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Abstract 

Information  on  the  spatial  patterns  and  habitat  preferences  of  marine  species  is  key  to  understand the

functioning of marine ecosystem and to manage and protect marine resources efficiently. However, the study

of spatial patterns of marine ecosystems is challenging because they are dynamic environments that can vary

seasonally. We analysed the spatial patterns of abundance, biomass, and biodiversity (richness and Shannon

indices)  of a  northwestern Mediterranean demersal community and changes in these patterns between two

different  seasons.  We  modelled  observed spatial  patterns  by season  using  hierarchical  Bayesian  spatial

models  and  environmental,  physical  and  anthropogenic  factors.  We  identified  the  main  drivers  of  fish,

cephalopods,  crustaceans  and  demersal  assemblage  spatial  and  seasonal  patterns.  Overall,  our  findings

revealed the importance of seasonality in the spatial patterns of the demersal community, which were mainly

driven by sea surface temperature. Results also underlined important patterns of movements of demersal

organisms: fishes showed a general move from the upper-slope in winter to the continental shelf in summer,

cephalopods showed a move  from the northern part  of  the study area in  winter  to  the  southern part  in

summer,  and crustaceans showed high densities in the area surrounding the Ebro Delta River in winter

mainly driven by species-specific behaviour. Our results are relevant to inform future management measures
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in the study area, such as seasonal fishing restrictions to protect specific aggregations of organisms during

reproduction or feeding, or to adapt local marine protected areas to seasonal processes. This study provides

evidence of the need to expand current monitoring schemes to capture the seasonality of marine demersal

communities for a more comprehensive marine spatial planning framework.

Keywords: Bayesian analysis, Mediterranean Sea, seasonal patterns, spatial ecology, species distribution 

models, temperature.

Introduction

Marine biodiversity is key for the functioning of marine ecosystems  (Hooper  et al.,  2005; Worm  et al.,

2006), and plays an important role in relation to ecosystem services (Pauly et al., 2002; Liquete et al., 2013).

It is therefore crucial to understand the biogeographic patterns and the spatial and temporal dynamics of

marine species and communities to advance our knowledge about the functioning of marine ecosystems

(Duffy, 2009; Armstrong et al., 2012). This knowledge is essential to predict the impacts of climate change

and anthropogenic activities on marine ecosystems, and to contribute to the effective management of marine

resources based on marine spatial planning (Navarro et al., 2015).

The Mediterranean Sea, with an area of 2,500,000 km2, is the largest semi-enclosed sea in the world

(Margalef, 1985). It is surrounded by Africa, Europe and Asia, and is a marine biodiversity hotspot (Bianchi

and Morri, 2000; Myers et al., 2000; Coll et al., 2010). Most Mediterranean marine ecosystems are seriously

impacted by the effects of anthropogenic activities, such as fishing, coastal degradation and pollution (Coll

et al., 2010; Navarro et al., 2015). A high proportion of commercial demersal species are currently highly

fished or overfished  (Sardà  et al., 1998; Colloca  et al., 2013; Tsikliras  et al., 2015) and several demersal

non-commercial  species have declined in both abundance and biomass  (Coll  et al.,  2010; Ferretti  et al.,

2010; Piroddi et al., 2017). In particular, the development of fishing technologies, excessive fishing effort,

and the increasing  demand  for  marine  resources  is  placing  intensive pressure  on  Mediterranean marine

resources (Coll et al. 2013). Because of that, fishing, particularly bottom trawling, is considered one of the

main factors shaping the demersal and benthic community (De Juan et al., 2007) and so it should be included

in spatio-temporal analysis of benthic ecosystems.

. 

Several studies have analysed the spatial distribution and patterns of marine species (Morfin et al.,

2012; Pennino et al., 2013; Mendoza et al., 2014; Saraux et al., 2014; Navarro et al., 2016) or community

properties  (Coll  et al., 2010; Navarro  et al., 2015; Puerta  et al., 2015) in the NW Mediterranean with an

annual or aggregated temporal resolution. According to available results, the distribution patterns of these

species vary as a result of environmental factors (Abelló et al., 2002; Navarro et al., 2015), oceanographic

conditions (Gibson et al., 2005; Canals et al., 2009) and biological and anthropogenic factors (Navarro et al.,

2015). The bathymetric gradient has been considered the key factor in the distribution and association of

2



these species (d’Onghia  et al.,  2004; Massutí and Reñones, 2005). However, these factors can affect the

distribution patterns of marine organisms in different ways because of the intrinsic features of each taxon

(Ward and Myers, 2005). The only exception that analysed the seasonal distribution of the demersal marine

community in the western Mediterranean Sea is the study by Gaertner (2000). This study was based on a

seasonal dataset using a Partial Triadic Analysis (PTA) framework and that described strong stability in the

demersal assemblage spatial patterns in the Gulf of Lions, with the exception of a few fish species including

four-spotted goby (Deltentosteus quadrimaculatus) and red mullet (Mullus barbatus).

Importantly, the main factors that affect the distribution, abundance and biomass of demersal species

vary seasonally (Bosc  et al., 2004; Hauck, 2018). In the Mediterranean Sea, seasonal changes are clearly

driven  by  two  different  periods  that  can  be  distinguished  by  the  establishment  or  disappearance  of  a

thermocline. The seasonal stratification of surface waters is a common feature across the Mediterranean Sea

(Salat et al., 2002a). The seasonal thermocline is well-defined with a strong separation between early spring

and late autumn, when there is no mixing of the water column. On the contrary, in winter the thermocline

disappears due to strong local winds (from the northeast). This oceanographic feature induces the vertical

mixing of the water column, and the vertical diffusion of nutrients to the surface (Salat et al., 2002a). These

two seasons are characterised by different environmental factors (Salat et al., 2002a) and likely have impacts

on the dynamics of the whole community, including the demersal community. 

