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INTRODUCTION

Hydrogen sulfide, which is frequently found in marine
sediments, is an energy source for several groups of sym-
biont-bearing macrofaunal species that depend, to vary-
ing degrees, on chemoautotrophic nutrition (Fisher 1990,
Childress & Fisher 1992, Fiala-Médion: et al. 1993). In
organic-rich sediments, e.g. below upwelling systems or
at sewage outfalls, hydrogen sulfide is produced by
anaerobic degradation of organic matter coupled to sul-

fate reduction. Chemoautotrophic species such as fila-
mentous sulfur bacteria, or chemoautotrophic symbionts
such as of solemyid bivalves make use of the sulfide pro-
duced in these environments (Felbeck et al. 1981, Otte et
al. 1999). Sulfide-rich sediments exist at hydrothermal
vents (Grassle et al. 1985, Juniper et al. 1992) and cold
seeps at tectonically active and passive continental mar-
gins with hydrocarbon/methane seeps or groundwater
seeps (reviews: Hovland & Judd 1988, Sibuet & Olu
1998). Gas hydrates close to the sediment surface have
been discovered in several such settings, where fluid
and gas escape, e.g. in the Sea of Okhotsk (Zonenshayn
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ABSTRACT: Gas hydrates occur at the sediment surface on the southern summit of Hydrate Ridge,
Cascadia convergent margin. The hydrates are found in mounds several meters in diameter and up
to 2 m high, and are covered by sediment and mats of the filamentous sulfur-oxidizing bacteria Beg-
giatoa. The mounds are surrounded by vesicomyid clams (Calyptogena pacifica , C. kilmeri), which in
turn are encircled by solemyid bivalves (Acharax sp.). The zonation pattern of 3 species (Calyptogena
spp. and Acharax sp., which harbor chemoautotrophic bacteria in their gills, and the chemoauto-
trophic Beggiatoa), is also reflected in a change in the entire community structure. Beggiatoa, Calyp-
togena spp. and Acharax sp. are shown to be characteristic species for the different communities. The
Beggiatoa community directly overlaying the gas hydrates consists of seep endemic species in high
densities: gastropods (Provanna laevis , P. lomana, Pyropelta corymba, Hyalogyrina sp. nov.),
bivalves (Nuculana sp. nov.) and polychaetes (Ampharetidae, Polynoidae, Dorvilleidae). Based on
pooled samples, the rarefaction curves show a decrease in species diversity in the Beggiatoa and
Calyptogena communities. The hydrogen sulfide gradients in the porewater of sediments below the
different communities dominated by either Beggiatoa, Calyptogena spp. or Acharax sp. vary by 3
orders of magnitude. The diffusive sulfide flux based on the measured sulfide concentration gradi-
ents is highest in Beggiatoa sp. communities (23 ± 13 mol m–2 yr–1), slightly less in Calyptogena com-
munities (6.6 ± 2.4 mol m–2 yr–1), and low in Acharax communities (0.05 ± 0.05 mol m–2 yr–1). The
difference in the sulfide environment is a factor influencing the distribution patterns of the chemo-
autotrophy-dependant and heterotrophic species at the deep-sea sediments containing gas hydrate.
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et al. 1987, Ginsburg et al. 1993), in the Gulf of Mexico
(MacDonald et al. 1994, Sassen et al. 1998), on the north-
ern Californian continental slope (Brooks et al. 1991), at
Hydrate Ridge in the Cascadia convergent margin
(Suess et al. 1995, 1999), and at several mud volcanoes in
the Barents Sea, the Barbados accretionary complex, and
the Carolina continental rise (Paull et al. 1995, Olu et
al. 1996, Egorov et al. 1999). When methane hydrates
are exposed at or near the seafloor, methane diffuses
towards the methane-depleted bottom water (Egorov et
al. 1999), generating a continuous energy and carbon
supply for the benthic environment. It has long been
proposed that hydrogen sulfide is produced by
methane oxidation coupled to sulfate reduction (Ma-
suzawa et al. 1992, Wallmann et al. 1997), but the
microbial consortium apparently mediating this an-
aerobic methane oxidation has been identified only
recently (Boetius et al. 2000).

