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‘ Factors controllmg epatlal dlstributlon were studled for 13 apecies of solitary
F aecldlane oeourrmg ln hard-bo‘ttom subtldel habltats") of the San Juan jalmtds, Waehington,
Larval respoheea to physlcal and biologlcal stimuli, predatnon sllt. competition with
. ‘fllmntous algae, ,defense mechanlsms and refuges from predatnon weref'all consldered
| The larvae -of spme’ speoles swam continucusly- until settlement but most\
dlsplayed & "hop and sink” swnmmlng pattern with amount of time spent resting or slnklng
» ‘belng greatest ;ust before settlement. All specles responded to !hadows by ’lncreasmg
Aac’tlvrty S RS '

Most larvee were. sensltlve to intensities of whlm light as low as 001 uE/m’/sec

: to 0. 05 uE/m’/sec lnbthe fleld P)(ura haustor larvae were able to detect llght at least to a

,‘ depth of 50 m. None responded to monocl‘lromatlc stlmull below 425 nm or above 625

_nm, and the peak sensmvmes of. most species were in the green region of the spectrum '

-

(500—600nm) R SO R oo
' Settlement dnstnbutuons wnth respect to llght and surface angle varied substantually

among specnes, and often correlated well with the dlstrlbutlons of adults in the field.

\ AThree specoes predominated in \non cryptic field habitats and the larvae of these were

more or less mdlfferent to llght Larvae of other species all showed a preferehce for
‘ shaded regions, and the adults of these occurred mostly on vertlcal surfaces or in
cryptlc habltats Although many mdnvndual Iarvae settled on downward facing surfaces
such surfaces were preferred over upward- facing ones in. only one species. Unlnke

compound ascrdlan larvae, none of the ecies 1nvestlgated waere photopositive, either at

rhatchmg or at settlemer\t

‘ Tadpole larvae of ascrdlans almost unwersally d:splay a shadow. response of

, unknpwn functlon-ln which upward swimming is mduced by a sudden decrease in llght :

_intensity. in a simple- laboratory experiment with 8 specnes tadpoles were offered

: cho:oes of ”optlmal" and "marginal” ‘habitats whlle being | mamtamed under conditions of

' L'contmuOUs llght contmuous dark or alternatmg rght and dark. Larvae induced to swim

' malntalned under constant light regimes, and the Iength of larval life was not significantly

different in the vanous treatments ‘It was concluded that the machanism by which larvae

,“u‘f"“
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' tested Algal overgrowth was aleo i

SO . £l

locete sheded habltats and overhengs is lndependent of the shadow reeponse _
’ Fleld transplants with hewly eetﬂed ;uvemle ascldians were used to test two \

hypotheses 1) Photonegetive behawor elde ascudlan tedpolee ln locatlng refuges from
dhcodihs ln aseidlans is timed to

‘ﬂr where |t not only .

. mcreased n'iortality but depreseed grothh retee‘durlng thefirst- twe weeka Common

subtudel snails, Margarites pupillus scraped ju,yenlles from the substretum wrth their
radulas while grazrng it was cohcluded that the juvemle stage is a very vulnereble period

" of the life cycle, and that: by seekmg sheded sltes. tadpoles are able to avoid several

.strong sources of mortality ,

Juvenile Pyura haustor transplanted to the field in three seasons (October
January June) showed strong seasonal dlfferences in survwal and growth Although
growth rates were hlghest an the June experlments survival was much higher in January,
_which.is nearer the normal spawnmg time of the species. In all seasons, shallow (2 m)
transplants experlenced very heavy mortality in both llght and shade. . L

Most of ther rocky sites were dommated by the stolldobranch ascidians, Pyura
haustar,lHancynthla lgabO/a, and Cnemldocarba fmmark/enSIs though*BoIten/a villosa"
and Stye/a g/bbsi/ also occurred at. most sutes Besndes oocasuonel lsolated individuals,
phlebobranchs were mostly foun:j -on soft bottoms and/or floatmg docks, where some
‘reached densmes as hngh as 1350 per mz,

Field transplants and Iabbratory feednng expenments demonstrated that the

cymatud gastropod Fus.ltntan oregonen.s'/s Ilmnts dlstnbutlom of most phlebobranchs by '

ellmlnatung them from areas where itis common F. oregonensis, whlch prefers ascndlans

over any other prey tested, Iocates ascndlans by random encounter and feeds by drilling
; .

a hole through the tunic with the radula and ;aws Three of the specaes that co—ocour -

‘with £. oregonenS/s have effectlve mechamsms for defendlng aghmst snall attack Two
" other specnes are able to survwe in the rocky subtidal by llvmg as eplzooutes on the
mvulnerable forms and talqng advantage of the defenses of their hosts Chemlcal
defénse mechanisms {vanadium and acid) are totally meffectwe against F_ oregonens/s
The defense mechanism of Ha/ocynt\h/a /gabOJa consrsts of long tunic spines With

N . . EN

plity on all slx specles. o
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'rocurvod spinom Pyura mustdr strnngthona its aiready luthury tunio by cmboddlng f‘

und wﬂm in'it. This species dto has nmall npinos mostly locnt‘d on the soft siphons.
‘Cmmldmrpa flnmrklensls may defcnd stnlf behaviorally by ﬂattoning ngainst the
wbstratum . .

-

In moat specuos,i small~scal}p—dnsmbution cornlatos well with larval bohavior'
‘ Nogttivo phototaxis at sattiemont intoraetu with substratum profurancos to result in the

observed fiald distributions. IR | R ﬁ
Savenl spoctcs occur ‘in dic'cfeté- single specnos aggregatnona ‘These

aggregstions are formad by gregarlous ésttiement of the larvae of Pyura haustor and

‘Chelyosoma productum while they are thought to be a consequence ¢ '
(due to brooding) in Corel//s mﬂ? and high concentrations of Iarvae in ASIPS Ko/ /0sa

v occurrmg on ﬂcatmg docks. Larvae of the eplzoove 'species, Boltenia wl/osa and Styd’a - -

_g/bbsli settle most readlly on the tumc of the prospectwe hos\ts and delay

metamorphosns in the absen;:e of these su_bstrata |
Vﬁlnerable.spééies d‘a?'nonstrating no strong substratum preferences (ég Ascidia
cal losa, Asc/dla paratrapa, Core/la willmeriana) are found mostly as sohtary mdwvduals

in. the fuelé’ It |s hypothesnzed that they persist in the subtidal because of thenr

unpredcctable drstnbutuon in space, and that the lack of substratum” specmcnty seen in

f 5

their larvae is an lmportant component of thns strategy , i

.4(4:1« ) Y _,<
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" HISTORY AND JUSTIFICATION OF THE PROBLEM

+

In order to study any aninﬁal, it must first be collected, and thié activity raqL.:i.re; i
: kﬁowledge of the coni_i:i,;;iohs whére‘th&animal is likely to be found 'Zoologists of _aﬂ
~kinds are therefore concerned ‘with animal distribution However, the “science of
Eéology, defined by Andrewartha and Birch (1954) as "the study of distribution "and
abundahée of'organisms", claims the bulk gf the task of unravelling proéesses und,er;iying
distributional patterris. ' ' '

Studies of anir&nal distribution in the'mariné environment have passed through at
least three developmental periods, with scientists in each period emphasizing a different |
conﬁolii'ng mechanism. Early in the bresént century, much of the observad pattern was
attributed ‘to d.if\ferentia'l. survival :Nifh' ’respeét to physical environmental . conditions:
Pelagic, |§rvaé/:yy ‘ref viewed pfimakily as. agents df dispersal, ?nd settlement was

. . L
consideregd random. Coleman ( 1*933) in an early study on factors producing intertidal

e o
el

.zonation verbalized this point of view:

: »

" "..spores of algae and larvae of barnacles are free in the sea, and are
apparently away from any influence that could affect their subsequent
zonation when settied between tide marks.” ,

o "The assumption is made, then, that larvae and spores, given

o ‘ suitable substratum, settle in a manner entirely at random in respect to
tide levels. The further assumption is made,that a.barnacle, or an alga,
once settled, never moves again.” v ,

o That the settling of a barnacle larva must in some cases be
practically instantaneous, and final, and not a matter of 'deliberation’ or
‘choice’, is shown by those individuals of Cthamalus ste//atus. which are
found above a predicted level of Extreme High Water Springs. These
barnacies can only have settled in n;gugh weather, when the seas were -
raising the splash zone.” R4 R

: "Zonation in the algae and barnacles, then, is the result of a
hit~or-miss method. If a spore or larva settles within the environment
which will suit it as an adult, it may survive. If it settles outside this
range, it will sooner or later die without maturing"(p. 472) :

Even as Coleman was penning. fhese words, a number of workers had ‘already'
accumulate}d prglimiﬁafy data on the behavior gf inveftabrate Iér,vae whiéh ‘would
ev;antual'l'i/ V;l:rovide' the impetus for reversing the "}andom'settlemenf hypothesis” (Colé
and Knight4Jc$n§s; 1939; Day and Wilson, 1934; Nelson, 1524: Wilson, 1928). The
activify of d;acumeﬁtiﬁg settlement behavior gained in po‘pufarity during tiwe 1950's ‘and
1960's and has continued to ilncreaseﬁ ever since {see reviews bY“‘Crisb, 1976; Meadows™
- angd Campbell, 1972i; Scheltema, 1974). Now, larvae in most n;\a‘jor' groups of benthic

. invertebrates are known to exhibit specific preferences during the process of '_s.it,e'



“selection. A major objective of the early investigations was that of understanding how
behavior helped control distributior. However, very. few workers pr'ovi'deo more than

bnef anecdotal descriptions of the patterns they. sought explain and the interaction of

- behavior with other controlling factors was seldom con ldered Now as interest has

shifted to ultrastructural studles of larval metamorphos:s ( g., Chia and Rice, 1978), ‘the
genetlcs of behavnor in larvae {Doyle, 1974), and chemical analysls of the substances to
‘ which larvae respond lHadfleld "1977; Morse et al, 1979) the. contnbutlon of “larval
behawor to distribution remains unglear for nearly all specuesl indeed, Moore (1975)- has-
recently resurrected the opinion that behavnor is subordlnate to currents .and other
factors in producmg the patterns observed in the sea. . ‘

In the lastitwo decades, while embryologlsts and mvertebrate zoolog:sts busily
studied the movements of larvae in glass laboratory dishes, field ecology expenenced a
major shlft in emphasis. Physical factors and the physiological tolerances of organisms, '
while ajways acknowledged, began to receive 'less a_ttentlon as determinants of v
distri.bution than biological interactions such as predatlon and competition. Ecologists
working primarily in the rocky intertidal zone (reviewed hy Connell, “‘l 872; Paine 1977)
and in the shallow subtidal of Britain (Kitching and Eblmg 1967) found that sessile animals
were convemently caged, transplanted, removed; and otherwise manipulated. The
| lsolation of factors by controlled experiments (as opposed to correlatlon studles) has
prov:ded clear explanatvons for many patterns of distribution commonly seen ‘on the
shore However larval behavnor belng nearly impossible to study in the field (but see
Young and Chia, 1982) has often been lgnored in these studles and random settisment,
as proposed by Coleman (1934) is implicitly assumed in most. '
| " The ma;or purpose of the preseht study was to fill in some of the gaps between
field and laboratory ecology by studymg benthic. ammals during aIl phases of their life
cycles R chose subtidal subjects since they are more representatlve of marine ammals
on the whole and their distributions are not comphcated by the vagaries of clumate
characterlstlc of terrestrial (and hence intertidal) systems. Asc:dlans were studied for
several reasons. Flrst preliminary observatlons indicated that although‘“ the 13 subtidal
species fr the San Juan Islands were similar in mode of reproduction and {arval
development thelr spatlal patterns were not ali the same. Second the larvae of ascldlans‘

4
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ara obtalned abundantly and rehably by ssmple laboratory techmques Thurd the tnme
between fertullzatcon and settlement is short SO Iarge humbers of larvae can -be
i successfully reared through metamorphosls Fourth, ascidians have seldom ‘been the
tsubjects of detanled ecologucal studles yet arg among the most common of epibenthic

.. Organisms. . T L )

vy

Smce it wes clear from the’ outset that | could not study all potentlal determmants

of dlstnbutlon | chose to emphasnze several whlch follovag prehmmary observatlons

seemed to be among the most |mportant These included larval photoresponse larval ‘

substratum selectnon predatlon on the adults and 1u\iemles snltatlon defense mechariisms,

and competmon wuth benthlc algae Tldal currents in the San Juan lslands are very strong

" because channels between Islands are often narrow and - tldal exchange is, Iarge The .

effect of currents in dlspersmg larva from. dense populatlon centers and in concentratmg .

larvae at gpecific sites also could be extremely lmportant Unfortunately thls factor-was

too complex to deal wjth'in the- time available.

Thls theS|s |s written in the form of four papers, each dealmg wnth one or more

L

factors which could influence ascidian \spatlal ‘dlstnbutlon. The ﬁrst (chapt_er»zl contalns a

brief review of. tadpole photoresponse and a comparativestudy> of larVal’responses to
‘ light and other physical factors. |t mcludes the first analysis of wavelength and mtensnty. ‘
thresholds in ascidian. larvae as well as a study of photoresponses .at settlement in 127

specues The second paper reports a sumple expenment which refutes th&concept that

the tadpole. shadow response functldns in S|te selectuon In the thll"d paper selettlve ]

4

pressures on juvemle ascrduans are analysed m controlled fleld experlments Hypotheses

are proposed and tested on the adaptive values of the photoresponses documented in

chapter 2, as wéll as seasonal reproductlon The last chapter |s the Iargest n it, 1

consider predatlon and larval substratum selectnon as lnteractlve determmants of

dlstrlbutnon and also dlSCUSS strategles (specnfncally defense mechamsms and the locatuon o

o£ refuges) by Wthh ascndlans persrst in the subtldal habltats where they occur '

Quantntatlve data on distributional patterns of all but one solltary ascvduan occurrlng in the

San Juan Islands are divided between chapters 2 and 5 Each paper. lS ‘written- m the

format required by the journal to which it will be or has been submltted.;
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_ in surveying the recont htorature and speaklng with  marine ecoloqnsts, l have
: bocome convuncgd that a rosurgance of mtorost\m larval ecology is begmmng Itis hopod
that the present attempt: to intagrata ljfe history studies with fuatd investigations of

pattern and prgcess wm contribute to thls movement m some small measure.

8. 4
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Il. LARVAL RESPONSES TO PHYSICAL PACTORS

A Comparative Study of*Spoﬂll Distribution and Larval Responses to Light.and ather
Physical Factors in 12 Species of Subtidel Solitary Ascidians from the Sen Juan Islands,
‘ | Washington \ 1
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ABSTRACT

mmko-MrmavaWNMufm
festures (e.g, mﬂmmmmwwm of 12 solitary ascidians, which
represent qmmmmrmmm Sen Juan islands of Washington Stats.
mmmwmmumwmmwawmm
.wmmmnwmm-mauofm.po.{i resting or sinking being grestest just
before settiement Al species responded to lhadowc by increasing their level of sctivity.

Most (srvae wers sensitive to intensities of white light as low as .01 uE/mi/sec
to 0.08 uE/m/sec. In the tisid, lsrvee of Pyura haustor were sble to detect light at least
to a depth of 50 m. None responded to monochromatic stimuli below 428 nnT or sbove
82% nm, and the pesk sensitivities of most species were in the green region of the
spectrum (500~600 nm). B

Settiement distributions with respect to light and surface angle varied substantially
: 8Mong species, snd often correlated well with the . distributions of aduits in the field.
three species predominated in ron-cryptic field habitats and the larvee of these were
more or less indifferent to light Tadpoles of other species showed a preference for
shaded regions the adults of these occurred mostly on vertical surfaces or in cryptic
habitats. Although:many individual larvae settled on downward-facing surfaces, such
surfaéas were not preferred over upwardwfacing ones except in one species. Unlike
compound ascidian larvae, none of the species investigated were photopositive, either at
hatching or at settlement



~ mrﬁoouorlon
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The asc:dnan tadpole a Iecrthotrophtc Iarval form% Wmch may remam in the plankton
for as httle as a few minutes or as much as seve;:i (;ays is thought to have evolved
pnmarcly for site selectlon and secondanly for d:spersal (Mullar 1966 Berrill,, 1950).
Many workers however consnder tagpoles vnrtually non- dlscrlmmatmg in their choice of
substratum and suggest thht‘ t;%pole behavior may be generahzed in terms of a sm:ble
." . repertonre of photoresponses not unlike those exhnblted by the Iarvae of other subtidal
mvertebrates {Thorson, 1964) Thus tadpoles are generally thought to be photopositive
.at te tlme of hatchnng or r,elease from the parent colony and g\otonegatwe just before
_ seﬁlement (Berrill; 1975). 1n addltnon most tadpoles dlspla)fa ‘'shadow response in which
they increase their activity, generally by swnmmmg upward when light intensity decreases
abruptly. '

©

. The estabhshed notlon thatutadpole photoresponse is virtually identical for all
speoies (Berrill, 1979) is hased phrnarrly on work with compound ascndnans (Grave 1920,
1836; Bernll 1948 1950 Grave and McCash 1823; Grave and Woodbndge 1824;
’Mast 1921 Cnsp and Ghobashy 1971 Abbott 1855) and the cosmopolitan solitary
specnes C/ona intestinalis Berrill, 194Z Castle, 1896; Dybern, 1963; Yamaguchi, 1970)
‘Besndes C intestinalis, thé only sohtar; species that have been studied are Molgula
KCItr/na tadpoles of which: have abbreviated larval life and no photoreceptors (Grave \.
.19286), Styela part/ta» and Stye/a montereyensis, tadpoles of which have reduced
photoreceptors (Grave, 1944; Young and Braithwaite, 1980b), ‘and Che/yosoma
proddctum, whose tadpoles display much more variabie .behavior than the larvae of
compound ascidians (Young and Braithwaite, 19803).‘ The behavior reported most
consistently in the literature is the shadow response which occurs in aII species
o mvestngated to date with the exception o‘? Metandrocarpa tay/ori {Abbott, 1955) and the
blind Mo/gu/a citrina (Grave, 1926). ‘

The present work doc:uments Iarval responses to physical factors particuiarly
light, ln ‘solitary- ascidians and relates these responses to patterns of distribution
observed in the field. Prevmus workers have used a variety of qualitative and quantitative

methods - for dooumenting tadpole photoresponse, making it difficult to separate

interspecific differences in behavior from the effects of différent experimental regimes.

- s
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I have- tned to avoid - this. problem by mvestlgatmg wsual thresholds, wavelength

sensmvmes and settlement dnstnbetnons under standardlzed condltlons for a number of

d:fferent spec:es Complete data, mcludlng both pre-settlement and settiement

responses are presented for 8 species, two in each of four. famihes Corellndae and

. Ascldndae in the order Phlebobranchla and §tyeludae and Pyuridae in- the order

Stolidobranchna Settlement behav;or is documented for four addmonal species.

Behav:oral data for two of these latter spec:es Chelyasoma productum and Styela

, montereyen515 have been reported in less complete form elsewhere (Young and

Braithwaite, 1980a, 1980b) Of the 15 solltary ascidians known to occur in Puget Sound

and the San Juan Islands, only the behavnor of three rare specaes, Pyura mirabilis,

Halocynthia aurantium and Mo/gu/a pugettensis, is not considered. However,

- preliminary distributional data are included for two of these. "
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MATERIALS AND METHODS
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COLLECTING SITES AND FIELD SURVEYS

" Aduit ascidians were collected by SCUBA or dredging at numerous 'rooky subtidal
sites in the San Juan Islands, Washington. A few species uncommon on'rocky substrata
were taken from floating docks in the town of Friday Harbor or.dredged from ‘muddy
bottoms at Hankin Point, Shaw Island or t.he "’Potato Patch” between Blakely and Shaw
Islands. ~Animals were maintained in runmng seawater aquarna prior to use, which was
usually withiri two weeks of collection. 4

Distributional patterns of ascidians were characterized during d:ves at a number

of rocky subtidal sites. This involved tabulating on slates the number of individuals in
three 'specific habitats (cobble and boulders, cliffs, rock reefs and outcroppings)
OCCurrlng on various organic and morgamc{ substrata at various depths, on surfaces
~ positioned. at different angles relative to the horlzontal and in holes, cracks, etc.
Substratum composition data .from these surveys will be presented elsewhere, together
with an account of tadpole substratum preferences (chapter 5); only animals Iiving on
"~ rock are included in the tables presented herein. For abundant species, surveys were
limited by following "transect lines- along isooaths or by recording a;l “individuals
encountered during one or a few dfves. Data for several rare species were compiled
' fro‘m field notes on all animals encountered between 1978 and 1982.

Most of the malrf study sntes were topographically heterogeneous with more than
one habitat type being found within swnmmlng distance. However, surveys were always |
limited to a single type of habitat on any given dive.- The sites ‘'wherg formal surveys
were conducted are classified as follows. Cobble and _boulders: Shady Cove, San Juan
Island (14-19 ‘m); Reuben Tarte Beach San Juan Island (8—21 m); Elbow Point, Saanich
lnist, B.C. (15 37 m); Lumekuln nght San Juan Island {6-24 m). Rock reefs and
outcroppings: Eagle Point, San Juan island (1—6 m); Cantilever Point, San Juan Istand
(15-27 m); Pole Pass, Crane Istand (3-12 m); Griffin Bay Reef (6-15 m); Bell Island (3 m).
Cliffs: Pt. George,-"Shaw Island (18-24 mi); Cantilever Pt, San Juan Island (18-24 m);_
Shady Cove, San Juan Island (3—14 m); Turn Island (5- 15 m); Long Island (28 m), : |

Two dives %/ere made at Saan.ich Inlet, B.C. in the research submersible, Pisces IV

(Fisheries and Oceans, Canada). On both dives, one to a dep’gh of 200 m at Elbow Point
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and one to 203 m at McCurdy Point, the submersible ascended cliffs, enabling me to not_e

whether the distributional patterns of ascidians varied at different depths (light levels).

LARVAL CULTURE

During the four years of this study, all but two of the species studied spawned in .

the laboratory on at least one occasion. | was able to induce spawning of Che/yosoma

productum, Corella wi//meriana and Corella inflata seasonally by exposing them to

light after 12 h of dark adaptation (Lambert et al., 1981; Young and Bralthwante 1980a)

Although .naturally spawned gametes were used . for behavioral experlments
whenever posslble at times | obtained gametes by dlssectnon Ascidia callosa collected
in the sprlng -and Ascidia paratropa collected in the spnng or summer often had
gonoducts full of mature eggs and sperm‘ These were easily obtained by removing the
tunic and puncturmg the gonoducts with a pipette. After placnng the gametes ina bowl
of seawater, ‘the water was decanted off and changed repeatedly to remove excess
sperm. In thesa species, nearly all of the eggs developed into normal tadpoles.

lGametes , of - the stolidobranch speoies, Pyt/ra haustor, *‘Stye/a gibbsii,
Cnemidocarpa f/;n\/nar,kiensis,\ Halocynthia igaboja, ‘Styela montereyensis, Styela
coriag:ea and Boltenia \;i//osa were obtained directly from the ovotestis. The animal was
sliced along ‘the mid saglttal plane with a razor blade and each half was removed from the""""
tunic. The gonad was exoosed by carefully peeling away the branchial basket and other

tissues, removed with a pair of forceps and placed with the gonad of at least one ather

individual on a piece of 253 or 295 um nitex mesh resting in a-bow! of seawater It was

then pressed through the nitex with the blunt end of the forceps (as suggested by RA.

~Cloney) This procedure separated the eggs from one another and also resulted in a'very

thick concentratlon of sperm and mucus which had to be removed in order to obtam‘
healthy tadpoles. Immediately after fertlllzatlon,‘most of the liquid in the culture was
removed by siphoning it through a filter of 100 um nitex submerged in the dish;, Fresh’
seawater was added and the vproc'ess was repeated until the water was relatively cjear.
After this, the eggs were aIlo\}ved to settle and the water was cnanged repeatedly during

the first 4-5 hours of development. In all, as many as 10 washings were sometimes

‘done. The washing procedure did not seem to harm the embryos'in a,ny‘ Wa.y. Indeed,
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- tadpoles wsth abnormal tails and other deformities were seen only in cultures which were
not carefully washed . '

Cultures were mamtamed in small‘ pyrex dishes of mtlhpore ﬂtered/;eaweter
_during the sprmg plankton bioom and in unfiltered water during the remalnder of the year.
Culture vessels and all experimental chambers were cooled to amblent seawater
temperature (7-14 degrees C dependmg on the tlme of year) by resting them in a
shallow aquanum of running seawater The contamers were removed only for brief

\

peruods in order to count or observe the animals.

VISUAL THRESHOLD EXPERIMENTS ' .

The shadow response was used as an indicator of sensitivity in experiments with
monochromatic light of different wavefengths and white light of different intensities.
Intensity thr‘_esholds were -determined as follows. ‘About 100'_ to 200 tadpoles,
dark-adpated for at least 10 Ymin, were pipetted into a petri dish of filtered seawater.
The dish"was placed on a"white surface under a dissecting microscope. Light from a
Bausch and Lomb projecting Iaboratory lamp, fitted with a general electric "CPR"
mcandescent bulb was reflected on the specumens from above by means of a msrrorlb )

' Cultures were maintained in small pyrexdnshes of filtered seawater intensity was .
~ measured with a quantum meter (Lambda Instrument Co., model ‘185). during the spring
plankton bloom and in"unfiltered water durmg the remainder Intensity levels below fthe\
sensitivity of the meter (0.1 uE/m’/sec) were obtamed by |mposmg calibrated” neutral
density filters in various combmatlons The rheostat on the pro jector was always used at
the. same setting in order to avoid changing the spectral charactenstucs of the hght
Beginning at the hnghest intensity level to be tested, | focussed on an-mdnvuduavl tadpole {or
its shadow, which was often more visible against the wwhite background) resting on the

bottom of the dish. | then interrupted the light beam for about 0.5 s with a black card,

and noted whether or not the ammal moved. Each larva was gnven two chances to

o respond lf it -did not move after the second trial, | recorded no response. This

* procedure was. repeated with each of 20 larvae at edach intensity level. After testing
larvae at the Iowest mtensﬁy (below the ascudlan visual threshold) | repeated the

experiment once again at an intermediate intensity to assure that the’ absence of response

~

B d :
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_ was not due to tadpole fatigue.or _adaptatl‘on.

The same setup as above was used for testing wavelength sensitivity, except ‘that

light of discrete wavelengths was ‘obtamed by insarting a: dlffl'aCthﬂ gratmg
‘ monochromator lBausch and Lomb, model 3;-3 86- -02; 9.6 nm bandpass 350 800 nm) in

front of the Ioght source. Sensntsvnty was tested at a single mtensuty ll 0 uE/m’/sec)»

between 700 and 425 nm, and at the highest mtensuty obtainable’ from 425 to 350 nm,

which was beyond the range of wavelengths detectable by the light meter. Since it was

- difficult to see the tadpoles by low intensity llght at some wavelengths, we used a laser’ *

(Spectra Physms model 155) as a supplementary llght source{ The laser produced a

: concentrated beam at 632.8 nm, which was near or beyond the upper visual threshold of
all 'tadpoles tested, and to which the iarvae did not respond I"aimed the laser at the base
of the plastic petrl dish from a distance of about. 1.0 m. The curvature of the dish
caused the beam to diffuse somewhat snlouettmg the tadpoles Tests were made at 25
nm increments from 350 to 700 nm, using 20 tadpoles at each wavelength. intensity
was not varied in these exper:ments because of time and material constraints. .

£

) SETTLEMENT EXPERIMENTS

Tadpole swnmmmgaeﬁwty was obsert/ed with a Wild M—-5 dlssectlng mncroscope .

The basic apparatus for ,settlmg experlments as descnbed prev:ously (Young and

Bralthwalte 1980a) consisted of 16 ml capacaty polystyrene petrl dishes (Ml”lpOl’B) with

>
tight-fitting fids. Each dish had a small hole drilled through the top near one side, so that
it could be fllled completely with seawater and tadpoles by means of a plpette Black
,' electrnmans tape covered all sides and half of the top. Dishes rested on a black slate ina

sshallow seawater table 25 cm below a 100 watt incandescent light bulb in a reflector.

The lamp continuously illuminated the dishes.at a minimum intensity.af50 uE/m?/sec; light

levels were higher than this during the day, prirnarily because of sunlight entering the

laboratory through large south-facing windows (Young and Chia, 1982b).. Larvae were
left in the dishes, undisturbed, "until mos't had settled, after which the dishes were
vopened, and the number settling in the various regions were counted under a dissecting
‘ rnicroscope. The regions available to tarvae included the light and dark sides of the dish

bottom and the underside of the lid. Larvae were also free to select between the "\e_dges"

.
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(where top or bottom meets the slde) and “the central reguons" of the dush +All species
 were subjected to exaotly the same treatment except for Halocynthia igaboja, whose
te'dpoles would not settle ori the emooth plastuc of the dish, For thisg specnes | sanded
the entire inside surface of each dish wrth fme sandpaper “This rendered the “clear” side
of the lid transluscent. - B . E . _
. To ‘se‘e if tﬁe responses of tadpolés womd\be sirnilar in the Iaboratory and under
field- regumes of light, pressure and temperature ~a series of seItImg expenments was
conducted with with Iarvae of Pyura haustor in the field. The usual half—shaded dishes of -
Iarvae were held to the top sndes of bricks wuth rubbbr bands Smali corks plugged the
pipette holes so the larvae could not swxm out The brlcks were placed on the bottom ’
‘near the Cantileve Pner, of Friday Harbor Laboratories at 5 15 and 35 m by diving. Am_
additional treatré\,t was Iowered to 50 m wuth a rope All experimeénts were recovered |

s

and scored after 1 wk.



RESULTS -

-

FIELD DISTRIBUTIONS ‘

In rocky subtldal habltats most ascuduans live on the bottoms of rocks, the sides
of rocks or in hales and cracks (Table ). Two specues Pyura mirabilis and Ascidia
callosa were oniy found on the underSIdes of cobble in the subtidal (4. callosa occurred
more commonly on floating docks), and another' uhcommon spec;es Stye/a coriacea was

only found in. cracks or on the bottoms of cobbles. Cnem/docarpa f/nmark/ens/s, and

-Pyura haustor were among the most abundant animals surveyed. Both lived pnmaruly on

_ vertical faces of rock outcropplngs and cliffs, where they generally occupled

depressions, cracks or the undersides of Iedges Two. species were found more

commonly on other ascidians than on rock: Bo/tenia villosa and Styela gibbsii (Young,

1980). ‘Where they did occur on rock, it was genrally in the same areas as Pyura

* haustor, though free—living 8. vi/losa were more, common onh open rock faces than in

cracks. U s
The distribution of Core//a /nf/ata was very patchy, and alt. mdwnduals found were

on’ cliff faces or under large overhangs. All 6 individuals of the congenenc species; C.

willmeriana, were found as isolated mdlwduals on cliffs. By contrast, the third corellid

considered, ’Che/yosomah productum, occUpted exposed rather than cryptic sites and only
2 of 62 individuals were attached to rock cliffs, though some did occur on chffs
attached to other species (chapter B).

' df The largest. ascudlans were most commonly found in the open Halocynthia

aurantium were on the open sides of large boulders or .outcroppmgs and Ascidia

-paratropa lived on cliffs, boulders and reefs. Halocynthia igaboja, though often

" associated with small cracks on cliffs, was almost never overhung by ledges,.and in most

cases wae effectively 'e>§‘posed. -Large body sizetnay inhibit all three of these species

from inhabiting‘ the undersides of rocks. In vcontrast to these subtidal distributions, both

Ha/ocynth/a aurant/um and Asc1dla paratropa were occasuonally found on the bottom .of

’the floating breakwater at Friday Harbor Labs, though they were never seen on the sides

of the same breakwater”" . oo
Styela montereyensis, characteristically an open coast form, seldom occurs in the
San Juan Islands. Its distribution (primarily on upward facing surfaces or in surge

-
’ . N



‘ Table I. :
Field distributions of 13 solitary ascidian species, tabulated by
habitat type, surface angle and surface expostre. "Upper" and "Lower"
refer to horizontal or slightly sloping surfaces. '"Open" indicates a
smooth substratum and “Crack" indicates a _hole, crack or other surface

, 1rregu1arity.
' Species and ,.Ve‘rtmical Surfaces Upper Surfaces ther Surfaces
Hiabitat Type open crack open crack -
Corella inflata ‘ -4
" cobble; boulders 0] 0 I 0
‘ reefs | 0: 0 0 0
cliffs ' 19 0 0 0 12
(TOTALS) 19 ‘0 0 0 12
Corella willmeriana
cobble, boulders 0 0 0 0 0
reefs ' o 0 0] 0 0
cliffs 4 1 1 0 0
(TOTALS) . 4 1 1 0 0
Chelyosoma productum
cobble, boulders. 0. 0 0 0 -0
reefs - ° 31 1 23 5 0.
cliffs 0 0 2 . 0 0
'('I‘OTALS) 31 1 25 5 0
Ascidia callosa
cobble, boulders 0 0 0] 0 4
reefs ‘ 0 0 0 0 0
cliffs 0 0 0 0 0
0 0 0 0 4

(TOTALS)
1

(coﬁ.t:inued ced)



Table I. (continued) .

