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Abstract. Bridging the Atlantic and Mediterranean conti-
nental margins, the South Iberian region has recently been
the focus for geological and biological investigations. In this
region, the Gulf of Cadiz (GoC) encompasses a great vari-
ety of deep-sea habitats that harbour highly diverse biologi-
cal communities. In this study, we describe the composition
of gastropod assemblages obtained from in situ colonization
experiments and benthic sampling of deep-sea habitats in
the GoC. Gastropod distributional patterns, such as bathy-
metric ranges, bathymetric turnover, affinity to substrate
types and abundance-occupancy relationships, are analysed
and interpreted in relation to their inferred dispersal capa-
bilities and substrate availability. Overall, the GoC com-
prises a high diversity of gastropods (65 species), and dis-
tinct assemblages were found in typical sedimentary envi-
ronments at mud volcanoes and in association with carbon-
ate and coral samples or organic substrata. The number of
taxa peaked at the Carbonate Province in the middle slope
(600–1200 m depth), a highly heterogeneous area with nu-
merous mud volcanoes, carbonate mounds and corals. Dar-
win (1100 m) and Captain Arutyunov (1300 m) mud vol-
canoes harboured the most species-rich and abundant gas-
tropod assemblages, respectively. Colonization experiments
with organic substrata (wood and alfalfa grass) also yielded
diverse and abundant gastropod assemblages. These organic
inputs allowed the recruitment of local species but mainly of
wood specialist taxa that were not previously known from
the GoC. Our results suggest that the distribution of gastro-
pod assemblages may be primarily determined by the oc-
currence of suitable habitats, probably due to the effect of
the substrate type on the structural complexity of the habitat

and availability and diversity of adequate food sources. The
type of larval development is apparently not a limiting fac-
tor for colonization of deep-sea habitats. However, the pre-
dominance of non-planktotrophy, and especially lecithotro-
phy, suggests that a trade-off between more limited disper-
sal capability and higher potential for self-recruitment may
be a recurrent pattern in gastropod species inhabiting re-
ducing environments and other patchily distributed deep-sea
habitats. A network of suitable habitats that ensures effec-
tive population connectivity would explain the predominance
and relatively wide distribution of short-distance dispersing
non-planktotrophic species in the GoC deep-sea habitats and
other geographical regions.

1 Introduction

The discovery of highly productive communities at
chemosynthetic sites (hydrothermal vents, cold seeps and
large organic food falls), and the unsuspected frequency of
cold-water coral reefs, completely changed our perception
of the deep-sea environment. The combination of geomor-
phologic, hydrographic, geochemical and biotic features of
continental margins generates habitat heterogeneity at spa-
tial scales ranging from centimetres to kilometres, and tens to
hundreds of kilometres (Levin and Sibuet, 2012). According
to the habitat heterogeneity hypothesis, structurally complex
habitats lead to an increase in species diversity by provid-
ing a higher number of distinct niche dimensions and diverse
ways of exploiting resources (Cordes et al., 2010a). This is
the case of the Gulf of Cadiz (GoC) region (NE Atlantic),
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where the interaction of the convergent tectonic setting and
complex hydrographical circulation favours the occurrence
of a particularly diverse array of deep-sea habitats; these
habitats include mud volcanoes, carbonate concretions and
cold-water corals that sustain rich biological communities.
Gastropods play a relevant role in this vast seepage region;
they account for up to 5 % of total macrofaunal abundance in
the best-sampled mud volcanoes and rank among the domi-
nant species in the most active ones (Cunha et al., 2013).

Despite the recognized importance of gastropods in deep-
sea communities, both in terms of diversity and biomass
(Levin, 2005; Decker et al., 2011; Bernardino et al., 2012;
Ritt et al., 2012), very little is known on their distribu-
tional patterns. Gastropods are often highly abundant in re-
ducing environments, but while the gastropod vent fauna is
fairly well known, the cold seep taxa are less studied, be-
cause seep gastropods are often part of a vast and more
diverse surrounding fauna (Sasaki et al., 2010). Gastropod
species are also known from organically enriched deep-sea
habitats such as sunken wood and animal carcasses (Sasaki
et al., 2010), but there is little information on the gastro-
pod fauna associated with cold-water corals and other hard
substrate deep-sea habitats (Young, 2009). Gastropods have
been often the focus of studies investigating reproduction
and dispersal in the deep-sea environment (Rex and Warén,
1982; Bouchet and Warén, 1994; Eckelbarger and Young,
1997; Hodgson et al., 1998; Young et al., 2012). Life-history
traits (e.g. egg size, type of larval development, larval feed-
ing behaviour) can be inferred from the larval shell that
remains usually well preserved in the adult (Sasaki et al.,
2010). A feeding pelagic larval stage (planktotrophic lar-
vae) is frequently assumed to favour widespread geograph-
ical distributions, while larval retention would be more com-
patible with non-planktotrophic species, which develop us-
ing a maternal energy source (e.g. lecithotrophic species,
brooders, intracapsular development) (Sasaki et al., 2010).
However both long-distance dispersal (enabling high rates of
habitat occupancy) and self-recruitment owing to local lar-
val retention (enabling high local abundances) are possible
in planktotrophic and lecithotrophic dispersers (Shiling and
Manahan, 1994; Young, 1999, 2003; Pradillon et al., 2001;
Swearer et al., 2002). Yet for brooders, dispersal is often
limited by the foraging range of adults. Information on life
history traits and dispersal of deep-sea species is vital to un-
derstand species distributions and the connectivity of highly
patchy or isolated deep-sea habitats.

