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ABSTRACT

In September of 2001, four DSV Alvin dives were conducted at the Blake Ridge
methane hydrate seep located off the coast of the Carolinas (32 29.623’ N, 76 11.467° W;
2155 m depth). We used quantitative samples from mussel-bed habitats to explore the
macrofaunal species composition and community structure within Bathymodiolus
heckerae mussel beds at Blake Ridge seeps. Over 7,500 individuals representing 52
morphospecies were collected in the samples from Blake Ridge. Oligochaetes were the
numerical dominant while Alvinocaris spp. shrimp dominated the biovolume of
macrofaunal invertebrates in the mussel beds. Multivariate analyses revealed differences
in community structure between juvenile and mature mussel beds. Comparisons of
univariate diversity indices (species richness, H 1og¢), and J’) could not distinguish Blake
Ridge mussel beds from Florida Escarpment mussel beds. Our analyses suggest that
invertebrates associated with Blake Ridge mussel beds are located in a different
biogeographic province than either Florida Escarpment cold seep (4 species shared
species) or Mid-Atlantic Ridge vent (1 shared species) mussel-bed invertebrates. At
generic and familial levels, the two seep faunas were almost as dissimilar from each other
as hydrothermal vents on the East Pacific Rise and Mid-Atlantic Ridge.
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MUSSEL-BED FAUNAS OF BLAKE RIDGE AND FLORIDA ESCARPMENT



INTRODUCTION

Discovery of seeps at the Florida Escarpment in the Gulf of Mexico (Paull et al.
1984) revealed megafaunal communities similar to those of hydrothermal vents (Hecker
1985). Seeps support dense communities often dominated by vestimentiferan tubeworms,
vesicomyid clams, and bathymodiolin mussels. These biomass dominants provide
habitats for large populations of macrofaunal invertebrates (Olu et al. 1997; Sibuet and
Olu 1998; Sahling 2002; Turnipseed et al. in prep). Like the megafauna invertebrates at
hydrothermal vents, most megafauna invertebrates at seeps have specialized, symbiotic
relationships with thiotrophic and/or methanotrophic bacteria from which they obtain
most of their nutrition (Kennicutt et al. 1985; Childress et al. 1986; Brooks et al. 1987;
Distel and Cavanaugh 1994; Fujiwara et al. 2001; Barry et al. 2002). Seeps occur in a
variety of settings, including active and passive continental margins, trenches, and
mudslides, and are fueled by the oxidation of reduced compounds that seep from
hydrocarbon reservoirs, methane hydrates, pore waters, and/or brines (reviewed by Sibuet
and Olu 1998).

Initial studies of seep environments focused primarily on site descriptions and
distributions of megafauna (e.g. Hecker 1985; Kennicutt et al. 1985; MacDonald et al.
1989; MacDonald et al. 1990; Sibuet et al. 1988; Olu et al. 1997, Sibuet and Olu 1998;
Van Dover et al. 2003). Sulfide and methane availability was shown to influence the
abundance and composition of megafaunal communities. For example, at mud volcanoes

in the Barbados Trench, dense Calyptogena sp. beds were associated with relatively high



in the Barbados Trench, dense Calyptogena sp. beds were associated with relatively high
fluid discharge velocities and high permeability conduits, whereas dispersed clams were
likely sustained only by low, diffuse seepage of sulfide (Olu et al. 1997). In three seeps in
Monterey Bay, the distribution of Calyptogena pacifica and Calyptogenzz kilmeri clam
were linked to sulfide concentrations: C. kilmeri accounted for 85-99% of all
vesicomyids in seeps with high sulfide content, C. pacifica accounted for 73% of all
vesciomyids in seeps with low sulfide levels (Barry et al. 1997). Recent quantitative
studies of faunal distributions at seeps document and interpret community structure,
including patterns of taxonomic composition, diversity, and trophic dynamics in relation
to physical and chemical environmental regimes (Sahling et al 2002, Levin in review,
Turnipseed et al. in prep). Comparisons of patterns of community structure include
between seep and non-seep environments, among habitats within seeps, and between
seeps and vents. Invertebrates in clam beds at Eel River seeps, for example, were similar
to assemblages of non-seep invertebrates of California margin environments (Levin et al.
2000). Studies of Eel River seeps showed that macrofaunal densities did not differ
among the Vesicomya (Calypotogena) pacifica beds, microbial mats, and non-seep
sediments, but biomass and diversity were lower and composition differed in the highly
sulfidic microbial mat sediments relative to clam bed and non-seep sediments (Levin in
review). Levin (in review) concluded that horizontal and vertical patterns of fluid flow
and sulfide availability had a strong influence on fine-scale distribution, structure and
composition of macrofaunal assemblages inhabiting methane seeps. At Hydrate Ridge, a

methane seep off the coast of Oregon, species density, diversity, and composition were



linked to gradients in sulfide flux and concentrations in Calyptogena (Vesicomya) spp.,
Acharax, and bacterial-mat-dominated sediments (Sahling et al 2002). Foraminiferal
abundance at Monterey Bay seeps was lower than at non-seep sites and foram diversity at
the seeps was comparable to that of non-seep sites (Bernhard et al 2001). Although
similarities were found in types of taxa shared in mussel bed fauna at seeps and vents,
diversity of macrofaunal mussel bed fauna was found to be higher at 2 seeps than at 6
vents (Turnipseed et al in press).

