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Ecosystem models are important tools for the implementation of Ecosystem Based Fisheries Management (EBFM), especially in highly exploited ecosystems affected by climate change, such as the Mediterranean Sea. Herein, we present the development of an Ecopath ecosystem model for the North Aegean Sea (Eastern Mediterranean) in the early 1990s, as well as the parameterization of the temporal dynamic module (Ecosim) after fitting to catch and relative biomass time series for the period 1993-2020. The Ecosim model included as drivers (i) fishing, assuming a technology creep factor of 2% annual increase (0.79% for bottom trawls), (ii) Sea Surface Temperature, (iii) trophic interactions and (iv) a Primary Production (PP) Anomaly which was positively correlated with the North Atlantic Oscillation of the previous year, highlighting the synergistic effect of environmental and anthropogenic processes during the three-decades hindcast period. Trends in biomasses, catches and ecosystem indicators were characterized by a decline from 1993 to 2010 and a strong recovery thereafter. Sea warming scenarios for the period 2021-2050 indicated contrasting responses to increased temperature among the main commercial groups, while simulations of changes in productivity had relatively straightforward effects. Two scenarios of 10% and 25% reduction in fishing effort revealed quick increases in the biomass of most commercial species, though coupled with lower catches due to reduced fishing, except for few groups that their population increase was remarkably high. Although the 25% effort reduction resulted in high recoveries in the short term, it didn’t necessarily lead to constantly high biomasses resulting in reduced catches towards the end of the forecast period for some groups, in contrast to the 10% reduction. When impacts of reduced productivity were added to temperature effects, the model forecasted lower biomass increases for the winners of sea warming and even higher decreases for the losers. Biomass losses were compensated by a 10% reduction in fishing effort, but this was not overall enough to counterbalance losses in catches. The model developed here contributes to better elucidate observed changes in the past and to hind directions of change in future simulations, as well as to advance EBFM in the area.
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1 Introduction

The inclusion of ecosystem considerations in fisheries contributes to more effective management and enables accounting for trade-offs (Link, 2010a; Bundy et al., 2017). Although there is a lack of global consensus on the exact meaning of Ecosystem Based Fisheries Management (EBFM) (Trochta et al., 2018), it is often perceived as a holistic approach which integrates in its core concept the consideration of multispecies interactions, anthropogenic stresses and ecosystem processes (e.g. climate, habitats and other environmental factors), relies on good governance and scientific advice and aims in maintaining biodiversity and productivity while achieving sustainable yields (e.g. Larkin, 1996; Link, 2002; Pitcher et al., 2009; Trochta et al., 2018).

In the Mediterranean Sea, the implementation of EBFM is relatively poor (Lockerbie et al., 2020), fisheries resources are characterized by poor management effectiveness (e.g. Melnychuk et al., 2021) and governance quality (Bundy et al., 2017) and the majority of stocks are overexploited (Colloca et al., 2017; FAO, 2020). Mediterranean fisheries are mainly multi-species and multi-gear, operated by a mixture of relatively few semi-industrial and numerous artisanal vessels (FAO, 2020), resulting in a management system very different from the adjacent Northeast Atlantic (Smith and Garcia, 2014). Therefore, fisheries management in the Mediterranean is challenging and needs to be reconsidered, despite some recent signs of improvement (FAO, 2020).

In addition, the Mediterranean region is considered one of the most vulnerable areas to climate change (Giorgi and Lionello, 2008) with documented effects on specific stocks (Colloca et al., 2014), total landings (Tzanatos et al., 2014), landings’ traits (Tsimara et al., 2021) and marine ecosystems (Corrales et al., 2017). Apart from the increase in sea water temperature, climate change is expected to affect precipitation and river runoffs, increase stratification in the basin and alter water circulation (e.g. Reale et al., 2020) with impacts on productivity and species composition (Hidalgo et al., 2018). In the Western Mediterranean these changes seem to lead to more oligotrophic conditions, while in the eastern basin the productivity is likely to increase and the ecosystem seems to be more impacted by species invasions and direct effects of the temperature increase (e.g. Macias et al., 2015; Hidalgo et al., 2018). However, the uncertainty related to such projections is high and there are studies which conclude that productivity is likely to decrease in the eastern basin as well (e.g. Richon et al., 2019).

Taking these into account, the implementation of EBFM is even more necessary as it can help maintain resource resilience and avoid climate-driven collapses (Holsman et al., 2020). In this framework, ecosystem models are important tools as they can simulate a large set of ecosystem processes and fishing impacts in a tailor-made approach for the ecosystem(s) under consideration (Geary et al., 2020). The Ecosim with Ecopath (EwE) modelling approach has been used in numerous applications for supporting EBFM worldwide (Colléter et al., 2015) and in the Mediterranean (Coll and Libralato, 2012). Among others, policy simulations have been applied to explore the ecological and economic effects of the Landing Obligation in the Adriatic Sea (Celi&cacute; et al., 2018), environmental scenarios have been set to explore possible effects of climate change in the Eastern Mediterranean (Corrales et al., 2018) and several applications aimed at exploring the effect of fishing, including in regions of the Aegean Sea (e.g. Papapanagiotou et al., 2020; Papantoniou et al., 2021; Dimarchopoulou et al., 2022).

The Aegean Sea (Eastern Mediterranean Sea) ecosystem and fisheries have undergone considerable changes during the past decades. A peak in official landings was observed in 1994 followed by a decline which persisted for several years (ELSTAT, 2021). A climate-related regime shift in the early 1990s, reflected in the evolution of landings, has been recently reported (Damalas et al., 2021). In addition, despite the reduction of the fleet since 1990s vs gradual retraction of vessels with the aim to controlling fishing effort, fisheries resources have been heavily exploited (Tsikliras et al., 2013). Disentangling the effect of the factors that have contributed toward the observed directions is important not only for deciding on short-term management measures but also for the design of long-term strategies after taking into account the changing environmental conditions.

In this work we developed and applied an ecosystem model for the North Aegean Sea with the aim to (i) explain part of the changes observed during the hindcast period (1993-2020), and (ii) perform climate change simulations and fishing effort scenarios. To this end, we present the development of an Ecopath mass-balance model (Christensen and Walters, 2004) for the early 1990s (setting 1993 as the base year), based on a model previously built for a data rich period (mid-2000s; Tsagarakis et al., 2010). Furthermore, the time-dynamic module (Ecosim) was developed and calibrated after fitting to catch and relative biomass time series and by exploring Sea Surface Temperature (SST), fishing and a model-derived Primary Production (PP) Anomaly as ecosystem drivers.



