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ABSTRACT: The Mediterranean Rhodes gyre is a cyclonic gyre with high primary production due to 12 
local upwelling of nutrients, and occasional deep overturning up to 1km depth. This nutrient-rich 13 
state is in sharp contrast to other parts of the Eastern Mediterranean which are oligotrophic. Here 14 
we study the upwelling system central to the Rhodes gyre and the impact of different stressors like 15 
meteorological changes, acidification and fishing pressure up to the year 2100. A water column 16 
model spanning the physical, chemical and biological system up to top predators (GOTM-ERSEM-17 
BFM-EwE) was used to simulate the pelagic environment under single and combined stressors. 18 
Results show that due to increasing winter temperatures deep overturning events are becoming 19 
more rare in the future, until they stop occurring around 2060 under the business-as-usual climate 20 
scenario (RCP8.5). Stratification becomes stronger as temperature effects outweigh salinity effects in 21 
the surface mixed layer. Together with the lack of deep overturning this limits the nutrient supply to 22 
the euphotic zone, significantly reducing primary production. Phytoplankton species shift towards 23 
smaller species as nutrients become more scarce, mimicking the situation found currently on the 24 
edge of the gyre. Climatic changes and fishing pressure affected higher trophic levels in an additive 25 
way for some species (sardines, dolphins), while in a synergistic way for others (anchovy, mackerel). 26 
Acidification impacts were negligible. Fish stocks reduced significantly under both climate scenarios: 27 
~30% under RCP4.5 and ~40% under RCP8.5, with limited beneficial impact of MSY-level fishing, 28 
indicating a need for mitigating measures beyond fleet control. 29 

  30 
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 33 

1 Introduction 34 

The Mediterranean Sea is the largest and deepest semi-enclosed sea on Earth, and has a long 35 
history of providing ecosystem services (Colonese et al. 2010). It is a biodiversity hotspot and has 36 
strong west-east gradients in temperature, salinity and productivity, with the Eastern Mediterranean 37 
basin exhibiting higher sea surface temperatures, higher salinity and lower productivity than the 38 
western part (Coll et al. 2010). As such, the Eastern Mediterranean supports little biomass compared 39 
to other (semi)-enclosed seas (Salihoglu et al. 1990, Vidussi et al. 2001). Within this system the 40 
Rhodes gyre forms an exception: due to the local topography and the cyclonic nature of the gyre 41 
upwelling occurs in its center, pushing nutrient-rich bottom waters upwards to within reach of the 42 
euphotic zone. This results in a high production area in the otherwise oligotrophic Levantine basin 43 
(Siokrou-Frangou et al. 2010), which is further characterized by narrow continental shelves. In terms 44 
of the types of fisheries the Rhodes gyre is part of the Aegean Sea geographical subarea (Colloca et 45 



2 
 

al. 2017), making it difficult to estimate its importance separately. Nevertheless, Megalofonou & 46 
Damalas (2012) show the Rhodes gyre is an important area for Swordfish catches. In general, 47 
Mediterranean stocks are overexploited (Colloca et al. 2010). Threats facing the Mediterranean’s 48 
unique ecosystem include habitat degradation, climate change, eutrophication, pollution and 49 
invasive species, amongst others (Galil, 2009, Coll et al. 2010).  50 

The Mediterranean ecosystem is deemed to be particularly vulnerable to climatic changes 51 
(Giorgi & Lionello 2008, Cramer et al. 2018). Shaltout and Omsted (2014) show that the Levantine 52 
basin and the Black Sea are the fastest warming basins under the CMIP5 scenarios (Coupled Model 53 
Intercomparison Project Phase 5, providing regional climate predictions to 2100) in the 54 
Mediterranean, with current surface temperature increases of 0.042 oC yr−1 and 0.51 oC yr−1 55 
respectively (based on 1982-2012 observations, the Active Atlantic Mediterranean displays the 56 
lowest increase with 0.024 oC yr−1) and an expected increase of 2.5 oC by 2100 under the worst case 57 
emissions scenario (business as usual or RCP8.5, relative to predicted 2000-2029 temperatures). 58 
Within the Levantine basin, the Rhodes gyre experiences exceptional warming, particularly in 59 
average sea surface temperature and mean winter surface temperature. It is therefore important to 60 
gauge how this will affect the upwelling and overturning mechanism and associated Rhodes gyre 61 
productivity. 62 

To this end we perform a multi-stressor modelling study of the Rhodes gyre system, 63 
simulating responses up to 2100. We apply a coupled ecosystem model to the area, simulating the 64 
vertical water column physics (temperature, salinity, currents, etc.), chemistry (nutrient cycling, pH, 65 
etc.), lower trophic levels (organisms that are moved by the currents) and higher trophic levels 66 
(organisms that can swim). Bottom-up stressors like acidification and climate change are imposed 67 
alongside the top-down stressor of fishing in this deep, offshore location. This way, indications of 68 
system changes can be identified, and consequences for economically important species gauged, 69 
which can focus further studies and/or management strategies.  70 

 71 

2 Method 72 

2.1 Area description and model location 73 
The Eastern Mediterranean is characterised by 2 large gyres, comprising several smaller ones 74 

(Figure 1). The anti-cyclonic gyre in the southern Levantine basin comprises the Mersa-Matruh and 75 
Shikmona gyres, while the cyclonic gyre in the northern Levantine basin encompasses the Rhodes 76 
gyre and West Cyprus gyre. Of these, the Rhodes gyre is a permanent feature which causes 77 
continuous upwelling of water in its centre from deeper layers containing Levantine Deep Water 78 
(LDW). This process is driven by the local topography, the wind-driven circulation and interaction of 79 
2 local currents (Mid-Mediterranean Jet, Asia Minor Current) (Gaines et al. 2006). The surface mixed 80 
layer (SML) within the Rhodes gyre has a depth of 25-75m and mixes with the layer below (up to 150 81 
to 200m deep) to form Levantine Intermediate Water (LIW): the area is considered to be the main 82 
formation point of LIW (Lascaratos et al. 1993, Pinardi and Masetti 2000, Menna & Poulain 2010). 83 
Levantine Intermediate Waters are deemed to control deep water formation in the northern 84 
Mediterranean areas (Wu & Haines, 1996) and contribute predominantly to the Gibraltar-Atlantic 85 
flux (Robinson et al. 2001). However, Kubin et al. (2019) estimate that most LIW is formed in coastal 86 
currents in the area, and that the Rhodes gyre is more important as a formation area of LDW during 87 
strong convection events.   88 

The central upwelling causes the Rhodes gyre to be one of the most productive areas of the 89 
Mediterranean Sea (Vidussi et al. 2001), and an important high production area in the Eastern 90 
Mediterranean, which is otherwise an oligotrophic area (Ediger and Yilmaz 1996, Siokou-Frangou et 91 
al. 2010, Powley et al. 2017, Teruzzi et al. 2018). In general, the Eastern Mediterranean is 92 
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characterized by high nutrient bottom waters at large depths and nutrient-depleted surface waters 93 
with a nutricline well below the euphotic zone. However, in cyclonic gyres upwelling occurs in the 94 
center which pushes the nutricline upwards: in the Rhodes gyre Levantine Deep Water (LDW) is 95 
pushed upwards to a depth of around 150-200m. The euphotic depth in these clear, offshore 96 
Mediterranean waters is around 70-100 m (Soikrou-Frangou et al. 1999, Ediger et al. 2004), and 97 
within the Rhodes gyre the nutricline is pushed up to 50-125 m depth (Ediger et al. 2004), thus 98 
reaching the base of the euphotic zone. This leads to nutrients being introduced into the productive 99 
zone from the nutricline by vertical mixing, especially in winter months when thermal stratification is 100 
minimal (Siokou-Frangou et al. 1999). Primary production mainly occurs in a deep chlorophyll 101 
maximum at the base of the euphotic zone. 102 

