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CHAPTER |

GENERAL INTRODUCTION

While in the rocky intertidal late one night during a negative tide, | edtitat on almost
all of the rocks that | picked up there were several smalijtibelasnails. | collected a few
individuals and brought them back to the lab. | identified thehirakaria succincta(Carpenter,
1864) and a quick search showed me fiittle information on the life history and ecology of
the species has been publisiied. Hadfield and Strathmann, 1990). | decided to investigate
different aspects of the ecology of this small (<5 mm) trochid.

Lirularia succinctais commonly found on cobbles and loose rocks throughout the rocky
intertidal. Its geographic distribution may be highly patchy; while #reyquite common in
Cape Arago State Park in Oregon, they are uncommon in the rocky intefticigpe Blanco, 40
miles to the south.

Another species commonly found in the same microhabitdisdaria succinctais the
predatory sea staeptasteriaspp. While their distributions appear to overlap to some extent,
succinctaare not commonly found under the same rocksepsasteriaspp In fact, when
searching in the intertidal for snails for my experiments, | noticedfthfbound alLeptasterias
individual in one of the small tidepools, | wasn't likely to fihdsuccinctan the same pool. A
similar observation was made by Bullock (1953) when observing respdrgastropods within
a tidepool to water from Bycnopodia helianthoides Pisaster ochraceuthat he dripped into
the pool. After the sea star-scented water was dripped into the podsth&pgds increased

their activity and soon crawled out of the pool. | wonderéedtasteriaspp. individuals were



predators of.. succincta.If so, hadL. succinctaevolved defensive behaviors enabling it to evade
predators such dseptasteriaspp?

Phillips (1977) described two types of behaviors that snails exhil@sponse to
predators: escape responses, which are elicited by direct corttaet prvedator, and avoidance
responses, exhibited after a prey species detects a predater distance. In both cases,
predators emit a chemical cue that is detected by chemoreception, arcomethod gastropods
use for gathering information about their environment (reviewed by Kohn, C86ll,;1983).
Escape and avoidance responses have been documented in many differen{idpeciey et al.,
1968; Helfman, 1986; Semlitsch and Reyer, 1992; Kusch, 1993), and there is abundaurelite
documenting escape and avoidance responses of gastropods to predators sbslfJcolesen
and Stabell, 1999; Cotton et al., 2004) and sea stars (Bullock, 1953; Fishlyn llipg, R8i80;
Espoz and Castilla, 2000).

In Chapter Il of this thesis, | describe and quantify the escape arthageiresponses of
Lirularia succinctato predatory sea stars. Phillips (1976) and Fishlyn and Phillip)1@&e
demonstrated that gastropods exhibit escape or avoidance responses doypsedadtars such as
Pisaster ochraceus, Pycnopodia helianthoide®] Leptasteriaspp that they encounter in the
intertidal, but not to the nonpredatory sea Biatiria miniata In Chapter I, | test the prediction
thatL. succinctavould respond to the predatory sea stastasteriaspp.andP. helianthoides,
but not to the nonpredatorenriciaspp. While escape responses of adult prey species to their
predators have been investigated in many gastropods, few studies hatrgatesescape
responses of juveniles of the same species to predators. Retlatid 996) found that
juveniles of the whellBuccinum undaturdid not exhibit the same intensity of escape responses
to the predatory sea stagptasterias polarigs did conspecific adults. Harvey et al. (1987) found

that juvenileB. undatunmexhibited weaker escape responsds fmolaristhan adult individuals. |



tested the hypothesis that newly-hatched juvdnikiccinctado not exhibit the same escape
responses theptasteriaspp.as do adult. succinctan Chapter Il

Gendron (1977) documented seasonal changes in the distribulitttonha littoreain
the intertidal, and concluded that the changes were the result of theaatave migration. In
Chapter Ill, | focus on the distribution birularia succinctain the rocky intertidal in a wave-
protected site and document changes in the distribution of the snaghbrdguhe year. | also
look at the size-frequency distributions of L. succincta at four td@l$ through the spring and
summer. The tidal height selected by gastropods can vary with sizér¢@8eh977). Paine
(1969) described the ontogenetic migratiolfCbforostoma (Tegula) funebralisto lower parts
of the intertidal after 5 or 6 years. From size-frequency distribatiboyohara et al. (1999)
found an increase in the number of new recruitsirodaria iridescensthat coincided with a
decrease in the number of snails in the larger size class, possiblyingibat the snail has an
annual lifespan. Other aspectd.okuccinctaecology can be inferred and hypotheses made for
future studies once the spatial and size-frequency distributighe snail are known.

One of the factors affecting the distribution of a species is therdaé its larvae.
Lirularia succinctahas no larval dispersal because it has direct developmepmbeyos hatch
from an egg mass as fully-metamorphosed juveniles. Encapsulatedpeest ensures less
time exposed to planktonic predators in the water column (Rumrill, 13%jales may select
appropriate sites for oviposition that will optimize the survivalrobeyos in the egg mass and of
juveniles after they hatch, ensuring that they start life in suitatigats (Hendler and Franz,
1971). Oviposition site preference has been shown for amphibians (Calt@él), insects
(Meadows and Campbell, 1972; Wiklund, 1981), and some marine gastropods (Bietna4,
1992) but the literature on oviposition site selection is scarcpa@ to the numbers of species
that deposit benthic egg masses (Resetarits, 1996). For spetidsgosit egg masses, the site

of oviposition can affect the mortality of embryos within the mass if thesns deposited in



locations with high physical stress (Biermann et al., 1992). When the specegagsddirect
development, the oviposition sites of the females will deterthi@elistribution of the juveniles
(Meadows and Campbell, 1972). The timing of oviposition can affect the rhoafihe
juveniles as well, as food source availability, temperature, and saliajtychange throughout the
year (Toyohara et al., 1999).

Lirularia succinctais an ideal species to use for studying oviposition behaviors.
Throughout the year, adults deposit egg masses soon after being dalletterought into the
laboratory. Chapter IV examines some of the conditions under Whglccinctawill deposit
egg masses. This thesis provides a framework for further igaets of a snail that is too large

to be studied by microgastropod experts and too small to be noticed by anyone else.



CHAPTER Il

ESCAPE AND AVOIDANCE RESPONSES QHRULARIA SUCCINCTA

Introduction

Predator-prey interactions have long been recognized as capable ofisgutatural
communities. Interactions with predators can cause animals twpeefensive behaviors, as
has been reported for several diverse phylogenetic groups includatg{iKusch, 1993), birds
(Maloney and McLean, 1995), amphibians (Semlitsch and Reyer, 1992), fish §Helf686;
Magurran, 1990) and marine invertebrates (Mauzey et al., 1968; Feder, 1963an&®ill
(1998) have written an extensive review of defensive behavioral respacss many phyla.
Defensive behaviors may be learned (Helfman, 1986; Maloney and McLean, 1986{tRet
al., 1998) or inherited (Semlitsch and Reyer, 1992; Rochette et al., 1996), birtreréed
behaviors may be modified in response to encounters with predatorsr(itagl990; Kusch,
1993; Kats and Dill, 1998).

Prey species that do not exhibit defensive behaviors often make up gplagetion of
a predator’s diet than their abundance would suggest (Bullock, 1953; Kusch, 1883) w
successful defensive responses can effectively remove an orgemisiting diet of a predator
(Feder, 1963; Mauzey et al., 1968; Fishlyn and Phillips, 1980). Feder (1963) noted that the
limpet Lottia scabra which lacks defensive responses to the predlisarster ochraceusyas not
the most abundant limpet in the asteroid’s habitat, but was the modeptdwvapet in the
predator’s diet The defensive behaviors of prey may also affect the apparent poefe e

predators in the field. Phillips (1977) notes the difficulty in distrating between actual



predator preferences and the apparent predator preferencesuhatfteisdefensive responses
are expressed by prey species. He suggested that prey speciemgxdelénsive behaviors
may be rare in a predator’s diet because of the predator’s food preferdtawever, these
preferences may result from the predator’s selection of prey that @aribit defensive
responses.

Defensive response mechanisms vary as much as the organisms thattb&press
Responses can be chemical (Fishlyn and Phillips, 1980; Bryan et al., 1997) orliMesizzy
et al., 1968; Kent, 1981) in nature. Predators can induce changes in morphology (Kusch, 1993)
or behavior (Semlitsch and Reyer, 1992; Maloney and McLean, 1995). Responses can be
dependent on habitat (Mauzey et al., 1968), on season (Jacobsen and Stabell, 1999) and o
previous experiences with predators (Magurran, 1990; Maloney and McLean, 1995tdRetche
al., 1998). Defensive responses also have varying degrees of sucdegn éfid Phillips,
1980). A diverse array of defensive responses have been observed inimvariebrates
including anemones, urchins and sea stars (Mauzey et al., 1968), crustacgamsl@s0),
scallops and brittle stars (Feder, 1963) and especially in marine gast(&odoh, 1961; Feder,
1963; Menge, 1972; Phillips, 1977; Bryan et al., 1997; Jacobsen and Stabell, 1999; Espoz and
Castilla, 2000; Cotton et al., 2004). Most marine gastropods exhibit simii@aace and escape
responses. Classic predator-induced responses include “mushrooming,”heteraik elevates
its shell over its foot (Bullock, 1953; Feder, 1963; Fishlyn and Phillips, 198€l) retation or
twisting (Feder, 1963; Bryan et al., 1997), tentacle waving (Feder, 1963;rFastdyPhillips,
1980) falling off of a vertical surface or narrow surfgrass bladdd8l 1953; Fishlyn and
Phillips, 1980), negative geotaxis or “crawl out” responses (Bullock, 12&&8psen and Stabell,
1999) and increased general activity. A few gastropods also respond by witigdirstey their
shells (Kohn, 1961; Bryan et al., 1997) or becoming immobile (Feder, 1963). The predominant

behavioral defense for marine gastropods appears to be flight (Kohn, 1961 ;10é8eishlyn



and Phillips, 1980; Kent, 1981; Bryan et al., 1997; Cotton et al., 2004). Occasionailhe ma
gastropods may supplement or replace the defensive behaviors descrileedidbather less
common behaviors. For example, after contact with a predator, the Bdegdlhum undatum
exhibits a leaping behavior following the release of mucus (Rochedte £096). Two small
gastropodsAlia carinataandAmphissa columbianatrike or “bite” the tube feet or radial nerves
of predatory sea stars with their proboscis (Fishlyn and Phillips, 1980; l&dt, Braithwaite et
al., 2010). The top shell sn&hlliostoma canaliculatumeleases a chemical defensive substance
from its hypobranchial gland (Bryan et al., 1997) and the olive €adlianax biplicataburrows
into sand (Phillips, 1977). These behaviors likely contribute to thevalties that gastropods
with defensive responses are not eaten in the field in proportion to theiraalcber®lauzey et

al., 1968; Menge, 1972).

In marine ecosystems, defensive behaviors are often triggered yboate chemical
cues. For gastropods, chemoreception is the primary mode of detectamg diéects including
food or prey, mates, or predators (Kohn, 1961; Croll, 1983). Chemosensory cellsoridbe
of a gastropod’s foot and tentacles, and an osphradium near the siphon helgicat stimuli
from its environment (Croll, 1983). Chemical cues allow marine gastropadsain
information about their environment that can enable predatory gastrapioas hearby prey
(Kohn, 1961) and enable prey species to assess predation risk from a distasnead Dill,
1998; Rochette et al., 1998). Using chemoreception to gather informationladadektof
predation, including the magnitude of the danger, enables prey species tohesbesgfits of
exhibiting defensive behaviors and to adjust the intensity of the resfioelfman, 1986; Kats
and Dill, 1998). When a predator is detected, the benefits of exhibifiegsike responses are
undeniable, as effective defensive behaviors increase chances oflsulavy studies have
demonstrated the importance of chemoreception in gastropod escape re@ulisss 1953;

Kohn, 1961; Croll, 1983; Kats and Dill, 1998; Jacobsen and Stabell, 1999).



Many of the defensive responses described above are elicited wheropaghstimes in
contact with chemicals released from the tube feet of preda@staes, but contact by a
predator is not always necessary to induce a response (Feder, 1963)s @8illip) divided
chemically-mediated defensive responses into two categoriepeassponses, displayed when a
gastropod comes in direct contact with a predator; and avoidance respooised,Blichemicals
diffusing through the water from a distant predator (see also Bullock, 1953)xdraple, if
water from aPisaster ochraceusr Pycnopodia helianthoidesdividual drips into a tidepool,
gastropods will move out of the pool (Feder, 1983 cuna marmorat&xhibits escape
responses including shell rotation and tentacle waving when it is 9 aynfemn the predatory
sea stateptasterias polaris In the laboratory, 100% &f marmorataexhibit the same
responses in predator-scented water (Fishlyn and Phillips, 1980).

Some species only exhibit escape responses after direct contact veittaspand
appear to have no avoidance respon§&saliostoma canaliculaturnombines escape responses
with a form of chemical defense, but appears unable to detect tlaqureliciting those
responses from a distance (Bryan et al., 199 carinataand Amphissa columbianstrike
predators with their proboscis while exhibiting escape responsebgelasponses are only
invoked after the predator has touched the snail’s foot. The predatouchrthe shell of the
shail without inducing a response (Fishlyn and Phillips, 1980; Kent, 1981; Bra#hatait.,
2010). Fishlyn and Phillips (1980) hypothesized that the absence of avoidance respsmses i
species may be due to the fact that their alternate defensive methangseffective enough to
allow them to ignore the predator until escape becomes necessary.

Many gastropods exhibit both escape and avoidance responses to the samefkpecie
predatory asteroid (Menge, 1972; Fishlyn and Phillips, 1980; Espoz and Castillg,[20G06)
some of these species, the behaviors exhibited after contact and teftépddrom a distance

differ (Feder, 1963; Phillips, 1976, 1977). For these species, the distaneggabtiopod from



the sea star can determine the set of responses that will be employed. Fe ekenmost
common escape responsd.atuna vinctgo Leptasterias polarisvas falling, while the most
common avoidance response was shell rotation and flight (Fishlyn and€R1i8g0). For
species that exhibit both an avoidance and escape response, the reskt with living in the
same area as a potential predator can be greatly diminished (Phillips, 1976)

Many studies indicate that gastropods are able to differentiated®{predatory and
non-predatory asteroids; gastropods that exhibit escape responsekatorgreea stars rarely
exhibit escape responses to non-predatory sea stars (Phillips, 18%ynh @ind Phillips, 1980;
Harvey et al., 1987; Rochette et al., 1996; Espoz and Castilla, 2000). For examplerbigele
responses dfacunaandAlia are generally not elicited by sea stars that don’t prey on mollusks
(Fishlyn and Phillips, 1980). In some cases, defensive responses may onlytdx aici
predatory sea stars that are naturally encountered in a gastroguitis (i&ullock, 1953;

Phillips, 1976). Gastropods can also differentiate between the odorseotulifépecies of sea
stars (Bullock, 1953; Phillips, 1976, 1977), even when they are in the same gerigs (Phil
1976), and the escape or avoidance behaviors can be species-specifie(Bilyal997).

Chemical cues released by injured conspecifics may also elicitan@idesponses in
some species, as gastropods may associate these signals witlopigdsdtn, 1961; Jacobsen
and Stabell, 1999). These cues potentially induce the avoidance respdmsgaiiétused by the
gastropod to recognize predators that have been feeding on conspeciflosKHERBO;
Jacobsen and Stabell, 1999).

Lirularia succinctais a small (<5 mm) intertidal gastropod found on rocky shores from
northern Mexico to the Gulf of Alaska. This gastropod is widelyidigiied throughout the
intertidal, probably foraging on microalgae that cover cobbles, loaags and macroalgae. The
distribution ofL. succincteoverlaps that of predatory sea stars sudhisester ochraceys

Leptasteriaspp. andPycnopodia helianthoidedihile all three sea stars may be potential



predators of.. succinctathe six-rayed sea stars in theptasteriaspecies complex (hereafter
referred to by the genus nanmeptasterialikely feed onL. succinctéao the greatest extent.
The morphology of.eptasteriaspp. individualanakes them well-suited for life on cobbles and
loose rocks in the intertidal; its flexible rays allow it to move intolsanavices and cracks, and
its long, agile tube feet wave back and forth as it moves, extending itsafaceature (Fishlyn
and Phillips, 1980; personal observation). Wheptasterias hexactisccurs in the rocky
intertidal, it is known to be an important predator of small gastropodBa&adusspp., which
are its preferred diet (Menge, 1972; Niesen, 1973). Due to its smalk séziely that
Leptasteriasndividuals are more common predatord ofuccinctahan other sea stars with
overlapping distributionsBoth species are rarely found on the same rocks, even when
populations are high, which could be an indication of avoidance or escape regfanses
succinctato Leptasteriaspp. individuals.

The objectives of this study were: (1) to describe the escapensesbehaviors of
Lirularia succinctato the predatory sea stagptasteriaspp.;(2) to determine the specificity of
any exhibited escape responses by observing the resporsesiofinctao two other species of
sea stars, one predatoBy€nopodia helianthoid@sind one non-predatoridénriciasp.); (3) to
determine if the escape responsek.@uccinctdo Leptasteriaspp. differ when théeptasterias
individuals is too small to pose a threat to the snail; (4) to detemtiather escape responses are
exhibited by newly-hatcheld succinctaand(5) to determine whethér. succinctacan detect
waterborne odors from a predatory sea star or alarm signals poyeediedised from injured
conspecifics. Both avoidance and escape responses will be describedindf, with primary
emphasis on escape responses. The results from these studieator{prey interactions
betweerLeptasteriaandL. succinctasuggest potential structuring in the intertidal communities

to which these species belong.
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Materials and Methods
Snail Collection and Maintenance

Lirularia succinctawere collected from North Cove, Cape Arago State Park, Oregbn (43
18'31" N, 12223' 55" W) between July of 2010 and February of 2011 (Figure Rirl)aria
succinctanot used immediately for an experiment were kept in 3.7 L jars filitdseawater.
The jars were kept in a cold room at temperatures ranging from 9Go IBe seawater was
changed every other day. All succinctavere used in experiments within 2 weeks of being
brought into the laboratory.

Shell diameters df. succinctai(e. the maximum width from the lip of the aperture to
the opposite body whorl) were measured with dial-type vernier calipers nedinest 0.1 mm as
described by Frank (1975). Adult snails with shell diameters greate? thren were used in
most experiments, though one experiment was conducted using newly-hatchediinails

diameters of approximately 300 pm

Sea Star Collection and Maintenance
Leptasteriasmembers of thélenriciaspecies complex (referred to throughout this

Chapter aslenricia), andPycnopodia helianthoidesere also collected from North Cove, Cape
Arago State Park, Oregon between July of 2010 and February of 2011 (Figure 2.1). Adult
Leptasteriaor smallHenricia or P. helianthoidegindividuals with mean arm lengths > 7 mm)
were kept in plastic containers with large openings cut out and screghgiastic mesh. Mean
arm length was measured as the mean of the distance from the cemtedis€tto the tips of the
four longest arms. The containers were partly submerged in a sealearith flowing
seawater.LeptasteriasandP. helianthoidesvere fed once each week to satiation With

succinctaor with littorine snailsollected from North Cove.
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Figure 2.1. Location of study sites on the southern Oregon coast. (A) North Cove, and (B)
South Cove of Cape Arago State Park.

Juveniles (defined as individuals with mean arm lengths < 3 mhgptasteriasand
Henriciawere collected from North Cove between May and July of 2010 and were kept in the
laboratory in 3.7 L jars filled with seawater. The jars were keptcold room at temperatures

ranging from 9 to 1%, and the seawater was replaced every 2 days. At Cape Arago State Par
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Niesen (1973) reported thAalanus glandulavas the primary prey for juveniles béptasterias
hexactis(84 to 91% of prey), whil&pirorbisspp. (4 to 6.6%) antdittorina scutulata(2 to 6%)
were the next most common prey. Juvenilelsagitasteriasvere also observed in the laboratory
feeding orL. succinctwith diameters less than 3 mm (pers. obs.). The diet of juMdaiteicia

is unknown, but aduldenricia leviusculdeed on bacteria and other small particles, and may
feed on sponges and bryozoans (Morris et al., 1980). Therefore, several aaibliseiith

Cove were placed in jars containijugeniles ofLeptasteriasandHenricia The cobbles selected
had barnacles, bryozoans, sponges, or spirorbid worms on them. The cobbles weikaapéace
or twice during each spring tide. In the autumn and wihtesyuccinctavere added once each

week for the_eptasteriaguvenilesto feed on.

Laboratory Feeding Rate béptasterias

The feeding rate dfeptasterian Lirularia succinctawas calculated during three
monitoring periods in the lald~or the first monitoring period,eptasteriasndividuals were
starved for eight days prior to the study. Elekeptasteriasndividuals (mean arm length= 17.4
+ SD 8.1 mm) were placed into eleven separate 250-mL beakers with 150 mlvafesecEight
L. succinctawvere added to each beaker. The beakers were kept for 12 hoursdm@oookt
10°C and checked each hour. When an individual had been eaten and its shélcaaed by
the sea star, the shell was removed and replaced with a living sni@it. 1&fhours, the
Leptasteriagndividuals were left in their beakers with eight snails for antehél 10 hours.
After 10 hours, the number of snails eaten bylLiygtasteriasndividualswas recorded.

For the second monitoring period, theptasteriasndividuals were starved for 11 days
prior to the feeding experiment. Eidhdptasteriasndividuals (mean arm length=16.9 + SD 7.0
mm) were placed into each of eight separate 100 x 80 mm culture digh@s#B250) in 250

mL of seawater. EigHtirularia succinctawere placed in each dish. The dishes were kept for 26
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hours in a cold room at 0. The dishes were checked after 4, 8, 10, 24, and 26 hours. When
shails had been eaten and the asteroid had discarded the shells, theyneeeely measured and
replaced with living snalils.

For the third monitoring period, the feeding rates of juvdrggtasteriasvere examined.
Six Leptasteriaguveniles (diameter= 6.0 + SD 1.1 mm) were starved for eight days prioe to t
experiment. Eacheptasteriaguvenile was placed into a separate 150 mL beaker with 100 mL
of seawater. Tehirularia succinctawere added to each beaker. When succinctandividual
was eaten and its shell was discarded, the shell was removed, edessdireplaced with a living
snail of the same size.

For all monitoring periods, the feeding rates were calculated asithier of snails eaten

per hour.

