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Abstract. There a realization that events larval affects both and the de-Abstract.Abstract. isThereThere isis growingaa growinggrowing realizationrealization thatthat eventsevents swimminglarvallarval swimmingswimming affectsaffects metamorphosisbothboth metamorphosismetamorphosis andand thethe dede
of structures, which may ulti-duringduringduring oneoneone portionportionportion ofofof ananan organism'sorganism's cyclelifelife cyclecycle cancan havehaveorganism’s life can have velopmentvelopmentvelopment postlarvalofof postlarvalpostlarval structures,structures, whichwhich maymay ultiulti

both subtle and dramatic effects on other in the influence fitness.bothboth subtlesubtle andand dramaticdramatic effectseffects onon stagesotherother stagesstages inin matelythethe matelymately colonyinfluenceinfluence colonycolony fitness.fitness. 
life Lethal and sublethal effects associated withhistory.lifelife history.history. LethalLethal andand sublethalsublethal effectseffects associatedassociated withwith 
the duration of larval in marine invertebratesthethe durationduration swimmingoflarvaloflarval swimmingswimming inin marinemarine invertebratesinvertebrates 
were examined for the neritina. Larvaewerewere examinedexamined forfor bryozoanthethe bryozoanbryozoan BugulaBugulaBugula neritina.neritina. LarvaeLarvae Introduction were swimming up to a maximum of 28 h at 20°C IntroductionIntroductionkeptwerewere keptkept swimmingswimming upup toto aa maximummaximum ofof 2828 hh atat 20·C20·C 

exposure to continuous bright fluorescent illumina- Many sedentary or sessile marine invertebrates possessbybyby exposureexposure toto continuouscontinuous brightbright fluorescentfluorescent illuminaillumina ManyMany sedentarysedentary oror sessilesessile marinemarine invertebratesinvertebrates possesspossesstion. At 4-h intervals, of 20-40 larvae were re- a larval stage that on an ecological time scale can func-tion.tion. AtAt 4-h4-h samplesintervals,intervals, samplessamples ofof 20-4020-40 larvaelarvae werewere rere aa larvallarval stagestage thatthat onon anan ecologicalecological timetime scalescale cancan funcfuncmoved from bright illumination and were exposed to tion to (1) extend species ranges, (2) connect otherwisemovedmoved fromfrom brightbright illuminationillumination andand werewere exposedexposed toto tiontion toto (I)(I) extendextend speciesspecies ranges,ranges, (2)(2) connectconnect otherwiseotherwiseseawater containing 10 mM excess KCl, an inducer of geographically separated adult populations, (3) alleviateseawaterseawater containingcontaining 1010 mMmM excessexcess KCl,KCl, anan inducerinducer ofof geographicallygeographically separatedseparated adultadult populations,populations, (3)(3) alleviatealleviate
metamorphosis in this Over the first 12 h of lar- parent-offspring and intraspecific competition, and (4)metamorphosismetamorphosis inin species.thisthis species.species. OverOver thethe firstfirst 1212 hh ofof larlar parent-offspringparent-offspring andand intraspecificintraspecific competition,competition, andand (4)(4)val swimming, an average of about 90% of the larvae ini- facilitate the recolonization of disturbed habitats. Thevalval swimming,swimming, anan averageaverage ofofaboutabout 90%90% ofof thethe larvaelarvae iniini facilitatefacilitate thethe recolonizationrecolonization ofof disturbeddisturbed habitats.habitats. TheThetiated and completed metamorphosis; at 16 h, the per- larva in plankton, thetiatedtiated andand completedcompleted metamorphosis;metamorphosis; atat 1616 h,h, thethe perper longer a spends the however,longerlonger aa larvalarva spendsspends inin thethe plankton,plankton, however,however, thethecentage of larvae initiating and completing metamor- greater the chance that it will incur a cost due to physio-centagecentage ofof larvaelarvae initiatinginitiating andand completingcompleting metamormetamor greatergreater thethe chancechance thatthat itit willwill incurincur aa costcost duedue toto physiophysiophosis dropped significantly. By 28 h, about half of the logical stress, starvation, predation, and advection awayphosisphosis droppeddropped significantly.significantly. ByBy 2828 h,h, aboutabout halfhalf ofof thethe logicallogical stress,stress, starvation,starvation, predation,predation, andand advectionadvection awayawaylarvae were initiating metamorphosis, whereas only one- from suitable sites (Thorson, 1950; Rumrill, 1990; Mor-larvaelarvae werewere initiatinginitiating metamorphosis,metamorphosis, whereaswhereas onlyonly oneone fromfrom suitablesuitable sitessites (Thorson,(Thorson, 1950;1950; Rumrill,Rumrill, 1990;1990; MorMorfifth were completing metamorphosis. Larval swimming gan, 1995). Thus, theoretically a trade-off exists betweenfifthfifth werewere completingcompleting metamorphosis.metamorphosis. LarvalLarval swimmingswimming gan,gan, 1995).1995). Thus,Thus, theoreticallytheoretically aa trade-offtrade-off existsexists betweenbetweenduration also significantly affected the duration of meta- the benefits of dispersal and its attendant costs (seedurationduration alsoalso significantlysignificantly affectedaffected thethe durationduration ofof metameta thethe benefitsbenefits ofof dispersaldispersal andand itsits attendantattendant costscosts (see(seemorphosis. By 30 h of larval swimming, individuals were Vance, 1973; Strathmann, 1985, for models examiningmorphosis.morphosis. ByBy 3030 hh oflarvaloflarval swimming,swimming, individualsindividuals werewere Vance,Vance, 1973;1973; Strathmann,Strathmann, 1985,1985, forfor modelsmodels examiningexaminingtaking about 25% longer to complete metamorphosis. life history strategies).
takingtaking aboutabout 25%25% longerlonger toto completecomplete metamorphosis.metamorphosis. lifelife historyhistory strategies).strategies).Compared to ancestrulae that developed from larvae Recent evidence suggests that, in addition to lethal
ComparedCompared toto ancestrulaeancestrulae thatthat developeddeveloped fromfrom larvaelarvae RecentRecent evidenceevidence suggestssuggests that,that, inin additionaddition toto lethallethalthat were induced to metamorphose shortly after the on- effects, there are also sublethal costs associated with du-
thatthat werewere inducedinduced toto metamorphosemetamorphose shortlyshortly afterafter thethe onon effects,effects, therethere areare alsoalso sublethalsublethal costscosts associatedassociated withwith duduset of swimming, those that swam for greater than 8 h ration ofthe larval swimming stage, especially for species
setset ofof swimming,swimming, thosethose thatthat swamswam forfor greatergreater thanthan 88 hh rationration ofofthethe larvallarval swimmingswimming stage,stage, especiallyespecially forfor speciesspecieshad significantly smaller lophophores. For example, by with nonfeeding larvae (reviewed by Pechenik, 1990).
hadhad significantlysignificantly smallersmaller lophophores.lophophores. ForFor example,example, byby withwith nonfeedingnonfeeding larvaelarvae (reviewed(reviewed byby Pechenik,Pechenik, 1990).1990).28 h of larval swimming the ancestrular lophophore de- Sublethal costs influencing juvenile fitness have yet to 
2828 hh ofof larvallarval swimmingswimming thethe ancestrularancestrular lophophorelophophore dede SublethalSublethal costscosts influencinginfluencing juvenilejuvenile fitnessfitness havehave yetyet totocreased in height, surface area, and volume by about be incorporated into models of life-history strategies and 
creasedcreased inin height,height, surfacesurface area,area, andand volumevolume byby aboutabout bebe incorporatedincorporated intointo modelsmodels oflife-historyoflife-history strategiesstrategies andand25%, 40% and 55%, respectively. This marked decrease have not been rigorously characterized empirically. Pre-
25%,25%, 40%40% andand 55%,55%, respectively.respectively. ThisThis markedmarked decreasedecrease havehave notnot beenbeen rigorouslyrigorously characterizedcharacterized empirically.empirically. PrePrein lophophore size may ultimately affect the ability of sumably any sublethal costs associated with remaining
inin lophophorelophophore sizesize maymay ultimatelyultimately affectaffect thethe abilityability ofof sumablysumably anyany sublethalsublethal costscosts associatedassociated withwith remainingremainingjuveniles to sequester food, compete for space, and attain in the plankton are due to effects of larval senescence or 
juvenilesjuveniles toto sequestersequester food,food, competecompete forfor space,space, andand attainattain inin thethe planktonplankton areare duedue toto effectseffects ofof larvallarval senescencesenescence ororreproductive maturity. Thus, increasing the duration of depletion of energy reserves to a level at which juveniles
reproductivereproductive maturity.maturity. Thus,Thus, increasingincreasing thethe durationduration ofof depletiondepletion ofofenergyenergy reservesreserves toto aa levellevel atat whichwhich juvenilesjuvenileshave reduced fitness. 

havehave reducedreduced fitness.fitness.Feeding larvae should be buffered against costs related 
FeedingFeeding larvaelarvae shouldshould bebe bufferedbuffered againstagainst costscosts relatedrelatedto the depletion of energy stores, because they can re-

toto thethe depletiondepletion ofof energyenergy stores,stores, becausebecause theythey cancan re-re



plenishplenishplenish theirtheirtheir energyenergyenergy reservesreservesreserves continuouslycontinuouslycontinuously (Highsmith(Highsmith(Highsmith 
andandand Emlet,Emlet,Emlet, 1986;1986;1986; PechenikPechenikPechenik andandand Eyster,Eyster,Eyster, 1989).1989).1989). However,However,However, 
theytheythey areareare unableunableunable tototo extendextendextend theirtheirtheir livesliveslives indefinitely,indefinitely,indefinitely, andandand 

spon-eventuallyeventuallyeventually theytheythey eithereithereither senescesenescesenesce andandand diediedie ororor undergoundergoundergo sponspon
taneoustaneoustaneous metamorphosismetamorphosismetamorphosis (Pechenik,(Pechenik,(Pechenik, 1990).1990).1990). BecauseBecauseBecause ofofof 

or-thethethe limitedlimitedlimited energyenergyenergy supplysupplysupply (barring(barring(barring useuseuse ofofof dissolveddissolveddissolved oror
lar-ganicganicganic materialmaterialmaterial [DOM]),[DOM]),[DOM]), aplanktotrophicaplanktotrophicaplanktotrophic larvae,larvae,larvae, i.e.,i.e.,i.e., larlar

food,’vaevaevae thatthatthat dododo notnotnot relyrelyrely ononon particulateparticulateparticulate food,food, haveII havehave moremoremore rigidrigidrigid 
constraintsconstraintsconstraints ononon thethethe amountamountamount ofofof timetimetime theytheythey cancancan spendspendspend ininin thethethe 
plankton.plankton.plankton. 

to inAAA larvalarvalarva isisis consideredconsideredconsidered betoto bebe aninin anan extendedextendedextended swimmingswimmingswimming 
itperiodperiodperiod whenwhenwhen isitit isis physiologicallyphysiologicallyphysiologically capablecapablecapable ofofof respondingrespondingresponding 

tototo cuescuescues thatthatthat elicitelicitelicit metamorphosis,metamorphosis,metamorphosis, butbutbut insteadinsteadinstead continuescontinuescontinues 
of cues. inverte-swimmingswimmingswimming ininin thethethe absenceabsenceabsence thoseofof thosethose Marinecues.cues. MarineMarine inverteinverte

notbratesbratesbrates dododo possessnotnot possesspossess endogenousendogenousendogenous clocksclocksclocks thatthatthat controlcontrolcontrol thethethe 
of but metamor-durationdurationduration theofof thethe larvallarvallarval period,period,period, insteadbutbut insteadinstead theytheythey metamormetamor

in to cues aphosephosephose responseinin responseresponse toto associatedcuescues associatedassociated withwithwith favorableaa favorablefavorable 
adult habitatadultadult (Scheltema,habitathabitat (Scheltema,(Scheltema, 1974;1974;1974; Hadfield,Hadfield,Hadfield, 1978;1978;1978; MorseMorseMorse 
and Once com-Morse,andand Morse,Morse, 1984;1984;1984; Chia,Chia,Chia, 1989;1989;1989; Pawlik,Pawlik,Pawlik, 1992).1992).1992). OnceOnce comcom

to a larva can remain in the swim-petentpetentpetent metamorphose,toto metamorphose,metamorphose, aa larvalarva cancan remainremain inin thethe swimswim
for one of two reasons: 1) it has not encoun-mingmingming phasephasephase forfor oneone ofof twotwo (reasons:reasons: ((11)) itit hashas notnot encounencoun

tered a suitable cue to or itteredtered aa suitablesuitable cuecue triggertoto triggertrigger metamorphosis;metamorphosis;metamorphosis; (2)oror (2)(2) itit 
has encountered the cue, but additional factorshashas encounteredencountered thethe cue,cue, butbut additionaladditional preventfactorsfactors preventprevent
the normal metamorphic response. An of thethethe normalnormal metamorphicmetamorphic response.response. exampleAnAn exampleexample ofof thethe 
latter situation was and Chia ( 198 1).latterlatter situationsituation providedwaswas providedprovided bybyby YoungYoungYoung andand ChiaChia (1981).(1981).
They demonstrated that competent larvae of Bugulu pa-TheyThey demonstrateddemonstrated thatthat competentcompetent larvaelarvae ofof BugulaBugula papa
cifca delay metamorphosis in the presence of extracts ofcificacifica delaydelay metamorphosismetamorphosis inin thethe presencepresence ofofextractsextracts ofof 
a dominant competitor, the compound ascidian Diplo-aa dominantdominant competitor,competitor, thethe compoundcompound ascidianascidian DiploDiplo
soma macdonaldi. In either case, the benefits associated somasoma macdonaldi.macdonaldi. InIn eithereither case,case, thethe benefitsbenefits associatedassociated
with remaining in the plankton seem readily apparent: awithwith remainingremaining inin thethe planktonplankton seemseem readilyreadily apparent:apparent: aa 
larva is able to synchronize the onset of metamorphosislarvalarva isis ableable toto synchronizesynchronize thethe onsetonset ofof metamorphosismetamorphosis
with encountering a favorable site. However, the longerwithwith encounteringencountering aa favorablefavorable site.site. However,However, thethe longerlonger 
a larva is in the plankton the greater its exposure to the aa larvalarva isis inin thethe planktonplankton thethe greatergreater itsits exposureexposure toto thethe
potential lethal and sublethal effects of a planktonic ex-potentialpotential lethallethal andand sublethalsublethal effectseffects ofof aa planktonicplanktonic exex
istence (Rumrill, 1990; Morgan, 1995).istenceistence (Rumrill,(Rumrill, 1990;1990; Morgan,Morgan, 1995).1995).

Because planktotrophic larvae can feed on particulateBecauseBecause planktotrophicplanktotrophic larvaelarvae cancan feedfeed onon particulateparticulate
matter throughout the larval stage, they should not incur
mattermatter throughoutthroughout thethe larvallarval stage,stage, theythey shouldshould notnot incurincur
substantial sublethal costs; aplanktotrophic larvae, on
substantialsubstantial sublethalsublethal costs;costs; aplanktotrophicaplanktotrophic larvae,larvae, onon
the other hand, have finite energy reserves, and thus
thethe otherother hand,hand, havehave finitefinite energyenergy reserves,reserves, andand thusthus
should incur these costs quicker and with more severity.
shouldshould incurincur thesethese costscosts quickerquicker andand withwith moremore severity.severity. 

