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ABSTRACT

Haminaea callidegenita (Mollusca: Opisthobranchia) has variable development: both
swimming larvac and non-swimming juveniles are released from cach cgg mass. This life
history mode is advantageous because cver) individual produces both dispersive offspring
with the potential for colonization of new habitats and gene flow among existing
populations, as well as juveniles that immediately recruit to the parental population,
resulting in rapid population growth. Truc variable development is unusual making these
rare species invaluable in the study of life history evolution because they allow examination
of basic questions without the complications arising from multiple species comparisons.

Variable development in Haminaea callidegenita arises from two factors: time of
metamorphosis and presence of a metamorphic inducer.  Approximately half of the larvac
metamorphosc inside the cgg mass and hatch as juveniles (mean of 60 %, ranging from 4-
10X) %); the remaining larvac metamorphose within 2 weeks of hatching. Intracapsular
metamorphosis is induced by a small (<1000 Da), polar compound that is located in the egg
mass jelly. Time of metamorphosis varics both within and among clutches.
Mectamorphosis within one clutch occurs throughout the pre- and post-hatching periods (4-
5 d, and 14-30 d respectively). Mcetamorphosis is initially rapid and then continues at a low
rate throughout the planktonic period. This results in a rapid decrease in the number of
dispersers with length of the planktonic period; therefore, the benefits of short range
dispersal (¢.g., genc flow, colonization) may outweigh the risks associated with a long
larval period (e.g.. predation, advection from favorable habitats). Larvae gradually
respond to an increasing number of natural inducers within this period, increasing the
probability of larval contact with an acceptable habitat.

Time of inracapsular metamorphosis is highly heritable (h2 = 0.76) suggesting that
it may respond rapidly to sclection. Itis also genetically correlated with ime of
metamorphosis immediately after hatching; therefore, if selection increased the proportion
of juveniles released, the length of the planktonic period would increase as well and
variable development would be maintained. Corrclations among other life history traits
were also examined. Most appeared phenotypically to be independent; however, they did
correlate genetically and environmentally indicating that these traits have not evolved

independently.
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Chapter 1
General Introduction

Life histories of benthic marine invertebrates

Benthic marine invertebrates have incredibly diverse and complex life histories.
The hasic pattern is of a benthic, sedentary adult producing a planktonic larva that, after an
obligatory period in the water column, must scttle to a specific benthic habitat before
metamorphosing into a juvenile (Thorson 1950). Larval type is the basis for the
classification of invertebrate life histories and includes: planktotrophy, including species
that produce large numbers of tiny fecding larvac that develop during a long planktonic
period (weeks to months); lecithotrophy, including species that produce fewer, larger
larvac that are non-feeding and have a shorter planktonic period (hours to days); and direct
development, including specics in which the entire larval period takes place within a benthic
cgg mass or capsule, and metamorphosis is either complete, vestigial, or lost
(ametamorphic development; Bonar 1978) (Thorson 1950 Chia 1974; Day & McEdward
1984 Grahame & Branch 1985). Most species have planktonic larvae (80%; Thorson
1950): of these, the majority are planktotrophic (Jablonski & Lutz 1983).

Larvac are not only extremely variable among taxa but also are vastly different from
their adult counterparts, in terms of their morphology, ecology and behaviour. This
diversity has made larval type the focal point in theoretical considerations of life history
evolution in marine invertebrates (Stearns 1976, 1977; Caswell 1981, 1982; Roughgarden
et al. 1985, Roughgarden 1989).  The role of the planktonic larva has been extensively
discussed in terms of dispersal, gene-flow, speciation, predation, adult energetics, and
phylogeny (Day & McEdward 1984; Grahume & Branch 1985; Strathmann 1986; also see
Jablonski & Lutz 1983).

Theories of life history evolution are based on intraspecific variation (e.g., €gg size:
Lessios 1987: McEdward & Chia 1991; Qian & Chia 1991) and comparisons among
related species (e.g.. Jackson & Strathmann 1981; Hadfield & Miller 1987). These
approaches have provided much information, but also have certain drawbacks.
Intraspecific studies lack the range in expression of traits that may be required for some
comparisons, while inter-specific comparisons risk emphasizing differences in
morphology. physiology. and behaviour rather than differences in life history mode.
These problems can be avoided by analyses of life history traits in species with
poccilogonous, or variable, development. Such species are rare among benthic marine
invertebrates, but a consideration of their life histories should provide valuable comparative

data.



Poecilogony

Poccilogony is variable development within one species. 1t was first defined by
Giard (1905) who listed dozens of examples in which adults of one species produced
different kinds of offspring cither scasonally, among different populations, or in response
1o different environments. He suggested that the larvae diverged by adapting to different
environments, while the similarity of adults was maintained by heredity (Giard 1905).
Such developmental flexibility has atracted considerable interest because benthic marine
invertebrates in general exhibit only one life history mode per species (Thorson 1950).
This is so widely accepted that developmental pattern is often used as a taxonomic
character. The advantage of poccilogony is that a species obtains the benefits of more than
one life history pattern; for example, by producing both planktonic (indirect developing)
and juveniles (direct developing) offspring. Plankitonic larvae provide the primary
dispersive stage for most speeices of benthic marine invertebrate (Thorson 1950)).
Therefore, a poecilogonous species would have the advantage of both the dispersal
capabilily'required to establish new populations, as well as the ability o supply new
recruits 1o rapidly expand the existing or newly founded population (Blake & Kudenov
1981).

Unfortunately, most examples of poccilogony have been disproven on the grounds
that descriptions are based on cryptic species or laboratory artifacts (reviewed by Hoagland
& Robertson 1988; in gastropods, Bouchet 1989). A few cases of poccilogony hiave not
been refuted but may still be subject to doubt for two reasons: 1) most observations involve
separate individuals and therefore may involve cryptic species; and 2) observations are
limited to opisthobranch molluscs and polychacte annclids. both of which are often difficult
to assess taxonomically (Hoagland & Robertson 1988).

Perhaps the best studied example of poccilogony is the polychacte Streblospio
benedicti in which different individuals produce cither planktotrophic (feeding) or
lecithotrophic (non-feeding) larvac (Levin 1984). Hybridization results in viable offspring
(Levin 1984; Levin & Huggett 1990) and additive genetic variance determines the length of
the larval period (1-6 weeks for planktotrophs, (-1 week for lecithotrophs), although was
not detected for larval feeding (Levin et al. 1992). The opisthobranch Elysia chlorotica also
has development that varies between populations, one with planktotrophic and one with
direct development. Individuals from these two populations were successfully hybridized
producing an F2 generation that was intermediate in larval size and duration of the
swimming phase (West et al. 1984). However, both of these cases of poccilogony have
been subject to doubt by other authors (¢.g., Hoagland & Robertson 1988) because

poecilogony has not been observed in one individual. Other proposed casces of
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poccilogony lack the support of experimental evidence demonstrating that only one species
is involved and that observations do not reflect artifacts (Hoagland & Robertson 1988).

Poccilogony continues to attract atention despite this controversy partly because it
is interesting in terms of evolution, but also because it scems likely that it should occur.
Benthic marine invericbrates have life history patierns that are diverse and highly variable.
Given the diversity observed among taxa and intraspecific variability of traits within any
one specics, it seems likely that some specics should show characteristics of more than one
developmental mode during speciation events (Hoaglard & Robertson 1988) and perhaps
even when evolutionarily stable.

The primary objective of this thesis is to examine poecilogony in the mollusc
Haminaea callidegenita (Opisthobranchia: Cephalaspidea: Gibson & Chia 1989a). H.
callidegenita is highly unusual in that both veligers and juveniles are releascd from every
cgg mass, with a mean of 60 % juveniles/ egg mass (this study). Both types of offspring
are produced by each individual (Gibson & Chia 1989b), thereby eliminating questions
regarding taxonomy. Both types of hatchling pass through the same developmental stages
and both hatch simultancously. Intracapsular metamorphosis (occurring within the egg
mass) is induced by a compound found in the egg mass jelly (Gibson & Chia 1989b).
Hatched veligers may metamorphose 3-4 d alter hatching, or may remain swimming for up
t0 30 d (this study). The length of the planktonic period suggests that poecilogony in this
species does not represent a laboratory artifact in which a few larvae escape prematurely
from what otherwise would be an egg mass with direct development. The advantage of
this life history pattern is that every individual will simultaneously produce both dispersive
propagules as well as juveniles that immediately recruit into the parental population.

Natural history of the opisthobranch Haminaea callidegenita.

Haminaea arc shelled opisthobranchs that are found worldwide, most often
intertidally in muddy bays and scagrass beds. Since the genus was introduced by Leach (in
Gray 1847), approximatcly 120 species have been described. Descriptions were based
primarily on the shell and contain litde information on cither adult morphology or natural
history. Adults are oblong with a broad head, posterior cephalic shield, and two lateral
lobes that nearly cover the shell (Leach, in Gray 1847). Adults are generally 20-30 mm in
length (maximum 70 mm in H. navicula: Thompson & Brown 1976) and are often brown
in colour, although a few tropical specics are brightly coloured (Heller & Thompson 1983;
Kay 1979). They are simultancous hermaphrodites with unilateral copulation involving the
transfer of spermatophores (Beeman 1977). In the few species studied, Haminaea have an
annual lite cycle with planktotrophic (Richards 1921; Harrigan & Alkon 1984; Gibson &



Chia 1989¢) or lecithotrophic (Berrill 1931; Usuki 1966) development. Anccdotal notes on
diet indicate that most species graze epiphytes (MacNae 1962:; Burn 1966), arc herbivorous
(Rudman 1971; Powell 1979), or ingest small bivalves (MacPherson & Gabricl 1962,
Thompson & Brown 1976). They move by ciliary action through extensive mucous tubes
(Rudman 1971) which create polar "trails” that are often followed by other adults (pers.
obs.)

Haminaea callidegenita (Gibson & Chia 1989a) is found Washington Statc, U. S.
A. . Adults are approximately 30 mm in length, are reddish-brown in colour and are
distinguished from the locally common H. vesicula by a deeply bifurcate cephalic shicld.
They are found in intertidal scagrass beds in bays with slightly warmer water than in
nearby channels (pers. obs.). They graze epiphytic diatoms and detritus from scagrass
blades (Zostera marina and Z. japonica), sea letuce (Ulva sp.) and the filamentous green
alga Chaetamorpha linum, or from surface sediments when scagrass is unavailable during
scasonal die-back. Spawning occurs from spring to late fall in the field, although it may
continue year-round in mild winters. In severe winters, H. callidegenita remain as
juveniles in surface sediments and spawning resumcs as animals mature in the spring.
Recruitment occurs throughout the reproductive season (Gibson & Chia 1991).

