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ABSTRACT: Cold-water corals (CWC) are frequently reported from deep sites with locally accelerated currents that enhance seabed food particle supply. Moreover, zooplankton likely account for
ecologically important prey items, but their contribution to CWC diet remains unquantified. We
investigated the benthic food web structure of the recently discovered Santa Maria di Leuca (SML)
CWC province (300 to 1100 m depth) located in the oligotrophic northern Ionian Sea. We analyzed
stable isotopes (δ13C and δ15N) of the main consumers (including ubiquitous CWC species) exhibiting
different feeding strategies, zooplankton, suspended particulate organic matter (POM) and sedimented organic matter (SOM). Zooplankton and POM were collected 3 m above the coral colonies in
order to assess their relative contributions to CWC diet. The δ15N of the scleractinians Desmophyllum
dianthus, Madrepora oculata and Lophelia pertusa (8 to 9 ‰) and the gorgonian Paramuricea cf.
macrospina (9 to 10 ‰) were consistent with a diet mainly composed of zooplankton (6 to 7 ‰). The
antipatharian Leiopathes glaberrima was more 15N-depleted (7 to 8 ‰) than other cnidarians, suggesting a lower contribution of zooplankton to its diet. Our δ13C data clearly indicate that the benthic
food web of SML is exclusively fuelled by carbon of phytoplanktonic origin. Nevertheless, consumers
feeding at the water–sediment interface were more 13C-enriched than consumers feeding above the
bottom (i.e. living corals and their epifauna). This pattern suggests that carbon is assimilated via 2
trophic pathways: relatively fresh phytoplanktonic production for 13C-depleted consumers and more
decayed organic matter for 13C-enriched consumers. When the δ13C values of consumers were corrected for the influence of lipids (which are significantly 13C-depleted relative to other tissue components), our conclusions remained unchanged, except in the case of L. glaberrima which could assimilate a mixture of zooplankton and resuspended decayed organic matter.
KEY WORDS: Cold-water corals · Benthic community · Mediterranean Sea · Food web · Stable
isotopes · Zooplankton · Particulate organic matter
Resale or republication not permitted without written consent of the publisher

INTRODUCTION
Like their shallow-water tropical counterparts, coldwater corals (CWC; also called deep-water corals)
are organisms of major ecological importance in deep

ocean environments (Roberts et al. 2006). In spite of a
still low number of quantitative studies, CWC reefs
may have a comparable biodiversity to that found on
tropical coral reefs and have therefore been considered as benthic biodiversity hotspots (Henry & Roberts

*Email: antoine.carlier@univ-brest.fr

© Inter-Research 2009 · www.int-res.com

126

Mar Ecol Prog Ser 397: 125–137, 2009

2007, Mastrototaro et al. 2010). They also act as a
potential refuge, nursery and feeding ground for
many deep-sea species, including commercial fishes
(Husebø et al. 2002, Krieger & Wing 2002, Costello et
al. 2005, Ross & Quattrini 2007, D’Onghia et al. 2010).
CWC are, however, under increasing anthropogenic
threats, e.g. directly from deep trawling (Fosså et al.
2002), gas and oil exploitation, or indirectly from ocean
acidification (Turley et al. 2007). In addition, they are
vulnerable to the warming of the deep Mediterranean
Sea (Bethoux et al. 1990) because they live at temperatures (~14°C) close to their tolerance limits (Freiwald et
al. 2004). Since their ecology is still poorly understood,
there is an urgent need to improve knowledge on the
structure and function of these sensitive benthic ecosystems.
Among many other life history traits, the feeding
mode of CWC is still unclear. Since all CWC (e.g.
Scleractinia, Antipatharia, Octocorallia) lack endosymbiotic zooxanthellae, they should exclusively depend
on external inputs of organic matter (from dissolved
organic matter to macrozooplankton) for their feeding,
as evidenced for some shallow tropical scleractinians
(Anthony & Fabricius 2000, Houlbrèque & FerrierPagès 2009). The distribution of CWC has been
directly related to the presence of hard topographic
highs and enhanced currents that are strong enough to
prevent burial by deposition of fine sediment and provide rapid transport of fresh and labile food particles to
the coral polyps (Thiem et al. 2006, Kiriakoulakis et
al. 2007). Consequently, these benthic ecosystems are
likely indirectly fuelled by surface primary production
via sinking fluxes of particles (phytodetritus, fecal pellets) (Duineveld et al. 2004). However, direct observations have shown that CWC are also able to catch and
ingest prey, such as zooplankton, up to 2 cm in length
(Mortensen 2001, Freiwald 2002). The relative proportions of suspended particulate organic matter (POM)
and zooplankton to the diet of CWC remain unknown.
Natural carbon and nitrogen stable isotope abundance (δ13C and δ15N) in the tissue of a consumer is
now widely used to assess its diet (Fry 2006). This technique provides dietary information integrated over a
time corresponding to the turnover of the tissue (e.g.
several weeks or months for muscle), and is particularly useful for less accessible areas such as deep-sea
benthic ecosystems as only a small amount of material
is required for stable isotope analysis (Iken et al. 2001,
Becker et al. 2009).
So far, δ13C data obtained for CWC worldwide (typically between –22 and –18 ‰), and in particular for
the 2 cosmopolitan scleractinians Lophelia pertusa and
Madrepora oculata, evidenced that these species
depend (at least indirectly) on phytoplanktonic production for their food (Duineveld et al. 2004, Sherwood

