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Abstract Initial ecological observations at Broken Spur
in 1993 suggested a low biomass relative to other deep-
water vent communities known along the Mid-Atlantic
Ridge. The persistence of a low shrimp biomass over
15 mo at Broken Spur vents appears to refute the hy-
pothesis that the community is expanding through re-
production and immigration to occupy habitat vacated
during a recent period of hydrothermal quiescence or
catastrophe. Although the absence of ``swarms'' of
shrimp similar to those found at the hydrothermal
mounds of TAG (26°N) and Snake Pit (23°N) is a vi-
sually striking feature of the majority of venting struc-
tures known at Broken Spur, the biomass of fauna other
than shrimp may not be signi®cantly less than that of
other Mid-Atlantic sites. The discovery of ``swarms'' of
shrimp at Bogdanov Site, visited for the ®rst time in
1994, suggests that availability of substratum exposed to
the ¯ow of hydrothermal ¯uids, which is a function of
the topography of venting structures, may be a prereq-
uisite for the development of these dense aggregations.
Two testable predictions arise from this hypothesis.
Firstly, dense aggregations of Rimicaris exoculata
should occur at any other structures with a morphology
similar to Bogdanov Site that may be discovered in the
Broken Spur vent ®eld, and should not occur at other
isolated chimney structures that may be found. Sec-

ondly, ``swarms'' of shrimp should appear at any Broken
Spur chimneys that develop into structures with a
morphology more similar to that of Bogdanov Site in
future.

Introduction

Since the discovery of the active TAG and Snake Pit
hydrothermal mounds in the mid-1980s, the number of
vent communities observed along the Mid-Atlantic
Ridge (MAR) has increased to include Menez Gwen,
Lucky Strike, Broken Spur and 14°45¢N (Van Dover
1995), and there is strong evidence of venting at other
locations (German et al. 1996). Return visits to TAG
and Snake Pit have found little change in community
structure, in contrast to the changes seen at vents on the
East Paci®c Rise (Van Dover 1995). The dynamics and
ecological context of the communites at the other Mid-
Atlantic vents have yet to be fully characterised, how-
ever, as few of the more recently discovered vents have
been revisited to provide an assessment of faunal
change. An opportunity for such an assessment at the
Broken Spur vent ®eld, ®rst explored by two dives with
D.S.V. ``Alvin'' in June 1993, was provided by sub-
mersible dives during the British±Russian Atlantic Vents
Expedition 1994 (BRAVEX/94). The 15 mo interval
between these two series of dives allows a test of the
hypothesis that the community at Broken Spur is re-
sponding to a possible change in hydrothermal activity
(Murton et al. 1995b). Because of the potential modi®-
cation of vent ecosystems by scienti®c activity such as
sampling (Tunnicli�e 1990) and ODP (Ocean Drilling
Program) drilling (Copley et al. in preparation), it is
important that natural temporal variations are deter-
mined before anthropogenic in¯uences can be assessed.

The presence of a hydrothermal ®eld at 29°10¢N on
the Mid-Atlantic Ridge was initially suggested by water-
column anomalies detected on 4 March 1993 during
Cruise CD76 of the R.R.S. ``Charles Darwin'' (Murton
et al. 1993, 1994). Geophysical imaging revealed the
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water-column anomalies to be concentrated above a
neovolcanic ridge located towards the western margin of
the Mid-Atlantic Ridge median valley. Deployment of a
submersible camera system within this area indicated
sea¯oor hydrothermal activity, and the site was infor-
mally named the Broken Spur vent ®eld.

The Broken Spur vent ®eld was the target of ``Alvin''
Dives 2624 and 2625 in June 1993. These dives con-
®rmed the presence of an active hydrothermal ®eld at
a depth of 3090 m at the axial summit graben of
the neovolcanic ridge. Three high-temperature ``black
smoker'' sites were visited by these dives (Saracen's
Head, The Spire and Wasp's Nest), in addition to two
weathered sulphide mounds emitting di�use low-tem-
perature ¯uids (Murton and Van Dover 1993; Murton
et al. 1995b).