 Here, we quantify the spatial patterns of the demersal community (separated into fishes, cephalopods

and crustaceans) in a productive and highly exploited area of the northwestern Mediterranean Sea (NW

Mediterranean  Sea)  during  two  different  seasons.  In  particular,  we  analysed  the  seasonal  patterns  of

abundance, biomass and biodiversity from the continental shelf and upper slope (depth range between 50 to

350 metres) of the Southern Catalan Sea (Balearic Sea, NW Mediterranean Sea). Our analyses were based on

the use of  fine-scale  data  collected during two oceanographic  campaigns  in  the  study area (winter  and

summer 2013) and the use of Bayesian Species Distribution Models (BSDMs)  (Wikle, 2003), which are

suitable statistical tools to quantify the distribution of species using environmental conditions and fishing

pressure as predictors (Golding and Purse, 2016). Applying BSDMs, we identified which environmental and

physical factors, including sea surface temperature (SST), sea bottom temperature (SBT), fluorescence (Chl),

sea surface salinity (SSS), type of substrate and depth, in addition to anthropogenic pressures (coastal-based

impacts and fishing effort), or a combination of them, could best predict the seasonal spatial patterns of the

biological variables. This is the first study that analyses the seasonal distribution of the demersal marine

community in the western Mediterranean Sea and investigates the main drivers by implementing a Bayesian

approach.

Methods

a) Study area
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This study was conducted on the continental shelf and upper slope (ranging from 50 to 200 and 200 to

350 meters, respectively) of the Southern Catalan Sea, adjacent to the Ebro River Delta, between Barcelona

and Castelló de la Plana,  in the NW Mediterranean Sea (Fig. 1a).  The study area covers approximately

10,000 km2, with a depth range between 35 and 350 metres. The region is characterised, in contrast to most

of the Mediterranean Sea, by a wide continental shelf and a relatively higher primary production due to the

effect of the Liguro-Provenzal-Catalan current (recently named the North current) and the discharge of Ebro

River  Delta  (Estrada,  1996).  The study area is  mainly oligotrophic,  but  local  enrichment  occurs due to

regional environmental events, mainly related to wind conditions during winter, the existence of a temporal

thermocline and a shelf-slope current and river discharges (Agostini and Bakun, 2002) (Fig 1b). 
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Figure 1. a) Study area located in the Catalan Sea, NW Mediterranean Sea , and trawling sampling stations

for both seasons (blue bullets: winter; red bullets: summer) and environmental stations (black triangles)

during the scientific survey ECOTRANS (2013). b) Monthly sea surface temperature (SST) (2010-2015), sea

surface salinity (2008-2013) (SSS), and fluorescence (2010-2015) in the study area, and winter survey (blue

dash line) and summer survey (red dash line) (source: http://mcc.jrc.ec.europa.eu/emis/).

b) Sampling of the demersal community

The biological data used in this study were collected during two scientific surveys developed within the

Spanish National Project ECOTRANS (Palomera et al., 2015). Two scientific demersal trawling surveys on

board the oceanographic vessel R/V Ángeles Alvariño were carried out in 2013 during winter (22 February –

7 March) and summer (2 – 16 July). Samples were collected from 37 and 45 sampling sites, respectively

(Fig. 1a). These sampling sites were distributed randomly in the study area on the continental shelf and upper

slope (depth range between 50 and 350 metres). A standard bottom trawling otter-gear (GOC 73 sampling

trawl) (3 x 16 m, mesh size 20 mm) was used during 30-60 minutes based on the MEDITS sampling protocol

for bottom trawling (Bertrand et al., 2002a). 

During the surveys, all marine organisms were classified and identified (see Appendix 2 in supporting

information), and the abundance and biomass were calculated for each species. These data were standardized

to the number of individuals·km-2 and kg·km-2, respectively, taking into account the swept area for every

sampling station. 

c) Estimates of abundance, biomass and biodiversity

From the survey dataset, we calculated the abundance (nº individuals·km-2), biomass (kg·km-2), species

richness  (nº  species·km-2)  and  the  Shannon  index  (H’)  of  the  demersal  community,  including  all  fish,

cephalopods and crustacean species,  and for  each group separately.  Firstly,  the  species  abundances  and

biomasses were calculated for individual sampling stations by season and by species group (fish, cephalopod
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and crustacean). These estimates were then added in order to calculate the total abundance and biomass of

the demersal community per sampling station by season. Overall averages of abundance and biomasses as

well as standard deviations (sd) and medians were calculated for the whole study area to summarize the

biological data for every group and season. Secondly, we calculated the species richness and the Shannon

index for fishes, cephalopods, crustaceans and for the total demersal community.  These calculations were

done with PRIMER in PERMANOVA V.7 (PRIMER-E Ltd., Plymouth, UK) (Clarke and Gorley, 2015). 

In terms of biodiversity indicators, we chose two indexes to describe species diversity  (Pavoine and

Bonsall,  2011). We selected species richness because it  is the simplest  way to describe community and

regional  diversity  (Magurran,  1988).  Moreover,  it  is  based  on  the  number  of  species  present  at  a  site.

Furthermore, the Shannon index of biodiversity was selected because it is one of the most widely used for

the analysis of biodiversity. The Shannon index index is a cardinal index and treats each species as equal, so

it is more effective with similar organisms (Shannon and Weaver, 1949). As with the abundance and biomass

estimates, the biodiversity indexes were summarized with the average, median and sd for the study area in

both seasons. 