Samples collected in the GoC during the past decade, en-
compassing various habitats over a large depth range, com-
plemented by in situ colonization experiments, provided an
opportunity to investigate distribution patterns of gastropods
and their potential affinity with different substrate types. We
compiled information on larval development of each species
and inferred their dispersal capabilities. Our working hypoth-
esis is that species distributions are the outcome of the in-

teraction of dispersal capability and habitat selection and/or
substrate availability.

2 Material and methods

This study encompasses a vast seepage area along the Moroc-
can, Spanish and Portuguese margins of the GoC, at depths
between 200 and 4000 m. We consider three sub-regions
as described in more detail by Rodrigues et al. (2011): (i)
the El Arraiche field (EA) encompasses several mud volca-
noes (MVs) in the shallow Moroccan margin (200–600 m)
where the proximity to the euphotic zone and to the African
coast adds to the great productivity observed in the area; (ii)
the Carbonate Province (CP), pierced by several mud vol-
canoes, corresponds to an extensive bathymetric strip (600–
1200 m) along the Moroccan and Spanish margins, where the
widespread occurrence of authigenic carbonates is accom-
panied by numerous mounds, thickets and debris of mostly
dead cold-water scleractinian corals; (iii) the deep-water field
(DF; 1200–4000 m), mostly within the Portuguese margin,
includes several of the most active mud volcanoes in the re-
gion. These sub-regions are characterised by distinct geolog-
ical, geochemical, and biogenic features. The oceanographic
circulation is dominated by the exchanges through the Strait
of Gibraltar (Ambar et al., 2002), and by the formation of
meddies and recirculation of the Mediterranean Outflow Wa-
ter (Quentel et al., 2011) that interacts with the seafloor at
intermediate depths (mostly coinciding with the CP bathy-
metric strip). Further details on GoC environmental settings
are provided by Cunha et al. (2013) and references therein.

2.1 Sampling

Macrofaunal samples were collected in the GoC during 14
cruises carried out between 2000 and 2009 using a variety
of quantitative and non-quantitative sampling gears and pro-
cessed on board accordingly (Rodrigues et al., 2011). The
material retained by a 500 µm mesh sieve was fixed in 70 or
95 % ethanol for further examination. Overall more than 250
samples were collected from numerous locations, but gas-
tropods were found in 58 samples from 21 locations (Fig. 1).
Forty of these samples were collected from typical sedimen-
tary environments at the craters and flanks of the MVs, here-
after referred as “mud volcano” samples, and ascribed to one
of the three bathymetric sub-regions (EA: 4 MVs, 15 sam-
ples; CP: 4 MVs, 7 samples, DF: 5 MVs, 18 samples). An-
other 18 samples consisted of organic (sunken wood; one
sample collected at 2200 m) or hard substrata (dead sclerac-
tinian coral framework, rocks, carbonate chimneys and car-
bonate concretions; 17 samples collected at depths between
227 and 1390 m) hereafter referred to as “adjacent habitats”.

Each sample was ascribed to one of four categories of sub-
strate type: (i) soft (S) – mostly mud breccia from the craters
and the flanks of MVs (34 mud volcano samples); (ii) hard

Biogeosciences, 10, 5159–5170, 2013 www.biogeosciences.net/10/5159/2013/
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Fig. 1. Map of the study area (Gulf of Cadiz) showing samples locations from 225 m (AI) to 3900 m (Por). Multi-coloured circles repre-
sent samples from different substrate types. The mud volcanoes are included in three sub-regions: (i) El Arraiche: AI: Al Idrisi∗; Fiu: Fiúza
MV; Gem: Gemini MV; Kid: Kidd MV; Mer: Mercator MV; (ii) Carbonate Province: Dar: Darwin MV; Ib: Iberico MV∗; JB: Jesus Baraza
MV; Mek: Meknès∗ MV; Pip: Pipoca MV; Stu: Student MV; TTR: TTR MV*; and (iii) Deep-water Field: Bon: Bonjardim MV; CA: Captain
Arutyunov MV; CR: Carlos Ribeiro MV; Por: Porto MV; Sag: Sagres MV. In the MVs marked with∗ gastropods were only found in sam-
ples from hard substrata in adjacent habitats. The sites GR: Gaudalquivir Ridge; PDE: Pen Duick Escarpment; VR: Vernadsky ridge; WG:
West of Gibraltar Strait are sites of accumulation of carbonate chimneys and concretions, and dead scleractinian framework. Colonization
experiments were deployed in Mercator, Meknès and Darwin MVs.

(H) – carbonate slabs, crusts, and chimneys, rocks (lime-
stones and other lithologies) and coral framework (16 adja-
cent habitat samples); (iii) mixed (M) – a mixture of mud
breccia, small fragments of carbonate and/or biogenic debris
such as coral rubble and shell ash (6 mud volcano and one
adjacent habitat samples); and (iv) organic (O) – wood (one
sample of sunken wood).