Species and Vertical Surfaces Upper Surfaces Lower §ur£acgs

Habitat Type open crack open crack

Ascidia paratropa

cobﬁie, boulders 0 0 2 0 §p*0
reefs 0 0 1 0 0
cliffs 2 0 2 0 0
(TOTALS) 2 0 5 0 0
Styela gibbsii »
cobble, boulders 0 0 . 0 0 0
reefs 0 -6 * 0 0 ) 4
cliffs _4 0 0 0 0
(TOTALS) 4 6 0 0 4
Styela coriacea '
cobble, boulders 0 0 0 3 4
reefs 0 0 0 0 0
cliffs .0 0 0 0 0
(TOTALS) 0 0 0 3 4
Cnemidocarpa finmarkviensis
cobble, boulders 0] 0 0 0 1
reefs o 13 48 1 9 32
cliffs 3 ‘ 4 0 0 _l
7 (totaLs) 16 52 1 9 34
yura haustor o, _
cobble, boulders 31 0 9 0 9
reefs 0 142 - 0 - 76 36
cliffs a8 0 o 3
(TOTALS) - 62 223 9 76 48

(continued...).
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Table I. (continued)

Species and i, Vertical Surfaces Uppér Shrfacea Lower Surfaces

Habitat Type open  cracks open cracks

Pyura mirabilis

cobble, boulders O 0 o 0 6
reefs 0 0 0 0 0
cliffs 0 0 0. 0 0
(TOTALS) 0 0 0 0 6
Boltenia villggg . .
¢obble, boulders 3 0 0 0 0
. reefs 10 3 2 1 4
cliffs . 3 0 0 0 2
(TOTALS) .~ .16 3 2 1 6
Haloczgthia.igaboja . _
cobble, boulders 8 .0 3 0 1
reefs | 2 3 0 0 2
cliffs i & o 0 3
(TOTALS) RS 3 0 6
Halogyhthia aurantium
cobble, boulders 2 0 0 0 0
reefs ' 2 0 1 0 0
cliffs L 0 0 9 0
4 0 1 0 0

(TOTALS)




channels) has been discussed sisewhere (Young and Braithwaite, 1980b).

The species composivtion of ascidians in Saanich Inlet is different from that seen
in the San Juan Islands. Therefore, submersible observations were made mostly on
animals which | did not study in the laboratory. Pyura haustor, Ciona intestinalis,
Bathypera sp. and Ascidia ceratodes all occurred down to the anoxic zone of Saanich
Inlet at about 90 m (V. Tunnicliffe, personal communication). Of t.hese. Bathypera was
commonly found on open cliff faces, while the others were mostly limited to holes and

the undersides of ledges. ‘]‘L\

PRE-SETTLEMENT BE HAV) OR: GENERAL OBSERVAT/ONS

At the time of hatching, larvae displayed several different activity patterns. All
species developed a shadow response within the first 2 hours, and most showed a
marked tendency to swim upward ifnmgdiately after hatching. In Bo/tenia villosa, Pyura
haustor, Styela montereyensis and Cnemidocarpa finmarkiensis, swimming generally .
occurred in short bursts which often carried the larvae to the surface, and which were
generally followed by resting periods in which the iarvae sank passively, head downward,
through the water column to either rest on the bottom or begln swimming once again.
Corella inflata, Ascidia callosa, Asc;d/a paratropa Chelyosoma productum and Styela
- gibbsii often swam continuously durmg the first few hours. A. paratropa demonstrated
no apparent' photéresponse‘during this period, but the other four species all Sbcqmulated
near the dark sides of the bowl. By 24 hours, Styela gibbsii and Chelyosoma prodbbium
| tadpoles spent most of their time resting on the dish bbttbm, though S. gibb:sii in some\'
cultures cbntinued to swim against the dark side at the surface for several days. Corel/a
inflata sometimes swam continuously until settlement, which usually obcurréd within 24
hours. Surprisingly, Ascidia callosa and A. paratropa, which \‘dela-y metamorphosis for a
mudh longer time, may also swim for the duration of their Iaf% al life. Several cult.urevs of
A. callosa were watched caf_efully for a period of 10 days. Metamorphosis was
discouraged in the majority of these animals by maintaining them in very clean dishes of -
mill}pbre filtered seawater. Although no observations were made at night, most larvae
swam continuously during daylight hours. For the first 24 hours, they mostly
congregated against the darker side ofrthe dish. When mixed up with a glass rod, they

-
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reaggregated in the dir'k v;lithin one hour. Following the first day, the larvae continued to

~swim up, but their photonegative rosporiu was more feeble. Stirred cuitures often took
several hours to reaggregated agaihst the dark side of the dish. Nevertheless, in
undisturbed cultures, the majority of animals avoided the light until day’ 10, after which
they rested on the bottom more frequently. The congener of Ascidia callosa, A.
paratrops, did not demonstrate such\ strong negative phototaxis. %hough most larvae
eventually settied on shaded substrata, the early swinwning' behavior was characterized by
upward Qwimming without apparent regard for light.

| did not observe a photopositive period in the life of any tadpole species,
including Corella inflata, for which such a -phas‘e‘ has been re;;orted (Lambert and
Lambert, 1978).

Ascidian tadpoles rotate as they swim, and seldom navigate an entireiy straight
path. Animals swimming horizontally in culture disheé do not turn around when contacting
the sides. Instead, they generally continue swimming, following the side of the dish to
the’ surface. Consequently, the region near the air-water interface is often crowded with

larvae, both’before and at settlement.

PRE-SETTLEMENT BEHAVIOR: VISUAL THRESHOLDS

Tadpoles of most species were able to' detect and respond to white light
intensities as low as 0.02 uE/m?*/sec (Fig. 1). Only Ascidia cal/osa was clearly sensitive to
-intensities below this level. Styela' gibbsii, which bhas_ a reducec; photoreceptor like other
styelids, had the highest lower threshold, at about 0.05 uE/m?/sec. C. finmarlA'iensis, a
styelid whose photolith is similér to that of S. gibbsii, howéver showed about 40%
sensitivity down té 0. 02 uE/m?/sec. The response level of both pyurids declmed
gradually.from high to Iow values, in contrast to those of the phlebobranchs, all of whn
dropped abruptly below a certain point near the muddle of values tested. The differences
in the shapes of the curves are partly attributed to the general activity level of the larvae.
For example, even under high intensities the larvae of Pyura haustor do not respond to
every shadow that crosses them Consequently, the “sensitivi'ty curve for P. haustor
-appears more nearB linear than, for instance, that of Core//a inflata, a species that

responds more consistently. Both Ascidia callosa and Corella willmeriana had curves
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Figure 1. Percentage of tadpoles exhibiting the shadow response g(
ditferent intensities of white light eight species of solitary ascidians. - Each
point reprasents 20 trials. Note that the horizontal axis is logarithmic, and
that graphs are arranged by family {(each family is in one row).

24
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- with quite distinct shoulders at the lower end. In thése species, 100% response was

seen down to 0.05 uE/m’/sec below this, the sensitivity dropped abruptly. The curves

'-of both A. paratropa and C. inf/ata declined somewhat more gradually.

Actlon spectra for the photokinetic response are shown in Fig. 2. The visual

, spectra of all specues tested fell well within the range of the human visual spectrum (400

to 700 nmi, though the curves varied somewhat among specnes The widest ranges of

- sensitivity were exhlblted by three of the phlebobranch species. In Corella inflata, only .

wavelengths below- 425 nm. and above 625 nm were not detected, while in C.

‘ W///mer/ana sens:tlwty dropped abruptly below 450 nm and declmed gradually at the

upper end, from 575 nm to 650 nm. Ascidia callosa was sensitive to vurtually the same

' range as C. wil/meriana, though A. paratropa did not respond to wavelengths longer

. than 575 nm The remaining species all had upper thresholds at 600 or 625 nm. Styela

gibbsii and 'Bo/tenia villosa both displayed high lower thresholds, the former at 475 nm
and the latter at 500 nm.  Sensitivity of ali specues peaked bstween 500 and 600 nm,
with the dlstrlbutlon skewed toward the high end of the spectrum in B. villosa, and ‘

shifted toward the lower end in the remaining species.

SETTLEMENT BEHAV/OR LABORATORY EXPER/MENTS ‘

The settlement ‘distributions of larvae in half—shaded continuously |llumlnated
petrivdlshes are plotted in Figure 3 and analyzed in Tables (I, lii, IV, and V, each of which
includes ‘species ina si_ngle family. . The analysis of each species distribution cohsists of a
crossed three factor ANOVA on log-transformed data. Despite the fact that data are in
the form of proportlons log transformatlon rather than arcsine transformation (Sokal
and Rohif, 1969) was employed because it rendered the data more homoscedastlc The

l
analyses should be treated-wnth some cautlon, since the assumption of equai varlances, as

tested with the F~max statistic (Sokal and Rohlf, 1969), was met for only one species,

Corella willmeriana. The most serious consequence of violating this assumption in

\N@WS the lncreased probabnhty of Type | error (Snedecor and Cochran, 1967)»

Wishing to be conservatlve in re;ectmg my null hypotheses, | therefore used the critical

values for p<0.01 rather than p<0.05 in determining significance.
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' Figuré 2 Percehtage of solitary aé&:idian tadpoles (eight species) exhibiting

the shadow response when illuminated with various wavelengths of light at

an intensity of 1.0 uE/m?/sec.
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Figure 3. Settiing distributions of solitary @dian larvae (12 species) in
shows mean percentage plus or minus 1 SE. 'Bars below the horizontal

-axis show proportion of larvae settling on downward facing surfaces

(underside of the lid), while bars above the axis represent larvae settling on
the bottom (upward-facing surface) of the dish. Cross—hatched bars
represent proportions of larvae settled in the shade. Settlement on the -
edge of the dish is represented by the left set of bars in each graph;
settlement in the central region of the dish is represented by the right set
of bars. Numbers below species names are average number of larvae per
dish, plus or minus 1 S.D., with number of replicate dishes in parentheses.
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Table 1II. ,
Analysis of ascidian’ settlement distributions, Family Corellidae,
Three factor crossed analyses of variance on Log(y+l) transformed data.
Each factor has two levels (see text). Interaction terms abbreviated

using the first letters of the main effects.

Source of ss as MS R P

"Corella infleta " _
Lighting 0.05255

1 0.05255 67.26 0.0000
Surface . . 0.01727 . 1 0.01727 22.10 0.0000
Position 0.00077 1 0.06077 " 0.99 0.3220
" LS 0.00897 1 0.00897 . 11.48 . 0.0011 '
LP 0.02183 ‘1 0,02183 27.74 -0.0000
SP 0.00216 1 0.00216 2,76 0,1002
LSP 0.00067 1 0.00067 0.86 0.3569
Error 0.06875 88  0,00078 - o=
Corella willmeriana A ) ' :
Lighting 10.03592 1 0.03592 76.83 0.0000
Surface ~0.00020 1 0.00020 0.42 0.5219
‘Position 0,00468 1+ 0,00468 ° 10, 01@ 0.0042
Ls  0.00013 1. 0,00013 - 0.28 * 0 5987
“ LP © 0.00824 1- 000824 ' 17,62 0.Q003
sp - 0.02401 1 0.02401 ° 51.36. -  0.0000
LSP ~0.01538 1 0.01538 . 32,90 0.0000
| Error 0.01122 24  0,00047° - -
Chelyosoma productum . ) ‘ .
Lighting 0.00010 1 -0,00010 . 0.05° 0.8278
Surface  ~ 0.07101 1 0.07101 33,12 0,000
Position . O. 00101 1 - 0.60101 -~ 0.47 0.4931
LS 0.00011 1 0.00011 ~  0.05 ,  0.8187
LP - . 0.00041 1 - 0.00041 0.19 . 0.6640
SP 0.13311 1, 0.13311 62.09 0.0000
LSP *0,00513 1 0.00513 - 2.39 0.1230

Error 0.63460 296 .  0.00214 - -
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. Table III.

“Analysis of ascidian ‘settlement disttibutions, Family Ascidiidae.

Three factor crossed analyses of variance on Log (y+1) transformed data.
Interaction terms abbreviated with first letters of main effects.

Source of ss . df Ms F P
Variation = -~

Ascigég callosa

lighting . 0.09048 1 0.09048 160,17 0.0000
Surface 0.05079., 1~  0.,05079 ° 3378 0.0000
Position - 0.00642 1 0.00642 4,27 - 0.0402
Ls . 0.01919 1 0,01919 12.76 0.0004
LP 0.00076 1 0.00076 " 0.50 0.4786
SP 0.06637 ‘1  0.06637  44.14 °  0.0000
LSP 0.00216 1 0.00216 - 1.44 0.2317
Error 0.30076 . 200 0.00150 - -
Ascidia paratropa - ‘ _
Lighting , 0.019% 1 0.0199% 10.21 0.0019
" Surface -,  0.00981 1 0.00981 5.02 0.0276
Position 0.00593 1 -0.00593 3.04 0.0849 -
LS | 0.00132 1 0.00132 0.68 0.4128
1P 0.00249 1 0.00249 1.27 0.2620
Sp - 0.11998 1 0.11998 61.43 0.0000
LSP 0.01457 1 0.01457 7.46 0.0076
Error ~0,17188 88 0.00195 - -




Table IV,
Analysis of ascidian settlement diétributions, Family Styelidae.
' Three factor drosged analyses of variapce on Log (y+l) transformed
data. fnteraction terms abbreviated vith first letters of mineffects.

Source of .88 aE . Ms§ P T P
Variation v - '

hY

Styela. gibbsii (
Lighting 0.03571" -

7

1 ,0.03571 35,70 0.0000
Surface - 0.00102 1 0:00102" - '1.02 0.3153
Position 0.01985 1 0.01985  19.85 .  0.0000
LS 0.00436 1 0.00436 4.36 0,039
LP | 0.01501 1 0.01501 _ 15,00 0.0002
sP - 010462 1 0.10462  104.61  0.0000
LSP ° 0.00976 1 0.00976  9.76°  0.0024
_ Error © <0.09601 96 © 0.00100 - -
Styela montereyensis : ) . .
Lighting ' 0.00104 1 0.0010% 2,107 0.1531
Surface  0.03191 1 0.03191  64.46  0.0000
Position °  0.00334 1 0.00334 L 6.7h 70,0120 .
Ls 0.00452 1 0.00452 912 0.0038
P " 0.00353 1 0.00353 ° 7.14  0.0099
SP ’ 0.05939 1 0.05939-  119.99 0.0000
LSP ~0.00124 1 0.00124 -~ 2,51  0.,1187
Error - 0.02772 56 . 0.00049 - -
Cnemidocarpa finmarkiensis E _‘ ’
Lighting = 0.02001 1. 0.02001 10.24 ' 0.0019
Surface ~  0.00986 1 0.00986 -  5.05 . 0,0272
Position 0.00597 1 0.00597  3.06  0.0839
s - 0.00134 1 0.00134 0.69 0.4096
Lp © 0.00251 1 0.00251 1.29 0.2596
SP 10.11981 1 0.11981 61.33 0:0000
LSP 0.01463 1

0.01463 7.49 0.0075
Error 0.17190 88 0.00195 . -




- () .
. Table V. . E

Analysis of ascidian settlement distributions, Family Pyuridae. L e
Three factor crossed analyses of variance on Log (y+1) transformed
data. Interaction terms abbreviated with first Letters of main effects.

Source of ' 88 df  Ms . ° . F P
Variation ‘
Pyura haustor . ’ , -
Lighting 0.18722 1 0.18722 74.22. 0.0000
Surface. 0.00060 1 0.00060 . 0.24 0.6263
Position 0.04887 1 0.04887 19.38.  0.0000
LS 0.00655 1 0.00655 2.60 0.1082
LP . 0.04506 1 0.04506 17.86 0.0000
SP 0.28545 1 0.28545 113.17 0.0000
LSP ' 0.07494 1 0.0749%4 29.71 . 0.0000
.+Error 0.78698 312  0.00252 - -

. . Boltenia wvillosa - - 4
Lighting 0,03886 1 0.03886 23.47 ©0.0000
‘Surface 0.01351 1 0.01351 8.16 0.0053
Position 0.01286 1 . 0.01286  7.77 0.0065
LS  ° 0,00071 1 0.00071 0.43  0.5138
LP = 0.00000 1 0.00000 0.00 0.9948

T sp ©0.13366 1 0.13366  80.74 0.0000
LSP o 0.02112 1~ 0.02112 12.76 0.0006

i} Error . 0.14569 88 . 0.00166 = - T

Halocynthia igaboja l ) 7 .

' Lighting - 0.00392 1 0.00392 2.67 0.1088
Surface 0.00690 1 0.00690 4.71 0.0350
Position 0,00317 1 0.00317 2.16 0.1484
LS. - 0.00070 1 0.00070 0.48  0.4936
LP ’ 0.00176 1 0.00176 1.20 0.2792
sP 0.10272 1 0.10272 70.03 ~ 0.0000

. Lsp 0.00610 1 0.00610 4,16 0.0470

Error . 0,07041 48 0.00147 - -
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Only one substratum“type (bolystyrene plastic) was availabie to 'th-e" larvae, sO
settiement distributions m experlmental dishes are considered to result from interactions,
among three sumple factors, each with two levéls. The factérs were named, "lighting”,
surface and, posmon” Thus Iarvae were able to choose between the hght and darkb
("lighting") between ‘the-top and bottom ("surface”), and between edge and the central
region of the dish (‘position”). With respect to his last factor it should be noted that-

because of the way the diShBS were manufactured a slight crack is sometimes present. at

© the top edge, and the sides and top meet at an abrupt 90 degree angle whereas the

'bottom curves slightly to meet the side with no break. Animals settling on ‘the sudes of

the dish were disregarded because they | were few in number and difficult to count Also,

addition of an extra fevel in the "surface" factor would have increased the complexity of

- the analyses wnthout yielding much extra mformation

There was, a highiy sagmficant preference. for dark over light in all but 3 speoles ,

4

gChé/yosoma productum, Styela montereyensis and- Halocynthia igaboja. " In these
species, the responses were variable among replicate runs and often’ within a given
‘experiment ‘Thus, in some Tuns, nearly all “individuals settled on the ‘dark side, while in

' other runs most mdivuduals selected predominantly the light snde of the diSh or were

dispersed at random with respect to Iight Even in strongly photonegative specnes there

were no instances when 100% of the larvae in a dish selected the dark over the hght
Core//a W///mer/ana was. the most strongly photonegative of all spec:es tested

(Fig. 4). All but the three specnes ~menfioned above _showed betvi(een 60 and 80%

photone"gativitt} 'l:he pereentage of lar\/ae selecting the dark correlated with neither -

‘taxonomic posmon nor photoreceptor structure. _For example in the- Styehdae whlch

characteristically have -a compound sensory structure (photolith) rather than a separate
ocellus (Grave, 1941 Torrence 1980) one specues (S. montereyens;s) is mdifferent to.
light, while the other two species (S. gibbsii, C.Af//_zmark'/ensns) show fairly ‘'strong
responses which fall within the same range as those "of.animals ha\iing a distinct_oceilus.
The most photonegative‘ species and Ieast‘p‘hoto‘negative s’pecies' are both members of
the family Corelvlidae Likewise in the Pyuridae two species (Pyura haustor and Bo/tenia -
villosa) are among the most strongly ‘photonegative while Ha/ocynth/a /gabO/a IS nearly

indifferent to ||ght



"~ 1004

" 80
60+
40-

i

Cf Sm. Ap Op

% Séttied on top

_

) )
m.

h; Cw Sy

N

A . By .C.

-,

N

% ngtiéd in dark

Lk

s

A

TR

53 8
T
2T

N TS

b2}
v
"
3
x

ol

.“
)
b

/
Species

;

Figure 4. Mean percentage plus or minus 1 SE. of ascidian larvae (13.

species) settled on the top surface of the dish (underside of the lid), and the

dark side of the dish, ranked from lowest to highest Species names are -
abbreviated with first letter of genus and species name (see Figure 3 for -

species). Horizontal lines over the bars group non-significant differences
{p<0.05), as t_ieterrﬁined by the Student-Newman—-Keuls test- o

33



34
‘ \
‘ Only Ascidia C‘él/osa showed a significant preferens‘e for the top (downward
facmg) surface of the dish, though relatively Iarge numbers of all species but Styel/a
c ea did settle on the top. A significant preference for the bottom over the top of
Ke‘:sh was-seen in Corel//a inflata, Styela montereyensis, Che/yosoma_ productum and
Boltenia villosa. Cnemidocarpa finmarkiens;s Ascidia paratropa and Halocynthia
/gabOJa settled in larger numbers on the bottom surface, \bUt the preference was
nonsignificant. Interspecuflc dnfferences m the number settling on downward —facing
surfaces are summarnzed _in Figure 4. It-is notewarthy that the species which swim
continuously are among those settling in largest numbers on the tpp'swface.
V © Two spécies, Pyura haustor and Styel/a gibbsii showe}d}a strong preference _for. .
edges of tHé .dish‘es. The opposite response-was exhibited by Bo/tenia vil/losa and
" Corellawillmeriana. ﬂ .
The mteractuon between’ surface and posmon which is highly sugmflcant in every
specnes with the exception of Core//a /nf/ata is the most consistent phenomenon
« appearing in the analyses. The settling patterns (Fig. 3) suggest that the interaction is
bécause most larvae selectmg the upper surface (top) also tend to cluster around the
e edge Larvae seldom settle in the mid-regions unless on the bottom The tendency for
larvae to follow vertical surfaces. upwar.d may explain this strong interaction.. Ascidia
callosa and Corella inf/ata were the only species which settied in relatively‘large
. humbers in the top mid-regipr)s. Once ,again,v lt"seerﬁs reasonable to invoke thsir habit of
' cormtinuous swimming as an explanation for this. Continuous 'activit.y would be expected
to result in relativ.evly rnpre encounters with the.top surface (and thsrefore greater
probab‘ilify of attachrrwe"nt there} than the intermittent swimming, exhibited by most other
. species. -
The mteractlon between hght and surface angle was sngmflcant in Ascidia callosa,
Stye/a gibbsii, Styela montereyenS/s and Corella infl/ata. - Inspection of the graphs
suggest that the most likely reason for this interaction is that Iarvae in the dark are more
apt to settle on the top than are larvae in the light. _ »
The I|ght/p051tlon mteraction was significant in 5 species, Core//a inflata, Corella

“willmeriana, Pyura haustor, Styela gibbsii and Styela montereyensis. In these species,

larvae in the dark show a greater tendency to settle at the edge (generally the top edge)
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than larvae in the light.

SETTLEMENT BEHAV/OR."F/ELD EXPERIMENT
P. haustor tadpoles placed in-the field at 5, 15, 35 and 50 m showed ability to .
discriminate between rvlight and dark at all depths (Fig. 5) . The difference among
treatments, which included ‘the pooled Iaboratdry settlement data (Fig. 4), was |
non-significant (p=0.‘0936) by one-way ANOVA despite a clear trend toward decreased
discrimir}atic'Sn with depth (Fig. B). Greater variability was seen in the mean percentage
settied on the top -surface at various depths; no clear trend was apparent and the
among—treatment comparison was significant (p=0.0216). Thes; ‘data suggest that Iérvae
respond to the.artificial lighting conditions of the lab in much’ the same way as they
respond under nafural Eo-nditior'\»sdof light intensity, wavelength,' photoperiod, pressure

and temperature in the field. .

»
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DISCUSSION AND CONCLUSIONS

GENERAL PATTERNS OF BEHAVIOR
Ascidian eggs are surrounded with follicle cells which presumably heip keep them
susbended prior to hatching, and which in some cases may cause the egg to float
(Lambert and Lambert, 1978). it is likely, tharetore, that. most of the eggs remain
ssuspended in the water column during the embryonic period. From hatching on, there are
ﬁumerous small differences in behavior between species. Nevertheless, | would expect
“typical” tadpole larvae to display the following movements in the field. Shortly after
hatching, the tadpoles of most species swim actively upward. Larvae are not attracted to
light at this stage; the response appears to be a negative geotaxis. Some of the larvae,
notably those of Ascidia callosa and Corella inflata swim continually until settlement, so
they may actually/ reach the surface. Most of the other species do not swim for long
periods of time. Their behavior can be characterized as a "hop and sink” pattern in which
brief upward excursions are followed by head-down sinking through the water column.
. For these species, it is questionable wﬁether or not the larvae would congregate in the
surface layers as the photopositive larvae of other species do (Thorson, 1964). As the
larval period progresses, the periods of rest (and sinking) become increasingly longer and
more frequent. This resting may be the mechanism by which larvae reach the bottom, as

strong negative phototaxis is seldom observed even in the late stage larvae. As the

tadpoles drift in the water or sit on the bottom, shadows passing overhead induce them )

to swim actively for a few seconds, generally L)pward.

Larvae encountering surfaces tend to follow along them, with their heads in

constant contact, rather than turn away. This may be an important part of their search -

behavnor larvae in dishes seemed to locate the crack at the dark top edge (a preferred
settlement spot) largely by this means. Similar behavior’ has been reported for the
polystyelids, Metandrocarpa taylori by Abbott (1955) and Botry/lus schlosseri by
Woodbridge (1924) as well .as for Mo/gula citrina by Grave (19261

In the species that swim more or less continuously, the location ‘of dark habitats
at settlement is apparently mediated by a phetotactic response. These Iarvae definitely
show a negative, directional response to light The larvae of most other species also

prefer to settle in the dark, but the nature of the response remains unciear. It seems

~1 S~
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possible that the behavior is a type of photokinesis (Fraenkel and Gunn, 184Q). Thus,
larvae may move more actively under unsuitable light regimes and siow their activity
down (or search more locally for a settlement site) when in the dark. Mast (1921),
working with compeund ascidians of the genus Amaroucium, discoverad that the photic
orientation of those tadpoles depended on the asymmetrical placemont‘of the ocellus. In
photopositive larvae, light stimulating the ocsllus caused the tail to bend to the sbocular
side, while in photonegative larvae, the reverses was true. As larvae‘ swim through the
water, they spiral, causing an alternate shading and illumination of the oceilus. In this way,
they ‘.swim toward or away from the light The relative importance of phototaxis and
photokinesis has been investigated in detail for Oip/osoma /isterianum by Crisp and
Ghobashy (1971). In this species, larvae demonstrate a clear phototaxis, which
constitutes the main photoresponse where there is directional light Nevertheless, when

maintained in a gradient of diffuse horizontal i!LQ\atiOn, larvae tended to settle in the

region with an intensity of 3003x (not in the darlk, Wrprisingly), indicating that some form

of kinetic response also operates. Further stg f still needed to clarify the nature of
the photoresponse for solitary ascidians. k)

Larvae of most specues settled in relatively small numbers on downward- facmg
surfeces. Although C6r’1‘crete evidence is lacking, | suspect that many of the larvae
settling on the bottom (upward facing) surfaces did so after delaying metamorphosis for
a long periedpof time without locating a chemically or texturally suitable substratum
(chapter 5; Young and Braithwaite, 1980a). Given choice of‘v optimal substratum facing
down or facing up, | expect that many more iarvae would select the downward facing
position. ‘ o )

The shadow response which occurs predictably and immediately each tlme a
tadpole is shaded was a convement ‘means of assessing sensitivity to various I:ghtung
conditions. Tadpoles of all spec:es were able to sense light intensities down to at least
0.05 uE/m’/sec and in one spec:nes Ascidia callosa, over 20% of the tadpoles
responded to the lowest intensity tested, 0.01 uE/m#/sec. In the field; larvae are un[}kely
to ancounter white light except "? the surface waters. As would be predicted, larvae of

all species tested are most sensitive to wavelengths in the blue and green regions of the

spectrum.  Grave (1936) reported that larvae of several compound ascidian species

“

¢l
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responded squally to all wavelengths in the human visible spectrum, though he did not

provide details on the filters. used to obtain these data Likewise, Mast (1921)

. commented that lervae of Amaroucium responded very well to light from a "ruby lamp”

‘ pa'ssingﬂthrough a double filter of ruby red glass. None of the sp'ecies 1 tested"were

sensitive to wével’en‘gths below 425 n_nﬂ (blue) or above 650 nm {red-orange), so it seems
likely that both Mast '(1‘921) and Gra‘\’/e (1936) were making their observations very near
the upper end of the ascidian visible spectrum Several of the specnes I tested had upper

thresholds in the yellow (580-600 nm) region of the spectrum. Although the region of

: peak sensntnvnty in ascudtan larvae corresponds with that of most other invertebrate larvae

mvestlgated to date (revnewed by Young and Chia, in press) many larvae, lncluqu those
of decapod crustaceans (Forward and Cronm 1979) and serpulid polychastes (Young and

Chia, 1882a) show greater sensitivity in the ultraviolet and near ultraviolet Assuming

-'larvae can detect green light down to the same intensities they can detect white light,

they should be able to discriminate light and dark or.respond to shadows. to depths

.‘,\\greater than 50 m in the San Juan Istands (Utterbach and Boyle, 1833) This prediction is
. supported by the fneld experument in which Pyura haustor larvae were able to choose the
‘dark sides of expenmental dishes at a depth of 50 m and also by submers:ble

observatlons of ascidians occupying primarily the undersides of Ie_dges at even greater -

depths.

BEHAV/ORAL‘D/FFERENCES BETWEEN SOLITARY AND COMPOUND ASCIDIANS
Prior studies have distinguished compound and solitary ascidian larvae on the
basis of size, structure and length of pelagic life (Berrill, 1950; Millar, 1972); the present
study suggests that .they also differ in certain aspects _of their b\ehavior. Compound
ascidians generally retain their embryos internally, e“i“t.her in the gonodUct;orin a common
cloacal chamber, until the larva is fully developed and ready to settle (Berrill, 1979).
Consequently the larvae do not undergo a perlod of embryogenes:s in the plankton.
They must dlsperse locate a habltat and settie all within a few mmutes to a few hours.
Not surprlsungly therefore, the behavioral patterns of compound ascudlan la,rvae%ange
rapidly and predictably durmg the free swimming perlod The behavior oF’ %H sohtary and

compound ascidians studied to date is summarized in Table VI. Compound- ascidians,
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unlike so‘litary ones, dearly always have a photopositiv'e period immediately upon release.
They swim actlvely toward the surface of the water for at least a few minutes. This is
also characteristic of bryozoans hydrozoans and other ammals wuth short-lived larvae
T horson, 1964; Young and Chia, in press). Its presumed funclion is to achieve maximum
dispersal avxll_‘ay from the adult‘s.. Although photopositive periods have been repor.ted-for
Ciona ihtestine/is Berrill, 1947), and Ascidia nigra (Grave, 1936), both solitary
: ascidians, sueh a responsé does noi occur in Stye/a partita (Grave, 1941) or any of the

solitary ascidians | mvestlgated in this study Larvae of solitary. ascidians were never

‘observed swarmmg agamst the lugh}.ﬁaﬁ X culture vessel, asis commonly seen in truly
’photoposmve Iarvae such as™ barnacle riaupl}n‘and compound ascidians. Lambert and
Lambert (1978) reported that Core//a inflata larvae, which hatch in the expanded atrial

' ‘charhber of the parent,~swarm egainst the upper wall of the atrium at_hatching. This

behavior wes attributed to positive phototaxis. | observed similar swarming many times

" during the c‘ourse‘ of the present study. In my opinion, however, C. inf/ata laruae are not
attraeted to light, as-in other"sglitary ascidians, the behavior seems to be 5 negative’

‘A 4 btax:s ‘

Assumlng that ‘positive phototaxls at hatching functions in maximizing " d|spersal

" (Thorson 1864), it seems reasonable that the response would be Iacklng in the solitary

~  forms, smce most sohtary ascidians, release small eggs which develop in the plankton and

'_ vthus dlsperse for up to 3 days before the tadpole emerges That some species such as
- Ascidia callosa becorne photonegative very shortly v‘after hatching supports the idea that
| tadpoles of éolitary species function pﬁmarily in site selection rather than dispersél. This -
assumption would-aiso help e;plvain why many tadpoles are relatively inactive. Unless a
species must settie in shallow water, continuous swimming may not be necessary for s;te
selectlon Indeed larvae sejkmg settlement sites would do well to remain near or on the
bottom, swnmmmg only enough to explore locally or to resuspend themselves in the
near-bottom currents. B

Solitary ascidian tadpoles are sﬁmulafed to activity by a sudden decrease in light
inten.sity, as are those of most compound ascidians which have been studied (Table Vi).
The reverse response (increase in activity when light intensity is mcreased) was not

IR

" observed in thlS study Such behavior has been reported for several compound ascidians



(Abbott, 1955; Grave, 1936). Where this behavior is seen, the time lag between stimulus

and response is from 3 to 10 seconds (G-rave,' 1936). In the normal shadow response,

the latency period is less than a second. )

Besides the observation that solitary species tend not to have a photopbsitifve
stage, fhe main distinction between solitary and compound ascidians is a quantitative one:
sdlitary ascidians tend to display more variability in their behavior than has been reported

for most compound ascidians. This variability is manifest at species, population and

sibling levels. Thus, while in compqdnd ascidians, all or nearly all of the tadpoies will

actively seek out and settle in shaded hab“itats, solitary forms do not display such rigidity

in their behavior. In no instance did all larvae choose the dark in a given experiment.

