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Abstract. Previous work in the mud volcanoes from the Gulf 1 Introduction
of Cadiz (South Iberian Margin) revealed a high number
of chemosymbiotic species, namely bivalves and siboglinid
polychaetes. In this study we give an overview of the distri- The finding that hydrothermal vent mussels have a signifi-
bution and life styles of these species in the Gulf of Cadiz,cantly depleted'*C signature, very distinct from the values
determine the role of autotrophic symbionts in the nutrition Of other typical deep-sea invertebrates, led Rau and Hedges
of selected species using stable isotope analydae (515N (1979) to postulate that these mussels rely on some non-
and§34S) and investigate the intra-specific variation of iso- photosynthetic food source. Later this finding was repeated
tope signatures within and between study sites. During oufor several cold seep invertebrates, and confirmed by the ob-
studies, we identified twenty siboglinidae and nine bivalve S€rvation that they host symbiotic chemoautotrophic bacteria
chemosymbiotic species living in fifteen mud volcanoes. (Conway etal., 1994; Cavanaugh et al., 1992). In this symbi-
Solemyid bivalves and tubeworms of the gerBisoglinum otic relationship, the invertebrate host facilitates the access to
are widespread in the study area, whereas other specidgorganic carbon, oxygen and reduced sulphur-compounds,
were found in a single mud volcano (e.@dthymodiolu’ and in return it uptakes the bacterial metabolic byproducts
mauritanicu$ or restricted to deeper mud volcanoes (e.g. ©f digests symbiont tissue for its nutrition (Fisher, 1990;
Polybrachiasp., Lamelisabella denticulaja Species distri- ~MacAvoy etal., 2002). The carbon source for thiotrophic and
bution suggests that different species may adjust their posimethanotrophic bacteria is different, with the former using
tion within the sediment according to their particular needs,POre water or near-bottom water dissolved inorganic carbon
and to the intensity and variability of the chemical sub- (DIC) and the latter using CH(Fisher, 1990; Conway et al.,
strata supply. Tissue stable isotope signatures for selecte}994)-
species are in accordance with values found in other stud- The different carbon fixation pathways involve distinct
ies, with thiotrophy as the dominant nutritional pathway, andisotopic fractionation (e.g. carbon, sulphur and nitrogen),
with methanotrophy and mixotrophy emerging as secondar))NhiCh makes stable isotope approaches particularly useful
strategies. The heterogeneity in terms of nutrient sources (exor €elucidating the nutritional status of organisms in vent
pressed in the high variance of nitrogen and sulphur valuesfnd seep environments (Conway et al., 1994; Van Dover
and the ability to exploit different resources by the different @1d Fry, 1994). Carbon isotopic values have been used to
species may explain the high diversity of chemosymbioticdiﬁeremiate animals with thiotrophic symbionts from those
species found in the Gulf of Cadiz. This study increases theVith methanotrophic symbionts (Brooks et al., 1987; Kenni-
knowledge on distributional patterns and resource partition-Cutt et al., 1992), and to identify the source methane pool
ing of chemosymbiotic species and highlights how trophic@S €ither thermogenic or biogenic (Sassen et al., 1999).
fuelling varies on spatial scales with direct implications to Chemoautotrophs tend to have lowePN values than het-
seep assemblages and potentially to the biodiversity of con€rotrophs or marine phytoplankton, and #¥%S values of
tinental margin. animals hosting thiotrophic bacteria are depleted relative to
animals with methanotrophic symbionts and to heterotrophs
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(Brooks et al., 1987). In fact, values &S below 5 %o can Siboglinid polychaetes are represented in the Gulf of
be used to infer a thiotrophic mode of nutrition (Vetter and Cadiz by a high diversity of frenulates (Héiio et al., 2010).
Fry, 1998) reflecting the isotopic signature of the sulphideFrenulata, the most specious clade of siboglinids, include a
source (Fisher, 1995). Stable isotope signatures can therefosgide range of body sizes and tube morphologies. They live in
provide information on food resource use and partitioning,a variety of reducing environments, including shelf and slope
both inter- and intraspecifically (Levesque et al., 2003). sediments, cold seeps, hydrothermal vents and organic falls,

Previous work in the Gulf of Cadiz mud volcanoes (South with their tube spanning oxic—anoxic boundaries #ro et
Iberian Margin) found a high number of chemosymbiotic al., 2011). The anterior end of the tube remains at the sedi-
species, namely bivalves and siboglinid polychaetes (Roment surface or extends into the oxygenated bottom water,
drigues et al., 2008; Hirio and Cunha, 2008; Hitio et al.,  where oxygen is absorbed by a gill-like structure. Hydro-
2010; Oliver et al., 2011), and studies on the faunal assemgen sulphide, or methane in the cas&ifoglinum poseidoni
blages in the area show high biodiversity and high variabil-that harbours methane-oxidising endosymbionts (Schmaljo-
ity in structure, composition and density, which are likely to hann and Rigel, 1987), is transported across the posterior
result from a combination of biogeographic, historical andtube and body wall into the trophosome, a specialized tissue
environmental factors (Cunha et al., 2013). Especially rel-where the endosymbiotic bacteria are housed (reviewed by
evant for the distribution of chemosymbiotic species is theHilario et al., 2011). In addition to the nutrition provided by
variability in the fluid sources and transport mechanisms detheir symbionts, species of the ger&iboglinuncan take up
termining the intensity of the fluxes and the geochemistry ofand metabolise dissolved organic compounds at a rate suf-
the porewater and sediments. ficient to sustain respiration but not enough for growth and