Escape Responsesldfularia succinctato Three Sea Stars

I quantified the intensity of responses of actively crawlimglaria succinctato tactile
stimuli from two predatory sea statgptasteriaspp.andPycnopodia helianthoideand a non-
predatory sea statenriciaspp., in five experiments. In each experiment, two stimuli were
compared: (1) eptasteriasand a control stimulus, (2eptasteriasandHenricia, (3) Henricia
and a control stimulus; (4. helianthoidesnd a control stimulus, and (B¢ptasteriaandP.
helianthoides.In the controls, a blunt metal probe was touched to the head and cephalicgentacle
of L. succinctandividuals. For each sea star stimulus, the sea star was moved ttvedrds
succinctauntil the tip of the arm with tube feet touched the head and cephaliclésntd the
snail. In each experiment, &ll succinctavere exposed to both of the stimuli. For exampple,
succinctain the first experiment were exposed to direct contact with bepitasteriasand a

control stimulus.
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Each snail in each experiment was randomly assigned to one of two treathiekfitsf
the snails from the first treatment were exposed to the first stirffolusxample, the tube feet of
Leptasteria¥ half of the snails from the second treatment were then exposed txtmel s
stimulus (for example, the control stimulus). This was repeated Uistiladls from each
treatment had been exposed to one of the stimuli. The snails were then eéajbsezpposite
stimulus. For example, snails in the first treatment were expogkd tontrol stimulus and
snails in the second treatment were exposed to the tube tesitasterias.Snails experienced
the second stimulus 2 hours after contact with the first stimulus.

For each trial, each snail was placed in a plastic tray (40 x 25 x 6 cm) fittre@ W of
seawater. The snail was allowed to right itself with the foot extend#eedyottom and its
cephalic tentacles protruding out from under its shell. Once the snakhdited sustained
movement for 30 seconds, the distance it traveled in 15 seconds was maecilion the
bottom of the tray. Immediately after the distance had been marked, thet@imulus was
applied. The behavior of eatfirularia succinctawas recorded for 30 seconds following the
stimulus. Immediately after the stimulus, the distance the saedléd in 15 seconds was
marked on the bottom of the tray. Preliminary studies showed that snailslueved down
until they had crawled for at least 15 seconds.

After the experiment, the plastic tray was dried, and the pencil rmatiksiting the
distances and directions of movement, before and after each stimuledraged onto a sheet of
acetate film. The length of each path was measured and the speed oil thef@maand after the
stimulus was calculated. The angle of the change in each snail'sodirecmovement
immediately after the stimulus was also measured. Because | wastgderethe magnitude of
the angle change, or the amount of turning following the contact stimulus, andhefimat
direction of movement, | measured the total angle of change in the sir@tson of movement.

Therefore, angular values in all of the following experiments représtah change in direction.
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The final values were unbounded (it was possible to have angular valuéy f@6&ample, a
snail that turned completely around 1.5 times was given a value bf 546 difference in a
snail’'s speed before and after the stimulus, and its angle of change fiodjr@ere used to
guantify the intensity of each snail's response to each stimulus.

For all experiments, the angle by which the snail’s direction of movensnalered
was compared for both stimuli between treatments with a two-wagtegpmeasures analysis of
variance (ANOVA) with Treatment (the order in which the stimulievapplied to both groups of
shails) and Stimulus as factors. Because angular values were unboundedgtdiigtics were
used for the analysis. The change in speed between treatments fetirbotiwas also analyzed
with a two-way repeated measures ANOVA with Treatment and Stimsitiag®rs. If an
analysis resulted in an interaction between treatment and stimulus,gbesesto the two
stimuli were compared within treatments using paired t-tests.

Behavioral responses were classified into categories (Table 2.¢audea normal
distribution of responses was not likely for the behavioral scores, theensiof responses in

each category were compared between stimuli for each experiment usikgl/Ritadlis tests.

Leptasterias

The first experiment investigated responselksitflaria succinctato encounters with
Leptasterias.The experiment was conducted in September of 2010. Contact trials were
performed on 32 individual snails, with each snail exposed to tube feek &ptasteriasand a
metal probe (control) stimulus. The predator stimulus was applied watidamly-chosen

Leptasteriagmean arm length=26.6 + SD 6.2 mm; n=3).
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Table 2.1. Behavioral response scores used to evaluate the respohéesania succinctato
contact with adult and juvenile predatory sea stars, non-predatortasearsd control stimuli.

Response Score Behaviorlofsuccincta

0 No response

1 Complete retraction; immobile throughout the obston
period

2 Pull back or vigorous waving of cephalic and eglipl
tentacles

3 Pull back and vigorous tentacle waving

4 Pull back and/or tentacle waving, shell rotation

5 Pull back and tentacle waving, multiple shelatians

LeptasteriasandHenricia

The second experiment compared responskeswdéria succinctato tactile stimuli from
either a predatory sea staeptasteriayor a non-predatory sea statenricia). TheHenriciasp.
individuals used for this experiment (randomly selected from three; medersgth= 17.4 + SD
2.3 mm) were similar in size to theptasteriasndividuals (randomly selected from three; mean
arm length=23.2 + SD 1.4 mm). Contact trials were performed on 26 indivithit &

September of 2010.

Henricia

The purpose of the third experiment was to compare the resporisaedarfa succincta
to a non-predatory sea sthienricia(mean arm length= 9.6 £ SD 3.6 mm; n=a)d a control
stimulus. There were 16 snails in each treatment. The experimeovméagcted in February of

2011.
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Pycnopodia helianthoides

The fourth experiment quantified the intensity of the respongesutéria succinctato
encounters with a different predatory sea ®gicnopodia helianthoidgsnean arm length= 12.5
+ SD 1.7 mm) Contact trials were performed in February of 2011 on 32 individual snails, with

each snail exposed to tube feet frBrrhelianthoidesind a control stimulus.

Leptasteriaand Pycnopodia helianthoides

The fifth experiment compared responsekinflaria succinctato tactile stimuli from
two predatory sea stalsgptasteriagrandomly selected from 3; mean arm length=23.2 + SD 1.4
mm) andPycnopodia helianthoidgsandomly selected from 2; mean arm length= 19.0 + SD 4.7
mm). The experiment was conducted in September of 2010 with contact triadenpenfon 24

snails.

Escape Responses to Juvenile Sea Stars

The purpose of this experiment was to ascertain if juvenile sealgtdareseape
responses ihirularia succincta Lirularia succinctawere randomly assigned to one of three
treatments, with individuals in each treatment exposed to a diffémendiss. In the first
treatment, the head of the snail was gently brushed with the arm of agegitsterias
(randomly selected from four; mean diameter= 3.8 + SD 1.0meid)in front of the snail with
forceps. Inthe second treatment, the head of the snail was gently brushteaitm of a
juvenile ofHenricia (randomly selected from 2; mean diameter= 3.0 £ SD 0.7 mm), also held in
front of the snail with forceps. The headd.obuccinctan the third treatment (control) were
touched with a metal probe. There were 25 snails in each treatment. Irptisnext,
individual snails were used only once as test objects and each snagrespaionly one

stimulus.
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Contact experiments were conducted in the same manner as the first exygerime
Experiments were conducted in the same plastic trays (40 x 25 x 6 cm) filled wah 2 L
seawater. The change in speed and angle of change in its directionesh@mbof each snail
after the stimulus were measured in the manner described above.

The change in speed following the contact stimulus, and the angle by whirtatle
direction of movement was altered were compared among treatmentnesdthay ANOVAs
with Bonferronipost-hoaccomparisons. The angle data were square-root transformed. The data
for both the change in angle and speed violated the assumptions of homogeneous s@tianc
lowered thex to 0.025 (Gamst et al., 2008).

Behavioral responses were classified into the categories describable 2.1. The
numbers of responses in each category were compared among treatmentsoispagametric

Kruskal-Wallis test, followed by nonparametpost hoomultiple comparisons if necessary.

Escape Responses of Newly-Hatclhédlaria succincta

The next experiment was conducted to describe escape responses, if preseviy-i
hatched juvenildirularia succinctaelicited by contact with a juvenile predatbeptasterias.
Four egg masses were deposited byuccinctaadults in four 60 x 15 mm disposable
polystyrene petri dishes in August of 2010. The dishes were filled Wétefi sea water (FSW)
and kept in a cold room atAD. The FSW was changed every three days. After 12 days, the
juveniles began hatching from the egg masses. A juveagtasteriagdiameter= 4mm) was
used as the predator stimulus, and the end of a sterile Pasteur pipetavas te control
stimulus. The responses of the newly-hatched juvénseccinctao the juvenile_eptasterias
were observed under a dissecting microscope. Using fine-tipped fattvejisvenile
Leptasteriasvas placed into the FSW of the petri dish until its tube feet weradede A single

tube foot was then gently brushed against the anterior region of 15 jsvenaibeling in each of
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the four dishes (n=60). The response of the juvénigeiccinctao the juvenild_eptasteriasvas
recorded. After 15 juveniles in a dish had been touched with the tube fbetjofénile
Leptasteriasthe pipet tip was gently brushed against the anterior region of 15 sgpeaeaite
L. succinctacrawling in each dish (n=60) and the responses df.tkaccinctguveniles to the
pipet were recorded. The numbers of each type of response were compared beataents
to determine if the frequency of each type of response was independeatroétre This was

analyzed with a chi-squared analysis of a contingency table.

Avoidance Responses to Chemical Stimuli from a Predator

The purpose of this experiment was to document the presence of avoidancerbamav
Lirularia succinctaas a response to water-borne chemical cues potentially released by the
predatory sea stheptasterias.Specimens of. succinctaandLeptasteriasvere collected in
December of 2010. The experiment was conducted three days after callection

This experiment was done using a choice chamber similar to that dddayiB®hn
(1959). The chamber (30.5 x 12.5 x 8 cm) was made of Plexiglas with a Plexiglaspa2tcm
in length partially separating the two halves of the chamber (Figure 2.2h $&awater was
admitted to the chamber equally through two inflow tubes. Fluorescein dygse@s$o ensure
that there was minimal mixing of water at the end of the chamber befaied through the
valve and to verify that the seawater in both sides was moving artteev@locity of 1.25
cm-se¢. Water moving along the bottom of each side was flowing at a much lower yelocit
(0.04 cm-sed).

The bottom of each side of the chamber was subdivided into five equally-sized,
numbered sections. Square 5 was closest to the water inflow, upstream ofwhétddria

succinctawas placed at the beginning of each trial (in Square 3) (Figure 2.2)_eplasterias
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30 cm

Figure 2.2. Choice chamber for detection of predation avoidance responkealafia
succinctalines were marked on the floor of the chamber as shown. During an experinsimt, fre
seawater flowed through the chamber through two inflow tubes. Water velooitie the same

on both sides of the chamber. The predator was placed into one of the chamber¥ (it B

the other chamber was left empty. succinctavere placed into the middle of Square 3 in both
arms at the beginning of each trial.

used in the experiment had a mass of 8.03 g (blotted wet weight) and a mean #rmwf|Brig+
SD 0.9 cm. It was placed near the water inflow, separated from the tlestabfoice chamber by
Plexiglas that had been drilled with numerous holes. An identical areaapbsite side of the
choice chamber was empty, serving as the control.L&ptasteriasvas placed in the chamber
with the water flowing over it for 20 minutes before beginning the experimdmns. wis to

ensure its scent had traveled the length of the chamber along the bottonthetsrails would

be crawling, and where the flow was 0.04 cri*se&ll snails were then randomly assigned to
one of two groups: placement into the side withLaptasteriagpresent (n=40 snails), or
placement into the side arm witleptasteriagpresent (n=40 snails). One snail from each group
was removed from the well plate and was placed into each side of the diemadeer in the

center of Square 3. After 4 minutes, the numbered square to which they had rasved w
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recorded. In preliminary trials, 4 minutes was the time it took for staitsach the area
downstream of Square 1. The height each snail had climbed up the side of thelcmoioerc
was also measured to the nearest mm. Individual snails were used onhg teseobjects.

After ten trials, thd_eptasteriasvas taken out of the small chamber. The walls of both
arms were scrubbed in fresh water and rinsed with seawateleptesteriasvas then put into
the small chamber in the opposite arm and left for 20 minutes before ngstin@iexperiment.
This was repeated after every 10 trials for 40 trials (n=40 for eaatmtent).

The horizontal position of the snails in both treatments was categorizedr go#ition
on the numbered piece of Plexiglas (location in Squares 1 through 5). The numbdés @i sna
each square after 4 minutes was compared between treatments usinguaied-analysis of a
contingency table, where the null hypothesis was that the horizontal positinailsfwas
independent of treatment. A chi-squared goodness-of-fit test was used aistegmbdness-of-
fit G-test because chi-squared goodness-of-fit tests are less proypetbérrors (Zar, 2010).
The mean height of the snails on the wall of the choice chamber after £snivag compared

between treatments using a Kruskal-Wallis test, as the dasaeddhe assumption of normality.

Avoidance Responses t@ptasteriasand Injured Conspecifics

The purpose of this experiment was to further document avoidance respdriselsuia
succinctato Leptasterias.Jacobsen and Stabell (1999) found that gastropods can detect chemical
alarm substances released by conspecifics, and that the prestirese @ues can affect
avoidance behaviors that are induced by a predator. To ascertain if suctathanei released
and detected bly. succinctathe chemical stimuli used for the experiment consisted of filtered
extracts of crushel. succinctan addition to water conditioned lyeptasterias.FSW was used
as a control stimulus. The stimuli were prepared 24 hours prior to theregperiTo prepare the

predator-conditioned water, sevieeptasteriagndividuals (mean arm length= 14.3 + SD 3.4
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mm; mean blotted wet weight= 0.78 + SD 0.63 g) were rinsed in FSW and plezedar

containing 300 mL of FSW. An air hose was placed into the jar, which was phe@@dld room

and kept at 1°C. After 18 hours, the sea stars were removed from the jar, and the water wa
filtered through a 125-um mesh and poured into a clean 100 x 80 mm culture dish. dtteo@éxtr
crushed.. succinctawvas prepared by crushing 35 snails (0.63 g blotted wet weight) in a 150 mL
beaker containing 100 mL of FSW, using a pair of clean artery forceps. Ther eakthen

placed in a cold room at 4. After 1 hour, the contents of the beaker were then filtered through
a 125-um nylon mesh into a clean 150 mL beaker. 300 mL of FSW (control) was put into a 100
x 80 mm culture dish and placed in the cold room &t ¥ar 1 hour.

The responses to the stimuli were measured in one of three compartments5(¥3x 8.
cm) in a plastic tray. Each compartment was filled with 300 mL of FSW. In ke sieges, one
snail was placed into each of the three compartments of the trayhrébesnails were then
randomly assigned to receive one of the three stimuli. One snail was expeséacts of
injured conspecifics, one snail was exposed to water conditioned @pthsteriasand one snalil
was exposed to FSW. Snails were used only once, and each snail was exposed to only one
stimulus. All three stimuli were used in each series. Twengyd@ries of testing, with three
snails per series, were conducted (n=25 for each of three treatments).

In all experiments, singleirularia succinctawere placed at the center of the
compartment at the beginning of the trial. Individuals that had not begun nadten® minutes
were not used in the experiment. Once a snail had begun to move, a pencil was useth® mark
distance the snail had traveled for 15 seconds. Then, a 1.5 mL sample of engtiaiuh was
squirted approximately 1.5 cm in front of the snail using a 5000 pL variable-@ahicnopipet.
Immediately after the introduction of the stimulus, the distance thetisnagled for 15 seconds

was again marked, and the snail’s behavior for 30 seconds was observerbatetireAfter all
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three snails had been exposed to their respective stimuli, their stméitdrs were measured.
The compartments were rinsed with fresh water followed by FSW aftersedes of tests.

After the experiment the plastic tray was dried and the paths ofgaittirom before
and after each stimulus were traced onto a sheet of acetate film. THedEegth path was
measured, as was the angle of change in each snail’s direction of mbadt@ethe stimulus in
the manner described for the first experiments. These measurersemi@gain used to quantify
the intensity of the snail’'s response to each stimulus. The mean changalibefjpee and after
the stimulus and the mean angle of change in the direction of movement feirsalithree
treatments were compared using two one-way ANOVAs. The angle dataquare root
transformed to meet the assumption of normality and six data points were hasdt@oted from
the predator and injured conspecifics treatments to be excluded framalysis to make even
numbers among treatments.

Behavioral responses were classified into the categories uselln2Zl’a. The numbers
of responses in each category were compared among treatments usisgad-ifallis test with

nonparametric multiple comparisons when necessary.

Results
Observations on Anti-Predator Behavior

In the laboratory, both motionless and actively crawliimglaria succinctaexhibit a
stereotyped gastropod response to a predatory sea star. Theesspem@squick, occurring
immediately after the contact stimulus. During normal locomotion, thiersages forward with
the cephalic and epipodial tentacles extended and waving slightly. Commnosidefesponses
of L. succinctaevoked by its predatdreptasteriasnclude shell rotation, vigorous waving of
epipodial and cephalic tentacles, turning more thda®® increased locomotor activity. The

most common escape response was rapid movement away from the point ofveitimtiet
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predator. Control stimuli in all experiments generally resulted itefdatraction of the tentacles
followed by a brief pause before normal locomotion resumed. Escape movemsntsewer
observed in response to control stimulHamricia. Occasionally both contact and sea star
stimuli caused animals to become immobile for the duration of the behlavimervation period,
and this cessation of movement was frequently accompanied by incredael# teaving.
Occasionally, and only when coming in direct contact with a predator stinhukis;cincta
exhibited foot contortions causing the snail to roll or somersaulf &emn the predator. After
this behavior was expressed, the snail immediately rightedatselincreased its crawling rate.
In the laboratory, snails on vertical surfaces were frequently alaséadling in response
to contact with the tube foot oflaeptasterias.As Fishlyn and Phillips (1980) describe this as a
common escape response for two species of gastropods, it is likelyighiatanother behavior in

the array of escape responsesiadilaria succinctato Leptasterias.

Laboratory Feeding Rate béptasterias

In the first monitoring period, starvirigeptasteriasndividuals were able to eat an
average of 0.17 + SD 0.1drularia succinctaindividuals per hour over a 12 hour period. One
sea star was able to capture and eat 5 snails in the 12-hour periaaviriepthis experiment
eachLeptasteriasvas left in its beaker with 8 snails overnight for 10 hours. After 10 hbeys t
had eaten an average of 0.23 £ SD 0.19 snails per hour, with one sea star eatingn&isadit
hour period.

In the second monitoring period when theptasteriagndividuals were starved for three
more days prior to the experiment and more snails were placed into the jaduii_eptasterias
individuals ate an average of 0.24 + SD (L08laria succinctaindividuals per hour, with 2
individuals eating 9 snails in a 26-hour period. The mean sizesofccinctasuccessfully

captured and eaten hgptasteriagvas 3.0 + SD 0.4mm. Half of the snails eaten had diameters
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less than 3mm. There is no correlation between feeding rate and thelsiptasterias
(Pearsois r=0.400, p=0.326).

In the third monitoring period, starvingeptasteriaguveniles ranging from 4.5to 7.5
mm in diameter were able to eat up to fhinularia succinctaindividuals in a 48-hour period,
with a mean feeding rate of 2.0 + SD 1.5 snails. 67% of the snails eatbetween 1.7 and
2.2 mm, but the juvenile sea stars were able to eat snails with a diafngdeto 3.5 mm. The
average size df. succinctahat were successfully captured and eaten by the juvenile
Leptasteriasvas 2.2 £ SD 0.7 mm. In the fieldLaptasteriasndividual with a diameter of 7.7

mm has been observed attempting to datsaccinctandividual with a diameter of 3.3 mm.

Escape Responsesldfularia succinctato Three Sea Stars

Lirularia succinctaexhibited specificity in their responses to the three specissaof
stars; classic escape responses were elicité@masteriasandPycnopodia helianthoidebut
not byHenricia, which is not a molluscan predator.

The summary tables for the repeated measures ANOVA for all fiveriexgnts
comparing the four stimuli are contained in Table 2.2 for measuremertargfes in speed and
in Table 2.3 for measurements of changes in the angle of direction of emveihe assumption
of normality was violated for the analysis of the changes in speed frdirsthexperiment and
the changes in angle from the second experiment. The analyses were still chradutpeated
measures ANOVAs are robust for normality violations. Angle data inrgtethird and fourth
experiments were square-root transformed to meet the assumptions ofegunde and
normality (Table 2.3). From one to five data points in each experiment avefemly selected to
be excluded to ensure even numbers for the analyses. Mean responsesalitie sach

experiment are listed in Table 2.4.
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Table 2.2.Repeated measures ANOVA tables testing the change in speiedlarfia succincta
after exposure to one of four contact stimuli: the tip of an arnlLepéasteriasthe tip of an arm
of a smallHenricia, the tip of an arm of a smafycnopodia helianthoidesy the tip of a blunt
metal probe. Treatment refers to the order in which the stimulineeeéved.

df SS MS F P
Leptasteriasss. probe
Between Subjects Treatment 1 0.48 0.48 17.98 0002
Residual 30 0.80 0.03
Within Subjects Stimulus 1 0.77 0.77 17.61 0D0
TreatxStim 1 0.35 0.35 8.05 0.0081
Residual 30 1.30 0.04
Leptasteriasss. Henricia
Between Subjects Treatment 1 0.05 0.05 0.69 14a.4
Residual 23 1.54 0.07
Within Subjects Stimulus 1 3.41 3.41 65.31 90D
TreatxStim 1 0.19 0.19 3.58 0.0712
Residual 23 1.20 0.05
Henriciavs. probe
Between Subjects Treatment 1 0.00 0.00 0.00 6539
Residual 24 1.08 0.04
Within Subjects Stimulus 1 0.00 0.00 0.13 04722
TreatxStim 1 0.01 0.02 0.24 0.6284
Residual 30 1.96 0.07
P. helianthoides
VS. probe
Between Subjects Treatment 1 0.06 0.06 0.77 8583
Residual 30 2.42 0.08
Within Subjects Stimulus 1 1.21 1.21 16.53 030
TreatxStim 1 0.10 0.10 1.37 0.2511
Residual 30 2.20 0.07
Leptasteriasss.
P. helanthoides
Between Subjects Treatment 1 1.34 1.34 9.17  068.0
Residual 20 291 0.14
Within Subjects Stimulus 1 0.04 0.04 0.63 0435
TreatxStim 1 0.05 0.05 0.76 0.3937
Residual 20 1.40 0.07
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Table 2.3.Repeated measures ANOVA tables testing the change in the anglelwéttion of
movement otirularia succinctaafter exposure to one of four contact stimuli: the tip of an arm
of aLeptasteriasthe tip of an arm of a smaflenricia, the tip of an arm of a smatlycnopodia
helianthoidesor the tip of a blunt metal probe. Treatment refers to the orddnighwhe stimuli
were received.

df SS MS F P
Leptasterias/s. probe*
Between Subjects Treatment 1 14.92 14.92 2.89 .1008
Residual 27 139.29 5.16
Within Subjects Stimulus 1 587.73 587.73 162.18<.0001
TreatxStim 1 2.29 2.29 0.63 0.4340
Residual 27 97.84 3.62
Leptasteriasss. Henricia
Between Subjects Treatment 1 9718.52  9718.5%9 3. 0.0713
Residual 22 59521.79 2705.53
Within Subjects Stimulus 1 68176.69 6581.25 932. <.0001
TreatxStim 1 3451.02 58.17 1.67 0.2101
Residual 22 45548.79 2070.40
Henriciavs. probe*
Between Subjects Treatment 1 3.26 3.26 0.29 94a.5
Residual 24 268.47 11.19
Within Subjects Stimulus 1 24.41 24.41 1.32 6022
TreatxStim 1 3.46 3.46 0.19 0.6690
Residual 24 443.30 18.47
P. helianthoides
VS. probe*
Between Subjects Treatment 1 0.11 0.11 0.01 0399
Residual 20 148.44 7.42
Within Subjects Stimulus 1 199.25 199.25  15.11 0.0009
TreatxStim 1 0.82 0.82 0.06 0.8051
Residual 20 263.79 13.19
Leptasteriass.
P. helanthoides
Between Subjects Treatment 1 7700.63  7700.6®7 6. 0.0166
Residual 18 19882.65 1104.59
Within Subjects Stimulus 1 75.63 250.00 0.14 7166
TreatxStim 1 5593.23 6708.10 3.68 0.0712
Residual 18 32837.90 1824.33

* Data were arcsine transformed
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Table 2.4. Mean values for responsesldfularia succinctato four different stimuli: an arm of
Leptasteriasan arm of a smalPycnopodia helianthoidean arm of a smalenricia, or the tip

of a blunt metal probe. Two types of responses were measured for eatbsstype: the change
in the snail’s speed immediately following the stimulus (measured inaah-and the angle of
change in the snail’'s direction of movement.