Kruskal-Wallis  statistical  tests  were  used  to  test  significant  differences  between  the  two  seasons,

considering biological data  in  terms  of  abundance,  biomass,  Shannon index and richness for  the  whole

demersal community and for fishes, cephalopods and crustaceans. Additionally, Welch tests were used to test

significant differences between two seasons in the case of not accomplishing Kruskal-Wallis test assumption

of homogeneity of variance. 

d) Environmental and anthropogenic variables

Nine explanatory variables were used to explore the response of the distribution of demersal assemblage

in  terms  of  abundance,  biomass  and  biodiversity  (whole  community,  and  fishes,  cephalopods  and

crustaceans, separately) to environmental and anthropogenic pressures. Environmental variables included (1)

Sea Surface Temperature (SST, ºC), (2) Sea Bottom Temperature (SBT, ºC), (3) Sea Surface Salinity (SSS,

PPS), (4) fluorescence (µg Chl·l-1), (5) depth (m), and (6) type of substrate (fine mud, sand and sandy mud),

in addition to season (winter or summer) (Table 1). All of these environmental factors except for “type of

substrate”  were  collected  during  the  experimental  survey  for  each  season.  The  type  of  substrate  was

downloaded from the EMODnet website (http://www.emodnet-seabedhabitats.eu/).

Regarding anthropogenic variables, we used (1) a cumulative index of coastal-based impacts and (2) an

estimate  of  fishing effort  (Table  1) (see  Appendix 1 Fig.  S1.2).  The cumulative index of coastal-based

impacts  is  a combined measure  of inorganic and organic coastal  pollution,  nutrient  runoff  and hypoxia,

aquaculture activities and the presence of invasive species in the study area and represents an annual value of

the impact  (Coll  et  al.,  2012).  The fishing effort  dataset  was calculated from raw data provided by the

General Secretariat of Fisheries of the Spanish Ministry of Agriculture, Food and Environment (MAPAMA)

from the vessel monitoring systems (VMS) for the two seasons in 2013.  Unprocessed VMS data do not

indicate whether a vessel is fishing or not, so a speed filter was applied to raw data. Only records from
6
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vessels with fishing activity (i.e. speed up to 4 knots) (Martín et al., 2014) were taken into account, and these

positions  were  plotted  using  QGIS  software  (QGIS  Development  Team,  2012)  to  represent  the  spatial

distribution of fishing effort.

Variable Description Units Effects Source

Season
Season when the sample was

collected
winter,
summer

Random ECOTRANS

Depth Depth of the sampling location metres Random ECOTRANS

SST
Sea surface temperature in the

sampling location
ºC Fixed ECOTRANS

SBT
Sea bottom temperature in the

sampling location
ºC Fixed ECOTRANS

SSS
Salinity in the sampling

location
PSS Fixed ECOTRANS

Fluorescence
Fluorescence in the sampling

location
µg Chl·l-1 Fixed ECOTRANS

Type of
substrate

Substrate in the sampling
location

fine mud,
sand, sandy

mud
Fixed EMODnet

Effort
Fishing effort in the sampling

location
h·km-2 Fixed

GSF of
MAPAMA

Coastal
impact

Coastal impact in the sampling
location

from 0 (low)
to 1 (high)

Fixed
Coll et al.,

2012
GSF of  MAPAMA:  General  Secretariat  of  Fisheries  of  the  Spanish  Ministry of  Agriculture,  Food  and

Environment

Table 1. Summary of variables included in Bayesian models as potential fixed-effects variables influencing

the abundance, biomass and biodiversity of demersal assemblages.

e) Species distribution modelling 

We used BSDMs, to estimate the effect of the explanatory variables (Table 1) on species abundance,

biomass,  Shannon  index  and  richness  dependency  of  the  demersal  community,  fish,  cephalopod  and

crustacean  assemblages  for  each  season (winter  and summer).  BSDMs implemented  in  this  study were

similar to General Linear Models applying different exponential probability distribution families (Gaussian,

Gamma or Poisson) depending to the response variable.  The BSDMs used in this study can be considered as

a spatial extension of GLMs because the modeling process describes the variability in the response variable

as a function of the explanatory variables, with the addition of a stochastic spatial effect, which models the

residual  spatial  autocorrelation  (Lindgren,  2012).  The  spatial  effect  is  a  numeric  vector  linking  each

observation to a spatial location, and thus it accounts for independent region-specific noise that cannot be

explained by the available covariates  (Muñoz  et al., 2013). Specifically, we used a point-reference spatial

model, that is highly suitable for situations (such as that of the present study) in which data are observed at

continuous locations occurring within a defined spatial domain (geo-referenced data).  Bayesian inference
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and predictions were obtained through the Integrated Nested Laplace Approximations (INLA) approach (Rue

et al., 2009) and the package (http://www.r-inla.org/) implemented in R software (R Core Team, 2017).

