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Abstract

The Bay of Biscay (North-East Atlantic) has longbeubjected to intense direct and indirect
human activities that lead to the excessive deggadand sometimes overexploitation of
natural resources. Fisheries management is grgdualling away from single-species
assessments to more holistic, multi-species appesaihat better respond to the reality of
ecosystem processes. Quantitative modelling methiacts as Ecopath with Ecosim can be
useful tools for planning, implementing and evahgecosystem-based fisheries
management strategies. The aim of this study wexrefibre to model the energy fluxes within
the food web of this highly pressured ecosystemtarektract practical information required
in the diagnosis of ecosystem state/health. A dedleribed model comprising 30 living and
two non-living compartments was successfully caredrd with data of local origin, for the
Bay of Biscay continental shelf. The same levedggregation was applied to primary

producers, mid-trophic-levels and top-predatorsasoXhe model was even more general as
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it encompassed the entire continuum of marine aehifrom benthic to pelagic domains.
Output values for most ecosystem attributes indatatrelatively mature and stable
ecosystem, with a large proportion of its energwfbriginating from detritus. Ecological
network analysis also provided evidence that botignprocesses play a significant role in
the population dynamics of upper-trophic-levels anthe global structuring of this marine
ecosystem. Finally, a novel metric based on ecesygiroduction depicted an ecosystem not
far from being overexploited. This finding beingtemtirely consistent over indicators,

further analyses based on dynamic simulationseayeired.

Key words
Ecopath; aquatic communities; trophic structureétdm-up control; multispecies fisheries;

ecosystem management; North-East Atlantic, Bayistd/, continental shelf.
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1. Introduction

Impacts of fisheries on target species have beendantly described and reviewed, e.g.
modifications of abundance, spawning potentialywginoand maturation, age and size
structure, sex ratio, genetidddll, 1999. However, the effect of fishing is not restricted
commercially exploited species but extends to emaosystems. In most cases, by targeting
and reducing the abundance of high-value consurfiggries profoundly modify trophic
networks and the flow of biomass (and energy) actios ecosystem, leading sometimes to

trophic cascadedigithaus et al., 200@&nd ultimately to regime shift®éaskalov et al.,

2007. In addition, fishing practices can durably anbstantially damage the living and non-
living environment of target and associated reseaire.g. poorly-selective fishing activities

generate by-catch and discards and sometimes lmaas@noxiaDiaz et al., 2008 benthic

trawls and dredges cause physical changes to #heddall-Spencer et al., 2002and lost

fishing gear that preserves its catching abilileesls to temporary “ghost fishingBéeta et

al., 2009. Consequently, in the last two decades, a consdmss emerged on the need to
move from single species- to ecosystem-based fesheranagement (EBFM). The goal is “to
rebuild and sustain populations, species, bioldgismmmunities and marine ecosystems at
high levels of productivity and biological diversgo as not to jeopardize a wide range of
goods and services from marine ecosystems whiMgng food, revenues and recreation for

humans” Browman et al., 2004

Although the importance of an ecosystem approashdsly accepted, it remains difficult to

put these principles into practicédllis et al., 201) In data-rich situations, multi-

species/ecosystem models are valuable tools timaf boherence to a large amount of data
from a variety of sources (see Plagari@7) for an exhaustive review). They can be useful
to provide initially a holistic understanding oktltructure and functioning of a particular

aquatic system and then supply concrete elementadnaging this exploited ecosystem. For
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example, they have been used to explore marinegisat area (MPA) zoning options or to
assist the implementation of EBFM through the idmatiion of critical biological indicators

and their corresponding threshold valuésdela et al., 20Q%oll et al., 2008 Among

ecosystem models, Ecopath with Ecosim (EwE) is lekmewn and freely-available software
package which attempts to represent all trophicggpin a mass-balanced w#&olovina,

1984 Christensen and Pauly, 199Zhe ecosystem is considered as a unit of biokdgi

organization, made up of all the organisms in @giarea, interacting with the physical
environment, so that a flow of energy leads to ati@ristic trophic structure and material
cycles within the systen©dum, 196% Through the development of new components and
modules, EWE has become increasingly powerful aviping information on how a system is
likely to respond to potential changes in fishermemagement practices and, to a lesser

extent, to environmental disturbancé&sll et al., 2007Shannon et al., 2009Some of the

fundamental strengths of the approach are the aamient of a good trade-off in model
structure between simplicity and complexity (i.aerpmony principle; Fulton et ak003)
and the use of a common and rigorous analyticaldwmork that make comparisons between

various systems possibleléganyi and Butterworth, 2004

At the western edge of the Eurasian continentBéngeof Biscay, opening to the Eastern
North Atlantic Ocean, supports a large number thr@pogenic activities including tourism
and shellfish farming along the coasts and intensheries for human consumption over the

shelf and along the slopdsofance et al., 2009Fishing activities in the Bay of Biscay

involve several European countries and are charsetkby the wide variety of fishing

vessels, gears and techniques, the large numlenaed species (more than a hundred) and
the numerous habitats exploreagtéuté, 1998 The major commercially exploited stocks are
crustaceans, cephalopods and both pelagic and galnfish, some of them showing signs of

intensive exploitationICES, 2005k For instance, since 2002, European anchovy iteteat
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has experienced a severe decline that raises gyamsimcerns from the scientific community
and EU member states as to what would be the diretindirect effects of alternative
harvest strategies of forage fish on other ecosystamponentsiICES, 2010.

In this context of intense multi-species explodatia mass-balanced model of the Bay of
Biscay continental shelf food web would be of giestrest to stakeholders and decision
makers to support the implementation of sustainkéieries policies and the development of
ecosystem-based management in the area. Modeasialexist for different parts of the Bay
of Biscay continental shelf with special hydro-mimofpgical characteristics, i.e. the “Grande

Vasiere” Le Loc'h, 2004, the Cantabrian Se&&nchez and Olaso, 2004t a broader

spatial scale, including the totality of the twdHE sub-divisions Vllla and b, two models
were constructed for the year 1970 and 1998 bywanth et al. 2007J). Little help was
provided by local researchers for those two previmodels and as a consequence, most
biomass data in their initial input matrix wereKkag or obtained from similar systems
(Sylvie Guénette, pers. comm.). Ainsworth et 20Q1) paid particular attention to fish
species that were divided, according to a lengtkran, into 22 distinct functional groups.
These models recently served as a strong bassNtaster’s thesisl{meno, 201]) in which
the “2007” situation was modelled. Previous moaélhe Bay of Biscay were lacking of
sufficient spatial coverage and amount of locaaddatbe useful. The construction of a new
model was made possible by the two successive pludisee French coastal environmental
research program (PNEC 1999-2003 and 2004-200¥bdth included a specific worksite on
the Bay of Biscay and that thus greatly contributetill the gaps that existed in the data
concerning this area. In the present work, a pddreffort was made to combine local
information of the same quality, reliability andtaié on both the benthic and pelagic
communities, from primary producers to top-predatorbetter understand the structure,

organization and functioning of the Bay of Biscayntinental shelf food web. Then, the



137 keystone compartments according to the originahdefn provided by Power et al1996),

138 i.e. components whose effect is large, and disptmpately large relative to their abundance,
139 were determined. Finally, the ecosystem exploitesimtus was assessed using a set of

140 metrics, some being based on ecosystem production.

141

142 2. Material and Methods

143 2.1 Study area

144  The Bay of Biscay is a large gulf of the Atlantic&an located off the western coast of France
145 and the northern coast of Spain, between 48.5 ar°l and 8 and 3 °W (Fig. 1). The

146  principal rivers in decreasing order of drainageaaare: the Loire, Garonne-Dordogne

147 (Gironde complex), Adour, Vilaine and Charente rsv@ he continental shelf reaches widths
148 of about 140 km off the coast of Brittany but narsao less than 15 km off the Spanish

149 shore. The physical and hydrological features efBay of Biscay are of great complexity,
150 e.g. coastal upwelling, coastal run-off and riviemnpes, seasonal currents, eddies, internal

151 waves and tidal front$(anque et al., 2004These abiotic processes greatly influence the

152 phytoplankton dynamics and as a consequence, thkevidod-web composition, structure
153 and functioningYarela, 1995

154 The model was restricted to divisions Vllla andfith@ International Council for the

155 Exploration of the Sea (ICES; www.ices.dk). An g&iem model has already been built for
156 the Cantabrian Sea, which exhibits particular hydarphological characteristics (ICES

157 division Vllic) (Sanchez and Olaso, 200Zhe deep offshore basin (ICES division VIlid)

158 was not sufficiently documented to be included thi® modelling process. The study site in
159 the Bay of Biscay was limited to the middle-depbimtnental shelf, between the 30-m and

160 150-m isobaths, and its surface area was considetsel 102,585 ki There has been long-
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term, consistent and regular monitoring of the bientdemersal and pelagic biota in this

study area.