The Gulf of Cadiz is an extensive cold seepage area inteproduction (Southward and Southward, 1981).
cluding over 40 mud volcanoes at depths between 200 and Due to its characteristics (biogeographical location, large
4000 m (Pinheiro et al., 2003; Van Rensbergen et al., 2005)number of seeps, seep regime variability), the Gulf of Cadiz
The molecular and isotopic composition of the hydrocarbonprovides a unique setting for the study of chemosynthesis-
gases present in the different mud volcanoes reveal a preébased assemblages. The high diversity of chemosymbiotic
dominance of thermogenic sources with varying degrees ofpecies found in the Gulf of Cadiz led us to hypothesize
thermal maturity (Mazurenko et al., 2002, 2003; Stadnit-that (1) at small spatial scales different morphological and
skaia et al., 2006; Hensen et al., 2007; Nuzzo et al. 2008}ife style adaptations allow the co-occurrence of species and
and, in some cases, partial recycling of thermogenic methan&ophic niche partitioning, and (2) trophic diversity under dif-
and other hydrocarbons mediated by anaerobic oxidation oferential geochemical conditions results in high biodiversity
methane (AOM)-related methanogenic archaea in the shalat local and regional scales. Herein, we determine the trophic
low sediments (Nuzzo et al., 2009). Differences in both fluid range of chemosymbiotic species using stable isotope analy-
geochemistry and composition of the microbial assemblageses §3C, §1°N and$3*S) and analyse the results in relation
responsible for the AOM activity have a major influence on to their distributions at different spatial scales. Furthermore,
the quantity and chemical composition of the hydrocarbonswe assess intra and interspecific differences in the trophic
reaching near-surface sediments or the water column and ofange of chemosymbiotic species occurring at the same and
fer a multitude of physicochemical niches that can be ex-at different sites and discuss them in the light of sediment
ploited by species with different anatomical features, physi-geochemistry.
ology and symbiotic associations.

Symbiotic bivalves in the Gulf of Cadiz include members
of five of the six families known to host chemoautothrophic
bacteria: Solemyidae, Lucinidae, Thyasiridae, Vesicomyi-2 Material and methods
dae, and Mytilidae (@nio et al., 2008; Rodrigues et al.,
2008; Oliver et al., 2011). These bivalves have differentChemosymbiotic species were obtained from macrofaunal
anatomical organization, particularly in relation to the struc- samples collected during 14 cruises carried out between
ture of the gill that in all of them are modified to house 2000 and 2009 from numerous locations in the Gulf of
the symbionts (reviewed by Taylor and Glover, 2010). TheyCadiz using a variety of quantitative and non-quantitative
also have very different life styles ranging from deep sedi-sampling devices and processed on board as described by
ment burrowers to epibenthic byssus-tethered species. BathyRodrigues et al. (2011a). Chemosymbiotic bivalves and si-
modiolin mussels (family Mytilidae) further differ from the boglinid tubeworms were sorted and identifi&iboglinum
other chemosymbiotic bivalves in the way that they haveandPolybrachiaspecimens were ascribed to species accord-
retained their filter feeding ability and are capable of co-ing to Hilario et al. (2010) or given new codenames consis-
hosting sulphur- and methane-oxidising symbionts; the for-tent throughout the samples when they did not yet match a
mer are also able to utilise hydrogen as energy source (Fishdmown species. Specimens from the largest and more abun-
et al., 1993; Duperron et al., 2008; Petersen et al., 2011). dant species (five bivalve and seven tubeworm species) were

dissected on board and the tissues (e.g. gill and foot for
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Fig. 1. Map of the Gulf of Cadiz showing the chemosymbiotic species distribution. Siboglinida@olihyarleya gadensi§?) Lamelisabella
sp.; (3)Lamelisabella denticulata4) Polybrachiasp.1; (5)Polybrachiasp.2; (6)Polybrachiasp.3; (7)PolybrachiaVa; (8) Polybrachia
Vb; (9) PolybrachiaVc; (10) Siboglinumcf. poseidoni (11) Siboglinumla; (12) Siboglinumlb; (13) Siboglinumic; (14) Siboglinumid;
(15) Siboglinumle; (16) Siboglinumif; (17) Siboglinumsp.1; (18)Siboglinumsp.2; (19)Spirobrachia tripeira (20) Undetermined lla.
Bivalvia: (21) Isorropodon megadesmug?2) Isorropodon perplexum(23) Christineconcha regab(24) Acharax gadirae (25) Solemya
(Petrasma) elarraichensi$26) “Bathymodiolus” mauritanicug27) Lucinoma asapheuf28) Thyasira vulcolutre(29) Spinaxinus sentosus
(30) Axinulus croulinensigmixotrophic species); (3Ihyasira granulosgmixotrophic species).

bivalves) were frozen and kept at80°C until further pro-  of the lighter isotope =13, 15, 34 andy = 12, 14 and
cessing for stable isotope analysis. 32 for C, N and S, respectively). The standard materials
The samples were freeze-dried and homogenized with @ which the samples are compared are the marine lime-
mortar-and-pestle grinding tool, and subsamples were sepatone fossil, Pee Dee Belemnite (V-PBD), for carbon (Craig,
rated fors13C, §15N ands34S analyses. The ground subsam- 1953); atmospheric air for nitrogen (Mariotti, 1983); and tri-
ple for carbon analysis was acidified with HCI (1M) until olite from the Canyon Diabolo iron meteorite (V-CTD) for
no further bubbling occurred; it was re-suspended in distilledsulphur (Krouse, 1980).
water, centrifuged and the supernatant was discarded, finally Isotopic signatures of methane and gas hydrates for some
the subsample was dried at°@and reground. The ground of the studied mud volcanoes are available from the literature
subsample for sulphur analysis was re-suspended in distilledStadnitskaia et al., 2006; Hensen et al., 2007; Nuzzo et al.,
water, shaken for 5 min, centrifuged and the supernatant wa2009) and compiled in Table S1 (Supplement).
discarded; this procedure was repeated 3 times and finally the
subsample was dried at 8D and reground.
The samples were analyzed at the ISO-Analytical labora3 Results
tory (United Kingdom) using the technique EA-IRMS (ele-
mental analysis — isotope ratio mass spectrometry).