Objectives
In this thesis. I described poccilogony in the opisthobranch Haminaea callidegenita.

Haminaea meets two of the basic criteria thought necessary 1o demonstrate poecilogony as a
life history mode. First, poecilogony occurred in the offspring of every individual and
therefore eliminates the possibility that this case of variable development reflects sibling
species. Second, poccilogony occurred in every cgg mass observed and therefore occurred
throughout the reference population. This indicates its potential ecological importance 10
this species as well as providing evidence that it is not a laboratory artifact.

The second major objective was to determine what factors influence developmental
variability in this species by affecting the percentage of juveniles (those undergoing
intracapsular metamorphosis) hatching from cach egg mass. The following guestions were
addressed:

1. Is poecilogony influenced by physical egg mass characteristics (¢.g., size,
number of embryos), development time (duration of the embryonic and larval periods), or
"female" reproductive traits (size, spawning scason)?

2 Is the variance in intracapsular metamorphosis ohserved among egg masses

(ranging from 4-100 %; this study) genetic? Is it correlated with other life history traits?



3. Is the percent intracapsular metamorphosis/ egg mass altered by environmental
or culture conditions?

4. What is the inducer that causes intracapsular metamorphosis?

5. Why do only half of the veligers per egg mass respond to the metamorphic
inducer before hatching, and what triggers metamorphosis in these larvae after hatching?

Poccilogony is a rare and controversial life history mode in benthic marine
invertebrates. Haminaea callidegenita is an unusual species in which to study poecilogony
because it is the only species known in which a single individual will consistently produce
two kinds of offspring. Because of this unusual pattern, it is possible to examine
poccilogony itself, as well as to address aspects of variable development that have more
general implications for other species with a single mode of development, such as the time

of metamorphosis and identification of the metamorphic inducer.

Organization of thesis

This thesis included 7 chapters, each addressing a set of parameters that may
influence poccilogony, or addressing a consequence of poecilogony that may have broader
implications for other taxa. These chapters inevitably overlapped in terms of methods and
pertinent literature, but I have made an effort to limit such repetitions.

Chapter 1 introduced poccilogony and listed the objectives of this thesis.

In Chapter 2, I described poecilogony in Haminaea callidegenira and discussed
factors that may influence developmental variability including egg mass characteristics,
female reproductive traits and the role of the metamorphic inducer. Results indicated that
the percent intracapsular metamorphosis varied among larvae of different clutches and was
independent of most extrinsic sources.

Chapter 3 addressed timne of metamorphosis in Haminaea veligers. Time of
metamorphosis determined the percentage of juveniles (larvae that metamorphose within the
cgg mass) and veligers (metamorphose up to 30 d after hatching) hatching from each egg
mass. Metamorphosis was examined as the time that metamorphic competence occurs in
veligers of one clutch, the ability of hatched veligers o delay metamorphosis, and the
changing roles of various natural substrates that induce metamorphosis throughout the
planktonic period. I ollowed all larvae through metamorphosis with the assumption that
variable time of metamorphosis throughout the larval period was a viable aspect of this life
history mode and veligers that were late "bloomers" did not represent physiologically
"inferior” offspring.

In Chapter 4, 1 examined the chemical cue that induces intracapsular
metamorphosis, and therefore pocecilogony, in this species. The metamorphic inducer was



found in egg mass jelly (Gibson & Chia 1989b) and I described techniques used to extract
and purify the inducer from the jelly matrix. In addition to describing the chemical
characteristics of the inducer, 1 addressed biological features of the jelly that may influence
its activity. The inducer was a small, polar compound that was stable over a variety of
conditions. It was found in the egg masses of other species but its activity was specific to
Haminaea callidegenita.

Chapter 5 examined the genetic basis for poccilogony using a hicrarchical design
allowing both full and half-sib analysis. Poccilogony occurred because larvae become
competent to metamorphose throughout both the pre- and post hatching periods; this
determined the proportion of veligers or juveniles hatching from cach cgg mass. 1
estimated heritability for time of competence, ability of larvac to delay metamorphosis, and
other life history traits. The potential effect of parental environment was also examined.
Included in this chapter were details on the reproductive hiology of H. callidegenita
throughout the spawning scason. Although incomplete reproductive data is available for
many opisthobranchs, few studies have pr ovided comprehensive studies throughout the
spawning season (Todd 1979: Hall & Todd 1986; Todd & Havenhand 1988); therefore,
these data may be uscful to other authors because of their completeness and also because
they report year comparisons between two laboratory populations.

In Chapter 6, I continued the sib analysis (o include genetic (additive and non-
additive) and environmental correlations among life history traits. These correlations were
compared with the ultimate phenotypic expressions of the various traits considered. Traits
included reproductive traits of the females, time of metamorphic competence and ability to
delay metamorphosis of offspring. There are two major contributions of this analysis.
First, many traits appear phenotypically to be independent, but genetic and environmental
comparisons reveal that they are hi ghly correlated. Sccond, although the evolution of life
history patterns in benthic marine invertebrates has been much discussed, o date there i«
only one other study (Lévin et al. 1992) in which the gencetics of life history traits have
been considered. The phenotypic data supplicd in other studies is valuable, but it is
difficult 10 understand the role of these traits in life history evolution without an
understanding of the underlying genctic mechanisms (Falconer 1989).

Chapter 7 was a general discussion of poecilogony in Haminaea callidegenita.
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Chapter 2

Poecilogony in the opisthobranch mollusc Haminaea callidegenita.
INTRODUCTION

Poccilogony is an unusual life history pattern involving more than one mode of
development in one species (Giard 1905). Variable development provides these rare
species with the evolutionary advantage of being able 1o exploit the benefits of more than
one life history "strategy”. The existence of poecilogony in benthic marine invertebrates is
controversial partly because it is infrequently encountered but also because most of the
original cases have been disproven, most often on the grounds that observations were
actually made on sibling or cryptic species or reflect atypical development resulting from
laboratory conditions (reviewed by Hoagland & Robertson 1988; in molluscs, Bouchet
1989). The few cases where poecilogony has not been disproven occur in the
opisthobranch molluscs and polychacte annclids. However, since both groups are well-
known as difficult taxonomic subjects, these cases have been discounted by many authors
(Hoagland & Robertson 1988).

Poccilogony in benthic marine invertebrates is best demonstrated by confirming that
the study population is composed of a single species and that poecilogony occurs
throughout the population. Description of poccilogony within one species involves either
observation of variable development in the offspring of a single individual, or cross-
breeding experiments including genetic identification of the species. Currently, the most
widely cited example of poccilogony is the polychaete Streblospio benedicti (Levin 1984;
Levin & Creed 1986; Levin et al 1987). In this polychaete, different individuals produce
cither planktotrophic or lecithotrophic offspring. Despite the fact that these individuals
cross-fertilize and produce viable offspring under laboratory conditions, some authors have
interpreted this form of development as involving hybridization of recently diverged sibling
species rather than true poecilogony.  Hoagland & Robertson (1988) suggested that
allozyme studics would be the definitive test in this case, but this approach has provided
inconclusive results in other studies (¢.g., the gastropod Rissoa in which allele frequencies
contradict morphological and life history data in two species; Rehfeldt 1968, Colognola et
al., 1986). Obscrvation of poccilogony in the offspring of a single individual would
circumvent this difficulty.

Proposed examples of poecilogony may reflect laboratory artifacts or developmental
abnormalitics unless they can be found throughout the reference population and occur

11



independently of culture conditions. For example, Lenderking (1954) deseribed
poccilogony in the periwinkle Lirtorina angulifera in which larvae were cither brooded or
released at different phases of the lunar cycle. Gallagher & Reid (1974) were unsuccesstul
in repeating these observations and Reid (1986) later concluded that the pre-mature release
of larvae from broods as observed by Lenderking was a response to disturbance. Such an
example of pre-mature release of larvae in species that otherwise would exhibit direct
development seems likely for several proposed cases of poccilogony where most offspring
hatch as juveniles and a few carly hatchlings are released as lecithotrophic larvac which
metamorphose within hours of hatching (Gohar & Eisawy 1967, Schmekel & Kress 1977).
To exclude potential artifacts, observations of poccilogony should include experimental
manipulation of culturc conditions, as well as demonstrate that poccilogony is widespread
in the reference population. Perhaps more importantly, observation of poecilogony
throughout a population also illustrates its ccological relevance to the specices.

In Haminaea callidegenita (Opisthobranchia: Cephalaspidea), poecilogony occurs
in almost évcry egg mass; therefore, it occurs in the offspring of single individuals as well
as throughout the population. In this species, both lecithotrophic (non-feeding) veligers
and juveniles hatch from a single cgg mass (Gibson & Chia 1989). The ccological result is
that each parent produces offspring with a higher dispersal potential as well as offspring
that recruit immediately into the parental population. All embryos simultancously pass
through the same developmental stages. Approximately half the siblings/ cgg mass
metamorphose within the egg mass and hatch as juveniles, and the other half hatch as
veligers and metamorphose after a planktonic period ranging from 1-30 d. Both types of
hatchling are released throughout the entire hatching period (ranging from 1 - 12 d among
egg masses). Larvae that metamorphose within the cgg mass are induced by a compound
found in the jelly matrix covering the eggs (Gibson & Chia 1989). The degree of
intracapsular metamorphosis varics widely (ranging from 4- 100 %), but was observed in
every egg mass. It is unlikely that this mode of development is direct development in
which a few larvae escape Hrematurely under laboratory conditions because of the long
planktonic period of hatched veligers.

