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Abstract — The Gulf of Gabes is considered as one of the most productive areas of the southern Mediterranean Sea
and it plays an important role in Tunisian economy. It is known to be an archetypal ecosystem in which the effects
of fisheries are the most pronounced. Based on the stock assessment outcomes, it is as a highly exploited ecosystem.
Thereupon, it becomes necessary to establish adequate measures to facilitate the recovery of the marine resources. The
most important sets of management measures regard the establishment of Marine Protected Areas (MPAs). However,
these management plans should be assessed beforehand to make sure of the relevance of the measure and its impact on
marine resources. Modeling may significantly enhance our understanding of the likely impacts of fisheries management
plans on groups that are very difficult to study and this approach gives insights at larger spatial scales. We used Ecospace
to investigate the potential impacts of several spatial management plans on the ecosystem structure of the Gulf of Gabes.
The Ecospace model is based on the existing Ecopath model elaborated by Hattab (2013). The simulation were carried
over a 15-year period. The outcomes of the simulations, suggest that the implementation of MPAs in the Gulf of Gabes
could be simultaneously beneficial for the ecosystem and fishing activities. However, the benefits are related to the
characteristics of the MPA. The spatial simulations highlight that the location is crucial to the success of the MPA.
Additionally, an increase in the size of a MPA can result in an increase in the spillover effect and, consequently, in
catches in the neighborhood without harming ecosystem integrity. The configuration of the implemented MPA is of
capital importance, a set of many small MPAs is more beneficial than fewer and larger MPAs, especially in terms of

catches.

Keywords: Ecospace / Gulf of Gabes / fisheries management / marine protected areas (MPA)

1 Introduction

The demand for seafood has increased rapidly since the
Industrial Revolution with the increase in human population
size, resulting in substantial expansion of fisheries (Jackson
et al. 2001; Halpern et al. 2008). Fishing activities not only ex-
panded in terms of number of fishing units but also in terms
of fishing grounds, including waters of all depths and habitat
types (Pauly et al. 2002). The increased provision of seafood
entails risks of ecological deterioration of marine ecosystems,
as well as direct and indirect impacts of fisheries on the ecosys-
tem (Jennings and Kaiser 1998; Kaiser and de Groot 2000). In

# Corresponding author: abdou.khaledfb@hotmail. fr

addition to depleting target stocks and changing species abun-
dance (Lotze et al. 2006), fishing may modify food webs and
destroy habitats (Pauly et al. 2002; Worm et al. 2006). Further-
more, Mediterranean marine ecosystems are subject to sev-
eral other anthropogenic pressures, such as habitat degrada-
tion, pollution, climate change and invasion by exotic species
(Coll et al. 2010).

The focus of traditional fisheries management has been on
single species, which does not account for the temporal and bi-
ological complexity and dynamics of ecosystems. Therefore, a
shift towards integrated and more comprehensive approaches
to management has become a necessity to manage the increase
in resource use and to maintain the structure and functioning

Article published by EDP Sciences


http://dx.doi.org/10.1051/alr/2016014
http://www.alr-journal.org
http://www.edpsciences.org

2 K. Abdou et al.: Aquat. Living Resour. 29, 202 (2016)

of ecosystems (Browman and Stergiou 2004). This shift is cur-
rently underway via ecosystem-based management approaches
and the use of marine spatial planning tools that aim to exploit
marine resources in a sustainable and profitable manner while
maintaining a balanced ecosystem (Cochrane and De Young
2008).

The designation of marine protected areas (MPA) is a
widely advocated approach to marine resource management
(Colléter et al. 2014; Gell and Roberts 2003; Lubchenco et al.
2003), and protected areas have been implemented worldwide
as part of the ecosystem-based approach (Gaines et al. 2010;
Pauly et al. 2002). MPAs have proven to be effective for the
protection of marine biodiversity, minimizing the negative im-
pact of human activities (Gaines et al. 2010; Rossetto et al.
2015). In addition to the benefits inside an MPA, which allow
the abundance and biodiversity of some fish populations to in-
crease, an MPA may be beneficial for the surrounding fish-
ing zones through the emigration of fishes and the export of
pelagic eggs and larvae, which can sustain recruitment in those
adjacent areas (Gell and Roberts 2003; Gerber et al. 2003;
Harrison et al. 2012). The increase of catches around an MPA
may be explained by a “spillover” effect, characterized by the
export of fish and reproductive propagules to adjacent unpro-
tected areas after increasing their densities and sizes inside the
MPA (Gell and Roberts 2003; Ward et al. 2001).

MPAs can also have unexpected negative effects. For ex-
ample, when an MPA favors the increase of predators, a de-
crease in prey populations might occur. This phenomenon has
been identified in several ecosystems (e.g., Malindi Kisite and
Watamu Marine National Parks in Kenya; Leigh Marine Re-
serve in New Zealand; and Brackett’s Landing Conservation
Area in the USA; Pinnegar et al. 2004). Moreover, the es-
tablishment of an MPA could result in a decrease in catches,
especially in the short term (Colléter et al. 2014). In some
cases an MPA is considered a biological success but a so-
cial failure (e.g., Bunaken National Park in Indonesia; San
Salvador Island, Twin Rocks, Balicasag Island, Glan Padidu
Marine Sanctuary and Kapatan Marine Reserve in the Philip-
pines) (Christie 2004; Razon et al. 2012). Therefore, it is im-
portant to evaluate the potential effects of an MPA before-
hand. Its expected effectiveness is directly related to location,
size and configuration (Browman and Stergiou 2004; Halpern
2003; Hilborn et al. 2004).

Ecosystem models can be used to assess potential ecosys-
tem responses to multiple management scenarios (Christensen
et al. 2008; Coll and Libralato 2012). Among the available
ecosystem models, Ecopath with Ecosim (EwE, Christensen
and Walters 2004) is one of the most widely used. The
Ecospace module (Walters et al. 1999) of EwE allows for as-
sessment of the effectiveness of multiple potential marine pro-
tected areas as it considers the dispersal rates of species as
well as the spatial distribution of fishing efforts. The Ecospace
framework has been used in several studies (Fouzai et al. 2012;
Romagnoni et al. 2015). To the best of our knowledge, this
study represents the first attempt to use this method to as-
sess fishery management alternatives in the Southern Mediter-
ranean Sea.

The Gulf of Gabes is a major fishing ground off Tunisia of
great economic and ecological importance, and is considered

to be one of the most productive areas in the Mediterranean
Sea in terms of catches (Papaconstantinou and Farrugio 2000).
However, since the 1980s, there has been an expansion of fish-
eries and, as a result, several stocks such as hake have been re-
ported to be highly or over-exploited (Fiorentino et al. 2008).
Based on Fisheries and Aquaculture Department (DGPA)
statistics, a continual increase in the number of trawlers oc-
curred from early 1980 until 1991 (285 trawlers) followed by
a decline to 229 trawlers in 1997. Since 1997, the number of
trawlers has fluctuated around 250. The increase in the fleet
size can be explained by the richness of benthic resources
(shrimps, mullets, soles, etc.) and the presence of soft bottom
habitats facilitating access to these resources (Missaoui et al.
2000).