The isotope compositions are reported in delta notationchemosymbiotic species were identified from 15 mud vol-
relative to standard material according to the following equa-c5n0es (MVs) with 11 bivalve species (including two

tion: mixotrophic) occurring at 13 MVs and 20 siboglinid species

SE=|CErE XENVE —1|x 100 1 at 14 MVs (Table 1, Fig. 1 and Supplement Fig. S1). The ma-

[( /"E)sampel E/”E) sancard ] @) jority of the samples collected from a total of 24 MVs in the
whereE is the element analysed (C, N or $)is the molecu-  Gulf of Cadiz yielded fragmented or empty siboglinid tubes
lar weight of the heavier isotope, and y the molecular weightand bivalve shells but these were not considered herein.

3.1 Species distribution
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Table 1. Sampling details of specimens collected for stable isotope analysis. Different quantitative and non-quantitative samplers were used.
Station code is composed by the cruise name and station number as used in PANGAEA databagear(gaea.ge

MV Depth  Latitude Longitude Specimens code
Station code (m) (N) (W)
Mercator
TTR15AT569 358 3517.92 06°38.72 25.1Mr, 27.1Mr
Gemini
M2007-15 444  3309.60 06°49.47 12.1Ge
M2007.19 430 3806.44 06°59.92 12.2Ge, 25.2Ge, 25.3Ge
Kidd
TT-R14. AT528 489 3825.30 06°43.97 25.4K
Lazarillo de Tornes
M2006.38A 494  3519.09 06°46.40 12.3LT
Meknes
TTR15AT586 701 3459.15 07°04.38 16.1MK, 25.5MKk, 25.6Mk
Yuma
TTR14.AT524 960 3524.97 07°05.46 24.1Y
TTR16.AT604 1030 3825.82 07°06.33 24.2Y,25.7Y
TTR16.AT605 975 3825.03 07°05.48 11.1Y, 24.3Y, 24.4Y
Ginsburg
TTR16.AT607 983 3822.68 07°04.98 24.5Gi
Jesus Baraza
TTR12AT391 1105 383544 07°12.26 24.6JB
Darwin
TTR16.AT608 1115 382353 07°11.47 26.1D,26.2D
TTR17.AT664 1128 382352 07°11.48 25.8D, 26.3D, 26.4D
JC1Q032 1109 3823.52 07°11.5Y 25.9D, 26.5D, 26.6D
Captain Arutyunov
TTR14.AT544 1330 3839.7f 07°20.01 10.1CA
TTR14.AT546 1345 3839.69 07°20.08 10.2CA

MSMO01/03190#1 1322 3%39.66 07°19.97 14.1CA
MSMO01/03217#1 1321 3%39.64 07°20.08 28.1CA
MSMO01/03225 1320 3839.71 07°20.02 28.2CA

Sagres

TTR17.AT667 1562 3602.20 0805.54 12.4S,24.7S, 25.10S, 28.3S
Carlos Ribeiro

TTR16.AT615 2200 3847.24 0825.27 28.4CR, 28.5CR

JC1Q057 2175 3847.28 08°25.32 28.6CR

MSMO01/03157 2200 3847.27 08°25.36 28.7CR
MSM01/03169 2199 3847.26 08°25.36 24.8CR, 28.8CR
Bonjardim
TTR15AT597 3061 3827.56 09°00.03 4.1B
Porto
MSMO01/03145 3860 3833.70 09°30.44 3.1P, 24.9P

The solemyid Solemya elairrachensisvas the most were represented by two chemosymbiotic species occurring
widespread chemosymbiotic bivalve (Fig. 1 and Supplemenin MVs of the Deep Field Thyasira vulcolutrgCapt. Aru-
Fig. S1) occurring at eight MVs in the shallower El Ar- tyunov, Sagres and Carlos Ribeiro) aBginaxinus sento-
raiche field (Mercator, Gemini, Kidd) and in the Carbon- sus(Capt. Arutyunov) — and two mixotrophic species occur-
ate Province (Mekas, Yuma, Ginsburg, Darwin and Sagres). ring mainly at shallower water depth&xinulus croulinensis
Another solemyidAcharax gadiraevas found in seven MVs  (Mercator, Mekies and Capt. Arutyunov) arichyasira gran-
at greater water depths in the Carbonate Province (Yumailosa(Mercator and Mekes). The three vesicomyid species
Ginsburg, Jesus Baraza) and Deep Field (Capt. Arutyunowvere always found at water depths greater than 1000 m: two
Sagres, Carlos Ribeiro and Porto), with both solemyidsmalllsorropodonspecies]/. megadesmug&apt. Arutyunov
species co-occurring at three mud volcanoes. The thyasiridand Darwin MVs) and'. perplexum(Capt. Arutyunov), and
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the largeiChristenoconcha rega@Bonjardim MV). Lucinids ~ more depleted signatures and much wigiéS ranges, espe-
and mytilids were each represented by a single species igially A. gadirae(between—25.7 and 11.9 %o) (Fig. 3, Ta-
only one MV (Lucinoma asapheusat Mercator MV and ble 2).