The objectives of this chapter are to cxamine poccilogony in Haminaea callidegenita
in terms of: 1) the extreme variance observed among CgE masses, and 2) the factors that
may influence rates of intracapsular metamorphosis. Factors that potentially influence
poecilogony include reproductive traits of the parents, cgg mass characteristics, culre
conditions, and differences among clutches of eggs. Results indicate that much of the
overall variance arises from the cmbryos themselves and is independent of reproductive

traits and culture conditions.
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MATERIALS AND METHODS

A. Animal collection and culture
Haminaea callidegenita adults and egg masses were collected from Padilla Bay

(48°30'N, 122°29'W) and maintained at the University of Washington, Friday Harbor
Laboratory, both in Washington State, U. S. A.. Padilla Bay is at the head of a large
estuarine system and is dominated by exiensive mud flats and seagrass beds of both
Zostera marina and Z. japonica. The extensive mud flats cause temperatures within the bay
10 be extreme relative to those in nearby channcls (Cassidy & McKeen 1986). H.
callidegenita adults and egg masses were collected from Z japonica beds in the upper
intertidal zone. H. callidegenira are primarily found in association with Zostera blades,
surface sediments around Zosrera roots, and mats of Ulva sp. (sca lettuce), but may also be
found crawling across submerged surface sediments.

Adults were collected from Padilla Bay at the beginning of the spawning season, as
determined by the first appearance of egg masses. In the laboratory, adults were kept in
1 L. Tripour beakers with two 10 cm?2 vents of 500 um Nitex mesh that allowed continuous
scawater flow. Food was supplied as Ulva sp. attached to rocks collected from the mid-
intertidal zone at Friday Harbor Laboratory. This provided Haminaea with a substrate from
which to graze diatoms, detritus and Ulva pieces. Zostera was not supplied as a grazing
surface because of its poor laboratory survival. Food was replaced and cages cleaned at 2
week intervals. Cages were checked for newly spawned egg masses daily. As Haminaea
were collected as adults, 1 assumed cach had mated before collection, and probably with
several individuals. In the laboratory, Haminaea were paired for 24 h to allow mating at 2
week intervals, each time with a different individual. Differences in dorsal pigmentation
allowed identification of individuals before re-isolation. As Haminaea are simultaneous
hermaphrodites, egg masses were collected from every individual.

Egg masses (EM) were cuitured in 50 ml of 1 um filtered seawater at 17 C. Wam
temperatures were necessary because Padilla Bay is generally warmer (mean of 16.5C
from June 1o August; Cassidy & McKeen 1986) than nearby channels (summer mean of
11.3 C). EM maintained at ambient laboratory temperatures (9-12 C) had a high incidence
of abnormal development. Culture jars were cleaned with hot fresh water and culture water
replaced twice weekly throughout the experimental period. Several life history traits were
examined, including reproductive characteristics of spawning females and the percent of
hatchlings released as juveniles. Adults spawn repeatedly over a several week period and
all egg masses were collected (between 4-6 egg masses for most females, ranging from 1

to 12 overall).



B. Experimental procedures
Reproductive traits

Reproductive traits of 165 females were measured in the laboratory (76 in 1990, 89
in 1991) producing a total of 597 cgg masses (EM). Adults were collected trom Padilla
Bay and were maintined in the laboratory from April to October 1990 and from May to
September in 1991.

The reproductive traits considered are: 1) interval between spawning events (d) of
cach "female"; 2) embryonic period (d), or the number of days from oviposition to first day
of hatching/ EM; 3) hatching period (d), or the number of days from onset to completion of
hatching/ EM; 4) number of offspring hatched/ EM: and 5) the percent juveniles hatching/
EM. Throughout the hatching period, hatchlings were removed daily and scored as
veligers or juveniles under a Wild M-5 microscope. The percent juveniles hatching/ EM is
the percent of hatchlings released as juveniles from cach mass (i.c., larvac undergoing
intracapsular metamorphosis) throughout the hatching period and was subsequendy arcsin
transformed (Sokal & Rohlf 1981) for statistical analysis.

Fecundity/ adult was also considered as the number of egg masses and as the total
number of eggs produced by cach adult.

As the major trait of interest was intracapsular metamorphosis, the effect of cach
trait on the percentage of juveniles hatching from cach cgg mass was predicied using a
Model I Regression (Sokal & Rohlf 1981; LaBarbera 1989).

Egg mass size
Blotted wet weight of egg masses was determined to the ncarest mg. Egg mass size

was also approximated by counting the number ol hatchlings/ cgg mass.

Effects of culture in flowing seawater

Egg masses were cultured in standing and in tlowing scawater in the laboratory
(1989) and in the field (1991) to assess the effects of culture conditions in determining the
percentage of juvenile hatchlings. Egg masses used were at the gastrulu stage at the onsct
of the experiment. For laboratory assays, €gg masscs were collected in September 1989
and 2 groups (12 egg masses cach) were cultured at ambient scawater conditions (11-12C).
Group | (flowing scawater) was cultured in ice cuhe trays in which the bottom of cach
chamber was replaced with 100 um Nitex mesh (1 egg mass/ chamber). The trays were
suspended in a glass dish filled with 1 pm filtered scawater with egg masses submerged at
all times. The top of the tray was above the water line o avoid mixing among chambers.

Filtered seawater was supplicd from a reservoir via a manifold suspended above the center
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of the culture tray so that seawaler continuously flowed down through the chambers and
across the egg masses.  Flow rate was approximately 20 ml/ min-chamber; milk was used
in an initial test 1o cnsure that all chambers/ tray reccived similar flows of seawater. Atthe
same lime, egg masses were cultured in 50 ml of 1 um filtered seawater (Group 2) in
standing cultures as a control.

In June 1991, egg masses were cultured in a similar experiment conducted in the
ficld. Egg masses were placed in plastic snap-cap vials (approximately 50 ml volume) that
were cither 1) intact, for "standing scawater" conditions, or 2) supplied with two 100 um
Nitex mesh vents (cach 2 cm?Z in arca) to allow continual seawater flow through the vial.
Ten egg masses were used for cach group. Vials were attached to a rack and covered with
an open mesh (5 ¢m?2 holes) to prevent clogging of the vials by floating macroalgae and
diatom rafts. The rack was suspended in Argyle Lagoon, San Juan Island. Argyle Lagoon
was chosen because it is a sheltered, shallow lagoon with summer temperatures similar to
those found in Padilla Bay. Argyle provides a habitat similar to Padilla Bay in that it is
dominated by scagrass (Zostera marina) and contains a large population of Haminaea
vesicula and Melanochlamys diomedea, two cephalaspidean opisthobranchs found with H.
callidegenita in Padilla Bay. Unlike Padilla Bay, Argyle Lagoon does not drain at low tide
and therefore cgg masses did not become desiceated.

In both of these experiments, cultures were cleaned daily by removing the egg
masscs and scrubbing cach chamber with a fine brush. Hatchlings were removed daily
throughout the hatching period and scored as veligers or juveniles under a Wild M-5
microscope. Data were compared hetween culture treatments with an unpaired two-tailed t-
test for cach experiment (field or laboratory). Data from 1991 were also compared with
cggp masses cultured using the standard laboratory protocol (standing cultures in an

incubator; described above).

Role of egg mass jelly as a metamorphic inducer

Egg mass jelly (EMJ) is known to induce intracapsular metamorphosis (Gibson &
Chia 1989). The relative efféets of embryos and EMJ in determining intracapsular
metamorphosis were compared in a random block design with 1 block/ cell. Embryos were
separated from cach egg mass and subsampled into 6 groups of 20 veligers. Each
subsample was treated with EMJ separated from one of six additional egg masses in the

following design:
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EMIJ Source (1 to 6)

Al A2 A3 Ad AS A6

Embryo Source | Bl B2 B3 B4 BS5 B6
(At F) Cl C2 C3 C4 C5 Co6
Dl D2 D3 D4 D5 D6

El E2 E3 E4 ES E6

Fl F2 F3 F4 FS F6

In this design, each subsample of embryos/ clutch was treated with EMJ from a ditferent
source (1 clutch = legg mass). Data were analyzed with a 2 way ANOVA using Systat.

Two experiments were run (March and July 1990).
RESULTS

A. Description of poecilogony in Haminaea callidegenita

Hamingea callidegenita produce two Kinds of offspring from every cgg mass:
approximately half hatch as lecithotrophic veligers and the rest metamorphose within the
egg mass and hatch as inveniles (Gibson & Chia 1989). Development of all offspring
appears to be identical throughout the 14 d encapsulated period until approximately 24 h
before hatching occurs, at which point some offspring metamorphose within the egg mass.
Both veligers and juveniles hatch simultancously throughout the entire hatching period (4-5
d: Table 2.1). Embryonic and larval development has been described previously (Gibson
& Chia 1989). In the present study, the mean percentage of juveniles hatching from cach
egg mass was approximately 61 and 69 % (1991 and 1992 respectively; Table 2.1),
ranging from 4 - 100 % juveniles/ EM (Figure 2.1). The following cxperiments were
designed to test for effects of factors that potentially contributed to the extreme variance

among egg masses.

B. Factors influencing the percentage of juvenile hatchlings

Reproductive traits

Embryonic period and number hatched/ EM were not significantly different between
egg masses spawned in each of the two years; spawn interval, hatching period and
percentage of juvenile hatchlings were all higherin 1991 (p < 0.01; Table 2.1). In 199(},



females produced more eggs (p < 0.05; Table 2.1), although the total number of egg
masses produced by each adult was not different between the two groups.

Several traits had significant effects on the percentage of juvenile hatchlings,
although in some cases the cffects were different in the two years considered (Table 2.2).
For example, the percentage of juveniles incrcased with spawning interval in 1990 and
decreased in 1991, Differences between the two years were slight (Figure 2.2). The
regressions of other traits on percentage of juveniles were similar in terms of overall
scatter, and therefore presentation of results was limited to Table 2.2. Egg masses with
longer embryonic periods had a higher percentage of juveniles (1990 only) and egg masses
with a longer hatching period had a lower percentage of juveniles (both years). Larger egg
mass also showed a lower percentage of juveniles (1990). In 1991, females with higher
fecundity also produced more juvenile hatchlings (Table 2.2); in 1990, these effects were
not significant. Although many of these data were statistically significant, the correlation
cocfficients for each regression were low (r2 < (.1) suggesting that the effects considered
here may be of relatively little biological importance in determining the large overall

variance.

Egg mass size
Egg masses spawned in 1991 weighed approximately 0.65 mg and contained

approximately 300 larvae/ EM (Table 2.3). Larger egg masses contained more larvae, and
wet weight accounted for approximately a third of the observed variance in number hatched
(Model 1 regression of effects of EM weight on clutch size: df=1, 84, F=36.48, p=0.0001,
r2=(1.31). Larger clutches had a lower incidence of juvenile hatchlings (Table 2.3). Larger
EM (wet weight) also released fewer juveniles but this rclationship was not significant.