Leptasterias Metal probe N
Angle turned 1345 27.06 32 snails
SD 47.4 21.14
Change in speed 0.32 0.10
SD 0.27 0.15
Leptasterias Henricia N
Angle turned 126.6 65.7 26 snails
SD 47.1 70.5
Change in speed 0.49 -0.67
SD 0.30 0.17
Henricia Metal probe N
Angle turned 69.72 46.66 32 snails
SD 72.25 46.88
Change in speed -0.06 -0.04
SD 0.24 0.21
P. helianthoides  Metal probe N
Angle turned 133.3 61.6 32 snails
SD 63.5 61.6
Change in speed 0.18 -0.09
SD 0.30 0.25
Leptasterias P. hdlianthoides N
Angle turned 118.0 117.63 24 snails
SD 44.8 36.78
Change in speed 0.39 0.49
SD 0.88 0.39
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Lirularia succinctaturned a significantly greater amount when exposed to the
Leptasteriaghan when exposed to the metal probe for snails in both treatments gTabFigure
2.3A). The change in speed directly following exposure to the atreptésteriasvas
significantly greater than the change in speed following the probe stirbuluthere was a
significant Treatment x Stimulus interaction (Table 2.2, Figure 2.3B). [firghhéreatment,
shailswere contacted with the tube feetl@ptasteriadefore the control stimulus was applied,
and there was not a significant difference in the change of speed fgloamtact with either
stimulus (t = 1.259, p= 0.227). Snditsthe second treatment were exposed to the metal probe
stimulus first with a resulting mean change in speed that was sanlfi lower than the change
in speed after contact with the armLefptasteriagt = 4.178, p= <0.001). When the responses of
L. succinctao the tube feet dfeptasteriasvere compared between treatments with a one-way
ANOVA, there was also a significant difference in the responkeptasteriadetween
treatments (F=17.580, p<0.001). Overall, the probe stimulus elicited vlerydgponse ih.
succincta while the tube feet dfeptasteriasevoked a definite turning response and increased
locomotor activity in one of the treatment groups.

Similar results were observed when responsédrofaria succinctawere compared
between stimuli fronheptasteriasandHenricia (Table 2.4, Figure 2.4). Tube feet from the
Henricia elicited weak escape responses, if any,. isuccinctawhile the tube feet of
Leptasteriagnduced strong escape responses in both treatments (Table 2.4, Figure.4). Th
mean change in speed after encountering a stimulusLfeptasteriasvas significantly greater
than the change in speedlofsuccinctaafter experiencing the stimulus from tHenricia (Table
2.2, Figure 2.4A). There was also a significant difference in the turrspgmees between the
two stimuli (Table 2.3, Figure 2.4B).irularia succinctain both treatments responded to the arm

of Leptasteriady turning on average twice as far as they turned after being exposed tu tife ar
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Figure 2.3.Responses dfirularia succinctato an arm of_eptasteriasand a metal probe. Snails
in the first treatment (n=16) received a stimulus frobeptasteriagollowed by a control
stimulus (metal probe). Snails in the second treatment (n=16) wareezkto the probe
followed byLeptasterias (A) The change in the speedlofsuccinctan response to the two
stimuli. Values are significantly different between stimuli (F=175-0.0002) and there is a
significant Stimulus x Treatment interaction (F=8.05, p=0.0081). (B) The afighange in the
direction of movement df. succinctan response to the two stimuli. Values are significantly
different between stimuli (F=162.18, p<0.0001) and there was no interaction (F= 0.63,
p=0.4340). Error bars represent 1 SE.
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Figure 2.4.Responses dfirularia succinctato an arm ot.eptasteriasand an arm offenricia

sp. Snails in the first treatment (n=13) received a contact stimolusaieptasteriadollowed

by a stimulus from &lenricia. Snails in the second treatment (n=13) were exposed to the
Henricia followed byLeptasterias (A) The change in the speedlofsuccinctan response to
the two stimuli. Values are significantly different between stitfit#65.31, p<0.0001). (B) The
angle of change in the direction of movement.ofuccinctan response to the two stimuli.
Values are significantly different between stimuli (F=32.93, p<0.0001pr Bars represent 1
SE.
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aHenricia (Figure 2.4B). The differences in the turning responses are stdlyssiignificant and
there was no significant interaction between stimulus and treatme¢ @-8p

The mean changes in speed between the control stimulus and theHenrioiawere
not significantly different (Table 2.2) and were both negative, indigatecreased locomotion
following both stimuli (Table 2.4, Figure 2.5A). The angle of change in thetidineof
movement was also not significantly different between the two st{iraible 2.3, Figure 2.5B).

The mean change in the angle of the direction of movement for snails itndagthents
was significantly greater when contacted with the arfayaihopodia helianthoideban after
exposure to the metal probe stimulus (Table 2.3, Figure 2.6A). After coritlach@tube feet of
P. helianthoidesLirularia succinctaincreased their speed, while the mean response to the probe
stimulus was a decrease in speed (Table 2.4). The mean changes inlkpeied fach
stimulus were significantly different (Table 2.2, Figure 2.6B).

Escape responsesldfularia succinctato the two predatory sea stamsptasteriasand
Pycnopodia helianthoiddaadicate that the turning or locomotor responses did not differ between
the two asteroid stimuli (Tables 2.2 and 2.3). For both types of responses, hohereanas a
significant difference between treatments (Tables 2.2 and 2.3). Ovezali,changes in speed
for snails exposed to the tactile stimulus frBrhelianthoide$ollowed by the arm of the
Leptasteriasvere significantly greater than when snails were exposed to thdistirthe reverse
order (Table 2.2, Figure 2.7A). Whensuccinctavere exposed to the tube feelLeptasterias
first, the turning response elicited bgptasteriasvas greater than the turning response elicited
by P. helianthoidesbut this difference was not significant (t=1.218, p=0.249). When
succinctawere exposed to the tube feetofhelianthoidedirst, the response to that asteroid was
greater than the response to Lleptasterias This difference was also not significant (t=-1.241,

p=0.246) (Figure 2.7B).
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Figure 2.5.Responses dfirularia succinctato an arm oHenriciasp. and a metal probe. Snails
in the first treatment (n=16) received a contact stimulus frétaraicia followed by a stimulus
from a metal probe (control). Snails in the second treatment (n=16) wesedxpdhe metal
probe followed byHenricia. (A) The change in the speedlofsuccinctan response to the two
stimuli. Values are not significantly different between stirfei0.13, p=0.7224). (B) The angle
of change in the direction of movementLofsuccinctan response to the two stimuli. Values are
not significantly different between stimuli (F=1.32, p=0.2617). Error bargsept 1 SE.
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Figure 2.6.Responses df. succinctao an arm oPycnopodia helianthoidesnd a metal probe.
Snails in the first treatment (n=16) received a contact stimwus & metal probe followed by a
stimulus fromP. helianthoides Snails in the second treatment (n=16) were exposed to
helianthoidedollowed by the control stimulus. (A) The change in the speé&dsiccinctan
response to the two stimuli. Values are significantly differenvéet stimuli (F=16.53,
p=0.0003). (B) The angle of change in the direction of movemdntsafccinctan response to
the two stimuli. Values are significantly different between stirfi#il5.11, p=0.0009). Error
bars represent 1 SE.
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Figure 2.7.Responses dfirularia succinctato an arm of_eptasteriasand an arm oPycnopodia
helianthoides Snails in the first treatment (n=12) received a contact stimulusst@ptasterias
followed by a stimulus fror®. helianthoides Snails in the second treatment (n=12) were
exposed td°. helianthoidegollowed byLeptasterias (A) The change in the speedlLof
succinctain response to the two stimuli. Values are not significantly diffdsetween stimuli
(F=0.63, p=0.4354) but are significantly different between treatmen&iF, p=0.0066). (B)
The angle of change in the direction of movemerit. gluccinctan response to the two stimuli.
Values are significantly different between treatments (F=6.97, p=0.0L6&)e not significantly
different between stimuli (F= 0.14, p=0.7156). Error bars represent 1 SE.
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As described previously, the behaviord otilaria succinctaelicited by the contact

stimuli were assigned response scores, with the highest score being tlextnrense response
(Table 2.1). Responseslafsuccinctao the predatory sea stars (Figure 2.8) were more vigorous
than responses téenricia. (Figure 2.9). Behavioral responsed éptasteriasvere the most
intense; response scores were significantly higher after conthdhe tube feet ofeptasterias

than after contact with the control stimulus (H=48.556, p<0.001), the Bieaticia individual
(H=34.769, p<0.001), and thiycnopodia helianthoidg$1=6.671, p=0.010). No significant
differences were detected in responses tdidwricia and the probe (H=0.0350, p=0.852). The
responses df. succinctao the tube feet d?. helianthoidesvere more intense than the responses
of the same snails to the probe (H=44.985, p<0.001). With the exception of theisompa
between the responses elicited by the two predatory sea starsulkefrem the comparisons of
behavioral responses agreed with the results from the repeatedasegsS@VAs testing for
change in speed and turning response.

All of the snails tested exhibited some type of escape responseoaftactavith the two
predatory sea stars; only 34% (n=58) of snails exhibited a behavigrahsesfollowing contact
with Henricia. The primary response to a light touch with the control stimulus in alliexgres
was to withdraw briefly or retract the cephalic tentacles and tiseime=normal activity
(classified as “no reaction”). Shell rotations were never induced lgr ¢fte control stimulus or
the tube feet dflenricia. The most common responsed_&ptasteriasvas turning followed by
accelerated locomotion. Another common response was shell rotation and vigotaoke
waving as described by Fishlyn and Phillips (1980). This response was a@lewpled with
rapid movement away from the contact site. 71%mflaria succinctatested exhibited shell
rotations in response taeptasterias. Twenty percent and 0% of snails exhibited the same
response after contact witycnopodia helianthoideendHenricia, respectively. The most

vigorous escape responses involving several shell rotations wereioitgdddy L eptasterias.
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Figure 2.8. Behavioral responses birularia succinctato contact with_eptasteriasand
Pycnopodia helianthoidesContact was with (A) the tube feetloéptasteriasand a metal probe
(control), (B) the tube feet ¢1. helianthoidesind a metal probe, and (C) the tube feet of both
LeptasteriasandP. helianthoides Response scores used to quarltifguccinctébehavior are
given in Table 2.1.
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Figure 2.9. Behavioral responses birularia succinctato contact wittHenriciasp. and
Leptasterias.Contact was with (A) the tube feetldénricia or a metal probe (control), and (B)
the tube feet of eptasteriasandHenricia. Response scores used to quaritifguccincta
behavior are given in Table 2.1.

Escape Responses to Juvenile Sea Stars
There was a significant difference among treatments in the changaail’a speed after
contact with a juvenile sea star or control stimulus (F=47.233, p<0.001yéFRdLOA). Contact

with the arm of a juvenileeptasteriagesulted in an average change in speed of 0.74 +
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Figure 2.10.The responses of actively movihgularia succinctato one of three contact stimuli:
the tip of an arm of a juvenileeptasteriasthe tip of an arm of a juvenildenricia, or a metal
probe (control) (n=25 snails per treatment). (A) The change in the speesuatinctan
response to the contact stimuli. Values are significantly différemteen stimuli (H=40.738,
p<0.001). (B) The angle of change in the direction of movemdntsfccinctan response to
the contact stimuli. Values are significantly different betweiemusi (H=24.210, p<0.001).

Error bars represent 1 SE.
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SD 0.38 cm-sét which was significantly higher than the change in speed caused by the arm of a
juvenile Henricia (0.06 + SD 0.20 mm-segor by the control (probe) stimulus (0.02 + SD 0.28
mm-set) (Figure 2.10A).Post hodests showed significant pair-wise differences between
responses dfeptasteriasand both the probe (t=8.603, p<0.001) andHbaricia (t=8.218,
p<0.001) but not between the probe ardnricia (t=0.385, p>0.050) There was also a
significant difference in the turning response between treatmerts.(89, p<0.001). The mean
angle of change in the direction of movementlfioularia succinctaafter contact with the arm of
a juvenileLeptasteriasvas 137.4 + SD 36°7which was significantly higher than the mean
altered direction of movement for snails responding to the control stini#2u&« SD 52.3 or
to the tip of an arm of a juvenilgenricia (72.8 + SD 63.9 (Figure 2.10B).Post hoc
comparisons again showed significant pair-wise differences betgsponses dfeptasterias
and both the probe (t=5.049, p<0.001) andHbaricia (t=4.439, p<0.001)but not between the
probe andHenricia (t=0.610, p>0.050) The responses &f succinctao the two juvenile sea star
stimuli and to the control stimulus were assigned the response scoedgar?Tl, with the
highest score being the most extreme response. More intense escapesasponiduced by
juvenile LeptasteriagFigure 2.11A) than by juvenildenricia (Figure 2.11B). Response scores
for Lirularia succinctawere significantly different among treatments (H=29.432, p<0.Q@k),
hoccomparisons show response scores were significantly higher for giedawith a
predator contact stimulus from the juvernikptasteriaghan for those contacting the juvenile
Henricia or the metal probe, and differences between responses to the jiHemilga and to
the probe were not significant. Overall, the results from the coroparef behavioral responses
agreed with the results from the repeated measures ANOVAs testictgpfoge in speed and
turning response for this experiment.

All of the snails exposed to the juvenileptasteriasexhibited an escape response; 44%

of snails that were exposed to the arm bfesricia and 56% of the snails exposed to the control
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Figure 2.11. Behavioral responses birularia succinctato one of three contact stimuli: (A) a
juvenile Leptasterias(B) a juvenileHenricia, or (C) a metal probe (control stimulus). Response
scores used to quantify succinctebehavior are given in Table 2.1.
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stimulus either did not respond to the stimulus or remained stationaryhaftstimulus. Snails
exposed to the juvenileeptasteriasvere the only ones to exhibit any type of shell rotation,

which occurred in 24% of the test subjects.

Escape Responses of Newly-Hatclhédlaria succincta

When the frequencies of the observed behavioral responses of thehatotige
Lirularia succinctato the tube foot of a juvenileeptasteriasvere compared with a contingency
table, no significant difference in the frequency of responses betreatments was detected
(df= 4,%*=7.928, p=0.0942)(Table 2.5). If the responses were converted into scores<Ipvel 0
response; level 1= stop; level 2= pull back or turn; level 3= pull backuamdand the scores
between treatments were compared using a two-tailed Mann-Whitresst (Zar, 2010), the
differences in the frequencies of response behaviors elicited by tite $amuli of the pipet tip

and of thd_eptasteriasvere not significant (U=1436, p=0.0561).

Table 2.5.Contingency table used to analyze the responses of recently-hatchat:fuoe
Lirularia succinctato one of two stimuli: the arm of a juvenlleptasteriagdiameter= 4 mm), or
the tip of a sterile pipet. The null hypothesis was that the frequeneglofigpe of response was
independent of treatment. Numbers in parentheses are expected fresjuencie

Response of.. succincta juveniles

Pull Back &
Treatment No Response Stop Turn Pull Back Turn N,
Juvenile 19 11 14 6 10 60
Leptasterias (23.5) (10.5) (14) (5.5) (6.5)
Pipet tip 28 10 14 5 3 60
(Control) (23.5) (10.5) (14) (5.5) (6.5)
n, 47 21 28 11 13 120
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Avoidance Responses to Chemical Stimuli from a Predator

In the choice chamber the numbers of snails ending in the squares upstream from thei
original position (in Squares 4 and 5) were small in both treatments; 85%ilsfiisrtae predator
treatment and 88% of snails in the control treatment moved in the sactedies the water was
flowing. Seventeen of 40 snails placed into the arm with é#ptasteriasended up in the square
farthest from the predator after 4 minutes; 8 of 40 snails placed intestiveg chamber ended up
in the same square in the control arm (Figure 2.12A). The change in the fabmmmsition of
Lirularia succinctawas significantly greater in the side of the choice chambeaicdmg the
Leptasteriaghan in the side of the choice chamber withoutyetasteriagdf= 4,5°=11.667,
p=0.020) (Table 2.6). As the frequencies of snails found in Squares 3, 4, and 5 did nobappear t
be different between treatments, | subdivided the contingency tabk thadypothesis that the
frequency of snails found in each of those three squares were indepertdestinoént, ignoring
the data for Squares 1 and 2 (Zar, 2010). The nonsignificant resultstf@x2hable (df= 2,
v*=1.1443, p=0.5643) supports the null hypothesis of uniform distributions in Squarea®54, a
in both treatments. When | compared the frequencies of snails found in Stu&ne 2
frequencies found in all other squares combined in a 2x2 contingency table, IHattidket
occurrence of snails in Square 2 and in all other squares was indepédrdEattreent (df= 1,
v*=3.1638, p=0.0752). The occurrence of snails in Square 1, as compared to tireémoedn
all other squares combined, was not independent of treatment (gf=44,127, p=0.0299).
The significant difference in the horizontal distributions of snaileénarms of the choice
chamber appears to be due to the greatest extent to differencesliséheed number of snails
found in Square 1 after 4 minutes in the chamber.

There was a significant difference in the vertical distancenefbbttom of the chamber
between snails in both sides of the choice chamber (H=11.791, p<0.001). Sexepsréent of

Lirularia succinctaexposed to the waterborne odord.eptasteriaslimbed the sides of the
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Figure 2.12.Position ofLirularia succincta4 minutes after being placed into the center of one of
the sides of a choice chamber (shown in Figure 2.2). In one didptasteriasndividual was
upstream from where the snail was placed; the other side did not hageateriasndividual.

(A) The horizontal position df. succinctan each treatment after 4 minutes. Both arms of the
chamber were sectioned into 5 equally-sized squares, with Square 5 upstrag@quare 1.

Snails in both arms were placed in the center of Square 3 at the beginniop trfata The
distribution of final horizontal positions are significantly differ&etween treatmentg€11.667,
p=0.020). (B) The mean upward displacemerit.afuccinctan both treatments. The difference

is significant (H=11.791, p<0.001). Error bars represent 1 SE. n= 40 snails ondeach si
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Table 2.6.Contingency table used to analyze the horizontal positiobsuwéria succincta

placed into each of two sides of a choice chamber into which seaveegdiowing. A
Leptasteriasndividual was in one side of the chamber upstream of the snaieptasterias
individual was not placed in the opposite side of the choice chamber. The bbttaarside on
which snails were placed was subdivided into five equally-sized sjaadesnails were placed in
the center of square 3. The current was flowing from Square 5 towards Sq@dreetved
frequencies indicate the numbers of snails located on each squarerafirertes. Expected
frequencies (italicized) were calculated based on the null hypothasike distribution of snails
on the squares after 4 minutes was independent of treatment.

Position in arm of choice chamber

Treatment 1 2 3 4 5 ng

Leptasterias 17 7 10 2 4 40
(12.5) (10.5) (11.5) (2.5) (3.0)

Control 8 14 13 3 2 40
(12.5) (10.5) (11.5) (2.5) (3.0

n, 25 21 23 5 6 80

choice chamber, ending at a mean distance of 2.2 + SD 1.8 cm off of the bottom aintherch
50% of snails exposed only to seawater climbed the sides of the choideechandling at a

mean distance of 1.0 £ SD 1.2 cm (Figure 2.12B).

Avoidance Responses t@ptasteriasand Injured Conspecifics
There was no significant difference in the mean change in speed or angiagé in the
direction of movement dfirularia succinctafollowing the stimulus of predator-conditioned
water, water conditioned with injured-conspecifcs, or FSW (Table 2.7 ,&8uB). The
behaviors ol.. succinctaollowing each chemical stimulus were assigned the same response

scores as those used in the escape response experiments (listdd bxTjgFigure 2.14). There
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Table 2.7. Two ANOVA summary tables comparing the responsesrofaria succinctato
chemical stimuli potentially released by a predatep(asteriay or by injured conspecfics. (A)
Response measured was a change in the angle of direction of the snasenbfollowing the
stimulus. Data were square-root transformed. (B) Response measurée alaartge in the
speed of the snail following the stimulus.

(A)

Source of Variation df SS MS F P
Treatment 2 8.461 4.230 0.581 0.563
Residual 51 371.503 7.284

(B)

Source of Variation df SS MS F P
Between Groups 2 15.387 7.693 0.656 0.522
Residual 72 844.560 11.730

was a significant difference in behaviors among the three treatmer82@4, p=0.016)Post
hoctests showed significant pair-wise differences only between responsesiator-
conditioned water and to water conditioned with injured consepcifics. Behaliwisd by
predator-conditioned water do indicate a weak response to water-borne cuksptasterias.
Snails exposed to the predator stimulus were the only snails to exhisiiteheotation response,
but only 20% of snails responded with that behavior. No snails exhibited thextreshe
response of multiple shell rotations (Level 5). Snails exposed to seawoatktioned with

injured conspecifics had the greatest frequency of “no response’itiesh@4% of snails tested).
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Figure 2.13.The responses tfrularia succinctato one of three chemical stimuli: seawater
conditioned with odors from the predat@ptasteriasseawater conditioned with odors from
injured conspecifics, or FSW. 25 snails were tested in each treatfA¢ithe change in the
speed ol.. succinctaafter exposure to one of the chemical stimuli. Differences in vateesoa
significant (F=0.656, p=0.522). (B) The angle of change in the directiomeément ot..
succinctan response to the chemical stimuli. Values are not significarifgreint among
treatments (F=0.581, p=0.563). Error bars represent 1 SE.
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Figure 2.14. Behavioral responses birularia succinctato one of three chemical stimuli: (A)
seawater conditioned witteptasterias(B) seawater conditioned with injured conspecifics, or
(C) FSW (control stimulus). Response scores used to quansfyccinctebehavior are given in
Table 2.1.