et al. 2008, Becker et al. 2009, Le Guilloux et al. 2009).
These data also ruled out the hypothesis of a trophic
link with seeping hydrocarbons, which are much more
13
C-depleted than phytoplankton. Recent δ15N data
from the Rockall Bank (NE Atlantic) suggested that L.
pertusa and M. oculata behave like filter feeders and
mainly assimilate POM (Duineveld et al. 2007). On the
basis of δ13C and δ15N analyses, Duineveld et al. (2004)
assumed that these species assimilate a mixture of
POM and small zooplankton (copepods, amphipods)
on the Galicia Bank (NW Spain). In this case, the
analysed zooplankton was recovered with near-bottom
sediment traps. Kiriakoulakis et al. (2005), using both
lipid biomarkers and δ15N, argued that L. pertusa and
M. oculata primarily feed on zooplankton. Recently,
Sherwood et al. (2008) showed that 11 coral species of
the NW Atlantic Canadian margin display a continuum
of trophic niches from exclusive suspension feeding on
phytodetritus to true carnivorous behavior. Up to now,
data on the trophic ecology of CWC remain scarce,
concern mostly the northern Atlantic Ocean and do not
always refer to material collected in the close vicinity
of the reefs (which is only possible by the use of submersibles). Previous studies suggest that feeding
behaviour of these species may vary depending on
geographic location as well as many important environmental factors (e.g. seasonality, surface primary
production, hydrodynamics) (Duineveld et al. 2004,
2007, Kiriakoulakis et al. 2005, Sherwood et al. 2008).
In the Mediterranean Sea, although the existence of
CWC has been known for more than a century (Pérès
1967, Zibrowius 1980, Taviani et al. 2005), these ecosystems have only been recently investigated in great
detail, since 2000 on the Santa Maria di Leuca (SML)
province (northern Ionian Sea, 300 to 1100 m depth)
(Mastrototaro et al. 2002, 2010, Tursi et al. 2004) and
lately in the Eastern Ionian Sea (Strait of Sicily, 400 to
600 m depth) (Schembri et al. 2007) and the northwestern Mediterranean Sea (Cap de Creus Canyon, 200 to
400 m depth) (Orejas et al. 2008). CWC of the SML
were explored by submersible for the first time in 2006
and mapped from later dives in 2007. Although some
Mediterranean CWC communities are well described
(e.g. in the SML province; Tursi et al. 2004, Mastrototaro et al. 2010), there is still no published data on the
trophic ecology of these systems. Thus, given the
unique ecological context of the deep Mediterranean
Sea (e.g. oligotrophy, high temperature and salinity)
and the specific evolution history of its coral species, it
is essential to better understand the trophic ecology of
Mediterranean CWC and to compare this knowledge
to that obtained for their Atlantic counterparts.
Within the framework of the European Hotspot Ecosystems Research on the Margins of European Seas
(HERMES; 2005–2009) project, we investigated the
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deep CWC community of the SML coral province in
2007 using the French remotely operated vehicle
(ROV) ‘Victor 6000’. In the present study, we used δ13C
and δ15N analysis of in situ sampled fauna, particles
and sediment to describe the structure of the benthic
food web related to this CWC ecosystem. For this
purpose, we focused on 18 dominant macro- and
megafauna species of the SML CWC mounds. We also
evaluated the trophic role of zooplankton in the diet of
several co-occurring cnidarian species, including the
ubiquitous scleractinian species Lophelia pertusa and
Madrepora oculata.

MATERIALS AND METHODS
Study area. The investigated CWC communities are
located along the Apulian margin, 15 miles off Cape of
Santa Maria di Leuca (southern Italy, northern Ionian
Sea) (Fig. 1). This coral province stretches over a broad
area (900 km2, between 300 and 1100 m depth) and is
formed by clustered and isolated mound-like features
50 to 300 m in length and up to 30 m high (Taviani et
al. 2005, Corselli et al. 2006, Savini & Corselli 2010).
Living CWC in the SML thrive at 13.8°C (Taviani et al.
2005) and coral frameworks are mainly built by the
colonial scleractinians Madrepora oculata and Lophelia pertusa (see Vertino et al. 2010 for pictures). The
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local hydrology is characterised by the presence of the
Adriatic Deep Water, a core of less saline and oxygenated water flowing from the Adriatic to the Ionian
Sea moving in geostrophic balance along the isobaths
at 600 to 1000 m (Budillon et al. 2010). Strong unidirectional bottom currents in the SML are evidenced by
seafloor features such as sediment drifts and seafloor
erosion (Taviani et al. 2005, Savini & Corselli 2010) and
bioerosion patterns (Beuck et al. 2010). The investigated CWC mounds are mainly located at depths of
550 to 700 m on 2 neighbouring mounds: ‘Reef A’ and
‘Atlantis mound’ (Fig. 1). In addition, 2 faunal samples
were collected at 1100 m depth. Reef A was investigated for the first time in 2006 during the M70-1 (HERMES) cruise (Freiwald et al. 2009) and was later
mapped in 2007 (E. Le Guilloux unpubl. data). Atlantis
mound was previously investigated in 2005 during the
APLABES cruise using a towed camera (MODUS module) and has also been referred to as the ‘MS04 area’
(Etiope et al. 2010, Savini & Corselli 2010, Vertino et al.
2010). These investigations revealed dense coverage
of live and dead-fossil coral framework ca. 0.5 to 1 m
high on these 2 CWC mounds (~30 m high and 200 to
300 m length), and showed that living frameworkbuilding corals are mainly distributed on the eastern
flank facing the main bottom current, whereas the
western flank is mud-dominated and hosts large
antipatharian (Leiopathes glaberrima) colonies (Mas-

