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A B S T R A C T   

Ecosystem modelling constitutes a useful tool for the ecosystem approach to fisheries management, which de-
mands a shift to more complex models that include multi-species trophic interactions, environmental and 
anthropogenic forcing. The Thermaikos Gulf is a shallow gulf in the northwestern Aegean Sea (Greece) and one 
of the major fishing grounds of the northeastern Mediterranean concentrating high fishing effort of trawlers and 
purse-seiners and producing more than 20% of the total Greek catches. In the present work, we developed an 
Ecopath base model and ran Ecosim simulations for 26 years (2000–2025), including the calibration period 
(2000–2016), aiming to describe the food web structure and function of the Thermaikos Gulf, identify main 
components and interactions among the 33 functional groups, assess the ecosystem impacts of fishing over time, 
and compare ecosystem properties with other Mediterranean areas. Overall ecosystem degradation with biomass 
and catch decline was observed at the end of the calibration period due to the impact of environmental factors 
and fishing activities. The ecosystem seemed to stabilize in an intermediate state by the end of the projection 
years, but with an overall biomass and catch decline. Fishing effort reduction after 2016 resulted in higher 
biomass and catches compared to 2014–2015, that could not however reach the 2000 levels in most cases. The 
examined fishing effort reduction scenarios clearly showed that the more the fishing effort is reduced, the higher 
the biomass in the ecosystem and the lower the catches obtained compared to the baseline scenario. In a nutshell, 
since environmental drivers may be harder to predict or control, lowering the exploitation levels is an important 
step towards the rebuilding of overfished marine resources and more resilient ecosystems.   

1. Introduction 

Various anthropogenic activities, including increased fisheries 
exploitation, have been impacting the Mediterranean Sea large marine 
ecosystem for millennia resulting in altered, structurally and function-
ally simplified food webs over time, with top predators being gradually 
replaced by intermediate consumers and basal species of lower trophic 
levels (Lotze et al., 2011). Much like terrestrial ecosystems (Pimm, 
1991), simplifying the sea has unintended consequences, both ecologi-
cally and economically, as ecosystem shifts towards poorer, less complex 
communities decrease organism resilience to disease, invasion, eutro-
phication, and climate change (Howarth et al., 2014). These factors may 

in turn delay the recovery of disturbed ecosystems, thus prolonging the 
duration of restructured food webs that are characterized by altered 
ecological functions (Frank et al., 2011). While the term “disturbance” 
might be given different meanings by scientists, it is often used to 
describe highly human-modified habitats (Pimm, 1991). In the sea, 
direct exploitation through fishing has historically been the first human 
impact on marine resources that would perturb ecosystems on a multi-
tude of levels (Lotze, 2004). 

Indubitably, there are contradictory views on the success of con-
ventional fisheries management practices (Cardinale and Svedäng, 
2008; Cowan et al., 2012), with few well-managed regions in which fish 
and invertebrate stocks are recovering (Ricard et al., 2012; Hilborn 
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et al., 2020) and numerous poorly managed regions where stocks 
continuously decline or have been stable at levels below the maximum 
sustainable yield MSY (Froese et al. 2012, 2018a). Nevertheless, the 
relative failure of single-species fisheries management (Stergiou, 2002; 
Froese et al., 2018a) and the negative effect of commercial fishing across 
different levels of biological organization including marine organisms, 
habitats and ecosystems (Jennings and Kaiser, 1998) resulted in the 
need for a more holistic consideration of marine ecosystems. This led to 
an ecosystem based fisheries management (EBFM, Pikitch et al., 2004), 
which can still be compatible with the concept of MSY (Pauly and Fro-
ese, 2020). Although the term EBFM was coined during the 1990s (US 
National Research Council, 1998), the concept of marine ecosystem 
modelling, which is an important tool for EBFM, has been increasingly 
appearing in the scholarly literature since the early 1980s (Morissette, 
2007). 

Since then, ecosystem models have been and, today, they (in 
particular Ecopath with Ecosim, EwE) are extensively used (Colléter 
et al., 2015) to address ecological questions and evaluate the ecosystem 
effects of fishing exploitation (Coll et al., 2006; Libralato et al., 2010; 
Piroddi et al., 2010; Bănaru et al., 2013), explore management policy 
options (Celic et al., 2018), analyze the impact and placement of marine 
protected areas (Libralato et al., 2006b; Valls et al., 2012; Prato et al., 
2016), and model the effect of environmental changes (Díaz López et al., 
2008; Barausse et al., 2009; Bayle-Sempere et al., 2013). Ecopath base 
models represent static, mass-balanced snapshots of the studied eco-
systems that describe the food web structure in terms of species/groups’ 
relative abundance and their trophic interactions, while the Ecosim 
module of the approach offers a time dynamic modelling capability for 
simulating past and future fishing and environmental impacts to explore 
management policies (Christensen et al., 2005). More than 40 EwE 
models have been developed across the Mediterranean Sea (Piroddi 
et al., 2015), the vast majority of which in the northern coastline (Coll 
and Libralato, 2012), while the eastern part of the basin has the lowest 
number of models; in Israel (Corrales et al., 2017b), Cyprus (Michailidis 

et al., 2019), Turkey (Saygu et al., 2020) and Greece (Aegean Sea: 
Tsagarakis et al., 2010; Dimarchopoulou et al., 2019b). 

The Thermaikos Gulf is a semi-enclosed embayment in the north-
western Aegean Sea (Fig. 1), with its exploited open water part being 
one of the most important fishing grounds of the northeastern Medi-
terranean Sea in terms of number of vessels operating and landed 
biomass (Stergiou et al., 2007; Sylaios et al., 2010; Dimarchopoulou 
et al., 2018). The gulf is divided into three sub-areas of varying fishing 
restriction regimes and resulting fishing pressure, ranging from the total 
ban of large-scale fisheries (trawlers and purse seiners) in its innermost 
part (low exploitation level since small-scale coastal fishing vessels do 
operate seasonally), that has led to higher biomass and somatic length of 
exploited species, to full exploitation in its central part (Dimarchopou-
lou et al., 2018). Despite its high productivity and partial protection, the 
catch in the Thermaikos Gulf has been in overall decline since the 1990s, 
following the overall declining trend in the eastern Mediterranean 
catches as a result of the ongoing fisheries overexploitation that has led 
to the biomass-at-sea declines of exploited fish and invertebrate pop-
ulations (Tsikliras et al., 2015; Froese et al., 2018a). 

Indeed, a recent assessment of Mediterranean stocks showed that the 
ratio of the fishing mortality (F) to the mortality that ensures sustainable 
yields is very high (F/Fmsy = 1.8; values over 1 indicate overfishing) and 
effort reductions are required (Froese et al., 2018a). The Common 
Fisheries Policy of the European Union has called for rebuilding the 
biomass of all commercially exploited stocks by ending overfishing, i.e. 
reducing fishing pressure (F) to or below the maximum sustainable level 
(Fmsy) by 2015, latest by 2020 (see Froese et al., 2021 and references 
therein). The recovery of overexploited marine stocks might be swift or 
delayed depending on how prolonged the intense overexploitation and 
altered ecosystem states are and how much that has affected stock 
resilience; in any case, recovery would be a “win-win” result for fisheries 
and conservation that would ultimately raise catches, revenues and food 
security (Neubauer et al., 2013). 

In the present work, the EwE modelling approach and the theoretical 

Fig. 1. Map showing the entire area (rectangle) and the modelled part (crosshatch shading) of the Thermaikos Gulf, north Aegean Sea, Greece, eastern 
Mediterranean. 
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ecology concepts included therein (Christensen and Walters, 2004) were 
applied to the marine environment and were used to explore the dy-
namics of a Greek marine ecosystem and the fisheries exploiting it, 
within a general management and conservation context. In order for the 
study to be relevant for conservation and management, the base model 
was subsequently used to investigate the temporal dynamics of the 
studied ecosystem, which is affected both by natural as well as anthro-
pogenic factors, and various scenarios of fishing effort reduction were 
examined aiming to potentially improve stock status (i.e. rebuild 
biomass-at-sea) and increase future catches. The main objectives were 
(i) to describe the multi-species structure and functioning of one of the 
most productive Mediterranean Sea ecosystems, (ii) highlight main 
species of interest (both to ecosystem functioning and fisheries), (iii) 
investigate trophic interplay and cascading effects between the levels of 
the community that are neglected in single-species approaches, (iv) 
quantitatively assess the direct and indirect effects of perturbations on 
species and interaction pathways, (v) investigate the dynamics of the 
ecosystem over time, (vi) test the effect of future fishing reduction sce-
narios on the biomass and catch of main functional groups of interest. 
This study complements a previous work that explored the structure and 
dynamics of another Greek gulf (Pagasitikos Gulf) which, unlike the 
highly exploited Thermaikos Gulf, is partially protected, as fishing with 
towed gears has been prohibited in it for decades (Dimarchopoulou 
et al., 2019b). 

2. Materials and methods 

2.1. Description of the study area and its fisheries 

The northwestern Aegean Sea includes the gulfs of Thessaloniki and 
Thermaikos, as well as the gulfs of the Chalkidiki Peninsula (Fig. 1). The 
Thermaikos Gulf is a shallow water area having a maximum depth of 
100 m, with mud, sandy mud and muddy sand sediments (Poulos et al., 
2000), and receiving the outflows of large river systems (Gallicos, Axios, 
Loudias and Aliakmon) that discharge about 207 m3/s into the area, 
with significant temporal variability (Kallianiotis et al., 2004). The exact 
area of the Thermaikos Gulf that was modelled here is shown with 
crosshatch shading in Fig. 1. 

The Thermaikos Gulf is considered one of the most productive fishing 
grounds in the Greek Seas (Stergiou et al., 2007). Hence, following the 
northeastern part of the Aegean (Thracian Sea), the Thermaikos Gulf has 
the second highest concentration of trawler fishing effort in the Aegean 
Sea (Fig. 1). Its coastal part is subject to several fishing restrictions, 
while its innermost part (Thessaloniki Bay and Gulf, and inner Ther-
maikos Gulf) is protected from large-scale fishing activities, as bottom 
trawl and purse-seine fishing have been totally banned since 1978 
(Dimarchopoulou et al., 2018). In total, 48% of trawling in the Aegean 
takes place in the fished part of the Thermaikos Gulf and the Thracian 
Sea, while 20% of purse-seining in the Aegean Sea takes place in the 
Thermaikos Gulf. According to the Fleet Register (CFR, 2018), in 2014, 
1460 vessels were registered in seven ports of the Thermaikos Gulf, 58 of 
which were trawlers (using bottom trawls, OTB), 29 were purse seiners 
(using purse-seines, PS), 10 were beach seiners (SB) and 1373 were 
small-scale coastal vessels using a variety of fishing gears. 

Three demersal fishes (red mullet Mullus barbatus and surmullet 
Mullus surmuletus and European hake Merluccius merluccius), two crus-
taceans (caramote prawn Melicertus kerathurus and deep-water rose 
shrimp Parapenaeus longirostris and two cephalopods (cuttlefish Sepia 
spp. and octopus Octopus spp.) are the main target species of the trawl 
fishery in the Thermaikos Gulf (Stergiou et al., 2007; HELSTAT, 2018). 
Three small and medium sized pelagic fishes (European anchovy 
Engraulis encrasicolus, European pilchard Sardina pilchardus and Atlantic 
chub mackerel Scomber colias) are the main target species of purse 
seiners in the area. Finally, the small-scale coastal fisheries fleet of the 
Thermaikos Gulf targets a wide variety of species some of which are also 
targeted by the trawling fleet (e.g. red mullet and surmullet, and 

caramote prawn) and by the purse seiners (e.g. European pilchard). 

