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ABSTRACT

Ecopath nassbalancednodels aravidely-usedtoolsto address various challengeshrunderstanding
and protection ofecosystemsTo track the contining improvements in data and the evolving
environment (climate change, anthropic pressure) modelsare regularlybeing developedin this
study, we built aGulf of Lion Ecopath modelfocused on the continental shefiéaturing enhanced
representation obentht invertebrates ana realistic assessment of catchaad which takes into
account the significant changes observed after 20189 in he trophic structure of this ecosystem as
well as related changes in fisheries activitidse model is composdeof 68 functional groups, including
6 primary producergjiscards and detritug7 invertebrate group$81 fish groupsdolphinsandseabids.
New datasetweretaken into accourfbr biomassesas well ador diets.P/B and Q/B parametersane
calculatedto include the most recenh@ geographically closest datdodel resultshighlight a food
web diagram rangirg over 5 trophic levels and placingrionace glauca, Squalus acantkiand
dolphins as topredatorsThe mixed trophic impacénalysis showed thdhe groups with thénighest
acumulated negative impacts are, imlecreasingorder, benthic trawls, nets anchrnivorous
echinoderms The groups with thehighestaccumulatedpositive impactsare, in decreasingrder,
detritus microphytoplankton andanoplanktonThe flux analysis shows thamajor part of theflows
occuss at trophic level 2vith 35.1% of the model total throughpand 43.8% of the total biomadshe
catcheshave a meatrophic level of 3.47higher than in previoustudies reflecting the evolutiof
changedhe fisheriesaactivities

Keywords: Ecopath; Trophic structure; Modelling; Mediterranean; Gulf of Lion

1. INTRODUCTION

In the current comixt of climatic change and evgrowing anthropic pressure, it is essential to
understand thstructure and thiinctioning ofmarineecosystems orderto predict how they will react
to ongoing disturbances.

As both a htspot of biodiversity, with 17 000 specigoll et al, 2010)and a center of humaattivities
for centuriegLarge Marine Ecosystems Hulwww.Imehub.néet, the MediterraneaBea is a place of
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particularinterest for such studies. Many of its ecosystems are alreadgtedg§€alvoet al, 2011;
Durrieu de Madroret al, 2011; Micheliet al, 2013; Fortibuoni, 2017nd the Gulf of Lion(GoL), in
theNorthwestern Mediterranean Se&ano exceptionA regime shift has been observed in its ecosystem
since 2008,resulting mainly inimportant changes of condition and individual sizes of small
planktivorous fishegVan Bevereret al, 2014; Sarauwet al, 2019; Feuilloleyet al, 2020)and most
demersal fishefBensebainet al, 2022)

Historically-usedsinglespecies modelbave prova insufficientto accurately explaimhe processes
influencing the biomss of a specig€ochrane, 2002Ecosysterrbased modelling is @sponseo this
complexity and has been increasingly developeer the pastlecades. Ecopath with Ecosim (EwE,
Ecopath.org) isodayamongthe mostwidely-usedsoftware in this field. Since iistroduction it has

been continuously improved, starting from a static ecosystem snapshot to become a dynamic and
spatialized simulatio@Polovina,1984; Christensen and Pauly, 1992; Walters, Christensen and Pauly,
1997; Walters, Pauly and Christensen, 1999; Heyratiag, 2016) Its many uses include studies on
the impact ofishing andisheriesmanagementhe effectiveness &fIPAs, habitat los and degradation,
understandindgood wels and the dissemination pbllution (Coll and Libralato, 2012)Regarding this

last aspectthe representation difiological groups interacting strongly with sediment is of paramount
importanceor the comprehension of some continental shelf marine &beassoret al, 2020)as well

as forthe modeling of the fate of contaminants in food wgtsmmerschmidet al, 2004; Oncet al,

2015; Tatedat al, 2020)

% Q [2thK(2013)developed an Ecopath model for Balf of Lion (NW Mediterranean Seand
pointed out the lack alata forbenthicinvertebrategroups the needor improved dietand biomasdata
andcatchestimaes Their modekovered the perio@000- 2009, howeveran important shift in the GoL
species composition and size occuragdhe end of this perio@an Bevereret al, 2014; Sarauet al,
2019)andmay have led tachangesn the structure and functioning of this systamwell as fishing
activities

Theaim of thepresent worls to investigate the current trophic functioning of the Gdter the changes
observed from 2008 by developing a n&gopath model that also includes the most accurate
representation of sedimedéependent biological groups.

2. MATERIALS AND METHODS
2.1. Study area

The GOLEM (Gulf ¢ Lion Ecopath Model) model area is located in the Gulf of Lion (Qu#tween 0
to 200 mdepth for a totalareaof 12172 km2. The 200 m isobaith located at the limit between the
continental shelf and the canyons of the continental skeige ). This model represents an averafe
the ecosystersituation between 2010 and 2014. The main environmental phenomena in this area are
strong continent& winds from thenorth-west (Tramontane) and north @iral) prodicing castal
upwellings (Millot, 1999; Agostini and Bakun, 2002)Yhe mesoscale circulation of thevestern
Mediterranean and the freshwater input from the Rhone Rivechvditheargestsource ofreshwater

in the Mediteranean Se@Margat, 1992Petrenkaet al, 2005) The Rhone River is an important source
of dissolvel and paticulate organic carbofiLefevreet al, 1997; Gaudt al, 2003; HarmelinaVivien

et al, 2008) These phenomena lead igh primary and secondary productithrat suppod a major
part of the food web flows % Q BXEIX2013, 2019; Cressat al, 2014) Thesea flooffeatures sang/
and muddysubstrateg¢Durrieu De Madroret al, 2000)and fewPosidonia oceaniceneadove (Telesca

et al, 2015)
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2.2. Ecopath software andbalancing

The Ecopath software version 6.6.5 has been used to build the GOLEM model and ensure its mass and
energy balancéChristenseret al, 2008; ChristenseandWalters, 2004www.ecopath.org). The main
equation driving Ecopath models is:

P, ™&M2; +Yi+ E+BA +R* (1 tEE)

with P the production of the functional group i, MBe predation caused on i by a predator j anitsB
associated biomass, Y andhe export terms, the first for the fisheries and tkierd#or the other types

of export, BA the biomass accumulation irethystem and EE the ecotrophic efficiency (i. e. the
proportion of the production of group i that is explained by the model, either by its exports or its
predation) Thus, (1£EEi) represents other mortality, mortality not explained in the system.

Thefirst equation catere-expressed as follows:
Bi * (P/B); ™ &(Q/B); * DCjj + Yi + E + BAi + B * (P/B)i + (1 +EE)

where (P/B)representshe production per biomass uaitd, under steady state, is equivalent to Z, the
total mortality(Allen, 1971) (Q/B) is the consumption per biomass unit and; 3®he portion of i in
the diet of predator j (in weight or volume units).

For each functional group, Ecopath requires three among the following paranBetev8, Q/B and
EE. It also takes as input the diet of each group, their captures and discards, the assimilation rate (ratio
of unassimilated/consumed food) and net migratatH KHUH FRQV L G H paftGf tbe\didd)Q pHLP SR

After all the input datavereentered in the Ecopath softwabeit prior to balancing the model, special
attention was paid to the P/Q ratio, as expected vahrgge from 0.1 to 0.8Darwall et al, 2010;
Heymanset al, 2016) Groups with too high P/Q values were corrected by recalculating the most
uncetain between the P/B and Q/Bhiswas donédy varying the parameters used to eatienP/B and

Q/B (see sectior?2.4.3 within the range given by the literature.

When balancing the moded adjust the values, the Automatic Mass BalanoedurgKavanaghet

al., 2004)was used by removing the P/B or biomgseferably the P/B, considered the most uncertain)
data and setting the EE to 0.95, exceptRdonace glaucaas a top predator, with EE = 0.1 and
planktonic groups, with EE = 0.99.

The model was considered batad when all the EE, respiration/assimilation and net efficiency were
less tharl and the respiration/biomass was within expgstaluegHeymanset al, 2016)

2.3. Functional groups

The species to be included in the model waslectednainly from the MEDITS databaséJadaud and

Certain, 1994jn order the represent 99% btir estimated biomagsdices Then,otherswere included

due to the large volundd capture in the area (total number of species representing 97%cahhbéated
capturegecorcedin the SIH(Halieutics Information Systenhttp://sih.ifremer.frifisheries database).

Finally, some essential groups not represented in these datawetseemdded, such as the planktonic

and benthic groups, Posidonia and macrophytes. Then the diet for each species was completed from the
literature (details below).



129 To form the functional groups, the species wgreuped intwo ways:the invertebrates were grouped

130 according tothe major taxa (brachyurids, echinidgtc) with subdivisionsbased on the digfe.qg.

131 carnivorousand detritivorous worms). &ftebrates (ex@t birds and marine mammals) were grouped

132 using hierarchical clusteringased on their digiAppendix 1). This clustering wagarried out with

133 67%$7,67,&% VRIWZDUH YHUVLRQ '"HOO ,QF XVLQJ :DUGTV PHWI

134  This approacted tothe constitution of 8 functionalpelagic, demersal and bentlgioups the species
135 compositionof which is detailedin Table 1 They include 31 groups of fishe87 invertebratesp
136 primary producers, a group of sea birds and a group of dolphins. Ameny #®have beerkept
137 monospecific, either for commercial reas@domarusgammarusMullus barbatu3 orfor conservation
138 interest gharls and rays

139 2.4. Data sources and processing
140

141 2.4.1.Biomasses

142  The main source of information on fish and invertebrates biomass used in this work comes from the
143 MEDITS set of annuascientificbottom trawlingcampaigs (Jadaud and Certain, 1994Appendix 2).

144  Their sampling scope hdsroadenedver the years anihcludes all capturedsupra and epbenthic

145 invertebratespecies since 2012

146 The MEDITS data sétas beemprocessedo producean averagestimate obiomass (in t.km) for the
147 period 20162014 and between 0 and 200 aepth while keeping information about the spatial
148 heterogeneity of the speci@he calculations were firgiarried outaccording to thre depth strata (10
149 50m, 50-100m, 106200 m) before beingesaledto theentirearea Giventhe geomorphology of the
150 gulf (influence of the Rhdne River in the east, mesoscale gyre ingsig, it was decided to apply a
151 correction factor to render the horizontal heterogeneity of the sphistabution.For each species, its
152 longitudinal extentvas calculated and if was less thai.2° (over the 2.035&xtentof the Gol), the
153 biomass was correctdny the ratio othe longitudinal extent of the species to the longitudinal extent of
154 the QL. Thevalue of1.2° was considereslitablebecausepecies below this threshold wowddher
155 Dbe rare or restricted to part of the gulf, so their total weight vdlad to be lowerd to avoid
156 overestimation by multiplication bthe areaof the depthstrata. No correction was appliéal species
157 presenat a single statioas it was impossible to determiwhether it was highly localizegarticularly
158 rare or difficult to sampleThe groups that contain at least one species costbyrthis correctiorare
159 the following: cnidarians, depositivorous molluscs, filter feeder molluscs, pagufidsarus
160 gammarusfilter feeder echinoderms, holothurians, invertivorous fishesmivorous fishesmullet
161 and piscivorous flat fishes.