Fig. 1. Santa Maria di Leuca sampling sites. Tr: trawl (2006 GAVIS cruise); Li: long-line (2005 APLABES cruise); #327-6 and
#328-7: ROV dives on Reef A and Atlantis mound, respectively (2007 MEDECO cruise). The shaded view of the bathymetrical
data was obtained with the 24 kHz multibeam echo-sounder of the RV ‘Pourquoi pas?’ during the MEDECO cruise (gridding
parameter 20 m)
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trototaro et al. 2009, Vertino et al. 2010). These observations suggest that hydrodynamics strongly influence
the megafaunal distribution in these areas.
Sample collection. Sampling in the SML was achieved
mainly during the MEDECO cruise (October 2007)
onboard the RV ‘Pourquoi Pas?’ and to a lesser extent
during: (1) the APLABES cruise (September 2005) at
520 m depth using long-lines (colonies of coral trapped
in the threads of nylon); (2) the GAVIS cruise (September 2006) at 1100 m depth using trawling; and (3) the
M70-1 cruise (October 2006) onboard the RV ‘Meteor’
(see Table 1 for details). A total of 45 samples of 18
species of mega- and macrofauna were collected. The
ROV ‘Victor 6000’, equipped with manipulator arms,
was deployed during the MEDECO cruise and carried
out faunal sampling on Reef A (Dive no. 327-6) and
Atlantis mound (Dive no. 328-7) (Table 1). We selected
taxa that are dominant on SML mounds (Tursi et al.
2004, Mastrototaro et al. 2009) and also emblematic
and ubiquitous on CWC reefs worldwide (Freiwald et
al. 2004). In particular, we collected 4 key species of
CWC ecosystems: the scleractinians Madrepora oculata, Lophelia pertusa and Desmophyllum dianthus
and the polychaete Eunice norvegica. The selected set
of 18 species display different feeding behaviors which
encompass the overall benthic food web of the SML.
Most of the investigated species are benthic and live in
close association with the coral framework. Thus they
were collected either in the living and erected part of
CWC colonies (the spider crab Rochinia rissoana) or
among its dead components at the bottom (the bivalve
Asperarca nodulosa, the polychaete Serpula vermicularis and the sponges Poecillastra compressa and Pachastrella monilifera). A plankton net (mesh size 65 µm)
was operated by the ROV during Dive no. 325-4 to
collect living zooplankton (for 20 min) 3 m above CWC
colonies located 1 km apart from Reef A. Three species
of zooplankton (Platyscelidae sp., Phrosinidae sp. and
Euphausiidae sp.) > 250 µm length were analysed since
they represented a very large biomass fraction of the
recovered material.
POM was sampled during the MEDECO cruise at 2
different sites by pumping and filtering ~7.5 l seawater
for 30 min (corresponding to a flow rate of ~250 ml
min–1) 3 m above the bottom and close to dense colonies of Madrepora oculata. This was achieved using a
new water multi-sampler (PEPITO) equipped with a
peristaltic pump developed by IFREMER and mounted
on the ROV. Each POM sample was recovered on 1
single pre-combusted (500°C; 4 h) 47 mm Whatman
GF/F filter.
Sedimented organic matter (SOM) was sampled during the MEDECO cruise with blade corers (a corer with
a closing mechanism, a rectangular 100 × 50 mm section and 200 mm in height) and cylinder push corers

deployed by the ROV in soft sediment areas between
coral patches. These 2 sampling devices collect undisturbed sediment cores. Only the surficial layer (first
1 cm) of each sample was used to analyse SOM.
Sample processing. Fresh specimens were dissected
onboard and tissue samples were kept at –20°C until
analysis in the laboratory. Skeleton, shells and guts
(when possible) were removed under binocular microscope using fine forceps. Depending on taxa, either
the whole animal (polychaete, bivalve, zooplankton,
sponge) or only muscles (fish, crab, sea urchin) were
kept for analysis. Madrepora oculata samples collected
in 2007 were fixed with formalin (4%) for 24 h and then
kept in ethanol (70%). Eight other species (including 3
cnidarians) collected in October 2007 were conditioned both as fresh and formalin-fixed (formalin 4%
for 24 h and ethanol 70%) samples (Table 1). These
samples were used to assess the effect of the formalin
+ ethanol treatment on the δ13C and δ15N values by
comparing formalin-fixed samples with paired fresh
samples. Although it is known that frozen material
gives optimal isotopic results, often deep-sea samples
are recovered without being preserved ideally for stable isotope analysis. This data is therefore useful to the
entire scientific community. The sample of Lophelia
pertusa from the M70-1 cruise was preserved in glycerol (C3H8O3) at –80°C, so we only considered the δ15N
values of this sample, assuming that δ15N is not modified by glycerol.
For euphausiids, phrosinid amphipods and the bivalves Asperarca nodulosa and Delectopecten vitreus,
several individuals (5, 15, 10 and 4, respectively) were
pooled per analysed sample. For the scleractinian corals
Madrepora oculata, Lophelia pertusa and Desmophyllum dianthus, 5 polyps were pooled per analysed sample and replicates correspond to material collected
from distinct colonies. All 50 samples (animal species,
POM, SOM) were split into 2 parts: a subsample devoted to δ13C analysis was decarbonated by immersion
in liquid HCl (10%) at room temperature, and a second
subsample devoted to δ15N analysis was kept untreated. The acidification lasted until the effervescence
ceased (i.e. <1 min for soft animal tissues and POM
filters and up to 5 min for dissected coral polyps).
Sediment samples were freeze-dried and ground with
a mortar and pestle. A subsample (~500 mg dry
weight) was acidified with 10% HCl drop by drop until
the effervescence ceased and was dried at 50°C under
a fume extractor to evaporate the acid. Sediment samples were not rinsed in order to prevent any loss of dissolved organic matter (Riera et al. 1996). They were
instead mixed with distilled water and dried. This procedure was repeated twice. Sediment samples were
then ground and kept frozen at –20°C until analysis of
SOM.
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F
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F
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F
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F
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G