2.2 Trophic modelling approach
A mass-balance (neglecting year-to-year changemdss, compared to flows) model of the
Bay of Biscay continental shelf was constructesgigcopath with Ecosim &fristensen

and Pauly, 1992ZChristensen et al., 20R8rhe model combines biomass, production and

consumption estimates to quantify flows betweerdifferent elements of aquatic exploited
ecosystems at a specific point in time. The paransattion of the Ecopath model is based on
satisfying two “master” equations. The first delses the production term for each
compartment (species or group of species with ameitotrophic roles) included in the
system:

Production = fishery catch + predation mortalityet migration + biomass accumulation +
other mortality.

“Other mortality” includes natural mortality facgsuch as mortality due to senescence,
diseases, etc. The second equation expressesrhplerof conservation of matter within a
compartment:

Consumption = production + respiration + unassiteddood.

The formal expressions of the above equations eamrliten as follows for a groupand its
predatoy:

B;x (P/B); =Y; +X;(B; x (Q/B); X DC;;) + Ex; + Bacc; + B;(1 — EE;) x (P/B); (1)
and

B;x(Q/B)i=B;x(P/B)i+R;+U; (2)

where the main input parameters are biomass de@sihere in kg C-kff), production rate

(P/B, yeat'), consumption rateQ/B, year'), proportion ofi in the diet of (DC;j; DC = diet
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composition), net migration ratex, year'), biomass accumulatioBécg year'), total catch

(Y; kg C-km), respiration R, kg C-kn*- year'), unassimilated food rat&)f and ecotrophic
efficiency EE).

BiomassQ/B andP/B values of multi-species compartments were detexdhby the

weighted average of the relative abundance of spebies. There are as many linear
equations as groups in the system, so if one gbéinemeters is unknown for a group, the
model computes it by solving the set of linear d¢igua. In particularEE, which corresponds
to the fraction of the production of each group teaised in the food web, is difficult to
measure. Hence, it was estimated by the model st of the groups. The “manual” mass-
balanced procedure that includes two major level@nfication was used. First, for those
groups WithEE > 1, the model was modified by adjusting theitigiinput parameters and

the predation intensity exerted by predators omtf&ight and gradual increase or decrease
in values, within the interval of confidence of th@ameter). For this parameter, a value
greater than one indicated a demand on the comeattimat was too high to be sustainable
within the food web. Secondly, the same procedwae applied to the gross food conversion
efficiency (GE) estimates, also calldfQ ratio, which must be in the physiologically readis
range of 0.1-0.3 for most consumers and generajlyeh for small organism&E for a

detritus group is defined as the ratio between itbets out of that group and what flows into
it. Theoretically, under steady-state assumptiais, fatio should be equal to one.

The Ecopath model was validated using the pre-bal@aREBAL) diagnosticd.ink, 2010

to ensure that any potential and major problemsapéured before network outputs are used
to address research or management questions. PREB4%ldes a set of guidelines presented
as a form of “checklist”. Diagnostic tests allona@ation of the cohesiveness of the data
despite the natural discrepancies that occur wkergumyriad data sources measured across

varying scales. In brief, each functional group wkxdted along the x-axis in order of
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decreasing trophic level to allow easy visualizaid trophic relationships. Byron et al.
(2017 summarized the PREBAL analysis into five simatelegical and physiological

“rules” that should be met.

2.3 Defining the model compartments

Functional groups were defined following threeemd: the similarities between the species
in terms of size and food preferences, the amoluetaogical data available to determine
precise parameters and diet compositions and tive nesearch questions to which the model
should respond. On this basis, 32 trophic group® netained (Table 1), two of which were
seabirds, five marine mammals, nine fish, eighertebrates, three zooplankton, two primary
producers, one bacteria, discards from commersia¢fies and detritus corresponding to
allochthonous imports into the web and autochthenoternal cycling within the web. Data
collections for plankton to top-predators (marimel® and small cetaceans) cover a period
long enough for sufficient data to be availabld, short enough for massive changes in
biomass not to have occurred. They encompassexteafitfseasons and years, starting in 1994
and ending in 2005. The European anchéugraulis encrasicolubas been affected by a
below average recruitment since 2002, which leithéoclosure of the fishery in the area from
June 2006 to December 200€ES, 201). The model presented in this study corresponded
to a typical year between 1994 and 2005, beforedHapse of the anchovy fishery.

Biomasses, diets and species compositions weraga@iacross seasons.

2.4 Initial input parameters and diet compositions
2.4.1Marine mammals and seabirds
Birds were counted visually and identified to spedevel by aerial surveys on a monthly

basis from October 2001 to March 2002, in Augu$i20n June 2003 and May 2004

10
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(ROMER and ATLANCET surveys). The Bay of Biscayheavily used as a migration route
and as a wintering area for marine birds, so tlseesegreat seasonal variation in their
abundance. As this long-distance migratory patteas included through an annual biomass
estimate, imports were not added to their diete folar most abundant seabird taxa were
northern gannetSula bassandarge gulls (i.e. herring gullsarus argentatuslesser black-
backed gulld arus fuscusgreat black-backed gullsarus maritimusand yellow-legged gull
Larus michahelliy kittiwakesRissa tridactyleand auks (i.e. common murrgsia aalge,

razorbillsAlca tordaand Atlantic puffind=ratercula arcticg (Certain and Bretagnolle, 2008

(Table 1). Based on Hunt et 005, the mean body mass for these taxa was set td.3.2
0.4 and 0.9 kg respectively. They were groupe@vindategories according to feeding
strategies: “surface feeders” for gulls and kitkes and “plunge and pursuit divers” for
gannets and auks. Wet weights were converted mtaveights and carbon contents based on
two conversion factors, i.e. 0.3 and 0.4 respelstivEhese values were derived from expert’s
knowledge on the basis of the carbon to wet magsah0.1 used by Heymans and Baird
(2000.

Their diet regime was assumed to be composed mafstiyergy-rich pelagic species and

large zooplankton crustaceamsuft et al., 2005Certain et al., 201 Some marine birds are
also well-known to feed largely on fisheries distsafArcos, 200). This artificial low-quality
food source has been shown to be detrimental ongaterm basis for gannesrémillet et

al., 2009 (Table 2).

Daily ration for wild piscivorous birdsR) in g-day* was calculated according to the

following empirical equationNilsson and Nilsson, 1976

Log(R.) = —0.293 + 0.85 x log(W)  (3)
whereW is the body mass of birds expressed in g. Thigevalas then multiplied by 365 days

and divided by the mean weight of the taxon to mgleannual)/B ratio.

11
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284

TheP/Bratio for the two functional groups was based stimsates published in Nelson
(1979.