162 For Engraulis encrasicolus, édina pilchardus Sprattus sprattus,Trachurus Trachurus, T.
163 mediterraneusScomber scombandS. colias the dataset from the annuaMediterranean acoustic
164  survey PELMED Bourdeix and Hattab, (1988)ere usedThe GFCM (General Fisheries Commission
165 for the Mediteranean)biomassdataestimatedoy thestock assessment committdes this areavere
166  usedfor Merluccius merlucciuandMullus barbatusin order to obtain densities per km?, the PELMED
167 data,delivered in total weight, were divided by the surface surveyed by the GFCM, i.e. 11400 km?

168 Benthic endofauna data were provided by Labrune (pers. comm.) and estimat@&bfifdaio et al,

169 (2018) They are based on REDIT20Hhd APPEALMED cruiseg¢Labrune ad Amouroux, 2010;

170 Labrune, 2018)These data were &d for the following groups:nidarians, sessile suspension feeders,
171  depositivorous molluscs, filter feeder molluscs, carnivorous molluscs, depositivorous worms, filter
172 feeder worms, carnivorous wormsipuncula, supkeenthic and benthic invertedies, pagurids and

173  carnivorous echinoderms.
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Among the species included to reach 97% of the total captures, some lacked biomass estimates. These
missing values wereompletedrom the literaturegee Appendix 2.

To estimate the biomass of the detritus group, the particulate organic carbon (POC) inventory from
Manyet al.(2021)was used (average between 2011 and 2014, in t C). Their value was converted to wet
weight (ww)with a 10x factor(Dalsgaard and Pauly, 199and divided by the Gobkrea

The import term was calculategingdata from the Rhone sedimentsebvatory(Thollet et al, 2018)

The dailyliquid discharge and dailgoncentration oparticulate organic carbon (PG@m 2010 to

2014 were used to determine an average annual import oftRQ@om the Rhone River to the GoL.
According to Manyet d. (2021), the Rhone river accounted for 97% of the POC riverine ingbe

GoL over the period 2011 to 2014 (consistent with the 97.4% leddclifromHigueraset al. (2014)

over 20082009). In order to account for the inputs of the other rivers, an increase corresponding to 3%
wasapplied Again, a factor 510 was applied to convert the carbon mass to wet wéagtd,final POC

import of 98.05 t/km?/y.

2.4.2.Catches

The landings data recordé&mm the GolLwere provided by the Haligics Information System (ShH

The raw data were averaged 028002014, by species and fishing gear tyged over the entire GoL

fishing area. Gear types were then regrouped into: benthic trawls, pelagic trawls, nets, seines, long lines,
recreaibnal fishing and other The 20162014 aveages of the reported Spanistatches
(https:/lwww.fao.org/faostat) in thetudy area were addefis the gear used were not specifidtbyt

were distributed by species in the 7 functional fleet groups according their refafivetance in the

French catches

The organization of fishies in the GoL, witha high proportiorof small boats (< 10 m) aralsmall
number of auction sale halls, makes it difficult to accurately adsesatthesas part of them are sold
directly in small harbours, fish markets and/or are undec(@B&®MEM PACA, 2016)To account for
that, a correction factor wapplied,based on the R3 repast SIH (Demanechet al, 2009)for the
available species

To improve the rpresentativeness of the catchéiscards and recreational fishimgere considered
Discards were taken into account only kderluccius merlucciusSardina pilchardusand Trachurus
mediterraneusbased on estimates BBSMER(2009) and Bourje&t al.(2019) Recreational fishing
is widespreadn this region and SIH data probably represents only a small fraction of this adtivity.
wasestimatedy Levrel (2012)to0 amount to4814 tonnes of fisfor the Mediterraean French coash
this work, we addedogetherboth sources raising thisstimde to 4855 tonnesThis value wasplit
between the species pointed outdmntandLloret, (2014); Kayal et al. (2020); LlorahdFont (2013)
according to their relative weight per unit effort. Some adjustmemte beemimade to represetihe
environmental caracteristics ofhe GoL. Several of these surveys took place in the roskgternpart
of the GoL whereas sandy coasts are the mgie of substratein the study areawhich leadsto
unrealisticcatchvalues.Levrel, (2012)also estimated recreational captucdsthe cephalopodfor
Franceat 704 t. It was decidedfor lack of a better estimator,ot attribute 33.2% tdhe French
Mediterraneartoast (the same proporti@asfor fish). The 233.7T were therdivided between octopus
and squidproportionally totheir respective biomasses.

2.4.3. Production/biomass (P/B) andconsumption/biomass (Q/B) ratios

These two ratios (in}) were calculated for each spedaiesingdifferent methods depending arhether
theybelonged tdaheinvertebrates or vertebrates,cording tdhe indications oHeymanset al.(2016)
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For invertebrates, the artificial neural network relodf Brey (2001, 2012)vas used to determine the
P/B. For eacltaxon, t takes as inputs the body mass (J), the déytte( we have chosen the madim
depth from MEDITS data), the temperature (set at 13.Bf€3nnual averagat 50 mdepthestmated
from SOMLIT 6 HUYLFH GY2EVHUY DW lwRv@®.sbht)it.ff) tiDel ddrkesn tAdRE&bD) &nd
five other parameters dependiogthe mobility, life style and diet of the species.

In order to obtain the body mass in joules for each species, the average body mass in grams was
calculated from the entire MEDITS data set994 WKHQ FRQYHUWHG XWLQJ %UF
factor calculato(Brey, 2010) The most accurate taxon for the givepecies was selected amadhgse

availableand only marine species were included in the computationgdstropods andivalvia, the

U Z LW K corkdisivffictor was chosen, to remain consistent with the MEDITS data.

The Q/B ratio of invertebrates wealculated based on the followjiempirical relatiofCammen, 1979;
Brey, 2001)

Log (Q) =- 0.42+ 0.742 * log (BM)

where BM is the body mass (mg DW) and Q the consumption (mg2)Vkhe average dry weight of
each species was obtained as explained abovettieldEDITS dataset antheBrey conversion factor
calculator.

Forvertebrates, the P/B was estimated as falow
PB=Z=F+M

with Z the total mortality (¥), F the fisheries mortality &) and M the natural mortality . F is the
ratio between the catches of a species and its biomass. M was calculated usihg®Répirical
equation(Pauly, 1980)

Log (M) =-0.00660.279 ORJ [’ ORJ . ORJ 7
WLWK /' WKH OHQJWK DW LQILQLW\ FP . WX BnRIQ eahdmwm@OD QI11\ .
WHPSHUDWXUH f& LQ WKLV FDVH f& IURP 620/,7 VXUIDFH

the literature ¢ee Appendix 2.

Similarly, vertebrates Q/B was estimated using the PalomaredRaaryl (1998)empirical equation:

Log (Q/B) = 7.964+ ORJ -’ 71 $ K G
wLWK " WKH EZRLU®WWD WIJ 79 HISUHVVHG DV 7 $ WKH D
www.fishbase.org) and h and d the herbivory and detritivory parameters, respectivelyteFhedse
set to 1 if the species had the corresponding feeding habitaddi@ btZLVH :° ZDV FDOFXODWHC(

weight/length relation provided on wwfVKEDVH RUJ DQG [/’

2.4.4.Diet and data quality

The diet for each species was obtained from the literataeeTable 3 and Appendix 2. When multiple
data sources were found, the closest geographicallghesen For multispecies groups, the diets were
calculatedn proportionto thebiomass of each speciegking upthe group.

As advised by Heymans (2016), the integrated pedigrdéameowas used to assess the input data and
the overall model quality. For each input parameter (biomass, P/Bdi@tBandcatche} a score was
assigned to the source according toEbepathdefault rating scale. The routine is then able to produce
an overall score for the nuel, ranging from 0 to 1, with Aeing thebestquality.
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2.5. Network analysis

As indicated byHeymanset al. (2016), to compare this model with threodel R % @DaU(X013)

and other models, we used ther indices belowas theyare less sensitive to differences in the model
construction. These indices are: the Total System Throughput (TST, t/km2/y), the total net primary
production on the TST (PP/TST), the sum lbtansumptions oithe TST (Q/TST) and the sum of all
exports on the TST (EX/TSTJ able 6.

The following indicatorare used to describe theddledecosystem. The Trophic Level (TL), for each
group, representhe weighted average of the trophic level of its preys, with the primary producers and
detritus TL setto 1.

TL=1+ Ay@s&%{ﬁ v
with DC; the fraction of prey j in the diet of i and jTlthe trophic level of prey j.

7KH 2PQLYRU\ ,QGH[ 2, JLYHV DQ LQGLFDWLRQ RQ WKH VSHFLDC
zero when the group feeds on a single trophic level and higher wherotheig unspecialize@Pauly
et al, 1993) It is calculated as follogv

14L 1 :6yF:6.5F s;:5& %y
Yas

The Mixed Trophic Impact (MTI), as adapted BanowiczandPuccia, (199Q)is the representation of
the theoretical impact, positive or negative, of a small variation in the biorhase group on all the
othersin the modelled ecosyste It accourd both for direct (predation) and indirect (competition)
interaction.

Vallsetal.(2015 ) GHILQH D NH\VWRQH VSHFLHYV d3popdtichatetyGnbuahedd VSHF LI
thefoodZHE VWUXFWXUH RI LWV FRPPXQLW\upwasidalctHatédNoRa@iidgv V. .6 R
their method:

-55L Y H@ N =36 YL 8Avas | &y

with drank (B) the rank in alecreasingU DQNLQJ RI WKH ELRP overall trophicinipxcd L O

of i and m) the net MTI. The Vall#t al. (2015)method was preferred to the other two available in the

Network Analysis plugir(Poweret al, 1996; Libralato, Christensen and Pauly, 2d8&jause it gives

balanced weiglinig to trophic impact and biomass in the calculation of the KS, unlike the others. The

fluxes and biomasses of eadiscrete trophic leveFDQ EH VXPPDUL]J]HG LQ D,p/LQGHPD
diagram presenting the food chain in a linear form, consisting of TL boxes and fluxes entering or leaving

each of them. This plot also includes transfer efficiency, total throughput and flux to detriéastior

TL.