2.2. Ecopath modelling approach 

For the description of the Thermaikos Gulf ecosystem we used the 
widely applied EwE approach (Version 6.5; www.ecopath.org; Chris-
tensen and Walters, 2004) to build a mass balanced model of the trophic 
interactions among most components of the studied ecosystem covering 
the trophic spectrum, from low trophic levels to top predators, including 
the fishing fleets operating in the area. Organisms are categorized in 
functional groups (FGs), i.e. species or groups of (ecologically or taxo-
nomically) related species that share similar population dynamics and 
ecological function. FGs are linked via feeding interactions and the 
balance of the energy input and output of all living groups is expressed 
through two master equations that have repeatedly been presented in 
the literature (e.g. Hattab et al., 2013; Piroddi et al., 2016; Dimarcho-
poulou et al., 2019b): one for the production of each FG (Supplementary 
Eq. A1) that equals predation plus natural mortality plus biomass 
accumulation, plus net migration (emigration – immigration) plus other 
mortality, and another one for the food consumption of each FG (Sup-
plementary Eq. A2) that equals production, respiration and unassimi-
lated food (Christensen et al., 2005). 

The input parameters for each of the FGs were the diet composition 
(DC; proportion of the prey in the diet of the predator), the proportion of 
food that is not assimilated (U/Q; dimensionless, entered as a proportion 
of consumption), the catches (Y; t/km2/year), biomass (B; wet weight t/ 
km2), production/biomass ratio (P/B; year− 1) which is equal to the total 
mortality rate (Pauly et al., 2000), and consumption/biomass ratio 
(Q/B; year− 1). Ecotrophic efficiency (EE; dimensionless, between 0 and 
1) is the fraction of the production that is used in the system through 
predation, fishing or migration and it was left to be estimated by the 
software. 

2.2.1. Input parameters and functional groups 
The food web of the Thermaikos Gulf was organized in 33 FGs that 

encompassed 2 planktonic, 7 invertebrate, 19 fish, and 2 detritus groups, 
as well as sea turtles, seabirds and dolphins, covering most of the trophic 
spectrum of the ecosystem while focusing on commercial fishes and 
invertebrates. More than a hundred taxa were included in the 33 FGs as 
listed in the landings (HELSTAT, 2018) and survey (Kallianiotis et al., 
2004) data of the studied area and the literature (Table A1 supplement). 
At first, the listed taxa were categorized in 29 FGs according to their 
importance to fisheries and management (e.g. European hake, pilchard 
and anchovy are highly commercial species in Greece and as a result 
they form separate single-species FGs in the model: see also Tsagarakis 
et al., 2010; Dimarchopoulou et al., 2019b), their phylogenetic or 
ecological relation and available data. However, 53 fish taxa of lower 
fishing relevance and abundance in the ecosystem remained uncatego-
rized. 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 Ward’s method and Euclidean distances in Statgraphics 
Centurion XVI) that resulted in forming 4 more FGs (Demersal fishes 
1–4) (Fig. 2). Finally, the remaining 13 fish taxa were assigned to one of 
those 4 FGs based on general knowledge of their feeding preferences, 
behaviour and ecology (Table A1 supplement). 

The model was constructed for the years 1998–2000 when reliable 
data (mainly catches and biomass) were available, i.e. average values 
over those three years were used. In order to have an EwE model that 
would be relevant for ecosystem based management, we followed the 
common practice in which the baseline Ecopath model is based on the 
earliest time when reliable data are available so that sufficiently long 
times series can then be used for the fitting process (Heymans et al., 
2016). Biomass data were obtained from local scientific trawl surveys 
(Kallianiotis et al., 2004; Mediterranean International Trawling Survey 
Program: MEDITS) for demersal fish and invertebrate species, acoustic 
surveys for small pelagic fish (Tsagarakis et al., 2015) as well as 
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information available in the literature and other models. Since the 
MEDITS catchability coefficient cannot be equal to 1 for any species 
(Mulazzani et al., 2015), to obtain absolute biomass estimates, we used 
species-specific catchability based on the demersal, benthic, or pelagic 
behaviour of each species; e.g. the survey estimates about 10–15% of the 
total biomass of species exhibiting demersal or benthic behavior, 
respectively (Smith et al., 2003; Sánchez and Olaso, 2004; Fiorentino 
et al., 2013; Agnetta et al., 2019). P/B and Q/B values for fishes were 
estimated using empirical equations (Pauly, 1980) and relevant life 
history tools in FishBase (Froese and Pauly, 2019), while for the rest of 
the FGs they were obtained from the literature and other models 
(Table A1 supplement). 

Diet composition data were extracted from other models and pub-
lished reviews regarding the Mediterranean fish species (Stergiou and 
Karpouzi, 2002; Karachle and Stergiou, 2017); priority was given to 
information from the study area or adjacent areas, but in case such data 
were not available, information from other areas of the Mediterranean 
or similar species were used (Table A1 supplement). It should be noted 
that seabirds were set to mainly feed on discards, that by default have a 
trophic level of 1, and imported material of uncertain origin; as a result, 
the present model seemed to underestimate the trophic level of seabirds, 
as it has been pointed out for other functional groups of organisms in 
previous models (Lassalle et al., 2014). Also, it made seabirds more 
sensitive to changes in fishing effort. Landings data were based on 
reconstructed landings per fishing fleet and gear used and per subarea of 
Greece (Moutopoulos and Stergiou, 2012), while discards were esti-
mated as a proportion of the landings for each fleet (Tsagarakis et al., 
2014). Four fishing fleets that exploit the studied ecosystem were 
included in the model, namely trawlers, purse seiners, beach seiners and 
small-scale coastal vessels. All the input parameters for multi-species 
FGs were estimated using weighted averages based on the biomass 
contribution of each species to the respective FG. 

Ensuring mass balance was the next important step after editing and 
entering the required data into EwE. Initial model runs were not mass 
balanced, with EE values of some FGs being greater than 1 which indi-
cated that mortality was too high (Hattab et al., 2013). An ecological 
step-by-step balancing process was then followed that entailed manually 
modifying input parameters such as biomass, mortality rates, diets etc. 
(often researchers start by adjusting the diet matrix, since diet compo-
sition is the parameter with the highest uncertainty) looking for data 

inconsistencies, to gradually achieve mass balance (Christensen and 
Walters, 2004). A selected subset of pre-balance (PREBAL) diagnostics 
proposed by Link (2010), and suggested as a best practice by Heymans 
et al. (2016), were implemented to evaluate the initial conditions of the 
model, i.e. model structure and data quality examined in conjunction 
with general ecological and fishery principles. The diagnostics showed 
that the model structure and data quality fulfilled several of the biomass 
(rule of thumb: compared across taxa, predators biomass should be less 
than that of their prey), vital rates and production/removals (rule of 
thumb: total, scaled values should follow a decomposition with 
increasing trophic level) criteria (Supplementary Fig. A1). 

EwE allowed us to estimate various indicators related to ecosystem 
structure and food web dynamics to describe the studied ecosystem as a 
whole (Christensen et al., 2005) and compare it to other models of 
exploited Mediterranean ecosystems that have generally been built ac-
cording to similar criteria (Tsagarakis et al., 2010; Dimarchopoulou 
et al., 2019b; Michailidis et al., 2019). In particular, a set of statistics, 
ecological indicators and network analyses were performed to (i) 
quantify the total flows taking place in the studied ecosystem and 
indicate its size in comparison to other systems (total system 
throughput), (ii) assess the system’s maturity status which can be related 
to its exploitation level based on Odum (1971) theory (total primary 
production over total respiration, net system production, total primary 
production over total biomass, total biomass over total throughput), (iii) 
highlight the varying impact of different organisms in the food web 
(mixed trophic impact, keystoneness) and indicate if it is more linear or 
complex and web-like (system omnivory index) to identify potential 
cascading effects, and (iv) assess the overall quality of the model 
(pedigree index). These indicators are presented and described in more 
detail in Table 1. 

2.3. Ecosim temporal dynamic modelling 

The Ecosim module of the EwE approach was then applied to the 
Ecopath base model and was used to analyze the main dynamics of the 
food web over time. Ecosim takes the initial parameters from the un-
derlying base model and provides temporal dynamic simulations (Wal-
ters et al., 1997) using a system of differential equations that depend on 
time to express the biomass growth rate of a FG as follows (Christensen 
and Walters, 2004): 

Fig. 2. Cluster analysis of the diet composition of 40 fish species for their categorization in functional groups. Species codes are given in Table A2 of the supplement.  
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dBi

dt
= gi

∑n

j=1
Qji −

∑n

j=1
Qij + Ii − (Mi +Fi + ei)*Bi  

where dBi/dt: the biomass change rate of FG i during the time interval 
dt; gi: the growth efficiency; Qij: the consumption rate of FG i by FG j; Ii: 
the immigration rate; ei: the emigration rate; Mi: the other non- 
predation natural mortality rate; Fi: the fishing mortality rate; Bi: the 
biomass of the FG i. The first term of the equation represents FG biomass 
growth, the second term represents FG biomass consumption while the 
third term represents the balance between fish movements in and out of 
the gulf and mortality (natural and fishing). 

Calculations of consumption rates are based on the “foraging arena” 
theory (Walters et al., 1997; Ahrens et al., 2012), which assumes that 
aquatic organisms are divided into fractions vulnerable and invulner-
able to predation risk, with predator-prey interactions being confined to 
spatially restricted foraging arenas. The level of vulnerability is indica-
tive of how the biomass of different groups in the ecosystem is 
controlled. It expresses the effect that a large increase in predator 
abundance would have on the predation mortality of a given prey and it 

is a significant model parameter that can be modified during calibration 
so that predictions fit better to observed historical data. Low vulnera-
bility values (close to 1) indicate that no considerable increase in pre-
dation mortality on a prey will be caused by an increase in predator 
biomass (prey control or bottom-up effects), while high vulnerability 
values mean that a potential doubling of predator biomass would result 
in about double the predation mortality it causes on a particular prey 
(predator control or top-down effects) (Christensen et al., 2005). 

2.3.1. Calibrating the EwE model and simulating reference and 
management scenarios 

Analyses performed with Ecosim can benefit from including time 
series reference data of biomass and catches over a historical period of 
time, along with estimates of fishing effort changes over the same 
period. Time series data contribute to the reasonable tuning of the model 
to real world data highlighting the potential of the model to replicate the 
known history of the system, thus facilitating its use as an ecosystem- 
based fisheries management tool (Christensen et al., 2005). The Eco-
sim model of the Thermaikos Gulf was fitted to available historical 
biomass data for the period 2001–2014 [available relative catch per unit 
effort (CPUE) values for 8 out of 14 years] as obtained from the MEDITS 
bottom trawl scientific surveys (Kallianiotis et al., 2004) and landings 
data for the period 2000–2016 as obtained from the Hellenic Statistical 
Authority (HELSTAT, 2018) and reconstructed with the methodology 
used in Moutopoulos and Stergiou (2012). For 2016, the official data 
were corrected to account for the presentist bias induced by including 
the catches of an extra fleet in official reports for 2016 onwards without 
any hindcasting for the entire time series (Tsikliras et al., 2020). A 
correlation matrix (Spearman) between the catch time series of the FGs, 
showing only the significant relationships and respective correlation 
coefficients, was created in R (“ggcorrplot” package). Catch correlations 
were added as an additional diagnostic test to highlight any pattern of 
collinearities that might affect the tuning and behavior of the model and 
justify the better or poorer capturing of the observed patterns. Fishing 
capacity by gear type for the four fleets (the number of trawlers, purse 
seiners, beach-seiners and small-scale coastal vessels; years 2000–2016) 
were extracted from the European Community Fishing Fleet Register 
(CFR, 2018) and were considered as a proxy for relative fishing effort to 
force the model during the fitting procedure. 