Furthermore, the percentage which did demonstrate this behavior often varied widely- |

between offspring of adults collected from different areas or at different times of year.

" In Diplosoma /isterianum, the basic pattern of behavior may change with light intensity

or at certain levels of other environmental factors including temperature and salinity’

(Crisp and Ghobashy, 18971). It remains to be seen how much variability in solitary
spec‘ies can be explained by such synergistic effects, and also whether the effects can

induce greater behavioral variability in compound ascidian larvae.

THE ROLE OF BEHAVIOR IN CONTROLLING SPAT/ AL PATTERN ' ~

P

Thorson {1964) popularized the hYpothesis that photoresﬁonse is a means’by -

which larvae controt their vertical distribution in the water column, and that ultimately,\the

level at which a larva swims. will determine the depth at which it settles. In Cioha

Iintestinalis, light is thought to control vertical zonation in land—locked fjords where

other physicaleactors such as current do not overshadow its effect (Gulliksen, 1972;

i

Dybern, 1963). By contrast, Castric—Fey et al. (1978) found little evidence for vertical

zonation of ascidians in the subtidal zone of the Glenan Archipelago in Brittany. They

attributed observed patterns of distribution largely to the presence or absence of
sediment. Very little evidence in the present study supports the suppdsition that vertical
distribution is controlled by larval photorespons‘e in the San Juan Archipelago. Ascidia
paratropa and Ha/bcynthia fgaboja, as characteristically deep ascidians, would be

expected to have extremely strong negativeb phototaxis to keep them in the deeper water

»

o
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strata. This was not the case. Indeed, larvae of ascidians charaeteristically fo:.:ﬁd on
docks (Core/l/a inflata, Ascidia ca(le:sa, Pyura ‘haustor) were among the moet strongly
photoaegative. Furthermore, the Ieast photonegative species, Che/yosema productum,
was found in this same shallow habitat, suggesting that somethihg other than
photoresponse IS the cause in the San Juan Islands, complex tidal curregts and bottom |
wregulantues cause the water masses to mix thoroughly, top to bottom on nearly a daily
basis {Thompson and Phifer, 1937). For this reason, thé feeble swvmmmg of tadpoles
would ot be expected to have much of an effect on the large scale distribution of the
adult ascndlans. It seems apparent that photoresponse mainly determines patterns of
microdistribution. Activity level, on the other.hand may help to defermine vertical
distribution. The species ;hat svs;im most. eontinuously are among those found most
abundantly on floating docks. This could result from their more fre‘quenf presence in the
surface waters. - ‘ .

On a Asmall scale, most of the species studied demonstrated field distributions
which might be predicted on the-basis of tadpole behavior. For example, larvae of all but
three species showed a significant negative photoresponse in the lab, and the adults of
these species generally occupied the shaded habitats or vertical surfaces in the field. The
three species which did not show a consistant auoidance of light in>the lab were those
which occurred in more open habitats in the field. Chef{yosoma productum, which occurs
only in a few %-,ield sites, often settled and survived on the open rock ‘'surfaces, faeing
upward or obliquely upward Ha/ocynth/a igaboja occupied similar habitats on occasion,

but more often occurred in open areas on the sides. pf cliffs and large boulders. In these

same areas, the strongly photonegatnve Pyura haustor occupled pnmanly the undersides

~ of ledges and the insides of cracks.

In Saanich Inlet, Pyura haustor, Asud/a ceratodes, Ciona intestinalis, Chelyosoma
co/umbianum and Bathypera sp. were observed to a depth of 90 m. Even near the
lower‘ Iir\nits’ of their vertical distribution, the first 3 species occupied primaﬁly the.
undersides of Iedges Three alternate hypotheses could explain the occurrence of
ascidians in cryptic- habitats at very‘low light mtensntles 1) strong dlfferentlal mortality
leaves survivors only in habitats shaded from above (see chapter 4), 2)larvae are able

discriminate the dark regions at these depths, or 3) habitat selection is based on tactile
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le.g.. rugophyllic) behavior rather than photoresponses. Interestingly, in the same areas
where 3 species_are cryptic, 2 others, Che/yosoma columbianum and Bathypera sp.
occur commonly on the open rock faces. - If we assume that major sources of mortality

(e.g. silt chapter 4) are similar for all épecies.b then this observation favors the second

hypothesis.
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© TABSTRACT ‘ |
- . ' , ‘ ‘J A\/

Tadpole larvae of ascidians almost umversally display a shadow-response of

unknown functlon in which incresed swimming activity is induced. by a udden decrease in
light intensity. In a simple laboratory experiment -with 8 specues tadpoles were ‘offered \
choices of "opt\ﬁaa!" and "marginal” habitats whlle bemg maintained un er condmons of -
continuous light, continudus dark or alternating light and dark. Larvae jnduced to swim
'often by regular shadows were not d:str:buted- dlfferently at settlement than those‘_
maintained under constant light regnmes and the length of larval life was| not sngmflcantly'
: dnfferent in the various treatments. It was concluded that the mechanism by which. larvae

LFs

locate shaded hapltats and ovarhangs is independent of the shadow response.



INTRODUCTION

In many respects, the behavior of ascidian tadpole larvae is variable, unpredictable

Mo/gu/a C/trma which has no photoreceptor (Grave 1926) and Metandrocarpa taylori
(Abbott, 1955) are reported not to exhibit this response. Although such a widespread
phenomenon clearly demands a functional explanation, the eetreral hypotheses that have
been advanced have not been properly tested experimentally.

The shadow response may be considered a form of photokinesis (sensu Fraenkel
and. Gunn, 1940) ‘inasmuch as the level of actlv:ty and not the direction of movement,

,gchanges in response to different levels of an en‘nronmental factor Larvae that are

' already swimming actively do hot exhibit the response, while inactive larvae resting on
the bottom, drifting passively, or sinking in the water co;umn do. The reeponse develops
with the formation of the larval odellus and continues until the time of metam'oryphosis.ﬁ 4
However, several workers {(Grave, “‘11936' Grave and Woodbridge, 1924; chaptei' 2) have
reported that the larvae respond to shadows less frequently with advancing age. Larvae
of most sohtary species detect mtensmes as low as 0.1-05 uE/m’/sec (chapter 2).

Many sessile marine mvertebrates including serpulids, echindids and cirripedes, ""
displfay shadow responses whlch are almost always considered defensuve in functuon'
{reviewed by Steven, 1963). Recently, Forward (1977) has documented a shadow
response in a decapod crustacean larva which allows the Iarva to "escape. from.
ctenophores and other predators passmg overhead. it seems unlikely that the ascidian

" response has the same functflo /slnce tadpoles would tend to swim toward rather than
away from a predator castmg a shﬁw Mast (1921) and Abbott (1955} both noted ‘that a
larva swimming through the water in (nts characteristic spiral fashnon regularly- casts a
shadow on its own ocellus. Mast \&1921) suggested that this was a mechamsm for
orienting to light In support of thls |dea he noted that the tadpole of S. g/bbsu when
trapped under a cover slip, would twntch its tall in different d|rect|ons depending on the ;
direction the ocellus was"facmg. Wovodbrndge (1924)‘p§op.osed that the shadow response
enables tadpoles of Botryr/us sch/'oss’er/ to locate eélgréss hledes, KWhich are suitabie

; . . o 4 . .
sites for attachment and growth. Larvae passing through the shadows cast by the blades

) J o . o
N R
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would presumably -be Stlmulated to swim upward thus Qd%ctlng the undersurfaces of
the plant Woodbridg® supported her hypiot esis by demonsmaﬁng expenmentally that
more- tadpoles would Settle on an eelgrass blade suspended dfsgonally across a culture
: dish than on the bottom or sides of the dush Unfortunately, her expenment was not
' controlled for d;fferences in substratum composmon and-texture, now known to be _
: lmpOrtant cues used by tadpoles selecting habitats (YOUQQ and Bralthwalte 1980; chapter

In the present Study, | conducted a sumP|° expenment with eight species of
‘sohtary asc:dnan tadeles desngned to test the hypothesis that tha shadow responsev
~helps larvae locate OPthnal habntats for settlement The results do not strongly support

the hVPothesns., A
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MATERIALS AND METHODS

Collection sites of adults, methods for obtaining gametes, and larval rearing
V‘conditiens have been described in detail elsewherel (chapter 2). The experimental
containers, half—shaded and completely filled petri dishes with tight-fitting lids were also
the same as those used in previous work lchapter 2; Young and Braithwaite, 1980).
Larvae were able to choose between the dark side and the l.ight'side, and also between .
the top and bottom surfaces. |

The Woodbrldge (1924) bypothesis was tested by exposing some larvae to
valternatmg light and shade while mamtammg control groups in continuous llght or
darkness. Alternating hght was produced by a 12 em diameter dlsk of plexiglas,” half
painted with mat black paint, and suspended horlzontally just above'the seawater table A
clock motor rotated the disk at one rpm, 30 cm under a 100 watt incandescent light bulb‘
Four experlmental chambers of larvae placed under the " disk were _thus exposed to :
shadows on a regular basis. Control dishesv were"maintairwed under the appropriate light
‘A,freglme in adjacent regnons of the seawater table. In the dark tr’eatment experimental
dishes were enclosed in a bag of opaque black plastnc submerged in the table. At the
conclusion of an expenment the number settled in each reglon of the dlsh was counted,
any unmetamorphosed larvae were noted and a small sample (usually 20) of the Iatter

were ‘tested to see if they strll responded to shadows.
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‘RESULTS

_Fbie.ld experiments reported elsewhere (chapter 4) suggested that juveniles of.all
species survive better in dark habitats than light habitats, and better on the undersides of
overhangs than on upward—facing surfaces. | thus predicted on an a priori basis that if
. th'e\ shadow response helps larvae locate settlement sites, one or both of the following
should ttold true: 1) larvae in fluctuating light should locate the top surface, the dark side,
or the top/dark sorface more readily tnan larvae in continuous light and 2) after a given
period of time, more larvae shoold have settled in fluctuating light than in continous light
or darkness. Figure 6 presents distributional data which test the first hypothesis.

’ More tadpoles reached the top undersurface of the lid in fluctuating hght than in
the other treatments in Stye/a gibbsii, Bo/ten/a villosa and Corel/a inflata, though the
difference among treatnp_ents, as tested by the Kruskal Wallace statistic, was not
significant in any of ’théee] cases. Conversely, more animals reached the top in complete
darkness in Ascidia "ca//osa, Ascidia paratropa, Core//a W/"//meriana, and Cnemidocarpa
r/nmark/ensisl The difference was signific_ant only in C. vfinmarkiensis. The extremely
low overall settiement on the undersurface of the lid in\Pydra haustor probably resulted
from an unusualt'y: inactive culture of Iarvae, since much greater settlement was seen in
similar settling exper:ments conducted previously (chapter 2). |

Larvae in fluctuating light did not locate the dark side of the dish with any greater
frequency than larvae in continuous light. Similarly, the number of larvae selectmg the top
dark region of the dishes was not significantly different in the varlous treatments. '

" Table VI glves the percentage of larvae metamorphosed successfully at the end
of each experiment In one species only,' {Styela gibbsi/'), a higher percentage of larvae
settled in the light dishes than either the dark dishes or the shadow dishes, and § ﬁgf the -
7- species tested, more larvae settled in alternating light than in continuousé:: These
differences, however, were not significant. Likewise, in the 4 species \'/’vhere settiement
YWas higher .in a{ternating light than.in the dark, there were no significant differences.

| e'xpeoted that larvae stimulated to 'swim frequently might ultimately becon'ie
exhaUSted or unresponsive to shadows. This was not the casen. In each speoies; between |
70 and 100% of the unmetamorphosed larvae still responded to shadows at the

conclusion of the -experiment. The among treatment dif ferences were all non—significant.

o
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- Figure 6. Settlement distributions of ascidian larvae {eight species) under

conditions of continuous light (open histogram bars), continuous darkness
(black bars) and aiternating light in which dishes were shaded for half of
each minute (shaded bars). Eacg bar represents the mean plus or minus. 1
S.E percentage of larvae sef&J in a f:articularr.region of the dish. The left
group of bars shows percentage of larvae settled on top surface of dish,
the middle.group is for larvae settiing on dark side of dish, and the right
group of bars shows the percentage of larvae in each treatment that
located the dark undersurface of the lid. ' i

~

P
K7

58



e,

Table VII.

. Percentage of animals metamorphosed at termination of experiment in con-
" tinuous Light, continuous dark and alternating light/dark Significance
tested with Kruska;—Wallace Test. ‘ '

& -~
\»I \j
. Duration = % Metamorphosed (X + S.E.)
‘ P of ; -~ = . -
Species . Experiment Light =~ .  Dark  Alternating P
C. inflata =~ 24 57.8 7.1 _49.5%5.6- 61.3% 6.1 0.329
‘C. willmeriana  2d v 31.3 +2.7 53,1%6.3 31,7+ 6.9 0.059
A eallosa - 74 3L.0£7.7 - 4L3£9.0 ' 435 % 6.4 - 0.472 °
A. paratropa ., ‘124 5.9+ 0.2 10,6 + 4.4 19,5  15.3  0.925
S. gibbsii 84 94.3 £ 1,0  87.6'% 5,8 85.4 + 1.7 0.208
C. finmarkiensis 10d 85.8 + 4.7  88.3 +4.6 78,9 : 4.5 0,412
B. villosa lod ~ 57.1+6.8 62.8%3.5 84,0+ 6.8 0.037
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SEEY DISCUSS'

!

It is pessible to envision an attractive hypothetical scenario in which the shadow
response would increase a larva's chances of locating a settlernent site. A larva drifting
along with the currents passively would be stimulated to svsr’irn when passing under a
ledge or possibly near a surface of low reflectivity. By increasing its activity at this time,
even by erratic swimming, the probability of encountering a surface would be greater
than if the larva remained rnotio'nless. Furthermore, by swimming only when there is high
'probability of encountering a site, the larva would presumably conserve energy and thus
be able to delay metamorphosis for a lQnger period of time, again improving its chanEes
for successful settlement .

i

~ While not definitive for reasons oatlined below, the data in the present study do

4

not support the habltat selection hypothesis. Although there was some evndence that

larvae would delay metamorphosis longer in alternatmg light than in. continuous light, the

_dtfferences between treatments were largely non-significant. In comparing the

distributions of ascidians under the various light regimes, évery possible outcome was
seen, and the outcome'predlcted by the above hypothesns‘ (greater settlement in the
”optimal"- habitats in alternating lignt than in continuous light or dark) was seen
mfrequently It is concenvable that the absence of effect was an artifact of the laboratory
condmons and that given more normal light reg:mes and shadows, darvae wduld locate
suitable sites' more readily because of the response. One possible source of error )
derives from the fact that larvae in the “continuous, light” treatment were offered a
choice of light and dark sides of the dishes. 'Larvae swimming in the dish may well turn
the direction of their swimming upward when passing from the light to the dark (Mast,
1921), thué encountering the underside of the lid. A larger scale experiment or one in
which no shaded areas are offered to the Iarvae would be required to ehmlnate this
possibility. It might ‘also be of interest to suspend a preferred substratum, such as adult
tunic (Young &Braithwaite, 1980) in mid water and repeat the experiment, with the control
dlsh being illuminated from below. Until such experiments are conducted, | must conciude

that the mechanism by which dark areas and downward facing surfaces are selected is

mdependent of the shadow response.
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An alternative hypothesis worth investigating is. that the shadow response is a
simple mechanism by which larvae remain suspended in t!wa water column, to be.
dispersed by currents, without having to swim continuously. Light is among the most
predictable environmental factors in the marine environment, and for that reason, it is
used as a cue for a large number of different processes, including spawning (West and
Lambert, 1968), timing of reproduction (Giese ‘anleearse, 1974), orientation, vertical
migratiqh and entrainment of biological rhythms (Segal, 1970). Shadows are producéd
regularly not only by organisms in the water, but by meteorological conditions (clouds
passing in front of the sun, waves and ripples on the sur‘face, etc.). Since shadows are
nearly always present, they could be be good cuss for stimulating the larvae to swim on
a regular basis. This would result in é "hop and sink” swimming pattern, similar to that of
planktonic crustacea. Such a pattern is an energy efficient means of swimming (Haury and
Weihs, 1976) and -is employed most often by animals using muscular means ' of
locomotion (Chia, Buckland—Nické and Young, in preparation).

‘Larvae induced to swim frequéntly by regular shadows$ often begin
metamc/‘)rp-hosis sooner than larvae maintained under constant light conditions (Crisp and
Ghobashy, 1971; Grave, 1936 Although Grave (1936) attempted to demonstrate that
frequently swimming larvae produced a Iargve'::‘qu,antcity &f some metabolic product which
induced metamorphosis, it seems équally reasonable that such larvae are forced to settie
early because. of earlier exhaustion of their yolk reserves. An energetics study on
delaying tadpoles similar to those conducted by Pechenik (1980) on*gastrdpod veligers
would be required to test this possibility. Even if specific hébitats are not located by
means of the shadow response, it is conceivable that by accelerating the onset of
metamorphosis, Ytﬁe response could result in greatér settlement in regions with many

shaded habitats, and thus be indirectly involved in the process of habitat selection. -
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IV. SELECTIVE PRESSURES ON JUVENILE ASCIDIANS

Survival and Growth of Juvenile Solitary Ascidians: Selective Pressures Favoring Larval

. 7
Photoresponse and Seasonal Reproduction
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Field transplant experiments with newly settled juvenile ascidians wer; used to
test two hypothéses: 1) Photonegative behavior aids ascidian tadpoles in locating refuges
from important sources of juvenile mortality, and 2) Rep‘rodu;:tion in ascidians is timed {o
minimize mortality by seasonal factors. Silt inflicted heavy mortaiity on all six species
tested. Algal overgrowth was also important in shallow water, where it not only increased
mortality but depressed‘grbwth rates during the first two weeks. Grézing subtidal sﬁails,,
Margarites pupillus, scraPed juveniles from the substratum with their radulas. It was
concluded that the juvenflerstage is a very vulnerable period of the life cycle, and that by
sesking cryptic sités, tadpoles are able to avoid several impéftant sources of mortality.

Juvenile Pyura haustor transplanted to_lthe field in three seasons (October,
January, June) showed ‘strong seasonal differences in}urvival ‘and growth. Although
growth rates were highest in the June experiments, survival was much higher in January,
‘which<is nearer the normal spawning time of the species. In all seasons, shallow (2 m)

transplanis expariehced heavy mortality in both light and shade.
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Juvenales of benthic mvertebrates. are often thougl*to suffer greater mortahty
than adults since their small size makes them more vulnerabie to environmental factors
and to a wider assortment of predators (Thorson, 1966). Although this idea has intuitive
appeal, empirical work on the p&;pulation dynamics of newly settled juveniles is relatively
scarce in the literature. To date, successful stddies in epifaunal systems have been limited
mostly to intertidal barnacles, of which-the cyprid larvae and spat are large enough to’
study on the shore (e.g. Connell, 1961; Strathmann and Branscomb, 1979), and fouling
organismg¢! attached to. artificial substrata which can be examined in the laboratory
(Goodbody, 1963; Lambert, 1968). Repetitive sampling in soft sediment has also yieI:jed
indirect data on the population dynamics of juvenile clams (Ayers, 1956; Muus, 1973).
Such studies suggest that selection on juvenile stages may have a substantial effect on
the overall spatial distrihﬁtion and population size of a species.

Where sources of mortahty are predictable in either space or time, and either
detectable by the anlmals or cgrrelated with detectable cues, species should evolve so as

to minimize mortality or .improve reproductive success. This may be accomplished by '

' several means, amoné‘ which are: 1) reproducing during the season when selection is Ieast

intense‘” (Giese anq "Pearse, 1874; Thorson, 1958) or 2) evolving settling responses in

_which the preferred substratum is a refuge (Buss, 197é,’ Woodin, 1878; Young and Chia,

1981). Ascidians like other marine invertebrates exhibit numerous _reproductive and
behavnoral patterns whrch are presumably adaptwe Few attempts have been’ made,
however, to elucndate the "ultimate factors underlymg these patterns.

Althoughtsome.ascndnans reproduce all year (Goodbody, 1863; Lambert, 1968),

. most temperéte'?orrns characteristically have a peak spawning season in the spring or

' summer {Millar, 1952 Svane and Lundalv, 1981). Many hypotheses have been proposed

to explain thns phenomenon (see Gnese and Pearse, 1974) though few have been tested
expernmentally The behavior of ascidian tadpoles varies among species (chapters 2,5).
However, the majorlty ‘demonstrate some form of photonegative behavior immediately

prior to settlerﬁe_nt (Millar, 1972). Furthermore, the same kind of behavior is displayed by
-

subtidal invertebrates from nearly every phylum (Thorson, 1964). Clearly, such a common

pattern must have evolved in response to a selective regime which is both widespr’eadv



/. and strong ' : .

| } The above observatnons suggested two hypotheses whuch were tested in the
present study 1 Darkness is a good indicator of sites where the probabmty of survival is
relatively high e, photonegatlve setthng behavior in ascidian larvae may functuon in
reducing juvenile’ mortality) and 2) Selectnon on. juvemle ascidians is less intense dunng
: 'some seasons than others (le spawnmg ata spec:flc time of year may increase juvenile
surv:val) In coneldermg the furst hypothes:s | desngned expenments to |dent|fy some of
the selective pressures’ present in shaded and unshaded habntats and to determme n‘
‘ _dunng the flrst weeks after settlement survival is mdeed hngher in the dark. Preliminary

observatnons in the San Juan lslands, Washmgton State USA ied me to suspect silt,

- benthnc fllamentous algae and grazlng snanls as |mportant sources of mortahty associated

with lighted substrata The effect of snanls on ascadxan juvemles of two specnes was
documented in the laboratory, whnle the ‘other two factors were. studied m a ser;es of

field transplants wuth s:x specues The second hypothesus was tested |n a prehmmary

‘ X manner by transplantmg newly settled Juvenlles of the ascadlan Pyura haustor to the field -

durmg several seasons and momtormg subsequeht surwval and growth Thus approach
was possnble w1th P ‘haustor because‘ some members of the populatson carrled wable

gametes throughout most of the year. | ' ’ o '
= i . o ‘ - : . -
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' greater water turbulence (Schopf et al 1980). ‘

o MA‘leRlALS AND METHODS |

Seven speCles of asmdtans in two orders and four' families were used in this
study the phlebobranchs Corella /nf/ata (Corellldae) Ascidia calloss ‘and Asc1d/a

paratropa (Asmdudae) and the. stolidobranchs, Pyura haustor, Bo/ten/a w//osa (Pyurrdae)
L

Stye/a .g/bbsii.- and Cnem/dacarpa f/nmark/ensm (Styelldae) Adult ascidians, were .
‘collected from rocky subtidal sites or floating docks in the San Juan Islands, Washington,

and maintained in running seawater aquaria at Friday Harbor Laboratories.

o . . . \ s
CULTURING LARVAE R S

Core/la inflata lsolated in dlshes of clean seawater generally spawned" each

morncng Gametes of Asc1d/a paratropa ‘and Asc;d/a cal /osa were plpetted dlrectly from
’

the gonoducts of ripe mdlvnduals after removmg them from thelr tumcs ln Pyura haustor ’

: Stye/a g/bbsu Cnem/décarpa f/nmark/enS/s and Bo/ten/a V///osa hermaphrodltlc’

gonads were dnssected from several adults and macerated through 253 um mtex screen’

Jinto filtered seawater where fertlhzatlon occurred The cultures were then decanted and

,rlnsed repeatedly until the water was clear and free of excess sperm. After hatchlng '

1

tadpoles were pxpetted mto small plastic. petn dishes of filtered seawater whgre they

-were allowed to settle ﬂ;hedtadpoles of: Asl:‘td/a paratropa did no'l‘ settle readily on clg#h

plastlc surfaces so this spec»es alon& was allowed to settle in glass dishes. After
settlement the juveniles were scraped gently from the dish bottom with a razor blade

and placed in plastlc dlshes where’ they reat{ached within a few days

JUVEN//.E TRANSPI.A/\(T EXPER/MENT& . ‘

In deslgmng a test for hypothesns 1, it was reasoned that juvenlles transplanted to

upward facing subtidal surfaces would be exposed to both silt kand ;algae, whereas

juveniles transplanted to the bottom sides of transparent surfaces. would be subject to

algal overgrowth only. Animals on the bottom sides of opaque sur’faces bsing subject to

" depths to test the prediction that mortahty from both silt a;ﬁd algae would be most i

. mtense in shallow water; algae because of favorable llght conditions- and snlt because of“

6“4\‘ ‘.»

”,ﬂ’ g,t;

_ neither silt nor algae would serve as comparlsons Transplants rvere carried out at two .



All transplants were carried out between February and June, 1981. Following
settleme’nt Juvemles in petri dishes were magntamed in the lab in fnltered seawater for

about a week to ensure that they were flrmly attached Just before transplantation, they

were ‘counted under a drssectlng microscope wnth the aid of an underlying grid. Dushes_

A
werg randomly assngned to one of the six treatments (three condltlons at each of two

depths), each treatment consisting of two replicate dishes. The dishes were secured with

i

rubber bands to 6.5 by 28 cm strips of 05 cm plexiglas painted black for half thetr

“length. Four dishes were attached to one side (ultimately the undersurface), two on the
“clear half, and two on the opaque half, ahd two more dlshes were fastened to the upper
surface on the opaque half/To avoid damagmg the ascndlans during the ’oat trip to the

study site and while carrylng them underwater, the assembled experl ental strlps were

transported in-a compartmlentahzed plexrglas box fulled with seawater The box was
cooled in a large bucket of seawater whlle in the boat and was not opened until after
swimming to the transplant site. 4 _

In each experiment, one strip .of dlshes was placed a{4 5 m below MLLW and the
'other was placed at 21. O m at Pt. George, Shaw Island Washlngton The strips were held
in a horizontal position on racks_(Fig. 7). 10 cm above the substratum. Expenments ran
for 14 days, after Wthh | recovered the dishes, transported them to the laboratory and
recounted the cohorts. Initially no measurements were taken but in later experlments
aft@ subyectlve observatlons suggested a possible difference in growth rates among

treatments, random samples of juveniles from selected dishes were measured. A

. R ! -
complete comparison of growth rates among treatments was made only for Bo/tenia

vi//osa and Ascidia callosa. In the two other species considered | measured only sbaded

and unshaded anlmals at 45 m depth. Lfngths of the Juvenlle ascidians were taken along
the- mld sagittal plane {line between siphons} using a calibrated ocular micrometer m a’
Wild M-5 Dlssectlng microscope at 25X In a few cases, where algae obscured the
'ascsdlans from above, measurements were made through the transparent bottom of the

petri dish.. The same method of measurement was used uniformly in all treatments of a

glven experiment * / : ST L
. S e ’
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Figure 7" Jﬁvenile transplant apparatus in place at 21.0 m depth at Pt
. George, Shaw Island; Washington. v _
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SEASONAL VARIATION IN GROWTH AND AfORTAL/ TY "

.Hybothesis 2 was tested by periddiciaily mpnitoring survival and growth in cohorts
of Pyura haustar juveniles transblante_d to the field during October, 1980, January, 1981
ar\d June, 198 1: Becauge | required reedy access to the populati'éns during seasons when
. diving: conditions were unpredictable, the experiments were suspended from a floating
breakwater immediately in front of the Friday Harbor Laboratories. As in the Pt George
transplants dishes were fastened to h@rizontal,’ half—pamted plexnglas strips. However,

b
. because juveniles facing up mvanably died. after a short time, only downward facmg

dishes in the light and shade were deployed. The October, 1980 cq) : spended
at 2 m depth, while subsequent cohorts were divided among thrélidpths: @n 6.m, and
10 m. Prehmmary experiments had shown that shrimp (Pa afrom =

>
were therefore caged with strrps of

with rubber bands. On each sampling d; :

GRAZING EXPERIMENTS
Gastropod grazing e.xperiments were conducted ipyglass culture dishes containing
300 mi of unfiltered seawater and known numbersof'ju'vehile ascidians: Fi\)e Margarites

“?

pupillus (05-1.0 cm spire helght) were added to each treafment dish. Adjacent dnshes

with comparable ascidian densities but no snaifé’ served as controls. Water was changed |

daily to rid the treatments of snail fecal peliets and replenish the oxygen supply. The

activities-of the ¢tmils were observed wi'gh'a dissecting microscope.

- Density of Margarites spp. at.Pt.George was estimated by counting a series of

four 50 by 50 cm’ quadrats haphazardly positioned at 21.0 m depth in an area where

ascidians were common.

.
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- RESULTS

SELECTIVE PRESSURES FAVORING LARVAL PHOTOTAX S
‘Siltation and algal overgrowth

The experjrnentS' at Pt George were examined routinely while they were running.
On every occasion; upward facing dishes contained fine sand and silt” though the absolute
amount did not é_eem to increase substantially Sver time. | presume that the silt.was
regularly flushed from and depositeq in the@dishes by the strong semidiurnal tidal
currents. Schopf et al. (1980) measured sedimentation ‘,‘rates- near our Pt George site and
tound that silt was inversely correlated with depth. As anticipated, algal growth was also
strongly related to depth. Following two weeks submer%on diatoms and filamentous
algae always blanketed the 4.5 m unshaded treatments, whlle the 210m treatments were
nearly free of algal growth. Dark dishes were hkeW|se free’ bf algal growth at all depths

- though' H&y sometimes were colonized by stalked culutates ruﬁemblmg Vorticel/a.