In a review of 24 cold-seep communities, Sibuet and Olu (1998) proposed that
seep faunas are more endemic than vent faunas due to the greater stability and age of seep
habitats. Cold seeps share few taxa at the species level and out of 90 non-symbiont
containing species identified, almost all were endemic to a single seep (Sibuet and Olu
1998). Symbiont-containing species were typically restricted to only one or two
geographically close seeps (Sibuet and Olu 1998). At generic and familial levels, there
was greater similarity between seeps than at the species level. Temporal stability of fluid
flux in seep habitats might create more opportunity for local diversification and
speciation at seeps (Craddock et al 1995). Low generic endemism of consumers at Gulf
of Mexico sites was thought to be due to colonization from the surrounding benthos
(Carney 1994). In Monterey Bay, foraminiferal species composition was not the same
between two seep sites and many species occurred in both seep and non-seep sediments
(Bernhard et al 2001). Quantitative studies are required to appreciate patterns of

endemism and biogeography by compiling species compositions of similar seep habitats.



Site description, distribution of megafauna, and food web relationships of
conspicuous macrofaunal have been documented for Bathymodiolus heckerae mussel
beds at the Blake Ridge methane seep (Van Dover et al. 2003). Blake Ridge shared a
small number of megafaunal morphospecies with the Florida Escarpment and Barbados
Prism, (e.g. B. heckerae, A. muricula, Chiridota sp.) suggesting that a more detailed
analysis was needed to clarify biogeographical and compositional relationships between
these seeps. Community structure patterns such as abundance, biomass, and diversity
indices of Blake Ridge mussel beds were evaluated with univariate and multivariate
analyses. We tested whether there was within site heterogeneity at Blake Ridge in mussel
beds. We also compared our analysis of community structure in Blake Ridge mussel-beds
to community structure Florida Escarpment seeps mussel beds (Turnipseed et al in
review) to determine the degree of similarity between these two seep faunas at the

species, generic, and familial levels.

Study Sites

This study focused on mussel beds located on the crest of the Blake Ridge Diapir
(Fig. 1) at ODP Site (32° 29.623’ N, 76° 11.467° W, 2155 m). The Blake Ridge Diapir is
the most southern diapir of a series of ~20 diapirs that begin near the intersection of the
Blake Ridge with the Carolina Rise and extends northward on the eastern side of the
Carolina Trough (Dillon et al., 1982). This area of South Atlantic Bight has been
documented as a major gas hydrate province (26,000 km?) within the US Exclusive

Economic Zone (e.g., Markl et al, 1970; Tucholke et al, 1977; Paull and Dillon 1981).



Methane hydrates generally lie at depths greater than 100 m below seafloor (mbsf; Paull
et al 1996). Focused seeps occur along the diapir due to the high thermal conductivity
that alters the stability of methane hydrates. Faults act as conduits for the transfer of free
gas and waters rich in dissolved gas (methane) to the seafloor (Paull et al. 1995).
Invertebrate biomass at Blake Ridge was dominated by disjunct populations of
bathymodiolin mussels (Bathymodiolus heckerae) and vesicomyid clams (Vesicomya cf.
venusta) (Van Dover et al 2003). Mussel beds occurred in discrete patches generally 20-
25 m in diameter. Methane and hydrogen sulfide occur in sediments directly below the
mussel beds (Paull et al., 1996).

Chemosynthetic communities at the Florida Escarpment (26° 01.8' N, 84° 54.9' W,
3280 m) are supported by the seepage of cold sulfide-, methane-, and ammonia-rich brine
from localized channels in the sediments at the sharp juncture between the limestone
escarpment and the abyssal plain (Paull et al. 1984; Chanton et al. 1991; Martens et al.
1991). Biomass at the Florida Escarpment seep is dominated by bathymodiolin mussels
(Bathymodiolus heckerae) and vestimentiferan tubeworms (Escarpia laminata,
Lamellibrachia sp.). Mussel-bed communities are restricted to 20 to 30 m band along the
base of the escarpment (Hecker 1985). Details of mussel-bed community structure at the
Florida Escarpment brine seep are presented in Turnipseed et al. (submitted).

Bathymodiolus heckerae at both Blake Ridge and Florida Escarpment seeps host
methanotrophic and thiotrophic symbiotic bacteria and the mussel tissues have isotopic
compositions that indicate a nutritional dependence on both symbiont types (Cavanaugh

et al. 1987; Cary et al. 1989; Vetter and Fry 1998; Van Dover 2003).



FIGURE 1

30N

30S

Site locations. Seeps (stars): Blake Ridge (BR) and Florida Escarpment (FE); vents
(circles): northern East Pacific Rise (NEPR — Train Station, East Wall, Biovent), southern
East Pacific Rise (SEPR — Oasis, Rehu Marka); Mid-Atlantic Ridge (MAR): Lucky
Strike (LS), Snake Pit (SP).