The most common species directly reliant on chemo-
autotrophy recovered from fluid and gas seeping areas
at the western continental margin off northern America
belong to the bivalve families Vesicomyidae and Sole-
myidae, pogonophorans including the species Lamelli-
brachia sp., and the mat-forming bacteria Beggiatoa
(Suess et al. 1985, Barry et al. 1996, Levin et al. 2000). All
species of the groups investigated have been shown to
depend on sulfide-oxidizing metabolism (Nelson &
Jannasch 1983, Fisher 1990). Since chemoautotrophy is
dependent on reduced chemical compounds, it can be
expected that the chemical environment influences the
species distribution. The chemical environment of Beg-
giatoa at hydrothermal mounds is controlled by variable
fluid flow causing changing sulfide supply (Gundersen
et al. 1992). Such variable conditions might be tolerable
or even necessary for Beggiatoa, as these filamentous
sulfur-oxidizing bacteria are shown to oxidize sulfide not
only via oxygen, but also via their internally stored
nitrate (Fossing et al. 1995, McHatton et al. 1996, Otte et
al. 1999). For the vesicomyid species Calyptogena paci-
fica and C. kilmeri, it was shown that their distribution
patterns at cold seeps are linked to the sulfide concen-
trations in the pore-water environment (Barry et al.
1997). The difference between these species in growth
rates and in their physiological capabilities of elevating
the sulfide concentrations in their blood probably reflects
their adaptation to different environmental conditions
(Barry & Kochevar 1998). The chemical environment of
shallow-water solemyid bivalves is characterized by
high concentrations of organic matter causing high rates
of sulfide input into the sediment (Conway et al. 1992).
The habitat of deep-water solemyids which are fre-
quently found at sediments from hydrothermal vents
(Juniper et al. 1992, Beninger & Le Pennec 1997) and
cold seeps (Sibuet & Olu 1998) has not been studied geo-
chemically.

A primary question concerning the community struc-
ture is the extent to which heterotrophic species at vents
or seeps are vagrants, colonists, or endemics (Carney
1994). Colonists are heterotrophic species attracted
to vent or seep sites by the aggregation of chemo-
autotrophically-derived organic matter, endemics are
species never found outside sulfidic environments, and
vagrants occur uniformly within and outside vents and
seeps. Equally important for the community structure are
species which might be excluded from sulfide-rich
environments, since hydrogen sulfide is potentially toxic
to all metazoans (Vetter et al. 1991). A reduction in
macrofaunal diversity and richness as a result of warm
fluids rich in sulfide and/or hydrocarbons altered the
community structure at hydrothermal mounds in the
Guaymas Basin, at the Galápagos mounds and at the
21° N site (Grassle et al. 1985, Grassle & Petrecca 1994,
Petrecca & Grassle 1990). In contrast to hydrothermal
vent sites, the diversity of infauna was not reduced in
vesicomyid clam beds around methane seeps of the
Californian continental slope (Levin et al. 2000).

At the Cascadia convergent margin, venting of fluids
and gas and the occurrence of methane hydrate
deposits has been well documented (Suess et al. 1985,
1999, Kulm et al. 1986, Linke et al. 1994). The water
depth and temperatures place the hydrate deposits on
the seafloor close to their stability limit, potentially pro-
viding large amounts of methane by destabilization of
gas hydrates in addition to the continuous supply via
diffusion to the methane-depleted bottom water.

Therefore, the objective of this work was to deter-
mine the effect on community structure of the unique
biogeochemical environment generated by the gas
hydrate deposits on the seafloor. The composition,
abundance, biomass and diversity of macrofauna at
the gas hydrate deposits, the communities surrounding
these sites and reference sites are compared in order to
answer the question: do gas hydrate deposits on the
seafloor support a distinct macrofaunal assemblage?

Hydrogen sulfide concentrations of the pore water
were examined to answer the question: is hydrogen
sulfide a key factor regulating community structure at
seeps? This question is applied to 2 groups: chemoau-
totrophy-dependent species (Beggiatoa, chemoauto-
trophic symbioses), which depend directly on sulfide;
and heterotrophic species, which tolerate but do not
directly benefit from sulfide.

MATERIALS AND METHODS

Observations and sampling. Visual observations of
the seabed and its epibenthic communities were made
during dives with DSV ‘Alvin’ during RV ‘Atlantis’
Cruise AT3-35b (Torres et al. 1999) and deployments
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of the Ocean Floor Observation System during RV
‘Sonne’ Cruise SO143 (Bohrmann et al. 2000). Sedi-
ment and organisms were sampled during Cruise
SO143 with a video-controlled multicorer (TV-MUC).
The TV-MUC was equipped with up to 8 core tubes of
50 cm length and 10 cm inner diameter. Sediments
taken by multicorer were transferred to the cold room,
sampled and processed at an in situ temperature of
about 4°C.