Model selection was performed by beginning with all  possible interaction terms,  and based on three

different  measures:  Deviance Information Criterion (DIC)  (Spiegelhalter  et  al.,  2002), Watanabe-Akaike

information criterion (WAIC)  (Watanabe, 2010), and Log-Conditional Predictive Ordinates (LCPO)  (Roos

and Held, 2011). Specifically, DIC and WAIC were used as a measure for goodness-of-fit, and the LCPO for

predictive quality. The smaller the DIC, WAIC and LCPO values, the better the compromise between fit,

parsimony and predictive quality. The best (and most parsimonious) model was ultimately chosen based on

the compromise between low DIC, WAIC and LCPO values, containing only relevant predictors; i.e., those

predictors  with  95% credibility  intervals  not  including  zero.  Therefore,  the  accuracy of  the  model  was

assessed  through  the  log-conditional  predictive  ordinates  (LCPO)  (Roos  and  Held,  2011) which  is  a

“leaveoneout” cross-validation index to assess the predictive power of the model (Pennino et al., 2019). (See

detailed information about BSDMs and model selection procedure in Appendix 4 in supporting information).

Results

a) Field estimates of abundance, biomass and biodiversity 

Regarding Kruskall-Wallis tests, results showed significant differences between abundance and biomass

estimates of the demersal community between winter and summer (p-value<0.05) (Table 2), except for the

biomass of cephalopods (p-value=0.56). Species richness and Shannon index showed significant differences

between winter and summer as well (p-value<0.05), except for the Shannon index of the total community (p-

value=0.10), of the fish assemblage (p-value=0.93), and for cephalopod richness (p-value=0.65) (Table 2).

On the other hand, Welch tests showed significant differences (p-value<0.05) in biomass between seasons

for the fish assemblage and the entire demersal community and in abundance for crustaceans. Also, Welch

test showed significant differences in species richness between seasons for the four groups (Table 2).

Table 2.  Average, median, standard deviation (sd), minimum values (min) and maximum values (max) of observed abundance (n/km
(kg/km2), observed richness index (n/km2) and observed Shannon index of the demersal community and of fish, cephalopod and crustacean assemblages in
both seasons (winter and summer).  P values indicate the difference between seasons of  all  response variables for each group for two statistical tests
(Kruskal-Wallis: K-W and Welch: W)

Winter P (W)

average median sd min max average median sd min

Total

Abundance 9,191.23
6,139.4

0
11,010.77

1,494.52 5,7076.88
36,332.50 11,871.66 115,286.52

2,763.1
2

Biomass 272.47 187.42 252.08 55.99 1,409.36 650.14 428.76 912.40 54.68
Richness 28.73 29.00 6.87 11.00 41.00 35.07 35.00 6.49 22.00
Shannon 2.24 2.34 0.50 0.37 2.99 2.36 2.52 0.58 0.36

Fish

Abundance 5,153.95
2,900.8

9
6,076.69

696.03 3,0552.75
31,566.75 6,854.74 11,5250.18

764.18
Biomass 192.04 113.95 234.55 32.35 1,253.49 536.21 276.54 844.62 44.69
Richness 17.22 18.00 4.63 7.00 26.00 21.49 21.00 4.58 13.00
Shannon 1.93 2.06 0.46 0.85 2.64 1.92 1.98 0.54 0.33
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Cephalopod

Abundance 1,188.58 933.32 877.83 60.41 4,180.31 1,683.84 1,399.30 1,215.39 100.75
Biomass 66.79 62.69 36.15 12.02 175.02 95.30 64.02 94.44 2.42
Richness 5.19 5.00 1.29 2.00 8.00 5.29 5.00 1.38 2.00
Shannon 0.96 0.95 0.34 0.29 1.68 1.10 1.09 0.25 0.24

Crustacean

Abundance 2,848.70 565.39 9,156.25 0.00 55434.06 3081.90 1,310.41 5,170.13 178.36
Biomass 13.56 4.62 23.76 0.00 118.99 18.58 9.76 25.56 1.20
Richness 6.32 6.00 3.84 0.00 19.00 8.29 8.00 3.35 3.00
Shannon 1.05 0.98 0.61 0.00 2.37 1.32 1.32 0.50 0.09

b) Predicted abundance, biomass and biodiversity distributions of the demersal community

Season, spatial effect and SST were selected as relevant predictors of whole community abundance,

biomass, and biodiversity (Table 3 and Table 4, and Table S3.2). Abundance, biomass, species richness and

Shannon index showed a positive correlation with the SST (Table 4). So, areas with higher SST were also

those with higher values of the biological response variables (Table 3 and Table 4, and Table S3.2). 

Results for the predicted distribution of abundance in winter showed evidence for higher values in the

central part of the study area (Fig. 2a). Results for the predicted distribution of abundance in summer showed

higher values for the central and southern parts of the study area, mainly located in the continental shelf (Fig.

2b). Biomass distribution predicted patterns that were quite similar to the abundance distribution patterns

(Fig. 2c and 2d). The predicted distribution of the richness index differed between seasons (Fig. 2g and 2h).

Higher values were seen in the central part of the study area, whereas in winter higher values were more

diffused in the central and southern part. These patterns showed similarities to the distribution of biomass

(Fig. 2c and 2d). The distributions predicted by the Shannon index (Fig. 2e and 2f) showed similar patterns

between seasons: they were characterised by lower values in the surroundings of the Ebro River Delta and

the southwestern part of the study area.
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Figure 2. Total demersal assemblage distribution of the posterior means of (a, b) abundance, (c, d) biomass,

(e,  f)  species richness and (g,  h) Shannon index (left) winter and (right)  summer,  respectively (refer to

Figure 1 for further details on the study area). 

c) Predicted abundance, biomass and biodiversity distributions of fish 

Fish  abundance,  biomass  and diversity  models  indicated  season,  spatial  effect  and  SST as  best

predictors, with the exception of the Shannon index which indicated fluorescence instead of SST (Table 3

and Table 4, and Table S3.2).
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SST showed a positive relationship with the abundance, biomass and the richness index of fish group

(Table 4). The fluorescence showed a negative relationship with the Shannon index of the fish group (Table

4).