In order to fit the model to the time series of observed data 
(2000–2016) we followed the steps proposed by Mackinson et al. (2009) 
and adopted by others (e.g., Heymans et al., 2016; Corrales et al., 
2017a). This stepwise fitting procedure uses alternative hypotheses to 
test the combination of different factors that affect the ecosystem, 
namely fishing, trophic interactions among FGs (the 20 most sensitive to 
vulnerability changes prey-predator pairs were used to improve the fit of 
the model: Coll et al., 2009; Halouani et al., 2016) and the environment. 
The environment was represented with three parameters: i) primary 
production anomalies (i.e. a forcing function applied to the primary 
producer that represents historical changes in productivity affecting 
organism biomasses in the ecosystem; 8 spline points were used for 
smoothing) were estimated through the software’s routines and were 
added every year to the initial phytoplankton values representing an 
environmental parameter that might influence the trophic interactions 
among the compartments of the food web (Supplementary Fig. A2; 
Christensen et al., 2005; Coll et al., 2009); ii) sea surface temperature 
-SST-time series (mean-monthly values, spatially-averaged over the 
Thermaikos Gulf, derived from CMEMS MEDSEA_REANALYSI-
S_PHYS_006_004) were used to force the consumer functional groups of 
sardine, anchovy, and horse mackerels (Supplementary Fig. A3; Szalaj 
et al., 2021); iii) chlorophyll-a -chla- time series (derived from the 
biogeochemical validated model of the Copernicus Marine Environ-
mental Service CMEMS: MEDSEA_ REANALYSIS_BIO_006_008) were 
used to force the primary producer, i.e. phytoplankton (Supplementary 
Fig. A4). Fluctuations in the abundance of sardine, anchovy, and horse 
mackerels have been shown to be affected by SST in the Mediterranean 

Table 1 
Detailed description of the ecological indicators and analyses examined for the 
ecosystem of the Thermaikos Gulf.  

Ecological indicator/analysis Description/references 

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; Christensen et al., 2005). 

Total primary production/ 
total respiration 

The 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 ( 
Christensen et al., 2005). 

Net system production 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 (Christensen 
et al., 2005). 

Total primary production/ 
total biomass 

The ratio declines over time in immature systems 
where production exceeds respiration for most FGs 
and biomass accumulation is observed (Christensen 
et al., 2005). 

Total biomass/total 
throughput 

The ratio may take any positive value and it reaches 
a maximum when the system is at its most mature 
state (Christensen et al., 2005). 

System Omnivory Index 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 Pauly et al., 
1993. 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 (Christensen et al., 2005; Suppl. Eq. 
A3). 

Ecopath pedigree index 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 and overall quality of the 
model (Morissette, 2007). 

Mixed Trophic Impact 
(MTI) 

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 (Suppl. Eq. 
A4), thus revealing straight forward predator-prey 
effects but also indirect cascade effects on a prey’s 
prey or competitor (Christensen et al., 2005). 

Keystoneness 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., 
2006a; Suppl. Eq. A5).  

D. Dimarchopoulou et al.                                                                                                                                                                                                                      



Estuarine, Coastal and Shelf Science 264 (2022) 107667

6

Sea (Tsikliras et al., 2019 and references therein). The goodness of fit 
was assessed with the reduction of the sum of squared deviations (SS) of 
observed values from predicted ones (Christensen et al., 2005) and the 
best model was chosen based on the lowest Akaike’s information crite-
rion (AIC: Mackinson et al., 2009; Heymans et al., 2016; Corrales et al., 
2017a; corrected for a small number of observations, AICc). 

Three biomass-based ecological indicators that depend on the 
abundance of each FG in the studied food web were used to assess 
ecological changes in the Thermaikos Gulf ecosystem through time: i) 
the ratio of invertebrate to fish biomass, ii) the ratio of demersal to 
pelagic fish biomass and iii) the biomass of predatory organisms (Coll 
and Steenbeek, 2017; Corrales et al., 2017a). Indicators reflect changes 
in the structure of marine food webs that can be related to fishing as the 
increasing fishing impact in marine ecosystems results in seas with fewer 
predators and piscivorous demersal fish and more low trophic level in-
vertebrates and planktivorous pelagic fish (Pauly et al., 1998). 

Simulations were extended from 2017 to 2025 to represent future 
scenarios of reduced fishing effort and examine the response of the 
Thermaikos Gulf ecosystem to alternative management plans, as previ-
ously performed for a nearby area (Pagasitikos Gulf: Dimarchopoulou 
et al., 2019b). The baseline scenario 0 (business-as-usual) assumed 
constant fishing effort as in the last year of the calibration period, while 
the three alternative scenarios corresponded to reduction in fishing 
effort by 10% (Scenario 1), 30% (Scenario 2) and 50% (Scenario 3) 
compared to the baseline Ecosim scenario. The first three tested sce-
narios (1–3) correspond to the exploitation scenarios examined by 
Froese et al. (2018a), who used the current status and exploitation 
pattern of numerous European (including Mediterranean) stocks to 
predict future biomass and catch trajectories, and propose fishing effort 
reduction suggestions based on the time required for rebuilding. The 
reduction in fishing effort was applied to all four fleets equally and 
referred to the reduced number of vessels operating in the area. Two 
more scenarios were also examined to enable comparisons with Paga-
sitikos Gulf where fishing with towed gears has been prohibited for 
decades (Dimarchopoulou et al., 2019b): a fourth scenario (Scenario 4), 
in which beach-seiners were prohibited (more realistic to actually be 
implemented), and a fifth scenario (Scenario 5), in which all towed gears 
(bottom trawls and beach-seines) were totally banned after 2016. 

In an effort to address the uncertainty in the input data, the sensi-
tivity of Ecosim’s outputs to Ecopath input parameters was tested using 
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 (Supplementary Table A6) gave 20 different biomass outcomes 
for each FG (Supplementary Figure A5). As performed by Dimarcho-
poulou et al. (2019b), the most certain, according to the pedigree, input 
values for biomass, P/B and Q/B were not perturbed (CV = 0), while for 
the less certain ones, as well as those of FGs with high relative impact 
and keystoneness in the ecosystem (zooplankton, squids, and other 
gadiforms), the CV was obtained from the quality of the data as defined 
in the pedigree routine (Supplementary Table A4). The CVs ranged from 
0.05 (i.e. a 10% change around the mean initial value of the parameter) 
to 0.4 (i.e. an 80% change around the mean initial value of the 
parameter; Supplementary Table A6). 

3. Results 

3.1. Ecopath base model 

The Thermaikos Gulf food web was described by 33 FGs of lower to 
higher trophic level compartments of the ecosystem and it was repre-
sented graphically with a flow diagram (Fig. 3) that provides informa-
tion on the trophic level, biomass and habitat of each compartment, as 
well as the estimated trophic flows among the organisms. Model results 
revealed an ecosystem organized in four trophic levels. The highest 
trophic levels (TL > 4) were observed for dolphins (TL = 4.5), large and 
medium pelagic fishes, anglerfish (TL = 4.2) and hake (TL = 4.1), while 
the FGs of benthic invertebrates, polychaetes, benthic small crustaceans, 
zooplankton, seabirds, red mullets and crabs presented lower TL values 
ranging from 2 to 3 (Table 2; Fig. 3). The input data and resulting output 
parameters of the balanced model are shown in Table 2 and Tables A1 
and A3 of the supplement. 

The model was not balanced when first run, so there was a need to 
modify input data of the FGs that presented EE values greater than 1 (10 
in total). The original biomass values for shrimps, octopuses and cut-
tlefish and demersal fishes 1 were increased as they were unrealistically 
low when compared to the biomass of predators in the system. In these 
cases, the landings data were considered more trustworthy, and so were 
the predator biomasses obtained through the trawling surveys which 
were more focused on recording fish (Dimarchopoulou et al., 2019b). 
For shrimps we lowered the catchability factor of trawlers to account for 
the small individuals that are not caught by the gear. Regarding octo-
puses and cuttlefish, we increased their biomass based also on the 

Fig. 3. Flow diagram of the Thermaikos Gulf ecosystem (years 1998–2000) organised by 33 functional groups’ trophic levels and by pelagic or demersal habitat 
(organisms not in scale). 
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landings data to account for the individuals mostly caught by gears other 
than the bottom trawl used in the survey. Similarly, we increased the 
biomass of demersal fishes 1 as they are mostly encountered in shallower 
depths than the ones covered by the bottom trawl survey (Froese and 
Pauly, 2019). Finally, for crabs, flatfishes, demersal fishes 2 and 4, 
sharks, anchovy and sardine we tweaked the diet matrix as diet 
composition is the most uncertain parameter in the model (Piroddi et al., 

2016). The contributions of the abovementioned FGs to the diet of their 
predators were adjusted so that consumption was redirected to other 
relevant FGs such as benthic invertebrates, anglerfish, demersal fishes 3, 
rays and skates, other small pelagic fishes. 

Statistics for the Thermaikos Gulf (northwestern Aegean Sea) are 
presented in comparison to other models in the eastern Mediterranean 
Sea, namely the Pagasitikos Gulf (western part of the central Aegean Sea: 

Table 2 
Input and output (bold) parameters of the Thermaikos Gulf Ecopath model. 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.   

FG TL B P/B Q/B EE P/Q 

1 Phytoplankton 1.00 7.866 117.300  0.744  
2 Zooplankton 2.25 6.100 62.470 186.380 0.764 0.335 
3 Benthic small crustaceans 2.21 1.110 7.686 57.120 0.993 0.135 
4 Polychaetes 2.10 4.808 1.712 13.083 0.988 0.131 
5 Shrimps 3.09 0.306 3.339 7.896 0.999 0.423 
6 Crabs 2.97 0.412 2.541 5.187 0.997 0.490 
7 Benthic invertebrates 2.05 8.710 1.215 3.434 0.995 0.354 
8 Octopuses and cuttlefish 3.33 0.392 2.900 5.807 1.000 0.499 
9 Squids 3.84 0.363 2.600 26.470 0.997 0.098 
10 Red mullets 2.81 0.196 1.908 7.192 0.994 0.265 
11 Anglerfish 4.18 0.203 1.100 3.777 0.211 0.291 
12 Flatfishes 4.00 0.107 1.820 8.741 0.995 0.208 
13 Other gadiforms 3.55 0.580 1.450 6.493 1.000 0.223 
14 Hake 4.14 0.400 0.587 3.700 0.998 0.159 
15 Demersal fishes 1 3.14 0.150 2.400 9.306 0.995 0.258 
16 Demersal fishes 2 3.66 0.246 1.600 7.739 0.996 0.207 
17 Demersal fishes 3 3.72 0.322 1.400 4.592 0.991 0.305 
18 Demersal fishes 4 3.30 0.237 1.900 11.105 0.995 0.171 
19 Picarels and bogue 3.25 0.663 1.500 8.339 0.992 0.180 
20 Sharks 3.93 0.071 0.698 4.080 0.988 0.171 
21 Rays and skates 4.02 0.141 1.000 3.394 0.717 0.295 
22 Anchovy 3.25 2.250 1.753 6.693 0.995 0.262 
23 Sardine 3.09 1.950 1.778 11.668 0.997 0.152 
24 Horse mackerels 3.36 0.732 1.000 7.315 0.994 0.137 
25 Mackerels 3.49 0.294 1.022 6.448 0.994 0.158 
26 Other small pelagics 3.22 1.170 1.400 6.365 0.997 0.220 
27 Medium pelagics 4.19 0.250 0.425 3.706 0.257 0.115 
28 Large pelagics 4.24 0.049 0.400 2.529 0.864 0.158 
29 Loggerhead turtle 3.09 0.020 0.160 2.680 0.781 0.060 
30 Seabirds 2.73 0.001 4.780 111.610 0.000 0.043 
31 Dolphins 4.46 0.020 0.080 13.810 0.213 0.006 
32 Discards 1.00    0.987  
33 Detritus 1.00 31.440   0.412   

Table 3 
Statistics, flows and ecological indicators for the Thermaikos Gulf in comparison to models from other eastern Mediterranean areas (Thracian Sea: Tsagarakis et al., 
2010; Cyprus: Michailidis et al., 2019; Pagasitikos Gulf: Dimarchopoulou et al., 2019b; Gulf of Mersin: Saygu et al., 2020). Basic descriptive characteristics of the 
models are also provided.   