Abundance for the small cetacean community (pogsoasd dolphins excluding whales) was
derived from the combination of results from (i tRCANS-II project focusing on small
cetaceans in the European Atlantic and the Nor¢ha®d carried out in July 2005 by ships
and aircraft, (ii) the estimated small delphinidiaflance in the Bay of Biscay baseu
repeated extensive aerial surveys (ROMER and ATLENCampaigns) in different seasons

and years (2001-2004) across the Bay of Biscayreantal shelfCertain et al., 2008and

(iif) the monitoring of marine mammals in the saanea based on stranding and spring
shipboard observations performed during PELGAS IMER cruises (Certain et aR@1J);
authors’ unpublished data). The five most comma@tigs were separated in the model: the
common dolphirDelphinus delphisthe striped dolphistenella coeruleoalhahe bottlenose
dolphinTursiops truncatusthe long-finned pilot whal&lobicephala melaand the harbour
porpoisePhocoena phocoen@able 1).Following the method developed by Trites and Pauly
(1998, mean body weight was calculated for each speaesrding to its maximum body
length. A conversion factor of 0.1 for wet weigbtdarbon content was usegt@dford-

Grieve et al., 2003

Diet compositions were obtained from stomach cdrdealysis of stranded animals found

along the North-East Atlantic French cod&pifz et al., 2006&5pitz et al., 2006dMeynier et

al., 2008. Some cetacean species forage both on the sttetirathe oceanic domains of the

Bay of Biscay. Consequently, the proportion of eaxegrey in their diet was considered as
imports (Table 2).
Consumption can be estimated from energy requir&snprey energy densities and prey

compositions by percent mass. The daily energyireapent or field metabolic rat&lMR) in

12
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309

kJday® is related to mean body ma¥ in kg) according to the model developed by Boyd
(2002, the coefficient used was the one proposed bwtiigor for marine mammals alone:
FMR = 2629 x W°52%  (4)

Daily consumptior(R,) in kg-day* was calculated by converting energy requirementedd
biomass and adjusting by a factor of assimilatidiciency:

R, = FMR/(0.8 x X(P, X ED;))  (5)

whereP; was the proportion by mass of prey specieshe diet andD;, the energy density
of preyi (kJkg™; Spitz et al. 2010). Assimilation efficiency was typically estimatat0.8

(Leaper and Lavigne, 2007This value was then multiplied by 365 days amnitied by the

mean weight of the taxon to provide ann@aB ratio.
Values ofP/B were taken from Christensen et &009; they varied from 0.03 for baleen

whales to 0.08 for dolphins and porpoises.

2.4.2 Fish groups

Stocks of the common sofolea soleathe European hakderluccius merlucciustwo
European anglerfishophius budegassandL. piscatoriusand the megrinhepidorhombus
whiffiagoniswere assessed from ICES/ACFM advice rep@EGS, 2004. The biomass of
most other benthic and demersal fish species wasaed from bottom-trawl surveys
conducted annually in autumn in the Bay of BisdayKIOE IFREMER cruises). Data were
averaged over six years, between 1998 and 200&handnultiplied by four to take into

account the mean bottom-trawl! capture efficiendgwe.3 (Trenkel and Skaug, 20P5The

capture efficiency represents the proportion ohviaials in the trawl path being retained by
the gear. Wet body weights were converted to dnghte and then to carbon contents using

conversion factors of 0.2 and 0.4 respectivBley et al., 201 The biomass of most pelagic

fish species was estimated using data from acosigtieys conducted each spring in the Bay

13
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334

of Biscay (PELGAS IFREMER cruises). Data were agethover three years, between 2000
and 2003. The distribution range of the horse matKeachurus trachurusvas not fully
encompassed by IFREMER surveys, which resulted mnaerestimation of the total
biomass. Thus, an ecotrophic efficiency of 0.95 mwasferentially entered in the input
parameters for this commercially exploited speaigds the biomass was left to be estimated
by the model. Wet body weights were first convettedry weights with a conversion factor

of 0.14 and finally to carbon contents using a @swn factor of 0.45Jprgensen et al.,

1997 (Table 1).

The Q/B ratio was determined using Fishbase (Froese ang 2000; www.fishbase.org).

For each specieQ/B was estimated from the empirical relationship psgul by Palomares
and Pauly 1998:

Log(Q/B) = 7.964 — 0.204 X log(W,,) —1.965 X T' + 0.083 x A + 0.532 X h + 0.398 X

d (6)

whereW,, was the asymptotic weighk, was the mean environmental temperature expressed
as 1000/(T (°C) + 273.15) was the aspect ratio of the caudal irgndd were dummy
variables indicating herbivoreb<1, d=0), detritivores (=0, d=1) and carnivoresh€0, d=0).
Under steady-state conditions, B ratio is equal to instantaneous coefficient oéltot

mortality &) (Allen, 1971):

Z=M+F (7)

with M being natural an& fishing mortality.M was calculated using the Fishbase life-history
tool from Pauly’s {980 empirical equation:

M = K065 x [50-279 x 70463 (8)

whereK was the curvature parameter of the von Bertalagfbyvth function (VBGF)L., the
asymptotic length and@l the mean environmental temperature in °C. If nonede ofK was

available M was calculated from the preliminary empirical tielaship:
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M = 10(0566-0.718x10g(L0)+0.02xT)  (q)

Parameters of the VBGF were taken from publicatioakulated from survey data or, most
often, found on Fishbase.

A mean temperature of 11°C for benthic and demdidabnd 14°C for pelagic fish were
assumed, considering that former species live arear the sea bottom. Fishing mortality
was set to zero for non-commercial species sutheaBuropean spr&prattus Sprattus
Whenever possible, fishing mortality was takenalyefrom ICES reports, otherwise, it was
estimated from the same sources by dividing catblidsomasses. For the horse mackerel
Trachurus trachurusthe instantaneous rate of total mortalify Wwas estimated using the
Hoenig (L1983 empirical equation based on a maximum observedtag) of 15 years:

Ln(Z) = 1.44 — 0.984 X In(t_max ) (20)

For demersal and benthic fish species, knowleddkeif diet came from the literature and

Fishbase, as well as stomach contelngsl(oc'h, 2003 and carbon and nitrogen stable

isotopic analysis performed on specimens captuneal large sedimentary muddy bank
known as the “Grande Vasiéere” and on the exterraabim of the continental shelf¢ Loc'h

et al., 2008 (Table 2). They were consequently grouped into tategories: “Benthivorous

demersal fish” comprised 24 species, includingctmon solé&olea solea
“Suprabenthivorous demersal fish” included eiglgcsps such as the blue whiting
Micromesistius poutassa@and small European hakes (< 10 dvterluccius merluccius
“Piscivorous and benthivorous demersal fish” corddi among 41 other species, the
European congetonger congerthe poutingrrisopterus luscuand the small-spotted
catsharkScyliorhinus canicula“Piscivorous demersal fish” included large spesms of the
European hake which have a diet consisting of Hethersal and pelagic fish (the full list of

species is given in the first supplementary maljeria
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Based exclusively on experts’ knowledge, the pelagecies were divided into five groups,
each representing a well-known, valuable and gfi@species. Three thoroughly-monitored
clupeid species, the European anchBwngraulis encrasicolughe European spr&prattus

sprattusand the European pilcha&hrdina pilcharduswere taken into account. The first two

feed exclusively on mesozooplankton (200 < siz€6802.um) Whitehead, 1986 However,
an ontogenetic dietary shift to smaller prey repnésd by microzooplankton (< 200 pum) and
large phytoplanktonic cells (> 3 pm) was apparerggproximately one year-old pilchards

(individuals < 18 cm)Bode et al., 2004 Percentages calculated for the whole pilchard

population were weighted averages of those fortaavith a weigh of 0.76, and those for
juveniles with a weigh of 0.24. The fourth groumsisted of the Atlantic mackerS8tomber
scombrusa zooplankton feeder of which the large individyaefer macrozooplankton (>
2000 um). The last group was composed of the hnesskerelTrachurus trachurusa

bentho-pelagic species which feeds on both donfaisle 2) Cabral and Murta, 2002

2.4.3 Invertebrates

2.4.3.1 Cephalopods

From bottom-trawl surveys conducted annually iruaut in the Bay of Biscay (EVHOE
IFREMER cruises), the more abundant pelagic ceploal® in the area appeared to be the
broadtail short-finned squidlex coindetii the European flying squiiodarodes sagittatiys
and four squid species belonging to tmdiginidae family, Loligo spp. andAlloteuthisspp.
The most abundant benthic cephalopods were thetdarctopugkledone cirrhosand the
common octopu®ctopus vulgaristogether with species of ti&epiidaefamily. As there has
been little systematic study of catchability andrggelectivity in cephalopods, their biomass
was left to be estimated by Ecopath, usindgB&rof 0.95. This value was justified by their

commercial exploitation in the ecosystem. For thggseips, wet body weights were converted
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to dry weights then to carbon contents using cawarfactors of 0.192 and 0.402

respectively Brey et al., 201p(Table 1).