However, in years with strong evaporation and, in particular, long cold winters the combined effect 103 
of saltier, colder water than normal at the surface can cause overturning of the water column. The 104 
the top layer (first 150-200m) becomes more dense than the LDW below and the heavier water 105 
sinks, causing a complete remixing of the water column up to 1000 or more meters. This remixing 106 
allows for the nutrient rich waters of the LDW to reach the surface and cause a plankton bloom 107 
where the upwelling nutrients reach the photic zone (Ediger and Yilmaz 1996, Malanotte-Rizzoli et 108 
al. 1999, Ediger et al. 2005, Yilmaz et al. 2007). These overturning years are characterized by high 109 
nutrient concentrations within the surface layer (NO3: 4.7±0.4 μM, PO4 0.16±0.02 μM and Si 7.8±0.4 110 
μM), matching LDW values. The area is deemed to be generally phosphate limited (Yilmaz et al. 111 
2007).  112 
 113 

Phytoplankton species within the Rhodes gyre center are dominated by diatoms, 114 

dinoflagellates and cocolithophores (Siokou-Frangou et al. 1999), i.e. large species that benefit from 115 
the high nutrient concentrations. Chlorophyll-a concentrations and primary production values can be 116 
as high as 3 mg m-3 and 1.1 g C m-2 d-1 respectively, in the Rhodes gyre in years experiencing deep 117 
overturning (Yilmaz et al. 2007). Vertical diel migration of zooplankton is largely absent in the North 118 
Levantine basin, and could be due to the absence of strong migrants such as copepods, with the 119 
Rhodes gyre exhibiting a relative low abundance of copepods and high abundance of 120 
Appendicularians (Mazzochi et al. 1997). For an overview and species information on plankton in the 121 
Rhodes gyre and wider area see Siokou-Frangou et al. (2010). 122 
 123 

2.2 Hydrodynamic model setup 124 
The model location for the Rhodes gyre simulations was chosen as [35.75 oN, 28.6 oE], which 125 

has a local depth of 4088 m. However, as we apply a water-column model the three-dimensional 126 
processes which cause the center of the Rhodes gyre to shift spatially each year are not represented 127 
here. The chosen model location will therefore always represent the center of the Rhodes gyre, rather 128 
than a fixed geographic location. Due to the large depth we do not include the seabed or any related 129 
benthic organisms and processes. 130 

A 1 dimensional vertical setup was used (1DV or water column model), as the main processes 131 
are vertically oriented and the reduced simulation time (compared to a laterally explicit setup) 132 
allows for many simulations to be carried out, making it suitable for a multi-stressor study. We used 133 
120 vertical (sigma) layers to simulate to 1000 m depth with increased resolution at the surface, and 134 
excluded the sea bed and associated dynamics due to the large depth. Layer width ranged from 1 to 135 
2 m near the surface to 14.6 m at around 660 m depth, decreasing again to ~ 11m at 1000m depth. 136 
The hydrodynamical model used was GOTM (General Ocean Turbulence Model), an open source 137 
model available from github (www.gotm.net).  138 

In order to simulate the dominating physical process of upwelling and occasional overturning 139 
the water column model was relaxed towards constructed temperature profiles which impose the 140 
observed layered structure of SML, LIW and LDW (i.e. the model solution was nudged towards the 141 

http://www.gotm.net/
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profiles but not forced to be identical). These profiles were based on ICES CTD data (see section S3.2) 142 
and dependent on air temperature to account for changing meteorological conditions. As 143 
temperature, salinity and thus density are calculated by the model depending on the atmospheric 144 
conditions (including evaporation) it was able to simulate deep mixing in years with long, cold winters. 145 
We used  Jerlov Type I waters. Tidal constituent data for the given location were obtained from 146 
Topex/Poseidon , representing weak M2 and  K1 tides. Waves were not accounted for. 147 

2.3 The lower trophic level model 148 
The marine chemistry and lower trophic levels of the ecosystem were simulated using the ERSEM-149 
BFM model (www.nioz.nl/en/about/cos/ecosystem-modelling/ersem-bfm-model). This model was 150 
constructed by NIOZ and Cefas institutes from the BFM model (Biogeochemical Flux Model, Vichi et 151 
al. 2013), which is the modern version of the original ERSEM model (European Regional Seas 152 
Ecosystem Model, Baretta et al. 1995). The ERSEM-BFM model was further developed to include an 153 
extensive benthic compartment, but this is not used here. Organisms in ERSEM and ERSEM-BFM 154 
have internally varying nutrient ratios (i.e. not defined by the Redfield ratio), allowing for luxury 155 
uptake of nutrients. Additional pelagic development to ERSEM-BFM consists of TEP production by 156 
nutrient-stressed diatoms (Transparent Exopolymer Particles which causes macro-aggregate 157 
formation,resulting in rapid sinking out of a diatom bloom) and the addition of nitrifying archaea and 158 
Phaeocystis, a colonial nuisance algae. As a result, the applied model comprises 6 functional groups 159 
for phytoplankton (diatoms, flagellates, picophytoplankton, dinoflagellates, resuspended benthic 160 
diatoms, Phaeocystis colonies), 5 for zooplankton (heterotrophic nanoflagellates, microzooplankton, 161 
omnivorous mesozooplankton, carnivorous mesozooplankton, filter feeder larvae) and encompasses 162 
pelagic bacteria besides archaea (nitrifying bacteria). All zooplankton groups (except filter feeder 163 
larvae) experience cannibalism, to mimic biomass-dependent grazing by higher trophic levels. A 164 
schematic overview of the model is given in Figure 2. Iron (Fe) was added as an extra nutrient, and 165 
integrated in the nutrient cycling, including speciation in Fe-II and Fe-III (the speciation is pH 166 
dependent, providing another way for the acidification stressor to impact on ocean chemistry). 167 
However, as this open ocean site is not iron limited due to the high amounts of Saharan dust 168 
deposition (Zhang et al. 2015) we do not expect this to influence results much. Examples of 169 
application of this model (without Fe) in water column stressor studies are van der Molen (2013) and 170 
van Leeuwen (2015), which present model validation but apply different future meteorological 171 
forcing. Derived Fe deposition values are provided in the supplementary materials, Table S1.  172 
 173 

2.4 The higher trophic level model 174 
The Ecopath with Ecosim (EwE) model was originally developed at NOAA with the main 175 

subsequent development occurring at the University of British Columbia (Christensen & Pauly 1992, 176 
Steenbeek et al. 2015, www.ecopath.org). Here, the Ecopath model describes the static food web, 177 
while Ecosim provides the temporal development of the static system in response to external, time-178 
varying, drivers. Applications of EwE in the eastern Mediterranean hardly exist (Coll & Libralato 179 
2012), and none are specific to the Rhodes gyre or offshore cyclonic areas. Therefore, we based the 180 
representation of higher trophic levels upon the Aegean Ecopath with Ecosim model (Tsagarakis et 181 
al. 2010) with the benthic components removed, as illustrated in Figure 2. S Species discarded from 182 
the model by Tsagarakis et al (2010) were: benthic small crustaceans, polychaetes, shrimps, crabs, 183 
Norway lobster, benthic invertebrates, octopuses & cuttlefish, red mullets, anglerfish, flatfishes, 184 
other gadiformes, demersal fishes 1-4, demersal sharks and demersal rays & skates. Those retained 185 
are given in Table 1. 186 

The main targeted species are sardine (Sardina pilchardus) and anchovy (Engraulis encrasicolus), 187 
with limited additional effort targeting mackerels (Scomber japonicus, S. scombrus), picarels and 188 
bogues (Boops boops, Spicara maena, S. smaris), hake (Merluccius merluccius) and medium and 189 
small pelagics (Tsagarakis et al (2010)). The original model incorporated five fishing fleets, of which 3 190 

http://www.nioz.nl/en/about/cos/ecosystem-modelling/ersem-bfm-model
http://www.ecopath.org/
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were artisanal (static nets, longlines and troll baits, cephalopod pots) and 2 commercial (bottom 191 
trawls and purse-seines). As the Rhodes gyre is far offshore with depths > 4000m we eliminate the 192 
artisanal fleet effort (too far) as well as the bottom trawls (too deep), limiting the imposed fleet to 193 
the commercial purse-sein fisheries. 194 

