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Ecosystem models can be used as fisheries management tools in the context of a
holistic approach and view of assessing the status of aquatic ecosystems and proposing
plans of action. The Ecopath with Ecosim modeling suite has been widely used to
describe exploited marine systems and perform simulations over time. Pagasitikos Gulf
is a shallow semi-enclosed gulf in the western coast of the central Aegean Sea that
is characterized as semi-protected, with a bottom trawling ban in force since 1966. In
this study, an Ecopath model was constructed including 31 functional groups (FGs) of
organisms of lower to higher trophic levels, while Ecosim temporal simulations were
run for 18 years (2008–2025), including the calibration period (2008–2017). An overall
decrease in biomass and catch of the studied marine resources was observed by
the end of the simulation period, due to environmental factors as well as fisheries
exploitation. To examine the effect of fishing, three different scenarios were investigated,
all aiming toward fishing effort reduction by 10, 30, and 50% compared to the initial
business-as-usual scenario, applied to both fleets operating in the area (purse seiners
and small-scale). All examined scenarios led to higher total biomass compared to
the basic Ecosim simulation (the higher the reduction in fishing effort, the higher the
increase in biomass), while catches were significantly lower in all cases as a result of less
fishing. The most profound biomass increase with reduced fishing effort was observed
in other larger pelagics, anchovy, anglerfish, sharks and rays, mackerels, hake and other
gadiforms. In conclusion, reducing the exploitation levels of the ecosystem is a key factor
that contributes to rebuilding of marine resources.

Keywords: ecosystem modeling approach, mediterranean fisheries, ecopath with ecosim, Pagasitikos gulf,
fisheries management, fisheries regulations

INTRODUCTION

Overexploitation of marine resources in the Mediterranean Sea in general and Greece in particular
has long been identified and is well acknowledged, leading to the bad status of exploited fish
and invertebrate populations and oftentimes resulting in collapsed stocks and economic loss
(Tsikliras et al., 2015; Froese et al., 2018). Traditionally, the methods applied to assess the status
and exploitation of marine stocks are single-species taking into account biological parameters and
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fishing mortality for each stock (Colloca et al., 2013), but failing
to provide management insight in the context of the whole
ecosystem, including non-target species, on their own (Pikitch
et al., 2004). Putting fisheries management decisions into an
ecosystem context demands shifting from traditional single-
species stock assessments to more complex ecosystem models,
which encompass multi-species interactions, environmental
effects and human activities, and can therefore test the effect
of different fisheries policies on the entire ecosystem, thus
qualitatively facilitating management advice (Collie et al., 2016).

Ecopath ecosystem models (EwE: Ecopath with Ecosim1)
provide a static, mass-balanced snapshot of the trophic flows
and interrelationships, energy fluxes and food web structure of
marine ecosystems, i.e., the species of a studied ecosystem and
their trophic interactions (Christensen et al., 2005). They are used
as a tool to analyze exploited aquatic systems while attempting to
take into consideration all trophic levels included, from primary
producers and lower invertebrates to top predatory species
(Christensen and Walters, 2004). The Ecosim module of EwE is
a time-dynamic simulation that models the impact of changes in
fishing pressure and the environment on the ecosystem. It can be
used to simulate the past (Halouani et al., 2016; Corrales et al.,
2017a) or to run future simulations (Coll et al., 2013).

The EwE modeling approach is broadly used around the
world, being applied to hundreds of ecosystems and counting
more than 433 unique models globally, as listed and gathered
in the EcoBase model repository (Colléter et al., 2015). The
Mediterranean and Black Sea are among the areas with the
highest proportion of studies, accounting for 9% (more than
40 models) of the total published models (Coll and Libralato,
2012; Colléter et al., 2015), which are mainly focused on the
western (e.g., Coll et al., 2008, 2009a) and central (e.g., Coll et al.,
2007, 2009b) Mediterranean; the eastern part of the basin being
underrepresented with six models having been developed in
Israel (Corrales et al., 2017b) and in Greece (Ionian Sea: Piroddi
et al., 2010, 2011; Moutopoulos et al., 2013b; Piroddi et al., 2016;
Aegean Sea: Tsagarakis et al., 2010).

Pagasitikos Gulf is located in the eastern Mediterranean Sea,
particularly in the western coast of the central Aegean Sea, Greece
(Figure 1). It is notable that Pagasitikos Gulf is characterized as a
semi-protected area where fishing with towed gears, i.e., bottom
trawling and boat-seining, has been banned since 1966 (Royal
Decree 917/1966). The ecological and economic importance of
the area is highlighted by its rich biodiversity, as well as its
multi-species and multi-gear exploitation by numerous purse
seiners, small-scale coastal vessels and recreational fishers, that
has resulted in constantly decreasing catches since the second half
of the 20th century (ELSTAT, 2017). This is in line with the overall
declining trend in the eastern Mediterranean catches (Tsikliras
et al., 2015) but despite the partial protection established for more
than 50 years Pagasitikos Gulf.

In this work, a descriptive Ecopath mass-balance base model
was developed for the first time in Pagasitikos Gulf (central
Aegean Sea, Greece) aiming to describe the structure and
functioning of a semi-enclosed and semi-protected ecosystem

1www.ecopath.org

in terms of trophic flows and biomasses and to determine
the ecological role of main species of interest. The temporal
dimensions of this model were further extended with the time-
dynamic Ecosim module of the EwE methodology, in order to
set up and run temporal simulations aiming to quantify the
ecosystem impacts of fishing and analyze the role of fishing
activity in an area where towed gears have been absent for
over 50 years. Fisheries management strategies were explored
through fishing effort reduction scenarios and the potential
benefits were outlined.

MATERIALS AND METHODS

Study Area
Pagasitikos Gulf is a semi-enclosed shallow gulf in the western
coast of central Aegean Sea with a mean depth of 69 m and a
maximum depth of 102 m (Figure 1). Its eastern part is more
than 80 m deep with the sea bottom covered with sediments
rich in silt but poor in clay, while its western part is less than
80 m deep with the sea bottom covered with sand and biogenic
detritus. Pagasitikos Gulf is in contact with the waters of north
Evoikos Gulf and the Aegean Sea through the channel of Trikeri,
which is 6 km wide.

About ninety fish species, many of which have high
commercial value, spawn in Pagasitikos Gulf (Caragitsou et al.,
2001) and the vast majority of them (with the exception of
large pelagic migratory fishes) spend their entire life cycle inside
the Gulf as they have been collected all year round during
surveys and across sizes and life stages (Caragitsou et al., 2001;
EPAL, 2008). Pagasitikos is a semi-protected area as fishing
with towed gears has been prohibited all year long since 1966.
Purse seiners, targeting small and medium pelagics such as
European anchovy (Engraulis encrasicolus), European pilchard
(Sardina pilchardus), Atlantic mackerel (Scomber scombrus),
Atlantic chub mackerel (Scomber colias), and numerous small-
scale coastal vessels, mainly using nets, longlines and traps to
target Norway lobster (Nephrops norvegicus), surmullet (Mullus
surmuletus), red mullet (Mullus barbatus), European hake
(Merluccius merluccius), common pandora (Pagellus erythrinus)
and anglerfish (Lophius spp.) are active in the area (Stergiou et al.,
2007). Recreational fishing is rather extensive (Moutopoulos
et al., 2013a) and recreational fishers mainly target sparids
(Family: Sparidae) and seabass (Dicentrarchus labrax). The total
fisheries production in Pagasitikos Gulf was fluctuating around
an average of about 2500 metric tons before 1982, it then dropped
to an average of about 1000 metric tons with an ascending trend
from the mid-80s until 2010, and has rapidly been decreasing
since then with an average of about 470 metric tons of landed
fish and invertebrates (ELSTAT, 2017).