49



Discussion

In generallLirularia succinctaexhibited strong escape responses and weak avoidance
responses as they did appear to be capable of sensing the predator fronta bijstaeans of
chemoreception. The behaviors exhibited_bguccinctan response to direct contact and to
water-borne chemical cues were the same in all laboratory exgrgsimEscape and avoidance
response behaviors included vigorous shell rotations, tentacle waving,casiboally foot
contortions that resulted in the snail rolling away from a contamtikis. The most common
behaviors were a turning response combined with an increased crawling efgasie
behaviors may be different far succinctan the field. Fishlyn and Phillips (1980) observed
crawl-out responses, shell rotation and increased crawling ratepamsesto predator-scented
water in the laboratory, while the most frequent escape responseasbgergsponse to contact
with Leptasterias polarign their natural environment was falling (Fishlyn and Phillips, 1980).

As falling has been observed as an escape respohsalafia succinctaunder
laboratory conditions, it is likely that these escape behaviors would be segbinghe field,
especially as the topography of the habitat of both the predator and @tegldy variable, and
both can frequently be found on vertical surfaces or attached to the undérsidies or cobbles.
Shell twisting can be an effective escape response, as the rotatidetach the sea star’s tube
feet if they attach to the shell, allowing the snail to flee. Theemscof this response has been
observed by Fishlyn and Phillips (1980) and Kent (1981).

Contact with inanimate objects (a metal probe or a glass pipet tipytorilyi failed to
elicit escape responses, affirming that tactile stimuli alon@aftective in inducing defensive
behaviors (Bullock, 1953; Feder, 1963). The responskswéria succinctato Henriciawere
not significantly different from responses to the control stimuli; @stnecases, the snail resumed
its pre-contact speed immediately after the stimulus. This inglifte to contact withlenricia

suggests thdt. succinctaare able to recognizdenriciaas a non-predatory sea star (Harvey et

50



al., 1987). Whild.. succincteexhibited immediate escape responsd3yttnopodia
helianthoidesthe responses were not as intense as those exhibited after cathtélocewube feet
of Leptasterias The turning and locomotor responses betweasmtasteriasandP. helianthoides
were not significantly different, but differences in the intensityheftiehavioral responses were
significantly different. Shell rotation was elicited bgptasteriagnuch more than bly.
helianthoidesand onlyLeptasteriagndividuals induced the most extreme response behavior of
multiple shell rotations. The significant differences in behamnidicate that_eptasteriaevokes
stronger escape responses tRahelianthoides.This is not surprising, dseptasteriaspp is
found in greater abundance thHanhelianthoidesn the areas from which the succincta
specimens were collected. Overall, when avoidance behaviors andridk account,
Leptasteriaslicited the strongest escape responses of the three sea &tals tes

The responses difrularia succinctato the two species of juvenile sea stars were similar
to those induced by their larger counterparts in the first set of exgrats. The juvenilelenricia
did not induce the escape responses observed with the julvepifesterias.The turning and
qualitative behavioral responseslLofsuccinctao the juvenild_eptasteriasvere similar to those
responses evoked by the adidptasterias.The mean change in the speed. o$uccincta
following contact with the juvenileeptasteriag0.74 + SD 0.38 mm-sépn=25) was much
higher than the greatest mean change in speed elicited by ahegutakteriag49 + SD 30
mm-set; n=26). The results of this experiment show that the cue or cheatiehidroduced by
Leptasteriags present when the sea star is very small, that it can be detedtesiueginctaand
that the snails exhibit escape responses to juvenile predat@stasethat may be more intense
than those that are elicited by the adult sea stars. Other gastropbdssaliotis also exhibit
escape responses to predators that are smaller than the adofiaghéBullock, 1953).

Interestingly, the escape responses of newly-hatched judémnilaria succinctato

juvenile Leptasteriagvere not similar to those exhibited by adult snails. In contrast to the adult
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juvenileL. succinctanever exhibited shell rotation. The most vigorous escape response exhibited
by the juvenile snails was to pull back from the stimulus and turn, and thenseswas
occasionally exhibited by juveniles exposed to the control (pipettiipdlsis. Their rate of
locomotion never appeared to increase following the stimulus from theilgilzeptasteriasand
snails frequently remained stationary for at least 60 seconds fofj@entact with either
stimulus. While 100% of adult. succinctaesponded to adult or juvenileptasteriasn the
previous studies, only 68% of juvenllesuccincteexhibited an escape response. These results
suggest that. succinctamay not inherently have the ability to discriminate between stimuli.
These behaviors may develop ontogenetically as the juveniles areipasatact with
predators in the intertidal, as suggested by Rochette et al. (1996). Aaarads many phyla,
from ciliates to birds, are capable of modifying their behaviors followiqeriences with
predators (Kusch, 1993; Maloney and McLean, 1995; Rochette et al., 1998); thefseatrmus
could take the form of sensitization, with an increase in the intenditgaqurency of defensive
behaviors arising from an increased exposure to predators (Rochette et ., 1996

While avoidance responses observed in this study were not as strong asesuapEes,
they did provide evidence thairularia succinctais able to detect water-borne chemicals
released by eptasteriasThis was evident in the responsed ofuccinctan the choice chamber.
Snails in both treatments crawled with the current in both treatmemysfew snails crawled
upstream (towards Squares 4 or 5) and many snails did not move from Square 3, wivweeeethe
originally placed. Snails in the treatment exposed to chemical cueshegonedator ended up
significantly farther from the predator than snails in the contrdinreat to a significantly greater
extent than would be expected if the movements of snails in both tréatwere random. This
suggests that chemical cues detectel.lsuccinctacaused the snails to alter their behavior, most

likely by increasing their locomotor activity.
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The results of the choice chamber experiment do not necessarily indatatadils crawl
away from the source of a water-borne chemical stimulus, or thatréneple to determine the
direction from which the stimulus originates. The predominant avoidaspenmse to the
detection of the predator was likely merely an increase in locomotorygctivularia succincta
in the control treatment moved downstream as well. The results fromdbedsavoidance
response experiment seem to confirm this. Specifically, when water condlitiithehe odors
of Leptasteriasvas squirted at B. succinctandividual, there was not a significant difference
between the turning response elicited by this stimulus and the tuesipgrnise elicited by the
control stimulus. This makes sense, as, under natural conditiss;cinctavould not be able
to detect the direction from which a stimulus originated in the turbuleatidal. There was not
a significant increase in the crawling rate of theuccincteexposed to predator stimulus; this
behavior would have been observed if, as predicted, the avoidance respdnbeed in the
choice chamber experiment resulted from increased locomotor activityilure i detect
differences in crawling rate between treatments could be an artifhet ekperimental design.
Chemical cues frorheptasteriasvere strong enough to be detected; predator-conditioned water
was the only stimulus evoking the shell rotation response that is a@rasthciof encounters df.
succinctawith chemical cues dfeptasterias

The failure ofLirularia succinctato respond to seawater conditioned with extracts from
injured conspecifics could be because alarm signals are not tefe@senjuredL. succinctapr
because the snails have no ability to detect them. The injured corespeifilus failed to elicit
shell rotation irL. succincta.Thisindicates that responseslofsuccinctao Leptasteriasare due
to chemical cues from the sea star, and are not affected by sceniisenf conspecifics that
succinctamay have detected had theptasteriasheen feeding on them (Hadlock, 1980;

Jacobsen and Stabell, 1999).
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Shell rotation occurs after the detection of the predator’s scent.mblyiserve to expose
more of the snail's sensory receptors, allowing it to detect more cllernies (Fishlyn and
Phillips, 1980). This behavior may also indicate that the snail isiating contact with the
predator, and a corresponding flight response. Endler (1986) notes a shift fsive paactive
defensive behaviors in prey species as predation sequences commenahility e sense a
predator from a distance can prepare for or initiate the flight ofteogasl before the predator is
close enough to contact it, which can give the slow-moving gastropods a taggdEhe
purpose of this advanced increase in speed may be to enable the prey ispetteirtd a refuge
(Cotton et al., 2004). The fact that the snails exposed to the predator sexpeuignced greater
upward displacement in the choice chamber may indicate their attenfipis & refuge from the
predator above the water level (Bullock, 1953; Phillips; 1976).

Menge (1972) indicated that, in the absencRishster ochraceus.eptasteriasan
strongly affect the composition of an intertidal community. Niesen (19f8)ucted a feeding
census of prey species consumed.bptasteriadhexactisat South and Middle Coves at Cape
Arago State Park, and at another intertidal site three miles to ttie fAdre survey indicates that
Balanusspp. make up from 69 to 85% of the diet of atluliexactis.The next most abundant
prey specied.,ittorina scutulata comprised from 6 to 9% of the sea star’s diet. It is interesting to
note that, despite the abundance of gastropod species at these twossitgsodmonly account
for 10 to 24% of the sea star’s diet. This difference may be accdonteglthe differences in
the abilities of barnacles and gastropods to exhibit defensive respohsgsasterias.Lirularia
succinctaor species that may have been mistakem feuccinctawere never identified as prey
species, even though they are common in South Cove. While this may be becauséethe spec
was only recently introduced to the area, it could also be because tieeasmédance and escape
responses have effectively removed it from the diéeptasterias | have only observed thrée

succinctaspecimens being eaten bgptasteriaspp. individualsn the field. So, while
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Leptasteriaglid feed orlL. succinctan the laboratory, these experiments only showed the
number of snails that could be eaten bylteptasteriasinder optimum conditions in the
laboratory. IfLeptasteriasare able to catch and datsuccinctan the field, their feeding rate on
the snail would be much lower than that observed in the laboratory. More ¢inhé lne spent
finding the snail, and the snail's escape and avoidance responses woedgénts chance of
finding a refuge before it could be eaten. The microhabitats on which bothrehastaroid
species are found could provide more refuges feuccinctaespecially if falling is used as an
escape response. More time would also be spent in lotatdugcinctaespecially as their
distribution is characterized by a high degree of spatial patchiness.

The study of Mauzey et al. (1968) describing laboratory preference experandrfisid
observations of ten sea star species demonstrated that thealstao$tar can vary locally and
that laboratory experiments and field data on any particular species shouldgzzebio
determine which species are a sea star's most important naturallpesyemphasized that,
when defining a sea star’s diet, laboratory observations should not bedbanigxclusively
relied upon. Some species that are preferred prey in the laboratory esgemoin the field, and
vice versa (Feder, 1963; Mauzey et al., 1968). The effdamifisteriasn Lirularia succincta
populations or abundance likely varies seasonally; the feedingfrladptasterias hexactis
decreases markedly in the winter and early spring (Niesen, 1973). Conchessedson the
results of the feeding rate experiments done in this study should tledbefarade with caution.
The small size of the snail and its low abundance in the dietr@xactign the field suggest that
the snail is not an energetically important species in the sé&adigtr This could only be
confirmed with further field studies

This study has clearly demonstrated thiatlaria succinctapossess defensive behaviors
that they may use in response to the predatory sed sfatessteriasandPycnopodia

helianthoides The snails appear to be eaten only occasionallepyasteriasn the field, even
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thoughL. succinctacan be abundant. Sm#&l helianthoidesire uncommon in the areas in which
L. succinctaare found, so it would be difficult to estimate the importande sticcinctan its

diet. It now remains to discover the actual effectiveness of these resjrottse field under
conditions similar to those in which the defensive behaviors are naturgilpyed. The
defensive behaviors &f succinctavere observed under conditions that the snail is not likely to
experience in the field, including slow unidirectional flow of water asthaoth substratum.

Field experiments could confirm that the alarm behaviors exhibitéd fiyccinctancrease its
ability to avoid predation under a wider variety of environmental conditiomaslloek (1980)
suggested that knowledge of both the predator’s natural feeding behavairthedype of

refuge sought by the gastropods are important in understanding how or why feesevee
behaviors work. When Fishlyn and Phillips (1980) were observing the predatan{eragtions

of Lacuna vinctaandLeptasterias polarign the field, they were able to quantitatively determine
the effectiveness of the escape response whctaby understanding the type of refuge used by
the snail. In the field, behaviors can also be confirmed using natural chemicahtations that
are not usually experienced in the laboratory (Phillips, 1976) and expelfimiesitns can allow
for the exhibition of many different types of responses (Endler, 1986).

The experiments in this study also raise further interesting quesfiimescape and
avoidance responsesliirularia succinctavary by season or by geographic location? Would
Leptasteriaselicit the same defensive behaviord.irsuccinctdrom communities in which the
sea stars are absent? How do ontogenetic changes or varying amounts oédgpu®alators
affect the responsiveness of newly-hatched juveniticcinctao predators including
Leptasteriaspp.? A suite of laboratory and field experiments would enable us to leagn mor
about the predator-prey interactions occurring in, and possibly contributingdtubtire of the

intertidal community to which these small marine invertebrates belong.
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Bridge

Chapter Il demonstrated thiatularia succinctaexhibits escape and avoidance responses
to chemical cues frorbeptasterias.In the laboratory it was demonstrated theptasteriaspp.
individuals are predators bf succinctaput it is not known if they are important predatorg of
succinctain the field. IfLeptasteriaspp. individuals do edt succinctato any great extenthen
the sea starould be important in determining the lower distribution of the snail imtleetidal
(Connell, 1961, 1970). For animals that are present in greater abundance witiertdal,
predation and other biotic interactions are a greater source of myaftal physical stressors
associated with life high in the intertidal (Vermeij, 1972). Theic@rdistribution ofL.
succinctain its habitat has never been documented, so in Chapter lll, | attempt tibbeléscr

distribution in a habitat in which it is prevalent.
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CHAPTER Il

THE SEASONAL AND SPATIAL DISTRIBUTION OHR.IRULARIA SUCCINCTA

Introduction

All species are found in specific habitats and are often found in varying densiti
within those habitats. Studying thpatial distributions and densities of populations and the
factors that affect each contributes to our knowledge of ecology at the tpmpalad community
levels. Distribution and abundance can vary for a species on large anghtiaéand temporal
scales, and these variations will ultimately affect the reptodusuccess of the species. Local
distributions of species are determined in part by habitat selectich,vals described by
Meadows and Campbell (1972) is the “relationship between behavior and enviténme
Animals choose to remain in or return to selected habitats, therebyststajpand maintaining
local distributions. These selected habitats can be altered by bothaidtabiotic factors that
may also vary widely on spatial or temporal scales (Gendron, 1977)e Wde patterns apply
to many species found in many different habitat types, this paper will fodhe oocky intertidal
habitat.

The spatial distribution of a species may be influenced by a number of physical o
biological factors. Generally, mortality at high intertidal levie due to physical factors
including wave action and disturbance (Connell, 1970), temperature (BaatrteSshneider,
1976; Johnson et al., 2001), desiccation and osmotic stress (Chow, 1975). Thesedactor
define the upper limit of a species distribution (Connell, 1961; Green and HAB3@, Vermeij,

1972; Chow, 1975). Biotic interactions including competition and predation mag/tserv
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determine the lower limit of the distribution of a species (Conh@b1, 1970; Green and
Hobson, 1970). If the species spends a limited amount of time in the plankton, esebis di
development, oviposition site choice may affect local distributions (Beltkéf and Davis,
2004). Gregarious behaviors, if present, may also contribute to patterns ddadeiiMeadows
and Campbell, 1972), as might the availability of protective micro-ral§i@how, 1975) and
associations with macroflora (Meadows and Campbell, 1972; Nakaoka et al., 200¢¢ry
small spatial scales, recruitment and mortality will affectdis&ibution of sessile species to a
greater extent than species that are mobile and are able to mosedns@to their environment
(Underwood and Chapman, 1996). On very large spatial scales, the mode of disppesats
employs can affect its geographical distribution. The spatial disotbaf species with direct
development is more likely to be affected by disturbance and is genecatiypatchy than the
distributions of species with planktonic development (Johnson et al., 20013pderes with
direct development, there can be greater variability in the densitipe@és between sites
separated by only a few hundred meters (Johnson et al., 2001).

The distribution of a species throughout the year may vary on a tempaeahéth the
seasons due to changes in food availability (Toyohara et al., 1999), abuitenenental factors
(Bertness and Schneider, 1976) and predation. The feeding rate of the preekatsiar
Leptasterias hexactigries seasonally, with minimum rates from December to April édies
1973). Menge (1978) found that for some predatory gastropods, predation rates cffelctds: a
by algal cover and desiccation; he concluded that predation intensity pésuddd on the effect
of biotic and abiotic environmental conditions within a habitat.

For mobile species, distributions are ultimately established by tmelzsvindividuals
avoid areas in which stress leads to mortality (Bertness and Sahd&idé). In response to
varying environmental conditions throughout the year, mobile animals lieayteir spatial

distributions by migrating vertically through the intertidal. For insta the limpeAcmaea
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strigatellaexhibits vertical displacement in the winter and in the late sprirep¢Sand Hoppe,
1973). Preferred tidal height varied with seasonititorina littorea (Gendron, 1977). Nakaoka
et al. (2001) noted patterns of seasonal change in abundance for many sjiegigsdeagrass
beds, although the patterns of seasonal change differed between spkeiaseak in the
intertidal that may cause higher mortality may differ between ithdals of the same species.
Tolerances to environmental stressors may be affected by the dieeanfitnal exposed to the
stress. Chow (1975) found that tolerances to desiccation and osmotic stressghver for larger
individuals. He determined that thermal tolerances were not cedeldth size, although
Bertness and Schneider (1976) found that thermal tolerances differe@bepeies, and, for
one species of whelk, thermal tolerances were greatest in smaltlunalii

Some predators preferentially eat large prey (Connell, 1970); otharaabie to eat prey
that are too large (Bertness and Cunningham, 1981). The resulting diffemgortiality in one
size group relative to another can result in size gradients indtnébdiion of a species,
especially for sessile species (Chow, 1975). For species that are molzite actively able to
select their habitat based on changing environmental conditions, popsilatay become
segregated by size due to the migration of different size groups edlatach other (Vermeij,
1972; Chow, 1975). This migration of animals to different tidal levdldesid to differences in
the intensity of competition, predation, food availability, or other causes @dlioto which
individuals are exposed (Connell, 1961, 1970; Paine, 1969; Vermeij, 1972). Green and Hobson
(1970) noted that size gradientsGemma gemmaere probably the direct result of these
migrations up or down the shore in response to temperature or competitiografizats for a
species are therefore the outcomes of or responses to mortaligngsan the intertidal
(Vermeij, 1972).

There are many instances of different sizes of organisms occurrindeirenifareas

within a habitat that may indicate a change in the preferred habétapecies at different ages
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(Vermeij, 1972; Chow, 1975; Gendron, 1977). In many species of gastropods, zonatiois patte
vary among size classes (Williams, 1964; Vermeij, 1972). Gendron (i@ that the
preferred tidal height dfittorina littorea decreased as snail size increasedsdmma gemma
mortality was greater at higher shore levels for juvenils and at shege levels for adults,
which established a size gradient for a population studied by Green and Hubson (Paine
(1969) observed th&hlorostoma funebralisriginally settled higher in the intertidal where it
experienced less predation Inubved into the lower intertidal after it reached sexual maturity.
Vermeij (1972) described this occurrence as pre-reproductive srfailsiting “zones of
minimum mortality” and hypothesized that this pattern may be truedaymther invertebrate
species as well. He observed that for limpets found in the low or nedidlal zones, size
decreased as tidal level increased. For limpets occurring in thentégtidial, however, the
opposite size gradient was apparent. In the family Trochidae, the meanf sidividuals often
decreases at higher levels in the intertidal (Vermeij, 1972). &irkegts are not exhibited in all
gastropod populations, however, and some size gradients may result froendétem growth
rate among individuals at different shore levels in the interziolaé (Connell, 1961; Green and
Hobson, 1970; Vermeij, 1972).

If the behavior of the adult or juvenile stages of small gastrapaagopulation
determines the population’s spatial distribution in a single area, theatmadf animals at very
small scales (1-2 m or less) should vary significantly because, 1)ahiesals are not capable of
dispersing great distances after recruitment, and 2) many gastropods ssavaiea meter
during high tides (Underwood and Chapman, 1996). As described previously, observed
distributions are likely affected by behavior as gastropods selbitahin which to remain, but
small gastropods encounter the pressures that affect distribuiorakscales. Green and
Hobson (1970) observed differences in mortality rates and densities betwaps giGemma

gemmaonly 6 m apart, while Underwood and Chapman (1996) and Olabarria and Chapman
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(2001) found significant variability in patterns of abundance at soflEntimeters to less than
10 m. For many different species, this small-scale variability in abuedsrwounted for most of
the variability among locations. This patchiness can affect thevaltiser and analysis of
abundance patterns at large spatial or temporal scales in ttiglithteone (Olabarria and
Chapman, 2001, 2002), so scientists attempting to describe patterns of abundandeutiodist
should know the smallest scales at which there are still predictablmpati¢he abundance of a
species (Olabarria and Chapman, 2001).

Because seasonal or ontogenetic vertical migration occurs fregimreather mollusks, it
is possible that such changes in distribution also occuwifigiaria succinctg a small trochid
found exclusively in the intertidal zone (Carlton, 2007). Very littlenisvkn about the biology or
ecology of this snail; nothing has been published about the distribution ep#ties, either on
small or large spatial scales, or about the factors that aedisitibution. The snail is common
at two wave-protected sites that are separated by less than 2 kim (fdee and South Cove,
Cape Arago State Park, Oregon). Preliminary observations at botimditeded that..
succinctawere found more frequently in the lower intertidal. The extent tolwth succincta
impacts the ecology of the lower intertidal community is uncertain; haywamg impacts could
vary with season if. succinctaexhibit vertical seasonal migrations.

In order to obtain a rudimentary understanding of the population structirelafia
succincta] described its intertidal distribution on a seasonal basis at North@@@a&pe Arago
State Park. | also tested the hypothesis that the sizesatcinctadecreases in an upshore

direction.
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Materials and Methods
Sampling Design

The distribution oLirularia succinctawas sampleth North Cove at Cape Arago St:
Park, south of Charleston, Oregon® 18' 31" N, 12223' 55" W) (Figure 2.1 in Chapter I
this thesis). North Cove is a nc-facing rocky intertidal area protected from strovaye actior
by an offshore reef. | samplddine transects along 4 different tidal heighttoater low watel
during sprimg tides. The “high” transect line, at a heigh00 m was parallel to the shorelir
and the lower three transect lines ran parallebith other on a rocky shwithin the cove

(Figure 3.1). The “midrigh” transect ne ran along the top of thikalf at an elevation ¢

80m

T

N

Figure 3.1.Location of transect lines in North Cove. (A) Lawal level -0.37 n), (B) Mid-low
tidal level (-0.05 m), (C) Midhigh tidal level (C06 m), and (D) High tidal level (20 rr).