Effects of culture in flowing seawater
Cultre in flowing scawater did not affect the percentage of juvenile hatchlings in

laboratory experiments (Figure 2.3). Results were the same in field experiments (Argyle
lagoon; Figure 2.3). These data indicate that the percentage of offspring hatching as
juveniles was not influenced by the artificially still conditions of laboratory cultures. Data
from the ficld experiment were also compared with data from egg masses cultured with the
standard culture procedure to assess the impact of the laboratory culture environment.
Again, no significant differences were found among the three groups (Figure 2.3).
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Effects of source of inducer vs embryos in determining overall variance
Embryos of different clutches had significantly different responses to the
metamorphic inducer (EMIJ; Table 2.4A). EMIJ from different sources did not differ in
inductive potential . This indicates that the variance observed among cgg masses in the
percentage of juvenile hatchlings arises from the embryos and is independent of source of
metamorphic inducer. This expcriment was repeated with the same result (Table 2.4B).

DISCUSSION

Poecilogony in Haminaea callidegenita occurs as a dispersal polymorphism in
which every parent produces both veliger and juvenile offspring. This highly unusual
development mode depends on the time of metamorphosis (spanning a 30 d period
including pre- and post-hatching periods; pers. obs.) and the presence of a metamorphic
inducer (egg mass jelly) before hatching (Gibson & Chia 1989). Place of metamorphosis
determines the percentage of offspring that hatch as juveniles and ranges from 4-100 %
among the 600 egg masses observed.

Although embryological and reproductive traits did influence the pereentage of
juvenile hatchlings/ EM, this model accounted for a small proportion (r2 <0.10) of the
overall variance observed (almost 100 %). Development time (embryonic and hatching
periods) had slight and contrasting effects on the percentage of juveniles hatching. Inone
year only, egg masses with a longer embryonic period showed a higher incidence of
juveniles but the correlation coethcient for this relationship was very small. In both years,
egg masses with longer hatching periods had a lower incidence of intracapsular
metamorphosis. This suggests that high proportions of juveniles in some cgg masses does
not occur simply as an effect of a longer encapsulated period, as might be expected as
juveniles represent a later ontogenetic stage. Itis possible that intracapsular metamorphosis
and ability to hatch are related, perhaps through similar physiological pathways or through
determination at the same ontogenetic stage. Therefore, cgg masses with a short hatching
period would also have a high incidence of intracapsular metamorphosis, as was observed
although the correlation coefficients were low.

The percentage of juveniles at hatching was not affected by egg mass size.
Strathmann & Chaffee (1984; also, Chaffec & Strathmann 1984) observed in the
opisthobranch Melanochlamys that the physical size of larger egg masscs Imposes
developmental constraints on embryos possibly by changing rates of oxygen/ waste
diffusion through the gelatinous matrix of the egg mass. However, the present study
found that this effect, if present, did not influence hatching type. This result is also
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supported by an earlier observation that the thickness of jelly covering the eggs had no
effect (Gibson & Chia 1989).

Female fecundity had a slight effect on the percentage of juvenile hatchlings. In
1991, females that produced more eggs or more egg masses also produced proportionately
more juveniles. The positive relationship between fecundity and juvenile offspring in 1991
may have masked the negative cffect of clutch size (as observed in 1990) resuiting in the
lack of effect observed in 1991, Also in 1991, females that had more rapid spawning
events produced fewer juvenilcs, although the effect of this relationship was small. There
are several interpretations of these observations. Females with a higher fecundity may have
a longer period of spawning activity and the observed relationship could reflect long term
changes throughout the reproductive season of individuals. Also, as female size is
positively correlated with fecundity (Chapter 5), the observed result may reflect differences
in female size. 1 was unable to assess changes throughout the entire reproductive season of
an individual in this experiment because animals were collected as adults and may have
spawned prior to collection. The effects of female size and changes throughout the
reproductive period of an individual will be discussed in Chapter 5.

Culture condition had no effect on rates of intracapsular metamorphosis. This
observation was supported by both laboratory and field studies, with two conclusions.
The first conclusion is that both veliger and juvenile Haminaea are released in the field,
albeit under artificial conditions. The second is that intracapsular metamorphosis is not
affected by physical agitation of egg masses or by an increased oxygen concentration that
may be associated with flowing scawater conditions. This later conclusion differs from
observations of Caroll & Kemp!' (1990) in the nudibranch Berghia verrucicornis wWho
found that both veligers and juveniles hatch from egg masses if aerated during culture, but
only veligers were released {from egg masses maintained in standing cultures.

Intracapsular metamorphosis is also unaffected by culture temperature, as has been
demonstrated previously (Gibson & Chia 1989). )

Assuming much of the overall variance is independent of physical egg mass
characteristics. female spawning activity and culture conditions, the major remaining source
of variance observed among egg masses is the egg mass itself. Poecilogony arises from
two factors: variation in the onset of metamorphic competence within a clutch (before or
after hatching) and the presence of a metamorphic inducer in the egg mass jelly.
Partitioning the effects of these factors revealed significant differences among embryos
from different clutches, accounting for 50-90 % of the observed variance. The large
differences observed among clutches of eggs suggests that the overall variance arises from
the embryos. The genetic basis for this observation will be discussed in Chapter 5. There



were no significant differences among inducer sources (EMJ from different egg masses).
This observation does not eliminate the possibility that different females produce different
amounts of metamorphic inducer, but rather it suggests that if these differences occur they
were not strong enough to be detected in this bioassay. This would not be unusual as
metamorphic inducers are known to be active in trace amounts (Pawlik 1992) and it is
likely that inducer concentrations inside the egg mass would exceed such amounts.

Conclusion

Every individual Haminaea callidegenita has poecilogonous development and
produces both dispersive (non-feeding veliger) and non-dispersive (juvenile) offspring.
The long planktonic period of hatched veligers (30 d) suggests that this hatching pattern is
typical and that it is unlikely that poecilogony in this species reflects direct development
with a few veligers being released prematurely. This hatching dichotomy occurred in
almost every egg mass observed indicating that it occurs throughout the population. The
percentage of juvenile hatchlings is highly variable among cgg masscs and is most strongly
influenced by the embryos themselves rather than extrinsic sources, such as source of
metamorphic inducer, egg mass characteristics, female reproductive characteristics and

culture conditions.
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Table 2.1: Summary of reproductive traits of Haminaea callidegenita maintained in the
laboratory in 1990 and 1991 (different individuals in each year). Data listed are
means and results of an unpaired two-tailed t-test comparing years. InA,n=
number of cgg masses; in B, number of females.

*44p<().001, **p<0.01, *p<0.05

YEAR COMPARISON
TRAIT YEAR n X+SD min  max t-value p

A. Individual egg masses

Spawn interval (d) 1990 288 7.63 = 0.29 0 36 -2.89  **
1991 309 8.94 £ 0.35

Embryonic period (d) 1990 288 14.62 £ 0.09 10 21  -0.74 ns
1991 309 14.72 £ 0.16

Hatching period (d) 1990 288 407 £0.11 1 12 -5.95 *k*
1991 309 4.94 + (.10

Number hatched/ EM 1990 288 341.28 +8.83 27 907 1.19 ns
1991 309 326.65 = 8.75

% Juveniles/ EM 1990 288 61.11 £1.43 4.04 100 -4.75 ***
1991 309 69.62 £ (.54

B. Fecundity/ female

#Egg masses 1990 42 4.21 £ 0.45 1 12 148 ns
1991 47 3.38 £ 0.87

Total # eggs 1990 42 1646.97+ 215.55 63 5686 2.42 *

1991 47 1074.36 + 293.16




Table 2.2: Effect of reproductive traits on percentage of juvenile hatchlings in Haminaea
callidegenita . Data presented are the results of a Model I regression of the
percentage of juveniles on other life history traits for each egg mass; data from 1991
and 1992 are considered separately. In A, df refer to number of cgg masses; in B,
to number of females. ***p<0.001, **p<0.01, *p<0.05

TRAIT YEAR df F p re
A. Individual egg masses
Spawn interval (d) 1990 1, 288 442 * 0.01  y= 0.34x+49.95
1991 1,309 671 ** 0.02  y=-0.32x+60.62

Embryonic period (d) 1990 1,288 12,05 ** 004 y= 2.05x+22.54
1991 1, 309 290 ns 0.01

Hatching period (d) 1990 1,288 17.46 ***  (0.06 y=-2.24x+61.68
1991 1,309  7.66 ** 0.03  y=-1.09x+63.16

Number hatched/ EM 1990 1,288 17.27 **  0.05 y=-0.03x+61.33
1991 1, 309 212 ns 0.01

B. Fecundity/ female

#Egg masses 1990 1, 41 1.74 ns 0.06
1991 1,46 5.14 * 0.10 y = 1L03x+48.36

Total # eggs 1990 1, 41 2.08 ns 0.06
1991 1,46 4.56 * 0.09 y =0.003x+48.73

9
88
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Table 2.3: Egg mass size and its effects on the percentage of juveniles hatching/ mass.
A. Mcans (£S.E.) for cgg masses produced by laboratory maintained Haminaea
callidegenita (1991). B. Results of a Model I regression of effects of egg mass
size on the percentage of juveniles (as arcsin transformed percentages).

**xn<(.001
A. Egg mass size
TRAIT n X+S.E. min max
# Hatched/ EM 162 310.62%9.3! 69.00  700.00
Wet weight (mg) 88  0.65%0.02 0.31 1.65

B. Effccts of egg mass size on percentage of juvenile hatchlings

TRAIT df F P r2
# Hatched/ EM 1, 161 17.01 Hodok 0.10 = -0.03x+81.76
Wet weight (mg) 1, 84 0.06 ns 0.00 y= —-1.56x+71.56

Table 2.4: Effects of source of embryos and of metamorphic inducer in determining the
. Sourct YOS 4 ; . . £
percentage of juvenile hatchlings in Haminaea callidegenita. Subsamples of
embryos from cach egg mass were treated with EMJ from different sources, for a
total of 6 cgg masses in March (A) and 5 egg masses in July 1990 (B). Data were
analysed with a two-way ANOV A using arcsin transformed percentages.
*akn<().001

A. Experiment I: March 1990
Percent juveniles X£S.E. 54.81+3.83%

n=36 r=0.70 r2=0.49
Source df SS MS F p
Embryos 5 1.529 0.306 4.174 okok
Mctamorphic Inducer 5 .235 0.047 ().642 ns
Error 25 1.832 0.073

B. Experiment I1: July 1990
Percent juveniles X+S.E. 65.67+6.12%

n=20 r=0.93 r2=(.87
Source df SS MS F p
Embryos 3 2.255 0.752 23.739 ok ok
Metamorphic Inducer 4 0.290 0.072 2.288 ns
Error 12 0.380 0.032
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Figure 2.2. The effect of spawning interval on the percent juveniles (arcsin
transformed) hatching from each egg mass, plotted with the results of a
linear regression. A. Data from 1990, B. from 1991.
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Chapter 3

Metamorphosis in the opisthobranch Haminaea callidegenita:
competence, delay and the effects of metamorphic inducers.