‘I propose the term uplunkrotrophic to include larvae that are either 
'I'I proposepropose thethe termterm aplanktotrophicaplanktotrophic toto includeinclude larvaelarvae thatthat areare eithereitherlecithotrophic. translocational, or adelphophagic. Lecithotrophic lar-

lecithotrophic.lecithotrophic. translocational.translocational. oror adelphophagic.adelphophagic. LecithotrophicLecithotrophic larlarvae acquire nutrients (yolk) during oogenesis; translocational larvae 
vaevae acquireacquire nutrientsnutrients (yolk)(yolk) duringduring oogenesis;oogenesis; translocationaltranslocational larvaelarvaehave nutrients transferred to the developing embryo after fertilization;
havehave nutrientsnutrients transferredtransferred toto thethe developingdeveloping embryoembryo afterafter fertilization;fertilization;and adelphophagic larvae feed on siblings during encapsulation or 
andand adelphophagicadelphophagic larvaelarvae feedfeed onon siblingssiblings duringduring encapsulationencapsulation ororbrooding. These terms refer to the specific processes by which larvae 
brooding.brooding. TheseThese termsterms referrefer toto thethe specificspecific processesprocesses byby whichwhich larvaelarvaeobtain their energy reserves. The inappropriate synonymy of the terms 
obtainobtain theirtheir energyenergy reserves.reserves. TheThe inappropriateinappropriate synonymysynonymy ofof thethe termstermslecithotrophy and nonfeeding is commonly encountered in the litera-
lecithotrophylecithotrophy andand nonfeedingnonfeeding isis commonlycommonly encounteredencountered inin thethe literaliterature. Clearly all nonfeeding larvae are not lecithotrophic. The term 
ture.ture. ClearlyClearly allall nonnon feedingfeeding larvaelarvae areare notnot lecithotrophic.lecithotrophic. TheThe termtermaplanktotrophic is a more appropriate general classification for larvae 
that derive their energy reserves from sources other than the plankton,aplanktotrophicaplanktotrophic isis aa moremore appropriateappropriate generalgeneral classificationclassification forfor larvaelarvae 
thatthat derivederive theirtheir energyenergy reservesreserves fromfrom sourcessources otherother thanthan thethe plankton,plankton,and it emphasizes the underlying similarity of these larvae (i.e., not 
andand itit emphasizesemphasizes thethe underlyingunderlying similaritysimilarity ofof thesethese larvaelarvae (i.e.,(i.e., notnotfeeding on planktonic particulate matter). From an energetic stand-
feedingfeeding onon planktonicplanktonic particulateparticulate matter).matter). FromFrom anan energeticenergetic standstandpoint, aplanktotrophic larvae are independent ofparticulate food in the 
point.point. aplanktotrophicaplanktotrophic larvaelarvae areare independentindependent ofofparticulateparticulate foodfood inin thethe 
plankton.plankton. 
plankton. 

ThisThisThis generalizationgeneralizationgeneralization isisis supportedsupportedsupported bybyby thethethe fewfewfew studiesstudiesstudies thatthatthat 
High-havehavehave addressedaddressedaddressed thethethe issueissueissue explicitly.explicitly.explicitly. ForForFor example,example,example, HighHigh

( 1986)smithsmithsmith andandand EmletEmletEmlet found(1986)(1986) foundfound nonono significantsignificantsignificant correlationcorrelationcorrelation 
betweenbetweenbetween delaydelaydelay timetimetime andandand juvenilejuvenilejuvenile growthgrowthgrowth rateraterate ininin thethethe sandsandsand 
dollardollardollar EchinorachniusEchinorachniusEchinorachnius parma,parma,parma, whichwhichwhich hashashas planktotrophicplanktotrophicplanktotrophic 

( 1989) sig-larvae.larvae.larvae. Also,Also,Also, PechenikPechenikPechenik andandand EysterEysterEyster found(1989)(1989) foundfound nonono sigsig
respira-nificantnificantnificant differencesdifferencesdifferences ininin averageaverageaverage survival,survival,survival, feeding,feeding,feeding, respirarespira

plankto-tion,tion,tion, ororor growthgrowthgrowth ratesratesrates betweenbetweenbetween juvenilesjuvenilesjuveniles ofofof thethethe planktoplankto
Crepidula.fbrnicatatrophictrophictrophic gastropodgastropodgastropod thatCrepidulafornicataCrepidulafornicata thatthat werewerewere inducedinducedinduced 

tototo metamorphosemetamorphosemetamorphose shortlyshortlyshortly afterafterafter attainingattainingattaining competencecompetencecompetence andandand 
oc-thosethosethose thatthatthat werewerewere keptkeptkept swimmingswimmingswimming untiluntiluntil metamorphosismetamorphosismetamorphosis ococ

of sug-curredcurredcurred spontaneously.spontaneously.spontaneously. ResultsResultsResults theseofof thesethese twotwotwo studiesstudiesstudies sugsug
that can an lar-gestgestgest planktotrophicthatthat planktotrophicplanktotrophic larvaelarvaelarvae havecancan havehave extendedanan extendedextended larlar

without costvalvalval swimmingswimmingswimming periodperiodperiod incurringwithoutwithout incurringincurring substantialsubstantialsubstantial costcost 
to juveniletoto juvenilejuvenile fitness.fitness.fitness. 

In with larvae cancontrast,InIn contrast,contrast, speciesspeciesspecies aplanktotrophicwithwith aplanktotrophicaplanktotrophic larvaelarvae cancan 
incur sublethal costs as the duration of the larval swim-incurincur sublethalsublethal costscosts asas thethe durationduration ofof thethe larvallarval swimswim

increases. For in 12 out of 14 casesmingmingming periodperiodperiod increases.increases. example,ForFor example,example, inin 1212 outout ofof 1414 casescases 
Woollacott et al. ( 1989) demonstrated that after 10 h ofWoollacottWoollacott etet al.al. (1989)(1989) demonstrateddemonstrated thatthat afterafter 1010 hh ofof 
swimming, larvae of B. stolon~jka into juve-swimming,swimming, larvaelarvae ofof B.B. developedstoloniferastolonifera developeddeveloped intointo juvejuve
niles that grew slower than devel-nilesniles thatthat significantlygrewgrew significantlysignificantly slowerslower juvenilesthanthan juvenilesjuveniles develdevel

from larvae that had a of 6 h. Foropedopedoped fromfrom larvaelarvae thatthat hadhad swimmingaa swimmingswimming periodperiodperiod ofof66 h.h. ForFor 
the barnacle Balanus amphitrite, prolonging the swim-thethe barnaclebarnacle BalanusBalanus amphitrite,amphitrite, prolongingprolonging thethe swimswim
ming period of for 3-5 dramatically de-mingming periodperiod cypridsofof cypridscyprids forfor days3-53-5 daysdays dramaticallydramatically dede

juvenile rate compared to controls (Pe-pressedpressedpressed growthjuvenilejuvenile growthgrowth raterate comparedcompared toto controlscontrols (Pe(Pe
chenik et al., 1993). Conversely, Pechenik and Cerullichenikchenik etet aI.,aI., 1993).1993). Conversely,Conversely, PechenikPechenik andand CerulliCerulli 
(1991) found that prolonging the swimming period of(1991)(1991) foundfound thatthat prol"ongingprol"onging thethe swimmingswimming periodperiod ofof
the aplanktotrophic larvae of the marine polychaete Ca-thethe aplanktotrophicaplanktotrophic larvaelarvae ofof thethe marinemarine polychaetepolychaete CaCa
pitella sp. I for up to 2 16 h had no effect on postmeta-pitellapitella sp.sp. II forfor upup toto 216216 hh hadhad nono effecteffect onon postmetapostmeta
morphic growth rate, time to first reproductive activity,morphicmorphic growthgrowth rate,rate, timetime toto firstfirst reproductivereproductive activity,activity,
or fecundity. However, increasing larval swimming time oror fecundity.fecundity. However,However, increasingincreasing larvallarval swimmingswimming timetime
did significantly decrease postsettlement survivorshipdiddid significantlysignificantly decreasedecrease postsettlementpostsettlement survivorshipsurvivorship
from 100% (not prolonged) to 12.5% (prolonged for
fromfrom 100%100% (not(not prolonged)prolonged) toto 12.5%12.5% (prolonged(prolonged forfor
2 16 h). Although those individuals that survived in-
216216 h).h). AlthoughAlthough thosethose individualsindividuals thatthat survivedsurvived inin
curred no sublethal costs, there was a substantial postlar-
curredcurred nono sublethalsublethal costs,costs, therethere waswas aa substantialsubstantial postlarpostlarval mortality.
valval mortality.mortality.

Clearly, being able to initiate and to complete meta-
Clearly,Clearly, beingbeing ableable toto initiateinitiate andand toto completecomplete metametamorphosis is central to survival. More subtle, however,

morphosismorphosis isis centralcentral toto survival.survival. MoreMore subtle,subtle, however,however,are the sublethal effects associated with a prolonged pe-
areare thethe sublethalsublethal effectseffects associatedassociated withwith aa prolongedprolonged peperiod of larval swimming. Intra- and interspecific compe-
riodriod oflarvaloflarval swimming.swimming. Intra-Intra- andand interspecificinterspecific compecompetition between sessile invertebrates for space and food is
titiontition betweenbetween sessilesessile invertebratesinvertebrates forfor spacespace andand foodfood isisdirectly related to size (Buss, 1979; Buss and Jackson,
directlydirectly relatedrelated toto sizesize (Buss,(Buss, 1979;1979; BussBuss andand Jackson,Jackson,I98 I). In addition, for Bugula neritina, reproductive ma-
1981).1981). InIn addition,addition, forfor BugulaBugula neritina,neritina, reproductivereproductive mamaturity is attained only after a minimum number of bi-
turityturity isis attainedattained onlyonly afterafter aa minimumminimum numbernumber ofof bibifurcations (Keough, 1987). Therefore, an individual’s 
furcationsfurcations (Keough,(Keough, 1987).1987). Therefore,Therefore, anan individual'sindividual'sfitness may be compromised by being smaller after meta-
fitnessfitness maymay bebe compromisedcompromised byby beingbeing smallersmaller afterafter metametamorphosis or by taking longer to metamorphose.
morphosismorphosis oror byby takingtaking longerlonger toto metamorphose.metamorphose.The effects of the duration of larval swimming were 

TheThe effectseffects ofof thethe durationduration ofof larvallarval swimmingswimming werewereassessedfor the cheilostome bryozoan B. neritina, which 
assessedassessed forfor thethe cheilostomecheilostome bryozoanbryozoan B.B. neritina,neritina, whichwhichhas an aplanktotrophic larva that acquires its nutrient 
hashas anan aplanktotrophicaplanktotrophic larvalarva thatthat acquiresacquires itsits nutrientnutrientreserves translocationally through a placenta-like system 
reservesreserves translocationallytranslocationally throughthrough aa placenta-likeplacenta-like systemsystem(Woolacott and Zimmer, 1975). Specifically, I examined 
(Woolacott(Woolacott andand Zimmer,Zimmer, 1975).1975). Specifically,Specifically, II examinedexamined(1) duration of metamorphosis; (2) ability of larvae to 
(( I)I) durationduration ofof metamorphosis;metamorphosis; (2)(2) abilityability ofof larvaelarvae totoinitiate metamorphosis; (3) ability of individuals to com-
initiateinitiate metamorphosis;metamorphosis; (3)(3) abilityability ofof individualsindividuals toto com-com



pletepleteplete metamorphosis;metamorphosis;metamorphosis; andandand (4)(4)(4) sizesizesize ofofofandandand tentaclestentaclestentacles ininin thethethe 
ancestrularancestrularancestrular lophophore.lophophore.lophophore. BecauseBecauseBecause larvaelarvaelarvae ofofofB.B.B. arenerilinanerilina areare 
aplanktotrophicaplanktotrophicaplanktotrophic andandand thereforethereforetherefore limitedlimitedlimited energetically,energetically,energetically, III 

neritina 

predictedpredictedpredicted a(I)(I) aa positivepositivepositive correlationcorrelationcorrelation betweenbetweenbetween larvallarvallarval swimswim(1) swim-
mingmingming durationdurationduration andandand timetimetime requiredrequiredrequired tototo completecompletecomplete metamormetamor
phosisphosisphosis (a(a(a resultresultresult ofofof thethethe utilizationutilizationutilization ofofof lesslessless labilelabilelabile energyenergyenergy 

metamor-

cor-sourcessourcessources tototo completecompletecomplete metamorphosis);metamorphosis);metamorphosis); (2)(2)(2) ananan inverseinverseinverse corcor
relationrelationrelation betweenbetweenbetween larvallarvallarval swimmingswimmingswimming durationdurationduration andandand abilityabilityability 

nega-tototo initiateinitiateinitiate andandand completecompletecomplete metamorphosis;metamorphosis;metamorphosis; andandand (3)(3)(3) aaa neganega
du-tivetivetive correlationcorrelationcorrelation betweenbetweenbetween sizesizesize ofofof thethethe lophophorelophophorelophophore andandand dudu

influ-rationrationration ofofof thethethe larvallarvallarval swimmingswimmingswimming stage.stage.stage. TheseTheseThese factorsfactorsfactors influinflu
enceenceence thethethe abilityabilityability tototo sequestersequestersequester food,food,food, competecompetecompete forforfor space,space,space, andandand 
attainattainattain reproductivereproductivereproductive maturity,maturity,maturity, whichwhichwhich undoubtedlyundoubtedlyundoubtedly affectsaffectsaffects 

individual’sananan fitness.individual'sindividual's fitness.fitness. 

MaterialsMaterialsMaterials andandand MethodsMethodsMethods 

B~gulu neritina collectedcollectedcollectedGravidGravidGravid coloniescoloniescolonies ofofof BugulaBugula werenerilinanerilina werewere 
Smithson-fromfromfrom thethethe undersidesundersidesundersides ofofof floatingfloatingfloating docksdocksdocks nearnearnear thethethe SmithsonSmithson

Febru-ianianian MarineMarineMarine StationStationStation ininin FortFortFort Pierce,Pierce,Pierce, Florida,Florida,Florida, fromfromfrom FebruFebru
aryaryary throughthroughthrough AprilAprilApril 199519951995 andandand ininin FebruaryFebruaryFebruary 1996.1996.1996. ColoniesColoniesColonies 
werewerewere shippedshippedshipped tototo Cambridge,Cambridge,Cambridge, Massachusetts,Massachusetts,Massachusetts, andandand werewerewere 

20°Cmaintainedmaintainedmaintained ininin thethethe laboratorylaboratorylaboratory ininin plasticplasticplastic aquariaaquariaaquaria atatat 2020DDCC 
pro-ininin darknessdarknessdarkness withwithwith continuouscontinuouscontinuous aeration.aeration.aeration. NoNoNo foodfoodfood waswaswas propro

videdvidedvided forforfor thethethe colonies.colonies.colonies. 
LarvaeLarvaeLarvae werewerewere obtainedobtainedobtained fromfromfrom poolspoolspools ofofof coloniescoloniescolonies tototo fosterfosterfoster 

experi-geneticallygeneticallygenetically heterogeneousheterogeneousheterogeneous populationspopulationspopulations forforfor thethethe experiexperi
ments.ments.ments. ColoniesColoniesColonies werewerewere removedremovedremoved fromfromfrom thethethe dark,dark,dark, placedplacedplaced ininin 

1 fluo-glassglassglass bowlsbowlsbowls withwithwith 1.51.51.5 ofII ofof seawater,seawater,seawater, andandand exposedexposedexposed tototo fluofluo
ap-rescentrescentrescent light.light.light. WithinWithinWithin 303030 minminmin ofofof illumination,illumination,illumination, larvaelarvaelarvae apap

neritinupeared;peared;peared; bybyby 222 h,h,h, releasereleaserelease waswaswas complete.complete.complete. B.B.B. larvaenerilinanerilina larvaelarvae 
areareare positivelypositivelypositively phototacticphototacticphototactic ononon release,release,release, andandand thisthisthis behaviorbehaviorbehavior 
facilitatedfacilitatedfacilitated theirtheirtheir collectioncollectioncollection becausebecausebecause theytheythey aggregatedaggregatedaggregated ononon thethethe 

dis-illuminatedilluminatedilluminated sidesideside ofofofdishes.dishes.dishes. LarvaeLarvaeLarvae werewerewere collectedcollectedcollected andandand disdis
Experi-pensedpensedpensed tototo experimentalexperimentalexperimental vesselsvesselsvessels withwithwith pipettes.pipettes.pipettes. ExperiExperi

mentsmentsments werewerewere startedstartedstarted withinwithinwithin 1.51.51.5 hhh afterafterafter thethethe appearanceappearanceappearance ofofof 
larvae;larvae;larvae; therefore,therefore,therefore, atatat most,most,most, larvaelarvaelarvae wouldwouldwould differdifferdiffer ininin ageageage bybyby 
909090 min.min.min. LarvaeLarvaeLarvae usedusedused ininin experimentsexperimentsexperiments werewerewere obtainedobtainedobtained onlyonlyonly 
fromfromfrom parentparentparent coloniescoloniescolonies keptkeptkept ininin thethethe laboratorylaboratorylaboratory lesslessless thanthanthan 
666 days,days,days, andandand parentparentparent coloniescoloniescolonies werewerewere re-usedre-usedre-used forforfor releasesreleasesreleases overoverover 
thisthisthis 5-day5-day5-day periodperiodperiod ininin thethethe laboratory.laboratory.laboratory. 