TheP/B andQ/B ratios corresponded to the values proposed bytfearand Olasa@2004) for
the Cantabrian Sea. TRQ ratio was unusually high for animals of this sirerelation to
the special eco-physiological characteristics ghadopods which allow rapid growth

(Jackson and O'Dor, 2001

In the same way, diet composition was roughly estgah from information gathered for the
southern part of the Bay. Part of their diet inesighelagic shrimps, which are considered as

macrozooplankton in the present study (Table 2).

2.4.3.2 Suprabenthic and benthic invertebrates

Suprabenthic/benthic invertebrates were sampl@®@1 in late spring in the “Grande
Vasiére” (INTRIGAS Il survey). Species were groupet six compartments according to
size, feeding ecology and position regarding tlalger: “suprabenthic invertebrates”
(crustacean suspension feeders mainly memberg &uphausiids family), “metazoan
meiofauna” (largely dominated by nematodes), “stgfauspension and deposit feeders
invertebrates” (various species pertaining to plodgates, bivalves and crustacean decapods),
“sub-surface deposit feeders invertebrates” (esgleties of polychaetes, sea urchins and sea
cucumbers), “necrophagous benthic invertebrateslir (§pecies of isopods), “carnivorous
benthic invertebrates” (polychaetes and crustadeaapods such as the Norwegian lobster
Nephrops norvegicisThe biomass was obtained from Duchemin e28l08, Le Loc’h

(2009, Le Loc’h et al. 2008 as ash-free dry weight and converted to carbowetd using a
factor of 0.4 Gteele, 1974(Table 1).

TheP/B ratio was estimated from Schwinghamer et2980:

P/B = 0.525 X WA(—0.304)  (11)
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409 with W, mean body mass converted to an energy equivadamg conversion factor (1 g C =
410 11.4 kcal; Platt and Irwinl@73).

411 TheP/Qratio, also called the gross food conversion efficy (GE), was preferentially

412 entered in the model. Indeed, relevant values\zagadble from the literature and typically

413 range from 0.05 to 0.Lhristensen and Pauly, 1993

414 Dietary profiles were determined from stable isetapalysisl(e Loc'h et al., 2008(Table

415 2).

416

417  2.4.4 Zooplankton

418 Microzooplankton includes protozoans < 200 um, hgasliates and heterotrophic

419 flagellates. It was studied in 2004 through folassmal surveys at three stations located in
420 front of the Gironde River (MICRODYN survey) anddk spring surveys in the southern
421 Bay of Biscay in 2003, 2004 and 2005 (PELGAS IFRBMEtuises). The cell volume was
422  converted into carbon units using allometric relaships and/or factors (for a complete
423 review of sampling and sample treatments, see Negjwal. (n pres3). AnnualQ/B ratio
424  was the intermediate value between the estima&aonthez and Olasg@d04) for the

425 Cantabrian Sea and the calculation from phytoptamgrazing experiments on Gironde

426 plume watersl(andry and Hassett, 1982An ecotrophic efficiency of 0.95 was assumed for

427  this compartment.

428 Mesozooplankton ([200-2000] pum) consists mostlynetazoans with copepods

429 predominating and macrozooplankton (> 2000 pm)istsmainly of metazoans with

430 decapods and jelly plankton (tunicates, cnidarignsjlominating. The samples were obtained
431 during BIOMAN surveys covering the South-East & Bay of Biscay in spring (May and

432  June) for the period 1999-2002oien et al., 200P Achievement of reliable estimates of

433 biomass was based on the statistical relationsttiwd®en zooplankton sample volume, easily
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estimated by digital image analysis, and the cpoeding organic C and N contents of paired
aliquots samples. The semi-automatic method useddilewed estimating individual bio-
volume but not the taxonomic composition of zoogtan. So, gelatinous zooplankton which
has vastly different biological parameters coultlb®isolated as a specific Ecopath
compartments in the present model. The full prooedas described in Alcaraz et &003.
Annual Q/B ratios were taken from Sanchez and Ol28®4) for the Cantabrian Sea. An

ecotrophic efficiency of 0.95 was assumed (Takdad 2).

2.4.5 Primary producers, bacteria and detritus

These compartments were characterized during 1ENMHER surveys performed over nine
years from 1994 to 2002, in various seasons, cagéhie spread of the Gironde and Loire
plumes as well as a larger proportion of the BaBistay continental shelf (see Labry et al.
(2002 for a description of full sampling and sampleatreents). Most of the data were
comprised between 1998 and 2002 and as a consegueatched with the period covered by
data gathered for other compartments (see the destgoplementary material).

Total chlorophylla was determined after size-fractioning filtraticgtlween nano- and
microplankton (size > 3 um) and picoplankton (siZ&um) and analysed by fluometric

acidification procedureYlentsch and Menzel, 19%3A ratio of carbon to chlorophyd of

50:1 was taken for conversion. Phytoplankton préidnavas determined by the in sittC

method Steeman-Nielsen, 19h2

A significant import of allochthonous material peddby derives from large rivers flowing into
the Bay of Biscay. A value of 454 kg C-Knyear* was evaluated from Abril et aR@02 and
the mean discharge value of these systems (wwwolgalifrance.fr).

Bacteria were fixed, stained and counted by epilscence microscopérter and Feig,

1980. Bacterial production was estimated using thehogbased on the tritiated thymidine
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incorporation into DNA Eurhman and Azam, 198%/alues were converted into biomass and

bacterial production assuming a cell content ofebétogram of carbon. The biomass was
multiplied by two to take into account both pelagia benthic bacteria populations. It is not
possible to estimate ti/B ratio for groups that feed exclusively on detrite&) ratio for
bacteria was derived from the paper by Vézina dad @989 (Table 1 and 2). In Ecopath,
detritus is not assumed to respire, although itld/dibacteria were considered part of the

detritus. This is why it was better to create aasate group for the detritus-feeding bacteria.

2.4.6 Placing the fishery into the system: landiagd discards

Total French catches from the Bay of Biscay exceé@fe000 tons in 1997. Anchovy
(Engraulis encrasicolysand pilchard $ardina pilchardusrepresented over half the pelagic
catch, while hakeMerluccius merluccius sole Solea solepand anglerfishL(ophius

piscatorius and L. budegagsdominated the demersal catch. The major Freneltfish

fishery is Norway lobsteNephropsnorvegicu} and this is located on the “Grande Vasiére”
in southern Brittany, as well as on the “Vasieréthe Gironde. Prawns and large crustaceans
accounted for less of 2500 tons annually from thg & Biscay. Catches of cuttlefisBdpia
officinalis) and squidl(oligo vulgarisandL. forbesi) vary from year to year depending on

their relative abundance; landings exceeded 60@0it01997 OQSPAR Commission, 2000

Pelagic fish landings were obtained from the raiweorking group (WGMHSA; ICES
(2005h). Benthic and demersal fish catches were basedtemational landings of ICES
division Vllla and b averaged over the 1998-200&qukfor surveyed stock$QES, 2004
and on French landings statistics for the year Z60the main other targeted species.
Among suprabenthic and benthic invertebrates, tevigian lobster has the greatest
economic importance. Catches for this species alsmeavailable in the above-mentioned

reference.
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Cephalopod landings were taken from the relevaBS@orking group (WGCEPH; ICES
(20059) and were averaged over the 1996-2003 period¢eSamailable landings included
captures from division Vllic as well, 86 % of thadl value was considered to take into
account the relative Vlllab/Vlillabc surfaces.

In pelagic fisheries, discarding occurs in a sparagy compared to demersal fisheries.
Discard estimates are still not available for sadind anchovy; however, given their high
economic value, discard levels are thought to e iscard data for cephalopods are still
not homogeneously collected by EU member countfiesthese compartments, discards
were set to zero in the model. Discards for berdhit demersal species were obtained from
direct observations oNephropdrawlers operating in the Bay of Biscay, 69 hdadsg

sampled over the whole 1998 year (Table 1).