Biological studies. For macrofauna (>0.5 mm, ex-
cluding Crustacea, Nematoda) studies, the uppermost
1 cm of the sediment from the TV-MUC cores was left
in one piece while the rest was processed through
0.5 mm sieves. The macrofauna were immediately ex-
tracted by hand, preserved in 10% buffered form-
aldehyde, sorted to the lowest taxonomic level pos-
sible, and counted. Biomass was estimated by estab-
lishing allometric functions for the frequent species
(Mollusca), direct weighing (Ophiuroidae), or estimat-
ing biovolumes. The dry mass and ash-free dry mass of
mollusks and ophiuroids were determined to estimate
the weight of calcareous parts. The dry mass was mea-
sured after drying the samples for 24 h at 60°C. The
ash-free dry mass was determined after igniting for
12 h at 600°C. The biomass for the mollusks and ophi-
uroids is given as wet weight without calcareous parts.
Biovolumes were converted to wet mass by applying
the general density of 1.13 g cm–3 (Feller & Warwick
1988).

Bacterial symbionts were detected immunologically
to distinguish between fauna dependent on chemo-
autotrophy and those dependent on heterotrophy. The
presence of symbionts in deep-frozen specimens were
detected using an antiserum that recognizes symbiont
glutamine synthetase (Lee et al. 1999). 

Geochemical studies. Pore water was extracted from
wet sediment segments using a low-pressure nitrogen
squeezer and filtering through a 0.2 µm cellulose
acetate membrane. Hydrogen sulfide was determined
spectrophotometrically (Grasshoff et al. 1983). Sea-
water oxygen concentrations at or near the benthic
sampling sites were determined by Winkler titration.
Water samples were taken with Niskin bottles.

Sulfide flux estimates. The concentration gradient
(dC/dx) of hydrogen sulfide drives a diffusive flux (Jdiff)
which was calculated using Fick’s law of diffusion as
modified for sediments (Boudreau 1997):

where φ is porosity, and Ds is the diffusion coefficient
in the sediment. A more rigorous coupled diffusion-
advection model is applied elsewhere (Rickert et al.
unpubl. data). Ds was calculated according to the fol-
lowing equation (Boudreau 1997):

with a temperature-dependent molecular diffusion
coefficient (Dm) according to Boudreau (1997):

Dm =  (m0 + m1·T ) × 10–6

with m0 = 10.4, m1 = 0.273 at an in situ temperature of
T = 4.2°C. The concentration gradient was calculated
for the depth interval with the greatest concentration
change, with porosity values measured (range 0.6 to
0.75) or average values applied (0.7). Results are given
as average ± SD (n = number of samples).

Statistical analyses. All statistical analyses of biolog-
ical samples were conducted at the family level. Multi-
variate analyses of community composition were per-
formed by the analyses of similarities (ANOSIM) and
multidimensional scaling (MDS) with the software
package Primer 4.0 (Clarke & Warwick, 1994). Bray-
Curtis similarities were calculated based on fourth-
root-transformed biomass data. The abundance/bio-
mass comparison graphs were plotted with Primer 4.0.
The species-count data for each station were pooled as
classified, and the rarefaction curves were calculated
for each class with the software ‘Biodiversity Pro’. The
non-parametric Kruskal & Wallis test was performed
with Statistica 5.1, the post hoc Nemenyi test followed
the procedure given in Lozán (1998).

RESULTS

Site description

Gas hydrate deposits were found on the southern sum-
mit of Hydrate Ridge at a water depth of 770 m (Fig. 1).
At the summit, an area of about 100 m in diameter con-
sisted of mounds several meters across and up to 2 m
high. The mounds were always covered with a layer of
thick orange or white Beggiatoa mats. During seafloor
sampling it was evident that the sediments just below the
bacterial mats contained high amounts of gas hydrates
(Fig. 2). The bacteria-covered mounds were surrounded
by vesicomyid clam colonies dominated by Calyptogena
pacifica and C. kilmeri. Most of the clams in the colonies,
which were a few square meters in diameter, were alive.
Adjacent to the clam fields, the sediment-dwelling sole-
myid bivalve Acharax sp. was recovered. The extent of
area inhabited by Acharax sp. is unknown, but this
species was only found regularly from a few tens of
centimeters up to 1 m away from the vesicomyid clams.

The oxygen concentration in the bottom water at the
southern summit of Hydrate Ridge was low (0.4 to
0.47 ml l–1). The reference sites in the basin north-east
of Hydrate Ridge are located in water depths of 1000 m
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(MUC 45, 46) and 1250 m (MUC 63) with slightly
higher oxygen concentrations (0.43 to 0.49 ml l–1 and
0.65 ml l–1, respectively) than the study site.

Classification into Beggiatoa, Calyptogena 
and Acharax communites

A total of 56 TV-MUC cores were taken and ana-
lyzed either for the macrofaunal composition (n = 38)
or for sulfide concentrations in the porewater (n = 18).
Each core was classified according to the dominance
of characteristic species: Beggiatoa, Calyptogena
or Acharax. This classification scheme was readily
applied because in most cases only 1 of the 3 speci-

mens was present. In only 3 samples, were vesi-
comyids (<5 mm in length) found with thick Beggiatoa
mats. These cases were classified as belonging to the
Beggiatoa community. Occasionally a small proportion
of the sediment surface of cores inhabited by 1 or more
vesicomyid clams was covered by Beggiatoa filaments.
These cores were classified as belonging to the Calyp-
togena community. In 3 instances, Calyptogena spp.
and Acharax sp. occurred together, but the biomass
was dominated clearly by 1 of the 2 species and there-
fore these cores were assigned to the respective com-
munity.