METHODS

Processing of Samples

Multiple samples from two mussel beds at the Blake Ridge methane seep were
collected using the submersible Alvin in September 2001. Plastic markers were deployed
at these mussel beds; locations of the markers can be found on Fig. 5 of Van Dover et al.
(2003). Size-frequency distributions of mussels within the beds were different. Mussels
collected near Marker E were characterized by numerous juvenile mussels (10-30 mm
length) attached to larger individuals (150-300 mm). Mussels collected at Marker B,
approximately ~20 meters northeast of Marker E, were relatively uniform in size (120-
220 mm). These mussel beds are herein referred to as the ‘juvenile” and “mature” sites.
A single quantitative sample was collected at the periphery of a mussel bed at Marker C.
Quantitative samples were collected using a 26-cm-diameter pot sampler (Van Dover
2002). The pot sampler was lined with a kevlar drawstring bag. Each pot was inserted
into the mussel bed to enclose a clump of mussels, and the bag was cinched closed as the
T-handle of the Alvin manipulator was rotated. Pots were then inserted into quivers on
the science basket of the submersible to prevent loss of organisms during the remainder
of the dive. Qualitative samples were haphazardly scooped from mussel beds using a
kevler-lined scoop and stored in bio-boxes. Clams and associated fauna were collected

using a suction sampler (0.635 cm mesh; Van Dover et al. 2003).



On deck, bivalves were washed 3X with filtered-seawater (10 pm) and washings
were collected on 250-pm sieve. Retained material was preserved in 10% buffered
formalin in seawater for 48 hr and transferred to 70% ethanol. Mussel volume in liters
(0.1 L) was determined by displacement of plastic-bagged mussels in seawater in a
graduated cylinder. Length measurements (+ 0.1 mm) of all mussels > 5 mm and dry
weights (= 0.01 g) of a representative size-series of mussels were determined.

Sieved samples were sorted twice under a dissecting scope, with the second sort
stained with Rose Bengal. Organisms were sorted to morphospecies (except anemones,
oligochaetes nematodes, nemerteans, mites, and copepods), identified to the lowest
taxonomic level possible, and enumerated. Blake Ridge specimens were compared to
archived specimens from the Florida Escarpment cold seep and Mid-Atlantic Ridge
vents. Taxonomic specialists were consulted to confirm identifications [mollusks: A.
Waren (Swedish Museum of Natural History); polychaetes: K. Fauchald (US National
Museum of Natural History); ophiuroids: P. Tyler (Southampton Oceanography Centre);
shrimp: X. Komai (Japanese Natural History Museum and Institute)].

Displacement in ethanol was used as a non-destructive method for determining
biovolume (Knick et al., in review). Species biovolumes (ml + 0.1) were standardized per
liter of mussel volume (L) collected and are expressed here in units of ml L™. Only
species making up >0.1 ml L™ were included in this analysis.

Galatheid squat lobsters and zoarcid fish were not sampled quantitatively and thus

were not included in the analyses of community structure. Juvenile mussels (<5 mm)
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were included in the community analysis because they do not have a structural role in the

mussel-bed habitat.

Statistical Analysis

To compare habitat structure of Bathymodiolus heckerae mussel beds within
Blake Ridge and between Blake Ridge and Florida Escarpment mussel beds, size-
frequency histograms were calculated from length measurements of sampled mussels.
Chi-square tests were used to discern whether the size-frequency distributions of mussels
were different among sites.

Quantitative and qualitative samples were used to compute sample-based species-
effort curves and species-richness estimators with EstimateS (Colwell 1997,
randomization operations = 200 without replacement). Sampling effort was measured as
numbers of individuals collected and sampled mussel volume. To make comparisons with
the Florida Escarpment, regression analysis of semi-log, randomized, sample-based
species-effort curves (Hayak and Buzas 1997) was used to calculate the number of
species represented by 10,000 individuals (S¢,000)-

Multi-dimensional scaling (MDS) and cluster analyses were performed to
examine community structure within the Blake Ridge mussel bed. Bray-Curtis
similarities were calculated using square-root transformed, species-abundance matrices
(PRIMER v5; Clarke and Gorley 2001), where abundance was standardized to number of

individuals per liter of mussel volume sampled. The square-root transform allows both
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the most abundant and the mid-range species to contribute to the similarity matrix
(Clarke and Gorley 2001). Analysis of similarity (ANOSIM; Clarke and Gorley 2001)
was used to determine if there were significant differences in community structure
between the juvenile and mature mussel beds at Blake Ridge. The percentage
contributions of species to the dissimilarity between the mussel beds were determined by
the SIMPER subroutine in PRIMER v5.

T-tests and regressions (using the dummy variable technique to test the
significance of the line of similar slopes with differing intercepts) were calculated using
MiniTab software (Version 13.20, 2000). Mussel condition indices were calculated as the
ratio of tissue dry weight to shell length. For computation of diversity measures and
multivariate analysis, only quantitative species-abundance data, standardized per liter of
mussel volume, were used. The Shannon-Weiner diversity index (H’1og (¢)) and Pielou’s
evenness index (J°) were calculated from sample-based standardized abundance data

using the DIVERSE subroutine in PRIMER v5 (Clarke and Gorley 2001).

