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Abstract
Discards is an important issue in fisheries around the world. The spatial management of 
discards has attracted interest as a potential tool for minimizing the unwanted catch. The
aim of the present work was to identify areas with high quantities of bottom trawl 
discarded catch regarding species subjected to MCRS, in six areas of southern European
waters (southern Portuguese waters, Catalan Sea, Ligurian and northern Tyrrhenian 
Seas, Strait of Sicily, eastern Ionian Sea, and Aegean Sea). Analyses were based on two 
types of data: (a) the undersized catch of species subjected to MCRS from bottom trawl 
surveys and (b) the actual discarded catch (including undersized and non-undersized 
individuals) of species subjected to MCRS from commercial bottom trawling. 
Geostatistical analysis techniques were applied to the first type of data and Generalized 
Additive Models using environmental variables were applied to the second one. 
Subsequently, areas that persistently presented high quantities of discarded catch (i.e., 
“iDC grounds”) or undersized catch (i.e., “iUC grounds”) were identified and mapped. 
The “iDC grounds”/“iUC grounds” were located either over the slope or within the 
continental shelf and over marine plateaus, largely depending on the main target species
of each fishery. Next, the overlap of “iDC grounds”/“iUC grounds” with the existing 
Fisheries Restricted Areas (FRAs) and the proposed Marine Protected Areas (MPAs) 
was estimated aiming to explore how spatial closures could contribute to the reduction 
of bottom trawl discarded catch/undersized catch. Certain spatial closures were more 
effective in the Central Mediterranean and others to the Eastern Mediterranean. The 
overlapping of existing FRAs with “iDC grounds”/“iUC grounds” did not exceed 24 % 
in any study area, whereas proposed MPAs, like the CIESM Marine Peace Parks, 
reached up to 90 % for the same study area.
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1. Introduction
Discards is an important problem in global fisheries that has both economic and 
ecological implications (Bellido et al., 2011). Several drivers are associated with the 
discarding process including market demand (species with no or low commercial value, 
high-grading), international or national regulations (e.g., Total Allowable Catches or 
quotas, Minimum Conservation Reference Sizes [MCRS; all acronyms used through the
text are presented in the Table S1 in Appendix] as defined in Annex III of the European 
Commission Regulation No 1967/2006 (EC, 2006) for the Mediterranean Sea), 
environmental factors (depth, primary productivity, etc.), technical characteristics of the
fishing gear, and fishing tactics (Bellido et al., 2011; Catchpole et al., 2014; Damalas et 
al., 2015; Eliasen et al., 2013; Feekings et al., 2012; Milisenda et al., 2017; Rochet and 
Trenkel, 2005; Tsagarakis et al., 2014).

The negative impact of discarding on marine environment and on the economic viability
of maritime fishery sector has also been recognized by the European Commission. 



Thus, as a response to remedy the situation, the reform of the European Union Common
Fisheries Policy introduced the Landing Obligation (LO) of all catches of species 
subjected to catch quotas and, in the Mediterranean Sea, all catches of species subjected 
to MCRS (EU, 2013). In the Atlantic, the main incentive for fishers to avoid the 
unwanted catch will be that they are obliged to land low value catch, counted against 
their catch quotas resulting in reduced revenues. In the Mediterranean Sea, there are no 
established quotas for demersal fisheries due to the ecosystem and socioeconomic 
peculiarities of the particular area (e.g., Coll et al., 2010). However, here the main 
burdens for fishers will be the reduced storage capacity and the handling cost of the 
unwanted catch. In the long run, the goal of the LO is to promote fishers to adopt more 
selective fishing practices by avoiding areas or seasons associated with high quantities 
of unwanted catch.

The primary measure to avoid the undersized unwanted catch is gear modifications 
(e.g., mesh size, sorting grids) to improve selectivity (Suuronen and Sarda, 2007; 
Valdemarsen and Suuronen, 2003). In multispecies fisheries, such as the Mediterranean 
bottom trawl fishery, the optimum gear selectivity can be difficult to define (Suuronen 
and Sarda, 2007). Thus, along with the improvement of gear selectivity, an additional 
promising tool could be the spatiotemporal management of discards (Viana et al., 2013; 
Pennino et al., 2014). Towards this direction, an increasing number of recent studies 
have turned the focus on the spatial analysis for solving discard problems (Calderwood 
et al., 2019; Maeda et al., 2017; Maina et al., 2018; Paradinas et al., 2016; Pennino et 
al., 2014, 2017; Pointin et al., 2018; Reid et al., 2019; Robert et al., 2019; Viana et al., 
2013; Vilela and Bellido, 2015). A useful statistical tool (a random forest algorithm) 
developed by Vilela and Bellido (2015) provide the fishers with near-real-time maps 
that can assist them in the avoidance of possible areas with high quantities of discards. 
Paradinas et al. (2016) developed a Bayesian hierarchical model to identify suitable 
fishing areas through discard-predictive maps. Maeda et al. (2017) presented a novel 
approach where field data and prior knowledge from experts are combined into a spatial
Bayesian model presenting the spatial and temporal distribution of discards. These new 
spatial management tools can be promising; however, the interpretation of their results 
should be accompanied by a deep knowledge of the studied fishery as there is great 
variability in the discarding process across regions (Bellido et al., 2011; Uhlmann et al., 
2014; Vilela and Bellido, 2015).

Marine spatial closures have been proposed as a way to minimize the fishing pressure 
on undersized fish and subsequently reduce discarding (Micheli et al., 2013; Russo et 
al., 2014b). Towards this perspective, marine spatial management measures should 
require good knowledge of spatial distribution of the discarded quantities. Regarding 
the fraction of discards related to undersized fish, the knowledge on the spatial 
distribution of nurseries has increased in the Mediterranean during the last decade 
(Colloca et al., 2015; Fortibuoni et al., 2010; Giannoulaki et al., 2011, 2013b, 2017; 
Maiorano et al., 2008). In the Mediterranean bottom trawl fishery, either due to national 
legislation or local market demand, species subjected to MCRS are often discarded 
independent of their size (Machias et al., 2004; Tsagarakis et al., 2017). The most 
valuable species (e.g., European hake, Merluccius merluccius; red mullet, Mullus 
barbatus) are discarded mainly if they are smaller than the MCRS (Damalas et al., 
2018). Whereas, species with low commercial value (e.g., horse mackerels, Trachurus 
spp.) or due to national legislation are discarded regardless of their size (Machias et al., 
2004; Tsagarakis et al., 2017). For instance, in Greece, bottom trawlers are not 
permitted to land European anchovy (Engraulis encrasicolus) and European pilchard 
(Sardina pilchardus) at a percentage exceeding 5% of the catch (Royal Decree 



917/1966). Thus, the actual discarded catch in the Mediterranean should account for 
both undersized and non-undersized individuals of species subjected to MCRS.

The aim of the present work was to map the spatial distribution of discards of species 
subjected to MCRS. For this purpose, the best quality data, available depending on the 
study area, were used. The recorded discards of species subjected to MCRS (including 
both the undersized and the non-undersized individuals) from commercial bottom trawl 
vessels (hereafter referred to as DC: Discarded Catch) was used to map the potential 
discard grounds. In the case of areas that on-board discard data were lacking, the 
undersized catch of species subjected to MCRS from bottom trawl surveys (hereafter 
referred to as UC: Undersized Catch) was used as a proxy to map the potential 
undersized catch grounds. To that end, potential areas with high quantities of bottom 
trawl DC/UC for species subjected to MCRS were identified in the southern European 
waters.

