea (Risso, 1827) in the central eastern 

Mediterranean Sea. Cahiers de Biologie Marine 54(4): 335  347.  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

17 

 

Romano, C., J. Coenjaerts, M. M. Flexas, D. Zúñiga, A. Vanreusel, J. B. Company and D. Martin 

(2013). Spatial and temporal variability of meiobenthic density in the Blanes submarine 

canyon (NW Mediterranean). Progress in Oceanography 118: 144  158. 

Romano, C., M. M. Flexas, M. Segura, S. Román, N. Bahamon, J. M. Gili, A. Sanchez-Vidal and 

D. Martin (2017). Canyon effect and seasonal variability of deep-sea organisms in the NW 

Mediterranean: Synchronous, year-long captures of “swimmers” from near-bottom sediment 

traps in a submarine canyon and its adjacent open slope. Deep-Sea Research Part I 129: 99  

115.  

Sabatini, A., M. C. Follesa, I. Locci, A. A. Pendugiu, P. Pesci and A. Cau (2007). Assemblages in a 

submarine canyon: influence of depth and time. Hydrobiologia 580(1): 265-271. 

Salat, J. and J. Cruzado (1981). Masses d'eau dans la Méditerranée Occidentale: Mer Catalane et 

eaux adjacentes. Rapp. Comm. Inter. Mer Medit. 27(6): 201  209. 

Sardà, F., J. E. Cartes and W. Norbis (1994). Spatio-temporal structure of the deep-water shrimp 

Aristeus antennatus (Decapoda: Aristeidae) population in the western Mediterranean. Fishery 

Bulletin 92(3): 599  607. 

Sardà, F., J. B. Company, N. Bahamón, G. Rotllant, M. M. Flexas, J. D. Sánchez, D. Zúñiga, J. 

Coenjaerts, D. Orellana, G. Jordà, J. Puigdefábregas, A. Sánchez-Vidal, A. Calafat, D. Martín 

and M. Espino (2009). Relationship between environment and the occurrence of the deep-

water rose shrimp Aristeus antennatus (Risso, 1816) in the Blanes submarine canyon (NW 

Mediterranean). Progress in Oceanography 82(4): 227  238. 

Sardà, F., J. B. Company and A. Castellón (2003). Intraspecific aggregation structure of a shoal of a 

western Mediterranean (Catalan Coast) deep-sea shrimp, Aristeus antennatus (Risso, 1816), 

during the reproductive period. Journal of Shellfish Research 22(2): 569  579. 

Sardà, F., J. B. Company and F. Maynou (2003). Deep-sea Shrimp Aristeus antennatus (Risso 

1816) in the Catalan Sea, a review and Perspectives. J. Northw. Atl. Fish. Sci. 31: 127  136. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

18 

 

Sardà, F., G. D’Onghia, C. Y. Politou, J. B. Company, P. Maiorano and K. Kapiris (2004). Deep-

sea distribution, biological and ecological aspects of Aristeus antennatus (Risso, 1816) in the 

Western and Central Mediterranean Sea. Scientia Marina 68(3): 117  127. 

Sardà, F., F. Maynou and L. Tallo (1997). Seasonal and spatial mobility patterns of rose shrimp 

Aristeus antennatus in the western Mediterranean: results of a long-term study. Mar. Ecol.-

Prog. Ser. 159: 133  141. 

Schroeder, K., J. Chiggiato, H. L. Bryden, M. Borghini and S. Ben Ismail (2016). Abrupt climate 

shift in the Western Mediterranean Sea. Sci Rep 6: 23009. 

Šiaulys, A. and M. Bucas (2012). Species distribution modelling of benthic invertebrates in the 

south-eastern Baltic Sea. Baltica 25: 163  170. 

Sigman, D. and M. Hain (2012). The Biological Productivity of the Ocean. Nature Education 3: 1  

16. 

Stefanescu, C., B. Nin-Morales and E. Massuti. (2009). Fish assemblages on the slope in the 

Catalan Sea (western Mediterranean): influence of a submarine canyon. Journal of the Marine 

Biological Association of the United Kingdom 74(3): 499  512. 

Sweetman, A. K., A. R. Thurber, C. R. Smith, L. A. Levin, C. Mora, Chih-Lin Wei, Andrew J. 

Gooday, Daniel O. B. Jones, Michael Rex, Moriaki Yasuhara, Jeroen Ingels, Henry A. Ruhl, 

Christina A. Frieder, Roberto Danovaro, Laura Würzberg, Amy Baco, Benjamin M. Grupe, 

Alexis Pasulka, Kirstin S. Meyer, Katherine M. Dunlop, Lea-Anne Henry and J. M. Roberts 

(2017). Major impacts of climate change on deep-sea benthic ecosystems. Elem. Sci. Anth. 5: 

p. 4 
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Appendix 1 
 

Georeferencing the catches  
Courtesy of J. A. Garcia et al. (2016) 

 

In this appendix, the method to georeference the catch to coordinates is schemed and illustrated. 

 

General methods 

Over the period from 2005 to 2014, two sets of data - the Vessel Monitoring Systems (VMS) data 

and landings data - were daily recorded by regional administration and public institutions. The 

VMS data record the fishing boat position per time unit. Then, fishing boat speed is calculated by 

the distance between two records and we can filter the records for which the fishing boat is trawling 

according to the boat velocity (i.e., < 4 knots). Landings data are recorded by the fish auction and 

the fishermen logbooks. They informed about the weight of shrimp catches and their size-category 

(i.e., commercial size with small and large carapace length) per trawlers and date. 

 

Then, SQL queries assign catch weight from the landing dataset to the trawlers position at rising 

activity by fishing boat’s ID and date. 

 

Main results 

Catches are georeferenced and can be projected on maps like Figure S1. 

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

21 

 

Figure S1. Catch Per Unit of Effort (CPUE) maps in total kg h
-1

 km
-2

 of Aristeus antennatus per 

trimester for the trawling fleets from Blanes and Palamós (Credits to Gorelli et al., 2014) 
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