“Bathymodiolus” mauritanicuat Darwin MV, respectively). The §13C values for Siboglinidae worms varied between
The unitentaculate Frenulata ger&iboglinumwas found  —49.8%. Siboglinumid from Capt. Arutyunov MV) and
in 14 MVs. From the nin&iboglinumspeciesSiboglinumb —33.1 %o Siboglinumb, Gemini MV). Values 0813C lower

has the widest distribution in the Gulf of Cadiz, being presentthan —40 %, were found forSiboglinumcf. poseidoniand
in seven MVs from approximately 350 to 3060 m water depth SiboglinumlId, both in the Capt. Arutyunov MV, and for
(Fig. 1 and Supplement Fig. SBiboglinumla is presentin  Lamelisabella denticulattom Porto MV (Figs. 2 and 3, Ta-
three MVs and three other species are found in two differentle 2). Except foiSiboglinumlb specimens from the shallow
MVs. The four remainingiboglinumspecies are only found Gemini and Lazarillo de Tormes MVs that had values rang-
in one MV. It is worth noting the presence of the methan- ing from 8.2 to 12.2 %0, the majority of the species showed
otrophic specieSiboglinumct. poseidoni(Rodrigues et al.,  §1°N values below 6 %o. Similarly, these tw&iboglinumib
2011b) in the Capt. Arutyunov MV. samples also presented relatively high valuess (6.5 and
With the exception of one species of the gerRaly- 5.7 %0). The lowest value @f*S (—16.8 %o) was obtained for
brachia, multitentaculate species are only present in MVs Siboglinumif from Meknés MV (Fig. 3, Table 2).
below 1300 m water depth. Only three of the eleven species Overall, the set of different bivalve and tubeworm species
are found in more than one MVPolybrachia sp.1 is in each MV show segregated trophic ranges; there is almost
found in Mercator and BonjardinPolybrachiaVa in Car-  no overlap ins13C values of co-occurring species and the
los Ribeiro and Semenovich, and one species of an undecases of overlap i#**S ranges usually involve one tubeworm
termined genus (Undetermined lla) in Carlos Ribeiro andand one bivalve species (Fig. 3). Also, trophic diversity is
Porto MVs (Fig. 1). The specidsamelisabella denticulata lower at the shallower MVs than at the deeper ones where
and Spirobrachia tripeiraform conspicuous clumps of dark there is a higher number of chemosymbiotic species spanning
long tubes that cover the crater of Porto MV. The tubes ofa wider range of trophic signatures (Fig. 3).
Bobmarleya gadensiare less conspicuous and more regu-
larly spaced but were also observed forming a continuous3-3  Intra-specific variation within and between study
field in the crater of Carlos Ribeiro MV. sites

The mears13C values forAcharax gadiraespecimens col-
lected from six different mud volcanoes ranged fre/a7.2

Stable isotope values were obtained for five bivalve specied? —34-7 %o (Table 2), with a clear separation of values from
and seven siboglinid species (Table 2; Figs. 2 and 3). Al-SPECimens collected above 27.2 to—29.3 %0 in Ginsburg,
though analyses were carried out in the gill and foot tis- YUM& Jesus Baraza and Sagres MVs) and below 2000 m wa-
sues for some bivalve specimens, no coherent differencele’ depths £31.6 10—34.7% in Carlos Ribeiro and Porto

in the isotopic values of these two tissues were observed/Vs)- Within the same site, variability was much smaller
and therefore only the average results per specimen arft-3%e in four specimens from Yuma MVBolemya elar-
presented. Chemosymbiotic bivalves preserd®iC aver- raichensispresented small intraspecific variation between

age values between54.8 and—27.2 %o; the most depleted sites (2.0 %o0) and negligible variation within the same site
513C values were measured iBAthymodiolus” mauritan-  (0-210 0.6 %o). The13C signatures for the thyasirithyasira

icus from Darwin MV and the least depleted fécharax vulcolutrevaried by 2.7 %o, between specimens from Sagres
gadiraefrom Sagres MV. There was a clear segregation be-2Nd Carlos Ribeiro MVs, but most of the variation was
tween the mytilids and the other families (Solemyidae, Lu-©PS€érved among specimens from Carlos Ribeiro (range of
cinidae and Thyasiridae) that never showiC values be-  2-4%0). “Bathymodiolus” mauritanicushowed the greatest
low —36.8 %o (Fig. 2, Table 2). Despite some overlap of in- Variability within the same site (7'1?" in Darwin MV).
dividual values, the different species showed distinct aver- _ 1€ intraspecific range of meai°N values in different
ages3C signatures (Figs. 2 and 3). The oveddN range sites varied from 3.0 %oI{. vulcolutrg to 6.1 %o (A. gadirag.

for the chemosymbiotic bivalves (10.5%s) was lower than Within the same sites. elarraichensisshowed ranges of 2,
the 513C range (27.5 %o); measiSN values varied between 0.5 and 0.4 %o in the Gemini, Meks and Darwin MVs, re-
—1.2 and 7.0 %o wittSolemya elarraichensit ucinoma as- spectively. The four spem_mensAf gadlra;ecollected in the
apheusand Thyasira vulcolutreshowing less depleted val- Yuma MV showed the widest range 6N values within

ues than B mauritanicusandA. gadirae(Fig. 2, Table 2). the same species and site for all studied species (3.8 %o). The
Thes34S values were the most variable with an overall range‘sls'\I ranges were 0.5 %o in Capt. Arutyunov MV and 2.4 %o

of 45.3 %. ‘Bathymodiolus” mauritanicugresented lighter in Carlos Ribeiro MV forT. vulcolutreand 3.0 %o in Darwin
§34S signatures and a relatively narrow range (values be’

MV for “ B mauritanicus.
tween 11.5 and 17.7 %0). Thyasirids and solemyids showed

3.2 Stable isotope signatures — interspecific variation
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Table 2. Stable isotope values 6#3C, 15N ands34S (mean, standard error — SE and number of samptgsor the different specimens
studied here. Specimen codes according to Tabtdaridicates that several specimens were pooled together