3. RESULTS

3.1. General outputs

The output parameters of the model are present€dbfe 4 Invertebrates represent 68.2% of the total
biomass (detritus groups excluded) against 23.4% for vertebrates. The most importamt groomf
biomassis the mesozooplankton with 8.7%, the three small peldggstheraccount for 10.9%9S.
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pilchardus, S. sprattuand E. encrasicoluswhile dolphins and sea birdspresenbnly a minute part
of the biomass (< 0.01% ).

The highest Omnivory Indes(Ol) arefound, in decreasing ordefor sea birds (1.55Dicentrarchus
labrax (1.13) andHomarus gammaru$0.88). The lowest nemero Ol valuesconcernfilter feeder
worms and depositivorous molluscs. The overall omnivory of the system is low, gfdinly eight
groupsareabove (6, indicatingthat the groups haverather selective diet towards a limited range of
trophic levels.

Eighteengroups show a higher fishing mortality than predation mortédity. octopus, crustivorous
fishes 2,Scomber scombrustc) (Table 4. The 3 most fished groups asparus aurata, Merluccius
merluccius and Engraulis encrasicolusDespie its importance in the catchds. encrasicolushas
fishing mortalitythat islower than its predation mortality.

For Sardina pilchardusand Engraulis encasicolus the main consumers were squathd ting
respectively.

The most consumed groups are nanoplankton, detritus, picoplankton, microphytoplankton and
mesozooplanktgnwith 32.8, 19.8, 16, 7.3 and 5.7% of the total consumption, respectively.
Consumption of vertebrates represents only 0.63% of the total consumption. Among fishes,
wormivorous fishes are the most consumed, with 26.2%, followéd bgicrasicolus, S. pilendusand

S. sprattuswith 17.2, 16.9 and 16.7%espectively. On the consumer side, zooplanigmups are
responsible for 54.5% of the total consumption, other invertebrates 38.4% and the vertebrates 7%.

The model has an overall pedigree of 0.6Bbeirg the bestuality possible)which places it at the
high end of the range givémthe review byColléteret al.(2015 who carried oua surveyof 433 EwWE
models of which only 34 provided a pedigree, the latter ranging from 0.137 to 0.743.

3.2. Network analysis and flows

The balanced model includes fitt®phic levels Table 4, with Prionace glauca, Squalus acanthias
and dolphirexhibiting the highest trophic levelge.5.2, 5.0 and 5.0respectivelyThirteenother groups
have TL > 4, includinganglerfish rays andConger congerThe resulting trophic network diagram is
shown inFigure 2.

The Lindemanspine plot Figure 3) shows that the majority of the fluxes towards detritus, from lower

TL and respiration occurs in TL Il. It hosts 35.1% of the total system throughput and @f3!884otal

biomass (excluding detritus). However, this is not the case for the export and catches flow, dominated

by fisheries, which is greater for TL Il and I$howing a preference tatchedor intermediate TL. It

is confirmed by the mean tropHhievel of the catches of 3.4Table 5). The total transfer efficiency

reachesl8.2%,which ishigher than the averagd 10% proposed byPauly & Christensen (199%r

aquatic systemgr the 15.7% reported byecchio et al. (2013)utslightly lower than the value of
PHQWLRQHG E\ % QDUX HW DO

3.3. Trophic impact and keystoness

Themixed trophic impact matrixHigure 4) shows that the mesozooplankton group plays an important
role in the dod web, with a relativelyhigh direct negative impact on its prey (pico, nano and
microzooplankton) and on itself (through competition) and aigesihpact on its predators (4 groups

of small pelagic planktonophagous fishes). It also has multiple smaller impacts throughout the food
chain Both suprabenthibenthic invertebrates and decapod groups have a widespread impact, being
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preyed upon by manyigher TL groupsThisalso applies to the fogroups of small pelagic fishes, but
with a more limitedimpact on other vertebrates, since few invertebrates feed on thenepiEexc
cephalopods). One can edhe negative indirect impaaf E. encrasicoluson M. barbatus via
promotion ofM. merlucciuswhich is a predatorfd/. barbatus In the same wayletritus has a negative
impact onthe microphytobenthos by favoring the sipuncula and the depositivorous molluscs.
Crustivorousfishes 2 have a strong direct negative impact on jellyfishwhich they are the only
predator in this model. Finally, fisheries have a strong negative impact on maey &is high and
intermediate TL The highest negative impads exerted by benthitrawls on Squalus acanthias
Scyliorhinus caniculaand anglerfishby nets onPalinurus elephasand by long lines orPrionace
glauca.Overall, hegroups with thénighestnegative impacfsummed MT$) are, indecreasingorder,
benthic trawlg-4.1), nets(-2.8)and carnivorous equinoderrz4.6). On the other handhé three groups
with the highest accumulated positive impacts are, in decreasingorder, detritus (4.7),
microphytoplanktor{2.3) and nanoplankto(®.1).

Regardinghe Valls kegtone indexXValls et al,, 2015) the three groups with the highest keystoness are
the crustivorous fishes 2, squaddConger conge(Figure 5). The plot of the keystone indexcording

to Poweret al.(1996)aganst the relative total impact is also given to allow comparison with the work
Rl % @DaU(X013). Thisindex gives a higher value to species with low biomasshik case, the
three keystongroups are marine birds, dolplandC. conger

4. DISCUSSION

4.1. Exploitation of the GoL

According tdPatterson (1992)a value bthe exploitation rate (E = F /) greater than 0.4 leads to a
declineof the stocki. e. overexploitationOn this basisaccording tahe GOLEM indiceg éble 4,
10 groups suffer from overexploitation by fisheries: octogfRalinurus elephasrustivorais fishes 2,
mullet, Sparus auratacarnivorous demersal fishes, anglerfiSh¢centrarchus labrax, Merluccius
merlucciusand Conger conger.

According to theGFCM stock assessment datailable forthe period 2010t 2014
(https:/lwww.fao.org/gfcm/data/sds), M. merlucciugs indeedconsideredo be overfishedOn the
other hand the low modelledexploitation rate ofEngraulis encrasicoland Sardina pilchardug.06
and 0.03, respectively) is agreement witithe GFCM data whicassessedtheir fishing mortalityas
low. This is most likely due to the ecosystem shift of 2008 teatilted in unfavorablenvironmental
conditions for these two specigkeading to low abundance of commercial size.fighis, coupled
with an increase in the bimass ofSprattus sprattuswhich has a loveommercial interest and which
is captured along witle. encrasicolusndS. pilchardushasledto a reduction infishing efforton the
small pelagicsThishas alsded to the diversification of the fisheries agty towards demersal
specieGFCM stock assessment report fbrmerluccius2013) increasing the fishing mortality of
M. merluccius

Althoughno information is available for the period 20X@014, recent obervations (Certain, pers.
comm) haverevealed that anglerfish are also overfished in the GoL #&esaenthe model results, it
seems reasonabl® assumehat it wasindeedthe case duringhe modelled period anthat it could

be a consequence of the diversification of the fisheries activitig$orM. merlucciusOverall, these
facts show the consistency of the GOLEM model with the functioning of the GoL ecosystem and its
ability to reflect the consequences of the 2008 shift.
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4.2. Comparison between models

Comparison of Ecopath models is often difficult as many of the indicators produced are structure
dependentPinnegaet al,, 2005)and it is rather rare that models share enough traits (especialgfor

and species aggregation) to overcome this. HmveHeymans et al. (2014, 2016joposed several
indices normalizedo the total system throughput (TST, sum of the flanvthe systemjhataremore
robustwith regard tdhesystem constructiornT@ble 5and 6). We proposed here a comparison between

6 Ecopath modeléSanchez and Olaso, 20(8); Coll et al, 2006(A), 2007b(D); Tsagarakiset al,

2010 (E); % Q 2waX, 2013(C)), 5 in the Mediterranean and one from the Cantabrian Sda (N
Atlantic).

Before dealing with the comparison of the output parameteitsese 6 models, as two of them have
been developed on the GolL, a presentation of the differences in the structure of these two models is first
given.

4.2.1.Differences between the two GoL models

% Q tAN(2013) achieved a first representation of the ecosystem of the GoL, giving an overview of
its functioning and the impact of the fisheries. However, the limited availability of the data at that time
did not allow for a good description of certain grougpeeially among the invertebrates. The increased
research effort on these species over the last decade, notably in terms of biwirdissmade possible

the creation of a new model, with a better resolution of functional group, radicatginghestructure

of the trophic network.

Previously divided into 7 groups, the benthic invertebrates are represented by 22 groups in the present
work. These improvementsnable usto better characterize the interactions between important
compartments, such aslbothurians and detritivorous worms with detritlibe flows in the system we
consequentlympacted, as shown in the Lindeman diagrddigyre 3), with a flow from detritus to

trophic level Il 2.5 times greater in the present model (606-2kri) thanin the previous one (265 t

km-2 y-1), the latter beingrobably underestimatedan influence from the modeld area is also
possible) The additional sharpness in the trophic network description provides better insight into species
interactions, as can lseen in the mixed trophic impact matriidure 4). For example, onmay note

the strong negative impact exerted on sipunculaeahéhids by carnivorous mollusknot visible on

% Q BtAN(2013)matrix.

In addition to the use of recent data, thicltesestimate has been improved by the additiooabthes
from recreational fishing. Far from being negligible, they repreabout16% of the total estimated
catches, improving the representation of the fisheries activitjtgimipacton the GoL food web

4.2.2.Flow indices pedigree and omnivory index

One of the most noticeable differences between the GOirBiEtlandthe C modelis onthe TST. The
higher TST value in GOLEM can be explaineg the fact thathe modelfocuses on the continental
shelf(from 0 to 200 m)where most of the biological activity occurs, wieerd&V K H %et@I20X3)
model incorporatedn additionalarea(from 0 to 2500 m)mainly characterizedby greater deptland
therefordower biological activity. This results in a dilution of the flely the moddedarea The larger
number of functional groups in GOLEM mayso influencehe TS, making explicitthe flows that
occurred within previously larger functional groups.