Additional samples were obtained from in situ colo-
nization experiments (CHEMECOLI – CHEMosynthetic
Ecosystem COlonization by Larval Invertebrates, (Gaudron
et al., 2010) using three types of substrate – wood, dried al-
falfa grass and carbonate. The artificial substrates were in-
cluded inside a Nylon net of 2mm mesh, allowing the coloni-
sation of the substrates by metazoan larvae or juveniles but
not by the adults of most species. Four sets of experiments
were deployed on the craters of Mercator (2 sets), Meknès (1
set) and Darwin (1 set) MVs, and recovered after approx. 1 or
2 yr by using an ROV. After recovery, the different substrates
were sub-sampled and processed for different purposes ac-
cording to a standardised protocol (Gaudron et al., 2010).
Two-thirds of each sample were kept for biodiversity stud-
ies and fixed in 95 % ethanol (one-third) and formalin (one-
third). The whole sub-sample (not sieved) was sorted under a
stereomicroscope. Colonization experiments are represented

by four samples of wood (O), four samples of alfalfa (O) and
four samples of carbonates (H).

The metadata of all samples and their allocation to sample
type (mud volcanoes, adjacent habitats, colonization experi-
ments), bathymetric sub-groups of mud volcanoes (EA, CP,
DF), and substrate type (S, M, H, O) are provided in Supple-
ment Table 1.

2.2 Taxonomic identifications and data analyses

Gastropod specimens were identified to species level when-
ever possible. Several taxa were not yet matched with
a species name but they were all sorted into putative species
and ascribed a codename consistent throughout the samples.
Therefore the estimated species richness can be considered
accurate, although minor changes may be made in the fu-
ture following more thorough taxonomic revisions of the
material. This is the case of the specimens ascribed to the
family Marginellidae, and generaCoccopygiaandCopula-
byssia, which may include more than one species. Species
identifications were based on morphological observations of
shells, radula and opercula using optical and scanning elec-
tron microscopy and critical point dried soft parts. Specimens
were treated according to the methods described in Geiger et
al. (2007). In many cases, species identification also requires
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DNA sequence analyses, which is currently in progress. Tax-
onomical considerations and descriptions of new taxa are in
preparation and will be published elsewhere.

Our dataset was obtained from a wide variety of sam-
pling gear; it is very heterogeneous and in many cases abun-
dances are not referable to a given sampling area, although
we used standardized procedures for each type of sampling
gear. Therefore, density estimates were only possible for
a limited number of samples taken with USNEL boxcores
(area: 0.25 m2) (Cunha et al., 2013).

The bathymetric range of each species in the region was
assessed based on presence/absence data obtained from the
total set of samples (mud, volcanoes, adjacent habitats and
colonization experiments). Species bathymetric ranges were
then used to draw accumulation, loss and turnover curves
representing taxa replacement with increasing depth (Ugland
et al., 2003; Colwell et al., 2004). The analysis of abundance-
occupancy relationships was approached by classifying each
taxon into one of five distributional categories: (i) singletons
– corresponding to single occurrences, (ii) rare species - two
or three individuals found at one substrate type, (iii) mod-
erate – more than three and less than 10 individuals found
in one or more substrate types, (iv) abundant – taxa with
more than 10 individuals found in two substrate types, and
(v) ubiquitous – taxa found at all three substrata (usually also
very abundant).

Finally, abundance-occupancy patterns were compared in
relation to the following developmental categories: plank-
totrophic, non-planktotrophic and lecithotrophic. Wherever
possible, the development mode of each species was ob-
tained from available data in the literature (Supplement Ta-
ble 2), or inferred from protoconch morphology using the
“Thorson’s apex theory” (Jablonsky and Lutz, 1983) and
comparisons to closely related taxa with known development
mode. We consider that planktotrophic larvae have an obli-
gate feeding pelagic stage, while non-planktotrophs develop
using a maternal energy source. Non-planktotrophic devel-
opment includes life cycles with a non-feeding pelagic phase
(herein designated loosely as lecithotrophic), brooders and
intra-capsular development. In some cases, information com-
piled in the literature allowed for the assignment of species to
the non-planktotrophic sub-category of “lecithotrophs” (Sup-
plement Table 2).

3 Results

Gastropods occurred in approximately one fifth of the macro-
faunal samples collected in the mud volcanoes and adja-
cent habitats of the GoC. A total of 2362 gastropod speci-
mens were examined and ascribed to 65 taxa (Fig. 2; Sup-
plementary Table 2). Caenogastropoda is the most diverse
subclass (27 species in 15 families), followed by the Vetigas-
tropoda (24 species in 11 families) and the Heterobranchia
(9 species in 3 families). Less diverse were the Cocculini-

formia with three species all belonging to the family Coc-
culinidae, including one new genus that waits formal descrip-
tion and the Patellogastropoda and Neomphalina represented
by only one species each. A high proportion (35 %) of taxa
were singletons, and more than half (63 %) of the species was
recorded in just one or two samples.

