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Abstract Species colonizing new deep-sea hydrothecal habitat conditions, such as water temperature for
mal vents along the East Pacific Rise show a distinvent tubeworms, provides a poorer predictor of long-
successional sequence: pioneer assemblages domintted habitat suitability.

by the vestimentiferan tubeworfevnia jerichonande-

ing subsequently invaded by another vestimentif&i&n Key words Deep-sea ecology - Hydrothermal vent -

tia pachyptila and eventually the mussBhthymodiolus Riftia pachyptila- SuccessionTevnia jerichonana
thermophilus Using a manipulative approach modified

from shallow-water ecological studies, we test three al-

ternative hypotheses to explain the initial colonization #ytroduction

T. jerichonanaand its subsequent replacement Ry

pachyptila We show thaR. pachyptilaand another vest- The unexpected encounter with hydrothermal vent com-
imentiferan,Oasisia alvinagcolonized new surfaces onimunities on the deep Pacific seafloor in 1977 (Corliss et
ly if the surfaces also were colonized hyjerichonana al. 1979) remains one of the most fascinating biological
This pattern does not appear to be due to restricted hdiseoveries of the century. Over the past two decades, we
tat tolerances or inferior dispersal capabilities Rf have learned that these productive communities of
pachyptilaand O. alvinag and we argue the alternativainique species are fueled largely by chemosynthetic mi-
explanation thaf. jerichonanafacilitates the settlementcrobial production, and that they sustain their popula-
of the other two species and is eventually outcompetazhs despite the patchy, ephemeral nature of the vent
by R. pachyptila Unlike the classic model of communityhabitat. We know little, however, about what processes
succession, in which facilitating species promote th@rganize vent communities and control temporal and
own demise by modifying the environment to make $patial patterns of species composition.

more hospitable for competitors, we suggest that Vent faunas display striking spatial patterns, with dis-
jerichonanamay produce a chemical substance that itinct species assemblages replacing each other along a
duces settlement of these competitors. This processspdtial gradient of hydrothermal fluid flux. At one ex-
selecting habitat based on biogenic cues may be egpmme of this gradient, in focused “black smoker” vents,
cially adaptive and widespread among later-successiomgdrothermal fluids reach temperatures of 403°C, and
species that occupy a physically variable and unpredicontain concentrations of,8B (an important reduced sub-
able environment. In these cases, the presence of westthte that provides the chemical energy source for che-
species implies some integrated period of environmentabsynthetic microbial production) of up to 30 mmotkg
suitability, whereas an instantaneous assessment of pliyshnson et al. 1988). Diluted vent fluids are also re-
leased from the seafloor after mixing with ambient sea-
b\-/g(.)g/éugigliagé eCaI%O aphic Institution. Bioloav Deartment water. Because the high-temperature fluids are character-
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ture), vestimentiferan tubeworms occurring in vigorow®minated assemblage in the vigorous diffuse-flow zone
diffuse flows (up to 25°C), bivalves in moderate diffusef hydrothermal vents on the East Pacific Rise. We ex-
flows (up to 10°C) and various suspension feeders, plere three alternative hypotheses to explain this succes-
cluding barnacles and serpulid polychaetes, in weak difen (as defined broadly by Connell and Slatyer 1977) at
fuse flows (<2°C) (Hessler et al. 1985). This correspovents. The first possibility is that species composition
dence between physico-chemical gradients and fauclahnges over time as individual species respond inde-
zones has led vent biologists to focus on hydrothernpagindently, because of their differential tolerances and
fluid flux as the main factor organizing vent communiutritional requirements, to progressive changes in fluid
ties (Childress and Fisher 1992). Indeed we know ttilatx or composition as the vent ages. The second is that
the prominent vestimentiferaRiftia pachyptilaand the successions of species are due to intrinsic species differ-
vent bivalveCalyptogena magnifichave very specific ences in dispersal capabilities of their larvae. The third is
requirements for their physical and chemical envirothat species changes are due to facilitation of the second-
ment, based on their physiological tolerances and #g species by the pioneer species, which is then outcom-
need to provide k6 to their endosymbionts (reviewed ipeted. The first hypothesis was proposed by Shank et al.
Childress and Fisher 1992). (1998), and is a logical extension of the idea that the dis-
Physiological tolerances and nutritional requirementsipution of each vent species is fully controlled in time
however, are unlikely to be the sole determinants aid space by its response to variations in the physical
community structure at vents. Population densities, bemd chemical environment. The second hypothesis sup-
mass, and spatial cover of benthic invertebrates are tyjises that larvae @t jerichonanaare more consistently
cally very high in vent communities, implying a poteravailable and/or are better at dispersing and settling into
tial for interactions among species. Correlations betweant habitats, thereby making this species a weed among
vertical gradients in physical stress and population distrestimentiferans. In terrestrial plant communities, differ-
butions in the rocky intertidal habitat had long been img dispersal characteristics have been shown to deter-
terpreted as evidence that vertical biological zonatianine which species are able to first colonize newly
was largely a consequence of differing adaptations dpened habitats (Eriksson 1996). The third hypothesis
physiological stressors (e.g., Lewis 1964). Subsequenpposes thal. jerichonanaprecedesR. pachyptilabe-
experimental manipulations, however, including relativeause the latter species does not effectively colonize
ly simple experiments feasible even in the deep swathout facilitation by the former, and that subsequently
demonstrated the significance of biological factors sugh jerichonanais outcompeted byR. pachyptila This
as competition, predation, and biological disturbance snenario of an initial facilitative species being eventually
setting limits to species distributions (e.g., Connell 196dutcompeted by the species it facilitates is a well-known
1972; Paine 1966; Dayton 1971; Sousa 1979; Paine ahénomenon, and is the essential ingredient in the classic
Levin 1981). The lesson learned from these studiesOdum (1969) model of succession in plant communities
that a significant correlation with physico-chemical fagreviewed in Callaway 1995).
tors provides insufficient evidence for inferring causa- Predictions derived from these hypotheses were tested
tion of zonation along an environmental gradient. Expersing field colonization assays. In the first scenario, we
imental manipulations provide the most unambiguousuld expect that initial (pioneer) species would not col-
means of separating the contributions of physiologicahize habitats that were in later stages of succession (be-
tolerances and biological interactions (Paine 1977). cause the physical/chemical environment would have
Analogous to the prevailing explanations for spatiahanged to become unsuitable for the pioneer). In the
zonation, the successional patterns at hydrothermal vesgsond scenario, we would expect colonization of each
have also been interpreted in terms of species’ resporsgecies to be primarily dependent on the timing (or spa-
to changes in the character of hydrothermal vent flux. #dl distribution) of larval availability in the water col-
newly opened vents along the East Pacific Rise, the iamn. In the third scenario, we would expect colonization
tial visibly dominant sessile metazoan in vigorous diéf R. pachyptilaalways to follow colonization byf.
fuse flow regions appears to be the small vestimentifejarichonana regardless of the physico-chemical status of
Tevnia jerichonanglLutz et al. 1994; Shank et al. 1998)the habitat, or the timing of larval availability.
This species is then replaced by the larger spéiitia
pachyptilg frequently over a period of less than 1 year
Later in the sequence, the musBeithymodiolus ther- Methods
mophiluscolonizes and may, in some cases, displace the ) o o
vestimentiferans (Hessler et al. 1988). A third, smalle tested our competing hypotheses by quantifying colonization