Therefore, a mass-balance model has been developed to
further understand the functioning of the ecosystem and to rep-
resent the average situation of the Gulf (Hattab et al. 2013a).
Based on this model, we developed an Ecospace model to as-
sess potential ecosystem feedbacks for several spatial manage-
ment scenarios (marine protected areas).

2 Materials and methods
2.1 Study area

The Gulf of Gabes is located in the southern Mediterranean
Sea on the eastern coast of Tunisia, and covers approximately
35900 km? (Fig. 1). An important feature of this region is
the unique geomorphological and hydrodynamic pattern. The
basin is very shallow (a depth of 200 m is only reached at a
distance of 400 km from the coastline), which increases the
sensitivity to atmospheric changes (Natale et al. 2006). The
Gulf is also known to have the highest tidal amplitude in the
Mediterranean, reaching 1.8 m in height (Sammari et al. 2006).

The Gulf of Gabes is home to one of the world’s largest
seagrass beds of Posidonia oceanica (Batisse and Jeudy de
Grissac 1998), offering a nursery ground for many marine
species (Hattour 1991). The seafloor is primarily soft bottom
(Brahim et al. 2003), resulting in the prevalence of bottom
trawling activities in these waters.

2.2 Ecopath with Ecosim model of the Gulf of Gabes

Ecopath, in essence, represents a static snapshot of interac-
tions between functional groups in an ecosystem (Christensen
and Walters 2004). Ecopath is a mass-balance model based on
the master equation (1):

P,‘ZYi+BiM2i+E,‘+BAi+P,‘(1—EEi) (1)

where P; is the production of functional group i, Y; the fishery
catch rate, B; the biomass of group i, M2, represents predation
mortality, E; the net migration rate (emigration — immigration),
BA; the biomass accumulation rate, P;(1 — EE;) the mortality
from other sources and EE; represents ecotrophic efficiency.
Equation (1) describes how to split the production of
each group into components. Ecopath further splits the in-
ternal energy flow for each group according to the following
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Fig. 2. Spatial extent of the study area and the habitats types included in the Ecospace model.

equation (2):
Qi =Pi+ R+ 0iGS; 2

with R; the respiration of group i, GS; the proportion of unas-
similated food and Q; the total consumption rate.

Spatial simulations were based on a trophic model for the
Gulf of Gabes that had been created using the Ecopath with
Ecosim approach, Version 6.2 (www.ecopath.org; Christensen
and Walters 2004; Walters et al. 1999). The model was devel-
oped to assess ecosystem functioning and characterize food-
web structure during the period 2000-2005. For this model,

the area shallower than 20 m was excluded because of lack of
reliable data.

The balanced Ecopath model included 62 species divided
into 41 functional groups based on ecological and taxonomic
similarities (Hattab et al. 2013a). Fisheries in the Gulf of
Gabes are considered to be multigear and multispecies (Jabeur
et al. 2000). Therefore, the model encompassed six fishery
types — bottom trawling, small seines, tuna purse seines, purse
seines using lights (lamparos), coastal motorized fishing and
sponge fishing. Landings statistics were obtained from DGPA,
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while discards were taken from the literature (Hattab et al.
2013a). Further details on Ecopath model parameterization can
be found in Annex 1 and Hattab et al. (2013a).

The master equation in Ecosim is (Christensen and Walters
2004):

dB;
T ngj:ij _;jS"'li_(MOi"'Fi +e)B;  (3)

where % represents the growth rate in mass of group i dur-

ing time interval df, g; is the net growth efficiency (produc-
tion/consumption ratio), M; the non-predation natural mortal-
ity rate, F; the fishing mortality rate, e; the emigration rate, and
I; the immigration rate. The consumption rates are calculated
based on the “foraging arena” concept, where the biomass B;
is divided into two compartments: vulnerable and invulnerable
(Walters et al. 1997) and the transfer rate (v;) between those
two components determines the type of food web control (top-
down, bottom-up or wasp-waist).

The Ecosim approach was used to carry out dynamic simu-
lation using the parameters from the balanced Ecopath model.
The Ecosim model was fitted to landings for the period 1995—
2008, time series of fishing effort by fishing gear, and stock as-
sessment estimates of functional group biomass (investigations
to collect landings data were conducted by the National Insti-
tute of Sciences and Technologies of the Sea). In addition, the
primary production in the study area for the period 1997-2007
(data from the SeaWIFS project, http://oceancolor.gsfc.nasa.
gov/SeaWiFS) was used for calibration (Halouani et al. 2013).
To assess goodness-of-fit and robustness of the fitted model,
model outputs were compared to landings time series (An-
nex 2). Then, several established rest period scenarios (tempo-
ral fishing closure) were simulated to analyze the response of
the ecosystem (Halouani et al. 2013). Because data concern-
ing vulnerability parameters (v;) could not be found for the
study area, an iterative procedure (Monte Carlo) was used to
determine their values, which consisted in modifying the vul-
nerability parameters until the goodness-of-fit was optimized,
consequently improving model agreement with available data.

2.3 Ecospace model

Ecospace is the spatially explicit time dynamic mod-
ule of the Ecopath with Ecosim software (www.ecopath.org;
Christensen and Walters 2004; Walters et al. 1999). It in-
tegrates the trophic and temporal dynamics of Ecopath and
Ecosim across a two-dimensional space.

The first step in implementing an Ecospace model is the
definition of spatial grid cells. Each cell represents land or wa-
ter and is assigned to a specific habitat type (Christensen et al.
2008). Initially, the biomass of functional groups is spread
equally and homogeneously across all grid cells. Functional
groups move between neighboring grid cells, with movements
being controlled by several parameters such as dispersal rate
(i.e., the ability of a group to move from one cell to another),
foraging behavior (i.e., when functional groups search for their
prey) and avoidance of predation (i.e., when functional groups
try to avoid being predated) (Walters et al. 1999). The dispersal
rate of a group is expressed as distance travelled (km) per year,

and it represents the ability of organisms to disperse from a
given position through random movements (Christensen et al.
2000). Dispersal rates (V;) are used to calculate the emigration
rate (e;) for each cell (the rate at which organisms leave the
grid cell) based on the following equation: e¢; = ﬁ, where L is
the cell width (Martell et al. 2005). The immigration rate / in
equation (3) consists of the four emigration flows from neigh-
boring cells. These flows are calculated using the following
formula (Christensen et al. 2014):

4
Baut,rci = Zd:l €id* Brci (4)

where B, .; represents the emigration flow (for the grid cell
in row r and column c¢), e;4 expresses the emigration rate, d
is the movement direction, and B,,; is the biomass density of
group i.