3.1 Species distributions

The most striking feature of the observed bathymetric distri-
bution of gastropods (Fig. 2) is the high number of species
with overlapping distributions at the middle slope (roughly
500–1500 m) contrasting with the scarce number of species
at greater depths (down to 4000 m). Carbonate concretions
and scleractinian corals rarely occur deeper than 1200 m and
mud volcanoes are more sparsely distributed in the deep
field, thus gastropods were only found in five sites across
this large bathymetric range. The accumulation, loss and
turnover curves (Fig. 3) reflect the scarcity of gastropod oc-
currences at great depths and highlight the three major loca-
tions of species replacement: Mercator MV (EA) (18 species
added and 8 lost), Darwin MV where more species are lost
than gained (13 lost and 10 gained, respectively), and Captain
Arutyunov MV where ten species from the shallower areas
have their deepest limit, and first occurrence was recorded
for six taxa.

The taxonomic composition of gastropod assemblages
shows a distinct variation according to the substrate type
(Fig. 4a; all samples except colonization experiments). The
number of Vetigastropoda and Heterobranchia taxa showed
little variation (7–9 and 2–5 species, respectively) among
hard, soft and mixed substrata. On the other hand, the
Caenogatropoda were represented by a much higher num-
ber of taxa in soft sediments (19 in opposition to 8 and
10, respectively in “mixed” and “hard”), and clearly dom-
inated the assemblage of this sedimentary substrate type.
Mixed sediments showed the most even distribution of the
different major taxonomic groups (Fig. 4a) and were the
only substrate where Patellogastropoda and Neomphalina oc-
curred. The only sample representing organic substrate (a
small wood fall collected at Carlos Ribeiro MV) yielded only
three species from which two were Cocculiniformia (Coc-
culinidae n. gen. andFedikovellasp.), a group that was never
found in the other substrata. The number of species occur-
ring exclusively in soft sediments was higher (22 out of 32)
than the one observed exclusively on hard substrata (12 out
of 21). All three species in organic substrate occurred only in
that sample, while the remaining 22 taxa were found either
in mixed substrate or in more than one type of substrate (7
and 15 species, respectively).

A total of 21 taxa were found in the 17 hard substrate sam-
ples (Fig. 4a) from adjacent habitats located along the up-
per slope of the Moroccan and Spanish margins, usually in
the vicinity of MVs, but with little or no influence of the
cold seeps (Supplement Table 1). The highest number of
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Fig. 2. Bathymetric distribution of the gastropod taxa collected in the Gulf of Cadiz. Type of larval development is indicated after each
taxon’s name. P: planktotrophic; L: lecithotrophic; N: non-planktotrophic; U: unknown. Data from all samples and experiments are included.

www.biogeosciences.net/10/5159/2013/ Biogeosciences, 10, 5159–5170, 2013



5164 L. Génio et al.: The snails’ tale in deep-sea habitats in the Gulf of Cadiz

Fig. 3. Regional accumulation, loss and turnover of gastropod taxa
along the depth gradient in the Gulf of Cadiz. Data from all samples
and experiments are included.

samples (5) was collected in the Pen Duick Escarpment (Mo-
roccan upper slope). Very low numbers of individuals were
obtained from these habitats, and the majority of species
were singletons. The CaenogastropodaAlvania cimicoides(6
individuals) andAlvania zylensis(5), and the Vetigastropoda
Putzeysia wiseri(6) and AnatomaspB (6) were the most
common species in hard substrata, but the two Caenogas-
tropoda were restricted to shallower depths.

Mud volcano samples consisted of mixed (6 samples) and
soft sediments (34 samples). In fact, the mud volcanoes were
the main sampling target of this study and their gastropod
assemblages were the best characterized, with a total of
42 species collected (Fig. 4b – mud volcano samples only).
From these, 14 species were present in EA (4 MVs; 15 sam-
ples), 20 in CP (4 MVs; 7 samples) and 19 in DF (5MVs;
18 samples) and only eight species were shared between dif-
ferent bathymetric sub-regions. Vetigastropoda were poorly
represented in the shallower mud volcanoes (EA: 1 species)
that were clearly dominated by Caenogastropods (10 species;
70 % of the total species richness, Fig. 4b). In the deeper

mud volcano sub-regions (CP and DF) the contribution of
Caenogastropoda and Vetigastropoda was more balanced, but
the highest diversity at the sub-class level (also at species
level) was observed in the group of mud volcanoes from the
Carbonate Province (Fig. 4b).

Three Caenogastropod species showed a wide bathymetric
range and were found across the three sub-regions,Punctu-
lum porcupinae(5 samples),Pagodula echinata(10 samples)
andAmphissa acutecostata(11 samples). The major contrib-
utors to the species richness in each region were the assem-
blages from Mercator (EA, 350 m), Darwin (CP, 1100 m)
and Captain Arutyunov MVs (DF, 1300 m) with 8, 17 and
11 species represented in 8, 4 and 11 samples, respectively.
Marginellidae were always abundant (up to 192 ind. m−2) in
the crater of Mercator, accounting up to 4.9 % of the total
macrofaunal abundance (Cunha et al., 2013). The crater of
Darwin MV is covered with large authigenic carbonate slabs
and therefore quantitative sample are not available for es-
timates of abundance. However the neomphalinLeptogyra
spA was the most abundant gastropod collected using a suc-
tion sampler in mytilid beds from this MV – this gastropod
occurred exclusively in this MV. In sediment samples con-
taining gas hydrates from the crater of Captain Arutyunov
MV, gastropods reached 600 ind. m−2 – an undetermined
vetigastropod (Vetigastropoda spA), the rissoidObtusella
intersectaand the xylodisculidXylodisculaspA were the
fourth, fifth and sixth most dominant species of the macro-
faunal assemblage (5.7, 4.9 and 2.9 % of the total macrofau-
nal abundance, respectively; Cunha et al., 2013).