Thermaikos Pagasitikos Thracian Mersin Cyprus Units 

Basic description       
No. of functional groups 33 31 40 48 40  
Time period 1998–2000 2008 2003–6 2009–13 2015–17  
State of exploitation high semi-protected high high moderate  
Nature of the system semi-closed semi-enclosed semi-closed shelf insular shelf  
Model area 3339 639 8374 4352 1608 km2        

Index       
Sum of all consumption 1386 1456 867 489  t/km2/year 
Sum of all exports 514 249 275 114  t/km2/year 
Sum of all respiratory flows 417 486 270 255  t/km2/year 
Sum of all flows into detritus 868 761 563 292  t/km2/year 
Total system throughput 3185 2951 1976 1150 1034 t/km2/year 
Sum of all production 1350 1114 791 505  t/km2/year 
Calculated total net primary production 923 712 536 369  t/km2/year 
Total primary production/total respiration 2.21 1.47 1.99 1.45 2.04  
Net system production 506 227 266 114  t/km2/year 
Total primary production/total biomass 23 9.1 16.21 15.69 13.06  
Total biomass/total throughput 0.01 0.03 0.02 0.02  /year 
Total biomass (excluding detritus) 40 78 33 23 19 t/km2 

System Omnivory Index 0.2 0.25 0.18 0.16 0.23  
Ecopath pedigree index 0.53 0.53 0.61 0.63 0.62   
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Dimarchopoulou et al., 2019b), the adjacent Thracian Sea and Strymo-
nikos Gulf (henceforth referred to as Thracian Sea: Tsagarakis et al., 
2010), Gulf of Mersin (northern Levantine Sea: Saygu et al., 2020) and 
Cyprus (northern Levantine Sea: Michailidis et al., 2019) ecosystems. 
The Thermaikos Gulf was the largest system in terms of flows (total 
system throughput 3185 t/km2/year) with more complex web-like tro-
phic interactions among FGs than the Thracian Sea and Gulf of Mersin, 
as indicated by the system omnivory index of 0.2 (Table 3). According to 
the indicators of total primary production/total respiration, net system 
production and total biomass/total throughput, the Thermaikos Gulf 
seemed to be an immature system in early developmental stages more 
like the Thracian Sea than the rest of the compared systems. The model 
was built with input data of reasonable quality and was therefore typical 
in its uncertainty (Supplementary Table A4: uncertainty of every input 
value for each parameter was estimated based on the quality of input 
data; when species-specific local data were used, then the uncertainty 
was the lowest) like Pagasitikos Gulf (Ecopath pedigree index 0.53; 
Table 3). 

Although zooplankton presented the highest value of the keystone 
index and impact (Fig. 4), it could not be characterized as a keystone 
group in the studied ecosystem due to its high relative biomass. On the 
other hand, squids and other gadiforms were shown to be an integral 
component of the Thermaikos Gulf ecosystem having a quite high 
overall impact (i.e. total impact on the ecosystem as estimated through 
the mixed trophic impact analysis right below) and keystoneness despite 
their relatively low biomass. The loggerhead turtle and seabirds were 
the groups of the lowest importance in the system. 

Based on the Mixed Trophic Impact (MTI) analysis (Fig. 5), poly-
chaetes were shown to have the highest positive direct impact on 
demersal fishes 1 as a result of their prey-predator relationship, whereas 
zooplankton had the highest negative impact on itself, as did many other 
groups, due to cannibalism and increased within-group competition for 
resources. Apart from the direct negative impact of predatory groups 
(such as large pelagic fishes, medium pelagic fishes, anglerfish and hake) 
on their prey (medium pelagic fishes, squids, rays and skates, and 
demersal fishes 1 respectively), indirect positive impact on their prey’s 

food (squids, benthic small crustaceans, anchovy, and polychaetes 
respectively) or competitor (mackerels, rays and skates, demersal fishes 
3, and red mullets respectively) was also observed. As far as the impact 
of the fishing fleets on the various compartments of the ecosystem is 
concerned, small scale fisheries had the highest overall negative impact, 
particularly affecting dolphins, the loggerhead turtle, large pelagic 
fishes and flatfishes due to fishing and bycatch, while benefiting 
demersal fishes 1 and other gadiforms by removing some of the preda-
tion mortality exerted on them by flatfishes (Fig. 5). 

3.2. Fitting to time series data 

The Ecosim model with the best fit to the observed historical data of 
biomass and catches was the one with the lowest AICc value (− 257.1; 
min SS = 267.1) that took into account the fishing activities and envi-
ronmental parameters (primary production anomaly and SST) and 
improved the model fit by 74.7% compared to the baseline model (step 
17 in Table 4). Nevertheless, as this model could not reproduce the 
trends of target functional groups satisfactorily, we adopted the practice 
of Corrales et al. (2017a) and chose the second best model that still 
demonstrated a credible statistical behavior (AICc = − 248.5, min SS =
248.3, improved the model fit by 68.8% compared to the baseline 
model; step 20 in Table 4) and also was able to reproduce the trends of 
main functional groups well. The chosen model accounted for trophic 
interactions between certain predators and their prey, fishing activities, 
and environmental drivers (primary production anomaly and SST). The 
fitting routine also estimated vulnerabilities for 20 prey-predator pairs. 
Eleven out of the twenty (55%) vulnerabilities were low (value close to 
1; Supplementary table A5) indicating that in the studied ecosystem it is 
not so much predator biomass that determines prey mortality rates, but 
it is more the physiological or behavioural factors of the prey (bottom-up 
control: Christensen and Walters, 2004). The lowest vulnerabilities 
(closest to 1.00) were estimated for the predator-prey interactions of 
horse mackerels-zooplankton, squids-sharks, squids-other small pe-
lagics, and polychaetes-benthic invertebrates. 

There was an overall satisfactory match of the catches estimated by 

Fig. 4. Keystone index and relative total impact of each functional group of the Thermaikos Gulf Ecopath model. Circle size indicates the % relative biomass of 
each group. 
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Ecosim and the observed data, as can be seen in the cases of flatfishes, 
demersal fishes 2, 3, 4, rays and skates, mackerels, other small pelagic 
fishes (Fig. 6). However, for some FGs, such as crabs, large pelagic fishes, 
red mullets, hake, the model could not follow the data well, while for 
sardine and horse mackerels the model seemed to overestimate catches 
(Fig. 6). The correlation matrix between the catch time series of the FGs 
(Fig. 7) revealed 100 significant correlations out of the 276 possible 
combinations (36%), 62% of which were strong (correlation coefficient 
≥0.7), 33% were moderate (0.4 ≤ correlation coefficient <0.7) and 5% 
were weak (correlation coefficient <0.4). The FGs whose catches were 
shown to be overall highly correlated were generally demersal fish 
species, i.e. other gadiforms, sharks, flatfishes, demersal fishes 1–4, rays 
and skates, horse mackerels, and also other small pelagics. The matching 
of the biomass estimated by Ecosim and the observed data seemed more 
problematic with cases of scaling discrepancies (Fig. 8). The match was 
satisfactory for crabs, octopuses and cuttlefish and hake, while flatfishes 
seemed to be underestimated by the model and anchovy seemed to be 
overestimated. 

3.3. Ecosim simulations and future scenarios 

The basic Ecosim simulation (scenario 0: business-as-usual) for bio-
masses and catches for 33 FGs of the Thermaikos Gulf ecosystem 
revealed overall persistent declining trends for important ecological and 
commercial groups from 2000 to 2016, when observed data were 
available. In the projection years, i.e. after 2016, a subsequent increase 
and a following stabilization at an intermediate level compared to the 
previous years was forecasted; that was mainly driven by the primary 
production anomaly (Figs. 6, 8 and 9, and Table 5). The total biomass 
and total catches were predicted to decrease by the end of the simulation 
period in 2025, by 11 and 19%, respectively, while the biomass of 7 FGs 
(21%) showed a marginal increase that varied from <1% (sardine) to 8% 
(mackerels) and the biomass of 6 mostly predatory FGs (18%) showed a 
more pronounced increase varying from 10% (anglerfish) to 204% 
(large pelagic fishes). However, the biomass increase did not result in a 
subsequent increase of the catches as might be expected, except for 
anglerfish and large pelagic fishes (Table 5). Commercially important 
FGs such as the horse mackerels, anchovy, and red mullets were 

Fig. 5. Mixed trophic impact analysis of the Thermaikos Gulf Ecopath model. Impact on and by the four fishing fleets is also shown (1–4).  
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predicted to marginally decrease in biomass (2–8%) with the respective 
catches suffering even greater losses (21–24%). The uncertainty around 
the biomass trajectories of the studied functional groups based on 20 
Monte Carlo simulations are given in Supplementary Fig. A5 in the form 
of 5% and 95% percentiles. 

Regarding the reduced fishing effort scenarios compared to the 
baseline scenario, the first three assumptions were predicted to lead to 
slightly higher biomass in the ecosystem (0.2–0.8%, scenario 1–3), 
proportionally to the reduction in fishing pressure, with catches 
decreasing accordingly (Table 6 and Fig. 8). Catches increased over time 
right after the implementation of the effort reduction scenarios in 2017 
and by the end of the projection period in 2025 they reached a level that 
was generally lower than the baseline scenario. Only the 2025 catches of 
large pelagic fishes were predicted to increase in scenarios 1–3 (8–25% 

increase) compared to the baseline scenario. The most profound biomass 
increase was observed in the predatory FGs of large and medium pelagic 
fishes (20.4–150.7% and 5.8–35.9% respectively, scenario 1–3) and also 
in other small pelagic fishes (7.3–39.9%, scenario 1–3). All predatory 
FGs were predicted to increase in biomass by 1.5 (dolphins) to 5.1% 
(hake) in scenario 1 and by 8.4–23.3% in scenario 3 (Table 6). The 
higher predicted biomass of predatory FGs resulted in the subsequent 
biomass decrease of their preys, such as picarels and bogue (0.6–2.7% 
biomass decrease in scenario 1–3), crabs (0.8–4.2% biomass decrease in 
scenario 1–3), demersal fishes 1 (6.3–32% biomass decrease in scenario 
1–3). Scenario 4 (no beach-seiners after 2016) did not practically differ 
from the baseline scenario (Table 6; Fig. 9). It only resulted in a marginal 
biomass increase of large pelagics (0.3%), sardine, demersal fishes 3, 
and squids (0.1%). Marginal catch decreases were predicted for log-
gerhead turtles (3%), sardine, picarels and bogue, and squids (1%). 
Scenario 5 (no bottom-trawlers and beach-seiners after 2016) resulted in 
a marginal total biomass decrease of 0.1% and a total catch decrease of 
9% (Table 6; Fig. 9). The most profound biomass increase under scenario 
5 was predicted for anglerfish (15.9%) and hake (10.6%), quite similar 
to scenario 2. The biomass ratio of demersal over pelagics, as well as the 
biomass of predators, presented considerable decrease by the end of the 
calibration period in 2016 by about 15 and 38% respectively and 
increased in 2025, marginally exceeding the initial level (Fig. 10). The 
invertebrate to fish biomass ratio showed the opposite pattern as it 
increased by 93% in 2016 and then fell lower than the initial value in 
2000 (Fig. 10). According to the fishing effort reduction scenarios, the 
biomass of predators was predicted to increase proportionally to the 
reduction in effort, while the invertebrate/fish and demersal/pelagic 
ratios were predicted to decrease proportionally to the reduction in 
effort (Fig. 10). Scenario 4 (no beach seiners after 2016) resulted in 
almost identical biomass ratios as the baseline scenario, while scenario 5 
(no beach seiners and bottom trawlers after 2016) resulted in higher 
demersal to pelagic biomass ratios compared to all other scenarios 
(Fig. 10). 