2.4 Ecospace model parameterization

The spatial domain of the Ecospace model covered the en-
tire Gulf of Gabes. The baseline map was drawn on approxi-
mately 25000 square cells, each covering an area of 3.2 km?.
The modeled area extended from the 20-m contour depth to
approximately the 200-m isobaths, and included nine habitat
types based on depth and bottom type (Hattab et al. 2013b)
(Fig. 2). After the habitats were defined, two maps represent-
ing depth and relative primary production were related to the
baseline map (Christensen et al. 2008). The relative primary
production map was drawn based on the average concentration
of chlorophyll-a in the Gulf of Gabes by averaging monthly
SeaWifs images. Each of the 41 functional groups was as-
signed to its preferred habitat type, i.e. where the feeding rate
was high, based on the available information on the ecology
and biology of each species and expert advice (Table 1). Six
types of fisheries were included in the Gulf of Gabes model,
and each was defined and assigned to the fishing zones where
they are permitted to fish according to Tunisian fisheries regu-
lations (Table 2).

The distribution of species across the baseline map is gov-
erned by dispersal rates, representing the ability of functional
groups to move across the spatial grid of the model. For the
Gulf of Gabes model, dispersal rates were established based on
data available in the literature (Chen et al. 2009; Fouzai et al.
2012; Martell et al. 2005) or the default values recommended
by Christensen et al. (2005).

For baseline dispersal rates we used three values:
300 km year™' for pelagic species with high mobility,
30 km year™!' for demersal species with medium mobility,
and 3 km year~! for non-dispersing species with low mobility
(Christensen et al. 2000). The relative dispersal rate in unsuit-
able habitats represents the number of times that a functional
group would multiply their basic dispersal rate to return to its
preferred habitats. We assumed multiplication factors ranging
from 1 to 5, depending on the mobility of the species. The rela-
tive vulnerability to predation in unsuitable habitats is assumed
to be equal to two, implying that species are twice as vul-
nerable to predation in unsuitable habitats (Christensen et al.
2000). Relative feeding rates in unsuitable habitats represent
the fact that species in non-preferred habitats are less likely to
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Table 1. Preferred habitats of functional groups in the Gulf of Gabes Ecospace model. (+) sign indicates the assigned habitats.

Habitat type (depth range)

. Deep  Offshore muddy L . . Posidonia Posidonia Posidonia
Functional group Circalittoral bioclastic muddy sand . . . . .
mud sand and gravel high density medium density low density
(<100 m) (<100 m) (<100 m) (50-100 m) (35-50m) (20-35m) (20-35m) (35-50 m) (20-35m)
Phytoplankton + + + + + + + + +
Macro-algae + + + + +
Posidonia oceanic + + +
Micro- and mesozooplankton + + + + + + + + +
Macrozooplankton + + + + + + + + +
Foraminifera + + + + + + + + +
Invertebrate suspension feeders + + + + + + + + +
Polychaetes + + + + + + + + +
Amphipoda and Isopoda + + + + + + + + +
Echinoderms + + + + + + + + +
Benthic mollusks + + + + + + + + +
Crabs + + + + + + + + +
Benthic cephalopods + + + + + + + + +
Benthopelagic cephalopods + + + + + + + + +
Mantis shrimp + + + + + +
Caramote prawn + + + + + +
Alien shrimps + + + + + +
Deep shrimps + + + +
Horse mackerel + + + + + + + + +
European pilchard + + + + + + + + +
Round sardinella + + + + + + + + +
European anchovy + + + + + + + + +
Picarel + + + + + + + + +
Bogue + + + + + + + + +
Benthic invertebrate
feeders (1) * * + + + + + + +
Benthic invertebrate
feeders (2) * * * * + + + + +
Mullets + + + + + + + + +
Piscivorous Fish + + + + + + + + +
Sparidae + + + + + +
Macro-carnivorous Fish (1) + + + + + + + + +
Macro-carnivorous Fish (2) + + + + + + + + +
Rays (1) + + + + + + + + +
Rays (2) + + + + + + + + +
Sharks + + + + + + + + +
Small tuna + + + + + + + + +
Medium pelagic fish + + + + + + + + +
Atlantic bluefin tuna + + + + + + + + +
Dolphins + + + + + + + + +
Sea birds + + + + + + + + +

Table 2. Suitability of habitat types for fishing fleets in the Gulf of Gabes Ecospace model. (+) sign indicates fishable habitat.

Habitat type (depth range)

Deep Offshore muddy L . . Posidonia Posidonia Posidonia
Circalittoral bioclastic muddy sand . . . . .
Fishing fleet mud sand and gravel high density ~medium density low density
(<100 m) (<100 m) (20-35m) (35-50m) (50-100m) (<100 m) (20-35m) (35-50 m) (20-35 m)
Coastal fishing + + + + + +
Lamparo + + + + + +
Small seine + + + + + + + + +
Tuna purse seine + + + + + +
Bottom trawling + + + +

Sponge fishing + + +
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find and consume appropriate food. We assumed the following
values: 0.95 for functional groups with a trophic level equal
to 1 (primary producers) because the habitat type slightly in-
fluences the feeding ability of these organisms, 0.01 for species
with a trophic level between 2 and 3.5, 0.3 for species with a
trophic level between 3.5 and 4, and 0.6 for species with a
trophic level greater than 4 (Fouzai et al. 2012) (see Annex 3
for details).

2.5 Spatial management scenarios

Three sets of spatial scenarios were tested for the location
of MPAs from which all types of fishing are excluded (Fig. 3).
All scenarios were applied over the period 1995-2010. The re-
sults were compared to the reference scenario with no MPA,
reflecting the present situation in the Gulf of Gabes, to ex-
plore the potential effects of the establishment of an MPA on
the ecosystem. Note that the studied MPA designs do not re-
flect desired or planned management plans, but rather repre-
sent contrasting scenarios for the spatial distribution of closed
areas.

e Coastal MPAs. In the Coastal-North scenario, an MPA cov-
ering 1900 km? is implemented in the Northern part of the
gulf while in the Coastal-South scenario the same surface
is protected further to the South (Fig. 3). The aim of these
scenarios was to assess the effect of MPA location.

e Offshore MPAs. Three offshore MPA scenarios with differ-
ent surface areas were implemented, Offshore-Small cov-
ering an area of 1300 km?2, Offshore-Medium 2600 km?,
and Offshore-Large 3900 km? (Fig. 3). These scenarios
provided insight into the importance of MPA size.

e Checkerboard MPAs. Two regular checkerboard con-
figurations were assessed, with many small MPAs
for Checkerboard-Small and fewer larger MPAs for
Checkerboard-Large (Fig. 3). These scenarios were used
to investigate the role of MPA size and distribution.

For all scenarios total biomass by functional group and catches
in 2010 were compared to the values obtained for the reference
scenario.