2.5 Coupling 195 
 The lower and higher trophic level models were coupled one-way upwards, i.e. biomass fields 196 

from ERSEM-BFM were used as input into the food web model. 197 

All edible phytoplankton groups were linked to the EwE phytoplankton (apart from 198 
resuspended benthic diatoms and Phaeocystis, which did not survive in this offshore location). 199 
Bacteria and detritus were not coupled to give each model its own regeneration cycle. Biomass time 200 
series of phytoplankton (diatoms + flagellates + picophytoplankton), ciliates and mesozooplankton 201 
were calculated by GOTM-ERSEM-BFM and provided realtime to the EwE model via the CouplerLib 202 
model coupler (Beecham et al. 2016). Unfortunately, two-way coupling proved elusive within the 203 
project time. Thus, EwE calculated biomass fields (and fishing pressures) did not feed back into the 204 
lower trophic level model. Climate change and acidification pressures did impact on higher trophic 205 
levels through the lower trophic level biomass time series and surface mixed layer temperature 206 
values. The latter replaced the ambient background temperature in EwE. 207 

2.6 Scenarios 208 
The Mediterranean is a hotspot for climate change effects, with the Levantine basin and the 209 

Black Sea the most impacted regions (Giorgio & Lionello 2008, Shaltout et al. 2014, Cramer et al. 2018). 210 
Here we consider two projections of the IPCC (2014) report: representative concentration pathway 211 
(RCP) 4.5 (an intermediate emission scenario akin to observance of the Paris agreement) and 8.5 (a 212 
high emissions scenario assuming business as usual). The associated atmospheric pCO2 concentrations 213 
are shown in Figure S2Error! Reference source not found.. All stressors were applied at two different 214 
levels to accommodate climate projection uncertainties and to encompass different management 215 
options. Results of this work were  made available to marine managers in a decision support tool (de 216 
Kok et al. 2016). 217 

For this multi-stressor study we consider two bottom-up pressures (climate change and ocean 218 
acidification, denoted as CC and OA respectively) and one top-down pressure (fishing, denoted as F). 219 
Each stressor was applied at two different levels, and combinations of the different stressors were 220 
also simulated (Table 2). The acidification pressure was applied by direct forcing of the lower trophic 221 
level model with the atmospheric pCO2 values (Figure S2Error! Reference source not found.): this 222 
affects the CO2 exchange at the atmospheric-ocean boundary. The carbonate chemistry within ERSEM-223 
BFM is based on the code by Dickson in DOE (1994), and considers CO2, HCO3

-, CO3
2-, pCO2, pH , DIC 224 

and total alkalinity (TA) as state variables (see also Vichi et al, 2013, the carbon module is the same as 225 
in the applied model). Biological production of CO2 through respiration is standard for all functional 226 
groups, while consumption of CO2 through photosynthesis is included for phytoplankton only, 227 
including limitation of primary production by the  HCO3

- concentration. The latter allows for pH 228 
changes to affect the primary productivity, as lower pH values will result in higher HCO3

- 229 
concentrations (potentially relieving DIC limitations on production). Phytoplankton production is 230 
dependent upon the light availability, temperature and nutrient limitation, with CO2 uptake to equal 231 
the possible production. Respiration is the total of basal respiration and activity respiration. The first 232 
is a function of temperature and carbon biomass while the latter is a constant fraction of the gross 233 
primary production (species dependent fraction). During the spring bloom CO2 uptake by 234 
phytoplankton significantly raises the local pH, due to the formation of H+ ions. Scenarios OA1 and 235 
OA2 refer to the application of the RCP4.5 and RCP8.5 atmospheric  pCO2 concentrations, respectively. 236 

The associated meteorological conditions at the model location are shown in Figure S2, 237 
supplementary materials, and were obtained by interpolation from the Coupled Model 238 



6 
 

Intercomparison Project phase 5 (CMIP5, Taylor et al. 2012). CMIP5 is part of the Cordex program 239 
(Coordinated Regional Climate Downscaling Experiment, see http://cordex.org/). Here we used an 240 
ensemble run- (r1i1p1) of the Regional Climate Model CMCC-CCLM4-8-19, run by the Euro 241 
Mediterranean Centre on Climate Change (CMCC) and forced at the boundaries with the Global 242 
Climate Model CMCC-CM. The spatial resolution of this product is 0.44 degrees (~50km) and the 243 
temporal resolution is 1 day. The data consisted of (daily-averaged) wind speed (m/s) and direction 244 
(degrees from North), humidity (%), air pressure (hectoPascal), dry air temperature (at 2m, oC) and 245 
cloud cover (fraction 0-1). The air temperature is expected to increase by 4.5 oC over the 21st century 246 
under the RCP8.5 scenario. A slight decrease in cloud cover and wind speed is also predicted for the 247 
Rhodes gyre area. These meteorological conditions were applied to the hydrodynamic model GOTM 248 
and constituted the climate scenarios CC1 (RCP4.5) and CC2 (RCP8.5). 249 

Finally, fishing pressure was applied in a low (LF) and high (HF) level compared to the default 250 
fishing pressure in the food web model of a commercial purse-sein fleet targeting mostly anchovy and 251 
sardines (see section 2.4). Low and high levels refer to 0.5 and 2 x the level imposed by Tsagarakis et 252 
al. (2010) (their Table 1), respectively, with reference fishing pressures (ratio of fished biomass over 253 
total biomass for a species, i.e. the fraction of fish removed by fishing) of 0.25 yr-1 (adult anchovies) 254 
and 0.42 yr-1 (adult sardines). Note that anchovy initial biomass is double that of sardines in the model, 255 
so that anchovy dominate the total catch. As most Mediterranean stocks are overfished (FAO 2018), 256 
the reference conditions are expected to be higher than MSY (maximum sustainable yield) levels. 257 
Specific values for sardines and anchovy in the Aegean subarea (which includes the Rhodes gyre) were 258 
not provided in FAO (2018), but general Mediterranean overfishing estimates (F/FMSY) were 2.0 and 259 
1.7 respectively. Thus, the low fishing pressure scenario used here can be seen as close to MSY levels 260 
for these species. 261 

 Table 2 shows the different scenarios applied in the study. Note that not all possible 262 
combinations were used: as both climate change and acidification are driven by the same increases in 263 
atmospheric pCO2 levels we did not mix these pressures (only including CC1OA1, CC2OA2 as 264 
combinations). The single pressures were used (CC1, OA1, CC2, OA2) to gauge individual stressor 265 
impact and aid interpretation of the multi-stressor experiments. They also aligned with mesocosm 266 
studies within the wider project (Ocean Certain), using Cretan Sea waters (see Hopwood et al. 2020). 267 
As the models were linked one-way upwards the fishing pressure was only applied to the higher 268 
trophic level model. As such, 7 simulations were performed for the lower trophic levels and 17 for the 269 
higher trophic levels. All scenario simulations were started from the equilibrium state provided by the 270 
initial 1958-2099 reference simulation. A separate simulation over 1958-2014 was performed with the 271 
realistic ECMWF ERA-Interim forcing for validation purposes. See section S1 for a comparison between 272 
the ECMWF and the CMIP5 meteorologies.   273 

The coupled model simulated the period 1958-2099 (as the meteorological forcing conditions 274 
were not complete for the year 2100). To analyse long term trends we mainly consider results in 30-275 
year averages (Table 3) in order to filter out inter-annual and decadal variations and match the 276 
repeated climate period of the reference simulation. 277 