4. Discussion 

The Thermaikos Gulf is a highly productive area (Sylaios et al., 2010) 
that is highly impacted by various human activities, and it requires 
consistent monitoring to ensure its sustainable exploitation and suc-
cessful management in the context of EBFM (Poulos et al., 2000; 
Dimarchopoulou et al., 2018; Petala et al., 2018). The ecological model 
of the Thermaikos Gulf presented in this study, constitutes the first 
representation of the structure and functioning of this coastal ecosystem 
and quantification of the long-term effects of fishing by integrating the 
best available local biological, fisheries, and environmental data for 
organisms across all trophic levels. Indeed, we acknowledge that the 
lack of a complete biomass time series for more functional groups, as 
well as the lack of multi-stanza consideration, add to the uncertainty of 
the model results, which was actually put forward through Monte Carlo 
simulations (Supplementary Fig. A5). In fact, all models have an 
inherent level of uncertainty that stems from the quantity and quality of 
input data (Steenbeek et al., 2018). Nevertheless, despite these limita-
tions, we maintain that the present ecosystem model of the Thermaikos 
Gulf provides a useful tool in the data-poor eastern Mediterranean 
(Dimarchopoulou et al., 2017) and adds to the EwE models of other 
exploited areas that have been developed in the Aegean Sea (Tsagarakis 
et al., 2010; Dimarchopoulou et al., 2019b). 

The unique “quality footprint” of the Thermaikos Gulf base model, 
expressed through a pedigree index (Table 1) of 0.53, classifies it as a 
medium-high quality model (0.4–0.599: Morissette, 2007) right in 
agreement with the Ecopath model of Pagasitikos Gulf (Table 3; 
Dimarchopoulou et al., 2019b), but lower than the ones in the Thracian 
Sea (Tsagarakis et al., 2010), Cyprus (Michailidis et al., 2019) and Gulf 
of Mersin (Saygu et al., 2020), probably owing to the input production 
and consumption values having been calculated from empirical 

Table 4 
Model fits according to the steps applied by Mackinson et al. (2009) including 
trophic interactions, fishery and environmental drivers (primary production 
anomaly and chlorophyll a -chla- on the primary producer and sea surface 
temperature -SST-on sardine, anchovy, and horse mackerels). The chosen model 
is shown in bold italics; it has the second biggest improvement (%) compared to 
the baseline model and the second lowest AICc (Heymans et al., 2016; Scott 
et al., 2016).  

Steps Vs ASP K min 
SS 

AICc Improved 
(%) 

1. Baseline (B) 0 0 0 348.4 − 147.2  
2. B & trophic 

interactions 
20 0 20 348.4 − 105.4 − 28.4 

3. B & environment (pp 
anomaly) 

0 8 8 285 − 226.3 53.7 

4. B, trophic inter., & 
env. (pp anomaly) 

20 8 28 281.2 − 189.4 28.7 

5. B, trophic inter., & 
env. (pp anomaly þ
chla) 

20 8 28 276.4 − 197.6 34.2 

6. B and environment 
(SST) 

0 0 0 343.2 − 154.4 4.9 

7. B, trophic inter., & 
env. (SST) 

20 0 20 340.7 − 116.0 − 21.2 

8. B & env. (pp anomaly 
þ SST) 

0 8 8 277.7 − 238.7 62.2 

9. B, trophic inter., & 
environment (pp 
anom þ SST) 

20 8 28 271.4 − 206.2 40.1 

10. B, trophic inter., & 
env. (pp anom þ SST 
þ chla) 

20 8 28 267.8 − 212.6 44.4 

11. B & fishery 0 0 0 332.7 − 169.1 14.9 
12. B, fishery, & 

environment (pp 
anom) 

0 8 8 273.5 − 245.9 67.1 

13. B, trophic 
interactions, & 
fishery 

20 0 20 323.2 − 141.0 − 4.2 

14. B, trophic inter., 
fishery, & env. (pp 
anom) 

20 8 28 265.3 − 217.0 47.4 

15. B, trophic inter., 
fishery, & env. (pp 
anom þ chla) 

20 8 28 265.9 − 216.0 46.7 

16. B, fishery, & env. 
(SST) 

0 0 0 328.8 − 174.7 18.7 

17. B, fishery, & env. 
(pp anom þ SST) 

0 6 8 267.1 − 257.1 74.7 

18. B, trophic inter., 
fishery, & env. (SST) 

20 0 20 318.3 − 148.3 0.8 

19. B, trophic inter., 
fishery, & env, (pp 
anom þ chla þ SST) 

20 8 28 258.1 − 230.1 56.3 

20. B, trophic inter., 
fishery, & env. (pp 
anom + SST) 

20 8 28 248.3 − 248.5 68.8 

*Vs: vulnerabilities; ASP: anomaly spline points; K: number of parameters esti-
mated; SS: sum of squares; AICc: Akaike Information Criterion. 
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Fig. 6. Catches predicted by the Ecosim model (lines) for each functional group of the Thermaikos Gulf from 2000 to 2025, in comparison to reconstructed official 
catches (points) (based on Moutopoulos and Stergiou, 2012). 
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equations or derived from other models. Despite the varying exploita-
tion level and difference in the nature of the systems, these specific 
models of nearby regions share similarities regarding the number of FGs, 
the aggregation across trophic levels, the top predator specifications and 
the lack of bacterial FGs and can, therefore, be compared through in-
dicators that are robust to model construction (Heymans et al., 2016). 
The summary statistics indicate that the Thermaikos Gulf is an immature 
system, with a high system production, much above zero, that exceeds 
respiration (Table 1), probably owing to its intense exploitation by 
numerous fishing vessels, including bottom trawlers. It has been shown 
that fishing exploitation may lead the ecosystem to a less mature state, 
whereas banning fishing with towed gears may drive change in bottom 
complexity, as well as benthos and fish species composition from 
disturbed to mature ecosystems (Watling and Norse, 1998). These re-
sults were quite similar to the highly exploited northern Adriatic (Coll 
et al., 2007) and Thracian Seas (Tsagarakis et al., 2010), but different 
from Pagasitikos Gulf that is under a semi-protected regime with towed 
gears being prohibited for half a century (Dimarchopoulou et al., 
2019b). 

Keystone FGs are the ones that have a keystoneness (Table 1) value 
close to or above zero (Libralato et al., 2006a). In the Thermaikos Gulf 
model, squids were shown to have a great influence in the trophic web of 
the Thermaikos Gulf presenting a high keystone index, a finding that is 

in accordance with several other models from the Mediterranean (Bar-
ausse et al., 2009; Tsagarakis et al., 2010; Dimarchopoulou et al., 
2019b). Since squid species are believed to have a major structuring role 
in marine ecosystems, as important consumers that link different trophic 
levels and habitats, ecosystem models can highly contribute to investi-
gating the poorly understood impact and ecological role of cephalopods 
within the studied systems, by quantifying the wide range of their tro-
phic relationships and allowing simulations to the future that can be 
useful for management (de la Chesnais et al., 2019). In the present 
model, squids along with other gadiforms had the highest negative 
impact on their preys resulting from high consumption rate of mainly 
zooplankton, anchovy and sardine. This can have both ecosystem and 
fisheries implications. Firstly, through such a cascading trophic effect, 
squids and other gadiforms may indirectly benefit primary producers 
(one phytoplankton group in the present model) by reducing the 
abundance of the herbivores feeding on them (Schmitz et al., 1997). 
Furthermore, since anchovy and sardine are the dominant pelagic spe-
cies in the landings composition of the Thermaikos Gulf, similarly to the 
Thracian Sea and Pagasitikos Gulf (Tsikliras and Stergiou, 2007), the 
highly impacting FGs of squids and other gadiforms seem to be 
competing with local fishers (Hjermann et al., 2004) for these important 
exploited resources of the area (Tsagarakis et al., 2010; Dimarchopoulou 
et al., 2019b). 

Fig. 7. Correlation matrix between the catch time series of 23 functional groups of the Thermaikos Gulf EwE model depicting only the significant relationships and 
the respective correlation coefficients (− 1 negative, +1 positive correlation). 
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Fig. 8. Biomass predicted by the Ecosim model for each functional group of the Thermaikos Gulf from 2000 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) after 2016 [A], in comparison to available observed biomass 
values (points) [B]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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The Thermaikos Gulf EwE model benefitted from tuning it with times 
series of observed catch and biomass values that increase confidence in 
the model’s predictions (Coll et al., 2008). The model was able to cap-
ture more realistically long-term trends in some FGs (e.g. flatfishes, 
demersal fishes 2, 3, 4) that are the main targets of coastal and 
bottom-trawl fisheries throughout the year. Nine FGs including more 
than 70 species that live on or near the sea bottom (demersal) and are 
targeted by trawlers and small scale coastal vessels (Stergiou et al., 

2007) had highly correlated catch time series. That can be related to 
habitat and fleet characteristics, as well as the multi-gear and 
multi-species nature of the northern Aegean (Tsagarakis et al., 2010) 
and Mediterranean Sea fisheries (Stergiou et al., 2016). As a result, and 
also due to the fact that there were less biomass time series available for 
the fitting process, the model was mostly tuned to these correlated catch 
time series of some demersal FGs. Nevertheless, as it also happens in 
other similar studies, the model failed to follow the trend in highly 

Fig. 9. Biomass predicted by the Ecosim model for each functional group of the Thermaikos Gulf from 2000 to 2025, according to the business-as-usual scenario 
(black line) and two scenarios of reduced fishing effort in which beach seiners (orange) and both bottom trawlers and beach seiners (purple) are banned after 2016. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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migratory species that only seasonally occur in the area and are poorly 
represented in EwE, such as the large pelagic fishes (Coll et al., 2008; 
Corrales et al., 2017a; Piroddi et al., 2017).. 

The overall declining trend in the biomass of most FGs over the 
historical period 2000–2016 supports previous findings which highlight 
the bad stock status and declining biomass-at-sea in the Greek Seas as 
estimated by stock assessment models (Froese et al., 2018a), as well as 
intense fisheries exploitation and declining catches compared to his-
torical values (Tsikliras et al., 2013). Such decreasing biomass pattern of 
targeted demersal and pelagic species has also been observed in other 
similar models in the western, central and eastern Mediterranean and 
was attributed to a combination of driving factors including fishing, 
trophic interactions and environmental changes (Coll et al. 2008, 2009; 
Corrales et al., 2017a). Notably, in Israel, alien species were shown to 
thrive over time in the area, most probably at the expense of native 
species (Corrales et al., 2017a). Alien species invasions have been 
recorded to cause a decline in local populations and are suspected to 
therefore induce a reduction of genetic diversity, loss of functions, 

processes, and habitat structure (Galil, 2007). Since many marine alien 
species have already been recorded in the Thermaikos Gulf, but not in 
alarming numbers yet (Katsanevakis et al., 2013), the observed 
declining biomass trends of local commercial species can be concerning; 
thus, putting alien species in the picture would be worth investigating in 
the future, provided their presence in the area is established and rele-
vant data are available. 

The general increase and stabilization of biomass and catches in the 
projection years at overall lower levels compared to the starting year, 
are mainly driven by the primary production anomaly predicted by the 
model. Apart from environmental drivers in the form of primary pro-
duction anomaly, SST also contributed to the fitting of the model to 
observed biomass and catches, indicating that SST is closely linked to 
system productivity. Marine hotspots of high productivity are usually 
linked to low SST that may result from oceanographic processes such as 
upwellings and river outflows and are important areas for fish aggre-
gation and fisheries production (Valavanis et al., 2004). Accordingly, 
increasing SST, that can potentially be caused by ocean warming, is 

Table 5 
Ecosim simulation results for the Thermaikos Gulf for the scenario 0: business-as-usual. FG: functional group. Biomass (Bi) and catch (Ca) 
values (t/km2) and ratios at the starting year (2000: data were averaged over three years, i.e. 1998-2000) and the end of the simulation 
period (2025: to account for estimate uncertainty an average of 2023–2025 was used). Blue represents an increase of biomass and catch 
in 2025 compared to 2000. 
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likely to lead to more intense stratification, reduced nutrient input in the 
euphotic zone and ultimately lower productivity (Dunstan et al., 2018). 
In the north Aegean Sea, biological traits were used to detect the effects 
of different fisheries management scenarios on the ecosystem, which 
predicted decrease of thermophilic traits of marine organisms, such as 
high optimal temperature and summer spawning, something that could 
mitigate the anticipated climate change effects (Papapanagiotou et al., 
2020). 