Specimens code  Species name s13c s15N 8343
Mean SE n | Mean SE n | Mean SE n

Siboglinidae — Frenulata
3.1P Lamelisabella denticulata* —43.7 1| -0.6 1| -77 1
4.1B Polybrachiasp.* -36.9 1] -1.1 1 2.5 1
10.1CA Siboglinuncf. poseidoni —-41.0 1 2.7 1 3.6 1
10.2CA Siboglinumcf. poseidori —44.5 1 3.6 1| -82 1
11.1Y Siboglinumia* -38.2 1 3.0 1 11 1
12.1Ge Siboglinumlb* —34.6 1 8.7 1 6.5 1
12.2Ge Siboglinumlb* -33.1 1| 122 1
12.3LT Siboglinumib* -35.9 1 8.2 1 5.7 1
12.4S Siboglinumlb* —-33.0 1 0.2 1| -84 1
16.1Mk Siboglinumif* —38.7 1| -13 1| -16.8 1
14.1CA Siboglinumid* —49.8 1 4.2 1 6.0 1

Bivalvia
24.1Y Acharax gadiraé —-28.0 03 3 03 03 3] -92 12 3
24.2Y Acharax gadirae -293 06 3| -23 03 3| -123 14 3
24.3Y Acharax gadirae —-283 03 3 12 02 3| -04 09 3
24.4Y Acharax gadirae —29.2 01 3 15 04 3 19 07 3
24.5Gi Acharax gadirae -288 06 3| -34 03 3| -54 10 3
24.6JB Acharax gadirae -282 04 3] -01 01 3| -173 02 3
24.7S Acharax gadirae —27.2 1| -15 1| -53 1
24.8CR Acharax gadirae -347 03 3 27 02 3| -257 17 3
24.9P Acharax gadirae -316 03 3| -14 02 3 119 19 3
25.1Mr Solemya elarraichensis* —-340 04 3 48 03 3| -107 19 3
25.2Ge Solemya elarraichensis -320 05 3 51 04 3| —-42 05 3
25.3Ge Solemya elarraichensis -323 03 3 71 05 3| -64 14 3
25.4K Solemya elarraichensis* -329 08 3 42 03 3| -94 13 3
25.5Mk Solemya elarraichensis -33.0 09 3 57 02 3| -218 40 3
25.6Mk Solemya elarraichensis -324 04 3 52 02 3| -112 20 3
25.7Y Solemya elarraichensis -335 11 3 20 04 3 1
25.8D Solemya elarraichensis —32.7 1 4.3 1| -0.8
25.9D Solemya elarraichensis -332 02 3 39 02 3 22 10 3
25.10S Solemya elarraichensis -332 07 3 44 02 3 43 03 3
26.1D “Bathymodiolus” mauritanicus —54.3 1| -0.7 1 17.2 1
26.2D “Bathymodiolus” mauritanicus —-51.4 04 3| -04 0.1 16.6 00 3
26.3D “Bathymodiolus” mauritanicus —54.8 1 1.8 1 115 1
26.4D “Bathymodiolus” mauritanicus —50.0 0.7 3 05 01 3| 116 06 3
26.5D “Bathymodiolus” mauritanicus —47.7 1| -05 1 17.7 1
26.6D “Bathymodiolus” mauritanicus —49.5 2.1 3| -12 03 3 17.7 1
27.1Mr Lucinoma asapheus* —29.8 04 3 44 03 3| -160 25 3
28.1CA Thyasira vulcolutre* -349 06 3 41 09 3| -140 24 3
28.2CA Thyasira vulcolutre* -349 00 3 36 13 3| -06 06 3
28.3S Thyasira vulcolutre -341 02 3 21 07 3| -84 05 3
28.4CR Thyasira vulcolutre -36.8 04 3 26 14 3 1.0 05 3
28.5CR Thyasira vulcolutre -346 18 3 27 22 3 22 00 3
28.6CR Thyasira vulcolutre -354 10 3 48 09 3 1
28.7CR Thyasira vulcolutre -344 03 3 34 07 3| -276 17 3
28.8CR Thyasira vulcolutre -353 04 3 51 08 3| -21.9 1

Isotopic signatures @S measured iA. gadiraeshowed  lower: 26.1 %o as well as within the same volcano (2.2, 10.6
a wide range (37.6 %o) with high variability within the same and 3.0 %o in Gemini, Meki&s and Darwin MVs, respec-
site (14.2 %o in Yuma MV) and between different sites (more tively). Thyasira vulcolutrresented3*S ranges of 13.4 %o
than 20 %o). InS. elarraichensishe §3*S overall range was in Capt. Arutyunov MV and 29.8 %o in Carlos Ribeiro MV
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Fig. 2. Mean values (from Table 2) afl3C vs. §1°N for Bivalvia (A) and Frenulat4B) from the Gulf of Cadiz. Global mean values of
species and respective standard error are also represetifed 8pecies codes as defined in Fig. 1.
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Fig. 3. Total ranges and average values (symbob)léf_‘, ands34s of the different chemosymbiotic species co-occurring in each mud volcano.
Species codes as defined in Fig. 1.

