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Abstract

The deep-sea benthic community at the Porcupine Abyssal Plain (NE Atlantic) is a highly food limited system. The
annual input of sedimenting phytodetritus, which reaches the sea floor around May/June, is the major input of energy.
The relative trophic position of the most abundant components of the benthos (90 species or higher taxonomic groups),
including meiofaunal, macrofaunal, and megafaunal organisms, was evaluated by stable isotope analysis. The majority
of the macro- and megafaunal organisms investigated were deposit feb&5),(less numerous were suspension
feeders K=17) and predators/scavengek&=R9). Stable nitrogen values overlap and cover a large range within feeding
types, indicating a strong overlap in food sources and a high degree of competition for food. Suspension feeders, mainly
cnidarians, have a broad trophic spectrum through feeding on resuspended material as well as capturing pelagic prey;
thus during the greater part of the year they can compensate for any shortage in sedimenting fresh POM. Benthic
deposit feeders use a variety of feeding strategies to exploit their common food resource. The holothurians, the dominant
megabenthic group at PAP, included some highly mobile species, which seem to be quite efficient in tracing and
exploiting localised patches of nutritious phytodetritus. Other holothurian species, however, forage successfully on more
refractory material, possibly assisted by enteric bacteria. Predators/scavengers fall into two groups, representing two
major trophic pathways. Firstly, several of the invertebrate predators prey on deposit-feeding organisms and so are the
end consumers of an exclusively benthic food web. Secondly, there are highly mobile benthopelagic
predators/scavengers, which are a major link with the benthopelagic food web through their feeding on pelagic prey.

Generally, within the benthic community at PAP competition for food is reduced by two alternative evolutionary
adaptations: (1) specialization on slightly different food sources and (2) vertical expansion of the trophic spectrum.
This leads to a rather complex food web, covering a tdté& range of at least 10%d] 2001 Elsevier Science Ltd.
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1. Introduction

The deep-sea floor is considered to be the world' s largest sink for biogenic carbon. Deposition of particles
produced in the overlying water column creates an important paleontological record. But particle deposition
onto the abyssal seabed, especialy of phytodetritus, is of interest not only geologically but also biologically.

The Porcupine Abyssal Plain (PAP) in the north-east Atlantic is characterized by a strong seasonal flux
of particulate organic matter (POM), which is mainly derived from primary production in the eutrophic
epipelagic zone (Rice, Thurston, & Bett, 1994). The central region of the PAP is largely unaffected by
slope processes, and the downward flux is nearly vertical (Billett, Lampitt, Rice, & Mantoura, 1983). During
sedimentation, the particles are subject to degradation and so their biochemical composition changes (e.g.
Wakeham, Hedges, Lee, Peterson, & Hernes, 1997). Though many nutrients are lost from POM during
sedimentation, phytodetrital deposition is considered the major energy input driving the dynamics of the
benthic community (Pfannkuche, 1993; Gooday & Turley, 1990; Gooday, 1988; Fowler & Knauer, 1986).
Benthic deep-sea communities are found to be species-rich, abundant and productive (reviewed by Rowe,
1983) and their diversity is described as being equal in diversity to rain-forests and tropical systems (e.g.
Grassle, Maciolek, & Blake, 1990). Although meiofauna, especialy foraminiferans, account for a large
proportion of this high species diversity (Gooday, 1986), macrofaunal species, especialy polychaetes, con-
tribute significantly to the richness of benthic communities (Cosson, Sibuet, & Galéron, 1997). At PAP,
holothurians account for more than 90% of the megafauna, and together with other echinoderms, they
represent the dominant group in terms of both biomass and numerical abundance (Thurston, Bett, Rice, &
Jackson, 1994; Billett, 1991). However, how the abyssal community is sustained despite the restricted
energy input from the water column is still poorly understood (Smith, 1987). Our knowledge of the feeding
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ecology of single deep-sea species is steadily increasing, even so the overall structure of deep-sea food
webs remains to be fully investigated. The majority of species are reported to be deposit feeders, ingesting
and reworking vast amounts of sediment. Consequently, competition for food is expected to be extremely
high. On the other hand, in a severely food limited system, we would expect the development of feeding
strategies which would serve either to reduce or to avoid competition.

Traditional approaches to food web analysis usually include gut content analysis, together with field and
laboratory observations. The approaches are difficult when studying the deep-sea because of restricted
accessihility (low tempora and spatial resolution) as well as technical problems:. Live organisms for exper-
imental studies are difficult to obtain and gut content analyses are hampered by specimens being damaged
during sampling and pressure effects. More recently, stable isotope analysis has been established as an
aternative approach to investigate relative trophic positions of organisms (e.g. Fry & Sherr, 1988; Owens,
1987; Peterson & Fry, 1987). It has been proved in both experimental and field studies that naturaly
occurring stable isotopes of carbon and nitrogen show a stepwise enrichment between prey and consumer
tissue during assimilation processes (Fry, 1988; Minagawa & Wada, 1984; Rau, 1982; DeNiro & Epstein
1978, 1981). Selective metabolic fractionation leads to a preferential loss of lighter isotopes during respir-
ation (carbon) and excretion (nitrogen) (DeNiro & Epstein, 1978; Rau et al., 1983; Tieszen, Boutton,
Tesdahl, & Slade, 1983). Isotopic enrichment in consumer tissue compared to the prey tissue alows the
relative trophic positions of members of a food web to be established. Isotopic enrichment, however,
depends on turnover rates of tissues and will vary with tissue type. ‘Long lived' tissues such as muscle
integrate isotope ratios over the post-metamorphic lifetime of an organism. Isotope ratios of tissues with
faster turnover such as gonads will reflect the specific diet during the shorter period of tissue formation.
Hence, to establish relative trophic positions within a food web the same tissue type should always be
compared. Based on these earlier studies, Hobson and Welch (1992) established mean enrichment steps
for 3C and **N between subsequent trophic levels in marine benthic systems as 1%o0 and 3.8%o, respectively.