The predicted distribution of fish abundance showed higher values in the central part of the study

area during winter,  and showed an extension from the continental shelf  to the upper slope (Fig.  3a).  In

summer, higher values appeared on the central and southern part of the study area, and were located in the

continental shelf (Fig. 3b). Distribution patterns predicted by biomass were opposite to abundance patterns

during both seasons (Fig. 3c and 3d). The highest predicted richness in winter was located in the central part

of the study area, while in summer it was in the central and southern coastal region (Fig. 3g and 3h). The

Shannon index showed similar predicted distributions between winter and summer (Fig. 3e and 3f), with

higher values in the southern part of the study area and in the central part of the study area close to the upper

slope.
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Figure 3. Fish assemblage distribution of the posterior means of (a, b) abundance, (c, d) biomass, (e, f) 

species richness and (g, h) Shannon index for (left) winter and (right) summer, respectively  (refer to Figure 

1 for further details on the study area).

d) Predicted abundance, biomass and biodiversity distributions of cephalopods 

For the cephalopod assemblage, season, spatial effect and SSS (abundance and biomass) or SST

(biodiversity),  were selected as relevant predictors for all dependent variables (Table 3 and Table 4, and

Table S3.2). SSS showed a negative relationship with cephalopod abundance and biomass,  i.e., areas with

higher biomass  were also those with lower SSS (Table 4).  SST showed a positive relationship with the

species richness and the Shannon index of the cephalopod group.
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The

predicted  distribution  of  cephalopod  abundance  revealed  practically  opposite  patterns  between  seasons:

higher  values  were  located  in  the  northern-central  upper  slope  in  winter,  while  in  the  summer  high

abundance values were in the southern-central continental shelf area (Fig. 4a and 4b). Distribution patterns of

cephalopods  predicted  by  biomass  were  more  homogenous  in  winter  than  in  summer,  although  it  was

possible to distinguish maximum values of biomass around the Ebro River Delta in winter (Fig. 4c and 4d).

The biomass in the summer was distributed similarly along the study area while in the winter there was a

concentration  in  coastal  areas.  Predicted  distributions  of  cephalopod  richness  (Fig.  4g  and  4h)  showed

similar patterns in both seasons, with higher values in the central upper slope and in the southern part of the

study area. The predicted distribution of the Shannon index for cephalopods showed homogenous patterns

(Fig. 4e and 4f), although higher values were located in the central part of the study area during winter while

in summer they were closer to the shoreline.

Figure 4. Cephalopod assemblage distribution of the posterior means of (a, b) abundance, (c, d) biomass, (e,

f) species richness and (g, h) Shannon index for (left) winter and (right) summer, respectively (refer to 

Figure 1 for further details on the study area).  

e) Predicted abundance, biomass and biodiversity distributions of crustaceans

For crustacean models, season, spatial effect and depth were selected as relevant predictors in all the

models. In addition, fishing effort was selected as a relevant variable in the case of abundance and biomass,

while SBT was selected when predicting biodiversity patterns (Table 3 and Table 4, and Table S3.2). SST,

depth and fishing effort showed a positive relationship with crustacean abundance and biomass (Table 4).
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SBT and depth showed a positive relationship with the species richness and the Shannon index for the

crustacean group. 
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Dist

ribution patterns predicted by abundance were different between seasons (Fig. 5a and 5b). In winter, the

hotspot of abundance was located in the south of the coastal area of the Ebro Delta, while in the summer two

regions  were  highlighted:  one  in  the  upper  slope  in  the  north  of  the  study area,  and  the  other  in  the

continental shelf in the central part of the study area. Distribution patterns predicted by biomass (Fig. 5c and

5f) were very similar to those obtained for abundance. The predicted distributions of the species richness

showed differences between the two seasons: higher values of biodiversity in winter were located closer to

the upper slope, while in the summer they were higher on the shoreline of the southern part (Fig. 5e and 5f).

Distributions predicted by the Shannon index for the crustacean assemblage showed very similar patterns to

the species richness (Fig. 5g and 5h). 

Figure 5. Crustacean assemblage distribution of the posterior means of (a, b) abundance, (c, d) biomass, (e, 

f) species richness and (g, h) Shannon index for (left) winter and (right) summer, respectively (refer to 

Figure 1 for further details on the study area).

Model DIC WAIC LCPO

Total

Abundance b0+W+S+SST 188.12 190.46 1.19
Biomass b0+W+S+SST 164.3 166.45 1.03
Richness b0+W+S+SST 544.69 546.92 3.34
Shannon b0+W+S+SST 181.14 185.18 1.12

Fish

Abundance b0+W+S+SST 188.35 190.06 1.18
Biomass b0+W+S+SST 167.12 168.47 1.03
Richness b0+W+S+SST 474.45 475.42 2.95
Shannon b0+W+S+Fluorescence 125.62 127.83 0.79

Cephalopo

d

Abundance b0+W+S+SSS 174.71 179.91 1.14
Biomass b0+W+S+SSS 198.28 201.81 1.24
Richness b0+W+S+SST 320.26 318.07 1.93
Shannon b0+W+S+SST 36.97 37.6 0.23

Crustacean

Abundance b0+W+S+SST+Depth+Effort 250.14 253.12 1.58
Biomass b0+W+S+SST+Depth+Effort 221.09 22.06 1.35
Richness b0+W+S+SBT+Depth 389.52 387.65 2.36
Shannon b0+W+S+SBT+Depth 124.87 124.96 0.76
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Table 3. Final selected models for every predicted variable of total demersal community, fishes, cephalopods

and crustaceans. Statistics acronyms are: WAIC = Watanabe-Akaike Information Criterion; LCPO = Log-

Conditional Predictive Ordinates. Predictors’ acronyms are: SST = Sea Surface Temperature; SBT = Sea 

Bottom Temperature; SSS = Sea Surface Salinity; Impact = Coastal impact; Effort = Fishing effort; S = 

season; W = spatial random effect; b0 = Intercept. Complementary results are provided in Appendix 3 Table

S3.2.