2 Materials and Methods


2.1 Updated Ecopath Model

The Ecopath with Ecosim approach (EwE) (Christensen and Walters, 2004) version 6 was used to describe the North Aegean Sea ecosystem (Eastern Mediterranean, Greece). Ecopath is a mass-balance model which provides a snapshot of an ecosystem and the initial conditions for the time dynamic simulations with Ecosim. Ecopath has been widely used to describe ecosystem structure and functioning. The energy balance within each Functional Group (FG, composed of single species, group of species sharing similar ecological features or different developmental stages of a species) is ensured through two linear equations:





Respiration in eq. (2) does not represent the physiological respiration but the part of the consumption that is not used for production or recycled as feces or urine (Christensen et al., 2008). For each FG, the input required is diet, exports by different fishing activities including by-catch and discards, as well as three out of the four basic parameters: biomass (B), production rate (P/B), consumption rate (Q/B), and Ecotrophic Efficiency (EE; fraction of the production that is used within the system). More details on the Ecopath equations and methodology are provided in the Supplementary material Section A.

The modeled ecosystem (North Aegean Sea: Strymonikos Gulf and Thracian Sea; Figure 1) covers 8374 km2 and is the major fishing ground in Greece, where ~30% of the Greek capture fisheries are produced (ELSTAT, 2021). The area boundaries include the continental shelf (>20 m) and the upper slope (<300 m) of the North Aegean Sea, limited by national borders in the east. We used an Ecopath model describing the ecosystem in the mid-2000s (i.e. 2003-2006; Tsagarakis et al., 2010; NAS2000 model hereafter) as a basis to construct a model representing the ecosystem in the early ‘90s (1991-1993; NAS1990 model hereafter). The mid 2000s represent a relatively data rich period as the Greek Data Collection Program (under Data Collection Regulation, DCR - Regulation (EC) 1543/2000 - and later Data Collection Framework, DCF - Regulation (EC) 199/2008) was established providing good quality information for several aspects of the fisheries sector (e.g. landings and discards quantities and composition, species composition and abundance from research surveys) in contrast to the earlier period when most surveys were sporadic, and information was relying on short-term projects. Therefore, a considerable amount of the parameters used to construct the data rich NAS2000 model were complementary used with information on species abundance and catches from earlier surveys (Supplementary Material Table S1) to set the basis for model development in an earlier time period. The rationale behind the construction of the NAS1990 Ecopath model was to improve the calibration of the Ecosim model (Heymans et al., 2016) by extending at maximum the hindcast period and thus exploiting the existence of survey and fisheries data since the early ‘90s. This permits to create a robust tool able to explore research questions especially in respect to large scale climatic patterns (see below the description of Ecosim).




Figure 1 | The North Aegean Sea (Strymonikos Gulf and Thracian Sea) model area.



Biomass flows of the N. Aegean model were expressed as t·km-2·yr-1 and biomasses as t·km-2 of wet weight. For all modelled groups, EE was the missing parameter and was estimated by EwE solving the system of equations on the basis of known input values for B, (P/B) and (Q/B) as suggested by best practices on EwE model development (Christensen and Walters, 2004; Heymans et al., 2016). The NAS1990 model parameterization is shown in Table 1.


Table 1 | Functional groups and basic parameters of the Ecopath model.



The NAS1990 model has 40 FGs with emphasis on commercial species (5 planktonic FGs, 9 commercial and non-commercial demersal and benthic invertebrate FGs, 21 fish FGs, seabirds, dolphins, sea turtles, detritus and discards). The definition of FGs was mainly based on habitat (e.g., demersal/pelagic), taxonomic and feeding (grouping based on diet information) criteria, as described in Tsagarakis et al. (2010) and has an only slightly modified structure in comparison to the NAS2000 model. Specifically, contrary to Tsagarakis et al. (2010), the NAS1990 model (Table 1) (i) considered no multi-stanza groups for anchovy and sardine, (ii) described Blue whiting and Gastropods & Bivalves in dedicated groups and (iii) included cuttlefish in the Benthopelagic cephalopods group instead of the Benthic cephalopods.

The origin of information for the updated model is summarized in the Supplementary Material Table S1. Data from seasonal bottom trawl surveys from the period 1991-1993 (Labropoulou and Papaconstantinou, 2000; Labropoulou and Papaconstantinou, 2004), were used to estimate the biomass of demersal and benthic fish as well as that of some megafaunal benthic/demersal invertebrates using the swept-area method (i.e., estimation of biomass per area sampled by trawling), in line with Tsagarakis et al. (2010). For small pelagic fish, in the absence of surveys during the model period, average biomass estimates were extrapolated from acoustic surveys in a succeeding period (Tsagarakis et al., 2015; Leonori et al., 2021). Dolphins’ biomass was updated with recent estimates from aerial surveys (Tsagarakis et al., 2021), macrozooplankton biomass was updated based on Frangoulis et al. (2017), while biomass values from the 2000s model were retained for the few remaining FGs (mainly some plankton groups, benthic invertebrate groups and Loggerhead turtle and Sea birds; Supplementary Material Table S1).

For each species, production (P/B) and consumption (Q/B) values were retrieved from the literature or estimated based on empirical equations (Pauly, 1980; Innes et al., 1987; Pauly et al., 1990; Trites et al., 1997; ICES, 2000) as described in detail in Tsagarakis et al. (2010), while for multispecies FGs these values were weighted with the relative biomass (or with relative landings when biomass information was not available) of each species within the FG during the period 1991-1993. Input for diet composition was based on literature (for details, see: Tsagarakis et al., 2010) updated with more recent published information when available (e.g. for sardine and anchovy diet: Nikolioudakis et al., 2012; Nikolioudakis et al., 2014). The resulting diet matrix of the 1990s Ecopath model is shown in the Supplementary Material Table S2.

The model includes five commercial fishing fleets (trawls, purse seines, static nets, longlines & troll baits and pots & traps). Fisheries production in the region derived from the Hellenic Statistical Authority (ELSTAT, 2021) which reports annual catch per species or group, explicitly for bottom trawls and purse seines but aggregated for all artisanal gears. Therefore, breakdown into separate gears was done for artisanal gears using catch composition information from a later period, collected under the DCR (Kavadas et al., 2013). DCR information was also used for the estimation of discard quantities, through species- and gear-specific discard ratios from data collected onboard commercial vessels (e.g. Tsagarakis et al., 2012; Tsagarakis et al., 2017).

The pre-balance (PREBAL) diagnostics (Link, 2010b) were inspected to ensure that the Ecopath model complies with ecological rules. The FGs with the higher EE values before balancing (Supplementary Material Table S3) mainly included (i) FGs the biomass of which may be underestimated in bottom trawl surveys (Benthopelagic fish and Cephalopods), ii) relatively small-sized fish and commercial invertebrates (shrimps, crabs, mixed fish groups), as well as iii) FGs with poor biomass data for the specific period or area (e.g., Horse mackerels, Polychaetes). To achieve mass-balance we corrected our inputs mainly concerning (a) the diet matrix, by also taking into account expert knowledge especially for groups for which information was not originally from the modelled area, and (b) biomasses, especially for groups for which the sampling method is known to produce an underestimate. The model was considered balanced when (a) estimated EE values were realistic (<1), (b) gross food conversion efficiency was<0.5 (usually >0.1 and<0.35 with the exception of some fast-growing species or groups with higher values, and top predators with lower ones), and (c) values of Respiration/Biomass were consistent with the group’s activities with high values for small organisms and top predators (Christensen et al., 2008; Link, 2010b; Heymans et al., 2016). The Pedigree routine, which allows the user to mark the data origin using pre-defined tables and can provide input for uncertainty analysis in Ecosim (Christensen and Walters, 2004), was used to categorize data quality for each parameter according to the sources of information.