neritinaLarvaeLarvaeLarvae ofofof B.B.B. didnerilinanerilina diddid notnotnot initiateinitiateinitiate metamorphosismetamorphosismetamorphosis 
whenwhenwhen exposedexposedexposed tototo brightbrightbright fluorescentfluorescentfluorescent illumination;illumination;illumination; thusthusthus bybyby 

in-removingremovingremoving larvaelarvaelarvae fromfromfrom thethethe illuminationilluminationillumination atatat regularregularregular inin
tervals, itterv?.1s,terv?.1s, itit waswaswas possiblepossiblepossible tototo createcreatecreate populationspopulationspopulations thatthatthat differeddiffereddiffered 

ofswimmingininin thethethe lengthlengthlength ofof time.swimmingswimming time.time. FollowingFollowingFollowing release,release,release, larvaelarvaelarvae 
werewerewere transferredtransferredtransferred tototo aaa glassglassglass fingerfingerfinger bowlbowlbowl containingcontainingcontaining 250250250 mlmlml 

0.2-pm-filtered illumi-ofofof seawater.0.2-llm-filtered0.2-llm-filtered seawater.seawater. TheTheThe fingerfingerfinger bowlbowlbowl waswaswas illumiillumi
natednatednated fromfromfrom belowbelowbelow usingusingusing threethreethree 50-watt50-watt50-watt fluorescentfluorescentfluorescent VitaVitaVita 
Lites.Lites.Lites. IlluminationIlluminationIllumination levelslevelslevels rangedrangedranged fromfromfrom 130130130 tototo PE145145145 IlEIlE 
m-*s-l. ll condi-m-m-22s-s- Due•• DueDue tototo theirtheirtheir smallsmallsmall size,size,size, thethethe larvaelarvaelarvae ininin eacheacheach condicondi

experi-tiontiontion couldcouldcould onlyonlyonly bebebe countedcountedcounted accuratelyaccuratelyaccurately afterafterafter thethethe experiexperi
mentmentment waswaswas over.over.over. ApproximatelyApproximatelyApproximately 20-4020-4020-40 larvaelarvaelarvae werewerewere re-rere
movedmovedmoved fromfromfrom thethethe brightbrightbright fluorescentfluorescentfluorescent illuminationilluminationillumination atatat 4-h4-h4-h 

intervalsintervalsintervals forforfor 282828 h.h.h. TheyTheyThey werewerewere thenthenthen pipettedpipettedpipetted intointointo glassglassglass 
StendorStendorStendor dishesdishesdishes containingcontainingcontaining 202020 of011011 ofof 0.2-llm-filtered0.2-llm-filtered seaseaml 0.2-pm-filtered sea-
waterwaterwater withwithwith ananan excessexcessexcess ofofof 101010 mMmMmM KCl,KCl,KCl, ananan inducerinducerinducer ofbryoofbryo
zoanzoanzoan metamorphosismetamorphosismetamorphosis (Wendt(Wendt(Wendt andandand Woollacott,Woollacott,Woollacott, 1995).1995).1995). 
TheTheThe swimmingswimmingswimming timestimestimes reportedreportedreported areareare minimumminimumminimum estimatesestimatesestimates 

of bryo-

ininin thatthatthat larvaelarvaelarvae diddiddid notnotnot initiateinitiateinitiate metamorphosismetamorphosismetamorphosis instantaneinstantane
ously.ously.ously. However,However,However, preliminarypreliminarypreliminary experimentsexperimentsexperiments showedshowedshowed thatthatthat 
>>> 70%70%70% ofofof thethethe larvaelarvaelarvae initiatedinitiatedinitiated metamorphosismetamorphosismetamorphosis withinwithinwithin thethethe 
firstfirstfirst hourhourhour afterafterafter transfer.transfer.transfer. InitiationInitiationInitiation andandand completioncompletioncompletion ofofof 

instantane-

condi-metamorphosismetamorphosismetamorphosis werewerewere determineddetermineddetermined forforfor eacheacheach samplesamplesample condicondi
comple-tiontiontion afterafterafter 727272 hhh (see(see(see belowbelowbelow ononon howhowhow initiationinitiationinitiation andandand complecomple

tiontiontion areareare defined).defined).defined). 
EachEachEach timetimetime conditionconditioncondition waswaswas sampledsampledsampled andandand metamor-metamormetamor

phosedphosedphosed individualsindividualsindividuals werewerewere in"relaxed""relaxed" inin 7.5%7.5%7.5% MgCh.MgCh. TenTen“relaxed” MgC12. Ten-
tacletacletacle length,length,length, lophophorelophophorelophophore crowncrowncrown diameter,diameter,diameter, andandand lopholopho
phorephorephore basebasebase diameterdiameterdiameter werewerewere measuredmeasuredmeasured forforfor eacheacheach ancestrulaancestrulaancestrula 

lopho-

1).(Fig.(Fig.(Fig. TheseI).I). TheseThese parametersparametersparameters werewerewere usedusedused tototo calculatecalculatecalculate height,height,height, 
volume,volume,volume, andandand surfacesurfacesurface areaareaarea ofofof thethethe lophophorelophophorelophophore ononon thethethe basisbasisbasis 

1987)ofofof thethethe followingfollowingfollowing equationsequationsequations (Beyer,(Beyer,(Beyer, 1987),1987), 

=== \I 2 ('/4)('/4)(‘/‘) (a(a(a - bfbf (1)HeightHeightHeight VV -r!r! -- -- b)* (l)(l) 

= ah[a* ub b2]/ 12VolumeVolumeVolume == 7l'h[a7l'h[a +22 ++ +abab ++ bb22 (2)]/l2]/l2 (2)(2) 

SurfaceSurfaceSurface areaareaarea === 7l'c(a7l'c(axc(u +++ b)/2b)/2b)/2 (3)(3)(3) 

wherewherewhere aaa isisis diameterdiameterdiameter ofofof thethethe lophophorelophophorelophophore atatat itsitsits crown,crown,crown, bbb isisis 

aaa--------,------------,---
II 
II 

hh II 
II 
II 
II 

bbb 

1. of an of BU&U neritinaFigureFigureFigure Schematicl.l. SchematicSchematic ofof ancestrulaanan ancestrulaancestrula ofof BlIglllaBlIgllla showingneritinaneritina showingshowing 
(b),thethethe measuredmeasuredmeasured parameters,parameters,parameters, crowncrowncrown diameterdiameterdiameter (a),(a),(a), basebasebase diameterdiameterdiameter and(b).(b). andand 

length(c), parameter, height(h).tentacletentacletentacle lengthlength and(c),(c), andand thethethe calculatedcalculatedcalculated parameter.parameter. heightheight The(h).(h). TheThe heightheightheight 
was I in Materials Methods.calculatedwaswas calculatedcalculated usingusingusing equationequationequation II inin andMaterialsMaterials andand Methods.Methods. 



diameterdiameterdiameter ofofof thethethe lophophorelophophorelophophore atatat itsitsits base,base,base, ccc isisis tentacletentacletentacle 
length,length,length, andandand hhh isisis heightheightheight ofofofthethethe lophophore.lophophore.lophophore. 

AnAnAn additionaladditionaladditional threethreethree trialstrialstrials ofofofthisthisthis experimentexperimentexperiment (using(using(using 270270270 
swim-individuals)individuals)individuals) werewerewere carriedcarriedcarried outoutout tototo extendextendextend thethethe larvallarvallarval swimswim
num-mingmingming periodperiodperiod bybyby 121212 moremoremore hourshourshours andandand tototo increaseincreaseincrease thethethe numnum

berberber ofofof individualsindividualsindividuals atatat laterlaterlater timetimetime points.points.points. ThisThisThis experimentexperimentexperiment 
followedfollowedfollowed ananan identicalidenticalidentical protocol,protocol,protocol, butbutbut larvaelarvaelarvae werewerewere sampledsampledsampled 

sam-onlyonlyonly atatat 000 h,h,h, 303030 h,h,h, andandand 404040 h.h.h. DueDueDue tototo thethethe differencedifferencedifference ininin samsam
plingplingpling times,times,times, datadatadata fromfromfrom thesethesethese threethreethree trialstrialstrials areareare presentedpresentedpresented 
separately.separately.separately. 

A was to ifsecondAA secondsecond experimentexperimentexperiment conductedwaswas conductedconducted determinetoto determinedetermine ifif 
time to as a of lar-thethethe timetime metamorphosistoto metamorphosismetamorphosis changedchangedchanged asas functionaa functionfunction oflaroflar

In werevalvalval swimmingswimmingswimming duration.duration.duration. thisInIn thisthis experimentexperimentexperiment larvaelarvaelarvae werewere 
at 10-h were tosampledsampledsampled atat intervals,IO-hIO-h intervals,intervals, andandand theytheythey transferredwerewere transferredtransferred toto 

in 2-ml multiwelled Individualandandand keptkeptkept separateseparateseparate inin 2-ml2-ml dishes.multiwelledmultiwelled dishes.dishes. IndividualIndividual 
were followed on an to anlarvaelarvaelarvae werewere followedfollowed onon hourlyanan hourlyhourly basisbasisbasis providetoto provideprovide anan 

determination of was ini-accurateaccurateaccurate determinationdetermination whenofofwhenwhen metamorphosismetamorphosismetamorphosis waswas iniini
tiatedtiatedtiated andandand completed.completed.completed.

Attachment to as settlement in lit-(oftenAttachmentAttachment (often(often referredreferredreferred toto asas settlementsettlement theinin thethe litlit
of larvae to meta-erature)erature)erature) bryozoanofof bryozoanbryozoan islarvaelarvae isis tightlytightlytightly coupledcoupledcoupled toto metameta

in that attachment is not reversible and ismorphosismorphosismorphosis inin thatthat attachmentattachment isis notnot reversiblereversible andand isis 
marked eversion of the metasomal sac. Thisbymarkedmarked byby eversioneversion ofofthethe (internal)metasomalmetasomal (internal)(internal) sac.sac. ThisThis 
is the first movement ofisis thethe morphogeneticfirstfirst morphogeneticmorphogenetic movementmovement metamorphosisofof metamorphosismetamorphosis
in larvae of spp. and other (Zimmerinin larvaelarvae Bugulaofof BugulaBugula spp.spp. andand bryozoansotherother bryozoansbryozoans (Zimmer(Zimmer
and Woollacott Thus, attachment in isandand 1977).WoollacottWoollacott 1977).1977). Thus,Thus, attachmentattachment bryozoansinin bryozoansbryozoans isis 
not exclusively a behavioral associated with sub-notnot exclusivelyexclusively aa changebehavioralbehavioral changechange associatedassociated withwith subsub
stratum exploration. I will hereafter refer to this processstratumstratum exploration.exploration. II willwill hereafterhereafter referrefer toto thisthis processprocess 
as the initiation of metamorphosis. Metamorphosis was asas thethe initiationinitiation ofof metamorphosis.metamorphosis. MetamorphosisMetamorphosis waswas
considered complete after the ancestrula everted its loph-consideredconsidered completecomplete afterafter thethe ancestrulaancestrula evertedeverted itsits lophloph
ophore.ophore.ophore.

The number of larvae that initiated and completedTheThe numbernumber ofof larvaelarvae thatthat initiatedinitiated andand completedcompleted
metamorphosis in each treatment was expressed asa per-metamorphosismetamorphosis inin eacheach treatmenttreatment waswas expressedexpressed asas aa perper
centage. The results of each of the replicates were plottedcentage.centage. TheThe resultsresults ofofeacheach ofof thethe replicatesreplicates werewere plottedplotted
individually to determine between-trial similarity. With-individuallyindividually toto determinedetermine between-trialbetween-trial similarity.similarity. WithWith
out exception, the general trends were similar in each ofoutout exception,exception, thethe generalgeneral trendstrends werewere similarsimilar inin eacheach ofof
the replicates, and the replicates were thus treated as sin-
thethe replicates,replicates, andand thethe replicatesreplicates werewere thusthus treatedtreated asas sinsin
gle data sets for statistical analysis and graphing. Data
glegle datadata setssets forfor statisticalstatistical analysisanalysis andand graphing.graphing. DataData
from within treatments did not differ significantly from
fromfrom withinwithin treatmentstreatments diddid notnot differdiffer significantlysignificantly fromfrom a normal distribution, so a factorial ANOVA was per-
aa normalnormal distribution,distribution, soso aa factorialfactorial ANOVANOVAA waswas per·per·formed to identify heterogeneity of variances within the
formedformed toto identifyidentify heterogeneityheterogeneity ofof variancesvariances withinwithin thethedata set. Fisher’s protected least significant difference
datadata set.set. Fisher'sFisher's protectedprotected leastleast significantsignificant differencedifference(PLSD), a post hoc test, was used to identify sources of
(PLSD),(PLSD), aa postpost hochoc test,test, waswas usedused toto identifyidentify sourcessources ofofsuch variation among the data.
suchsuch variationvariation amongamong thethe data.data. 

Results 
ResultsResults 

Duration of metamorphosis
DurationDuration ofofmetamorphosismetamorphosis 

Time required from initiation to completion of meta-
TimeTime requiredrequired fromfrom initiationinitiation toto completioncompletion ofof metametamorphosis increased significantly for each 10-h increase 

morphosismorphosis increasedincreased significantlysignificantly forfor eacheach 10-h10-h increaseincreasein larval swimming period (ANOVA, F = 55.7; P = 
inin larvallarval swimmingswimming periodperiod (ANOVA,(ANOVA, FF == 55.7;55.7; PP ==<O.OOO1: Fisher PLSD, 0 vs. 10, P = 0.004, 10 vs. 20 and 
<0.000<0.000 I:I: FisherFisher PLSD,PLSD, 00 vs.vs. 10,10, PP == 0.004,0.004, 1010 vs.vs. 2020 andand20 vs. 30, P = <O.OOO1). Mean duration of metamorpho-
2020 vs.vs. 30,30, PP == <0.000<0.000 I).I). MeanMean durationduration ofof metamorphometamorphosis was 39 + 0.4 h, 42 + 0.3 h, 46 f 0.7 h, and 49 + 0.9 h 
sissis waswas 3939 ±± 0.40.4 h,h, 4242 ±± 0.30.3 h,h, 4646 ±± 0.70.7 h,h, andand 4949 ±± 0.90.9 hhfor individuals that developed from larvae swimming for 
forfor individualsindividuals thatthat developeddeveloped fromfrom larvaelarvae swimmingswimming forfor 
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Larval Swimming Duration (h)LarvalLarval SwimmingSwimming DurationDuration (h)(h) 
Figure 2. Bug& nrritina. Duration of metamorphosis versus lar-FigureFigure 2.2. BugulaBugula neritina.neritina. DurationDuration ofof metamorphosismetamorphosis versusversus larlar

val swimming period. Individual larvae were followed on an hourly
valval swimmingswimming period.period. IndividualIndividual larvaelarvae werewere followedfollowed onon anan hourlyhourly
basis from initiation (attachment by eversion of the metasomal sac) to
basisbasis fromfrom initiationinitiation (attachment(attachment byby eversioneversion ofof thethe metasomalmetasomal sac)sac) toto 
completion (eversion of the lophophore) of metamorphosis. All time
completioncompletion (eversion(eversion ofof thethe lophophore)lophophore) ofof metamorphosis.metamorphosis. AllAll timetime
classes arc significantly different from each other (bars = I standard
classesclasses areare significantlysignificantly differentdifferent fromfrom eacheach otherother (bars(bars == II standardstandard 
error; n = 26-35 for each condition).
error:error: nn == 26-3526-35 forfor eacheach condition).condition). 