Within the joint European MAST |11 program BENGAL (High resolution temporal and spatial study of
the BENthic biology and Geochemistry of a north-eastern Atlantic abyssal Locality), the present study
aims to clarify the trophic structure within the benthic community at PAP. Both stable isotope and gut
content analyses are used to investigate whether species occurring at PAP have developed strategies which
serve to reduce competition for limited food resources.

2. Investigation area, materials and methods

The investigation area was the Porcupine Abyssal Plain (PAP) in the north-eastern Atlantic (centered
on 48°50’'N 16°30'W) southwest of Ireland with a depth of about 4840 m (Billett & Rice, 2001). The
location is known to be subjected to a regular seasona deposition of aggregated POM which normally
reaches the seafloor in May/June. This annual input characterizes this deep-sea plain as being relatively
eutrophic (Rice et al., 1994).

2.1. Sable isotope analysis

Samples for stable isotope analysis were collected during two cruises of RRS Discovery to the PAP site
in September 1996 (cruise D222) and July 1997 (cruise D229). Particulate organic matter (POM) was
collected using a stand-alone pumping system (SAPS) on GF/C glass-fiber filters (particle retention about
1.2 um) from 40 m depth. Meiofauna and macrofauna were sampled from the upper 3-5 cm layer of
sediment collected with both box and multiple cores. Megafaunal samples were obtained from trawling
the sea floor with a semi-balloon otter trawl (OTSB). Amphipods were sampled with baited traps deployed
either immediately above the bottom or at about 30 m above bottom (mab). The bait was protected to
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prevent amphipods from feeding. Parasitic species were obtained from several megafauna organisms; these
included both ectoparasites from crustaceans, holothurians, and fish and nematodes and trematodes
recovered from fish intestines.

For meiofaunal taxa (e.g. nematodes, harpacticoids, foraminiferans) several complete individuals were
pooled to obtain sufficient mass for the isotope measurements. Larger species of the macro- and megafauna
were dissected and their guts were removed. Then pieces of body wall (e.g. in cnidarians and holothurians)
or muscle tissue (e.g. in fish) were taken for analysis (Table 1). In a few asteroids and ophiuroids gonad
tissue was sampled because insufficient organic material could be obtained from the body wall. All samples
were kept frozen at —30°C before freeze drying. The dried samples were then ground to a homogeneous
powder, and treated with 2 N HCI to remove carbonates, and dried again prior to isotope measurement.
The possible number of isotope measurements was limited so individual samples of each species were
pooled so that the isotopic values reported represented the means of a given number of individuals. In
some species replicates were measured.

13C/*2C measurements were conducted using a Finnigan MAT Delta S mass spectrometer which was
coupled to an elemental analyzer (CHN-O Rapid, Heraeus) (Fry, Brand, Mersch, Tholke, & Garritt, 1992).
Measurements were standardized to Vienna-PDB. Analytical reproducibility was better than +0.20%o.
5N/*N measurements were performed with a Finnigan MAT Delta S mass spectrometer which was coupled
to an elemental analyzer (EA 1108, Carlo-Erba). Measurements were standardized to atmospheric N,, and
analytical error was about +0.15%0. Stable isotope ratios were expressed in the conventional d notation as
parts per thousand (%.) according to the following equation:

OX= [(R%mple/Rs(andard) - 1] 1000

where X is *C or ®N and R is the corresponding ratio *3C/*2C or *N/**N. According to literature data
(Hobson & Welch, 1992) trophic level enrichment factors are about 1% for d*C and 3.8%. for 6'°N.

2.2. Gut content analysis

For gut content analysis, macro- and megafaunal specimens were collected during three Discovery cruises
to the PAP site in September 1996 (cruise D222), March 1997 (cruise D226), and July 1997 (cruise D229).
Individuals of the more abundant and conspicuous species were preserved in 4% formaldehyde-seawater
solution. Whenever possible, ten individuals of each species on each cruise were examined. The specimens
were dissected and their gut contents separated. The total gut contents of smaller animals were analyzed,
whereas for larger organisms (e.g. Holothuroidea) a subsample was taken from the foregut. The relative
proportions (in terms of volume) of phytodetritus, sediment, and animal remains were determined semiquan-
titatively.