 278 

3 Results 279 

3.1 Validation 280 
 281 

 Comparison of model results with observations requires a realistic meteorological forcing 282 
since the applied CMIP5 meteorological forcing does not guarantee to reproduce actual observed 283 
historical events (Taylor et al, 2010), even in the historical experiment. Thus we do not expect the 284 
model to simulate overturning in the years that it has been observed (e.g. 1992, 1993 and 285 

http://cordex.org/
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1995,Yilmaz et al, 2007). Instead, the model will predict the marine changes associated with changes 286 
in the frequency of the overturning.  The difference between the validation simulation (ECMWF 287 
forcing) and the reference scenario (CMIP5 forcing) for sea surface temperature shows summer 288 
temperatures in the reference run are ~ 2oC lower than those of the validation run, which reflects 289 
the differences in the meteorological forcing (Figure 3a). Modelled SST was compared to satellite 290 
observations from the Mediterranean Sea high resolution and ultra-high-resolution Sea Surface 291 
Temperature Analysis, processed by the CNR-ISAC-GOS (Consiglio Nazionale delle Ricerche, Istituto 292 
di Scienze dell’Atmosfera e del Clima - Gruppo di Oceanografia da Satellite, Italy) and obtained from 293 
Copernicus Marine Environment Monitoring Service (CMEMS, https://marine.copernicus.eu/) . The 294 
Taylor diagram in Figure 3b shows that both model results are similar in correlation and error with 295 
respect to the observations, although the validation run overestimates the standard deviation, 296 
whereas the reference run underestimates it.  See section S1 for a longer period of comparison for 297 
air temperature and wind between the two applied meteorology’s and section S5 for additional 298 
model validation.  299 

Nutrient data for the Rhodes gyre centre are limited, and the observational values in Yilmaz et 300 
al (2007) were used to define LDW concentrations within the model. The simulated surface values in 301 
standard, non-overturning years were ~0.7, 10.0, 0.02 (NO3, Si, PO4), while in overturning years this 302 
changed to  ~ 4.7, 6.5, 0.24 (NO3, Si, PO4). Note that in our simulations the surface silicate 303 
concentrations (fed by constant atmospheric deposition of Saharan sands) decrease in deep 304 
overturning years due to the enhanced primary production. Surface nitrate and phosphate 305 
concentrations match those observed for both standard and deep overturning years (see section 306 
2.1) as reported by Yilmaz et al (2007). Other sources report nitrate concentrations of 5.0 µM 307 
(Vidussi et al, 2001) and 5.5 µM (Ediger & Yilmaz, 1996) in the surface layer during overturning 308 
events. Maximum simulated chlorophyll-a concentrations in deep overturning years were ~ 5 mg 309 
Chla m-3, while maximum net primary production rates were 3-4 gCm-2d-1. This refers to the period of 310 
1978-2008 and the maximum over the whole water column, and shows elevated values compared to 311 
those reported by Yilmaz et al (2007) (see section 2.1, covering 1992-1995). This is likely caused by 312 
the slightly higher PO4 and higher Si concentrations in our simulations: with PO4 the limiting nutrient 313 
any increase there will increase primary production. The study presented here focusses on long-314 
term, averaged impacts and the model is able to capture the observed phosphate limitation, 315 
production at depth and deep overturning events, as well as nutrient concentrations and primary 316 
production in the right order of magnitude. As such, we believe the model is capable of predicting 317 
future changes to the Rhodes gyre ecosystem. 318 

 319 

3.2 Physical and chemical changes 320 
The simulated Rhodes gyre stratification increases strongly under future climes, due to 321 

increased air temperatures and higher sea surface temperatures (Figure 4a,b). Ocean acidification has 322 
no discernable impact on the vertical structure, with the OA1, OA2 scenarios coinciding with the 323 
reference simulation. The physical impact of higher air temperatures and the resulting increased 324 
stratification and decline in cold winters can be seen in the maximum annual PO4 concentrations at 325 
the surface (Figure 5): in the reference simulation LDW values of PO4 reach the surface occasionally 326 
throughout the 20th century. Under the Paris agreement (RCP4.5, CC1) scenario surface PO4 values do 327 
not reach LDW values anymore after the 2060’s, indicating that overturning has stopped.  For the 328 
business-as-usual scenario (RCP8.5, CC2) overturning does not occur anymore by 2040. Surface PO4 329 
values decrease steadily with increasing air temperatures as vertical mixing at the LDW/LIW and 330 
LIW/surface layer interfaces is reduced. This results in much lower nutrient concentrations in the 331 
euphotic zone in non-overturning years.   332 

CO2 uptake by the ocean is mainly governed by ocean acidification impacts, with a smaller 333 
contribution from climatic changes: acidification causes an increase in dissolved inorganic carbon (DIC) 334 

http://marine.copernicus.eu/services-portfolio/access-to-products/?option=com_csw&view=details&product_id=SST_MED_SST_L4_NRT_OBSERVATIONS_010_004
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and a decrease in pH values within the water column, which are slightly modified by climatic changes.  335 
The combined stressors impact seems synergistic: for stronger stressor impact the mitigating effect 336 
from climate changes increases. Note that in the reference simulation the surface DIC and pH values 337 
also change over time: the system needs to adjust to a new equilibrium with the imposed constant 338 
2008 atmospheric pCO2 values. Changes in primary production can also influence pH values, as 339 
photosynthesis uptake of CO2 increases the local pH. As such, the observed changes in simulated DIC 340 
and pH in the water column are the result of both chemical and biological changes in the system. 341 

3.3 Response of the lower trophic level system 342 
Future lower PO4 levels in the surface mixed layer, as a result of reduced vertical mixing and 343 

lack of deep overturning, have a strong impact on the biological system: net primary production 344 
decreases sharply (Figure 4Error! Reference source not found.e, CC1: -23%, CC2 -30%), as does 345 
carbon export to below 90 m depth (Figure 4f, considered long-term carbon storage, CC1: -19%, CC2: 346 
-23%). The surface mixed layer changes from a phytoplankton dominated system to a bacteria 347 
dominated system (Figure 4g), while the planktonic system changes from a phytoplankton dominated 348 
one to a zooplankton dominated one (Figure 4h). Available fish food (depth-integrated biomass of all 349 
ERSEM-BFM functional groups that are used as input for the EwE model) also decreases sharply 350 
(Figure 4i). 351 

The biological changes of the different functional groups (Figure 6) are completely dominated 352 
by climate change impacts (scenarios CC1, CC2, CC1OA1, CC2OA2), due to the large physical changes 353 
in the system under future, warmer climes. Depth-integrated biomass decreases significantly over all 354 
groups, with phytoplankton (CC1: -33%, CC2: -39%) and zooplankton (CC1: -30%, CC2: -35%) affected 355 
more strongly than bacteria (CC1: -15%, CC2: -17%), which remain largely unaffected below the 356 
surface mixed layer. The reduced nutrient levels in the euphotic zone benefit the smaller 357 
picophytoplankton, which are better at nutrient uptake in low nutrient conditions. The large 358 
percentage reduction in diatoms in both climate scenarios is only matched for flagellates in the higher 359 
impact climate scenario (CC2, Figure 6), as flagellates are still able to take over the spring bloom in the 360 
CC1 scenario (results not shown). Simulated biomass values decline for all phytoplankton groups with 361 
diatoms the most affected (Figure 7a). Phytoplankton community structure changes as a result, with 362 
picophytoplankton contribution nearly equaling diatom contribution by 2100 at the cost of flagellates 363 
and dinoflagellates (Figure 7c). Diatom contribution initially declines as the climate warms, with 364 
flagellate contribution increasing, but is back to nearly pre-scenario percentages by the end of the 365 
century. Dinoflagellates disappear altogether in the climate scenario simulations. Heterotrophic 366 
nanoflagellates (HNAN) feed predominantly on bacteria and picophytoplankton, yet only ciliates 367 
(which feed on HNAN) benefit enough to increase their biomass under future climes (Figure 6c, Figure 368 
7b,d).  369 