0, 10,20, and 30 h, respectively (Fig. 2). Cumulative per-
0,0, 10,20,10,20, andand 3030 h,h, respectivelyrespectively (Fig.(Fig. 2).2). CumulativeCumulative perper
cent completion of metamorphosis was sigmoidal, al-centcent completioncompletion ofof metamorphosismetamorphosis waswas sigmoidal,sigmoidal, alal
though the curve was right-shifted for each successive lar-thoughthough thethe curvecurve waswas right-shiftedright-shifted forfor eacheach successivesuccessive larlar
val swimming period (Fig. 3). The amount of time for
valval swimmingswimming periodperiod (Fig.(Fig. 3).3). TheThe amountamount ofof timetime forfor50% of the individuals to complete metamorphosis (Z&J
50%50% ofof thethe individualsindividuals toto completecomplete metamorphosismetamorphosis (K(Koo))was approximately 37.5, 40.5,44.0, and 49.0 h for indi-
waswas approximatelyapproximately 37.5,37.5, 40.5,40.5, 44.0,44.0, andand 49.049.0 hh forfor indiindividuals that developed from larvae swimming 0, 10, 20,
vidualsviduals thatthat developeddeveloped fromfrom larvaelarvae swimmingswimming 0,0, 10,10, 20,20,and 30 h, respectively (Fig. 3). Duration of metamorpho-
andand 3030 h,h, respectivelyrespectively (Fig.(Fig. 3).3). DurationDuration ofofmetametamorphomorphosis ranged from 36 to 62 h.
sissis rangedranged fromfrom 3636 toto 6262 h.h. 

Initiation and completion of metamorphosis
InitiationInitiation andand completioncompletion ofofmetametamorphosismorphosis 

An increased larval swimming period significantly
AnAn increasedincreased larvallarval swimmingswimming periodperiod significantlysignificantlyaffected the percentage of individuals initiating and com-

affectedaffected thethe percentagepercentage ofofindividualsindividuals initiatinginitiating andand comcompleting metamorphosis. ANOVA revealed significant
pletingpleting metamorphosis.metamorphosis. ANOVANOVAA revealedrevealed significantsignificantheterogeneity of variances for percent initiation and per-
heterogeneityheterogeneity ofof variancesvariances forfor percentpercent initiationinitiation andand perpercent completion of metamorphosis over the duration of 
centcent completioncompletion ofof metamorphosismetamorphosis overover thethe durationduration ofofthe experiment (Table I). On average, close to 95% of the 
thethe experimentexperiment (Table(Table I).I). OnOn average,average, closeclose toto 95%95% ofof thethelarvae initiated metamorphosis through 12 h (Fig. 4). At 
larvaelarvae initiatedinitiated metamorphosismetamorphosis throughthrough 1212 hh (Fig.(Fig. 4).4). AtAt16 h, 67 + 7% (mean f standard error) of the larvae were 
1616 h,h, 6767 ±± 7%7% (mean(mean ±± standardstandard error)error) ofof thethe larvaelarvae werewereinitiating metamorphosis (P = 0.0 1; Fisher PLSD). After 
initiatinginitiating metamorphosismetamorphosis (P(P == 0.00.0 I;I; FisherFisher PLSD).PLSD). AfterAfter16 h the percentage of larvae initiating metamorphosis
1616 hh thethe percentagepercentage ofof larvaelarvae initiatinginitiating metamorphosismetamorphosisdecreased slightly, although the variability between trials 
decreaseddecreased slightly,slightly, althoughalthough thethe variabilityvariability betweenbetween trialstrialswas such that no significant decline occurred between 16 
waswas suchsuch thatthat nono significantsignificant declinedecline occurredoccurred betweenbetween 1616and 28 h. On average for 0 through 12 h, the percentage
andand 2828 h.h. OnOn averageaverage forfor °°throughthrough 1212 h,h, thethe percentagepercentage 
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Figure 3. Bugda nerrifina. Cumulative percent completion of metamorphosis versus larval swimmingFigureFigure 3.3. BugulaBugula nerilina.nerilina. CumulativeCumulative percentpercent completioncompletion ofof metamorphosismetamorphosis versusversus larvallarval swimmingswimming
period. KC values, the time for 50% of the individuals to complete metamorphosis, were approximated byperiod.period. KKcc values,values, thethe timetime forfor 50%50% ofof thethe individualsindividuals toto completecomplete metamorphosis,metamorphosis, werewere approximatedapproximated byby
connecting 50% completion to the x-axis. Lines at 100% completion are staggered for clarity. n = 26-35
connectingconnecting 50%50% completioncompletion toto thethe x-axis.x-axis. LinesLines atat 100%100% completioncompletion areare staggeredstaggered forfor clarity.clarity. nn == 26-3526-35
individuals for each swimming time.individualsindividuals forfor eacheach swimmingswimming time.time. 

of individuals completing metamorphosis was almostofof individualsindividuals completingcompleting metamorphosismetamorphosis waswas almostalmost 
identical to the number of larvae initiating metamorpho-identicalidentical toto thethe numbernumber oflarvaeoflarvae initiatinginitiating metamorphometamorpho
sis (Fig. 4). The percentage of individuals completingsissis (Fig.(Fig. 4).4). TheThe percentagepercentage ofof individualsindividuals completingcompleting
metamorphosis declined significantly at 16 h to 52% kmetamorphosismetamorphosis declineddeclined significantlysignificantly atat 1616 hh toto 52%52% ±± 

Table I 
TableTable II 

One-factor AN0 VA results for the effect oflarval swimming duration 
OnejaclorOnejaclor ANOVAANOVA resullsJorresullsJor thethe efJeclefJecl oJlarvaloJlarval swimmingswimming duraldural ionion on duration of metamorphosis, on initiation and completion of 
onon duraldural ionion ojojmelamorphosis.melamorphosis. onon inilialioninilialion andand complelioncomplelion ojojmetamorphosis, on the height, surface area, and volume o$the 
melamorphosis.melamorphosis. onon thethe heighl,heighl, surJacesurJace area,area, andand volumevolume ojojlhelhelophophore. and on the measured parameters ofthe lophophore
lophophore,lophophore, andand onon thethe measuredmeasured paramelersparamelers oJlheoJlhe lophophorelophophore 

Parameter 
ParameterParameter 

Duration of metamorphosis
DurationDuration metamorphosisofof metamorphosismetamorphosisInitiation of 
InitiationInitiation metamorphosisofof metamorphosismetamorphosisCompletion of 
CompletionCompletion ofof metamorphosismetamorphosisTentacle length
TentacleTentacle lengthlengthLophophore diameter (top) 
LophophoreLophophoreLophophore diameterdiameterdiameter (top)(top)(base) 
LophophoreLophophoreLophophore diameterdiameter (base)(base)height 
LophophoreLophophoreLophophore heightheightsurface area 

volumeLophophoreLophophoreLophophore surfacesurface areaarea 
LophophoreLophophore volumevolume 

df F-test P-value 
dfdf F-testF-test P-valueP-value 

3 55.75 <o.ooo I 
733 5.9755.7555.75 0.0002<0.0001<0.0001 

777 25.635.975.97 <o.ooo I0.00020.0002 

777 9.9825.6325.63 <o.ooo I<0.0001<0.0001 

777 I9.989.989.98 <o.ooo I<0.0001<0.0001 

777 4.1809.9819.981 <0.0003<0.0001<0.0001 

777 9.1954.1804.180 <o.ooo I<0.0003<0.0003 

777 10.699.1959.195 <o.ooo I<0.0001<0.0001 

777 10.5810.6910.69 <o.ooo I<0.0001<0.0001 
77 10.5810.58 <0.0001<0.0001 

12% (mean f standard error; P = 0.0004; Fisher PLSD).12%12% (mean(mean ±± standardstandard error;error; PP == 0.0004;0.0004; FisherFisher PLSD).PLSD).
In contrast to initiation, however, mean percentage ofInIn contrastcontrast toto initiation,initiation, however,however, meanmean percentagepercentage ofof
individuals completing metamorphosis declined signifi-individualsindividuals completingcompleting metamorphosismetamorphosis declineddeclined signifisignifi
cantly from 16 h to 24 and 28 h (mean f standard error,
cantlycantly fromfrom 1616 hh toto 2424 andand 2828 hh (mean(mean ±± standardstandard error,error,52 + 12, 22 + 7, and 17 + 3, respectively: P = 
5252 ±± 12,2212,22 ±± 7,7, andand 1717 ±± 3,3, respectively:respectively: PP == Fisher PLSD).
FisherFisher PLSD).PLSD). 

Lophophore parameters
LophophoreLophophore parametersparameters 

~0.003;
<0.003;<0.003; 

An increased larval swimming period significantly
AnAn increasedincreased larvallarval swimmingswimming periodperiod significantlysignificantlyaffected the size of the ancestrular lophophore in Bugula

affectedaffected thethe sizesize ofof thethe ancestrularancestrular lophophorelophophore inin BugulaBugulaneritina. Mean tentacle length and base and crown di-
neritina.neritina. MeanMean tentacletentacle lengthlength andand basebase andand crowncrown didiameters of the lophophore of the ancestrulae decreased 
ametersameters ofof thethe lophophorelophophore ofof thethe ancestrulaeancestrulae decreaseddecreasedby 25%, 24%, and 12.5%, respectively, in individuals that 
byby 25%,25%, 24%,24%, andand 12.5%,12.5%, respectively,respectively, inin individualsindividuals thatthatdeveloped from larvae that were swimming for 28 h 
developeddeveloped fromfrom larvaelarvae thatthat werewere swimmingswimming forfor 2828 hhcompared to individuals that developed from larvae in-
comparedcompared toto individualsindividuals thatthat developeddeveloped fromfrom larvaelarvae ininduced to metamorphose shortly after the onset of larval 
ducedduced toto metamorphosemetamorphose shortlyshortly afterafter thethe onsetonset ofof larvallarvalswimming (Table II). Mean height, surface area, and vol-
swimmingswimming (Table(Table II).II). MeanMean height,height, surfacesurface area,area, andand volvolume of the lophophore decreased as a function of in-
umeume ofof thethe lophophorelophophore decreaseddecreased asas aa functionfunction ofof inincreased larval swimming duration (Fig. 5a, b, c). AN-
creasedcreased larvallarval swimmingswimming durationduration (Fig.(Fig. Sa,Sa, b,b, c).c). ANANOVA revealed significant heterogeneity of variances for 
OVOVAA revealedrevealed significantsignificant heterogeneityheterogeneity ofof variancesvariances forfor 
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Larval Swimming Duration (Ii)LarvalLarval SwimmingSwimming DurationDuration (11)(11) 
Figure 4. Percent initiation and completion of metamorphosis versus larval swimming duration in
FigureFigure 4.4. PercentPercent initiationinitiation andand completioncompletion ofof metamorphosismetamorphosis versusversus larvallarval swimmingswimming durationduration inin 

Bug& neritina. Larvae kept swimming for 16 h were lesslikely to both initiate and complete metamor-BugulaBugula neritina.neritina. LarvaeLarvae keptkept swimmingswimming forfor 1616 hh werewere lessless likelylikely toto bothboth initiateinitiate andand completecomplete metamormetamorphosis. The lines are staggered slightly for clarity (bars = 1 standard error; n = 5).
phosis.phosis. TheThe lineslines areare staggeredstaggered slightlyslightly forfor clarityclarity (bars(bars == II standardstandard error;error; nn == 5).5). 

each of these calculated parameters (Table I), and sig- viduals that developed from larvae induced to metamor-
eacheach ofof thesethese calculatedcalculated parametersparameters (Table(Table I),I), andand sigsig vidualsviduals thatthat developeddeveloped fromfrom larvaelarvae inducedinduced toto metamormetamor
nificant declines occurred after 8 h of larval swimming. phose shortly after the onset of larval swimming (Table
nificantnificant declinesdeclines occurredoccurred afterafter 88 hh ofof larvallarval swimming.swimming. phosephose shortlyshortly afterafter thethe onsetonset ofof larvallarval swimmingswimming (Table(Table
By 28 h of larval swimming the percent decrease in mean II). Minimum number of tentacles (16: range 16-20) oc-
ByBy 2828 hh oflarvaloflarval swimmingswimming thethe percentpercent decreasedecrease inin meanmean II).II). MinimumMinimum numbernumber ofof tentaclestentacles (16:(16: rangerange 16-20)16-20) ococ
lophophore height, surface area, and volume was 25%, curred in ancestrulae that developed from larvae kept
lophophorelophophore height,height, surfacesurface area,area, andand volumevolume waswas 25%,25%, curredcurred inin ancestrulaeancestrulae thatthat developeddeveloped fromfrom larvaelarvae keptkept
40%, and 55%, respectively, compared to individuals swimming for 24 h prior to the onset of metamorphosis
40%,40%, andand 55%,55%, respectively,respectively, comparedcompared toto individualsindividuals swimmingswimming forfor 2424 hh priorprior toto thethe onsetonset ofof metamorphosismetamorphosisthat developed from larvae induced to metamorphose (Table II).
thatthat developeddeveloped fromfrom larvaelarvae inducedinduced toto metamorphosemetamorphose (Table(Table II).II).shortly after the onset of larval swimming. Maximum Significant declines were observed for all parameters
shortlyshortly afterafter thethe onsetonset ofof larvallarval swimming.swimming. MaximumMaximum SignificantSignificant declinesdeclines werewere observedobserved forfor allall parametersparameters
number of tentacles (2 1: range 19-2 1) occurred in indi- in the second experiment also. After 40 h of larval swim-
numbernumber ofof tentaclestentacles (21:(21: rangerange 19-21)19-21) occurredoccurred inin indi-indi- inin thethe secondsecond experimentexperiment also.also. AfterAfter 4040 hh ofof larvallarval swim-swim-

Table II 
TableTable IIII 

Tentacle length, top and base diameler oJthe lophophore, and ranges of tentacle number as a function of larval swimming duration 
TentacleTentacle length.length. toptop andand basebase diameterdiameter ofofthethe lophophore.lophophore. andand rangesranges ofoftentacletentacle numbernumber asas afunctionafunction ofoflarvallarval swimmingswimming durationduration(mean + standard error ofthe mean): measurements were made on ancestrulae less than 24 h post metamorphosis
(mean(mean ±± standardstandard errorerror ofofthethe mean);mean); measurementsmeasurements werewere mademade onon ancestrulaeancestrulae lessless thanthan 2424 hh postpost metamorphosismetamorphosis 

Swimming Duration (h) N Tentacle Length (pm) Top Diameter (pm) Base Diameter (pm) Tentacle # (Range:Mode)
SwimmingSwimming DurationDuration (h)(h) NN TentacleTentacle LengthLength (lIm)(lIm) TopTop DiameterDiameter (lIm)(lIm) BaseBase DiameterDiameter (lIm)(lIm) TentacleTentacle ## (Range:Mode)(Range:Mode) 

0 28 52Ok IO 556210 152+3 19-21:20 
4 282831 493kII 535k II 152152153+2±± 33 17-21:1900 520520 ±± 1010 556556 ±± 1010 19-21:2019-21:20 
44 3131 493493 ±± IIII 535535 II±± IIII 153153 ±± 22 17-21:1917-21:19 

1288 32 12 513513 ±± IIII9 145145142+2±± 33 17-21:20 
8 28 467kl3 513k 145 + 3 18-21:19 

467467 ±± 13132828 469k 518k 18-21:1918-21:19 
1212 3232 469469 12±± 1212 518518 ±± 99 142142 ±± 22 17-21:2017-21:2016 23 4422 499+ 13 145*3 17-21:19 

231616 2323 442442 ±± 1212 499499 ±± 1313 145145 ±± 33 17-21:1917-21:19 
202024 15 412412 16±± 1616 424+ 15 139±4139±4142+3 19 
20 412k16 474+20 139+4 17-21:19 

2323 17-21:1917-21:19 
242428 15158 400400 ±± 1616 423k21 142142 ±± 33 l&20:20 

4OOk 474474 ±± 2020 16-20:18, 
390+27 424424 ±± 1515 133k4 16-20:18,1916-20:18,19 

2828 88 390390 ±± 2727 423423 ±± 2121 133133 ±4±4 18-20:2018-20:20 
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Figure 5. Bugulu nrritina. Height (A), surface area(B), and volume 
FigureFigure 5.5. BugulaBugula nerilina.nerilina. HeightHeight (A),(A), surfacesurface areaarea (B),(B), andand volumevolume(C)of lophophore as a function oflarval swimming duration in Btcgula

(C)(C) oflophophoreoflophophore asas aa functionfunction oflarvaloflarval swimmingswimming durationduration inin BlIglllaBlIglllaneritina. Samples of larvae were taken every 4 h, at which time they
nerilina.nerilina. SamplesSamples ofof larvaelarvae werewere takentaken everyevery 44 h,h, atat whichwhich timetime theytheywere induced to metamorphose by exposure to 10 mM excess KCI in 
werewere inducedinduced toto metamorphosemetamorphose byby exposureexposure toto 1010 mMmM excessexcess KClKCl ininseawater. Each datum is the mean of 8-32 individuals pooled from 5 
seawater.seawater. EachEach datumdatum isis thethe meanmean ofof 8-328-32 individualsindividuals pooledpooled fromfrom 55replicates (bars = 1 standard error).
replicatesreplicates (bars(bars == II standardstandard error).error). 

ming,ming,ming, thethethe meanmeanmean height,height,height, surfacesurfacesurface area,area,area, andandand volumevolumevolume dede
creasedcreasedcreased bybyby ca.ca.ca. 30%,30%,30%, 50%,50%,50%, andandand 62%,62%,62%, respectively,respectively,respectively, whenwhenwhen 
comparedcomparedcompared tototo thosethosethose ofofof individualsindividualsindividuals thatthatthat developeddevelopeddeveloped fromfromfrom 
larvaelarvaelarvae inducedinducedinduced tototo metamorphosemetamorphosemetamorphose shortlyshortlyshortly afterafterafter thethethe onsetonsetonset 

(ANOVA; FFF = >>>lOO.OO,100.00,100.00, === 

de-

ofofof larvallarvallarval swimmingswimmingswimming (ANOY(ANOYA;A; P== PP
 
<O.OOOl = 3;3;3; aaa totaltotaltotal ofofof 107,107,107, 143,143,143,
for<0.0001<0.0001 forfor eacheacheach parameter;parameter;parameter; nnn ==
 

andandand 202020 individualsindividualsindividuals werewerewere measuredmeasuredmeasured forforfor 0,0,0, 30,30,30, andandand 404040 h,h,h,
 
respectively).respectively).respectively).
 