3.2 Colonization of artificial substrata

CHEMECOLI experiments were densely colonised by gas-
tropods, in particular the wood substrate and the alfalfa grass
deployed in Mekǹes and Darwin. Overall, the colonization
experiments showed high diversity at the major taxonomic
level (Fig. 4c). Colonization of the carbonate substrata was
generally scarce, and only a few gastropod species (9 in total)
were collected from the experiments deployed in Mercator
(PseudosetiaspD, 26 specimens), Meknès (XylodisculaspA,
one individual) and Darwin (seven taxa, 15 individuals). The
eight samples of experimental organic substrates yielded a
total of 17 taxa (Fig. 4c). Pseudococculinids were by large
the dominant taxa –Copulabyssiaspp. was the most abun-
dant taxa especially in Meknès and Darwin with over 1200
individuals collected, followed by the cocculinidCoccopygia
spp. with a couple of hundred individuals. Much lower num-
bers (21Copulabyssiaspp. and 3Coccopygiaspp.) were also
collected in Mercator. These species had never been found in
typical mud volcano settings in the GoC. Colonization ex-
periments showed that several species (12) occurring in the
mud volcanoes can also explore opportunistically organic
substrata. These include abundant species such asXylodis-
cula spA (Mercator, Mekǹes and Darwin MVs), Marginelli-
dae andPseudosetiaspD (Mercator MV), andLeptogyraspA

Biogeosciences, 10, 5159–5170, 2013 www.biogeosciences.net/10/5159/2013/
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Fig. 4. Taxonomic composition of gastropod assemblages in the Gulf of Cadiz.(A) Comparison between different substrate types (samples
from mud volcano and adjacent habitats).(B) Comparison between bathymetric sub-regions (samples from mud volcanoes only).(C) Com-
parison between hard and organic artificial substrata from in situ colonization experiments. Figures below bars indicate the number of samples
(n) and the number of species (S) in each assemblage. H: hard; M: mixed; S: soft; O: organic; EA: El-Arraiche; CP: Carbonate Province;
DF: deep field.

(Darwin MV). Interestingly the rissoidAlvania cimicoides,
found in carbonate and coral sites at Pen Duick Escarpment
(in the vicinity of EA MVs), was also able to colonize wood
and dried alfalfa grass not only in Mercator but also at the
deeper Mekǹes and Darwin MVs.Obtusella intersecta, on
the other hand, occurs in the crater of Capt. Arutyunov MV
(1300 m) and was able to colonise dried alfalfa grass in the
shallower Mekǹes MV (350 m).

3.3 Larval development

From the 65 gastropod species found in the GoC deep-sea
habitats and experimental settings, 25 are lecithotrophs, an-
other 17 species were considered as non-planktotrophic and
only 11 species have larval shells typical of planktotrophic
development. For the remaining 12 species, the type of larval
development is unknown and could not be inferred from the
available specimens (Fig. 2 and Supplement Table 2). Non-
planktotrophic species presumably have the lowest disper-
sal capability, but yet showed to have abundance-occupancy
patterns categorised mostly as Ubiquitous or Abundant (oc-
curring usually in more than one substrate and in relatively
high numbers) with only about 30 % classified as Single-
ton and Rare (Fig. 5). Planktotrophic species, on the other
hand, have pelagic-feeding larval phases that are likely to
result in greater transport distances. However, 82 % of the
gastropod species with this type of development showed re-
stricted distributions and occurred mostly in one type of sub-
strate only as Singleton and Rare taxa (55 % and 27 %, re-
spectively). Because lecithotrophic species have non-feeding
pelagic larvae, their dispersal ability is assumed to be in-
termediate in relation to the other development modes;
these species showed in fact a more even contribution of
Singleton and Moderate categories (40 % and 36 %, respec-
tively).

Our results do not show a relationship between large
distributional range and planktotrophic development. The

three species exhibiting wider bathymetric ranges (present
in all mud volcano sub-regions) have distinct modes of lar-
val development –Amphissa acutecostatais planktotrophic,
while Pagodula echinataand Punctulum porcupinaehave
non-planktotrophic larvae. From the four species with dis-
tribution spanning the two deeper sub-regions (CP and DF),
one is categorised as lecithotrophic and three are non-
planktotrophic. Planktotrophs recorded in our samples are
typically caenogastropods, occurring in hard substrata from
adjacent habitats, at depths shallower than 1200 m. In fact,
most of the species occurring in high numbers, with wide
bathymetric ranges or in various substrate types are non-
planktotrophic.