The physical properties of the sediment were highly
variable due to changes in water content and the
occurrence of shell debris as well as authigenic car-
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bonate fragments. The communities dominated either
by Beggiatoa, Calyptogena spp. or Acharax sp. were
not obviously correlated with the sediment properties.

The macrofaunal composition was analyzed in 8
Beggiatoa, 9 Calyptogena spp. and 7 Acharax sp. dom-
inated cores (Tables 1 to 3). Three cores without any of
the characteristic species were collected about 0.5 m
away from the Acharax habitat and were classified as
reference cores (Table 4). To further compare the fau-
nal composition to far-off non-seep settings, 11 cores
from a sediment-filled fore-arc basin in water depths of
1000 to 1250 m, north-east of Hydrate Ridge, were col-
lected as well.

The classification of the cores into Beggiatoa, Calyp-
togena, Acharax, and reference communities a priori
provided the opportunity of testing whether or not the
entire macrofaunal composition differs between these
groups. After excluding the characteristic species
(Vesicomyidae, Solemyidae) from the species/sample
list we applied a multivariate analysis of similarity
(1-way ANOSIM). With this statistical method, we
could show that the 4 community types differ from
each other based on a global test score (global R =
0.419, p < 0.001). In a paired test, we further showed
that the difference between the communities was
significant at the 95% confidence level (Bonferroni-
adjusted). The paired test additionally indicated that
communities adjacent to each other (Beggiatoa-
Calyptogena, Calyptogena-Acharax and Acharax-non-
seep) were more similar to each other (significance
levels = 4.5, 0.5, 3.0%, respectively) than communities
farther apart from each other (Beggiatoa-Acharax,
Beggiatoa-non-seep, Calyptogena-non-seep; signifi-
cance levels = 0.0%). Such a pattern is characteristic
of a gradual change visualized by 2-dimensional MDS
ordination (Fig. 3); however, the samples characterized

by Beggiatoa, Calyptogena or Acha-
rax form distinct clusters. In this plot,
the reference sites from the basin
north-east of Hydrate Ridge were
excluded because of their very high
dissimilarity.

Macrofaunal composition

The variable abundance of species
of the families Ampharetidae, Dor-
villeidae, Polynoidae, Hyalogyrinidae,
Provannidae, Pyropeltidae and Nucu-
lanidae caused the very high density
differences (individuals per 78.5 cm2

core) between Beggiatoa, Calypto-
gena, and Acharax communities, with
average values of 70, 39, and 10,

respectively, compared to 2.6 at the non-seep refer-
ence site (Tables 1 to 4). The differences in abundance
between these sites were significant (Kruskal-Wallis
test: H = 29.7, p < 0.01). The post hoc Nemenyi test
confirmed that macrofaunal abundance at both the
Beggiatoa and Calyptogena communities differed sig-
nificantly (p < 0.01) from the non-seep reference com-
munity.
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The differences in total biomass of the Beggiatoa,
Calyptogena, and Acharax communities compared
with the reference sites were significant (Kruskal-
Wallis test: H = 17.73, p < 0.01). The differences
were caused by significant biomass differences
between the Calyptogena community and the refer-
ence sites, as revealed by a post hoc Nemenyi test
(p = 0.01). The average biomass of macrofauna (wet
weight without calcareous parts) in the Calyptogena
community (162 g m–2) was an order of magnitude
higher than the biomass at the non-seep sites
(10 g m–2).

Macrofaunal diversity

Because of the limited amount of samples, rarefac-
tion curves were calculated based on pooled samples
for Beggiatoa, Calyptogena and Acharax communities
as well as for the reference sites (Fig. 4). Diversity was
lowest in the Beggiatoa community and increased in
the Calyptogena community. The diversity of the
Acharax community was similar to the diversity of the
reference sites.