As in other areas of the Mediterranean Sea (Adriatic Sea: Coll et al., 
2009; Levantine Sea: Corrales et al., 2017a), temporal trends in 
ecological indicators pointed out ecological changes in the food web 
structure of the Thermaikos Gulf as a whole showing a historical trend of 
ecosystem degradation (Dimitriou et al., 2018). Ecosystems respond 
differently to the various pressures and ecological indicators can be 
negatively affected by fishing or the environment, while at the same 
time they can be positively influenced by some other driver (Large et al., 
2015). The biomass of predators in the Thermaikos Gulf (anglerfish, 
flatfishes, hake, rays and skates, medium pelagic fishes; except for large 
pelagic fishes and dolphins that were stable or slightly increasing) pre-
sented an overall decline during the calibration period with a more 
profound decrease from 2005 to 2016, hence indicating ecosystem 
changes due to intense fishing. The respective decrease in the demersal 
to pelagic biomass ratio and the slight increase of the invertebrate to fish 
biomass ratio also corroborated these findings. It should be noted that 

the observed trend of the demersal to pelagic ratio could potentially be 
biased due to the inherent model-fitting issues reported. Nevertheless, 
the decreasing demersal to pelagic ratio has also been previously re-
ported in the landings of the northern Aegean Sea (Thermaikos Gulf 
included, along with the Thracian Sea and Pagasitikos Gulf) for the 
period 1990–2003 (Tsikliras and Stergiou, 2007), a finding that also 
denotes depletion of demersal stocks and possible decline of large 
pelagic stocks that then compels local fisheries to rely on the lower part 
of the food web with smaller, short-lived species. Fishing is known to 
selectively remove large individuals and large species that are long-lived 
and grow more slowly; thus, exploited ecosystems end up hosting more 
small-sized species and individuals at the cost of larger ones (Stergiou 
and Tsikliras, 2011). This is reflected on the catches derived from these 
systems that are characterized by reduced mean trophic level as they 
consist of more short-lived, low TL invertebrates and planktivorous 
pelagic fish rather than high TL, piscivorous demersal fish, i.e. the fishing 
down marine food webs phenomenon (Pauly et al., 1998). The shrinking 
of the Mediterranean marine food webs has been confirmed using catch, 
biomass, survey data and somatic size indicators (Stergiou and Tsikliras, 
2011; Tsikliras et al., 2015; Dimarchopoulou et al., 2018). 

As also shown in another semi-enclosed ecosystem in Greece 
(Pagasitikos Gulf; Dimarchopoulou et al., 2019b), all the future sce-
narios of reduced fishing effort resulted in higher biomass in the 
ecosystem but fewer catches, with the reduction in fishing pressure 

Table 6 
Ecosim simulation results for the Thermaikos Gulf for three scenarios of fishing effort reduction by 10, 30 and 50% compared to the 
business-as-usual scenario. FG: functional group. Biomass (Bi) and catch (Ca) ratios at the end of the simulation period (2025: to account 
for estimate uncertainty an average of 2023–2025 was used). Blue represents higher (ratio >1) biomass or catch. 
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being proportional to the biomass increase and catch decrease among 
the tested scenarios. Within each scenario, catches increased consider-
ably right after 2016 (as it would be expected to happen in an over-
exploited system based on the yield curve for a given species), but in 
most cases they could not reach or exceed the levels of 2000. As 
demonstrated by Froese et al. (2018a) stocks can be rebuilt, but it may 
take a few years for catches to reach or exceed their initial level right 
before the implementation of reduced fishing effort. However, this 
doesn’t mean that the ecosystem will be able to produce catch levels of 

25 years ago after less than 10 years (2017–2025) of reduced effort, as 
seen here. Even though environmental parameters were a significant 
driver of changes in the Thermaikos Gulf ecosystem, fishing did remain a 
highly impacting anthropogenic activity as shown by the results of the 
scenarios and as also presented in previous works in the Mediterranean 
(Coll et al., 2008; Corrales et al., 2017a; Dimarchopoulou et al., 2019b). 
Notably, the inner part of the Thermaikos Gulf that is protected from 
large-scale fishing activities hosts fish and invertebrate populations of 
higher biomass and healthier size structure (indicated by the presence of 
more and larger fish: Jennings and Blanchard, 2004; Froese et al., 
2018b) compared to the exploited part (Dimarchopoulou et al., 2018). 
The biomass increase in the three future scenarios was shown to be 
generally higher in top predators, which are known to be more intensely 
targeted by fishing activities (Myers and Worm, 2003) because of their 
higher price (Tsikliras and Polymeros, 2014), and lower for prey FGs 
that are consumed in higher rates following the proliferation of their 
predators as predicted by the model. 

Although the Pagasitikos Gulf has been trawler-free for decades 
(Dimarchopoulou et al., 2019b), it would not be realistic for trawlers to 
be totally banned from the fished part of the Thermaikos Gulf since this 
gear provides a considerable proportion of the catches of the northern 
Aegean Sea. Rather, some reduction in the fishing days (on a weekly or 
monthly basis) would be more feasible in the medium term. On the other 
hand, the beach seiners that operate in the Thermaikos Gulf are only a 
few and banning those would result in marginally higher biomass for 
important commercial groups (squids, anglerfish, hake, demersal fishes 
3, sardine, mackerels, medium and large pelagics), while it would 
slightly decrease discards. Beach seining has indeed been shown to be a 
less sustainable gear that causes fish abundance reductions (Vieira et al., 
2020). In fact, in 2013, Greece issued a ban on beach seining but the gear 
was later re-instated through an experimental fishing license issued for 
the entire fleet (around 200 vessels throughout Greece) and there is still 
a small amount of beach seining catch being reported in the official 
landings (Moutopoulos, 2020). Previous independent research in Greek 
waters has shown that, when operating above Posidonia oceanica 
meadows, beach seining is non-selective regarding species composition 
(88 species are reported in Kalogirou et al., 2010) and collects the 
highest percentage of undersized individuals (juveniles) compared to all 
other gears operating in Greek waters (Tables 4 and 5 in Stergiou et al., 
2009). The number of species collected is significantly reduced when the 
gear operates over sandy habitats (Kalogirou et al., 2012). 

Ecosystem models like EwE can make use of time series data to 
perform and validate projections in the future (that are plausible given 
the initial model configuration), which can then be helpful in assessing 
ecosystem status and adjusting management practices to successfully 
meet future conservation and sustainability targets (Brasier et al., 2019). 
Obviously though, since models are mathematical abstractions of real 
complicated systems and therefore hold an inherent level of uncertainty 
that has to do with the quality and reliability of the input data, they 
should be treated and analyzed with attention (Steenbeek et al., 2018). 

This study confirms at an ecosystem level what should already have 
been known from single-species stock assessments but failed to be re-
flected in fisheries management: that the less we fish, the more the 
available biomass to exploit in the future. What single-species stock 
assessments cannot predict is the effect any management decision might 
have on the remaining components of the ecosystems, including other 
exploited or unexploited populations, in combination with environ-
mental forcing that may determine the energy available across the food 
web. The biggest natural experiment of the century on the effects of 
fishing on marine populations (the recent lockdown due to the COVID- 
19 outbreak) has also proven that stock and ecosystem rebuilding can 
only be possible with less fishing and temporal/spatial closures (Piroddi 
et al., 2020; Kemp et al., 2020). The obvious solution of slowing the rate 
at which resources are becoming depleted doesn’t only apply to the 
aquatic environment, but also to other exhaustible overexploited natural 
resources such as arable land, fossil fuels, and forest vegetation 

Fig. 10. Ecological indicators of the Thermaikos Gulf ecosystem estimated for 
the calibration period 2000–2016 (solid line) and the projection period 
2017–2025 under the baseline scenario (dashed line) and the three fishing 
effort reduction scenarios (10%: blue; 30%: green; 50%: red). Note: the y-axis 
was modified for presentation purposes. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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(Subramanian, 2018). 
In conclusion, the model simulations highlighted the important role 

of environmental factors, in particular ocean warming, as well as fishing 
activities on shaping ecosystem changes in species, communities and the 
food web. And while environmental changes can be quite stochastic and 
hard to control (Jameson et al., 2002), fishing effort is a parameter that 
can be regulated to ensure more resilient ecosystems in the face of global 
change (Rainer Froese interviewed by Erik Stokstad in March 2019). In 
the historically overexploited Mediterranean Sea where the impacts of 
overfishing are obvious in the bad status of the stocks (Colloca et al., 
2013; Tsikliras et al., 2015), reducing exploitation levels is expected to 
result in the rebuilding of stocks that may then lead to higher catches in 
the medium term with considerably higher income for the fishers 
(Froese et al., 2018a). Future work focuses on the spatial component of 
EwE in the Thermaikos Gulf, as it is the combination of spatial fishing 
restrictions and protected areas with overall effort reductions that will 
ensure stock rebuilding to previous biomass levels (Dimarchopoulou 
et al., 2019a). 
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SUPPLEMENT to “Ecosystem trophic structure and fishing effort simulations of a major fishing ground in the northeastern Mediterranean Sea (Thermaikos Gulf)” 

by Dimarchopoulou D, Tsagarakis K, Sylaios G, Tsikliras AC 

 

Table A1 Input data and data sources of the Thermaikos Gulf Ecopath model. 

FG / Basic input parameter Value Source Notes 

1. Phytoplankton    

Bi 0.46 mg Chla m-3 SeaWiFS Project Average for years 2002-4 (the oldest of the time series) 

P/B 117.3 y-1 Tsagarakis et al. 2010  

2. Zooplankton    

Bi 6.1 t/km2 

Tsagarakis et al. 2010 

modified due to increased phytoplankton biomass and 
ecosystem temperature 

P/B 62.47 y-1 

Q/B 186.4 y-1 

Diet   

3. Benthic small crustaceans   Amphipods, isopods, cumaceans etc, including 
suprabenthos 

Bi 1.11 t/km2 

Tsagarakis et al. 2010 

 

P/B 7.686 y-1 
modified due to increased ecosystem temperature 

Q/B 57.12 y-1 

Diet   

4. Polychaetes    

Bi 4.808 t/km2 Zarkanellas & Kattoulas 1982  

P/B 1.712 y-1 

Tsagarakis et al. 2010 
modified due to increased ecosystem temperature 

Q/B 13.08 y-1 

Diet   

5. Shrimps   Melicertus kerathurus, Parapenaeus longirostris 

Bi 0.306 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 3.339 y-1 

Tsagarakis et al. 2010 
modified due to increased ecosystem temperature 

Q/B 7.896 y-1 

Diet   

6. Crabs   Carcinus aestuarii, Hommarus gammarus, Liocarcinus 
depurator, Nephrops norvegicus, Squilla mantis 

Bi 0.412 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 2.541 y-1 

Tsagarakis et al. 2010 
modified due to increased ecosystem temperature 

Q/B 5.187 y-1 

Diet   
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7. Benthic invertebrates   Echinodermata, mollusca, sipuncula etc, excluding 
decapoda 

Bi 8.710 t/km2 

Tsagarakis et al. 2010 

 

P/B 1.208 y-1 
modified due to increased ecosystem temperature 

Q/B 3.334 y-1 

Diet   

8. Octopuses and cuttlefish   Eledone cirrhosa, Eledone moschata, Octopus vulgaris, 
Rondeletia minor, Sepia elegans, Sepia officinalis, Sepia 
orbignyana, Sepietta spp., Sepiola spp. 