Biogeography

Bray-Curtis dissimilarity measures were calculated from presence/absence
matrices at species-, genera-, and family-levels for mussel beds at Blake Ridge and
Florida Escarpment seeps. We also compared Bray-Curtis dissimilarities for
presence/absence matrices at species-, genera-, and family-levels for mussel beds at
hydrothermal vents on the Mid-Atlantic Ridge [MAR: Lucky Strike (Eiffel Tower,

Sintra) and Snake Pit], the northern East Pacific Rise (NEPR: Train Station, East Wall,
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Biovent), and the southern East Pacfic Rise (SEPR: Oasis, Rehu Marka). Species lists
used in these analyses were from Van Dover and Trask (2000), Van Dover (2002), Van
Dover (in press), Turnipseed et al. (submitted) and this study. Taxa not identified to
morphospecies (e.g., nemerteans, nematodes, copepods) were not included in these
biogeographic analyses. Where we could recognize morphospecies but lacked the
expertise to assign generic or familial names (e.g., crustaceans, some polychaetes), these
taxa were retained for species-level comparisons, but were excluded from higher-level
comparisons. Although we did not sample large decapods (galatheid squat lobsters and
bythograeid crabs) and did not include them in our analyses of community structure,
large decapods were observed and were included in species lists for biogeographic

comparisons.



RESULTS

Community Structure in Blake Ridge Mussel Beds

Size-frequency distributions of mussels (> 10 mm) were significantly different
between the juvenile and mature mussel beds (Fig. 2; %%, p < 0.001). Median mussel
length (mussels >10 mm) in the juvenile bed was 32.5 mm; median mussel length in the
mature bed was 47.7 mm. There was no difference in the percent contribution of post-
larval and juvenile mussels (< 10 mm) to the total number of mussels in the juvenile and
mature mussel beds (t-test: p = 0.538).

Nematodes accounted for 5702 individuals and 42 % of the total number of
individuals collected in Blake Ridge seep samples. Nematode abundance was positively
correlated with sediment volume (Pearson’s product-moment: p = 0.012). Because we
were interested in the invertebrates associated with the mussel-bed habitat and not the
underlying sediment, we chose to omit nematodes from analyses of community structure.

Excluding nematodes, 52 species of macroinvertebrates, representing 8 phyla and
7858 individuals, were collected from Blake Ridge mussel beds (Table 1). Crustaceans
(20 species) and polychaetes (16 species) were the best-represented taxonomic groups.

Combined, they accounted for about 70% of the total number of species sampled (Table

1).
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FIGURE 2
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Oligochaetes were the numerically dominant macroinvertebrate in the
community, accounting for 22% of the mean number of individuals per sample (Table 2).
Other abundant taxa include amphipod A, Ophioctenella acies, Capitella sp., copepods,
Bathymodiolus heckerae (<5 mm), amphipod sp. B, amphipod sp. C, ostracod sp. A, and
maldanid sp. A (Table 2). The remaining 42 species accounted for less than 10% of the
mean number of individuals per sample. Nine (17%) of the taxa were singletons, i.e.,
species represented by only one individual in the entire sampling effort.

Alvinocaris sp. A was the biomass-dominant macroinvertebrate, representing 24%
of the mean biovolume per sample (Table 2). Amphiurid sp. A, Chiridota sp. A,
sipunculid sp. A, Ophioctenella acies, chaetopterid sp. A, Phymorhynchus sp. A,
amphipod sp. A., amphipod sp. C, and oligochaete spp. accounted for 62% of the mean
biovolume per sample; the remaining 42 species accounted for less than 10% of the mean
biovolume per sample (Table 2; Table 3).

MDS ordination based on the species-abundance matrix showed that samples
from juvenile and mature mussel beds group by site (Fig. 3a). Pair-wise comparisons
indicated that the samples from the two mussel beds were well separated (ANOSIM; R =
0.897; p = 0.008). The juvenile and mature mussel beds were 57% dissimilar based on
abundance. The juvenile mussel bed had greater abundances of oligochaetes, Capitella
sp., amphipod B, Bathymodiolus heckerae and lower abundances of amphipods A and C
compared to the mature mussel bed (Table 4). The number of individuals per liter of
mussels sampled was higher in the juvenile mussel bed [482 + 98 individuals L™ (s.e.)]
than in the mature mussel bed [214 + 91 individuals L (s.e.)], but this difference was not

significant (t-test: df = 6; p = 0.09).
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MDS ordination based on the species-biovolume matrix also showed that samples
from juvenile and mature mussel beds group by site (Fig. 3b). Pair-wise comparisons
indicated that the samples from the two mussel beds were well separated (ANOSIM; R =
0.833; p=0.008). The juvenile and mature mussel beds were 65% dissimilar based on
biomass. The juvenile mussel bed had greater biomass of Chiridota sp., sipunculids,
chaetopterids, and oligochaetes, and reduced amounts of Alvinocaris sp. A, amphipod C,
and Alvinocaris sp. B compared to the mature mussel bed (Table 5). Biovolume of
macroinvertebrates per liter of mussel volume sampled did not differ significantly (t-test:
df: 6; p = 0.092) between the juvenile mussel bed [7.99 + 1.3 ml L™ (s.e.)] and the mature
mussel bed [4.62 + 0.92 mI L™ (s.e.)].