. . ; o . . séquences of vestimentiferans on cubic basalt blocks roughly
vestimentiferan specie€asisia alvinag is also found 75°ch on a side. The studies were conducted using the submers-

sporadically in this environment. It is not known when iBle Alvin at vents near 9°50'N, 104°17'W along the East Pacific
the temporal sequence this species colonizes vents Rige (Fig. 1) at a water depth of 2500 m. This location was select-
cause it is not easily distinguished frdimjerichonana ed because nearby vent communities had been monitored fre-

: : . uently since 1991 when a well-documented volcanic event had
In this study, we examine the relative roles of phy%écurred (Haymon et al. 1993). For each of three deployment peri-

cal and biological processes early in the succession frg, replicate r=3) blocks were introduced into three separate
a T. jerichonanadominated towards &. pachyptila vestimentiferan tubeworm clumps at each of three vent fields
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9.86°N Temperature anomaly was used as a proxy for both physiologi-
cal stress from exposure to high temperatug& 6t toxic metals,

and also nutritional benefit from chemosynthetic microbial pro-
duction. Although the relationship between temperature and chem-

Biovent ical composition of vent fluids can vary significantly among spa-
o East Wall tially separated vents (Von Damm 1995), temperature and chemis-
9.84°-

try are strongly correlated within a site (Johnson et al. 1988). We
were not able to measure the chemical environment at each block,
but water samples from selected sites indicated th&tdéncen-
tration did vary as expected with temperature in our study area
(authors, unpublished work).

The microenvironment of each block was characterized as suit-
able or unsuitable for vestimentiferan colonization based on tem-
Worm Hole perature measurements and an assessment of the immediately ad-
jacent fauna. Areal coverage of dominant space occupiers and
abundance of consumers/predators (crabs and fishes) in the imme-
diate vicinity of each block were documented semi-quantitatively
980° +——— : via video images. Of the uncolonized blocks, only those that re-

104.31° 104.28° 104.27° 104.25°W mained in a suitable microenvironment (defined as where the re-
’ corded temperature anomaly exceeded 2°C and where healthy

vestimentiferans surrounded the block) were included in analyses.

Fig. 1 Map of Biovent, East Wall, and Worm Hole vent sites, IoB f th tential f d timating t t th
cated on the axis of the East Pacific Riskafled ling near >ECaUS€ Of the potential for underestimating temperature, the