2.2 Ecosim

Ecosim is the time dynamic simulation of the initial parameters of the base Ecopath model. This is achieved through a series of coupled differential equations derived from the Ecopath master equation which take the form (Christensen et al., 2008):

 

where dBi/dt represents the growth rate during the time interval dt of group (i) in terms of its biomass Bi, gi is the net growth efficiency (production/consumption ratio), Q is the consumption flow, MOi the non-predation (‘other’) natural mortality rate, qik is the catchability term of fleet k on species i, Ek is the relative effort of fleet k, ei is emigration rate and Ii is immigration rate. For primary producers the positive term on the right side of Eq. 3 is represented by a function of production rate (P/B), biomass of autotrophs and production anomaly over time. Usually, primary production anomaly and effort by gear over time are main forcings used in time dynamic Ecosim simulations (see Araújo et al., 2006).

The two summations estimate consumption rates, the first expressing the total consumption by group (i) on all of its preys (j), and the second the predation by all predators (j) on the same group (i). The consumption rates, Qji, are calculated based on the ‘foraging arena’ concept:

 

where prey biomasses Bi’s over time (t) are divided dynamically into “vulnerable” and “invulnerable” components, and it is the transfer rate (vij; vulnerability parameter) between these two components that determines if control is top-down, bottom-up, or of an intermediate type (Christensen et al., 2008). The default vulnerability value is 2 (mixed control), while low values (close to 1) indicate bottom-up control and high values top-down effect. Regarding the remaining terms of eq. (4), aij is the effective search rate for prey (i) by predator (j), Pj is the predator abundance over time (t), Ti and Tj is the prey and predator relative feeding time, Mij is mediation effects, and Dj effects of handing time as a limit to consumption rate (Christensen and Walters, 2004; Ahrens et al., 2012).


2.2.1 Model Fitting and Parameterization

The aim of the Ecosim development was twofold: first, to explore which factors have contributed to the observed changes during the hindcast period (1993-2020), and second, to apply the calibrated model for future projections under different environmental and fisheries scenarios. Therefore, climate change, environmental variations, fisheries and their synergistic effect were tested as potential drivers, together with tuned trophic interactions among FGs. The North Aegean Sea Ecosim module was parameterized after fitting the model to time series for the hindcast period. Specifically, the time series included (i) relative biomass for 17 fish, decapod and cephalopod FGs from bottom trawl (MEDITS; Spedicato et al., 2019) and acoustic (MEDIAS; Leonori et al., 2021) surveys in the area, as well as (ii) catches for 25 FGs which were estimated from landings (ELSTAT, 2021) and discard ratios from DCR/DCF (Supplementary Material Table S4).

The model was fitted by modifying trophic interactions which are based on the foraging arena theory (Ahrens et al., 2012): the software’s routines were used to carry out i) a sensitivity analysis to identify the most sensitive vulnerabilities by predator (i.e., one vulnerability was used for all preys of the same predator, in order to reduce the number of estimated parameters) and ii) to alter the most sensitive vulnerabilities in order to best fit the observations in terms of time series of biomasses and catches by species. Different fittings were tried considering different sets of forcings in terms of fishing effort, temperature effects and Primary Production (PP) Anomaly.

Actual estimates of fishing effort (e.g., annual days-at-sea) were not available for the whole hindcast period, therefore, three indices of fishing capacity (i.e., number of vessels, total GT and total KW per fleet) were tested as proxies of the fishing effort. A considerable reduction (by 35-40%) in the number of vessels operating in the area has been observed since 1993 for bottom trawls, static nets, longlines & troll baits, while pots & traps show a 5-fold increase and purse seines have remained relatively stable (Supplementary Material Figure S1). To take into account the possible improvement in the efficiency of fishing gears due to any form of technological development (known as “technology creep”), a factor of +0.79% per year was assumed for bottom trawls (as estimated by Damalas et al., 2014) and added to the proxy for effort of each year. For the remaining fishing gears for which no information on gear efficiency improvement was available in the study area, alternative levels of the technology creep factor (0%, 1% and 2% per year) were tested based on available literature for the Mediterranean fisheries (Sartor et al., 2011) and elsewhere (Cardinale et al., 2009). The fishing effort for the hindcast period under different levels of technology creep is shown in Figure 2 as relative values (i.e., relative to the value in 1993 used as baseline year). Therefore, nine sets of fishing effort time series (3 indices of capacity X 3 technology creep factors) were applied to select the one best describing the changes within the hindcast period, in terms of components’ biomasses and catches.




Figure 2 | Relative fishing effort (rel_FE; in total GT) used to drive the model under different factors of technology creep (TC): (i) no technology creep (nominal), (ii) 0.79% annually only for bottom trawls, based on Damalas et al. (2014), (iii) 1% annually and (iv) 2% annually for the remaining fishing fleets.



Sea Surface Temperature (SST) foraging responses (Bentley et al., 2017) were incorporated in Ecosim for 28 out of 38 living FGs. AquaMaps (Kaschner et al., 2021) provides model-based predictions of species distribution using large sets of occurrence data to derive estimates of environmental preferences for a series of parameters, including temperature. Although in AquaMaps each species response function has a trapezoidal shape, the effect of SST in the N. Aegean Sea model was assumed to have a Gaussian-based shape, which has been widely used to describe thermal responses (Angilletta, 2006), including in similar studies (Bentley et al., 2017; Serpetti et al., 2017). Temperature preferences and limits for each species were retrieved from AquaMaps (Kaschner et al., 2021): optimum temperatures were estimated by averaging the 10th and 90th percentiles of the observed species-specific temperature variation, while minimum and maximum temperatures were used to build the range of thermal tolerance, which was not necessarily symmetric around the optimal (Figure 3). To simulate the latter in Ecosim, the SD left and SD right estimates were input in the response function leading to composite Gaussian-based responses with modified ranges. For multi-species FGs, the temperature parameters were estimated after weighing with the biomasses of individual species (or landings when biomass estimates were not available), for the species with at least 98% cumulative contribution of the total FGs biomass (Supplementary Material Table S5).




Figure 3 | Optimum temperatures (black lines), 10th – 90th preference range (green bars), lower tolerance range (blue bars) and higher tolerance range (orange bars) that were used to parameterize thermal responses for each FG in the Ecosim model. FGs are ranked by increasing optimal temperature.



A PP Anomaly forcing function was applied to primary producers (i.e., Phytoplankton) and the software’s routine was used to search for the shape that urged the model to best describing the observations for the whole food web components (i.e., relative biomass and catch time series).