(comparable to the overall range for the species). The siXVithin Yuma MV, ranges of 1.5 and 3.5 %. were registered

specimens of B” mauritanicus all from Darwin MV, var-  for §13C ands'°N, respectively.

ied by 5.2 %o. Overall, intraspecifics'3C ranges were narrower within
Intra-specific variation of frenulate isotopic signatures the same MV than between different MVs whifé#S ranges

could only be examined for the speciggoglinumib. The  were sometimes higher within the same MV than between

813C values varied from-35.9 %o in the Lazarillo de Tormes different MVs (Fig. 3). For each given speci&¥S ranges in

MV to —33 %o in the Sagres MVS'N values varied from  different MVs were much more variable and usually wider

0.2 %o (Sagres MV) to 12.2 %o (Gemini MV) and t#*S  than theirs13C ranges.

varied from —8.4 (Sagres MV) to 6.5%0 (Gemini MV).
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4 Discussion ness, all important features that may influence their ability to
exploit different sources of nutrients.
4.1 Distribution and life styles In the Gulf of Cadiz, the methane—sulphate zone, where

most microbial activity occurs, is usually more than 30cm

Studies that combine form and function are essential to unbelow the seafloor and often at 80cm or more below the
derstand the ways in which chemosymbiotic species haveeafloor (Niemann et al., 2006; Hensen et al., 2007). An ex-
evolved to exploit their environment and to interpret their ception is Capt. Arutyunov MV where high methane concen-
current distribution. Because the association between a metdrations were measured near the surface (Hensen et al., 2007).
zoan and its symbionts can be seen as an adaptation #urrowing bivalves and frenulates with long bodies were
bridge oxic—anoxic interfaces (Cavanaugh, 1994), the chemexpected in mud volcanoes with wider redox boundaries,
istry profile of the sediments is expected to play a role in de-living in sediments where high sulphide concentrations are
termining which species are able to inhabit a particular sitedeep below the sediment interface. This holds true for frenu-
(Dando et al., 2008). late species; for example the long frenulatesellisabella

Solemyid, lucinid and thyasirid bivalves are sediment denticulata Spirobrachia tripeiraandBobmarleya gadensis
dwellers whose burrows span oxic—anoxic interfaces in thehave only been found in Porto, Bonjardim and Carlos Ribeiro
seafloor. Whereas solemyids form “U”- or “Y”-shaped bur- MVs, where high sulphide concentrations are deep@ cm)
rows (Stewart and Cavanaugh, 2006), lucinids and thyasiridbelow the seafloor (Hensen et al., 2007; Nuzzo et al., 2008)
maintain an anterior inhalant connection to the surface (Tay-and the presence of gas hydrate reservoirs is likely to ensure
lor and Glover, 2000; Dufour, 2005) and produce long ram-fluxes capable of sustaining larger body sizes (and conse-
ified burrows. In some thyasirids the length and number ofquently higher biomass). In Capt. Arutyunov MV geochemi-
burrows show a negative relationship with the concentrationcal gradients are steep but highly variable; the sediments are
of hydrogen sulphide in the sediment (Dufour and Felbeck,frequently disturbed by gas hydrate dissociation and sustain
2003) and it has be proposed that lucinids and thyasiridsrery high densities of smaller frenulateSitjoglinumspp.).
are able to “mine” insoluble sulphides (Dando et al., 1994, At shallower MVs only the slinSiboglinumspecies and also
2004). Details of sulphur acquisition strategies are availablePolybrachiasp.1 (at Mercator MV only) are found, but al-
for some lucinid and thyasirid species but both groups ex-ways in more modest densities (Cunha et al., 2013). The
hibit such a diversity of morphologies and live in such a presence of small frenulates in MVs with a variety of geo-
wide variety of habitats that it is likely that they utilize a chemical settings suggests that smaller and shorter species
number of different behaviours and chemical pathways tomay have more flexible requirements of reduced compounds,
acquire reduced sulphur from the environment (Taylor andallowing them to exploit even lower concentrations that dif-
Glover, 2000; Dufour, 2005). Regarding Vesicomyidae, mostfuse to the upper sediments.
species live shallowly burrowed in sediment usually with the  The only epibenthic chemosymbiotic bivalve known in the
posterior half of the shell protruding (Krylova and Sahling, Gulf of Cadiz, ‘Bathymodiolus” mauritanicusvas found in
2010); sulphide uptake is through the foot that protrudes intodense aggregations inhabiting the narrow fissures between
the sediment, while oxygen uptake is through the gill (Gof- the large carbonate slabs that pave the crater of Darwin MV;
fredi and Barry, 2002; Taylor and Glover, 2010). Finally, aggregations of small (young) individuals are rare, suggest-
bathymodiolin mussels (family Mytilidae) are epibenthic and ing a strong intraspecific competition for the limited amount
live attached by byssus threads to hard substrates, sometime$favourable habitat where higher concentrations of reduced
forming tight aggregates. Their reliance on chemosyntheticcompounds reach the seafloor. In the Gulf of Cadiz, unlike
symbionts located in their gills implies that reduced com- many other cold seeps, chemosymbiotic bivalves are pre-
pounds are needed in the surrounding fluid, as they do notlominantly burrowing species that are found in a variety of
have access to the anoxic sediment (Duperron, 2010). BathyMVs with very different geochemical settings. Solemyids are
modiolin mussels occur in a broad range of environmentswidespread but were always found at relatively low densi-
which may be attributed to their nutritional flexibility: some ties. Thyasirids are represented by several species; the juve-
species are capable of hosting multiple symbioses, includniles and the smaller mixotrophic species may occur in rel-
ing the co-occurrence of sulphur- and methane-oxidizers, andtively high densities and are often found closer to the sed-
can obtain additional nutrition from filter feeding (Fisher et iment surface, while the larger speci€lyasira vulcolutre
al., 1993; Duperron et al., 2008). is only found at the deeper (more active) MVs. The small