The difference in total biomassalso explaied E\ WKH 3SGLOXWLRQ™ SKHQRPHQRQ ,W
E\ WKH IDFW WKDW WKH WRWDO QHW SULPDU\ SURGX&®WLRQ 33
(2013) are lowe(Table 5) while the PP/TST and Q/TST ratioEdble 6) arequitesimilar, highlighting

similarities between thieiologically active parts ahese twosystems.

1C
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By analyzingthe PP/TST,it may be notedthat the Mediterranean moddiavea rather narrow range
of values, between 0.23 and 0.3%ich are laver thanthe Atlantic model (F) (other authofsund
similar high values in the Atlanti€.41 forAraujo et al. (2005);0.43 forDamsiriet al. (2022). This
rangemaybe even narrowesjncethe bwestvalueof model A does nanclude the 660m zone, where
high primary production often occurs. This rather low range of values of PRfiEg e relatetb the
oligotrophic nature of the Mediterranearharacterized byow primary production compateto the
Atlantic Ocear(Liénartet al, 2017)

Overall theE modelfrom theNorth Aegean Seshowsstrong simiaritieswith GOLEM for PP/TST,
Q/TST and Ex/TSDut lower values for TST and total biomass. Fighlightsthesimilaritiesbetween
the two systemslthough Tsagarakist al. (2010)pointedout differences in productivity betweeithe
wesernand eaternMediterranean systemghe low valies of TST and total biomassmodel Ecould
be explain bya smaller number of functional groug40) and the exclusion of the 20 m zone,
respectivelylt is supported by thpresence oPosidoniameadowg in the area, known to hawaehigh
biomass pearea(Boudouresquet al, 2006) This resemblancis consistent with the similar nature of
the two modelled areas, i. e. Mediterranean oligotrophic coastal, avitaproductivity supported by
largecontinentakhelvesand riverine input§Tsagaraki®t al, 2010) Both areashowsandy to muddy
sediments, however the North Aegean Sea shows Rwsieloniameadowstheir distribution being
limited in the GoL by the freshwater inputs of the Rhone River

Theslightly lower pedigree of the GOLEM model comparednadel Cis likely due to théncreased
numberof the invertebrategroups for which data on diet, P/B and Q/B are scarce codhpare
vertebrates. Yet, it should be kept in mind that the splitting of these groups is a major step towards a
better representation of the GoL ecosystem, made possible by the recent efforty tovertebrate
biomass.

Despite the structural differenceébe omnivoryLQGH|[ RI WKH *2/(0etRIFZB1LIpsyStént X

are equal0.21). Models A, D and E show slightly smaller indexes, and model F shows a less specialized
food web with 0.27. As for PP/TST, the Mediterranean models show a small range ofataktber

low level, compared to the Atlantic orkhis is probably related to the oligotrophy of the Mediterranean
food webs.

4.2.3. Trophic levels and captures

The TLsfrom GOLEM are in relativey good agreement witthe C model, except for a few groups
including cephalopods, lobsteherbivorous fishesT. mediterraneusand C. conger Regarding
herbivorous fishes, the species considered are not exactly the same. For the remaining groups, the main
explanation is the better resolution in the constitutibrthe functional groups (especially for the
invertebrates) allowing the TL toore accuratelyeflect the diet.

The average trophic level of catches in GOLEM (3.47) is higher tharodel AandC (3.12and 3.24
or 3.35, dependingn the fistery scenarig respectively). Even if the strure of the modeiight have
impacted this value, it is very likely that it reflects the recent collapse in thefZaitdine fishery (and
anchowyto a lesser extent), species chaerized by a low TL. @er the period 2002008,S. pilchardus
represented 39% of the totches % Q BtWIX2013) against 4.6% over 20HP014 (this study).
Coll et al (2006) repord a similar trend, witBardinedeing the largest part of tleetchesin 1994 and
decreasing by 709 2003. In addition, concerning the other side of the TL spectra, this work attempted
to achieve a better estimate of the fisheries by integrating tome@ccounting for recreational fishing
and IUUs (illegal, unreported and regulatedicheg. Thesecachesconcernedrelatively high TL
speciege.g. 3.08 foiS. aurata 3.97 forS. scombrus3.9 forD. labraxX) whichincreased the average TL
of thecaches
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The exports and catches terms in the Lindeman diagrams also reflect these two facts: the sum, although
FRPSDUDEOH LV D& @6iB) (2Q1 sgadd 2130 t Ky ! in this study, explained by the

addition ofrecreationatachesand the decrease landings ofsmall pelagidishes It also appears in

the distribution of exports and catches between trophic levels, with a lower value for TL Il but higher
for TL IV and V in the pesent study.

% Q BtAP(2013) pointed out that while. encrasicauluandS. pilchardusvere the most important
landings, their mortality was mainly due to natural causes (predatidathercauses It seems that
thisis still the case in the current model, but their importance in the landings has strongly désszased
section 4.1)

Compmredwith E mode] theaverag€l'L of the catches are idengiland the total catches ar®se(2.43
t km2y?for GOLEM against 2.35 for theonthern Aegean Seayadding to the similarities between the
two systems

4.3. System maturity and keystoness

Based orChristensen (1995ndthe ecosystem maturitsheory of Odun{1969) a comparison of
attributeshetweerthe GOLEM modeland the C model is proposed ifiable 7. Odum defined two
stages of ecosystematurity. young, associated with high production, growth and quantity, and
mature characterized by stabilignd quality over quantityfChristersen retained 12 of the 24 Odum
attributesard, for simplicity, weretained? of them for whichChristensen (199%)id not finda
correlation with the numbef grougsin the models

Five of them if bold, Table 7) indicatethe C modelis the most maturecosystemaccording to

2G X PV VAKtheRdteY was qualified byoe Q BtANX(2013) D \atarather low development
V W D J Hurre't®oH ecosystem appeaasan even lower stag&he difference in the moted
domains ownto 2500m depth; GOLEM: 200n depth) seems an unlikely explanatasthe
majority of the biological activity occus onthe cortinental shelf ((200m). This decrease ithe
maturity of the ecosysteroould be explaiedby a general degradation of the system aragone of
the consequences of the 2008 sififir examplethe B/P attribute is m index for the average size of
theorganisms and decreasm thesizeof sardine anchovyand sprahas beeindeednotedin the
GoL during thisperiod(Van Bevereret al, 2014; Saraugt al, 2019)

The 3 species/groups with the highest KS, according to the Yed#s iare, irdecreasing ordergsids,

C. congerand aittlefish Crustivorous fishes arein the top 3 keystone species with théex of Valls

et al (2015) andarein fourth position with the index of Powet al (1995), its mixed trophic impact

(MTI) being high enough to compensate for the advantage given to low biomass by the Power index.
Figure 4 shows that this group MTI comes mainly from its impact on jellyfigiinich have a very low
biomass and of whiclerustivorous fishes 2 are the only predators. Thus,MTI of thisgroup is
probablyoverestimated

5. CONCLUSION

Ecopath models a@widely-usedsolution toaddreswarious challenges such as fisheries management
or ecosystem characterizatidtevertheless, in order toackthe ongoingevolution ofthe environment
(climatechange anthropic pressuseetc) andto better faceéhese challenges, thepouldbe regulary
enhanced
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In this work, webuilt a new model of the Golbased orthe most recent data fatiet, biomass
(integrating the shift observed in the GoL around 20Bf} and Q/B, improvegesolution ofunctional
groups and fisheries correctionsthis represerg a new step toward a better representation and
understandingf the GoL ecosystem.

Key results include

- a diagam of the trophic netwéron five trophic leves, with Prionace glaucagdolphinand Squalus
acanthiasthe 3 top predator3.hey differ fromeatrlierstudiesbecausé®.glaucaandS. acanthiasvere
notincludedpreviously

- variousfunctional traits of the trophic network, such as the most consumed and the most consuming

groups,the omnivory index ofthe system anthe distribution of fluxedetweenrophic levels Squid
C. congerand aittlefishare given as keystorspecies according the most recent index.

- a mixed trophic impact matrix allowing to underslathe impact of each group ¢ime rest of the
network and highlighting the negative impact of fisheries orediginoups,in particularbenthic trawls
on S.acanthiasS. caniculaand anglerfishnets onP. elephasndlong lines orP. glauca.

Despitethe existing difficultiesto compare models with differestructuresthe comparison between
different Mediterranean modeihighlights some similarities, such #ee narrow range of PP/TST or
the omnivory index The North Aegean Sea model and GOLEdemto have strongimilarities
explained by theesemblanceetweertheir modellechreas aneécosystems.

Finally, this studyprovides both insights for a better understanding of the local ecosystem and a basic

tool for potential management initiatives.

The project ofwhich the present work & partaims to take advantagof this newEcopathmodel,in
particulartherepresentation ahvertebrateand their interaction wh the detritus compartmeim,order
to build a completespatialized and dynamic modable to track the fate of radionuclidasd other
contaminantsn the environment.
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Figure 1Location and bathymetry dhe study area in the Gulf ofdn north-western
Mediterranean Sea.

Table 1Description of the functional groups GOLEMnodel.

Table 2Input parameters of th&OLEMnodel by functional group: Bi =initial estimated
JJu eeU WI A % @&} n S]}vl J}u ecU YI A }vepu%S]ivl J}u U A
U/Q = unassimilated food/consumption.

Table 3Diet composition matrix of th&OLEMnodel.

Table 4Main output parameers of theGOLEMnodel. Biomass parameters estineatby

the model are indicated inbold d> A SE}%Z] o A oU (A .vo ]J}u e¢ ~3 lu>
}ISE}%Z] (. 1] v CU & A .«Z]JvP ul}®&S o]SC ~C>i*U DT A % E §]}

VSUE o0 ul}ES osA A% b}UsS&I]}v E S U Y A }vepu%sS]tv ~8 lu>1 C
SE]Sue ~8 lu>1 C>ieU WIY A % E} n S]}vl }vepu%s]}vU E A v §

Index.

Figure Z2Trophic diagram of the GOLEM model. The ordinate axis represents the trophic
level. Blak rectangle highlights the fisheries. The dot size is proportional to the group
biomass and the link width to flow between the two groups.

Figure 3Lindeman spine diagram of GOLEM model: P: primary producers, D: detritus, TST:
total system throughput and@E: trophic efficiency

Table 5Ecological indicators related tommunity energetics, structure@ws and
information theory.

Figure 4Mixed trophic impact matrix. Black rectangle highlights the fisheries impact on
other groups.