The  30-year averaged seasonal signal for phytoplankton functional groups (surface layer, Figure 370 
8) under the full RCP8.5 scenario clearly shows the decline in the larger species (diatoms and 371 
dinoflagellates, which are microphytoplankton) in the top mixed layer, with picophytoplankton (the 372 
smallest function group) benefitting. At nutricline depth the change is less dramatic (results not 373 
shown), with diatoms reducing in biomass but still able to dominate the spring bloom. Here the 374 
increased stratification inhibits mixing upwards of nutrients, whereas at the surface layer the lack of 375 
deep overturning causes nutrient levels to collapse. 376 

3.4 Response of the higher trophic level system 377 
The Rhodes gyre region is a deep water site, where the pelagic fisheries mainly target sardine and 378 
anchovy. These small pelagic fish feed on meso- and microzooplankton, and are food for medium-379 
sized fish such as mackerel and a few larger predators such as hake, squid, and dolphins (Figure 2). 380 
Climate change impacts on the lower trophic levels show reduced biomass levels for phyto and 381 
zooplankton, and a decline in the food available for the local higher trophic level food web (Figure 4i). 382 
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In particular mesozooplankton (omnivorous and carnivorous) declined strongly (Figure 6c), leading 383 
to a bottom-up controlled decline in pelagic stocks in around 40-60 years from now (Figure 9a,b). 384 
Anchovies show a strong decline even with the RCP4.5 climate scenario (CC1) of ~26% by 2100 385 
(Table 4), which increases to 40% under the RCP8.5 scenario (CC2) under low fishing pressure. 386 
Sardine stocks depict a similar development, with biomass losses of ~30% (CC1) and ~38% (CC2) 387 
under low fishing pressure. Both stocks show signs of stabilization by the end of the 21st century. 388 
Mackerel biomass (Figure 9c) shows a similar pattern, but with less distinction between the two 389 
imposed fishing scenarios as a less targeted species (Table 4). Again, the major change occurs 390 
already under the medium emissions scenario of CC1 (Paris agreement). Decreases in the 391 
productivity of the pelagic stocks have consequences further up the food chain, where dolphin 392 
numbers decline significantly (Figure 9d, Table 4):  ~30% reduction under the CC1 scenario and ~40% 393 
reduction under scenario CC2.  394 

Fishing pressure impacts are remarkably stable for sardines (~23% decline) and dolphins 395 
(~10% decline), regardless of the climatic stress level indicating an additive response. Anchovy 396 
numbers show signs of synergistic response of combined climate and fishing pressure, with the 397 
addition of climate stress adding a ~10% decline to biomass stocks. Mackerel biomass levels 398 
increased with increasing fishing effort, due to a relaxation of predation on this species (mainly by 399 
medium and large pelagic fishes and dolphins) caused by climate change impacts. Acidification is not 400 
depicted separately as lower trophic level impact was negligible and there is no direct impact on 401 
higher trophic level for this stressor other than via planktonic biomass fields. 402 

4 Discussion 403 

4.1 Main findings 404 
Cramer et al. (2018) show that the Mediterranean basin is warming faster than the global 405 

average. Within the basin, the Rhodes gyre is warming faster than other areas, in particular winter 406 
sea surface temperatures (Shaltout and Omsted 2014, Skliris et al. 2012), which will suppress the 407 
occasional deep overturning. Here we examined the impact of these changes on the ecosystem in 408 
the center of the Rhodes gyre. The presented results show that the system is very sensitive to 409 
climatic changes, not very sensitive to ocean acidification impacts and that fishing pressure can be 410 
seen as an additive stressor. Physically the vertical structure in the 1DV model is determined by the 411 
surface heat exchange. Increased air temperatures increase the surface mixed layer (SML) 412 
temperature, decreasing SML density, while increased evaporation (mainly due to increased air 413 
temperatures) increases surface salinity (increasing SML density). Overall, the density of the surface 414 
layer decreases under future climes in our simulations (Figure 4b), indicating the lack of cold winters 415 
being the main driver for the decline and eventual cessation of deep overturning events (Figure 4a, 416 
Figure 5). As such, the temperature effect is dominant here over the salinity effect. The local 417 
ecosystem is reliant upon the continuous upwelling and the overturning events, which cause 418 
nutrient rich LDW waters to reach the surface layer. In our simulations, deep overturning stops 419 
occurring between 2040 (CC2 or RCP8.5, business-as-usual emissions scenario) and 2060 (CC1 or 420 
RCP4.5, Paris agreement emissions scenario)(Figure 5). Without these deep overturning events the 421 
surface nutrient concentrations drop sharply and primary production declines by 23-30% (CC1-CC2 422 
respectively, Figure 4e). Phytoplankton community structure shifts to smaller species (Figure 7a,c, 423 
Figure 8) and the diatom spring bloom collapses in near-surface waters (Figure 8). Flagellates take 424 
over this spring bloom under the moderate climate scenario (CC1, results not shown) but fail to do 425 
so under the worst-case climate scenario (CC2, Figure 8).  Diatoms maintain the spring bloom only 426 
close to the nutricline layer, in the model varying between 75-150m depth in these clear offshore 427 
waters (see Figure S5 for thermocline depth and Figure S6 for halocline depth). The surface mixed 428 
layer displays a shift to a bacteria and zooplankton dominated system (Figure 4g,h), indicating an 429 
increased importance of the microbial loop (pelagic bacteria-heterotrophic nanoflagellates (HNAN)-430 
dissolved organic material). The HNAN decrease in absolute biomass numbers, but remain the 431 
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largest zooplankton group (Figure 7b,d). Ciliates (microzooplankton) are the only plankton functional 432 
group to increase their biomass under the climate scenarios (Figure 6c, Figure 7b). This is likely due 433 
to the reduction in grazing pressure from mesozooplankton on ciliates, indicating top-down control 434 
within the lower trophic level model on HNAN and ciliates. Mesozooplankton declines strongly as 435 
their main food source diatoms declines: the relatively small increase in their second food source 436 
(ciliates) cannot compensate for this (Figure 7). 437 

The decline in plankton biomass results in a strong biomass decline at higher trophic levels, 438 
with stabilization only towards the end of the 21st century. Economically important species like 439 
anchovies and sardines decline with ~30% (CC1) and ~40% (CC2) under low fishing pressure, which is 440 
deemed close to MSY levels. Current fishing levels are higher than this, indicating the need for strong 441 
management action to limit significant climate change impacts on commercial stocks under even a 442 
moderate impact scenario (RCP4.5). Combined fishing pressure and climate change response was 443 
additive for some species (mainly sardines, dolphins), but not for others, illustrating the need for 444 
more combined stressor studies in food web research. 445 

4.2 Model limitations 446 
The coupled model was applied here in a 1DV (water column) set up, that represents the gyre 447 

center. Physical validation (section S4) shows that the simulated thermocline is deeper than 448 
observed, indicating that primary production may be underestimated by the model. As the system is 449 
nutrient limited (as opposed to light limited) we believe this effect to be small. SML temperatures 450 
are generally overestimated by the model while SML salinities are slightly underestimated. Thus, 451 
modelled results both overestimate SML density (too low temperatures) and underestimate SML 452 
density (too low salinity).  This may affect the timing reported here for overturning cessation. We do 453 
not expect it to impact on our conclusion that long-term average temperature effects are dominant 454 
over those of salinity changes, weakening surface density, which was also reported by Skliris (2014), 455 
Hermann et al. (2008), Somot et al. (2006) and Thorpe & Bigg (2000). Note that although the model 456 
represents the gyre center the observations may represent other parts of the gyre, due to its 457 
variable geographic location. 458 