INTRODUCTION

The planktonic larva is the primary dispersal stage in most species of benthic marine
invertebrates (Thorson 1950). In consequence, the length of the larval period affects the
colonization of new populations (Day & McEdward 1984), gene flow among existing
populations (Scheliema 1986), and extinction and speciation events (Jablonski & Lutz
1983). The length of the larval period ranges from hours to months among species
(Thorson 1950, and is known to vary within species as well, when modified either by
larval environment (Pechenik 1984; Paulay er al. 1985; Zimmerman & Pechenik 1991) or
by the ability of competent larvac to delay metamorphosis (reviewed by Pechenik 1990).
Mctmorphosis ends the larval period and is determined by two events: larvae must first
hecome physiologically competent to metamorphose and second, must intercept a cue
identifying a suitable habitat, known as a mectamorphic inducer.

Both of these events have been much studied (see reviews by Pechenik 1990 on
delay of metamorphosis, and Pawlik 1992 on metamorphic inducers) but only certain
aspects have been addressed. The rate at which metamorphosis occurs throughout the
entire larval period (how many larvae/ clutch become competent on any day) and variability
in time of competence among offspring of different parcnts is not often addressed. Time of
competenc:: has frequently been studied as onset of competence of the first larvae/ culture
(Bayne 1965; Hadficld 1978; Hamigan & Alkon 1978; Pechenik 1984; Lima & Pechenik
1985). or as the ability of larvae to delay metamorphosis in the absence of a metamorphic
inducer (Bayne 1965: Pechenik 1990 Pechenik et al. 1993). Larvae that fail to
metamorphose in the same time interval as their faster-developing counterparts are generally
discarded from the experiment. Rather than reflecting "inferior” larvae or less efficient
feeders. this variability in time of competence may have major implications for larvae of
one clutch by making the duration of the dispersal stage more flexible, as has been
suggested for larvae that maintain competence (Birkeland er al.. 1971; Pechenik 1980;
Jackson & Strathmann 1981; Chia & Koss 1988) or delay metamorphosis over long
periods (reviewed by Pechenik 1990).

The second factor necessary for metamorphosis Lo occur in most species is the

presence of a metamorphic inducer. Inducers are species-specific chemical or physical cues



that are characteristic of a habitat suitable for juvenile or adult life. Inducing substrates
have been identified for many species and often have been isolated to a single substrate
(reviewed by Pawlik 1992). Competent larvae that are denied an appropriate inducer may
delay metamorphosis until an appropriate cue is intercepted (up to 300 d in the
planktotrophic opisthobranch Aplysia; Kempf 1981; | year in the lecithotrophic scastar
Mediaster, Birkeland et al. 1971) or, more commonly, will undergo "spontancous”
metamorphosis in absence of an observed cue (Highsmith & Emlet 1986), or exhibit a
decrease in "choosiness" and settle on a perhaps less favorable substrate (Thorson 1950);
Knight-Jones 1953; Crisp 1974, 1988; Rumrill 1989). Again, a decrease in larval
"choosiness” may provide larvac with a great deal of flexibility in cncountering a suitable
substrate, as long as the preferred habitat is not highly specific. A decrease in "choosiness”
may indicate changing metamorphic requirements throughout the metamorphic period;
however, empirical evidence to support this hypothesis is lucking.

In this study, I examined the onset of metamorphic competence and the importance
of several natural inducers throughout the metamorphic period in the sea slug Haminaea
callidegenita (Opisthobranchia: Cephalaspidea). H. callidegenita has variable development
in which metamorphosis can occur within the egg mass or after hatching. Time of
metamorphosis therefore determines the proportion of oftspring that disperse and those that
recruit directly to the parental population. Metamorphosis is induced by a compound found
in the gelatinous matrix covering the developing larvae (Gihson & Chia 1989). In this
species, larvae metamorphosed gradually over a period of 1-14 d in continuous presence of
an inducer. Time of metamorphosis was exclusive ol food effects, as these are non-
feeding larvac. The specific objectives were Lo describe 1) variable onset of metamorphic
competence throughout the metamorphic period (pre- and post-hatching), 2) the ability of
H. callidegenita larvae o delay metamorphosis and 3) the increasing sensitivity of H.

callidegenita larvae 1o various metamorphic inducers throughout the metamorphic period.
MATERIALS AND METHODS

A. Animal collection and culture
Haminaea callidegenita adults and egg masses were collected in the summer of
1992 from Padilla Bay in Washington State. Culture procedures followed those deseribed

previously for adults and cgg masses (Chapter 2).



B. Time of metamorphosis
Time of competence throughout the larval period

In this study, competence is defined as the physiological ability of larvae to
metamorphose. This ability was recorded as metamorphosis in response to the natural
inducer found in egg mass jelly (EMJ) and to excess potassium, known to have inductive
potential on competent larvae of many marine invertebrate taxa (Pechenik & Heyman

1987).

Pre-hatching metamorphosis

The ability of several natural substrates to induce metamorphosis before hatching
was assessed by treating encapsulated larvae with each substrate. Gastrulae were separated
from cgg masses by teasing apart the mass with fine forceps. Embryos were rinsed in 1
um filtlered seawater (FSW) several times to remove all traces of egg mass jelly (EMJ).
Embryos were placed in 2 ml Falcon wells containing fSW and a single metamorphic
inducer as described below. Cultures were maintained in an incubator at 17 C in constant
light (nceessary as light was the heat source for the incubator). Warm culture conditions
correspond to the ambient wemperature in Padilla Bay which is warmer (mean of 16.5 C
from June 1o August) than ncarby open water (summer mean of 11.3 C; Cassidy &
McKeen 1986). Cultures were cleaned twice weekly by transferring embryos to new
culture wells containing fSW and fresh metamorphic inducer. At 24 h intervals throughout
the hatching period, hatched veligers and juveniles were counted under a Wild M-5
microscope and removed from the culture.  Hatchlings were scored as veligers if velar
lobes were intact and ciliated. Juveniles had lost cilia and velar lobes were resorbed.
Unlike nudibranchs, the shell is retained through the adult stage. The percent intracapsular
metamorphosis was determined for the entire hatching period and subsequently arcsin
wransformed for statistical analysis (Sokal & Rohlf 1981).

Opisthobranch veligers are often induced to metamorphose by a prey species (Clark
1975: Hadficld & Miller 1987). 1 tested several substrates for their ability to induce
intracapsular metamorphosis in Haminaea callidegenita; substrates selected were often
associated with juveniles in the ficld (pers. obs.). Substrates included: 1) egg mass jelly
( = EMJ), a known metamorphic inducer in this species (approximately 1 mm3/ 2 m well;
Gibson & Chia 1989); 2) surface sediment (1 drop dilute suspension/ well);
3)Chaetamorpha linum, a filamentous green alga (2 x Smm filaments/ well); and 4) the
scagrass Zostera marina (0.5 ¢m? section of blade/ well). Potentially active substrates were
freshly collected from Padilla Bay, except for Chactamorpha which was collected from
Spencer Spit. Excess potassium in seawater (19 mmol K+) was also tested as this is
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known to induce metamorphosis in many benthic marine invertebrates (Yool er al. 1986).
Twenty veligers were cultured/ well for 15 replicates/ substrate (8 for Chaetamorpha).

Post-hatching metamorphosis

Metamorphosis after hatching was induced by several substrates. Veligers were
collected and pooled within 24 h of hatching from intact cgg masses. Only veligers hatched
from intact egg masses were used (vs. those separated from EMJ carlicr in development) Lo
limit the analysis to veligers that would normally metamorphose after hatching. Ten
veligers were subsampled and placed in 2 ml Falcon wells containing one of the following
substrates: 1) 1 pm filtered seawater (SW; control for absence of metamorphic inducer; 10
cultures); 2) SW + EMJ (n = 10); 3) SW + Chaetamorpha linum (n =6),4) SW + Zostera
marina (n = 6); 5) SW + sediment (n = 6); and 6) SW with excess potassium (19mmol K+,
n = 10). Potential inducers were added as described for intracapsular metamorphosis. The
number of metamorphosed juveniles was counted at 24 h intervals throughout the post-

hatching larval period (15 d).

Variable induction of intracapsular metamorphosis among clutches

Induction of metamorphosis was also compared using embryos from diffcrent
clutches. Embryos were separated from 13 egg masses, cach at the gastrula stage.
Embryos were rinsed in fillered seawater Lo remove all traces of EMIJ then subsampled into
6 groups of 30 eggs each. Two subgroups of embryos from cach clutch were cultured in
seawater only (metamorphic inducer absent), two in the presence of EMJ and two in 19
mMol K+. The sensitivity of larvae from cach clutch to both sources of metamorphic
inducer (EMIJ, 19 mMol K*) was examined with a one-way ANOVA. The relative
influence of egg mass vs inducer in determining the percent intracapsular metamorphosis
was determined with a two way ANOVA. Percentage data were arcsin transformed prior o
analysis (Sokal & Rohlf 1981).

RESULTS

Time of metamorphosis throughout the larval period
Pre-hatching metamorphosis

Veligers cultured in the presence of EMJ showed the highest pereent
metamorphosis (53 %) at the end of the 3 d hatching period (Figure 3.1). Veligers cultured

in the absence of metamorphic inducer (scawater only) showed only 7 % metamorphosis.



Rates of metamorphosis increased throughout the hatching period in response to all
substrates tested (Figure 3.1).