As a next step, we provided an indication of the effectiveness of marine spatial closures 
as a measure for bottom trawl discards reduction. Thus, it was explored for the first time
the overlap of the DC/UC hot spot areas with (a) the existing Fisheries Restricted Areas 
(FRAs), (b) the most recent proposals on FRAs by fishers’ organizations or local 
authorities (where available), and (c) the proposed Marine Protected Areas (MPAs) by 
international organizations or scientists (Greenpeace International, 2006; Greenpeace, 
2011; de Juan and Lleonart, 2010; CIESM, 2011; Oceana MedNet, 2011).

2. Material and methods
Six study areas were examined in order to model the potential spatial distribution of 
DC/UC: (a) the southern Portuguese waters (Portugal), (b) the Catalan Sea (Spain), (c) 
the Strait of Sicily (Italy), (d) the Ligurian and northern Tyrrhenian Seas (Italy), (e) the 
eastern Ionian Sea (Greece), and (f) the Aegean Sea (Greece) (Fig. 1).



Fig. 1. Maps of the study areas. The position of bottom trawl hauls used for analysis in 
each study area are shown. Toponyms mentioned in the text as well as the bathymetry 
are also indicated.

2.1. Study areas: fishery information

In the southern Portuguese waters (SPW, Atlantic waters; Fig. 1), the bottom trawlers 
operate mainly in deep waters (depths >200 m, on average between 400−500 m) 
(Borges et al., 1997), targeting crustaceans. This fishery occurs on muddy bottoms and 
has multi-species characteristics mainly targeting Norway lobster (Nephrops 
norvegicus), blue and red shrimp (Aristeus antennatus), giant red shrimp 
(Aristaeomorpha foliacea), scarlet shrimp (Aristaeopis edwardsiana), and deep-water 
rose shrimp (Parapenaeus longirostris). Discards for this particular fishery can vary 
from 5 % to 76 % of the total catch (Monteiro et al., 2001). Fishing trips have a variable
duration but usually no more than three days, with an average of 3–4 trawl hauls per 
day. For the 1998–2004 period, the crustacean trawl fleet had, on average, 32 vessels 
with 150 gross tonnage, which represents 37 % of the trawl fleet production. Trawl 
fishery management is based on effort, fishery entrance limitations, Total Allowable 
Catches, and MCRS; also, two seasonal fishing regulated areas were established by 
Council Regulation (EC, 1998, 2005) to protect juveniles and for the recovery of 
Norway lobster stocks.

In the Catalan Sea (CS, Western Mediterranean; Fig. 1) bottom trawlers operate on the 
continental shelf and slope waters, at depths from 50 to 800 m. Fishing trips do not last 
longer than 24 h, with 3–4 trawl hauls in a 10 h working period. Trawl fishing is carried
out with bottom otter trawls, exploiting a mix of species such as European hake and red 
mullet on the continental shelf, and a fishery that targets crustaceans (mainly blue and 



red shrimp and Norway lobster) on the slope. In 2016, the trawl fleet in the study area 
comprised 42 vessels, approximately 10 % of the entire fleet in northern Spanish 
Mediterranean waters. The demersal fishery production in the study area oscillates 
between 2,000 and 3,000 t/yr, about 15 % of the production in northern Spanish 
Mediterranean waters. Like other Mediterranean trawl fisheries, management is based 
on effort, capacity control (entry limit) and MCRS. A closed season in February has 
been implemented for the last five years.

The Strait of Sicily (SoS, Central Mediterranean; Fig. 1) is one of the most important 
fishing grounds for bottom trawling in the Central Mediterranean Sea (Fiorentino et al., 
2008; Gristina et al., 2006). In 2016, the bottom trawl fleet consisted of 360 vessels 
(Italian fleet register data) operating from the continental shelf up to 700 m depth in 
both national and international waters. Trawling mostly targets deep-water rose shrimp, 
European hake, and giant red shrimp. In 2015–2016, deep-water rose shrimp landings 
amounted to more than 40 % of the total demersal yield in the area while the other two 
species contributed to about 10 % each. In deep-water rose shrimp trawling, about 36 %
of the catch is discarded, with bony fish being the most discarded organisms (23.5 %), 
while elasmobranchs, crustaceans, and other invertebrates represent approximately 13 
% of the total catch (Milisenda et al., 2017). Undersized individuals of horse mackerels, 
European hake, and deep-water rose shrimp constitute a large fraction of discards 
(Milisenda et al., 2017).

In the Ligurian and northern Tyrrhenian Seas (LnTS, Central Mediterranean; Fig. 1), the
fishing fleet is characterized by a high proportion of small-scale artisanal vessels, which
account for about three-quarters of the boats. Nevertheless, fishing vessels equipped 
with trawl nets provide the highest landings and turnover sale levels. In 2015, the trawl 
fleet consisted of 320 vessels and produced 7,500 t of landings, representing 40 % of the
total landings in the area. In the northwestern part of the area, there is little fishing 
activity by bottom trawlers on the shelf, due to its limited extension, and many vessels 
target blue and red shrimp (Orsi Relini et al., 2013). Along the central and southern 
coasts of LnTS, the shelf is wider and the local trawl fleet targets European hake, red 
mullet, horned octopus (Eledone cirrhosa), common octopus (Octopus vulgaris), mantis
shrimp (Squilla mantis), and deep-water rose shrimp (Ligas et al., 2010; Sbrana et al., 
2006). The LnTS are the main European hake nurseries in the northwestern 
Mediterranean basin (Colloca et al., 2009; Orsi Relini et al., 2002). At the boundary 
between the continental shelf and the upper slope, densities >25,000 individuals/km2 
have been observed (Colloca et al., 2009). Orsi Relini et al. (2002) estimated mean 
densities of European hake recruits to be up to eight times higher than densities reported
for other nurseries in the Mediterranean Sea. This leads to very high discard rates of 
undersized European hake.

Two study areas were located in Greek waters (Eastern Mediterranean; Fig. 1): the 
eastern Ionian Sea (eIS) and the Aegean Sea (AS). Around 248 vessels were operating 
in the Greek Seas in 2016 (ELSTAT, 2017). Even though the number of bottom 
trawlers constitutes a small percentage of the Greek fishing fleet, their contribution to 
the total Greek fish production is around 30 % (ELSTAT, 2017). The bottom trawl 
fishery is a typical multi-species fishery (Stergiou et al., 2003; Tserpes et al., 2016). 
There is a general prohibition on bottom trawls in Greek national waters from the 1st of 
June to the 30th of September (4 months) since the late 1960s (Royal Decree 917/1966) 
and additional temporal restrictions occur for several small gulfs. In the eIS, a total of 
33 vessels (ELSTAT, 2017) operate mainly over the continental shelf (<200 m), 
targeting European hake, common squids, red mullets, and pandoras (Pagellus spp.) 



(Maina et al., 2016). In the AS, bottom trawlers usually operate at depths from 50 to 
300 m. In 2016, the trawl fleet in AS consisted of around 200 vessels, with landings of 
12,000 t (ELSTAT, 2017). The most important fishing grounds are located in the 
northern part where local sources of nutrients, like river outflows, influence the 
productivity and subsequently largely control the dynamics of the fishing grounds. The 
largest part of the fishing effort (76 % of total fishing effort) is recorded within the 
continental shelf (Kavadas and Maina, 2012; Maina et al., 2016).

2.2. Discarded catch data and undersized catch data

Analysis was based on two sources of data depending on the area. For each study area 
only one source of data was available: (a) the undersized catch (UC) of species 
subjected to MCRS from bottom trawl surveys (i.e., in SPW, CS, and SoS) and (b) the 
actual discarded catch (DC) of species subjected to MCRS (including both the 
undersized and the non-undersized individuals) from commercial bottom trawlers (i.e., 
in LnTS, eIS, and AS). The latter were collected by on-board observers. Species 
included in MCRS category were those stipulated in Annex III of Regulation EC 
1967/2006 (EC, 2006) and by national regulations, i.e., for CS (based on Spanish Royal 
Decrees 560/1995, 1615/2005) and for eIS – AS (based on Ministerial Decision 
1750/32219/2015 and Presidential Decree 144/1986). A detailed list of the species 
included in the analyses is presented in Appendix (Table S2).