2.5 Trophic structure and ecological network analys

A flow diagram was created to synthesise the maiphic interactions in the ecosystem.
Furthermore, to provide a quantitative descripbbthe ecosystem structure, the effective
trophic level TL) and the omnivory indexQ]) were calculated for each functional group,
along with the transfer efficiencie$K) between successive aggregated trophic levelgaon
modified Lindeman spine (Table 1)l is a measure of the variance in trophic levehef t
prey of a given group. Ecosystem state and funictigpwere characterized by the total system
throughput or activityTST), which quantifies how much matter the system @sses, Finn’s
cycling index ECI), which measures the relative importance of cygctmthis total flow, and
the total primary production to total respirati@atio (Pp/R), which expresses the balance
between energy that is fixed and energy that id temaintenance. The average residence
time for energy in the system was estimated asate of total system biomass to the sum of

all respiratory flows and all exportsl¢rendeen, 1999It has been assumed that the residence
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time of particles in a system increases to a mairduring succession, as a result of
increasing ecological organisation. The connectamtex Cl) and the system omnivory
index SO were regarded as two indices reflecting the cexipl of the inner linkages
within the ecosystem. Taking into account bothdize of the ecosystem in terms of flows
(TST) and organization (information content), ascengldAy has been proposed as an index

to characterize the degree of development and matiran ecosystenidlanowicz, 198%

Capacity C) represents the upper limit Af The relative ascendency measuk&D) is the

fraction of the potential level of organization tieaactually realizedylanowicz, 198%. It is

hypothesized that high values of this index aratee to low levels of stress in the system and
vice-versa. Hence disturbance activities, likeifighare expected to produce a decreage in

(Wulff and Ulanowicz, 198P The complement té is System Overhea®j, which

represents the cost to an ecosystem for circulatiager and energylonaco and

Ulanowicz, 199Y. Thus,O effectively represents the degrees of freedonstesyhas at its

disposal to react to perturbationdgnowicz, 198% Values were compared with those

provided by Sanchez and Olag®(04) and JimenoZ010 and for other comparable shelf
ecosystems (summary table in Trites etE99). Finally, the mixed trophic impachAT]I)
routine indicates the effect that a small incraagbe biomass of one (impacting) group will

have on the biomass of other (impacted) growsnowicz and Puccia, 199Particular

attention was paid to the impacts of fisheriesvétats on higher trophic-level ecosystem
components. Fishing activities were further desatibsing the mean trophic level of the
catchesTL¢) and the primary production required to sustanvést PPR. TL, reflects the
strategy of a fishery in terms of food-web compdaeselected, and is calculated as the
weighted average dGiL of harvested species. TRERrequired to sustain fisheries has been
considered as an ecological footprint that highBghe role of fishing, in channelling marine

trophic flows toward human use. To assess thetsftdexport from the system due to
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fishing activities, the. index has been applietifralato et al., 2008 It is based on the

assumption that the export of secondary produatiento fisheries reduces the energy
available for upper ecosystem levels, thus resultira loss of secondary production. The
index that allows quantifying the effects of fishiat an ecosystem level is calculated as:
L =—PPRXTET<1/Pp x In(TE) (12)

with Pp the primary production of the system. EstimateBPRandPp were based on the
primary producers’ food chain and also by includitegrital production. It is possible to
associate with each index value a probability efébhosystem being sustainably fishieg
Libralato et al(2008, Coll et al. 200§). At the same time, the exploitation ratE&Z
fishing mortality to total mortality) by ecologicgtoup were also taken into account.
Libralato et al. 2006 presented an approach for estimating without thias
“keystonenessKS) of living functional groups by combining their@nall impact on the
system (estimated from tiMTI matrix) and their biomass proportion. Keystonesdefined
as relatively low biomass species with high ovesétct. From the positive and negative
contribution to the overall effect, it is possilddecalculate the bottom-up and top-down
effects that contribute to the keystoneness indibe. relative importance of top-down or
bottom-up trophic controls in continental shelf gggitems has important implications for how

ecosystems respond to perturbations (e.g. Fraak @007).

3. Results

The initial model was not balanced, since they veerae ecotrophic efficiencies greater than
1. Contrarily, gross food conversion efficienciesregmostly acceptable. Biomass and
production estimates of most demersal fish, sardimeanchovy were insufficient to support
consumption by mackerel and horse mackerel thattitote the two most abundant fish

biomass in the area. More importantly, the biontdd®rse mackerel was left to be estimated
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by the model because of its migratory and bentagpelfeeding behaviour that renders
difficult the estimation of its abundance by scignsurveys. Consequently, proportions of
those groups in the diet composition of mackerdllaorse mackerel were re-assessed, and
when consistent with existing literature, fixedstahtly lower values. In parallel, production
terms for piscivorous, piscivorous and benthivorand benthivorous demersal fish were re-
examined to determine higher acceptable values.

Among the five ecological and physiological “rulélat should be met, the one concerning
the decrease of biomass and vital rates with tmlaivels was the more critical in our model.
The biomass spectrum has too much biomass in ttélenirophic levels, indicating that the
model is most likely too focused on fish taxa (F2g). Twenty-five percent of compartments
were fish species or group3/B andR/B across trophic levels did not show the expected
decline contrary to thE/B vital rate (Fig. 2b, ¢ and d). This failure wassthpdriven by the

7 homeotherms’ groups at upper trophic levels wiecid to have higher values than the
trend line because of a higher consumptive dempeadanit body mass than poikilotherms.
The normal decomposition pattern was more markeshvghotting total or scaled valuesm@f
Q andR. The unique vital rate ratio approaching 1 conedrnooplankton which had a
biomass in the same order of that of phytoplankids is the sole reasonable exception to
this diagnostic given the high productivity and lstanding stock biomass of primary
producers.

The flow diagram clarified the connections betwks#els (Fig. 3). Benthic and pelagic food
chains appeared to be linked mainly in their uppages by demersal fishes, particularly
suprabenthivorous species. They optimize foragemebts by feeding from both systems and
they are, in turn, consumed by a large panel dgeltop-predatorl in this study ranged
between 0.037 and 1.914 and it was lowest for ¢éimencon dolphin, which feeds almost

exclusively on high-value pelagic species, andHerlarge hake, which preys solely on other
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fish with TL values in the same range (Table 1 and 2). In astitother marine top-predators
appeared far less specialized, with a significaopgrtion of their diet coming from imports
to the system, assigned by Ecopath to a mid-trdekie position TL 11+), or from dead
discarded organisms, assigned to a basal tropket (EL I).

The ecosystem consisted of five main aggregateuhicdevels; biomass values for trophic
levels VI to XII were extremely small. Transferieiéncies between successive discrete
trophic levels were regular from lower to highepthic levels, the mean along this spine
being 16.8 %. The primary producers, detritus asdaglded organisms ifL | took 47.5 % of
the throughput of the entire systeni Il was mainly bacteria, zooplankton and
benthic/suprabenthic invertebrates representing %2of the total throughput. Thus, most of
the activity (90 %) in terms of flow occurred irettower part of the food web (Fig. 4).

The system was estimated to process 93k4@km?year* (TST), with 34.5 % of the total
throughput being recycledCl). The overall residence time was calculated t0.646 years
equivalent to 17 days. The herbivory to detritivaasio that quantifies the flow along grazing
and detrital food webs is an indication of the imiance of detrital components in the system
and was equal to 0.76 (Fig. 4). In addition, Bteof detritus was estimated to be 0.972,
indicating that more or less all the energy entetins compartment is re-used in the system.
All these elements suggested a strongly detritsgdb&rophic organization, with an intensive
use of particulate organic matter as a food sodre.primary production to respiration ratio
(Pp/R was 1.037. Concerning the two proxies for foodialcomplexity (Table 3), thglobal
omnivory of 0.212 $O)) is a relatively “intermediate” value when compavéth those
obtained for other shelf ecosystems in the worldh\&ith outputs from previous Bay of
Biscay models. Theonnectance of the trophic compartments of 0.Z1BWas consistent

with previous estimates but falls in the lower rarithe system showed a relatively low value

of A/C (22.7 %) and conversely a high valuedsC, A, O andC being respectively874,288,
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2,981,572 and 3,856,013 flowbits. These values wlexee to the ones estimated for the
French Atlantic shelf, i.e. 31% and 69 %.