Substrates differed in their potentiai to induce metamorphosis before hawching
(Table 3.1A). The percent metamorphosis of veligers cultured with sediment or
Chaetamorpha linum were very slightly higher throughout the hatching period than
embryos cultured in the absence of inducer (to 10 % metamorphosis; Figure 3.1); these
differences were not significant (Table 3.1B) suggesting that these substrates did not
induce metamorphosis above that spontaneously occurring in seawater. EMJ and seawater
with clevated K+ levels induced metamorphosis at a significantly higher rate throughout the
hatching period than occurred in scawater. There were no significant differences in the
percent metamorphosis induced by EMJ and K+ (Table 3.1B). Zostera marina induced
intracapsular metamorphosis 1o an extent intermediate between absence of inducer and
presence of EMJ, although this was evident at the end of the hatching period (38 % on d 3;
Figurce 3.1). Induction by Zostera were significantly different from both SW and EMJ
(Table 3.1B) indicating that although Zosrera will induce intracapsular metamorphosis,
fewer larvae will respond and the cffeet will be delayed relative to rates of metamorphosis

obscrved in response to EMJ.

Post-hatching metamorphosis

Substrates differed in the potential to induce metamorphosis in hatched veligers.
The most rapid onset of metamorphosis after hatching occurred in veligers cultured in the
presence EMJ or in 19 mMol K+ (e.g., on d 1; Table 3.2).  Half of these veligers had
completed metamorphosis by the second day of the experiment and metamorphosis was
completed by day 11. Although Chaetamorpha linum failed to induce intracapsular
metamorphosis, it did induce metamorphosis after hatching (Table 3.2). Rates of
metamorphosis induced by Chaetamorpha were similar 1o that induced by EMJ in that
metamorphosis was completed at the same time although the initial metamorphosis was
delayed (50 % of the veligers tested metamorphosed by day 3-4).  Veligers cultured with
Zostera marina were also slower 10 begin metamorphosis but completed metamorphosis at
the same time as veligers in the presence of EMJ. Metamorphosis of veligers cultured in
the absence of inducer (SW only) showed a steady low rate of metamorphosis throughout
the planktonic period and could delay metamorphosis 4-5 d longer than veligers cultured
with inducer. Sediment did not induce metamorphosis more than that observed in SW.
Variances associated with mean time of metamorphosis (Table 3.2) are similar to those
observed in intracapsular metamorphosis of intact egg masses (€.g., mean * standard error

of 61 +7.27 % juveniles, n = 10) egg masses).
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Time of competence throughout the metamorphic period (pre- and post-hatching)

Cumulative rates of metamorphosis were compared throughout the metamorphic
period (i.e., from first to last metamorphosis per clutch). Rates of metamorphosis after
hatching were adjusted to reflect the percent veligers that had metamorphosed before
hatching in response to the same substrate (Figure 3.2). Adjusting the data in this way may
introduce some error as data collected before and after hatching did not come from the same
egg masses which may have influenced the overall variance in time of metamorphic
competence (Chapter 2 and below). However, all assays were done at the same time on
larvae from egg masses collected from the same population.

Veligers treated with EMJ and K+ showed the same rates of metamorphosis
throughout the metamorphic period (Figure 3.2). Veligers cultured in SW or in the
presence of Chaetamorpha showed very low levels of intracapsular metamorphosis but
their effects diverged after hatching. Veligers in SW maintained the lowest rate of
metamorphosis while Chaetamorpha induced much higher rates of metamorphosis post-
hatching. Zostera induced metamorphosis at rates intermediate o both the presence and
absence of inducer (EMJ/ SW; Table 3.1) before hatching and remained so throughout
most of the metamorphic period (Figure 3.2). Rates of metamorphosis in response to
sediment were similar to those in scawater.

Metamorphosis was also compared as percent metamorphosis per day for veligers
cultured in the presence of SW and EMJ (Figure 3.3). The daily rate of metamorphosis
was initially high in the presence of EMJ (35 %) and low throughout the rest of the
hatching period. A second, smaller peak in metamorphosis occurred in veligers after
hatching (d 4), followed by a gradual decrease throughout the larval period. Although
competence occurred over a long period (14 d), all larvae completed metamorphosis.
Veligers cultured in SW (inducer absent) showed lower daily rates of metamorphosis
throughout the experimental period with a peak response at d 6 (Figure 3.3). This may
represent "spontancous” metamorphosis that has been noted in other species (Pechenik et
al. 1993).

Variable induction of intracapsular metamorphosis among clutches

Intracapsular metamorphosis occurred at approximately the same rate in this assay
(Table 3.3A) as observed above in response o EMJ, 1Ymmol K+, and in scawater (Figure
3.1). The percent metamorphosis in scawater did not differ among clutches (=cgg
masses), although the overall incidence of metamorphosis was very low (5 %). Clutches
did differ in response to EMJ or to K* as metamorphic inducers (one way ANOVA,
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p < 0.01; Table 3.3B) with a range in mean response/ clutch from 31 - 91 %
metamorphosis. Individual clutches also responded differently to induction by EMJ or K*
(two factor ANOVA, p < 0.01; Table 3.3B) although the difference in mean response over
all egg masses considered was very small (63% in rcsponse to EMJ, 58% to K+).

DISCUSSION

Length of the larval period and time of metamorphic competence

Length of the planktonic larval period has far-reaching ecological and evolutionary
consequences (Jablonski & Lutz 1985, Scheliema 1986). There are many indirect reports
of variability in the time the planktonic period is terminated by metamorphosis (success in
achieving simultancous metamorphosis in culture is seldom observed) but this variability is
generally ascribed to variable physiological condition of eggs produced per spawning event
or to larval performance in feeding and growth (Bayne 1965), if addressed at all. Most
authors rcpon primarily on the onset of competence in a culture. However, variable time
of competence could provide additional flexibility in length of larval life that may allow
some larvae/ clutch to locate a patchy, specilic, or widely separated habitats (Jackson &
Strathmann 1981; Pechenik 1990).

Haminaea callidegenita larvae from one cluich become compeient 10 metamorphose
gradually over a period of 14 d (including 3 d before hatching) in the continuous presence
of a metamorphic inducer (EMJ). Throughout this period, daily rates of metamorphosis in
Haminaea callidegenita changed from an initial high rate of metamorphosis within the egg
mass (50 % veligers had metamorphosed by 3 d), followed by a second peak immediately
after hatching, and continuing at a low rate of metamorphosis throughout the rest of the
larval period (Figure 3.3). This patiern of metamorphosis also occurred in response (0
clevated K+, Variable onset of competence within a cluich may provide an ecological
advantage of providing a broader dispersal range for propagules produced by a population
such that the majority metamorphose within or near the parental habitat and the number of
"dispersers" rapidly decreases with time. All larvae/ clutch become competent and late
developers do not represent physiologically “inferior" offspring, as may be inferred
(perhaps wrongly) in other species in which observations of metamorphosis are not
continued for all larvae in the experiment.

Whether this range in variability is common is unknown. It is difficult to compare
these data with other species because observations by others have been made by "pulsing”
subsets of larvae with inducer at various time intervals and few authors have followed
larvae throughout the entire metamorphic period. Molluscs often show a metamorphic



profile with an initial slow rate of metamorphosis followed by a platcau at high rates over
several days although metamorphosis is rarely completed by all larvae per culture (¢.g.
Hadfield & Scheuer 1985; Coon er al. 1990; Pechenik & Gee 1993). In Haminaea
callidegenita, daily rates of metamorphosis appear to be quite different. Low rates of
metamorphosis of the first larvae achieving competence, as observed in other molluscs,
either did not occur in H. callidegenita or alternatively were not detectable because initial
metamorphosis is rapid (within 24 h before hatching occurs; Gibson & Chia 1989) and
occurs within the egg mass where it is difficult to observe (in cases where the velum is not
extended). The initial peak in metamorphosis may correspond to an abbreviated plateau of
high rates of metamorphosis, as observed in other molluscs. The lower daily rates of
metamorphosis in the remaining metamorphic period might have been observed by other
authors had observations been continued to end of the larval period.

In this experiment, I have assumed that larvae will metamorphose when they
become physmlogxcally competent to do so if a metamorphic inducer is present; therefore,
time of memmorphosw indicates the time a larva becomes competent. Larvae of other
molluscs are thought to become habituated to an inducer il continuously present (¢.£.,
Phestilla sibogae, Hadfield & Scheuer 1985, Hirata & Hadfield 1986; Haliotis rufesens,
Trapido-Rosenthal & Morse 1986 a&b; but not Crepidula fornicara, Pechenik and Gee
1993). Habituation is unlikely to play a major role in Haminaea callidegenita because 1) a
certain proportion of veligers/ clutch are sensitive to the inducer (EM) throughout the
encapsulated period despite the continued presence of jelly and, 2) itis not nccessary 10
desensitize hatched larvae before they will respond, as occurs in Phestilla.

Variability in time of competence is also influcnced by significant differences in the
time intracapsular metamorphosis is observed among clutches (induced by EMJ). This
suggests that variance in time of competence may be genetic, as is supported by the
observation that the percent intracapsular metamorphosis is determined by the embryos
themselves and is independent of inducer (Chapter 2). Variable time of competence within
a culture (although not necessarily a clutch) has been observed in other specics, but has
generally been ascribed to environment or food availability (Hadfield 1977; Kempf &
Hadfield 1985: Pechenik et al “990). The genetic basis for time of mctamorphosis in
Haminaea callidegeny,,. will be further addressed in Chapter 5.

Larvae from different clutches responded differently to the natural inducer (EMJ)
and induction by elevated K+, although the mean responses were very similar. This
supports the hypothesis that K* is wrigger ing metamorphosis in marine invertebrates via a
different pathway than does the natural inducer ( Yool et al, 1986; Pechenik & Gee 1993),
possibly by depolarizing an excitable membrane in the nervous system (Pechenik &



37

Heyman 1987) rather than contacting an external receptor organ and eliciting a cascade
cffect, as has been suggested for the natural inducer (Burke 1983; Arkett et al 1989).

Metamorphosis inducing activity of different substrates

Haminaea callidegenita larvae metamorphosed in response to several substrata
throughout the metamorphic period.  The effects of these natural inducers changed
throughout the metamorphic period. This could represent either a decrease in larval
"choosiness” as has been proposed for competent larvae of other species if denied a
"preferred” substrate (Thorson 1950, Knight-Jones 1953; Crisp 1988; Rumrill 1989;
Pechenik 1990) or alternatively, an increased sensitivity 1o other cues which may identify
an acceptable habitat. Metamorphosis was not induced by sediment indicating that the
decrease in "choosiness” is not completely haphazard in this species and although larvae
will gradually respond (o an increasing assortment of substrates, they still express some
sclectivity.