Bi 0.247 t/km2  Biomass estimates from trawling surveys in Thermaikos 
Gulf (1998-2000) 

P/B 2.900 y-1 

Tsagarakis et al. 2010 
modified due to increased ecosystem temperature 

Q/B 5.807 y-1 

Diet   

9. Squids   Alloteuthis media, Illex coindetii, Loliginidae, Loligo sp., 
Ommastrephidae 

Bi 0.363 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 2.600 y-1 

Tsagarakis et al. 2010 

 

Q/B 26.47 y-1  

Diet   

10. Red mullets   Mullus barbatus, M. surmuletus 

Bi 0.196 t/km2 Anonymous 2000  Biomass estimates from trawling surveys in Thermaikos 
Gulf (1998-2000)  

P/B 1.908 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 7.192 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

11. Anglerfish   Lophius budegassa, L. piscatorius 

Bi 0.203 t/km2 Anonymous 2000 Biomass estimates from trawling surveys in Thermaikos 
Gulf (1998-2000)  

P/B 1.100 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 3.777 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

12. Flatfishes   Arnoglossus laterna, Arnoglossus thori, Citharus 
linguatula, Scophthalmus maximus, Solea solea, 
Symphurus nigrescens 
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Bi 0.107 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 1.820 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 8.741 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

13. Other gadiforms   Gaidropsarus mediterraneus, Merlangius merlangus, 
Micromesistius poutassou, Phycis blennoides, 
Trisopterus capelanus 

Bi 0.580 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 1.450 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 6.493 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

14. Hake   Merluccius merluccius 

Bi 0.400 t/km2 Anonymous 2000 Biomass estimates from trawling surveys in Thermaikos 
Gulf (1998-2000)  

P/B 0.587 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 3.700 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

15. Demersal fishes 1   Callionymus lyra, C. maculatus, C. risso, Callionymus 
spp., Diplodus vulgaris, Gobius niger, Oblada melanura, 
Zosterisessor ophiocephalus 

Bi 0.150 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 2.400 y-1 Coll et al. 2009  

Q/B 9.306 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

16. Demersal fishes 2   Chelidonichthys cuculus, C. lastoviza, C. lucerna, 
Deltentosteus quadrimaculatus, Dicentrarchus labrax, 
Eutrigla gurnardus, Helicolenus dactylopterus, Pagrus 
pagrus, Scorpaena notata, S. porcus, Serranus hepatus, 
Syngnathus acus, Umbrina cirrosa 

Bi 0.246 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 1.600 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  
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Q/B 7.739 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

17. Demersal fishes 3   Blennius ocellaris, Conger conger, Coris julis, Dentex 
dentex, D. macrophthalmus, Diplodus sargus sargus, 
Lithognathus mormyrus, Pagellus acarne, P. bogaraveo, 
P. erythrinus, Polyprion americanus, Sarpa salpa, 
Scorpaena scrofa, Serranus cabrilla, S. scriba, Sparus 
aurata, Symphodus tincs, Trachinus draco, Uranoscopus 
scaber, Zeus faber 

Bi 0.322 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 1.400 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 4.592 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

18. Demersal fishes 4   Argentina sphyraena, Capros aper, Cepola 
macrophthalma, Dentex maroccanus, Diplodus 
annularis, Gobius auratus, Lepidotrigla cavillone, 
Lesueurigobius friesii, L. suerii, Macroramphosus 
scolopax, Spondyliosoma cantharus, Trigla lyra 

Bi 0.237 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 1.900 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 11.100 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

19. Picarels and bogue   Boops boops, Spicara flexuosa, S. maena, S. smaris 

Bi 0.663 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 1.500 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 8.339 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

20. Sharks   Mustelus spp., Scyliorhinus canicula, Squalidae 

Bi 0.071 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 0.698 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 4.080 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  
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Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

21. Rays and skates   Leucoraja naevus, Raja clavata, R. radula, 
Rhinobatidae, Torpedo marmorata 

Bi 0.141 t/km2 Anonymous 2000; Moutopoulos & Stergiou 2012 Biomass estimates from trawling surveys in Thermaikos 
Gulf and reconstructed fisheries landings (1998-2000) 

P/B 1.000 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 3.394 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

22. Anchovy   Engraulis encrasicolus 

Bi 2.250 t/km2 Tsagarakis et al. 2015 Biomass estimates from acoustic surveys in N. Aegean 
Sea (2005-2008) 

P/B 1.753 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 6.693 yr-1 Tsagarakis et al. 2010 modified due to increased ecosystem temperature 

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

23. Sardine   Sardina pilchardus 

Bi 1.950 t/km2 Tsagarakis et al. 2015 Biomass estimates from acoustic surveys in N. Aegean 
Sea (2005-2008) 

P/B 1.778 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 11.670 yr-1 Tsagarakis et al. 2010 modified due to increased ecosystem temperature 

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

24. Horse mackerels   Trachurus mediterraneus, T. trachurus 

Bi 0.732 t/km2 Anonymous 2000 Biomass estimates from trawling surveys in Thermaikos 
Gulf (1998-2000)  

P/B 1.000 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 7.315 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

25. Mackerels   Scomber colias, S. scombrus 

Bi 0.294 t/km2 Anonymous 2000 Biomass estimates from trawling surveys in Thermaikos 
Gulf (1998-2000) 

P/B 1.022 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 6.448 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

26. Other small pelagics   Belone belone, Mugilidae, Sardinella aurita 
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Bi 1.170 t/km2 Tsagarakis et al. 2010; Moutopoulos & Stergiou 2012 Adjusted based also on reconstructed fisheries landings 
(1998-2000) 

P/B 1.400 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 6.365 yr-1 Empirical equation FishBase (Froese & Pauly 2019)  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

27. Medium pelagics   Auxis thazard, Pomatomus saltatrix, Sarda sarda, 
Seriola dumerili 

Bi 0.250 t/km2 Tsagarakis et al. 2010  

P/B 0.425 yr-1 Z=F+M; M=Empirical equation (Pauly, 1980)  

Q/B 3.706 yr-1 Tsagarakis et al. 2010 Adjusted based on FG species composition 

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

28. Large pelagics   Thunnus spp., Xiphias gladius 

Bi 0.049 t/km2 

Tsagarakis et al. 2010 

 

P/B 0.400 yr-1  

Q/B 2.529 yr-1  

Diet  Stergiou & Karpouzi 2002; Karachle & Stergiou 2017 
(and references therein); Tsagarakis et al. 2010 

 

29. Loggerhead turtle   Caretta caretta 

Bi 0.020 t/km2 

Tsagarakis et al. 2010 

 

P/B 0.160 yr-1  

Q/B 2.680 yr-1  

Diet   

30. Seabirds   Calonectris diomedea, Hydrobates pelagicus, Larus 
audouinii, L. cachinnans, L. melanocephalus, 
Phalacrocorax aristotelis, Puffinus yelkouan 

Bi 0.001 t/km2 

Tsagarakis et al. 2010 

 

P/B 4.780 yr-1  

Q/B 111.61 yr-1  

Diet   

31. Dolphins   Delphinus delphis, Phocoena phocoena, Stenella 
coeruleoalba, Tursiops truncatus 

Bi 0.015 - 0.03 t/km2  

Tsagarakis et al. 2010 

 

P/B 0.080 yr-1  

Q/B 13.81 yr-1  

Diet  Tsagarakis et al. 2010; Milani et al. 2017  

32. Detritus    

Bi 31.44 t/km2 Tsagarakis et al. 2010  
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Table A2 Codes and scientific names of species used in the cluster analysis of diet compositions (Fig. 2). 

Code Scientific name Code Scientific name 

CALLRIS Callionymus risso PAGEERY  Pagellus erythrinus 
CAPOAPE Capros aper PAGRPAG  Pagrus pagrus 
CEPOMAC  Cepola macrophthalma SARPSAL  Sarpa salpa 
CHELCUC Chelidonichthys cuculus SCORNOT  Scorpaena notata 
CHELLUC  Chelidonichthys lucerna SCORPOR  Scorpaena porcus 
CONGCON  Conger conger SCORSCR  Scorpaena scrofa 
CORIJUL  Coris julis SERACAB  Serranus cabrilla 
DELTQUA  Deltentosteus quadrimaculatus SERAHEP  Serranus hepatus 
DIPLANN  Diplodus annularis SERASCR  Serranus scriba 
DIPLSAR  Diplodus sargus SPARAUR  Sparus aurata 
DIPLVUL  Diplodus vulgaris SPODCAN  Spondyliosoma cantharus 
EUTRGUR  Eutrigla gurnardus SYMPTIN  Symphodus tinca 
GOBIAUR  Gobius auratus SYNGACU  Syngnathus acus 
GOBINIG Gobius niger TRAHDRA  Trachinus draco 
LEPICAV  Lepidotrigla cavillone TRIGLYR  Trigla lyra 
LESUSUE  Lesueurigobius suerii TRIGLAS  Trigloporus lastoviza 
LITHMOR  Lithognathus mormyrus UMBRCIR  Umbrina cirrosa 
OBLAMEL Oblada melanura URANSCA  Uranoscopus scaber 
PAGEACA  Pagellus acarne ZEUSFAB  Zeus faber 
PAGEBOG  Pagellus bogaraveo ZOSTOPH  Zosterisessor ophiocephalus 
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Table A3 Diet composition matrix of the Thermaikos Gulf Ecopath model. Grey cells indicate values <0.01. 

 Prey \ predator 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

1 Phytoplankton 0.6 0.02             0.02       0.131   0.01      

2 Zooplankton 0.2 0.097  0.103   0.09 0.175 0.14 0.018 0.161 0.3 0.137 0.107 0.15 0.152 0.773 0.9 0.142 0.035 1 0.849 0.767 0.6 0.867 0.05 0.05 0.05   

3 Benthic small 
crustaceans 

 0.03  0.23 0.06  0.14 0.128 0.184 0.03 0.121 0.305 0.063 0.131 0.2 0.078 0.1 0.05    0.02 0.03 0.04 0.103 0.02     

4 Polychaetes  0.02 0.03 0.2 0.41 0.02 0.06 0.075 0.132 0.06 0.022   0.661 0.12 0.095 0.019 0.045 0.05 0.1   0.047        

5 Shrimps    0.03 0.02  0.01  0.04 0.02 0.012 0.01 0.073 0.018 0.05 0.084 0.045  0.01 0.1    0.01   0.03    

6 Crabs    0.026 0.025  0.05 0.013 0.08  0.012 0.032   0.09 0.038 0.036  0.1 0.1        0.138   

7 Benthic 
invertebrates 

 0.03 0.06 0.28 0.31 0.03 0.53 0.02 0.024 0.1 0.04  0.02 0.083 0.02 0.145 0.027  0.2 0.035   0.05 0.084   0.093 0.299   

8 Octopuses and 
cuttlefish 

   0.02   0.05 0.035  0.1 0.04  0.04  0.015 0.048   0.08 0.012   0.01     0.01  0.017 

9 Squids        0.045     0.115      0.068    0.035   0.055 0.13 0.01  0.122 

10 Red mullets          0.02  0.031   0.04     0.055           

11 Anglerfish          0.02         0.02            

12 Flatfishes          0.02 0.01  0.012      0.054            

13 Other gadiforms        0.022  0.1 0.12  0.03  0.08 0.022   0.048 0.04      0.066     

14 Hake          0.036   0.04      0.046 0.026      0.01    0.035 

15 Demersal fishes 1           0.08 0.03 0.02  0.015    0.043 0.08          0.107 

16 Demersal fishes 2       0.02   0.05 0.04  0.02   0.05    0.03       0.02   0.135 

17 Demersal fishes 3       0.04    0.12 0.01 0.04       0.03          0.136 

18 Demersal fishes 4          0.036 0.07 0.015 0.04  0.03 0.01   0.028 0.06    0.004       

19 Picarels and bogue       0.01 0.023  0.08  0.032 0.03  0.075 0.055    0.01   0.03   0.03  0.05  0.189 

20 Sharks                               

21 Rays and skates          0.05         0.015            

22 Anchovy        0.156  0.03 0.04 0.184 0.16   0.114   0.018 0.195    0.1  0.294 0.35 0.01 0.04 0.019 

23 Sardine        0.163  0.05  0.01 0.11  0.03 0.05   0.02 0.05    0.13  0.295 0.1 0.05 0.05 0.03 

24 Horse mackerels        0.03  0.13 0.069        0.048 0.01      0.05 0.04 0.05  0.043 

25 Mackerels          0.05 0.02    0.03 0.05          0.02 0.04    

26 Other small 
pelagics 

       0.09     0.05  0.03         0.02  0.09 0.062  0.04 0.16 

27 Medium pelagics                           0.075    

28 Large pelagics                               

29 Loggerhead turtle                               

30 Seabirds                               

31 Dolphins                               

32 Discards    0.015 0.01       0.013       0.01 0.01        0.32 0.26  

33 Detritus 0.2 0.8 0.81 0.09 0.15 0.9   0.4                0.01      

 Import   0.1   0.05                       0.61  

 Sum 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

 

  



 10 

Table A4 Index values (IV) and confidence intervals (CI ±%) used to describe the uncertainty range for each input parameter and functional group (FG) of the Thermaikos 

Gulf Ecopath model. 