In the SPW, the data were derived from the International Scientific Bottom Trawl 
Survey (IBTS), which aims to monitor the abundance and distribution of European hake
during the spawning season. For the CS and the SoS, the international bottom trawl 
survey in the Mediterranean (MEDITS) data were used. The MEDITS survey is 
routinely carried out in the Mediterranean with the primary aim of monitoring and 
assessing the abundance and distribution of demersal species (Bertrand et al., 2002). 
Although the IBTS and MEDITS are not designed to cover adequately the spatial 
distribution of all target species, they remain the best available information of the spatial
and temporal coverage for these species. Furthermore, the survey-based analysis was 
restricted to those years that data of the Vessel Monitor System (VMS) were available 
(for VMS analysis, see 2.3 section of the Material and Methods). This limited the 
survey area to the actual fishing area. In total, 291 IBTS sampling stations were used in 
the period 2009−2011 in SPW (Table 1), 50 MEDITS sampling stations in the CS 
during 2013−2014 and 600 MEDITS stations in the SoS during 2009−2013 (Table 1).

Table 1. List with the study areas (SPW: southern Portuguese waters; CS: Catalan Sea; SoS: 
Strait of Sicily; LnTS: Ligurian and northern Tyrrhenian Seas; eIS: eastern Ionian Sea; AS: 
Aegean Sea), the study period, the season (A: Autumn; W: Winter; S: Spring; SUM: Summer), 
the type of sampling, and the number of hauls used in analysis.

Study
area

Study period Season Type of sampling Number of
hauls

SPW 2009−2011 A Bottom trawl survey 291
CS 2013−2014 SUM Bottom trawl survey 50
SoS 2009−2013 SUM Bottom trawl survey 600

LnTS 2003−2015 A, W, S, Commercial onboard 322



SUM trawl sampling
eIS 2003−2006, 2008, 

2013−2014
A, W, S Commercial onboard 

trawl sampling
421

AS 2003−2006, 2008, 
2013−2014

A, W, S Commercial onboard 
trawl sampling

827

Regarding the survey-based datasets, the following information for each sampling 
station was recorded: geographical location (longitude, latitude), date of sampling, 
depth, species, number of individuals, and biomass per species. For each haul, 
specimens smaller than the defined MCRS (undersized catch for species subjected to 
MCRS) were considered as potential discards and aggregated under the category UC. 
The density index (number per square kilometer: n/km2) of UC per sampling station was
estimated as a baseline to model the UC annual spatial distribution.

In the LnTS, the eIS, and the AS, the DC information was collected from observers on-
board commercial bottom trawlers (Table 1) under the European Union Fisheries Data 
Collection Regulation (EC, 2001) and Data Collection Framework (EC, 2008). Despite 
any shortcomings, the on-board observer programs remain the most complete source of 
information on all components of the catch by fishing vessels (Uhlmann et al., 2014). 
Their use is in line with the precautionary approach in conservation biology. In total, 
data from 322, 421, and 827 sampling stations were gathered from the observer onboard
sampling program in the LnTS, eIS, and AS, respectively (see details in Table 1). Data 
covered four seasons (autumn, winter, spring, summer) in LnTS, and three seasons 
(autumn, winter, spring) in eIS and AS because bottom trawling is prohibited during 
summer in Greek waters. For each sampling station (haul), the following information 
was recorded: date and time of sampling, longitude and latitude, depth, haul duration, 
and catch composition. In each haul, the catch was divided into landings and discards by
the crew of the vessel. The discarded catch was identified at the species level and the 
total biomass index of the species with MCRS was estimated in terms of kilograms per 
hour (kg/h). During the study period (from 2003 to 2015), a change in the mesh size 
was enforced for bottom trawlers (EC, 2006), setting the minimum mesh size at 40 mm 
square or 50 mm diamond. The change was enforced in 2010 in Italy but no alterations 
in the selection pattern of European hake and other species was observed in LnTS 
(Conti, 2018; Sartor, 2016) and towards the end of the study period in eIS – AS 
(practically since 2013).

Two different approaches were used to identify and map the spatial distribution of the 
hot-spot DC grounds and the hot-spot UC grounds. Ordinary kriging was used in the 
case of survey-based data. Survey data have good homogeneous spatial coverage in all 
three study areas and haul positions were consistent on an annual basis thus allowing the
reliable modeling of the spatial autocorrelation of the UC assemblages. In fact, kriging 
has been used to map the distribution of catch data of international bottom trawl survey 
in the Mediterranean (Colloca et al., 2015; Garofalo et al., 2011).

In the case of on-board data, Generalized Additive Models (GAMs) based on 
explanatory environmental data and season were chosen to identify and map the spatial 
distribution of DC. On-board data from commercial bottom trawls present high 
variability in terms of spatial and temporal coverage, largely depending on fishers’ 
choices, weather, etc. At the same time, commercial hauls are often highly aggregated 
over certain regions, and kriging based on geostatistics is not a suitable methodology 
when it comes to commercial haul data. Consequently, other methods like GAMs 



(Damalas and Megalofonou, 2012; Maina et al., 2018; Milisenda et al., 2017), random 
forest (Vilela and Bellido, 2015) and Bayesian modeling (Maeda et al., 2017; Paradinas 
et al., 2016; Pennino et al., 2014, 2017) are more effective.

2.3. Modeling the spatial distribution of UC using data from scientific 
surveys

In the SPW, CS, and SoS, geostatistical analysis (Petitgas, 1996; Goovaerts, 1997) was 
applied to the UC density index (n/km2) per sampling station. A series of exploratory 
plots (contour plots, scatter plots of density indices versus geographical components, 
normal q-q plots) was examined to check for significant deviations from stationarity and
normality. Experimental variograms were computed and fitted using asymptotic models 
(i.e., spherical, exponential or Gaussian models). Anisotropy was not analyzed because 
data were insufficient to characterize the possible directionality in spatial correlation. 
Following the estimation of variogram parameters (range, nugget, sill), ordinary kriging
was applied to map the distribution of the UC within each study area in ArcGIS (ESRI, 
2015). A prediction grid was constructed using 1 × 1 km2 resolution. Cross-validation 
procedures were applied to check the goodness of fit of selected variogram models and 
the choice of kriging parameters.

In a subsequent step, in order to get a more realistic picture of high UC areas that were 
actually subjected to the bottom trawl fishery, the density maps of the UC produced 
were multiplied with the fishing effort provided by the VMS for bottom trawlers. 
Analysis was carried out for the period 2009–2014 depending on the area (Table 1). The
approach suggested by Russo et al. (2011; 2014a) for VMS analysis was followed and 
the VMS base package was used (Russo et al., 2014a). After removing erroneous pings 
from the VMS dataset, the different phases of a fishing trip were classified as “drifting”,
“fishing”, or “steaming” according to Russo et al. (2014a). Speed thresholds for bottom 
trawlers were used to define “fishing” activity. It was considered that VMS readings of 
speeds lower than 4 knots corresponded to “fishing”; otherwise, the signals were 
classified as “steaming”. Finally, the estimation of fishing effort was computed as the 
number of pings deployed in each spatial cell of a given space partitioning.