9°50'N, East Pacific Rise, between the Clippert6h 4nd Sequi- Nighest temperature measured at any one block was used to deter-
eros © fracture zones mine the suitability of its microenvironment. _
Sets of blocks were deployed and recovered on three cruises
(in November 1994, April 1995, and December 1995) in a series
of overlapping time intervals (November 1994—April 1995=5
(Worm Hole, East Wall, and Biovent) located along a 2-km semonths; April 1995-December 1995=8 months; November
tion of the axial valley. These vent fields appeared to be at diffé894—December 1995=13 months). The purpose of these overlap-
ent stages in the colonization sequence: Worm Hole was domimatg deployments was to test for positive as well as negative bio-
ed by abundant clumps df. jerichonanawith no co-occurring logical interactions, in the context of succession theory (Odum
mussels and scattered individdl pachyptila East Wall was co- 1969; Sutherland and Karlson 1977). The rationale followed that
occupied byT. jerichonanaandR. pachyptilathe clear dominant of Ambrose (1984): if the sum of the colonists on blocks in the
in numbers and biomass) but with no co-occurring mussels; am consecutive (5- and 8-month) intervals is similar to the num-
Biovent was inhabited by only one evident tube woRmpachy- ber in the continuous 13-month interval, then initial colonists
ptila, along with co-occurring vent mussels. would appear to have no detectable effect on later arrivals. If the
As part of a predation-exclusion study not described here, sten of colonists across the consecutive intervals is less than the
deployed additional basalt blocks suspended inside cages measumbers accumulated over the continuous interval then positive,
ing 20 cm on a side and covered with 7-mm plastic mesh, and dégilitative interactions would be indicated. If, however, the sum
ers suspended inside cage-controls (identical to the cages, dfuhe colonists in the consecutive intervals is greater, inhibitory
lacking the mesh on one side). In order to attain a sufficient santeractions, such as preemption or interference competition for
ple size for the succession analyses, results from caged blocksatstional resources, would be suggested.
included in our results, but the potential effects of caging on the Vestimentiferan recruits on all blocks were enumerated under a
species composition of vestimentiferan colonists are considedissecting microscope and, if possible, identified to species. A
before inclusion of these data in any analysis. molecular genetic technique was developed to identify those indi-
The fluid microhabitat of each block was characterized on deduals that were too small to ascribe to species using traditional
ployment and recovery by taking temperature measurements witbrphological techniques. For molecular identification, individu-
the Alvin temperature probe at the lowermost extremity of treds were collected directly from blocks and frozen at —80°C or
block or cage. This position was chosen because it was typicallgre scraped from ethanol-preserved blocks. Frozen samples were
closest to the fluid source and offered a consistent measurdndmogenized with a plastic tissue grinder (Kontes 749515-0000)
compare among blocks. Occasional temperature underestimate®5-50ul of digestion buffer (0.1 M NaCl, 0.05 M Tris-HCl,
were possible using this technique because if the probe was6il M EDTA, 0.5% sodium dodecy! sulfate, and 0.1 mg prio-
fully extended, it could record in the more dilute, lower-temperteinase K) in a 1.5-ml microfuge tube. The volume of digestion
ture fluids. Although the probe measurements did not describe liéfer used depended on the size of the animal to be homogenized.
complete temperature environment over all surfaces of the bloEkyanol-preserved specimens were dried in a Speed Vac to remove
they did provide a quantitative measure for ranking the block exthanol from the sample prior to homogenization; then the proce-
vironments along a temperature gradient. dure for frozen samples was followed. The homogenized samples
Temperatures were recorded as the maximum anomaly framre digested overnight at 42°C. The digested samples were ex-
ambient (1.8°C) observed during a single probe emplacement. Traeted once with phenol/chloroform and DNA was purified with a
probe was maintained in place until the temperature measuremésgjuick column (Qiagen 28104). The 28S rRNA gene was am-
reached a plateau, which typically took approximately 10 s or legbfied from the purified DNA sample with polymerase chain reac-
Time-series measurements in the vent fluid flows at this study gitsn (PCR). Two oligonucleotides were designed to amplify a 406
showed that extended measurements (several minutes) did notIpase pair (bp) fragment from tRéftia pachyptila28S rRNA gene
duce significantly different results, so 10 s was selected as (BenBank Accession Z21543) (Williams et al. 1993). The 5’ oli-
minimum interval to give a representative reading. These tempeganucleotide begins at position 63 and ends at position 86 (5’
ture measurements were essential because spatial variation in V&AtACG GAT GGG A(AC)C GCA AAG TCG 3’) and the com-
fluid flux occurred even within a zone of relatively homogeneoydementary 3’ oligonucleotide begins at position 468 and ends at
biology, and by documenting the temperature associated with epohition 448 (5 GAT TCG CCA CAG ACC CTG AGC 3). A
block we were able to evaluate possible influences of temperatstandard 10@d PCR reaction included: Jul vestimentiferan
on colonization. For information on longer-term (months) tempddNA, 1x Boeringer Mannheim PCR buffer with Mg++, 80 pmol
ature variation, measurements were obtained with a single intsieh of the two PCR oligonucleotides, 0.2 mmdldNTPs, and
nally-recording “Hobo” temperature probe at each site for the du5 unitsTaqg polymerase (Boeringer, Mannheim). The amplifica-
ration of the block deployments. tion cycle was: denature 1 min at 94°C, anneal 2 min at 55°C, and
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primer extension 2.5 min at 72°C, for a total of 30 cycles. PC 1.2
products were purified with a Qiaquick column. The PCR-amp r=-022 Tevnia jerichonana
fied DNA was digested with the restriction endonuclegsg and o

the resulting DNA fragments were separated on 2% agarose e
trophoresis gels inXIBE (0.089 mol 1! Tris-HCI, 0.089 mol !
Borate, and 2.5 mmotd EDTA). Species identifications for the
three East Pacific Rise vestimentiferan species were made bz
on the predictedad digestion patterns of the 28S rRNA amplifi-
cation productsR. pachyptila 180 bp, 133 bp, and 93 bpj; 02 .
jerichonana 298 bp, 93 bp, and 8 bp (not visible); @dalvinag

182 bp, 115 bp, and 103 bp. The GenBank Accession numbers 0.0
the three species ar®. pachyptila(Z21534), T. jerichonana
(221529), andD. alvinag(AF198625).
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from most of the recovered blocks, including represen 7 s .
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with molecular methods. We attempted to identify . 00—

least 30 small individuals on each block, but DNA an
plification of the ethanol-preserved specimens was Ve,
ably successful, resulting in smaller sample sizes. €ig. 2 Relation between relative abundances of each of the three
some blocks, the largest individuals Bf pachyptila vestimentiferan speciea,Tevnia jerichonanab Riftia pachyptila,

e . dc Oasisia alvinaeand temperature microhabitat of each colo-
could be distinguished by morphology from the Oth%erd basalt block. Only blocks with at least one genetically iden-

two species. However, because the other two SpeGifsd vestimentiferan colonist are shown=(8 blocks for each
were not distinguishable by appearance and morpholaogpiecies; 2 points ib are identical). Temperature is the maximum

cal identification was size-dependent, only those ves"{!‘-omgh{ reCOf?ed ffOng the bﬁsefﬁ eaCE blgck or cage. Ctor_relf_if-
: : e QNS between temperature ana relative abundance were not signit-
mentiferans identified by molecular tools were used }@mt (P<0.05) for any of the three species: Pearsor's).22 for

analyses of patterns requiring species-level data. Thergyrichonana 0.30 forR. pachyptila and 0.04 forO. alvinae

was no detectable difference in vestimentiferan speciesie that correlations between temperature and absolute abun-
composition of colonists on caged versus uncaged blogRBce also were non-significan®<0.05) for all three species
(Table 1), so all blocks from habitats characterized E£2sONS="0.12 forT. jerichonana 0.30 forR. pachyptilaand

. S . —0. orO. alvinag, so the lack of correlation in relative abun-
suitable for colonization (based on maximum tempeigces is not likely due to use of proportions
ture and surrounding fauna, or presence of live vest-
imentiferan colonists) were included in our analyses.