4 Discussion

4.1 Abundance and distribution

This study provides the first report on the gastropod assem-
blages from mud volcanoes and adjacent deep-sea habitats
in the GoC. By using in many cases a 500 µm sieve we may
have underestimated the species richness and abundances, as
most deep-sea gastropods have minute sizes (Geiger et al.,
2007). Considerably higher abundances have been recovered
from cold seep sites using 250 µm sieves (Decker et al., 2011;
Ritt et al., 2012). Nevertheless, gastropods showed diverse
assemblages in the GoC and, although practically absent in
reference samples (hemipelagic sediments in the vicinity of
mud volcanoes), they were among the dominant species in
samples from Mercator, Darwin and Capt. Arutyunov MVs;
these MVs are thought to be the most active respectively in
the EA, CP and DF sub-regions considered in this study. Ac-
tive gas bubbling was observed both in Mercator and Dar-
win (Vanreusel et al., 2009) and gas hydrates occur in the
near surface at Capt. Arutyunov (Cunha et al., 2013). Gas-
tropods are often found among the dominant taxa in several
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Fig. 5. Distributional patterns of Gulf of Cadiz deep-sea gastropod taxa with distinct larval development types. See text and Supplementary
Table 2 for explanation of distributional categories and larval development data.

cold seeps (Levin, 2005 and references therein), but the high-
est abundances (over 30 000 ind. m−2) were reported from
frenulate habitats in the H̊akon Mosby MV and Nyegga “pin-
goes” (Norwegian Margin; Decker et al., 2011). Decker et
al. (2011) suggested that the presence of the high densities
of gastropods is explained by geochemical conditions rather
than by the presence of tubeworms. However, Govenar and
Fisher (2007) found that the physical structure provided by
the tubeworms may be particularly important for the atten-
dant epifauna in areas of high and intermediate fluid flow
(more than in low-flow regions).

Gastropod densities are much more modest in the GoC
(up to 600 ind. m−2) than in the H̊akon Mosby MV but, on
the other hand, species richness is among the highest re-
ported from cold seeps. In the GoC a total pool of 42 species
were collected from mud breccia and mixed sediments in the
MVs’ craters; 17 species were recorded in Darwin MV alone,
which is more than the total of 11 species reported for the
Anaximander and Olimpi regions in the E Mediterranean (ca.
1700–2000 m water depth; Olu-Le Roy et al., 2004). Other
studies with species level resolution mention even lower gas-
tropod species richness: five species in the Marmara Sea (Ritt
et al., 2012), five species in the Barbados (1000–2000 m,
Olu et al., 1997), and eight species in tubeworm and mus-
sel habitats in the Gulf of Mexico (1000–2750 m; Cordes et
al., 2010b).

There is a high similarity at genus and even at species level
between the gastropod fauna in the seeps of the E Mediter-
ranean (Olu-Le Roy et al., 2004), Marmara Sea (Ritt et al.,
2012) and GoC (this study). The trochid speciesPutzeysia
wiseri appears to be particularly common across these three
geographical regions, often associated with carbonates or
mixed substrata. Like the majority of gastropod species
found in seeps and vents,P. wiseri is a presumed grazer that
explores opportunistically the increased bacterial biomass.
About half of the genera recorded in the GoC (26 out of 48)
are also known from other reducing habitats (vent, seep and
organic falls; review by Sasaki et al., 2010; Decker et al.,
2011; Ritt et al., 2012). In fact, the fauna from cold seeps
shares many commonalities with other deep-sea environ-
ments characterized by sulphidic, low-oxygen, or disturbed

sediments, and there are some cases of confirmed overlap in
the distribution of heterotrophic species (Levin et al., 2009;
Bernardino et al., 2010, 2012).

Apparently many gastropod species in the GoC occurred
exclusively in one type of substrate (H, M, S, O) but this
analysis is confounded by the very high percentage of single-
tons. If we remove single occurrences the number of species
found exclusively in one substrate type is similar to the num-
ber of species occurring in two or more substrata. Moreover,
the colonization experiments showed that several gastropods
(12 species) occurring in the MV sediments and hard sub-
strata were also able to recruit on organic substrata; these are
mainly bacterial grazers and a few predators that may thrive
in these trophically enhanced assemblages.

4.2 Species replacement with depth

The patterns of species replacement with depth in the North
Atlantic are well documented for several taxa; in general
the shelf-slope break shows the most pronounced transition
in species composition. A more continuous but high rate of
replacement is observed at bathyal depths, and lessens at
abyssal depths (Rex, 1981). Regions of conspicuous faunal
change have been explained by: (i) temperature mean and
variation; (ii) differential adaptation to hydrostatic pressure;
(iii) topography; (iv) effects of sedimentary pattern and sub-
strate type on food sources; and (v) the effects of deep bound-
ary currents on larval dispersal (Rex, 1981).

Regional oceanographic circulation is an important point
to be taken into account. In the GoC, the influence of the
Mediterranean Outflow Water in particular, may be perti-
nent for explaining the highest species turnover observed at
1100–1300 m which coincides roughly to the deeper limit of
this water mass. The formation of typical meddies (Quentel
et al., 2011) may indeed act as a retention mechanism and/or
hinder vertical movements of larvae.

