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Abstract :

Although stable isotope ratios are increasinglydusenvestigate the trophic ecology of marine
organisms, their spatial variations are still ppamderstood in the coastal environment. In thislgt
we measured the stable isotope compositoiC(5'°N) of suspended particulate organic matter
(SPOM) (primary producer), a suspension feedergthat scallofPecten maximus (primary
consumer), megabenthic decapods and benthic fiseesndary consumers) along a depth gradient
(from 5m to 155m depth) across the continentalfsiiehe Bay of Biscay. Although the three trophic
levels exhibited simila'*C patterns along the gradient, 81N patterns varied between SPOM,
scallops and carnivores. TREN difference between SPOM and scallops decreastadnereasing
depth, suggesting that non trophic factors maycaftfes stable isotope composition of scallops at
deepest sampling stations. An opposed trend wamlfbatween scallops and carnivores, suggesting
that the trophic level of these carnivores incrdasehigher depth, possibly as an adaptation tetow
prey abundances. Although our results suggesptiraary consumers are suitable to establish
isotopic baselines in coastal environments, wesstitee need for further studies aiming at
characterizing the variability of stable isotopesoastal biota, and the respective effects oflivese

trophic and metabolic factors in their isotopic gasition.
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INTRODUCTION

Coastal ecosystems are interface zones that relsigiianutrient and particulate inputs of both
continental and marine origin. Consequently, tregsas are characterized by strong environmental
gradients that can deeply impact the ecology df #esociated organisms. In particular, the rekanc
of coastal suspension-feeders on continamtalis marine suspended particles has been investigated
using stable isotopes in several studies overas$tetwenty years (e.g. Riera and Richard 1996;
Darnaude et al. 2004; Nerot et al. 2012; Marchiaid.2013). Because particulate material brought t
the ocean by rivers is typicalljC-depleted (around -28%., Peterson and Fry 198®itrasts with
¥C-enriched coastal primary producers (i.e. micropbgnthos, kelps, seagrasses, around -14%o) and
marine phytoplankton (around -22%.). Beside€d\ values of particulate material at the vicinitytoé
coastline may display/N-enriched values associated with the dischargeastewaters from coastal
cities (McClelland et al. 1997; Riera et al. 200@;stanzo et al. 2001). Because benthic suspension-
feeders directly rely on suspended particulateroogaatter (SPOM) for food (Carlier et al. 2007; Le
Loc’h et al. 2008), they might be expected to iftbe same isotopic patterns along inshore-offshor
gradients: increasind°C values with decreasing terrestrial particles eotration, then decreasing
8"°C values with increasing marine phytoplankton atamog. Concerning°N, a decreasing pattern
revealing the dilution of anthropogenic inputs int@stal waters is expected (Chouvelon et al. 2012)
Benthic suspension-feeders, such as bivalves, ¢@wenonly been used to establish isotopic
baselines, because they integrate the short teatiabpnd temporal variability displayed by primary
producers (Post 2002; Rigolet et al. 2014). Unkeraissumption that the trophic structure of the
community is maintained across the continentalfstied isotopic pattern is therefore expected to be
reflected in upper trophic levels, provided predafeed locally and to not exhibit significant
migration capacities.

In a recent article, such a pattern has been obdém/SPOM and bivalves along a depth gradient
(from 20m to 220m) of Northeast Atlantic (Neroe¢t2012). However, although bivalves and SPOM
displayed similas'*C patterns with depth, tt&°N decrease along the depth gradient was stronger fo
bivalves than for SPOM, resulting in bivalves dispihg lowers**N than their supposed food source
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at deepest sampling stations. This could resuth fifee dilution of anthropogenic inputs, but thettiep
(i.e. 190m) as well as the low freshwater inpuhi coastal ecosystem in this area (Mortillard.et a
2014) makes this hypothesis rather unlikely. Therahtive hypothesis proposed by Nerot et al.
(2012) consists in the influence of metabolic festtat would alter isotopic fractionation between
bivalves and their food source. Nerot et al. (20E0ed for additional studies investigating this
pattern, that is of critical importance, sinceaten isotopes, that displayed the most intriguisitepn
along this gradient, are commonly used to assesitdevel in a variety of marine organisms (e.g.
Page et al. 2013). Such confounding factors migutlt in isotopic approaches being invalid to
investigate the diet of benthic consumers at tlepest limit of their distribution range. A possible
way to address this issue is to investigate degitited isotopic patterns in higher trophic level
organisms, i.e. predators. If la&d°N observed in bivalves at the edge of the contaleeflect
metabolic factors, one could expect that thesefastould also affect predators’ stable isotope
composition, which would therefore display a diéer depth-related isotopic pattern. In contrast,
similar isotopic patterns along the depth gradiEttveen primary and secondary consumers would
suggest thaf'>N patterns reported in scallops were due to diéissh