Chemoautotrophic symbiosis versus
heterotrophic species

An enzyme marker diagnostic of chemoautotrophic
symbiosis was observed in Calyptogena pacifica , C.

kilmeri, Vesicomya stearnsii and Acharax sp. All spe-
cies tested positive for the presence of bacterial gluta-
mine synthetase, which is involved in chemoauto-
trophic assimilation of inorganic nitrogen. In Provanna
laevis , P. lomana, Nuculana sp. and a pool of 5 to 10
specimens of Ampharetidae and Polynoidae, bacterial
glutamine synthetase was not detected. Although
these results need to be confirmed by other tech-
niques, we will consider only the vesicomyid and sole-
myid bivalves as chemoautotrophic symbiosis. The
biomass (wet weight without calcareous parts) of
chemoautotrophic bivalvia was highest within the
vesicomyid clam fields (149 g m–2) and the solemyid
bivalve habitat (111 g m–2: Table 5a). The biomass
in the Beggiatoa community was clearly dominated
by the chemoautotrophic filamentous bacteria; the
chemoautotrophic bivalvia biomass was insignificant.
The biomass of the heterotrophic macrofauna was
highest in the Beggiatoa community because of the
abundance of the bivalve Nuculana sp. and the gas-
tropods. The biomass of heterotrophic macrofauna was
also high in the Acharax community, as a result of high
polychaete biomass.

Endemic versus colonist species

Species which occurred exclusively in the Beggiatoa,
Calyptogena or Acharax communities and/or have
close taxonomic relationship to species known to be
endemic at other vents or seeps were classified as
endemic species. Of the 36 families identified in this
study, 9 were found exclusively at the seeps. Besides
the Vesicomyidae and Solemyidae at the Hydrate
Ridge site, a new species of Nuculana (Nuculanidae)
was abundant, which has its closest relative in N.
grasslei (Allen 1993) described from the hydrothermal
vent in the Guaymas Basin (Waller pers. comm.). The
gastropod families Provannidae, Pyropeltidae and
Hyalogyrinidae, with a new species in the latter family
(Warén & Bouchet 2001), obligatorily occur at seep and
vent habitats (Warén pers. comm.). The ampharetid
polychaetes were abundant at the hydrate deposits. At
least 1 species identified so far (Parvelius uschakovi:
Hilbig pers. comm.) is known from the hydrate de-
posits in the Sea of Okhotsk (Kuznetsov & Levenstein
1988). Polychaete species in the families Dorvilleidae
and Polynoidae were found only at the hydrate de-
posits, with at least 1 new species of Dorvilleidae
(Hilbig et al. unpubl. data) and another species very
similar to Ophryotrocha platykephle, also described
from the Guaymas Basin hydrothermal mounds (Blake
1985, and pers. comm.).

We grouped the species, distinguishing between het-
erotrophic seep fauna, heterotrophic non-seep fauna,
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and chemoautotrophy-dependent fauna
(Table 5b). This classification allowed us
to differentiate between the importance
of endemic species (heterotrophic seep
fauna) and colonists (heterotrophic non-
seep fauna). The biomass of heterotropic
non-seep fauna was significantly differ-
ent between the communities (Krustal-
Wallis test: H = 12.45, p < 0.01). The post
hoc Nemenyi test revealed that the bio-
mass was significantly higher in the
Acharax than in the Beggiatoa com-
munity (p < 0.01). The biomass of the
heterotrophic seep fauna was signifi-
cantly different between the Beggiatoa,
Calyptogena and Acharax communities
(Kruskal-Wallis H = 14.71, p < 0.01). The
reason was a significantly higher bio-
mass of seep species in the Beggiatoa
community compared to the Acharax
community, as shown by the post hoc
Nemenyi test (p < 0.01).

Abundance/biomass comparison

The results of abundance/biomass com-
parison are shown in Fig. 5. At the refer-
ence non-seep site, the biomass of the
Calyptogena and the Acharax commu-
nities was dominated by comparable
large species, each represented by few
individuals. The biomass curve fell well
above the abundance curve on the
abundance/biomass comparison plot. In
the Beggiatoa community, the speci-
mens were rather similar in size and bio-
mass as indicated by the biomass and
abundance curves which were closely
coincident.

Hydrogen sulfide concentrations
and fluxes

The sulfide profiles in the underlying
sediments were vastly different for each
community (Fig. 6). At sites with Beg-
giatoa sp. mats covering the hydrates,
sulfide concentrations reached levels of
more than 10 mM in the uppermost
centimeters of the sediment, with maxi-
mum concentrations exceeding 26 mM.
In the Calyptogena communities, sulfide
levels also increased significantly with
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increasing depth, but substantial concentrations of 7
to 25 mM were only reached at 3 to 6 cm depth. A
largely sulfide-free sediment layer of up to about
15 cm characterized the Acharax communities. At
greater depths in the sediment, sulfide levels
increased to a maximum value of 0.3 mM, although
the levels varied significantly. Away from the seep-
age site, no sulfide was detected at the depth of the
sediment cores.

The diffusive sulfide fluxes were extremely high
above the gas hydrates covered by Beggiatoa mats,
even ignoring any advective transport (23 ± 13 mol
m–2 yr–1; n = 6); they were lower, but still high in
absolute terms in the Calyptogena community (6.6 ±
2.4 mol m–2 yr–1; n = 6), and lowest in the Acharax
sp. community (0.05 ± 0.05 mol m–2 yr–1; n = 5).