3. Resaults

Results on stomach content composition of benthic species are summarized in Table 1. In severa taxa
al the individuas investigated had empty guts. In other taxa no materia for analysis of the diet could be
obtained. Based on their gut content composition and on lifestyle, the species were classified into feeding
types (Table 1). The majority of the macro- and megafaunal taxa investigated proved to be either surface
deposit feeders (SDF, N=26) or subsurface deposit feeders (SSDF, N=9); a few taxa were identified as
either suspension feeders (SF, N=17) or predators/scavengers (P/S, N=29). In most SDF and SSDF the
proportion of phytodetritus in the guts was high in September 1996 and low in March and June 1997.
Only a few species, such as the ophiuroid Ophiocten hastatum and some holothurian species (Amperima
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rosea, Ellipinion molle, Peniagone diaphana) were found to have ingested considerable amounts of POM
during March and July 1997. Seasonal variability in the dietary composition of predator/scavengers was
low.

Ninety taxa (54 species, 32 higher taxonomic groups, and 4 mixed groups) of the benthic community
were analyzed for stable carbon and nitrogen isotopes (Table 1). The overall correlation between &'°C and
O'™N was weak (r?=0.261, N=84, Fig. 1), indicating a non-linear food web in which 33C is usualy aless
useful tool for food web analysis (see comments in Section 4.1). Hence we concentrated our study on
nitrogen isotopes. 3*°N values ranged from 6.22%o. in Rhizammina sp. to 17.93%. in a hexactinellid sponge.
Thus the components of the food web investigated covered a '°N range of >10%., which corresponds to
approximately three trophic levels (Fig. 2).

POM had the lowest d"N value, 8.15%., with the exception of Rhizammina sp. and other soft-walled
tested foraminiferans. Distinct differences were detected in 6*N in the meiofaunal groups investigated.
Foraminiferans and meiofaunal amphipods had low vaues which were within a single trophic level of
POM, whereas the &N of nematodes, isopods and copepods was distinctly higher.

All macro- and megafaunal feeding types showed wide ranges of 6°N values covering about 4%. in
SSDF and up to >7%. in PIS (Fig. 3). Mean &"N was significantly (P<<0.05) lower in SDF (mean
0°N=12.85+1.32) than in the other three groups (SF: mean 6'°N=14.60+1.43; SSDF: mean
0°N=14.70+1.41; P/S: mean 6'°N=14.13+1.85), using analysis of variance (ANOVA, Shapiro-Wilk test
for normal distribution, Levene's test for homogeneity among variances) with Games-Howell’s post-hoc
test. Some taxa of higher taxonomy groups show narrow ranges of 3*°N values (e.g. Cnidaria, Crustacea),
whereas the species of other taxa such as Polychaeta, Holothuroidea and Pisces had wider ranges of &°N,
up to 6%o.

Parasite-host relationships were considered separately (Fig. 4). Cirripedes and gastropods, ectoparasitic
on the decapod Munidopsis crassa and the holothurian Oneirophanta mutabilis, respectively, and trema
todes living in the hind guts of fish, showed stable nitrogen values similar to their hosts. Whereas nematodes
from fish stomachs exhibited distinctly lower values than their hosts, in copepod ectoparasites found on
the gills of Coryphaenoides armatus the values were higher than their host.

20

(18 -6 -14 -12
§’c

Fig. 1. Relation between 3°C and 8'°N in all species/groups measured. §*°N=24.11+0.611-6*°C; r?=0.261, N=84.
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4. Discussion
4.1. Methodological approach

Our am was to anayze the benthic deep-sea food web at PAP and we believe that our sampling was
representative of that specific benthic community. Benthic deep-sea communities exhibit natura variability
which is reflected in their patchy distribution (e.g. Rice & Lambshead, 1994; Rice et al., 1994; Thurston
et a., 1994; Gooday, 1993; Bett & Rice, 1992; Billett & Hansen, 1982). As discussed below, although
our sampling of the meiofaunal community was limited, it allowed us to include this group, which is
considered to be a significant contributor to energy transfer within the benthic community (e.g. Gooday,
Levin, Linke, & Heeger, 1992). Among the macrofauna, polychaetes are the dominant group in terms of
biomass and abundance (Cosson et a., 1997; Gage, Lamont, & Tyler, 1995; Hessler & Jumars, 1974), and
a large range of species and feeding types has been included here. The megabenthos is well represented
in our study and included all the key species of the more important invertebrate groups occurring at this
deep-sea site (Holothuroidea, Cnidaria, Asteroidea, Crustacea; Thurston et al., 1994; Billett, 1991), as well
as a broad and representative spectrum of demersal fish and benthopelagic amphipods (Thurston, 1990).
Severa species, which were formerly rare but increased significantly in abundance during the course of
the BENGAL project, have been included, such as the holothurians Amperima rosea and Ellipinion molle,
as well as several cnidarians (e.g. losactis vagabunda).

In recent years, the use of stable isotope ratios as natural tracers in marine food webs has attracted
increasing interest (overview in Michener & Schell, 1994). Initial investigations were based only upon
stable carbon isotope ratios, but it became increasingly clear that '°C is biased by the lipid content of the
organism being investigated, because rates of **C enrichment differ between carbohydrates, proteins and
lipids (e.g. Wada, Terazaki, Kabaya, & Nemoto, 1987). 6**C can be a good food chain marker when
samples are defatted prior to isotope analysis (e.g. Hobson, Ambrose, & Renaud, 1995; Monteiro, James,
Sholto-Douglas, & Field, 1991). It is very useful for distinguishing food sources at the first trophic level
of the food web (e.g. Fry & Quifiones, 1994; Rau, Heyraud, & Cherry, 1989), and between organic carbon
originating from several primary sources (e.g. Hobson & Welch, 1992; Dunton & Schell, 1987; McCon-
naughey & McRoy, 1979). It also facilitates the study of chemosynthesis-based ecosystems (e.g. Van
Dover & Fry 1994, 1987; Rau, 1981; Rau & Hedges, 1979). In our study, however, 5*C was of only
limited use for the interpretation of trophic relations because the lipids were not extracted, and also the
organic carbon at PAP originated mainly from a single source oceanic phytoplankton.