Frenulata are generally described as tubeworms that exvesicomyidisorropodon megadesmissone of the dominant
tend over oxic—anoxic boundaries in the sediment, with thespecies found in the near surface of gas-saturated sediments
anterior end on the top layer of the sediment and the posin Capt. Arutyunov MV (Cunha et al., 2013). Also for the
terior tube and body buried in the sediment. However, thisvesicomyids, the larger speci€¥istineconcha regalwas
simplified description hides the variety of morphologies of only found in one of the deeper MVs.
different species that can show wide ranges of sizes (length These distributions suggest that different species and/or
and width), depth penetration in the sediment and tube thickontogenic phases may adjust their position within the
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sediment according to their particular needs and to the in-Génio et al., 2008) is in accordance with values previously
tensity and variability in the supply of the chemical sub- reported forB. childressi(a known methanotrophic mussel;
strata. Little is known about the distributional patterns at thesee Table S2). Molecular studies f@." mauritanicus re-

MV scale but up to five chemosymbiotic species were col-vealed the occurrence of a dual symbiosis with the pres-
lected in a single boxcore sample (Cunha et al., 2013). Thence of two phylotypes of methane-oxidising bacteria and
co-existence of such high numbers of bivalve and tubeworma less abundant phylotype of a sulphur-oxidising bacterium
species differing in size and shape at small spatial scales ar@odrigues et al., 2013). Although thiotrophy is usually in-

a conspicuous manifestation of niche differentiation. ferred froms&34S values below 5 %o (Vetter and Fry 1998),
the low abundance of sulphur-oxidising bacteria can explain
4.2 Methanotrophy vs. thiotrophy thes34S values above 5 %. found in our study. Isotopic values

for mytilids are variable and dependent upon their nutrition,

Overall, the isotopic signatures of the chemosymbiotic symbionts, ontogeny and local environmental conditions.
species indicate the prevalence of a thiotrophic mode of nu- The isotope values of other bivalve and siboglinid species
trition for most species with the exception®fcf. poseidoni  are consistent with the use of seawater,dt@ed via sul-
and“B.” mauritanicus. The presence of microbial symbionts phide oxidation and are in line with values reported for other
was confirmed in the majority of the studied species with species elsewhere. Th&C values measured In asapheus
molecular characterization and fluorescent in situ hybridiza-are in the range of values reported for lucinids from other
tion (Rodrigues et al., 2010, 2011b, 2012, 2013; Rodriguedocations that are known to harbour thiotrophic symbionts
and Duperron, 2011). The isotopic signatures of the two bi-(Table S2). The stable carbon isotope compositiom. aful-
valve tissues analysed (foot and gill) did not show coherentcolutre is also similar to that registered for oth€hyasira
differences in any of the studied species, which as suggestespeciesT. methanophilandT. sarsj Table S2) and indicates
in previous studies (Cary et al., 1989) is an indication of athat the autotrophic bacteria make a substantial contribution
high degree of carbon flow from the bacterial symbiont to to the nutrition of the host. Chemoautotrophy is usually con-
the host. sidered to be more important in the nutrition of thyasirids

Carbon isotopic values have been used to identify thethan of lucinids (Van Dover and Fry, 1989), which also seems
source of methane as either biogeni¢3C < —64 % when  to be the case in the Gulf of Cadiz, sintevulcolutrehave
purely biogenic) or thermogenic—B0>3§13C > -50%  more depleted values @f:3C thanL. asapheusHowever,
when purely thermogenic) methane (Schoell, 1980). Themore depleted values may reflect local isotopic signatures of
813C signature of the species harbouring methanotrophianethane due to assimilation of pore water bicarbonate de-
symbionts,S. cf. poseidoniand Siboglinumld from Capt.  rived from microbial sulphate reduction coupled to methane
Arutyunov MV, and ‘B” mauritanicus from Darwin MV oxidation (Scott et al., 2004; Becker et al., 2011). Methane
(Rodrigues et al., 2011b, 2013), are consistent with the inisotopic signature (Table S1) is considerably less depleted at
ferred thermogenic origin of methane in the Capt. Arutyunov shallower MVs (higher thermal maturity of methane; Nuzzo
MV in particular and the Gulf of Cadiz in general (Nuzzo et et al., 2009) wherd.. asphaeusccurs than in the deeper
al., 2008). MVs whereT. vulcolutreis found.

Averages13C values forS.cf. poseidoniand Siboglinum
Id were less depleted than values previously reportedfor 4.3 Resource partitioning
poseidonicollected in Norwegian fjords which are known
to harbour methane-oxidising bacteria (Schmaljohann andrhe high diversity of chemosymbiotic species found in the
Flugel, 1987; Supplement Table S2). Nevertheless, the valGulf of Cadiz may be explained by a combination of his-
ues reported here are compatible with methanotrophic nutritorical and contemporary factors (Cunha et al., 2013). The
tion, and molecular studies have already shown the occuraumber of species coexisting in a single MV may be as high
rence of methane-oxidising bacteriaSrcf. poseidonifrom as nine (e.g. Capt. Arutyunov MV) and usually with no ap-
the Capt. Arutyunov MV (Rodrigues et al., 2011b). The av- parent zonation pattern, which suggests that there is resource
erage 0f534S value below 6 %o found iis.cf. poseidonivas  partitioning. This may occur by means of differentiated life
unexpected as it may indicate thiotrophy. A possible explanastyles, differentiated metabolic pathways and strategies or by
tion for this value is a putative contamination of the samplea combination of these. If chemical resource partitioning oc-
by specimens belonging to other species. Because of theiturs, consistent differences in isotope values between species
small size and morphological similarity, it is possible that may be expected (Becker et al., 2011). Co-occurrence of phy-
co-occurring juveniles oPolybrachiasp. 2 may have been logenetically close species is particularly interesting and in
pooled together in the analysis, which complicates the interthe Gulf of Cadiz it may be observed both for thyasirids and
pretation of the results and may explain this apparent contrasolemyids.
diction. Overall, Solemya elarraichensipresented more depleted