Differences in vestimentiferan species compositidarent for most blocks (Table 1), and a similar analysis
among blocks did not appear to result from speciesing the averaged anomaly from the two temperature
specific differences in response of colonists to smatheasurements also showed no temperature-related trend
scale variations in the physical (and inferred chemicédy any species. Time series measurements at each site
habitat within a vestimentiferan clump. We tested théhiowed little trend in the mean temperature over the
possibility by comparing the species composition of cdidock deployment intervals (although tidal variation on
onists to the temperature anomaly associated with edelly and fortnightly time scales was evident), and little
block. All blocks from habitats characterized as suitaldéference among sites (Fig. 3). Thus, the physical/chem-
for colonization were included in this analysis. None @fal environment of the blocks appeared to have been
the vestimentiferan species showed a significant relariable but not changing greatly in mean conditions
tionship between their relative abundance and the temmer the duration of a deployment interval.
perature environment of a block (Fig. 2). TemperaturesNeither spatial nor temporal restriction of larvae ap-
on deployment and recovery were not substantially difeared to imprint pattern upon the colonization data

8 10 12 14
(o Temperature Anomaly (°C)
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Fig. 3 Temperatures measured with internally-recording “HobqFig. 4). At Worm Hole, where the early-successional

probes overa-c the 5-month (November 1994-April 1995) an iesT. ierichonan vastl| min nd wher
d-f 8-month (April-December 1995) intervals at thed Biovent, peciesT. jerichonanaso vastly do ated and ere

b, e East Wall, and, f Worm Hole vent sites. Measurements wergu_r basalt blocks were placed V.V'th'n monOSpe.CmC
typically made within the same vestimentiferan tubeworm clumf@ichonanaclumps, all three species of vestimentiferans
where blocks were deployed, but not at the position of any agieccessively colonized in substantial numbers. Similarly,
particular block.a The 5-month probe at Biovent failed afteryt Biovent, where we never salw jerichonanapresent

10 days. The temperature trend visible in the final 2 months of ;
8-month record from Biovent was not apparent in any other pro the natural seafloor during our study and where our

in that same vent field, and appears to have been a local anonklJcks were placed withiR. pachyptilaclumps, all three

e The 8-month probe at East Wall was located at a site near $fecies of vestimentiferans colonized in large numbers.
specific East Wall vestimentiferan clump containing blocks (teinally, at East Wall, wherdR. pachyptiladominated
probe nearest the blocks was not recovered) overT. jerichonana all three tubeworms colonized. Nu-
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Table 1 Abundances of the three vestimentiferan spedieghia (Corn). Temperature anomaly represents the maximum anomaly
jerichonana, Riftia pachyptilaandOasisia alvinagcolonizing ba- from ambient (1.8°C) recorded at the base of each block or cage
salt blocks at three vent sites (Biovent, East Wall, Worm Holehen it was placed intdn) and removed fromo{t) the habitat.

over three time intervals (5, 8 and 13 months). Surrounding falfestimentiferans were identified to species via moleculdol)

is characterized as abundaRt pachyptila(Rif-A), mixed R. techniques, or were unidentifiedJrfk). Only blocks recovered
pachyptila and mussels Rif-M), sparseR. pachyptila (Rif-§, from a suitable microenvironment (defined as where the recorded
abundanfT. jerichonana(Tev-A or sparsel. jerichonana(Tev-§. temperature anomalies exceeded 2°C or where healthy vestimenti-
Most blocks were uncagedfic), but some were suspended irferans surrounded the block) were included