Enrichment of >N seems to be more conservative and less variable amongst the biochemical fractions
(DeNiro & Epstein, 1981; Minagawa & Wada, 1984), and recent investigations have shown that 3*°N is
amore reliable tool for food web analysis (e.g. Hobson & Welch, 1992). Moreover, the analysis of stomach
contents provides useful additional information on the organism’s trophic position and can help in the
interpretation of stable isotope ratios, especialy in systems either with several major trophic pathways (e.g.
Jennings et al., 1997; Cabana & Rasmussen, 1994; Fry, 1988) or those in which there is intense reworking
of the limited food resources (as demonstrated below in this study).

4.2. Food sources at PAP

At PAP, annual energy input into the benthic system is concentrated in the short pulse of phytodetritus
deposition which reaches the seabed about 4-6 weeks after the bloom develops in the euphotic zone (Rice
et al., 1994; Billett et al., 1983). During its vertical transport, POM is subjected to remineralization and
degradation which may reduce its nutritive value and affect the isotope ratios in a rather unpredictable
way (Rice et al., 1986; Macko & Estep, 1984). Furthermore, isotopic values usually differ between discrete
size classes of POM with smaller particles having lower 3'°N values (Rau, Teyssie, Rassoulzadegan, &
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Fowler, 1990). Clean or size fractionated POM samples are even more difficult to obtain close to the
seafloor than from the surface layer. POM arriving at the seabed is a mixture of various components such as
phytoplankton, associated microorganisms, amorphous aggregates (marine snow), faecal pellets and moults
(Sokolova, 1997; Lampitt, Hillier, & Challenor, 1993).

Hence, fresh food for suspension feeders (SF) is abundant only during the brief post-bloom period and
extremely sparse during the remainder of the year, so for most of the year suspension feeders are dependant
on resuspended material (Lampitt, 1985). On the seafloor, fresh POM occurs as greenish fluffy lumps or
mats (‘fluff’) which become mixed with the surficial sediment layer by benthic storms, tidal movement
and bioturbation (e.g. Smith, 1992), and these become the principal food source for all surface deposit
feeders (SDF). Depending on the amount of sedimented matter, sediment reworking by bioturbation and
feeding activity of larger animals incorporates only a relatively small fraction of this material into deeper
sediments, making it available to subsurface deposit feeders (SSDF) (Bogdanov, Gurvich, & Lisitsyn, 1979;
Lisitsyn & Vinogradov, 1982). Predators/scavengers (P/S) may rely on either benthic food sources or,
depending on their mobility, on abyssopelagic prey from the benthic boundary layer. Large food falls may
feed into a distinct aternative pathway of energy transfer, which bypasses the benthic community (e.g.
Gage & Tyler, 1991; Mahaut, Geistdorfer, & Sibuet, 1990). Members exploiting this second pathway may
be identified by their lower 8'°N values, because their prey do not depend on the frequently recycled
sedimented POM. Trophic relations within the PAP community may further be complicated by a possible
tendency towards vertical extension of trophic niches in various taxa and feeding types, which is currently
being being discussed as atypical feature of strongly food limited systems (e.g. Gage & Tyler, 1991; Jarre-
Teichmann et a., 1997; Sokolova, 1997).

4.3. Food web structure at PAP

The dominance of SDF and SSDF taxa (35+ Meiofauna) over SF taxa (17) and P/S taxa (18 benthic
invertebrate taxa +11 finfish taxa, see Table 1) implies that sedimented POM is indeed the major food
source for the benthic community at PAP. The 8'°N data seem to support this view; about two thirds of
the measurements were clustered in a range between 12%. and 16%.. A closer look at our &N data,
however, indicates that the food web structure at PAP is not that simple. Comparing the range of &N
values of the presumable end consumers, fish, with that of benthic invertebrate top predators such as the
polychaete Nicon sp. and the asteroid Dytaster grandis, the latter group have higher 3*°N va ues than those
of the highly mobile P/S with swimming capability such as fish, amphipods and decapods. This leads to
the conclusion that the swimming P/S are largely decoupled from the food web based on sedimented and
frequently recycled POM, and most are part of the second pathway of energy transfer, dependant on abysso-
pelagic prey and large food fals, thus confirming observations of Mahaut et a. (1990), Mauchline and
Gordon (1984), and others.