The present study aims at measuring the distributfa@arbon and nitrogen stable isotopes in
benthic sources (SPOM and sediment organic m&t@M)) and secondary consumers along a depth
gradient across the continental shelf of the Bais€ay. The aims were two fold: (1) to explore
isotopic variation in SPOM and bivalves along atdepadient (down to 155m depth) in another part
of the northern Bay of Biscay than that observed\byot et al. (2012) and (2) to investigate whether
this pattern was transferred up to higher tropénvel organisms, that is, megabenthic decapods and

bentho-demersal fishes.

MATERIAL AND METHODS

This study was carried out in the Northern pamBay of Biscay, from the Vilaine river estuary
down to the limit of the continental shelf (figutg The total area of the Vilaine river catchment i

10 500 kmz?, and is characterized by the presenaebai areas (1 million inhabitants in the
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catchment) and intensive farming (cereals, cattteoultry), whose effluents can affect the natfre
inputs brought to the oceans by the river. Aninaahgles were collected in June 2010 using a beam
trawl (2.9m wide and 0.5m high opening), an ottawt (average 11m wide and 2.5m high opening)
or scallops dredge (2m wide, 0,5 m opening). Aldfowe tried as much as possible to collect species
representative of primary and secondary consurhatsmere present all along the depth gradient, this
objective was only achieved for the great scalegten maximus. For crustaceans and fish, different
species with partial overlap in their depth disitibns were sampled along the depth gradient.
Sediment was sampled using a Van Veen grab (oelypiper 0.5 cm were analyzed), and bottom
water using a 8L Niskin bottle at 1m above thedrutt

Animal samples were sorted onboard, and the gea#ibp Pecten maximus, the decapods
Liocarcinus holsatus, Liocarcinus marmoreus, Macropipus tuber culatus, Munida rugosa, and the fish
Arnoglossus imperialis, Arnoglossus laterna andCallionymus lyra were collected, measured and
weighed (between 3 and ten replicates per staioyrding to their respective abundances in
samples). Their muscles were then dissected arebistmzen (-25°C) until further processing. In the
laboratory, samples were freeze-dried and groutadarfine and homogeneous powder. Around 250
pg of powder was then weighed in tin capsulesdotopic analysis. Because only pure muscle tissues
were analyzed, no acidification was performed amahsamples.

Bottom water samples (three replicates per sampliaigon) were filtered on pre-combusted (4h,
450°C) GF/F filters that were briefly acidifiednsed with distilled water, oven-dried (60°C, 48h),
folded and placed into tin capsules. Surface sadimas freeze-dried, sieved (500 um mesh), the fine
fraction was ground into powder while larger paescwere discarded. For C isotopic composition,
sediment powder was weighed in silver cups andrbenated using HCI (1.2N). For N isotopic
composition, the bulk sample (i.e. not acidifiedsnanalyzed.

Bivalves were analyzed at the Stable Isotopes mridd aboratory (New Brunswick, Canada) on
a Costech 4010 elemental analyzer coupled to etfrémnigan Delta Plus or a Finnigan Delta Plus
XP mass spectrometer. SPOM, SOM and predators ¢palis and fish) were analyzed at the LIENSs
laboratory (La Rochelle, France) using a Therme&dic Flash EA1112 elemental analyzer coupled
to a Delta V Advantage mass spectrometer. Resutexgressed in standardhotation based on
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international standards (Vienna Pee Dee Belemait&{C and N2 fos*°*N) following the equation
§°C 0r5™N = [(ReampidRstandard-1] X 10 (in %0) where R ig°C/**C or “N/*N.