The single mussel-bed sample collected from the periphery of the mussel bed near
marker C was dominated by oligochaetes and Ophioctenella acies. This sample was 43%
dissimilar to the juvenile bed and 53% dissimilar to the mature bed. The clam slurp was
numerically dominated by Vesicomya cf. venusta < Smm (~80% individuals). The fauna
of the clam slurp was largely a subset of the mussel-bed fauna, with 9 of 52 shared taxa.
There were also 3 morphospecies unique to the clam bed (lumbrinerid sp. A, polynoid sp.

C, aplacophoran sp. A).
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TABLE 2

mean mean
abundance biovolume

Taxon (%) + 5.€. (%) +s.€.
oligochaetes 22.1 1.8 Alvinocaris sp.A 222 8.1
amphipod sp. A 16.3 5.7 amphiuroid sp. A 15.6 3.7
Ophioctenella acies 14.5 6.4 Chiridota sp. A 11.5 5.2
Capitella sp. A 9.9 3.1 sipunculid sp. A 9.2 1.7
copepods 9.4 3.2 Ophioctenella acies 8.1 39
Bathymodiolus heckerae < 5 mm 5.2 2.5 chaetoperid 7.3 5.7
amphipod sp. B 4.6 1.2 Phymorhychnus sp. A 7.0 35
amphipod sp. C 4.4 1.6 amphipod sp. A 3.6 14
ostracod sp. A 2.7 2.8 amphipodsp. C 35 2.5
maldanid sp. A 1.7 0.6 oligochaetes 2.1 1.3
Percent Contribution 90.9 90.1

Top ten abundance and biovolume dominants at Blake Ridge.
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TABLE 4

Average Abundance Contribution to Dissimilarity
Taxon Juvenile Bed ~ Mature Bed  Contribution % Cumulative %
oligochaetes 188 7 14.8 14.8
Capitella sp. A 77 4 10.5 253
Amphipod sp. B 40 5 6.8 32.1
Amphipod sp. A 13 75 6.6 38.7
Amphipod sp. C <1 25 5.5 442
Bathymodoilus heckerae < 5 mm 34 10 5.1 493
Ophioctenella acies 44 31 4.6 53.9
chaetoperid sp. A 12 <1 4.2 58.1
maldanid sp. A 14 <1 4.2 62.3
copepods 18 36 39 66.2

Species contributions (> 3% ) to Bray-Curtis dissimilarities (standardized to number of individuals per
liter of mussel volume sampled and square-root transformed) between invertebrates of Blake Ridge
juvenile and mature mussel beds.
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TABLE 5

Average Biovolume Contribution to Dissimilarity
Taxon Juvenile Mature Contribution % Cumulative %
Alivnocaris sp. 1 0.06 2.43 15.19 15.19
Chiridota sp. A 226 0.00 13.79 28.98
sipunclulid sp. A 1.19 0.00 10.87 39.85
chaetoperid sp. A 1.27 0.01 10.03 49.88
amphiurid sp. A 1.08 0.65 5.38 55.26
amphipod sp. C 0.02 0.35 4.93 60.19
oligochaetes 0.25 0.00 4.82 65.01
Alvinocaris sp. B 0.00 0.22 3.75 68.76
Capitella sp. A 0.20 0.02 3.29 72.05
amphipod sp. A 0.08 0.30 3.19 75.24
maldanid sp. A 0.17 0.04 3.16 75.24

Bivolume contributions ( > 3%) to Bray-Curtis dissimilarities (standardized per ml biovolume per
liter of mussel volume sampled and square-root transformed) between invertebrates at Blake
Ridge juvenile and mature mussel beds.
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FIGURE 3
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Multi-dimensional scaling analyses for Blake Ridge mussel bed samples. A. Abundance-
based MDS plot of quantitative, standardized (number of individuals L™ mussel volume
sampled), square-root-transformed, species-abundance matrix. B. Biovolume-based
MDS plot of quantitative, standardized (ml L™ mussel volume sampled), square-root-
transformed, species-biovolume matrix. Circles: samples from the juvenile mussel bed;
squares: samples from the mature mussel bed; triangle: sample from the periphery of the
Marker C mussel bed. Letters correspond to sample designations in Table 1.
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Comparison of Mussel-bed Communities between Blake Ridge and Florida Escarpment
Seeps

Species-effort curves based on cumulative number of individuals or cumulative
mussel volume for Blake Ridge and Florida Escarpment mussel-bed communities were
similar (Fig 4). Species richness, standardized to a sampling effort of 10,000 individuals,
was 55 species for both sites (Turnipseed et al. in press, this manuscript). Species-
richness estimates were lower for Blake Ridge mussel beds (57 to 65 species) than for
Florida Escarpment mussel beds (59 to 82 species). MMmeans was the lowest species-
richness estimator for both sites while Jack2 (Blake Ridge) and Ace (Florida Escarpment)
were the highest species-richness estimators. Mean H’ and J” values for Blake Ridge and
Florida Escarpment mussel bed samples were indistinguishable from one another other
(Table 6; t-test, H: p =0.587; J’: p = 0.962).