The mixed trophic impact routine underlined the taat marine top-predators had very
limited direct or indirect impacts on other tropgioups of the model. Among them, the
bottlenose dolphin caused the most pronouncedtdfeg 5). Fisheries had a direct negative
impact on demersal fish stocks, particularly markegiscivorous species such as large
hakes. Fishery wastes, on the other hand, appbaredicial to surface feeders. Fishing
activities could in turn, be positively affected dpgmall increase in the targeted species, but
also by a limited amount of their main food soureesich in the case of forage fish are
composed of mesozooplanktonic organisms. In addifisheries were characterized byla

of 3.75, aPPRof 14.82 % and & index of 0.06 calculated usingP@ equal to 445,931 kg
C-km?year* and an average transfer efficieril across trophic levels of 16.8%. This
value resulted in a probability of having been sutgd to a sustainable fishing regime of
29.86%. Exploitation rates by ecological group ethbetween 0.013 for the carnivorous
benthic invertebrates and 0.372 for the piscivoiersersal fish, with a median of 0.117.
Another important feature of tiédTI matrix concerned the joint favourable effect aligae,
pilchard and sprat on apex predators. The influefcketritus as a structuring compartment
highlighted in the previous paragraph was reinfdrog its positive effect on various groups,
with the exception of primary producers, for whinHdirect negative influences predominated.
Among consumers and producers, the keystone furatgroups belonged to the plankton
compartments: large phytoplankton, micro- and mesplankton (Fig. 6). The bottom-up
effect, evaluated through the proportion of positkalues contributing to the overall effect
was 83, 43 and 70 % respectively.

A sensitivity analysis revealed that the main risscbncerning the functioning of the

ecosystem were not affected by lovizgf for zooplanktonEE were set to lower values for the
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three zooplankton compartments, i.e. 0.45, 0.350a8%l for macro-, meso- and
microzooplankton respectively, and the model wasireThe herbivory to detritivory ratio
calculated using the Lindeman spine was equalfé @ith current setting and to 0.56 with
lower values oEE. Adding to this, the keystone species identifieterthe three same
compartments (mesozooplankton, large phytoplanktoglis and microzooplankton), with

both sets oEE.

4. Discussion

Even though our Ecopath model was validated to medin standardization requirements
on the basis of the PREBAL, gaps exist particulariynodel structure that was most likely
too focused on fish and that included numerous lodtineems’ groups. This particularity of
our model was linked to future research questibaswould be addressed with the present
model on the Bay of Biscay. They necessitate mgaaific boxes for each small pelagics
and marine mammals’ species frequenting the areaeMstructure was recognized in many
occasions to greatly influence the effectivenesafmodel to capture real ecosystem

properties [Fulton et al., 2003

4.1 Late successional position and implicationsstability

According to OdumX969, the “strategy” of long-term evolutionary devetoent of the
biosphere is to increase homeostasis with the palysnvironment, in the sense of achieving
maximum protection from its perturbations throughrge, diverse and complex organic
structure. The author proposed 24 attributes toach@rize ecosystem development from
“young” to “late” successional stages (the fult ki§ attributes is given in the third
supplementary material; Christens@895). A careful analysis of the present system’s

characteristics revealed that detritus is centraintergy flow within the Bay of Biscay
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continental shelf food web. This finding was comigd by the Cantabrian Sea model

(Sanchez and Olaso, 2QGhat covered a small portion of the Bay presentiistinct hydro-

morphological characteristics and the model of dion@010 that encompassed the same
area as our model but that was built with fewercseocal data. In these two previous
attempts, detritus accounted for 19.3 % and 39 #%taf consumption and constituted one of
the main energy flow inputs as well. In the aboventioned theory of ecosystem
development, this (among other elements) is styocighracteristic of the community
energetics of mature stages of ecosystem develdpifieese detritus-based systems were
demonstrated to be more likely to support energiyifeasible food chains and to be more
resilient than ecosystems based solely on primargyztion. The stabilizing effect of detritus
on these systems is the result of constant alloctaths imports and/or a longer residence time

of energy linked to internal cycling/oore et al., 2004 Odum (969 identified an increased

degree of cycling as an indicator of more maturarmainities which tend to internalize flows.
The highFCI value confirms the strategic position of detriaissa perennial reservoir of
energy in the Bay of Biscay. The overall residetiime matched with the range already

reported for other continental shelves and setaispgital latitudesChristensen and Pauly,

1993 and was thus considered as relatively “long” iy present authors. This high value
was associated with ecosystem maturity, notablydbgcting species with lower growth
potential but stronger competitive performancesuasession occur©fum, 1963

In addition to the dominance of detritivory in tte®d-web functioning, th®p/Rratio

indicates most likely that the system is in a stditerganic carbon balance. According to
Odum’s principles of ecological succession, thegtiiee related to ecosystem bioenergetics is
also an excellent index of the relative maturityhed systemCl andSOl are also correlated
with system maturity since the internal ecologmaanization is expected to increase as the

system matures. The relatively moderate valuethgge outputs suggested a “web-like” food
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chain with an intermediate level of internal floangplexity, through which energy is
transferred efficiently (meahE far above the widely accepted value of 10 %). Camspns

with similar or comparable ecosysterisiies et al., 199imeno, 201Psuggested that the

Bay of Biscay continental shelf is relatively immia (ascendency) and has a high resistance
to external perturbations (system overhead). Tihdirig qualified the conclusion derived

from other holistic metrics regarding the late nnidg§ustage of the system which seems most
probably “still developing”.

However, the apparent dominance of heterotroplocgsses in this food web, mostly based
on regenerated production, should be viewed withiga in the light of some methodological
choices made during model building. The restrichbthe study area to the band between the
30-m and 150-m isobaths, corresponding to a zonelative homogeneity and highly
documented, had necessary implications in ternimeuddivory to detritivory ratio. First, a

large variety of primary producers generally endeted inshore of the 30-m isobath, in the
shallowest reaches of the open coast (e.g. seagranacroalgae, and microphytobenthos)
were thus partially ignored. Similarly, nutrientsdacarbon transport between shelves and the
open ocean were not taken into account; in theeBa&iscay, primary production of the

shelf has been inferred to depend on oceanic imgduthnance et al., 2009

4.2 Bottom-up forcing as a general mechanism ofrobn

Cury et al. 2003 presented a general overview of the differenesypf energy flow in

marine ecosystems that can be elucidated by pidtitime series of predator and prey
abundances. They illustrated the bottom-up comtrthl a simplified four-level food web,
through which the negative impact of the physieatdr on the phytoplankton cascades to the
zooplankton, the prey fish and the predators. RefSouth Bay of Biscay, analysis of

guantitative long-term estimates of trophic-levaliadances indicates that the coastal
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phytoplankton-mesozooplankton system was mainlioboup regulatedjtenseth et al.,
20089.

On the basis of ecosystem models, Libralato 28D demonstrated the generally high
importance of bottom-up effects in keystonenessliiatlow coastal ecosystems and semi-
enclosed marine environments such as the ChesaBegk&eorgia Strait, Prince Williams
Sound in the northern hemisphere. Indeed, the |pa#rof the trophic web (phyto- and
zooplankton) appears very important in these etesys even if benthic groups also tend to
have a high keystoneness ind&8). This finding contrasts with the traditional and
widespread notion that keystone species/groupsttebd high-trophic-status species exerting
a high impact by means of top-down effe@siie, 196 Based on the keystoneness
analysis, the middle continental shelf of the B&Biscay can be added to the list of
ecosystems exhibiting this “non-straightforwardttpen of keystoneness. Previous models of

the Bay of Biscay (“Biscaya 1970", “Biscaya 199&irfsworth et al., 200land “Cantabrian

Sea 1994” $anchez and Olaso, 2QP4vere included in the comparative study of Liatalet

al. (2006). It was interesting to note that plamitccompartments appeared as well in groups
with the highest keystoneness, strengthening thelgsion that low trophic levels had a
major structuring role in this food web.

This result, in conjunction with the trophic aggaéign in the Lindeman spine, strongly
suggests here a “donor driven” ecosystem, and \&@hsociated to direct outputs from the
MTI matrix, highlighted a marked bottom-up controkafall pelagic fish by
mesozooplanktonic prey. At upper-trophic-levelth@ligh there is some limited evidence for
top-down control of forage fish by predator popialias, overall many observations suggest
bottom-up control of predator populations by foréigh. Bottom-up control by forage fish is
particularly noticeable for seabirds whose feeditngtegies are usually less flexible because

they are physically constrained to the near-surfager Cury et al., 200D When looking at
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the intersection between top-predators and forapecbmmunities in the preseMil | matrix,
the same conclusion of a dominant ascending regnlatas emphasized.