Ecopath Modeling
For the description of the Pagasitikos Gulf ecosystem we used
Ecopath with Ecosim (EwE: Christensen and Walters, 2004) to
construct an Ecopath mass-balance base model. Ecopath models,
either simpler or more complex, represent a static, mass-balanced
snapshot of the studied ecosystem, i.e., the species inhabiting
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FIGURE 1 | Map showing the location of Pagasitikos Gulf in the central Aegean Sea, Greece, eastern Mediterranean Sea.

it and their trophic relationships. Overall, the EwE software
package (see footnote 1) can be used in order to (a) address
ecological questions, (b) evaluate ecosystem effects of fishing,
(c) explore management policy options, (d) analyze impact and
placement of marine protected areas, and (e) model effect of
environmental changes.

Ecopath models are designed to describe a specific ecosystem
which therefore needs to be explicitly defined by the modeler
who sets the spatial boundaries, as well as the time period for
the model and defines the functional groups (FGs) of organisms
(Christensen et al., 2005). FGs (or ecological compartments) can
be single-species, or groups of (ecologically or taxonomically)
related species, i.e., species that share similar population
dynamics and ecological function, or even size/age groups
(stanzas). As Ecopath models are a useful tool for developing
a holistic ecosystem approach to fisheries management, the
species to be included are not only the commercially important
ones but may belong to different trophic modes (Coll and
Libralato, 2012), from lower to higher trophic levels, and can be
primary producers, heterotrophs or facultative consumers, i.e.,
organisms which consume part of their food and photosynthesize
the other part. Depending on the level of aggregation and
therefore complexity of the developed model, studied ecosystems
have been described by a minimum of 7 up to a maximum
of 67 FGs (Colléter et al., 2015). At least one detritus group
must be entered, and optionally discards can be entered as a
specific detritus group. Also, the fishing fleet(s) that exploit the
resources of the studied ecosystem must be defined in the model
(Christensen et al., 2005).

Ecopath assumes mass-balance, i.e., that the energy input
and output of all living groups are balanced, usually over a
yearly time period, and bases the parameterization on two
master equations, one to describe the production and another
for the energy balance of each component in the ecosystem
(Christensen et al., 2005):

Master equation 1: Production = predation mortality + fishery
catches + biomass accumulation + net migration + other
mortality

Master equation 2: Consumption = production + respiration +
unassimilated food

The assumption of mass-balance requires that production
from any of the groups should end somewhere else in the system
while taking into consideration the basic physiological and
thermodynamic constraints. Predation mortality is the parameter
linking the groups with each other. When balancing the model
to achieve mass-balance, one production equation is used for
each of the FGs. The diet composition, biomass accumulation,
net migration and fishery catches of each group must always be
entered (Table 1). It is optional to enter any of the rest four
parameters in Table 1 (B, P/B, Q/B, EE), because the set of
linear equations can be solved with one unknown value. Most
of the times, based on the ease of estimation, EE is left to
be estimated by the software (Christensen and Walters, 2004).
Biomass accumulation is entered as rate (t/km2/year) or relative
to biomass if the data show change in biomass during the
modeled year. Unassimilated food is a function of consumption,

Frontiers in Marine Science | www.frontiersin.org 3 October 2019 | Volume 6 | Article 648

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00648 October 21, 2019 Time: 16:6 # 4

Dimarchopoulou et al. Modeling the Pagasitikos Gulf Ecosystem

TABLE 1 | Data requirements for Ecopath models.

Input parameter Unit

B Biomass t/km2

P/B Production/biomass year−1

Q/B Consumption/biomass year−1

EE Ecotrophic efficiency = 1-other mortality Proportion

Diets Diet composition Proportion

Catches Landings + discards t/km2/year

production and respiration that represents physiologically non-
useful urine and feces. In general, it takes a default value of
20% for carnivorous fishes, with the exception of herbivores and
detritivores for which 40% is more appropriate (Winberg, 1956).

The model of Pagasitikos Gulf was constructed for the year
2008, when reliable empirical biomass data were available. The
food web was described by 31 FGs, that encompassed groups of
lower to higher trophic levels namely 2 planktonic, 8 invertebrate,
16 fish, and 2 detritus groups, as well as sea turtles, seabirds
and dolphins (Table 2). The 31 FGs consisted of more than
120 taxa as recorded in survey and landings data and the
literature. At first, the listed taxa formed 28 FGs based on their
importance to fisheries and management, their phylogenetic or
ecological relation and available data. But 51 fish taxa of lower
fishing relevance and abundance in the ecosystem remained
uncategorized. For 40 of those taxa, quantitative diet information,
in the form of stomach content data, were available and were
used to perform a cluster analysis (using the Ward’s method
and Euclidean distances in Statgraphics Centurion XVI) that
resulted in forming 3 more FGs (Demersal fishes 1, 2, and 3).
The remaining 11 fish taxa were assigned to one of those three
FGs according to general knowledge of their feeding preferences,
behavior and ecology. Pagasitikos Gulf is being exploited by two
fishing fleets that were included in the model, namely purse
seiners and small-scale coastal vessels.

Biomass data for fish and main invertebrate FGs
(Supplementary Table A1) were obtained from local scientific
trawling surveys (EPAL, 2008), while for the rest of the FGs the
literature and other models were used; landings data were taken
from the Hellenic Statistical Authority (ELSTAT, 2017) and
were reconstructed based on the literature (Moutopoulos and
Stergiou, 2012); diet compositions (Supplementary Table A3)
were obtained from published reviews regarding fish in the
Mediterranean (Stergiou and Karpouzi, 2002; Karachle and
Stergiou, 2017); production and food consumption values were
calculated using published empirical equations (Pauly, 1980)
or the relevant life-history tools in FishBase (Froese and Pauly,
2019). The part of the life-history spent outside the study area
was accounted for through the biomass value derived from
seasonal biomass empirical data, as in the case of the other larger
pelagics, or through import in the diet composition, as in the
case of seabirds.

A set of statistics, that describe the studied ecosystem as
a whole and can be used as measures to assess its status
(Christensen et al., 2005), were included and presented along with
other Mediterranean model results to allow for comparisons. The

total system throughput represents the sums of all flows in the
system, i.e., the total consumption, exports, respiratory flows and
flows to detritus and serves as an important indicator of the size
of the ecosystem in terms of flows (Ulanowicz, 1986). The system
total primary production to total respiration ratio can be used
to describe the state of maturity of an ecosystem (Odum, 1971)
where immature systems, in their early developmental stages,
have production that is expected to exceed respiration and thus
the ratio is greater than 1. Fishing exploitation may lead the
ecosystem to a less mature state, whereas prohibiting fishing
with towed gears is likely to lead in change from disturbed to
mature ecosystems in terms of bottom complexity, as well as
benthos and fish species composition (Watling and Norse, 1998).
The difference between primary production and respiration
gives the net system production which is expected to be higher
in immature systems and approximate zero in mature ones.
Accordingly, the ratio of primary production to biomass declines
over time in immature systems where production exceeds
respiration for most FGs and biomass accumulation is observed.
The system biomass to throughput ratio may take any positive
value and it reaches a maximum when the system is at its most
mature state. The omnivory index (Christensen and Pauly, 1992)
indicates how the trophic interrelations are distributed among
trophic levels and is therefore used to characterize the more or
less extended web-like features of the studied system. A larger
than zero value of the omnivory index suggests feeding on many
trophic levels rather than specialization by feeding on just a single
trophic level. The pedigree of an Ecopath input categorizes the
origin of a given input (the type of data on which it is based),
and specifies the likely uncertainty associated with the input,
i.e., the reliability of the data (Morissette, 2007). These estimates
were then utilized by the Monte Carlo routine to examine model
sensitivity and assess the effect of the uncertainty in Ecopath
input data on the Ecosim dynamic simulations (Christensen et al.,
2005; Heymans et al., 2016).