Eight species comprised ~85% of the total abundance of individuals in Blake
Ridge and Florida Escarpment samples (Fig. 5). At Blake Ridge mussel beds,
invertebrates abundance was dominated by amphipod crustaceans (44%); biovolume was
dominated by echinoderms (26%). At Florida Escarpment, mussel-bed abundance and
biovolume of invertebrates with mussel beds were dominated by trochid gastropod
molluscs (41%) (Fig. 6).

There was no significant separation of the y-intercepts in log-log transformed
shell-length vs. dry weight relationships of mussels collected at Blake Ridge and Florida
Escarpment (Fig. 7; p < 0.001), indicating that mussel condition was similar between the

seep sites.



FIGURE 4
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Sample-based species-effort curves for Blake Ridge (filled circles) and Florida
Escarpment mussel beds (open circles). Points represent the mean (+ s.d.) of 200
randomizations. A Effort based on cumulative number of individuals. B. Effort based on
cumulative mussel volume sampled.
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TABLE 6

S n S 10,000 H J '
Blake Ridge 52 7858 55 1.941 (0.082) 0.637 (0.026)
Florida Escarpment 57 10229 55 2.028 (0.130) 0.639 (0.035)

Species richness (S), total abundance (n), number of species in 10,000 individuals
(S10,000), mean H'j,, . (std. error), and mean J' (std. error).
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FIGURE 5
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Rank abundance of the 20 numerically dominant taxa at Blake Ridge (n= 10 samples;
total number of individuals = 6490; filled circles) and Florida Escarpment (n = 12; total
number of individuals = 9118; open circles) of mussel-bed faunas. Points represent mean
percent abundance (+ s.e.).
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FIGURE 6
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Distribution of abundance and biovolume among major taxonomic groups at Blake Ridge
and Florida Escarpment.
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FIGURE 7
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Bathymodiolus heckerae. Log tissue dry weight (g) vs. log shell length (mm). Filled
circles: Blake Ridge; open circles: Florida Escarpment.
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Species composition was different in mussel beds at Blake Ridge and Florida
Escarpment, with 90% dissimilarity based on average Bray-Curtis coefficients using
species presence/absence matrices (Fig. 8a). Blake Ridge mussel beds share only 4
species with the Florida Escarpment: Bathymodiolus heckerae, Ophioctenella acies,

Alvinocaris muricola, Chiridota sp. A.

Comparisons of Genera and Families of Invertebrates associated with Chemosynthetic
Mussel Beds

At the levels of genus and family, the mussel-bed fauna of the Blake Ridge were
different from that of hydrothermal vents on the northern East Pacific Rise, southern East
Pacific Rise, Mid-Atlantic Ridge and Florida Escarpment brine-seep mussel beds (Fig.
8b, c). At the generic level, seeps are 78% dissimilar from vents, and 60% dissimilar
from each other. At the family level, the seep sites are almost as dissimilar to each other
(52%) as vents on different ridge axe and in different ocean basins (58%). Blake Ridge
and Florida Escarpment mussel beds share only one species (Ophioctenella acies) with

Mid-Atlantic Ridge vent mussel beds, and no species with Eastern Pacific Rise vents.
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DISCUSSION

Variation in Mussel Bed Communities at Blake Ridge

Size-frequency distributions of mussel at Blake Ridge differed between the
juvenile and mature mussel beds, though both beds had similar levels of recruits (~20%).
Ward et al. (in prep) found mussels with shell lengths greater than 100 mm at the juvenile
Blake Ridge mussel beds were either lightly infected or uninfected with a possibly lethal
viral infection. These mussels could represent a subset of the population that was immune
to infection or was strong enough to fight off the infection before it became fatal. This
viral infection could explain the reduction in the percent of larger mussel size classes
(100-360 mm) at the juvenile bed in comparison to the mature bed. Alternatively,
changes in loci of seepage (Van Dover et al. 2003) or spatial variability in biological
processes (e.g. recruitment, settlement, predation) could also result in differences in size
frequency patterns.

Within site variation of species composition, abundance, and biovolume was
evident based on cluster of samples by mussel-bed type (juvenile vs. mature) based on
multivariate analyses. Mean abundance and biovolume of invertebrates associated with
mussel beds were generally higher in samples collected from the juvenile bed, but not
significantly higher. Higher numbers of deposit-feeding oligochaetes, sipunculids,
echinoderms, and capitellid polychaetes were present in juvenile mussel beds while
higher numbers of grazing amphipods and shrimp were present in mature beds, which
indicated that there were differences in nutritional sources in the beds. The single sample

collected from the periphery of mussel beds at marker C appeared to be near a “dying”
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bed of mussels, but it nevertheless contained large numbers of post-larval recruits of
Bathymodiolus heckerae and Ophioctenella acies.