ERSEM-BFM is a process-based model that represents organisms as functional groups. 459 
Currently, it does not explicitly represent mixotrophs (plankton that can switch between autotrophy 460 
and heterotrophy). Instead, biomass reacts to the available food sources and experienced predation, 461 
so that any functional group will increase in biomass when the conditions are favourable. As such, 462 
results for dinoflagellates are uncertain.  Vertical migration of planktonic groups is also not included. 463 
Both phyto- and zooplankton species are known to migrate to depth at night (Staker & Bruno, 1980, 464 
Olli, 1999, Wirtz & Smith, 2019). Without this process (phytoplankton descending at night to access 465 
nutrients) primary production estimates by the model are likely underestimates in the upper SML 466 
layers. Note that the model does allow for luxury nutrient uptake, and that primary production 467 
occurs mainly in the deep chlorophyll maximum in both the model and in observations (Ediger & 468 
Yilmaz, 1996). The reported decline in net primary production in the area under future, warmer, 469 
conditions occurs mainly in the SML. As such, this mechanism can mitigate some of the presented 470 
impact. Like mixotrophy, diel migration is on the list for future model improvements. The simulated 471 
shift to smaller species is to be expected as nutrient levels decline in the top layer in the center of 472 
the Rhodes gyre: observations show that the current, high-nutrient, center of the Rhodes gyre is 473 
dominated by microzooplankton, with the periphery dominated by increasingly smaller organisms, 474 
shifting from nanophytoplankton to picophytoplankton at increasing distance from the center as 475 
nutrient levels decrease accordingly (Vidussi et al. 2001).  We therefore do not expect mixotrophic 476 
dinoflagellates to be important in this area. 477 

Ecopath with Ecosim (EwE, see www.ecopath.org) ” is a food web model based on species 478 
interactions. As such it relies on ecosystem knowledge of diets, biomass accumulation and detritus 479 
production rates, mortalities and respiration rates for all simulated groups. We adapted the existing 480 

http://www.ecopath.org/
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model of Tsagarakis et al (2010) designed for the Aegean Sea. As such, we might miss specific open 481 
ocean pelagic species that have a defined niche in the Rhodes gyre system, but are lumped here in 482 
Large pelagic fishes. The model also does not account for the arrival and possible establishment of 483 
alien species. This process, which can alter the food web significantly, is a major threat in the Eastern 484 
Mediterranean, which is characterised by Red Sea species entering the basin through the Suez Canal 485 
(Galil, 2012). To date these are mainly found along coastal and shelf areas, due to the large number 486 
of observations in those environments (see e.g.  Galil et al. 2014, Katsanevakis et al. 2016, Mannino 487 
et al. 2017). Observations in deep, offshore areas like the Rhodes gyre are limited (Coll et al. 2010); 488 
as a result little is known about the presence of alien species in our area of interest. Simulated stock 489 
decline can also be mitigated by inward migration of stocks from more productive coastal areas. 490 
Temperature is included in EwE as variable ambient temperature derived from the hydrodynamic 491 
model. Rising sea water temperatures did not lead to significant changes in main food web structure 492 
here, as the response was dominated by the decline in available plankton. Within EwE the 493 
consumption over biomass ratio and mortality are temperature dependent (Christensen et al., 494 
2005). Thermal ranges were not applied as EwE version 5 was used: version 6.5 (released 2016) does 495 
allow for thermal range setting which provides a better estimate of higher trophic level response to 496 
increasing temperatures (Serpetti et al. 2017). 497 

Model coupling was performed one-way upwards. Two-way coupling was attempted using the 498 
Couplerlib model (Beecham et al. 2016) but failed to achieve a stable ecosystem. Mass conservation 499 
in both models during real time coupling was achieved during test runs, but failed to produce stable 500 
results over the long-term simulations. As such, fishing pressure impact on lower trophic dynamics 501 
was missing and plankton group biomass was more likely resource limited than predation limited. 502 
Observational evidence of marine systems suggest irregular occurrence of predation limitation (Reid 503 
et al 2000). Casini et al. (2008) determine threshold levels for planktivorous fish biomass  that 504 
determine food or predation limitation in plankton, with removal of the top predator leading to 505 
large abundance of plankton-feeding fish and a shift to predation limitation of the planktonic 506 
system. Niiranen et al. (2013) considered climate, nutrient and fisheries pressures in a coupled 507 
model study for the Baltic (one-way upward coupling), showing that fishing pressure (cod) combined 508 
with nutrient pressure could lead to two different ecosystem states by 2100. High fishing and high 509 
nutrient loads resulted in a eutrophied system characterized by high abundance of planktivorous 510 
fish, while low fishing and low nutrient loads lead to higher abundance of top predators, lower levels 511 
of planktivorous fish and eutrophication equivalent to current levels. In our study the local economic 512 
effort is concentrated on planktivorous fishes, not top predators. As such, fishing pressure could 513 
have a significant impact on  planktonic community structure, and should be taken into account in 514 
further studies. Anthropogenic nutrient input scenarios were not included here due to the offshore 515 
location and the dominance of the local nutrient source (upwelling of LDW): the simulated change in 516 
vertical mixing is expected to be the major driver affecting nutrient availability in this location, and 517 
as such our findings effectively relate to nutrient reduction scenarios.  Thomas et al. (2017) argue 518 
that nutrient availability alters the optimum growth temperature of phytoplankton, leading to a 519 
synergistic response of combined nutrient and temperature stress on plankton. This effect (not 520 
accounted for in the LTL model) would lower future primary production predictions in the current 521 
study. Taherzadeh et al. (2019) apply a theoretical frame work showing how size-based grazing 522 
pressure by zooplankton combined with nutrient limitation can evolve over time from an 523 
antagonistic to a synergistic phytoplankton response. We do not expect this to impact on our results 524 
as we apply 6 phytoplankton and 4 zooplankton functional groups (including size-selective grazing by 525 
zooplankton) and only consider long-term (30 years) averaged results.  526 

Uncertainties within the CMIP5 simulations affect the results presented here. The long-term 527 
simulations are based on assumed land cover changes and atmospheric conditions, providing a 528 
forced climate response. Taylor et al. (2012) state that “In the long-term simulations, however, the 529 
timing of individual unforced climate events will only by coincidence match observations”. Thus, this 530 
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study limits itself to investigating changes in the long-term averaged overturning frequency and 531 
associated ecosystem changes. The CMIP5 projections provide the only future climate projections up 532 
to 2100 on a global and regional scale, and were created by the world’s leading climate modelling 533 
centers. It thus represents the best estimate for future climate conditions currently available, and 534 
was also used by Cramer et al. (2018) and  Shaltout and Omsted (2014) for Mediterranean studies. 535 
We did not include possible future changes in atmospheric deposition of Saharan dust, which can 536 
enhance the availability of nutrients in offshore waters. The Levantine basin is rich in atmospheric 537 
deposition, due to the proximity of the Sahara (Zhang et al. 2015), yet the only productive area apart 538 
from shallow coastal areas is the Rhodes gyre due to its upwelling regime (Soikrou-Frangou et al. 539 
2010). Thus, we expect impacts of increased or decreased atmospheric deposition to be minor. The 540 
Mediterranean’s biological processes are controlled by nutrient availability (Macias et al. 2014a, Coll 541 
et al. 2009), and it’s main source in the Rhodes Gyre is the upwelling and overturning mechanism.  542 

4.3 Wider area 543 

The Rhodes gyre area is deemed the dominant formation area for Levantine intermediate 544 
waters (LIW, Pinardi & Masetti 2001), which control deep water formation in the northern 545 
Mediterranean areas (Wu & Haines 1996) and forms the principal contribution to the flux from 546 
Gibraltar into the Atlantic (Robinson et al. 2001). As such, changes within the Rhodes gyre system 547 
could impact on other areas within the Mediterranean, including the western basin. The 548 
Mediterranean thermohaline circulation as a whole has experienced profound changes during the 549 
past 40 years, with the formation of Eastern Mediterranean Deep Water (EMDW) shifting from the 550 