2.4. Modeling the spatial distribution of DC using on-board data from 
commercial fisheries

GAMs were used to account for DC dependency on explanatory variables in order to 
infer the spatial distribution of DC in LnTS, eIS and AS. GAMs employ non-linear and 
non-parametric techniques for regression modeling (Hastie and Tibshirani, 1990). This 
allowed us to identify areas that are most likely to show significantly higher DC 
biomass.

To this end, DC biomass was related to satellite environmental variables (Sea Surface 
Chlorophyll concentration (in mg/m3, oceancolor.gsfc.nasa.gov); Sea Level Anomaly 
(in cm, www.aviso.altimetry.fr) along with bathymetry and season. At each sampling 
point (haul), environmental variables were retrieved at the best available resolution 
provided by the online satellite data distribution archives. This results in an average 

http://www.aviso.altimetry.fr/


spatial resolution of ∼4 km (Valavanis et al., 2008), adequately defining environmental 

spatial heterogeneity and the best available resolution of the explanatory environmental 
variables. These environmental variables are considered important either as a direct 
influence on the distribution of several demersal fish species (e.g., sea surface 
temperature, sea surface chlorophyll; Lauria et al., 2015; Lefkaditou et al., 2008; 
Paradinas et al., 2015) or as proxies for causal factors. Spatial distribution models based
on environmental parameters have been used to explore the spatial distribution of 
discards in European waters (Pennino et al., 2014, 2017; Maeda et al., 2017; Maina et 
al., 2018), as well as to estimate the spatial distribution of by-catch species in Eastern 
Pacific Ocean (Hazen et al., 2018).

Exploratory analysis revealed the opposite effect of bottom depth on DC biomass in 
waters below and above the 150 m isobaths. Thus, two different models were fitted 
based on pooled data from the three study areas referring to: (a) the shallow stratum 
(depth ≤ 150 m) and (b) the deep stratum (depth > 150 m). This division assured an 
adequate number of data for both models and at the same time allowed the modeling of 
the different pattern with respect to the bottom depth effect.

The selection of the smoothing predictors was made using the MGCV library in R (R 
Core Team, 2017). Data were log-transformed to achieve normal distributions and 
modeled using a Gaussian error distribution and an identity link function. The degree of 
smoothing was chosen based on the observed data and the restricted maximum 
likelihood, as suggested by Marra and Wood (2011). To avoid bias generated from any 
possible autocorrelation effect in the spatial structure of the haul data, we adjusted to 
Type I error rate by setting the accepted significance level for each term at the more 
conservative value of 1 % rather than the usual 5 % (Fortin and Dale, 2005). For each 
case, a final model was built by testing all variables that were considered meaningful, 
starting from a simple initial model with one explanatory variable. The best model was 
selected based on the minimization of the Akaike’s information criterion, and the level 
of Deviance Explained led to the selection of the model that best fitted the response 
variables (Wood, 2006).

Following the selection of the main effects of the model, all first-order interactions of 
the main effects were tested using tensor product smoothing as the variables were not on
the same scale. To avoid over-fitting and to simplify the interpretation of the results, the
maximum degrees of freedom allowed to the smoothing functions were limited to k = 5 
for the main effects and k = 20 for the first-order interaction effects. Validation graphs 
(e.g., residuals versus fitted values, QQ-plots, and residuals vs the original explanatory 
variables) were used to detect the existence of any pattern or trend in the residuals vs 
predictors and any model deficiency. Finally, taking advantage of the availability of 
satellite environmental data, the final selected models were used to map the potential 
spatial distribution of DC on a seasonal basis in the respective study areas. Predictions 
were made at a 4 × 4 km2 resolution, covering the LnTS, eIS, and AS from 30 to 600 m 
depth.

2.5. Persistency maps



In a next step, Hot Spot Analysis was applied to identify areas that had a higher than 
average DC/UC in accordance to the approach followed by Maina et al. (2018). Annual 
maps of DC/UC hot spots were plotted by study area and period. Hot spots were defined
in all study areas (independently of the spatial modeling approach applied) using the 
Hot Spot Analysis (Getis-Ord Gi*) tool in ArcGIS (ESRI, 2015), which identifies 
statistically significant spatial clusters of high (hot spots) and low (cold spots) values 
(Getis and Ord, 1992). Z-score, p-value, and confidence level Gi-bin (that identifies 
statistically significant hot and cold spots) were estimated. The Getis-Ord G* statistic 
with a radius of 5−10 km and a 0.95 significance level (+/-2 bins) was selected among 
the local methods for hot spot identification in order to identify and locate spatial 
clusters of significantly higher DC/UC. Therefore, as a DC/UC hot spot was classified 
an area with confidence level bin field (Gi_Bin) ≥ 2.

In a final step, for all study areas, the persistent DC/UC hot spots were defined as areas 
consistently occupied by high DC/UC values. For this purpose, the index of persistence 
(PI) (Colloca et al., 2009; Fiorentino et al., 2003) was calculated as a measure of the 
relative persistence of cell i as an annual DC/UC ground. This index was obtained as a 
ratio of the number of times a given area was classified as a hot spot to the total number 
of years according to the formula:

where δij = 1 when grid cell i is included in a DC/UC hot-spot in year j, and δij = 0 
otherwise, and n is the number of years. The PI decreased to zero where DC/UC hot 
spots had never been observed, while it increased to 100 % where DC/UC hot spots 
occurred year-by-year throughout the time series. In the persistence maps, five equal-
interval classes (0–20, 20–40, 40–60, 60–80 and 80–100) were indicated. To facilitate 
the overlap of persistent DC/UC hot spots with the spatial management measures, areas 
presenting PI > 60 % were considered as persistent hot spot areas with increased 
quantities of DC (hereafter referred as “iDC grounds”) or UC (hereafter referred as 
“iUC grounds”).

2.6. Overlap with spatial management measures

In each study area, the spatial overlap of the following spatial management measures 
with the “iDC grounds”/“iUC grounds” was estimated as the ratio of the extent of the 
cross-sectional area between the spatial management measures and the “iDC 
grounds”/“iUC grounds” to the total area of the “iDC grounds”/“iUC grounds”. The 
following spatial management measures were examined: (a) the existing FRAs for 
bottom trawl fisheries where prohibition is permanent (Giannoulaki et al., 2013a; 
Papadopoulou et al., 2013); (b) the currently proposed FRAs by local authorities or 
fishers’ organizations in the CS and LnTS study areas (pers. comm. F. Maynou and A. 
Ligas for CS and LnTS, respectively); and (c) the proposed MPAs by international 
organizations, Non-Governmental Organizations or scientists (Giannoulaki et al., 
2013a; Papadopoulou et al., 2013). For the SoS, the two recently established FRAs, i.e., 
the East of Adventure Bank and the West of Gela Basin (GFCM, 2016; EU, 2018) were 
also examined.

Regarding the overlap with the existing FRAs, geostatistical analysis and GAMs 
allowed to predict into areas that are not permitted to be fished. Thus, it allowed us to 
assess the overlap of the “iDC grounds”/“iUC grounds” with the existing FRAs. This 
overlap was expected to provide a picture of what would have happened in terms of 
DC/UC of species subjected to MCRS, if these areas were actually fished.



The proposed MPAs were restricted in the Mediterranean waters and involved sites 
suggested by (a) CIESM Marine Peace Parks (CIESM, 2011), (b) Oceana MedNet 
(Oceana MedNet, 2011), (c) Greenpeace (Greenpeace International, 2006; Greenpeace, 
2011), and (d) de Juan and Lleonart (2010) (a work commissioned by UNEP 
RAC/SPA) that included the suggested demersal essential fish habitats, the FRAs 
endorsed by General Fisheries Commission for the Mediterranean (Recommendation 
GFCM/2006/3) and at depth strata ≥1000 m (GFCM/2005/1). The main criteria on 
which proposed MPAs were based are presented in Table 2. The specific proposed 
MPAs were selected because their “protection target” is (mainly or partly) fisheries-
oriented rather than habitats or charismatic species protection-oriented (i.e., Agreement 
on the Conservation of Cetaceans in the Black Sea, Mediterranean Sea, and Contiguous 
Atlantic Area (http://www.accobams.org) or Hoyt, 2011). No proposed MPAs were 
identified for the SPW in the Atlantic.