The automated stepwise fitting procedure (Scott et al., 2016) was applied to inspect model results for every possible combination of the parameters driving and affecting the model, namely (i) SST, (ii) Fishing effort, (iii) PP Anomaly (testing for different spline points but always ≥2, Heymans et al., 2016) - and (iv) Trophic Interactions (i.e. vulnerabilities; testing for different number of predators with altered vulnerability). The number of parameters (i.e. vulnerabilities and PP anomaly spline points) to be estimated never exceeded K-1 (where K is the number of independent time series available, i.e. 42 in the N. Aegean Sea model) in order to avoid overfitting under the general assumption of autocorrelation existing within each time series (Heymans et al., 2016). The best model was selected based on the minimization of the Akaike Information Criterion corrected for small number of observations (AICc), which takes into account the Sum of Squares (SS) among observed and predicted model outputs as well as parsimony in number of estimates as a goodness of fit criteria (Heymans et al., 2016).

In order to connect the model-derived PP Anomaly with environmental processes during the hindcast period, we explored its correlation with SST and with a series of large scale climatic indices which are known to affect the Mediterranean Sea (e.g. Katara et al., 2011; Tsikliras et al., 2019; Criado-Aldeanueva and Soto-Navarro, 2020), namely the Mediterranean Oscillation Index (MOI), the North Atlantic Oscillation (NAO) (accessed through the Climatic Research Unit, University of East Anglia: https://www.uea.ac.uk/groups-and-centres/climatic-research-unit) and the Atlantic Multi-decadal Oscillation (AMO) (Trenberth et al., 2019).



2.2.2 Monte Carlo Routine

The Monte-Carlo routine was used to take into account model uncertainty by exploring the effect of alternative Ecopath input (B, P/B, Q/B and Diets) on Ecosim best fitted simulations. The Ecosampler routine (Steenbeek et al., 2018) was used to record Ecopath models having alternative balanced initial conditions, to be used on the final selected best fitted Ecosim model and subsequently estimate the range of dispersion of the simulations. In total, 100 Monte-Carlo simulations were performed. The CV allowed to vary the Ecopath input parameters for B, P/B and Q/B was obtained from the Ecopath Pedigree (Supplementary Material Table S6). For Diets, the Dirichlet distribution method was used, setting a multiplier equal to 30, which was selected after plotting the Dirichlet distributions for different values of the multiplier (between 1 and 100) (for details see Steenbeek et al., 2018).



2.2.3 Climate, Productivity and Fishing Scenarios

After fitting the model (hindcast), eight scenarios representing future conditions were applied to explore the effect of the different drivers of the Ecosim model, i.e., SST, PP Anomaly and Fishing as well as selected combinations of them (Table 2). In order to identify potential winners and losers of climate change and management practices in different scenarios, predicted average biomasses and catches of the FGs in the medium (year 2030) and the long term (period 2046-2050) under each scenario were compared against the baseline one (with constant conditions as in 2020 for the whole projection period). In addition, the changes in the following ecosystem indicators was explored to detect possible effects in ecosystem structure, functioning and/or services: (i) total biomass of living FGs, (ii) total catch, (iii) Fishing-in-Balance (FiB) index (Christensen, 2000), (iv) Shannon diversity index, and (v) mean Trophic level of the catch (TLc).


Table 2 | Scenarios applied for the future projections.



SST projections for the geographical boundaries of the model area were obtained from the CMIP5 (Coupled Model Intercomparison Project Phase 5) runs, accessed through the Royal Netherlands Meteorological Institute (KNMI) (KNMI Climate Explorer tool: https://climexp.knmi.nl/selectfield_cmip5.cgi?#ocean). The projections were used for the representation of temperature effects under climate change and were applied as forcing functions to SST foraging responses (Bentley et al., 2017). The MPI-ESM-LR model (Giorgetta et al., 2013) was chosen as giving a better representation of the ensemble (CERES, 2018) and as practiced in other Mediterranean studies (e.g. Chefaoui et al., 2018). Two SST scenarios (Table 2) were simulated based on Representative Concentration Pathways (RCP) of the Intergovernmental Panel on Climate Change (IPCC), with SST according (i) to RCP 4.5 (scenario RCP45 in Table 2), a moderate climate change scenario which assumes that some actions against climate change are taken, and (ii) to RCP 8.5 (scenario RCP85) which is the worst-case scenario as it assumes that no actions are taken. An increase in temperature has been already observed during the hindcast period and continues after 2020 in both RCP scenarios (Figure 4). The SST predictions between RCP 4.5 and RCP 8.5 diverge more after 2050 when the temperature increase slows down in the former contrary to the latter scenario. Nevertheless, we chose to simulate the effects up to 2050 because the uncertainty associated with temperature predictions as well as with adaptations of organisms to extreme temperatures of the RCP 8.5 scenario after 2050 may lead to unrealistic forecasts.




Figure 4 | Sea Surface Temperature (SST) of the model area during the hindcast period (1993-2020) and under the two climate scenarios considered (RCP 4.5 and RCP 8.5) for the period 2021-2100.



Contrasting patterns in trends of primary productivity under climate change have been forecasted for the Eastern Mediterranean Sea. Most studies foresee substantial increases in productivity (e.g. Lazzari et al., 2014; Adloff et al., 2015; Macias et al., 2015), while others show that the basin will become more oligotrophic (e.g. Richon et al., 2019). In all studies however, it is evident that productivity changes are less severe in the model area compared to the rest of the Aegean Sea or to the whole Eastern Mediterranean basin. Therefore, based on levels of change indicated in other simulation studies (e.g., Lazzari et al., 2014; Richon et al., 2019) we simulated moderate changes in future productivity by means of two synthetic linear trends in PP Anomaly (one increasing and one decreasing), progressively reaching ±5% by 2050 (scenarios PP+5% and PP-5%; Table 2).

Given that reductions of fishing effort and further retraction of vessels are probable to continue in the near future as the main management strategies aiming to improve stock status in the area, two short-term fishing effort reduction scenarios were applied (Table 2). The scenarios simulated decreases by 10% (FE10) and 25% (FE25) for all fleets within 5 years (from 2021 to 2025) and thereafter assume constant fishing effort at levels reached in 2025.

Finally, two scenarios based on the combination of drivers were tested (Table 2). The first (ENV), a moderately negative environmental scenario was developed by considering SST increase under RCP 4.5 occurring simultaneously with a 5% decrease in PP Anomaly. The second scenario (ENV_FE10), explored the above environmental conditions accompanied by a 10% reduction in fisheries, to explore if the effects of environmental conditions could be compensated by applying moderate horizontal fisheries management measures.