63



0.06 m. The “mid-low” transect line, at an elevation of -0.05 m, was 23 nvedraref the mid-
high line, on the eastern edge of the rocky shelf. The “low” transecias 25 m seaward of the
mid-high line on the western side of the rocky shelf at an elevatidh3i m. Lines were
selected to run nearly continuously throwglsuccinctehabitat. Preliminary studies indicated
that cobbles, rocks, and gravel are preferred habitat fuwccinctasothe lines did not cross any
patches of sandy sediment that were devoid of cobbles. Rocks and cobbldkeltgg line
were infrequently covered with up to three inches of wrack, and therewidence of more sand
movement at that tidal level than at the other three levels. ofiharid mid-high lines were
characterized by many different kinds of kelp and algae, inclUglinggia menziezii, Laminaria
spp, Nereocystis leutkeanandAlaria marginata The mid-low and high lines had primarily
fucoid algae antlllva spp. The low and mid-high lines were exposed to the greatest amount of
wave action, while the mid-low and the high lines were protected from wawes bycky shelf.
The mid-low line was the closest transect line to the high line.

Transect lines were 40 m long, and each line was always laid between theveame
points. A random number generator was used to select locations aloramseetitines to place
100 cnf quadrats. Sixteen quadrats were sampled on each transect lingruldra succincta
on rocks, cobbles, and pieces of gravghin each quadrat were counted. Quadrats that did not
lie in areas with cobbles were rejected, as preliminary studiesatedithat.. succinctavere
found almost exclusively on loose cobbles and gravel. The population waledamthis way at
least once monthly during negative low tides from January to December®f Rifferences
aomng tidal level and months were compared using a two-way analysisapiceafANOVA)
with Tidal Level and Month as factors. The data violated the assumptioosnodlity and of
homogeneous variance, so théor the analysis was lowered to 0.010.

After several months of doing transects in the intertidal, it becaperent that there was

a great deal of small-scale variability. To determine the degneariability in the observed
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patterns of abundance at small temporal scales, the population waanafdedsfor four
consecutive days in December. Data were analyzed using a two-way AN@VBRay and
Tidal level as factors to determine if the distributions varied sigmifly each day. The data for
this analysis also violated the assumptions of normality and of homogeneauns®asio the
was lowered to 0.010.

Size data fotirularia succinctawere also collected on each sampling date from April to
August 2009. All individuals found along the transect line at each tidsllwere placed into a
50-mL Falcon tube. Tubes containing shails from each tidal level tiven brought back to the
laboratory, and the diameter of each individual's shell was measutredialitype vernier
calipers to the nearest 0.1 mm. Shell diameter was measured as desd@bapter Il of this
thesis. The snails were returned to North Cove 24 hours after eachiaoléawl replaced at
their respective tidal levels. | used the coefficient of vana{CV) to test for differences in size
distributions between tidal levels and dates (Ebert and Russell, 1988).

Data on wave height and sea surface temperature for the dates samplettaieed
from the National Data Buoy Center (2011). As there is no buoy offshore ofACagpe or Coos
Bay, wave heights for Cape Arago were estimated by calculating thredaiawave height for
each sampling date at Station 46229 (Umpqua Offshore) and Station 46015 (Pol) @nicr
averaging the two values. This information was used to see if theie soaelation between the

distribution ofL. succinctaand sea surface temperature or wave height.

Results
The distribution oLirularia succinctais highly patchy; 0 to 114 individuals were found
in a 100 crharea. It was not uncommon to count 40 individuals in one quadrat, and no
individuals in a quadrat 30 cm away. There was no apparent preferencekftype or size, and

the snails were found in pools as often as they were found on rocks that wasedeaplow
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tides. They were often found in small crevices or pits in rocksebstftequently in large
crevices. The average densitied o$uccinctafound at each tidal level were significantly
different (F=101.516, p<0.001), although there was an interaction between titlalndve
sampling date (F=2.956, p<0.001) (Figure 3.2). The highest densitieswfcinctaoccurred at
both the low (mean= 16.1 + SD 16.7 snails/106)and the mid-high tidal levels (mean=13.8 +
SD 15.4 snails/100 ¢ The densities at the mid-low (mean= 6.1 + SD 7.3 snails/1680acmd
high lines (2.6 + SD 4.2 snails/100 Yrwere much smaller.

Over the year of study, there did seem to be a seasonal trend of changas ttemsity
at each tidal level, and the differences in the mean densities aamplrgy dates are significant
(F=35.400, p<0.001). The highest mean densitiésrofaria succinctaoccurred in September
(the low tidal level also had a peak in density in January). The dsnaili. succinctadeclined
across all tidal levels through spring, reaching the lowest dengities @nd of May. The snails
all but disappeared from the high intertidal in May. Snails in the summehsnaste found in
high densities on blades Ufva spp. attached to rocks and cobbles; it is likely that they may have
moved from cobbles onto boulders that were coveredWlith, but were not sampled.

There was no correlation between the observed densities and wave heigitn(Bea
r=0.195, p= 0.3960). There was a correlation between the observed densities anfdsea s
temperaturerE0.495, p= 0.0225); however, when the data were plotted, it appeared that the
significance of the correlation was due to a single outlier. The higless density dfirularia
succinctaobserved (26.0 £ SD 20.3) occurred on the day that had the highest sea surface
temperatures (17.62, September 19). When this point was removed, the correlation was no
longer significantr=0.281, p= 0.2300).

Sampling conducted on four consecutive days in December also showed a significant
difference in mean densities among tidal levels (F=36.682, p<0.001), but not daysng

(F=1.727, p=0.162), and there was not a significant interaction (F=0.678, p=0.i529¢ &3).
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Figure 3.2. Distribution ofLirularia succinctaat four tidal levels at North Cove. Error bars represent 1 SE.
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Figure 3.3. L. succinctadistribution at four tidal levels on four consecutive days in
December 2009. Error bars represent 1 SE.

Theaverage shell size and the coefficient of variation for each tidal devehch
sampling date are included in Figures 3.4 and 3.5. Shell sizes ranging from 0.7 mm to 4.8
mm were collected from North Cove between April and August. Until the end ofthay
largest snails were located in the high intertidal; on April 25, meahssmain the high
intertidal was almost 1 mm larger than in all other tidal levelserAftay, the mean size of
Lirularia succinctawas approximately equal at all tidal levels; total mean diameteeaksz
more than 1 mm, from 3.10 = SD 0.44 mm to 2.08 + SD 0.69 mm, until July. After July, the
total mean diameter of snails in all tidal levels began to incredseh coincided with an
increase in the density bf succinctaat each tidal level as well. The coefficients of variation

increased steadily from April until July, when they began to decreaseatindi that there
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Figure 3.4. Mean sizes dfirularia succinctacollected at four tidal levels at North Cove from
April through August of 2009. No snails were found in the high intertidal on May 24.

were more size-classes present in the intertidal in the summerjcglgaifh the low and

mid-low tidal levels (Figure 3.5).

Age frequency histograms were generated for each tidal level on eadmgatape

and are included in Appendix A. The sizes from all tidal levels were combinadvo s

overall size-frequency trends from April through August (Figure 3.6). In thepaing, the

peaks were beginning to shift slowly towards smaller size classeshengiht of June when
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Figure 3.5. Coefficients of variation in size-frequencied.gilaria succinctaat each tidal level
from April through August of 2009.

there appeared to be an influx of the smallest size classes. From Apduaet®, numbers

of snails found in the lowest four size classes ranged from 0 to 13; on June 24, there were 109
individuals collected from those classes. After June 24, the numbers in #eskasses

decreased through August, and the peak was beginning to shift towards largeissee c

again. The peaks for the size classes at all four tidal levels shdtad#&tween 3.5 and 4.3

mm in the late spring to less than 2 mm at the end of June. There was a slighaselé

density in June that coincided with this decrease in large size cldgsedensity of

Lirularia succinctaincreased in August, and the peaks in size classes shifted again towards 3

mm, but snails were still smaller than they had been in the spring.
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Discussion

Population density facirularia succinctais difficult to estimate; animals are highly
mobile, and are often clumped. Overall, differences in abundance and sizedsegitbin
North Cove occurred between tidal levels over a horizontal scale of almost J@Bundances
and sizes varied seasonally, but were not correlated with sea sarfggsrdtures or wave height.

Declines in the densities bfrularia succinctain the spring months could have been due
to large-scale migration into the subtidal. If this occurred, | would hgweceed to see either 1)
a decrease in the densities of snails at the upper tidal levels amddease in densities at the
lower tidal levels, or 2) a time lag in the decline in densities ihother tidal levels. Although it
is unknown ifL. succinctas migratory, it does not appear that vertical migration occurss the
was never a shift in the “zone of maximum density” of the snail (Gendron, 1977)aseapp
movement from one tidal level to another. There was merely a dearedsedance across all
tidal levels. Throughout the year, the majorityLouccinctavere usually found in the low
intertidal.

Variations in the patterns of distribution may have been caused by migratioot bu
along the vertical gradient of the shore. In Japan, densitlésutdria iridescenswithin seagrass
beds decreased in May and increased again until August (Nakaoka et al.,@banyes were
related to surface area of the leaves, rather than to verticabpagithin the intertidal. A
change in habitat preference resulting in the movemdritwaria succinctafrom one habitat
type to another could be indicated in the decline in densities in ting.spfacroalgae including
Ulva spp. are much more prevalent in the summer. It is possible that snails froordde
cobble substratum onto boulders on which macroalgae was growing. Sincesketgavere
still conducted counting individuals in the cobble habitat, a change itabpt@ference could

have manifested itself as a decline in snail abundance. BAdultcinctaeand egg masses were
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often found near the baseldlva spp., so this change in habitat preference may have been driven
by reproduction.

Olabarria and Chapman (2001) emphasized the importance of determsutglih of
spatial replication required to ensure that the measuremerigtrifudions are representative of a
species. In an attempt to determine if the observed spatial and teng@@brs in abundance
were representative of the actual distribution, | conducted transectsraofmecutive days in
December. Differences in abundance among days were not signifieautikety that, while the
density ofL. succinctavaried to a great extent among the replicate quadrats, particularly when
abundances were great, the variations in observed densities amongddraigsect influence the
observed temporal variation. The fact that similar trends were @ustmoughout the year at
each tidal level also supports this conclusion.

Changes in the size-frequency distributiongiadflaria succinctain the spring and
summer were similar at each tidal level. There did not appear to Beia 8fe size frequencies
of one tidal level relative to another. It did appear that there waalasiee gradient in April
and early May, with larger but fewer individuals high in the intertihal higher densities of
smaller individuals in the low intertidal. After June 24, the abundana®ad$ $igh in the
intertidal remained low, but the size gradient disappeared. Ve®8&i2) hypothesized that
gastropods that are prevalent lower in the intertidal would increaseeitowards higher shore
levels; this pattern was not observedLirsuccincta.

Egg masses dfirularia succinctaare deposited throughout the intertidal, so the
occurrence of small size classes at one tidal level would lreghk of active migration. The
small size classes were present at all tidal levels. The abundanc#ésohsth@ small size
classes appeared to diminish after only two weeks; this might beregbifimortality in these
size classes were very high, or if the juveniles were growing quidkéyrée of 0.2 mm each

month to account for the shifts in peaks observed in the size-frequetagyr&iss). The growth
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rate of juvenilel. succinctdas unknown; | was unable to keep them alive in the laboratory for
more than 10 days. If mortality is high or unpredictable throughout thealegige of the
species, the snails could potentially have higher growth rates or reatliez (Vermeij, 1972).

Toyohara et al. (1999) found that population densitidsrafaria iridescensin Japanese
seagrass beds increased rapidly due to recruitment from May toARilyith Lirularia
succinctagggs ofL. iridescengan be found in the intertidal in almost all months, althdugh
iridescensxperiences a breeding peak in April; in the laboratarguccinctancreases its rate
of oviposition through the summer, with a breeding peak in July (see Chapterhi¥ tifdsis). It
is possible that the breeding peaklfosuccinctas earlier in the field than in the laboratory; if
so, then the increase in the number of individuals in the smalletlag=es at the end of June
could have resulted from a peak in oviposition in the spring. If new recruigspresent in the
population, | would have expected to see bimodal size-frequency distributioras sonthose
described by Toyohara et al. (1999). It is possible that such distributioapresent in April
but did not register because the recruits were too small to be notidetluoeti Newly-hatched
L. succinctandividuals are white and have an average size of 293.2 £ SD 26.7um (Ckapter |
this thesis). The smallelst succinctandividual collected and measured was 0.7 mm and had the
tan, sculptured shell of an adult. The coefficient of variation (CVeaszd through the spring
and into summer, and then began to decrease. If my sample sizes were lttmsmal bimodal
distributions, the higher coefficients of variation may indicate inogmnimall size classes with
older large size classes present bechusaccinctadeposits egg masses year-round. After the
mortality of both juvenile and adult succinctandividuals, the remaining population of L.
succincta consisted of the younger, smaller cohort that was more homogensiaas i
decreasing the CV.

The increase in the abundance of snails in August could be due to migration from the

surrounding algae. The fact that the larger individuals mostly diaeggb&om the distribution
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after June 24 could result from a migration into alternate habittdtswdifferent food source, or
it could be due to mortality, especially if the species has an annsgaklife It is interesting to
note that after June 24, only 4 snails larger than 4 mm were ever found, and onbsdoend
in almost 700 individuals collected in August. This could indicate that therlardividuals died
off in May or June as the new recruits appeared. However, this does nat éxplsudden
increase in the abundance of intermediate-dibediaria succinctain August. Unfortunately,
because | only had data for 5 months of the year, | cannot infer causes of tiaeges.

The observations of the densities and size-frequencies at the higjdahtevel were
always most similar to those for the mid-low intertidal, which wasctbsest transect line to the
high line. Similarly, the observed densities and size-frequenclasutdria succinctain the low
intertidal were more similar to observations from the mid-high tilad!| which was the closest
transect line. This indicates that tidal elevation does nottaffedistribution oL.. succinctaas
much as other factors that, at North Cove, may vary based on the proximiliegraisect lines,
such as wave action, biodiversity, and possibly predation.

It is likely thatLirularia succinctalike its congenet.irularia iridescensgrazes on
microalgae. If this is the case, it is probable that the distributitreapecies is not influenced
by food availability or by competition, either for food or for space. Howekerdistribution of
L. succinctanay be affected by predation. The sealstgtasteriaspp.has been observed on
three occasions feeding dnsuccinctan the field;Leptasteriaspp. individuals also chase and
consume.. succinctan the laboratory (see Chapter Il of this thesis). Studies done bgrNies
(1973) show that the incidence of predatioh afuccinctan the field is probably low; preferred
prey ofLeptasterias hexactereBalanusspp. and spirorbid worms, although small intertidal
gastropods do make up a small part of its diet. Other animals such atejByenopodia
helianthoidesjuvenileCancer productuandHemigrapsuspp.have been observed eating

succinctain the laboratory, and the shrirafeptacarpus brevirostrisats the eggs &f succincta.
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Although incidences of predation by these animals have been observed, tihéoextech the
snail population is limited by predation is unknown. To interpret thesaati@ns of predators
with L. succinctathe density of the predator, and the importance of the species in thepsedat
diet must be examined (Paine, 1969).

When a species is motile and can respond to its environment, the vagrialitie
patterns of its distribution or abundance are influenced to the greatest by biotic
interactions, behavior, and small-scale environmental variabtedefWood and Chapman,
1996). Variations in the densities and in the size-frequencies amongtielal inay have
resulted from fluctuations in their environment, from interactions witdators, or from changes
in habitat preference resulting from the growth of macroalgae in the suniinhe succinctahas
an annual lifespan, this could account for the decreases in densitiesamges in size-
frequencies in the spring and early summer. Underwood and Chapman (1996) predicted
variability in abundance at very small scales if the behavior of thésd@dumportant in
determining distribution patterns. Therefore, | would predict that b@higvmportant in
determining the patterns of abundancelfioularia succincta.

This study merely described the distributiorLofilaria succinctain a single location;
ultimately, the factors determining the distribution and abundanicesofccinctaremain unclear.
For species such a&s succinctaound primarily in the lower intertidal, Vermeij (1972) predicted
that mortality is probably most intense lower in the intertidal, e/ihéstic interactions such as
predation are more likely to affect the abundance of the species (Conne]l1296) IfL.
succinctais an annual species, this study has served to indicate the time athvehpepulation
replaces itself as well. Information gathered from this study can ldaghtdheses regarding
preferred habitat and factors affecting their distribution, and can giiredecation of their

ecological importance in the habitats in which they may be found.
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Bridge

Chapter Il described the vertical distributionLafularia succinctain a protected cove.
The data indicated that succinctas more abundant in the low intertidal and that the densities of
L. succinctadecrease across all tidal levels in the early spring. Densitiessaccincta
increased in June, at the same time that small size-classestbeggpear in greater numbers in
the population. | had observedsuccinctaegg masses deposited year-round, but no studies have
been done to indicatelif. succinctalike its congenetirularia iridescens(Toyohara et al.,
1999) exhibits seasonal peaks in its reproductive outhirtlaria succinctaare direct
developers; juvenile. succinctaemerge from egg masses after metamorphosis and do not spend
time in the plankton. Therefore, oviposition behaviors of feraseiccinctawill define the
distribution of the juveniles (Meadows and Campbell, 1972). To fully understapdtteens
observed in the intertidal, knowledge of oviposition behaviors are negesdavious studies
have shown that in direct developers, the sites selected and the conditiensvhich the
embryos develop within the mass can affect the survival of embryoswhthimass (Biermann
et al., 1992). Chapter IV focuses on determining conditions that may affectiterpbshavior

in femaleL. succincta.
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CHAPTER IV

FACTORS THAT AFFECT OVIPOSITION INLIRULARIA SUCCINCTA

Introduction

Trochaceans, while being some of the most evolutionarily advanced archesguomist
are still among the more primitive of prosobranch mollusks (Hadfield anthi®&an, 1990).
They have separate sexes and external fertilization, and theirregafsea covered with jelly,
forming gelatinous egg masses (Fretter and Graham, 1977; Strathmann, 1838 .edg masses
can be deposited on surfaces (Holyoak, 1988; Hadfield and Strathmann,1990; Toyahara et
1999) or dispersed in water currents (Strathmann, 1987; Hadfield and Strathmann, 1990)
Developmental mode is variable within the trochaceans, to the exteittddwanot be predicted
based on sub-family or genus (Hadfield and Strathmann, 1990). Some trochacean species
develop fully within a benthic egg mass, hatching as juveniles (Holyoak, 1888eH and
Strathmann, 1990; Toyohara et al., 1999). In other spegjgs,are initially surrounded by jelly
when they are spawned, but the jelly disperses, and larvae hatch fremuadembryos
(Strathmann, 1987; Hadfield and Strathmann, 1990).

Embryo encapsulation is common in plants and is encountered among manganimal
including insects, amphibians, fish, polychaetes and marine gastropods ('2320;
Pechenik, 1979; Wiklund, 1981; Caldwell, 1986; Wilson, 1986; Reich and Downes, 2003). In
marine gastropods, egg masses may take different forms, includatmge$ egg masses, firm
egg capsules, adherent masses of eggs with open interstices baemeeand eggs in fluid-

filled, thin-walled capsules (D’'Asaro, 1970; Pechenik, 1979; Strathmann an€Hed84;
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Rawlings, 1994; Strathmann and Hess, 1999). Egg mass forms, like developmensalcaiode
differ among families and closely-related species (D’Asaro, 197&h8tann 1987; Hadfield and
Strathmann, 1990).

There are several potential benefits to depositing egg masses.itibgposbryos in egg
masses may retain the embryos at sites deemed by the adults to be éf8orathimann, 1985;
Pechenik 1986), and may provide them with protection from environmental stfess or
planktonic predators (Rumrill, 1990; Woods and DeSilets, 1997). [All pramwephic
developmental stages contained within an egg mass will be termed/anlas defined by
Giese and Pearse (1974)]. Embryos that remain on the bottom for some pairtdgvbelopment
may spend a shorter period drifting in the plankton than embryos releasezhtgdst spawners.
Less time in the plankton limits or prevents dispersal of propagwissfaom areas that are
favorable either for embryonic development or for juvenile growth (Headl@franz, 1971).
This is especially true if the species exhibits direct developarahtf the females select sites for
oviposition that will be optimal for juvenile survival and growth. Theemce of a planktonic
larval stage can affect both the gene pool and the distribution of popslatithin a species
because direct developers have limited dispersal and probalilseradarge proportion of their
recruits from their own population (Kyle and Boulding, 2000). After comparinditterinid
species with direct development to two littorisjoecies with a planktonic larval stage, Kyle and
Boulding (2000) found that the species with direct development had higher levetett ge
variation between populations. In a conservation study of 13 rocky inteitetalrsNew South
Wales, Australia, Benkendorff and Davis (2004) discovered that spdtiiedingct development
occurred at fewer sites than species with larvae that spendtatdeze time in the plankton.

The encapsulation and retention of embryos in the parental habitat can algo reduc
embryonic mortality by maintaining developing embryos within the egg or@gshey are better

able to avoid benthic predation or to cope with conditions they might encautiter plankton
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(Pechenik, 1979, 1986). Indeed, Hadfield and Strathmann (1990) have hypothesitedithat t
intracapsular stages observed in direct developers may result frday andembryonic hatching
caused by toughened jelly coats inside the mass.

Further protection is provided to the embryos by the very nature of thsgetamatrix
of the egg mass. Gel has been shown to slow the exchange of heat and pastielss the mass
and its environment (Woods and DeSilets, 1997; Lee and Strathmann, 1998). During periods of
emersion or desiccation, this can moderate the change in salinityesgeelby the embryos
within the mass, enabling encapsulated embryos to survive several kpossare at low tide,
while individual eggs would not be expected to survive (Strathmann and Hess, T88%ffect
of gel on exchange processes within a mass can protect embryos from raadegeeresalinity
as well. By slowing the rate of salinity change, the cellular mechanmsnsegulate cellular
volume have more time to acclimate (Woods and DeSilets, 1997; Strathmaldesd 999).
Capsule walls may also shield embryos from UV radiation (Rawlings, 1996).

Less time in the plankton could also provide the embryos with a refuge frdatiprein
the plankton (Rumrill, 1990; Rawlings, 1994), as the mortality rates ajpsntated embryos
appear to be lower than those for planktonic larvae (Strathmann, 198%)lofreent on the sea
floor may not necessarily be safer than development in the plankton,sedeheof embryos
deposited in gelatinous masses depends upon a suite of variables, intlagiagental choice of
oviposition site, the presence of benthic egg predators, and theenstrocthe mass itself.
Species experience varied availability of safe benthic oviposities (Benkendorff and Davis,
2004; von Dassow and Strathmann, 2005), egg mass predation (Shimek, 1981; Rawlings, 1990,
1994), and differences in the ability to produce masses that provide prote¢heradult’s range
of habitat (Biermann et al., 1992).