Figure 5Keystoness plat A) Valls keystone index against trophic levels. B) Power keystone
index aginst the relative total impact.

Table 6Comparison between GOLEM model and models from the literature based on total
throughput (TST) normalized parameters (Heymans, 2014) and tther useful indices. PP
= primary production, Q = consumption

Table 70dum's attributes (1969) as calculated by Christer{4885). For each attribute,
values inbold indicatethe mostmature model. PP/R = total primary production/total
respiration, PP/B = total primary productionttd biomass (*excluding detritQsB/TST =
biomass (*)/total troughput, total repsiration/total biomass(*), B/P = total biomass(*)/ total
production, B/(R+kp) = total biomass/(total respiration+total export)
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Table 1Description of the functional groups GOLEM model.

Functional group

Species/groups included

© 0O ~NO O s WNR

=
o

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

31

32

33

35
36
37
38

39

40

A1

42

43

a5
26
a7
a8
49
50
51
52

53

55
56
57
58
59
60
61
62
63

65

66

Picoplankton
Nanoplankton
Microphytoplankton
Microphytobenthos
Posidonia

Benthic macrophytes and epibionts

Microzooplankton
Mesozooplankton
Macrozooplankton

Jellyfishes
Cnidarians

Sessile suspension feeders
Depositivorous molluscs
Filter feeder molluscs
Carnivorous Molluscs
Octopuses

Cuttlefishes

Squids

Detritivorous worms
Filter feeding worms
Carnivorous worms
Sipuncula

Cyanobacteria, autotrophic and heterotrophic pico-eucaryotes

Bacteria, protist, autotrophic and heterotrophic nano-eucaryotes

Diatoms, dinobionts

spp.

Posidonia oceanica

spp.

Eggs and nauplii of copepods, small cladocerans, pteropods, euphausids, and mysids

Copepods, cladorerans, pteropods, euphausids, mysids, amphipods, ostracods, fish and invertebrate eggs and |.
Krill, fish and invertebrate eggs and larvae, pteropods, euphausids, mysids, amphipods and non-jellyfish gelatin
zooplankton

35.9% Pelgia noctiluca, 64.4% Rhizostoma pulmo

13.6% Pteroeides spinosum, 34.9% Veretilpm, 6.3%-uniculina quadrangularis, 31%dcyoniidae 2.3% Nemertesia
antennina, 4.5% Nemertesia ramosa, 7.8%iinaria(Adamsia palliata, Calliactis parasitica)

Bryozoa, Tunicata and Porifera

Cerastoderma edule, Ruditapspp, Calliostoma granulatum, Littorina littorea, Tritia mutabilis, Turritella communis
Atrina pectinata, Acanthocardia echinata, Glossus humanus, Mytilus galloprovinOistiieidae Tellina spp

Bolinus brandaris, Buccinum undatum, Galeodea echinophora, Galeodea rugosa, Scaphander lignarius

51.3% Octopus vulgaris, 2.2% Octopus salutii, 35.4% Eledone cirrhosa, 11.1% Eledone moschata

32.6% Sepia officinalis, 8.3% Sepia elegans, 50.3% Sepia orbignyana, 8.8% Sepietta oweniana

10.3% Alloteuthispp, 58.3%llex coindetii, 20.5% Loliggpp, 10.9%F odaropsis eblanae

Maldanidae, enteropneusta

Serpulaspp.

Aphrodita aculeatanemerteans

spp.

Suprabenthic and benthic crustaceanMysids, amphipods, isopods, cumaceans, benthic copepods, euphausids,

Pagurids

Shrimps - decapods
Other Malacostraca
Brachyurids

Palinurus elephas
Homarus gammarus
Filter feeder echinoderms

Carnivorous echinoderms

Holothurians
Echinids

Herbivorous fishes
Sardina pilchardus
Engraulis encrasicolus
Sprattus sprattus
Planctonophagous pelagic

Planctonophagous dermersal

Invertivorous fishes

Crustivorous fishes 1
Crustivorous fishes 2

Wormivorous fishes
Mulets

Lagoon flat fish

Scomber scombrus
Trachurus mediterraneus
Trachurus trachurus
Mullus barbatus

Sparus aurta

Diplodus vulgaris

Coris julis

Carnivorous dermersal fishes 1

Piscivorous flat fishes
Piscivorous fishes
Thunas

Anglerfish
Dicentrachus labrax
Merluccius merluccius
Conger conger
Squalus acanthias
Scyliorhinus canicula
Prionace glauca

Rays
Dolphins

Sea birds

10.5% Pagurus excavatus, 71.3% Pagurus prideaux, 18.2% Dardanus arrosor

Natantia,Palaemon serratus, Parapenaeus longirostris

46.6% Squilla mantis, 53.4% Nephrops norvegicus

Carcinus aestuarii, Liocarcinus depurator, Macropipus tuberculatus, Medorippe lanata, Necora puber

<1% Opbhiothrispp, 7.7%\ntedonspp, 88.6%.eptometraspp, 3.7%0cnus planci

38.4% Anseropoda placenta, 39.2% Astropecten irregularis pentacanthus, 16.4% Echinaster sepositus, 5.9% Opt
ophiura

18.8% Leptopentacta elongata, 81.2% Parastichopus regalis

<1% Brissopsis lyrifera, 7.1% Cidaris cidaris, 9.8% Gracilechinus acutus, 81.3% Paracentrotus lividus, 1.7% Spata
purpureus

99% Sarpa salpa, 1% Diplodus annularis

63.4% Sardinella aurita, 3.2% Spicara smari, 33.3% Atherinidae

1.7% Spicara flexuosa, 5.2% Cepola macrophtalma, 21.3% Boops boop, 1.2% Argentina sphyraena, 1.7% Micror
poutassou, 68.9% Scomber colias

42.3% Trisopterus capelanus, <1% Trisopterus luscus, 1.4% Gobius niger, 36.1% Diplodus cervinus, <1% Blenniu:
5.8% Lepidotrigla cavillone, 1.6% Lepidotrigla dieuzeidei, 1% Scorpeana notata, 4.1% Lepidorhombus boscii, 7% !
hepatus

7.2% Chelidonichtys lucerna, 8.5% Trachinus draco, 67.6% Eutrigla gurnadus, 16.8% Serranus cabrilla

8.6% Trigla lyra, 12.7% Mullus surmuletus, 21.8% Chelidonichthys cuculus, 2% Phycis blennoides, 27.2% Pagellu:
17.9% Pagellus erythrinus, 4.4% Spondyliosoma cantharus, 3.8% Capros aper, 1.5% Macroramphosus scolopax
1% Deltentosteus quadrimaculatus, <1% Lesueurigobius friesii, <1% Callionymus maculatus, 98.6% Diplodus sar¢
25% Mugil cephalus, <1% Liza aurata, <1% Liza ramda, <1% Oedalechilus labeo, 74.8% Chelon labrosus

13.4% Microchirus variegatus, 53.2% Solea solea, 33.3% Pegusa lascaris

6.25% Seriola dumerili, <1% Dentex dentex, 4.9% Scorpeana scrofa, 2.5% Scorpeana elongata, 8.7% Uranoscop
3% Torpedo marmorata, 14.9% Torpedo nobiliana, 6.2k¥aenidae, 6.79%Pagellus bogaraveo, 1.6% Pagrus pagrus,
6.25% Limanda limanda, 6.25% Lithognathus mormyrus, 8.4% Scophtalmus maximus, 3.8% Scophtalmus rhomb
Zeus faber, 6.25% Sarda sarda

2% Lepidorhombus whiffiagonis, 26.8% Arnoglossus laterna, 71.2% Citharus linguatula

Sphyraenaspp. Xiphias gladius, Lepidopus caudatus

Thunnus thynnus, Thunnus alalunga, Katsuwonus pelamis

64.3% Lophius budegassa, 35.7% Lophius piscatorius

16.7% Leucoraja naevus, 29.6% Pteroplatytrygon violacea, 8% Raja asterias, 26.4% Raja clavata, 2.6% Raja mol
16.7% Rostroraja alba

Tursiops truncatus

Larus michaellis, Calonectris diomedea diomedea, Puffinus yelkouan yelkouan, Puffinus yelkouan mauretanicus,
hirundo, Morus bassanus
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830 Table 2 Input parameters of the GOLEM model by functional group: Bi =initial estimated biomass, P/B
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Functionnal groups Bi P/B Q/B EE U/Q Total landings (i
km-2) (y-1) (y-1) km-1y-1)
1 Picoplankton 3,537 200 0 0
2 Nanoplankton 6,02€ 97,29 0 0
3 Microphytoplankton 3,637 84,29 0 0
4 Microphytobenthos 0,742 100 0 0
5 Posidonia 4,81¢ 1,18 0 0
6 Benthic macrophytes and epibionts 324 12,46 0 0
7 Microzooplankton 0,76 120 145,00 0,4 0
8 Mesozooplankton 9,07 39 80,00 0,4 0
9 Macrozooplankton 2,25 18 38,00 0,2 0
10 Jellyfishes 0,000z 14,6 50,48 0,2 0
11 Cnidarians 1,96€ 0,13 15,37 0,2 0
12 Sessile suspension feeders 0,048 3,20 3,80 0,2 9,34E-0
13 Depositivorous molluscs 0,851 7,00 31,28 0,2 0,03
14 Filter feeder molluscs 3,103 7,90 16,74 0,4 0,16
15 Carnivorous Molluscs 0,24 5,30 19,21 0,2 0,02
16 Octopuses 0,083 2,01 8,07 0,2 0,18
17 Cuttlefishes 0,011 2,70 13,21 0,2 0,01
18 Squids 0,032 2,96 14,2C 0,2 0,04
19 Detritivorous worms 7,51¢ 10,83 18,75 0,4 3,91E-0!
20 Filter feeding worms 0,873 35,99 32,52 0,3 4,50E-0t
21 Carnivorous worms 2,865 3,85 14,2C 0,2 1,49E-0!
22 Sipuncula 1,136 0,13 4,30 0,6 0
23 1,55¢ 11 25,00 0,3 0
Suprabenthic and benthic crustaceans