Table 2. Main criteria on which proposed Marine Protected Areas (MPAs) were based. SPW: 
southern Portuguese waters; CS: Catalan Sea; SoS: Strait of Sicily; LnTS: Ligurian and northern
Tyrrhenian Seas; eIS: eastern Ionian Sea; AS: Aegean Sea.

Name of
MPA

Study
area

Main criteria Reference

CIESM
Marine

Peace Parks

SoS, 
eIS, AS

Species distribution and habitat: 
spawning and nursery grounds of marine
species; Threatened biota: unique deep 
sea communities, white coral beds, monk
seal, rare endemic species, fin wales, 
etc.; Geological: deep sea canyons, mud 
volcanoes, sea mounts, hypersaline 
craters

CIESM, 2011

Oceana
MedNet

CS, 
LnTS, 
SoS, 
eIS, AS

Biological: commercial or biological 
interest species; Oceanographic: 
connection by currents, fronts; 
Geological: canyons, seamounts;
Threats: pollution, maritime traffic

Oceana 
MedNet, 2011

Greenpeace CS, 
LnTS, 
SoS, 
eIS, AS

Species distribution and habitat: 
marine species distribution (fish and 
cetaceans); spawning and nursery 
grounds of marine species

Greenpeace 
International, 
2006; 
Greenpeace, 
2011

Vulnerable
habitats

CS, 
LnTS, 
SoS, 
eIS, AS

Essential Fish Habitats: spawning and 
nursery grounds for demersal fish; 
Sensitive Habitats: cold coral reefs, 
submarine canyons, cold seeps, 
hydrothermal vents; Distribution of 
charismatic species: cetaceans, marine 
turtles

de Juan and 
Lleonart, 2010

Spatial information (shapefiles) of existing FRAs and proposed MPAs were based on 
Papadopoulou et al. (2013) as part of the work carried out within the MediSeH project 
(Giannoulaki et al., 2013a). All shapefiles used for the spatial overlap were projected to 
the Lambert Azimuthal Equal Area projection coordinate reference system 
(ETRS_1989_LAEA). The spatial overlap was estimated by means of GIS techniques 
and the “tabulate area” tool of the ArcGIS (ESRI, 2015).

http://www.accobams.org/


3. Results
3.1. Spatial distribution and mapping of DC and UC

In Table 3, the contribution of the six most discarded species/groups in the DC/UC per 
study area and depth stratum is listed.

Table 3. Species composition in (a) the undersized catch of species subjected to MCRS as 
derived from bottom trawl surveys (for SPW, CS, and SoS) and (b) the discarded catch of 
species subjected to MCRS (including both the undersized and the non-undersized individuals) 
as derived from commercial bottom trawl vessels collected by on-board observers (for LnTS, 
eIS, and AS). CS: Catalan Sea, SoS: Strait of Sicily, SPW: southern Portuguese waters, LnTS: 
Ligurian and northern Tyrrhenian Seas, AS: Aegean Sea, eIS: eastern Ionian Sea.

Stud
y

Area
s

Trachu
rus spp.

Clupeoi
ds*

Parapena
eus

longirostri
s

Sparids
**

Merlucci
us

merlucci
us

Micromesist
ius

poutassou

Othe
rs

Shallow stratum (depth ≤ 150 m)
SP
W

0.77 % 0.00 % 3.54 % 0.00 % 47.00 % 47.00 % 1.69 
%

CS 0.86 % 0.00 % 0.03 % 0.10 % 4.96 % 90.00 % 9.00 
%

SoS 21.46 % 0.00 % 0.50 % 0.50 % 75.04 % – 2.50 
%

LnT
S

57.80 % 8.55 % 4.26 % 4.53 % 15.28 % – 9.67 
%

eIS -
AS

28.29 % 27.67 % 14.67 % 14.70 % 7.34 % – 7.32 
%

Deep stratum (depth > 150 m)
SP
W

22.00 % 0.00 % 0.43 % 0.27 % 51.10 % 22.00 % 4.20 
%

CS 22.31 % 1.48 % 0.06 % 1.00 % 20.29 % 41.00 % 13.86
%

SoS 69.71 % 1.00 % 0.11 % 2.50 % 17.05 % – 9.63 
%

LnT
S

39.72 % 0.58 % 2.17 % 0.83 % 49.26 % – 7.43 
%

eIS -
AS

38.45 % 0.98 % 21.45 % 6.84 % 24.38 % – 7.90 
%

*Refers to Engraulis encrasicolus and Sardina pilchardus.
**Refers to Diplodus annularis, Diplodus puntazzo, Diplodus sargus, Diplodus 
vulgaris, Pagellus acarne, Pagellus bogaraveo, Pagellus erythrinus, Pagrus pagrus, 
Sparus aurata.

3.1.1. Analysis of “bottom trawl surveys” data

In the shallow stratum of SPW, the two dominant groups were the undersized catches of
European hake and blue whiting (Micromesistius poutassou), with 47 % contribution to 
UC by each species. In the deep stratum, the highest contribution to UC was observed 



for the European hake (∼51 %), followed by horse mackerels (22 %) and blue whiting 

(22 %). In the CS, the vast majority of UC in the shallow stratum was dominated by 

blue whiting (∼90 %), whereas in the deep stratum the dominant groups were blue 

whiting (41 %), horse mackerels and European hake (∼20 %). Persistency maps and the

identification of “iUC grounds” showed that in both the SPW and the CS, the persistent 
“iUC grounds” were largely located in waters between 200–600 m depth (Fig. 2). In the 
SoS, the dominant group was undersized European hake (75 %), followed by 

undersized horse mackerels (∼21 %) in the shallow stratum, whereas in the deep 

stratum, a reverse pattern was observed, with the dominant group being the undersized 

horse mackerels (∼70 %) followed by undersized European hake (∼17 %). The “iUC 

grounds”, in the SoS, were identified east of the Adventure Bank, largely within the 200
m isobath and over the narrow band along the continental shelf (Fig. 2).



Fig. 2. Persistence index maps of undersized catch of species subjected to MCRS in the 
(a) southern Portuguese waters (Portugal), (b) Catalan Sea (Spain), and (c) Strait of 
Sicily (Italy).

3.1.2. Analysis of “on-board sampling” data

GAMs results are presented in Appendix (Table S3, S3; Fig. S1, S2, S3, S4). The 
shallow stratum model estimated higher biomass of DC in waters from 80 to 150 m and 
certain productivity values combined with down-welling regimes. Area differences were
also observed. The estimated biomass of DC, based on the model, was around 2-fold 
higher in the LnTS compared to eIS and AS. Horse mackerels (i.e., Trachurus spp.) was
the dominant group (58 % and 28 % in LnTS and eIS - AS, respectively) including both
undersized and non-undersized individuals. European hake discarded catch, dominated 

by undersized individuals, accounted for ∼15.28 % and ∼7.34 % in LnTS and eIS - AS,

respectively. Clupeids (i.e., European pilchard and European anchovy), which also 

included both undersized and non-undersized individuals, accounted for ∼28 % of the 



DC in eIS - AS and ∼ 8.55 % of the DC in LnTS, respectively. The deep-water rose 

shrimp discarded catch was about ∼15 % in eIS - AS whereas only ∼4% in LnTS.