A further water-column survey to assess the extent of
hydrothermal activity at Broken Spur was carried out
during R.R.S. Charles Darwin Cruise CD77 (18 March
to 18 April 1993; Elder®eld et al. 1993). Intense hydro-
thermal signals were detected with a focus '2 km south
of Broken Spur, as previously de®ned by Cruise CD76.
These results were interpreted as suggesting the existence
of additional vents in this area (James et al. 1995b).
Submersible video deployments, however, during Cruise
CD95 of the R.R.S. Charles Darwin and exploration by
two ``Mir'' submersible dives failed to ®nd any evidence
of hydrothermal activity south of the sites visited by
D.S.V. ``Alvin'' (BRAVEX/94 Scienti®c Team 1994;
Murton et al. 1995a).

Water-column data collected during Cruise CD95
were consistent with the presence of a single point-
source of hydrothermal activity at the known Broken
Spur vent ®eld, with considerable temporal variability in
the direction of plume dispersal. The water-column sig-
nal from CD77, previously attributed to a southern
source of venting, therefore may have been the result of
bifurcation or lateral transport of the Broken Spur
plume under the local hydrodynamic regime. A sea¯oor
video survey of the Broken Spur vent ®eld by CD95
found evidence of further hydrothermal activity ex-
tending 200 m north of sulphide mounds visited by
submersibles (Murton et al. 1995a).

The most striking ecological feature observed at the
edi®ces discovered during the ®rst submersible dives at
Broken Spur in June 1993 was the relative paucity of
biomass, particularly of shrimp, compared to other
Mid-Atlantic sites such as TAG and Snake Pit (Murton
et al. 1995b). The sulphide mineralogy (Duckworth et
al. 1995), vent ¯uid geochemistry (James et al. 1995a)
and level of hydrothermal activity ®rst observed at
Broken Spur, however, were similar to those of other
Mid-Atlantic sites (Murton et al. 1995b). The fauna at
Broken Spur also displays taxonomic similarities to that
of TAG and Snake Pit (Table 1) and a similar general
zonation, with bresiliid shrimp close to black smokers,
and anemones and other invertebrates situated more
peripherally. The high population densities of shrimp
found at the black smokers of TAG and Snake Pit were
absent from Broken Spur edi®ces visited in 1993, how-
ever, and a high ratio of predators and scavengers to
primary consumers was noted and interpreted as indi-
cating ecological instability, possibly as a result of a
recent environmental change (Murton and Van Dover
1993).

The size and morphology of the massive sulphide
deposits observed at Broken Spur from ``Alvin'' pre-
cluded the possibility that Broken Spur was a ``new''
site where hydrothermal activity had just begun. In
order to reconcile the disparity of a low faunal abun-
dance in an otherwise active and established hydro-
thermal ®eld, Murton et al. (1995b) proposed that
venting at Broken Spur may have undergone a recent
reactivation after a period of quiescence, or a cata-
strophic event su�cient to reduce faunal abundance
drastically. The vent community was hypothesised to be
still recovering from such a disturbance, with animals
only just arriving to recolonise the system (Van Dover
1995). Episodic activity at other Mid-Atlantic hydro-
thermal vents is well established from radiochronolog-
ical studies of sulphide deposits. Data from TAG
indicate intermittent pulses of hydrothermal activity
every 4000 to 6000 yr over the past 20 000 yr, with the
present episode of venting beginning �50 yr ago (Lalou
et al. 1993). Similar studies at Snake Pit have also
suggested episodic activity over its 4000-yr history, with

Table 1 Taxonomic comparison of vent communities at Broken Spur, TAG and Snake Pit based on current observations and those of

Site Bresiliid shrimp Brachyuran crabs Other decapods Ophiuroids

Broken Spur (29°N) Rimicaris exoculataa Segonzacia mesatlantica Munidopsis sp. Ophioctenella acies
Chorocaris fortunatab

Alvinocaris ?markensis

TAG (26°N) Rimicaris exoculata Segonzacia mesatlantica Munidopsis sp. ?Ophioctenella aciesc

Chorocaris chacei
Alvinocaris markensis

Snake Pit (23°N) Rimicaris exoculata Segonzacia mesatlantica Munidopsis crassa Ophioctenella acies
Chorocaris chacei
Alvinocaris markensis

a Con®rmed by allozyme analysis (Creasey et al. 1996)
b Martin and Christiansen (1995)
c Known from video only
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the current phase of venting starting around �80 yr ago
(Lalou et al. 1993).