The effects of depth on stable isotope ratios vaesessed through linear regressions. In order to
compare isotopic trends displayed by the diffelsota sampled, regression slopes were compared by

means of ANCOVAS, using taxa as a categorical bgia

RESULTS

Stable isotope ratios measured for bottom suspepatidulate organic matter (SPOM) in the
Vilaine river displayed typically’C depleted ( means # standard deviations = -311%b2.
respectively) and®N enriched values (13.8+3.0%o) (Figure 2). SP@NC decreased along the
gradient, from -19.9+0.3%o. at the most shallow statlown to -23.9+0.4%. at the deepest station
(155m depth) (figure 2). Th&°N decreased from ca. 11.5 %o upstream the Vilaitgaes down to
6.4+0.4%o at the deepest station. In contrast WRBDBI, thes'*C of SOM did not display any obvious
trend, and experienced high variability along teetti gradient (Table 1). In contrast, SOWN
decreased with depth, from 7.7+0.6%o for shallowi@ts down to 6.3+0.3%o. for the deepest sampling
station.

Thed"C of the suspension-feedeecten maximus decreased along the depth gradient, nearshore
stations being slightly’C enriched (between -17.3%. and -15.5%0) comparedfsiore stations
(between -18.3%0 and -17.1%o)(figure 2). No significdifference could be found between the slopes
of SPOM andP. maximus for §**C (ANCOVA, F=0.587, p=0.45). Th#"N of P. maximus displayed a
marked"N depletion trend along the depth gradient, frof*0.2%. at 22m depth down to
4.0%0+0.3%o for the deepest sampling station anceckff from the trends exhibited by SPOM
(ANCOVA, F=23.74, p<0.001). Consequently, scallepmpled at more than 140m wémd depleted
compared SOM and SPOM values.

Secondary consumers were grouped in two taxo-famakigroups for the analysis: predatory
decapodsNlacropipus tuberculatus, Munida rugosa., Liocarcinus sp.) and benthic fishes

6
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(Arnoglossus spp., Callionymus lyra). Both3™C andd™N decreased along the depth gradient for these
two taxo-functional groups (figure 3, table 2). Hoxer, although these two groups displayed the same
8"°C gradient along the depth gradient (ANCOVA, F=8,116=0.28), theit'*N varied differently, the
slope being steeper for decapods than for fisheBEC@VA, F=38.01, p<0.001). Isotopic trends
displayed by both groups differed from the one ldigpd byPecten maximus, for boths**C

(ANCOVAs, F=30.7, p<0.001 and F=4.7, p=0.032 fshfand crustaceans, respectively) &l
(ANCOVAs, F=1286.6, p<0.001 and F=773.0, p<0.00fikh and crustaceans, respectively). Among
the different predator species sampMdnida rugosa departed through low&f°N and highe**C

values, while the different depth ranges madeffiicdit to robustly identify consistent patternstae
species level. Besides, the tAmoglossus fish were consistently the mdsN-enriched of co-

occurring carnivores, but did not display any sfieé°C pattern.

DISCUSSION

Stable isotope analysis has become over the lasitywears a popular tool to investigate the diet
of marine consumers, including consumers samplathadepth gradients on continental shelves (e.g.
Kline 2009; Chouvelon et al. 2012; Nerot et al. 20T his method is based on different assumptions,
among which the need to accurately know the fraation occurring between a consumer and its prey
(Gannes et al. 1998). In marine soft-bottom ecesyst most consumers rely on composite food
sources (e.g. SPOM, SOM), whose isolation of “pwahponents is technically impossible, making
it challenging to characterize trophic fractionagpand then, trophic relationships. An alternative
option to characterize these relationships is piagial analysis of both consumers and their paénti
sources, under the assumption that co-varying ssuand consumers are likely to be linked by a
trophic relationship (Melville and Connolly 2003akderklift and Wernberg 2010, Leclerc et al.

2013).