The relative importance of top-down and bottom-wgchanisms may be scale-dependent.
Considering the large spatial scale of the stud¥q®,000 krf), the explanation for this
strong bottom-up control may lie in part in the @ps-energy relationshigi(int and

McKinnell, 2009. Across temperate to polar biomes, at large ggadgcal scales, there is

substantial evidence for a broadly positive monigtoglationship between species richness
and energy availability. Global scale patternsrofreal distribution most probably reflect
natural spatial variability in abundance of pr&aéton, 2000 Within the large-scale (67,000
km?) fishing areas extending from southern Califotoiavestern Alaska, a large proportion
(87%) of the spatial variation in long-term, avedgresident fish production was controlled
by bottom-up trophic interactions and this linka&ygends to regional areas as small as 10,000

km? (Ware and Thomson, 20p5The geographical location of the study area praposed as

a potential factor affecting trophic ecosystem tagon. A comparative study including
ecosystems of both sides of the Atlantic showetiilaamer, southern areas, which are more
species rich, exhibited positive predator-prey asgions, suggesting that resources limit

predator abundancérank et al., 2007 The Bay of Biscay was considered as a southern

locality in the above-mentioned study.

4.3 Preliminary implications for ecosystem-basstidries management

First, comparison of two models of the Eastern BBg6ea ecosystem, separated by a forty
year interval, revealed that fisheries tend to tlyeaduce ecosystem maturifjrites et al.,
1999. The paper of Christensei90) included several ecosystems for which the maturit
state could be compared before and after a distadhanotably fishing, and the findings were

in all cases in agreement with disturbances leattirsgreduction in maturityghristensen and

31



759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

Walters, 2005 The relatively late successional stage highédhiy the ecosystem’s

attributes did not indicate that such a phenomevasalready taking effect in the Bay of
Biscay. Secondly, trophodynamic indicators areipaldrly useful in synthesizing
information made available by means of ecosystematspfor use in ecosystem approach to

fisheries and in identifying and tracking ecosystdfacts of fishing Cury et al., 200p The

fairly high percentage of primary production regdifor harvests in this ecosystem (14.82 %)
justifies growing concerns for sustainability anddiversity. But when compared with
previousPPRestimates of 24.2 % for tropical and 35.3 % fan4timpical shelvesRauly and

Christensen, 199%nd the fisheries of the Cantabrian Sea using &6of the total primary

production Sanchez and Olaso, 2Q0the present value probably suggests a rate of

exploitation that is more respectful of the cargygapacity of the ecosystem and more
appropriate to the objective of sustainable fisgsethan previously thought. Given the
ecosystem-based reference framework relying 8RBT L. pairs, the Bay of Biscay

continental shelf for the period “1994-2005” waasdified as an ecosystem that is still

“sustainably fished” with a probability around 70(%udela et al., 2005However, when

using the more complexindex, the probability of the ecosystem to beaunsably fished
decreased to a considerable lower value (30 %)ctiegp a much more pessimistic situation
regarding the level of system exploitation. Thiddr was different from previous one as it
integrates both ecosystem properties and featdifeshing activities. This inclusion accounts
for differences in ecosystem functioning, thus\allg for meaningful results to be derived

for different ecosystem typeBranovi and Link, 2009 Adding to this, when considering

stock specific exploitation rates, values for srpallagics and hake, when compared to those

obtained for the same species in the Cantabriarf{S@eechez and Olaso, 2QGhd to those of

closely related species in southern coastal upwgeicosystemgsZll et al., 200§ pointed

towards a moderate exploitation of the resources the Atlantic French continental shelf.
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None of them exceeded 0.5, the limit referencetpatimvhich stocks should be considered as

overexploited Rochet and Trenkel, 203

Conclusions

In the context of other models developed for tinesaathis was the first attempt to
characterize the Bay of Biscay continental sheittioning with an Ecopath model. The three
fundamental characteristics of this system thatrgatefrom the present Ecological Network
Analysis were that it was most likely detritus-bdselatively mature and bottom-up
controlled, with phytoplanktonic and zooplanktokeystone species. These conclusions had
reinforced partial observations made from previmaslels of the area about the importance
of low trophic levels as drivers of the trophic sgstem functioning. The model developed
here and the findings of the present study prostdeng methodological support and relevant
scientific basis respectively for addressing adddgi research questions through Ecosim
simulations. Dynamic simulations would help in thang the exploitation status of the whole
ecosystem and in identifying fishing scenarios Hilaw the maintenance of forage fish
stocks, the conservation of top-predators and éngigience of a stable ecosystem. As a
second step, Ecosim would be particularly usefualdafining food-web indicator(s) in the light
of the Marine Strategy Framework Directive. Basadhe ecological properties derived from
the model developed here, mesozooplankton abunddiveesity and/or biomass could,

along with other factors and especially benthic partments, be reliable indicators of Bay of

Biscay continental shelf changes.
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Figure Captions
Figure 1: Study area of the Bay of Biscay contiakshelf and locations of the main rivers
flowing into it. For clarification, ICES divisiongllla, b, ¢ and d are also added. Boundaries

of the first two are shown with a bold line.

Figure 2: PREBAL diagnostics depicting values aidifollowing the manual mass-balance
procedure of the modelL increase from right to left. To offer a betteruatization, all
primary producers’ groups (29 and 30 in Table IJ aooplankton groups (25, 26 and 27 in
Table 1) are summed. Abbreviations of vital rates given in section 2.2. “Trophic
modelling approach”. Groups depicted in black aien@ry producers and detritus in figure

2a and marine mammals and seabirds in figure ahdd.

Figure 3: Trophic model of the Bay of Biscay coegtital shelf. Boxes are arranged using
trophic-level L) as y-axis and benthic/pelagic partitioning axis-alhe size of each box is
proportional to the biomass it represents. Numbefes to a code for compartments provided

in Table 1.

Figure 4: Biomasses, flows, transfer efficienciesaggregated into integer trophic levels
(TL) in the form of Lindeman spin®. stands for primary produceis,for detritus and E for
trophic efficiencies. In the present work, a maatifiLindeman Spine is used to demonstrate

the contribution of detritus-based and grazing fobdins separately.

Figure 5: Combined direct and indirect trophic irtigaBlack circles indicate positive

impacts and white circles negative impacts.
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Figure 6: Keystonenesk ) for the functional groups of the Bay of Biscaytinental shelf
food web. For each functional group, the keystossmedex (y-axis) is reported against
overall effect (x-axis). Overall effects are relatto the maximum effect measured, thus for
x-axis the scale is between zero and one. The édegstunctional groups are those where the
value of the proposed index is close to or grett@n zero. Numbers refer to a code for

compartments provided in Table 1.
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Table 1:Input (regular) and output (bolgharameters for the ecosystem components used Bayef Biscay continental shelf mod@&L: trophic level Ol:
omnivory index,B: biomass (kg &m™), P/B: production/biomass ratio (yé8r Q/B: consumption/biomass ratio (y&3rEE: ecotrophic efficiencyP/Q: gross
food conversion efficiencyl/Q: unassimilated consumption, landingd @nd discards expressed in kgki@?yeai’, Gear types used to catch each
compartment: BT bottom trawler, GN gillnet, LL loffiger, PS purse seiner and PT pelagic trawler.