The presence of mussel populations at Broken Spur
in 1993 suggests that any recent interruption of venting
was of su�cient magnitude and duration to reduce the
abundance of shrimp, but not long or large enough to
eliminate the mussel populations (Van Dover 1995).
Mussels are believed to be the last faunal survivors at
GalaÂ pagos vents following a cessation of hydrothermal
activity (Hessler et al. 1988), but the longest period
that they have been observed to survive in the absence
of venting is 5 yr (Fisher 1995). Our interest was to
test the hypothesis that the Broken Spur vent com-
munity is recovering from an interruption in hydro-
thermal activity or some other disturbance, by
remapping the faunal distribution on subsequent visits
(Murton and Van Dover 1993; Van Dover 1995). An
increase in biomass would be expected if the hypothesis
is correct.

Materials and methods

Eight dives to the Broken Spur vent ®eld were made by the two
``Mir'' submersibles from R.V. ``Akademik Mstislav Keldysh''
during September 1994 (BRAVEX/94 Scienti®c Team 1994). Three
transponders were deployed for submersible navigation, but sea-
¯oor topography frequently prevented position-®xing within the
vent ®eld, so identi®cation of markers and pilotage were the pri-
mary navigational tools during dives. The ``Mir'' submersibles
carried a ®xed-focus NTSC video camera and a PAL video with
zoom, both mounted on a pan-and-tilt array. Two lasers mounted
in parallel 10 cm apart provided a scale on video footage. Addi-
tional footage was obtained during two dives from a Hi8 cam-
corder ®lming through the portholes from inside the submersibles.
Over 60 h of video footage were recorded during the dive series.
Footage from the two ``Alvin'' dives of June 1993 was provided for
comparison.

Video images showing clearly identi®able vent fauna were
captured onto a PC through a Targa+framegrabber. These images
were analysed using Jandel Scienti®c's ``Mocha'' image-analysis
system. In some close-up frames where the laser dot scale was not
visible, the modal size of visible Rimicaris exoculata was used as a
scale by equating this to the modal size of specimens collected from
the vent ®eld. Geometric solids were used to approximate the
surfaces occupied by fauna to obtain estimates of faunal density.
Images with approximately zero angle of incidence between the
camera view and the surface viewed were preferred, to avoid dis-
tortions resulting from oblique-angle conditions. Although cor-

rections for such distortions are possible using isometry ratios
(ChevaldonneÂ and Jollivet 1993), such methods depend on the
optical properties of the camera, which were not known.

Results

Morphology of Broken Spur vent ®eld

Submersible exploration by BRAVEX/94 more than
doubled the number of hydrothermal structures known
within the Broken Spur vent ®eld. Although navigational
problems hampered systematic mapping, a geographical
interpretation of the vent ®eld can be constructed from
dive videos and the commentary of dive observers
(Fig. 1). Sites of venting are located on the ¯oor and walls
of a valley interpreted as the axial summit graben identi-
®ed by Cruise CD76 (Fig. 1, ``Eastern Valley''), and on
the crest of the neovolcanic ridge to thewest of this graben

Fig. 1 Interpretation of Broken Spur hydrothermal ®eld from
BRAVEX/94 videos, showing main structures. 1 Mound `K';
2 Judy's Tower; 3 Triple Chimney; 4 White Button; 5 Dog's Head;
6 Bogdanov Site; 7 The Spire; 8 Saracen's Head; 9White Mushroom;
10 Wasp's Nest; arrows indicate view of structures presented in video
collages

Segonzac (1992) and Van Dover (1995)

Bivalves Gastropods Polychaetes Anemones Fish

Bathymodiolus sp. Phymorhynchus moskalevi Ampharetid sp. Actinian sp. Synaphobranchid sp.
?Pseudorimula midatlantica Chaetopterid sp.

Phymorhynchus moskalevi Ampharetid sp. Actinian sp. Synaphobranchid sp.
Chaetopterid sp.