F
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F
F

F
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Table 1. Characteristics of the samples collected for the present study. Por: Porifera; Cn: Cnidaria; Biv: Bivalvia; Pol: Polychaeta; Cr: Crustacea; Ech: Echinodermata. F: fresh
sample, frozen at –20°C; fixed: fixed in formalin (4%) for 24 h and then preserved in ethanol (70%); G: preserved in glycerol
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Stable isotope analyses. Carbon and nitrogen stable
isotope analyses were carried out using a SerCon
20/20 isotope ratio mass spectrometer coupled to
an ANCA-GSL elemental analyser (SercCon). A 1:4
leucine:citric acid mixture was used as standard. The
isotopic composition (δ13C or δ15N) of each sample was
expressed as the relative difference between isotopic
ratios in the sample and in conventional standards
(Vienna PeeDee Belemnite for carbon and atmospheric
N2 for nitrogen):
δ13C or δ15N (‰) = [(Rsample/Rstandard) – 1] × 1000
13

12

15

14

(1)

where R = C/ C or N/ N.
The precision for δ13C and δ15N was ~0.1 and ~0.4 ‰,
respectively (for samples with N content > 5% dry
weight). Reproducibility (expressed as SD of the reference standards) was < 0.09 and < 0.19 ‰ for δ13C and
δ15N, respectively. C:N atomic ratios were calculated
from the percentages of organic carbon and nitrogen
obtained for each decarbonated sample.
Correction of δ13C for lipid content. Since lipids are
13
C-depleted relative to other compounds (e.g. proteins, hydrocarbonates) by around 6 to 8 ‰ (DeNiro &
Epstein 1977, McConnaughey & McRoy 1979), different lipid contents can bias the interpretation of consumers’ δ13C values. CWC in particular may exhibit
variable lipid content (from 2 to 39%; Hamoutene et
al. 2008). Moreover, we investigated invertebrates belonging to very different taxa with potentially contrasting lipid contents. As a result, it was necessary

to normalise our isotopic results for lipid. Because of
insufficient quantities of recovered material, we were
not able to extract lipid from our samples before their
δ13C analysis. δ13C data were instead corrected for lipid
a posteriori using the C:N ratios as a proxy for lipid
content and the following equation established by Post
et al. (2007):
δ13C’ = δ13C – 3.32 + (0.99 × C:N)

(2)

where δ13C’ represents lipid-corrected δ13C values.
As the model proposed by Post et al. (2007) is based
mainly on freshwater and estuarine species and has
not yet been validated for deep-sea ecosystems, we
also report the uncorrected δ13C values.

RESULTS
δ13C and δ15N values of food web components that
were collected at both Reef A and Atlantis mound
exhibited small between-site differences (< 0.5 ‰)
(Table 2).
Both mean δ13C and δ15N values were modified by
preservative treatment (fixation with formalin and subsequent preservation in ethanol) by a range of ± 2.0 ‰
(Fig. 2). δ15N values of Eunice norvegica were not
significantly affected by the treatment (Mann-Whitney
U-test; p = 0.903), but the δ13C values were significantly lower in fixed samples than in frozen ones (p =
0.037). The effect of the preservative treatment was not

Fig. 2. Effect of preservative treatment (fixation with 4% formalin followed by preservation in 70% ethanol) on the mean δ13C and
δ15N values of 8 consumers sampled on the Santa Maria di Leuca coral mounds. SD (error bars) are shown when n > 2. 1:1 lines
represent no effect; dotted lines indicate a ± 2 ‰ difference between fixed and frozen samples. Species codes (given in each black
dot) are presented in Table 2

Ech
Ech
Ech
Fish

Cidaris cidaris (gonads)

(muscles)

Ceramaster grenadensis

Arctozenus risso

18

17

16m

16g

15

14

13

12

11
11
11**

10

9

8

7

6
6
6*

5
5*

4*
4**
4***,b

3*
3a

2

1

–
–

–
–

Species code

P

P

DF

DF

P

SF

SF

SF

P
P
P

SF

SF

SF

?