mesh cagesdag), or in cage-controls lacking mesh on one side

Site Interval Fauna Cage Temperature anomaly Vestimentiferans
(months)
In (°C) Out (°C) Tevnia  Riftia  Oasisia Unk Total
Biovent 5 Rif-M Unc 2.8 0.4 8 5 7 20 40
5 Rif-M Unc 13.3 NR 6 4 0 42 52
5 Rif-M Cag 13.1 NR 0 0 0 0 0
5 Rif-M Cag 7.4 22.7 0 0 0 0 0
5 Rif-S Cag 2.4 10.2 0 0 0 0 0
5 Rif-M unc 13.2 3.0 - - - 4 4
5 Rif-M Unc 2.5 NR - - - 4 4
5 Rif-S unc 2.9 12.0 0 0 0 0 0
8 Rif-M unc NR 6.8 - - - 85 85
8 Rif-M unc NR 6.2 11 1 4 131 147
13 Rif-A Cag 13.0 3.7 2 0 6 265 273
13 Rif-A Cag 11.5 8.0 1 4 6 333 344
13 Rif-A unc 10.7 2.8 6 2 2 105 115
13 Rif-A unc 13.8 3.7 - - - 291 302
13 Rif-M Unc 12.3 8.0 - - - 227 227
13 Rif-M uUnc 1.0 2.8 - - - 41 41
East Wall 5 Rif-A Unc 13.2 5.2 24 14 10 355 403
5 Rif-A Cag 1.7 6.2 0 0 0 0 0
5 Rif-S Cag 3.7 5.2 0 0 0 0 0
5 Rif-A Cag 6.2 3.2 0 0 0 0 0
5 Rif-A unc 2.2 6.2 0 0 0 0 0
5 Rif-A unc 3.4 3.2 0 0 0 0 0
8 Rif-A Cag 6.2 3.5 19 0 0 13 32
8 Rif-A Con 6.2 2.1 27 0 2 723 752
8 Rif-A Con 1.2 14 18 0 2 58 78
8 Rif-A Con 5.2 NR 10 1 13 155 179
8 Rif-A unc 5.2 NR 7 3 14 169 193
8 Rif-A Cag 5.2 NR - - - 1 1
8 Rif-A unc 6.2 15 - - - 3 3
8 Rif-A Unc 1.2 2.1 0 0 0 0 0
13 Rif-A unc 10.2 1.8 25 0 0 51 76
Worm Hole 5 Tev-A unc 8.2 9.1 16 2 1 224 243
5 Tev-A Cag 9.4 5.0 0 0 0 0 0
5 Tev-A Cag 8.9 5.5 0 0 0 0 0
5 Tev-S Unc 7.9 3.5 0 0 0 0 0
8 Tev-A Unc 35 2.8 8 3 4 77 92
8 Tev-A Unc 8.2 7.7 3 11 3 55 72
8 Tev-S unc 2.4 4.1 0 0 0 0 0
13 Tev-A uUnc 7.1 2.9 11 1 3 716 731
13 Tev-A Unc 8.2 6.5 13 1 6 209 229

merically, R. pachyptiladid not show a pattern of rela-site (Fig. 4). Thus, larvae were available for colonization
tive abundance among the genetically identified colduring all time periods at all sites for each species.

nists that matched the spatial pattern among vent sites: af. jerichonanademonstrated colonization responses
the vent site with lowesR. pachyptilaabundance andon our blocks that are consistent with the life history of a
biomass among the vestimentiferans observable on Weedy speciesT. jerichonanawas the most abundant
natural seafloor, Worm HoleR. pachyptilamade up colonist, making up 60% of all genetically identified
21% of all genetically identified colonists, as comparestimentiferans, as compared to 26%Q@oralvinaeand

to 19% at Biovent and 10% at East Wall, whé&e 14% for R. pachyptila (Table 1). Accordingly, T.
pachyptilaadults were so dominant (Table 1). Likewisgerichonanawas present on all blocks colonized by iden-
in both independent time periods, the 5-month and ttifeable vestimentiferans, whereds pachyptilaand O.
8-month intervals, all three vestimentiferan species coldvinae occurred only on some (Fig. 4). This result was
nized our basalt blocks in substantial numbers at event due to insufficient sampling of rarer species because,
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Viorm Hole Fig. 5 Number of basalt blocks colonized by individual vest-

imentiferan specied.. jerichonanaR. pachyptilaandO. alvinae

or combinations of species. Blocks were recovered after 5-month,
8-month and 13-month intervals at the Biovent, East Wall, and
Worm Hole vent sites. Only blocks with at least one genetically
identified vestimentiferan colonist are shown

5 5 8 8 8 8 8 13 13 13
Interval (mo)

800

Fig. 4 Relative abundance of the three vestimentiferan speties,
jerichonana R. pachyptilaandO. alvinaeon basalt blocks recov- E5+8 mo
ered after 5-month, 8-month and 13-month intervals at the Bio- 600 13 mo
vent, East Wall, and Worm Hole vent sites. Only blocks with ate
least one genetically identified vestimentiferan colonist are showné’
Total numbers of identified colonists on each block are given it 400
Table 1 2

]
P4
whenR. pachyptilaandO. alvinaedid occur, they did so 200
in substantial numbersR. pachyptilaand O. alvinae
were never detected in the absenceTofierichonana 0
on our blocks, althougfi. jerichonanadid occur alone _ 12 3
(Fig. 5). The pattern of colonization of blocks differs sig Biovent East Wall Worm Hole

nificantly (x?=57.2,n=8, P<0.01) from what would be Fig. 6 Number of vestimentiferan colonists summed from basalt

expected if each species colonized blocks independeR{féks deployed for 5- and 8-month intervals and compared to
and with a probability equal to their observed frequenbipcks deployed for 13-month intervals in the same replicate tube-

of occupation of blocks. Blocks occupied by all thre\@or:n ;Ilf)rlnpi( LC]{SS Ofﬂ} b|1030k ffom thf S-Toqtfllzintf%aluat Bijo-l

species  of VeStlmentlfera.nS and totally unoccupi ck eaci?cfr?)mrotﬂ]e S?montwoannd IlnSe::wlgnt?l ingasrvalsaa{t 6\l/(]/orm

blocks were more than twice as frequent as expectf@ie resulted in no datad); other blocks had no colonist)(

whereas blocks occupied B pachyptilaand/orO. alv-

inae in the absence of. jerichonanawere never ob-

served, despite the expectation that they would constithigher colonization over the continuous 13-month inter-

30% of all blocks (Fig. 5). val than predicted by the sum of the 5- and 8-month in-
Our further tests of independence in the colonizatitervals was not significant (two-sample, pairetest:

process involved contrasts over time of total numberstef1.45;n=5; P=0.22).