For example, larvac metamorphosed in response to EMIJ as soon as they became
competent throughout the metamorphic period (time of competence supported by larval
response 1o elevated K+). The initial sensitivity to EMJ was high and as jelly would
always be present during the encapsulated phase in nature, this would result in a high
incidence of juvenile hatchlings. Post-hatching sensitivity gradually decreased throughout
the metamorphic period. The probability of a hatched veliger encountering an egg mass in
nature is low cven in Padilla Bay with its extensive population of Haminaea as well as
dense scagrass beds that may create hydrologic conditions that favor retention of larvae
within the bay. Also, such an encounter would not nccessarily provide a larva with a
reliable cue of a recruitment site containing an established H. callidegenita population
because EMJ of other species will have the same effect regardless of habitat of the test
species (Chapter 4 In nature, it is likely that other cues (chemical or physical) also play a
role in identification of = suitable site (¢.g., as is known in barnacles; Crisp 1974). A
possibility is water tenmeratite, as H. callidegenira adults are found in bays with slightly
warmer temperatures than other bays in the vicinity (pers. obs.).

Veligers showed no sensitivity 1o Chaetamorpha linum before hatching yet rapidly
responded to this alga post-hatching after an initial (1-3 d) delay before peak response.
Mectamorphosis in response (0 Zostera was intermediate to that induced by EMJ and SW
throughout the metamorphic period. An ecological advantage for veligers Lo respond to
Zostera before hatching and not to Chaetamorpha is not clear. In the field, both substrates
arc associated with egg masses as well as with small juveniles indicating that they both
provide sites adequate for adult and juvenile existence. However, Zostera beds are much
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more extensive in this habitat. Whether veligers respond 1o Zostera before hatching in
nature is not known but its effect would likely be small relative to that of EMJ which is in
closer proximity to developing embryos. The response of hatched veligers o Zostera was
similar to their response 1o Chaetamorpha - there was an initial period of low
metamorphosis (1-3 d) followed by rapid metamorphosis. This post-hatching delay period
may allow sufficient time for short range dispersal, i.c., to another part of the bay or of the

estuarine system.

Delay of metamorphosis

Haminaea callidegenita veligers delayed metamorphosis an additional 4 d after final
onset of competence; this period is almost a third of the planktonic period in this species
and may provide cnough flexibility to be advantageous to some larvac. Competent larvae
of many species of benthic marine invertebrate are known to delay metamorphosis with the
proposed advantage of providing larvae with a greater time interval in which o encounter a
suitable habitat (Pechenik 1990). Gradual low rates of metamorphosis throughout the
delay period are known as "spontancous” metamorphosis and have been observed in
several species maintained in absence of a known inducer (¢.g., Highsmith & Emlet 1986).
H. callidegenita showed a gradual increase in spontancous metamorphosis throughout the
metamorphic period with a peak occurring approximately 5 d after peak time of competence
(Figure 3.3) followed by low rates during the remaining planktonic period. Comparison of
this peak with the ultimate ability of larvae to delay (4 d alter final ime of competence) may
indicate that larvae are only capable of delaying metamorphosis 4-5 d afer compeience is
reached by an individual larva.

There was no evidence of facultative planktotrophy in H. callidegenita, such as
uptake of pigment in the digestive gland cete, as has been reported in other lecithotrophic
opisthobranchs (Thompson 1958; Kempf & Hadficld 1985). 1 did not examine the
potential of consequences of delayed metamorphosis 1o the juvenile as has been noted in
other species. Such consequences may involve juvenile growth, mortality, and onset of
maturity (reviewed by Pechenik 1993). The effect of these consequences may be
considerable as veligers are lecithotrophic and therefore cannot replace food reserves

throughout the larval period.

Conclusion
In Haminaea callidegenita, metamorphic competence is achieved overa two week
period in constant presence of inducer, and is independent of larval feedmng. Al tarvac

become competent suggesting this patiern may represent d functional exterion of the larval



period, rather than reflecting slow development of a few "inferior” larvae. The advantage
of this developmental flexibility is twofold. First, competence occurs throughout both the
encapsulated and free-swimming phases. Therefore, dispersive propaguies and recruits are
produced by every individual. Second, dispersing veligers are characierized by 1) an
initially high rate of metamorphic competence which rapidly decreases with increasing time
hatched, 2) a decrease in larval "choosiness", or an increase in sensitivity to various
substrates, and 3) the ability for "spontancous" metamorphosis. This may be ecologically
important in this species because most hatched veligers will experience dispersal over short
distances (possibly within or near the large estuarine system inhabited by parents) and few
will exhibit longer range dispersal, increasing the potential for gene flow with more distant
populations as well as risks associated with a long planktonic period (Palmer & Strathmann
1981; Rumrill 1986). An important component is the variation in time of competence
among clutches of larvae. This has not been observed previously and has important
implications for both variable development and dispersal potential in this species.

39



40

Table 3.1: Induction of metamorphosis before hatching in Haminaea callidegenita.
A: Results of a one-way ANOVA comparing the % metamorphosis of encapsulated
veligers on each of the substrates indicated. B: Scheffé procedure comparing %
metamorphosis induced by each substrate with % metamorphosis occuring in
seawater only (inducer absent) and in the presence of EMJ (inducer that is present
in intact egg masses). *** p<(0.001, ** p<0.01

A. Comparison among all substrates of % metamorphosis/ d

SOURCE DF SS MS F P
Day 1 Between substrates 5 14145.87 2829.17 20.73 okok
Within substrates 77 10511.10 136.51
Total 82 24656.97
Day 2 Between substrates 5 23766.83 4753.37 13.77 ok
Within substrates 77  26563.27 344.98
Toual 82 50330.11
Day 3 Between substrates 5 3138493 6276.98 28.24 ok
Within substrates 77 17113.22 222.25
Total 82  48498.15

B. Comparison of % metamorphosis induced by individual substrates

Significant difference from:

Substrate Seawater EMJ

Day 1 Day2 Day3 Day 1 Day2 Day3
+EMI] *kok Aok dok
+19 mMol K+ e ns ns ns
+ Sediment ns ns ns *x *x ok
+ Chaetamorpha ns ns ns ns ** *ok




Table 3.2: Induction of metamorphosis after hatching by EMJ, K+, Chaetamorpha linum,
Zostera marina, sediment, as well as metamorphosis occuring in seawater only
(SW). Data listed are mean (standard errors in lower brackets) percent
metamorphosts as a cumulative percent of the total # veligers-substrate-d.
n = # cultures/ substrate (10 veligers/ culture).

SUBSTRATE
SW EMIJ K+  Chaetamorpha Zostera Sediment
N 10 10 10 6 6 6
DAY
1 0.39 40.17 26.97 0.89 7.46 1.20
(2.73) (9.31) (4.83) (0.41) (5.08) (1.78)
2 5.58 56.09 62.35 28.73 15.58 - 7.43
(6.05) (6.72) (6.74) (7.98) (6.71) (6.63)
3 26.04 74.73 71.42 42.09 44.81 28.25
(6.37) (5.13) (5.77) (9.57) (10.97) (11.25)
4 -46.66 82.93 74.90 86.64 61.04 41.26
(9.63) (5.84) (7.36) (8.80) (8.89) (8.66)
5 58.60 85.86 8().48 88.86 74.03 51.26
(10.29) (5.66) (5.52) (6.84) (8.70) (7.04)
6 7191 90.99 84.66 93.32 85.39 68.98
(8.96) (3.83) (3.97) (4.32) (6.47) (9.08)
7 76.77 96.19 90.24 96.66 90.26 71.45
(7.33) (2.67) (2.62) (3.57) (3.27) (6.63)
8 84.03 97.98 93.03 96.66 93.51 83.55
(6.25) (2.67) (2.96) (2.65) (1.45) (5.25)
9 89.59 97.98 94.42 97.77 100 91.66
(6.72) (1.58) (0.61) (0.00) (0.00) (2.60)
10 93.35 99.27 100 98.44 92.87
(1.05) (0.00) (0.00) (0.00) (2.96)
1 94.75 100 100 96.74
(3.19) (0.00) (0.00) (2.16)
12 97.35 98.27
(2.89) (2.30)
13 98.91 98.27
(1.97) (0.00)
14 98.92 100
(0.0, (0.00)
15 100

(0.00)




Table 3.3: Variable induction of metamorphosis among Haminaea callidegenita larvac
separated from different egg masses.  A: Mean (£ standard crror)
% metamorphosis in response to the substrates indicated at the end of the hatching
period. B: Comparison of the % mctamorphosis in larvac from diffcrent egg
masses in response to individual substrates. C: Comparison of inductive potential
of EMJ and K+ in terms of response by larvac from different egg masses.
Substrates are seawater (inducer absent), EMJ, and 19mmol Kt.
EM= egg mass, EMJ= cgg mass jelly.
*xx 5e().001, ** p<0.01, * p<0.05

A. % Metamorphosis induced by each substrate

SUBSTRATE N X+S.E. MIN MAX
Seawater 26 5.65+ 1.38 0.00 25.00
EMJ 26 63.35+4.55 12.50 96.30)

19 mMol K+ 26 58.23£3.52

30.00 79.74

B. Comparison of the variable response among cgg masscs (one way ANOVA)
SOURCE DF SS MS F P

Seawater Between EM 12 0.0595 0.0050 1.0020 ns
Within EM 13 (.0643 (.0049
Total 25 0.1239

EM) Between EM 12 2.3201 0.1933 6.3632 ok
Within EM 13 0.3950 0.0304
Total 25 2.7151

19 mMol K+ Between EM 12 1.1002 0.0917 5.8037 ok
Within EM 13 0.2054 0.0158
Total 25 1.3055

C. Comparison between EMJ and K* as metamorphic inducers (2 way ANOVA)

SOURCE DF SS MS F P
EM 12 3.5392 ().2949 11.0905 *oH Ak
EMJ/ K+ | ().232¥ 0.2328 8.7528 *ok
Interaction 12 0.7778 ().0266 2.4324 *
Error 30 .7978 ().0266
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Chapter 4

Partial purification of metamorphic inducer from egg mass jelly
in the opisthobranch Haminaea callidegenita.