Oxygen limitations present another drawback for egg masses. Strathmarimaéiee C

(1984) likened a deposited egg mass to “a large mass of tissue witli@uiatary system,”
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limited in size and form due primarily to oxygen requirements of embrybéwite mass. The
amount of oxygen reaching each embryo is limited by the gel and by sibling embtlyesnass
(Cohen and Strathmann, 1996; Moran and Woods, 2007). Oxygen limitation within the mass can
alter the embryos’ development time and the size of juveniles uponrig@tahid can ultimately
lead to embryo mortality (Woods and DeSilets, 1997; Lee and Strathmann, 1998). Cohen and
Strathmann (1996) found that the decrease in oxygen available to embryos nidgdiedby
the presence of photosynthetic microorganisms associated withasggsnalthough Biermann et
al. (1992)concluded that these microalgae have a detrimental effect onasggsn While
increasing the volume of gel per embryo in masses can increase the oxygencstiply t
embryos, the gel itself is an extra investment by the female (Leetratldn$ann, 1998). The
energy expenditure associated with production and deposition of the eggaulakske high for
the female, affecting her fecundity. Therefore, an adaptive compromespised between
parental investment and the need for ventilation within the mass thattirilately affect each
embryo’s development and mortality (Strathmann and Chaffee, 1984; Lee ahdh&ima, 1998).
While the gel surrounding the embryos can provide some degree of proteaticsofer
radiation, desiccation and predation, encapsulated embryos are not immuttieeerpotentially
lethal factors (Pechenik, 1986; Biermann et al., 1992; Rawlings, 19%%|&xzki, 2005).
Russell and Phillips (2009) noted that desiccation led to increased montdtie encapsulated
embryos of a species of bubble-shell snails. Solar radiation can kill bemitvigas within an
egg mass, especially when the mass is deposited in shallow tide pools,hatthickigelly and
other embryos can provide protection for the embryos in the inner portidmes miiss (Biermann
et al., 1992). It is likely that the vulnerability of embryos to esvinental stressors is species-
specific (Russell and Phillips, 2009). The selection of an oviposition site tigatmihe effects
of some environmental stressors on an egg mass. Bierman(il&92) noted that egg masses of

Archidoris montereyensigere preferentially laid in shady spots, and that embryo mortality was
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lowest in the shade; they concluded that egg masses were prelfigriaidiat sites in which
survival of embryos was high.

The survival, growth and development of embryos within egg masses assardge
associated with the oviposition behavior of the parents and so can be teynmrospthtially
variable (Reich and Downes, 2003). The effect of oviposition behavior loryersurvival and
growth can influence the dynamics of populations, especially in direetajarng species.
Oviposition behaviors can be influenced by environmental factors and hyecifics.
Environmental factors affecting oviposition behaviors may include sea&sopetature, water
movement, and topography (Caldwell, 1986; Martel and Chia, 1991; Biermann et al., 1992;
Benkendorff and Davis, 2004). Many species of marine gastropods are repeducéutain
seasons of the year; others, suchiadaria iridescensandMargarites marginatusleposit egg
masses year round (Strathmann, 1987; Toyohara &08B). Lacuna vinctadeposits egg masses
year round, but still exhibits periodicity in egg mass deposition in an anralal(bfartel and
Chia, 1991). The seasons in which females deposit egg masses metdtmaiphysical stressors
to which the embryos and newly-hatched juveniles are exposed. Southern leosaed!irlbd
distinct oviposition patterns that are related to season and to temeddidwell, 1986).
Temperature may also affect egg mass depositibiruraria succincta,as other trochids are
known to shed gametes when warmed (Strathmann, 1987). Water movement magetiso aff
female’s choice of deposition sites. Low water velocities around ibesghg masses can arrest or
retard development (Cohen and Strathmann, 1996); animals may select sitesifposition of
egg masses in areas with greater water movement. Higher watetieglowy also affect the
extent to which masses are fouled with microalgae, although the effetrofilgal fouling on
the embryos within the mass varies among species (Biermannl&Sal). The topography of
the site selected for oviposition may affect both water movement arceingeds and shading of

the mass. Egg masses in crevices or shaded areas are lgds lileeome desiccated, and
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mortality rates from exposure to UV radiation in such sites are IBwermann et a].1992).
Oviposition for most of the marine gastropods surveyed by Benkendorff and(Ra0
required specific microhabitats.

While environmental factors may strongly influence oviposition behaviors, those
behaviors may also be influenced by other conspecifics. Oviposition behaaxerbden shown
to be temporally or spatially affected by the formation of breedingeggtions (Kupfermann and
Carew, 1974; Jahan-Parwar, 1976). The formation of such aggregations mmaiy eesponse to
the environmental factors described above (current, topography, temggaoatiar the
availability of resources (D’Asaro 1970; Croll, 1983). Aggregations ahsy form due to the
accumulation of egg masses deposited by conspecifics or to chemgatieased by mating or
egg-laying adults (D’'Asaro, 1966, 1970; Kupfermann and Carew, 1974; Audesirk, 1977; Croll
1983). Jahan-Parwar (1976) noted that one actively depoapiggiaindividual attracts other
Aplysiaindividuals and elicits further mating and egg-laying within ifdirals of the
aggregation. These behaviors may also be initiated by the introductioegd amass into the
holding tank of the adults. Kupfermann and Carew (1974) recorded sépfsinindividuals
depositing egg masses at sites with accumulated egg masses\gdsarti either the egg-laying
activity of several animals or of the same animals at diffen@esst Breeding aggregations are
also found in frogs (Caldwell, 1986) and in insects, where swarming belradimed by mating
can be associated with the selection of a site for oviposition (Reich and &008). Such
aggregations of breeding individuals allow individuals of both sexes torfatds (D’Asaro,
1970).

As with other members of family Trochidae, sexekianflaria succinctaare separate.
Fertilization inL. succinctas external, and is facilitated when adults pair during spawning
(Hadfield and Strathmann, 1990). At this time, the male sits atop the femdalel@ases sperm

as the eggs are deposited onto the substratum by the female. This reprdehetirier has also
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been observed in another trochoidean; in the spbtaegarites marginatusthemale sits either
on, or close to, the female’s shell while the female deposits her &sgy(imolyoak, 1988
(described aM. helicinus); Hadfield and Strathmann, 1990). In both species, the sticky gel
coating the eggs is apparently penetrable by sperm (Hadfield and Straflif80). After the
gelatinous egg masses are deposited by the females, embryos dewssoprqagh an
intracapsular veliger stage, and then metamorphose and emergelasygteveniles from the
mass. This developmental strategy is shared by other trochoideansigeumingener df.
succincta, Lirularia iridescenéloyoharaet al, 1999).

Factors affecting oviposition within the superfamily Trochacea ptghay as much as
both egg mass and developmental forms. These factors are rarely stagiesltteir
importance in determining population distributions. Becairsdaria succinctaare common in
the intertidal and deposit egg masses soon after being brought intbdretday throughout the
year, they are an ideal species for studying factors that can@ffposition. Egg masses are
found in the field year-round as well. However, to this date, factf#stiz@ig oviposition have
not been studied in the subfamily Lirulariinae. In this study | examine séaetais that |
expected to influence oviposition lin succincta.These factors include season, light,
temperature, water movement, topography, and the presence of other magsstidy
documents the presence of experimentally-determined patterns in oviposhiridy forl.

succincta.

Materials and Methods
Snail Collection and Maintenance
Lirularia succinctaindividuals were collected from South Cove(48' 11" N, 12423'
55"W) and North Cove (4318' 31" N, 122423' 55"W), Cape Arago, Oregon (Figure 2.1 in

Chapter Il of this thesis). Individuals not used immediately for an expetrivere kept in 3.7 L
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jars of seawater in a cold room at temperatures ranging from 9Go IBe feeding habits &f
succinctaare unknown, but the radular morphology of members of the subfamily Lirulariinae
may indicate suspension or deposit feeding (Hickman, 1985; Hickman and McLean, 1990).
Although it was observed thht succinctacan be kept for at least one month in 60 x 15 mm
polystyrene petri dishes without food, | placed cobbles from North Cove iarthéth them if
they were maintained in the laboratory for longer than two weekspieieesnails used in the
Seasoroviposition experiment). The cobbles were replaced every spring tidlen Ydcks were
placed in the jars, the snails moved onto the rocks, presumably to feed wiamaihot kept for

longer than six weeks in the laboratory.

Factors Affecting Oviposition
Season

During one spring tide each month, up to 20Qlaria succinctawere collected from
North Cove and brought into the laboratory. Two haphazardly selected indswadzre placed
into each of 100 60 x 15 mm disposable polystyrene petri dishes. The petri dishébedere
with seawater, covered, and placed in a single layer on the bottom of seastialquintainers
(25 x 37 x 14 cm), which were floated in a sea table with flowing seawaterhrEemhonths
when it was difficult to find_. succinctdn the intertidal, fewer than 100 pairs were used (97
pairs in June, 61 pairs in August, and 77 pairs in September).

Seawater was changed in the petri dishes every one to three days. Whatetheas
changed, each dish was examined for egg masses. If an egg mass had been tlepdssted,
was removed from its container.

AlthoughLirularia succinctahas two separate sexes, an individual's sex cannot be
determined unless the snail is dissected. | assumed an equal number ainchd¢esales were

collected for the experiment, giving me expected values of 50% of the igarsdvith a male-
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female pairing, 25% with a female-female pairing, and 25% with a malkepa#@ing. Every ten
days, partners of snails that hadn’t laid egg masses were switchecetsethe probability that
each snail would be paired with a snail of the opposite sex. Since eathatraesnail was
paired with a new partner, the likelihood of being paired with a snail of the sex, or of a
different sex, was equally probable, after being paired with threeatiffpartners, the expected
probability that any snail had been paired with a snail of the opposite sexatpoint in the
experiment was 87.5% (the actual probability of a pairing with a snail @ipjesite sex would
be less than this value, as it is unlikely that the same numberto$eatiad been collected
initially). All snails were removed from the petri dishes after 2&dayny adverse effects of
oxygen depletion or of a build-up of snail waste in the dishes were expectesitalaein all

dishes across all months.

The Presence of a New Partner

In the first few months of the Seasowviposition experiment described above, | noticed
that if the mating pair dfirularia succinctawere not immediately removed from the petri dish in
which an egg mass had been laid, another egg mass would often be deposited. Aemxperim
was conducted to determine if individual snails were more likely to degmigitional egg masses
if they retained their original partner or if they were paireith\&inew partner.

This experiment was conducted in May and July of 2010. In May, 30 egg-mass
producing mating pairs were used, while 38 pairs were used in July. Eanl paitiof snails
was randomly assigned to one of two treatments. Mating pairs inghedatment (n=15 in
May, n=19 in July) were removed from the petri dish in which they had beenadisrgplaced.

The individuals were then separated and placed into a clean new dish withvatuaddirom a
different mating pair. Mating pairs in the second treatment (n=15 in May, n318yinwere

placed with the same partner into a clean petri dish. All dishes from batménts were then
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randomly placed in a single layer on the bottom of two containers (25 x 37 x 14 cmjaad fl
in a sea table with flowing seawater.

Every three days the water in the dishes was changed and the dishezamgred for
egg masses. At that time, snalils in the first treatment that haktposited an egg mass were
placed with a new partner in an effort to ensure that each snail was paoedeapoint with a
snail of the opposite sex. When an egg mass was deposited, the numberiotleggnass was
counted. The snails in the first treatment had only an 87.5% chance of being pdiarad wit
member of the opposite sex, while all snhails in the second treatment Wwerkwvith a snail of
the opposite sex. For each trial, the number of egg masses depositeitshyg both treatments
was compared using a chi-squared goodness-of-fit test with the Yatesioarfer continuity
(Zar, 2010). For the analysis, the expected frequencies of egg masses dibyasils in the
first treatment were 87.5% of the expected frequency of egg neysesited by snails in the
second treatment. The numbers of eggs deposited per egg mass were compaesd betw
treatments and between trials using a two-way ANOVA. To ensure even suimbie
analysis, randomly selected egg counts were dropped from the first meatrieal 1 and from
both treatments in Trial 2. The numbers of eggs in each egg mass weesrsquiransformed

so the data would meet the normality assumption.

Light

Lirularia succinctawere collected from South Cove in May of 2010. Five adults were
assigned to each of 42 50-mL Falcon tubes. All Falcon tubes were laid holyziongatold
room at 12C under constant fluorescent lighting. Each Falcon tube was randesiyned to
one of three treatments. In the first treatment, 14 Falcon tubes wepketadyncovered in three
layers of black plastic. These Falcon tubes remained in the ddikwmrsly throughout the

experiment. The 14 Falcon tubes in the second treatment experienced a h2d&xkigycle.
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The Falcon tubes were completely covered in 3 layers of black plasti2 fauts. The black
plastic was removed, then replaced every 12 hours. In the third treat#d-alcon tubes
remained uncovered throughout the experiment. The water in the Falcon tslreplaeed each
day. The number of egg masses in each tube was recorded after four days

The experiment was repeated three weeks later as described above. rHiheeve
number of egg masses in each tube was also recorded on the first and second day.

The mean numbers of egg masses deposited per Falcon tube were compared among
treatments and between trials using a two-way ANOVA. The mean numbeg mibsses
deposited per day for the second trial were analyzed using a two-way depeaisures ANOVA
with Time and Treatment as factors.

To determine iLirularia succinctapreferentially lay egg masses in crevices, the position
of each mass within each Falcon tube was also recorded. The internal swdamiesa50-mL
Falcon tube was measured and the percentage of the internal sugacensidered to be a
‘crevice’ was calculated. ‘Crevice’ areas in the Falcon tube deeened to be the area near the
mouth of the Falcon tube that is covered or shaded by the cap, and the conical erd from t
crease to the tip. This overestimation of ‘crevice’ area withif-ttleon tube enabled a more
conservative analysis. A goodness-of-fit G-test was performed torieteif the masses were
laid in the bottom or under the lid of the Falcon tube (areas similarkarecices) more
frequently than would be suggested by chance. The numbers of masses depeadkdrea of
the Falcon tube were compared between treatments using a chi-squaysid ahal contingency
table. The null hypothesis for the contingency table was that the eggdeyosition sites in the

Falcon tubes were chosen independent of light treatment.
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Shading

To test for selective deposition between ‘shaded’ and ‘non-shaded’ areas anothe
experiment was conductedlirularia succinctawere collected from North Cove in February of
2011. SixL. succinctandividuals were placed into each of twenty 60 x 15 mm disposable
polystyrene petri dishes. The 20 dishes were then randomly assigned infavoméreatments.
In the first treatment, half of the bottom and lid of each dish was coveredhaitk plastic. In
the second treatment, the lid and the bottom of the petri dish were divided s Wih a
Sharpie line, and one of the halves was marked, to distinguish betweew widas: All of the
dishes were then placed in random positions, and at random orientations, on a ttayyashi
placed on a shelf below a fluorescent light in a cold room, and kept@fdi03 days. Once
each day, the location of each snail in each dish was noted and the numlgemakegs laid on
each side of each dish was counted. At that time, the seawater insgraalasl replaced.

The experiment was repeated as described above in March of 2011 withdlleited
from South Cove.

The numbers of egg masses deposited on both sides of the dishes in bonts2aere
compared using a chi-squared goodness-of-fit test for each trial. The pathégis was that egg
masses were deposited on both sides of the dishes in both treatments witteqaenacy.

The frequencies of adults positioned on each side of the dishes in bottetrsatvere
compared using two-way repeated measures ANOVAs with Day and Treaisnactors. The

frequency data were arcsine transformed before the analysis.

Water Movement

The effect of water movement on ovipositiorLirularia succinctawas tested using 3
different experiments, with three different methods for generatingrwatvement. In the first

experiment, 180 snailsere collected from South Cove in March of 2010. Ten snhails were
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placed into each of twelve 900 mL glass jars that had been filled with B@® seawater. The
jars were then randomly assigned to one of two treatments. In thesfatshént, six jars were
attached to the arms of two plankton wheels (Figure 4.1) with rubber bandarnief the
plankton wheels form two cylinders, each with a circumference of 62 cm. rifiseoéithe
wheels turn around a fixed point at 11 rpm. The plankton wheels were placed in@oookind
kept at an average temperature diCL1The six jars in the second treatment were placed
horizontally on the floor of the cold room next to the plankton wheel. The seawatgh
treatments was changed on the second day. After four days, the number ofggg imaach jar

was counted. The mean number of egg masses laid per jar of eachrtre@egmeompared using

a one-way ANOVA.

Figure 4.1 The plankton wheels used in an
experiment designed to test the effect of water
movement on oviposition ibirularia

succincta

90



Sixty moreLirularia succinctawere collected from South Cove in March of 2010. Five
snails were placed into each of twelve 50-mL Falcon tubes that had begmviih 45 mL of
seawater. The same procedure as described above was followed, witltgixtbbes attached
to the arms of the plankton wheels with rubber bands, and six Falcon tubexrizédtally on
the floor of the cold room. The seawater in the Falcon tubes was changedtbeeday. The
number of egg masses that had been laid in each tube was recorded on tleadbeighth days
of the experiment. The mean number of egg masses deposited per Falcotwabe be
treatments was compared using a two-factor repeated measurasAAMNM Day and Treatment
as factors.

In the second experiment, a hole was drilled into the side of one of two plasimeos
(13 x 32 x 7 cm) that were set into an empty seawater table. A rope evigoiegh the hole in
one of the plastic containers, and was attached to a lever arm on a smalinatior which
turned at a speed of 14 rpm and was set 65 cm above the plastic containersn kwbigon, the
rotary arm lifted the side of the container to which the rope was attzmhe returned it to the
surface of the sea table, in an erratic semicircular motion. Thaiger was set next to the wall
of the sea table, and would strike the wall of the sea table on its deddse. the container was
moving in this fashion, water in plastic beakers set into the contosdred back and forth.

Lirularia succinctawere collected from South Cove in March of 2010. Five snails were
placed into each of 26 250-mL Nalgene beakers, and 175 mL of seawater was adadéd to
beaker. Beakers were then randomly assigned to one of two treatifleats3 beakers in the
first treatment were placed into the container attached by a rope rtotdiny motor. The 13
beakers in the second treatment were placed into an identical contaimméryakiset in the sea
table next to the moving container, and remained stationary throughout the experttach

afternoon, the seawater in the beakers was replaced. The number ofimaasbhdbeaker was
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recorded on the third day of the experiment. The mean number of egg massesddegosite
beaker between treatments was compared using a one-way ANOVA.

The final experiment examined the effect of unidirectional water flovaofing velocity
on the oviposition oLirularia succincta. In this experiment, the conical ends were removed
from eight 50-mL Falcon tubes, creating a bottomless, lidded cylinder. Tw45cm
rectangles were removed from the sides of 4 of the Falcon tubes, leaginggments less than 1
cm wide extending from the uncut section of the tube. Eight sections of glarsten (1/16”
mesh) were cut and rolled into cylinders with the same dimensions asitie of the Falcon
tubes (height=9 cm, diameter=2.5 cm). The seams of the screen tubetueengith hot glue,
and one screen tube was inserted into each of the eight Falcon tulzesiadié four tubes in
which the screens were completely enclosed in the Falcon tube and fountwbésh most of
the screens were exposed (Figure 4.2A). The four Falcon tubes with thedespesn were
glued upright along one of the short sides of a 15 x 40 cm piece of Plexiglasibébevere
spaced 0.5 cm apart. The four Falcon tubes with the enclosed screen were gllieel i
perpendicular to the other four tubes on the opposite end of the Plexiglas, antbavepaeed
0.5 cm apart (Figure 4.2B).

This experiment was done using a re-circulating flow tank (trough dimeng&®mnsl8 x
110 cm) similar to that described by Vogel and LaBarbera (1978). The Plexaggdaced into
the flow tank and oriented with the exposed Falcon tubes upstream from ltteedriabes. The
flow rate was set to the testing velocity and the water level @jastad so that it was just below
the top of the screen in the exposed Falcon tubes. The water was plhietbaetto ensure the
snailsdid not crawl into the lid of the test tube, out of the current. A brickphaed in the flow
tank adjacent to the Plexiglas/Falcon tube apparatus on the downsttdeanThis caused the
water level around the enclosed tubes to rise to roughly the same wat@slévat surrounding

the exposed tubes. Fluorescein dye was used (i) to observe water flow, ¢otleaswater
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Figure 4.2. Diagrams of (a) an exposed Falcon tube, and (b) the entire Plexidtasi tde
apparatus. This equipment was used in an experiment designed to ¢ffstiahef water flow on
Lirularia succinctaoviposition.

obstructed by the enclosed test tubes and the brick had no noticeablerefiet¢oflow through
the exposed test tubes; (ii) to ensure the water travelled through tle tdyes at all velocities
used in the experiment; and (iii) to determine the flow rates througixplosed Falcon tubes by

timing the movement of the dye across a known distance.
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Lirularia succinctawere collected from North Cove in January of 2011. Ten snails were
randomly assigned to each of the eight Falcon tubes within the flow tank. Therexpevas
left to run in the flow tank for 48 hours, after which time, the waténé flow tank was replaced,
and 80 newL. succinctavere randomly assigned to the eight Falcon tubes. The flow tank was
then set to a new velocity and allowed to run for 48 hours. Every 12 hours toe fdles were
checked to see if any egg masses had been laid. At this time, snaitdtbeduled above the
water line were replaced in the water, and the water temperatsma@asured. Water in the
enclosed test tubes was changed every 24 hours. Four water velociéi¢ssient: 25, 30, 35,
and 40 cm-sét The order in which the velocities were tested was randomly assignedisBeca
the flow tank was not completely filled when the velocity of the wateravd® cm-set a
vortex was created in the flow tank by the propeller, entraining air bubbles.

The experiment was repeated in February, and again in March of 2011. In the February
trials, the water temperature in the flow tank was £@cdslder than in the previous trial, so an
aquarium heater was set into the flow tank to maintain the same temgethat were present

during the first trial.

The Presence of Other Eqg Masses

The purpose of the next two experiments was to ddauiiria succinctapreferentially

deposits egg masses next to masses that are already present. Hewifegdr Movement

experiment, egg masses were laid in twenty-three 250-mL Nalgekerbed&our days after the

Water Movemenexperiment was completed, these 23 beakers were randomly assigned to one of

three treatments. In the first treatment, the water in eight of therseaks replaced with 200
mL of filtered seawater (FSW), and the masses were left intact oidéseof the beakers. The
masses were circled on the outside of the beaker with a Sharpietify itthesm as ‘old’ masses.