Al six specnes experienced heavy mortality in upward \‘acmg dishes at both
depths (Fig. 8), though in the species with sorrme survivors,‘mortality was generally greater
in shallow water as predicted. In downward facing (silt-free) dishes, mortality .ip’'shallow
water was significantiy;‘higﬁe@r in unshaded than shaded-dishes in Stye/a gibbﬁo/tenia
villosa, Ascidia paratropa, and Ascidia callosa. ln‘the r\emaining two species, there was
no significance. ' ' : X

Two species, Ascidia callosa and Boltenia V/'//ose survived equally Well in light
and dark downward facing dishes at 21.0 m. Core//a inflata, Ascidia paratropa'“s%%tye/e
gibbsii and Pyura haustor ‘howasver, survived much better in 'unsheded than stxaded
dishes at the same depth. Although this pattern was not predncted by the hypothesis,

~diving” observatlons suggested a post hoc explanabon for it On three different
‘occasions, when{ recovering the experiments, it was noted that decorator erabs,
Oregonia gracilis, had taken up residence in the shaded dishes. By wedging their legs
into the corners of the dishes, they were able to cling on and hang upside eown. !
hypothesize that the sharp' dactyls of the crabs inflicted damage on the ascidians, ceusing
the observed high mortahty In addition, numerous pandahd shrimp mvanably appeared

whenever an experument was introduced (e. g see figure 34 in chapter 5).
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Figure 8. Corel//a inflata, Ascidia paratropa, Ascidia callosa, Styela
gibbsii, Boltenia villosa, Pyura haustor. Survival of juvenile ascidians at
4.5 and 21.0 m depths after 2 weeks at Pt George. Solid bars: shaded,
downward—facing treatments; open bars: unshaded, downward-facing
treatments; crosshatched bars: upward-"facing. Each bar represents mean

of 2 replicates. Vertical lines are standard errors.
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Between—species comparisons of these survival data should be regarded with
caution, since experiments were ndt all run concurrently, and only two replicates were
run per treatment. Moreover, the overall pattern was similar for all species; mortality was

greatest in upward facing dishes and generally greater in the light than in the dark. In

order to obtain adequate replication for analysis of variance, | pooled data from all

species. Since the numbers were in the form of percentages, they were normalized by
arcsine transformation (Sokal and Rohlf, 1969). Overall, the difference among treatment
means was highly significant Upwerd facing treatments at the two depths were not
significantly different from one another (Student—-Newman—Keuls test), but did differ at
the 0.0l level from all other treatments (F»g 9). The 45 m light treatments, which were

sub;ect to heavy algal growth did not differ from the 21.0 m dark treatments whichr~

AL

'were‘dtsturbed by crabs. The deep light treatments and shallow dark treatments however,

showed significanty Jess mortality than the shallow light ones. As predlcted the two
downward facing ?‘lﬁ m treatments were neither significantly different from one
another nor from the shaded, downward facing treatment at 4.5 m depth. -
Growth data in the subtidal transplants were collected for only four of the six
species; in each species, shallow water animals grew less in the light than in thé dark over
a two week period (Fié. 10). This difference between light and dark treatmentss was not
observed in the 21.0 m trénsplants for either Ascidia callosa or Boltenia villosa. A.
calldsa , thoughnot Boltenia, were significantly smaller in the 45 m dark treatment than
in either deep treatment On upward-facing surfaces, growth of B. vi/losa was
depressed in shallow water but not in deep water. This suggests. that while silt causes
mortality, algal overgrowth alone has the effect of depressing growth rates. At ¢
mats of algae in the shallow dishes appeared to ohstruct the siphons of the young

juveniles, suggesting a possible mechanism for this reduction in growth.

Gastropod Grazing

* | estimated the density of Margarites s,bp. near. the 21.0 m Pt George trans'plant

- site as 49.0 animals per m? (SE: 11.; n=4). This was on a solid bedrock siope with éoafse

cover of macroscopcc algae. Schroeter (1972) found densmes of Margar/tes pupillus as

high as 200 per m? across the channel at Cant:lever Pt, though this flgure mcluded those

. \/’
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Figure 9. Survival data from Figure 8 pooled for all species and ranked.
Horizontal lines span non-significant differences (p<0.01), as determined
by the Student—Newman-Keuls test Shadihg of bars as in Figure 8.
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Figure 10. Boltenia villosa, Ascidia calloss, Corella inflsta, Pyura
haustor.. Mid-sagittal lengths of juveniies following 2 week transplant at Pt.
George. Shading of bars as in previous figures. Vertical lines are standard
errors. Horizontal lines indicate non~significant differences, determined by
Student-Newman-Keuls test foliowing one-way Analysis of Variance in
Boltenia and Ascidia, and unpaired t-tests in Pyura and Corel/a." ‘
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animals occurring on the Agarum canopy.
In laboratory experiments, non-feeding snails crawled over established juveniles
with no apparent effect Although they coated the ascidians with a layer of mucus, the

ascidians were able to open up and resume filtering after a short time. When foraging,

however, the snails removed or damaged many ascidians with their radulas. After 10 days

in the presence of Margarites, no juvenile B. vi/losa or C. finmarkiensis remained alive

{Fig. 11). Few animals died in controls run simultaneously.

FACTORS FAVORI/NG SEASONAL REPRODUCT/ON
Seasonal Variation in Mortality

Although algal growth was clearly higher in the spring and summer months than in
aytumn, even the unshaded October transplants at 2 m accumulated a heavy blanket of
algae after a short period of time (Fig. 12). In both shaded and unshaded treatments, the
Pyura haustor transplanted on October 6, 1980 experienced high mortality during the
first two weeks (Fig. 13). By the seventieth da} ali but 2.1% of the juveniles had died.

In January and June expenments clear differences in survival were seen ampng
cohorts transplanted to three different depths (Fig 14). Significantly more anlmals
survived in each transplant at 6 and 10 m than at 2°m. The most strukmg bathymetrnc

differences were seen in the January transplants, where nearly all shallow individuals

succumbed in the first month while all deep and intermediate treatments supporte‘d

relatuvely high numbers of survivors for more than seven months. In’ bo{l‘? January and

June experiments, the 10 m transplants showed only slightly higher survn/al than the 6 m

ones during the first three to seven months. However, in January, 1982, one year after
| .

the initial January transplant, only 45 animals in the 10 ,vm dark cohorts survived. This
represented about 2% of the starting population of 614. In both January and June

experlments the 10 m transplants showed only sllghtly higher survival than the 6 m ones.

By the first sampling date (7 d uH January, 22 d in June), mortality was higher in
the light than the dark in several experlments The difference was most pronounced at 2

m as expected but also, appeared at 6 m depth in the January transplant It is surprising’

that greater mortallty did not occur in the June transplant at 6 m depth In thls treatment,

. no difference was seen between light and dark after 22 days and after 10 weeks, a

!

R
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Cmm)docarpa finmorkiensis

Figure 11. Bol/tenia vi/losa and Cnemidocarpa finmarkiensis. Survival of
juveniles in dishes with Margarites pupillus (solid lines) and in dishes with
' no snails (broken lines).. . , :




Figure 12. Pyura haustor. Juvenile transplant dishes on October 16, 1980
following 10 d immersion at 2 m depth. In dish A (shaded treatment), note
larger size of juveniles, absence of algae and barely visible epidermal
' ulise. Dish B (unshaded trestment) is heavily colonized with algae,

ing the juveniles less visible. The juveniles are siso smaller in size.
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Figure 14, ura haustor. Survival of juveniles transplanted to 3 depths in
January, 1981 and June, 1981. Solid line and points: shaded animals.
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| - '7 greater ‘roprf‘r\tlon of anlmals had dled “n the shade then in the llght. lThns unexpeeted
‘ result may be in part because heeVy algal‘growth on the top side of the‘ﬁl";uglas plate
biécked i ght shadmg the bottom surface enough to prevent good algal growth Evpn in
those treatments where mortahty was mltlally higher in the light, the dlffermC% did not
- genel‘"”lly last; eventually, mortellty in the dark often equalled or exceeded that seen in
? ,unshededtreatments R _ - N S

Seesonel yarietlon in Growth : ‘ i T
‘ Growth of the Octobar transplants is plotted in Flgure 15 Ammals in the two
treatments showed slgmflcant dlfferences in growth durmg the flrst few weeks Whnle
b\ajerage size in tha dark cohort mcreased animals in the light mmally decreased in size. By
ovember lengths in the twg. groups were agam nearly equal, “and ‘both treatments
s\howed slight dsclines during ° the month of December. Although it is: not known whether
. the observed decreases in size. were due to regresslon of lndlvu:lual anlmals or

dnfferentlal,mortallty operating on animals of different sizes, the former- explanatlon is.

lower end of the size range of.animals measured at the beginning of the ex_perirnent
'January transplants at 2 m depth in the light also showed a fsljght deollne m
averagen size just prior to extinction (Fig. 16). At the first sampling 'date in each
experirhent, I'used t-tests to compare lengths ot animals grown.in the\light and the dark.
Dark-l'eared Aanim_als. were significantly.larger than light-reared anlrnals p <‘ 0.05)in each
experiment with the exception of the 2m Januéry transplant. In the June eXperiments .
light and dark animals showed a hlghly sugniflcant difference in length (p. < 0.001) at 2 m
and 6 m; the 10 m transplants were significant at a 0.05 level . |
Regression analysis was applled to all curves having more than two values of .the
' mdependent variable (Table Viil). Because of the “negative growth" seen in the October
cohort in mid winter, the October data showed poor. fit to a Ilnear model. However, all of

the\6' m and 10 m transplants in both ,Januery and June had relatively high correlation

coefficients, indicating little scatter around the regression llnes. One-way analysis of

_covariance (following log transformation to correct heteroscedasticity) demonstrated an -

overall differ’enoe among slopes (p < .00l The, same' procedure was used to make

“most likely, since the average size of light cohort animals in late October was below the »

o
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Flgure 15. Pyura haustor. Growth of juveniles trans}alanted to 2 m depth
in October; 1880.. Each point represents mean plus or minus one S.E.
(where S.E. bars are not visible, they are smalier than the points). ' Number
near dach point-inditates sample size on which mean is based. Solid lines
and points: shaded animals. Broken lines and open points (dnsglaced slaghtly
to the nght to nmprove resolutnonr unshaded ammals -
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/ Gm p<0 0085; June, 10m: p<0 005) with dark—reared ammala
gro*\wm faster than iliqht—raarod animalsf; al'‘but the 8 m June troatrnont, The smqla

peritd, the shaded and unsrlnded treatments paralleled sach other closely in Mo
Taken overeil, these results suggest in féreement with the Pt George transplant data, that
the major algal—induced stress occ@rs in the first weeks after so‘ttlement and %(Iater

- on, desptte heavm algal cover.

Seasonal growth rates were compared using data from the dark ire’atments oniy
At both depths growth curves |n June showed sngmflcantly higher slopes than those in -
January, (p<0.001). Wnthm each month, the dnfference between the 6 m and 10 m dark .

transplants was hon— sn@mflcant
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* DISCUSSION

ADAPTIVE VALUE OF LARVAI. PHOTOTAX /S .

Pouling .studies have shown that larvae of many benthg mvertebrate species,
' mcluding some ascidians (Dybern 1962) settle. primarily on the bottom or darker portions «
of panels, rocks, and other e\.ibstrata in the sea (Meadows and Campbell, 1972 Pomerat
and Reiner, 1942). Buss (1979) and others have squested that the adaptive vaiue of this
behavuor is that animals occupying cryptic habitats are probably less subject to sources
of mortality associated with exposed habitats. Two additional functions for the

photonegative settling responses have been proposed Of these, Thorsons generaiization

that photonegative behavior allows larvae of benthic’ specias to find the bottom (Thorson,

1964) has enjoyed the widest acceptance (Forward,_ 1876; Young and Chia, in press).
Dybern (1962) also suggested that sunlight itself, and - especially the ultraviolet

cémponent, may be directly damaging to adult ascidians. Recent controlied .experiments

with ascidians’ end. other invertebrates (Jokiel, 1980) _confirm the importance of this |

factor in shallow tropical systems. |
' Thorson's hypothesis is supported indirectly ‘by the observation that regardiess of
s@ason, there was substantial juvenile mortality associated with shallow (2 m deep)
habitats. This mortality was independent of the degree of shading. In my expenments
virtually all ascndians at this depth died within the first few weeks, both in the light and the
dark. Tadpole iarvae if they use light as a cue to swim deeper during their pelagic phase,
would generally be expected to settle on deeper substrata, and thus avoid some of this
mortality. '
The data strongly support- the idea that shaded substrata are refuges from
Qmortality and furthermore implicate siltation, gastropod grazing and overgrowth by
microscopic algae as selective pressures or “ultimate factors" which might have favored
-the evolution of negative phototaxis in Iarvae In the rocky subtidal zone of the San Juan
Islands, silt appears to be the most important of the three factors. Assuming the
upward-facing petri dishes roughiy mimic upward-facing rock surfaces, | would predict
virtually no survival in such habitats, This is supported by quantitative observations on the‘
distributional patterns of adult ascudians in the San Juans (chapter 2) which' show that

L4

neariy all individuals ‘of most specues occupy cracks, holes, the sides and bottoms of

3 . - H
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-rocks, or vertical rock wall&

Haavy silt loads are often negatively correlated with the sbundsnce of benthic
animais (reviewed by Moore,  1977). For example, Mayer (1918) considered silt as the
major factor 'lirnitlnq distribution of cerals on the Great Barrier reef, an opinion which is
supported by recent work on juyennle corals by Bak .and Engel .(1979). In the shallow
subtidal of Lough Ine, Scotland, Flobnd et al. I981) demonstrated experimentally that the
hydroid, Sertu/aria is unable to survive in areas where suspended or resting silt loads are
heaVy Working wnth] /boulders in this same region, however, Lilly qt al. (1953) did not
conslder silt an ampotltant limiting factor,: desplte the fact that nearly all species occurred
more abundantly on he sides and bottoms of boulders than on the tops. Their rationale
was that species o urrrng predominantly on the bottoms of rocks in sheltered sllty :
areas would be expe ted to occur atop boulders in rapidly movirig water where si was'
minimal; this pattern|was not seen. Unfortunaﬁely the authors falled to  consider the'

/

possible distinction b teen silt as an "ultrmate factor” and silt as a "proxumate factor”. It

-

seems possible that while the adults may survnve on upward facing surfaces in areas free
of silt, larvae still prefer to settie oh the undersvdes since overall, selection has always
favored the latter habitat as a refuge from silt Observatlonal studres have also lmpllcated
silt as an |mprortant Ilmltlng factor for numerous subtidal organlsms mcludmg ascrdlans,
hydroids and- sponge/s occurrmg on rock {Evans et al, 1979; Kltchmg et al, 1934) and
epifaunal orgal( isms occumng on algae (Boaden et al, 1975; 'Noﬂon 1871) and hydroids
(Hughe§ 1975) The present study supports and extends these general conclusions. By
r%mtonng cohorts of known size, | have |d?nt|fred the early jueenile stage as a
vulnerable period when silt is an |mportant source of mortality. To my knowiledge, such
.data have not been avallable previously for any specres

Overgrowth by filamentous algae seems to be |mportant not only in causing
mortality, but,ﬂm suppressing the growth rate of ascidians early in the post-settling
period. After two to three weeks, the influence of algae appears to lessen, presumably
as the animals become Iarge enough to @tend above the algal mat, or create feeding
currents strong enough to keep the siphon abertures clear In my 'experiments however,
algal colonization began only, when the already settled ascndlans were transplanted to the

-field. Thus, under natural conjjltlons where algal mats are already establlshed at the time
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of ascidisn settiement, dgd ovarorowth bc an ”‘K‘"W -gelective agent The
effect of mammtou: aton seems to be msno during all seasons. Indeed, in the October
transplant, when rommly little aigal co’onizmdn was .xpcctcd | observed not only rapid
owth of the aigsl mat, but aiso & corrnpondlnb\rogronion in size of sscidians exposed
to \this mat *Porhaps the siow mid-—wmtor gromh rates interacted with the algal "
colonintlon to produc; the observed regression Nc sigsl colonization later in the
winter and #pring was htqh.r ascidisns were able to outghow the “vuinerable’ stage more
quickly, and little or.no rogrlwon was ob%d. The & lct of algn as lxpwtod
shows a strong negative reldtionship with depth. in the Pt Goorqc transplants, animals in
the 45 m treatments (which were even shalower at low tide) in the light grew
significantly yless and showed much greater mortality than comparsbie animais maintained
at 21.0 m. in the breakwater transplants of P. haustor, where treatments flosted Up and
down with the tide and thus “Wgre ‘mairitained at constant depth, there | was st;'ong

selection against animals in the Iight{xat‘ 2 m, but in the 6 m and 10 m transplants, relatively

less efféct was observed Silt in \‘de'\épk“ater did not reduce growth in\8. v///osa
juvemles though it did produce heavy mortality in all species. o N

Grazung sngils represent an addm&qal hazard to juveniles in some curcumstanécs‘\

In laboratory experiments, the ascidians app
over them, and mucus left by the snails was easily broken by the feeding currents of the
ascidians. However, inaividuals of Margarites pupNjus did indiscriminately kill ascidian
juveniles with their radulas during the course of grazing forays. Snails actually may
represent two opposing kinds of selective pressures. Although their direct effect on the
juvenile ascidians is cle&ly negative, they may indirectly rendera site more suitsble for
ascidian growth and survival by removing élgae. Additional work is'needed ‘to assess the
actual relationship between Margarites or grazers in general and distribution of
sessile organisms. In particular, information is needed on the activity p erns of the
snails. If they graze indiscriminately in cryptic and exposed habitats, ascidi
might not find refuge by settiing in the former. If, on the other hand, their grazing
activities are more or less limited to the lighted areas where aigal fodd is abundant, the
darktregions may -truly represent refuges. Lilly et al (1953) found that three herbivore

species (two snails and a chiton) gccurred most abundantly on the top sides of subtidal

ently were not damaged by snails crawlmg\%




. settlement (YoungmdBrmﬁwwmto 1980; ¢

[}

um;hmmmumummmwm hmwmwcf the
lsminarien sigs, Agarum, (Scivroeter, 19723. whers n mmuy o'un oﬂ dlmm and
other nicroocoplo siges. *

in designing .ubtldll Vl\m Idldnotmmmotcubamdowva'w
animails would use the dark dimnummmm inm\e«.momlnywu
mmmukmmu\mmomwmm mmﬂvmtho
decorator crabs and lhrlmp prohrnwv colonized the controls. | suspect thet these
animals killed the young ascidisns by scraping them off with their sherp dactyls.
Crustlcnm could conceivably represent s selactive- pnuuro which favors settiement in
non-cryptic habitats. That so many sessile ml sesk out cryptic sitgs at settiement,
| hoqunr, réun stronqu that this factor is not as important as algse or siit, thlt its
effect }t loss prodscubh in time, or (most likely) that the phenomenon is an artifact of
introduci moccupmd habitst into the environment , ’ ’

The téchnique of aliowing lirval sscidians to settle on artificial substrata in the lab,
h then transplanting to the field often has been used to study ascidian érowm {Goodbody
and Gibson, 1974\Lambo'rt. “1A968;‘,‘N;Qmaguchi, 1974; Yamaguchi, 1975). However, only
Goodbody (1863) tra
| - found that 'juvenilc Ascidie nigra grew faster when shadod apparently becsuse of the
" absence of diatoms (Goodbody, 1963). '

In the San Juan' islands, distribution of subtidal astidians is controlied by a
number of different factors including,_predation (Young, 1980; chaptor 5) and larval

isnted juvenilés in more than one experimens! condition He

ters 2,5). The tendency for most animals to
m mortality (dué to silt, sigae and snails)
assocm{ed with uhshaded sress, and in part from the. photonegative responses of the

ocgupy cryptic habitats seems to result in part

larvae at sattlomont It is difficult to distinguish these two Tatters, since the differential
mortality probably favored evolution of the behavioral responses. At this moment in
evothionary time, distribution seems to be controlied largely by the proximate factor

v' (behavior); at some time in the past, the ultimate factors (silt, etc) documented in the
present study were probably more important
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. monmwmummmm it natursily spawns in the asrly spring. yet
“unike many species, nwmmm ‘which may be obtained by dissection,
‘MNHW mawmmmm Jaruery

" snd une, showed sfriing differences in both Growth rate and survivel Although (owth
rates ware highest in June. snimals transpisnted during this period uhow.d.vcryrw\
mortality; after 7 months ail were dead Jenuary transpiants grew siower, but showed
rdhﬁvamdw'urv#vd hftcopt in shallow water), some were still living after a full yeer |
have observed spontsnsous spawnings of P, Mstor in the hbornory' from eesrly
Februsry through mid May. The most extensive spawnings seemid to be those in
February. At least four other species. Asc/id/a call/oss (C. Lambert, personsi
conmcam Chelyosoma productum (Young snd Braithwaits, 3980) Stye/a coriacea
and Styel/a aibbcli (Young. unpublished observations) show spswning peaks during the
very esrly spring;.populstions of all species have nearly spawned out by April
Intersstingly, the :ﬂwning sssson of these ascidisns corresponds to the months when
" surface seawater temperature is lowest in the Sen Juans (Thompson and Phifer, 1937, D.
Duggins. personal communication. We may speculate that aigal growth, which may be
temperature limited, is also lowest during this time of year. Unfortunately, the data on
survival and growth were collected during a singie year. and | do not know whether the
seasonal phenomena observed are representative of svents which occur in a predictable
manner year after yesr. Nomaguchi (1974) carried out a brief study similar to mine with
Ciona intestinalis in Japan He aiso found that juveniles settiing in the very early spring
survived somewhaf, better than those settling when the temperatures were warmer.

Likewise, Svane and Lundalv (1880) recently demonstrated that aduit Ascidie mentula in

Sweden grew more slowly and sometimes, rogressed during the warm summer months

This species roproduces in the late summer and autumn, a time of year which, in terms of
', algal growth, could be similar to the early spring. ° ¥

\

d



Palmer and Strathmann (1981) h{ e consndered spetlally mdependent year to year'

':vanatlon in. habutat quality to be en ir ortant part of a larval duspersal model, and -

- "Strathmahn et al, He81) have demonstrated such vanabuhty in the habttats ‘available to
: lmtertlda! harnacles Snmnlar work is nesded in the subtidal zone. Assummg that probabmty
. of. survuval ns prednctably seasonal my data strongly support the hypothesis that ultnmate

- factors favormg early sprmg spawnmg in temperate ascidians act on the juvenile stage of

- the life cycle The spawnmg ‘peak of Pyura haustor appears to coincide with the pernod

‘of highest survival

These resutts contrast in an mterestnng manner with Goodbodys (1961) study of

the tropucal ascadaan Asc/dla ‘nigra, whose reproductlon is continuous. Although there is
a slight peak in reproductuve actlvuty {as indicated by Settlement on fouhng panels) in some

seasons, the peak occurs unpredlctably and may slmply reflect chance events occurring

in the plankton <A nigra ;uvenlles transplanted to the. flEld showed conslderable

fluctuat:on in survnval but the fluctuat:ons were rot related to seasonal condmons The‘

ctear contrast between P haustor and A. cal /osa with respect to both spawnnng time and

survwal supports the :dea that seasonal reproductnon in temperate ascidians and other

£

mvertebra}es may be an adaptwe response to predlctable seasonal varuatlon in those

benthic envnronmental conditions that mfluence juvenile survuval

»
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ABSTRACT

Factors controlling the distribution of subtidal” ascidians on hard substratum wet{e
studied for a group of 13 3pecies in the San. Juan_ Islands of Washington State,

emphasizing theinteractive effects of predation, larval substratum selection, defense

ﬂ mechenisms and spatial refuges. Most of the rocky' sites were dominated by the

stolidobranch ascidians, Pyura haustor, Halocynthia igaboja, and C?emidocarpa?v "
finmarkiensis, thoubh‘ Bo/ter;ia villosa and Styel/a gibbsii also occurred' at mos{ sites.
Besides occasional isolated ind:i\iiduals, most phlebobranchs were found on soft bottoms
and/or fleating' docks, where ‘Che/yosoma productum, the most abundant, reached a

densities as high as ‘1 350 per m%. '. |
” Field transplant and Iaboratory feaeding experiments demonstrated that the
cymatnd gastropod, £ s:tr/ton oregonenS/s mfluences the distribution of most
phiebobranchs by eliminating them fror?Lyp:caI rocky eubtidal sites. F. oregonensis,
locates ascidians by random encounter, and drills holes mechanically, by using the radula
and jaws. , ‘ | . |
Three o'f the species which ce-—occur with F. oregonensis have effective means

of dei"ending against snail attack. Two other species are able to survive in the rocky

subtidal by living as epizooites on the invulnerable forms, taking advaritage of the

”defenses of the hosts. Chemical defense mechanisms {vanadium and acid) are ineffective

against F. oregonensns The defense mechamsm of Halocynthia /gabO/a consnsts of long
tumc spines with recurved spmelets In Pyura haustor the strong, leathery tunic is

endered more mpenetrable by embedded sand grains. P. haustor alsq has small spmes

mostly locslized "in the siphon reguon. Cnemidocarpa finmarkiensis may defend itself

behaviorally by flattening against the substratum.

14

Inj most species, small- scale dnstrlbutnon correlates well" with larval behavnor

Negative phototaxls at settlement interacts wnth substratum preferences to result in the

observed field dlstnbutnons \

everal species occur in discrete, single—~species aggregations. " These

aggregatlons are formed by gregarlous se&lement Bt larvae in Pyura haustor and

Chelyosoma productum, while they are thought to be a consequence of short larval life

(due to brooding) in Core//a inf/ata and high concentrations of larvae in Ascidia callosa |



occurring on floating dqcks. Larvae of the epizooic species, Boltenia vi!losa and Stya/a | )
glbbsll settles most readily on tunic of prospective hosts, and delay motamorphoms in
the absence of these substrata

The species without strong subsgatum praferences are found mostly as sollt\ary\
mdlv:duéls in the field. It is hypothesized that they persost in the subtndal becauss of thenr
unpredictable distribution in space, and that lack of substratum specufncnty seen in thenr

larvae is an important component of this stratagy. ’

~
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A
INTRODUCTION

N _
- Distributional patterns of or\ganisms are influenced by complex, interactive suites

\of factors In most benthic marine " specnes these controlling factors may act on more

| larval velopment a settlmg stage in which Imge interact with benthic organisms while

selecting the adult habutat and wholly benthic ,t}vemle and aduit stages. Because of
differences h\ habitat, structure and size, animals in the various stages may expernence
very different \sel\ectave p(essures. Much of marine ecology involves identifying these
selectiye pressures\end determining how they interact to produce the patterns of

diStribution and abundence observed in the sea (Paine, 1977; Riedl, 1980). However to

date, relatwe contrlbutlons of factors actmg in different life hlstory stages have been

studied for few marine orgamsms In the present study, | document spmal pattern of 13

N

species of sohtary ascidians in the SQ Juan Islands, Wa. and present exﬁg:tents on the

relative roles of predatuon (oc0urrmg the adult stage) and bitat selaction (in the
m\

4 . N\
settiement stage) in controlllng these patterns\ - \ ' N N

Several early manne ecologlsts mamtamed\that the control of benthic dust\nbutnon '

AN
was Iargely dependent on random processes (Nels\on 1928 Yonge, 1937; Co\eman

1933) Larvae were thought to “rain down" on the Substratum and survive w\

condnt:ons were suitable and dle where they were not Although it has now bee\

AN
demonstrated that larvae in virtually every phylum are capable of discriminating among

different substrata and of delaying metamorphosis until eppropriate habitats are
encountered (see reviews by Crisp, 1974, 1 76 Meadows and Campbell, 19723'
Scheltema, 1974), the relative importance of duspersal and habitat selection remains in

question because of feeble swnmmmg abilities’ of most Iarvae (Mtle|kovsky 1973. Young

and Chia, in press) inability of larvae to move between water masées(Banse 1964} and

velocrty of oceamc and coastal currents Larvae are able to select a habitat only when-

cho‘ces are available to them the importance of settlement behavior therefore depends

on what Moore (1975) calls, "ecological opportumty" which is largely a fuhotlon of the
, dlspersal processes occurring in the plankton. 7 : ! B
Post-settling determinants of distribution have been the most extensively studied

\

" on adults; primarily because of the ease with which sessile adult animals may be

one life hnstory stage s s often molude a period of pelagic embryogenesis and

AN
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| ¢
manipulated experimentally (Paine, 1877). Both physical and biological f;ctora are known
to’' be important in modifying settiement distributions in the intertidsl (reviewed by
Conneli, 1972, 1975; Paine, 1977, 1980) and subtidal (Kitching and Ebling, 1967) zones.
Nevertheless, our understanding of larval ecology and recruitment remains inadequate
{Jackson, 1979; Thorson, 1966; Woodin, 1976, 1979). Barnacles are nesrly unique
among benthic organisms in having larvae and juveniles which are visible with thp naked
eye from the moment of settiement on. Connell (1961), Strathmann and Bramdomb.
(1879) and others have taken advantage of this feature to study the differences hatwcon
cyprid and adult dnstnbutnons Connell's (196 1) observation that the newly setﬂod spat of”
intertidal barnacles had wider bands of vertical distribution than adults of the same
species strangthened his demonstration of compaetition and predation as determmants of
the lower. hmut of barnacle distribution. Unfortunately, this optimal approach is not
possible wuth most species. since the larvae and early juveniles are microscopic. The ‘
ecologist is hard-pressed to consider the dynamics of /n situ populations until after

selective pressures in the early growth stages have taken their toll. Consequently, the

differenc\“e\between settlement distribution and adult distribution kamains unknown for

nearly all speéies and correlations between spatial patterns of adulté and those of older
juveniles have been made in only a few instances (eg Bak and Engel, 1979; Barker,
1977, 1978; Birkeland et al, 1971 Neison, 1979 Sarver, 1879; Stebbmg 1972).

While ascidian population dynamics ,have been studied in several fouling
communities (Goodbody, 1962; 'Lambert, 1968 Sabbagin, 1957; Sutherland, 1978;
Yamaguchi, 1975) and ;in the Scandanfvian subtidal zone (Gullikson, 1980; Svane and
Lundalv, 1981), quantitative a}\alysis of ascidian distribution on a small scale has been
carried out only by Castric-Fey et al. (1973) in the Glenan Archipelago of Southern
France and Dybern (1963) in Denmark. Both of these workers foﬁnd that éscidians
occurred primarily in cryptic subtidal habitats. On a regional scale, Dybefn (1969a, 1969b)
correlated distributions of several species with salinity and temperature, and Fay and
Vallee (1979¥ oted that distribution of ascidians in Southern California correlated with
the mode of mﬁr\ombkn\wsular species were mdstly ovoviviparous compound forms

with very abbreviated larval pericds— —
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Agcidisns in the family Pvu'idu often occur in dense sggregstions. For example,
clumps of Pyuras nolonllfon dominata part of the lntorﬂdd zons in certain regions of
South Africa Day, 1874, Stephenson, 1942), as do Pyure prasputialls in New South
Wales (Dakin ot sl. 1848), Pyura chilensis in Chile (Gutierrez and Lay, 1965), Pyurs
pachydermatina in New Zealand [Batham, 19586), ‘Pyura haustor in Washington State.
Subtidally, several species of the pyurid ascidian Microcosmos form discrete
aggregations in the Mediterranean (Monniot, 1965; Riedi, 1968; Stachowitz, 1980), and
both styelid and moigulid ascidians form similar aggregations in the Guif of Mexico
(personal observations). Monniot (1965) and Millar (197 1) have hypothesized that such
clumps may arise through gregarious settiement of lsrvae, whilclg Berrill (1950} has
attributed similar epastial patterns in Dendrodoa grossul/aria <to an sbbrevisted larval
development which, in his words, "keeps the chiidren at homa." Although circumstantial
evidence for gregarious iarval behavior in ascidians has existed for many years (Grave,
1836; Grave and Nicoll, 1940; Bertholf and Mast, 1944), it has been demonstrated
experimentally only for one species, Chelyosoma productum (Young and Braithwaite,
1980a). Recently, f'eld evidence for larval aggregatuon has been provided for Mo/gula
sp. (Schmidt, 1882), who also demonstrated that aduits occwring in aggregations fuse
their tunics together. |

Millar (1971) has reviewed the literature on ascidian predators; studies not
mentioned in his ‘review or which have appeared since, involve the gastropods Okenia
ascidicola (Morse, 1972), Trivia arctica (Gulliksen, 1975), Bul/lia digitalis (Brown,
1964), Lamellaria rhombica McClosky, 1 873), Lamellaria diegoensis (Lambert, 1980),
and 10 species of Cymatiid gastropods from Australia (Laxton, 197 1) Asteroids were
once considered»/?ﬁinor predators on ascidians (Millar, 1971), though in recent years,
sever:l studies have documented predatlon by starfish: Asterias rubens (Gulliksen and
Skjaeveland, 1973), Pat{(/e//a brevispina, Tosia australis and Petricia veruicina
A (Keough and Butler, ‘1979) and Porania pulvillus (Ericsson and Hansson, 1974). In the
San Juan Islands of Washihéton, several asteroids feed éccasionally on certain solitary
ascidians (Mauzey et al, 1968) and a number of specialized gastrbpqu in the genera
Velutina and Lamel/aria, all of which plrey. on compound or solitary; ascidians, are found

on occasion (McClosky, 1873). Core//a inflata is preyed upon by a polyclad flatworm,
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Eurylepte /oopwmm 1968). .

in -’pm of mw list of predastors, ascidians are endowed with & number of
sdaptations which are considered defensive in function Most defense mechanisms which
have been documentsd are chemical Tunicates, particularly those in the Order
Phisbobranchis, concentrate vanedkm (Goldberg et al, 1961, Swinehart et al. 1974;
Wabb, 1986), iron Endean, 1958a; Swinehart et al, 1874) snd other metals. Vanadium s
a metabolic poison at high concentrations, and when occurring above 10 ppm, it f.ndors
food unpalatable to small fish and crabs (Stoecker, 1880b). Some compound ascidians
hsve vanadium concmmtion‘s as high as 3000 ppm. Stoecker hae recently demonstrated
the effectiveness of vanadium in preventing predstion in several species of tropical
ascidians. | ,‘

Many ascidians concentrate sulfuric acid in specialized cells located in the outer
layers of tunic (Lambert, 1979; Stoecker, 1978). fhis acid mdy prevent colonization by
epizoocites shd also protect agginst certain predators (Stoecker, 1978, 1980b).