4.4. The POM dependent benthic food web

4.4.1. Meiofauna

Stable isotope analysis of meiofaunal organisms is of limited value because analyses are based on a mix
of speciesin order to obtain sufficient mass for isotopic analyses and whose protoplasm cannot be separated
from the food they contain. Thus any species-specific feeding characteristics will be cancelled so values
have to be regarded with some caution. Even so, our results provide some interesting new insights into
the feeding strategies of meiofaunal organisms. The meiofauna consists of both metazoans and larger
protozoan organisms, are often dominant numerically and in terms of biomass in benthic deep-sea environ-
ments and so play a highly important role in energy flow (Gooday et a., 1992; Tietjen, 1992). As compo-
nents of the food web, they are not only important consumers, but also may serve as an important food
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source either for non-selective deposit feeders (see review in Sokolova, 1997) or for selective consumers
of foraminifers (Gooday et a., 1992; Lipps, 1983).

Benthic Foraminifera (foraminifers) are a highly diverse group which, in terms of biomass probably
dominate the meiofaunal community at abyssal depths (Gooday, 1986; Snider, Burnett, & Hessler, 1984).
Most individuals and species live in the uppermost sediment layer, but little is known of their feeding
ecology (Gooday et al., 1992; Gooday, 1986). A specific assemblage of foraminifersinhabits the phytodetri-
tal lumps and the species are believed to feed on associated microorganisms (Gooday, 1993).

In this study we have distinguished between foraminifers with soft-walled tests (mainly Komokiacea),
that form mudballs (Komokiacea with associated sediment), and those with calcareous/agglutinated tests.
These three groups show differences in their trophic position. The soft-walled test forams have mean 6'°N
values lower than those of POM. Those with agglutinated tests or forming mudballs have values consistent
with the first trophic level, i.e. close to POM. Whether these differences reflect actual differences in their
feeding strategies is difficult to interpret because variability in 8°N values of foraminifers is very high.
The foraminifer groups may either feed on different size classes of the available POM, of which the small
particles usually exhibit lower d°N values (Rau et al., 1990), or rely on different microbial food sources.
However, most foraminifers are known to store their waste products (stercomes), which may bias their
overall isotopic values. The majority of species contain little protoplasm compared to the mass of their
tests, which in many cases are not secreted by the organisms but are constructed of material obtained from
the environment. Hence &'°N data referring to foraminifers have to be interpreted with care.

Nematodes are considered the most important and numerous metazoan meiofauna group in marine soft-
bottom sediments, and are also abundant in deep ocean sediments (Vincx et a., 1994; Heip, Vincx, &
Vranken, 1985). Their abundance is highest in the top layer of the sediment and decreases rapidly with
sediment depth (Snider et a., 1984; Thiel, 1983), suggesting that they depend strongly on the input of
fresh POM (Lambshead, Ferrero, & Wolff, 1995). However, their 3*°N values seem too high to reflect
feeding on fresh POM, which may be either because of site specific features of nematode ecology and/or
to sampling bias. '°N values of nematodes may also be related to nematode size, because larger nematodes
tend to occur deeper within the sediment (Soetaert & Heip, 1989), where they encounter more degraded
material than fresh POM. Those larger nematodes are more abundant at PAP than at other, more oligo-
trophic sites studied (Vanreusel, Vincx, Bett, & Rice, 1995). Additionally, our sampling may be biased
towards larger individuals or species, which are more likely to be detected without staining. However,
similar results have been reported from the analysis of mixed meiofauna organisms containing ca 98%
nematodes sampled in shallow water sediment from Southeastern Alaska (Goering, Alexander, & Hauben-
stock, 1990). Their meiofaunal 6°N values were well above those of most surface deposit feeders and
7.8%0 higher than the phytoplankton, indicating that there the nematodes were not depending on POM
directly. Carnivory or feeding on nanobiota such as bacteria or fungi were considered as aternative feeding
strategies (Goering et a., 1990).

4.4.2. Macro- and megafauna

Macro- and megafaunal feeding types not only showed a large range of 6'°*N values, but also showed
strong overlap in food sources. Competition for food is generally thought to exert strong evolutionary
pressure that drives trophic niche separation, either by specialization (Roberts & Moore, 1997; Billett,
Llewellyn, & Watson, 1988) and/or by vertical expansion of trophic niches, i.e. omnivory (Gage & Tyler,
1991; Jarre-Teichmann et a., 1997; Sokolova, 1997).

The feeding strategies of suspension feeders (SF) are assumed to be closely coupled to the seasona
input of POM. However, because of the restricted availability of fresh POM, deep-sea SF have expanded
the spectrum of the food they utilize to include resuspended material (Lampitt, 1985). Hence in the deep
ocean SF compete directly with the deposit feeders (SDF and SSDF) for the limited POM food source,
intensifying the trophic competition. Even so, our study reveals some examples of trophic niche separation
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in SF taxa: Pennatulacea (sea pens) are basically microphagous SF. The 8'°N of the large Umbellula sp.
(>50 cm height at PAP) is distinctly higher (15.14%o.) than &N of the second, much smaller Pennatulacea
(12.31%0, nos. 20 and 11 in Fig. 2, respectively), indicating that Umbellula sp. feeds at higher trophic
levels, e.g. by macrophagy as assumed by Gage and Tyler (1991). Another example is the (yet unidentified)
hexactinellid sponge, which shows the highest 6'°N (17.93%o) of all taxa investigated. Interestingly, similar
high "N values have been found in sponges from the Arctic (Iken, unpublished data). These sponges do
not seem to be closely coupled to the sedimenting POM but depend on other food sources with distinctly
higher '°N values; possible sources may be symbiotic bacteria, which play an important role in the nutrition
of some shallow waters sponges (Arillo, Bavestrello, Burlando, & Sara, 1993; Reiswig, 1975). Those
bacteria may be able to metabolize highly refractory material, which can then be assimilated by the sponge.
Another strategy may be macrophagy on small swimming organisms, as observed in sponges living in
shallow water caves (Vacelet & Boury-Esnault, 1995).