?
?
?

?
?

?
?
?

?
?

SF

SF

–
–

–
–

Feeding mode

Reef A

Atlantis mound (MS04)

Reef A

Reef A

Reef A

1 km from Reef A

1 km from Reef A

1 km from Reef A

Reef A
Atlantis mound (MS04)
–

Reef A

Atlantis mound (MS04)

Reef A

Reef A

Reef A
Atlantis mound (MS04)
–

Reef A
–

–
–
Reef A

–
Reef A

Reef A

Reef A

Reef A
Atlantis mound (MS04)

Reef A
Atlantis mound (MS04)

Collection site

Fixation with formalin (4%) and preservation in ethanol (70%), bpreserved in glycerol

a

Cr

Phrosinidae sp.
Cr

Cr

Platyscelidae sp.

Cr

Pol

Eunice norvegica

Rochinia rissoana

Pol

Serpula cf. vermicularis

Euphausiidae sp.

Biv

Cn

Leiopathes glaberrima

Delectopecten vitreus

Cn

Desmophyllum dianthus

Cn

Cn

Lophelia pertusa

Biv

Cn

Madrepora oculata

Paramuricea cf. macrospina

Por

Asperarca nodulosa

Por

Poecillastra compressa

–
–

–
–

Taxon

Pachastrella monilifera

Consumers

SOM

Potential food source
POM

Food web component

1

1

1

1

1

3 (5)

3 (15)

1

3
2
1

1

1 (4)

1 (10)

2

1
1
2

2
1

2
2
2

3
4

1

1

2
1

1
1

n

8.7

10.6

9.3

8.6

9.5

6.7 ; 7.4

6.4 ; 6.7

5.8

9.4; 10.9
9.8; 10.4
10.7

6.5

8.0

6.7

9.4; 9.9

7.3
8.2
7.2; 7.4

8.7; 8.8
6.9

7.9; 8.1
10.0; 10.1
8.8; 9.0

6.9; 7.6
8.2; 9.0

11.1

7.4

3.1; 4.1
4.6

–2.6
2.3

δ15N (‰)

–18.5

–15.8

–14.0

–18.8

–17.8

–19.3; –19.3

–19.9; –19.6

–19.8

–18.1; –16.1
–17.4; –17.2
–19.9

–17.4

–18.1

–17.4

–18.8; –18.1

–19.4
–19.6
–20.2; –20.1

–19.2; –18.9
–

–21.0; –20.1
–19.2; –19.0
–

–20.8; –20.5
–20.7; –20.5

–18.6

–17.3

–21.5; –21.3
–21.2

–21.7
–22.0

δ13C (‰)

–18.2

–14.3

–12.8

–16.7

–17.2

–18.6; –18.4

–18.8; –18.2

–18.6

–17.1; –15.6
–16.8; –15.9
–17.9

–16.8

–17.0

–17.0

–17.8; –17.1

–16.6
–17.2
–17.8; –17.7

–17.9; –17.8
–

–17.7; –17.3
–18.0; –17.9
–

–17.6; –17.4
–18.8; –18.5

–15.7

–16.1

–
–

–
–

δ13C’ (‰)

3.7

4.8

4.6

5.4

4.0

4.1; 4.2

4.4; 4.8

4.5

3.8; 4.4
4.0; 4.7
5.4

4.0

4.4

3.7

4.3; 4.4

5.6
6.3
5.7; 5.9

4.5; 4.7
–

5.8; 7.1
4.5
–

6.5; 6.6
5.1; 5.6

6.3

4.5

7.7; 8.1
7.7

8.6
6.9

C:N

Table 2. δ13C and δ15N (ranges of values) of the different food web components (fresh samples only, unless specified). δ13C’ = δ13C of consumers corrected for the lipid
content using the method of Post et al. (2007) (see ‘Materials and methods’). POM: suspended particulate organic matter; SOM: sedimented organic matter.
Por: Porifera; Cn: Cnidaria; Biv: Bivalvia; Pol: Polychaeta; Cr: Crustacea; Ech: Echinodermata. *APLABES (2005), **GAVIS (2006), ***M70-1 (2006) cruises (see also Fig. 3).
SF: suspension feeder; DF: deposit feeder; P: predator; ?: undetermined. n: no. replicate analyses (no. pooled individuals per replicate analysis). –: no information/data
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statistically tested with the 7 other species because of
the insufficient number of samples. The mean δ15N
values of the cnidarians Desmophyllum dianthus and
Leiopathes glaberrima were only slightly modified
(< 0.5 ‰) by the preservative treatment, but the δ15N
values of the gorgonian Paramuricea cf. macrospina
were 1.5 ‰ higher in fixed samples than in frozen ones
(Fig. 2).
Mean δ13C values of suspended POM and SOM from
both sites were very similar, but SOM was much more
15
N-enriched (by ~4 ‰) than POM (Table 2, Fig. 3A).
There was a large difference in the δ15N values of POM
between the Reef A and Atlantis mound sampling sites.
Mean δ13C and δ15N values of consumers ranged from
–21.0 to –14.0 ‰ and 5.8 to 11.1 ‰, respectively (Table 2,
Fig. 3A). Mean δ13C’ values (corresponding to lipid-corrected δ13C values) of consumers collected in 2007
ranged from –18.8 to –12.8 ‰ (Table 2, Fig. 3B). C:N values of POM and SOM were similar (6.9 to 8.6), whereas