A couple of network analyses were also performed, namely the
mixed trophic impact (MTI) and keystoneness analyses. The MTI
plot depicts the relative direct and indirect impact of a very small
increase in the biomass of a group on the biomass of another
group, thus revealing straight forward predator-prey effects but
also indirect cascade effects on a prey’s prey or competitor
(Christensen et al., 2005). The keystone index is used to identify
groups that have considerable impact and play an important
role in the studied ecosystem either despite their low biomass
(keystone groups) or as a result of their high biomass (dominant
groups) (Libralato et al., 2006).

Ecosim Modeling
The Ecopath base model constructed for Pagasitikos Gulf was
further used for temporal simulations. Ecosim inherits key initial
parameters from the base model to provide temporal dynamic
simulations of biomass through a differential equation that
calculates the growth rate of an FG during a specific time
interval based on the net growth efficiency, the consumption
rate of a prey FG by a predatory FG, the immigration and
emigration rates and the other natural and fishing mortality rates
(Christensen et al., 2005).
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TABLE 2 | Input and output (bold) parameters of the Pagasitikos Gulf Ecopath model.

Landings

FG TL B P/B Q/B EE P/Q PS SS

1 Phytoplankton 1.00 6.071 117.3 0.762

2 Zooplankton 2.22 4.98 59.49 177.5 0.958 0.335

3 Benthic small crustaceans 2.21 2.181 7.32 54.4 0.870 0.135

4 Polychaetes 2.10 14.47 1.63 12.46 0.920 0.131

5 Shrimps 3.10 1.25 3.21 7.52 0.990 0.427 0.025

6 Crabs 2.96 1.1 2.44 4.94 0.991 0.494 0.004

7 Norway lobster 2.87 0.953 1.32 4.76 0.995 0.277 0.05

8 Benthic invertebrates 2.05 25.35 1.15 3.27 0.950 0.352

9 Octopuses and cuttlefish 3.32 0.456 2.69 5.53 0.997 0.486 0.147

10 Squids 3.83 0.5 2.6 22.15 0.991 0.117 0.001 0.055

11 Red mullets 2.89 0.206 1.85 6.896 0.996 0.268 0.075

12 Anglerfish 4.29 0.422 1 3.6 0.930 0.278 0.102

13 Flatfishes 3.63 0.286 1.5 7.734 0.992 0.194 0.009 0.02

14 Other gadiforms 3.93 0.4 1.2 7.15 0.983 0.168 0.0005 0.005

15 Hake 4.16 1.157 0.7 3.5 0.995 0.200 0.161

16 Demersal fishes 1 3.19 1.747 1.5 8.173 0.998 0.184 0.002 0.073

17 Demersal fishes 2 3.79 2.9 1 5.6 0.990 0.179 0.0955

18 Demersal fishes 3 3.63 1 0.9 5.51 0.995 0.163 0.003 0.044

19 Picarels and bogue 3.22 1.878 1.6 8.237 0.997 0.194 0.004 0.07

20 Sharks and rays 4.38 0.454 1.414 3.146 0.838 0.449 0.042

21 Anchovy 3.22 3.11 1.642 6.533 0.999 0.251 0.67 0.393

22 Sardine 3.06 5.161 1.28 11.39 0.996 0.112 0.536

23 Horse mackerels 3.41 0.354 1.1 6.43 0.999 0.171 0.063 0.064

24 Mackerels 3.70 0.33 1.122 6.004 0.996 0.187 0.063 0.035

25 Other small pelagics 3.18 1.2 1.205 6.081 0.995 0.198 0.021 0.102

26 Other larger pelagics 4.22 0.24 0.698 2.661 0.982 0.262 0.007 0.114

27 Loggerhead turtle 3.30 0.02 0.16 2.68 0.781 0.060

28 Seabirds 2.31 0.001 4.78 111.6 0.000 0.043

29 Dolphins 4.46 0.02 0.08 13.81 0.213 0.006

30 Discards 1.00 0.812

31 Detritus 1.00 31.44 0.677

FG, functional group; TL, trophic level; B, biomass (t/km2); P/B, production/biomass (yr−1); Q/B, consumption/biomass (yr−1); EE, ecotrophic efficiency; P/Q,
production/consumption; Landings (t/km2/year); PS, purse seiners; SS, small scale coastal vessels.

Consumption rates are calculated based on the “foraging
arena” theory (Walters et al., 1997), the basic assumption of
which is that aquatic organisms are divided in vulnerable and
invulnerable to predation risk, as they largely limit predator-prey
interactions to spatially restricted foraging arenas. The transfer
rate between being vulnerable and invulnerable to predation
determines if the biomass of different groups in the ecosystem is
controlled by predators (top-down control, i.e., Lotka–Volterra
dynamics: prey has no refuge to be protected and is always
consumed when encountered by a predator), or preys (bottom-
up control: prey is usually protected, by hiding in crevices for
example, and becomes available to predators only when it leaves
its refuge) or the control is of an intermediate type (Pauly and
Christensen, 2002). The level of vulnerability represents the effect
that an increase in predator biomass would have on the predation
mortality of a given prey and it is an important parameter of the

model that can be modified during calibration so that predictions
fit better to observed historical data (Christensen et al., 2005).

Since there were no available complete time series of biomass
data for the area, the Ecosim model developed for Pagasitikos
Gulf was fitted to available historical landings data for the period
2008–2017 as obtained from the Hellenic Statistical Authority
(ELSTAT, 2017) and reconstructed with the methodology used
in Moutopoulos and Stergiou (2012) to include part of the
small-scale coastal fleet and recreational fisheries catches that are
excluded from official statistics (Moutopoulos et al., 2016). The
recreational catches have not been properly monitored in the area
and, apart from a short survey that was conducted on recreational
fishing from shore based on questionnaires (Moutopoulos et al.,
2013a), there is absolutely no information on their numbers and
effort trends. Therefore, the fleet of small-scale coastal vessels is
the one that included the scarce data on recreational catches, as
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the species targeted and many of the gears used are common
(Moutopoulos et al., 2013a). Those were complemented with
discards data that were estimated as a proportion of the landings
for each fleet (Tsagarakis et al., 2014). Time series reference data
over a specific historical period, along with estimates of changes
in fishing effort by fishing gear type to drive the model over
those years, facilitate producing a reasonable fit of the model to
observed data (Christensen et al., 2005). Effort data by gear type
for the two fleets (purse seiners and small-scale coastal vessels)
were extracted from the European Community Fishing Fleet
Register (CFR, 2018).

During the calibration of the model, the measure used to
assess the goodness of fit was the reduction of the sum of
squared deviations (SS) of observed values from predicted ones
(Christensen et al., 2005). As in Coll et al. (2009a) and Halouani
et al. (2016), the ‘’Fit to time series” module of Ecosim was
used to find the 20 most sensitive to vulnerability changes
prey-predator pairs and improve the fit of the model, with
a vulnerability search executed to identify those values that
would minimize the SS. In order to further minimize the SS, a
forcing function (primary producer) was applied to represent a
physical or other environmental parameter that might influence
the trophic interactions among the components of the food
web (Christensen et al., 2005). Primary production anomalies
act upon the initial phytoplankton P/B values by adding annual
modifiers every year, thus making it more realistic for the
model projection (Coll et al., 2009a). The primary production
anomaly identified in the model was correlated (Spearman’s
rank-order correlation test for non-normally distributed data)
with the following environmental and climate time series data
that have been reported to affect marine populations in the
Mediterranean Sea (Tsikliras et al., 2019): sea surface temperature
(Aqua-MODIS, 2019), the Atlantic Multidecadal Oscillation
index (AMO, NOAA and Climate Prediction Centre, 2019a),
the North Atlantic Oscillation index (NAO, NOAA and Climate
Prediction Centre, 2019b), and the Mediterranean Oscillation
index (MOI, Climatic Research Unit University of East Anglia
[CRU-UEA], 2019). The fitting procedure was performed in
seven steps as described in Mackinson et al. (2009) and also
followed by Piroddi et al. (2016) and the best model with the
lowest Akaike’s information criterion (AIC) was chosen.