Bathymodiolus puteoserpensis Phymorhynchus sp. Ampharetid sp. Actinian sp. Synaphobranchid sp.
Pseudorimula midatlantica
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(Fig. 1, ``Western Plateau''). The southernmost active site
of high-temperature venting within the vent ®eld is Sar-
acen's Head, situated at the top of the western wall of the
Eastern Valley. The previously reported height of 35 to
40 m for this structure (Murton et al. 1995b) may have
included the depth of the Eastern Valley. In September
1994, Saracen's Head consisted of an 11 m-high sulphide
mound surmounted by two active chimneys, oriented
approximately north±south. The northern chimney
(Fig. 2) was 4 to 6 m high and the southern chimney 2 to
3 m; both these chimney structures had grown in the
15 mo between the ``Alvin'' and ``Mir'' dives (Nesbitt and
Murton 1995a).

Three other black-smoker chimney structures are
known on the Western Plateau. The Spire (Fig. 3), which
was discovered by ``Alvin'' consists of a sulphide mound
topped by a single chimney at least 12 m high. At the
Triple Chimney (Fig. 4), a 17 m tall structure branches
into two actively-venting slender chimneys oriented ap-
proximately E±W, with a smaller inactive chimney be-
tween, although venting was re-established from this
smaller chimney during geological sampling. Immediately
north of Triple Chimney on the same sulphide mound is
Judy's Tower (Fig. 5), a single chimney that was 4 m high
when discovered by BRAVEX/94 but which was demol-
ished by a collision with a ``Mir'' submersible. In addition
to the black-smoker chimney structures, the Western
Plateau also contains an actively-venting platform struc-
ture on top of a sulphide mound at White Button.

Platforms and ledges are common at active sites in
the Eastern Valley. Wasp's Nest consists of a 23 m-high

sulphide mound topped by a small black-smoker chi-
mney and a platform large enough to accommodate a
``Mir'' submersible during sampling. An actively-venting
platform jutting out from the western wall to the north
of Saracen's Head forms White Mushroom. At Bogda-
nov Site (Fig. 6), ledges issuing black smoke and vig-
orous di�use ¯ow protrude from the western wall to
form a 20 m vertical stack, topped with beehive di�users
and small chimneys.

The Broken Spur vent ®eld also contains sites of low
temperature venting and inactive, weathered sulphide
mounds. At Mound K, shimmering water percolates
from cracks in a sulphide outcrop. Weathered sulphides
also form the distinctive Dog's Head, where there is little
visible evidence of di�use ¯ow. Plates of weathered
sulphides are present south of Dog's Head and north of
Saracen's Head, and the base of the sulphide mound at
Saracen's Head extends out to the west and northwest
towards upstanding, weathered sulphide structures.

Inactive features also lie northeast of The Spire, be-
low White Mushroom, north and south of Wasp's Nest,
and in the vicinity of the eastern wall of the Eastern
Valley. Sulphide rubble forms a 1.5 m high wall east of
the mound carrying Triple Chimney and Judy's Tower
and is also present around the periphery of the other
sulphide mounds. Elsewhere between the sites of venting
the substratum is comprised of pillow basalts, occa-
sionally collapsed, often covered by oxidised sulphide
sediments. Basalts also form a vertical stack close to the
western wall of the Eastern Valley to the south of Sar-
acen's Head (Fig. 7).

Fig. 2 Video collage of Sara-
cen's Head northern chimney
showing vertical distribution
and density (mean � SE) of
shrimp Rimicaris exoculata
(Scale bar �1 m)
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Interannual variation in faunal distribution