The. predator considered in this study is a member of the mesogastropod family.
Cymatiidse, Fusitriton oregonensis. F. oregonensis, which may reach 135 cm in length-
(JT. Smith 1970) is easily recognized by its reguisr rows of long poriostrléal hairs. It is
the most common large gastropod in the rocky subtidal zone of the San Juan Islahds. The
feeding of this species has been studied by Eaxorﬂ1‘972). who concluded that it is a
generalist predator which will accept‘a wide variety of common subtidal ;nvertabrates as
prey and also scavenges dead fish, crabs and other carrion Eaton also maintained that .
.oregonensis, like related mesogastropods in the Family Cassidae (Lyman, 1937 Moore,
1956; Schroeder, 1962) prefers sea urchins when offereq a choice of foods. Thé green
urchin, Strongyl/ocentrotus droebachiensis, which js extremely abundant in the shaliow
subtidal where F. oregonensis is common, is often seen with black spots of necrotic
tissue overlying the test Eaton (1972) found that he could simulate the spots by squirting
Fusitriton salivary secretions (which are composadklargely of sulfuric acid at about pH 3)
at the urchins. This observation led to the hypothesisvthat the urchins with black spots had
experienced "near misses” with the predator. Eaton (1972), M.J. Smith (1970} and Avery

(196 1) all give anecdotal accounts of F. oregonensis preying on ascidians.
¢ o,
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~several rocky subtidal habitats, then conducted field transplants and labor

€

' ‘'experiments to assess the relative importance of larval® substrat

o

Fourteen sp‘Lnes of solltary ascndlans in 2 orders and 5 famnlles ‘occur in the

'subtldal fauna of the San Juan Islands Washlngton Some are rare, whlle others are

'observatnons revealed a number of clear dlfferences in spatsal pattern within the

'assemblage suggestmg that the system would be amenable to a comparative approach.

Addltlonally, ascadlans were attractrve for a study of settlement behavior because their

-

larvae are easily obtamed’ .and reared m the laboratory, and demonstrate substantial

| vanablllty in thecr behavior (Young and Braithwaite, 1980 chapter 2).

In the present study, | documented patterns of. aggregatlon and substratum usein

°

: among the most abundant anlmals of the rooky bottom epnbenthos Preliminary

ction - and

Fusitriton predation in controlling these patterns. | found that in many cases, larval

Behavior was sufficient to explain the small—scale distributions of subtidal species. in.

Vgeneral predation was ‘more lmportant on a large scale. As eXpected those species

whose larval behavior did not e@lalh the patterns were the ones most strongly

\numbers where F. bregonensw was common posessed either defensrve adaptations or

“the ablhty to locate and settle in spatnal refuges

"lnfluenced by postw—setthng mortah%e to predators. Species that perslsted m “high
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MATERIALS AND METHODS IR

Ascidians were observed or sampled quantitatively on over 250 SCUBA d|ves

STUDY SITES , o .' '

between January, 1977 and December 1982. Most sites were on subtidal rocky areas,
muddy areas’ or floatlng docks in the San Juan lIslands (Fig. 17), but these were
supplemented by a few dives each in Puget Sound and in Saanich lnlet British Columbia.
.Mud and rock bottoms beyond safe diving depths were sampled by dredgmg from the
research véssel Hydah, and additional observations were made in Saanich Jniet from the
;Fnshernes and Oceans Canada submersible, Pisces IV. Table IX gives coordinates, depths A
. surveyed, and a brief descnptlon of each site. - '

All field expenments were carned put at Pt George Shaw island or on the .
bottom side of the Friday Harbor Labs Breakwater on San Juan Island. The former
-, consists of a gently slopmg rock outcroppnng Whlch extends from the surface to 20 m.-
- Below this, it drops off steeply to form a cliff which ends at 30 m in a slopmg field of

rubble. Adjacent to the rock outcropping, a cobble field ,extends from 3 m to at least 30

m. Additional cliffs, boulders and outcroppings in the immediate area provided numerous

microhabitats at all depths and within easy swimming distance, all located within a large
- cove. | 4
~ The breakwater which supported a dense populatlon of ascidians, consnsted of
three floatlng concrete sections, each apprommately 30 m Wong and 3 m wide. The
bottom of the breakwater was continually about 2m underwater Although SCUBA was
used whlle dsvmg on the breakwater alt work carrled out on the undersvde was done
during short excursions from the sides, durmg Wthh no bubbles were expelled As the
bottom of the dock was almost perfectly flat, bubbles which were released would pool

*

on the concrete surface indefinitely, damaging the animals.

SPATI AL PATTERN ANAI.YS/S AND POPUI.AT /ON ESTIMATES o
Spatlal pattern was assessed . quantltatlvely for several of the abundant species.

However for specnes in which only one or a few animals were encountered, on any glven

dive, quantufncatlon was deemed pointless. Instead, notes were made on underwater .

slates each time an individual was encountered.
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Densmes of ascidians were measured by various means approprnate to the

habltats under consideration. In each case, however samples used for the estlmates 8s were.

randomly selected, so figures from all sites could be compared
subtidal sutes, all ascndlans were counted in a transect of contiguous quadrats taken along
a particular isobath. Quadrat size varied from 25 X 25 cm to 1 mX1m, dependino on

the densityfo’f the species under consideration. As many ouadrats were taken as possible,

within the limitations 'imposed by bottom time, air supply and water temperature. After

returning to the laboratory, a table of random numbers was used to select a subsample
_of 50% of the duadrats for use in calculating densities. Densities of dock populations
were estimated by scrapmg alt anlmals from randomly selected quadrats 25 by 25 cm or
50 by 50 cm, and counting them in the laboratory

“ For pattern analysus of quadrat data, the entire sample was used smce a random
pattern should conform to a Poisson distribution ‘even when the samplmg scheme is not
random (Pielou, 1977). The mean number of animals per quadrat was rounded to the
nearest 0.1 and used to obtain mdlvudual terms of the Ponsson distribution from published

' tables Observed and expected values were compared usmg the chi-square goodness of

fit test at n-2 df Expected values lower than 5.0 were pooled, as dictated by :

convention (Sokal and Rohlf, 1981).

‘While counting animals, | also noted the substrata to whuch animals were attached, °

the numbers of individuals in discrete clumps the ‘angles (with respect to the horizontal)

of surfaces occupled and whether animals occurred in holes or cracks. Surface angle

data for animals living on rocks are presented elsewhere with analysis of tadpole'

»photoresponse (chapter 2). Chi—souare analysis was used to determine if the species
were lndependently assorted among the various substrata utlllzed by ascidians
‘lGreug Smlth 1957). Expected values were computed as the proportion of total ascidian
attachment sites made up of a particular substratum type, multiplied by the total number
of individuals in the survey. Data were pooled for all sites of a given habitat type (e.g.,.
rock). N

’ Photographs were used to document pattern on rock walls at Pt, George and

Cantllever Pt. An underwater camera with a framung device (25 by 25 cm quadrat)'

. attached in front of its lens was used to photograph grids of 72 of 80 contiguous -

Y
A
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quadrats, eight quadrats per row (Young and Chia, 1932): The sites were marked with
vertical transect fines extending from 18 m to 21m and marked«j,_at 25 cm increments.
Wooden clothespins on the/ lines were . used to keep track of position while
photographing. The cliffs were photographed V\rith Ektachrorne film; 'slldes were later
projected, subdlwded into 12 5 by 125 cm quadrats and countedﬂfor all ascndlans

At a number of sites where quadrat counts were not made distributional notes
were taken on a slate for each ascidian encountered during the dive.

The predator Fusitriton oregonensis was always counted v(hen it appeared in

quadrats. In addition, | attempted to estimate the s!};e of the snail population on the rock '

outcropping at Point George where transplant experiments were carried out. The entire
portion of the outcropping below 18 m depth (measuring 10 by 15 m) was surveyed on
April 15, April 23 and May 7, 1981. Two divers'swimming a’breast surveyed first the
slope at the top of the cliff, then the face of .the chff itself. "Each F. aregonensrs was
marked by wrapping a rubber band around its shell” spire (Eaton 1972) then replaced in

its original posmon on the bottom.
o

" TRANSPLANT EXPERIMENTS

Ascidians for use in transplant experiments were collected from areas where

they were common; either subtidal rocky habltats or floating docks. Dock ascidians, such

T"?}Core//a inflata, Chelyosoma. productum, and Asczd/a callosa were collected without

damagmg them by locating specnmens attached -to sabeliid polychaete tubes

’ (Sch/zobranch/a insignis qr Eudjstylia vancouveri). The sabellid/ascidian clumps were

5

lashed to bricks or rectangular, brick~sized pieces of 1 cm unpainted plywood with
strong monofilement fishing line, taking care that the line did not cross any ascidians, and
that it contacted the sabellids only at the strong basal portions of the tubes. Nelther
ascidians nor polychaetes wtre ~damaged by this treatment. The transplant setups were
maintained in rdnning seawater aquana ln the Iaboratory and in large buckets of seawater
both |n the boat and while sw:mmlng underwater Just before they were transplanted, all

aSC|d|ans were. counted and measured with calipers.

The brlcks were placed on the bottom at 45 or 21.0 m depth at Pt George '

Transplants on wood served as non-—benthlc treatments. Each was - tled to two 1m

[

@
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lengths' of nylon line, one of which was attached to a weight and the other to a 1 galion

plastic jug, filled with air. The weight"was pliced on the bottom near the benthic

~ transplant, and the_fioat held the ascidians in a yertical position 1 m off the bottom. Thus,

. these animals were exposed to the same 'general physical and chemical condifions as the

ammals on the bottom but were not sub ject to’ factors (e.g.. benthnc predators) associated
with the bottom alone. ' .

Boltenia villosa is a small ascidian Wthh attaches to the substratum by means of
a narrow posterior stak. Two dlfferent methods were used to transplant B. w//osa
mduvnduals in thelr normal, -upright position. In the flrst?!) 5 cm dlameter holes were drilled
in bncks (2 per brick,- 10 cm apart) Stalks of the ascuduans were placed in lead screw

anchors, where they were secured by crimping the lead’ sllghtly and also tying with

~monofilament line. The anchors were then tapped into the holes in_the bricks with a

screwdriver so that the ascidians stood upright. In other experiments the same thi_ng was
accomplished without using bricks by crimpingv the ascidian stalkks in 5 cm lengths of 1
cm flattened lead pipe. The pipes were bent at right anéles near the asoidian end so that
the greater mass of the pipe restlng on the bottom would hold the ascidian erect.

In one experlment with B, w//osa mortalrty of transplant ammals was compared

with that of asc:dlans occurring in natural, /n situ clumps. The clumps were marked

without dusturbmg them by placmg a numbered piece of red terracotta roofmg trle about

25 cm away.

Individuais of . Ha/oe)(nthia igaboja were secured to- bricks .by means of .
monofilament line threaded directly through. posterior lobes of tunic. Some transplanted
H. igaboja individuals had their spines .removed with razor blades and others carried

naturally occurring epifaunal species such as Boftenia villosa. -

FUSITRITON OREGONENSIS FEEDING EXPERIME/VTS
| Experiments on Fusitriton oregonenSIs food preferences and feeding rates were
conducted in the laboratory and field. Lab exper:ments were run in large tanks of runmng

’:

seawater, measuring 127 by 59 cm and filled to a depth of 15 cm. Various combinations .

" of prey items collected from the rocky subtidal zone or from floating docks were placed

in a tank with 7 aduit snails, randomly selected from a holding tank containing snails which



115

.had been coliected by dredging or SCUBA. Experiments were.o‘f two types. In the. first,
prely items were replaced eaéh morning after they were eaten, so the availability of prey
remain.ed\'c'on_stant for, the duration of the experiment The preference-indices "D" and
"Iog,oQ'; (Jacebs 1974) were computed frorﬁ these data. CockA(1978) has reviewed the
merits and dlsadvantages of the numerous measures of preference that have been
proposed in the literature. He concluded that Jacobs' (1974) indices have several |
. advantages over more commonly used ones including\\"Forage Ratio” and Iviev's (1961)
"EIe_citivjty". This is especially true when dealing with pre\/ at various’lden'sities, as was the
case in my field experiments. The formulations for these\ indices are: D=r-p/r+p-2rp and
log,:Q=log,,lr—(1- p)/p (1-r)l, where "r" is the proportion of a given food item in the diet
of the predator, and “p” is the proportion of that food utekn relative to the total available
préy. Values of both indices range from O to infinity, with high values !ndlcating
mpreference and values near O indicating avoidance. ‘ \ _ N
in experiments of the second type, prey ltems were\ not replaced as they were

eaten, and data were plotted as nests of survivorship curves

Fveld expenments were conducted by transplanting Fusitriton to the underside of
the laboratory breakwater 'wvhere high density populations of \5 ascidian species were
already established and F: oregonensis did not occur naturally.|Snails were enelosed ‘in
cages constructed of galvanized hareware cloth (1 cm mesh size), and measuring 50 cm
by 50 cm'by 15 cm deep. TWir; sfrips of styrofoam fastened to, the "top""of the cages
with wire provided flotation, pushing the sides securely against the bottom of the dock.
The dock bottom was continuously submerged at a depth of 2.0 m and was about 10 m
over the bottom at MLLW. in pre!iminary runs, | attempted to determine predation rates
by photographing the ascidians before and after the snails had fed However, it proved
impossible to dlfferentlate live and dead ascidians in the photograp\w and also to count
very small individuals. | terminated the experiments reported herein' b scraping all animals
in each cage intdo a mesh diVei bag, and looking for evidehce &f predation in the

laboratory. Since F. oregonensis leaves a characteristic bore hole, this was not difficult.
| By sUspending empty ascidian tests from the preek\)(/ater in small cage\e, | determined that
©__ tunic of A;c/dia callosa and Che/yosoma producrum remained essentially intact }or over

‘2 weeks and the tests of Bofltenia yillosa and Styela gibbsii remained easin
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| recognizable for nearly a month. By limjting the field experiments to 20 days,-| probably
" ‘recovered evidence for nearly all of the attacks which occurred. In the laboratory, all
animals, both eaten and uneaten ‘Ae \meesured with calipers along whatever linear
dimension gave the best correlation with wet mass for that species. A certain‘amount of
subjectivity naturally entered in the size estimates of the ascidians thatg had been
consumed, especially for Ascidiamca//osa, which was often the most decoqused,'aad
for Styel/a gibbsii, fhe tunic of which contracted somewhat in the dead animals\ *‘\
Distant chemoreceptnon of F. oregonens/s was tested, in a large plexnglaslb
"Y-maze". The main channel of the maze was 60 cm wnde and 90 cm long, and the arms,i
which were 30 cm across, dnverged at a right angle. The potential prey items were held m\
perforated plexiglas chambers built into the arms. Water from the laboratory iseawater \\»

: _ \
system was run into both arms simultaneously at about 2 I/m. Fluorescein and odamme:\ ‘
i
dyes were used as markers to observe the pattern of flow. With the exception of a few |

"dead reglons" near corners, the flow in the arms was nearly laminar. SoTe mlxmg} :
occurred in the main channel, but most of the water from the two arms remained:|

| segregated until exiting the; rﬁaze Six or 10 sna:ls were lined up in the base of the maln/
channel, facing upstream and allowed to move about for a pre- decuded period of time, t‘ :
after which their distribution was noted. In some runs, | monitored moyements of the
snails for the duration of the experiment to determine how the anlmals rrived at their \
ultimate destmations. Since F. oregonensis is a nocturnal feeder, short experiments were
generally run between 18:00 and 24:09. Longer ones ran until ihe following morning.

i | took advantage of the transparency of some ascidians to | observe the
mechanism of boring and ingestion in £. oregonensis. A large piece of ‘Ascfyia paratropa
tunic was clamped between two pieces of'plexiglas having identical 3 cm diameter holes
in the middle. The entire assembly, which was held together with brass bolts ‘screwed into
threaded holes in the plastic, was placed upright|in a small tank of seawaterj The body of
the ascidian from which the tunic had been removed was placed on one sn%e and a small
F. aregonenS/s ‘was placed on the other. When F. oregonensis "attacked/ the tunic, its

drilling mechan‘_ism.was easily observed from the ascidian side. . l
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MICROSCOPY

F. oregonensis radulas and jaws were removed by dissolving aWay‘ the soft
tissues of the buccal‘“';nass.w‘nth a “solution of NaOH. They were then pinned with minute
insect pins to paraffin, and air dried prior to mounting for Scanning Electron Microscopy.

Pieces of ascidian tunic were fixed for SEM. in 25% glutaraldehyde in millipore
filtered seawater, rinsgd in seawater, and post—fixed in a half—and—half mixture of- 2.5%
NaHCO, and 4% OsO.. They werve-;then dried at the critieal point and sputter coated with
gold prior to vnewmg with either a JEOL JSM 35 or a Cambrldge Stereoscan- 150

'Scannmg Electron Mvcroscope at 15.to 20 KN \‘»

MEASUREMENT OF TUNIC PROPERT/ES _

Ascidian ’tunic:'E pH was determineo by the method of Stoecker (1980). A Iivs animal
was removed from the water, blotted with a paper towel and bru:sed by striking it gently. ‘
Five different pH papers (Microessential Laboratories, Brooklyn N.Y), two with broad
ranges (1-11, 2-10) and three with overlapping narrow ranges (3-5.5, 5.6-6.8, 4.5-7.5)
were, applied to the bruised area to estimate the pH. o

| obtained a rough sstimate of tuhic ténsile strength with strips of tunic
approximately 4 mm wide, trimmed to uniform diameter in the middle (Alexander, 1968).
The cross—sectional area of the narrow reg:on was estumated with a calibrated ocular
mlcrometer in.a Wild dissecting mucroségpe The tunic sample was clamped with
-hemostats on both ends, and suspended vertlcally from a ring stand. A platform was
attached to the lower hemostat, and weights were addedr'to the platform until the ’tunic
broke. Tensile strength was oomouted ‘as breaking strength/cross-sectional area,
expressed in g/mm? B | =

The percentage of tunic composed of water was determmed by oven-drying
tumc samples at 50 degrees C to constant weight, and comparing wet weight with dry

waeight.

LARVAL SETTLEMENT EXPERIMENTS
Ascidian larvae were reared from gametesv spawned in the Isboratory or removed

by dissection from repfoductive adults, according to hethods described in detail in
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chapter 2. Cultures were maintained in dishes of filtered seawater cooled in shallow
seawater tables. Only active, normai-looking, tadpoles were used for behavioral

experiments.

Three or 4 replicates of each substatum type were offered to tadpoles in each -, S

.,

experimental dish. Pieces ef ascidian tunic were cut to uniform size (1 cm diarheter) wifﬁ
a.cork borer, and non-ascidian substrata (e.g, rocks, shell) were either broken to
~ comparable size or collected in the proper size a‘lready.‘Rocks were collected from the
low intertidal or high subtidal zone, and except when c>Ieaned off for sp‘ecific

/,,ex‘f)eriments, were fouled with bacteria and small amounts of filamentous algas. Three or

4 replicates of each substratum type were arrayed in a randomized latin square in the
bottom of a Iarge petri dish (Fig. 18) and held in place with agar. A 2-3 mm layer |of agar
(1 g boiled with 30 mi millipore filtered seawater) was poured in the dish first, then
substrata were arranged before it gelled. After the dish was cool, seawater and several
hundred tadpoles were added and the dish was placed in a shallow seawater table Until all

or most larvae had settled A 100 W incandescent bulb, 50 cm overhead, providegd

a definite light grad|ent was still present in the dish for at least half of each day. The

dishes were oriented with replicate rows of substrata aligned parallel to the windbw, so )

that the ef fects of light and substratum could be studied simultaneously. Laborator Ilght
intensities on a typlcal day were in the range of those measured betweeA 5 and {Om
depths in the field (Young and Chia, 1882).

Data from these experiments were cast into’ contingency tables and analyzed by

S

goodness of fit statistics in such a way as to test three null hypotheses: 1) larvae are -

" distributed umformly among the wvarious substrata offered, 2) larvae are dlstnbuted
unlformly along the light gradlent in the dish, and 3) the two factors, light and substratum
are independent in their effect on larval settlement dlstrlbut;ons. The first two
_ hypotheses were tested by comparing observed distributions to the appropriate uniform
distributioe (Snedecor and Cochran, 1967) using the log-likelihood goodness of fit test,

"G" (Sokal and Rohlf, 1981). This test was chosen over the conventional chi-square

.

(

»
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.haustgr tunic disk.

Figure 18. Setup for substratum choice experiments,

showing four

replicate rows with four. substrata per row, arranged in a latin s o and
placed in a light %"adient H_Halocynthia igaboja tunic disk. P. Pyura

. rock. S: Chl/amys sp. shell fragment
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statistic bacause of its additive properties. A typical analysis was run as follows. Each
row of substrata in the dish was intitially trested as s single replicats. The total number of
larvae settied in the row was divided by the number of substratum choices (3 or 4) to
give the expected number of larves per substratum. A "G* value was conpﬁtod for the
replicate irow) using these expected vaiues; ail of the replicste “G* values were summed
to obtain an ovo:'all value with nik-1) degrees of freedom, where n is the number of
replicates and k is the number of substrats in esch row. Tho same procedure was
' repeated for each column to obtain a statistic testing the effect of light Finally, a row by
column test of independence was conducted in which expected values wers estimated
from the marginal totals (Sokal snd Rohif, 1981; Pielou, 19h77).

Delay of metamorphosis was documented by offering only one wbstrm to the
larvae at a time and plotting the number settiihg after various periods. Three types of
dishes were Qgun. each replicated twice: rock, ascidian tunic, and no substratum other than
the glass dish. Paralle! setups were run in continuous light and continuous dark in adjacent
regions of the seawater ubig in order to control for the possibility that larvae delay
metamorphosis when shadows (cast by the substrats) were not present In these
experiments, substrata were not embedded in agar. The dishes containgd 10 ml ofn

seawvater.
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RESULTS

" ASCIDIAN SPATIAL D/STR/BUT/ON

Spatnal dlstnbutlon or pattern of ascudlans may be consndered on numerous

scales, from mICI’OSCOplC to zoogeographlcal In order to _gycuss pattern it is therefore
A

. - important to define the scales of intest | will consider two scales of pattern, to be
- referred to henceforth as "large scale pattern” and "small scale pattern”. Large’; scale

- pattern .is measured in hundreds of meters to kilometers, and refers to density

differences between habitat types or between sites of a given habitat type. Small-scale
pattern or Within—site pattern, 'is on a scale of meters ‘By this definition, therefore,

ascndlans occurrmg at high and low densities on a single underwater cliff would exhlblt

"small—scale” aggregation, while ascidians. occurnng abundantly on cliffs and rarely on

mud would be clumped on a "large scale”. In the present study, the parameters by which

spetial pattern wili be defined include: 1) density differences betwpen areas Of,“higﬁ:'and

low abundance (”irttensity” in ‘the T’terminology of Pielou, 1977), 2) %he sizes of

'parameters are relevant to the discussion of small-scale pattern, only the first is 'éasily

considered on a large scale, because of the d:fflculty of obtaining populatnon estimates

. from a large enough samphng of sites.’

Large Scale Pattern;

Figure 18 shows the prqportion of the fauna at each of 14 study sites composed

of ascidians in the orders Phlebobranchia and'Stolidobranchia. While both phiebobranchs

and stolidobranchs are found on soft sediment and on floats, most of the rocky sites are

dominated by stolidobrenchs‘. Three sites, Bell Island, Long ’Island and Shady Cove are

-axceptions. to this general pattern, ‘with the phlebobranch Che/yosoma productum

3

eppearing at Long island and Bell Island, and an aggregation of Corel//a inflata being
found in the survey at.Shady Cove. Divés at a number of additional sites where

quantitative §gta were not taken, however, confirmed the general impression that

stolidobranch dominated sites are most typical of the San Juan Islands.

Although eight of the 13 species in the local fauna are stolidobranchs, only 4 of

these, - Pyura haustor, Halocynthia igaboja,” Boltenia Vi//osi and C‘nemidocarpa

~ t‘ : )

[

aggregations (Pislou's "grain”) and 3) the specific substrata used by ascidians. While all 3
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finmarkiensis maee' Up the majority of the rocky bottom fauna (Table X). Stye/a gibbsii
were also found in small numbers at moet sites.‘ The deminant ph[ebobranch occurring on
rock and mud wae Chelyosoma productum (T able X1). |

On floatung docks two plebobranchs Chelyosoma productum and Ascidia callosa
domlnated the fauna w:th total ascidian densities often exceedlng 1500 ammals per m?
{Table Xl). The dlfferenee .in species .compdadsition between the two docks may seem
eurprising’in light of their'pro;(imity (( ‘500 m apart, in the same bay), but the sites
::dif'ferec’i greatly in age. While the Friday Harbor Town docks have been in place for
decades, the Laboratory Breakwater was installed in Octobe‘r, 1978; less than 3 years‘
: before the samples on which density estimates are based were taken. Numerous workers
(Sutherland 1974, "1978' Dean and Hurd, 1980' Mook, 1881) have demonstrated that
development of epifaunal communities is Iargely dependent on the larvae whlch are in the
plankton at the time the substratum is introdyced. Bo/tenia villosa and S‘tye/a gibbsii
colonized the breakwater f:rst and dominated much of the available substratum (Fig. 20).
. However, at the present time, numerous small C productum are growing, s¢ Che/yosoma .
is now the most common ascidian at this sute,r as it is on other. ‘doeks in the region.

More striking than the between-dock difference is the paucity ot ascii:_lians at the
Cantilever Pt site, which is siteated only a few hundred rneters from the Iaboratory
breakwater Both sites ane on the same shoreline, facing the same direction. Nevertheless,
ascndlan‘s of ali 'common specaes are as much as three orders of magnitude more
abundant on the docks. Pyura haustor is the most common species at Cantilever. Pt
despute the fact that breeding populatlons on the nearby docks are much higher for
Chelyosoma productum, Asud/a callosa, Bo/ten/a V///osa and Stye/a gibbsii.
Furthermore, phlebobranchs were not found at Cantulever ‘

The highest ascidian density at any of the. rocky sites studied occurred on the )
rock outcropping at Pt George between 15 and 305% depths Notwnthstandlng nts) :
| relatively protected position in a small cove, the site experienced strong, regular tidal
currents. While' diving on the outcropping just before or after slack tide, | often noted
that the current direction was not the same on all pﬂarts of it. The face of the clift and the
middle of the outcropping experienced horizontal currents as expected. However, the

cobble fields at the sides of the reef were often swept by currents which ran nearly

+

°
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Figure 20. Aggregations of-ascidians at subtidal sites. A large clump of
Pyura haustor on the Pt George Wall at 25 m depth B: close-up of a
juvenile Pyura haustor attached to the tunic of a large adult C: erside
- of the Friday Harbor Laboratory breakwater, showing high density
assemblage dominated by Stye/a gitbsii and Boltenia villosa. Numerous
small Chelyosoma are- also present, though not easily visible in the
photograph because of their size and proximity to the substratum. D: Large
clump of the barnacle, Ba/anus nubilus supporting an aggregation of
Corella inflata on its underside. Arrows indicate Core//a individuals. Pt.

George, 15 m depth.
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perpendicular to the shore. This sug“gj_ested the 'pfesence of an eddy in the cisi}e, wﬁiéh
mayﬂ_be driven by the stronger tidal currents outside the cove. Such an eddy could
concentrate ascidian larvae and help account f;br the much higher densities of ascidians
on the cove outcroppiﬁg' than on cqfnparable reefs nearer the edges of the cové.

Pyura ‘h.éustor, the most abundant ascidian at most rocky subtidal sites, was

Ainexplicably absent from Bell Island, and also rare ht some high current sites where-

formal density measurements were not taken (Turn Island and Shady Cove).

Small Scale Pattern
It was possible to quantify small~scale aggregation only at certain sjtes and only
for those species occurring at relatively high densities. Three major patterns were seeﬁ:

'single species aggregations, multible species aggregations, and solitary individuals. in the

following account, species are described briefly and classified into one -of these

categories. ‘However, it should be borne in mind that while each species has a

. characteristic pattern, the pattern may be greatly modified in %ome circumsténces.

Single Species Aggregations
- Five species characteristically form single ‘sPecies aggrégations. All of these also

occur as solitary individuals where popu'lation densities are low, and most may also be

members of muitiple species aggr'ega'tions. N v

Pyura haustor. - ‘ : \

The commonest ascidian in most rocky subtidal.sites is Pyura haustor,  an

irregularly shaped reddish ascidian with long siphons and a "todgh leathery tunic. |

Distributions of P. haustor at 6 sites are compared with Poisson distributions in Figures

21 and 22. Additional data on spatial pattern have been reported elsewhere (Young,
1978). Mean number of animals per quad'raf/ranged from 0.7 at Eagle Cove to 82 at
Reuben Tarte. One common feature was ap;;arent at all dehsitiesz many more quadrats
were on the upper tail of the distributioh (i.e. containing numerous P, haustor) than would
be expsected by éhéﬁce. The distribution of Pyura haustor 'mLJst therefore be considered

strongly éggregated. Although sorne of this aggregation unquestionably resuits from a

common selection of cryptic sites (chapter 2), a large part of the phenomenon seems to

\

\

N



.130
,‘f
Pt. George Slope

X2=96.06 (8 d.f.)
. p< 0.001

L

C190X130) (117)

ARNNRRN

Pt. George Wall

' X2=154.78 (3 d.f.)
g v P< 0.001 »
‘N . o

Frequency (Quadrats)
B T P S
,9,9,0,9,0.0

AN

12:' ‘ : Rguben Tarte Point :Z |
101 ' X“=106.23 (10 d.f.) Z
i p< 0.001 Z
S Zz

8- : Z
S Z

] Z
61 | _ ‘, Z
) : \ Z

A - Z
44 Z
- Z
.

g 2 é
2 = B B8] = 1B

0 1 2 3 45 6 7 8 9 10 >10
Ascidians per Quadrat’

Yoresy
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transects taken at three rocky subtidal sites. Cross—hatched bars:
observed frequencies. Open bars: expected (Poisson) frequencues
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Figure 22. Frequency distril:;utions of animals per quadrat for Pyura

haustor, Cnemidocarpa finmarkiensis, and Styel/a gibbsii in the rocky

subtidal. Cross—hatched bars: observed frequencies. Open bars: expected
(Ponsson) frequencies.
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be att‘ributabll'e to gregariousness. Substré{um analysis (Fig. 23) showed that a substantial
~ part of the pooled population was attached to consbecifics or related ascidians rather
than rock. ; ’ ' ;

Solitary individuals of Pyura haustor were most common in cracks between
rocks, or under overhangs (chaptek 2). When occurring in cobble fields, they may cement
together pebb‘Ies and cobbles of all sizes, and thereby stabilize the substratum. A typical
small clump is formed of one or a few large animals at the base and several smaller
animals settled either directly on the tunic of the basal individuals;, or around the edges
such that they are attached both to the rock and the P. haustor. A particularly large clump
is shown in Figure 20. Such clumps form discrete masses projecting from the walls of
éliffs, or more commoniy, from cracks in or between rocks. .