DISCUSSION

Do gas hydrates support distinct 
macrofaunal assemblages?

The macrofauna in the Beggiatoa mats covering the
gas hydrates consists nearly exclusively of species
endemic to seeps and vents. Compared to the non-
seep sites, this community has the lowest species
diversity (Fig. 4) and the highest macrofaunal densities
(Table 5). Compared to estimated mean macrofaunal
densities reported for vesicomyid clam beds and in-
active sediments (12 518 specimens per m2) in water
depths around 500 m on the northern Californian con-
tinental slope (Levin et al. 2000), macrofaunal densities
in the Beggiatoa, Calyptogena, Acharax sp. and non-

133

Fig. 5. Abundance/biomass comparison plots of ‘non-seep’, Acharax, Calyptogena, and Beggiatoa communities. In the 
Beggiatoa community plot the biomass curve almost completely masks the abundance curve
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seep communities (8869, 4968, 1310, and 328 speci-
mens m-2, respectively) are low. This difference can
probably be largely attributed to differences in the
sample processing between these studies, i.e. the more
complete recovery of small species and inclusion of
crustaceans in the study of Levin et al. (2000). How-
ever, oxygen concentrations in the bottom water over-
laying Hydrate Ridge (0.40 to 0.47 ml l–1) and the non-
seep reference stations (0.43 to 0.65 ml l–1) are lower
than oxygen concentrations on the California slope
(0.76 ml l–1). A reduction in macrofaunal abundance
due to decreased oxygen concentrations has been
shown in benthic habitats for different water depths
(Hyland et al. 1991, Levin et al. 1991).

The heterotrophic macrofauna in the Calyptogena
community surrounding the hydrate mounds is differ-
ent from the macrofauna in the Beggiatoa community,
as shown by the analyses of similarity. Species of
Nuculana (Bivalvia), Pyropelta, Provanna, Hyalogy-
rina (Gastropoda) and Ampharetidae (Polychaeta)
occur in higher densities in the Beggiatoa mat than in
the Calyptogena community (Table 1). Thus it seems
that the endemic species prefer the Beggiatoa commu-
nity overlying the gas hydrates, and that these species
emigrate to the surrounding chemoautotrophic com-
munities. The relatively high abundance of the few
invading species probably causes the reduction in
diversity in the Calyptogena community (Fig. 4). This
is in contrast to observations at cold seeps from the
northern Californian slope, where species diversity
was similar in clam beds compared to the reference
sites (Levin et al. 2000).

Hydrate deposits in sediments forming mounds,
which are covered by Beggiatoa mats and inhabited
by polychaetes, have also been described from the
Gulf of Mexico (Sassen et al. 1998, MacDonald et al.
1994, Fisher et al. 2000) and the Sea of Okhotsk
(Zonenshayn et al. 1987, Kuznetsov & Levenstein 1988).
In these areas, the seep fauna surrounding the Beggia-
toa communities is also different: In the Sea of Ok-
hotsk, the thyasirid bivalve Conchocele sp. dominates
(Zonenshayn et al. 1987), while in the Gulf of Mexico
vestimentiferan tube worms, bathymodiolid mussels,
and vesicomyid clams are typical (Carney 1994).

Interestingly, the gas hydrate site is most compara-
ble to the hydrogen-sulfide-rich sediments found at the
Guaymas Basin mounds, a sedimented hydrothermal
vent field (Grassle et al. 1985). Here, the sediments are
also covered by Beggiatoa mats adjacent to clam fields
of Vesicomya gigas (Grassle et al. 1985, Grassle &
Petrecca 1994). The Guaymas and Hydrate Ridge sites
share at least 4 species that are similar or closely
related to each other.

In general, the communities dominated by thick
Beggiatoa mats at the Cascadia margin, the Sea of

Okhotsk and the Gulf of Mexico as well as on the
Guaymas Basin mounds appear to be similar to each
other. The distinct macrofaunal communities in these
areas seem to be the result of the occurrence of Beg-
giatoa mats, and thus are only indirectly linked to the
hydrothermal fluids or dissociating gas hydrates.

Is hydrogen sulfide the key factor regulating 
community structure in sulfidic environments?