those of consumers ranged from 3.7 (Asperarca nodulosa
and Arctozenus risso) to 7.1 (L. glaberrima) (Table 2).
Considering the primary consumers, pelagic grazers
(amphipods and euphausiids) were significantly more
13
C-depleted than benthic filter feeders (Mann-Whitney
U-test, p = 0.037) (Fig. 3A,B). Conversely, δ15N values
were not significantly different between these 2 feeding guilds (p = 0.134). The lack of significant difference
was still relevant when the sponge Poecillastra compressa, which was particularly 15N-enriched, was excluded from the analysis (p = 0.212).
δ13C values of the 5 CWC species (Madrepora oculata,
Lophelia pertusa, Desmophyllum dianthus, Leiopathes
glaberrima and Paramuricea cf. macrospina) ranged
from –21.0 to –18.1‰, and their lipid-corrected δ13C’ values varied between –18.8 and –16.6 ‰ (Table 2). δ15N
values of the same 5 CWC species ranged from 6.9 to
10.1 ‰ (Table 2). Among the CWC samples collected in
2007, the 2 scleractinians D. dianthus and M. oculata

Fig. 3. (A) δ13C versus δ15N biplot
showing stable isotope composition
of suspended particulate organic
matter (POM), sedimented organic
matter (SOM) and all samples of
consumers collected on the Santa
Maria di Leuca province. (B) Same
as A, but using lipid-corrected
δ13C values (δ13C’) and focusing on
consumers collected during the
MEDECO cruise (2007). Dotted
lines represent theoretical trophic
pathways based on consumption of
either zooplankton or water–sediment interface filter feeders, and
taking into account: (1) the ranges
of published diet–consumer trophic
enrichments (from + 0.5 to +1.5 ‰
for δ13C and from + 2.5 to + 3.4 ‰ for
δ15N) and (2) the isotopic variability
found for each group of primary
consumers. Species codes (given
in each symbol) are presented in
Table 2
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showed similar mean δ15N values (8 to 9 ‰), whereas the
gorgonian P. cf. macrospina and the antipatharian L.
glaberrima were more 15N-enriched (by ~1 ‰) and 15Ndepleted (by ~1 ‰), respectively.