A large aggregation may contain well over 50 individuals, witi:\ animals of all sizes
represented, suggesting that the population consists of several génerétions of settling
larvae. Such aggregations appear on docks, pilings\éhd mud bottoms as well as on rocks.
Figure 24 shows the size distribution of animals from two large clumps coilected from a
dock in Garrison Bay. Although there appears to be a slight mode at about 24 g, all sizes
are represented from <1 g te. 56 g, and the size class with the most individuals was that
composed of recrufts, nearly all of which were attached directly to adult P. haustor. |

‘ P. haustor recruited to the Lab Breakwater about 1.5 years after the breakwater
was installed. Barnacles (Bal/anus crenatus) and other ascidiansA(especialIy Styela gibbsii
and Bo/tenia villosa) had already colonized nearly all of the concrete substratum by this
time. Consequently, most Pyura on the breakwater were attached to barnacle shells
(Figure 25). By chtraSt, P. haustor on the much older Friday Harbor Town Docks as well
as docks in Mitchell Bay (Snug Harbor Marina), Roche Harbor, and Garrison Bay, were
distributed in discrete, single species aggregations as in the rocky subtidal zone. | have
followed'inforrﬁally several such aggregations on docks for over 5 years. These clumps
have remained in essentially the same place, tHough some of the older -individuals have
died and been "replaced’ by new recruits. As the animals grew, they spread forth their
attachment areas to surrounding substrata, and changed shape to avoid being overgrown
by other individuals. Death of the older, basal animals had little effect on\stability of the

clumps, since most of the smaller individuals were attached to numerous others as well
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Figure 23. Distribution of ascidians, Féi’nily Pyuridae, by substratum, pooled
for all rocky subtidal sites. Crossed—hatched bars: observed distributions.
Open bars: expected distributions based on substrata used by all ascidian

species combined.
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Figure 25. Ascidian distribution by substratum for four species collected
from the Friday Harbor Labs Breakwater. Cross—hatched bars: observed
distributions. Open bars: expected distributions based on data pooled for
all ascidian species in this habitat
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as to the pnmary substratum

Che/yosoma productum

The most common of éan Juan Island phlebobranchs, the corellid Che/yosoma
productum also occurred: in dlscrete ‘aggregations. Frequency distributions of two
-populatlons one at 0.9 ammals per quadrat (Bell Island) and one at 93 per quadrat (Long
island) both departed sngmfucantly from the expected random distributions, and both have
many quadrats containing multiple i,ndiyiduals (Figure 26). Substratum analysis for animals
occurring at rocky sites '(Figure' 27) and on floats.(Figur'e 28) are suggestive of gregarious
mbehavuor Although~ many animals were attached to rock and other substrata, more than
expected used conspecuflcs as attachment sites. A retatlvely Jarge number of animals
were on shells of the glant barnacle Ba]anus nubilus at the Long Island site. Here, on &
wall at 30 m depth, the cover of sessule animals was so~dense that vurtually no bare rock
was exposed,_ and Balanus shells were the most abundant hard substratum.;At Bell island,
' Wwhere epifauna was more sparse and Chelyosoma density was lower, ‘nearly all individuals
were attached to rock Much of the aggregation seen in the Bell Island population can
., probably be attributed to dlfferentlal suutab:llty of habitat. Along the bell Island transect C.
productum and nearly all other ascldxans occurred on the farger outcroppings rather than
on large cobbles or boulders between outcroppings (Flg. 29).

On floating docks, C. Aproductum frequently forms dense aggregations or
hummocks, in. which only a feW individuals are found on the primary‘substratum, and
most individuals use other C. protiuctum as living sites (Fig. 28). During each of the last 5
years recruutment has occurred predictably in February or March, and many recruits
settled directly on established adults.

Ascidia callosa.

° . ' \ :
Like C. productum, the brown, nondescript phiebobranch, Ascidia callosa, may

o

form dense aggregations or hummocks on the undersides of floating ddcks. In the

breakwater substratum analysus {Fig. 25), this phenomenon was not apparent, since the

populatlon was young and the substrata avallable at the time of recruitment consisted

predomlnantly of the barnacle Ba/anus crenatus which had settled abundantly so%e
~ months earller Based on observations of older populations at Mitchell Bay %d Frlday

Harbor, I predlct that in a few years, the substratum use will shift 's6 that most A. cal/osa

136
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expected (Poisson) frequencies. :

w

137




P. haustor

H. igaboja j

S. gibbsii

rock

Substratum

C. productum ?

Gkhelyosom_av productum

X2 = 20159
p<0.001

iy

shell

'other

Figure 27. Substrata used b
sites.- Cross-hatched bars:
. distributions based on substr

20 40 60 80
Number of Ascidians

y Chelyosoma proquctum at all rocky subtidal
dbserved..distributions. Open bars: expected
ata used by ascidians of all species.

138



139

P. haustor
S. gibbsii |
. B. villosa

C. productum

A. callosa
’

B. crenatus . -
5

Substratum

- concrete helyosoma productum
2=115.33

2 o
X
S. insignis ? p<0.001

O. longissima

o

N

'D. lichenoides

50 150 = 250
Number of Ascidians

Fi%ure 28. Substrata used by Che/yosoma productum on the Friday Harbor
Laboratory Breakwater. Cross—hatched bars: observed distributions.
Open bars: expected distributions. Non-ascidian species abbreviated in the ;
figure are the balanomorph barnacle, Balanus crenatus, the sabellid
polychaete, Schizobranchia insignis, the thecate hydrozoan, Obelia .
longissima, and the cheilostome bryozoan, Dendrobeania lichenoides.
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are attached to conspecifics or to other ascidians such as C. productum.

As indicated in table X|, Ascidia cal/osa are exceedingly rare in the rocky subtidal

zone. AII of the individuals | found were located on the undersides of cobbles (chapter 2),
at‘tached dlrectly to the rock (Figure 30) and occurrmg as solitary individuals.

Corella inflata.

Unlike the three species discussed above, aggregations of the small transparent

_phlebobranch Corel/a inflata are not formed by larvae attachingv directly to established

members ‘ofjthe population. Indeed in no instance 'did | encounter other ascidians attached
to the C. inflata test Where the species was present, however, large numbers were
generally f?und in"a small area, with animals being sparse in adjacent regions. Lambert

{1968) attributed this cldmping“ to the brooding behavior of the adults. Larvae are retained
| .

in the atrial chafﬁber until just Eeforé settlement, so extended dispersal does not occur

and the larvae settle near the““»adults. Based oh my observations, Lambert's hypothesis
seems reasonable. C. infl/ata seem to attach to substrata in proportion to their availability.
Thus, in rocky sites, the most common substratum used was rock (Figure 30), and the
animals generally occured under overhangs (chapter 2). Since small overhangs were often
made of Balanus nubilus dumps, barnacle shells were frequently used substrata (Fig. 20).
On the dock at Friday Harbor where sabélljd polychaete tubes were extremely dense,

most individuals were attached to these tubes.

Multiple Species Aggregations.
" Most spécies of solitary ascidians may at one time or another appear in a multiple

species aggregations. Pyura haustor in particular was often a major constituent of such

clumps, either as the basal species or as an epizooite. However the one species most.

characteristially carrying epizooites and the two species charactéristically occurring as
epizooites are discussed under this classification.

Halocynthia igaboja.

Ha/ocynthia igaboja is a large, round pyurid ascidian easily fecognized by the

numerous stiff spines which cover its entire tunic. Although never reaéhing the high

densities seen in Pyura haustor, H. igaboja was common in the rocky subtidal, and was -

found at most sites. Even when occurring at relatively high densities (1.8 to 8.4 per m?),
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he distribution was essentially random (Fig. 31). H. igaboja normally did not occupy
cryptic habitats, though it sometimes nestled between cobbles {chapter 2), and was nearly
alwa).lvs attached to rock substratum. (Fig. 23). in a few cases, | found individuals attached
both to the rock and to anc:the‘r H. igaboja, and occasionally, a small individual attached
to a larger one. B )
Ha/bcynthia igaboja, with its dense spines,‘ subportéd a diverse epiféiina which
'iricluded hydroids, brachiopods, bryozoans, and amphipods (personal observations) as '
well as a pycnogonid (R. Shimek, personal communicatién) and a number of ascidians. In
‘July, 19811 colle¢ted 24 individuals at random from Reuben Tarte Point in order to
quantify the epizooites. The i;esuits are“presented in table Xll. There was an average of
3.72 epizooites per H. igaboja, and only 2 individuals were found which did not support
any ascidian epizooites. Variance to mean ratio and the Index of Dispersion were
computed fOI: the various species appearing in the Reuben Tarte collection, considering -
" each H. igaboja as a dig_;;rete habitat unit (Pielou, 1877). The distribution of each species
reflected the specific ststrata occupied within the clumps. Thus, Pyur'ahal}stor showed
an aggregated distribution, due to its tendency to settle on Acbnspecifics. Likewise,
boltenia villosa distribution was clumped‘ because B. vi/losa were most commonly
attached to the aggregated P. haustor. Styela gibbsii, Styela coriacea, and Ha/ocynihia
igaboja epizooites weré distributed at randoml*a’mo’ng thea basél H. igaboja to which they
were generally attached. Typical multiple sbe’cies clumps with H igaboja at the base are
shown in Fig. 32. Pyura haustor were often members of such clusters. FreqUently, they
increased the size of an aggregation by several fold and in doing so, helped stabilize it by
securing the attachment tp rock around the edges.'ln laifge multiple species clumps, it was
sometimes impossible to tell whether H. i'gaboja or P. haustor was‘ the "fc’:unding”‘
specieé.

Bol teniba villosa.

s R
This small, hairy, orange and stalked ascidian was commonly found on docks as

well as in the rocky subtidal zone. Although it sometimes occurred on rock, a very large
percentage of animals were found occurring as epizooites on either Pyurg daustor or
Halocynthia igaboja (Fig. 33). In terms of available surface area, rock substrata were

nearly always much more common than. the ascidians to which B. v///osa attached,
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Distribution of epizooic ascidians on 18 Halocynthia igaboja collected
at Reuben Tarte Pt., July 23, 1981. "I" ig the index of dispersion,
' BZ/E (n - 1), sSignificance levels obtained by comparing "I" with a chi-

square distribution at 17 d.f. (Greig-Smith, 1964).

epizooites per 2 _ ‘
epizooite species clump (X + S.E.) s /x I P
Halocynthia igaboja 0.22'+ 0.10 0.83 14.11 0.75
Pyura ‘haustor 1,50 + 0.53 3.39 57.63 0.005
Boltenia villosa - 1,40 = 0,41 2.06 35.02 0.005 -
Styela gibbsii 0.50 + 0.20 1,47 24.99 0.10
Styela coriacea 0.10 + 0.07 1.04 17.68 0.5
(Total epizooites) 3.72 .+ 0.94 4.32 73.44

0.005




Figure 32. Halocynthia-based clumps at 21-28 m depths on a rock wall at
Pt. George. BV: Boltenia villgsa. PH Pyura haustor. H:. Halocynthia
igaboja. SQG: Styela gibbsii. Note that in A, Pyura haustor are clustered
primarily in the shade created by a large Ha/ocynthia.
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suggesting that something eliminates established individuals from rock but not' other
ascidians, that the tadpoles actively select other ascidians as settiement sites, or both.
Frequency distributions of 8. villosa differed significantly from Poisson distributions at
. Reuben Tarte Point and the Pt George Slope site, but not at the Pt. George Wall site (Fig.
31). In the first'k two cases,-it seems evident that these patterns simply reflected the
distributions of the sub.stratp used. For example, at Reuben Tarte, 19 of 28 individuals
occurred on Pyura- haustor, the distribution of which was strongly aggregated The
non—aggregated pattern seen on the Pt George Wall may be due to an approximately
random distribqt}on of 8. vi/losa among clumps, coupled with a nearly random dispersion
of P. haustorcl(.umps. on the uniform rock wall. It is interesting that 8. vi//osa distribution
was strongly contagious in the same transects where the /. igaboja distributions were
random (Fig. 31), despite almost identical population densities in the two species. (Table
X1) | o |
Boltenia villosa was very cqmmon on fioating docks, where lt sometimes
occurred on P. héustor, but more often attached to conspecifics, to the numerically more
abundant stolidobranch, Stye/a gibbsii, or to the very common barnacle, Bal/anus
crenatus (Fig. 25). |
Stye/a g/’bbsi/'.

Stye/a g/bbsu is a yellow to brown finger-shaped ascudnan common on docks
and floats and somewhat less abundant than’ Bo/tenia vr//osauf\ typical rocky subtidal
‘ \‘%ﬁabltats It occupied essentially the same habitat as 8. villosa, attachmg mainly to Pyura
‘haustorﬂgr Ha/ocynth/a igaboja (Fig. 33) in-the subtidal and to whatever substrata were
g avallable on floatlng docks where H. /gabcya were absent ‘and P. haustor were relatively
uncommon (Fig. 25). It was not unusual to find aggregations of S. gibbsii, especially on
" muddy bottoms. This suggests that it may be a gregarious species like C. productum or P.
haustor under high density conditions.
‘ Spatial p"attern of Styela gibbsii was quéntified only at Reuben 'farte Pt (Fig. 21).
The distribution was aggregated, aimost certainly because of the aggregated distribution
of the P. haustor, to which rﬁost of the S. gibbsii were attached. fhis is in contrast to
the situation destribed above in which Halocynthia igaboja individuqlg, rather than

qUadrats were used as sampling units. The two techniques may have given' different
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.. results because S. gibbsif used H. igaboja .as a substratum when available, and P. haustor
asa suhstratum when no H"igaboja were present in the clurhp.»:
Species Occurring as Solitery Individuals. ‘

All of the raKe\s,plecies vand one of the relatively common ones occurred as
solltary individuals, elther out on the open rock faces or in cryptic habutats such as the
undersidas of cobbles. ' (

Cnem/docarpa f/nmark/enSIs

 Individuals. of Cnemidocarpa fmmark:ensrs a brilliant orange ascndlan w1th
smooth clean tunic, occurred at most rocky sites'as well as on docks, but reached a high
enough density for ‘cguantltatlve samplmg only at Bell Island In this population, the
dlstrnbutlon was clearly contagleus with more quadrats contalnlng multiple mdlvnduals
than expected {Fig. 22). However this pattern was probably due to the patchy dnstrlbutlon /
of suutable habltat on the transect, as it was strongly correlateq with presence of Iarge A
rock surfaces as-in C. productum (Fug 29). In thls same transect, as well as at other sntes
most of the C. f/nmark/enS/s were found in deep fissures (chapter 2), causmg their’
distribution to be even more strongly localized. This correlatlon suggests that on a
homogeneous surface distribution would be random and that the observed aggregation
at Bell Island’ was probably due to common selection of cryptlc hab!tats by the strongly
, photonegatave tadpoles (chapter 2) Although some mduwduals were attached to large
Pyura haustar the overwhelming majority occurred on rock (Fig: 33).
Ascidia garatrog - '

Ascidia par:atropa is" a large translucent phlebobranch, which is encountered '

adopredictably in rocky habitats. It charactenstlcally occurred on large boulders, cliffs and
outcroppmgs in water deeper than 15 m. Most individuals were on open faces.of rocks
{chapter-2), and aIl that | encountered were attached to rock (Flg 30), with the exception
of a small populatlon on the concrete underside of the laboratory breakwater.

Styela coriacea.

This small Lrown styel_id is among the least common of the local solitary ascidians.
it generally attaches directly to cobbles (Fig. 33), where it occupies the bottom side

(chapter 2), but may at tirnes be found nestled among the spines of the large Pyurid,
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Halocynthia igabéja. On soft bottoms, it commonly occurs on the valve of the giant

pecten, Patinopecten caurinus.

Pyura mirabilis

Pyura mirabilis is a brown. ascidian unique in ‘that th_ s f are located on

opposnte ends of the body Only 6 individuals were found- du‘ ent|re study As
noted in chapter 2, they were all located on the undersides of cobbles and all were
attached directly to rock (an 23) “ '

Halocynthia aurantium.

The iargest' of }oéal solitary.asci,diansf Halocynthia aurantium is known as the

"sea peach’ ,becaqsoe of its orange color and the microscopic spines which give its tunic
the' texture of peach fuzz. It was found only rarely in the San Juan Is!ands,'Of the five
amr@s I Saw one was on an upward facmg outcropping and the remainder were on the
vertncal surfaces of boulders in water deeper than 20 m. All-used rock as a substratum‘
" {Fig. 23). Several small specimens were /,fcollected from the underside of the Lab

Breakwater in the summer of 1981.

Corella wiltmeriana.. : : 5"‘
This fairly rare species, transparent like its congener, was chéracteristically found

as a solitary individua!l on the verticat~féce of a cliff. All individuals | surveyed were

| s

attached to rock (Fig. 30) or to concretg docks. It has also been reported to occur on
At .

styrofdam floats-in the town of Friday H‘arbor {Lambert et al., 1981). )
N /! ’ . , .

;
{

' 4 /
PREDAT/ON BY FUSITRITON OREGONENSIS
, ’ - /
. Ascidian Transplant Experiments /

The major question ,sugges,/ted by the observed patterns of large-scale
distribution was: "Why are most phlébobrahch ascidians not found in the rocky subtidal

. . [
habitats where epifaunal specieséwo‘UId be expected to occur?” Initially, | approached the

2
question wnh a serigs of transplant experuments to determine if adults were capable of

surviving in those habltats ‘where other ascudlans (e.g. Pyura haustor) were common.

Transplants of dock ascidians {Chelyosoma productum, Corel/a inflata, Ascidia callosa)

PR

were made so that some animals were on the battom and others were immediately above

the bottom, but out of reach of possible benthic predatgrs:(f:ig. 34). The difference
. . . X o £ . R . B

£
: Fl

G
[



i

DRt

!

Figure 34. Transplant experiments at 21.5 m depth, Pt George. A: Brick
with sabellid tubes and Chelyosoma productum on the bottom. Note
Fusitriton oregonensis (arrow) attached to brick. B: Dead’ Chel/yosorms
productum, at the end of a transplant experiment, showing typical F.
oregonensis bore holes. C: Predator-free (floating) treatment 1 m above
the bottom. D: Abaridoned cable, suspended off the bottom near transplant
site. ‘Though Pyura haustor is present, the aggregation of ascidians is
dominated by Stye/a gibbsii and Bo/tenia villosa.



153




154

between the two treatments was clear; in each transplant ascidians survived much better
1 m off the bottom than lmmedlately on the bottom (Fig. 35). Mortalsty of C. productum in
the 45 m benthlc transplants (serigs C) was somewhat lower than in the 21.5'm ones, but
was nevertheless substantially greater than in the floating treatment at the same depth. In
Series :A which was the first transplant done, the ascidians were lashed dlrectly to bricks

| or‘ boards..- while in the ‘remaining series’, only sabellid tubes were crossed by
rnorfof.il'ament. The relat'ive'ly low survival of both Ascidia and C. productum in the series
A experiments is thought to be an artifact of the attachment method.

While momtormg transplant experiments, it became apparent that predation- by
Fus:tr/ton oregonenSI.s was a major cause of the observed mortality. One or twp F.
\‘oregonenS/s generally appeared at the transplant 5|tes within the first few days, usually‘
remaining on or*near the brloﬂkx until ali or nearly all of the ascidians had been consumed
(Fig. 34) Panel B of Fig. “‘C'Sil'f"shows typical darnage inflicted on the transplanted C.
productum Each anlmal had a large hole drilled in its side or top plates, -:and the soft
inside tnssues had been cleaned out completely Generally the small scavenger Amphissa
co/umb/ana was alsp present, cleaning out small bits of /remamlng tissue, as were
pandalld shrimp. - . - }

About 10 m from the transplant Sltes and at t7/9 same depth, | Iocated ‘an
| abandoned power cable WhICh at one time spanned the channel between Shaw and San
Juan lslands At a place where the cable passes off the top of a cliff, it leaves the bottom
for a.distance of’ about 5 m. At thIS point, there was a dense aggregatlon of ascidians
~(mostly Stye/a g/bb.s//) and. sponges, not unlnke that seen on some docks This seems to
be a natural repllcate of my transplant controls. Large clumps of S. gibbsii were never
found on the bottom, presomably because they would be consumed by F. oregonensis.

Laboratory and Field Feeding Expenments

Table Xill shows the results of a Iaboratory “feeding experlment in which snails
were offered a variety of possible foods, including several ascidians: and the sea urchin
which is its reported preferred prey (Eaton, 1972). As prey items were consumed, they
were replaced, so the probability of encountering each item was constant for the

i experiment, and the same as for each other potential food. Despite the availability of |
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Corella inflata in subtidal transplants at Pt George. T (open bars): benthic
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molluscan, ér stacean and echinodern{ prey. only ascidians were consumed.
Strongy/ocentthus droebachiensis remained unséathed, and no necrotic black spots
appeared..Af,ter the experiment was tefminaf_ed, the urchins were added to a holding tank
where about 30 F. oregonensis were being he_ld without food for use in the feeding
experiments. The urchins’ remained unharmed for a period of 6 months under these
conditions. Snails only fed when they were added to tanks where other food items ‘such
as ascidians were available. :

A second set of experiments with ascidian and non-ascidian prey differed from
the previous one in that consumed foods were not replaced (Fig. 36). In Experiment A,
two species of sea urchins, Strongy/ocentrotus: droebachiensis  and S. pallidus, a
short-spined urchin common in water deeper than 25 m, were offered along with both
stolidobranch and phlebobranch ascidians. The urchins survived the experiment, as dld the
asmdlan Pyura haustor. Halocynthia igaboja experienced httle mortality, but all of the
other ascidians were eaten before the experiment was terminated at 12 days. The first to
be consumed were the phiebobranchs Aséidfa calfosa and Chelyosoma productum. In
Experiment B, only one ascidian, C. productum was 6ffered together with a number of
common subtidal moliuscs, a-barnacle, and a sessile holothurian. All of the C. productum'
were consumed quickly. Only several days after the ascidiap prey weré exhausted did the
‘snails attack another prey item, the chiton, Tonicel/a Iineata.

In.experiments desighed to test for preferences among various combinations of
ascidian prey, several features consistently appeared (Fig. 37). The soft- bodled ascidians
in the order Phlebobranchla were always the first to be consumed, and these were
fol!ovyed by Boltenia villosa and Styela gibbsii. Among phlebobranchrs, C. productum
survived better than {he other species. Three species, all stolidobranchs, showed high
survival in each experimAent Pyura haustor, Halocynthia igaboja, and Cnemidocarpa
finmarkiensis. In the few cases where P. haustor or H. igaboja were eaten, they were
always attacked on the posterior end; at the point where they had been attached t‘o-‘st‘he
substratum prior to collection. The tiss:pe in this region seems to be softer thaf ‘t;hat
normally exposed to predators, and in H. igaboja it is the only region of the test‘not

“elaborated into spines.
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Figure 36. Survival of ascidians and other common subtidal organisms in
18 -day laboratory feeding experiments with 7 Fusitriton oregonensis.
Solid lines: non—ascidians and ascidians never consumed. Broken lines:
ascidians. Starting populations: 5 animals per species.
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Figure 37. Survival of ascidians in 8 day laboratory experiments with 7
Fusitriton oregonensis. Solid lines and points: Stolidobranchs. Broken lines
and open points: Phlebobranchs. Starting populations were as follows.
Expt A Ascidia paratropa, 2 individuals; all other species, 5 individuals.
Expt: B: 10 individuals per species. Expt C: 5 individuals per species.
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| tested the hypothesis that ascidians in aggregations would be |gss susceptible to

predation than solitary individuals by simultaneously offering both Clumps and individuals
to Fusitriton (Fig. 38). The hypothesis was rejected for both C productum and A. callo.';'a.
F. oregonensis encountering a clump of these phiebobranchs Yinva"iabiy remained and fed
until all animals had been consumed. The individual Pyura consumed again was attacked on
the bottom, and this is considered an experimental artifact ‘

Fusitriton oregonensis were transplanted to floating docks where ti\dy do not
occur normally in order. to assess their potential impact on established, high density
ascidian populations. One cage containing no predators was maintained a a control against

cage effects. No mortality occurred in this treatment. Likewise, thére was no mortality in

an uncaged area monitored during the experiment. F. oregonensis eNclosures were run at -

4 densities (Table XIV), all of which were®much higher than any observed in subtidal field
conditions. As in the laboratory experiments, Pyura haustor We€re never consumed.
Individuals of the other four species present were eaten in every Cage. At 2 predators

per cage and 4 predators per cage, B. vi//osa was the most COmmohly eaten prey

species, while at the higher densities, A. ca//osa was most preferred. This is in contrast

to the laboratory experiments in which B. vi//osa were generally at‘tacked. onl.y after C.
productum and A. callosa. In three of the four cages, C. productum electivity indices are
either close to zero or negative. These would be interpretéd as showing Iack of
preference or else active avoidance of these prey items. It should be kept in mind,
however, that the figures are based on the total prey available. Not only were C
productum the most numerically _common ascidians in the cages (Table XIV), but they
consisfed mostly of very small individuals. Figure 39 shows size~frequency distributions
for the total C. productum present in the cages, and for the individuals consumed by F.
oregonenS/s The overall size distribution is distinctly blmodal with peaks at 1.0 cm and
2.0 cm. These rapresent two cohorts of recruits, one settled 9 to 10 months before the

experiment and the other one year earlier (C. productum has a disCrete spawning season

in the early spring; see Young and Braithwaite, 1980a). F. oregonensis actively selected

only second year individuals as prey. The elsctivity indices were, hOwever, biased due to
the extremely abundant small individuals. If only electivity indiceS waere available, one

A
would conclude that C. productum are actively avoided as prey. Whereas in reality, the
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Figure 38. Survival of Pyura haustor, Chelyosoma productum and Aseidia
cal/osa in clumps and as isolated individuals in a laboratory experiment with
7 Fusitriton oregonensis._ Starting population: 20 animals per species (10
individuals and a clump of 10) for Pyura and Chelyosoma, 10 animals (5

individuals and’a clump of 5) for Ascidia. b
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larger individuals are preferred.

Ascidia callosa and’Stye/a gibbsii had size distributions which were essentially

unitmodal (Figs. 40, 41), and in both of these species, the predator selected animals of,‘;;v._

various. sizes roughly in the frequency at which they.occurred. This was not apparent in’

the case of S g/bbsu wheré the peak sizes of prey selected were shifted slightly to the

left of the peak on the snze distribution. However, this shift could easily be explained by

the contractile nature of the S. gibbsii tunic in death; | consider the 0.8 cm difference -

between peaks. within the possible error of the estimation technique for this species. No
A. callosa less than 1.8 cm across were attacked, and only one S. gibbsii smaller than

1.4 cm was consumed.

As in C. productum, the size distribution ‘of Bo/tenia was skewed toward the

lower end because of abundant recruits in the youngest year class (Fig 42) Agam F.

oregonensis only attacked the larger mdvvsduals Because of relatlvely Iow densmes of
I

consumed, including all animals which wer, "’etween 32and 3.8 cm long.

Averagmg over alI cages, an indjvidual Fus;tntan oregonensis consumes one
ascidian every two days Tﬁus in a/pfey population of unlimited s:ze and having a
dispersion such that éearch time is
single individual would be expected fo consume about 180 ascndnans per.year. In order to
predict the potent|al impact of pedatnbn on a field populatlon it is necessary to have

data on hoth predator and prey pgpulation size.

Field Observations of Fusitriton regonensis

Although Fusrtr/ton oregonensis: were always counted when they occurred in

transects, thelr -density at most’ sutes was so low that they did not occur in the sample At
Long Island, the density of snails was estimated as 0.26 per m? (SE O 18, n=30 quadrats)
and at Eagle Cove, it was 0.32 per m? (SE: 1.27, n=75 quadrats). At Pt. George the large
outcroppmg near the experimental sutes was carefully surveyed for the predator on three
dives between Aprnl 15 and May 7, 1981. The maxrmum number of animals encountered
on a smgle dive was 24 (0.16 per m? or one animal for every 6.25 m?). if the three

surveys are considered mdependent samples, the snait densuty averaged 0.1 per m? (SE

.
o

mals. (58%) between 1.8 and 5.6 tm were )

p nnmlzed (as in the experimental dock populatlon) a
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a
0.03). Snails were tagged as they were encountered, and | therefore expected the
number of tagged animals to increase with each successive survey. This did not occur.
Nine animals were tagged during the first dive. On the second dive, 24 were found and
tagged, but none of these had ‘been tagged previously. Of 10 F, B?egown;‘is seen on the
final dive, only two carried tags. Besides the o'ossibility that the snails lost the rubber

bands (this was not a problem in Eaton’s 1972 study of egg brooding, in which an

i3

identical tagging method was used), two’ explanatlons -are possible: 1) A large percentage A

of snails occupy cryptlc habltats where they are missed, or 2) The snails are very

"” S ’tran_sntory, and the rock outcroppmg, does not have a permanent resldent population,
Becadse th'gs;surveiis vvere "qt.uite thorough and the rubber band tags rendered snails more

ws:ble underwater 1 con5|der the latter alternative the more likely of the two During
spawning season, | observed an aggregation of 30 F. oregonens;s laymg eggs on thns
same outcropping. :

F. oregonensis feeds primarily at night, ;a0 it was relatively ra;'e to observe
feeding in the fieid. Most of the observations | made were on aggregations of snails
scavenging carrion, such as urchins which | and other divers had acc.idently damaged on,
previous dives. In observing ascidians, however, | encountersd ‘a number of dead animals ,
most of which had bore) holes characteristic of £. oregone/;sis attacks (Table XV). The
only s&prising feature, in light of‘ laboratory experiments is that several dead C.
finmarkiensis were found.aCnem/"docarpa was ;i 2ttacked in the laboratory by

Fusitriton, and it is possible that another predator was -esponsible for these deaths.

The Feeding Mechanism of Fusitriton oregonensis

The means by which Fusitriton oregonensis locates, attacks and drills ascidians -
was investigated in the hopes that it would give a clue to the differential predation
;;t | observed among the various ascidian species. Numerous attacks were observed during

the course of the Iaboratory feedmg experiments, and the transparent tunic of some of
the prey items made it possible to observe some of the processes occurnng :nslde the,
bodies of the ascidian prey. ) I

The snails moved about and fed most actuvely at night Only starved animais added

to aquarla contalnmg ascidians commonly initiated attacks by day. In "Y-maze”
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experiments, F. oregonensis demonstrated some ability to find fish heads {Scorpaenidae)
at a distance(Table XVI. However, at the flow rate tested (2 |/min), distant
éhemorecaption was apparently not used in locating ascidians or echinoids, whether
damaged or not. .When foraging, Fusitriton moves about with its cephalic tentacles
extended and its siphon heid up in the water. Upon touching an edible ascidian With its
tentacles, th&nail lifts the anterior portion of the foot off the substratum and extends it
forward to grasp the prey. The proboscis is thep partially everted and moved back and
forth across the tunic, apparently in‘ search of a suitable place to drill. The drilling
mechanism was watched in detail from the reverse side of transparent (Ascidia
paratropa) tunic held in a plexiglas clamp (Fig. 43) and submerged in a small tank. £.
oregonensis, like other cymatiid and cassid gastropods, has very large salivary glands
which contain sulfuric acid and empty by means of ducts intd the buccal cavity (see
Houbrick and Fretter, 1869 for anatomy of a related species). Small, pinkish "accessory
salivary glands’ are attached to the s#flivary glands. The radula (Fig. 44) consists of a
“serated median tooth, blade~like!|ateral teetin and hocgked marginal teeth. The iﬁner
surface of the jaw is fi‘fe-like, and the margin is serrated (Fig. 44). Holes were drilled
quite rapidly Tébout 30 minutes in Ascidia paratropa’ and Corella inf/até) by using the
radula and jaws (Fig. 44). As the mouth is opened, the jaws are extended laterally, where
they appear to hold the mouth open until after the radula makes its stroke At the
. completion of the radula stroke, the jaws are scraped along the tunic and brought
together as the mouth closes.’On the a;/erage, the snail makes one stroke about every 3
seconds. The proboscis is moved back and forth as the snail drills, so that the radula is A
continually contacting new regio}\s of the tunic. This enables the snail to drill a hole
slightly larger than the probo§cis and much larger than the radula or mouth. That the jaws
take an active part in the drilling process- is also suggested by the worn appearance of
thelr most distal reglon (Fig. 45). By watchmg attacks on transpdrent Core/la inflata, |
was able to obserknot only the drilling, but the actual mgestnon process. After the hole
is drilled, the proboscis is inserted and the tissue is rasped out with the radula. The tunic

—_—

~ was never consumed, exept possibly in the drilling procm large bites of

. ’ . - \
tissue are removed by the jaws. F. oregonensis is capable of extending |ts‘proboscnm;
the most distant corners of even large ascidians. Avery (1961) reported‘é“maximum

. b

* T m

=
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-
_ Table XVI.
Y-maze experiments with Fusitriton oregonensis., - 2 “j
, No. . No. in TﬁNo. in
Prey Item Fusitriton Duration Prey Arm Control Arm P
crushed urchin 6 2h 2 2 ns
crushed urchin 6 ~2h 2 2 ns
crushed urchin 6 2h 1 1 ns
crushed urchin 6 18h 4 2 ns i
urchin 10 B 4h 4 5 ns
urchin 10 . "~ 4h 3 7 . ns
.urchin )“"5 10 ‘ 4h o 0 0 ns
urchin S 10 10h 2 2 ns )
urchin . 10 o4 3 ns
urchin 10 10n 3 4 ns
kish head a:* 10 4h 8 2 . ;
fish head . 10 . ~ 4h 7 1 ﬁ
fish head 10 4 4 2 ~ ns
fish head . 10 10n 6 ' 4 ns
fish head 10 T—_10h 6 3 ns
A. paratropa —3 | 3 \

A. paratropa 10

B. villosa (cut) 10

H. igaboja

) (shaved) 6
(shaved & cut) 6 - 20h 0] 3 ns ‘




paratus designed for viewing the drilling process, viewed from above.