For our dataset, the pattern of substrate types (point iv)
also seems to be of particular relevance. High rates of
change in the gastropod assemblages occur at the most ac-
tive MVs and may be related to the increased availability of
food sources for grazers (microrganisms, detritus). A higher
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trophic diversity can also be sustained by these productive
ecosystems: some species are commensals or parasitic on
polychaetes (e.g.Odostomiaspp.,Eulimella spp.; Sasaki et
al., 2010) or on echinoderms (e.g. Eulimidae; Sasaki et al.,
2010) and large buccinid carnivores are often seen actively
foraging at the craters of mud volcanoes (e.g. Neptunea con-
traria at Mekǹes MV and an undetermined species at Capt.
Arutyunov MV; M. R. Cunha, personal observation, 2006).

Moreover, the highest overlap of species distributions is
observed at the depth range between 500 and 1500 m, co-
inciding with the increased habitat heterogeneity promoted
by the widespread occurrence not only of mud volcanoes,
but also of carbonate concretions, carbonate chimneys and
scleractinian coral framework and rubble. The perception of
structurally complex habitats with distinct niche dimensions
is dependent on the size, mobility and dispersal capability of
the organisms enabling diverse ways of exploiting resources,
and therefore promoting higher biodiversity (Cordes et al.,
2010a). According to Etter et al. (2005) the bathyal zone may
play an important role in generating deep-sea biodiversity be-
cause the strong gradients and great biotic and abiotic het-
erogeneity at these depths might impose different selective
regimes that increase the probability of population differen-
tiation and speciation. In fact, the potential for gastropod ra-
diation within the deep-sea is highest in the upper bathyal
region (Etter and Rex, 1990).

4.3 Developmental modes and dispersal

The artificial substrata deployed for colonization experi-
ments (CHEMECOLI) proved to be very efficient in the col-
lection of all range of individual sizes, from recruitment to re-
productive maturity, including a high number of recently set-
tled juvenile stages. CHEMECOLI deployments in the GoC
retrieved a higher number of gastropod species than similar
experiments in the H̊akon Mosby MV (1257 m) and the cold
seeps at Nile Deep Sea Fan (1693 m) (Gaudron et al., 2010).
Regardless of the differences in sample processing, artificial
organic falls yielded high abundances of gastropod species
(up to 281 ind per dm3 of initially deployed substrate) com-
pared to the numbers obtained in the background mud vol-
cano sediments. These organic inputs not only allowed pro-
liferation of species already occurring in their vicinity (e.g.
PseudosetiaspD andXylodisculaspA), but also favoured
the recruitment of species only known from relatively distant
MVs (e.g.A. cimicoidesandO. intersecta), and particularly
wood specialist taxa (Cocculinidae,Copulabyssia, Xyloske-
nea, Bathyxylophilaand cf.Lissospira) that were not found
in the other GoC deep-sea habitats. Larval development is
known for 17 of the 20 species collected in these organic
substrates, and only two species are planktotrophic.

Remarkably, most of the taxa developing through an ob-
ligate feeding pelagic phase were rare in the mud vol-
cano sediments. In contrast, the predominance of non-
planktotrophic species and their observed abundance-

occupancy patterns (mostly Ubiquitous and Abundant) sug-
gest that short distance dispersal, resulting in high self-
recruitment, may be favoured at ephemeral, sparsely dis-
tributed reducing habitats. As many propagules show a neg-
ative exponential survival with distance from the parent, an
elevated colonisation rate would be anticipated with proxim-
ity to the larval pool, i.e. the parental habitat (MacArthur and
Wilson, 1967). In this way, the risk of settling in an unsuit-
able habitat is also considerably reduced.

Planktotrophic larvae, transported over large distances
by ocean currents, are assumed to allow wider geograph-
ical distributions and low genetic differentiation of popu-
lations. But a long pelagic duration (planktotrophic) may
lead to extremely low propagule concentrations and there-
fore low levels of recruitment, which agrees with the ob-
served abundance-occupancy patterns (mostly Rare and Sin-
gleton). On the other hand, non-planktotrophic development
is often associated with narrow distributions and high lev-
els of endemism (Castelin et al., 2011). These assumptions
have proven to be unrealistic for species colonizing deep-sea
chemosynthetic habitats as shown also by the abundance oc-
cupancy relationships observed in our study. Several exam-
ples are found in the literature that showed no noticeable dif-
ference in distribution between species with planktotrophic
larvae, non-feeding dispersal phase or those that crawl di-
rectly out of an egg-capsule (Sasaki et al., 2010). Although
the type of larval development is not a limiting factor for the
dispersal of deep-sea gastropods, our results show a prepon-
derance of non-planktotrophic and especially lecithotrophic
over planktotrophic development in the gastropod species
inhabiting the studied deep-sea habitats. A remarkable dis-
covery of a new development mode of Provannid gastropods
(the Waren’s larvae) called attention to how much is yet un-
known regarding life histories in the deep-sea, and also chal-
lenged the assumption of phylogenetic conservative repro-
duction and development modes (Reynolds et al., 2010).