3 Results


3.1 Ecopath

The flow diagram of the NAS1990 Ecopath model is shown in the Supplementary Material Figure S2. Large pelagic fish, dolphins and medium pelagic fish were the top predators of the pelagic compartment, while hake, demersal fish 2 and anglerfish had the higher Trophic Level among the demersal groups (Table 1). Regarding the commercial FGs, small pelagics (anchovy and sardine) were dominant in terms of biomass while shrimps, demersal fish 3 and hake were the most abundant FGs among the demersal commercial ones (Table 1). The PREBAL diagnostics for the Ecopath model (Supplementary Material Figure S3) show that biomass spectra span 5 orders of magnitude, with a slope 5.7% decline (on a log scale) with increasing trophic level; the slopes for Production/Biomass (P/B) and Consumption/Biomass (Q/B) with increasing trophic level were 8.6% and 5.1% decline respectively, i.e., within the expected range. The Gross Efficiency (P/Q) values were physiologically realistic (0.1 - 0.3 for most groups) (Christensen et al., 2008; Link, 2010b).

The pedigree index was 0.64, while the model’s summary flows, common indices and statistics are provided in the Supplementary Material Table S7. The mean Trophic Level of the catch was 3.499, the mean Transfer Efficiency was 17.66%, the Primary Production Required to sustain the fishery (PPR, from primary producers) was 9.72%, while the probability for the ecosystem to be sustainably fished was very low, i.e., 25%. This was in line with the high fishing mortalities (F) and exploitation rates (F/Z) of some FGs, especially apex predators (e.g., hake, demersal fishes 2, large and medium pelagics), sardine and mackerels (Supplementary Material Table S8).



3.2 Ecosim


3.2.1 Model Parameterization and Hindcast Runs

The stepwise fitting approach indicated that the best model (with the lowest SS and AIC) was capable to reduce SS by 46.3% compared to the baseline model and included as drivers fishing, SST and PP Anomaly with calibrated trophic interactions (Table 3). Total GT with a technology creep factor of 2% annual increase (but 0.79% for bottom trawls) proved to be the best proxy of fishing effort as it improved the fit more than the other series of fishing effort (i.e., number of vessels or total KW and technology creep factors 0% or 1%). The optimization of the trophic interactions by estimating vulnerabilities for 34 predators greatly improved model fit (Table 3). Seventeen FGs had vulnerabilities equal to one (most of them low and medium trophic level organisms, e.g., micro- and macro-zooplankton, polychaetes, shrimps, benthic invertebrates, red mullets, anchovy, other small pelagic fish), indicating bottom-up effects, four FGs (small benthic crustaceans, benthopelagic fish, medium and large pelagic fish) showed very high vulnerabilities (>1000) while the remaining FGs had intermediate values (2-30.47) (Supplementary Material Table S9). The PP Anomaly function selected with the stepwise fitting had 6 spline points and showed a decreasing trend (with some fluctuations) from the starting period (1993) until 2010 and a relatively steep increase during the last decade of the hindcast period. The Spearman correlation of the PP Anomaly with SST and the climatic indices revealed a significant positive correlation only with NAO (r=0.45, p=0.016; Figure 5) and correlation increased when including a 1-year lag for NAO (r=0.56, p=0.002; Figure 5).


Table 3 | Description, Sum of Squares (SS) and Akaike Information Criterion (AIC) of selected steps of the stepwise fitting.






Figure 5 | (A) Estimated values of PP Anomaly, (B) correlation coefficients among PP Anomaly, Sea Surface Temperature (SST) and climatic indices (MOI, Mediterranean Oscillation Index; AMO, Atlantic Multi-decadal Oscillation; NAO, North Atlantic Oscillation; NAO (1ylag), NAO with lag of 1 year), and (C) scatterplot of annual mean PP Anomaly and NAO with lag of 1 year.



The model’s fit to biomass observations was very satisfactory for some groups (e.g., shrimps, benthic cephalopods, hake, demersal fish 2, 3 and 4, picarels & bogue and sardine) and less for others (e.g., red mullets, demersal fish 1, sharks and rays & skates) (Figure 6). Similarly, for catches, the model’s predictions reproduced relatively well the observed time series for benthic cephalopods, other gadiformes, horse mackerel and mackerel, but not very well for shrimps and rays & skates (Figure 7). Overall, the model slightly overestimated catches in the last 3-5 years of the time series (Figure 7), as it seems to be driven mainly by biomass increases observed for several FGs (e.g., cephalopods, red mullets, demersal fish 2 and 4, rays & skates) during the same period (Figure 6). Compared to the starting period, substantial declines in catches and biomasses at the end of the hindcast period were simulated for Norway lobster, other gadiformes, horse mackerels, mackerels and medium pelagics. On the other hand, catches of demersal fish 2 and 4, benthic and benthopelagic cephalopods as well as anchovy were increasing; however, for the three latter, the increase in catches was much higher than the increase in biomass (Figures 6, 7).




Figure 6 | Predicted (blue lines) and observed (dots) biomasses for 17 FGs with available biomass time series. The dashed grey lines and shaded areas are the mean and the 5%-95% percentiles of the 100 Monte-Carlo simulations respectively.






Figure 7 | Predicted (blue lines) and observed (dots) catches for 25 FGs with available catch time series. Dashed grey lines and shaded areas are the mean and the 5%-95% percentiles of the 100 Monte-Carlo simulations respectively.



Model’s predictions were (with very few exceptions) within the 5%-95% percentiles of the Monte-Carlo simulations and generally close to their mean, both for biomasses and catches. In addition, the observations fall usually within the 5%-95% percentiles but not for all FGs/periods (Figures 6, 7). The Monte-Carlo simulations did not identify any alternative Ecopath input that explained the Ecosim time series (i.e., in terms of SS reduction) better than the current setup.Ecosystem indicators revealed that substantial changes have been observed during the hindcast period; the trends of total biomass, total catches and FiB index were similar, with all three metrics showing a decline from 1994 to 2010 and a strong recovery, thereafter, exceeding the levels of the baseline period (Supplementary Material Figure S4). The Shannon diversity index had a very similar response but with some delay compared to the abovementioned metrics and with a more moderate recovery. Finally, the mean Trophic Level of the catch (TLc) increased slightly, with some fluctuations from 1994 to 2017 and returned to the early 1990s levels within just 3 years (Supplementary Material Figure S4).



3.2.2 Future Scenarios

The IPCC temperature scenarios indicated contrasting responses to increased temperature among FGs. Compared to the baseline scenario the highest increases in mean biomass were forecasted for the benthopelagic fish FG, and demersal fish 4 and 2 (Figure 8). In the medium term (year 2030; Figure 8 and Supplementary Table S10), all increases were moderate, not exceeding +16%, but in the long term (average for 2046-2050) they were amplified, with the aforementioned groups exceeding +100% and the benthopelagic fish FG showing an extreme increase (Figure 8 and Supplementary Table S11). Positive effects were also identified for medium and large pelagic fish, sea turtles and dolphins. For most groups, the changes were larger in the RCP85 compared to RCP45, however this was not true for all FGs, especially for the ones with moderate climate responses (e.g., the benthic cephalopods increased by +7.1% in RCP45 but only +5.3% in RCP85 in the long term; Figure 8 and Supplementary Table S10). Main losers of climate change were the other gadiformes, horse mackerels and Norway lobster (Figure 8) for which the forecasted decline reached -89.4%, -75.6% and -74.7% respectively in RCP85 during the 2046-2050 period. The climate change effect on catches for each FG (in terms of proportional change) was identical to the effect on biomasses (Supplementary Material Figure S5 and Tables S11, S12) because of linear effects as explicit in Eq. 3. Biomass and catch trends of the main commercial FGs are illustrated in the Figures 9A, 10A respectively: shrimps, red mullets and sardine were negatively affected, especially after year 2035, hake and anglerfish showed clear increases, while for anchovy, practically very low positive effects were identified.