colonizing vestimentiferans. These contrasts utilized the

complete counts of all vestimentiferan colonists on un-

caged blocks independent of species (our limited iderDiscussion

fications prevent an analogous analysis by species). The

number of vestimentiferan colonists on blocks from tiWe offered three initial hypotheses for whyjerichon-

continuous 13-month interval (mean=313 individuals pana precedes other vestimentiferan species at vents but

block) tended to be higher than the summed numberseventually succeeded Hy. pachyptila The physi-

from the 5-month and 8-month blocks (mean=128 indial/chemical hypothesis presumes that the succession of

viduals per block) from the corresponding replicate tubspecies is driven by progressive changes in the fluid flux

worm clumps (Fig. 6). To control for likely and apparerst a given vent site and differential preferences or toler-

effects of clump, we conducted a paitetgst with pair- ances of the species. We found no correlation between

ing based on clump of deployment. The loss of sevetia species composition of colonizing vestimentiferans

critical blocks from the 8-month and 13-month intervabnd temperature (which serves as a proxy for chemical

reduced the replicates for this analysis, and the patterreiovironment) among blocks (Fig. 2), indicating that
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these vestimentiferan species do not have significamiged by all three species and blocks remaining uncolo-
different physical/chemical preferences or tolerancesnited were far more abundant than expected while
this stage of their life history. Furthermore, the phyddocks containingR. pachyptilaand/orO. alvinaewith-
cal/chemical hypothesis predicts that a pioneer speaes$T. jerichonanavere non-existent (Fig. 5); and (4) the
would tend not to colonize a habitat in a later succesn-significant trend towards facilitation of abundance
sional stage. This was clearly not the case on the spaifatolonists by prior arrivals, as reflected in greater den-
scale of tubeworm clumps, ds jerichonanawas a fre- sities of colonists over 13 months than for the sum of the
guent colonist of blocks inside clumps Rf pachyptila component 5- and 8-month intervals (Fig. 6). Because of
at both East Wall and Biovent (Table 1). Thus, our data fast growth rate and larger adult size (Lutz et al.
provide no support for the physical/chemical explanatid®994), it seems reasonable to imagine FRapachyptila
for observed patterns (Shank et al. 1998) of successioyuld be competitively superior i jerichonana
from T. jerichonanato R. pachyptilaat the East Pacific = The failure of the three vestimentiferan species to oc-
Rise. cupy blocks independently, based on their observed fre-
The larval dispersal hypothesis predicts that pattemusencies of colonization (Fig. 5), deserves some careful
of colonization of each species would depend on teerutiny and consideration. Three types of departures
availability of larvae to settle from the plankton. If therfom expectation drive the significance. First, more
were a period wheR. pachyptilaor O. alvinaelarvae blocks go completely uncolonized than expected by
were not present in the overlying water column (or prefiance alone. Such a response does not appear to have
ent but not competent to settle), blocks missing eitherlifen due to placement of those blocks in unsuitable
these species would all occur in the same time interyaysical/chemical environments. We removed from anal-
Similarly, if R. pachyptilaor O. alvinaelarvae were lim- ysis all uncolonized blocks with maximum temperatures
ited in the spatial extent of their dispersal capabilitiethat fell below a 2°C anomaly and all blocks not placed
then we would expect the blocks missing these speciesdlitectly within and abutting clumps of thriving adult
occur in a specific location. Contrary to these expeciastimentiferans. Second, the number of blocks colo-
tions, blocks missingR. pachyptileor O. alvinaerecruits nized by all three species was far larger than expected.
co-occurred with blocks colonized by these speciesTihis could be driven by some mutual facilitation of set-
all three sites in both the initial 5-month and subsequéleiment. If so, that could also explain the trend towards
8-month time intervals (Fig. 4). BecauBe pachyptila enhanced numbers of vestimentiferan colonists over 13
andO. alvinaerecruits were present in substantial nunmonths as compared to the sum of the component 5- and
bers on at least some blocks in all sites during all tifBemonth intervals. Interspecific facilitation of settlement
intervals, their absence on other blocks cannot be attil@as clearly not required far. jerichonanawhich alone
uted to poor dispersal or colonization abilities on tlEmong the species occupied blocks that contained no
temporal and spatial scales involved in our experimeather species of vestimentiferan (Fig. 4). The third con-
Interestingly, the relative proportion &. pachyptilare- tributor to the pattern of departure from random expecta-
cruits among genetically identified vestimentiferans wésn in the colonization patterns of blocks was this ab-
not lower at the Worm Hole site (which was dominatestnce of blocks containing. pachyptilaand/orO. alv-
by adultT. jerichonana than at the Biovent and EasinaewithoutT. jerichonana Thus, the facilitation is one
Wall sites (dominated by aduR. pachyptilj. This ob- that appears to affect not the pioneer spediggrichon-
servation suggests that species composition of the localhg, but instead the other two vestimentiferans.
established vestimentiferan population is not necessarilyThe mechanism by which. jerichonanacould facili-
a good predictor of future colonists to unoccupied suate colonization by subsequent vestimentiferan species
faces. This lack of provincialism on scales of kilometeis not resolved. Positive interactions have long been rec-
is not surprising given that tidal flows along this sectiargnized as an important aspect of community structure
of the ridge are strong enough to transport larvae asdad temporal change by plant ecologists and by rocky in-
as 2 km in a single tidal excursion (Kim and Mullineawertidal ecologists (e.g., Clements 1916; Connell and
1998). Slatyer 1977; Bertness and Leonard 1997). Theoretical
The facilitation/competition hypothesis predicts thatonsiderations suggest that positive interactions among
colonization by a later-succession species depends orsfiacies should be more prevalent in physically stressed
the obligate version) or is enhanced by (in the facultatigavironments (Bertness and Callaway 1994). Vents are
version) the presence of precursor species and is ctwracterized by potentially toxic effluent with strong
purely a function of the chemical environment or avaifgradients and unpredictable fluctuations, and they are
ability of larvae. Several of our results are consistegpically thought of as being stressful. In physically
with this hypothesis: (1) the observation (Fig. 4) tRat stressed plant communities, however, the facilitating
pachyptilaand O. alvinae occupied only those blocksspecies mitigates the stress for subsequent colonists, by
that also heldT. jerichonana (2) the demonstrationprocesses such as reducing evaporation, providing physi-
(Fig. 4) thatT. jerichonanawas able to colonize emptycal shelter from wind, sun, or waves, or reducing preda-
space on blocks placed in habitats that supported Bdultion. Small, newly settled individuals @t jerichonana
pachyptilg (3) the pattern of non-random distribution o&re unlikely to provide any analogous modification of
the three vestimentiferan species, in which blocks cotbe physical environment. They may conceivably pro-
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vide some chemical protection for their associates fravevertheless, this process represents a reasonable possi-
predation (Hay 1986). However, the most likely procebsity suggested by our data and the concept should find
by which T. jerichonanafacilitates settlement of otherapplication to numerous other ecological communities on
vestimentiferans is through provision of a chemical clend and in water, thus representing an intellectual legacy
for settlement either directly (as in Pawlik 1992; Zinef ecological research on vents.