The distribution of Rimicaris exoculata observed by
``Alvin'' dives and BRAVEX/94 at The Spire shows
considerable heterogeneity related to the presence of ®s-
suring, but overall there is no signi®cant di�erence in
population density between 1993 and 1994 (Fig. 8;
Mann±Whitney U-test, U 0 � 6, p � 0:111, n�5 and
m � 4). At Saracen's Head, chimney growth over the
interval between expeditions (Nesbitt and Murton,
1995a) provided additional substratum for fauna to oc-
cupy. However, these new chimney surfaces might rep-
resent a di�erent microhabitat to that surveyed in 1993;
therefore, comparison of the density of R. exoculata be-
tween the two years was made over the ``homologous''
region at the base of the chimneys. No signi®cant di�er-
ence was found between 1993 and 1994 in this region
(Fig. 8; Mann±Whitney U -test, U 0 � 8, p � 0:365,
n � 5 and m � 4). Similarly, the density of shrimp at
Wasp's Nest shows no evidence of an increase (Fig. 8),
although a shortage of close-up and non-oblique video

images at this structure prevented a statistical compari-
son. No increase in population density was shown by the
other fauna observed at the high-temperature venting
structures visited by ``Alvin'' and BRAVEX/94 (Table 2).
Estimates of faunal densities obtained from image anal-
ysis of ``Alvin'' dive tapes are consistent with those re-
ported by dive observers (Murton et al. 1995b), providing
a validation of the analytical technique.

Spatial variation in faunal distribution observed
by BRAVEX/94

The population density of shrimp found on the sides of
the Triple Chimney (10.75 m)2 � 1.70 SE) was com-
parable to that observed at The Spire (Mann±Whitney
U -test, U 0 � 8, p � 0:21, n � 5 and m � 5). Similar
densities of shrimp were also found at White Button

Fig. 3 Video collage of The Spire showing main depositional features
(Scale bar �1 m)

Fig. 4 Video collage of Triple Chimney (Scale bar �1 m)
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(17.99 m)2) and Mound K (15.61 m)2), but very few
shrimp were observed at the inactive Dog's Head
structure (3.43 m)2). A bimodal vertical distribution of
shrimp was found at Judy's Tower (Fig. 5), where the
shrimp population density mid-chimney was similar to
that of Triple Chimney. Shrimp densities on the sides of
new chimney growth at Saracen's Head were compara-

ble to those found at the base of the chimneys (Fig. 2;
Mann±Whitney U-test, U 0 � 8, p � 0:345, n � 5 and
m � 4), except in proximity to beehive di�users where
they were signi®cantly elevated (Fig. 2; Mann±Whitney
U-test, U 0 � 0, p � 0:004, n � 5 and m � 4). Dense ag-
gregations of shrimp (�2000 m)2) comparable to the
``swarms'' observed at the black smokers of TAG and

Fig. 5 Video collage of Judy's
Tower showing vertical distri-
bution and density of shrimp
Rimicaris exoculata before acci-
dental demolition (Scale bar
�1 m)

Fig. 6 Video collage of Bogda-
nov Site on western wall of
central graben showing vertical
distribution and density (error
bars represent estimated maxi-
mum density of aggregations)
of shrimp Rimicaris exoculata.
Lower collage is a view from
east of structure and upper
collage is a view from the
southeast; '5 m of intervening
sulphides have been omitted
(Scale bars �1 m)
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Snake Pit (1500 to 2500 m)2; Van Dover et al. 1988;
Segonzac 1992) were observed on the upper surfaces of
Bogdanov Site (Fig. 6), although the overall coverage of
surfaces by these aggregations was 40 to 50%.

Maximum densities of the crab Segonzacia mesatlan-
ticawere found at the platform structures ofWasp's Nest,
White Button and White Mushroom (6.37 m)2 � 0.54
SE). The brittle star Ophioctenella acies was observed on
the solid surfaces of chimneys and mounds (Fig. 9).
Maximum densities of anemones occurred on the aprons
of rubble at the base of sulphide mounds such as The
Spire, Triple Chimney and Bogdanov Site (11.41 m)2

� 1.04 SE). Fluted polychaetes (Ampharetidae) were
present at the base of the Saracen's Head and Triple
Chimney mounds, as well as being found in collapsed
pillow lavas further away. Errant polychaetes were ob-
served around the base of sulphide mounds, and a dense
aggregation of synaphobranchid ``snake®sh'' (up to

Fig. 7 Video collage of a basalt pillar (Scale bar �1 m)

Fig. 8 Rimicaris exoculata. Interannual variation (mean � SE) of
population density of on Saracen's Head, The Spire and Wasp's Nest