Figure 8 | Graphical representation of differences (%) in biomasses in 2030 and average biomasses in the period 2046-2050 for each FG under each scenario compared to the baseline scenario. Y-axis scale is pseudo-logarithmic for better representation. The description of the scenarios is provided in Table 2.






Figure 9 | Biomass projections for selected FGs in the period 2021-2050 under scenarios related to (A) SST, (B) PP Anomaly, (C) fishing effort and (D) combination of drivers. The description of the scenarios is provided in Table 2.






Figure 10 | Catch projections for selected FGs in the period 2021-2050 under scenarios related to (A) SST, (B) PP Anomaly, (C) fishing effort and (D) combination of drivers. The description of the scenarios is provided in Table 2.



Total biomass of all living groups was forecasted to increase after 2030, either continuously under RCP85 or with some fluctuations in the RCP45, while the effect of temperature scenarios on total catches was very low (Figure 11A). Specifically, gains and losses were balanced until 2030 (Supplementary Material Table S12) and a 1.4-3.5% increase was shown for the long term (Supplementary Material Table S13). The FiB index remained relatively unchanged by increasing temperature for the first 20 years in the future but started to be lower than the baseline scenario after 2040 (Figure 11A). The Shannon diversity index showed high responsiveness to climate change, fluctuating in RCP45 and decreasing in RCP85, while the Trophic Level of the catch (TLc) was slightly higher in the climate scenarios compared to the baseline (Figure 11A).




Figure 11 | Ecological and exploitation indices under scenarios related to (A) SST, (B) PP Anomaly, (C) fishing effort and (D) combination of drivers. The description of the scenarios is provided in Table 2. Biomass in t*km-2; Catch in t*km-2*y-1.



The future scenarios with PP Anomaly had more straightforward effects on the FGs’ biomasses and catches. In the medium term, almost all FGs showed limited increases in biomasses under increasing trends of PP Anomaly (PP+5%), with other gadiformes, gelatinous plankton and small benthic crustaceans increasing ~5% in the medium term (Figure 8 and Supplementary Material Table S10). In the long term, as PP progressively increased, these changes were even higher (e.g., reaching 24% for other gadiformes); however, few FGs showed slight (blue whiting -1.4%, benthic cephalopods -0.7%) or substantial (benthopelagic fish -69.6%; Figure 8, Supplementary Material Table S11) decrease due to trophic interactions. Under decreasing PP Anomaly (PP-5%), the opposite patterns were evident (biomass: Figure 8; catches: Supplementary Material Figure S5). Among the main commercial FGs, anglerfish and sardine were affected the most, with changes exceeding ±7% by 2050, both in biomass and in catches (Figures 9B, 10B). As expected, total biomass of living groups, total catch as well as the FiB index followed the trends of the PP Anomaly, while the Shannon index and TLc were negatively related to them (i.e., they increased when PP Anomaly decreased and vice versa; Figure 11B).

The horizontal (for all gears) reduction of fishing effort favored mainly the pelagic species, especially mackerels, horse mackerels, medium and large pelagics, sardine, and picarels & bogue. For all these FGs the biomass increase was 2.2 (sardine) to 5.3 (mackerels) times higher in the scenario of 25% effort reduction (FE25) compared to 10% reduction (FE10) in 2030 (Figure 8), while their catches also substantially increased despite the reduced fishing (Supplementary Material Figure S5). A population increase was also forecasted for 19 out of 27 fished FGs, including demersal groups, but was accompanied by a decrease in their catches (Figure 8 and Supplementary Material Figure S5). A neutral or negative impact was identified for prey (e.g., anchovy, benthopelagic fish, blue whiting, mesozooplankton) or scavenging FGs (e.g., Loggerhead turtle, crabs), probably affected by discards reduction (Figure 8). In all cases, the FGs’ response to fishing was quick after changes were applied; however, despite that the changes in fishing effort were restricted to the first five years of the simulations, changes in the FGs’ biomass continued until 2050 and for some of them the biomasses in the two fishing scenarios converged (e.g., sardine) or were even reversed (e.g., anglerfish, hake) (Figure 9C). Therefore, large declines in fishing effort (FE25) did not lead to constantly high biomasses for all species that were initially favored, and this was reflected in their reduced catches towards the end of the forecast period when they diverged more from the baseline and the FE10 scenarios (Figure 10C). FE25 and FE10 led to reduction of total catches by 13.2% and 4.4% respectively in 2030 (Supplementary Table S12), however, in the long term (2046-2050), divergence from the baseline scenario was reduced to -5.9% and -1% respectively (Supplementary Table S13). Total catch, FiB and Shannon indices changed abruptly in the first five years but followed almost parallel trajectories with the baseline scenario when fishing was stabilized to new levels (i.e., in 2025; Figure 11). On the other hand, total biomass and TLc were close to the baseline in the early years and started to diverge after 2035. The FiB index was higher in the baseline scenario compared to less fishing, while the contrary was forecasted for Shannon diversity index and TLc which increased at relaxed fishing effort (Figure 11).

In the combined environmental scenario (ENV), impacts of reduced productivity were added to temperature effects, resulting in lower biomass increases for winners of sea warming (e.g., demersal fish 2, 4 and benthopelagic fish) and even higher decreases for losers (e.g., other gadiformes, horse mackerels and Norway lobster), both in medium and long term basis (Figure 8). Losses were high in terms of biomass (Figure 9D) and catches (Figure 10D) for shrimps, red mullets, sardine and even anchovy (which responded positively to temperature increase alone), while for anglerfish and hake, gains were only temporary and/or lower than in the RCP45 scenario. The loss in total catches reached 6.5% in the period 2046-2050 (Supplementary Table S13). Biomass losses were compensated when applying a 10% reduction in fishing effort (ENV_FE10 scenario) which resulted in improving the population trends for most FGs and reversing negative trends for a limited number of FGs such as sardine in the short term and mackerels, horse mackerels, picarels & bogue for the whole forecast period (Figures 8, 9D). However, compared to the baseline scenario, total catches declined even more (by 9%) than they did in the ENV scenario, since the higher catches for few pelagic groups were not enough to balance losses from the remaining groups (Supplementary Figure S5). At the ecosystem level, Shannon diversity index was higher in ENV_FE10 compared to the baseline and to ENV, the opposite was observed for the FiB index, while total biomass of living groups and TLc were almost identical in the two combined scenarios (Figure 11D).