Spatial variation in mussel-bed communities at Blake Ridge may be attributed to a
number of factors, including mussel size and spatial and/or temporal variation in fluid
flux. In shallow-water mussel beds, spatial variation in communities has been correlated
with a number of physical factors, including mussel-bed structure, shell surface area,
abundance of byssal threads (Iwasaki 1994), amount and size of sediments (Iwasaki
1995), biodeposition (Tsuchiya 1980), and patch size of mussel bed (Tsuchiya and
Nishihira 1985; 1986). Spatial and temporal variability of assemblages of organisms in
shallow-water marine ecosystems is common (Underwood and Champan 1996) and has
also been documented in chemosynthetic ecosystems (e.g. Hessler et al. 1985; Copley
1999; Sarrazin and Juniper 1999; Van Dover 2003). Changes in 3-dimensional habitat
created by structuring species can force differences in the community that inhabits the
area. For example, at hydrothermal vents on the Juan de Fuca Ridge, increased surface
area of tubeworms was correlated with greater species diversity of invertebrates (Sarrazin
and Juniper 1999). Within-mussel-bed variation is common in ecological studies and
variation at cm- to m-scales often becomes residual, unexplained or random in analyses
(Lawrie and McQuaid 2001), which is indicative of the patchiness of natural

communities.

Comparison of Blake Ridge and Florida Escarpment Mussel Beds
Neither the Blake Ridge nor Florida Escarpment species accumulation curves

reach a true asymptote, and curves cannot be differentiated from each other, regardless of
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whether species richness or species density is the metric. Species richness measured as
S10000 Was the same for both Blake Ridge and Florida Escarpment mussel-bed faunas (55
taxa) (Turnipseed et al. submitted), but species richness measured as total species
collected or as species richness estimators were lower for Blake Ridge mussel beds than
at Florida Escarpment mussel beds. The difference between Blake Ridge and Florida
Escarpment mussel bed diversity was especially evident using species-richness
estimators, which take into account rare species (Colwell 1997). Florida Escarpment has
more singletons (FE:14, BR:10) and uniques (FE:16, BR:11), but fewer doubletons
(FE:4, BR:7), and duplicates (FE:6, BR:9) compared to Blake Ridge. Sample-based
measures of diversity (H’ loge)) and evenness (J’) at Blake Ridge and the Florida
Escarpment were not different. In a comparison of mussel-bed faunas at vent and seep
chemosynthetic ecosystems, Blake Ridge and Florida Escarpment mussel-bed faunas
were more specious, and had higher diversity values (species richness (S;0000), Shannon-
Weiner (H’ log()), evenness (J’), and taxonomic diversity (A) )than three NEPR, two
SEPR , and one MAR vent mussel-bed faunas (Turnipseed et al. in press). Levin et al (in
review) found species richness in clam beds was higher for a much small sampling effort
(Es100=36) compared to mussel bed fauna at Blake Ridge species richness for 100
individuals is one based on sampled based rarefaction curves.

Univariate values (Si0000, H’ 10g (), J7) of community structure did not differentiate
Blake Ridge and Florida Escarpment mussel beds from each other, but species
composition and dominant taxa were distinctive at each site. Deposit-feeding
oligochaetes were numerical dominants at Blake Ridge, but no oligochaetes were found

in Florida Escarpment mussel-bed samples. The grazing trochid gastropod Fucaria n. sp.
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was numerical dominant at the Florida Escarpment, but no trochid gastropods were found
in Blake Ridge samples. Grazers were both the biovolume dominants in mussel beds at
both seeps with the shrimp Alvinocaris sp. A at Blake Ridge mussels bed and Fucaria n.
sp at Florida Escarpment. Crustaceans were the numerically dominant phyla at Blake
Ridge, which included amphipods, isopods, and Alvinocaris shrimp. Molluscs in general
were numerically dominant phyla (~43% of the total individuals excluding mussels) at
the Florida Escarpment mussel beds, which included trochid gastropods and the limpet
Paraleptopsis floridensis; molluscs were rare at Blake Ridge mussel beds (< 1% of the
total number of individuals excluding mussels). Deposit-feeding echinoderms
(amphiuroid sp. A, Chiridota sp. A, and Ophioctenella acies) were biovolume dominant
phyla at Blake Ridge while grazing trochid gastropod Fucaria sp. and the limpet
Paraleptopsis floridensis were biovolume dominants at Florida Escarpment. Grazers and
deposit-feeders are inferred to derive most of their nutrition from free-living bacteria and
important primary consumers in chemosynthetic mussel-bed communities. In a
comparison of trophic modes of macrofauna at the Florida Escarpment seep and the
Snake Pit hydrothermal mussel beds, there was a significantly greater contribution of
grazers and deposit feeders to total abundance at seeps compared to vents (Tumipseed et

al. in review).