Model Predictor mean sd Q0.025 Q0.5 Q0.975

Total

Abundance
Intercept 9.11 0.65 7.71 9.11 10.52

SST 0.24 0.08 0.05 0.24 0.34

Biomass
Intercept 5.81 0.66 4.41 5.80 7.25

SST 0.37 0.07 0.24 0.37 0.51

Richness
Intercept 3.47 0.11 3.24 3.47 3.70

SST 0.23 0.02 0.03 0.23 0.45

Shannon
Intercept 0.84 0.12 0.68 0.84 1.01

SST 0.07 0.04 0.01 0.07 0.16

Fish

Abundance
Intercept 8.51 2.84 2.39 8.56 14.36

SST 0.49 0.08 0.33 0.49 0.65

Biomass
Intercept 1.70 0.82 0.19 1.70 3.21

SST 0.50 0.02 0.36 0.50 0.65

Richness
Intercept 2.97 1.18 0.64 2.97 5.28

SST 0.09 0.03 0.04 0.09 0.14

Shannon
Intercept 0.64 1.45 -1.95 0.64 3.23

Fluorescence -0.18 0.03 -0.24 -0.18 -0.12

Cephalopod

Abundance
Intercept 6.92 0.30 6.28 6.93 7.53

SSS -0.20 0.08 -0.36 -0.20 -0.06

Biomass
Intercept 3.90 2.74 -1.64 3.92 9.30

SSS -0.20 0.10 -0.40 -0.20 -0.01

Richness
Intercept 1.65 0.14 1.31 1.65 1.97

SST 0.08 0.05 0.03 0.08 0.14

Shannon
Intercept 1.03 0.99 -0.24 1.02 2.31

SST 0.07 0.03 0.01 0.07 0.16

Crustacean

Abundance

Intercept 6.18 3.81 -1.41 6.29 13.24
SST 0.43 0.13 0.12 0.43 0.68

Depth 0.01 0.00 0.00 0.01 0.09
Effort 0.63 0.13 0.38 0.63 0.88

Biomass

Intercept 1.68 3.00 -4.69 1.69 7.96
SST 0.26 0.10 0.09 0.26 0.46

Depth 0.05 0.00 0.02 0.01 0.08
Effort 0.47 0.10 0.27 0.48 0.68

Richness
Intercept 1.37 3.99 -6.90 1.39 9.47

SBT 0.08 0.04 0.00 0.08 0.17
Depth 0.04 0.00 0.00 0.00 0.06

Shannon
Intercept 0.90 1.13 -1.49 0.91 3.23

SBT 0.15 0.06 0.04 0.15 0.27
Depth 0.02 0.00 0.00 0.02 0.04

Table 4. Numerical summary of the posterior distribution of the fixed effects for the best model of every 

predicted variable of total demersal community, fishes, cephalopods and crustaceans. This summary 

contains the mean, the standard deviation (SD), the median and a 95% credible interval, which is a central 
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interval containing 95% of the probability under the posterior distribution. Complementary results are 

provided in Appendix 3 Table S3.2.

f) Common patterns of predicted variables

Seasonality  and  spatial  effect  were  selected  as  relevant  independent  variables  for  all  statistical

models. In addition, almost all selected models included temperature (SST or SBT) as a relevant predictor,

except for the Shannon index of fish where fluorescence was selected instead, and abundance and biomass of

the cephalopod assemblage where SSS was selected. All final crustacean models selected depth as a relevant

variable, and fishing effort was included for predictions of crustacean abundance and biomass.

Taking into account the predicted distributions resulting from the BSDMs, abundance and biomass

obtained similar patterns in both seasons for the four groups. Therefore, the Ebro Delta surroundings and the

upper-slope area were highlighted as areas of higher concentrations of abundance and biomass of demersal

organisms in winter (“winter hotspots”). In the summer, concentration areas were more spread out along the

continental shelf, with a concentration area around the Columbretes islands (a “summer hotspot”), with the

exception of crustaceans, which showed a reverse pattern with concentrations closer to the coast in winter.

Discussion

Using  seasonal  scientific  survey  (fishery-independent)  data,  we  investigated  the  spatial  patterns  of

abundance, biomass, and biodiversity of a NW Mediterranean demersal community and their relationship

with environmental, physical and anthropogenic factors. Overall, our findings highlighted the importance of

two main variables to predict spatial patterns of abundance and biomass: the season and spatial effects. 

A previous study analysed the seasonality effect in the NW Mediterranean Sea (Gaertner, 2000) and

found a seasonal influence in only a few fish species, including Deltentosteus quadrimaculatus and Mullus

barbatus. On the contrary, our results revealed that seasonality strongly affected the distributions of demersal

species  assemblages  (including  fish,  cephalopods  and  crustaceans).  Indeed,  most  of  the  data  showed

differences between summer and winter. Estimates of abundance and biomass showed significant differences

between seasons  (except  for  cephalopod biomass),  highlighting  a  change  in  density  of  demersal  fauna.