Depth-related isotopic patterns in primary conssmer
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A markeds'3C difference £4%.) was observed between SPOM &ndnaximus all along the
depth gradient. Although this difference seemdaltwith a direct trophic relationship between
scallops and SPOM, it has been repeatedly repbedvarious sublittoral ecosystems (e.g. Hobson
et al. 1995; Grall et al. 2006; Carlier et al. 200& Loc’h et al. 2008). Different interpretationave
been proposed to explain this difference, includibgormal isotopic fractionation (including tissue-
specific isotopic fractionation), local variability phytoplankton stable isotope compaosition, selec
feeding, or contribution of other sources (seedidnd Page 2012; Leclerc et al. 2013). In thegprtes
study, the two food sources available to scall§OM and SOM, are botfiC depleted compared to
P. maximus, suggesting that tHéC enriched isotopic ratios displayed by this bigadwise from a
selective assimilation of 'C enriched fraction of SPOM (see Carlier et al. 2 instance) or from
an unexpectedly high carbon isotopic fractionatfeor. instance, &'*C fractionation of 3.5%o has
been experimentally determined between phytoplam&tal the clanRuditapes philippinarum (Dang
et al. (2009). Another explanation for thiSC difference between POM, SOM and primary
consumers is the contribution of freshwater oritiing **C-depleted particles, that would not be
assimilated by suspension-feeders, This explan&ibowever very unlikely for most sampling sites
(excepted the most inshore). The sampling periadysummer) corresponds to the smallest extent of
the Loire river plume, that is, anyway, restrictedhe first meters of the water column (Lunvemlet
2005). It is therefore unlikely that isotopic patie observed in the present study reflect the énfte
of freshwater inputs. In any event, the consisterfdjis isotopic difference between SPOM &hd
maximus along the depth gradient would suggest that teedliscallops does not drastically change
between shallow and deeper areas.

In a recent article, Nerot et al. (2012) observed the5™N of suspension-feeders and SPOM did
not evolve similarly along a depth gradient, sugiggsa diet shift along this gradient or a
modification in the trophic fractionation with ireasing depth. An important finding of the present
study is a new observation in northern Bay of Bjsafithe3™N decreasing pattern observed in
scallops, the slope of this trend being steeper thiatheir supposed food source. This new
observation suggests that this is common alongdhtinental shelf, as reported for other areas@f t
Bay of Biscay (Chouvelon et al. 2012) or in northBacific (Kline 2009). It has recently been
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suggested, based on fatty acid compositioR. ofiaximus digestive gland, that the diet of scallops
differed between shallow and deeper sites, incyditower reliance on fresh phytoplankton and the
assimilation of degraded material as well as tfferdint components of the microbial food web for
the deepest sampling stations (Nerot et al. insprés our study, this hypothesis would involvettha
SPOM at deepest sites is mostly composed of refatN enriched material, and that primary
consumers only assimilate a mirtdX depleted fraction, resulting in the differencéwsen the
isotopic composition of SPOM and bivalves food seuSuch &N depleted fraction could be
represented by degraded material, which is momilyeavailable to consumers (Tenore et al. 1983).
However, degradation processes are known to cauiser@ease in thg" N of phytoplankton (e.g.
Montoya et al. 1992), while in the present studylleps seem to rely on'a\ depleted source. Such
an heterogeneity in the isotopic composition otins that compose the pool of SPOM has already
been shown among microalgae in freshwater lakesrfget al. 2004) or among cultured marine
microalgae (Falkowski 1991). However, in the préséndy, similarities in thé*C patterns displayed
by SPOM,Pecten maximus, carnivorous decapods and benthic fishes alongepth gradient suggest
that no drastic diet shift occurs. Hence, our tssstiggest that discrepancies observed i 'tieof
biota sampled on the continental shelf of the BaBiscay arise, at least mainly, from variability i
nitrogen trophic fractionation between primary aaners and their food sources. Indeed, different
studies aiming to characterize factors affectimgaigic trophic-step fractionation found that
temperature, food availability or nutrient levelere likely to significantly affect the value of shi
fractionation (e.g. Moeri et al. 2003; Aberle andlk&hn 2007; Bloomfield et al. 2011). For instance
the lowerd™N fractionation observed in detritivores compare@tiérbivores (0.53%o VS 2.98%o,
respectively, Vanderklift and Ponsard 2003) migiritcbute to the low values observed in deepest
scallops, that have been reported to rely on redyaiaterial (Nerot et al. in press). The metabob$m
scallops is therefore probably affected by thefferéint factors at deeper sampling stations, riesult
in a modified trophic-step fractionation. Althoulgtiboratory and modelling studies have shown in
past an effect of metabolic condition on isotopacfionation (e.g. Hobson and Clark 1992; Emmery
et al. 2011), it had rarely been noticed from figliddies. For stable isotope studies carried oait ov
environmental gradients, possibly encompassingr@btand sub-optimal ecological conditions, this

9



236  variability can strongly affect the outcomes ofplinic inferences. The results from these studieg mus
237  therefore be analyzed with much care before commiasould be drawn about the trophic ecology of

238 consumers.