The deep stratum model showed that higher biomass of DC was recorded in waters 
from 150 m to 360 m, and lower biomass of DC in winter compared to the other 
seasons. In this case, horse mackerels, European hake and, to a lesser degree, deep-
water rose shrimp were dominant. In LnTS and eIS - AS, horse mackerels were the 
dominant group (40 % and 39 %, respectively), including both undersized and non-
undersized individuals. European hake discarded catch, dominated by undersized 

individuals, accounted for ∼49 % and ∼24 % in LnTS and eIS - AS, respectively. The 

deep-water rose shrimp discarded catch was about ∼21 % in eIS - AS but only ∼2% in 

LnTS. The difference in species composition justified the use of two different models 
for the shallow and the deep stratum.

The part of the DC consisted of non-undersized individuals involved mainly species 
with low commercial value. Specifically, for the shallow stratum, in LnTS, the part of 
DC, consisted of non-undersized individuals of species subjected to MCRS, was 58 % 
including mainly Mediterranean horse mackerel (Trachurus mediterraneus) up to 52.7 
% and European anchovy up to 30.5 %. In the eIS, the part of DC with non-undersized 
individuals of species subjected to MCRS was around 74 %, consisted of European 
pilchard up to 55 % and Atlantic horse mackerel (Trachurus trachurus) up to 27 %. In 
AS, the part of the DC with non-undersized individuals of species subjected to MCRS 
reached 67 %. The main species contributed to this were deep-water rose shrimp up to 
37 %, Atlantic horse mackerel up to 25 %, and European pilchard up to 15 %. 
Regarding the deep stratum, in LnTS, the non-undersized part of DC reached 40 %, 
with Atlantic horse mackerel being the dominant species (up to 98.8 %). In eIS, the 
non-undersized part of the DC reached 66 % being consisted mainly by Atlantic horse 
mackerel (72 %). In the AS, the non-undersized part of the DC was 59 % with Atlantic 
horse mackerel and deep-water rose shrimp being the dominant species (45 % and 32 
%, respectively).

Regarding the “iDC grounds”, mapping showed that in the LnTS, the “iDC grounds” 
were always within the 200 m isobath without any apparent seasonal differences (Fig. 
3). In the AS, the “iDC grounds” were largely found over the continental shelf (e.g., 
Thracian Sea, Thermaikos Gulf, Cyclades Archipelago; Fig. 4). The area corresponding 
to the “iDC grounds” was smaller in autumn compared to winter and spring. In the eIS, 
the location of the “iDC grounds” was quite persistent in the three seasons, found up to 



200 m depth between the Ionian Islands and the Greek mainland. The area 
corresponding to “iDC grounds” was smaller in autumn compared to winter and spring 
(Fig. 4).

Fig. 3. Seasonal persistence index maps of discarded catch of species subjected to 
MCRS in the Ligurian and northern Tyrrhenian Seas (Italy): (a) autumn, (b) winter, (c) 
spring, (d) summer.



Fig. 4. Seasonal persistence index maps of discarded catch of species subjected to 
MCRS in the Aegean Sea (Greece): (a) autumn, (b) winter, (c) spring, and the eastern 
Ionian Sea (Greece): (d) autumn, (e) winter, (f) spring.

3.2. Overlap with spatial management measures

The overlapping ratio between (a) the existing FRAs for bottom trawlers and the “iDC 
grounds”/“iUC grounds” as well as (b) the proposed FRAs by local authorities or 
fishers’ organizations and the “iDC grounds”/“iUC grounds” varied among the study 
areas. Regarding existing FRAs, the overlapping ratio ranged from 23 % for the eIS and

the SoS, ∼21 % for AS, being around 16 % for SPW (Table 4; Fig. 5). The overlapping 

ratio did not exceed 8% and 4% for the LnTS and CS, respectively (Table 4; Fig. 5). 
Concerning proposed FRAs (for CS and LnTS only), the overlap varied from 4 % to 6.5
% in the LnTS depending on the season, whereas no overlap was observed in the CS 
(Table 4; Fig. 5).



Table 4. Overlap (%) between “iDC grounds”/“iUC grounds” (km2) and (a) existing Fisheries 
Restricted Areas (FRAs), (b) proposed FRAs where available, and (c) proposed Marine 
Protected Areas in the study areas (SPW: southern Portuguese waters; CS: Catalan Sea; SoS: 
Strait of Sicily; LnTS: Ligurian and northern Tyrrhenian Seas; eIS: eastern Ionian Sea; AS: 
Aegean Sea); MPAs A: CIESM Marine Peace Parks (2011); MPAs B: Oceana MedNet (2011); 
MPAs C: de Juan and Lleonart (2010); MPAs D: Greenpeace (2006/2011). Seasonal overlap 
was estimated depending on data availability. “iDC grounds” were estimated in LnTS, eIS, and 
AS. “iUC grounds” were estimated in SPW, CS, and SoS.

Study
Area

“iDC
grounds”/“iU
C grounds”

(in km2)

Existing
FRAs
(%)

Proposed
FRAs
(%)

MPAs
A (%)

MPAs
B (%)

MPAs
C (%)

MPAs
D (%)

SPW
(Autumn)

3,761 16.25 – – – – –

CS
(Summer)

492 4.12 0.00 – 23.22 1.58 24.44

SoS
(Summer)

1,018 22.97 – 94.26 23.30 46.05 84.34

LnTS
(Autumn)

8,559 5.74 6.57 – 0.00 0.00 71.57

LnTS
(Winter)

8,251 7.25 5.16 – 0.00 0.00 71.07

LnTS
(Spring)

8,629 8.32 4.35 – 0.00 0.00 69.83

LnTS
(Summer)

8,708 6.96 4.29 – 0.00 0.00 68.91

eIS
(Autumn)

2,260 24.48 – 85.74 0 0 17.89

eIS
(Winter)

3,157 23.29 – 91.57 0 0 12.90

eIS
(Spring)

2,708 23.05 – 87.90 0 0 17.58

AS
(Autumn)

25,224 18.87 – 49.96 1.19 2.63 11.64

AS
(Winter)

36,504 23.04 – 48.38 0.82 1.89 10.92

AS
(Spring)

32,921 21.93 – 49.53 0.90 2.43 10.59



Fig. 5. Overlap of existing Fisheries Restricted Areas (FRAs) and proposed FRAs with 
the potential areas that persistently presented increased quantities of Discarded Catch 
(“iDC grounds”) or Undersized Catch (“iUC grounds”) per study area: (a) southern 
Portuguese waters, (b) Catalan Sea, (c) Strait of Sicily, (d) Ligurian and northern 
Tyrrhenian Seas, (e) eastern Ionian Sea, (f) Aegean Sea. In the case of the Ligurian and 
northern Tyrrhenian Seas, the eastern Ionian Sea, and the Aegean Sea, the overlap with 
the autumn “iDC grounds” is shown.

The overlapping ratio between the proposed MPAs and the “iDC grounds”/“iUC 
grounds” is presented in Table 4 (Fig. 6). The overlapping with the proposed MPAs by 
CIESM Marine Peace Parks was high, reaching almost 95 % in the SoS and 91 % in 
eIS, whilst in the AS, it was around 50 %, presenting small differences among seasons. 
For the proposed MPAs by Oceana MedNet, the overlap was around 23 % for the CS 
and the SoS, whereas it was very low for the AS (less than 2%) and there was no 
overlap for the LnTS and the eIS. For the proposed MPAs by de Juan and Lleonart 
(2010), the percentage of overlap was almost 50 % for the SoS but negligible for the 
rest of the study areas. Finally, regarding the proposed MPAs by Greenpeace, the 
highest overlap was estimated to be around 85 % for the SoS during summer, followed 



by the LnTS (∼70 % depending on the season), the CS (∼25 % during summer), the eIS

(∼17 % depending on the season), and the AS (∼11 % depending on the season).