DiscussionDiscussionDiscussion 

ofDurationDurationDuration metamorphosis0/0/metamorphosismetamorphosis 

DurationDurationDuration ofofof metamorphosismetamorphosismetamorphosis ononon averageaverageaverage increasedincreasedincreased asasas aaa 
of larvalfunctionfunctionfunction swimmingoflarvaloflarval swimmingswimming periodperiodperiod (Figs.(Figs.(Figs. 222 andandand 3).3).3). AfterAfterAfter 

of larval303030 hhh swimming,oflarvaloflarval swimming,swimming, individualsindividualsindividuals werewerewere takingtakingtaking almostalmostalmost 
in-101010 hhh longerlongerlonger tototo completecompletecomplete metamorphosismetamorphosismetamorphosis thanthanthan thosethosethose inin

ducedducedduced shortlyshortlyshortly afterafterafter thethethe onsetonsetonset ofofof larvallarvallarval swimming.swimming.swimming. TheTheThe 
prob-observedobservedobserved increaseincreaseincrease ininin durationdurationduration ofofof metamorphosismetamorphosismetamorphosis isisis probprob

to of sources toablyablyably dueduedue thetoto thethe utilizationutilizationutilization lessofof lessless labilelabilelabile energyenergyenergy sourcessources toto 
In certain larvalcompletecompletecomplete metamorphosis.metamorphosis.metamorphosis. BugulaInIn BugulaBugula spp.spp.spp. certaincertain larvallarval 

corona, ciliatedtissuestissuestissues (e.g.,(e.g.,(e.g., thethethe corona,corona, epithelia,ciliatedciliated epithelia,epithelia, andandand vesicularvesicularvesicular 
are At the onset ofcollarettes)collarettes)collarettes) transitory.areare transitory.transitory. AtAt thethe onsetonset metamorphosisofofmetamorphosismetamorphosis

these tissues are internalized and his-thesethese tissuestissues areare internalizedinternalized ultimatelyandand ultimatelyultimately undergoundergoundergo hishis
and Zimmer, Individuals thattolysistolysistolysis (Woollacott(Woollacott(Woollacott andand 1978).Zimmer,Zimmer, 1978).1978). IndividualsIndividuals thatthat 

swim before initiating la-longerswimswim longerlonger beforebefore metamorphosisinitiatinginitiating metamorphosismetamorphosis depletedepletedeplete lala
bile energy stores to a therefore,bilebile energyenergy storesstores toto greateraa greatergreater degreedegreedegree and,and,and, theytherefore,therefore, theythey
must more on these tissues for therelymustmust relyrely heavilymoremore heavilyheavily onon transitorythesethese transitorytransitory tissuestissues forfor thethe 

to It isenergyenergyenergy necessarynecessarynecessary completetoto completecomplete metamorphosis.metamorphosis.metamorphosis. ItIt likelyisis likelylikely
that the biochemical processes needed to thesethatthat thethe biochemicalbiochemical processesprocesses neededneeded histolyzetoto histolyzehistolyze thesethese 
tissues increase the duration of Whethertissuestissues increaseincrease thethe durationduration metamorphosis.ofof metamorphosis.metamorphosis. WhetherWhether 
the increase in duration of metamorphosisthethe increaseincrease inin durationduration ofof compromisesmetamorphosismetamorphosis compromisescompromises
juvenile fitness has yet to be determined.juvenilejuvenile fitnessfitness hashas yetyet toto bebe determined.determined. 

Initiation and completion of metamorphosis: lethalInitiationInitiation andand completioncompletion o/metamorphosis:o/metamorphosis: lethallethal
efects and the mechanisms governing abilities to initiateeffectseffects andand thethe mechanismsmechanisms governinggoverning abilitiesabilities toto initiateinitiate
and complete metamorphosisandand completecomplete metamorphosismetamorphosis 

These data document a substantial lethal cost to B.TheseThese datadata documentdocument aa substantialsubstantial lethallethal costcost toto B.B.
neritina in that a significant portion of larvae lose theneritinaneritina inin thatthat aa significantsignificant portionportion ofof larvaelarvae loselose thethe
ability over time to initiate or complete metamorphosis.
abilityability overover timetime toto initiateinitiate oror completecomplete metamorphosis.metamorphosis.
Woollacott et al. (1989) found similar lethal costs in B.
WoollacottWoollacott etet al.al. (1989)(1989) foundfound similarsimilar lethallethal costscosts inin B.B.
stolonifera in that 40% of larvae lost metamorphic com-
stoloni/erastoloni/era inin thatthat 40%40% ofof larvaelarvae lostlost metamorphicmetamorphic comcompetence after 10 h of swimming. A loss of competence
petencepetence afterafter 1010 hh ofof swimming.swimming. AA lossloss ofof competencecompetencewas also observed after 24 h of larval swimming in Cel-
waswas alsoalso observedobserved afterafter 2424 hh ofof larvallarval swimmingswimming inin CelCelleporella hyalina, another cheilostome bryozoan (Orel-
leporellaleporella hyalina,hyalina, anotheranother cheilostomecheilostome bryozoanbryozoan (Orel(Orellana and Cancino, 199 1). Pechenik and Cerulli ( 199 1)
lanalana andand Cancino,Cancino, 1991).1991). PechenikPechenik andand CerulliCerulli (1991)(1991)found that delaying metamorphosis of the aplankto-
foundfound thatthat delayingdelaying metamorphosismetamorphosis ofof thethe aplanktoaplanktotrophic larvae of the marine polychaete Capitella sp.
trophictrophic larvaelarvae ofof thethe marinemarine polychaetepolychaete CapitellaCapitella sp.sp.caused an 87% decrease in postsettlement survivorship
causedcaused anan 87%87% decreasedecrease inin postsettlementpostsettlement survivorshipsurvivorshipin individuals that developed from larvae that were 
inin individualsindividuals thatthat developeddeveloped fromfrom larvaelarvae thatthat werewereswimming for 2 16 h, compared to individuals that devel-
swimmingswimming forfor 216216 h,h, comparedcompared toto individualsindividuals thatthat develdeveloped from larvae induced to metamorphose shortly after 
opedoped fromfrom larvaelarvae inducedinduced toto metamorphosemetamorphose shortlyshortly afterafterbecoming competent.
becomingbecoming competent.competent.The mechanisms governing the ability of larvae to ini-

TheThe mechanismsmechanisms governinggoverning thethe abilityability oflarvaeoflarvae toto ini-ini



tiatetiatetiate metamorphosismetamorphosismetamorphosis andandand thethethe abilityabilityability tooflarvaeoflarvae toto completecompletecomplete 
metamorphosismetamorphosismetamorphosis areareare unknown.unknown.unknown. TwoTwoTwo hypotheseshypotheseshypotheses havehavehave 

of larvae 

compe-beenbeenbeen presentedpresentedpresented tototo explainexplainexplain losslossloss ofofof metamorphicmetamorphicmetamorphic compecompe
tence:tence:tence: (1)(1)(1) ananan energeticenergeticenergetic hypothesishypothesishypothesis statingstatingstating thatthatthat larvaelarvaelarvae loseloselose 

dur-competencecompetencecompetence asasas aaa resultresultresult ofofof depletingdepletingdepleting energyenergyenergy reservesreservesreserves durdur
inginging swimmingswimmingswimming (Lucas(Lucas(Lucas etetet al., 1979;aI.,aI., 1979;1979; Pechenik,Pechenik,Pechenik, 1990;1990;1990; 

sen-Jaeckle,Jaeckle,Jaeckle, 1994;1994;1994; PawlikPawlikPawlik andandand Mense,Mense,Mense, 1994);1994);1994); andandand (2)(2)(2) aaa sensen
sorysorysory hypothesishypothesishypothesis statingstatingstating thatthatthat larvaelarvaelarvae areareare unableunableunable tototo respondrespondrespond 

limit-tototo cuescuescues dueduedue tototo degradationdegradationdegradation ofofof thethethe receptorreceptorreceptor ororor otherotherother limitlimit
inginging elementselementselements ininin thethethe transductiontransductiontransduction pathwaypathwaypathway (Pechenik,(Pechenik,(Pechenik, 
1980;1980;1980; PechenikPechenikPechenik andandand Fried,Fried,Fried, 1995).1995).1995). TheseTheseThese processesprocessesprocesses areareare 
probablyprobablyprobably notnotnot mutuallymutuallymutually exclusiveexclusiveexclusive givengivengiven thatthatthat thethethe abilityabilityability ofofof 
larvaelarvaelarvae tototo maintainmaintainmaintain aaa functionalfunctionalfunctional receptoralreceptoralreceptoral apparatusapparatusapparatus isisis 
alsoalsoalso presumablypresumablypresumably dependentdependentdependent ononon energy.energy.energy. 

meta-TheTheThe abilityabilityability ofofof B.B.B. neritinaneritinaneritina tototo successfullysuccessfullysuccessfully initiateinitiateinitiate metameta
en-morphosismorphosismorphosis maymaymay notnotnot dependdependdepend directlydirectlydirectly ononon depletiondepletiondepletion ofofof enen

ergeticergeticergetic reserves.reserves.reserves. IfIfIfabilityabilityability tototo initiateinitiateinitiate metamorphosismetamorphosismetamorphosis werewerewere 
underunderunder energeticenergeticenergetic constraints,constraints,constraints, thenthenthen asasas larvaelarvaelarvae continuecontinuecontinue tototo 
swim,swim,swim, oneoneone mightmightmight expectexpectexpect aaa largerlargerlarger portionportionportion tototo depletedepletedeplete theirtheirtheir 

metamor-reservesreservesreserves belowbelowbelow thethethe levellevellevel neededneededneeded forforfor initiatinginitiatinginitiating metamormetamor
phosis.phosis.phosis. OneOneOne shouldshouldshould thenthenthen observeobserveobserve aaa continuouscontinuouscontinuous decreasedecreasedecrease 
ininin successfulsuccessfulsuccessful initiationinitiationinitiation throughoutthroughoutthroughout thethethe durationdurationduration ofofof larvallarvallarval 
swimming.swimming.swimming. SuchSuchSuch aaa pattern,pattern,pattern, however,however,however, waswaswas notnotnot observed.observed.observed. 

of larvalSpecifically,Specifically,Specifically, afterafterafter 161616 hhh swimming,oflarvaloflarval swimming,swimming, thethethe abilityabilityability tototo 
initiateinitiateinitiate metamorphosismetamorphosismetamorphosis waswaswas notnotnot negativelynegativelynegatively correlatedcorrelatedcorrelated 
withwithwith larvallarvallarval swimmingswimmingswimming durationdurationduration (Fig.(Fig.(Fig. 4).4).4). FurtherFurtherFurther datadatadata forforfor 
addressingaddressingaddressing energeticenergeticenergetic constraintsconstraintsconstraints asasas ananan explanationexplanationexplanation forforfor 
losslossloss ofofof metamorphicmetamorphicmetamorphic competencecompetencecompetence (i.e.,(i.e.,(i.e., abilityabilityability tototo initiate)initiate)initiate) 

( 1994) respi-ininin B.B.B. neritinaneritinaneritina isisis providedprovidedprovided bybyby JaeckleJaeckleJaeckle in(1994)(1994) inin hishishis respirespi
If we respi-rometryrometryrometry workworkwork withwithwith larvae.larvae.larvae. assumeIfweIfwe assumeassume ananan averageaverageaverage respirespi

larva-’ h-’rationrationration rateraterate ofofof0.1180.1180.118 mJmJmJ larva-Ilarva-I h-h- (calculatedII (calculated(calculated fromfromfrom datadatadata 
ininin tabletabletable 5;5;5; Jaeckle,Jaeckle,Jaeckle, 1994)1994)1994) andandand ananan averageaverageaverage energyenergyenergy contentcontentcontent 

larva-’ofofof 15.2415.2415.24 mJmJmJ forlarva-Ilarva-I forfor larvaelarvaelarvae ofofof B.B.B. neritinaneritinaneritina (Jaeckle,(Jaeckle,(Jaeckle, 
1994),1994),1994), bybyby 161616 hhh ofofof swimming,swimming,swimming, larvaelarvaelarvae willwillwill havehavehave depleteddepleteddepleted 
12%12%12% ofofof theirtheirtheir energyenergyenergy content.content.content. WhetherWhetherWhether aaa 12%12%12% decreasedecreasedecrease ininin 

meta-larvallarvallarval energyenergyenergy reservesreservesreserves isisis sufficientsufficientsufficient tototo causecausecause aaa losslossloss ofofof metameta
morphicmorphicmorphic competencecompetencecompetence isisis unknown,unknown,unknown, butbutbut ononon averageaverageaverage overoverover 

of larvae60%60%60% retainedoflarvaeoflarvae retainedretained metamorphicmetamorphicmetamorphic competencecompetencecompetence atatat thisthisthis 
time.time.time. TheseTheseThese datadatadata suggestsuggestsuggest thatthatthat ananan alternativealternativealternative mechanismmechanismmechanism 
(e.g.,(e.g.,(e.g., receptorreceptorreceptor degeneration)degeneration)degeneration) maymaymay bebebe governinggoverninggoverning thethethe losslossloss 

neritinu.ofofof metamorphicmetamorphicmetamorphic competencecompetencecompetence ininin B.B.B. neritina.neritina. 
AlthoughAlthoughAlthough thethethe abilityabilityability tototo initiateinitiateinitiate metamorphosismetamorphosismetamorphosis maymaymay 

notnotnot bebebe underunderunder energeticenergeticenergetic control,control,control, thethethe abilityabilityability tototo completecompletecomplete 
energetically.metamorphosismetamorphosismetamorphosis isisis likelylikelylikely tototo bebebe constrainedconstrainedconstrained energetical1y.energetical1y. 