239
240 Depth-related isotopic patterns in carnivores
241 Demersal fish, such as the drago@aliionymus lyra or the scaldfisirnoglossus spp., as well as

242 megabenthic decapods sampled for this study, aerkno feed mainly on small invertebrates or fish
243  juveniles (Deniel 1975; Choi 1986; Abello 1989)al8e isotope ratios measured in the different

244  bentho-demersal carnivores were in accordanceandilet mainly based on local primary consumers
245  for the most shallow sampling stations, beitigenriched of 2-4%. compared to scallops (Vander
246 Zanden and Rasmussen 2001). Although the carnigarapled in this study are unlikely to actually
247  feed on scallops because of their large size stiggests that these suspension-feeders are good

248  estimators of average primary consuntersl, hence being potentially reliable to establishdgic

249 baselines. However, tf&°N difference between those carnivores and scallapsased with

250 increasing depth (Figure 4), in opposition to wivat observed between SPOM and scallops. Lower
251 feeding levels for carnivores at higher depth caaldse increased trophic enrichment factors that
252 could explain the differences °N trends observed for scallops and carnivores aloaglepth

253  gradient. It has for instance been reported thafahding level could modify by more than 2%. the
254  fractionation between a consumer and its food so(Ecmery et al. 2011). The basal trophic resource
255  of shelf benthic communities is a mixture of resmrsed sediment and sinking phytoplankton (Carlier
256  etal. 2007; Le Loc’h et al. 2008), whose abundateseases with increasing depth. Hence, deep
257  benthic communities are sustained by a lower alwelaf organic matter, and are therefore less

258  abundant (personal observation). If feeding lewadse the main reason for the observed modification
259  of isotopic fractionation with depth, this shoufetefore be observed for both primary and secondary
260 consumers. The fact that isotopic fractionatiompldigs an opposite pattern with depth for primargt an
261  secondary consumers suggests that this is noaeeie northern Bay of Biscay. An alternative

262  explanation for the highéN difference between scallops and carnivores dtdrigepth involves an
263  increase in the trophic level of those carnivoréh imcreasing depth. All the carnivores sampled fo

10
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this study are known to feed on a wide array oteleate and invertebrate preys, including shrimps o
small fish, which are themselves carnivores (Det$d15; Choi 1986; Abello 1989). The low density
of potential prey on the deep continental shelladéead them to rely on higher trophic level prey,
explaining highes'N than those expected for strict secondary conssimer

Although this pattern is shared by all the carndgoconsidered, it seems that the squat lobster
Munida rugosa feeds at a slightly lower trophic level than othémcause it8"N is consistently
lower. AlthoughM. rugosa is generally considered as a strict carnivorel(b€h & Hily 2005), it is
possible that this species feed at a slightly lainaphic level than other decapods. In particulzig
species has been reported to be able to rely amseted planktonic particles, which would explain
the lower trophic level observed here (Lagardéré3)1.9n contrast, the twArnoglossus species
display the highest™N of co-occurring carnivores, which could resudtrir a slightly higher trophic

level.

CONCLUSION

Although it was impossible, for logistical reasotwsrepeat this sampling in time in order to
assess the seasonal variability of the patternzitdes here, we are quite confident that they nay b
valid for larger time scales. Indeed, not onlyues (i.e. muscles) sampled in this study integrate
dietary information over long periods (several nigrfor fish, see Perga and Gerdeaux 2005) but
offshore ecosystems are less temporally varialeystems than nearshore ones. No significant
influence of freshwater inputs on the benthos weseoved in this study. Northward coastal curremts i
this area of the Bay of Biscay result in these faflaeing transferred to the open ocean along the
southern coast of Brittany. The continental shethe Northern Bay of Biscay is therefore under
limited freshwater influence. Identifying the shtrariability of basal trophic resources isotopic
composition is necessary in any isotopic studwidiclg a spatial perspective. In this study, the
differences in the depth-related isotopic pattelisplayed by the different trophic levels suggbst t
the use of primary consumers as proxies for ecotbgnechanisms occurring on the continental shelf
may not be valid for the entire bentho-demersalroomity. Although metabolic factors that can
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contribute to this lag are difficult to untanglerin baseline or trophic effects, it seems necegsary

seriously consider them for the interpretationtabke isotope results in future studies.
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419 Table 1: linear regressions between depth andestdiope composition iRecten maximus, benthic
420 fishes and predatory decapods along a depth gtadigme Northern Bay of Biscay