Fig. 6. Overlap of proposed Marine Protected Areas (Oceana MedNet (2011); de Juan 
and Lleonart (2010); Greenpeace [2006, 2011]; CIESM Marine Peace Parks (2011)) 
with the potential areas that persistently presented increased quantities of Discarded 
Catch (“iDC grounds”) or Undersized Catch (“iUC grounds”) per study area: (a) 
Catalan Sea, (b) Strait of Sicily, (c) Ligurian and northern Tyrrhenian Seas, (d) eastern 
Ionian Sea, (e) Aegean Sea. In the case of the Ligurian and northern Tyrrhenian Seas, 
the eastern Ionian Sea, and the Aegean Sea, the overlap with the autumn “iDC grounds”
is shown.

4. Discussion
In southern European waters, discarding can be high due to the inefficient selectivity 
measures given the multispecies character of the bottom trawl fisheries. Improving gear 
selectivity is the primary measure to avoid unwanted catch (e.g., Bahamon et al., 2006; 
Ordines et al., 2006; Sardà et al., 2004). However, in multispecies fisheries like the 
Mediterranean bottom trawl fishery defining an optimum mesh size to fit all species can
be quite challenging and even in some cases rather unrealistic (Bahamon et al., 2006; 



Mytilineou et al., 2018; Sala et al., 2008; Suuronen and Sarda, 2007). In addition, given 
that the ultimate goal of the LO is to promote fishers to adopt more selective fishing 
practices by avoiding areas or seasons associated with high quantities of unwanted 
catch, the spatial and temporal nature of discards attracts much attention. Thus, 
alternative complementary approaches such as spatial management measures and/or 
marine spatial closures could offset this situation (Caddy, 2009). The development of 
spatial tools addressing the spatial dimension of discards has recently gained importance
(Maeda et al., 2017; Maina et al., 2018; Paradinas et al., 2016; Pennino et al., 2014, 
2017; Robert et al., 2019; Vilela and Bellido, 2015) because such tools can meet dual 
objectives; assisting managers to set effective spatio-temporal closures (i.e., FRAs and 
MPAs) and providing the opportunity to fishers themselves to avoid fishing grounds 
with high quantities of discards. Depending on how dynamic these spatial tools are, they
can effectively anticipate the effect of environmental variability and climate change 
(Hazen et al., 2018).

The present work identified and mapped the spatial distribution of discards across the 
southern European waters, and further, explored how existing and proposed spatial 
management measures could meet the discards reduction objective. Also, species 
composition and the respective contribution in DC/UC were explored. The undersized 
blue whiting dominated the UC in the CS and SPW probably due to the presence of the 
species’ nursery grounds in the two areas. Similarly, the high percentage of undersized 
European hake in the UC of SoS was probably related to the presence of the species’ 
nursery grounds in this area (Colloca et al., 2015; Garofalo et al., 2011). The high 
percentage of horse mackerels in the DC of Greece (eIS – AS) and Italy (LnTS), was 
mainly attributed to the fact that here the DC included both the undersized and non-
undersized fraction of horse mackerels. These are low priced species in the specific 
markets (Milisenda et al., 2017) and can be discarded regardless of their size. The 
undersized European hake DC was double in Italy (LnTS) compared to Greece (eIS – 
AS), a fact also previously confirmed by Tsagarakis et al. (2017). This difference could 
be attributed partly to the higher densities of European hake juveniles in LnTS (Orsi 
Relini et al., 2002) compared to eIS - AS and partly to differences in the level of 
compliance to the MCRS regulation among these areas. The Greek fishing fleet is 
dispersed along an extensive and fractal coastline (>16,000 km), with numerous landing
sites, making inspection by coastal authorities very difficult and policy implementation 
inefficient (Machias et al., 2016). In addition, the dietary preference of the local 
population for small-sized fish could lead to a strong market demand for undersized fish
(Damalas and Vassilopoulou, 2013). One point that deserves special attention is the 
high percentage of clupeoids (e.g., European sardine and European anchovy) in eIS 
AS. This is a noticeable example of national legislation that generates discards. In 
Greece, bottom trawlers are not allowed to land small pelagic species at a percentage 
exceeding 5% of the catch (Royal Decree 917/1966). Spatial modeling results in LnTS, 
eIS, and AS highlighted the importance of season at depths >150 m, with the highest 
quantities of discards estimated in autumn and the lowest in winter. Seasonal variations 
of the discarded biomass have been observed by other studies and are ascribed to a 
number of reasons including, the weather condition which can affect the sorting process 
(Machias et al., 2004; Maina et al., 2018), changes in market demand depending on 
season (Tsagarakis et al., 2008), and the seasonal behavior of species related to its life 
cycle (Feekings et al., 2012; Pennino et al., 2014, 2017), e.g., migration/aggregation at 
specific locations during reproduction or recruitment period (Tzanatos et al., 2007; 
Maina et al., 2018). Regarding, the present work, such seasonal variations could be 
related to the peak of the recruitment period of the main target species (i.e., European 



hake and deep-water rose shrimp) in autumn (Colloca et al., 2013 and references 
therein).

Spatial variations of discards related to depth have been highlighted by others 
(Milisenda et al., 2017; Paradinas et al., 2016; Pennino et al., 2014, 2017; Vilela and 
Bellido, 2015) and linked to alterations in species synthesis of the fish communities as 
depth changes (Pennino et al., 2014). In the present work, the depth-related variations of
DC were probably associated to the bathymetric distribution of the main target species 
of Mediterranean bottom trawl as well as to alterations of their bathymetric distribution 
depending on their life stage. The “iDC grounds”/“iUC grounds” were located either 
over the slope (in SPW and CS) or within the continental shelf and over marine plateaus
(in SoS, LnTS, eIS, and AS). In SPW and CS, the “iUC grounds” were located in waters
from 200–600 m depth, where the bottom trawl crustacean fishery takes place (Sardà et 
al., 1994; Company et al., 2012). In the SoS, the main “iUC grounds” were identified at 
the eastern part, over the upper slope of the Adventure Bank (from 100 to 200 m depth),
a known nursery area for several demersal species, i.e., European hake, deep-water rose 
shrimp, and Norway lobster (Fortibuoni et al., 2010; Garofalo et al., 2011; Colloca et 
al., 2015). In the LnTS, the “iDC grounds” were located from 50 to 200 m depth over 
the continental shelf where the bottom trawl fleet targets European hake, red mullet, and
deep-water rose shrimp (Ligas et al., 2010; Sbrana et al., 2006). In the eIS, the “iDC 
grounds” were located between the Ionian Islands and the Greek mainland between 100 
and 200 m depth. For the same area, Maina et al. (2018) identified discards hot spots 
that were persistently located at the north and central part of eIS. In the case of AS, the 
main “iDC grounds” were identified at the north part of the area, within gulfs and over 
the shelf (e.g., Thermaikos Gulf and Thracian Sea; Fig. 1,2). This area largely 
corresponds to the adult and nursery grounds for anchovy, sardine and horse mackerels 
(e.g., Giannoulaki et al., 2011; Giannoulaki et al., 2013a, b; Tugores et al., 2011). 
Additionally, this area corresponds to the main fishing grounds of the bottom trawlers 
(Stergiou et al., 1997) for European hake and red mullet in Greece, hosting high 
juvenile concentrations (Kallianiotis et al., 2004; Maravelias et al., 2007).