TheTheThe factfactfact thatthatthat completioncompletioncompletion ofofofmetamorphosismetamorphosismetamorphosis continuescontinuescontinues tototo 
decreasedecreasedecrease significantlysignificantlysignificantly throughoutthroughoutthroughout thethethe durationdurationduration ofofof larvallarvallarval 
swimmingswimmingswimming indicatesindicatesindicates thatthatthat energeticenergeticenergetic limitationslimitationslimitations exist.exist.exist. TheTheThe 

com-exactexactexact portionportionportion ofofof individualsindividualsindividuals thatthatthat initiateinitiateinitiate butbutbut failfailfail tototo comcom
pletepleteplete metamorphosismetamorphosismetamorphosis isisis representedrepresentedrepresented bybyby thethethe divergencedivergencedivergence ofofof 
thethethe twotwotwo curvescurvescurves afterafterafter 161616 hhh (Fig.(Fig.(Fig. 4).4).4). OnOnOn averageaverageaverage bybyby 282828 hhh ofofof 

initi-larvallarvallarval swimming,swimming,swimming, onlyonlyonly 30%30%30% ofofof thethethe individualsindividualsindividuals thatthatthat initiiniti
di-atedatedated metamorphosismetamorphosismetamorphosis successfullysuccessfullysuccessfully completedcompletedcompleted it.it.it. TheTheThe didi

vergencevergencevergence betweenbetweenbetween thethethe abilityabilityability ofofof larvaelarvaelarvae tototo initiateinitiateinitiate andandand 
completecompletecomplete metamorphosismetamorphosismetamorphosis afterafterafter 121212 hhh demonstratesdemonstratesdemonstrates thatthatthat 

althoughalthoughalthough larvaelarvaelarvae cancancan successfullysuccessfullysuccessfully respondrespondrespond tototo cuescuescues andandand iniini
tiatetiatetiate metamorphosis,metamorphosis,metamorphosis, theytheythey areareare unableunableunable tototo completecompletecomplete ititit (Fig.(Fig.(Fig. 
4).4).4). ThisThisThis observationobservationobservation suggestssuggestssuggests thatthatthat factorsfactorsfactors controllingcontrollingcontrolling thethethe 
abilityabilityability tototo initiateinitiateinitiate metamorphosismetamorphosismetamorphosis areareare distinctdistinctdistinct fromfromfrom thosethosethose 
controllingcontrollingcontrolling thethethe abilityabilityability tototo completecompletecomplete it.it.it. Possibly,Possibly,Possibly, asasas thethethe 

ini-

populationpopulationpopulation ofofof larvaelarvaelarvae continuecontinuecontinue swimming,swimming,swimming, aaa largerlargerlarger porpor
tiontiontion depletedepletedeplete theirtheirtheir energyenergyenergy reservesreservesreserves beyondbeyondbeyond thethethe amountamountamount 

por-

de-neededneededneeded tototo completecompletecomplete metamorphosis.metamorphosis.metamorphosis. ThisThisThis energeticenergeticenergetic dede
pendencypendencypendency isisis furtherfurtherfurther supportedsupportedsupported bybyby thethethe observationobservationobservation thatthatthat 
larvaelarvaelarvae diediedie atatat variousvariousvarious stagesstagesstages duringduringduring metamorphosis.metamorphosis.metamorphosis. 

Thus,Thus,Thus, forforfor aplanktotrophicaplanktotrophicaplanktotrophic bryozoanbryozoanbryozoan larvae,larvae,larvae, abilityabilityability tototo 
initiateinitiateinitiate metamorphosismetamorphosismetamorphosis appearsappearsappears independentindependentindependent ofofof energyenergyenergy 
reservesreservesreserves andandand maymaymay dependdependdepend ononon degradationdegradationdegradation ofofof somesomesome keykeykey 
elementelementelement ininin thethethe receptorreceptorreceptor pathwaypathwaypathway responsibleresponsibleresponsible forforfor sitesitesite recrec
ognition.ognition.ognition. InInIn contrast,contrast,contrast, abilityabilityability tototo completecompletecomplete metamorphosismetamorphosismetamorphosis 

rec-

in-maymaymay dependdependdepend ononon larvallarvallarval energyenergyenergy reservesreservesreserves and,and,and, therefore,therefore,therefore, inin
directlydirectlydirectly ononon thethethe durationdurationduration ofofof thethethe larvallarvallarval swimmingswimmingswimming period.period.period. 

InInIn lightlightlight ofofof recentrecentrecent studiesstudiesstudies ononon thethethe uptakeuptakeuptake ofofof dissolveddissolveddissolved 
organicorganicorganic mattermattermatter (DOM)(DOM)(DOM) ininin invertebrateinvertebrateinvertebrate larvaelarvaelarvae (Langdon,(Langdon,(Langdon, 

Mana-1983;1983;1983; Manahan,Manahan,Manahan, 1983,1983,1983, 1989,1989,1989, 1990;1990;1990; JaeckleJaeckleJaeckle andandand ManaMana
han,han,han, 1989a,1989a,1989a, b;b;b; ShillingShillingShilling andandand Manahan,Manahan,Manahan, 1990;1990;1990; WelbornWelbornWelborn 
andandand Manahan,Manahan,Manahan, 1990;1990;1990; RonnestadRonnestadRonnestad etetet al.al.al. 1992;1992;1992; FenauxFenauxFenaux etetet 
al., 1994;aI.,aI., 1994;1994; Hoegh-Guldberg,Hoegh-Guldberg,Hoegh-Guldberg, 1994;1994;1994; Jaeckle,Jaeckle,Jaeckle, 1994,1994,1994, 1995b),1995b),1995b), 

po-discussionsdiscussionsdiscussions ofofof larvallarvallarval energeticsenergeticsenergetics mustmustmust incorporateincorporateincorporate thethethe popo
tentialtentialtential metabolicmetabolicmetabolic contributionscontributionscontributions ofofof thisthisthis alternativealternativealternative energyenergyenergy 
source.source.source. ItItIt shouldshouldshould bebebe emphasized,emphasized,emphasized, however,however,however, thatthatthat althoughalthoughalthough 
thethethe transporttransporttransport ofofof DOMDOMDOM bybyby larvaelarvaelarvae isisis wellwellwell established,established,established, thethethe 

rele-metabolicmetabolicmetabolic useuseuse ofofof thisthisthis additionaladditionaladditional energyenergyenergy poolpoolpool andandand itsitsits relerele
vancevancevance tototo larvallarvallarval ecologyecologyecology remainremainremain equivocalequivocalequivocal (Pechenik,(Pechenik,(Pechenik, 
1990;1990;1990; Jaeckle,Jaeckle,Jaeckle, 1995a).1995a).1995a). ExperimentsExperimentsExperiments areareare neededneededneeded thatthatthat 

swim-comparecomparecompare metamorphicmetamorphicmetamorphic competence,competence,competence, maximummaximummaximum swimswim
mingmingming duration,duration,duration, andandand sizesizesize afterafterafter metamorphosismetamorphosismetamorphosis betweenbetweenbetween 
individualsindividualsindividuals thatthatthat havehavehave accessaccessaccess tototo DOMDOMDOM andandand thosethosethose thatthatthat 
dododo not.not.not. 

Lophophorc purumeters: e@cts undLophophoreLophophore sublethalparameters:parameters: sublethalsublethal effectseffects theirandand theirtheir 
to,juvcnilc,fitnc~sspotentialpotentialpotential costscostscosts tojuvenile/itnesstojuvenile/itness 

meta-InInIn additionadditionaddition tototo thethethe lethallethallethal costs,costs,costs, suchsuchsuch asasas thethethe losslossloss ofofof metameta
com-morphicmorphicmorphic competencecompetencecompetence andandand thethethe inabilityinabilityinability ofofof larvaelarvaelarvae tototo comcom

pletepleteplete metamorphosis,metamorphosis,metamorphosis, theretherethere existexistexist moremoremore subtle,subtle,subtle, sublethalsublethalsublethal 
costscostscosts tototo juvenilejuvenilejuvenile fitness.fitness.fitness. TheseTheseThese resultsresultsresults documentdocumentdocument thatthatthat 

lar-meanmeanmean sizesizesize ofofof thethethe ancestrularancestrularancestrular lophophorelophophorelophophore decreasesdecreasesdecreases asasas larlar
valvalval swimmingswimmingswimming periodperiodperiod increasesincreasesincreases (Table(Table(Table II,II,II, Figs.Figs.Figs. 5a,5a,5a, b,b,b, c).c).c). 

sig-AfterAfterAfter aaa larvallarvallarval swimmingswimmingswimming periodperiodperiod ofofof 282828 h,h,h, theretherethere werewerewere sigsig
nificantnificantnificant reductionsreductionsreductions ininin allallall parametersparametersparameters ofofof thethethe lophophore.lophophore.lophophore. 

demon-SublethalSublethalSublethal costscostscosts tototo juvenilejuvenilejuvenile fitnessfitnessfitness havehavehave alsoalsoalso beenbeenbeen demondemon
stolon~~ru al.,stratedstratedstrated forforfor thethethe congenercongenercongener B.B.B. (Woollacottstolon((erastolon((era (Woollacott(Woollacott etetet aI.,aI., 

Bulumts umphitrite1989)1989)1989) andandand thethethe barnaclebarnaclebarnacle BalanusBalanus (Pechenikamphitriteamphitrite (Pechenik(Pechenik etetet 
al., 1993).aI.,aI., 1993).1993). TheTheThe observedobservedobserved reductionreductionreduction ininin lophophorelophophorelophophore sizesizesize 

parti-maymaymay affectaffectaffect thethethe abilityabilityability ofofof ancestrulaeancestrulaeancestrulae tototo clearclearclear foodfoodfood partiparti
clesclescles fromfromfrom theirtheirtheir surroundingsurroundingsurrounding medium.medium.medium. TheTheThe surfacesurfacesurface areaareaarea 
andandand volumevolumevolume ofofof thethethe lophophorelophophorelophophore havehavehave notnotnot beenbeenbeen examinedexaminedexamined 
explicitlyexplicitlyexplicitly asasas variablesvariablesvariables ininin bryozoanbryozoanbryozoan feedingfeedingfeeding rates,rates,rates, althoughalthoughalthough 



posi-thethethe heightheightheight ofofof thethethe lophophorelophophorelophophore hashashas beenbeenbeen shownshownshown tototo bebebe posiposi
tivelytivelytively correlatedcorrelatedcorrelated withwithwith particleparticleparticle velocityvelocityvelocity (Best(Best(Best andandand Thorpe,Thorpe,Thorpe, 
1986).1986).1986). TheTheThe observedobservedobserved decreasedecreasedecrease ininin heightheightheight (Fig.(Fig.(Fig. 5a)5a)5a) maymaymay 

ancestru-havehavehave aaa markedmarkedmarked effecteffecteffect ononon competitivecompetitivecompetitive abilityabilityability ofofof ancestruancestru
fash-lae,lae,lae, becausebecausebecause larvaelarvaelarvae commonlycommonlycommonly recruitrecruitrecruit ininin aaa clumpedclumpedclumped fashfash

al., 199 1).ionionion (Keough,(Keough,(Keough, 1984;1984;1984; RobertsRobertsRoberts etetet aI.,aI., Furthermore,1991).1991). Furthermore,Furthermore, 
( 1987)KeoughKeoughKeough found(1987)(1987) foundfound thatthatthat postmetamorphicpostmetamorphicpostmetamorphic mortalitymortalitymortality 

ofofofBugulaBugulaBugula neritinaneritinaneritina isisis asasas highhighhigh asasas 70%70%70% withinwithinwithin thethethe firstfirstfirst week.week.week. 
HeHeHe attributedattributedattributed thisthisthis highhighhigh mortalitymortalitymortality rateraterate tototo microhabitatmicrohabitatmicrohabitat 

post-differences,differences,differences, butbutbut furtherfurtherfurther evaluationevaluationevaluation ininin thethethe contextcontextcontext ofofof postpost
metamorphicmetamorphicmetamorphic conspecificconspecificconspecific competitioncompetitioncompetition isisis needed.needed.needed. Also,Also,Also, 

in occurs abecausebecausebecause reproductionreproductionreproduction B.inin B.B. neritinaneritinaneritina onlyoccursoccurs onlyonly afterafterafter aa 
a minimum (cu. bifur-colonycolonycolony reachesreachesreaches certainaa certaincertain sizeminimumminimum sizesize 7(ca.(ca. 77 bifurbifur

total in colonial ma-cations)cations)cations) andandand reproductivetotaltotal reproductivereproductive outputoutputoutput inin colonialcolonial mama
rine is a function of overallorganismsrinerine organismsorganisms isis aa functionfunction ofof colonyoveralloverall colonycolony sizesizesize 

1989) individuals with a to(Keough,(Keough,(Keough, 1989),1989), individualsindividuals withwith greateraa greatergreater abilityabilityability toto 
food will attain the threshold sooner.gathergathergather foodfood willwill attainattain reproductivethethe reproductivereproductive thresholdthreshold sooner.sooner. 

My results demonstrate that the duration ofMyMy resultsresults demonstratedemonstrate increasingthatthat increasingincreasing thethe durationduration ofof 
larval swimming in the aplanktotrophic larvae of B. ner-larvallarval swimmingswimming inin thethe aplanktotrophicaplanktotrophic larvaelarvae ofofB.B. nerner
itina causes a marked decrease in whichititinaina causescauses aa markedmarked decreasedecrease lophophoreinin lophophorelophophore size,size,size, whichwhich 
may ultimately fitness.maymay compromiseultimatelyultimately compromisecompromise colonycolonycolony fitness.fitness. 

This demonstrates the effects of extendedstudyThisThis studystudy clearlyclearlyclearly demonstratesdemonstrates thethe effectseffects ofofextendedextended 
larval swimming on the and develop-larvallarval swimmingswimming onon metamorphosisthethe metamorphosismetamorphosis andand developdevelop
ment of structures in marine invertebrates.mentment postlarvalofof postlarvalpostlarval structuresstructures inin marinemarine invertebrates.invertebrates. 
The lethal and sublethal effects accrued to individuals asTheThe lethallethal andand sublethalsublethal effectseffects accruedaccrued toto individualsindividuals asas 
a result of events that occur during the larval period haveaa resultresult ofofeventsevents thatthat occuroccur duringduring thethe larvallarval periodperiod havehave 
also been shown in fish (McCormick and Molony, 1992)alsoalso beenbeen shownshown inin fishfish (McCormick(McCormick andand Molony,Molony, 1992)1992)
and amphibians (Audo et al., 1995). Understanding theandand amphibiansamphibians (Audo(Audo etet al.,al., 1995).1995). UnderstandingUnderstanding thethe 
scope of these effects in marine invertebrates as well as scopescope ofof thesethese effectseffects inin marinemarine invertebratesinvertebrates asas wellwell asas
fish and amphibians will require studies ofthe physiolog-fishfish andand amphibiansamphibians willwill requirerequire studiesstudies ofofthethe physiologphysiolog
ical underpinnings of these effects and the costs to juve-icalical underpinningsunderpinnings ofof thesethese effectseffects andand thethe costscosts toto juvejuve
nile fitness.
nilenile fitness.fitness. 

Acknowledgments
AcknowledgmentsAcknowledgments 

I thank Sherry Reed at the Smithsonian Marine Sta-
II thankthank SherrySherry ReedReed atat thethe SmithsonianSmithsonian MarineMarine StaSta

tion at Link Port, Fort Pierce, Florida, for generously col-
tiontion atat LinkLink Port,Port, FortFort Pierce,Pierce, Florida,Florida, forfor generouslygenerously colcollecting all the animals used in these experiments. Colleen
lectinglecting allall thethe animalsanimals usedused inin thesethese experiments.experiments. ColleenColleenCavanaugh, Edward Seling, Michael Temkin, and Rob-
Cavanaugh,Cavanaugh, EdwardEdward Seling,Seling, MichaelMichael Temkin,Temkin, andand RobRobert Woollacott (all of Harvard University) provided
ertert WoollacottWoollacott (all(all ofof HarvardHarvard University)University) providedprovidedthoughtful discussions and comments. Jan Pechenik 
thoughtfulthoughtful discussionsdiscussions andand comments.comments. JanJan PechenikPechenik(Tufts University) and an anonymous reviewer offered 
(Tufts(Tufts University)University) andand anan anonymousanonymous reviewerreviewer offeredofferedvaluable comments and criticisms that greatly improved
valuablevaluable commentscomments andand criticismscriticisms thatthat greatlygreatly improvedimprovedthis paper.
thisthis paper.paper. 