Among the gastropod taxa found in the GoC, three species
are also found in the eastern Mediterranean cold seeps, but
only Benthomangelia macrais known to have planktotrophic
development. The present knowledge of oceanographic cir-
culation indicates that planktonic larvae can be transported
into the Mediterranean from the Atlantic by inflowing sur-
face currents, while Mediterranean Outflow water would
only allow transport in the opposite direction at 50–300 m
depth (Quentel et al., 2011). Mediterranean bottom waters
may hinder the successful establishment of species (at the
time of metamorphosis or at the time of reproduction) due
to its hydrographical characteristics, including high temper-
ature and high salinity. This led Bouchet and Taviani (1992)
to postulate that Mediterranean deep-sea fauna represents re-
productive sterile pseudopopulations that are constantly de-
pendent on pelagic larval inflow from Atlantic source pop-
ulations. To understand the consequences of different larval
development modes that affect population connectivity, di-
vergence time among populations and changes in effective
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population sizes must also be considered (Hart and Marko,
2010). Larval dispersal potential and connectivity between
populations of marine invertebrates are highly affected by
local hydrodynamics that can create significant variability in
gene flow and recruitment at different temporal and spatial
scales (Bell, 2008).

Colonization of patchy habitats, such as wood and bones,
by non-planktotrophic larvae, with putative limited dispersal
ability, is yet rather intriguing. Relying on dispersal by crawl-
ing adults does not seem to explain colonization of organic
falls and other reducing habitats, often separated by hundreds
or thousands of kilometres. Other authors suggested an alter-
native dispersal option by rafting (Sasaki et al., 2010), where
individuals could stay afloat and drift a long distance at-
tached to gliding objects (e.g. small wood chips). Despite the
prominence of developmental modes in the debate of deep-
sea species dispersal, other reproductive traits may be of ut-
most importance. Foggo et al. (2007) highlight the role of fe-
cundity in determining propagule pressure and consequently
dispersal probability in many marine macroinvertebrates.

A possible explanation for widely distributed non-
planktotrophic species in deep-sea habitats would be the so-
called stepping-stone hypothesis, which relies on the colo-
nization of additional intermediate sites found between dis-
tant seeps and/or sunken wood and bones. Considering the
size-scale of deep-sea gastropods, and their primary feed-
ing habits (bacterial grazing and detritus feeding), additional
habitats may in fact be very frequent. As demonstrated by
our colonization experiments gastropod species that are com-
mon in the mud volcanoes are also able to colonize organic
falls. Also, some of the species that colonised these organic
substrata were previously known only from relatively distant
location in the GoC (i.e. they were not known to occur in
the local background fauna). The possibility of connected-
ness of adequate habitats for deep-sea gastropods is therefore
not difficult to envisage; this would allow survival and re-
production of individuals and the persistence of populations.
The large number of singletons in our samples may indicate
low propagule pressure and/or recruitment success, but it also
suggests species distributions are still poorly known and that
the GoC deep-sea gastropod fauna may be even more diverse
than reported here. Moreover, because our sampling effort
was focused on mud volcanoes, the occurrence of more fre-
quent small effective populations cannot be discarded; these
can serve as larval sources for colonization of highly produc-
tive but patchily distributed habitats, such as phytodetritus,
wood and bone falls and sites with various seepage regimes.

5 Concluding remarks

It is expected from the GoC biogeographical context that its
deep-sea gastropod fauna includes species from Atlantic and
Mediterranean areas. Our study confirms this premise and
gives new evidence for connectivity of deep-sea gastropod

communities inhabiting reducing environments. Our results
also support the hypothesis that the highest biodiversity of
gastropods at the upper bathyal region is related to the strong
gradients and habitat heterogeneity at these depths. Different
substrate types, in particular, are determinant for the struc-
tural complexity of the habitat and/or availability of food
sources and are successfully colonized by gastropods with
different larval development modes and feeding types. More-
over, our work suggests that various deep-sea habitats form
a network of suitable environments, which enhances diver-
sity and ensures connectivity of deep-sea gastropod popula-
tions. Future research should focus on species-level taxon-
omy, population dynamics and genetic structure. Mapping
of deep-sea habitats and a better knowledge of local and re-
gional hydrography are also of utmost importance in order to
better understand current species distributions and potential
population connectivity across ocean basins.

Supplementary material related to this article is
available online at:http://www.biogeosciences.net/10/
5159/2013/bg-10-5159-2013-supplement.pdf.
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Ritt, B., Desbruỳeres, D., Caprais, J., Gauthier, O., Ruffine, L., Bus-
cail, R., Olu-Le Roy, K., and Sarrazin, J.: Seep communities from
two mud volcanoes in the deep eastern Mediterranean Sea: fau-
nal composition, spatial patterns and environmental control, Mar.
Ecol.-Prog. Ser., 466, 93–119, 2012.

Rodrigues, C. F., Paterson, G. L. J., Cabrinovic, A., and Cunha,
M. R.: Deep-sea ophiuroids (Echinodermata: Ophiuroidea: Ophi-
urida) from the Gulf of Cadiz (NE Atlantic), Zootaxa, 2754, 1–
26, 2011.
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