421
422 Slope intercept p-value R2
423 SPOM 8%C  -0.028 -19.62 < 0.001 0.76
424 81N -0.012 9.44 <0.001 0.25
425 SOM 8¥%C  0.013 24.54 0.30 0.08
426 8°N  0.018 8.50 < 0.001 0.55
427  Pecten maximus 8% -0.010 -16.00 <0.001 0.46
428 81N -0.042 10.72 < 0.001 0.95
429

430
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431  Table 2: linear regressions between depth&i@ ands™®N of the different carnivores sampled in this
432  study. Taxa: F=fish, C=crustacean.

433
434  Species n slope intercept R2 p-value
435  Fish

436  Arnoglossusimperialis 3C 46 -0.010 -16.52 0.63 <0.001
437 "N 46 -0.026 14.61 0.74 <0.001
438  Arnoglossus laterna 8¥C 14 -0.020 -15.32 0.76  <0.001
439 "N 14 -0.030 15.26 0.83 <0.001
440  Callionymuslyra §¥C 32 -0.014 -16.04 0.51 <0.001
441 N 32 -0.015 13.172 0.51 <0.001

442  Decapods

443  Liocarcinus holsatus §¥C 19 -0.008 -16.25 0.11 0.173
444 "N 19 -0.030 14.50 0.71 <0.001
445  Liocarcinus marmoreus §%c 21 -0.0123 -15.89 0.63 <0.001
446 8N 21 -0.016 12.93 0.52 <0.001
447  Macropipus tuberculatus ¥C 19 -0.017 -15.59 0.39 0.004
448 "N 19 -0.043 16.12 0.33 0.010
449  Munidarugosa 3C 25 -0.014 -15.20 0.42 <0.001
450 8N 25 -0.026 13.01 0.86 <0.001
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451

452  Figures captions

453  Figure 1:

454  Map of the sampling area in the Northern Bay of .Baack dots indicate sampling stations, and the

455  depth is indicated for each station.
456
457  Figure 2:

458  §C and8™N of suspended particulate organic matter (opeciesy large dashes), sediment (open
459  squares, little dashes) aRdcten maximus (black triangles, full line) across the continerghélf of the

460 Bay of Biscay. See table 1 for linear regressicarsumeters.
461
462  Figure 3:

463  §"C ands™N of the different carnivores sampled across theigental shelf of the Bay of Biscay.
464  For clarity reasons, only regression lines are shdwr linear regression parameters, see table 2. 1

465  Arnoglossusimperialis, 2- Arnoglossus laterna, 3- Callionymus lyra, 4- Liocarcinus holsatus,
466  5- Liocarcinus marmoreus, 6- Macropipus tuberculatus, 7- Munida rugosa.

467 Figure 4:
468  Relationship between depth and corre@e (5N camivore- 5" Nscaiop) Of demersal fish (dashed line)
469  and megabenthic crustaceans (full line) acrossdhénental shelf of the Bay of Biscay. Fish:

470  corrected3*®N=0.027*depth+2.58; R?=0.74; p<0.001. Crustaceansected5°N=0.016*depth+2.81;

471  R2?=0.45; p<0.001.

472
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485  Figure 3:
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487  3"C andd™N of the different carnivores sampled across thinental shelf of the Bay of Biscay.

488  For clarity reasons, only regression lines are shdwr linear regression parameters, see table 2.
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492  Figure 4:
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493

494  Relationship between depth and corre@e (5N camivore- 5" Nscaiiop) Of demersal fish (dashed line)
495 and megabenthic crustaceans (full line) acrossdahénental shelf of the Bay of Biscay. Fish:
496  corrected3*®N=0.027*depth+2.58; R?=0.74; p<0.001. Crustaceansected3°N=0.016*depth+2.81;

497  R2?=0.45; p<0.001.
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