The water in the eight beakers of the second treatment was replace@0uith. 2f FSW. The
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masses that had been laid in the beakers were gently scraped off ollgshelva masses were
then swirled vigorously but gently in the water, and were left in thecbedleaving the scent of
the masses in the jar). In the third treatment, all of the masses@moved from seven beakers,
and the beakers (plus an additional beaker in which no masses had beerréattdpreighly
cleaned with fresh water, rinsed with FSW, and refilled with 200 mL of FSW IsSrere
collected from South Cove in March of 2010. Five snails were placed in eadr,makthe
beakers were placed in a cold room, where they were kept@fdfive days. The beakers
were checked for egg masses on the first, third, and fifth day of theregpe The presence of
new egg masses was recorded, as was the proximity of the new maskEstal to other new
masses. Water in the beakers was not replaced to avoid losing thefshennasses in the
second treatment. It was assumed that any adverse effects of oxygenmeplte build-up of
snail waste in the beakers were similar in all beakers. f¥edays in the beakers, the snails
were not showing any signs of stress.

For the second experimenirularia succinctaindividuals were collected from South
Cove in April of 2010 and brought into the laboratory. Four adults and 40 mL of FSW were
placed into each of 25 Falcon tubes and the tubes were placed in a seatafdbevimiy seawater
for 6 days. The water in the Falcon tubes was changed every day. Afterssi@ay the
Falcon tubes had at least one egg mass laid in it. The snails meneetk and the 20 Falcon
tubes were placed in a cold room &€ 9or three days. Then, the egg masses in the tubes were
circled on the outside of the tubes with a Sharpie to identify them as ‘akbes, and the tubes
were randomly placed into one of 40 holes in a Styrofoam Falcon tube holgdentyTclean
Falcon tubes were placed in the 20 remaining holes in the Styrofoam. Tdrennalt tubes was
replaced with 40 mL of FSW and five newly-collecteduccinctavere placed into each tube.

The Falcon tubes were kept in a cold room°&t, @nd the water in the tubes was changed each
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day. On the first, second, and fifth day, the number of new masses deposited in eaels tube
counted, and their position relative to each other and to the ‘old’ massatswascorded.

For both experiments, the mean number of egg masses laid in each Falosasube
compared between treatments using a two-way repeated measures ANiWBawand

Treatment as factors.

Temperature

To determine the effect of temperature on ovipositidadrinlaria succincta,a
temperature gradient block similar to that described by Thomas(20&8) was used. It was
made of an aluminum block (20 x 60 x 6.5 cm) into which forty 2.7 cm holes had been bored.
This design allowed for four replicates at ten different tempega. Refrigerated and heated
water moving through tubes at opposite ends of the aluminum block using ors({&tVR
Scientific, Model 1146) maintained the desired temperature gradienth@veourse of the
experiment.

In the first trial,Lirularia succinctawere collected from South Cove in June of 2010.
Four snails were placed into each of 40 scintillation vials that had leensith FSW. The
vials were then randomly assigned to a temperature treatment imiherééure gradient block.
Four scintillation vials were in each of ten temperature treatmfrems11°C to 22C. Every 24
hours, the temperature of the water in each vial was measured using a YS#éBDdelele-
thermometer temperature monitor (Yellow Springs Instrument Companpw/8jprings, Ohio).
Then, the number of egg masses that had been laid in each vial was reaoddéd, FSW in
each vial was replaced. The experiment ran for three days.

The experiment was repeated wlifhularia succinctacollected from North Cove in
February of 2011. The temperature treatments ranged flono23C. The experiment ran for

four days.
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The experiment was repeated wlifhularia succinctacollected from South Cove in
March of 2011. The temperature treatments ranged ff@mcG2LC. This experiment also ran
for four days.

For each trial, the mean number of egg masses laid per vial at eachateingpens

compared using a two-way repeated measures ANOVA with Day and Temeasifactors.

Tidal Level

To determine if tidal level affects the frequency of egg mass depositicag2e were
built out of plastic screen with 1.5 mm mesh. Cages were cylindritabwieight of 2.5 cm and
a diameter of 5 cm. The edges and seam of the cage were fastened using hdteghattom of
the cage was made of half of a 60 x 15 mm disposable polystyrene petri didmevétiges of the
dish cut off. Two of the cages were placed into a re-circulating flokv(teough dimensions: 16
x 18 x 110 cm) similar to that described by Vogel and LaBarbera (1978). Keioreye was
used to ensure that water passed through the cages at speeds up to 45 drfesecates were
determined by timing the movement of fluorescein dye across a known distance

The experiment was conducted twice, in September and December of 2010. One
hundredLirularia succinctawere collected from North Cove in September of 2010. Five snails
were randomly assigned to each cage. Snails were placed in the cage, aghithed shut with
hot glue. Cages were then taken immediately to North Cove.

Ten of the cages were randomly assigned to be placed at -1.23 ft in tmécididal.
Five cages were placed 2 m apart on the landward side of a largeutoadpping, and 5 cages
were placed 2 m apart on the seaward side of the outcropping. Ten of the eagpkeed at
0.60 ft in the high intertidal. Five cages were placed 2 m apart on the sealeasfiasboulder
approximately the same size as the rock outcropping, and five cageplased 2 m apart on the

landward side of the boulder. The cages were checked every dayftthegaenere damaged or
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missing. The cages were returned from the field after four days. Thef thpscages were
removed, and the cages were inspected under a dissection microscope éansegd masses
had been laid while the cages were in the field.

The second trial was done in December using the same protocol, excépsldlincta
were collected and 10 snails were randomly assigned to each dish. Misreveraused in this
trial because the rate of oviposition appeared to be lower in Decembgrprediminary data
from the_Seasoaviposition experiment. The rate of oviposition in November was 8%, compared
to 70% in August.

The mean number of egg masses deposited at the high and low tidaMaselsmpared
using a one-way ANOVA for the first trial. Too few were returnedréfte second trial to be

analyzed.

Egg Masses Deposited in Crevices on Cobbles
From 2010 to 2011, each time an egg mass was found on a rock in the field, the rock was
brought in to the laboratory. Pictures were taken of the rock from all sithescr@vices on each
side of the rock were marked on the pictures. The surface arearofkrand of the areas of the
rock deemed to be crevices were measured using Image J to the nearestitnmuamBer of egg
masses, either on flat surfaces or in crevices of the rock, wasdouhtgoodness-of-fit G-test
with Yates’ correction for continuity was used to determineriflaria succinctapreferentially

deposit egg masses in crevices on rocks in the field.

Results
Observations on Oviposition lyrularia succincta
Lirularia succinctaindividuals deposited transparent gelatinous egg masses on the sides

of the containers in which they were kept in the laboratory throughout the $eails can
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deposit egg masses within a few hours of being placed in a seatablean lay egg masses in
the laboratory after three weeks in the laboratory. Whesniccinctaadults were isolated
individually in Petri dishes, they did not deposit egg masses. Onopwiefdeposited an egg
mass, she never laid another egg mass unless a male was presestinguipge femaledo not
store sperm. In the laboratory, each female deposited up to three egg.maise second and
third egg masses were laid from one to eight days after the fisst was laid. When egg masses
were observed under a microscope shortly after having been depositedappeared to be in
the gel throughout the mass. Occasionally, many eggs in a mass reomdarélized.

The average size of the egg massdsrofaria succinctawas 5.4 £ 1.3 SD mm (n=43).
The eggs varied in color from beige to the palest green. Massegaevamlly flat, with
embryos laid in a single layer (Figure 4.3A), although masses did havayers of embryos
when they were large or when their shape was constrained (i.e., by thesievidich they
were deposited). Each mass contained an average of 127.6 + SD 57.4 eggs,peithmass
numbers ranging from 30 to 311 eggs per mass (n=136). The mean diameters of 108idewly-|
eggs in nine egg masses were 187.6 £ SD 13.2 um (range 150.8- 215.7 um), enclosed in oval
envelopes with a mean diameter of 247.1 + SD 19.0 um (range 192.9- 297.9 um) (Figure 4.3B).
Cleavage was spiral. Embryos developed into intracapsular nge(igigure 4.3C), which
continued developing within the egg mass until the young hatched dsagvayjuveniles
(Figure 4.3D). The time it took for the juveniles to develop and hatch depeapda
temperature; juveniles began hatching after seven day$Gtat after 14 days at@@ Upon

hatching, juvenile shells had a mean diameter of 293.2 + SD 26.7um.
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Figure 4.3. (A) An egg mass of
Lirularia succincta. Scale bar is 1.5
mm. (B) Eggs oL. succinctaat the 1-
cell stage, (C).. succinctaas
intracapsular veligers, and (D) Newly-
hatched juveniles df. succincta Scale
bars for B, C and D are 150 pm.



Factors Affecting Oviposition
Season
While Lirularia succinctadeposit egg masses year-round in the laboratory, the
reproductive output varies throughout the year (Figure 4.4). It appears to@edk when 85%
of the pairs ot. succinctadeposited an egg mass, and reaches its lowest point in November,

when only 8% of mating pairs deposited an egg mass.
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0.2

Number of egg masses deposited / pair
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Figure 4.4.Number of egg masses deposited by paitdrafaria succinctaeach month over a
14-month period. 100 pairs were used each month except June (97 pairs), August (&hgairs),
September (77 pairs).
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The Presence of a New Partner

No significant difference was detected between the number of eggsyiegsosited by
females paired with partners that they had already mated with, ane$gpadded with new
partners (Trial 1: df=1;?=0.0444, p=0.8331; Trial 2: df=3?=0.1473, p=0.7011). Females were
more likely to lay a second egg mass in July, when 0.87 + SD 0.34 masses pgpaiatvere
deposited, than in May, when 0.57 = SD 0.50 masses per mating pair were deposited.efighere w
significantly more eggs per mass deposited in July (60.5 + SD 20.5 eggag®rthan in May
(27.7 £ SD 19.6 eggs per mass). However, the number of eggs deposited per mass was not
significantly different between treatments for either trialQ5¥2, p=0.455) (Table 4.1; Figure

4.5).

Light
In both trials, there was no statistically significant effect dftlign the number of egg

masses laid in the Falcon tubes (Figure 4.6A), but there was a signifiifargnce between

Table 4.1.Results of an ANOVA comparing the number of eggs deposited per massifoirsna
two treatments (paired with a new partner, or paired with a pawrittewhich the snail had
already mated) for two different trials (in May and July).

Source of Variation df SS MS F P
PartnerType 1 1.362 1.362 0.572 0.455
Trial 1 43.657 43.657 18.342 <0.001
PartnerType x Trial 1 0.758 0.758 0.318 0.577
Residual 29 69.025 2.380
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Figure 4.5.Mean number of eggs per mass deposited by a mating pair of snails (n=0&b in Tr
n=19 in Trial 2). Females had previously deposited an egg mass, eithdrarsdmte partner, or
with a different partner. Error bars represent 1 SE. Values are nificsigt between treatments
(F=0.572, p=0.455), but are significant between trials (F=18.342, p<0.001).

trials in the number of egg masses laid (Table 4.2A). At the beginningyftMeaverage
number of egg masses laid in each Falcon tube was 1.5 + SD 1.3. At the end of M&§0D2.7 +
1.7 egg masses were laid on average in each Falcon tube. The two-wigdrepeEssures
ANOVA violated the assumption of sphericity (Mauchley’'s W=0.7807, p=0.0091). The fex
the Huynh-Feldt Epsilon was greater than 8=0(8952), so the Huynh-Feldt adjusted df were
used for within-subject factors (subjects being the individualoRaigbes). This analysis verified
that there was no significant difference among the three lightriess$ (Table 4.2B). There was
a significant difference in the number of egg masses laid each day thighiFalcon tubes, but

there was no interaction between Day and Treatment (Table 4.2C). Véhdmythwere
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Figure 4.6. (A) Mean number of egg masses deposited per Falcon tube across aktighents
in two trials (n=14 Falcon tubes per treatment). Values are not satitbetween treatments
(F=0.208, p=0.813), but are significant between trials (F=11.718, p<0.001). (B) Mebharmfm
egg masses deposited per Falcon tube each day of the second trial. Madigrsificant for day
(F=8.66, p=0.0007) but not for light treatment (F=0.98, p=0.3836). Error barserpleSE in
both graphs.
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Table 4.2.Results of (A) a two-way ANOVA comparing the number of egg massessided per
Falcon tube in three light treatments (constant light, constaktHahours of light and 12 hours
of dark) for two different trials (at the beginning and end of May)liB)between-subjects, and
(C) the within-subjects tests for a two-way repeated measINES/A for the second trial, with
Day and Treatment as factors. Subjects were Falcon tubes (n=14peet®. P"is the Huynh-
Feldt adjusted P value.

(A)

Source of Variation df SS MS F P
Trial 1 28.666 28.666 11.718 <0.001
Treatment 2 1.018 0.509 0.208 0.813
Trial x Treatment 2 3.759 1.879 0.768 0.467
Error 77 188.363 2.446
(B)
Source of Variation df SS MS F P
Treatment 2 2.016 1.008 0.98 0.384
Error 39 40.024 1.026
©
Source of Variation df SS MS F P
Day 2 21.730 10.865 8.66 <0.001
Day x Treatment 4 6.365 1.591 1.27 0.292
Error (Day) 78 97.905 1.255

compared using post hodBonferroni t-test, the number of egg masses laid on Day 1 was
significantly different from the number of masses laid on Day 2 (t= 3.214006) and Day 4
(t=3.896, p<0.001). There was not a significant difference between the mohagg masses

deposited on Day 2 and Day 4 (t=0.682, p=1.000).
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The area under the lid constituted 15.8% of a Falcon tube’s interfedesarea. This
area was shaded by the lid when the tube was lying horizontally. The oppdsitiettes tube,
which is referred to in these experiments as the “conical end,” made up 10/2dulia’s
internal surface area. The conical end was deemed to be the entire botiertubg&t from the
crease to the rounded tip. The remaining 73.8% of the Falcon tube’s internee suefa is
referred to as the “side” of the tube. In the Falcon tubes from the éxgletiment, 41.7% of egg
masses in all treatments were laid under the lid of the tube, 30.4% weretlsdconical end of
the tube, and 27.8% were laid on the side. The frequencies of masses diépesitd of the
three areas of the Falcon tubes were significantly different fromwdat be expected if
selection of deposition sites in each tube had been random (G=106.141, p<0.0001)(Figure 4.7).
A goodness-of-fit G-test was used for this analysis because, in 2lelgolute value of the
difference between the observed and expected frequencies was muchtigaedtes expected
frequency (Zar, 2010).

When the numbers of egg masses laid in various areas of the tubeowpared using a
chi-squared analysis of the contingency table illustrated in Tabléhé.8ull hypothesis was
rejected (df=4y’=16.4695, p=0.0024). The results of the analysis show that the frequencies with
which egg masses were deposited in all three areas of the Falcavengh®ot independent of
light treatment. Snails in the treatment exposed to 24 hours of darknesisedemose egg
masses on the side of the Falcon tube than in the lid or in the conical end.irShai light
treatment that experienced both light and dark preferentially depdséie@gg masses under the
lid of the Falcon tube, while snails experiencing constant light deposé&detyg masses under
the lid or in the conical end of the tube twice as frequently as theyitsptieem onto the side of

the tube (Figure 4.8).
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Figure 4.7.(A) Proportion of the internal surface area of a Falcon tubemézed as the area
under the lid, the conical end of the tube, or the side of the tube. (B) Ryomdreégg masses
deposited in each area of the Falcon tube (n=115). Masses were depositeimcélesnd or
under the lid more frequently than would be suggested by chance (G=106.141, p<0.0001).

Shading

In the first trial, nine masses were laid on the dark side and none wera tael lgght
side of the dishes in the experimental group, while three masses andsmeene laid on the
marked and unmarked sides of the dishes in the control group, respectivglsnagses were
laid on the dark sides of the dishes significantly more than on thesidgd or on either side of
the dishes in the control group (df58:15.000, p=0.0018). The expected frequencies for the
analysis were small (3.25 for all columns); however, chi-squared analgsedbast when testing
for uniform distributions (Zar, 2010). By subdividing the chi-square analysisntfthat the
frequencies of egg masses deposited on either side of the control ditloestha light sides of

the dishes in the experimental group were uniformly distributed (¢f=2,500, p=0.1737).
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Table 4.3.Contingency table used to analyze the location of deposition sites of eggaia
Falcon tubes exposed to three different light treatments (const&neds, constant light, 12
hours of light and 12 hours of dark). Deposition sites in the tube were clhssifieing under
the lid, on the side, or in the conical end. Observed frequencies were the nlisdggemasses
deposited in each area in 14 Falcon tubes per treatment. Expected fiesy(itadicized) were
based on the null hypothesis that the distribution of egg mass depositian 8ie8 areas of the
Falcon tube was independent of treatment. If the null hypothesis werthe@xpected
frequency of masses laid in each area of the Falcon tube (columnssii”, and “end”) would
have the same proportion of egg masses as the final proportion of massesti@dtment
(columnny), and the proportion of egg masses in each treatment (rows “dark”, “12:12", and
“light”) would be the same as the proportion of egg masses laid in eacbwan&ll (rown,)

Area of Falcon tube

Treatment Lid Side End ng
Dark 9 16 13
(48 x 0.330) (32 x 0.330) (35x0.330)  °8
12 light: 12 dark 21 ! 4 -
(48 x 0.278) (32 x 0.278) (35 x 0.278)
Light 18 9 18
(48 x 0.391) (32 x 0.391) (35x0391)
n, 48 32 35 115

Therefore, the nonconformity of the data to the original hypothesized (unifisstripution is
due to the observed frequency of egg masses deposited on the dark sidesbéshelul the
second trial, the data did not differ significantly from the null hypothdéssumiform distribution
of egg masses on all sides of all dishes (df=37.500, p=0.0575), although more masses were
again deposited on the dark sides of the dishes (eight masses) than dit giédgy(one mass) or
on either side of the control dishes (one and five masses).

For the first trial comparing the positions of the adults in the didhesgsumption of
sphericity was violated for the repeated measures ANOVA (Mauchley&4¥36, p=0.0135),

but the Huynh-Feldt Epsilon was greater than 8370(9018), so the Huynh-Feldt adjusted df
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Figure 4.8. Frequency of egg masses deposited under the lid, on the side, or in theezwhiuia
42 Falcon tubes placed in one of three different light treatmentgdoonsirk, 12:12 light:dark
cycle, constant light). (A) Total number of masses deposited in eaclicareach treatment. (B)
The number of egg masses deposited in each area adjusted for sedianfetlae inside of the
Falcon tube. There was a significant difference in the number of srlagbén each area
between treatments (df=£=16.4695, p=0.0024).

109



was used for within-subject factors (subjects being the individualdisites). The assumption
of sphericity was met for the second trial (Mauchley’s W=0.4750, p=0.0693).Hririzds, there
was a significant difference in the position of adults in the contrbediand the partially-
covered dishes (Table 4.4A), but there was not a significant differerwedretiays (Table
4.4B). The frequency with which snails were found on the dark sides of thdyarisered
dishes (0.34 £ SD 0.18 in the first trial; 0.22 + SD 0.17 in the second trial) gvéficsintly
lower than the frequency with which snails were found on the marked sidesadirttrol dishes

(0.51 + SD 0.22 in the first trial; 0.46 = SD 0.27 in the second trial) (Figuye 4.9

Water Movement

In the first three experiments in which different containers werepukatéd to simulate
water movement, the differences in the mean number of eggs laid in ibeastatontainers
were, in all cases, significantly lower than the mean number of eggs laioving water. The
stationary jars in the first experiment had an average of 0.7 + SD 0.8aaiskin each jar,
which was significantly lower than the number of masses laid in thgnmgfars (3.8 + SD 1.2
masses per jar) (F=29.590, p<0.001). Similarly, the stationary Falcon tubessgcbnd
experiment, having an average of 2.2 + SD 1.2 masses laid in each tube, hadsiyniGaer
masses deposited in them than in the Falcon tubes attached to the planktdb.@ke8D 2.5)
(F=6.202, p=0.032). In the third experiment, the stationary beakers had an averdge $D
1.1 masses laid in them. The beakers in the container attached to tlzriewéthe motor had
an average of 3.5 £ SD 2.0 masses laid in them. These two means wereasigyififferent
(F=7.100, p=0.014).

The results from the flow tank experiment show that the degree obNiayian Lirularia
succinctaoviposition is greater than can be accounted for with this experinussigin, which

was limited in the number of replicates that could be used (Figure 4.10). Themainegg
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Table 4.4. Results of 2 two-way repeated measures ANOVAs testing the effsstiamle” on the
position of snails in petri dishes for two trials. The table showsg#$ for between-subjects
effects, and (B) tests for within-subjects effects for both tri§lsbjects were petri dishes (n=10

per treatment) bisected by a Sharpie line (control treatment),ferdvalred with black plastic
(experimental treatmentis the Huynh-Feldt adjusted P value. Data were arcsine transformed.

(A)

Trial 1 Trial 2
Source df SS MS F P df SS MS F P
Treatment 1 0.938 0.938 25.13 <0.001 1 1.749 1.74P4.41  0.002
Error 18 0.672 0.037 15 1.821 0.121
(B)
Trial 1 Trial 2
Source df SS MS F P df SS MS F P
Time 3 0114 0.038 0.52 0.651 3 0.084 0.028 0.32.809
Time x Treatment 3 0.109 0.036 0.49 0.669 3 0.180.060 0.69 0.562
Error(Time) 54  3.954 0.073 45 3.931 0.087

masses deposited was inconsistent at water velocities of 20 to 36 treeever, oviposition

never occurred at a water velocity of 40 cmi'sec

The Presence of Other Egg Masses

When multiple egg masses were deposited in the laboratory, 62.5% of the masse
(n=195) were laid adjacent to other recently laid masses. 63.1% of sgga{a=48) observed
on cobbles in the field were laid adjacent to other masses. The numbalatédd and adjacent
masses could not be compared using one-way ANOVASs because the assofmudionmality
was violated, so the non-parametric Kruskal-Wallis one-way ANOVAaoks was used to

determine that the number of masses that were deposited adjacent toastbes was
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Figure 4.9. Average frequency with which snails were found on the specified side af dipbkt
Each petri dish in the control treatment (closed circles) was bisectetn®y and one side of the
dish was marked. Half of each petri dish in the experimental treatmemt ¢oples) was
covered with black plastic (A) Trial 1. Values are significant eemtreatments (F=25.13,
p<0.0001), but are not significant between days (F=F=0.52, p=0.6513). (B) Trial2s\4aé
significant between treatments (F=14.41, p=0.0018), but are not signiicaveéen days
(F=0.32, p=0.7793). Error bars represent 1 SE in both graphs.
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Figure 4.10. Effect of

current on oviposition. Four
Falcon tubes had mesh sides
open to water flow; four
tubes were enclosed and not
exposed to the current. Ten
Lirularia succincta

individuals were placed in
each Falcon tube. The
experiment was run in a flow
tank where each water
velocity was tested for 48
hours. L. succincta
individuals were replaced
between velocity treatments.
The experiment was
conducted three times. Error
bars represent 1 SE.



significantly higher in the laboratory (H=13.326, p<0.001), but not in the fiet®.(¥8,
p=0.673). The difference in the ability of the tests to detect signifdifferences probably
resulted from fewer masses being considered in the latter analysis.