Considering  estimates  of  biodiversity,  species  richness  and  Shannon  index showed  significant  seasonal

patterns as well (except for total Shannon diversity, fish Shannon diversity and cephalopod species richness).

Therefore, intra-annual seasonality is key to the dynamics of marine resources in the NW Mediterranean Sea,

and should  be  considered  in  additional  studies,  although obtaining  information  at  the  seasonal  level  is

problematic in many areas  (Albo-Puigserver  et al., 2016).  The seasonal change described in our study is

driven by environmental parameters (mainly SST), which showed two clearly different states in winter and

summer. Recent studies (Navarro et al., 2015; Coll et al., 2016) identified annual temperature as important

variable to describe the spatial patterns of the species in the same study area, although they did not include

the seasonal  pattern. In our study,  the sea surface temperature variable was positively related to several
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biological variables. Thus, areas with high sea surface temperature were also areas with high abundance,

biomass  and biodiversity.  In  fact,  the  increase in  sea  temperature  in  summer  may cause an increase in

abundance and biomass as this is when the highest growth rates occur as well as reproduction and feeding

migration  events  (Morales-Nin and Moranta,  2004).  Other  studies  have shown similar  patterns  in  other

Mediterranean  Sea  areas  (Kallianiotis  et  al.,  2000).  Our  results  are  consistent  with  global  studies  that

positively linked biodiversity to sea surface temperature (Tittensor  et al., 2010; Costello and Chaudhary,

2017), highlighting that warmer areas present higher biodiversity. Tittensor  et al. (2010) showed a global

spatial positive correlation between biodiversity and the sea surface temperature (SST) for coastal marine

groups.  In  the  NW Mediterranean  Sea,  the  SST  is  considered  an  important  variable  shaping  demersal

community,  and it is due to several reasons such us availability of food (Olivar  et al., 2010). Therefore,

temperature  is  a  key  environmental  variable,  controlling  the  rates  of  physiological  processes  such  as

metabolism and growth (Damalas  et al.,  2016). Other studies described seasonal distribution patterns for

some species that could be related with seasonal changes on temperature (e.g. Maynou et al. 2003b). In our

case, the relevant temperature for crustaceans was bottom temperature (SBT), probably because crustaceans

live in close relationship with the seabed. Since global and regional projections of climate change predict a

continuous increase in sea temperature (both in the surface and at the bottom) in the Mediterranean Sea

(Calvo et al., 2011), it will be essential to take into account this variable in species distribution projections as

it will surely play a key role in future climate change scenarios. 

In our models,  seasonal importance was also evident in the predictive distribution maps. The spatial

predictions of abundance and biomass showed a general migration pattern from upper-slope in winter to the

continental shelf in summer,  which was determined as a recruitment and spawning processes for several

species  in  other  Mediterranean  areas  (Colloca  et  al.,  2015).  Therefore,  abundance  and  biomass  spatial

predictions  showed  similar  spatial  patterns  which  demonstrated  their  spatial  correlation.  Also,  they

highlighted the surrounding of Ebro River Delta as a hotspot for the demersal fish community. This area is

well known for its permanent local upwelling caused by the penetration of northern slope water masses (Font

et al., 1990) and consequently its nutrient-enrichment which support high productive food-webs, in addition

to the proximity of this area to the river discharges of the Ebro river, which have been shown to be linked to

increase in catches  (Lloret  et  al.,  2001).  These migrations between seasons can be related to spawning,

nursing or feeding events by demersal species in the study area, as already described for some species such

as  the  European  hake  (Merluccius  merluccius)  (Maynou  et  al.,  2003),  blue  whiting  (Micromesistius

poutassou) (Abad et al., 2007) and anglerfish (Lophius piscatorius) (Demestre et al., 2000). 

In addition, predicted abundance and biomass distribution for cephalopods showed a seasonal migration

from the northern part in winter to the southern part in the summer, probably due to spawning aggregations

in space and/or time described previously for some cephalopod species (Puerta et al., 2016), such as shortfin

squid (Illex coindetti), horned octopus (Eledone cirrhosa) and common octopus (Octopus vulgaris). High

abundance and biomass of cephalopods were located in areas with low abundance and biomass of fishes.

This pattern could be related to a predation release process. Previous study described trophic impacts due to
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changes in species abundance and highlighted the removal of high trophic level organisms due to overfishing

(Coll et al., 2008).  

In  addition,  there  is  also  seasonality  in  crustacean  distribution:  the  main  migration  event  that  we

observed was from coastal to deeper waters from winter to summer (thus, a pattern that is contrary to that

observed for fish and cephalopods). This seasonal migration of crustaceans is mainly due to species-specific

patterns in each season. For example, in winter the highest abundance and biomass is located in the area

surrounding the Ebro River Delta due to the high density of mantis shrimp (Squilla mantis) (Abelló and

Sardá, 1989), while summer is characterised by the dispersal of mantis shrimp adults (Maynou et al., 2004).

Moreover, there are different seasonal crustacean migration patterns such as the case of blue-leg swimcrab

(Liocarcinus  depurator).  This  decapod  migrates  to  deeper  areas  in  summer  due  to  hydrographic  and

sediment resuspension processes, which are connected to feeding behaviour (Abelló et al., 1988).