TL ol B P/B Q/B EE P/Q uQ Y Gear type Discards
1. Plunge and pursuit divers seabirds 4.36 0499 0.27 0.09 57.66 0 0.002 0.2
2. Surface feeders seabirds 3.72 1328 0.07 0.09 69.96 0O 0.001 0.2
3. Striped dolphinStenella coeruleoalba 4.73 0.844 0.59 0.08 20.80 0 0.004 0.2
4. Bottlenose dolphin§ursiops truncatus 5.09 0.250 2.18 0.08 21.67 O 0.004 0.2
5. Common dolphinBelphinus delphis 4.61 0.057 1.44 0.08 26.11 0 0.003 0.2
6. Long-finned pilot whalé&lobicephala melas 4.65 1914 0.83 0.05 10.34 O 0.005 0.2
7. Harbour porpoisPhocoena phocoena 4.69 0.069 0.06 0.08 40.69 0 0.002 0.2
8. Piscivorous demersal fish 4.67 0.037 48.45 0.55 203 099% 0271 0.2 9.90 BT/LL/GN
9. Piscivorous and benthivorous demersal fish 4.05 0.568 130 0.66 342 0994 0192 0.2 351 BT/GN 13.82
10. Suprabenthivorous demersal fish 3.49 0.114 311.20 0.55 530 099 0104 0.2 0.15 BT 26.79
11. Benthivorous demersal fish 341 0394 2897 0.87 551 0979 0158 0.2 441 BT/GN 0.20
12. MackerelScomber scombrus 3.75 0.124 450 0.50 440 0.879 0114 0.2 2457 BT/IPS 0.49
13. Horse mackerdirachurus trachurus 3.69 0.086 614.79 0.36 4.00 0.950 0091 0.2 20.27 BT/PS 1.01
14. AnchovyEngraulis encrasicolus 3.67 55.75 1.82 8.68 099% 0.210 0.2 12.28 PT/PS
15. Sardineésardina pilchardus 344 0.277 184.20 0.68 897 093 0076 0.2 9.28 PT/PS
16. SpratSprattus sprattus 3.67 4978 1.34 11.59 0993 0.116 0.2
17. Benthic cephalopods 371 0321 1184 2.75 7.00 0.950 0393 0.2 3.80 BT
18. Pelagic cephalopods 4.45 0.362 2245 3.20 7.50 0.950 0427 0.2 2.27 BT
19. Carnivorous benthic invertebrates 3.23 0.210 141 224 1120 0993 0.200 0.2 291 BT 1.09
20. Necrophagous benthic invertebrates 2 1697 153 1530 0954 0.100 0.2
21. Sub-surface deposit feeders invertebrates 2.34 0.224 234.80 1.60 8.00 0966 0.200 0.3
22. Surface suspension and deposit feeders in2 22390 280 14 0984 0.200 0.2
23. Benthic meiofauna 2 100 10 50 0970 0.200 0.4
24. Suprabenthic invertebrates 214 0.189 38 20 100 0.975 0.200 0.2
25. Macrozooplanktors(2 mm) 2.57 0512 120 1047 38 0.950 0276 04
26. Mesozooplankton (0.2-2 mm) 2.67 0.381 638 16.44 80 0.950 0.206 0.4
27. Microzooplankton< 0.2 mm) 2.18 0.154 894 4505 316 0.950 0143 0.4
28. Bacteria 2 394 115 32857 0811 0.350 0.5
29. Large phytoplanktor>(3 pum) 1 1046 119 0.851

37



30. Small phytoplankton (< 3 um) 1 448 151 0.752
31. Discards 1 46.67 0.788
32. Pelagic detritus 1 0.217 28006 0.972

®Pelagic detritus biomass was entered preferentialiye model as its estimation was more precisepesed to the one of benthic detritus.
Detritus imports to the system were estimated td%ekg Ckm%year™.
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Table 2: Predator/prey matrix (column/raw). Thefi@an of one compartment consumed by another isessed as the fraction of the total diet, the stim o
each column being equal to one.
1. 2. 3. 4. 5. . 6 7. 8. 9. 10. 11. 12. 13. 14.

1. Plunge and pursuit divers seabirds

2. Surface feeders seabirds

3. Striped dolphinStenella coeruleoalba

4. Bottlenose dolphin§ursiops truncatus

5. Common dolphinBelphinus delphis

6. Long-finned pilot whalé&lobicephala melas

7. Harbour porpoisPhocoena phocoena

8. Piscivorous demersal fish @.00.335 0.015 0.002 0.011

9. Piscivorous and benthivorous demersal fish 0.097 0.169 0.031 0.085 0.240 0.150 0.040 01®

10. Suprabenthivorous demersal fish 0.100 0.345 0.081 0.004 0.006 0.216 0.180 0.055 0.0@z0 0.017 0.010
11. Benthivorous demersal fish 48.10.125 0.032 0.012 0.050 0.010 0.010

12. MackerelScomber scombrus 0.090 0.070 0.023 0.056 0.004 0.@0LO0 0.09 0.005 0.033 0.005
13. Horse mackerdirachurus trachurus 0.140 0.070 0.132 0.050 0.039 0.276 .35 0.005 0.020 0.030 0.005
14. Anchovy Engraulis encrasicolus 0.070 0.130 0.002 0.002 0.226 0.00B83@.0.022 0.005 0.011 0.005
15. Sardinésardina pilchardus 0.380 0.210 0.031 0.449 0.006 0.Z21B15 0.040 0.005 0.009 0.007
16. SpraSprattus sprattus 0.140 0.110 0.009 0.080 8.00018 0.005 0.007 0.005
17. Benthic cephalopods 0.006 0.032 0.243 0.009 0.010 0.002 0.003

18. Pelagic cephalopods 0.1229® 0.025 0.006 0.008 0.005 0.003 0.007 0.0@3.0o
19. Carnivorous benthic invertebrates 0.275 0.200 0.020
20. Necrophagous benthic invertebrates 0.020 0.050

21. Sub-surface deposit feeders invertebrates 0.030 0.120

22. Surface suspension and deposit feeders invatésb 0.220 0.540

23. Benthic meiofauna

24. Suprabenthic invertebrates 0.010 0.380 0.010
25. Macrozooplanktore(2 mm) 0.120 0.050 0.175 0.200 0.150
26. Mesozooplankton (0.2-2 mm) 0.410 0.655 0.723 1
27. Microzooplankton< 0.2 mm) 0.033 0.050
28. Bacteria

29. Large phytoplanktor>(3 um)
30. Small phytoplankton (< 3 pm)

31. Discards 0.080 0.290 0.020 0.010
32. Pelagic detritus
Import 0.266 ©®59.003
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Table 2: (continued)

15. 16. 17. 18. 19.20.

21.

22.

23.

24. 25. 26. 27. 28.

CoNoO~WNE

Plunge and pursuit divers seabirds

Surface feeders seabirds

Striped dolphinS$tenella coeruleoalba
Bottlenose dolphin§ursiops truncatus
Common dolphinBelphinus delphis
Long-finned pilot whal&lobicephala melas
Harbour porpoisBhocoena phocoena

Piscivorous demersal fish

Piscivorous and benthivorous demersal fish
. Suprabenthivorous demersal fish

. Benthivorous demersal fish

. MackerelScomber scombrus

. Horse mackerdirachurus trachurus
. Anchovy Engraulis encrasicolus

. Sardiné&sardina pilchardus

. SpraSprattus sprattus

. Benthic cephalopods

. Pelagic cephalopods

. Carnivorous benthic invertebrates
. Necrophagous benthic invertebrates

. Sub-surface deposit feeders invertebrates

. Surface suspension and deposit feeders invatésb
. Benthic meiofauna

. Suprabenthic invertebrates

. Macrozooplanktor(2 mm)

. Mesozooplankton (0.2-2 mm)
. Microzooplanktong 0.2 mm)

. Bacteria

. Large phytoplanktor®(3 pum)

. Small phytoplankton (< 3 um)
. Discards

. Pelagic detritus

Import

0.060 0.100
0.070 0.005
ooa.
0.190
0.085
0.080
0.057
0.073
0.@1035 0.004
50.M.005
0.210 0.050 0.051
0.005
0.079 0.205
0.079 0.270
210
.180 0.090 0.035
0.350 0.090 0.060
0.800 1 0.030 0.110
0.090

0.110

0.00®m20
.03D 0.980 0.660 0.400 0.900

0.340

0.050 0.200 0.050
.00 0.200 0.500 0.040
0.130

0.600 00.10.900 0.600 0.300 0.290

0.180

0.150 0.360 1
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Table 3: Values taken by indiceS@I andCl) reflecting the complexity of the inner linkages
within the ecosystem for the present model andipusvattempts to modelize parts of the
Bay of Biscay continental shelf.

Present model French Atlantic shelf @hntan Sea
Jimeno, 201P (Sanchez and Olaso, 2004
SOl 0.212 0.164 0.268
Cl 0.213 0.340 0.318
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