Biomass and catch projections were estimated up to 2025
and three scenarios of reduced fishing effort were examined
in order to investigate the response of the studied ecosystem
to alternative management schemes. Biomass Monte Carlo
simulations for the year 2008 were tested against the projection
year 2025 for statistically significant differences with the non-
parametric Kolmogorov-Smirnov test (0.05 significance level)
in Statgraphics Centurion XVI. Based on the work by Froese
et al. (2018) that explores the effect of applying lower levels of
fishing mortality on future biomass and catches, three scenarios
of fishing effort reduction by 10% (Scenario 1), 30% (Scenario
2), and 50% (Scenario 3) were examined and compared to
the baseline scenario 0 (business-as-usual). The fishing effort
reduction referred to a reduction in the number of vessels
operating in the area and was applied to all fleets equally (purse
seiners and small-scale coastal vessels).

RESULTS

The Pagasitikos Gulf model was defined by 31 FGs covering the
main trophic components of the ecosystem and including all the
professional fishing activities operating in the area, as defined
by two fleets (purse seiners and small-scale coastal vessels). The
cluster analysis for the unassigned demersal fishes resulted in
the formation of five distinct groups of fish species (Figure 2).
However, because of the low biomass of the species in the
fourth and fifth branch of the dendrogram, it was decided to
merge branch 4 with branch 2, and branch 5 with branch 1.
All in all, branch 1 and 5 formed the FG demersal fishes 1,
branch 2 and 4 formed demersal fishes 2 and branch 3 formed
demersal fishes 3 (Figure 2). The input and resulting output
parameters of the balanced model are shown in Table 2, while the
trophic linkages among the different compartments of the studied
ecosystem are depicted in a flow diagram per trophic level and
habitat (Figure 3).

The model was not initially balanced, so we modified the
input parameters of the FGs with EE values greater than 1
(12 in total). The original biomass input data for shrimps,
crabs, other gadiforms, mackerels and other small pelagics
were unrealistically low and were increased by lowering the
catchability factor of the trawler to account for the small shrimps
and crabs that aren’t caught by the gear as well as for the pelagic
nature of the rest three FGs (Supplementary Table A1). For
shrimps, crabs and other gadiforms, for which the changes were
outside of the original range of uncertainty, we trusted more
the biomasses of the predators obtained through the trawling
surveys that were more focused on measuring fish, as well as
the landings data. For flatfishes, hake, octopuses and cuttlefish,
red mullets, demersal fishes 1 and 3, horse mackerels and
discards we adjusted the diet matrix, since diet composition is
the parameter with the highest plasticity (Piroddi et al., 2016).
For example, the proportions of the aforementioned unbalanced
FGs in their predator’s diet were distributed so that consumption
was directed toward other appropriate FGs such as anglerfish,
demersal fishes 2, picarels and bogue, sharks and rays. Once the
model was balanced, most of the FGs showed high EE values due
to predation and fishing.

Statistics for the Pagasitikos Gulf ecosystem presented along
with the NC Adriatic (Coll et al., 2007) and N Aegean (Tsagarakis
et al., 2010) ecosystems for comparison purposes (Table 3),
indicate a medium sized system in terms of flows and production,
with a total system throughput and total production of about
3000 and 1100 t/km2/year, respectively. The studied ecosystem
was shown to be in a more mature stage than the NC Adriatic
and N Aegean ones (Table 3), but was still characterized
as immature, due to high system production, far from zero,
exceeding respiration. The estimated omnivory index was higher
for Pagasitikos Gulf, indicating more complex web-like trophic
interactions among the ecosystem compartments. The model
was typical in its uncertainty (Supplementary Table A4),
with data of reasonable quality used for its construction, as
implied by a pedigree index of 0.53. We chose specific models
of nearby regions with similar model topology (in terms of
number of FGs, aggregation across trophic levels, similar top
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FIGURE 2 | Cluster analysis of the diet composition of 40 fish species for their categorization in functional groups. Species codes are given in Supplementary
Table A2.

FIGURE 3 | Flow diagram of Pagasitikos Gulf organized by 31 functional groups’ trophic levels and by pelagic or demersal habitat (organisms not in scale).

predator specifications, lack of microbial loop) and examined
the indicators that are robust to model construction (Heymans
et al., 2016). We acknowledge the varying exploitation level
and difference in the nature of the system, but we chose to
compare with Mediterranean ecosystems of some proximity than
with models of ecosystems with completely different FGs and
exploitation pattern.

According to the keystoneness graph (Figure 4), zooplankton
and demersal fishes 2 were the dominant FGs as they had the
highest relative total impact and keystone index in the studied
ecosystem, however, they could not be characterized as keystone
FGs due to their high biomass. On the other hand, squids and
other gadiforms seemed to be more important to the survival of
their shared ecosystem as their overall impact and keystoneness
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TABLE 3 | Statistics, flows, and ecological indicators for Pagasitikos Gulf in
comparison to models from other Mediterranean areas (NC Adriatic: Coll et al.,
2007; N Aegean: Tsagarakis et al., 2010). Basic descriptive characteristics of the
models are also provided.

Pagasitikos NC Adriatic N Aegean Units

Basic description

No. of functional
groups

31 40 40

Time period 2008 1990s 2003–6

State of exploitation Semi-protected High High

Nature of the
system

Semi-enclosed Shelf Semi-closed

Model area 639 55500 8374 km2

Parameter

Sum of all
consumption

1456 1305 867 t/km2/year

Sum of all exports 249 730 275 t/km2/year

Sum of all
respiratory flows

486 421 270 t/km2/year

Sum of all flows
into detritus

761 1388 563 t/km2/year

Total system
throughput

2951 3844 1976 t/km2/year

Sum of all
production

1114 1566 791 t/km2/year

Calculated total net
primary production

712 1150 536 t/km2/year

Total primary
production/total
respiration

1.47 2.73 1.99

Net system
production

227 729 266 t/km2/year

Total primary
production/total
biomass

9.1 8.82 16.21

Total biomass/total
throughput

0.03 0.03 0.02 /year

Total biomass
(excluding detritus)

78 130 33 t/km2

System omnivory
index

0.25 0.19 0.18

Ecopath pedigree
index

0.53 0.66 0.61

were high despite their smaller abundance in Pagasitikos Gulf.
The loggerhead sea turtle and seabirds were shown to play the
least important role in the studied ecosystem.

The MTI analysis (Figure 5) shows the relative direct and
indirect impact that a hypothetical very small increase in the
biomass of the impacting groups has on the biomass of the
impacted groups, thus revealing indirect interactions between
groups due to prey availability. Benthic invertebrates had the
highest positive impact on octopuses and cuttlefish due to
direct trophic interactions, while zooplankton had the highest
negative impact on itself. Most groups had a negative impact
on themselves, reflecting an increased within-group competition
for resources. Predatory FGs, such as anglerfish and sharks
and rays, were observed to negatively affect the groups they

feed upon, like hake and anglerfish, respectively, while at the
same time having a positive impact on their prey’s food (squids
and demersal fishes 3, and mackerels and horse mackerels,
respectively). Regarding fisheries, out of the two fleets exploiting
the studied ecosystem, small-scale fisheries had the strongest
negative impact on different compartments of the ecosystem with
the most pronounced impact on dolphins, loggerhead turtles,
other larger pelagics, anglerfish and red mullets.