24 Pagurids 0,061 1,82 16,0¢ 0,3 2,51E-0«
25 Shrimps - decapods 0,001 9,80 11,00 0,2 7,89E-0
26 Other Malacostraca 0,005 2,92 12,18 0,3 5,23E-0:
27 Brachyurids 0,008 2,87 16,5¢ 0,3 2,62E-0:
28 Palinurus elephas 0,001 1,79 6,31 0,2 6,99E-0«
29 Homarus gammarus 0,001 1,78 5,70 0,2 3,74E-0«
30 Filter feeder echinoderms 0,304 3,69 28,06 0,2 0
31 Carnivorous echinoderms 0,515 3,18 18,04 0,2 0
32 Holothurians 0,13¢ 1,58 15,61 0,3 4,33E-0!
33 Echinids 1,90€ 2,40 11,8C 0,2 2,23E-0:
34 Herbivorous fishes 0,262 1,45 22,14 0,3 0,08
35 Sardina pilchardus 5,03¢ 0,95 9,94 0,3 0,12
36 Engraulis encrasicolus 2,724 1,12 8,24 0,3 0,20
37 Sprattus sprattus 3,578 0,68 11,88 0,3 1,19E-0¢
38 Planctonophagous pelagic fishes 0,02¢ 0,95 7,41 0,3 0,01
39 Planctonophagous dermersal fishes 0,21¢ 0,94 6,09 0,3 0,10
40 Invertivorous fishes 0,14€ 0,91 8,03 0,2 0,16
41 Crustivorous fishes 1 0,04¢ 0,53 5,33 0,2 0,03
42 Crustivorous fishes 2 0,117 1,16 6,52 0,2 0,11
43 Wormivorous fishes 0,042 1,05 11,05 0,2 0,03
44 Mulets 0,278 0,50 3,68 0,2 0,16
45 Lagoon flat fish 0,057 1,04 5,29 0,2 0,06
46 Scomber scombrus 0,227 1,29 7,29 0,2 0,16
47 Trachurus mediterraneus 0,531 0,64 6,24 0,2 0,00
48 Trachurus trachurus 0,698 0,55 7,37 0,2 0,05
49 Mullus barbatus 0,095 0,98 5,89 0,2 0,03
50 Sparus aurta 0,16¢ 1,00 4,90 0,2 0,39
51 Diplodus vulgaris 0,008 1,16 11,00 0,2 0,01
52 Coris julis 0,101 0,40 6,58 0,2 0,01
53 Carnivorous dermersal fishes 0,095 0,59 3,50 0,2 0,09
54 Piscivorous flat fishes 0,013 0,49 6,68 0,2 0,01
55 Piscivorous fishes 0,324 0,27 3,49 0,2 0,01
56 Thunas 0,657 0,17 3,27 0,2 0,02
57 Anglerfish 0,07C 0,69 5,70 0,2 0,07
58 Dicentrachus labrax 0,118 1,13 3,54 0,2 0,21
59 Merluccius merluccius 0,37€ 0,94 3,07 0,2 0,21
60 Conger conger 0,007 0,91 4,15 0,2 0,04
61 Squalus acanthias 0,00€ 0,25 2,88 0,2 9,65E-0!
62 Scyliorhinus canicula 0,045 0,46 3,87 0,2 2,64E-0:
63 Prionace glauca 0,30 280 0,1 0,2 6,22E-0«
64 Rays 0,14C 0,48 3,12 0,2 0,01
65 Dolphins 0,008 0,02 6,12 0,2 0
66 Marine birds 0,003 0,60 66,00 0,2 0
67 Discards 0,298 0,2 0
68 Detritus 64,700 0 0
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Table 3 Diet composition matrix of the GOLEM model.
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Table 4 Main output parameters of the GOLEM model. Biomass parameters estimated by the model
are indicated by bold characters. TL = trophic lew
.*Z]vP U}ES 0]SC ~C>i*U DT A % E

A

JEE Y

S]}v u}@&s o]s8C ~C>
&le A A %0}]3 8]}v E $ UY A }Vvepu%s$]}v ~8 lu>T C>i.U & A G}A §}

production/ }vepu%S]}vU E A v § (. ] v CU K/ A Kuv]A}EC /v AX
Functional group TL Bf Bf/BO EE F M2 MO FIZ Q FD P/Q NE Ol

1 Picoplankton 1,00 354 1,00 0,70 0 139,08 60,92 0,00 215,48 0

2 Nanoplankton 1,00 6,03 1,00 0,99 0 166,85 1,69 0,00 10,1€ 0

3 Microphytoplankton 1,00 3,54 1,00 0,76 0 63,669 20,62 0,00 72,94 0

4 Microphytobenthos 1,00 0,74 1,00 0,88 0 87,931 12,07 0,00 8,96 0

5 Posidonia 1,00 4,82 1,00 0,89 0 1,04€ 0,13 0,00 0,65 0

6 Benthic macrophytesand 1,00 3,24 1,00 0,99 0 12,294 0,17 0,00 0,54 0

7 Microzooplankton 2,00 0,90 1,18 0,99 0,00 118,84 1,16 0,00 359,60 141,29 0,30 0,49 0

8 Mesozooplankton 2,05 9,07 1,00 0,50 0,00 19,41 19,5¢ 0,00 1179,10 637,55 0,30 0,49 0,05

9 Macrozooplankton 2,72 2,25 1,00 046 0,00 8,26 9,74 0,00 135,00 48,91 0,30 0,38 0,22
10 Jellyfishes 2,82 0,00 1,00 030 0,00 4,41 10,1¢ 0,00 0,01 0,00 0,29 0,36 0,53
11 Cnidarians 2,45 2,49 1,26 1,00 0,00 4,50 0,00 0,00 38,1¢ 7,65 0,29 0,37 0,28
12 Sessile suspension feeders 2,05 3,64 7577 0,98 0,00 3,12 0,08 0,00 38,92 8,07 0,30 0,37 0,04
13 Depositivorous molluscs =~ 2,00 5,08 597 095 001 6,65 0,35 0,00 158,91 33,56 0,22 0,28 0,00
14 Filter feeder molluscs 2,05 3,42 1,10 1,00 0,05 7,83 0,02 0,01 90,50 36,28 0,30 0,50 0,05
15 Carnivorous Molluscs 3,02 1,69 7,02 099 001 523 0,05 0,00 32,38 6,56 0,28 0,34 0,18
16 Octopuses 4,22 0,15 1,85 1,00 1,17 0,84 0,00 0,58 1,24 0,25 0,25 0,31 0,10
17 Cuttlefishes 4,22 030 26,04 100 004 3,74 0,02 0,01 3,95 0,79 0,29 0,36 0,16
18 Squids 4,29 0,24 7,63 1,00 0,15 2,80 0,01 0,05 3,46 0,69 0,21 0,26 0,18
19 Detritivorous worms 2,00 7,52 1,00 0,78 0,00 844 2,39 0,00 270,68 123,52 0,30 0,49 0,00
20 Filter feeding worms 2,00 0,87 1,00 0,55 0,00 554 4,46 0,00 29,68 12,7¢ 0,29 0,42 0,00
21 Carnivorous worms 3,11 2,87 1,00 1,00 0,00 5,55 0,01 0,00 54,45 10,92 0,29 0,37 0,09
22 Sipuncula 2,00 1,14 1,00 095 0,00 0,45 0,02 0,00 4,88 2,96 0,11 0,27 0,00
23 Suprabenthic and benthic 2,06 4,63 2,97 0,97 0,00 14,62 0,38 0,00 236,27 72,623 0,29 0,42 0,08
24 Pagurids 2,90 0,06 1,00 0,98 0,00 4,89 0,11 0,00 1,04 0,32 0,29 0,42 0,33
25 Shrimps - decapods 3,20 2,27 2493,39 1,00 0,00 9,79 0,01 0,00 74,94 15,00 0,30 0,37 0,27
26 Other Malacostraca 3,63 0,05 951 097 011 271 0,10 0,04 0,60 0,18 0,24 0,34 0,78
27 Brachyurids 3,32 212 271,77 1,00 0,00 4,20 0,00 0,00 35,16 10,55 0,25 0,36 0,59
28 Palinurus elephas 3,22 0,00 1,00 056 1,00 0,00 0,79 0,56 0,00 0,00 0,28 0,36 0,35
29 Homarus gammarus 3,13 0,00 1,00 0,27 0,44 0,05 1,30 0,25 0,00 0,00 0,30 0,37 0,88
30 Filter feeder echinoderms 2,02 0,30 1,00 0,95 0,00 4,71 0,25 0,00 8,52 1,78 0,18 0,22 0,02
31 Carnivorous echinoderms 3,26 2,47 4,80 1,00 0,00 5,30 0,00 0,00 44,62 8,93 0,29 0,37 0,26
32 Holothurians 2,00 0,14 1,00 0,73 0,00 1,16 0,42 0,00 2,17 0,71 0,10 0,14 0,00
33 Echinids 2,07 4,21 221 1,00 001 3,53 0,00 0,00 49,62 9,93 0,30 0,38 0,09
34 Herbivorous fishes 2,00 0,26 1,00 019 0,20 0,08 1,17 014 5,79 2,04 0,07 0,09 0,00
35 Sardina pilchardus 2,95 5,04 1,00 0,71 0,03 0,65 0,28 0,03 50,08 16,43 0,10 0,14 0,11
36 Engraulis encrasicolus 3,15 2,72 1,00 0,95 0,08 1,22 0,06845116 0,06 22,43 6,92 0,17 0,24 0,06
37 Sprattus sprattus 3,10 3,58 1,00 095 000 0,90 0,05 0,00 42,51 12,92 0,08 0,11 0,03
38 Planctonophagous pelagic 3,08 0,33 11,42 0,95 0,04 0,86 0,05 0,04 2,44 0,75 0,13 0,18 0,09
39 Planctonophagous derme 3,61 0,87 396 0,98 0,08 0,83 0,02 0,09 5,29 1,61 0,15 0,22 0,37
40 Invertivorous fishes 397 196 1346 1,00 0,05 0,86 0,00 0,05 15,75 3,15 0,11 0,14 0,41
41 Crustivorous fishes 1 4,13 0,45 927 099 001 0,68 0,00 0,02 2,41 0,48 0,13 0,16 0,46
42 Crustivorous fishes 2 3,38 0,12 1,00 095 073 0,71 0,08 0,48 0,76 0,16 0,23 0,29 0,32
43 Wormivorous fishes 319 358 8557 095 0,01 142 0,07 0,01 39,54 8,18 0,14 0,17 0,29
44 Mulets 2,50 0,28 1,00 0,88 0,38 0,06 0,06 0,76 1,02 0,22 0,14 0,17 0,42
45 Lagoon flat fish 3,29 0,15 260 095 038 0,61 0,05 0,36 0,78 0,16 0,20 0,25 0,77
46 Scomber scombrus 397 0,23 1,00 052 049 0,19 062 0,38 1,65 0,47 0,18 0,22 0,05
47 Trachurus mediterraneus 3,68 0,53 1,00 0,08 0,00 0,05 0,59 0,00 3,31 0,97 0,10 0,13 0,25
48 Trachurus trachurus 3,83 0,70 1,00 0,73 0,07 0,33 0,15 0,13 5,14 1,13 0,07 0,09 0,05
49 Mullus barbatus 3,57 0,10 1,00 095 036 1,15 0,08 0,23 0,56 0,12 0,27 0,34 0,37
50 Sparus aurta 3,08 0,33 1,92 095 094 0,01 0,05 0,94 1,59 0,33 0,20 0,26 0,56
51 Diplodus vulgaris 3,21 0,03 387 09 0,15 0,96 0,04 0,13 0,35 0,07 0,11 0,13 0,10
52 Coris julis 3,58 0,10 1,00 09 0,08 0,31 0,02 0,19 0,66 0,13 0,06 0,08 0,23
53 Carnivorous dermersal fis 4,32 0,12 1,29 0,95 0,60 0,40 0,05 0,57 0,43 0,09 0,30 0,37 0,44
54 Piscivorous flat fishes 433 1,02 758 084 001 0,54 0,10 0,01 6,79 1,46 0,10 0,12 0,12
55 Piscivorous fishes 4,28 0,32 1,00 036 002 0,07 0,17 0,09 1,13 0,28 0,08 0,10 0,24
56 Thunas 4,19 0,66 1,00 0,18 0,03 0,00 0,14 0,18 2,15 0,52 0,05 0,06 0,29
57 Anglerfish 4,77 0,07 1,00 0,95 1,07 0,00 0,06 0,95 0,40 0,08 0,20 0,25 0,19
58 Dicentrachus labrax 391 014 1,15 095 1,08 0,01 0,05 0,95 0,53 0,11 0,29 0,36 1,13
59 Merluccius merluccius 4,19 0,38 1,00 0,89 0,55 0,28 0,11 0,59 1,18 0,28 0,30 0,37 0,05
60 Conger conger 442 0,08 11,78 09 050 0,38 0,04 0,55 0,33 0,07 0,22 0,27 0,32
61 Squalus acanthias 4,95 0,01 1,00 019 0,05 0,00 0,20 0,19 0,02 0,00 0,09 0,11 0,14
62 Scyliorhinus canicula 4,34 0,04 1,00 0,13 0,06 0,00 0,40 0,13 0,17 0,05 0,12 0,15 0,07
63 Prionace glauca 519 0,02 NA 0,10 0,03 0,00 0,27 0,10 0,06 0,02 0,11 0,13 0,09
64 Rays 4,43 0,14 1,00 0,14 0,07 0,00 041 0,14 0,44 0,14 0,15 0,19 0,31
65 Dolphins 4,95 0,01 1,00 0,00 0,00 0,00 0,02 0,00 0,05 0,01 0,00 0,00 0,19
66 Sea birds 3,84 0,00 1,00 0,00 0,00 0,00 0,60 0,00 0,20 0,04 0,01 0,01 1,55
67 Discards 1,00 0,30 1,00 0,98 0 0,00 0 0
68 Detritus 1,00 64,7C 1,00 0,37 1559,99 0,00 0 0,32
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844
845