mer-Faust and Tamburri 1994) or by modifying the local

bacterial populations. There is abundant and growing éﬁiﬂgg'ﬁ%%%n:ﬁgtzxve ;nagri;vtvhgf ?ﬁgtghnb r?]gtrisgli\i/\rl] ?/fv éﬁgg
|den'ce f.or the importance Qf larval habitat Selec_tlon 'ﬁﬁateful to Susan MiIPspand Fiorenza Micheli for assistance at sea
marine invertebrates (Pawlik and Butman 1993; Taghq processing of samples. Donna Toleno and Andrew Olaharski
burri et al. 1996; Orlov 1997; Wieczorek and Todébntributed to the molecular identifications, and Susan L. Carney
1997). Each of these scenarios is consistent with @atermined the 28S rRNA nucleotide sequenc@adisia alvinae
qualitative observations that newly settled vestimentif’%”'er versions of this manuscript have benefited from reviews by

. . . . na Metaxas, Fiorenza Micheli, Susan Mills, and Jim Barry.
ans typically occur in aggregations on scales of centi is work was supported by the National Science Foundation

ters. As in many plant communities, it is likely that thgrants OCE-9315554 and OCE-9712233 to Mullineaux, OCE-

facilitation in vestimentiferan species is not obligde. 9317735 and OCE-9712809 to Peterson, and OCE-9317737 and
ern (Tunnicliffe et al. 1998) and southern East Pacific

Rise, butT. jerichonanahas not been reported from
Guaymas Basin or the Galapagos Rift. It is not clcReferences

whether its absence in these locations is due to a restrict-

e logeoga I g, et Saplng, O e A b otom oty S Vi e 45 655 o "
vanced success_lonal stage of those communities. Bertoness MD, Callaway R (1994) Posyitive interactions in commu-
~ The use of biogenic cues for habitat selection by ma- pjties. Trends Ecol Evol 9:191-193

rine invertebrate larvae or any dispersing organism capartness MD, Leonard GH (1997) The role of positive interactions
ble of choosing its subsequent life-long location repre- in communities: lessons from intertidal habitats. Ecology 78:

sents an alternative to use of physical/chemical informa; 1975-1989

tion on habitat quality. Even in the absence of any poﬁ'?ﬂ%ﬁ%ﬂ&ggs) Positive interactions among plants. Bot Rev

sible environmental ameliorization provided bY. childress JJ, Fisher CR (1992) The biology of hydrothermal vent
jerichonanaand its tubes, there is a logical basis to ex- animals: Physiology, biochemistry, and autotrophic symbioses.
pect selection to favor use of biogenic cues for settlemﬁptOCeanogr Mar Biol Annu Rev 30:61-104

_ ; ; ; ; ements FE (1916) Plant succession: an analysis of the develop-
by later-succession vestimentiferans. The physical/che ment of vegetation (Publication 242). Carnegie Institute,

cal environment of deep-sea vents has been shown to exyashington

perience dramatic and unpredictable fluctuations on dailgnnell JH (1961) Effects of competition, predationThais la-

to decadal time scales in the flux of venting fluids (Fig. 3; Pillus, and other factors on natural populations of the barnacle
Fornari et al. 1998), thereby influencing most criticallé Balanus balanoidesEcol Monogr 31:61-104

. ) onnell JH (1972) Community interactions on marine rocky inter-
important aspects of the habitat, such as temperaty$e, H™ {qq| sho(res. A)nnu Rev Ec)é” Syst 3:169-172 Y

and metals concentrations, and resulting microbial poennell JH, Slatyer RO (1977) Mechanisms of succession in natu-
duction (food supply). Consequently, the use of the in- ral communities and their role in community stability and or-

stantaneous state of a physicalichemical variable as ﬁ:‘;"ﬁg“ogyrﬁg“nd”%t %ééééﬁgaﬂégmon 4 IM. Herzen RP von

measure of environmental s_,wtablllty by a dispersing” g3iard RD, Green K, Wiliams D, Bainbridge A, Crane K,
propagule such as a larval invertebrate to select adultandel TH van (1979) Submarine thermal springs on the Gala-
habitat entails a high potential for fatal error. On the other pagos Rift. Science 203:1073-1083 _
hand, the very presence of weedy earlier-successidpayton PK (1971) Competition, disturbance, and community or-