The model best fitting the observed landings time series data
was the one yielding the lowest AICc value and explaining 86.7%
of the variance of the data (Table 4). The best fit was obtained
when trophic interactions, fishing and environmental parameters
(in the form of primary production anomaly) were taken into
account during the procedure. The combination of trophic
relations and environmental drivers could explain most of the
variability observed in the ecosystem (85.5%), whereas fishing
alone contributed with 11.1%. Although the primary production
anomaly resulted in the most profound improvement of the
model fit, no significant correlation was found with available
environmental and climate variability time series data (Table 5).
A number of vulnerabilities were estimated by the time series
fitting routine, with 20 trophic interactions, of mostly demersal
organisms, giving the best improved result (Table 4). Eleven out
of the twenty (55%) vulnerabilities were low (Supplementary
Table A5), close to 1, indicating prey control (bottom-up)
in the studied ecosystem, in which it is the physiological or
behavioral factors of the prey that determine prey mortality rates
rather than predator biomass (Christensen and Walters, 2004).
The lowest vulnerabilities were estimated for the predator-prey
interactions of zooplankton-phytoplankton (1.73), picarels and
bogue-zooplankton (1.00), demersal fishes 1-polychaetes (1.09),
benthic small crustaceans and polychaetes-benthic invertebrates
(1.00 and 1.24, respectively), zooplankton-detritus (1.00).

The catches estimated by Ecosim showed an overall
satisfactory match when compared with independent time
series data, with some exceptions such as other gadiforms for
which the predicted trend did not match the original catch
trend (Figure 6). The results of the basic Ecosim simulation
(scenario 0: business-as-usual) for biomasses and catches for
31 FGs of the Pagasitikos Gulf ecosystem highlighted overall
persistent declining trends for many important ecological and
commercial groups from 2010 up to 2017, when independent
data were available, with a subsequent increase and a following
stabilization in the projection years (Figures 6, 7 and Table 6).
The aforementioned pattern up to 2017 was mainly driven by
the primary production anomaly estimated during the catch
time series fitting procedure, and resulted in the ecosystem
balancing in an intermediate more stable state in the projection
period. Both the total biomass and total catches were predicted
to considerably decrease by the end of the simulation period in
2025, by 42 and 31%, respectively, while the biomass of only four
predator groups (anglerfish, hake, sharks and rays, other larger
pelagics) showed a marginal increase that varied from 2% to 10%,
however, it did not result in a subsequent increase of the catches
(Table 6). It should be noted that the marginal biomass increase
of sharks and rays was not statistically significant. Commercially
important FGs like anchovy and sardine showed a decrease in
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FIGURE 4 | Keystone index and relative total impact of each functional group of the Pagasitikos Gulf model. Circle size indicates the % relative biomass of
each group.

biomass in the end of the simulation period, by 21 and 30%.
Alongside them, FGs with intermediate consumers like other
small pelagics, picarels and bogue and red mullets also had a
significant decrease in biomass. Crustacean FGs with important
economic and ecological value in the area, like Norway lobster
and shrimps decreased in biomass by 27 and 34%, respectively,
which subsequently led in a decrease in catches, by 37 and 43%,
respectively (Table 6).

Sensitivity of Ecosim’s outputs to Ecopath input parameters
was tested with the Monte Carlo approach. Twenty Monte Carlo
trials based on a coefficient of variation (CV) around the input
parameters for biomass, P/B, Q/B, EE (Supplementary Table A6)
gave 20 different outcomes for each FG, with flatfishes being
presented here as an example (Figure 8). As noted by Steenbeek
et al. (2018) – Supplementary File 3, about half of the Monte
Carlo simulation trials are accepted and result in alternate mass-
balanced Ecopath models that can then be used for Ecosim to
run. In line with this, the Monte Carlo simulations failed when
all of the parameters were perturbed. Hence, the most certain,
according to the pedigree, input values for biomass, P/B and Q/B
were not changed (CV = 0), while for the less certain ones, as
well as those of FGs with high relative impact and keystoneness
in the ecosystem (zooplankton, demersal fishes 2, squids, and
other gadiforms), the CV was obtained from the quality of
the data as defined in the pedigree routine (Supplementary
Table A4). The CV used for EE was 0.1. The CVs ranged from
0.05 (which translates into a 10% change around the mean initial
value of the parameter) to 0.4 (which translates into an 80%
change around the mean initial value of the parameter). None
of the trials resulted in a model with lower sum of squares than
the baseline model (SS = 172). The best statistical fit out of

the 20 runs (SS = 179) was lower for flatfishes than the best
estimate based on the AICc (baseline) until 2011 and higher until
2019, with flatfishes biomass being initially underestimated and
subsequently overestimated by the model (Figure 8).

As far as the examined scenarios of reduced fishing effort are
concerned, all three of them resulted in higher total biomass
compared to the basic Ecosim simulation (the higher the
reduction in fishing effort, the higher the increase in biomass),
while catches decreased as a result of less fishing effort (Table 7).
Only the catches of other larger pelagics were predicted to
increase in all three scenarios. The most profound biomass
increase with reduced fishing effort was observed in the four
predatory FGs (i.e., anglerfish, hake, sharks and rays and other
larger pelagics), with other larger pelagics reaching a 114%
biomass increase in Scenario 3 (Figure 7 and Table 7). Alongside
them, the loggerhead sea turtle, anchovy and mackerels increased
by 6.1, 5.6, and 4.1%, respectively, in Scenario 1; by 23.4,
17.1, and 12.2%, respectively, in Scenario 2; and 42.8, 29, and
20.9%, respectively, in Scenario 3. The biomass increase of the
abovementioned predatory FGs in the predicted scenarios, led
to a subsequent decrease in the biomass of prey FGs, such as
shrimps, crabs, Norway lobster, demersal fishes 1, picarels and
bogue and sardine thus resulting in a total biomass increase in
the entire ecosystem of 0.4% in Scenario 1, 1.1% in Scenario 2
and 1.9% in Scenario 3 (Table 7).

DISCUSSION

Shedding light on and understanding the particularities and
variability of marine ecosystems to consequently be able to
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FIGURE 5 | Mixed trophic impact analysis of the Pagasitikos Gulf Ecopath model. Impact on and by the two fishing fleets is also shown (1–2).

TABLE 4 | Model fits according to the seven steps applied by Mackinson et al. (2009) including trophic interactions, fishery, and environmental drivers.

Steps Vulnerabilities Anomaly Min SS AICc Improved (%)

1. Baseline 0 0 417.7 144.7

2. Baseline and trophic interactions 30 0 417.7 215.2 −48.7

3. Baseline and environment 0 6 224.9 27.74 80.8

4. Baseline, trophic interactions and environment 24 6 164.9 20.9 85.5

5. Fishery 0 0 386.8 128.6 11.1

6. Trophic interactions and fishery 30 0 385.2 198.2 −36.9

7. Trophic interactions, environment and fishery 20 6 172.2 19.2 86.7

The “best” model (shown in bold italics) was the one with the lowest AICc.

predict their future behavior plays a key role in the management
of marine resources. The EwE model constructed for Pagasitikos
Gulf utilizes at best the available biological and fisheries data to
describe the food web structure and complex temporal dynamics
of a semi-enclosed gulf in the Aegean Sea, Greece, thus adding

to the modeled areas in the vicinity (Tsagarakis et al., 2010) and
providing comparative ecosystem information for other coastal
enclosed areas (Piroddi et al., 2016). We acknowledge that the
lack of a complete biomass time series will add to the uncertainty
of the model results, but we believe that ecosystem models
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TABLE 5 | Spearman’s rank-order correlations of the primary production anomaly
with sea surface temperature (SST), the Atlantic Multidecadal Oscillation index
(AMO), the North Atlantic Oscillation index (NAO), and the Mediterranean
Oscillation index (MOI).