The highly different vertical sulfide gradients below
the different communities (Fig. 6) strongly indicates
the important role of sulfide availability in structuring
community composition. The origin and distribution of
hydrogen sulfide is closely connected to the occur-
rence of gas hydrate and the continuous oxidation of
hydrate methane. The ascending methane is oxidized
in a microbial mediated process coupled to sulfate
reduction (Masuzawa et al. 1992, Wallmann et al. 1997,
Boetius et al. 2000). The gas hydrate is an almost in-
exhaustible reservoir for methane supplied along the
steep concentration gradient (Egorov et al. 1999). For
estimation of the sulfide fluxes, only a first-order ap-
proximation of diffusive transport is used, whereas
variable advective flow patterns (Tryon et al. 1999) and
bioirrigation (Wallmann et al. 1997) may be super-
imposed and actually increase sulfide flux.

In addition, gas hydrate can have a direct influence
on the infaunal species by affecting the physical prop-
erties of sediments. For example, millimeter-thin layers
of hydrate were found a few millmeters to centimeters
below the bacterial mats, and thus may have excluded
fauna which usually occur in deeper sediments. Fur-
thermore, because of their buoyancy, gas hydrates
may be released from the seafloor and float up into the
water column. It is not known how frequently such
events occur and what their magnitudes are, but
undoubtedly they would have a tremendous effect on
the Beggiatoa community and the surrounding habi-
tats, forcing repeated recolonization.

Chemoautotrophy-dependent species

The chemoautotroph Beggiatoa sp. and the chemo-
autotrophic symbiosis Calyptogena and Acharax
depend directly on sulfide as an energy source (Nelson
& Jannasch 1983, Fisher 1990). In habitats with differ-
ent sulfide settings (Fig. 6) these species occupy differ-
ent niches. From our observations, we can make gen-
eralizations about the sulfidic environment of the
chemoautotrophic species of filamentous sulfur bacte-
ria as well as about the vesicomyid and solemyid
bivalves.

134



Sahling et al.: Macrofaunal community structure and gas hydrate deposits

In the Beggiatoa community, sulfide concentrations
increase very close to the sediment surface. The calcu-
lated sulfide flux of 23 ± 13 mol m–2 yr–1 is very high.
The high sulfide flux may be also characteristic for the
Beggiatoa habitat at the Guaymas Basin mounds
where shimmering water over the sediment showed
that pore fluid was seeping out; the fluids had sulfide
concentrations of 7 to 15 mM at 5 cm sediment depth
(Jørgensen et al. 1990). The very high flux in the Beg-
giatoa community exposes the fauna on the sediment
surface to elevated levels of sulfide, usually toxic to
metazoans (Vetter et al. 1991). Furthermore, the high
sulfide flux may cause temporal suboxic conditions in
the near-bottom water, which already has low back-
ground oxygen concentrations (0.40 to 0.47 ml l–1).
Such variable conditions have also been described for
the Guaymas Basin mounds (Gundersen et al. 1992),
and may be tolerable for Beggiatoa, since this group of
filamentous sulfur bacteria is believed to be capable of
oxidizing sulfide by reducing its internally stored
nitrate (Fossing et al. 1995, McHatton et al. 1996, Otte
et al. 1999).

In the Calyptogena community, the maximum sul-
fide concentrations in sediments are similar to those of
the Beggiatoa community (around 15 mM) but in the
clam fields, the increase is at a depth of 3 to 4 cm. This
depth can be easily reached by the vermiform foot of
the vesicomyid species through which hydrogen sul-
fide is taken up (Childress & Fisher 1992). Further-
more, the Calyptogena species are able to adjust their
position in the sediment, further controlling the sulfide
concentrations encountered by the foot. At the cold
seeps in Monterey Bay, the concentration of sulfide has
been used to characterize the environments of the
vesicomyid species C. pacifica and C. kilmeri (Barry et
al. 1997). In the present study, the 2 Calyptogena spe-
cies did not appear to occupy different sulfide micro-
habitats. The calculated sulfide flux in the vesicomyid
clam fields (6.6 ± 2.4 mol m–2 yr–1) is about one-third
that of the Beggiatoa community. Sulfide production
rates of similar magnitude (1.9 mol m–2 yr–1) have also
been calculated for C. phaseoliformis clusters in the
Aleutian Trench (Wallmann et al. 1997), and may be
characteristic of environments inhabited by vesi-
comyid clams.

In the Acharax community, the sulfide concentra-
tion (0.1 to 0.3 mM) and flux (0.05 ± 0.05 mol m–2 yr–1)
are 2 orders of magnitude less than in the Calyp-
togena community. Autotrophic growth of Solemya
reidi, a shallow-water solemyid species has been
demonstrated in laboratory experiments at compara-
ble low sulfide concentrations (0.1 mM: Anderson et
al. 1987). The sulfide profiles do not indicate steady
diffusive flux into the Acharax-inhabited sediment
layers (Fig. 6). This bivalve lives at the fringes of

hydrate deposits and may satisfy its sulfide require-
ments by ‘mining’ the sediments, a behavior proposed
for the solemyid S. borealis (Conway et al. 1992). The
sulfide input into the sediment where this shallow-
water solemyid lives is an order of magnitude higher
(0.86 mol m–2 yr–1: Conway et al. 1992) than fluxes
calculated for the Acharax species. Both solemyid
species live in habitats with a lower supply of sulfide
than the vesicomyid clams (and Beggiatoa mats),
which experience a high magnitude of vertical up-
ward transport of sulfide. 