The highly depleted3C isotope signature oB” mauri-  §3C and more enriche#f°N signatures thaAcharax gadi-
tanicus (species confirmed as part of the “childressi” group; rae, which are probably consequences of metabolic and
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morphological differences between the two species. Sym¥urthermore, because of the shallower water depth they may
bionts of co-generics of both species are known to use differhave access to organic nitrogen derived from surface waters.
ent forms of the enzyme ribulose 1,5-bisphosphate carboxyOn the contrary, lows1°N values indicate that organic ni-
lase/oxygenase (RubisCO) for g@xation. Whereas sym- trogen is of local origin, presumably resulting from the ac-
bionts of Solemyaspecies present RubisCO form | (Scott et tivity of autotrophic bacteria (Levin, 2005; MacAvoy et al.,
al., 2004), symbionts ofAcharaxpresent the form Il of the 2008), and are possibly due to assimilation of isotopically
enzyme (Duperron et al., 2012), which has lower discrimina-light nitrate or ammonium by the symbionts or, in the case
tion factors against®CO,. Previous studies have shown that of the very negative values, possibly fixation of KFisher,
the difference in discrimination againsiC isotopes by the  1995). As proposed by other authors (Carlier et al., 2010), we
two forms of RubisCO can explain the disproportion in the hypothesize that the inter-specific variationss&tN found
13C values between two groups of chemosymbiotc inverte-in this study may result from species-specific types of sym-
brates: the “-30 %0 513C group” with a form | RubisCO and  bionts characterized by different fractionation factors during
the “—11 %0813C group” expressing a form Il (Robinson and the assimilation of dissolved inorganic nitrogen, and that in
Cavanaugh, 1995). the particular case of frenulate tubeworms, different species
When compared with other taxa that also present form limay have different degrees of access and abilities to exploit
RubisCO (e.g. vent vestimentiferans), the values founéfor dissolved organic compounds.
gadiraeare more depleted but are in accordance with the val- In general, there was considerably less intra-spegifi€
ues found for the bivalveSalyptogena magnificandCalyp-  variation between specimens collected from the same vol-
togena pacificdSouthward et al., 1994; Fisher, 1995), which cano than from different MVs, which is plausibly explained
suggests that bivalves expressing RubisCO form Il may havédy a higher variation in the composition of hydrocarbon
factors other than this enzyme structure and kinetics conpools at larger spatial scales (from one MV to another). These
tributing to the carbon fractionation. differences may be lower at shallow MVs as high thermal
It is worth noting that within our samples &. gadirae maturity of the gases is consistent with more limited differ-
specimens from deeper MVs presented more depkéd ences in carbon isotopic composition (Nuzzo et al., 2009).
values and in the same range of values foundSoelar-  However, there were relevant intra-specific differences in the
raichenss. Oliver et al. (2011) ascribeficharaxspecimens isotopic signatures of chemosymbiotic species both within
from Porto and Carlos Ribeiro mud volcanoes to the newand between MVs. The observed intra-specific variation in
speciesA. gadiraebut because of the small size of the avail- the §13C may result from the assimilation of DIC of diverse
able specimens the same authors raised the possibility arigins depending on the MV, and in variable proportions,
the existence of a different species in these mud volcanoegyut also from the variablé!3C fractionation occurring dur-
which could also explain the difference in the isotopic signha-ing DIC fixation by endosymbionts, with the isotopic frac-
tures. tionation depending on the growth rate, and therefore on the
When compared with previous data, t°C values of  size of each individual, as reported by other studies (Carlier
S. elarraichensiand ofA. gadiraefrom the deeper mud vol- et al., 2010).
canoes were similar to those found for other species of the Similar arguments can be used to explain the differences
same genera (Table S2). However, several differences weria the 534S signatures. There is little fractionation between
found in the31°N values between solemyid species, suggest-sulphide and sulphate or organic sulphur as a result of sul-
ing that they are using different chemical species of nitrogen phide oxidation by chemoautolithotrophic bacteria (reviewed
tapping different pools of nitrogen, or discriminating differ- in Canfield, 2001). Thereforé34S values of animals with
ently after acquisition of their nitrogen source. Furthermore,chemoautolithotrophic sulphur-oxidising symbionts reflect
the s1°N range may likely reflect a dilution of the very high their reduced sulphur source (MacAvoy et al., 2005) and
15N ammonium values occurring at the sediment water inter-probably the relative abundance of reduced compounds avail-
face (Lee and Childressi, 1996; Carlier et al., 2010). able.s34S values were highly variable among individuals of
Nitrogen isotope values measured in various species ofhe same species, either in different MVs or within the same
chemosymbiotic bivalves and frenulate tubeworms showedWV, reflecting high variability in the sulphide pool on a very
a wide range of values (Table S1), including one speciesmall spatial scale. According to Becker et al. (2011), this
with 815N values above 6 %o (value indicated by Levin and pattern of high variability is consistent with the cycling of
Michener (2002) as upper limit for the presence of chemoausulphate and sulphide between chemosymbiotic invertebrates
totrophic symbionts). Similar relatively high values were and sediment microbial consortia. It is known that in the Gulf
found inSiboglinumb collected from three of the shallowest of Cadiz, the variations in environmental setting and AOM
mud volcanoes and are probably related to the fact that thesactivity are reflected by very diverse microbial community
animals can exploit different sources of nitrog8iboglinum  compositions and that the three microbial consortia known
species are known to be able of take up and metabolize diso perform this reaction (ANME-1, -2, and -3) are active
solved organic compounds in addition to the nutrition pro- with different distribution patterns (Vanreusel et al., 2009).
vided by their symbionts (Southward and Southward, 1981) .t is therefore probable that a diversity of sulphide sources
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