Variables n Spearman’s rho p-value

Anomaly and SST 10 0.09091 0.8114

Anomaly and AMO 10 −0.4303 0.218

Anomaly and NAO 10 0.07879 0.838

Anomaly and MOI 10 −0.4667 0.1782

are very helpful tools in fisheries data-poor areas where, apart
from environmental forcing, fishing does remain an important
driver of marine populations but only the catch composition
and quantity time series are available. Semi-enclosed gulfs are
special worth-studying systems, usually shallow and protected,
concentrating significant urban and rural development that
can disrupt ecosystem functioning due to nutrient overload
(Petihakis et al., 2005) and since Pagasitikos Gulf has not been
trawled for over 50 years what is evaluated here is the effect
of less destructive fishing gears on marine populations and

ecosystems. Pagasitikos Gulf is one of the least studied, in terms
of fish and invertebrate abundance and population dynamics,
marine ecosystems in Greece partly due to its exclusion from
the MEDITS bottom trawl survey, which takes place every
summer within the framework of the fisheries data collection
program (Kallianiotis et al., 2004). Apart from the uncertainty
arising from the lack of biomass time series, some uncertainty is
associated with the input parameters used to balance the model,
including consumption and production rates that were based on
empirical equations.

The base model of Pagasitikos Gulf is of a medium-high
quality (0.4–0.599) as expressed by its pedigree index of 0.53
which serves as a unique “quality footprint” (Morissette, 2007).
The index allows for comparisons with other models even if
those have been constructed with different number of trophic
compartments (Christensen and Walters, 2004). The current
model is shown to be of about the same quality as the model
in Amvrakikos Gulf (Piroddi et al., 2016) and of lower quality
compared to the ones in the NC Adriatic (Coll et al., 2007)
and N Aegean Seas (Tsagarakis et al., 2010), mainly due to the
production and consumption input values that were in many

FIGURE 6 | Catches predicted by the Ecosim model (lines) for each functional group of Pagasitikos Gulf from 2008 to 2025, in comparison to reconstructed official
catches (points) (based on Moutopoulos and Stergiou, 2012).
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FIGURE 7 | Biomass predicted by the Ecosim model for each functional group of Pagasitikos Gulf from 2008 to 2025, according to the business as usual scenario
(black line) and three scenarios of reduced fishing effort by 10% (blue), 30% (green), and 50% (red).

cases calculated from empirical relationships or taken from other
models. Comparisons among Ecopath models require that the
topology of the models is similar in terms of number of FGs,
definition of primary producers and consumers, aggregation
across trophic levels, top predator specification, presence or
lack of microbial loop (Heymans et al., 2016), but also the
level of fisheries exploitation and ecosystem characteristics are
important. The Pagasitikos Gulf model was compared with two
other models in the Mediterranean Sea that examined similar
hypotheses acknowledging that some of the differences may be
partly attributed to the inherent uncertainty in ecosystem models,
differences in model topology and the different characteristics of
the modeled areas.

According to the summary statistics that describe the studied
ecosystem as a whole, Pagasitikos Gulf is shown to be an
immature system with high system production, far from zero,
exceeding respiration (Christensen et al., 2005) probably as
a result of the intense fishing pressure exerted on stocks
by purse seiners and coastal vessels. Although still high,
Pagasitikos Gulf presents the lowest value for system production
compared to the other models (NC Adriatic: Coll et al., 2007;
N Aegean: Tsagarakis et al., 2010), something that could possibly
be attributed to towed gears not operating in the area for over

50 years, as it has been shown that prohibiting fishing with
towed gears is likely to lead in change from disturbed to mature
ecosystems in terms of bottom complexity, as well as benthos and
fish species composition (Watling and Norse, 1998).

The keystone species indicator revealed the high ecological
importance of high trophic level organisms, such as other
gadiforms and squids, which is indicative of an ecosystem less
severely impacted by overfishing (Coll et al., 2009a). However,
the absence or low biomass of marine mammals, reptiles, seabirds
and sharks from the area shows that, even without trawling,
the coastal areas of the Mediterranean are still suffering from
historical overexploitation (Lotze et al., 2006), which has caused
early food web changes by releasing prey from predation, and
are dominated by medium demersal and pelagic fishes, medium
and small sharks and rays (Coll et al., 2009a). The ecological
importance of squids, which feed upon sardines and anchovies
and are mainly responsible for consuming the largest proportion
of exploited resources in Pagasitikos Gulf, has been previously
highlighted in other models of the Mediterranean Sea (Adriatic
Sea: Coll et al., 2007; N Aegean Sea: Tsagarakis et al., 2010).

The decreasing biomass of most FGs by the end of the
simulation period (2025) in the baseline business-as-usual
(Scenario 0) continues from the previous declining trend, is

Frontiers in Marine Science | www.frontiersin.org 12 October 2019 | Volume 6 | Article 648

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-06-00648 October 21, 2019 Time: 16:6 # 13

Dimarchopoulou et al. Modeling the Pagasitikos Gulf Ecosystem

TABLE 6 | Ecosim simulation results for Pagasitikos Gulf for the scenario 0: business-as-usual.