3 Results
3.1 Reference scenario

After simulating the reference scenario (no MPA) for 15
years, total species biomass and total catches were 17% and
19% lower respectively compared to the beginning of the pe-
riod (Table 3). The results showed changes in biomass for
functional groups of commercial and ecological importance,
with severe declines in cephalopod groups, mantis shrimp,
caramote prawn, and deep shrimp (Table 3). The majority of
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Table 3. Ecospace simulation results for reference scenario (no MPA). Biomass and catch values by functional group. Biomass values are
expressed in t.km? and catch value in t.km?.y~!. Red represents a decrease and green represents an increase of biomasses and catches in 2010
compared to 1995.

g
(2010/1995)

Phytoplankton 5.54 5.18 0.93

Macro-algae 1.34 1.16 0.86

Posidonia oceanica 0.02 0.01 0.70

Micro- and mesozooplankton 6.45 6.81 1.06

Macrozooplankton 2.90 2.33 0.80

Foraminifera 0.34 0.48 1.41

Invertebrate suspension feeders 6.51 4.61 0.71 0.04 0.07 1.60
Polychaetes 3.95 4.09 1.04

Amphipoda and Isopoda 4.60 3.19 0.69 0.00 0.00 1.36
Echinoderms 4.26 2.37 0.56 0.03 0.02 0.85
Benthic molluscs 3.92 3.10 0.79 0.01 0.01 1.42
Crabs 2.20 1.39 0.63 0.01  0.00 0.69
Benthic cephalopods 0.27 0.12 0.43 0.10 0.07 0.67
Benthopelagic cephalopods 0.07 0.04 0.58 0.00 0.00 0.85
Mantis shrimp 0.59 0.30 0.51 0.10 0.00 0.05
Caramote prawn 0.12 0.03 0.27 0.13 0.01 0.07
Alien shrimps 0.12 0.20 1.62 0.04 0.02 0.68
Deep shrimps 0.01 0.00 0.25 0.01 0.01 0.60
Horse mackerel 1.50 1.06 0.70 0.03 0.02 0.86
European pilchard 3.55 2.47 0.70 0.17 0.15 0.89
Round sardinella 1.76 1.34 0.76 0.24 0.29 1.20
European anchovy 0.65 0.58 0.89 0.00 0.01 1.63
Picarel 0.59 0.70 1.20 0.02 0.03 2.07
Bogue 0.50 0.42 0.84 0.03 0.03 1.13
Benthic invertebrate feeders (1) 0.22 0.39 1.75 0.06 0.05 0.80
Benthic invertebrate feeders (2) 0.05 0.05 0.98 0.01 0.02 1.19
Mullets 0.10 0.10 1.00 0.07 0.04 0.60
Piscivorous Fish 0.07 0.06 0.83 0.00 0.00 1.69
Sparidae 0.19 0.11 0.59 0.03 0.03 0.95
Macro-carnivorous Fish (1) 0.20 0.14 0.71 0.06 0.04 0.70
Macro-carnivorous Fish (2) 0.05 0.04 0.79 0.01 0.01 0.65
Rays (1) 0.36 0.30 0.82 0.01 0.01 141
Rays (2) 0.13 0.08 0.60 0.00 0.00 1.04
Sharks 0.19 0.09 0.47 0.01  0.01 0.81
Small tuna 0.08 0.05 0.67 0.03 0.02 0.71
Medium pelagic fish 1.47 1.22 0.83 0.09 0.09 1.02
Atlantic bluefin tuna 0.23 0.21 0.88 0.06 0.04 0.64
Dolphins 0.08 0.05 0.66

Sea birds 0.00 0.00 0.63

Discards 0.36 0.26 0.74

Detritus 23.20 20.49 0.88

Total 78.77 65.64 0.83 1.39 1.12 0.81
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predator groups exhibited a major decline in biomass, which
was most acute for sharks; using the Ecopath model it has been
shown that sharks are a keystone group in the Gulf of Gabes
ecosystem (Hattab et al. 2013a). However, some exceptions
can be noted with some groups having marginally increased
biomass. The spatial distribution of functional groups at the
end of the simulation period (2010) revealed local depletions
of several species, especially in the open sea (Fig. 4).

Regarding catches, many groups showed an increase over
the simulation period with catches being multiplied by a fac-
tor between 1.2 to 2.5 for groups with an intermediate trophic
level such as round sardinella, European anchovy, picarel and
bogue (Table 3). However, catches for other groups declined,
especially for the commercially targeted demersal species
(rays and sharks).

3.2 MPAs implementation simulations
Coastal MPA scenarios

Total biomass for the Coastal-North MPA scenario at the
end of the simulation period was nearly identical (-0.05%)
to the biomass obtained for the reference scenario (Table 4).
However, the biomass of several species was larger when the
MPA was implemented, such as for benthic invertebrate feed-
ers (2) (+14%), picarel (+6%), small tuna (+2.5%), sharks
(+2%), medium pelagic fish (+1.5%) and Atlantic bluefin
tuna (+1.2%). In contrast, other groups responded to the
MPA with a decline in their biomasses, such as caramote

prawn (-11%), mullets (—5%), mantis shrimp (—4%), macro-
carnivorous fish (2) (-2%) and alien shrimp (—1.6%). The es-
tablishment of the MPA led to an 11% increase in the total
catch with a substantial increase in the catches for all groups,
except European pilchard, round sardinella, European anchovy
and bogue (Table 4).

The results for the Coastal-South MPA scenario were
similar with basically no change (+0.11%) in total biomass
and larger biomasses, especially for commercially targeted
groups of benthic invertebrate feeders (2) (+89%), pisciv-
orous fish (+38%), rays (1) (+14%), Atlantic bluefin tuna
(+5%), small tuna (+3%) and medium pelagic fish (+2.5%).
Similar functional groups exhibited a lower biomass, such
as macro-carnivorous fish (1) (-5%) and (2) (—8%), mantis
shrimp (-5.5%), caramote prawn (—5%), sparidae (-2.5%), pi-
carel (-2.5%), European pilchard (-2%) and mullets (—2%).
Total catches were 4% lower for this coastal MPA scenario,
and the decline concerned nearly all functional groups, except
benthic invertebrate feeders (2), piscivorous fish and European
anchovy (Table 4).

Comparing the two implementations of a coastal MPA
showed a difference in the response of functional groups. For
several groups, the increase in biomass, compared to the refer-
ence scenario, was more pronounced when implementing the
Coastal-North MPA than the scenario with the Coastal-South
MPA. For instance, benthic invertebrate feeders (2) exhibited
a 14% increase in the first scenario and 89% in the second. The
biomass of the piscivorous fish group did not change in the
Coastal-North MPA while it increased by 38% for the south-
ern MPA. For some other groups, biomass increased when
implementing the Coastal-North MPA and decreased for the
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Table 4. Ecospace simulation results for MPA scenarios compared to the reference scenario (no MPA). Biomass and catch ratios at the end
of the simulation period (2010) by functional group. Red represents less (ratio < 0.99) and green higher (ratio > 1.01) biomass or catch. For
scenario description see Figure 3.