P : ; : . ganization: the provision and subsequent utilization of space
species implies that a favorable physical/chemical envi- ¥ a rocky e community, EcoIqMonogr 1oaet 960"

ronment has persisted at that location for some period=Qksson O (1996) Regional dynamics of plants: a review of evi-
time, at least as long as the weeds are old. Thus, use of dence for remnant, source-sink and metapopulations. Oikos

biogenic cue for habitat selection produced by weedy pre-77:248-258

; ; ; nari DJ, Shank T, Von Damm KL, Gregg TKP, Lilley M, Levai
decessors has the effect of integrating environmental CBWG, Bray A, Haymon RM, Perfit MR, Lutz R (1998) Time-

ditions over some substantially longer period of time than series temperature measurements at high-temperature hydro-
is ever possible from making instantaneous measure-thermal vents, East Pacific Rise 9°49'-51'N: monitoring a
ments of physical/chemical conditions. Such use of bio- crustal cracking event. Earth Planet Sci Lett 160:419-431

genic cues should be especially common among |atdfy ME (1986) Associational plant defenses and the maintenance

succession species that inhabit environments characterﬁ,fafplezcé:egﬁ[’gﬂty: turning competitors into accomplices. Am

ized bY extreme ?nd unpredictable physical enVironmE_thmon RM, Fornari DJ, Von Damm KL, Lilley MD, Perfit MR,

tal variation on time scales shorter than the generationEdmond JM, Shanks WC IIl, Lutz RA, Grebmeier JM, Carb-

times of the organisms. Although the deep-sea ventonsgg): Wwiight D, McL.aughlin £, Smith M, Beedie N, Olson £
olcanic eruption of the mid-ocean ridge along the

system represe_nts one exampl_e Qf such a syste_m, we ha ast Pacific Rise crest at 9°45-52'N: direct submersible ob-

not yet determined whether this is the mechanism actingservations of sea-floor phenomena associated with an eruption

to induce facilitation among vestimentiferan tubeworms. event in April, 1991. Earth Planet Sci Lett 119:85-101




284

Hessler RR, Smithey WM, Keller CH (1985) Spatial and tempoaawlik J (1992) Chemical ecology of the settlement of benthic
variation of giant clams, tubeworms and mussels at deep-seamarine invertebrates. Oceanogr Mar Biol Annu Rev 30:273—
hydrothermal vents. Bull Biol Soc Washington 6:465-474 335

Hessler RR, Smithey WM, Boudrias MA, Keller CH, Lutz RAPawlik J, Butman CA (1993) Settlement of a marine tube worm as
Childress JJ (1988) Temporal change in megafauna at thea function of current velocity: interacting effects of hydrody-
Rose Garden hydrothermal vent (Galapagos Rift; eastern trop-namics and behavior. Limnol Oceanogr 38:1730-1740
ical Pacific). Deep-Sea Res 35:1681-1709 Shank TM, Fornari DJ, Von Damm KL, Lilley MD, Haymon RM,

Johnson KS, Childress JJ, Hessler RR, Sakamoto-Arnold CM, Lutz RA (1998) Temporal and spatial patterns of biological
Beehler CL (1988) Chemical and biological interactions in the community development at nascent deep-sea hydrothermal
Rose Garden hydrothermal vent field. Deep-Sea Res 35:1723—vents (9°50’'N, East Pacific Rise). Deep-Sea Res 45:465-515
1744 Sousa WT (1979) Experimental investigations of disturbance and

Jones ML, Gardiner SL (1989) On the early development of the ecological succession in a rocky intertidal algal community.
vestimentiferan tube worrRidgeiasp. and observations on  Ecol Monogr 49:227-254
the nervous system and trophosomeRafgeiasp. andRiftia  Sutherland JP, Karlson RH (1977) Development and stability of
pachyptila Biol Bull 177:254-276 the fouling community at Beaufort, North Carolina. Ecol

Kim SL, Mullineaux LS (1998) Distribution and near-bottom Monogr 47:425-446
transport of larvae and other plankton at hydrothermal ventamburri M, Finelli C, Wethey D, Zimmer-Faust R (1996) Chemi-

Deep-Sea Res 45:423-440 cal induction of larval settlement behavior in flow. Biol Bull
Lewis JR (1964) The ecology of rocky shores. English Universi- 191:367-373
ties Press, London Tunnicliffe V, McArthur A, McHugh D (1998) A biogeographical

Lutz RA, Shank RA, Fornari DJ, Haymon RM, Lilley MD, Von perspective of the deep-sea hydrothermal vent fauna. Adv Mar
Damm K, Desbruyéres D (1994) Rapid growth at deep-sea Biol 34:355-442

vents. Nature 371:663-664 Von Damm KL (1995) Controls on the chemistry and temporal
Odum EP (1969) The strategy of ecosystem development. Sciencevariability of seafloor hydrothermal fluids. In: Humphris SE,
164:262-270 Zierenberg SA, Mullineaux LS, Thomson RE (eds) Seafloor
Orlov DV (1997) The role of larval settling behaviour in determi- hydrothermal systems: physical, chemical, biological, and
nation of the specific habitat of the hydrozdaynamena pu- geological interactions. Geophys Monogr Am Geophys Union
mila (L). J Exp Mar Biol Ecol 208:73—-85 91:222-247
Paine RT (1966) Food web complexity and species diversity. ANieczorek SK, Todd CD (1997) Inhibition and facilitation of
Nat 100:65-75 bryozoan and ascidian settlement by natural multi-species bio-

Paine RT (1977) Controlled manipulations in the marine intertidal films: effects of film age and the roles of active and passive
zone, and their contributions to ecological theory. In: The larval attachment. Mar Biol 128:463-473
changing scenes in natural sciences, 1776-1976 (Special pifBiams NA, Dixon DR, Southward EC, Holland PWH (1993)
lication 12). Academy of Natural Sciences, Philadelphia, pp Molecular evolution and diversification of the vestimentiferan

245-270 tube worms. J Mar Biol Assoc UK 73:437-452
Paine RT, Levin SA (1981) Intertidal landscapes: disturbance aithmer-Faust R, Tamburri M (1994) Chemical identity and eco-
the dynamics of pattern. Ecol Monogr 51:145-178 logical implications of a waterborne, larval settlement cue.

Limnol Oceanogr 39:1075-1087