FG Bi2008 Bi2025 Bi 2025/2008 Ca2008 Ca2025 Ca 2025/2008

1 Phytoplankton 13.15 (12.75− 13.83) 6.1 (6.09− 6.1)∗ 0.46

2 Zooplankton 8.96 (8.94− 9.86) 4.94 (4.94− 4.95)∗ 0.55

3 Benthic small crustaceans 5.81 (4.98− 6.81) 2.19 (1.73− 2.61)∗ 0.38

4 Polychaetes 23.22 (19.82− 49.77) 14.48 (10.91− 38.64)∗ 0.62

5 Shrimps 1.86 (1.89− 2.13) 1.23 (1.22− 1.27)∗ 0.66 0.04 0.02 0.57

6 Crabs 1.42 (1.38− 1.63) 1.07 (0.87− 1.08)∗ 0.76 0.01 0.00 0.65

7 Norway lobster 1.3 (1.33− 1.51) 0.94 (0.92− 0.94)∗ 0.73 0.08 0.05 0.63

8 Benthic invertebrates 37.54 (28.42− 62.56) 25.37 (18.1− 45.52)∗ 0.68

9 Octopuses and cuttlefish 0.51 (0.5− 0.55) 0.46 (0.45− 0.46)∗ 0.89 0.18 0.14 0.77

10 Squids 0.61 (0.61− 0.66) 0.52 (0.52− 0.52)∗ 0.85 0.07 0.05 0.73

11 Red mullets 0.29 (0.29− 0.31) 0.21 (0.21− 0.22)∗ 0.73 0.12 0.07 0.63

12 Anglerfish 0.43 (0.42− 0.43) 0.47 (0.45− 0.48)∗ 1.10 0.11 0.11 0.95

13 Flatfishes 0.33 (0.33− 0.34) 0.28 (0.28− 0.3)∗ 0.87 0.04 0.03 0.74

14 Other gadiforms 0.44 (0.45− 0.47) 0.42 (0.39− 0.41)∗ 0.94 0.01 0.01 0.8

15 Hake 1.19 (1.19− 1.2) 1.23 (1.19− 1.23)∗ 1.03 0.18 0.16 0.89

16 Demersal fishes 1 2.23 (2.22− 2.3) 1.73 (1.72− 1.83)∗ 0.78 0.10 0.07 0.67

17 Demersal fishes 2 3.24 (3.29− 3.41) 2.87 (2.87− 2.93)∗ 0.88 0.12 0.09 0.76

18 Demersal fishes 3 1.1 (1.11− 1.13) 1.04 (1.02− 1.04)∗ 0.94 0.06 0.05 0.81

19 Picarels and bogue 2.9 (2.9− 3.08) 1.88 (1.88− 1.9)∗ 0.65 0.13 0.07 0.56

20 Sharks and rays 0.48 (0.48− 0.49) 0.49 (0.48− 0.49) 1.02 0.05 0.04 0.87

21 Anchovy 4.52 (4.51− 4.8) 3.59 (3.27− 3.51)∗ 0.79 1.65 1.10 0.67

22 Sardine 7.3 (7.29− 7.6) 5.13 (5.05− 5.2)∗ 0.7 0.79 0.46 0.58

23 Horse mackerels 0.43 (0.43− 0.45) 0.39 (0.39− 0.4)∗ 0.9 0.17 0.13 0.76

24 Mackerels 0.37 (0.37− 0.38) 0.37 (0.35− 0.37)∗ 0.99 0.12 0.10 0.83

25 Other small pelagics 1.61 (1.61− 1.67) 1.1 (1.19− 1.45)∗ 0.68 0.18 0.11 0.59

26 Other larger pelagics 0.24 (0.24− 0.24) 0.26 (0.24− 0.28)∗ 1.07 0.13 0.12 0.92

27 Loggerhead turtle 0.02 (0.02− 0.02) 0.02 (0.01− 0.02)∗ 0.85 0.00 0.00 0.73

28 Seabirds 0 (0− 0) 0 (0− 0)∗ 0.44

29 Dolphins 0.02 (0.02− 0.02) 0.02 (0.02− 0.02)∗ 0.82 0.00 0.00 0.71

30 Discards 0 (0− 0) 0 (0− 0)∗ 0.93

31 Detritus 67.91 (67.25− 71) 31.48 (31.38− 31.48)∗ 0.46

TOTAL 189.46 110.27 0.58 4.33 2.97 0.69

FG, functional group. Biomass (Bi) and catch (Ca) values (t/km2) and ratios at the starting year (2008) and the end of the simulation period (2025). Green represents
an increase of biomass and catch in 2025 compared to 2008. The confidence intervals of the Monte Carlo simulations (5th and 95th percentile values) are given in
parentheses. The significance in the difference of biomass between 2008 and 2025 (Kolmogorov-Smirnov test; at the 0.05 level) is indicated with an asterisk.

related to the ongoing fisheries exploitation pattern in the area
and agrees with the general trends for those species in the
Aegean Sea (Tsikliras et al., 2013; Froese et al., 2018). Anchovy
and sardine that are exploited by purse seiners across Greek
waters, account for the vast majority of landings in the northern
Aegean Sea and Pagasitikos Gulf (Stergiou et al., 2007), with
their abundance also related to climate forcing (Alheit et al.,
2014; Tsikliras et al., 2019). Norway lobster is a prime catch
of the coastal fleet (netters and potters) and because of its
high commercial value it is exploited throughout the year in
Pagasitikos Gulf. Netters and potters are heavily competing in
the race for Norway lobsters and their intense rivalry has caused
the decline in biomass (hence catches) and somatic length of the
stock in the area (EPAL, 2008). The biomass decline of most
targeted demersal stocks was the main trend of similar models
in the South Catalan Sea (Coll et al., 2008) and the Adriatic Sea
(Coll et al., 2009b) and was attributed mainly to fishing but also to
climate/environmental forcing that degraded these ecosystems.

In the northeastern Ionian Sea (Piroddi et al., 2010) the decline
of fish resources was mainly caused by the intensive fishing
pressure that occurred in the area until the end of the 1990s
and also by changes in primary production that impacted the
trajectories of the main FGs. Although environmental drivers
played an important role in the fitting of the Pagasitikos Gulf
model to historical catch time series, as similarly observed and
presented in the study of Alexander et al. (2015), the simulated
primary production trajectory could not be correlated with
available known climatic environmental drivers in the present
study. It can be hypothesized that the primary production
anomaly estimated by the model may encompass interactions
of various types of primary producers or the microbial loop,
compartments not explicitly included in the present model
(Alexander et al., 2015). Also, as primary production dynamics
are not shaped by a single environmental factor but rather
by a combination of factors, it is possible that the identified
anomaly does not represent well these dynamics in the studied
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FIGURE 8 | Twenty Monte Carlo simulations of flatfishes biomass with best fitted Pagasitikos model. The blue line (baseline) is the final best fitted model based on
the AICc (sum of squares of 172), red line is the model with least sum of squares (179; still higher than the baseline), gray lines are the other 19 fits with legend values
representing the final sum of squares for each trial. The 95 and 5% percentile values are also plotted.

system. Salinity, river discharges or nutrients could also be
playing a more important role locally and affect enclosed
ecosystems, such as Pagasitikos Gulf, more compared to large-
scale climatic oscillations such as AMO and NAO, but no time
series data were available for those parameters in the study area.
Indeed, as analyzed in Christensen et al. (2005), the process of
estimating values of a primary production forcing function for
the environmental anomalies in the studied ecosystem entails
an inherent risk of obtaining a spurious temporal pattern that
might not represent any real forcing. However, what one can
say is “assuming that primary production was in fact variable
and that this did cause changes in relative abundance throughout
the food web, then our best estimate of the historical pattern
of variation is the one obtained by the fitting procedure”
(Christensen et al., 2005).

Measures to reduce overfishing and illegal fishing activities
are needed together with the establishment of marine protected
areas that will ensure prey survival required to sustain marine
predators (Piroddi et al., 2010). In the N Aegean Sea (Tsagarakis
et al., 2010), the five artisanal and industrial fishing fleets
operating in the area had high impact on vulnerable species
and numerous targeted groups while several exploitation indices
highlighted that the ecosystem was highly exploited and unlikely
to be sustainably fished. In Pagasitikos Gulf it appears that the
small-scale coastal fisheries have a stronger negative impact on
different FGs of the ecosystem (the impacted groups included
target species such as anglerfish and red mullets, but also
marine mammals and reptiles) compared to purse seiners that
target only small and medium pelagic fishes. Indeed, despite

the higher overall contribution of the purse-seining fleet to
the national landings compared to all other gears (Stergiou
et al., 2007), in Pagasitikos Gulf the catches of the small-
scale fleet (1.676 t/km2/year) exceed those of purse seiners
(1.380 t/km2/year) highlighting the impact of the small-scale
fisheries on the ecosystem.

A marginal increase in biomass was observed in four top
predator FGs (anglerfish, hake, sharks and rays, and other larger
pelagics); however, the difference for sharks and rays was not
statistically significant. Anglerfish and hake are targeted by
coastal vessels using nets, while sharks (many large sharks are
protected and absent from Pagasitikos Gulf) and rays are usually
part of the by-catch, as in many areas of the world (Molina
and Cooke, 2012) and discarded. However, the predation upon
those high trophic level FGs in the area is minimum and the
incorporation of trophic interrelations in the model besides
fishing pressure (Heymans et al., 2016) may explain their biomass
increase in Scenario 0.

All models are simplifications of reality that have an inherent
level of uncertainty related to the quality of the input data and
should therefore be treated and analyzed accordingly (Steenbeek
et al., 2018). As EwE model predictions are generally more
sensitive to biomass and production rate input data (Essington,
2007), the lack of a time series of biomass data and the reliance
only on catch data in this work increases uncertainty and
may limit confidence to model results. However, despite their
uncertainty, ecosystem models together with some data-limited
approaches that require only catch data (e.g., CMSY: Froese
et al., 2018) can be used to evaluate stock status and the effect
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TABLE 7 | Ecosim simulation results for Pagasitikos Gulf for three scenarios of
fishing effort reduction by 10, 30, and 50% compared to the
business-as-usual scenario.