As stated above, macro- and megabenthic deposit feeders (35 taxa) dominate the community at PAP.
The significant difference (P<<0.05) in 8'°*N values between SDF (mean §*°*N=12.85%0+1.32) and SSDF
(mean 6°N=14.70%0.+1.41) indicates that the latter feed on more refractory and recycled material. This
makes sense, as POM will be metabolized partially while being worked into the sediment (Conte, Madur-
eira, Eglinton, Keen, & Rendall, 1994; Santos, Billett, Rice, & Wolff, 1994). Nevertheless, the wide range
of 8N values within the two feeding groups (SDF: 10.7-15.11%.; SSDF 12.59-16.18%0, see Fig. 3)
indicates further trophic niches separation with respect to the ‘recycling status of the diet. Spatial and
tempora variability of food quality and quantity is the lever available for the evolutionary development
towards distinct trophic niches within the deposit feeders. This spatio-tempora patchwork is created by
seasonality of sedimentation, local resuspension by interaction of bottom currents and bottom topography
(Lampitt, 1985; Billett et a., 1983), spatia heterogeneity in activity of micro- and meiofauna (Patching &
Eardly, 1997; Gooday & Turley, 1990), and the constant albeit patchy bioturbation and recycling by macro-
and megafaunal organisms themselves. Below, we discuss this separation of trophic niches among holothur-
ians and a few other taxa

Holothurians are the dominant megabenthic group in terms of biomass and abundance at PAP (Thurston
et al., 1994; Billett, 1991). Three trophic groups can be identified according to their 8°N values (group
A: 10.75-12.33%0, group B: 13.16-13.92%., group C: 15.58-16.18%o, see Fig. 2). Regarding holothurian
morphology, resource partitioning is mainly discussed in terms of tentacle structure (Roberts, 1979; Rob-
erts & Bryce, 1982; Klinger, Johnson, & Jell, 1994; Roberts & Moore, 1997). Different morphological
types of tentacle have been proposed to account either for differences in particle size selection (Roberts,
1979) or for selection of organically enriched particles (Khripounoff & Sibuet, 1980; Billett et al., 1988).
Selective feeding in holothurians, however, is still a matter of debate. At present neither tentacle ultrastruc-
ture and morphological classification nor particle selection by adhesion are sufficiently understood to allow
discrimination of holothurian feeding types based on tentacle characteristics alone (e.g. Lawrence, 1987,
McKenzie, 1984; Moore & Roberts, 1994; Roberts & Moore, 1997). The three trophic groups identified
in our study do not show distinctive characteristics in their tentacle shape and ultrastructure. Digitate and
peltate forms are the dominant types in al three groups, athough the long, narrow, sometimes shield-like
tentacles (Lawrence, 1987) of the Molpadida (Molpadia blakei) are confined to group C.

We suggest that a combination of factors, such as morphology (tentacle structure, body wall consistency,
body extensions), mobility (buoyancy, swimming capability), and digestive properties (enzymatic activities,
enteric bacteria) has to be considered to explain holothurian niche separation at PAP.

Billett (1991) recognised five strategies in deposit feeding by deep-sea holothurians. According to his
system of trophic strategies, most members of our group A would be classified either as pelagic superficial
sediment feeders (Peniagone diaphana) or as mobile superficial sediment feeders (Amperima rosea, Elli-
pinion molle). The feature common to all these species is the gelatinous structure of the body wall that
gives them near neutral buoyancy; this together with their small body size (mean body mass between 3 and



K. lken et al. / Progress in Oceanography 50 (2001) 383-405 399

11 g wet weight; data courtesy Bett and Thurston, SOC) means they are readily carried into suspension
by bottom-near currents; their distinct velum may give them a measure of control over their direction of
drift. P. diaphana is a benthopelagic species occurring up to 70 mab (Billett, 1991; Barnes, Quetin, Child-
ress, & Pawson, 1976) and has been reported to feed both pelagically as well as benthically (Billett, 1986;
Billett, Hansen, & Huggett, 1984; Barnes et al., 1976). The low &°N values (range 10.75-12.33%o) of
these species indicate that they feed on fresh POM, and the isotopic data are confirmed by gut content
analysis. These species contained considerable amounts of phytodetritus in their guts during all sampling
seasons, even in July 1997, when no deposition to the PAP benthic system was apparent in the Bathysnap
observations. Obviously, their high mobility enables A. rosea, Ellipinion molle, and P. diaphana to locate
efficiently and exploit patchily distributed phytodetrital lumps. In general terms, species of group A appear
to be investing comparatively more energy in foraging for food of comparatively high nutritional value.
This strategy appears to be effective at PAP since A. rosea was the most abundant megafaunal species at
PAP during BENGAL. From the Bathysnap observations, its abundance reached up to 6000 ind. hectare™*
(Billett et a., 2001).