Biomass Catch
Checker  Checker Checker  Checker

Functional Coastal- Coastal- Offshore Offshore- Offshor board- board- Coastal- Coastal- Offshore Offshore-  Offshore board- board-
group North South -Small Medium e-Large  Small Large North South -Small Medium -Large Small Large
Phytoplankton 1.0002 1.0006 1.0000 1.0000 0.9999 1.0002 1.0012
Macro-algae 1.0060 1.0105 0.9989 0.9968 0.9953 1.0056 1.0142
Posidonia oceanica 1.0174 1.0274 1.0031 1.0022  1.0021 1.0106 1.0513
Micro- and mesozooplankton 0.9986 1.0019 0.9991 0.9990 0.9990 1.0007 1.0021
Macrozooplankton 0.9889 0.9940 0.9994 1.0009  1.0022 0.9963 0.9785
Foraminifera 1.0074 1.0283 0.9981 0.9965 0.9950 1.0063 1.0385
Invertebrate suspension feeders 1.0087 1.0202 1.0009 1.0015 1.0021 1.0084 1.0463 1.1606 1.0040 0.9793 0.9945 1.0052 0.9895 0.8246
Polychaetes 0.9983 0.9743 1.0007 1.0012 1.0016 0.9945 0.9718
Amphipoda and Isopoda 1.0007 1.0000 1.0009 1.0020 1.0031 0.9992 0.9992 1.0225 0.9517 0.9962 0.9838 0.9783
Echinoderms 0.9729 0.9807 0.9916 0.9909  0.9888 0.9770 0.8780 1.1052 0.9837 0.9947 1.0200 1.0403 0.8658 0.6585
Benthic molluscs 1.0003 1.0048 0.9985 0.9978 0.9970 1.0008 1.0024 1.0716 0.9426 0.9947 0.9891 0.9889 0.8851 0.7794
Crabs 0.9928 0.9824 0.9992 0.9998  1.0000 0.9903 0.9587 1.1638 1.0005 1.0118 1.0389 1.0676 0.9756 0.8395
Benthic cephalopods 0.9874 0.9895 0.9971 0.9967 0.9940 0.9787 0.9452 1.0792 0.9752 0.9848 0.9775 0.9983 0.6823 0.4565
Benthopelagic cephalopods 1.0031 1.0000 0.9976 0.9920  0.9876 1.0069 1.0220 1.1590 0.9335 1.0075 1.0239 1.0387 0.8377 0.6755
Mantis shrimp 0.9644 0.9454 1.0019 1.0033  1.0062 1.0051 0.9281 1.4217 1.0014 1.0299 1.0734 1.0853 1.3052 0.7896
Caramote prawn 0.8934 0.9513 1.0347 1.0115 1.0122 1.1200 1.2303 1.3145 0.8956 1.0298 1.0965 1.1240 0.9668 0.5681
Alien shrimps 0.9842 0.9544 1.0000 0.9995 1.0006 0.9885 0.9561 1.3855 0.7106 1.0345 1.0705 1.0822 0.0376 0.0343
Deep shrimps 1.0019 1.0009 0.9772 0.9643 0.9513 0.9214 0.8081 1.0855 1.0012 0.9798 0.9895 1.0007 0.7972 0.5724
Horse mackerel 0.9927 0.9973 0.9982 0.9984  0.9984 0.9977 0.9831 1.0079 0.9392 1.0085 1.0233 1.0376 1.0445 0.9430
European pilchard 1.0010 1.0198 0.9975 0.9943 0.9916 1.0093 1.0428 0.9897 0.9604 1.0058 1.0156 1.0236 1.3205 1.1899
Round sardinella 0.9941 1.0029 0.9980 0.9976  0.9969 1.0022 0.9958 0.9785 0.9963 0.9938 0.9971 0.9987 1.1852 1.0254
European anchovy 0.9953 1.0008 0.9985 0.9993  0.9998 1.0004 0.9998 0.9912 1.0107 0.9969 1.0019 1.0050 1.0963 0.9762
Picarel 1.0601 0.9742 1.0112 1.0084 1.0063 1.0016 1.0381 1.2330 0.9581 1.0108 1.0179 1.0241 0.8900 0.7835
Bogue 0.9961 0.9977 0.9987 0.9993  0.9996 0.9993 0.9933 0.9927 0.9819 0.9986 1.0044 1.0095 1.3420 1.2257
Benthic invertebrate feeders (1) 1.0117 0.9417 1.0193 1.0246  1.0343 1.0032 1.1352 1.4792 0.9689 1.0035 1.0164 1.0236 0.9410 0.8622
Benthic invertebrate feeders (2) 1.1398 1.8893 0.9716 0.9467 0.9252 1.1891 2.0725 1.3130 1.3008 0.9702 0.9541 0.9381 0.3731 0.4411
Mullets 0.9534 0.9766 1.0134 1.0173  1.0249 1.0052 1.1329 1.2948 0.9637 0.9954 1.0170 1.0359 0.8458 0.6784
Piscivorous Fish 1.0034 1.3815 0.9935 0.9865  0.9807 1.0416 1.2356 1.0425 1.0542 0.9972 0.9947 0.9919 0.5490 0.5603
Sparidae 0.9984 0.9762 1.0011 1.0027  1.0036 0.9971 0.9678 1.0679 0.8780 1.0048 1.0090 1.0102 0.6616 0.6234
Macro-carnivorous Fish (1) 1.0051 0.9510 1.0079 1.0132  1.0199 0.9979 1.0377 1.2839 0.9418 0.9968 1.0088 1.0168 0.7946 0.6171
Macro-carnivorous Fish (2) 0.9804 0.9201 1.0083 1.0158  1.0234 0.9706 0.9354 1.2873 0.9543 0.9921 1.0053 1.0148 0.8873 0.6560
Rays (1) 1.0026 1.1378 0.9937 0.9891 0.9846 1.0201 1.0914 1.1800 0.7352 1.0075 1.0120 1.0166 0.1576 0.1241
Rays (2) 1.0101 0.9929 0.9992 0.9974  0.9960 1.0001 0.9963 1.1486 0.8509 1.0084 1.0190 1.0287 0.4814 0.3438
Sharks 1.0205 0.9539 1.0021 1.0004  0.9993 1.0055 1.0167 1.1838 0.8155 1.0095 1.0164 1.0287 0.4999 0.4001
Small tuna 1.0239 1.0287 0.9981 0.9963  1.0012 1.0190 1.0668 0.9974 0.9364 0.9970 0.9990 1.0032
Medium pelagic fish 1.0152 1.0235 1.0011 1.0022  1.0060 1.0089 1.0352 1.0157 0.9564 1.0021 1.0031 1.0030 1.2069 1.1322
Atlantic bluefin tuna 1.0117 1.0496 1.0041 1.0169  1.0386 1.0385 1.2342 1.0002 0.9827 1.0038 1.0125 1.0203
Dolphins 1.0082 1.0024 0.9999 0.9981  0.9967 1.0052 1.0231
Sea birds 1.0190 1.1186 1.0016 1.0010 1.0020 0.9630 1.0574
Discards 0.9617 0.9816 0.9934 1.0040 1.0099 0.9996 0.8690
Detritus 1.0000 1.0003 0.9999 0.9998  0.9996 1.0002 1.0006

Total 0.9995 1.0011 0.9996 0.9996  0.9997 1.0003 1.0011 1.1068 0.9658 1.0031 1.0184 1.0286 0.6460 0.5644
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Fig. 5. Spatial distribution of the total catches in the Gulf of Gabes ecosystem at the end of the simulation period (2010) for different MPA
scenarios; see Figure 3 for a description of scenarios. MPAs closed to fishing are represented in blue.