'inside” view of F. oregonensis drilling through a piece of Ascidi/a
paratropa tnic clamped in the apparatus shown in A. C: F. oregonensis
cleaning out the internal tissues of Core//a inf/ata with its proboscis. Small
black arrows indicate the ascidian tunic. D: Close-up view of the
proboscis, showing jaws and radula mid—way through a radula stroke.

Figure 43. Fusitriton oregonensis consuming transparent ascidians. A:
A
B.






-

Figure 44. Scanning Electron Microgréphs of Fusitriton oregongnsf.s radula
(A) and jaw (B). -
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\.
probosc:s e>(ctensxon of 16 cm in a 94 cm long mdnvndual a

The possxb;llty that salavary secretrons help dissolve tunlc during the«‘drllllng: '
process was tested: by maceratnng sahvary glands in 50 ml of seawater and addmg
pre weaghed bits of Ascidia calfgsa tunic. After 24 hours of incubation at amblent
; seawater temperature tunic in the sahvary juice had not lost any more weight than tunic

maintained in seawater asa control. | . . o »
| A;though the function of the salivary glands and accessory salivary glands remains
emgmatnc my observatrons suggest that F£. oregonenS/s may gam access ta the. mternal

» P :
- tossues of asc:dlans by entirely mechanical means. ’ '

SN

' - * ! -
~. .

\PREDAT/ON BY OTHER PREDATORS
.

o

N Although i regularly turned over feedmg starfish- while dlvmg only Evasterias
trosche/// was ever - found eating ascidians. This starfish consumes ascaldlans, almost
e;clusively on soft "sub'straturn {manuscript in preparation} but .seems to prefer moiluscan
prey in hard bottom areas. Table« XV presents feeding observations of"£- trosche/// on-
hard sedlment P. haustor and C. productum were sometimes consumed but most of the
prey consusted of the clam Humilaria kenner/ey/ in cobble fLelds and shell bottoms and
sessnle molluscs such as Poa"odesmus macrosch/sma and Crepidula sp., on solid rock
substratum E. trosche/// was: the most .common starfish in the areas where P. haustor

. and H. /gabO/a were very abundant (Pt.. George and’ Reuben Tarte Pt), but they were
mostly confmed ‘to cobble fle_lds adjacent to the Iarge asc1d|an populatnons. Five large £. -

" troschelli were collected from the cobble fiefd at Pt. George and offered ascidians *(C.
~productum, P. haustor, S. g/bbS//) in a large Iaboratory tank. Over -a period of 3 months, -
only -one C. productum’ was eaten. While these starflsh starved in the presence of -
abundant ascndlans conspecifics collected from soft sedlment and maintained in an'

adjacent tank fed on |dent|ca! ascnduans at a rate of one, ascndlan per starfish per day.

N Chrlstensen (1957) reported that £. trosche/// feeds mostly on the clam, Protothaca
stami nea " : : “ SR 7.
Mauzey et al. (1968) reported predation on ascndlans by numerous other local

starfish: Crossaster papposus (Ascidia paratropa), Pteraster tesselatus (Core//a inflata),.

Dermasterias imbricata (Boltenia villosa) and Orthasterias koehleri (5 *species).
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However, all of these asterouds chaLcterlstlcally prey on ‘other ammals and* feed on
ascnduans only occastonally o

i

In" the ascidian transplant experiments, the smalf snau-*mph/ssa co/Umb/ana

invariably appeared and fed on ascidian fissues.” Imtlally it seemed possible that A

““_ colurnbiana was attacking the phlebobranchs,‘/especially since some of the dead asc_idians

had only’ very small bore holes. However, all such animals were in early experiments

where death was probably incurred by careless tieing of the clumps, and it seems most

i hkely that A. co/umbiana was merely scavenglng A. columbiana has very good dustant

chemosensory capabtlmes and invariably appears on the scene shortly after any type of

carrion becomes available (L. Bralthwalte B. Stone; personal communications). | collected 1

F
- several dozen Am,ah/ssa and malntamed thqm in aquarla with ascidians for over 6 months ,

L

During thls time, | never observed an attack, and could not attrlbute any mortahty to the
small ‘snails. 4. co/umb/ana apparently fed exclusively on ammals whsch were already
dead. : : L : v

\ Several srnall molluscs are speciatist feeders on ascidians. Most of these are

rnéX\bers of the family LameHariidae and are specialized for feeding on certain species. of

: co pound ascidians (Behrens 19%z:lsehn 1964) One species, Lamel laria rhomb/ca

has. Been seen feedmg on Asc1d/a ratropa and Pyura haustor in the field and on
Boltenia vi//osa and Chelyosoma productum in the Iaboratory tMcClosky, 1973). | never -
encountered this ‘species’ in the field The closely related snail. Ve/utina /aevigata is
sometimes encodntered in the San Juan Islands. During all of rny dives: I‘only collected

two specimens. These were maintained m the dgb for several months, where on two |
occasions they attacked and partly consumed 2 '.Stye\/a gibbsii previously collected from -
the breakwater Cleariy: V. /aewgata and L. rhomb/ca dre predators of interest, and their
feedmg rates and preferences need to be studled carefully However since they are

found only rarely, theur overall impact is probably minimal.

A

ASCIDIAN DEFENSE MECHANISMS AND REFUGES

Overall, the observed patterns of. Iarge scale ascndlan distribution are similar to

"those which would be predicted on the basis of £. oregonensis feeding preferences.

Thus, low numbers of phlebobranchs at most subtidal sites can be attributed in part to
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-

eiimination by the predatory snails. Five speciaes, all st'olidobranchs, are commonly found
in the rocky subtidal: Pyura haustor, Halocynthia igaboja, Cnemidbcarpa finmark)ensis,

Boltenia villosa, and Stye/a gibbsii. The other specnes are so rare as to not merit

§t three would be

predicted to co-occur wnth F. ovegonen.s'/s since the

are highly preferred prey of F. oregonens;s | now constdbﬁ) regasons Why three species

are not attacked by F. oregonensis and 2) how'twov _specues maintain subtidal populatipns

in spite of. their vulnerability to a,,t‘talék.

L=

Chemical ‘end Morpholegical 6efense Mechanirs'n;s _

f Dar\skin (1978) found the following vanadium concentrations in ascidians
considered in this study' 800 ppm in Che/yosoma prodUctum 3550 ppm m Ascidia
paratropa (including the blood; 850 ppm in tissues alone) 750 ppm in Boltenia villosa,
and 175 ppm in Ha/ocynth/a 4gebd/a Corella inflata, Pyura haustor Halocynttiia

e

aurantium andTnemidocarpa finmarkiensis had no detectable van,adlum The vanadium

concentration in Bo/tenia villosa was the highest reported for any sfdlidobranch to date.

‘Based on these data, some of which are plotted against a measure of F£. oreg}onensié

feeding prefer.ence‘ in Figure 46 it is concluded that there is a large (though probably

spurious) correlation between yanedium concentration and the probability of being eaten -

by F. oregonensis; clearly vanadium is not an effecti,x/e defense.

¢

Tunic pH measurements of ascidians from the San Juan Islands are presented in

table XVII. Three speeies, all phlebobranchs in ‘the family Corellidae (Che/yosoma

productum, Corella inflata, Corel/a willmeriana ) had tunic pH in the range of 0.5 to

. 2.0. All of the other ascidians fell in the 5.0 to 7.0 range. Snail food preference is not

correlated with pH (Fig. 46), and the family of ascidians which has iow pH are among the

most preferred prey of F. oregonens/s.

[

Although -"at first sight, it might seem that the gelatinous tunlc of the

phiebobranchs contains more water {making it softer) than that of the stohdobranchs the ~

percentage of water was not correlated with prey preference {Fig. 46). However, a rough

measure of tunic "toughness”, tensile strength was strongly" correlated (Fig. 46). The

’ d’tack them. The "
appearanice of Bo/tenia and S. gibbsii in the subtidal :%Mi ‘ mai’s‘!nce both o

.
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concentration. Vanadium values are from Danskin (1978)." "r" is the
Pearson Product-Moment Correlation Coefficient Tensile strengths have

been converted to common logarithms to simplify plotting. Symbols: see.
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phlebobranchs readily eaten by F. oregononsi.?‘ had .the most easily broken tunic (e.g.
Chelyosoma productum. 160 g/mm?) while the [tunics of stolidobranchs were less easily
broken (Pyura haustor tunic: 1800 g/mm?). The fcorrelation 1s interesting, but it should be
kept in mind that tensile strength is not r'f;ecesﬂsa’rily related to the resistance F.
oregonensis might encounter in rasping with it ;radula

Intuitively, it seemed apparent 1er th:(stlff spines of Ha/ocynf)na igaboja could
function as a morphological defense machamskn The spines, which completely cover the
tunic, average about 1-2 cm long and are fovered with very sharp spinelets which
recurve to point toward the asmdlan body (Fig. 47).. Small spines growing between the
large ones have distal spinelets which splay éui in four directions immediately above the

tunic. By removmg the hanrs from some animals, | tested the hypothesis that hairs prevent

F. oregonenS/s from gaining access to the tumc with its proboscis. Hairs were shaved off

very close to the tunic with razor bla "s. This treatment dld not harm the qnmals;

individuals so treated began filtéring normally immediately after being returned to aquaria,
began regénerating the’hairs within a few days, and lived:-for months in tanks where F£.
oregonensis was not present. The dama e lnfhcted on- the animals also did not attract £.

oregonensis from a distance. In y—maz expenments no prefererice was seen for the

side of the maze containing ascidians .either damaged or undamaged, over the side-

containing no prey (Table XVI).

In Iaborétory tanks, all shaved animals were consumed by F£. oregonensis within '

the first 8 days, while \’ugs.haved individyals survived for the duration of the experiment

(F‘i“g. 48). In the field, similar results were|obtained, with the major diffarencés being that

the' time required for the experiment was 6 mo?‘ths, and several unshaved animals were

attacked in the hai:less region where they had beén removed from the rock. Wse,
itis ;:Iear that spines function effectively iﬁ defending H. igaboja. \\f ’

| Pyura haustor has no structures wh%ch can be modified experimeﬁtally, so indirect

evidence must be used to infer the defense mechanism. Fig 49 shows the tunic of A.

haustor in two different regions of the body. Although animals collected from floating

docks a'nd quiet bays sometimes have quite soft tunics, individuals from typical subtidal
sites have very tough, Ieathery tunics which are very difficult to cut through and Wthh

generally contain embedded: b|ts of sand and rock. | presume that the toughness of the

-
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Figure 47. Scanning oloctron micrographs of Ha/ocynthia lgnbo/a tunic
spines, showing racurvod spineiets.

/






¢
190

\ , 0 Shaved
100 . m Conwrol

60- A
Laborétory

% Surviving

-t

O

o
I

c

N A O O
e e ez

Figure 48 Survival of shaved (open points) and intact (solid points)
Halocynthia igaboja in laboratory experiment {top graphi and in a field
transplant at Pt George (bottom graph).
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Figure 49. Scanning electron micrographs of Pyura haustor tunig, showing
-embedded sand and rocks (arrows, micrograph A) and- 3pines.on the
. contractite ragion of the siphonis (B). : : /
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tur’ﬁc coupled with these inclusﬁions is the major defense mechanism. This is supported by
the observation made earlier that the P. -haustor attacked' in the laboratory were all
attacked on the bottom, where they had prewously been attached to the rock. No rocks
or sand are generally present m this region of the body, and the tunic- here is often
thinner and softer. That F. oregonensis does’ not reject P. haustor tissues as food {when
it can gain access to them posteriorly) indicates that P. haustor is not unpalatable, and
also that whatever chemicals might be present do not function in defending against the
snail. Besides the underside, the only region of the body not protected by sand and tough
tunic is the.area;arcund the siPhons. The siphons of P. haustor, being long, flexible, and
contractile seem superficially to be a vulnerable place. An enlarged view of the siphon
surface (Fig. 49) reveals a dense plush of stiff, sharp splnes While experimental evidence
is lacking, these could be defenslve structures . “

Cnemidocarpa finmarkiensis is not commonly attacked by F. \kcire‘gonensis and its
tunlc is smooth and ciean, having no macroscopic elaboratlcns of any kind (Fig. 50). Since
there is never any other organ:sm attached to the tunic, it seemed reasonable to lmphcate
chemical defense in this | species. | tested this possnblhty by maceratl_ng the tunic’ of
several individuals in a vyaring blender, and soaking 7 C productum in the resultant liquid
overnight These animals were then offered to F. oregonensis togsther with 7",control
animals which had not been previously.treated. F. o'regonensi's consum_ed all 14 indiviguals
within the first 24 hours, and did not discriminate between groups even in the order of
attack. This  experiment neither rules out nor demonstrates the pres‘ence'of defensive
substances; if Cnemidocarpa employs such substances, they are not easily adsorbed on
the tunic of other species. | ' ' . : .

Other possible defen'ses of C. finmarkiensis fall in the realm of speculation. Cne |
possibility is that_ghis species ‘defends itself hehaviorally. When disturbed, C.
finmarkiensis ht';s the ability, unique among San Juan Island ascidians, of expelling virually
all of the water fro.m. |ts branchial basket and atrium, and of contracting down to such an
extent that it is nearly flat against the rock “This maneuver may make it difficult for F.
oregonenS/s to drill, or to extract the tissues. once drll ng is completed. Also since F.

oregonen.s'/s discriminates actively against small ascidians, the contracted Cnem/docarpa

may be below the size range preferred by the snail.



s ‘

Figure 50. Scanning electron micrographs of ascidiart tunic from 6 specie's. .
A: Corella inflata. B: anterior plates of Chelyogerha productumn. C:Styela
coriacea. D. Boltenia villosa E C_nemi'docaxpa finmarkiensis. F. Styela
gibbsii. ' ’ .
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O. Many of the ascidians that are readily attacked by Fusitriten ‘have tunic

elaborations which might intuitively be considered defensive in function {Fig, 50). These

include -anterior plates in C. productum, soft hairs in B. villosa, tubercies in Stye/a

coriacea and short spines in Hal/ocynthia aurar@um . Of these, the very small and rare

Styela coriacea ‘was never offered to F. oregonensis in my experiments, and the other

~

ascidians were attacked in splte of their tunic structures Ha/ocynth/a aurantium was not

used in the feeding expenments because of |ts rarity. On one occasion, however, a ‘?

oregonensis was _acc:dentally placed in a tank where H. aurantium was bemg held. T 'e

snail had consumed it within 24 hours, despite the s'mal-l' multl—pronged spines (M.J.Smith,

1970) which arise from its tunic. £. oregonensis predatlon on this specues also been

i

reported in the Vancouver area where it is much more abundant (M.J. Smith, 1970).

°

Q
To understand why | Bo/tenia vi7/osa and Styel/a.gibbsii are able to co-occu‘r with

‘FUS/tr/ton oregonensis in the rocky subtidal, whlle most other vulnerable specnes do not,

their small scale distribution must be considered. As mentloned previously, a large
percentage of all individuals of these species found at most of the sutes were attached
dlrectly to the tunic of Pyura haustor-or Ha/ocynth/a /gabO/a That these latter species
are well defended agalnst snail attack suggested the hypothesis that by living. eplzomcally
the vulnerable species might benefit from the defenses of the host. This was tested in

the laboratory by exposing free— llvlng and eplzoouc (on H. /gabO/a) B. villosa to several

tx \ Bl

Fusitriton , and m the field by comparlng survwal of transplanted free living individuals

with that of naturally occurrlng epnzoottes, or transplanted epizooites on brlcks.

In the laboratory aII free-living B. vi/losa were eaten within 8 days, whlle the

@pizooites all survuved until the end of the experlment at- 20 days (Flg 51). Upon v

encountermg the.spines of H. /gabO/a F. oregonenS/s oftten simply turned around -and

crawled in the other direction. | have observed F. oregonensis crawllng over individual P.

haustor in the laboratory, so epizooites on P. haustor may be' less protected.

Nevertheless, the common occurrence of B. vi/losa and S. gibbsii on P. haystor in the

field argues strongly that the predators often avoid crawling on these ascidians. Field

fexperiments produced essentially the same results as the'lab experiments, though the -

o
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Figure 51. Survival of Bo&tenia villosa as free—living individuals (round
points) and as epizooites (square pointslin laboratory feeding experiments
with Fusitriton (top) and in field transplants at Pt George (bottom).
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resuits took much longer to obtain (presumably because of the lower probability of

prey-predator encounter under normal £. oregonensis densitiés), and were 'not as clear

cut. In the experiment where epizooites were transplanted togethgr with their host 4.

igaboja, one of the bricks with_ epizooites was lost within_the first months, perhaps to
strong tidal currents At this time, 4 of 8 original free~ hvmg ammals had been consumed,
while of the ongmal 7 eplzoones on the 6 Ha/ocynth/a remammg 6 were still alive. When

the exper:ment was terminated at 7 months two of the six H. igaboja had died (possibly

_ because of F oregonensis attack to the exposed underside}, so the epizooites on these

Y

were mlssmg Only one epizooite remamed and all of the free- 1|V|ng B. villosa had dued |

attrlbute much of the epizooite mortallty in this expernment to the manner in which the :

.Ha/ocynt/)/a were made more vulnerable by thelr attachment method.

A more satisfying experlment was conducted by laying out a transect line ‘on the
Pt. George slope recording the positions of’naturally—occurring epizooites on P. haustor -
clumps near the transect, and comparing mortahty of these animals- with individual,
free—living B. vi/l/osa transplanted to the immediate area. The exper;ment whuch ran from
April 28, 18981 to June 4, 1981, yielded the results plotted in Fig. 51, graph B. No

epizooites diyed in this periodfbut of the’ 9 free—living B. villosa transplanted, only 5

¢

'remauned at the end. | observed one of these animals shortly after it had died, and it had

the. characternstrc F. oregonenS/s bore hole. The remamlng three animals were

decomposed to such an extent that the cause of death was not apparent.

Taken as a whole, the evidence sugmts that by Iiving as epizooites on H. jgaboja
and P. haustor the vulnerable specnes such ast villosa and S gibbsii may find refuge

from F. oregonenS/s and thus occur in the rocky?ubtldal reguons where other asmdnans_ |

‘without structural defenses are ehmmated Protection from £. oregonensis is not 100% ,

effectnve When the epizooite occurs near the edge of the host, F£. oregonenS/s may

encounter and eat'it | observed one mstance of this in the field, at Shady Cove A large

dead Core//a /nf/ata was attached near the base of Ha/ocynth/a The animal had clearly

. been eaten by F. oregonenS/s and there was a F. oregonenS/s Wlthll’T 20 cm of the

ascidians. Thas phenomenon was also observed on one occasion in the Iaboratory,

¢ g - 7 - Y
. . »
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LARVAL SFTTOLEMENT BEHAV/OR

Th distributions of settled juveniles in substratum choice experimdnts are shown

in sepgrate figures for each species, together With the expected values used in the

analyses The tests of significance for all of the experiments are summarized in Tables

XIX through XX ln a comparative study such as this, the number of potential )

experiments is enormous, because of the Iarge wvariety of different substrata available to

the larvae in the field. | tested oniy interactions which, on the basis of field distributions,

’promised to give interesting.results. Species forming single species or multiple speCies
aggregations were therefore emphasized, though a few species commonly occurring as

visolate’d individuals on rock substrata were studied for Comparative reasons. None of the
rare species, with the exception of Ascidia ca//osa (which is common on docks), were

studied.

¢

’ -
o

Ascidians in Single Species Aggregations
_YL a haustor.

Preliminary evidence for gregarious settiement in P. haustor has been presented'
vlelsewhere {Young, 1978). The present experiments were deSigned to cJarify the nature
of thesresponse and test préferences of ecological interest As predicted from the field »
distributions Pyura haustor iarvae are the most gregarious of any spGCies investigated '
{Figs. 52 53) ConspeCific adult tunic was preferred over rocks coliected subtidally in’
every case and over gastropod shell (F. oregonensis) in the one _experiment {Expt. 1)
where it was offered. Additionaily P. haustor tadpoles discriminated against the smooth
transparent tunic of Ascidia paratropa (Expt 3.4). Where Iarvae were offered a choice
betweeri tunics of two stolidobranchs they preferred P. haustor tunic over the other
speCies in each case except Expt. 4 (Fig 53). In ‘this Iatter experiment,. the dish became
displaced SO that the rows of substrata were diagonal rather than parallel to the window.
The single piece of H. igaboja tunic which attracted the overwheiming maiority of iai‘vae
was the substratum most distant from the light. . / - ) cL » _

The .importance of Iight in P. haustor settlement has been docurnented elsewher'"é'--"'

(Young 1878; chapter 2) and is also apparent in the present experiments. In each. case, -

the greatest number of larvae settled in the row farthest from the light. This’ suggests
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Table XIX, .
Log—likelihood ("G") goodness of fit tests for substratum chpice exper-

iments with ascidians occurring in single species aggregations

' Expt. W :

Species No. Factor G ' d.f. P
Pyura haustor 1 substratum 235,193 6 < 0,001
L | light 93,585 6 < 0.001
interaction 17.877 4 0.001
: 2 substratum 31].304 12 . , < 0,001
light ~ 304.140° 12 < 0,001
interaction  26.430 9 0.002
3 substratum  955.403 12 < 0.001
' light 594.855 12 < 0,001
interaction - 83.56 9 < 0,001
- ' 4 _substratum 655.716 12 < 0.001
light 363.50l 12 < 0,001
; interaction '141.067 9 < 0.001

Ascidia callosa :‘ 1 suBstratum 6.186 6 < 0.5

light 7.221 6 - < 0.5
“interaction 4.106‘ b - 0,391

2 substratum: 4,738 6 - < 0,75

light 5.813 6 < 0.5
' interaction = 2.373 = 4 . 0.667
Corella inflata _ 1 substratum 142.540 6 < 0,001
) light 121.404 6 < 0.001
interaction 63.055 4 < 0,001

:°, - / o (

/ (continuéa.,.)
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Table XIX. (Continued)
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Log-likelihood (“G") goodneas of fit tests for substratum choice exper-

iments with ascidians occurring iﬂ single species aggreg

. )

‘ i
- Corella inflata...cont'd 2 substratum
' light

interaction

3 . substratum
light

interaction

8.354
6.545
5.577

2.809

1.976
1.890

<

<

<

‘A

0.25
0.5

{
0.233

0.9
0.95
0.756
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, Table XX
Log-likelihood ("G'") goodness of fit tests for substratum choice exper-

iments with ascidians occurriﬁg as epizooites in multiple species

aggregations,
Expt. ’ ,
Species | No. Factor G d.f.. P
Boltenia villosa 1 substratum 74,295 6 <0.001
' ' light 27.028 6 <0.001
interaction 13.994 4 0.007
2 substratum 9.617 6 <0.25
light - 5.237 = 6 <0.75
interactiom 5,028 4 0.284
3 substratum  15.238 6 -+ < 0,025
‘light 9,787 6 < 0.25
interaction 7.634 4 0.106
4 substratum 35,287 .6 < 0.001
; light 25.312 6 < 0,001
interaction 15.406 4 0.004
5 - substratum - 31.236 6 < 0,001
light+ -~ - 15.908 .6 < 0,025
interaction 11.129 b 0.025
6 substratum '10.262 6 < 0,25
light 24,733 6 - < Q{OOI'
interaction  9.733 4 0.045
Styela gibbsii —1 - substratum  17.375 6 < 0,01
/ light © 6.575 6 < 0.5

~

interaction  3.275 0.513

(continued...)

\



v
)

Table XX. (continued)
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’

Expt.
Species No. Factor d.f. P
Styela gibbsii...cont'd 2 substratum 2,440 6 < 0.9
' light 9.928 < 0.25
\\\ interaction 1.815% 0.769
‘ 3 substratum 4,013 < 0.75
light 3.394 < 0.9
interaction 2,949 4 0.566
4 substratum 31.145 12 < 0.005
light 10.428 12 < 0.75
interaction 5.230 9 0.814
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Table XXI,

log-11kelibood ("C") goodness of fit tests for substratum choice exper-

iments with ascidians occurring as i{solated individuals.

Expt.
Species No. Factor G d.f. P
Cnemidocarpa 1 substratum 39.736 6 < 0,001
finmarkiensis 11ght 30,836 6 < 0.001
interaction 7.161 4 0.127
2 gubstratum 32,738 6 < 0,001
light 32.707 6 < ,001
interaction 14,207 4 0. 006
Ascidia paratropa 1 substratum 27.507 6 < 0,001
light 9.638 6 < 0,25
interaction 3.949 4 < 0.413
2 substratum 106,439 6 < 0.001
light 63.55 6 < 0.001
interaction 26,269 4 < 0.001
Corella willmeriana 1 subgtratums 154, 748 6 < 0,001
light 29,369 6 < 0.001
interaction 25.352 , 4 < 0,001
2 substratum 12.516 6 < 0.1
light 16,223 6 < 0.025
n

‘interaction 9.646 4 < 0.047
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Figure 52. Substratum selection éxperiments in a light gradient with Pyura/
haustor larvae. Each bar is subdivided into three or four regions, which:
-represent identical groups of substratum choices at different light levels;
Row 1 or Row 2 is nearest the light, while Row 4 is farthest from the- ligh
For each substratum, four bars are given: "o is the observed distribution
settled larvae, "es” is the expected distribution based on the hypothesis &f
uniform settiement among  potential substrata, "el' is the expected
distribution based on the hypothesis of uniform settlement among rows
(li?ht regimes), and "ei" is the expected distribution based on the hypothesis
- of independence between light and substratum. Genus names are
abbreviated with first letter. Significance levels and other details of the
. analysis are praesented in Table XIX. . .

»
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ryura haustor

Expt. 4: 334 larvae.

o es el el o es el ei
P. haustor H. igaboja A. paratropa rock
‘ ' Substratum °

Figure 53. Substratum selection experiments with Pyura haustor larvae in

which dish was turned 45 degrees so that rows were not perpendicular to
the light, and a single piece of Halocynthia igaboja tunic was the

substratum farthest from the light See Fig. 49 legend for additional
- explanation and Table XIX for analysis. ‘

!
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that larvae sWim to the ‘dark side of the dish well before metamorphosis and ortly then
seek appropriate chemical cues for settlement. - ) ' P

Pyura haustor larvae delayed m‘etamorphosis it the absence of P haustor tunic '
(Fig. 54), both wherw .tﬁe treatments are maintained in the light and the dark. The dark
treatments 'der_nonstrated that the preference was for the tunic itself and not for
shadoWs associated with the tunic. ‘

it should be empha5|zed that the gregarious response of P haustor is not
obhgatory larvae will settle on other substrata, ‘especially other stohdobranchs lf P.
" haustor tunic is not available. That the attraction for 2. haustor is chemical and not die’ to
the wrinkles or sun%tace irregularities is suggested by two main lines of evidence. First,
the pieces of F. eregonensis shell, with intact periostrocal,hairs, of H. igaboja tunic, also
with hairs present, and of Stye/a with numeroes deep wrinkles all presented substantially
greater surface areas than the P. haustor tunic disks, each of which was generally
crossed by only one to a few wrmkles Second, in the delay of metamorphosls
experlments where both the smooth inner surface and wr;nkled outer surface .of‘ the
tunic were avallable to the larvae, the inner surface mvarlably attracted Pe greatest
number of settlers both in light treatments and dark treatments Prevnous experuments on
the gregarious response of P. haustor larvae (Young, 1978) also support the hypothes's
that the response is chemosensory_ in nature. ‘ k

Chelyasoma productum. ‘

Chelyosoma productum, which’ often. occurs in dense aggregations on floating
docks and soft sediment was the first ascidian reported to exhibit gregarious settlement'
behavior (Young and Braithwaite, 1980a). Larvae of fhis species prefer to settle oﬁ Jthe
tunic of the adult or - near conspecific juveniles and * are ‘capable of delaying

»

metamorphosis for at least a short time in the absence of these stimuli.

Ascidia callosa, - : ' _ : : ' -

' Larvae of Ascidia callosa are ‘quite non—eiscriminat'ing, in their choice of
‘substratum. Although larvae settled readily on the’ adult tunic, they attaehed in Iarger:
numbers to the tunic of Che/yosorha productum (Fig. 55). The differences, ftowever were
non-significant in each case. Both P. haustor tunic and rock attracted fewer settlmg.

larvae than phlebobranchs tunic. Neuther the effect of light nor the l|ght/substratum
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Figure 54. Delay of settlement experiments with Pyura haustor larvae in

continuous light (top graph) and continuous darkness (bottom graph). Each
point is the mean of 2 replicates plus or minus 1 SE. Square points: piece
of Pyura adult tunic present Round points: subtidally collected rock

__present Triangular points: no substrata added to the dish. In this and

similar graphs, the round points have been displaced slightly and uniformly

to the right to allow resolution of SE. bars.
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interaction was S|gmf|cant (Table XIX) R ' L .
' In absence of any substratum other than glass Iarvae will delay metamorposns for

a full week (Fig. 56: chapter 1), suggesting that they are not entnrely indifferent to surface

charctersstucs Likewise, they showed a slight tendency to settle sooner in the presence -

of A. callosa. tumc than rock ‘J

o>

In summary, the evadence hints that the larvae of Ascidia' callosa are slightly

gregarlous but that they do not dlscrlmmate much agannst other natural substrata. The -

°

aggregatlons observed in the field , which were all on floating docks in relatlvely quiet

bays are probably as much the resuit of hugh larval concentratlons as of gregarious
B ” .
settiement.. o

ErY

Core//a /nf/ata

~The field distribution of this species suggested that observed aggregations were

due not to larvae attachmg to adults, but to many larvae attachlng to non-ascidian

substrata in the same region. Nevertheless in .laboratory experiments, many Iarvae
selected adult.C. /nf/ata tunic as a settlement site (Fig.' 57). in the one case {Expt 1) where
a significant substratum ’prefer’ence was seen, however, the larvae chose rock which'had

been scrubbed with a toothbrush to remove epiflora. Natural rock with flora antact was

. less attract;ye as was C. /nf/ata tunic! The larvae did not dlscrlmlnate between tunics of

P. haustor and thelr own adults despite obvious differences in texture, reflectance and
1

composmon in experiment 2, the greatest number of larvae settled on pleces of scallop

shell which had numerous small parallel varices: However the preference was not

significant.

Juveniies attached to C. inflata tunic in the Iaboratory always died w:thm 48

hours of settlement. it is not known whether th:s was due to high bacter»al concentratnons :

as the tunic pleces began to decompose or to chemicals (e.g, amd) in the tumc proper.
The latter would seem a dlstmct possubmty in light of the clean appearance of field
collected ammals and the recent finding by Stoecker (1978) that low PH in ascidian tunic
often prevents fouling.
| concilude that the aggregated distribution of Core//a inflata, unlike those of C.
proa’uctum and P. haustor cannot be attributed. dlrectly to larval behavaor it is probahly a

consequence of brooding; adults retaln larvae until Just before metamorphosus SO

13

°
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'disperSaI is limited.
‘Ascidians in Multiple Sﬁecies Aggregations p .