DISCUSSION
General food web structure
POM collected 3 m above the bottom on SML coral
mounds exhibited C:N values (~7 to 9) similar to data
reported for surface POM in the southern Adriatic and
northern Ionian Seas (Socal et al. 1999, Boldrin et al.
2002) and match C:N ratios of living phytoplankton.
δ13C values of POM (~–22 ‰) also reflect the typical
signature of marine phytoplanktonic production of this
Mediterranean area (Martinotti et al. 1997, Sarà 2006).
C:N values of SOM (~8) were similar to those reported
for sediment trap and sediment core sampling at
nearby deep sites (870 to 1050 m depth) in the Otranto
Strait (6.8, Boldrin et al. 2002; 6.8, Giordani et al. 2002).
Despite a low number of replicates, C:N and δ13C values of SOM both suggest that POM of surface sediment originates mainly from relatively fresh phytoplankton detritus. The present study provides a first
outlook of the isotopic composition of deep POM in the
vicinity of SML CWC, but there is clearly a crucial
need to better characterise the quality and availability
of this potential food source. In particular, given the
high turnover rate of phytoplankton with respect to
animal tissues and the strong seasonal variability of
particle supply to CWC (Mienis et al. 2009), the isotopic signal of POM and its temporal dynamics have to
be better assessed in our study area.
δ13C values obtained for primary consumers (–19.9 <
δ13C < –17.3 ‰; –18.8 < δ13C’ < –15.7 ‰) indicate a
benthic food web typically fuelled by phytoplanktonic
production (Lepoint et al. 2000, Carlier et al. 2007).
Consumers of higher trophic levels showed a similar
range of δ13C, albeit slightly higher and more variable
due to a small trophic 13C-enrichment. The δ13C values
obtained for the 5 cnidarian species (including the
scleractinians Madrepora oculata and Lophelia pertusa) (–21.0 < δ13C < –18.1 ‰) fit well with δ13C data
obtained for North Atlantic CWC (from –22.2 to –19.3‰,
Duineveld et al. 2004, 2007, Sherwood et al. 2008)
and the Strait of Sicily, south of Malta (from –18.9 to
–18.2 ‰, CNR cruise CORAL of the RV ‘Urania’, 450–
600 m). Data obtained for the antipatharian Leiopathes
glaberrima corroborate with those obtained for specimens from the Pacific (Roark et al. 2009). Our δ13C data
highlight that the SML benthic food web is likely
exclusively fuelled by carbon that ultimately originates
from phytoplankton (either sedimenting from the
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euphotic layer and/or advected from the margin slope).
This is in agreement with the existence of significant
bottom currents in the southern Adriatic Sea (Boldrin
et al. 2002) that likely enhance the seabed food supply.
In the SML province, these currents are evidenced by
(1) sediment drifts and erosional topographies (Taviani
et al. 2005, Savini & Corselli 2010), (2) coral distribution on the eastern flank of both mounds (Vertino et al.
2010, E. Le Guilloux unpubl. data) as well as their fan
shape orientation and (3) distribution of human wastes
that are mostly embedded in the coral colonies of the
eastern mound’s flanks. In addition, our δ13C data support the hypothesis that CWC communities do not rely
on methanotrophically derived carbon for their food
(Duineveld et al. 2004, 2007, Becker et al. 2009,
Le Guilloux et al. 2009), which is much more 13Cdepleted (< 40 ‰, Milkov 2005) than marine phytoplankton. Our results reinforced the view of Taviani et
al. (2005) and Etiope et al. (2010) that no methane seepage occurs in the SML province.
However, the isotopic patterns obtained in the present study for all consumers (considering either δ13C or
δ13C’ values) suggest that the phytoplanktonic carbon
source may not be assimilated via a single trophic
pathway. Indeed, primary consumers that live and feed
very close to the water–sediment interface (i.e. the
polychaete Serpula vermicularis and the bivalve
Asperarca nodulosa which were both collected at the
dead base of the CWC framework, as well as the
sponge Pachastrella monilifera collected on the seafloor)
were clearly more 13C-enriched than pelagic grazers
that surrounded the coral colonies (Fig. 3). Although
the bivalves Delectopecten vitreus (living as epibionts
on the trunk of a Leiopathes glaberrima bush) were
located above the water–sediment interface, they
were also more 13C-enriched than zooplankton. This
could be linked to the fact that they were located in the
muddy down-current side of the Atlantis mound where
resuspended organic matter is available (see the discussion on the δ13C’ values of L. glaberrima below).
A consistent trend was observed for consumers belonging to higher trophic levels. Cnidarians (whose
polyps are located 30 to 40 cm above the seafloor) and
consumers collected on the living, erected part of the
CWC (e.g. the commensal eunicid Eunice norvegica
and the spider crab Rochinia rissoana) showed low
δ13C values that were similar to those of the mesopelagic fish Arctozenus risso which is mainly zooplanktivorous (Il’inskiy et al. 1995, Sherwood & Rose
2005). Conversely, the 2 echinoderms Cidaris cidaris
and Ceramaster grenadensis living and feeding most
of the time on the bottom were more 13C-enriched.
Incidentally, this is the first record of the seastar C.
grenadensis on the SML coral bank and its isotopic signatures suggest this species occupies the third trophic
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level (secondary consumers) and ultimately depends
on a 13C-enriched source of organic matter (Fig. 3).
Therefore, the obtained δ13C pattern suggests that
the phytoplanktonic source can be incorporated into
the benthic food web by 2 trophic pathways: a slightly
13
C-depleted pathway originating from relatively
fresh/labile organic matter, and a slightly 13C-enriched
pathway deriving from more decayed organic matter.
Such a discrepancy has already been described for offshore benthic ecosystems (Hobson et al. 1995, Iken et
al. 2001, Nadon & Himmelman 2006), but it is still
unclear why sedimented and reworked organic matter
would be more 13C-enriched than freshly sedimented
organic matter (Nadon & Himmelman 2006). On the
SML coral province, the assimilation of 13C-enriched
food sources like detritus of macroalgae or microphytobenthos can be excluded at these depths. Rather, the
13
C-enrichment may be linked to the assimilation of a
more degraded phytoplanktonic production (Kharlamenko et al. 2008) and/or degraded secondary benthic
production. It would be interesting to investigate the
role of coral mucus as a possible candidate in this 13Cenrichment, since mucus is produced in abundance by
tropical reef corals and has been shown to supply significant amounts of energy and nutrients to the sediment (Wild et al. 2004).
The isotopic pattern described above is only weakly
modified when δ13C values are normalised for the tissue
lipid content which is inferred from the C:N ratios.
The only noticeable change concerns the antipatharian
Leiopathes glaberrima, which exhibited a high C:N
ratio and became more 13C-enriched than other cnidarians after lipid-correction. This shift towards higher
δ13C could be explained by a mixed diet composed of
fresh (POM and, to a lesser extent, small zooplankton,
see below) and more degraded (resuspended) organic
matter. The assimilation of degraded and resuspended
organic matter by L. glaberrima could be linked to its location on the down-current side of the mounds where resuspended material may redeposit and be captured by
bush-like cnidarians. This hypothesis is supported by the
fact that, on Atlantis mound, L. glaberrima exhibits a
distinct spatial distribution with respect to the framework-building scleractinians Madrepora oculata, Lophelia pertusa and Desmophyllum dianthus, which occupy
the up-current side of the mound (Vertino et al. 2010). In
this sense, our results corroborate those of Sherwood et
al. (2008), who argued that coral species living on current-swept hard substrata are more 13C-depleted than
coral species inhabiting areas where resuspended
material is more available. Our results confirm previous
hypotheses of the influence of near-bottom currents
and water turbulence on faunal distribution patterns
(Mortensen et al. 1995) and their important role in the
trophic ecology of CWC (Sherwood et al. 2008).