There were no differences in the condition indices of mussels at Blake Ridge and
Florida Escarpment, which indicate the health of mussels at both sites was comparable.
Mean biovolume of macrofauna at Blake Ridge (6.5 ml L") was lower than reported

values of the mean biovolume at the Florida Escarpment (11.2 ml L") and within the
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range of active EPR vent sites (Knick et al. in review). Knick et al (in review) found
biovolume at EPR vents and the Florida Escarpment seep was characterized by a high
degree of within- and between-site variability mean biovolume among sites and
concluded within-site variability in biovolume is consistent with the patent spatial
heterogeneity of vent and seep environments. Blake Ridge biovolume data was

consistent with the spatial heterogeneity of invertebrates at chemosynthetic environments.

Biogeography

Van Dover et al. (2002) suggested deep-ocean water circulates in the Atlantic
Ocean may population interaction between Florida Escarpment and Blake Ridge seep
fauan and Mid-Atlantic Ridge vent fauna. Despite sharing the same species of mussel
(Van Dover et al. 2003), the taxonomic comparison between Blake Ridge and Florida
Escarpment mussel-bed fauna were 90% dissimilar, with only 4 shared species
(Bathymodiolus heckerae, Alvinocaris muricola, Ophioctenella acies, Chiridota sp. A).
The shrimp, A. muricola, is also present at other seeps in the Gulf of Mexico and the
Barbados Prism (Sibuet and Olu 1998). The ophiuroid, O. acies, occurs at both Blake
Ridge and Florida Escarpment seeps and is shared with Snake Pit, Logatchev, TAG, and
Rainbow hydrothermal vents (Tyler et al. 1997, Gebruk et al. 2000, Turnipseed et al.
2003).

Mussel-bed faunas at the Blake Ridge and Florida Escarpment seeps, separated by
~1100 km (across the panhandle of Florida) or ~1320 km (around the panhandle)
deployed greater dissimilarity (90%) than hydrothermal vents separated by ~ 3000 km on

the Eastern Pacific Rise (50%) (Van Dover in press). The paucity of species between the
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Blake Ridge and Florida Escarpment mussel-bed faunas supports the hypothesis that seep
faunas are more isolated and share less species than hydrothermal vents (Sibuet and Olu
1998). This dissimilarity of fauna between Blake Ridge and Florida Escarpment could be
attributed to lack of dispersal and recruitment mechanisms at seeps since seeps do not
emit a large chemical signal as vents, geographic isolation, and/or competition with large
populations of non-seep opportunistic species (Sibuet and Olu 1998; Levin 2000).
Surface current patterns used to map dispersal routes of pelagic larvae from the Gulf of
Mexico upstream to the southeastern United States (Roberts 1997) suggest there could be
dispersal from the Florida Escarpment to Blake Ridge. The plankotrophic style of larval
life of B. heckerae and O. acies could facilitate by-distance dispersal of tissue larvae from
the Florida Escarpment to Blake Ridge. Low species overlap between Blake Ridge and
Florida Escarpment suggests that the degree of biogeography resolution at seeps may be
similar to that observed for invertebrates and fish associated with seamount clusters,
which isolated and have highly localized species (de Forges et al. 2000).

The Blake Ridge and Florida Escarpment mussel-bed faunas shared few species.
It is unknown how much of the Blake Ridge mussel-bed fauna which occur in the
adjacent surrounding non-seep arca. Some genera found at the Blake Ridge are
commonly found in the deep-sea (Benthonella, Phymorhynchus, Sarsiaster) (Rex and
Vetter 1990) and in shallow water (Capitella, Dasybranchus) (Stoner and Acevedo 1990,
Levin 2000; Frouin and Hutchings 2001; Tsuchiya 2002). In shallow-water seep sites,
seeps support some “specialty’” species with chemosynthetic symbionts, but overall, the
northern California shelf and slope faunas for example did not appear different from

nearby non-seep faunas (Levin 2000). Levin (2000) also found a greater similarity
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between seep and non-seep communities than among seep faunas at different sites.
Conversely, megafauna and macrofauna associated with a chemosynthetic community at
a whale-skeleton at 1240 m in the Santa Catalina Basin off California were taxonomically
distinct from that of the surrounding area, with >97% of its morphospecies rare or absent
in ambient sediments (Bennett et al. 1994). The whale-skeleton assemblage had strong
taxonomic affinities to hydrothermal vents and cold seeps, with a megafauna dominated
by vesicomyid clams and mytilid mussels hosting sulfide-oxidizing, chemoautotrophic
bacterial endosymbionts (Bennett et al. 1994).

Blake Ridge and Florida Escarpment mussel-bed communities were ~70 %
dissimilar from each other at the generic level and nearly 50 % dissimilar at the familial
level. Despite Blake Ridge and Florida Escarpment being in the same ocean basin, at the
generic and familial level, the seep mussel-bed faunas were almost as different from each
other as Mid-Atlantic Ridge and East Pacific Rise mussel-faunas were from each other,
suggesting long-term isolation and independent speciation. The seep and hydrothermal
vent faunas were dissimilar from each other, but some shared genera (Bathymodiolus,
Phymorhynchus, Alvinocaris, Ophioctenella) indicate there are evolutionary links
between chemosynthetic ecosystems, especially for symbiont containing species

(Tunnicliffe et al. 1998).
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