The behavior of Halocynthia igaboja tadpoles was not $tudied, due to the
difficulty of obtaining good cultures. However, since its distribution is unremarkable

(random, generally on rock surfaces) it is assumed that the tadpoles are relatively

( . L
"1 non-discriminating with respect to substratum.

y
|

\Bo/ten/'a villosa

6\""lt is predicted that where a refuge occurs, tadpoles 'should evolve a preference |
for the refuge, providitr:%edictable cues dete.ctable by the larvae are associated with it
(Woodin,j 1879).. Thbe, the larvae of B. vi//osa were expected to discriminate in favor of
P. haustor .or H. igaboja tunic and they did (Figs. 58, 59). Whenever offer d a choice
between tunic of the ' mvulnerab,le stolidobranchs and natural rocks, the” former was
highly preferred (Fig. 58). Neither H igaboja nor P. haustor was pr%ed significantly
over the other (Expt 1); the sllghtly higher settlement on H/gabO/a colld easily be a
surface area effect Likewise, the larvae do not dlfi/erenﬁate well between - the
lnvulnerable spec1es and the tunics of other related stolldobranchs including Stye/a
g/bbsii (Expt. B) and thelr own. adults {Expt. 2,6). In Experlment 6. two types of P. haustor
tunic were offered some collected subtldally withs embedded sand ‘grains and an
irregular shape;and some collected from a quiet bay where individuals had few wrinkels
“or inclusions. The dlfference was rot S|gn|f|cant suggestmg that preference IS not based
on rugosuty;l Larvae preferred stolidobranch tunic over Che/yosoma productum tunic also
Expt. 5). | |

The effect of light was significant in 4 of the 6 e‘xper'iments, and the interactiorn
between light and substfatum, yvas significant in these same experiments (Table XX). This
sdggeets that like P. haUstor, B. villosa tadp’olés are more llkely‘ tc settle on an attractive
substratum if it is in a shaded area.

In the delay of metamorphosis experiments, larvae delayed metamorphosns for
the ongest period in the absence of all substrata except glass, and settled most readily
wheh P. haustor tunic was present in the dish (Fig. 60). In both dark and light treatments,

larvae preferred the cleanest portlons of the P. haustor test (generally the inside surface)
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Figure 58. Substratum selection experiments with Bo/tenia villosa
tadpoles. "F. oregonensis’ is shell from Fusitriton oregonensis, with hairs
on the periostracum intact. Seé Figure 52 legend for further explanation
and Table XX for analysis.
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suggesting once again that the factor inducing metamorphosis is a chermical m the tunic
and not simply the irregularity ot the surface
Styela qibosii.

Although the tield distribution of S gibbsir 1s similar to that of B. villosa,
behavior of S. g/bbsis in the lab s less definite Offered a choice betwesn adult tumic and
two types of rock, the tunic was strongly preferred (Fig 61 Expt 1, Fig 62 Expt 4)
Pyura tunic was preterred over rock in experiment 4 but not experiment 2 The reason
for this discrepency 1s not known, but experiment 2 was alsc the one n which larvae
showed the strongest praeference for the dark side of the dish

S. gibbsii larvae. like those of P. haustor, settie more readily when there 1s aduit

ascidian tunic present (Fig 63) T

Ascidians Occurring as individuals v

c nem/docaég? finmarkiensis.

This s;;)ecies lives almost exclusively on rock in the subtidal zone. where it
occupies primarily cryptic sites. Larval behavior correlates well with this observed
distribution. The tadpoles preferred rock over adult C. f/"nmarkiens/s tunic or adult Pi
haustor tunic (Fig. 64). Surptisingly, in Expt. 2, the tunic of Core//a inflata was preferred
over t/hat of P. haustor, but once again, was much less preferred than rock. The mo;;t
atrré:tlve substratum in Experument 1 was shell of the scaliop, Ch/amys hastata. It 1s
suspected that the at‘gnact:ve attribute of this shell type is not its composition, but rather
its r;bmer0us small ridges, The Iérvae mostly attached in the cracks where the ridges .
(varices)‘ were connected to the shell. Once again, this behavior might be expected on the
basis of field distribution '

in both experiments,. the effect of light was highly significant, while the
light/substratum interaction was significant only in experiment 2, apparently because of
the much larger proportlon of larvae selectmg the dark on rocky substrata than on the
other substrata pfferedl This may be in part because of shadows present on the A.
haustor tunic. Larvae settling on this substratum did not have to be at the dark side of tf:g

dish in order to locate a shaded site.
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_ C. f/nmark/enS/s larvae demonstrated good ability to delay metamorphosis -(Fig.
65). As expected, larvae in the light settled as readily onrock as on adult tunic unlike the
larvae’ of gregarious species discussed earlier. However, in the dark larvae in the

“

presence of adult C. finmarkiensis tunic demonstrated an unexpected tendency to settle
much earlief than larvase in the presence of rock or glass. That there was little difference
in settlement between rock and glass groups in the dark suggests that light (or shade] is
the dominant cue for habitat selection in this species. This‘ is supported by the studies of
photoresponse reported in-chapter 2.

Ascidia paratropa.

OnIy two experiments were run -with Iarvaz\ of Ascidia paratropa (Fig. 66) In

.Experiment "1, tadpoles did not differentiate between rock and the tunic of adult A,

ca//osa However they did prefer both of these substrata over Pyura haustor tunic.

Scallop shell with its rugose surface was preferred over rocks, and no preference was
shown for. rocks with film over clean rocks. A
The effect of light was. sngnificant in one experiment, but not the other In Expt. 2,

the interaction between the two factors was highly significant {Tabie XXI). Inspection of

the data (Fig. 66) suggests that this was due to a more or less even distribution of larvae

/

over scallop shells of the different rows, contrasted by a greater settlement on the clean
rock furthest from the light than on the other rocks. The effect of adult tunic in inducing
metamorphosus was not tested in this - species. However, the tadpoles did delay

metamorphosis in the absence of rocks (Fig. 67). ‘ .

Corella willmeriana.

Settlement preferenc'es of Corella willmeriana were ‘essentially similar to those
of the other individually-occurring ascidians investigated. Rugo‘se scallop shell was highly
preferred, but the larvae did not differenti'ate ‘among any of the other substrata tested
(Fig 68). \This suggests that vvhile surfaoe texture may be important, larvae will settle on
virtually any substratum available. This is consistent with the field distributions, in which
rock, the substratum type most available, was the substratum most often used. ‘

The effectsw of light and the light/substratum interaction were significant in both
experiments, though in Experiment ’1, it appears that most larvae settled in rows other

than that neares’t the dark side of the dish.

A

hN
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DISCUSSION

All solitary ascidians of the San Juan lIslands are primarily subtidal, feed on
plankton, require firm substratum for attachment, are simultaneous hermaphrodites; and
have short-lived larvas which are roughly the same size. Because of these similarities, it

might seem that investigating the ecology of one or two species would give a

satasfactory answer to the question posed by this paper, namely, "Whét are the relative

roles of predatnon defense refuges and habitat selection in determmmg distribution?”

While the questnon seems straightforward, unexpected interspecies drfferences-

, cornphcated the answer, vindicating the use of a comparative approach. The determmants

of distribution rnust-be consndered for each species individually‘after carefully defining.

the distributional scale of interest. Nevertheless, the data warrant a few generalizations:

1) A single predator, Fusitriton oregonensis, exerts a tremendous influence on the

assemblage es a-whole, and represents a selective pressure to which ascidians heve
responded with d-iverse strategies. 2) Predation affects large scale distribution by
excludmg from certain habitats those species which lack either defense mechanisms or
the ability to locate' spatlal refuges 3) The effects of Iarval behavior are most evident on
a small scale, though behavnor is not equally amportant for all species. 4) Tadpole larvae
are capable of relatively sophlstncated behavior, mcludmg delay of metamorphosns and
contact chemoreceptton as well as photoresponses 5)Congentration and dispersal of
Iarvae by tidal currents, a factor not COnsndered in the present study, appears to be an
|mportant determinant of large—scale pattern, and deserves detailed study.
: y

PREDATION ’ ,

In tbe/sybtidal zone, predators may affect invertebrate prey populations by
’maintaining them at low levels, restricting them to certain areas, changing their age
structure or preventmg competmve exclusion. That populatuon dispersion may be llmnted
by predators is a forelgn concept to many terrestrial ecologists (Hairston et al., 1860
Slobodkin et al, 1967), though the phenomenon is not uncommon in marine systems
(Paine, 1977). The best known examples are in the rocky intertidal zone, where animals
. vulner‘ableft’o predators are often restricted to a refuge zone high on the shore which is

outside of the predator's range of physiological tolerances (e.g., Hancock, 1960; Connell,

©
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1972; Paine, 1974; Dethier, 1980). \Suﬁtidélly, where geneéral hydrographic conditiqné
vtend to be more homogeneous, and a predator could presumably survive almost
anywhere within its geograbhical rénge,- the situation is seldom so clearcut, and -
consequently, experiments on thé role df subtidal predators -have baen\less common.
Nevertheless, distributions of several subtidal invertebrates are suspected to have
boundaries imposed by predators. The b;ast décumented case ‘is' that of the sea otter,
AEnhydra lutris, which is such an effect.ivev_generalist predator ihat it eliminates numerous
species when it enters an ax;ea {Estes and Paimisano, 1:974; Simenstad et al, 1978;
Duggins, 1980) and consequently has major effects on the overall structure of the -
community (Estes et al, 1978; Ostfield, 1982). In eastern C?na'da; fﬁe iobster Homarus
americanus has likewise been implicated as a major controller of Strongylocentrotus
droebachiensis abundance (Mann and Breen, 1972), though this point of .view differs
from thaf of Himmelman and Steele (197 1) who noted that even intense pfedation by
lobsters and a host of 6ther predators had little effect on overall urchin abundance. ébiny :
lobsters, Jasus jalandii, are major predatbrrs on mu'ssels in South Africa, where they
significantly alter the size distribﬁtiéns of. species a;\d may élso limit spatial patterns
"~ Under some L::onditions (Pollock, 1979; Griffiths .and Seiderer, 1880). Porter (1972) has
suggested that the coral-eating starfish, Acanthaster planci causes reefs to be rare in
‘the eastern Pacific. Pre_dation also has important effects on sorﬁe intertidal soft—Bottom‘ ‘
communities (Jackson, 1972; Virnstein, 1977; Woodin, 1978; Holland et al; 1980; and
otheérs), which are analogous to sub\tidal communities because of the general homogeneity
of physical conditions. Unfortunately, many of the examples. of predator—impos.ed
boundaries are inferred from either observed spatial patterns or laboratory feeding
expériments rather than field manipulations. Kitching 'and. Ebling (1867),. who have
documented a number o% cases of exclusion in Lough Ine, Scotland, give four criteria for
deciding if the absence of an organis'm‘is due to the effects ofv a specific predator: 1)
The organism does not survive when transplanted to a site where it dc;esn't; normally
occur, unless pfotected from predaforé by cages, 2) ATh.ere is an inverse éorrelation
between predator and prey distributions, and ‘where overlap occurs,:the prey animal is
‘inaccessible to the predator. 3) The predator can inflict lethal damage on the prey animal

. in the laboratory or in fiéld enclosures and 4) There is direct evidence that the predator is
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"responsible for mortality observed in transplant experiments. Ideally, all four criteria
should'be satisfiéd before exclusion i$ attributed to a suspected prédator,

in the present study, | observed that a number of ascidian specieg, mostly
phlebobranlqhs, ‘were found only onfloating docks and/or subtidal mud flats, where the

predator F. dregonensis did not occur. This observation, which corresponds to|criterion

#2 above, suggested a series of simple laboratory feeding' experiments $nd field
transplants which satisfied each of the other 3 criteria and thus demonstr?ted that
predation is important in determining what Eabitats are occupied by these ascidiians. Only
three speéies, Pyura haustor, Halocynthja iéaboja and Cnemidocaréa f/nmérkiensis
resisted predation by F. oregonensis, though other 'spécies, including Bo/teni?' villosa |
" and St}e/a g/‘bbsii overlapped the predfator’s distribution despite apparent vulneriability.
Fusitriton oregonensis, like related mesogastropods in the families Cas%idae and
‘Cymatiidae, has previously been thought to prey primarily on sea urchins (E\ato}n, 1972)
Presence of sulfuric ac.id in the large salivary glands suggests. that the snail shouid have
- the capability of drillking‘through calcium carbonate shells. However in my experiments,
sea urchins were never attacked, and-ascidians were the preferred bre‘y items in every
trial. Day (1969) faced a similar paradox, in that the cymatiid she studied, Argabucc/hum
argus, was equipped like F. oregonénsis but preyed primarily on sofft—bodiec.i
polychaetes. She speculated that the proboscis mechanism had evolved f‘or drilling
~ calcium carbonate ékeletqns, but at the present time, abundant wérms represented an
easier food for the snaiis to obtain. Laxton's' (187 1) study of the feeding 'habits of
" numerous Australiah cymatiids suggests that ascidians may-Be common prey items for
snails in this family; ten of the spedes he studied fed on some species of ascidian. That
the ascidians most preferred by F. oregonensis are constantly maiﬁtained at a low level in
most subtidal rocky commuhities; indicates thaf the snail must rely on other sources of _
“prey for much of the time. 'l;his is in line with Ea‘}on’s numerous field observétiohs -of F.
oregonensis feeding in the lab and field,: besides scavenging carrion, the. snails fed on a
wide variety of molluscs, echinoderms and polychaetes. Day (1969) has suggested that
salivary gland secretions may contain a toxic substance ‘which serves to anesthesize such

4
“prey animals, making it easier for the snail to gain access to the soft tissues.
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A large Fusitriton oregohensis consumes about one ascidian every other day.
Given this information, it should be possible to predict the imp'act of F. oregonensis. at
. any site b_y knowir:)g the population density of the snails. F. oregonensis densities at my
study sifes ranged from <0.06 per m* to 0.32 per m. The density at the site where
tran'splant'experiments was conducted was estimated as 0.1 per m? Eeton {1972)
reported a spawning aggregation near Brown island in which the egg mass was over 1 m
in drameter and snalls were clustered all around the perimeter. Shelford et al., (1935)
recognized £. oregonensis as one of the most characteristic animals of rock bottoms in
the San Juans, ang reported a maximum density of 4 per m?, as estimated by dredging.
Taken together, the obeervations indicate that £. oregonensis is sufficiently abundant in
some areas to eliminate virfually all vuInerable ascidians that settle.
The ascidians consumed by F. oregonensis in dock transplants were generally the

largest ones available; small individuals almost always survived the experiments. This

suggests that if Fusitriton is indeed excluding‘ascidians from the rocky subtidal small

individuals should still be present. This phenomenon was seen at Bell Island, where snails
N ‘Rh

were actively preying on large Chef}og;oma productum in the summer of 1981, while

numerous small ascidians from the previous spring's settiement were not being attacked.
Bell island is near numerous $oft—bottom habitats where C. productum adults are

abundant, and it is assumed that these soft-bottom adults supply the larvae that recruit

regularly there. This is the only site.where large numbers of juvenile phlebobranchs were

encduntered. Juveniles may be rare in other areas simply because the local breeding

populations are constantly maintained at a low density by F. oregonefsis.

°

DEFENSE MECHAN ISMS , \ '

Mechanisms by which prey species co-occur with potential predators are of two

~main types defenses and refuges. Several examples of each are seen in the assemblage
of ascidians | studned o : .
Many motile animals use behavioral defense mechanisms. In general, water -borne
"chemicals from the predafor are detected at a dietance . enabling the pro‘spective prey
animal to either flee (Bullock, 1953; Feder, 1963,‘ 1967; Mackie and Grant, 1974;
Margolin, 1964; Phillips, 1976; Ross and Sutton, 1967 and many others) or defend itself
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aggressively A(Branch, 1979; Nielson, 1975). Others have evolved activity patterns that
minimize the probability of encountering predators (Nelson and Vance, 1979, Waelis,
1980) Defense mechanisms employed by motile and sessile animals alike include: toxic or
unpleasant chemicals (Bakus, 1964; Bakus and Green, 1974; Green, 1977; Nance and
Braithwaite, 1979; Thompson. 1960). defensive structures (e.g, spines, nematocysts,
‘¢helipeds, shells, etc), and camouflage (Ghiselin, 1964, Thompson, 1973; Vance. 1978).
In ascidians, only chemical defense mechanisms have been demonstrated to be effective

against predators (Stoecker, 1980a, 1880b) even though numerous ascidians are

" endowed with spines, tubercles, spicules, hairs, etc. (Monniot, 1970; Van Name, 1945)

Though it is possible that chemicals play an important role in reducing fish and crab
predation in tﬁe San Juan Islands, the major ascidian predator, Fusitriton oregonensss, is
unaffected by them. Indeed, those animals with the highest concentrations of vanadium
{Danskin, ,1878) and lowest pH were also those most f?j dily consumed by the predator.

\‘ke all structural. The tunic of

Defense mechanisms documented in n-?e present study g

Halocynthia igaboja is endoweéd with l’éng sp.ines w én,e recurved spinslets all along

their iength. Ever)‘though it is not possible to sta;w‘ ycertainty that these spines
evolved primarily forﬂ defense, experimental evidence demonstrates that they fun;:tion in
that role at the present time. F. oregonensis has been present in the Northeast Pacific
since tHe late Oligocene (J.T. Smith,) 1970), so predation has probably been a significant
selective pr‘essure %or at least 25,000,000 years. Kott (1968) expresses the opinion that
Halocynthia igaboja and several other species in the genus $hould be synonymized under
the name, H. hispida. She found almost no internal differen;es among specimens
collectéd from Australia, Japan, and British Columbia. However, there were major
differences in‘tr‘we npmber, arrahgen'went and vsize of spines among animals from the
various - regions. Interestingly, H. igébo/a coﬂected from the geographical regions
overiapping the distl;ibution of Fusitriton oregonensis (California thro'ugh the Bering Sea
to Central Japan; JT. Smith, 1870) are among those with the“densest cover of long
spines. Several of the Australian specimens illustrated by Kott (1968) are nearly glabrous.
Assuming these are indeed the same species, it would be interesting to correlate

predation pressure in the various regions with degree of spine development.

Unfortunately, neither F. oregonensis densitigs nor presently available information on the



(2

233

distribution of 4. igaboja morphs is sufficiently detailed to allow this comparison.

Pyura haustor has a very tough tunic, which resembles that described in detail for

Pyura stolonifera (Wardrop, 1970)..In the latter species, the tunic is greatly strengthened

by dense bundles of a collagen—like material. It is assumed that similar structures give the

tunic of Pyura haustor its great tensile strength, and help make it invulnerabie to
predators. Like many other pyurids and molgulids, Pyura haustor incorporates bits of

sand and rock into its outer layer :of tunic. That this feature helps protect P. haustor is

suggested by the observation that Fusitriton sometimes attacks P. haustor on the base,

where no sand grains are present Endean (1955b) also suggested that sand in the tunic _ -

serves a orotective function in {‘}byura praeputialis. He noted that when tunic and sand
were removed from ./n situ ascidians, they became vulnerable to predation by the
intertidal crab, Leptograpsus variegatus. The siphons of Pyura.hadsto_r are covered with
anteriorly—-direoted, microscopic spines. It is possible that £, oregonensis could penetrate
the funic in the otherwise soft sivphon region if these spines were not present.

- Cnemidocarpa finmarkiensis is the third species not consumed by F.
oregonensis. Like H. igaboja ”anvd Pyura, it is commonly ’f,oundb in regions where F.

oregonensis is common. The defense mechanism of C. finmarkiensis has not yet been

~discovered. Though chemical defense has not been ruled otJ_t, it seems unlikely. One

pbssibility worth investigating is that C. finmarkiensis defends itsei® behaviorally by
expeylling' water and flattening itself against the rock.
: : vy
REFUGES .,
Animals may find refuge from predators in time (Taylg')r 1976; Thorson 1857),

size (Grlffnths and Seiderer, 1980; Paine, 1976) or space. Because ascidians rejected by

F. oregonensis on the basns of size are prlmarxly pre- reproductlve mdlwduals size

[N

refuges are probably not important in the San Juans. However several species appear to ‘

take advantage of .both temporal and spatial refuges. Woodin (1978) recognizes three

categories of spatial refuges, which she classifies according to the distributional patterns

of the predators and prey: 1) zones beyond the activity range of the predator (e. g high ™

i
mtertldal zone) 2)physical heterogenemes in the habitat within the range of the prié’&:iator

" . which nevertheless buffer the predators effect or inhibit its ability to locate or consume

.4
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“the prey and 3) biologically generated refuges within the range of activity of the

predator.

o . a

Ascu:hans occurrmg on docks where F. oregonenSIs is not found are occupylng a

refuge of the first type. However since docks are only recent additions to the Puget

Sound region, it is of interest to consider how ;hese same species persisted or would

persiet in the absence of these artificial refuges. In other words, "Where are the subtidal
spatial refuges for ascidians?” ’
Chelyosma productum has probably alwaye been the most abundant phlebobranch
in the San Juan Islands, both before and after the advent of docks, since lar?e
populatlons exist in the extensive soft bottom areas around Shaw and Orcas Islands.
Here the ammals form large clumps with shells or polychaete tubes serving as the initial
'attachment site. As mdacated above, populations occasionally seen on rock substratum
are probably recruited by larvae orlgmatmg in these soft bottom areas. Although the
preda'gory starfush Evaster/as troschelli takes some ascidians in muddy areas, its' impact
seems to be mlmmal, so the soft bottom habitats represent a refuge for C. productum. |
supect that. before the days of docks, C‘he/yosoma was primarily a soft-sediment
ascidian. Now, it has exploits the artificial substrata as well, . and is thus considered a
member of the hard bottom epnfauna by most workers.
| The lmportance_’,of spatlal heterogeneity in' creating refuges (refuge type #2 ih
Woodin's classificaﬁen) has been emph’asi'zed by Gaines (1980) for gastropods in

Panama, Menge and Sutherland (1976) for intertidal systems and Buss (1979) for coral

reef mvertebrates In-the San Juan lslands several species seem to rely heavily on their

photoresponses to Iocate habitats under cobbles and in other cryptic habitats. Although
these sites are undoubtedly refuges from silt and other sources of juvenile mortality,

they 'probably,é,ﬂ.pro't‘ect the animals from predation as well. It 'se'ems unlikely that F.

- oregonensiscould enter most such habitats because of the large size of its rigid shell. If

prey‘ascidians were detectected from a distance, the ‘proboscis could. probably be
extended far enough to reach many . of - them. i;iowever, evidence from Y-maze
experiments indicates that £. oregonensis encounters aseidians in a random manner and
detecfs them by touch. The animal best adapted for lﬁiving under cobbles is Pyura

mirabilis, the hody of which has become expanded anteriorly so that siphons emerge

R
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from opposite sides.’ Thus, waste water is'expelled on ‘one‘side of the cobble while the
feeding currents draw Water‘ in from the opposite side. The advantage.‘ o’f t,h‘is
arrangement seems obvious when 'we "co\nsider! that food must be extrasted from water
in the "dead areas” between rocks, and 'current-s do little goed at renewing food sueplies.

Ascidia ca//osa is the other major species occupytng this habltat Like C.
productum, it is now abundant on floating docks Howevér, before docks were present,
it may have been asrare as Pyura mirabilis. _

Two species, Bo/tenia v///esa'and- Styela gibbsii. take advantage of biologi'cal

refuges in escaping predation and thereby persist in the same habitats as F. oregonenS/s

The|r strategy consists of takmg advantage of the defense mechanisms of other.

ascrdlans By living as epizooites on Pyura haustor and Halocynthia igaboja, these animals
apparently escape detectlon by F. oregonensw

An ever- increasing body of literature suggests that refuges generated by other

" animals and plants are among the most important in subtidal systems. Examples include

»

fishes which live among the tentacles of sea anemones, {Mariscal, 1870, Roughgarden,
1975), anemones that protect hermit crabs from octopus (Ross, 1971), xanthid crabs
occupying coral " heads {Glynn, 1976) barnacles hvmg on hydrocorals (Young, in
preparation) fish nestlmg among the spmes of echmmds or living in holothurlan cloacas,

young echinoids living under the spines of adult conspecifics (Tegner and Dayton, 1881)

clams burrowing into living coral (Highsmith, 1380) and spbnges tiving on scallops (Bloom,

1975). In each case, there is a species which is well defended and an associate '3vhi_ch
exploits the defense of the host. .
Defense mechanlsms are not alway mvolved in biological refuges. For e@mple
algae may increase spatial heterogenenty eg., Watanabe, - 1980) or: create substrata
outside the foraging areas of the predators (Lowry et al, 1974;Riedman et al, 1981) in
California kelp torests. Woodm (1976 1978) has demons*rated experimentally the role
of Diopatra tubes m reducmg predatlon in intertidal mudflats. The onuphids themselves
do not posses:s ;any .remarka'biewdefense _ mechamsms. They afford pr_otecnon to

as}éociates by cr:eating physical structure which inhibits activities of predators.

Several ascidian species vulnerable to'predation are found unekpectedly in rocky

_regions without-having defense mechanisms, without occurring in cryptic Ra@gtats and
. . N

H
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without being associated with biological refuges. These species probably petsist by being
unpredictable‘@n time and spaee. The species. that has adopted this strategy most
effecti’vely is Corel/a /vnf/ata. Because the adults reach'reeroductive size very rapidly
(Lambert, 1968) and brodd the larvae until they are ready to settle (Child, 1827; Lambert
and Lambert, 1978), regions where predator activity is low arerrepidly filled up with
reproducing individuals. Lambert (1968) refers. to this as a-"fugitive” strategy. Other
ascidians that do not brood are found in low numbers in most subtidal habitats. These
include Ha/ocynth/a aurantium, Ascidia paratropa and Corella willmeriana. All of these

species are attacked by F. aregonenS/s«: so’ sgﬁmp« d and unpredictable spatial pattern

probably accounts for their persistence.

Rz

LARVAI. HAB/TAT SELECTION
| The correlation between -smali-scale spatnal pattern and larval behavior is good
for most species, suggesting that behavior plays a significant role in the ecology of
subtidal ascidians. Thus species without specific substratum preferences as Iarvae

‘ (Core/ f}ata Corella willmeriana, Cnem/docarpa f/nmark/enS/s Ascidia paratropa

_y Halocynthia igaboja, Ha/ocynth/a aurantium and Pyura mirabilis) utilize
if roughly in the proportions available . to them. Although substratum »
‘_terlstlcs mﬂuence these larvae very httle several of the species rely heavnly on
dole photoresponse to place them in habitate inaccessible to £. oregonensis and free
"of the effecte'of silt and benthic algae (ch.apters 2,4).
| Pyura haustor, Che/yosoma productum, Styela gibbsif and Ascidia callosa.are
found in single species aggregations under at least some conditions; and all demonstrate
g ,v a tend to settle on the tunie of conspecifics. in Ascidia callosa, evidence for gregarious
settlement is inconclus_ive; and aggregations of this specieston floating docks may be
because adult ascidians represent gne of the most. abundant substrata available for
settlement. | |
The function of the gregarious 'responsé retnains unclear in these ascidians as in
most other mvertebrates which display the behavior. Crisp (1979} and Help (1975) have
advanced the idea that proxnmnty to conspecmcs is essential for reproduction, especually

in animals with internal fertmzatuon such as barnacles. As pointed out elsewhere (Young :
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and Braithwaite, 1980), this explanation is unsatisfactory in the case of Chelyosoma
productum, since bthis species is entirely self-fertile and spawns eggs and sperm

simultaneoUSIy. Another possible function of gregariousness is that the presence of adult

conspecifics is indicative of a site where living conditions have been historically good.

Scheltema et al. | 1981)_have suggested that since gregarious responses are most
common in species that do not reprodoce asexoally, settiement in mass may be required
in order to successfully compete for space in the epifaunal cormmunity. |

Aggregatlons of adults are sometimes refpges from predatlon for the larvae or
young ;uvemles. For example, the juveniles of the.subtldal mussel, Modiolus modiolus
avoid pregdators in their vulnerable post-settling stages by nestling among less vulnerable
adults (Roherts, 1979). Likewise larval sand dollars, Dendraster excentr/eus seftle most
read|ly in the presence of sand from dense adulf beds (Hnghsmnth 1982). Highsmith was
aple to demonstrate that the tanaid, Leptoche//a dub/a whnch lives only where where -
adult sand dollars have not disrupted the sediment. is a major -predator. on setthng
Dendraster larvae. The tanalo is thus envisioned as a s'electiveé pressure favoring
~ gregariousness. A | '

The effect of spatial pattern on predator success (and prey mortality) is a subject
of some contr'oversy in the literature. A number of studie's indicate -ythat aggreg’ation\

(schoohng) in fish decreases a predators chances -of locating the flsh or of successfully

|
\

attacking any given individual (Brock and lefenburgh 1960; Cushlng and Harden Jones, '\
1968; Olson, 1964). Taylor (1976) presented a mathematical model which suggested that

clumping nearly alwa);j' benefits the prey and :__h'ind"ers the success of the predator.
However, his assurnption that the prey animals arg capable of fieeing or‘ defending
fhemseiv‘es so as to limit mortality to one kili per attack, is not applicable to sessile
marine invertebrates. Stinson (1980) Supported a mathematical model on the advantages
of flocking in shorebirids with empirical.obser\lations.-An opposing point of view has
been p‘resented t;y Tinbergen et al. (1967) who demonstrated experimentally that eggs
arranged in an aggregated pattern were located and eaien by crows much more readily
than eggs in a random or regular‘pattern. Other studies 'also support tne idea that spacing
out decreases the chances of a predator encountering any given mdmdual {reviewed by

’

‘Brown and Orians, 197(’/ | carried out an experlment in which ascidians were offered to

£
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F. oregonensisin aggregations and as individuals. The data indicate that there is no
advantage to clumpmg in preventmg predatlon F. oregonenS/s tends to remain near a
’clump of edible asc:dnans until aII have. been consumed. This was true in both the
laboratory and} the field. At the conclusion of the breakwater experiments, | noted that
many of the animals attacked were located in very restricted areas, and indeed were |
often attached to each other. When clumps of phlebobranchs were transplanted to the
field, Fusitriton often remained near or on the_c_lumps for over a week, teeding until
most or all of the ascidians were eaten. Thus, predator avoidance is not a function of -
gregariousness in ascidians. | o
‘The two vmost gregarious species, Che/yosoma -productumand Pyura haustor are
; common on subtidal mudflats, where they ‘attach either to 'emergent “islands” of har‘d; -
substratum (clam shells and polychaete tubes) or to other ascidians. If soft bottoms
represent a major habltat for these asudlans as suggested above selective pressures
\unlque to them may have favored. the’ evoiution of gregarious behavuor One possbule
reason is that animals settling on other ascidians have a better -chance of remaining above
‘ the soft sediment than anlmals -settling on narrow and flexible worm tubes. Asc:dlans
often form very large clumps which rest on the mud surface. Lar ger clumps are probably .
more stable than small ones so survival of the juveniles may be positively correlated wuth
clump size. Thls hypothesis could be tested by transplanting Juvenlll on various substrata
‘ to the muddy subtldal and monitoring survaval and growth. v »
it may bé slgmflcant that specues suspected of avoudmg predatuon by.means of
unpredictable dlstrlbutlon in space and time, do not demonstrate any substratum
preferences as larvae, whereas refuge- oriented specnes display behavnors Wthh enable
them to locate refuges The most intesting example of th:s latter phenomenon is the case'
of Boltenia V///osa B villosa tadpoles prefer to settle on the tunic of those species
\which represent a refuge to the adults, and even delay metamorphos:s in.the absence of |
these substrata‘ in deciding vvhether predation or settiement behaVIor is most important in
determining small-scale distribution of a species such 'as B. villosa, it is necessary to
dlstmgwsh proximate and ultnmate factors. Assumlng that predation was the selective
: pressure favorlng evolution of the behawor the ultimate factor of greatest importance is

predatlon On the other hand, where settlement behavior operates effectsvely in. the
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location of refuges, it is tne mest important proximate factor; in other words, the
observed pattern results directly from the b‘ehévior of the tadpoles _

| Besudes the demonstratlon of gregarlous settlement presanted by Young and"
Braithwaite (1986?‘“’"5 study is the first to prowde evidence for substratum selection in
ascidian tadpoles. The behav:oral data support previous experimental (Hirai, 1964) and
morphological (S. Torrence University of Washington, personal communlcatuon) evndence :
that the tadpole oral papillae functlon as sensory receptors as well as attachment organs.
4 Major differences in susceptlbihty to predat:on recruitment strategy (including
larval behavior) and defense mechanlsms in this assemblage of sympatric sohtary
asmdlans confnrm thg notion that natural systems are complex and varible, and suggest
' ‘ caution when extridolatmg concepts from one blologncal system to another or applying

empirical data to g?neral models.
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