Adriatic to the Aegean Sea (Eastern Mediterranean Transient or EMT, Roethers et al. 1996, Klein et 551 

al. 1999) and back again (Tanhua et al. 2013, Waldman et al. 2018). This geographical shift in EMDW 552 
formation is thought to have been induced by the cold winters of the early 1990’s (Skliris 2014). 553 
Formation of the EMDW in the Aegean Sea is linked to increased density of the resulting deep water 554 
(Skliris 2014). Increased density of the resulting Levantine Deep Water would enhance the reported 555 
stratification within the Rhodes gyre, further limiting nutrient exchange. However, as strong winters 556 
are declining in the area (this study) a future shift in EMDW becomes increasingly unlikely. Mid-layer 557 
waters in the Mediterranean (< 1500 m) are also still becoming saltier, and thus denser (Skliris et al. 558 
2014), indicating stratification across the Mediterranean is intensifying. Previous basin-wide model 559 
studies have reported mixed results: Thorpe & Biggs (2000) and Somot et al. (2006) report lower 560 
densities of the surface mixed layer across the Mediterranean (due to increased temperatures, 561 
resulting in increased stratification and a weakening of deep water formation and thermohaline 562 
circulation under future conditions), while Macias et al. (2015) and Moullec et al. (2019a) report 563 
higher densities in the SML (due to increased evaporation, resulting in decreased stratification and 564 
increased productivity, particularly in the Levantine basin). Comparison periods in Macias et al. 565 
(2015) were 2095-2099 versus 2015-2019, whereas the current study uses 2069-2098 versus 1979-566 
2008. Whether these years are representative of the climate trend is not known, but a 30 year 567 
average is a more robust measure of long-term trends. Both Macias et al. (2015) and Moullec et al. 568 
(2019a) used regional climate model output to impose marine physical changes and as such did not 569 
account for possible changes to the basin-wide thermohaline circulation, despite the indications 570 
reported by Thorpe & Biggs (2000) and Somot et al. (2006). Besides modelling studies Barale et al. 571 
(2008) observed a decrease in surface chlorophyll in Seawifs data in the basin interior, which they 572 
attributed to more stable stratification and thus reduced vertical mixing of nutrients. Skliris (2014) 573 
notes that regional, short-term exceptions exist to this mechanism, related to overturning events 574 
following cold winters.  575 

The current study emphasizes that vertical changes can be profound and should be taken into 576 
account in studies predicting future Mediterranean productivity. Upwelling in the Rhodes gyre 577 
center is driven by the wind-driven circulation, the local topography and the interaction of the Mid-578 
Mediterranean Jet and the Asia Minor Current (Gaines et al. 2006). As such, upwelling is expected to 579 
continue in the area, as well as formation of LIW (though its characteristics may change). The future 580 
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status of stratification determines future deep water formation and thus the thermohaline 581 
circulation in the basin. In general deep water formation is expected to decrease, due to decreased 582 
density of the surface layer, weakening the Mediterranean thermohaline circulation and reducing 583 
primary production (Skliris 2014, Hermann et al. 2008, Somot et al. 2006, Thorpe & Bigg 2000). This 584 
corresponds to the results found in the presented study focussing on the Rhodes gyre system. Note 585 
that coastal areas can experience high degrees of eutrophication and may exhibit increased primary 586 
production as a consequence, due to riverine and direct discharge nutrient loads. 587 

Gyre response in general to future, warmer conditions will depend on regional characteristics. 588 
The Mediterranean experiences enhanced salinity changes due to the enclosed nature of the basin. 589 
Fresh water input into the basin has been reduced by more than 50% since 1950, mainly through 590 
dam construction (Poulos & Drakopoulos 2001). As such, the Mediterranean response might be 591 
dampened by the increased salinity impact (increasing surface density), as suggested by Skliris 592 
(2014). The current study suggests this is not the case for the Rhodes gyre system. Open ocean gyres 593 
are more likely to be driven solely by surface layer temperature increases, weakening vertical mixing 594 
and reducing primary production: this has already been observed for the North Atlantic gyre 595 
(D’Alelio et al. 2020). Arctic gyres are likely to face improved light conditions due to ice retreat, 596 
resulting in stronger stratification (lower surface salinity) combined with improved primary 597 
production (Beaufort gyre, Ji et al. 2019), at least in the short term. Letscher et al. (2016) argue that 598 
subtropical gyre primary production depends on both vertical and horizontal nutrient transport. 599 

Reduction in primary productivity will inevitably lead to decreased biomass at higher trophic levels in 600 
these systems. The impact on a cyclonic, highly productive gyre system was studied here, and 601 
showed strong declines in commercial fish biomass despite mitigating impacts from increased 602 
surface salinity. Other gyre systems should therefore be studied with regional models to estimate 603 
their response to future climatic conditions and resulting impact on primary production and fisheries 604 
biomass. 605 

5 Conclusions 606 

For the Rhodes gyre area the changing climatic conditions form the greatest challenge: the 607 
current high productivity system is based on occasional deep overturning of the water column in the 608 
center of the Rhodes gyre, caused mainly by long, cold winters, resulting in high nutrient 609 
concentrations in the euphotic zone and a highly productive area in the otherwise oligotrophic Eastern 610 
Mediterranean. As air temperatures increase from ~17oC in 2009 to 22oC by the year 2100 in this area, 611 
winters are not cold enough anymore to cause the surface layer density to become higher than that 612 
of the Levantine Deep Water layer found below 200m. Thus, deep overturning of the water column 613 
declines with increasing air temperatures, and (in these simulations) stops from 2060 onwards under 614 
the RCP8.5 (business as usual) scenario. This causes a strong decline in surface nutrient 615 
concentrations, and thus phytoplankton biomass. Species composition shifts from 616 
microphytoplankton (diatoms, dinoflagellates) to nano- and picophytoplankton in the top mixed layer, 617 
as smaller organisms are better adapted to taking up nutrients in a low-nutrient environment. As such, 618 
the center of the Rhodes gyre starts to resemble the conditions now found on the periphery of the 619 
system. Acidification impacts were observed but generally did not influence the dominant climate 620 
stressor signal.  621 

The combination of climate change and fishing pressure caused higher trophic level changes of the 622 
order of 30% (RCP4.5 or Paris agreement scenario) to 40 % (RCP8.5 or business as usual scenario) by 623 
the end of the 21st century. Fishing and climate change pressures were additive in our study for 624 
some species, while synergistic for others. In particular the biomass stocks of anchovy and sardines 625 
(the main targeted species in the system) showed synergistic and additive responses, respectively. 626 
Reduced fishing pressure only had a limited beneficial effect on commercial stock levels, indicating 627 
that positive management action on local fisheries will not be enough to offset the huge impact of 628 
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the warming climate, which already occurs under a medium emissions scenario (RCP4.5). These 629 
climatic changes represent a serious and sustained pressure, which will interact with other economic 630 
and sociological pressures, potentially in an extremely negative way. Therefore, a fully spatial 631 
ecosystem study is recommended for the Mediterranean, including a full representation of the 632 
thermohaline circulation and socio-economic studies into societies dependent on its resources. 633 
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 825 

Tables 826 

 827 

Table 1: species/families included in the Rhodes gyre setup of the Ecopath with Ecosim model. Based on the Aegean model 828 
of Tsagarakis et al. (2010). 829 

 Functional group name 
Production/ 
Biomass [1/y] 

 
Functional group 
name 

Production/ 
Biomass [1/y] 

1 Phytoplankton 117.30 13 Adult sardine 1.20 

2 Ciliates 258.85 14 Horse mackerels 1.08 

3 Mesozooplankton  29.19 15 Mackerels 0.97 

4 Macrozooplankton  21.07 16 
Other Small pelagic 
fishes 0.75 

5 Jellyfish & M. leidyi 4.84 17 Medium pelagic fishes 0.61 

6 Squids 2.60 18 Large pelagic fishes 0.34 

7 Hake 0.75 19 Loggerhead turtle 0.16 

8 Benthopelagic fishes 1.25 20 Seabirds 4.78 

9 Picarels & bogue 1.69 21 Dolphins 0.08 

10 Juv. anchovy 2.25 22 Detritus  

11 Adult anchovy 1.37 23 Discards   

12 Juv. sardine  1.62    

 830 

Table 2: The different scenarios used in the study, and their abbreviations. The light blue color refers to 831 
scenarios with standard fishing pressure, while the mid-blue and dark-blue colors refer to scenarios with low 832 
and high fishing pressure, respectively. Note that the reference scenario has the current fishing pressure which 833 
is above MSY levels. 834 