Coastal-South MPA, such as picarel (+6% vs. —2.5%), ben-
thic invertebrate feeders (1) (+1.2% vs. -6%) and sharks (+2%
vs. =5%). Total catches increased by +11% for the Coastal-
North scenario and decreased by —4% for the northern MPA.
The catches of the majority of functional groups increased
for the Coastal-North scenario, while they decreased for the
Coastal-South scenario. This difference was marked for alien
shrimp with a +38% increase in catches for the northern MPA
compared to a 29% decrease for the southern MPA.

Offshore MPA scenarios

The main purpose of these offshore MPA scenarios was to
understand the effect of MPA size on functional group biomass
and catches. In response to the implementation of the three
different-sized MPAs, some groups benefitted from MPA size
expansion, such as benthic invertebrate feeders (1), mullets,
Atlantic bluefin fish and macro-carnivorous fish (1) and (2).
The implementation of the MPA resulted in a decline in the
biomass of some groups, such as deep shrimps, benthic inver-
tebrate feeders (2), piscivorous fish and rays (1). Furthermore,
total biomass decreased compared to the reference scenario,
0.4%, 0.4% and 0.3% respectively for increasing MPA size.
Regarding catches, in total, the harvested biomass increased
with MPA size, by +0.3%, +1.8% and +2.9% respectively, and
this was the general trend for the majority of the groups, except
benthic invertebrate feeders (2) (Table 4).

Checkerboard MPA scenarios

For these scenarios, the same surface area was protected
using a checkerboard pattern but with differences with respect
to the size of each MPA (many small or fewer large). The out-
comes showed that, for most groups, final year biomass was
larger compared to the reference scenario, with the exception
of alien shrimp, deep shrimp, mantis shrimp, horse mackerel,
Sparidae, macro-carnivorous fish and sea birds. The differ-
ences were more marked for the Checkerboard-Large sce-
nario, which had fewer larger MPAs. However, the difference
in the total biomass increase was small (+0.03% compared to
+0.11%).

Concerning total catch, a significant decrease was found
for both scenarios (—-35% and —44% respectively). This could
be explained by the fact that approximately half of the Gulf of
Gabes was protected in both scenarios. The catches of some
groups increased for small-sized MPAs, but decreased for
the larger MPAs, e.g. for mantis shrimp, horse mackerel and
European anchovy. For most groups the decrease in catches
was much more marked when the checkerboard consisted of
larger MPAs (Table 4).

Spatial distribution of total catch and biomass

To explore the redistribution of fishing efforts when an
MPA was implemented, maps were drawn for the spatial dis-
tribution of total catches at the end of the simulation period
(2010) for each investigated scenario (Fig. 5). The results
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showed a concentration of catches and thus fishing activity in
the areas adjacent to the MPAs, with the degree of increase in
catches next to MPAs differing between scenarios, indicating
differences in the “spillover” effect. The spatial distribution of
total biomass was also mapped (Fig. 6). Total biomass was al-
ways higher inside the MPAs and in the adjacent areas, but
with differences between scenarios.

4 Discussion

Recognizing the global depletion of fish resources, it has
become necessary to develop adequate complementary meth-
ods for managing fisheries (Halpern et al. 2008; Pitcher and
Cheung 2013). To this end, modeling is considered a valu-
able tool to help make decisions for conserving and exploiting
marine resources (Christensen and Walters 2004). This study
uses a spatio-temporal modeling framework to evaluate the ef-
fects generated by the establishment of MPAs on ecosystem
structure, through trophic cascades and links between differ-
ent functional groups. The model also provided insights into
how species-specific biomasses and catches could change for
each of the tested management scenarios.

For the Northern-Central Adriatic Sea ecosystem Fouzai
et al. (2012) simulated realistic MPA scenarios using an

Ecospace model. In contrast, the scenarios assessed in this
study cannot be implemented and were only intended to help
understand the ecosystem. Another major difference is that the
Adriatic Ecospace model scenarios simulated a seasonal fish-
ing ban and a reduction in fishing effort while here we only
explored permanent fishing bans and status quo fishing effort.

Current fishery state

The results of this study indicated that given the current
fishery state in the Gulf of Gabes, the depletion of marine re-
sources was more severe in 2010, i.e. at the end of the 15-year
simulation period. This conclusion agrees with what was de-
duced from the Ecopath model by Hattab et al. (2013a), in
which all of the assessed indicators showed that the area is un-
sustainably fished.

The results highlighted that most of the predator species
with high and medium trophic levels had lower abundance af-
ter the 15-year simulation, which explains the increase in their
prey. These results are in agreement with the findings obtained
with an Ecotroph model reported in Halouani et al. (2015).

The outcomes of the reference scenario showed a ma-
jor increase in the biomass of the alien Lessepsian shrimp
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group (Trachysalambria curvirostris and Metapenaeus mono-
ceros). This group is in direct trophic competition with the na-
tive caramote prawn because both groups have similar prey
and predators, leading to a partial trophic niche overlap (Ben
Abdallah et al. 2003). As a result of this competitive rela-
tionship, a reduction in the biomass of caramote prawn oc-
curred. Other shrimp groups exhibited a similar decline (man-
tis shrimp and deep shrimp) following the appearance of alien
shrimp in massive numbers. In addition, caramote prawn has
a high fishing mortality rate because it is the primary target of
bottom trawlers. These finding are in agreement with previous
conclusions (Ben Abdallah et al. 2003).

The biomass of predator groups exhibited a dramatic de-
cline, primarily among sharks and rays. Sharks play an impor-
tant role in the Gulf of Gabes ecosystem, and they are primar-
ily a by-catch species for bottom trawlers (Hattab et al. 2013a;
Saidi et al. 2005). Landings in the Gulf of Gabes occur all year
round and they primarily consist of juveniles and near-term
pregnant females that approach the coast to give birth in more
favorable environmental conditions (Saidi et al. 2008). Based
on official landings statistics collated by the DGPA, elasmo-
branch catches in the Gulf of Gabes region represent 2.24% of
national fish production, and elasmobranch production has de-
clined since 2002, despite increased fishing effort in the area.

Scenarios discussion

To safeguard marine resources and help in the recovery of
overexploited stocks, MPAs are increasingly promoted as an
effective management strategy. Marine reserves provide a pre-
cautionary approach to halt the overexploitation of fish stocks
(Chen et al. 2009; Murray et al. 1999). MPAs minimize the im-
pact of fisheries on ecosystems by protecting sensitive habitats
and providing refuge for endangered species. They also insure
better fishery stability by closing the gap between the yield
and stock capacity, which can reconstitute itself (Ward et al.
2001). Nonetheless, the implementation of MPAs closed to
fishing does not necessarily benefit the ecosystem (Le Quesne
et al. 2007), and some unexpected results have been reported.
For example, when the conditions within the protected area
favor the increase of predator populations, prey biomass will
decline, leading to the so-called trophic cascade. In the short
term, closed areas can result in lower catches, and fishermen
may be obliged to sail further to reach fishing grounds. How-
ever, on the economic side, the loss of catches could be com-
pensated for when species with higher commercial values are
targeted. Indeed, the benefits within and outside the closed ar-
eas might be reached in the long term, after a long period of
protection (Abesamis and Russ 2005; Colléter et al. 2014).