4 Discussion


4.1 Hindcast Period

A novel Ecopath model for the N. Aegean Sea considering 1993 as the starting year was developed by updating a previously published model for the mid-2000s (Tsagarakis et al., 2010). This model forms the basis for the development of the time dynamic Ecosim module that was able to describe food web changes in the N. Aegean Sea ecosystem after fitting to observed time series for the period 1993-2020. The available time series concerned mainly fish and commercial invertebrate groups and were largely missing for low trophic level groups such as plankton, benthic invertebrates and other preys (e.g., benthopelagic/mesopelagic fish); regular monitoring for such groups could help to fine-tune trophic interactions in the food web and lead to better representation of ecosystem processes and more effective models for operational use.

The hindcast period is characterized by a reduction in the fishing fleets, increase in sea water temperature (Skliris et al., 2011; Stergiou et al., 2016) as well as shifts in the biological components (Damalas et al., 2021) such as catches and biomasses, both at community and species level (e.g. Farriols et al., 2019; Tserpes et al., 2019). The Ecosim model best fitted to observations included trophic interactions (estimated vulnerabilities), which improved the model fit more than any other driver in all steps of the fitting procedure. Overall, the observed changes in the hindcast period were a result of the synergistic effect of fishing and environmental variability (SST and PP Anomaly).

The best model included dynamics of total GT assuming an annual technology creep factor of 0.79% for bottom trawls and 2% for the remaining gears, as proxy for the fishing effort. The technology creep factor reflects in practice changes in catchability due to improvement of fishing gears and other equipment. The application of this level of technology creep, which is often neglected in fisheries management (Eigaard et al., 2014), leads to lower rate of reduction of the nominal fishing capacity, or even to increases in some fleets, despite the long-lasting efforts to reduce the number of vessels in all Mediterranean waters (Eurostat, 2021). This was observed also in other systems (see Fortibuoni et al., 2017) and should be carefully taken into account for policy design and enforcement, especially in a management system based on effort control, like the Mediterranean Sea (Bellido et al., 2020).

    
In addition to fishing effort, the inclusion of thermal responses and SST as a driver for the period 1993-2020 improved the model fit. This result supports the findings that climate change has already affected the communities and/or composition of catches in several Mediterranean ecosystems (e.g. Corrales et al., 2017) and the Mediterranean as a whole (Tzanatos et al., 2014), as well as the composition of landings and demersal communities in the Aegean Sea (Tsikliras et al., 2015). The incorporation of FGs’ responses to climate change within the N. Aegean Sea model, apart from improving its explanatory power, it also provided the possibility of using the model as a tool to explore the directions of change in climate simulations.

The inclusion of a model-derived PP Anomaly in the final selected Ecosim model confirms the importance of productivity trends in the Mediterranean ecosystems (Piroddi et al., 2017). This PP Anomaly showed positive correlation with the North Atlantic Oscillation (NAO) of the previous year (1 year lag). NAO is a large-scale climatic oscillation which can affect fisheries in the North Atlantic region and the Mediterranean Sea, with effects on abundance, recruitment, catchability and body condition (Báez et al., 2021). In the Aegean Sea, it has been shown to affect the anchovy/sardine catch ratio with one year lag (Katara et al., 2011), similarly to our findings, and which is possibly explained by a lag in recruitment or other processes (Báez et al., 2021).

Several FGs were heavily fished at the beginning of the hindcast period (see F/Z estimated ratios for NAS1990, Table S8). A peak in total landings has been recorded in 1994, followed by a decreasing trend for many years, not only in the study area but for the whole of Greek landings (Moutopoulos et al., 2014). Lower landings were accompanied by decreasing biomass trends for several FGs, and by decline in nominal fishing capacity which took place mostly after the late 1990s. These dynamics are coherent with an overexploitation process that was likely taking place in the Mediterranean fisheries (Vasilakopoulos et al., 2014) and/or the effect of environmental processes and climate that reduced carrying capacity. A regime shift linked to such processes, mainly climate change, has been identified in the Aegean Sea for the early 1990s (Damalas et al., 2021). Similarly, in the Adriatic Sea, multivariate analysis showed that the species composition of landings during 1994-2008 differed from the previous (1986–1993) and the following (2009-2015) periods (Fortibuoni et al., 2017). This time frame (i.e., 1994-2008) is very similar with the period of decreasing biomasses and landings in the N. Aegean Sea observed in our study (i.e., 1994-2010). Further considering the timing (i.e. early 1990s) of the shift identified by Damalas et al. (2021), it is probable that these environmental effects concern a wider scale, for at least part of the Mediterranean Sea. In the Aegean Sea, the overexploited status of fisheries resources at that period may have contributed to this shift by reducing their resilience (Damalas et al., 2021). Even though the authors consider unlikely for the ecosystem to return to its pre-1990s state (Damalas et al., 2021), our study reveals that the N. Aegean Sea showed signs of quick recovery in terms of total biomass, catches and other ecosystem indicators in the last decade (2011-2020). However, this doesn’t mean that the previous state is met, since differences in the relative biomass (and catches) of FGs are evident at the end of the hindcast period in relation to the early 1990s. This partial recovery might be the result of reduction of fishing effort - which resulted in some fleets (e.g., bottom trawls) even after accounting for technology creep – and of some technical measures that have been applied in the past decade, such as the increase in cod-end mesh size and the partial reallocation of fishing effort from shallow to deeper waters for bottom trawls (Council Regulation (EC) No 1967/2006). These measures are not considered adequate to ensure the sustainability of the stocks (Vasilakopoulos et al., 2020; Lucchetti et al., 2021), but they may have contributed to the observed improvement, at least for some species (e.g. red mullets; Tserpes et al., 2019).



4.2 Climate Simulations and Fishing Scenarios

Future scenarios incorporating IPCC temperature projections forecasted substantial changes in the North Aegean Sea communities. Positive effects were most frequent for demersal FGs, contrary to what was predicted by a Mediterranean-wide multi-species model (Moullec et al., 2019). In addition, pelagic predators such as medium and large pelagic fish, and dolphins, were favored like in other works (Libralato et al., 2015). The changes observed for each FG resulted from a combination of direct thermal responses and trophic cascading effects. Certain FGs (e.g., blue whiting, demersal fish 3, benthic cephalopods) showed less severe changes under the most extreme climate simulation (RCP85), which seems to be an outcome of complex trophic effects rather than direct impact of temperature, highlighting the importance of using multi-species models to detect possible ecosystem and resource responses.