Table 2 Comparison of densities of fauna other than shrimp ob-
served at Broken Spur in 1993 and 1994. Estimates of faunal
densities were calculated from total area of images for each struc-
ture, including images where none of a particular faunal group
were present

Fauna 1993 1994

Saracen's Heada

Crabs (m)2)
(Segonzacia mesatlantica)

0.85 0.80

The Spire
Crabs (m)2)
(Segonzacia mesatlantica)

0.63 0.23

Ophiuroids (m2)
(Ophioctenella acies)

3.13 2.53

Anemones (m)2) 0.31 0.23

Wasp's Nest (platform)
Crabs (m)2)
(Segonzacia mesatlantica)

7.56 5.83

a 1994 estimates from ``homologous'' region at base of chimneys
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5 m)2, but overall 0.98 m)2; Fig. 10) was found imme-
diately east of the Triple Chimneymound. Other ®sh were
also observed throughout the vent ®eld, both in the pe-
riphery and close to active sites. BRAVEX/94 dive ob-
servers reported seeing octopus, but none were recorded
on video.Nomussels were observed during BRAVEX/94,
but the locations previously described for these animals
during ``Alvin'' dives (under ledges at the base of The
Spire; Murton et al. 1995b) were not explored.

Discussion

The general faunal distribution and zonation observed
in 1994 at sites of venting visited for the ®rst time at
Broken Spur, as well as those visited previously, is
similar to that reported for 1993 (Murton et al. 1995b).
Bresiliid shrimp are present close to black smokers,
ophiuroids are found on solid surfaces of chimneys and
mounds, peak densities of anemones occur at the base of

sulphide mounds, and peak densities of brachyuran
crabs are found at platform structures. The lack of a
signi®cant increase in the population density of shrimp
over 15 mo at sites visited by ``Alvin'' and BRAVEX/94
has implications for the hypothesis that the community
at Broken Spur is recovering from a catastrophic dis-
turbance. If such a recovery is taking place, then it must
be very slow.

The rates of immigration, reproduction and recruit-
ment at Mid-Atlantic hydrothermal vents are unknown,
but a signi®cant level of gene ¯ow detected between
populations of Rimicaris exoculata at TAG and Broken
Spur (Creasey et al. 1996) suggests the presence of a
metapopulation covering these two sites that should
provide a ready source of new colonists following any
interruption of venting (Herring 1996). A rapid faunal
recovery is known from 9°N on the East Paci®c Rise,
where the vent community recovered from an absence of
sessile metazoa to an abundant faunal assemblage re-
sembling that observed at the Rose Garden in 1979
(Lutz et al. 1994; Hessler and Kaharl 1995) within 31 mo
of the catastrophic interruption of venting by a lava ¯ow
(Haymon et al. 1993). There may be a substantial dis-
parity in the rates of biological processes at Mid-At-
lantic and Paci®c vents because of marked faunistic
di�erences (Van Dover 1995). Rates of immigration,
reproduction and recruitment at Broken Spur might not
be high enough to produce a visible increase in the
faunal populations over the time-scale of our observa-
tions if a recovery were taking place. An alternative
explanation, however, is that no recovery is taking place
and the low biomass of shrimp at Broken Spur is a
``climax'' feature of the community.

Although low population densities of shrimp were
observed at the majority of Broken Spur edi®ces visited
during 1994, the ``swarms'' of shrimp at Bogdanov Site
are exceptional and may o�er a clue to possible factors
controlling shrimp population density. The most ob-
vious di�erence between Bogdanov Site and other
structures at Broken Spur is the topography of the
venting structure. Rather than being an isolated, thin,
chimney structure like Judy's Tower (Fig. 5), venting at
Bogdanov Site occurs across the top of a broad, ¯at
structure and from ledges below (Fig. 6). How might
these features in¯uence the population density of vent
shrimp?

Stable carbon-isotope ratios of Rimicaris exoculata
indicate that adult shrimp are dependent on a non-
photosynthetic source of organic carbon, whilst their
nitrogen isotopes are consistent with a role as primary
consumers (Van Dover et al. 1988). A strong but cir-
cumstantial case has been developed for the importance
of epibiotic chemosynthetic bacteria in the nutrition of
this species (Van Dover et al. 1988; Gebruk et al. 1993;
Segonzac et al. 1993; Van Dover 1995). If shrimp do feed
primarily on epibiotic bacteria occupying the ``bacte-
riophore'' setae of their maxillae, then it is important for
these bacteria to be exposed to the sulphide in vent ¯uid
in order to sustain chemosynthetic primary production.