Three other environmental predictive variables were selected in our final models for some specific cases:

salinity, fluorescence and depth. Regarding fluorescence, although Costello and Chaudhary (2017) described

a positive correlation between primary production and biodiversity, in our case this relationship was negative

for fishes (Table 4). This contradiction is due to the high values of primary production located close to the

Ebro River Delta, and the fact that the Shannon index is calculated with fish abundance. Fish abundance is

driven by the positive correlations with spatial effects (or depth) and the lower fish abundance areas in the

surroundings of the  Ebro River Delta  have lower values  of  Shannon biodiversity.  Species richness was

positively correlated with SST, and thus warmer temperatures supported higher fish species richness. This

correlation  can  be  explained  because  warmer  temperatures  cause  an  increase  in  demand  for  food  and

consequently increased competition and predator-prey interactions.  Thus,  we could find areas  of  higher

diversification (Tittensor et al., 2010; Costello and Chaudhary, 2017).

The importance of depth for abundance and biomass in different Mediterranean areas has previously

been described  (Bellido  et al., 2008; Coll  et al., 2010; Pennino et al., 2013; Navarro  et al., 2015).  In our

study, depth was important in terms of biodiversity, as highlighted in previous studies (Silveira Simão, 2013;

Navarro et al., 2015). However, depth was not relevant in most of the final models, unlike spatial effect. This

is  probably because the same part  of  the spatial  variability of the data explained by depth was already

explained by spatial effect (Navarro et al., 2015). The spatial effect used in BSDMs represents the intrinsic

spatial variability of the data that could be due to several spatial processes that are not taken into account in

the models, such as biological processes (competition, reproduction, directed migrations, etc.) (Carroll et al.,

2010). Consequently, the spatial patterns highlighted by the spatial predicted maps could be the result of a

combination of factors, such as geographic location and depth, but also other biological processes. It could

also be that the studies that highlighted depth as a relevant factor for the demersal community distributions

were based on annual data and that when seasonal environmental variables were included in the analyses,

static features such as depth, slope and type of seabed lost importance.  

Finally, fishing effort was positively selected only in crustacean models. This may indicate the capacity

of fishing to reduce predators and competitors and thus benefit smaller organisms like crustaceans (Coll et
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al., 2008). This process, which is also known as trophic cascade, can affect species differently (Ward and

Myers, 2005). Trophic cascades have been previously documented in the Mediterranean Sea (Pinnegar et al.,

2000).  On the contrary,  (Navarro  et  al.,  2015)  found that  fishing activity showed a  negative  effect  on

crustacean assemblage,  probably because fishing effort  can have a spatial  effect  depending on the area.

These results require further investigation.

This research represents a pilot study, which aimed to investigate whether seasonality is an important

component driving the spatial distribution of demersal species (fish, cephalopods and crustaceans) in the

northwestern  Mediterranean  Sea.  It  is  well  known  that  environment  conditions  affect  the  dynamics  of

demersal marine communities (Moore et al., 2009), and in our study area sea-surface temperature is the main

environmental variable that changes between seasons (winter and summer) (Salat et al., 2002b). In fact, our

results revealed that seasonal patterns in the spatial distribution of the different demersal organism groups

during  the  sampling  year  2013 were  mainly  driven  by sea-surface  temperature,  and  similar  patterns  of

temperature values are likely to be expected since environmental variables in 2013 are representative and

recurrent for both seasons each year according to observations (see Figure 1b). However, in the present study

we only examined two seasons of one year due to data availability, therefore further studies are needed to

verify the existence of an annually recurrent seasonal effect (Steel et al., 2013). When dealing with data-poor

situations like the one presented in this study, Bayesian models can provide satisfactory results (Fonseca et

al., 2017). Since seasonal monitoring programs are scarce in the marine environment, and are mainly absent

from the Mediterranean Sea, this study provides evidence on the necessity to perform additional scientific

surveys along the year (such as in the MEDITS program in the Mediterranean Sea, which is carried out in

spring (Bertrand et al., 2002b). Although extensive sea surveys are highly expensive, a program of semester

(or ideally quarterly) local-scale surveys could be more affordable to confirm seasonal patterns of demersal

marine species.

Overall, our study provides evidence of the importance of seasonal patterns in marine communities of

fish, cephalopods and crustaceans from the NW Mediterranean Sea and highlights the need to expand current

monitoring  schemes  to  include  seasonality.  Models  taking  into  account  seasonal  biotic  and  abiotic

explanatory variables could be an interesting tool for the accurate mapping of the study area (Mendoza et al.,

2014; Granger  et al., 2015). In general, our results may be important to inform policy processes aimed at

spatially  designing  management  measures  such  as  seasonal  fishing  restrictions  to  protect  specific

aggregations of species during reproduction or feeding, or to adapt local marine protected areas (MPAs) to

seasonal processes (Mendoza  et al.,  2014). Our results showed a “winter hotspot” with high abundance,

biomass and biodiversity of the demersal community around the Ebro River Delta and in the “upper slope”.

The first region is known to be an important productive area that can be a preferential habitat for many

marine species (Coll et al., 2016). The upper slope may show higher concentrations of biomass abundance

due to this area is further away from the coast and, in winter, a higher frequency of bad weather days may

prevent  fishing operations  from reaching  the  area.  In  addition,  the  waters  surrounding the Columbretes

Islands showed high values of abundance, biomass and biodiversity during summer and could be a “summer

hotspot”. These islands have been a MPA since 1989, and thus provide a stable, high quality ecosystem for
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populations that live around the islands and could be exporting recruits to adjacent areas (Goñi et al., 2006).

Due to the ecological role of the Columbretes Islands in summer, legal compliance and effective surveillance

during this season may be key to ensuring the conservation benefits of this MPA. Similar results were found

by Mendoza et al. (2014) regarding the demersal fishery in the vicinity of the Cape of Palos Marine Reserve

(southern Spain, western Mediterranean Sea). 
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