According to the increasing SST simulations, total catches didn’t seem to be substantially affected, in line with Moullec et al. (2019). However, important changes were observed at the FG level, with some of the main commercial groups (hake, benthic cephalopods) increasing and others (shrimps, red mullets) decreasing. Recently, using an hydrodynamic/biogeochemical low-trophic level model coupled with an individual-based (IBM) model, Gkanasos et al. (2021) forecasted negative climate effects on both anchovy and sardine in the North Aegean Sea due to reduced zooplankton concentrations under IPCC scenarios. Their results also showed that anchovy was impacted more than sardine because of great overlap between anchovy spawning and larval growth periods with the period of maximum yearly temperature and low prey concentration (Gkanasos et al., 2021). On the other hand, at the Mediterranean scale, positive response to climate change have been predicted for both small pelagic species (Moullec et al., 2019). Contrasting predictions on species responses is not uncommon in ecological research, not only as an outcome of the variety of methodologies applied, data used and assumptions made, but also due to different responses in each ecosystem. As an example for the latter, hake was found to be threatened by seawater warming in the Israeli Mediterranean continental shelf, contrary to the N. Aegean Sea, but SST in the southeast Mediterranean is 4-5°C warmer than in the N. Aegean and devstes much more than hake’s optimal temperature based on AquaMaps data (Corrales et al., 2018).

One limitation of the current modelling approach is that for multi-species FGs, the model cannot appropriately take into account contrasting specific thermal responses of species composing the FG. One approach to deal with this issue could be to define FGs according to a wider suite of ecological traits (e.g. Papapanagiotou et al., 2020) including responses to temperature, or even using them as the main criterion. Such an approach would be very useful in studies placing more focus on climate change, but it might limit the potential when other factors (e.g., fisheries, trophic relationships) need to be examined, therefore the model structure (including FG definition) should depend on the specific questions sought.

The increase in primary productivity (PP+5%), which is currently considered the most likely direction (Lazzari et al., 2014; Macias et al., 2015), will result to be beneficial to the ecosystem biomasses and fisheries production in the area. However, recent studies suggest that the productivity trend in the Eastern Mediterranean may be decreasing (Richon et al., 2019) and climate risks for marine ecosystems are globally higher than previously thought (Tittensor et al., 2021). In this direction, simulations of reduced productivity (PP-5%) showed adverse impacts on almost all groups and most ecosystem indicators resulting in declining trends, as expected. However, when the declining PP Anomaly trend was explored simultaneously with the RCP 4.5 temperature simulation (ENV scenario), biomasses, catches and ecosystem indicators showed more complex responses, more negative than the increasing temperature alone (RCP45), but less than the reduction in primary productivity alone (PP-5%). Using results from physical-biogeochemical climatic scenarios (e.g. Reale et al., 2020) might help to directly embed in ecosystem models main bottom-up effects of climatic changes in plankton community due to several factors that spam from modification of nutrient inputs, general circulation and mixing, and plankton responses to temperature changes. Thus, future efforts to produce realistic climate scenarios of bottom-up effects might account forcings obtained from coupled physical and biogeochemical models’ scenarios.

Apart from temperature and productivity, climate change effects include several features that cannot be directly taken into account in our approach, such as shifts in species distributions, species invasions, changes in water circulation, increased acidification and hypoxia. Therefore, the climate simulations applied in the current study aim to explore the directions of change and their possible magnitude rather than to predict the precise levels of change. The reduction of fishing effort (ENV_FE10 scenario) reduces the climate impacts to some extend by leading to increased biodiversity (Shannon index) and by mitigating biomass decreases or even reversing the negative trends for some FGs. Although this comes with a moderate loss in total fisheries production, this may be a price worth paying in order to preserve ecosystem structure and functioning under continuous environmental changes. These results support the expectations that ecosystems in good environmental status with high diversity and which are exploited sustainably show higher resilience to climate change (Gaines et al., 2018). Thus sustainable fisheries production, even under climate change, mainly depends on the effectiveness of the fisheries management (Barange, 2019).

When explored under constant environmental conditions, the fishing simulations produced relatively similar results as in other Eastern Mediterranean ecosystems (e.g. the adjacent Thermaikos Gulf; Dimarchopoulou et al., 2022). The reduction of fishing effort leads to quick and substantial biomass increase for most species, but also to reduced catches. However, for some of the most exploited FGs (e.g., medium pelagics, sardine) this increase was so high that was able to compensate for the lower levels of fishing and to lead to higher catches. An abrupt (25%, FE25) decrease in fishing resulted in large changes in relative biomass in the medium term, characterized by impressive recovery for most of the exploited predatory FGs and decline of their preys (fish and invertebrates), in line with other similar exercises; however, these changes did not result in a new equilibrium of high biomasses for commercial species and the medium-term increases were not fully sustained in the long term, at least not for all benefitted species. Contrary, the more moderate (10%, FE10) decrease in fishing effort resulted in fewer fluctuations throughout the forecast period, but still with important gains for commercial species in terms of biomass and very small losses in catches in the long term. In addition, since for many FGs the reduction in effort is relatively proportional to the reduction in catches, a horizontal effort reduction might not be the best strategy; instead, targeted effort reduction in gears whose target species are more exploited, might yield the best results and is worth exploring in a management strategy evaluation framework. In a further step, taking into account species traits and permitting more effort for gears that exploit species that may be favored by new environmental conditions, could be a tool to mitigate ecosystem impacts under climate risk (Papapanagiotou et al., 2020).
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Baseline - = 0 1056.29 67.90

Fishing (min)* = = 0 96530  -20.92 -8.6%
Fishing (max)* = = 0 1064.90 75.90 0.8%
SST = = 0 1295.57 269.22 22.7%
PP Anomaly = 6 6 936.20 -38.95 -11.4%
Trophic Interactions 34 = 34 1019.58 105.88 -8.5%
Fishing + SST - =3 0 1297.25 270.50 22.8%
Fishing + PP Anomaly - 6 6 936.89 -38.23 -11.3%
Fishing + Trophic Interactions 34 - 34 929.56 14.74 -12.0%
SST + PP Anomaly - 6 6 1228.86 229.25 16.3%
SST + Trophic Interactions 34 - 34 689.84 -279.34 -34.7%
PP Anomaly + Trophic Interactions 34 6 40 789.15 -132.81 -25.3%
Fishing + SST + PP Anomaly = 6 6 1251.78 247.47 18.5%
Fishing + SST + Trophic Interactions 34 - 34 665.00 -315.50 -37.0%
Fishing + PP Anomaly + Trophic Interactions 34 6 40 778.04 -146.79 -26.3%
SST + PP Anomaly + Trophic Interactions 34 6 40 605.23 -394.45 -42.7%
Fishing + SST + PP Anomaly + Trophic Interactions 34 6 40 567.39 -458.10 -46.3%

‘three different proxies of fishing effort (capacity in number of vessels, Total GT, Total KW) under 3 levels of technology creep (kept constant at 0.79% for bottom trawls and varying

at 0%, 1%, 2% for the other fleets) were explored, therefore only the minimum and maximum values are shown. For the remaining steps, fishing effort corresponds to Total GT with a
2% annual factor of technology creep, which is the proxy applied to the best model.
Only steps with 6 PP anomaly spline points and/or 34 vulnerabilities (V's) are shown, in line with the finally selected model (indicated in bold). The % change of the SS of each model

compared to the baseline scenario is also shown.
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