Fig. 9 Dense patch of Ophioctenella acies at base of Saracen's Head.
Video-image from hand-held video camera (Scale bar �50 mm)

Fig. 10 Dense aggregation of synaphobranchid ®sh at base of Triple
Chimney mound (Scale bar �1 m)
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Therefore the shrimp must occupy some substratum
directly exposed to the ¯ow of hydrothermal ¯uids.
Swimming to maintain a vertical position in a buoyant
hydrothermal plume rising at 100 cm s)1 from a high-
temperature vent source (Nesbitt and Murton 1995a, b)
would be energetically expensive, if at all possible. Such
behaviour is exhibited by paradaliscid amphipods at
Paci®c vents, but only in a vertical ¯ow of 5 to 10 cm s)1

from di�use venting (Kaartvedt et al. 1994).
If the shrimp instead feed by dislodging bacteria from

sulphides using their walking legs (Van Dover et al.
1988; Segonzac et al. 1993), then these bacteria and
therefore the shrimp similarly need to occupy some
substratum exposed to the ¯ow of hydrothermal ¯uids.
Whatever the reason, adult Rimicaris exoculata are
generally found crawling on the substratum (Rona et al.
1986; Segonzac et al. 1993), and maintain high levels of
activity on surfaces at the central black smokers of TAG
(Van Dover et al. 1988). Sensillae on the second anten-
nae of the shrimp display sensitivity to dissolved sul-
phide at picomolar levels, which may o�er a stimulus
over tens of metres from its source (Renninger et al.
1995). When displaced from the substratum, shrimp
immediately seek to re-establish themselves near the
source of hydrothermal ¯uid (Van Dover et al. 1988;
Renninger et al. 1995), resulting in ``lines'' of jostling
shrimp oriented against the current of vent ¯uids
(Fig. 11). The development of dense aggregations of
shrimp may therefore depend on the availability of
su�cient substratum exposed to the ¯ow of hydrother-
mal ¯uids for the shrimp.

At thin, isolated, chimney structures where venting
occurs from a restricted area at the top of the edi®ce,
little or no substratum is available in the ¯ow of hy-
drothermal ¯uids for shrimp to occupy. Little di�use
venting occurs below this, and there are few shrimp.
Where ®ssuring occurs at the base of Judy's Tower, the

density of shrimp is greater. A similar bimodal vertical
distribution is observed in alvinellid polychaetes on a
chimney at 13°N on the East Paci®c Rise (ChevaldonneÂ
and Jollivet 1993). Where active beehive di�users occur,
substratum for shrimp to occupy may be available be-
side and above the source of venting, and population
densities of shrimp are signi®cantly greater in these ar-
eas. As most Broken Spur chimneys are thin and iso-
lated, the area of suitable substratum is small and the
coverage of shrimp is sparse, but on the broad, ¯at top
of Bogdanov Site, much more substratum washed by
vent ¯uid is available for shrimp to occupy beside and
between discrete sources of venting. It is in these regions
that the ``swarms'' of shrimp are found. Black smoke
also issues from ori®ces on the sides of this edi®ce just
below the top, and dense aggregations of shrimp are
found above and beside these sources.

At TAG, central black smokers occupied by dense
aggregations of shrimp (Fig. 11) form a conical complex
of chimneys 30 m in diameter and 25 m high. High-
temperature ¯uids issue from fractures in the sulphides
at the base of chimneys as well as from the chimneys
themselves (Van Dover 1995), so that the whole area is
wreathed in black smoke, prompting Japanese workers
to name it ``Laputa'' after Swift's ®ctional city built on a
cloud (Fujioka et al. 1995). At Snake Pit, dense aggre-
gations of shrimp occur at ``Les Ruches'', a 50 m-high
sulphide mound crowned by two edi®ces constructed
from several chimneys and beehive di�users (Segonzac
et al. 1993). Shrimp ``swarms'' are present at these two
smoker complexes, whilst their density is much lower at
an isolated chimney situated lower and more periperally
on the mound (``Laussel''; Segonzac et al. 1993). The
availability of substratum exposed to the ¯ow of hy-
drothermal ¯uids seems to be dependent on the topog-
raphy of venting structures and is more prevalent at
larger, ¯atter mound structures with chimney/di�user
complexes than at isolated chimneys.