Despite their popularity and historical use, field evidence
for the impacts of MPAs on species biomass and fishery yields
remains elusive. Therefore, ecosystem modeling can help eval-
uate the effectiveness of management plans before implemen-
tation (Hilborn et al. 2006). The Ecospace model can be used
to evaluate the effects of a given management option and pro-
vide insights into where to place protected areas and how to
design them (Salomon et al. 2002).

Comparing the two coastal MPA scenarios with the ref-
erence scenario indicated a decrease in total biomass for the

more northern MPA, but with an increase in total catch, and
an increase in total biomass and a decline in total yield for
the more southerly located MPA. Thus, it can be concluded
that the location of the MPA influences the benefits gained
from MPA establishment, which is directly related to the habi-
tats that occur in the protected area. Several studies have
shown that the implementation of a successful MPA requires
good knowledge of the location and type of habitats (Dugan
and Davis 1993; Friedlander and Parrish 1998; Guizien et al.
2012). This result is also in agreement with the results of
Hattab et al. (2013b), who used a new method based on the
fuzzy logic framework to identify favorable areas in the Gulf
of Gabes in which to place artificial anti-trawling reefs. Their
results showed that the choice of the location and the spatial
arrangement of the reefs is crucial and should be carefully
planned to ensure the intended conservation of the ecosystem
(Hattab et al. 2013Db).

The primary goal of the offshore MPA scenarios was to
consider the influence of MPA size. Accordingly, the imple-
mented MPAs had relative sizes of 1, 2 and 3. Comparing
these scenarios with the reference scenario did not show any
differences concerning total biomass. In a study conducted by
Halpern (2003), in which he reviewed the empirical results of
89 different MPAs to assess the impact of MPAs on differ-
ent biological measures, the results showed that, on average,
the size of the protected area did not influence the increase
in species abundances or biomasses. However, for total catch
we observed a significant gain when we increased the size of
the MPA, multiplying the total catch by 1.0031 for a small oft-
shore MPA, by 1.0184 for a medium-sized MPA and by 1.0286
for a large MPA. This result can be explained by the “gravity
model” used in the Ecospace model to distribute fishing effort
over the modeled area based on fishing profitability, which al-
lows the model to mimic reality in a more accurate and re-
alistic way (Walters et al. 1999). Furthermore, when an MPA
is established, the model redistributes the fishing effort rather
than reducing it, resulting in a pronounced concentration of
fishing activity in the areas adjacent to the MPA. Therefore,
an increase in the size of an MPA results in an increase of the
boundary and, consequently, an increase in catches. These pat-
terns were also found for other scenarios (Fig. 5).

With the checkerboard scenarios we assessed the effect of
MPA shape by implementing two different MPA networks in
a checkerboard pattern covering half of the Gulf of Gabes.
The first had many small-sized MPAs and the second fewer
large ones. The results showed a large decrease in total catch,
due to the prohibition of fishing activity over a large area. We
can conclude that many small MPAs benefit the fisheries more
than the implementation of fewer large MPAs in terms of to-
tal catch. However, no large differences were found for the
level of total biomass. This conclusion is in line with what
has been shown by Aswani and Hamilton (2004). Many other
studies showed that a network of small-size MPAs allows for
much better protection of marine communities than one large
protected area (Hastings and Botsford 2003; Lubchenco et al.
2003). Indeed, the circumference/surface ratio is higher when
many small MPAs are implemented, allowing for greater dif-
fusion of species and propagules in the adjacent areas, which
is highly beneficial for fishery (Roberts et al. 2003).
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Because MPAs contain more and larger fish, the protected
species can potentially produce more than in unprotected ar-
eas. From this study it can be concluded that there was a higher
concentration of species inside the MPA and in the adjacent ar-
eas as a result of the “spillover” effect (Fig. 6). However, we
found that the biomass emigrating from the MPA was more
pronounced for the southern coastal MPA scenario compared
to the northern one, although the size of the MPA remained the
same. Indeed, the spillover phenomenon was also related to the
types of habitat protected by the MPA. Therefore, in instances
when the habitats outside the MPA are suitable for the species
inside the protected area, emigration will be greater (as in the
Coastal-South scenario) (Tupper 2007). However, in the oppo-
site case, when the adjacent habitats are not as favorable as the
ones inside the MPA, the spillover will not have the same in-
tensity and will be lower in terms of biomass (as found for the
Coastal-North scenario) (Freeman et al. 2009).

Considering the overall results, the most susceptible
groups to change were species with high commercial value
and those predominantly targeted by bottom trawlers (benthic
invertebrate feeders, mullets, macro-carnivorous fish, piscivo-
rous fish, sharks and rays). Most of these groups are consid-
ered to be over- or fully exploited (Ben Meriem et al. 1994;
Gharbi et al. 2004; Jarboui et al. 1998); they have an exploita-
tion rate higher than the general reference point (Hattab et al.
2013a). This indicates that the Gulf of Gabes is a highly fished
ecosystem. Thus, the establishment of effective management
measures (MPAS) is a necessity to remedy the situation.

The results of this study are conditional on a number of fac-
tors that might affect the outcomes. First and foremost, there
is a strong dependency of the Ecospace model on the underly-
ing Ecopath and Ecosim model. The estimation errors are very
large for the parameters of the Ecopath model. Furthermore,
given the lack of reliable data the area shallower than the 20-m
isobath was excluded, adding more uncertainty to the model
results.

The Ecospace model of the Gulf of Gabes did not account
for all types of transport processes and excluded migratory
behavior and advection due to a lack of data. These factors
can be important for the spatial distribution of fish species and
their inclusion would provide more accurate and realistic pre-
dictions. The study could be completed with a socioeconomic
component by defining additional parameters, such as sailing
costs and species prices, which would provide an idea about
the best management options to halt the depletion of marine
resources while maintaining reasonable economic profitabil-
ity. The robustness of the model could be improved if data
concerning the spatial distribution of catches, biomass values
and fishing efforts were available. Such data could be used to
validate the model.

Although these limitations can potentially compromise the
accuracy of the model at a quantitative level, the qualitative in-
formation gained from the Ecospace model is still useful and
can be utilized by policymakers to make informed decisions
(Walters et al. 1999). Finally, the majority of the scenarios
assessed in this study are not feasible and do not reflect any
planned MPA, but they are a theoretical exercise designed to
predict the temporal trends of the ecosystem and to assess its
potential response to different management plans.

5 Conclusion

Although the threats to the Gulf of Gabes ecosystem are
increasing, this study showed that recovery is possible and the
decline of several fish stocks can be stopped only if adequate
management plans are implemented. The Ecospace model was
implemented to explore the potential effects of different MPA
designs.