846

v EP 8] U «3EN SuE

d o A }o}P] o]v] S}&e &E o035 S8} }luupv]sc
theory.
Value Units

Statistics and flows

Sum of all consumption 3069,81 tkm-2y-1
Sum of all exports 1053,91 tkm-2y-1
Sum of all respiratory flows 1187,96 tkm-2y-1
Sum of all flows into detritus 1658,06 tkm-2y-1
Total system throughput 6969,74 tkm-2y-1
Sum of all production 3002,08 tkm-2y-1
Mean trophic level of the catch 3,47

Gross efficiency (catch/net p.p.) 0,001

Calculated total net primary production 2141,38 tkm-2y-1
Total primary production/total respiration 1,80

Net system production 953,42 tkm-2y-1
Total primary production/total biomass 20,57

Total biomass/total throughput 0,01 tkm-2y-1
Total biomass (excluding detritus) 104,11 tkm-2
Total catch 2,43 tkm-2y-1
Connectance Index 0,16

System Omnivory Index 0,21

Ecopath pedigree 0,64

Measure of fit. t* 6,63

Shannon diversity index 3,46

E SA}JEI G}A Jv ] -

Throughput cycled (excluding detritus) 158 tkm-2y-1
Predatory cycling index 0,432 % of throughput without detritus
Throughput cycled (including detritus) 3124 tkm-2y-1
Finn's cycling index 4,48 % of total throughput
Finn's mean path length 3,11

Information indices

Ascendency 28,79 %
Overhead 71,21 %
Capacity (total) 38073 Flowbits
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847 Table 6 Comparison between GOLEM model and models from the literature based on total
848 throughput (TST) normalized parameters (Heymans, 2014) and three other useful indices. PP =
849  primary production, Q = consumption

n° of Total biomass .
Area mo:ril)lgd functional PP/TST Q/TST Export/TST (th-I-nsl;; ) (excluding ng?}!ii) ralaest?m) O:r:lzg/;ry Reference
p groups Y, detritus, t/Km2) 9
A Catalan Sea (N-w 1904 40 0,23 051 0,04 1657 58,99 4500 50-400 o019 Cohetad
Mediterranean) (2006)
B Gulf of Lion 2010-2014 68 031 0,44 015 6960, 74 104,11 12172 0-200 021 GOLEM
c Gulf of Lion 2000-2009 40 035 0,49 0,08 2995 68,9 20403  0-2500 021  Banaru (201
D Adriatic Sea (central ) g0 40 03 0,34 0,19 3844 130,3 55500 10-230 o019 coleta
Mediterranean) (2007)
E AegeanSea(N-E 5y 506 40 027 0,44 0,14 1076 33,04 8374  20-300 o1 | °odarakis
Mediterranean) etal (2010)
. Sanchez &
F Cantabrian Sea (N-8 5, 28 0,48 0.24 031 10143 174,86 16000 NS 027 Olaso
8 5 O Atlantic) (2004)
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Table 7 Odum's attributes (1969) as calculated by Christensen (1995). For each attribute, values in
bold indicate the most mature model. PP/R = total primary production/total respiration, PP/B = total
primary production/total bianass (*excluding detritus), B/TST = biomass (*)/total troughput, total
repsiration/total biomass(*), B/P = total biomass(*)/ total production, B/(R+Exp) = total
biomass/(total respiration+total export)

Residence time of Finn's mear Connectance System
PPIR PP/B BITST RIB B/P energy B/(R+Exp) path length Index Omnivory Inde)
GOLEM 18 20,57 0,015 11,41 0,035 0,046 3,11 0,16 0,21
Banaru (2013) 2,09 15,1 0,023 7,24 0,044 0,092 3,99 0,15 0,21
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30,81 1833 35,11 5057 7,286 88,48 1,287 13.90 0,203
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606,6 J862,6 J262,7 52,66 8623
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D
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— flow from
—respiration detritus

Figure 3Lindeman spine diagram of GOLEM model: P: primary producers, D: detritus, TST: total

system throughput and TE: trophic efficiency
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875

876 Figure 5Keysbness plotsA) Valls keystone index against trophic lev&sPower keystone index
877 against the relative total impact.
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Appendix1 Cluster analysis using Ward method and mean distance between classes, representing
the diet similarity between th®1 andyzed .sh species. The nhumber and the name of the groups in
the model were indicated and speciespresented separately were indicated in bold characters.
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Appendix 2

Functional group

Data sources and references

x

1. Picozooplankton

Biomass

P/B

2. Nanozooplankton

Biomass

P/B

3. Microphytoplankton

Biomass

P/B

4. Microphytobenthos

Biomass

P/B

5. Posidonie

Biomass, P/B

6. Benthic macrophytes
+ epibiontes

Biomass
P/B

7. Microzooplankton

Hunt et al., 2017; Lefevre at., 1997; Marty et
al., 2008

Landry et al., 2021; Lefevre et al., 19¢
Schwinghamer et al., 1986

Christaki et al., 2009; Hunt et al., 2017; Lefe
et al., 1997; Marty et al., 2008

Gaudy et al., 2003; Lefevre et al., 1997

Christaki et al., 2009; HarmelVivien et al.,
2008; Hunt et al., 2017; Lefevre et al., 19¢
Marty et al., 2008

Gaudy et al., 2003; Lefevre et al., 1997

PlanteCuny & Bodoy, 1987; Ria®obin et al.,
1998

PlanteCuny & Bodoy, 1987; Schwiragner et
al., 1986; van dereijden et al., 2020

Boudouresque et al., 2006

v Ep 8§ oXU fdiii
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Biomass

P/B, Q/B

Diet

8. Mesozooplankton

Biomass
P/B, Q/B

Diet

9. Macrozooplankton

Biomass
P/B,Q/B

Diet

10. Jellyfishes
Biomass

P/B, Q/B

Diet

11.Cnidarians (benthic)
Biomass

P/B

Diet

12. Sessile Suspension
Feeders

Biomass
P/B, Q/B
Diet

X [www.somiit.

Carlotti, pers. comm.
Christaki et al., 2009; Gaudy et al., 2003; Va
et al., 1997

Gaudy et al., 2003; Le Borgne, 1982; Pinne
2000; Plounevez & Champalbert, 2000

Chen, 2019

www.somlit.ff Carlotti, pers. comm.

Gaudy et al., 2003; Pinnegar, 200@)plevez
& Champalbert, 2000

C-T. Chen, 2019

www.somlit.ff Carlotti, pers. comm.