Literature Cited 
LiteratureLiterature CitedCited 

Audo, M.C.,T. M. Mann,T. L. Polk,C. M. Loudenslager, W. J. Diehl, 
Audo,Audo, M.M. c.,c., T.T. M.M. Mann,Mann, T.T. L.L. Polk,Polk, C.C. M.M. Loudenslager,Loudenslager, W.W. J.J. Diehl,Diehl, 

andand R.R. Altig.Altig. 1995.1995. FoodFood deprivationdeprivation duringduring differentdifferent periodsperiods ofof 
and R. Altig. 1995. Food deprivation during different periods of 
tadpole (Hyla chrysoscelis) ontogeny affects metamorphic perfor-
mance differently. Oecologica 103: 5 18-522.tadpoletadpole (Hyla(Hyla chrysoscelis)chrysoscelis) ontogenyontogeny affectsaffects metamorphicmetamorphic perforperfor
mancemance differently.differently. OecologicaOecologica 103:103: 518-522.518-522.Best, M. A., and J. A. Thorpe. 1986. Feeding-current interaction and 

Best,Best, M.M. A.,A., andand J.J. A.A. Thorpe.Thorpe. 1986.1986. Feeding-currentFeeding-current interactioninteraction andandcompetition for food among the bryozoan epiphytes of Fucus ser-
competitioncompetition forfor foodfood amongamong thethe bryozoanbryozoan epiphytesepiphytes ofof FucusFucus serserratw. Mar. Biol. 93: 37 1-375. 
ratus.ratus. Mar.Mar. BioI.BioI. 93:93: 371-375.371-375.Beyer, W. H. ed. 1987. CRC Handbook of Mathematical Sciences. 

Beyer,Beyer, W.W. H.H. ed.ed. 1987.1987. CRCCRC HandbookHandbook ol"Mathematicalol"Mathematical Sciences.Sciences. 
CRCCRC Press,Press, BocaBoca Raton,Raton, FL.FL. Pp.Pp. 160-161.160-161. 
CRC Press, Boca Raton, FL. Pp. I60- I6 I. 

Buss,Buss,Buss, L.L.L. W.W.W. 1979.1979.1979. interde-BryozoanBryozoanBryozoan overgrowthovergrowthovergrowth interaction-theinteraction-theinteraction-the interdeinterde
of Nafurependencependencependence competitionofofcompetitioncompetition forforfor spacespacespace andandand food.food.food. 281:NatureNature 281:281: 475-477.475-477.475-477. 

B.C. Jackson. 1981.Buss,Buss,Buss, L.L.L. W.,W.,W., andandand J.J.J. B.B. C.C. PlanktonicJackson.198I.Jackson.198I. PlanktonicPlanktonic foodfoodfood availabilityavailabilityavailability 
of J.andandand suspension-feedersuspension-feedersuspension-feeder abundance:abundance:abundance: evidenceevidenceevidence inofof inin situsitusitu depletion.depletion.depletion. 1.1. 

Mar. Biol. Eccol. I5 I - I6 1.Exp.Exp.Exp. Mar.Mar. BioI.BioI. 49:Ecol.Ecol. 49:49: 151-161.151-161. 
of in-Chia,Chia,Chia, F.-S.F.-S.F.-S. 1989.1989.1989. DifferentialDifferentialDifferential larvallarvallarval settlementsettlementsettlement benthicofof benthicbenthic marinemarinemarine inin

3- I2 Reproduction, Genetics, and qfvertebrates.vertebrates.vertebrates. Pp.Pp.Pp. in3-123-12 inin Reproduction.Reproduction. Genetics.Genetics. Distributionandand DistributionDistribution ofof 
Marine Orgunisms, and A &Olsen,MarineMarine J.Organisms,Organisms, J.J. S.S.S. RylandRylandRyland P.andand P.P. Tyler,AA Tyler,Tyler, eds.eds.eds. OlsenOlsenOlsen && Olsen,Olsen, 
Denmark.Denmark.Denmark. 

Fenaux, L., M. F. Strathmann, and R. R. Strathmann. 1994. Five testsFenaux,Fenaux, L.,L., M.M. F.F. Strathmann,Strathmann, andand R.R. R.R. Strathmann.1994.Strathmann.1994. FiveFive teststests 
of food-limited growth of larvae in coastal waters by comparisonsofof food-limitedfood-limited growthgrowth ofof larvaelarvae inin coastalcoastal waterswaters byby comparisonscomparisons 
of rates of development and form of Limnol. Ocw-ofof ratesrates ofof developmentdevelopment andand formform echinopleutei.ofof echinopleutei.echinopleutei. Limnol.Limnol. OcmOcm
nag. 39 89-94.nog.nog. 3939 89-94.89-94. 

Hadfield, M. G. 1978. Metamorphosis in marine molluscan larvae:Hadfield,Hadfield, M.M. G.G. 1978.1978. MetamorphosisMetamorphosis inin marinemarine molluscanmolluscan larvae:larvae: 
an analysis of stimulus and response. Pp l65- I75 in Settlement undanan analysisanalysis ofofstimulusstimulus andand response,response, PpPp 165-175165-175 inin SettlementSettlement andand 
Metamorphosis qfMarine Invertebrale Larvae, F.-S. Chia and M.MetamorphosisMetamorphosis ofofMarineMarine InvertebrateInvertebrate Larvae.Larvae. F.-S.F.-S. ChiaChia andand M.M. 
E. Rice, eds. Elsevier North-Holland, New York.E.E. Rice,Rice, eds.eds. ElsevierElsevier North-Holland,North-Holland, NewNew York.York. 

Highsmith, R. C., and R. B. Emlet. 1986. Delayed metamorphosis:Highsmith,Highsmith, R.R. c.,c., andand R.R. B.B. Emlet.Emlet. 1986.1986. DelayedDelayed metamorphosis:metamorphosis:
effect on growth and survival of juvenile sand dollars (Echinoidea:effecteffect onon growthgrowth andand survivalsurvival ofof juvenilejuvenile sandsand dollarsdollars (Echinoidea:(Echinoidea: 
Clypeasteroida). Bull. Mur. Sci. 39: 347-36 I.Clypeasteroida).Clypeasteroida). Bull.Bull. Mar.Mar. Sci.Sci. 39:39: 347-361.347-361. 

Hoegh-Guldberg, 0.1994. Uptake ofdissolved organic matter by lar-Hoegh-Guldberg,0.1994.Hoegh-Guldberg,0.1994. UptakeUptake ofofdissolveddissolved organicorganic mattermatter byby larlar
val stage of the crown-of-thorn starfish Acanlhasler plunci. Mar.valval stagestage ofof thethe crown-of-thorncrown-of-thorn starfishstarfish AcanthasterAcanthaster planci.planci. Mar.Mar. 
Biol. 120: 55-63.BioI.BioI. 120:120: 55-63.55-63. 

Jaeckle, W. B. 1994. Rates of energy consumption and acquisitionJaeckle,Jaeckle, W.W. B.B. 1994.1994. RatesRates ofof energyenergy consumptionconsumption andand acquisitionacquisition
by lecithotrophic larvae of Bugulu neriiina (Bryozoa: Cheilosto-byby lecithotrophiclecithotrophic larvaelarvae ofof BugulaBugula neritinaneritina (Bryozoa:(Bryozoa: CheilostoCheilosto
mata). Mar. Biol. 119: 5 17-523.mata).mata). Mar.Mar. BioI.BioI. 119:119: 517-523.517-523. 

Jaeckle, W. B. 1995a. Variation in the size, energy content, and bio-
Jaeckle,Jaeckle, W.W. B.B. 1995a.1995a. VariationVariation inin thethe size,size, energyenergy content,content, andand biobio

chemical composition of invertebrate eggs: correlates to the modechemicalchemical compositioncomposition ofof invertebrateinvertebrate eggs:eggs: correlatescorrelates toto thethe modemode 
of larval development. Pp. 49-78 in Ecolog~oJ‘Marine Invertebrareoflarvaloflarval development.development. Pp.Pp. 49-7849-78 inin EcologyEcology ol"Marineol"Marine InvertebrateInvertebrate 
Larvae, L. R. McEdward, ed. CRC Press, Boca Raton, FL.
Larvae,Larvae, L.L. R.R. MeEdMeEdward,ward, ed.ed. CRCCRC Press,Press, BocaBoca Raton,Raton, FL.FL. 

Jaeckle, W. B. 1995b. Transport and metabolism of alanine and pal-Jaeckle,Jaeckle, W.W. B.B. 1995b.1995b. TransportTransport andand metabolismmetabolism ofofalaninealanine andand palpal
mitic acid by field-collected larvae of Tedunia ignis (Porifera, De-
miticmitic acidacid byby field-collectedfield-collected larvaelarvae ofof TedaniaTedania ignisignis (Porifera,(Porifera, DeDe
mospongiae): estimated consequences of limited label transloca-
mospongiae):mospongiae): estimatedestimated consequencesconsequences ofof limitedlimited labellabel translocatransloca
tion. Biol. Bull. 189: 159- 167.
tion.tion. BioI.BioI. Bull.Bull. 189:189: 159-167.159-167. 

Jaeckle, W. B., and D. T. Manahan. 1989a. Amino acid uptake and
Jaeckle,Jaeckle, W.W. B.,B., andand D.D. T.T. Manahan.Manahan. 1989a.1989a. AminoAmino acidacid uptakeuptake andand 

metabolism by larvae of the marine worm Urechis calcpo (Echiura),
metabolismmetabolism byby larvaelarvae ofof thethe marinemarine wormworm UrechisUrechis caupocaupo (Echiura),(Echiura),
a new species in axenic culture. Biol. BUN. 176: 3 17-326. 
aa newnew speciesspecies inin axenicaxenic culture.culture. BioI.BioI. Bull.Bull. 176:176: 317-326.317-326.

Jaeckle, W. B., and D. T. Manahan. 1989b. Feeding by a “nonfeed-
Jaeckle,Jaeckle, W.W. B.,B., andand D.D. T.T. Manahan.Manahan. 1989b.1989b. FeedingFeeding byby aa "nonfeed"nonfeeding” larva: uptake of dissolved amino acids from seawater by leci-

ing"ing" larva:larva: uptakeuptake ofof dissolveddissolved aminoamino acidsacids fromfrom seawaterseawater byby lecileci
thotrophic larvae of the gastropod Haliotis rz@scen.s. Mar. Biol. 
thotrophicthotrophic larvaelarvae ofof thethe gastropodgastropod HaliotisHaliotis ru!escens.ru!escens. Mar.Mar. BioI.BioI.103: 87-89. 
103:103: 87-89.87-89.Keough, M. J. 1984. Kin-recognition and the spatial distribution of 

Keough,Keough, M.M. J.J. 1984.1984. Kin-recognitionKin-recognition andand thethe spatialspatial distributiondistribution ofoflarvae of the bryozoan Bugula neritina. Evohrrion 38: I42- 147. 
larvaelarvae ofof thethe bryozoanbryozoan BugulaBugula neritina.neritina. EvolutionEvolution 38:38: 142-147.142-147.Keough, M. J. 1987. Dispersal and population variation in the bryo-

Keough,Keough, M.M. J.J. 1987.1987. DispersalDispersal andand populationpopulation variationvariation inin thethe bryobryozoan Bagula neritina. Ecology 68: 199-2 IO. 
zoanzoan BugulaBugula neritina.neritina. Ecology68:Ecology68: 199-210.199-210.Keough, M. J. 1989. Variation in growth rate and reproduction of 

Keough,Keough, M.M. J.J. 1989.1989. VariationVariation inin growthgrowth raterate andand reproductionreproduction ofofthe bryozoan Bzcgulu neriiina. Biol. Bull. 177: 277-286. 
thethe bryozoanbryozoan BugulaBugula neritina.neritina. BioI.BioI. Bull.Bull. 177:177: 277-286.277-286.Langdon, C. J. 1983. Growth studies with bacteria-free oyster (Crus-

Langdon,Langdon, C.C. J.J. 1983.1983. GrowthGrowth studiesstudies withwith bacteria-freebacteria-free oysteroyster (Cras(Crassostrea gigas) larvae fed on semi-defined artificial diets. Biol. Ball. 
sostreasostrea gigas)gigas) larvaelarvae fedfed onon semi-definedsemi-defined artificialartificial diets.diets. BioI.BioI. Bull.Bull.164: 227-235. 
164:164: 227-235.227-235.Lucas, M. I., G. Walker, D. L. Holland, and D. J. Crisp. 1979. An 

Lucas,Lucas, M.M. I.,I., G.G. Walker,Walker, D.D. L.L. Holland,Holland, andand D.D. J.J. Crisp.Crisp. 1979.1979. AnAnenergy budget for the free-swimming and metamorphosing larva 
energyenergy budgetbudget forfor thethe free-swimmingfree-swimming andand metamorphosingmetamorphosing larvalarvaof Bulunus balanoides (Crustacea: Cinipedia). Mar. Biol. 55: 22 I -
ofof BalanusBalanus balanoidesbalanoides (Crustacea:(Crustacea: Cirripedia).Cirripedia). Mar.Mar. BioI.BioI. 55:55: 221221229. 
229.229.Manahan, D. T. 1983. The uptake and metabolism of dissolved 

Manahan,Manahan, D.D. T.T. 1983.1983. TheThe uptakeuptake andand metabolismmetabolism ofof dissolveddissolvedamino acids by bivalve larvae. Biol. BUN. 164: 236-250. 
Manahan, D. T. 1989. Amino acid fluxes to and from seawater inaminoamino acidsacids byby bivalvebivalve larvae.larvae. BioI.BioI. Bull.Bull. 164:164: 236-250.236-250. 
Manahan,Manahan, D.D. T.T. 1989.1989. AminoAmino acidacid fluxesfluxes toto andand fromfrom seawaterseawater ininaxenic veliger larvae of a bivalve (Crussostreu gigus). Mar. Ecol. 

axenicaxenic veligerveliger larvaelarvae ofof aa bivalvebivalve (Crassostrea(Crassostrea gigas).gigas). Mar.Mar. Ecol.Ecol.Prog. Ser. 53: 247-255. 
Prog.Prog. Ser.Ser. 53:53: 247-255.247-255.Manahan, D. T. 1990. Adaptations by invertebrate larvae for nutrient 

Manahan,Manahan, D.D. T.1990.T.1990. AdaptationsAdaptations byby invertebrateinvertebrate larvaelarvae forfor nutrientnutrientacquisition from seawater. Am. Zaol. 30: 147-60. 
acquisitionacquisition fromfrom seawater.seawater. Am.Am. Zool.Zool. 30:30: 147-60.147-60.McCormick, M. I., and B. W. Molony. 1992. Effects of feeding his-

McCormick,McCormick, M.M. I.,I., andand B.B. W.W. Molony.Molony. 1992.1992. EffectsEffects offeedingoffeeding hishistory on the growth characteristics of a reef fish at settlement. Mar. 
torytory onon thethe growthgrowth characteristicscharacteristics ofof aa reefreef fishfish atat settlement.settlement. Mar.Mar. 
BioI.BioI. 114:114: 165-173.165-173. 
Biol. 114: 165-173. 

mailto:rz@scen.s


Morgan,Morgan,Morgan, S.S.S. G.G.G. 1995.1995.1995. LifeLifeLife andandand deathdeathdeath ininin thethethe plankton:plankton:plankton: larvallarvallarval mortalitymortalitymortality 
219-321 of Marineandandand adaptation.adaptation.adaptation. Pp.Pp.Pp. in279-321279-321 inin EcologyEcologyEcology ofof InvertebrateMarineMarine InvertebrateInvertebrate 

Larvae, L.Larvae.Larvae. L.L. R.R.R. McEdward,McEdward,McEdward, ed.ed.ed. CRCCRCCRC Press,Press,Press, BocaBocaBoca Raton,Raton,Raton, FL.FL.FL. 
C., metamor-Morse,Morse,Morse, A.A.A. N.N.N. andc.,c., andand D.D.D. E.E.E. Morse.Morse.Morse. 1984.1984.1984. RecruitmentRecruitmentRecruitment andandand metamormetamor

phosisphosisphosis ofofof HaliotisHaliotisHaliotis larvaelarvaelarvae inducedinducedinduced bybyby moleculesmoleculesmolecules uniquelyuniquelyuniquely availableavailableavailable 
Mar. Biol.atatat thethethe surfacessurfacessurfaces ofofof crustosecrustosecrustose redredred algae.algae.algae. J.J.J. Exp.Exp.Exp. Mar.Mar. Ecol.BioI.BioI. Ecol.Ecol. 75:75:75: 

191-215.191-215.191-215. 
M. M. TheTheThe effectseffectseffects ofofof delayingdelayingdelayingOrellena,Orellena,Orellena, R.,M.M. R.,R., andandand J.J.J. Cancino.M.M. Cancino.Cancino. 1991.1991.1991. 

onlarvallarvallarval settlementsettlementsettlement metamorphosisonon metamorphosismetamorphosis andandand earlyearlyearly colonialcolonialcolonial growthgrowthgrowth ininin 
hyalina 16 Bry-CelleporellaCelleporellaCelleporella (Bryozoa:hyalinahyalina (Bryozoa:(Bryozoa: Cheilostomata).Cheilostomata).Cheilostomata). Pp.Pp.Pp. 309-3309-3309-3 II in66 inin BryBry

ozoa Living and Fossil, F. P. Bull. Sot. Nat.ozoaozoa LivingLiving andand Fossil.Fossil. F.F. Bigley,P.P. Bigley,Bigley, ed.ed.ed. Bull.Bull. Sci.Soc.Soc. Sci.Sci. Quest.Nat.Nat. Quest.Quest. 
Fr., M&n. HSl.,FrFr.... Mem.Mem. Saint-Herblain,HS1.,HS1., Saint-Herblain,Saint-Herblain, Nantes.Nantes.Nantes. 