Heterotrophic species

In contrast to the chemoautotrophy-dependent spe-
cies, the heterotrophic species do not depend directly
on hydrogen sulfide. Heterotrophic species endemic
to seeps or species colonizing the seeps potentially
profit from the high biomass of chemoautotrophically-
derived organic matter. The estimated biomass values
at the reference stations (10 g m–2) compare well with
expected values at that water depth based on global
biomass distribution patterns (Rowe 1983). Despite the
high availability of food, we did not find significant
biomass differences of non-seep species (colonists) in
the 3 communities compared to the reference sites.
However, the differences in biomass of non-seep spe-
cies between the Beggiatoa and Acharax communities
is significant, and may be explained as follows: (1) The
high biomass of non-seep species in the Acharax com-
munity (31.8 g m–2) may indicate a nutritional benefit
at those sites which is not derived from hydrogen sul-
fide; (2) the low biomass of non-seep species in the
Beggiatoa mats (1.6 g m–2) may be caused by the
exclusion of non-seep species due to the very high sul-
fide concentrations at the sediment surface. Further-
more, the significantly higher biomass of seep endemic
species in the Beggiatoa (45.1 g m–2) community com-
pared to the Acharax community (0.2 g m–2) indicates
that pre-adapted species in the sulfidic environment
are actually able to exploit this chemosynthetically-
derived food source. Species in the Beggiatoa commu-
nity must probably cope with temporal suboxic condi-
tions. This would explain the high proportion of mobile
fauna (Gastropoda, Nuculana sp., Polynoidae) and
species which can rise appreciably into the bottom
water such as the tube-dwelling ampharetid poly-
chaetes. 

The abundance/biomass comparison is a method
applied in ecological studies to determine levels of
disturbance (Clarke & Warwick 1994) that result
from chemical (pollution, oxygen limitation, very high
organic matter input) or physical (gas hydrate release)
impacts. When a community is highly disturbed, large
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and long-lived ‘conservative’ species become less
favored, and small and short-lived ‘opportunistic’ spe-
cies become dominant (Clarke & Warwick, 1994).
Based on the results from the abundance/biomass
comparison (Fig. 5), the Beggiatoa community exhibits
such a pattern of disturbance. Another characteristic of
disturbed communities observed in this study and
other faunal assemblages associated with high sulfide
fluxes is reduced species diversity, with the relative
abundance skewed in the direction of a few, most com-
mon species (Grassle & Petrecca 1994).

CONCLUSIONS

At hydrate ridge, the sulfide concentrations and the
sulfide fluxes in the sediment overlaying the gas
hydrate deposits were high and sustain a community
dominated by Beggiatoa mats and an endemic macro-
fauna. High sulfide fluxes may characterize the Beg-
giatoa communities, which are similar in very different
geological settings such as the gas hydrate deposits
and sedimented hydrothermal mounds. The sulfide
flux in the Calyptogena community estimated in this
study and sulfide production rates at clam beds in the
Aleutian trench (Wallmann et al. 1997) are in the same
order of magnitude and may be characteristic of vesi-
comyid communities which are regularly found at cold
seeps at active and passive continental margins in
water depths below 300 m (Sibuet and Olu 1998). The
calculated sulfide fluxes in the solemyid habitat in both
shallow-water and deep-water, is orders of magnitude
lower than in the vesicomyid clam beds.

Reducing sedimented environments are diverse,
ranging from hydrothermal vents, cold seeps, gas
hydrates, mud volcanoes, sediments below upwelling
areas, and decaying whale carcasses to pulpmill ef-
fluent sites. While the geology and geochemistry are
dramatically different in this areas, striking similarities
in community structure exist at the family level. We are
beginning to understanding the influence of abiotic
parameters (e.g. oxygen, sulfide, methane levels) in
structuring these communities. The results of this
study suggest that sulfide flux, rather than sulfide con-
centration per se, may be an important factor govern-
ing the distribution patterns of major groups such as
sulfur-oxidizing filamentous bacteria, vesicomyids,
and solemyids in deeper water (>300 m depth) envi-
ronments. Generalizations regarding the relationship
between sulfide concentration and the occurrence of
these groups do not seem possible, since sulfide levels
where these groups are found vary considerably.
Alternatively, we postulate that sulfide flux may be an
environmental parameter that accounts for faunal dis-
tributions in diverse geological settings.
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