Holothurian group B is comprised of larger species such as Oneirophanta mutabilis, Deima validum,
and Psychropotes longicauda, whose average body mass ranged between 32 and 600 g wet weight (data
courtesy Bett and Thurston, SOC). These are mobile superficia sediment feeders (Billett, 1991), which
sweep and rake the surficial sediment layers with their tentacles into the ventrally located mouth, similar
to species of group A (Roberts & Moore, 1997; Moore & Roberts, 1994; Hansen, 1975). However, their
O™N values (range 13.16-13.92%o) indicate that the species of group B are feeding on older, more recycled
organic matter than those of group A. This is most likely related to differences in the mobility of the
species in the two groups. Only P. longicauda, which is pelagic as a juvenile (Tyler & Billett, 1987), is
known to have limited swimming abilities as a result of its gelatinous body and long ‘tail’ (Pawson, 1985).
The body walls of the other species are less gelatinous, and so have limited, if any, swimming capability.
Hence, species of group B have less capability for searching patches of fresh phytodetritus than those of
group A. Recent studies of the digestive systems of O. mutabilis and P. longicauda have reveaded they
have highly developed enzymatic capacities as well as a bacterial flora, which plays an important role in
enabling them to break down more refractory material (Moore & Roberts, 1994; Roberts et al., 2001).

All species of holothurian group C are classified as SSDF (Table 1) or, according to Billett (1991), as
sedentary or infaunal sediment feeders. Their average body mass ranges from 47 to 365 g wet weight (data
courtesy Bett and Thurston, SOC). Species like Molpadia blakei or Pseudostichopus villosus are equipped
for a largely stationary, ploughing or burrowing lifestyle. They have a ‘sausage-shaped’ body form, they
lack distinct tube feet and any kind of body extensions such as a velum or tail, which may aid movement
or buoyancy. Their body walls are not gelatinous so they are not expected to have any swimming capability.
The long, narrow, sometimes shield-like tentacles of M. blakei function to shovel large amounts of sediment
into the apical mouth (Lawrence, 1987). The enzymatic characteristic of the gut contents of the speciesin
group C indicate they are capable of breaking down bacterial membranes, and their enteric bacteria may
break down refractory compounds, which can then be utilized by the holothurians (Roberts et a., 2001).
Their high 3N values (15.58-16.18%.) confirm that these species are specialists in exploiting the refractory
or frequently recycled organic matter of low nutritional value, that is encountered in sub-surface sediments.
They invest very little energy in foraging and so are comparatively decoupled from seasonally limited
sedimentation events.

Expansion of the trophic spectrum through the evaluation of increased mobility is seen in cnidarians, a
primarily sessile group. Most benthic cnidarians are considered to be opportunistic omnivores, containing
high proportions of sediment and animal prey (mainly polychaetes and crustaceans) in their guts (Table
1). Morphologically the two species studied, Kadosactis commensalis and Segonzactis platypus, are nearly
identical, but differ considerably in their life style as well as in their relative position in the food web. K.
commensalis lives commensally on holothurians, predominantly on Paroriza prouhoi and, less frequently,
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on Pseudostichopus villosus. Its 8'°N value (13.93%o) is close to the values of its hosts, indicating primarily
commensal feeding on fine particles resuspended by the activity of the hosting holothurian. S. platypus,
on the other hand, is a free living, mobile species which can actively seek food and may be considered
more predatory (6*°N=16.23%.). A recently described hemisessile species losactis vagabunda (Riemann-
Zirneck, 1997) seems to occupy an intermediate trophic position (6*°N=14.92%o). The three species demon-
strate a trend for increasing mobility leading to an increasingly carnivorous diet, i.e. vertical trophic
niche expansion.

Trophic separation is also detectable in our data between the two ophiuroids, Ophiomusium lymani
(0°N=12.97%0) and Ophiocten hastatum (6*>N=10.70%o). The latter feeds nearly exclusively on fresh POM,
whereas the trophic spectrum of O. lymani is extended towards facultative predation on small crustaceans
and polychaetes (Table 1). Similar to the holothurians Amperima rosea and Ellipinion molle (see above),
Ophiocten hastatum seems to be very efficient in tracing fresh phytodetritus even in times of low depo-
sition rates.

Top predators in the benthic food web (6*°N range=16.58-17.66%.) are mainly polychagtes and asteroids
(see Section 4.3). Their very high >N values reflect extensive feeding on benthic deposit feeders, prey
which depend on frequently recycled POM.