Labat & CuziRoudy, 1996; Pinnegar, 200
Velsch, 1997

C-T. Chen, 2019

Medits
Coll et al., 2007
PérezRuzafa et al., 2002; Tilves et al., 2018

C. Labrune pers. comnBpnifacio et al., 2018
Munari et al., 2013
Coma et al., 1995; Sebens & Koehl, 1984

C. Labrungers. comm.Bonifacio et al., 2018
Ortiz et al., 2013; Wong et al., 2011

Cook et al., 2018; Patsen, 2007; Ribes et al
1999
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x 13. Depositivorous

Molluscs
X Biomass
x P/B, Q/B
x Diet

X 14. Filter
Molluscs

x Biomass
x P/B
x Q/B
x Diet

X 15. Carnivorous

Molluscs
X Biomass
x P/B, Q/B
x Diet

x 16. Octopuses

X Biomass

x P/B, Q/B

x Diet

X
17.Cuttlefishes

X Biomass

x P/B, Q/B

x Diet

x 18. Squids
X Biomass
x P/B, Q/B

x

x

C. Labrungers. comm.Bonifécio et al., 2018
T. Brey see Materials & methods

Doris.ffessm.fr T. mutabilis;erro & Cretella,
1993; Imrie et al., 1990; Kang et al., 19t
Watanabe et al., 2009; Yonge, 1946

C. Labrungers. comm.Bonifécio et al., 2018
Loo & Rosenberg, 1996
T. Brey see Materials & methods

Dupuy et al., 2000; Gosling, 2003; Prato et
2010

C. Labrungers. comm.Bonifacio et al., 2018
T. Brey see Materials & methods

Eilertsen & Malaquias, 2013; Himmelman
Hamel, 1993; Hughes, 1986; Riedel, 19
Scolding et al., 2007; Vasconcelos et al., 20

Medits
T. Brey see Materials & methods
Kaci, 2012; Quetglas et al., 2005

Medits
T. Breysee Materials & methods

Alves et al., 2006; Bergstrom, 1985; Kaci, 2(

Medits

T. Breysee Materials & methods
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Diet

19. Detritivorous werms
Biomass

P/B, Q/B

Diet

20. Filter feeders worms

Biomass
P/B, Q/B
Diet

21. Carnivorous arms
Biomass

P/B, Q/B

Diet

22.Sipwncula
Biomass
P/B

Q/B
Diet

23. Suprabenthic and
benthic invertebrates

Biomass
P/B, Q/B
Diet

24.Pagurids
Biomass
P/B, Q/B
Diet

Coelho et al. 1997; Hastie et al., 2013; Ka
2012; Roscian, 2016

C. Labrune pers. comnBpnifacio et al., 2018
T. Brey see Materials & methods

Jumars et al., 2015

C. Larunepers. comm.Bonifécio et al., 2018
T. Brey see Materials & methods

Jumars et al., 2015

C. Labrune pers. comnBpnifacio et al., 2018
T. Brey see Materials & methods
Jumars et al., 2015; Mettam, 1980

C. Labrungers. comm.Bonifacio et al., 2018
Han, 2019

Lovvorn et al., 2015

Cutler, 1994

C. Labrune pers. comnBpnifacio et al., 2018
T. Brey see Materials & methods

Arrontes, 1990; Baano, 2002; Domingues ¢
al., 2000

C. Labrungers. comm.Bonifacio et al., 2018
T. Breysee Materials & methods

Kunze & Anderson, 1979; Ramsay et al., 19
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25.Decapods
Biomass

P/B, Q/B
Diet

26. Other
Malacostracas

Biomass
P/B, Q/B
Diet

27. Brachyurids
Biomass

P/B, Q/B

Diet

28.Palinurus elephas
Biomass

P/B, Q/B

Diet

29. Homarus gammarus
Biomass

P/B, Q/B

Diet

30. Filter Feeder
Echinoderms

Biomass
P/B, Q/B
Diet

Medits
Viegas et al., 2007
Cartes, 1995; Guerao & Ribera, 1996

Medits
T. Brey see Materials & methods
Baden et al., 1990; Mili et al., 2013

Medits

T. Brey see Materials & methods

Abello, 1989; R. B. Chen et al., 2004; Fre

1996
doris.ffessm.fr N. puber

Medits
T. Brey ee Materials & methods
Gofii et al., 2001

Medits
T. Breysee Materials & methods
SainteMarie & Chabot, 2002

Medits

T. Brey see Materials & methods

La Touche & West, 1980; Massin, 19

Warner, 1982
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31. Carnivorous
Echinoderms

Biomass
P/B, Q/B
Diet

32.Holothurians
Biomass

P/B, Q/B

Diet

33. Echinids
Biomass
P/B, Q/B
Diet

34. Herbivorous fishes
Biomass

Kand L

Diet

35. Sardina pilchardus
Biomass

Kand L

Diet

36. Engraulis
encrasicolus

Biomass
Kand L'
Diet

37.Sprattus sprattus

x

x

C. Labrungers. comm.Bonifécio et al., 2018
T. Brey see Materials & methods

Baeta & Ramoén, 2013; Guillou, 1987; Vasse
1961; Warner, 1982

Medits
T. Breysee Materials & methods

Fankboner, 1981; Ramon et 2019

Medits
T. Brey see Materials & methods

doris.ffessm.fr C. cidaris, B&jpouailhat 2008,
web voir file,Barbera et al., 2011ollertz &
Duchéne, 2001; Verlague & Nédelec, 1983

Dufour et al., 1995Fishbase.org, Medits
Campillo, 1992; Criscoli et al., 2006
Cresson et al., 2014; Havelange et al., 1997
PELMED

Van Beveren et al., 2014

C-T. Chen, 2019

PELMED

Bigot et al., 2014

C-T. Chen, 2019
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Biomass
Kand L'
Diet

38. Pelagic
planktonophagous
fishes

Biomass
Kand L'

Diet

39. Demersal
planktonophagous
fishes

Biomass
KandL

Diet

40. Invertivorous
Biomass
KandL

Diet

41. Crustivorous fishes 1
Biomass

Kand L'

PELMED
< * %}RopU Tiid
C-T. Chen, 2019

Medits, PELMED 2009

o uv GU 1ii6V po ] S oXL
al., 2005

C-T. Chen, 2019; Cresson et al., 20
Danilova, 1991

Medits, PELMED 2009

U%J]oo}U i6diV ] I § oXU
2008; Ferri et al., 2017; Velasco et al., 2011

Bourgogne, 2014; .. Chen, 2019; Le Luhern
2012; Sever, 2019; Sever et al., 2013

Dufour et al., 1995Medits

~

"HeS § oXU Tiié6V u%]oo
f1i6vV €& o~ < E U TiiiV
Filiz, 2009; Merayo & Villegas, 1994; Ragon
& Bianchini, 1998; Scarcella et al., 2011

Bilecenoglu, 2009; Cresson et al., 2014; De
~ < E U 1iioVv } E}eo A] U Ti
1991; Kabasakal, 1999; Labarta, 19
Labropoulou & Machiag,998; Labropoulou &
PapadopoulotSmith, 1999; M. S. Morte et al
2001; S. Morte et al., 1999

Medits

i "ued U TiiAV /[eu v
McCarthy et al., 2018; Rachedi & Tania Da
2019

~
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Diet

42. Crustivorous fishes 2
Biomass
Kand L'

Diet

43. Wormivorous fishes
Biomass
Kand L'

Diet

44, Mukts
Biomass
Kand L
Diet

45, Lagoon flat fishes
Biomass

Kand L

Diet

46. Scomber scombrus
Biomass

Kand L

Diet

47. Trachurus
mediterraneus

Castriota et al., 2012; Cresson dt, £2014;
D}vs v]v] § oXU TiiiVv a v§]

Medits

Borges, 2000; Boughamou et al., 20:
Busalacchi et al., 2014; Campillo, 19
Vagenas et al., 2020

BautistaVega, 2007; Caragitsou
Papaconstantinou, 1994; Carpentieri et ¢
fiiovV @& e*}v § oXU fiioV
Macpherson, 1978; Montani et al., 2017

Medits, Dufour et al., 1995

Erguden et al.,, 2016; Hussein et al., 20
Met f ét al., 2011; Nash, 1982

Bell & HarmelirVivien, 1983; Cresson et a
2014; Gibson & Ezzi, 1979, 1987

Dufour et al., 1995Fishbase.org, Medits
U% ]oo}U id &keb@t al], 2012
S. Blanco et al., 2003

Medits
Campillo, 1992; Félix et al., 2011
Cresson et al., 2014; Darnaude, 2005

PELMED 2009
Campillo, 1992
Le Luherne, 2012
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Biomass
Kand L'
Diet

48. Trachurus trachurus

Biomass
Kand L'
Diet

49, Mullus barbatus

Biomass

Kand L'
Diet

50. Sparus aurata
Biomass

P/B, Q/B

Diet

51. Diplodus vulgaris
Biomass
< v >L

Diet

52. Corigulis
Biomass
< Vv >L

Diet

53. Demersal

carnivorous ishes
Biomass

Kand Ll

PELMED 2009
KarlouRiga, 2000
Le Lulerne, 2012

PELMED 2009
Campillo, 1992
Le Luherne, 2012

Jadaud et al., 20Hverage 201014,
calculated from weight at age and abundan
at age

Jadaud et al., 2018
BautistaVega, 2007

Vaudo, 2002
Palomares et al., 1993
Rosecchi, 1987

Medits
Campillo, 1992

Cresson et al., 2014; Sala & Ballesteros, 19!

Francour, 1997
Gordoa et al., 2000
Sinopoli et al., 2017

Medits

Akyol, 2001; Boufersaoui et al., 2018; Campi
1992; Duman & Basusta, 2013; Félix et
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Diet

54. Piscivorous
fishes

Biomass
Kand L'

Diet

flat

55. Piscivorous fishes

Biomass

Kand L'

Diet

56. Thunas
Biomass
Kand L
Diet

57. Anglerfishes
Biomass

Kand Ll

Diet

X

X

X

T1iiV < C 7 "pe§ U TiioV <}I
D §JSkoko et al., 2011; Moralddin &
Moranta, 199; S. |. Rizkalla & Bakhoum, 20t
Valeiras, Macias, et al., 2008; Vassilopoulo
Papaconstantinou, 1992

AbdelAziz, 1994; Campo et al., 2006; Cap:
et al., 2007; Capezzuto et al., 2021; Cresso
al., 2014; Matdanas et al., 1995; Moraldsin

& Moranta, 1997; Morato et al.,, 200]
Papaconstantinou & Caragitsou, 1989;

Z]il oo ~ WZ]o]%-+U 7116V " o
al., 2010; Schuckel et al., 2012; StergioL
Fourtouni, 1991; Vinagre et al., 2011

Medits

& o] § oXU fiiivd &£ |E
D §JSkoko, 2012

deJuan et al., 2007; Fanelli et al., 2008.

Morte et al., 1999

Medits, Tserpes, 2010

Demestre et al., 1993; Rim et al.,, 20(
Valeirasde laSerna, et al., 2008

Cresson et al., 2014; Demestre et al., 19
Romeo et al., 2009; Salman, 2004; Torre et
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