MPAs are promoted as an effective management tool to
support the recovery of ecosystems. They have been widely
used to protect vulnerable habitats and to conserve marine
biodiversity in an ecosystem-based approach. This study sug-
gests that the implementation of a protected area in the Gulf
of Gabes could be simultaneously beneficial for the ecosys-
tem and fishing activities. However, the benefits are directly
related to the characteristics of the MPA. Our spatial simula-
tions highlight that the location of the protected area is crucial
to the success of the MPA. Additionally, an increase in the
size of an MPA can result in an increase in the spillover ef-
fect and, consequently, in catches in the neighborhood without
harming ecosystem integrity. The configuration of the imple-
mented MPA is of capital importance as well. Indeed, a set of
many small MPAs was found to be more beneficial than fewer
and larger MPAs, especially in terms of catches, because more
habitat types can be protected and the emigration of species
towards the unprotected areas will be increased. Another out-
come of this study was that the intensity of the spillover from
the MPA varies according to the habitat types occurring inside
and in the adjacent areas of the MPA.
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Group name Trophic  Biomass Production/ Consumption/  Ecotrophic  Production/
level (t/km?)  biomass (/year) biomass (/year) efficiency  consumption
Phytoplankton 1.000 7.650 160.000 0.000 0.309
Macro-algae 1.000 2.188 13.400 0.000 0.950
Posidonia oceanica 1.000 0.046 15.033 0.000 0.950
Micro- and mesozooplankton 2.105 8.460 32.395 51.069 0.950 0.634
Macrozooplankton 3.093 3.463 22.650 56.570 0.950 0.400
Foraminifera 2.000 0.368 7.844 23.532 0.950 0.333
Invertebrate suspension feeders 2.725 7.382 1.647 9.904 0.950 0.166
Polychaetes 2.361 4416 3.502 19.723 0.950 0.178
Amphipoda and Isopoda 2.000 5.464 2.405 26.199 0.950 0.092
Echinoderms 2.327 4.526 0.570 2.460 0.950 0.232
Benthic molluscs 2.353 4.258 1.886 9.386 0.950 0.201
Crabs 3.211 2.089 2.555 4.953 0.950 0.516
Benthic cephalopods 3.701 0.552 2.800 5.642 0.968 0.496
Benthopelagic cephalopods 4.225 0.065 2.712 31.640 0.885 0.086
Mantis shrimp 3.716 0.560 1.590 4.854 0.884 0.328
Caramote prawn 3.279 0.131 2.260 7.665 0.994 0.295
Alien shrimps 2.868 0.125 3.800 7.665 0.996 0.496
Deep shrimps 3.270 0.036 2.796 7.665 0.952 0.365
Horse mackerel 3.663 1.550 0.716 9.044 0.997 0.079
European pilchard 3.122 3.829 1.116 11.403 0.927 0.098
Round sardinella 3.125 1.850 0.853 9.635 0.953 0.089
European anchovy 3.081 0.700 1.089 10.505 0.882 0.104
Picarel 3.104 0.618 0.882 27.280 0.791 0.032
Bogue 3.200 0.538 0.772 19.813 0.782 0.039
Benthic invertebrate feeders (1) 3.537 0.210 0.608 6.834 0.997 0.089
Benthic invertebrate feeders (2) 3.391 0.049 0.723 8.529 0.946 0.085
Mullets 3.305 0.085 1.310 6.587 0.990 0.199
Piscivorous Fish 4.213 0.067 0.359 4.335 0.788 0.083
Sparidae 3.313 0.216 0.779 7.832 0.959 0.099
Macro-carnivorous Fish (1) 4.026 0.189 0.639 9.380 0.999 0.068
Macro-carnivorous Fish (2) 4.056 0.052 0.571 8.529 0.949 0.067
Rays (1) 4.060 0.363 0.239 3.277 0.095 0.073
Rays (2) 3.780 0.133 0.342 3.736 0.267 0.092
Sharks 4.355 0.193 0.544 4.233 0.220 0.128
Small tuna 4419 0.074 0.591 8.193 0.950 0.072
Medium pelagic fish 4.118 1.462 0.111 1.306 0.891 0.085
Atlantic bluefin tuna 4.381 0.230 0.313 3.513 0.899 0.089
Dolphins 4.339 0.080 0.075 14.361 0.000 0.005
Sea birds 3.772 0.002 0.200 62.751 0.000 0.003
Discards 1.000 0.381 0.447
Detritus 1.000 30.000 0.280
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Annex 3. Input parameters used in the Gulf of Gabes Ecospace model for each functional group.

Trophic Baseline Relative dispersal ~ Relative vulnerability ~ Relative feeding
Functional group level dispersal rate  rate in unsuitable to predation in rate in unsuitable
(km/year) habitat unsuitable habitat habitat

Phytoplankton 1.00 3 1 2 0.95
Macro-algae 1.00 3 1 2 0.95
Posidonia oceanic 1.00 3 1 2 0.95
Micro- and mesozooplankton 2.10 3 1 2 0.01
Macrozooplankton 3.09 3 1 2 0.01
Foraminifera 2.00 3 1 2 0.01
Invertebrate suspension feeders 2.72 3 1 2 0.01
Polychaetes 2.36 3 1 2 0.01
Amphipoda and Isopoda 2.00 3 1 2 0.01
Echinoderms 2.32 3 1 2 0.01
Benthic mollusks 2.35 3 2 2 0.01
Crabs 3.21 3 2 2 0.01
Benthic cephalopods 3.70 3 2 2 0.30
Benthopelagic cephalopods 4.22 3 2 2 0.60
Mantis shrimp 3.71 30 2 2 0.30
Caramote prawn 3.27 30 2 2 0.01
Alien shrimps 2.86 30 2 2 0.01
Deep shrimps 3.27 30 2 2 0.01
Horse mackerel 3.71 300 3 2 0.30
European pilchard 3.12 300 3 2 0.01
Round sardinella 3.12 300 3 2 0.01
European anchovy 3.08 300 3 2 0.01
Picarel 3.10 300 3 2 0.01
Bogue 3.20 300 3 2 0.01
Benthic invertebrate feeders (1) 3.53 300 3 2 0.30
Benthic invertebrate feeders (2) 3.39 300 3 2 0.01
Mullets 3.30 300 2 2 0.01
Piscivorous Fish 4.21 300 3 2 0.60
Sparidae 3.35 300 4 2 0.01
Macro-carnivorous Fish (1) 4.02 300 4 2 0.60
Macro-carnivorous Fish (2) 4.05 300 4 2 0.60
Rays (1) 4.06 30 4 2 0.60
Rays (2) 3.78 30 4 2 0.30
Sharks 4.35 300 5 2 0.60
Small tuna 445 300 5 2 0.60
Medium pelagic fish 4.12 300 5 2 0.60
Atlantic bluefin tuna 443 300 5 2 0.60
Dolphins 4.34 300 5 2 0.60
Sea birds 3.77 300 5 2 0.30
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