Pawlik, J. R. 1992.Pawlik,Pawlik, J.J. R.R. Chemical1992.1992. ChemicalChemical ecologyecologyecology ofofof marinemarinemarine invertebrates.invertebrates.invertebrates. 
Oceanogr. Mar. Biol. Annu. Rev. 30: 213-335.Oceanogr.Oceanogr. Mar.Mar. BioI.BioI. Annu.Annu. Rev.Rev. 30:30: 273-335.273-335. 

Pawlik, J. R., and D. J. Mense. 1994. Larval food limita-Pawlik,Pawlik, J.J. R.,R., andand D.D. J.J. Mense.Mense. 1994.1994. transport,LarvalLarval transport,transport, foodfood limitalimita
of sabellariid poly-tion,tion,tion, ontogeneticontogeneticontogenetic plasticity,plasticity,plasticity, andandand thethethe recruitmentrecruitmentrecruitment ofsabellariidofsabellariid polypoly

chaetes. 275-286 in Reproduction and Development of MarinePp.chaetes.chaetes. Pp.Pp. 275-286275-286 inin ReproductionReproduction andand DevelopmentDevelopment ofofMarineMarine 
Invertebrates, W. H. Wilson, S. A. Stricker, and G. L. Shinn, eds.Invertebrates.Invertebrates. W.W. H.H. Wilson,Wilson, S.S. A.A. Stricker,Stricker, andand G.G. L.L. Shinn,Shinn, eds.eds. 
Johns Press,Baltimore.HopkinsJohnsJohns HopkinsHopkins UniversityUniversityUniversity Press,Press, Baltimore.Baltimore. 

Pechenik, J. A. 1980. Growth and energy balance during the larvalPechenik,Pechenik, J.J. A.A. 1980.1980. GrowthGrowth andand energyenergy balancebalance duringduring thethe larvallarval 
lives of three prosobranch gastropods. J. Exp. Mar. Biol. Ecol. 44:liveslives ofof threethree prosobranchprosobranch gastropods.gastropods. J.J. Exp.Exp. Mar.Mar. BioI.BioI. Ecol.Ecol. 44:44: 
l-28.1-28.1-28. 

Pechenik, J. A. 1990. Delayed metamorphosis of benthic marine in-Pechenik,Pechenik, J.J. A.A. 1990.1990. DelayedDelayed metamorphosismetamorphosis ofof benthicbenthic marinemarine inin
vertebrates: Does it occur? Is there a price to pay? Ophelia 32: 63-vertebrates:vertebrates: DoesDoes itit occur?occur? IsIs therethere aa priceprice toto pay?pay? OpheliaOphelia 32:32: 6363
94.94.94. 

Pechenik, J. A., and T. R. Ceruili. 1991. Influence of delayed meta-
Pechenik,Pechenik, J.J. A.,A., andand T.T. R.R. Cerulli.Cerulli. 1991.1991. InfluenceInfluence ofof delayeddelayed metameta

morphosis on survival, growth, and reproduction of the polychaetemorphosismorphosis onon survival,survival, growth,growth, andand reproductionreproduction ofof thethe polychaetepolychaete
Capitella sp. I. J. Exp. Mar. Biol. Ecol. 151: 17-27.
CapitellaCapitella sp.sp. I.I. J.J. Exp.Exp. Mar.Mar. BioI.BioI. Ecol.Ecol. 151:151: 17-27.17-27. 

Pechenik, J. A., and L. S. Eyster. 1989. Influence of delayed meta-
Pechenik,Pechenik, J.J. A.,A., andand L.L. S.S. Eyster.Eyster. 1989.1989. InfluenceInfluence ofof delayeddelayed metameta

morphosis on the growth and metabolism of young Crepidula for-morphosismorphosis onon thethe growthgrowth andand metabolismmetabolism ofof youngyoung CrepidulaforCrepidulafor
nicata (Gastropoda) juveniles. Biol. Bull. 176: 14-24.
nicata(Gastropoda)juveniles.nicata(Gastropoda)juveniles. BioI.BioI. Bull.Bull. 176:176: 14-24.14-24. 

Pechenik, J. A., and B. Fried. 1995. Effect of temperature on survival
Pechenik,Pechenik, J.J. A.,A., andand B.B. Fried.Fried. 1995.1995. EffectEffect ofof temperaturetemperature onon survivalsurvivaland infectivity of Echinostoma trivolvis cercariae: a test of the en-

andand infectivityinfectivity ofof EchinostomaEchinostoma trivolvistrivolvis cercariae:cercariae: aa testtest ofof thethe enenergy limitation hypothesis. Parisitology 111: 373-378. 
ergyergy limitationlimitation hypothesis.hypothesis. ParisitologyParisitology Ill:Ill: 373-378.373-378.

Pechenik, J. A., D. Rittschof, and A. R. Schmidt. 1993. Influence of
Pechenik,Pechenik, J.J. A.,A., D.D. Rittschof,Rittschof, andand A.A. R.R. Schmidt.Schmidt. 1993.1993. InfluenceInfluence ofofdelayed metamorphosis on survival and growth of juvenile barna-

delayeddelayed metamorphosismetamorphosis onon survivalsurvival andand growthgrowth ofof juvenilejuvenile barnabarna
cles Balanus amphitrite. Mar. Biol. 115: 287-294.
clescles BalanusBalanus amphitrite.amphitrite. Mar.Mar. BioI.BioI. 115:115: 287-294.287-294.

Roberts, D., D. Rittschof, E. Holm, and A. R. Schmidt. 1991. Factors
Roberts,Roberts, D.,D., D.D. Rittschof,Rittschof, E.E. Holm,Holm, andand A.A. R.R. Schmidt.Schmidt. 1991.1991. FactorsFactorsinfluencing initial larval settlement: temporal, spatial and surface 

influencinginfluencing initialinitial larvallarval settlement:settlement: temporal,temporal, spatialspatial andand surfacesurfacemolecular components. J. Exp. Mar. Biol. Ecol. 150: 203-2 I 1. 
molecularmolecular components.components. J.J. Exp.Exp. Mar.Mar. BioI.BioI. Ecol.Ecol. 150:150: 203-211.203-211.Ronnestad, I., H. J. Fyhn, and K. Gravningen. 1992. The importance

Ronnestad,Ronnestad, I.,I., H.H. J.J. Fyhn,Fyhn, andand K.K. Gravningen.Gravningen. 1992.1992. TheThe importanceimportance 

ofofof freefreefree aminoaminoamino acidsacidsacids tototo thethethe energyenergyenergy metabolismmetabolismmetabolism ofofof eggseggseggs andandand larvaelarvaelarvae ofofof 
maximus). Biol. 5 17-525.turbotturbotturbot (Scophthalmus(Scophthalmus(Scophthalmus maximmaxim Mar.us).us). Mar.Mar. 114:BioI.BioI. 114:114: 517-525.517-525. 

Rumriil, S.Rumrill,Rumrill, S.S. S.S.S. 1990.1990.1990. NaturalNaturalNatural mortalitymortalitymortality ofofof marinemarinemarine invertebrateinvertebrateinvertebrate larvae.larvae.larvae. 
OpheliaOpheliaOphelia 32:32:32: 163-198.163-198.163-198. 

set-Scheltema,Scheltema,Scheltema, R.R.R. S.S.S. 1974.1974.1974. BiologicalBiologicalBiological interactionsinteractionsinteractions determiningdeterminingdetermining larvallarvallarval setset
tlementtlementtlement ofofof marinemarinemarine invertebrates.invertebrates.invertebrates. ThalassiaThalassiaThalassia Jugos.Jugos.Jugos. 10:10:10: 263-296.263-296.263-296. 

Shilling,Shilling,Shilling, F.F. andM.,M., andandF. M., D.D.D. T.T.T. 1990.Manahan.Manahan. 1990.1990. ofearlyManahan. EnergeticsEnergeticsEnergetics ofof marineearlyearly marinemarine 
sea Strongylocentrotuspurpuratusdevelopmentdevelopmentdevelopment forforfor thethethe urchinsseasea urchinsurchins StrongylocentrotusStrongylocentrotus andpurpuratuspurpuratus andand 

Artemia Mar. Biol. 106:LytechinusLytechinusLytechinus pictuspictuspictus andandand thethethe crustaceancrustaceancrustacean sp.ArtemiaArtemia sp.sp. Mar.Mar. BioI.BioI. 106:106: 
119-128.119-128.119-128. 

1985. and larvalStrathmann,Strathmann,Strathmann, R.R.R. R.R.R. Feeding1985.1985. FeedingFeeding nonfeedingandand nonfeedingnonfeeding developmentlarvallarval developmentdevelopment 
Annu. Rev. Ecol.andandand life-historylife-historylife-history evolutionevolutionevolution ininin marinemarinemarine invertebrates.invertebrates.invertebrates. Annu.Annu. Rev.Rev. Ecol.Ecol. 

16: 339-36 I.Syst.Syst.Syst. 16:16: 339-361.339-361. 
Thorson, inverte-G.Thorson,Thorson, G.G. 1950.1950.1950. ReproductiveReproductiveReproductive ecologyecologyecology ofofof marinemarinemarine bottombottombottom inverteinverte

brates. Biol. Rev. 25: l-45.brates.brates. BioI.BioI. Rev.Rev. 25:25: 1-45.1-45. 
Vance, R. R. 1973. in in-Vance,Vance, R.R. R.R. On1973.1973. OnOn reproductivereproductivereproductive strategiesstrategiesstrategies marineinin marinemarine bottombottombottom inin

vertebrates. Am. Nat. 107: 353-36 I.vertebrates.vertebrates. Am.Am. Nat.Nat. 107:107: 353-361.353-361. 
Welhorn, J. R., and D. T. Manahan. 1990. Direct measurements ofWelborn,Welborn, J.J. R.,R., andand D.D. T.T. Manahan.Manahan. 1990.1990. DirectDirect measurementsmeasurements ofof 

sugar from seawater into molluscan larvae. Mar. Ecol. Prog.uptakesugarsugar uptakeuptake fromfrom seawaterseawater intointo molluscanmolluscan larvae.larvae. Mar.Mar. Ecol.Ecol. Prog.Prog.
Ser. 65: 233-239.Ser.Ser. 65:65: 233-239.233-239. 

Wendt, D. E., and R. M. Woollacott. 1995. Induction of larval settle-Wendt,Wendt, D.D. E.,E., andand R.R. M.M. Woollacott.1995.Woollacott.1995. InductionInduction oflarvaloflarval settlesettle
ment by KC1 in three species of Bugula (Bryozoa). Invert. Biol. 114:mentment byby KCIKCI inin threethree speciesspecies ofofBugulaBugula (Bryozoa).(Bryozoa). Invert.Invert. BioI.BioI. 114:114: 
345-351.345-351.345-351. 

Woollacott, R. M., and R. L. Zimmer. 1975. A placenta-Woollacott,Woollacott, R.R. M.,M., andand R.R. L.L. Zimmer.Zimmer. 1975.1975. simplifiedAA simplifiedsimplified placentaplacenta
like system for the transport of extraembryonic nutrients duringlikelike systemsystem forfor thethe transporttransport ofof extraembryonicextraembryonic nutrientsnutrients duringduring
embryogenesis of Bugula neritina. J. Morphol. 147: 355-371.embryogenesisembryogenesis ofof BugulaBugula neritina.neritina. J.J. Morphol.Morphol. 147:147: 355-377.355-377. 

Woollacott, R. M., and R. L. Zimmer. 1978. Metamorphosis of cellu-Woolla.:ott,Woolla.:ott, R.R. M.,M., andand R.R. L.L. Zimmer.Zimmer. 1978.1978. MetamorphosisMetamorphosis ofofcellucellu
larioid bryozoans. Pp. 49-63 in Settlement and Metamorphosis oflarioidlarioid bryozoans.bryozoans. Pp.Pp. 49-6349-63 inin SettlementSettlement andand MetamorphosisMetamorphosis ofof 
Marine Invertebrate Larvae, F.-S. Chia and M. E. Rice, eds.ElsevierMarineMarine InvertebrateInvertebrate Larvae.Larvae. F.-S.F.-S. ChiaChia andand M.M. E.E. Rice,Rice, eds.eds. ElsevierElsevier
North-Holland, New York.North-Holland,North-Holland, NewNew York.York. 

Woollacott R. M., J. A. Pechenik, and K. M. Imbalzano. 1989. Effects
WoollacottWoollacott R.R. M.,M., J.J. A.A. Pechenik,Pechenik, andand K.K. M.M. ImbaIzano.ImbaIzano. 1989.1989. EffectsEffects

ofduration oflarval swimming period on early colony developmentofofdurationduration oflarvaloflarval swimmingswimming periodperiod onon earlyearly colonycolony developmentdevelopment
in Bugula stolonijka (Bryozoa: Cheilostomata). Mar. Biol. 102:
inin BugulaBugula stoloniferastolonifera (Bryozoa:(Bryozoa: Cheilostomata).Cheilostomata). Mar.Mar. BioI.BioI. 102:102:
57-63.
57-63.57-63. 

Young, C. M., and F.-S. Chia. 1981. Laboratory evidence for delay
Young,Young, C.C. M.,M., andand F.-S.F.-S. ChiaoChiao 1981.1981. LaboratoryLaboratory evidenceevidence forfor delaydelayof larval settlement in response to a dominant competitor. Int. J.

ofof larvallarval settlementsettlement inin responseresponse toto aa dominantdominant competitor.competitor. Int.Int. J.J.Invertebr. Reprod. 3: 22 1-226. 
Invertebr.Invertebr. Reprod.Reprod. 3:3: 221-226.221-226.

Zimmer, R. L., and R. M. Woollacott. 1977. Metamorphosis, ances-
Zimmer,Zimmer, R.R. L.,L., andand R.R. M.M. Woollacott.Woollacott. 1977.1977. Metamorphosis,Metamorphosis, ancesancestrulae, and coloniality in bryozoan life cycles. Pp. 9 1- 142 in Biology

trulae,trulae, andand colonialitycoloniality inin bryozoanbryozoan lifelife cycles.cycles. Pp.Pp. 91-14291-142 inin BiologyBiology
of Bryozoans, R. M. Woollacott and R. L. Zimmer, eds. Academic 
ofofBryozoans.Bryozoans. R.R. M.M. WoollacottWoollacott andand R.R. L.L. Zimmer,Zimmer, eds.eds. AcademicAcademicPress,New York. 
Press,Press, NewNew York.York. 