Scenario Name Description 

Reference Repeat of the meteorology from 1979-2008, atmospheric pCO2 values constant 
from 2008 onwards 

CC1 Meteorological conditions from the RCP4.5 pathway (Paris agreement), 
atmospheric pCO2 values constant from 2008 onwards 

CC2 Meteorological conditions from the RCP8.5 pathway (business as usual), 
atmospheric pCO2 values constant from 2008 onwards 

OA1 Repeat of the meteorology from 1979-2008, atmospheric pCO2 values increasing 
according to the RCP4.5 pathway (Paris agreement) 

OA2 Repeat of the meteorology from 1979-2008, atmospheric pCO2 values increasing 
according to the RCP8.5 pathway (business as usual) 

CC1OA1 Meteorological conditions and atmospheric pCO2 values according to the 
RCP4.5 pathway (Paris agreement)  

CC2OA2 Meteorological conditions and atmospheric pCO2 values according to the 
RCP8.5 pathway (business as usual) 
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LF Low fishing pressure (MSY) and repeat of the meteorology from 1979-2008, 
atmospheric pCO2 values constant from 2008 onwards 

CC1LF CC1 scenario combined with MSY fishing pressure 

CC2LF CC2 scenario combined with MSY fishing pressure 

CC1OA1LF Full RCP4.5 pathway combined with MSY fishing pressure 

CC2OA2LF Full RCP8.5 pathway combined with MSY fishing pressure 

HF High fishing pressure (MSY++) and repeat of the meteorology from 1979-2008, 
atmospheric pCO2 values constant from 2008 onwards 

CC1HF CC1 scenario combined with MSY++ fishing pressure 

CC2HF CC2 scenario combined with MSY++ fishing pressure 

CC1OA1HF CC1OA1 scenario combined with MSY++ fishing pressure 

CC2OA2HF CC2OA2 scenario combined with MSY++ fishing pressure 

 835 

Table 3: The breakup of the simulated period into 30-year blocks. 836 

1958-1978 Spin-up time  

1979-2008 Current conditions Reflecting the state which the current economic use of the 
resources is based on 

2009-2038 Future block 1 Immediate future prediction 

2039-2068 Future block 2 Intermediate future prediction 

2069-2098 Future block 3 Long-term future prediction 

 837 

Table 4: higher trophic level changes. Averaged values for 2080-2099 were compared for the different scenarios. 838 

Percentage 
change  

Ref LF  
vs  

CC1 LF 

Ref LF 
 vs  

CC2 LF 

Ref HF 
vs  

CC1 HF 

Ref HF 
vs  

CC2 HF 

Ref LF 
vs  

Ref HF 

CC1 LF 
vs 

CC1 HF 

CC2 LF 
vs  

CC2 HF 

Anchovies -25.71 -40.00 -33.33 -47.37 -18.57 -26.92 -28.57 

Sardines -30.77 -38.46 -30.00 -40.00 -23.08 -22.22 -25.00 

Mackerel -32.22 -40.00 -29.20 -34.51 0.44 4.92 9.63 

Dolphins -31.43 -38.57 -32.40 -38.00 -10.71 -11.98 -9.88 

 839 
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Figures 840 

 841 

Figure 1: Schematic of the surface thermohaline circulation in the Eastern Mediterranean, including the main 842 
gyre system in the Levantine basin. Here IC is the Ionian Current, MMJ the Mid-Mediterranean Jet, RG the Rhodes 843 
Gyre, WCG the West Cyprus Gyre, MMG the Mersa-Matruh Gyre and SG the Shikmona GyreBased on Thorpe & 844 
Bigg (2000) and Malanotte-Rizzoli et al (1999). 845 

 846 



21 
 

 1 

 2 



22 
 

Figure 2: the coupled model. ERSEM-BFM schematic (left) and the applied EwE food web (right). The arrows denote the linking, where time-dependent  information 1 
from the lower trophic level model was fed into the higher trophic level model. The colour scale for EwE displays the normalized energy flow between species, while the grey 2 
circles indicate relative biomass. Here “Juv” stands for “juvenile”. The benthic compartment of ERSEM-BFM was not used here. 3 
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 3 

Figure 3: Comparison of modelled SST from the validation and reference runs with satellite SST observations at 4 
the chosen model location. a) direct comparison, b) Taylor diagram. 5 

 6 
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Figure 4: Results in 30-year averaged time blocks for all scenarios for the Rhodes gyre: a) sea surface 3 
temperature, b) density difference between the top and bottom layer, indicating strength of stratification, c) 4 
surface dissolved inorganic carbon concentration, d) surface pH, e) depth-integrated net primary production, f) 5 
carbon export below 90 m, g) biomass ratio of phytoplankton to pelagic bacteria integrated over the first 6 
150m, h) biomass ratio of phytoplankton to zooplankton integrated over the first 150m and i) combined depth-7 
integrated plankton biomass input into Ecopath with Ecosim, indicating available fish food. Here Ref stands for 8 
Reference (continued 1979-2008 conditions), CC stand for climate change (CC1: RCP4.5, CC2: RCP8.5) and OA 9 
for ocean acidification (OA1: pCO2 of RCP4.5, OA2: pCO2 of RCP8.5). For a full explanation of the scenario 10 
abbreviations see Table 2. 11 

 12 
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 1 

 2 

Figure 5:Surface phosphate levels (maximum per year) for the reference and climate stressor only scenarios. 3 
High levels of surface phosphate indicate deep overturning years. 4 

 5 

 6 

 7 
Figure 6: Predicted percentage changes in biomass for all scenario at the Rhodes gyre site for a) all main 8 
biomass groups, b) phytoplankton functional groups and c) zooplankton functional groups. Here Ref stands for 9 
Reference (continued 1979-2008 conditions), CC stand for climate change (CC1: RCP4.5, CC2: RCP8.5) and OA 10 
for ocean acidification (OA1: pCO2 of RCP4.5, OA2: pCO2 of RCP8.5). For a full explanation of the scenario 11 
abbreviations see Table 2.  Benthic organisms and processes were not simulated at this deep site, and 12 
Phaeocystis levels were extremely low throughout. 13 
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 1 

Figure 7: Plankton assemblages for the CC2OA2 scenario, for the 30-year intervals: a) Phytoplankton actual biomass values, 2 
b) zooplankton actual biomass values, c) phytoplankton percentage contribution by functional group, d) zooplankton 3 
percentage contribution by functional group, all depth-integrated values. Note that the first period (1979-2008) is 4 
equivalent to the reference scenario results. 5 

 6 

 7 

Figure 8: Seasonal signal of phytoplankton functional groups at the surface for the Rhodes gyre: a) the 8 
reference simulation and b) the CC2OA2 scenario (full RCP8.5 implementation). Note that negative values do 9 
not occur; the negative minimum range is displayed solely to highlight values close to 0. 10 

 11 
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 1 

Figure 9: Biomasses (t km-2) of a) anchovy (smoothed), b) sardines (smoothed), c) mackerel (smoothed) and d) 2 
dolphins in the climate change and reference scenarios for low and high fishing. Here Ref stands for Reference 3 
(continued 1979-2008 conditions), CC stand for climate change (CC1: RCP4.5, CC2: RCP8.5), OA for ocean 4 
acidification (OA1: pCO2 of RCP4.5, OA2: pCO2 of RCP8.5) and LF and HF for low (~MSY) and high fishing (2x 5 
current level), respectively. For a full explanation of the scenario abbreviations see Table 2. 6 

 7 

 8 
 9 


	van leeuwen_2022_AAM_FRONTP_the mediterranean rhodes.pdf
	van leeuwen_2022_AAM_the mediterranean rhodes.pdf