Further exploration of the Broken Spur vent ®eld by
sea¯oor video during R.R.S. Charles Darwin Cruise
CD95 (Murton et al. 1995a) did not ®nd any evidence of
an increase in shrimp biomass 9 mo after BRAVEX/94.
Observations of a redistribution of vent shrimp within
2 mo of a change in the pattern of hydrothermal activity
on the TAG mound (Copley et al. in preparation) re-
inforce the interpretation that the low population den-
sities of shrimp on the Broken Spur chimneys are a
``climax'' feature. Shrimp would be expected to redis-
tribute rapidly from the local source of Bogdanov Site to
®ll any vacant habitat available at the other Broken Spur
chimneys.

The absence of shrimp from the majority of Broken
Spur edi®ces is a particularly striking feature of the
community compared to the ``swarms'' at TAG and
Snake Pit. However, the degree to which other fauna at
Broken Spur are depauperate is less clear. The crab
Segonzacia mesatlantica has a maximum density of 10
individuals m)2 at Snake Pit (Guinot 1989) comparable
to the maximum observed at Broken Spur (6.66 to

Fig. 11 Dense swarm of Rimicaris exoculata at TAG, showing non-
random orientation in hydrothermal ¯ow. Video-image from hand-
held video camera (Scale bar �50 mm)
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10 m)2, Murton et al. 1995b; 7.56 m)2, this study).
Densities of the brittle star Ophioctenella acies at Broken
Spur (e.g. �30 dm)2 within patches such as that shown
in Fig. 9) are comparable to those at TAG and Snake Pit
(up to 20 dm±2, Tyler et al. 1995).

The dense aggregation of synaphobranchid ®sh ob-
served near Triple Chimney (Fig. 10) certainly does not
represent a depauperate biomass compared to that ob-
served for this group at TAG and Snake Pit. Video
observations of behaviour suggest that the ®sh in this
aggregation are feeding on items on sulphide surfaces,
possibly ampharetid polychaetes. Population densities of
ampharetids may approach 300 m)2 at the base of sul-
phide mounds and in the hollows of some collapsed
pillow basalts. The high ratio of predators and scav-
engers to primary consumers noted during the ®rst
submersible dives at Broken Spur (Murton and Van
Dover 1993) is consistent with low populations of
shrimp at the majority of Broken Spur structures, but
with an abundance of fauna other than shrimp compa-
rable to that of other Mid-Atlantic sites.

Although interannual variation in the faunal distri-
bution at Broken Spur suggests that the community is
not immediately recovering from a disturbance such as
that imposed by a recent period of hydrothermal qui-
escence, this does not remove the possibility that Broken
Spur has undergone such a period, or several such pe-
riods, during its geological past. Current geological
models of Broken Spur (Nesbitt 1995; Nesbitt and
Murton 1995b) include the hypothesis that Broken Spur
was once a continuous sulphide mound like TAG, but
that oxidation and mass wasting during periods of in-
activity caused dissection of the mound to leave the
present isolated sites of venting. Thus, the low popula-
tion density of shrimp at the chimney structures of
Broken Spur only represents a ``climax'' state in the
sense that there is currently little optimal habitat avail-
able. Should more habitat become available as a result
of the geological evolution of venting structures, then
the population density of shrimp would be expected to
increase accordingly. Therefore, the shrimp population
at Broken Spur may still be recovering from a period of
hydrothermal quiescence, if recovery is taken to mean
the development of dense ``swarms'' like those at TAG
and Snake Pit. Achieving such a recovery would depend
on the geological evolution of venting structures with
appropriate topographies, and would require a longer
time-scale than if population growth were solely de-
pendent on the immigration, reproduction and recruit-
ment of animals.
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