When the two-way repeated measures ANOVAs were run, the data frorptrarent
with the beakers violated the assumption of sphericity (Mauchl@y8.6579, p=0.0152). The
Huynh-Feldt adjusted df was used for the test of within-subject effdaig-Feldte = 0.8653).
The assumption of sphericity was met for the data from the experimértheiFalcon tubes
(Mauchley's W= 0.9706, p=0.5753), but the assumption of normality was violated. &kpeat
measures ANOVAs are robust for violations of this assumption, so | pled¢&ath the analysis.
In both experiments, there was no significant difference in the mean numberrméssggs laid
per container in each treatment (Table 4.5A). In the beakers, there igadicast difference in
the mean number of masses laid each day (F=11.83, p= 0.0002). An average of 0.33 £ SD 0.64
masses per beaker were deposited on the first day, 0.83 + SD 0.76 massespevdreak
deposited between the first and third day, and 1.75 + SD 1.39 masses per beallepusted
between the third and sixth days, which is not surprising, as more tdrlegszd. There was not
a significant difference in the mean number of masses laid each day irdbe tehes (F=3.57,
p=0.0331) (Table 4.5B). An average of 0.58 + SD 0.81 masses per tube were deposited on the
first day, but only 0.20 + SD 0.41 masses per tube were deposited on the second day. 0.50 + SD
0.78 masses per tube were deposited between the second and fifth day.

In the treatments of the experiments that contained previously-depagitetbsses, it
was noted that masses were laid next to recently-laid masses moraadfiémey were laid next
to masses that were more than four days old. After a new mass was dapaesdteh beaker or
Falcon tube, the females depositing subsequent egg masses had the ajetpmsitihg a mass
adjacent to a recently-laid mass, adjacent to an old mass, or ¢fsfaoin) from other masses.

In the first experiment, one mass was deposited next to an old mass, and eigieposited
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Table 4.5. Results of 2 two-way repeated measures ANOVAs testing the dffedhe presence
of deposited egg masses had on the ovipositidirofaria succincta The table shows (A) tests
for between-subjects effects, and (B) tests for within-subgdtdsts for both experiments.
Subjects in the first experiment were 250-mL Nalgene beakers (n=@a@nént); treatments
were clean beakers, beakers containing the scent of deposited egg} maddrakers containing
previously-deposited egg masses. Subjects in the second experimeRalwerstubes (n= 20
per treatment); treatments were clean Falcon tubes, and Falcon tutaésicgpreviously-
deposited egg masseB!is the Huynh-Feldt adjusted P value.

(A)

Experiment 1 (250 mL beakers) Experiment 2 (Falcon tubes)

Between-Subjects Effects Between-Subjects Effects
Source df SS MS F P df SS MS F P
Treatment 2 1.194 0.597 0.67 0.523 1 0.075 1.74914 0 0.711
Error 21 18.750  0.893 38 1.821 0.541
(B)

Experiment 1 Experiment 2

Within-Subjects Effects Within-Subjects Effects
Source df SS MS F P df SS MS F P
Day 2 24778 12.389 11.83 <0.001 2 3.150 1.575 7 3.%.033
Day x Trmt 4 3.222 0.806 0.77 0.536 2 1.950 0.973.21 0.117
Error(Day) 42 44.000 1.048 76 33.567 0.442

next to recently-deposited masses. In the second experiment, one massositsdiegxt to an
old mass, and five were deposited next to a recently-laid mass. In eaclvad #weriments,

Six masses were deposited distant from other masses.

Temperature

There was no difference in the number of egg masses deposited amangriteat any

of the trials, despite a trend toward greatest mean numbers of eggsrbasveen 15 and°C/
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(Figure 4.11; see Table 4.6 for all F and p values for all trials). Thesefgtéor all three trials
violated the assumption of sphericity but the Huynh-Feldt Epsilon veasegrthan 0.7 for all 3
trials (Table 4.7) so the Huynh-Feldt adjusted df was used for vdthiject factors (subjects
being individual scintillation vials). There was a significantadighce in the number of egg
masses laid each day in Trial 1 (F=4.59, p=0.014). An average 0.39 + SD 0.59e¥ meiss
laid in each scintillation vial on Day 1, and an average of 0.36 + SD 0.54 masedaid/i@er

vial on Day 2, but only 0.09 + SD 0.30 masses were laid per vial on Day 3.

Tidal Level

When the cages from the first trial were brought in from North Cove, a méné 6fSD
1.0 eggs per cage had been laid in the low intertidal, and a mean of 0.2 * 0.4regage and
been laid in the high intertidal. Because the assumption of normalityiolated, the Kruskal-
Wallis test was used to show that a significant difference imgsa number of egg masses laid
in the cages at both tidal levels had not been detected (H=1.076, p=0.300). totitktsal,
only four cages were brought back from the low intertidal, and five cagesbnmrght back from
the high intertidal. The rest of the cages had been carried away by mglagien. Of the
cages that were brought back, there was a mean of 0.5 + SD 0.6 egg massgs |p&t itathe
low intertidal, and a mean of 0.6 + SD 0.9 egg masses deposited in thencingelsigh

intertidal.

116



(A)
3.0

2.5

1.5

0.5 +

0.0

B
3.0 ~

2.0 1

1.0

Number of masses deposited / vial
o
|

0.0 + ]

(©)
3.0 §

2.5 1
2.0 1
1.5 1
1.0 1
0.5 1

0.0 1 i i 2 |
5 10 15 20 25

Temperature (°C)

Figure 4.11. Effect of temperature on oviposition. There were ten temperaaattents in

each trial, with four scintillation vials per treatment, and fawlaria succinctaper vial. The
experiment was conducted three times. Values are not significargdretieatments (Trial 1:

F=0.65, p=0.745; Trial 2: F=0.87, p=0.560; Trial 3: F=2.00, p=0.0749. Error bars represent 1 SE.
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Table 4.6. Results of three two-way repeated measures ANOVAs testingfdut eff
temperature on oviposition &frularia succincta The table shows tests for between-subjects
effects and tests for within-subjects effects for all thriedstr Subjects were scintillation vials
with 4 snails per vial (n=4 per treatmenB"'is the Huynh-Feldt adjusted P value.

TRIAL 1
Source df SS MSS F P

Between Subjects Temperature 9 1.367 0.152  0.65 7450.
Error 30 7.000 0.233

Within Subjects Day 3 2.067 1.033 4.59 0.014
Day x Temp 27 6.433 0.357 1.59 0.093
Error(Day) 90 13.500 0.225

TRIAL 2
Source df SS MSS F P

Between Subjects Temperature 9 0.931 0.103 0.87 5600.
Error 30 3.563 0.119

Within Subjects Day 3 0.369 0.123 1.65 0.183
Day x Temp 27 2.694 0.100 1.34 0.152
Error(Day) 90 6.688 0.074

TRIAL 3
Source df SS MSS F P

Between Subjects Temperature 9 3.975 0.442 2.00 0750.
Error 30 6.625 0.221

Within Subjects Day 3 1.550 0.517 1.87 0.140
Day x Temp 27 8.575 0.318 1.15 0.306
Error(Day) 90 24.875 0.276

Egg Masses Deposited in Crevices on Cobbles
A chi-squared goodness-of-fit test was used to determlriril&rria succincta
preferentially deposit egg masses in crevices on rocks in the field e ®jthmasses deposited
on 23 cobbles photographed in the laboratory, 78.5% of the masses (n=68¢pasited in a
rock’s crevices. Crevices in rocks only accounted for 10.7 £ SD 3.2%i0§tinface area, so

there were significantly more egg masses deposited in crevices/théd be accounted for by
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Table 4.7. Mauchley’s criterion, its associated p-value, and the Huynh-FeldoBgdsr three
trials of an experiment testing the effect of temperature on ovipositionl thmes# trials, the
assumption of sphericity was violated, so the Huynh-Feldt adjusted efused.

Mauchley’'s W P Huynh-Feldt ¢
Trial 1 0.7641 0.0202 1.1051
Trial 2 0.4955 0.0012 1.0890
Trial 3 0.6427 0.0264 1.1055

chance (G=193.408, p<0.0001). An average of 2.8 + SD 2.9 egg masses per rocklviretbdai
crevices of the cobbles, and 0.8 + SD 0.1 masses per rock were depositedwiaites. On
one of the cobbles in the latter category, three masses were laithbarad of the rock, but

were laid at the base bliva.

Discussion

A few patterns in the oviposition behaviorlofularia succinctaemerged from these
studies. The first experiment showed a clear trend in reproductiveipityio&everal species of
marine gastropods reproduce year-round, but exhibit periods of higher repm@dutput
(Strathmann, 1987)Lirularia iridescensa congener of. succinctaound in Japajdeposits egg
masses throughout the year with peak oviposition frequencies in Apyibliara et a|.1999).
Reproduction fot. succinctas nearly continuous and probably cyclical, as it idfacuna
vincta(Martel and Chia, 1991). While it appears that there is a sedsamalin the frequency
with which egg masses are deposited in the laboratory, variationsabgbesed frequency of

egg mass deposition could be the result of an altered sex ratio in dhetiexh the snails were
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collected. If the ratio of females to males differed to any great éréemtmonth to month, the
change in the sex ratio would have manifested itself as a reductlwnnaté of oviposition if.
succincta however, it is unlikely that the ratio of females to males in the ptipalwas skewed
enough to lower the oviposition frequency from 85% in July to 8% in November. Theeibser
degree of change in the frequency of oviposition most likely occurred aslteofebe peak in
reproductive output in the late summer. The differences in fecunditg @dults may also be a
reflection of differences in physical stress or resource av#jalwhich is also associated with
seasonality. In the summer months, wave action is lower, so the substrdtizloh.\succincta
are found is more stable. Sea surface temperatures are higherchiogytize temperatures at
which greater mean numbers of egg masses appear to be depositsddnynctan the
laboratory. Ulva spp. are present in greater abundance in the intertidal, providing more abundant
and diverse microhabitat for the snails, and possibly providing more suit@oledssites on
which to deposit egg masses (see Biermann,€itQg?2).

Lirularia succinctaegg masses are frequently found adjacent to athgrccincta
masses. The occurrence of adjacent masses was similatabdheory (62.5%) and the field
(63.1%). In the laboratory, clusters of 15 to 20 egg masses may be deposigechiméns of the
1-gallon jars in which the snails are kept; interestingly, the masses| adjacent to each other,
but rarely overlap. When aggregations of masses are found in the fieldrehalgo found
adjacent to, but not overlapping, each other; when the surface of adsevavered with egg
masses, other masses are often found deposited in nearby cracks or.ciiévgesiposition
strategy allows for greater diffusion of oxygen within all eggseaasas the oxygen supply to
each embryo within a mass can be limited by the thickness of the maassaggregation
(Cohen and Strathmann, 1995; Strathmann and Hess, 1999). There is no way to tell, ifoweve
aggregations of masses in the laboratory or the field were produced b8l sifferent females

depositing a single mass, or by one or two females depositing multiple m&sg#ermann and
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Carew (1974) found th&plysiamay return repeatedly to the same locations to deposit masses.
The same could be true lof succinctandividuals; clusters of three masses found in the field
could all have been deposited by the same female. The experiment testingftedhef the
presence of a new partner on oviposition behavior shows that females kedyas Inate with a
male that they have already mated with as they are to mate with @ar@er. Lee and
Strathmann (1998) suggest that partitioning embryos into smaller clutcheb provide an
adequate oxygen supply to the embryos with less gel required in the masy, deerelsing
embryo mortality without requiring an energy expenditure that lirettaridity. It then follows
that a viable reproductive strategy would be to lay multiple, smaliemagses rather than one
large mass. For species depositing multiple small masses, theapamesgtment could still be
high if there were a scarcity of suitable oviposition sites availigle and Strathmann, 1998).
Hence the deposition of multiple small masses could be an effectivévadaphpromise fok.
succinctaas they do not seem to be limited in suitable oviposition sites. The fiiteapeirrence
of adjacent masses in the field and in the laboratory could also resulidigregating behavior
exhibited by adults. This behavior was never observed in the laboratorerfield, although
cobbles in the field on which egg masses had been deposited often hadfitwedinmes as
many individuals on them as on surrounding cobbles.

The results of both experiments testing for the effect of previously-deg@sgig masses
on oviposition seem to indicate that egg masses were not preferentubitdd in containers
when other egg masses were present. It is possible that chemizaingpeues are not produced
by L. succincta, or, if they are, they are not released from egg madsesact that the egg
masses were 4 days old could also have led to the observed resules,d{¥366) noted that
communal spawning ifthais haemastomdid not occur after the embryos within the mass had

reached the veliger stage.
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The results from the temperature experiment seem to indicaldriatia succincta
preferentially deposit egg masses in temperatures warmer tharikbbsexperienced by the
snail in the intertidal. This could simply be an artifact of being wdriméehe laboratory, and not
an indication of an oviposition behavioral pattern; other gastropods willtesbtiseir gametes if
they are warmed after being brought into the laboratory (Strathmann, 19&7hottikely that
this is the temperature range in which they preferentially deposihagges in the field, as ocean
temperatures near Cape Arago rarely rea8.19 he variance in the number of egg masses
deposited per vial was also high; some vials had four egg masses deipasiesd, while others
in the same treatment had no egg masses deposited. This high degresbihtywaould in part
account for the results obtained in the second trial (Figure 4.11B), whiictotdcorrespond with
the results from the first or third trial.

The first three water movement experiments indicate that water movensent paound
a shail may stimulate oviposition, but these results were not vesifitttk three trials of the flow
tank experiment. It is possible that water movement may simply stinsutdtedding of gametes
in L. succincta.lt is also possible that, liképlysig chemical cues released by reproductively
activelL. succinctandividuals stimulate oviposition in their conspecifics, and that theniciad
cues are dispersed through the water more thoroughly and rapidly in agiéé¢edAudesirk,
1977).

The most consistent pattern emerging from these investigations warefkeence that
Lirularia succinctafemales exhibited for depositing egg masses in crevices. All goedfigts
tests comparing the placement of egg masses in ‘crevice’ and ‘edioeirareas indicated that
egg masses were deposited in a non-random manner with respectde sveface area. Egg
masses in the field were primarily deposited in crevices, evenhtuwaygice areas made up a
small percentage of the surface area of the rocks on which theyauerd. The results from the

experiments done in the laboratory agreed with these findings, and furtloatéddihat shade
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could potentially be the characteristic selected for by females degosifg masses. More egg
masses were deposited on the shaded side of partially-covered pegitéshen any of the non-
shaded sides of the petri dishes. As adults were positioned on thedehbf Hie partially-
covered dishes significantly more than they were on the dark sidedithehe adults either
purposefully moved into the dark side to reproduce, or only deposited egg mhéssgsame in
contact with a snail of the opposite sex while they were on the dark sitedith. The latter
scenario is unlikely because snails do not preferentially deposit eggsnaghe dark. If the
areas deemed ‘crevices’ inside a Falcon tube are selected astmrnipgites merely because they
present tactile cues that resemble the crevices found in thelietdihe frequencies in the
number of egg masses deposited in each area of the tube should have baeim sithil
treatments. In all three treatments, | did observe a greater numberrohsggs deposited in the
conical end of the tube than would be suggested by chance. However, the arezeuidiesats
preferred only in the two treatments experiencing light; the side ofitleevtas a preferred
oviposition site in the treatment experiencing constant dark. For erpésiencing complete
darkness, the area under the lid was not ‘shaded’. The results frewghrgment, and from the
experiment with partially-covered dishes, suggest that the shadedaaraass physically
resembling a crevice, were being selected as appropriate depas#sdoyt. succincta

Crevices can provide safe oviposition sites for many gastropodbke ktudy conducted
by Biermann et al. (1992), in 7 of 7 cases, egg mass portions that were in chligbtt sund full
current experienced slower development, more microalgal fouling, and lowerasawerall.
Crevices can provide shade for benthic egg masses, especially whieespenetrate far into
the rock. Shading has been found to decrease embryo mortality (BiermanhS92jL.,
Crevices can also provide a refuge from wind, which, combined with the shadewer the
risk of desiccation. Egg massed.ofuccinctaare particularly vulnerable to desiccation due to

their thin shape, which yields a large surface are and little gelnperyo (Strathmann and Hess,
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1999). Rawlings (1996) concluded tizicella emarginatgreferentially select habitats that

provide protection from desiccation and UV radiation. Crevices alggno&ide protection

from dislodgement by abrasive sediment or from crushing by shifting rockal fAdnds may

also provide the same types of protection to developing masses. In the. fieldginctadeposit

egg masses on both rocks dsida spp. The deposition of masses on more than one type of
substratum can be uncommon on wave-exposed shores; in Benkendorff and Davis’ (2094) surve
of 54 marine gastropod species, only eight were found to deposit egg mass&® ohan one

type of substratum. Overall, however, the majority of the egg massesetisd throughout the

year at North and South Cove were deposited in cracks or crevices on rocks.

For the remaining factors tested there were no apparent patternedi@igbe
oviposition behavior ofirularia succincta This may be due to small sample sizes, as rates of
oviposition in these snails can be highly variable. In any case, the nonesigniésults for
these experiments only indicate an absence of oviposition choice; this caluld teean actual
lack of preference bl. succinctabut it could also result from the inability bf succinctao
discriminate between the variables being tested (Resetarits, 199@xargple, having already
deposited an egg mass, females will deposit a second or a third egg thaks wame partner or
with a new partner with equal likelihood. It is possible theguccinctéemales are unable to
discriminate between different males. Also, a difference in ovipositioaviier was not detected
between the two different tidal levels. As with the flow tank experinthis is most likely
because the number of replicates was low. My inability to detecfisamtidifferences in this
case could be because of the high degree of variability within thegpigpulor it could result
from the fact that, with less than 1 meter of elevation differeniveclea the two tidal levels, the
difference in physical stress experienced by snails at both cage hscatis not significant.

This study provides a framework for more sophisticated questions relatwgpbsition

behavior inL. succinctaand in other trochids. It is more likely that stronger effects would be
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observed when two or more of the factors investigated in these studiastiade Oviposition
behavior, especially oviposition site selectioa.if crevices) can have a far-reaching influence
on structuring populations, and should therefore be studied to a greater extentinfptotant is
oviposition site choice? A brief survey suggests that when we look fomeeidé oviposition

site choice, which hasn't been often for most taxa, we often find it” (Rieset296).
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CHAPTER V

CONCLUDING SUMMARY

The purpose of this thesis was to observe defensive behavidralafia succinctato
predatory and non-predatory sea stars and to quantify the intensitiese$plonses, to describe
the vertical distribution of the snail in the intertidal, to obséw its distribution changed
throughout the year, and to examine the factors that may affect owpaeithis species. The
only published literature describing this snail’s biology or ecology to any exéant is a paper
by Hadfield and Strathmann (1990), in which they describe reproductive behavioelind sh
morphology. Prior to this study, the snail was described as exclusivetydiat€¢Carlton, 2007),
with no indication of its vertical distribution in the intertidal. n@eally, for gastropod species
with direct development, distribution is directly affected by ovipositiemavior. Distribution
can be affected by predation as well (Connell, 1961, 1970; Vermeij, 1972). luysng
predation and oviposition preferenced.irsuccinctanay provide clues to the population
dynamics of this species and offer insight into the ecology of rockgid@ecommunities in
general.

In Chapter Il, | showed that the predatory sealstatasteriaseeds orlLirularia
succinctain the laboratory | then described some of the escape respondésitaria succincta
to direct contact with the predatory sea stamgtasteriasandPycnopodia helianthoidesThe
snail did not exhibit escape responses to the non-predatory selamstaia sp. The primary
escape response lof succinctavas flight. The snail exhibited a turning response and increased

its speed after contact with the tube feet of a predatory sedtstdso frequently exhibited shell
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rotation following contact with.eptasterias.JuvenileLeptasteriaglicited escape responses
from adultL. succinctaput not from newly-hatched juvenile succincta.

In the next part of Chapter Il, | documented the presence of weak avoidanceassgons
L. succinctao water-borne chemical cues fraraptasterias. Lirularia succinctplaced into a
water current downstream froniLaptasteriasndividual will move further downstream than
individuals placed into a water current witholteptasteriasndividual. Water-borne chemical
cues fromLeptasteriagnay also elicit a climbing responselinsuccinctaalthough the climbing
response may result from a general increase in the activity of erpdsed to water containing
theLeptasteriaxhemical cues. Some snails also exhibit shell rotation when exposedito wate
conditioned with the scent dkptasterias. Lirularia succinctdoes not appear to respond to
water conditioned with chemical cues leached from injured conspecifics

In Chapter lll, | described the vertical distributionLafularia succinctain a sheltered
cove over the course of a year. The snails were more abundant in the ftdaintean in the
high intertidal. Seasonal changes in distribution appeared to follow tteetssard for all tidal
levels. The densities of the snails decreased through the spring anddiegageaise in June,
with peak densities observed in September. In June, the increase in the abohdaads at all
tidal levels coincided with a shift in the size-frequency distiiimst of the snails towards smaller
size classes.

In Chapter 1V, | investigated factors that might affect ovipositiohiflaria succincta
in the laboratory.Lirularia succinctadeposited egg masses year-round with the highest rate of
oviposition in the summer. In the lab and in the field snails deposited eggsiassevices
significantly more than they deposited them on flat surfaces. Snailsedsiently deposited egg
masses adjacent to other egg masses. Snails deposited more sgimamving water than in
stationary water. Oviposition behavior did not appear to be significdfelted by temperature

or by the amount of light the snails received each day. Femalecinctadid not discriminate
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between new partners and partners with which they had already mated. Véhetbithey are
capable of discriminating between old and new partners is uncertain.

These are the first ecological studies that have been conducted anghistertidal
gastropod. Patterns observed.irsuccinctaappear to follow patterns observed in other
gastropods. They exhibit common predator avoidance and escape resportbey, and
preferentially deposit egg masses under certain conditions. Both of dlotss thay affect their
density and size-frequency distributions in the intertidal and theimgical impact in the rocky

intertidal community.
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APPENDIX

SIZE-FREQUENCY HISTOGRAMS FORIRULARIA SUCCINCTABY TIDAL LEVEL

These figures show the size-frequency distributiorisrafaria succinctaat each tidal level from
April through August of 2009. Surveys were conducted twice each month during/edigks.
Because the snails are highly motile in the intertidal, the number&ii$ in each size-class were
combined for all four tidal levels to create one size-frequency histofgnaeach date, found in
Chapter Ill. Data show a shift in the size-frequency distributions tsasrails in smaller size

classes on June 24.
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