10% 30% 50%

FG Bi Ca Bi Ca Bi Ca

1 Phytoplankton 1.002 1.006 1.010

2 Zooplankton 0.997 0.991 0.984

3 Benthic small crustaceans 1.000 1.001 1.002

4 Polychaetes 1.003 1.008 1.014

5 Shrimps 1.000 0.92 0.998 0.72 0.998 0.51

6 Crabs 0.997 0.92 0.987 0.71 0.978 0.50

7 Norway lobster 0.996 0.92 0.988 0.71 0.981 0.50

8 Benthic invertebrates 1.001 1.002 1.004

9 Octopuses and cuttlefish 1.008 0.93 1.029 0.74 1.049 0.54

10 Squids 1.009 0.93 1.027 0.74 1.054 0.54

11 Red mullets 1.016 0.94 1.056 0.76 1.091 0.56

12 Anglerfish 1.044 0.96 1.146 0.82 1.250 0.64

13 Flatfishes 0.999 0.91 0.997 0.71 0.996 0.51

14 Other gadiforms 1.018 0.94 1.055 0.75 1.098 0.56

15 Hake 1.024 0.94 1.079 0.77 1.142 0.58

16 Demersal fishes 1 0.998 0.92 0.994 0.71 0.990 0.51

17 Demersal fishes 2 0.998 0.92 0.995 0.71 0.991 0.51

18 Demersal fishes 3 1.010 0.93 1.030 0.74 1.051 0.54

19 Picarels and bogue 0.997 0.92 0.992 0.71 0.985 0.50

20 Sharks and rays 1.035 0.95 1.121 0.80 1.211 0.62

21 Anchovy 1.056 0.96 1.171 0.83 1.290 0.65

22 Sardine 0.994 0.89 0.978 0.68 0.962 0.48

23 Horse mackerels 1.011 0.92 1.031 0.73 1.056 0.53

24 Mackerels 1.041 0.95 1.122 0.79 1.209 0.61

25 Other small pelagics 1.001 0.92 1.014 0.72 1.028 0.52

26 Other larger pelagics 1.197 1.10 1.704 1.22 2.141 1.09

27 Loggerhead turtle 1.061 0.98 1.234 0.88 1.428 0.73

28 Seabirds 1.007 1.023 1.040

29 Dolphins 1.010 0.93 1.037 0.74 1.064 0.54

30 Discards 1.000 1.000 1.000

31 Detritus 1.001 1.002 1.004

TOTAL 1.004 0.94 1.011 0.79 1.019 0.60

FG, functional group. Biomass (Bi) and catch (Ca) ratios at the end of the simulation
period (2025). Green represents higher (ratio > 1) biomass or catch.

of fishing on marine populations in data-poor areas, such as
Pagasitikos Gulf, where the lack of biomass and CPUE time series
will not allow for the assessment through age based or surplus
production models. The Monte Carlo routine in EwE assessed
the sensitivity of the Ecosim outputs to the underlying Ecopath
input parameters and provided a useful image of the range of
possible outputs based on the uncertainty around the input data
(Heymans et al., 2016) as shown by the 5th and 95th percentile
values plotted (Figure 8), thus giving a better understanding
of the reliability of the model predictions. Despite the several
alternative outputs that may overestimate or underestimate FG
abundance, the chosen model was shown to be the best statistical
fit with the lowest sum of squares.

The results of Ecosim simulations with decreasing fishing
effort comply with the general and common sense rule that

less biomass removal by fishing will eventually lead to biomass
increase in the sea and stock rebuilding (Froese et al., 2018).
It is not argued that the future projections provide absolute
quantitative information, but rather an idea of the ecosystem
status relative to the past conditions. In the absence of the
primary production anomaly in future projections (Heymans
et al., 2016), the fishing scenarios indicate the direction of change
that is related to fishing and a relative magnitude of this change.
Nevertheless, given the contribution of the primary production
anomaly in fitting the model to the data during the calibration
period, the results regarding the importance of fishing may be
modified by environmental factors.

Indeed, the biomass of most FGs that are targeted by both
fleets operating in Pagasitikos Gulf increased in all scenarios and
the increase was higher for top predators that are not preyed
upon in the area and lower for medium to low trophic FGs
that are preys for both natural predators and anthropogenic
activities. The peculiarity of the lack of bottom trawling in
the area complicates the comparison with other ecosystems
where trawling is the main biomass removing method and
has the highest impact on marine populations and ecosystems
(Coll et al., 2007; Hattab et al., 2013). In any case, the main
output of no-fishing or decreased fishing effort scenarios in all
models always leads to higher biomass of targeted species and
decrease in catches. In the South Catalan Sea (Coll et al., 2009a),
the no-fishing scenario resulted in biomass increase of higher
trophic levels whereas the trophic level of the same groups was
substantially lower in exploited food webs. In the northern Gulf
of Mexico (Geers et al., 2016), any increase in fishing effort
would result in biomass declines and increase of catches leading
the ecosystem to immaturity, whereas the decrease in effort
resulted in slight increases in overall biomass and substantial
decreases in catches. In the coast of Israel (Corrales et al.,
2018), fishing effort reductions resulted in significant increasing
trends for most ecological indicators including total biomass,
invertebrate biomass, predatory biomass and total catch but
the trends for individual FGs were mixed because of their
interactions and climate effects. There are cases, however, of
enclosed areas that are heavily affected by environmental forcing
and the impact of fishing is moderate to minor. For example, in
Amvrakikos Gulf, which is another semi-enclosed embayment in
the Mediterranean Sea sharing morphological similarities with
Pagasitikos Gulf, the exact same pattern of how much fishing
or the environment improve the fit during the fitting procedure
was observed: it was the combination of environmental drivers
(mainly riverine input) and trophic interactions that explained
the majority of ecosystem variability, with fishing marginally
contributing, leading to a degradation of the demersal parts
of the food web and a relative stability of the pelagic ones
(Piroddi et al., 2016). Similar results have been published in
other models (e.g., Coll et al., 2009b, Adriatic Sea) but the effect
of each combination to the fitting of the model differs owing
to differences in ecosystems, environmental drivers and fishing
pressure (Alexander et al., 2015).

The number of vessels has been gradually declining in Greece
during the last decade as a result of a retirement of vessels and
fishers due to ageing and to a lesser extent as a side effect of
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the economic crisis that has led to stricter taxation of the fishers
(Machias et al., 2016). Despite the retirement of the fleet, the
actual fishing effort has remained unchanged if not increased,
following the global trend (Anticamara et al., 2011), but also
due to technological creep (Marchal et al., 2006). Therefore,
although these scenarios may reflect the future of the fishing fleet
in terms of numbers, they cannot encompass the true dynamics
of the fleet and fisheries in Pagasitikos Gulf and Greek Seas in
general. For that reason, in some cases, fishing effort restrictions,
the main fisheries management enforcement tool in the Greek
Seas (Stergiou et al., 2016), should be complemented with spatial
effort closures in essential fish habitats. Spatial effort constraints
through the establishment of marine protected areas or spatial
fisheries restrictions (Dimarchopoulou et al., 2018) may also have
beneficial results in terms of biomass increase and ecosystem
function (Fouzai et al., 2012; Abdou et al., 2016).

With the present study, we confirm that stock biomass is
shown to increase when fishing effort is reduced, as in all fishing
pressure reduction scenarios, the biomass of the FGs increased
proportionally to the magnitude of reduction and the catches
decreased accordingly. Consequently, in the absence of quotas in
the Mediterranean Sea, effort control is the main management
tool (Stergiou et al., 2016). Indeed, all recent stock assessments in
the Mediterranean Sea suggest that the bad status of most stocks
and their declining catches are the results of excessive fishing
and clearly suggest that a decrease in fishing mortality to MSY
levels is required for the stocks to rebuild (Colloca et al., 2013;
Froese et al., 2018). Addressing the negative effects of overfishing
through taking measures on reducing exploitation levels has been
shown to not only rebuild stocks but also lead to higher catches
over time, with considerably higher profits for the fishers in the
medium term (Froese et al., 2018). Nevertheless, the urgency of
modifying the current behavior of overfishing is pointed out by
the fact that the reflection of rebuilding on catches, and thus
income for the fishers, takes longer than rebuilding itself. Also,
the trophic interactions among and within FGs will not allow
biomass to be maximized at the same time for all ecosystem
components, while environmental drivers should also be carefully
considered, especially in enclosed ecosystems. In any case, effort

reduction is the very first step toward sustainability once biomass
declines as a result of excessive effort have been noticed.
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