4.5. The benthopelagic food web

The deep-sea bottom is closely related hydrographically and biologically to the overlying water column
by the benthic boundary layer (BBL), which may extend up to 100 mab (Smith & Hinga, 1983). In the
abyssal BBL pelagic organisms accumulate because of their biological interactions with the sediment
(Angel, 1990) and hence become accessible prey for mobile benthopelagic species able to migrate into the
overlying water layer for feeding. As discussed above, the highly mobile predators/scavengers (P/S) with
swimming capability such as fish, amphipods and decapods encountered at PAP may be decoupled to
various degrees from the benthic food web which depends on sedimented POM. Competition for food is
considered to be high among the P/S fauna because of low prey availability and spatial and the temporal
unpredictability of large food falls. The wide range of d'°N values in these benthopelagic P/S (10.28-
15.61%o) indicates there is a degree of trophic niche separation within this feeding type. Our &N data
combined with the available information on lifestyles separates the benthopelagic P/S into two groups.
One group consists of benthopelagic P/S which specialize on small pelagic prey and with very low &N
values (10.28-12.12%o), such as the fish species Serrivomer beani, Bathypterois longipes and the Aphyoni-
dae. Some Aphyonidae are reported to be abyssopelagic whereas the conspicuous tripod fish B. longipes
has a sit-and-wait strategy (Whitehead, Bauchot, Hureau, Nielsen, & Tortonese, 1986). Sitting on its elon-
gated fin rays this species is extremely sensitive to movements of its swimming prey (e.g. small fish or
swimming invertebrates) (Gage & Tyler, 1991). Within the decapods, the penaeid Benthesicymus iridescens
(0°N=12.12%0) predominantly feeds on pelagic prey, and the &N value (11.75%.) of the amphipod cf.
Paracallisoma sp. indicates it has a similar feeding strategy. Predation as an alternative feeding mode to
scavenging in abyssobenthopelagic amphipods is mentioned by Thurston (1990).

The second group includes mobile benthopelagic P/S species which seem to be more or |less opportunistic
feeders. This group comprises the cirrotheuthid cephalopod (6*°N=13.56%), which feeds on a mixed diet
of benthic and pelagic prey (isopods/polychaetes and copepods, respectively), scavengers, such as the rattail
Coryphaenoides (Nematonurus) armatus and the deep-sea eel Histiobranchus bathybius, and many amphi-
pod species. The &N values (13.17-15.61%o) of this second group are high, but are still lower than those
of true benthic predators (6'°N=16.58—17.66%., see Section 4.3), indicating that they may form a link
between the benthic and benthopelagic trophic pathways.
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4.6. Parasite—host relationships

The trophic relationship between parasites and their hosts has to be regarded as a special case within
the general food web. We would expect parasites living in the intestines of the host to have similar isotopic
values to their host, assuming they feed on the same items as the host does. However, parasites feeding
on body tissue or fluids of their host are expected to have stable isotope ratios higher than their hosts.

Trematodes living in the intestines of fishes of the genus Chalinura fit well into this concept (Fig. 4),
but nematodes from the stomach of Coryphaenoides armatus and Chalinura profundicola had remarkably
lower &N values than their respective host. This is probably related to the different locations of these
intestinal parasites in the gut: the trematodes mainly inhabit the hind part of the intestine, behind the
stomach where the food passing through has already been enzymatically processed by the fish, so host and
parasite will assimilate identical material. Nematodes inhabiting the stomachs of their hosts are using the
food before it is purged into the intestine of the host. Hence the isotope ratios of the nematodes and the
host fish will differ either as a result of specific enzymatic properties or selective feeding of the parasite
on the available food.

The ectoparasitic gastropod living on Oneirophanta mutabilis inserts a long siphon into the hosting
holothurian. The nearly identical trophic position of host and parasite suggest that the gastropod is inserting
its siphon into the gut system feeding on pre-digested food rather than into the coelom of the holothurian.
The same applies to the ectoparasitic cirriped species living on Munidopsis crassa, where 8'°N value is
similar to its host.

Copepods living ectoparasitically on the gills of Coryphaenoides armatus show a &N enrichment of
about 3%0 with respect to their host, confirming that the copepods are feeding on the blood of the host.
This trophic enrichment factor gives strong evidence that isotope fractionation patterns in the deep sea are
similar to those in shallow waters, an important observation given the differences in enzyme activities
with depth.

5. Conclusions

Stable isotope analysis of the benthic food web at PAP revealed a complex system with specific adap-
tations to the limited food sources. We have been able to identify two distinct albeit overlapping trophic
pathways at PAP, a benthic food web depending on sedimenting and recycled POM and a benthopelagic
food web depending on abyssopelagic food sources. The majority of deposit feeding taxa were exclusively
members of the benthic food web. Among these, competition for food is minimised mainly by specialization
on specific POM fractions of different particle ages (i.e. recycling stage) and locality, as shown for holothur-
ians. Highly mobile carnivores with swimming capability constitute the benthopelagic food web at PAP.
There are mgjor links between the benthic and the benthopelagic food web: 1) through benthic species
showing vertical trophic niche expansion (e.g. cnidarians); and 2) through predators feeding on pelagic as
well as on benthic prey (e.g. some fish and crustaceans).

In a food limited system trophic specidisation is a necessary evolutionary development if competing
species are to coexist. One attempt to explain evolutionary processes is the * Stability—Time Hypothesis
of Sanders (1968), which predicts that physical stability of the deep-sea environment allowed evolutionary
adaptations within a benthic community in terms of resource partitioning. Diversification of feeding stra-
tegies as a result of resource partitioning will also minimize competitive interactions. Within the benthic
community at PAP resource partitioning is most striking in the large and diverse group of holothurians
(Roberts & Moore, 1997). At this deep-sea site, the seasonally pulsed inputs of POM into the benthic
system can be considered a specific process that favours speciaization of feeding strategies. According to
the Stability—Time Hypothesis, even higher degrees of trophic speciadisation will evolve at more
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oligotrophic deep-sea sites because of the less rich but more predictable food sources. Further stable isotope
analyses of the food web at less eutrophic deep-sea locations will be needed to answer this question.
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