Diet of CWC species in SML banks
POM is certainly a key component of the trophic
ecology of CWC. The high δ15N variability we obtained
for POM collected 3 m above the bottom may be linked
to: (1) strong spatial heterogeneity in the POM quality
due to the complex hydrodynamic (i.e. variable contribution of resuspended material to the POM pool)
and/or (2) insufficient nitrogen collected on the filters
with respect to the analytical limit of the mass spectrometer. Low nitrogen content at 500 to 700 m depth
can be explained by the fact that particulate organic
nitrogen rapidly decreases with depth as POM is
decayed during sinking to the sea floor, especially in
the warm (~14°C), deep Mediterranean Sea. Thus, we
cannot exclude the possibility that the volumes of filtered water were insufficient. In light of the δ15N values (2 to 7 ‰) previously reported for POM on Rockall
Trough CWC (Duineveld et al. 2007, Mienis et al.
2009), we only consider in the present study the value
obtained on Atlantis mound (2.3 ‰).
Nevertheless, even when considering the highest
δ15N value of POM (2.3 ‰), the scleractinian corals
Madrepora oculata and Desmophyllum dianthus and
the gorgonian Paramuricea cf. macrospina sampled in
2007 together with POM were 15N-enriched by 6 to
10 ‰ relative to this potential food source. This difference is well above the classical 15N consumer–diet
enrichment of 2.5 to 3.4 ‰ (Vander Zanden & Rasmussen 2001, Vanderklift & Ponsard 2003). Thus,
these corals likely do not assimilate POM directly.
Conversely, the δ15N values of these 3 cnidarians were
1 to 4 ‰ higher than those of zooplankton collected
alive around coral patches. In addition, they were similar to, or even slightly higher than, the δ15N values of
the zooplanktivorous fish Arctozenus risso. The results
obtained for M. oculata, D. dianthus and P. cf. macrospina are then consistent with a diet mainly based
on zooplankton (mainly phrosinid and platyscelid
amphipods). This hypothesis agrees with previous conclusions drawn based on the lipid markers and δ15N
data (6.8 to 8.6 ‰) of M. oculata from the NE Atlantic
(Kiriakoulakis et al. 2005). Our outcomes differ, however, from a previous study of the Galicia Bank coral
reef, where small crustaceans (copepods) were slightly
more 15N-enriched than Lophelia pertusa and M. oculata and were, thus, probably not a major food source
for these CWC (Duineveld et al. 2004). Although L.
pertusa from SML seems to mainly feed on zooplankton (as suggested by its high δ15N values), it remains
difficult to draw conclusions about its diet composition
since this species was sampled in 2005 and 2006 and
we did not sample any of its potential food sources for
these periods. The mean δ15N obtained for L. pertusa
and M. oculata in the present study are in the ranges of
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values already reported for these 2 species in the NE
a single branch of the antipatharian could result from
Atlantic (8.7 to 9.3 and 6.8 to 9.5 ‰, respectively, Duinthe fact that the ROV lights attracted a multitude of
eveld et al. 2004, 2007, Kiriakoulakis et al. 2005) and
zooplankton, temporarily enhancing the probability of
in the Strait of Sicily, south of Malta (9.2 and 8.0 ‰,
their capture by coral polyps.
respectively, CNR cruise CORAL of the RV ‘Urania’,
Recent video recordings on the SML banks revealed
450–600 m). However, data obtained for fixed samples
that amphipods and euphausiids are abundant around
(either with formalin or with glycerol) must be considthe coral colonies (Mastrototaro et al. 2010). However,
ered with caution since they could have been modified
we still do not know if this represents a permanent
food source for the CWC in this Mediterranean area.
by the preservative treatment. There is no consensus
Zooplankton are prone to nocturnal upwards migraabout the effect of formalin on δ15N values of aquatic
tion and current-induced horizontal transfer in surface
species. Some authors found no significant effect
water (Macquart-Moulin 1993) and show variation
(Sarakinos et al. 2002), whereas other studies eviin seasonal abundance in the CWC community of
denced significant δ15N shifts (Bosley & Wainright
the Galicia Bank (Duineveld et al. 2004). Therefore,
1999, Edwards et al. 2002). Given the positive δ15N
euphausiids, amphipods and copepods could only be
shift we obtained between fresh and fixed samples of 3
available seasonally for benthic consumers in the SML.
cnidarian species (Fig. 2), we cannot exclude the possiThis question should be resolved through repeated
bility that δ15N of M. oculata sampled in 2007 has been
seasonal sampling in the area.
overestimated. Indeed, fresh samples of M. oculata colThe major contribution of zooplankton to the diet of
lected at the same depth in 2005 were slightly more
15
scleractinian corals and the 13C-enrichment of benthic
N-depleted, by 1 ‰. Therefore additional δ15N analyses on fresh material are clearly required to confirm
consumers feeding at the water–sediment interface
the diet of these 2 cosmopolitan coral species in the
with respect to those feeding well above the bottom
SML CWC province.
have to be confirmed by a more extensive sampling
Isotopic data obtained for the gorgonian Paraeffort. Nevertheless, our results suggest that the locamuricea cf. macrospina are in agreement with stomach
tion in the coral framework and the consequent relacontent analysis of the aposymbiontic P. clavata in a
tive exposure to surface sediment and resuspension
shallow (30 m depth) NW Mediterranean area (Coma
processes may influence the feeding habits of CWC
et al. 1994). Indeed, according to these authors small
and related benthic consumers in the SML province.
zooplankton (100 to 200 µm) plays a major role (78% of
the captured prey items) in the diet of this gorgonian.
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