 FG Biomass P/B Q/B Diet Catches 

  IV CI  IV CI  IV CI  IV CI  IV CI  

1 Phytoplankton 0.4 50 0.2 60 0.2 60     
2 Zooplankton 0 80 0.2 60 0.2 60 0 80   
3 Benthic small crustaceans 0 80 0.2 60 0.2 60 0 80   
4 Polychaetes 1 10 0.2 60 0.2 60 0 80   
5 Shrimps 1 10 0.2 60 0.2 60 0 80 0.5 50 
6 Crabs 1 10 0.2 60 0.2 60 0 80 0.5 50 
7 Benthic invertebrates 0 80 0.2 60 0.2 60 0 80   
8 Octopuses and cuttlefish 1 10 0.2 60 0.2 60 0 80 0.5 50 
9 Squids 1 10 0.2 60 0.2 60 0 80 0.5 50 
10 Red mullets 1 10 0.5 50 0.5 50 1 10 0.5 50 
11 Anglerfish 1 10 0.5 50 0.5 50 1 10 0.5 50 
12 Flatfishes 1 10 0.5 50 0.5 50 1 10 0.5 50 
13 Other gadiforms 1 10 0.5 50 0.5 50 1 10 0.5 50 
14 Hake 1 10 0.5 50 0.5 50 1 10 0.5 50 
15 Demersal fishes 1 0.7 30 0.5 50 0.5 50 0.7 30 0.5 50 
16 Demersal fishes 2 0.7 30 0.5 50 0.5 50 1 10 0.5 50 
17 Demersal fishes 3 0.7 30 0.5 50 0.5 50 1 10 0.5 50 
18 Demersal fishes 4 0.7 30 0.5 50 0.5 50 1 10 0.5 50 
19 Picarels and bogue 1 10 0.5 50 0.5 50 1 10 0.5 50 
20 Sharks 0.7 30 0.5 50 0.5 50 1 10 0.5 50 
21 Rays and skates 1 10 0.5 50 0.5 50 1 10 0.5 50 
22 Anchovy 1 10 0.5 50 0.2 60 1 10 0.5 50 
23 Sardine 1 10 0.5 50 0.2 60 1 10 0.5 50 
24 Horse mackerels 0.7 30 0.5 50 0.5 50 1 10 0.5 50 
25 Mackerels 0.7 30 0.5 50 0.5 50 1 10 0.5 50 
26 Other small pelagics 0 80 0.5 50 0.5 50 0.7 30 0.5 50 
27 Medium pelagics 0 80 0.5 50 0.5 50 0.7 30   
28 Large pelagics 0 80 0.2 60 0.5 50 1 10 0.5 50 
29 Loggerhead turtle 0 80 0.2 60 0.2 60 0 80   
30 Seabirds 0 80 0.2 60 0.2 60 0 80   
31 Dolphins 0 80 0.2 60 0.2 60 1 10   
32 Discards 0 80         
33 Detritus 0 80         
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Table A5 The 20 trophic interactions that are most sensitive to changes in the vulnerability parameter of the Thermaikos Gulf model. L: low value, Vulnerabilities close to 1. 

H: High value, Vulnerabilities >> 1. All the remaining interactions have a default vulnerability value of 2. 

 

 Predator 

Prey Zooplankton Polychaetes Shrimps 
Octopuses 
& cuttlefish Squids Anglerfish Flatfishes 

Demersal 
fishes 4 Anchovy 

Horse 
mackerels 

Other small 
pelagics 

Medium 
pelagics 

Large 
pelagics 

Phytoplankton H             
Zooplankton H       L L L L   
Polychaetes               
Benthic invertebrates  L L L          
Octopuses & cuttlefish     L         
Squids     H         
Demersal fishes 1       H       
Sharks     L         
Horse mackerels     H H        
Other small pelagics     L         
Anchovy            H H 
Sardine            H  
Detritus  L            
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Table A6 The variables that were varied with the Monte Carlo approach. Mean values are the initial baseline values as entered in the Ecopath model. The coefficients of 

variation (CV) define the sample range (mean ± 2*CV) for each variable that Monte Carlo is able to perturb using normal distributions in order to find alternate mass-balanced 

models. Empty cells are values not applicable. 

  Biomass P/B Q/B 
 Functional group CV Mean CV Mean CV Mean 

1 Phytoplankton 0.25 7.866 0.3 117.3   
2 Zooplankton 0.4 6.1 0.3 62.47 0.3 186.38 
3 Benthic small crustaceans 0.4 1.11 0.3 7.686 0.3 57.12 
4 Polychaetes 0 4.808 0.3 1.712 0.3 13.083 
5 Shrimps 0 0.306 0.3 3.339 0.3 7.896 
6 Crabs 0 0.412 0.3 2.541 0.3 5.187 
7 Benthic invertebrates 0.4 8.71 0.3 1.215 0.3 3.434 
8 Octopuses and cuttlefish 0 0.392 0.3 2.9 0.3 5.807 
9 Squids 0.05 0.363 0.3 2.6 0.3 26.47 
10 Red mullets 0 0.196 0 1.908 0 7.192 
11 Anglerfish 0 0.203 0 1.1 0 3.777 
12 Flatfishes 0 0.107 0 1.82 0 8.741 
13 Other gadiforms 0.05 0.58 0.25 1.45 0.25 6.493 
14 Hake 0 0.4 0 0.587 0 3.7 
15 Demersal fishes 1 0.15 0.15 0 2.4 0 9.306 
16 Demersal fishes 2 0.15 0.246 0 1.6 0 7.739 
17 Demersal fishes 3 0.15 0.322 0 1.4 0 4.592 
18 Demersal fishes 4 0.15 0.237 0 1.9 0 11.105 
19 Picarels and bogue 0 0.663 0 1.5 0 8.339 
20 Sharks 0.15 0.071 0 0.698 0 4.08 
21 Rays and skates 0 0.141 0 1 0 3.394 
22 Anchovy 0 2.25 0 1.753 0.3 6.693 
23 Sardine 0 1.95 0 1.778 0.3 11.668 
24 Horse mackerels 0.15 0.732 0 1 0 7.315 
25 Mackerels 0.15 0.294 0 1.022 0 6.448 
26 Other small pelagics 0.4 1.17 0 1.4 0 6.365 
27 Medium pelagics 0.4 0.25 0 0.425 0 3.706 
28 Large pelagics 0.4 0.049 0.3 0.4 0 2.529 
29 Loggerhead turtle 0.4 0.02 0.3 0.16 0.3 2.68 
30 Seabirds 0.4 0.001 0.3 4.78 0.3 111.61 
31 Dolphins 0.4 0.02 0.3 0.08 0.3 13.81 
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Equations 

 

𝑃𝑖 =  𝑌𝑖 + 𝐵𝑖 ∗  𝑀2𝑖 + 𝐸𝑖 + 𝐵𝐴𝑖 + 𝑀0𝑖 ∗  𝐵𝑖    (Eq. A1) 

where Pi is the production of functional group i, Yi is the total fishery catch rate of i, M2i is the instantaneous predation rate for group i, Ei the net migration rate (emigration 

− immigration), BAi is the biomass accumulation rate for i, while M0i is the ‘other mortality’ rate for I [M0i = Pi * (1 - EEi) / Bi] (Christensen & Walters 2004). 

 

𝑄𝑖 =  𝑃𝑖 +  𝑅𝑖 + 𝑈𝑁𝑖         (Eq. A2) 

where Qi is the consumption of functional group i, R is respiration of I, and UN is the unassimilated food (Christensen & Walters 2004). 

 

𝑂𝐼𝑖 = ∑ (𝑇𝐿𝑗 − (𝑇𝐿𝑖 − 1))
2

∗  𝐷𝐶𝑖𝑗
𝑛
𝑗=1      (Eq. A3) 

where OIi is the omnivory index, TLj is the trophic level of prey j, TLi is the trophic level of the predator I, and DCij is the proportion prey j constitutes to the diet of predator I 

(Christensen et al. 2005). 

 

𝑞𝑖𝑗 = 𝑑𝑗𝑖 − 𝑓𝑖𝑗          (Eq. A4) 

where qij is the net impact of functional group i on j, dji is the fraction of the prey i in the diet of the predator j, and fij is the fraction of total consumption of i used by predator 

j. “The mixed trophic impact mij is then estimated by the product of all the net impacts qij for all the possible pathways in the trophic web that link the functional groups i and 

j” (Libralato et al. 2006a).  

 

𝐾𝑆𝑖 = log [𝜀𝑖(1 − 𝑝𝑖)],      𝜀𝑖 = √∑ 𝑚𝑖𝑗
2𝑛

𝑗≠𝑖 ,      𝑝𝑖 =
𝐵𝑖

∑ 𝑘𝐵𝑘
   (Eq. A5) 

where KSi is the keystoneness index of functional group i, εi is the overall effect of each functional group, and pi is the contribution of the functional group i to the total 

biomass of the food web (Libralato et al. 2006a). 
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Figure A1 PREBAL of the Thermaikos Gulf model plotting (a) biomass estimates (t/km2), (b) production/biomass ratio 

(year-1), and (c) consumption/biomass (year-1) on a log scale vs functional groups ranked by trophic level (low to high). 

Trophic decomposition (trend line) is depicted, demonstrating different declining levels of the studied parameters with 

increasing trophic level, that can be used in a diagnostic sense (for more see Link 2010 and Heymans et al. 2016). 
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Figure A2 Monthly primary production anomaly resulting from the fitting procedure that expresses the relative 

phytoplankton biomass estimated for the period 2000-2015 (the year label refers to January). 

 

 

 

Figure A3 Monthly sea surface temperature (SST) values for the period 2000-2015 (spatially-averaged over the 

Thermaikos Gulf) that were derived from the Copernicus Marine Environmental Service (CMEMS: 

MEDSEA_REANALYSIS_PHYS_006_004) and were used to force the biomass of anchovy, sardine, and horse mackerels 

during the fitting procedure (the year label refers to January). 
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Figure A4 Monthly chlorophyll-a concentration values for the period 2000-2015 in Thermaikos Gulf that were derived 

from the biogeochemical validated model of the Copernicus Marine Environmental Service (CMEMS: MEDSEA_ 

REANALYSIS_BIO_006_008) and were used to force the biomass of the primary producer (phytoplankton) during the 

fitting procedure (the year label refers to January). 
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Figure A5 Biomass predicted by the Ecosim model for each functional group (FG) of the Thermaikos Gulf from 2000 to 

2025, according to the business-as-usual scenario (blue line). The dashed lines represent the 5% and 95% percentiles 

obtained using the Monte Carlo routine (20 simulations). 
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