Marine spatial closures have been used to compensate the negative impacts of fishing 
activities, such as habitat destruction and stock depletion, as well as maintain marine 
biodiversity (Mouillot et al., 2008; Pauly et al., 2005; Russ et al., 2004). A step towards 
improving the effectiveness of marine spatial closures is to base their design on the 
ecological and biological knowledge of the spatial distribution of sensitive species, 
putting conservation interest in the place of political and social decisions (García-
Charton et al., 2008). This was hardly the case in southern European waters in the past. 
Especially in the Mediterranean, many existing marine spatial closures were not based 
on scientific knowledge. For instance, in Greek waters, a big part of FRAs in the 60 s, 
70 s or 80 s (Papadopoulou et al., 2013) was based on local district decisions and, to a 
large extent, the outcome of conflicts between small-scale fishers and bottom trawlers. 
The present results underlined the low effectiveness of existing FRAs as a measure for 
bottom trawl DC/UC reduction as the estimated overlap with “iDC grounds”/“iUC 
grounds” varied from 4 to 23 %.

An example of the opposite is the case of the two recently enforced FRAs proposed by 
General Fisheries Commission for the Mediterranean (GFCM, 2016; EU, 2018) in the 
SoS. These two FRAs aimed at the conservation and management of two demersal 
stocks, European hake and deep-water rose shrimp and were designed based on the 
knowledge of their nursery grounds. The addition of these two FRAs increased the 
overlap with “iUC grounds” from 1.29 % to almost 23 % in the SoS, verifying that if an



FRA is based on biological information and the location of nurseries, then a great 
benefit in terms of discard reduction could occur.

In the CS and LnTS, two proposed FRAs were also examined. One of these proposed 
FRAs was suggested by the local authorities in the LnTS and presented a very small 
overlap with the “iDC grounds”. The other FRA was proposed by fishers themselves in 
CS. The specific FRA, although mainly aimed the protection of hake juveniles, 
exhibited 0% overlap with the “iUC grounds” of CS. This might stress the need for 
more dialogue and education for the fishers to understand the reasoning behind spatial 
closures in order to contribute more effectively. Contrary to the fishers in North Atlantic
European countries, Mediterranean fishers are not actively involved in drawing 
management plans for the fishery sector, however their involvement in fishery 
management decision-making processes is essential for good governance (Nielsen et al.,
2015) as the actual implementation of any mitigation measure depends on their 
perceptions and actions (Chuenpagdee et al., 2013; Soma et al., 2018).

In the Mediterranean, the most common actors regarding proposals on MPAs or FRAs 
are international organizations (e.g., GFCM, CIESM) and Non-Governmental 
Organizations (e.g., OCEANA, Greenpeace). In the present work, a first effort to 
evaluate their proposals in terms of overlapping with the “iDC grounds”/“iUC grounds”
was made. Even though the rationale behind each of the examined proposals is not 
clear, they were all considered as marine reserves closed to fisheries (as suggested by 
Greenpeace). The differences in overlapping among the MPAs were attributed to what 
extent each proposal aims to protect the coastal zone and/or the Mediterranean high 
seas. CIESM Marine Peace Parks and Greenpeace MPAs aimed protecting to a large 
extent the coastal areas of the Mediterranean ecosystem. Their proposals were based on 
expert judgment, considering several criteria (Greenpeace International, 2006; 
Greenpeace, 2011; CIESM, 2011). Particularly, Greenpeace proposed a network of 
marine reserves on the high seas along with a mosaic of smaller marine reserves in the 
coastal zones (Greenpeace International, 2006). Likewise, CIESM (2011) aimed to 
establish Marine Peace Parks with contiguous coastal and open sea habitats. In contrast, 
de Juan and Lleonart (2010) addressed mainly the Mediterranean high seas instead of 
the Mediterranean coastal zone. This proposal identified several areas that are 
vulnerable to fishing activities with the aim of protecting essential fish habitats and 
sensitive habitats. Similarly, Oceana MedNet aimed to create a high seas network of 
Mediterranean MPAs of vulnerable and ecological value areas (Oceana MedNet, 2011) 
using a number of criteria such as biological, oceanographic, geological, and threats. 
Thus, as most of the study areas were located in the coastal part of the Mediterranean 
countries, the overlap was low for the proposals of de Juan and Lleonart (2010) and 
Oceana MedNet compared to the CIESM and Greenpeace ones.

An interesting aspect of the present results was the higher overlap of “iDC 
grounds”/“iUC grounds” with the proposed MPAs compared to the existing FRAs for 
the same study area. Generally, proposed MPAs involved areas of hundreds of km2 
compared to the many small existing FRAs, resulting in higher overlapping with the 
“iDC grounds”/“iUC grounds”. The Greenpeace proposal presented the highest overlap,
implying probably higher effectiveness in terms of discards reduction, in the Central 
and Western Mediterranean case studies. The CIESM Marine Peace Parks proposal 
presented higher overlap in the Eastern Mediterranean case studies.

Special consideration should be paid to the use of the estimated “iUC grounds”. 
Although, they provided a good indication of the potential discarded undersized catch of
species subjected to MCRS, they would differentiate if the discarded non-undersized 



part of the catch, was taken into account. The impact in this case would depend on the 
characteristics of each fishery and the percentage of the oversized discarded catch in 
respect to the total MCRS discards. For example, in SoS, species like horse mackerels, 
European anchovy, and European sardine can be discarded regardless of their size. 
Adult and juvenile habitat for these species is known to largely overlap in the 
Mediterranean (e.g., Giannoulaki et al., 2013a; Tugores et al., 2011) so, the “iUC 
grounds” likely would be slightly shifted to more coastal waters but without pronounced
differences. In the case of the CS, species subjected to MCRS often discarded regardless
of their size can be mainly low priced sparids like axillary seabream (Pagellus acarne), 
bogue (Boops boops), and Diplodus spp. (e.g., Garcia-de-Vinuesa et al., 2018). Thus, 
also in CS, the “iUC grounds” could be shifted towards more coastal waters. In SPW, 
blue whiting and horse mackerel might be discarded regardless of their size but in very 
small quantities so no actual differentiation in the “iUC grounds” would be expected. 
Subsequently, differences between the “iUC grounds” and the actual “iDC grounds” 
would be expected also in the estimated overlap with marine spatial closures. Seasonal 
effects on discards were also overlooked when considering “iUC grounds” as they were 
survey based. However, seasonal differences would likely be more apparent in terms of 
quantities rather than species differences.

Finally, although the results of the overlap between the “iDC grounds”/“iUC grounds” 
and the marine spatial closures seem promising for discards reduction, further work is 
needed. Species distribution shifts with climate change should be considered as the 
distribution and conservation status of target and non-target species change (Hazen et 
al., 2018). Towards this direction, spatial distribution models based on environmental 
data, like the ones used for the on-board data, present an asset. Permanent closures of 
extended areas cannot be the sole most effective solution as other issues should be 
equally considered. Spatial closures should take into account the re-allocation of fishing
effort, possible climate change effects and effectively balance reduced discards, stocks 
sustainability, and economically viable fisheries (Dinmore et al., 2003; Green et al., 
2014; Hastings and Botsford, 2003). Thus, the key point for marine spatial closures as a 
possible solution to the problem of discards reduction (Dunn et al., 2011; Gilman, 2011;
Hall et al., 2000), is their careful planning based on a scientific basis, appropriate 
monitoring, and evaluation (Hilborn et al., 2004). The present work filled a knowledge 
gap on the spatial distribution of DC/UC across the southern European waters and 
presented a potential tool to complement effective spatial management measures and the
fishers themselves. It provided seasonal maps with the distribution of DC/UC hot spots, 
enabling the selectivity of commercial fishing before the catch is actually brought on-
board, making the industry more sustainable.
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