INTRODUCTION

Larvae of most species of henthic marine invertebrate are induced to metamorphose
by a cue that identifies a specific habitat as suitable for juvenile or adult existence (reviewed
by Pawlik 1992). The cue, known as a metamorphic inducer, can be chemical or physical
and triggers a radical transformation of morphology. physiology, ecology and behavior of
the larva to the juvenile stage. Chemical inducers may be water-borne or tactile, and may
originate from con-specifics, prey specics, or a characteristic micro- or macrobiotic
substrate (bacterial film or an algal, invertebrate or vertebrate species; see Pawlik 1992).
Despite mény attempts to purify inducers, identification has been made for only four
species: the hydroid Coryne is induced to metamorphose by a chromanol produced by the
brown alga Sargassum (Kato et al. 1975); the echiuran Bonellia is induced by the pigment
bonellin produced by con-specifics (Pelter et al. 1978); the scallop Pecten is induced by
jacaranone in the red alga Delesseria (Yvin et al 1985); and, the polychacwe Phragmatopoma
is induced by free fatty acids (Pawlik 1986) and possibly also by the amino acid L-DOPA,
both produced by con-specifics (Jensen & Morse 1990). Metamorphic inducers have been
characterized for several other species and include a variety of chemical groups (Pawlik
1992).

The opisthobranch mollusc Haminaea callidegenita is induced to metamorphose by
a compound found in the gelatinous layers composing most of the cgg mass (Gibson &
Chia 1989a). A unique life history results in which half the embryos/ ¢gg mass
metamorphose in response to jelly before hatching as juveniles. The other half hatch as
veligers and will metamorphose in response 10 jelly throughout the 14 d planktonic persod
(Chapter 3). Therefore, each parent produces both dispersive (lecithotrophic veliger) and
non-dispersive (juvenile) offspring. The objectives of this chapter were: 1) to characterize
the metamorphic inducer found in cgg mass jelly; 2) o describe purification techniguces; and
3) 1o describe biological characteristics of jelly that influence its activity as a metamorphic
inducer. The inducer was smaller than 1000 Da in molecular weight, polar, and stable o
temperature and acid. Metamorphic inducing activity was specific to Haminaea larvac but

the compound was not uniquely produced by adults of this specics.



MATERIALS AND METHODS

A. Larval culture
Haminaea callidegenita were collected at Padilla Bay or Spencer Spit, and

maintained after collection at the University of Washington, Friday Harbor Laboratory,
Washington State, U.S.A.. Culwre conditions for adults have been described (Chapter 2).
Egg masses used in these assays were either collected in the field or within 24 h of natural
spawning by animals maintained in the laboratory. Egg masses were maintained at 17 C
until hatching occurred (approximatcly 14 d after oviposition). Warm temperatures were
nceessary because the natural population occurs in bays with warmer water (mean of 16.5C
from Junc to August) than in a ncarby channel of open water (summer mean of 11.3Cin
Rosario Strait; Cassidy & McKeen 1986). Eggs maintained in the laboratory at lower
wemperatures (10-12 C) had very slow development with a high incidence of abnormal
development (pers. obs.).

Embryos used in these assays were separated from egg mass jelly (known to induce
metamorphosis; Gibson & Chia 1989a) at the gastrula stage. Egg mass jelly (EMJ) was
removed with fine forceps and embryos were left in the embryonic capsule. Separated
cggs were rinsed twice in 1 pm filtered seawater 10 release all traces of jelly. Embryos
separated from a particular egg mass were cultured together in 100 ml 1 pm filtered
seawater at 17 C. Cultures were cleancd twice weekly by pipetting larvae into freshly
filtered seawater (17 C) in glass culture jars that had been scrubbed under hot fresh water 1o
remove primary film. Hatching began approximately 14 d after spawning. In these
assays, hatching refers to the escape of larva or juvenile {rom the capsule and is slightly
faster (maximum of 2-3 d) than hatching [rom intact egg masses (requires 4-5d; Chapter 2).

B. Larval assays

Approximately 4 d before hatching, encapsulated larvae were placed in cultures
containing the substrate to be tested as a metamorphic inducer. Culwres were maintained in
2 ml Falcon wells containing 1-2 ml of 1 pm filtered seawater (fSW) and a single inducer
(defined below) at 17 C. Approximately 15-20 larvae were placed in each well; number of
larvae depended on the size of the cgg mass used and the number of wells required for the
assay. At 24 hintervals throughout the hatching period all hatchlings were counted and
removed under a Wild M-5 microscope. Hatchlings were removed daily so that estimates
would not include metamorphosis of hatched veligers. Hatchlings were immediately
scored as veligers (with ciliated velum) or juveniles (velar cilia lost and velar lobes
resorbed: shells retained through the aduli stage). The percent juveniles hatching in each
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well was determined for each day of the hatching period and is generally presented as a
cumulative percent ( number metamorphosed/ total number larvae-metamorphic inducer at
the end of the hatching period). Percentage data were arcsin transtormed before statistical
analysis.

Sample size refers to the number of egg masses (= number of clutches) used.
Sample size varies among assays and is given in the figure of a particular experiment.
Subgroups of larvae from each mass were simultancously assayed for cach treatment/
assay. It was necessary to compare rates of metamorphosis among clutches because larvae
from different egg masses are known to show variable rates of intracapsular
metamorphosis (ranging from 4 - 100 %; Chapter 2). This may introduce error in
interpretation of results if particular clutches have either very low rates of metamorphosis
throughout the hatching period, or high levels of background, or spontancous,
metamorphosis.

All assays contained two cultures ("standard controls") in addition to treatments.
These cultures were: 1) separated embryos cultured in filiered scawater (fSW) to determine
the proportion of "spontancous” metamorphosis occurring in cach egg mass in absence of
inducer, and 2) embryos cultured with untreated EMJ (approximately | mm?) 1o determine

the proportion of embryos/ egg mass competent Lo metamorphose during the assay period.

C. Characterization of the metamorphic inducer in egg mass jelly

Egg mass jelly (EMJ) was collected, drained of seawater, and frozen at cither -9 C
or -60 C until assayed for ability to induce metamorphosis. Approximatcly 1 mm?3 of
treated or untreated EMJ (wet volume) was added to the appropriate culture. Antibiotics
were added to culture water (both controls and treatments) to prevent degradation of EMJ
or jelly extract by bacteria (40 mg/ L each of streptomycin sulfate and penicillin G; Kempf

& Willows 1977).

General stability

The stability of the metamorphic inducer in EMJ was determined by boiling (20
min, 100 C) or by lyophilizing homogenized EMJ (24 h, -46 C). Stability of inducer in the
presence of acid was determined by acidifying an aqucous EMIJ homogenate with glacial
acetic acid (2 h. 0.1 M). In all cases, treated EMJ was rinsed with distilled water (distilled

water), fSW and approximately | mm? jelly was added to the appropriate culture.
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Effects of proteases

EM]J was treated with one of two non-specific proteases to determine if the inducer
was proteinaceous.

a. Proteinase K (final concentration 0.1 mg /ml) was added to 5 ml EMJ for 90 min
at 18-20 C. Treated EMJ was rinsed with dilute acid to inhibit the protease, distilled
water, and several fSW rinses to remove both proteinase and inhibitor.

b. Protcasc XIV from Streptomyces griseus (Sigma P-5147; final concentration
I mg /ml) was added to 20 ml EMJ in 20 ml fSW at 17-20 C for 12 h, with continual
mixing. EMJ was rinsed with 1 1 (€% %z nach of five times, soaked in fSW overnight,

and re-rinsed before assay.

Molecular weight

The molecular weighy of ine~ was estimatcd with dialysis and molecular weight
filters. A methanol extract was used in this assay, rather than EMJ pieces, to prevent
clogging of tubing or filter with the large mucoproteins composing much of the gelatinous
matrix.

Dialysis.

A methanol (MeOH) extract of EMJ was dialyzed using tubing of three pore sizes:
12-14000, 6-8000, and 3400 Da (molecular weight cut-off). EMJ was lyophilized,
sonicated in absolute MeOH (1 min) and extracted twice with a equal volume of MeOH (30
ml) for 1 h. The extract was centrifuged, supernatants pooled and solvent evaporated
under nitrogen leaving an oily, yellow residue. The residue was re-suspended in 150 mi
{SW by stirring gently for 1 h. Dialysis tubing was rinsed in distilled water for 2 h to
remove the glycerol coating, rinsed in fSW, and filled with 40 ml of inducer suspension.
Knots were loosely tied at the end of the wbing o prevent leakage. These bags were rinsed
in fSW to remove any external contamination, and placed in 150 ml of {SW that was gently
acrated for 24 hat 17 C.  The assay included testing the inductive activity of: 1) re-
suspended EMJ extract in fSW; 2) the dialyate passing through tubing of each pore size; 3)
dialysis tubing prepared and soaked in fSW as above in absence of EMJ 1o test the effects
of the tubing; as well as 4) standard controls (embryos cultured in fSW only and with
untreatcd EMJ).

Ultrafiltration.

Amicon diaflo ultrafilters were also used to estimate molecular weight.

Lyophilized EMJ (15 ml wet volume) was twice extracted (1 h each) with 25 ml MeOH.
The combined extract was centrifuged at 3000 rpm for 5 min, and MeOH evaporated with a

hairdryer. The residue was resuspended in distilled water, and 20 ml suspension was



filtered through either a 5000 Da (Amicon YMS5) or a 1(X)X) Da (Amicon YM2) ultrafilter at
flow rates of 1 mV/ 2.5 min. All solutions were lyophilized and resuspended in 30 ml fSW.
The assay tested the activity of: 1) McOH residue resuspended in distilled water hefore
centrifugation; 2) distilled water suspension before filtration; 3) filtrates; 4) residue from
both YMS and YM2 filters; and 5) standard controls.

D. Extraction and purification procedures
Extraction with erganic solvents

Organic solvents were used to extract inducer from egg mass jelly (Pawlik 1986).
Lyophilized EMJ (10 ml wet volume) was sequentially extracted with organic solvents of
increasing polarity (20 ml each): hexane, dicthyl ether, 1:1 dicthyl cther: methanol,
methanol, and distilled water. Fxtraction included sonication for | min followed by
extraction for 1 h with continual gentle agitation. Solvents were evaporated with a hair
dryer, the dry residue re-suspended in {SW and 2 ml added to cach Falcon well. Individual
solvents were also tested (in absence of EMJ) for potential effects by evaporating an
equivalent volume of solvent, and resuspending any possible residue in fSW (cf.
Pennington & Hadfield 1989).

High Performance Liquid Chromatography (HPLC)

Metamorphic inducer was partitioned from MeOH extract with HPLC (Spectra-
Physics) using 2 buffer systems (gradient and isocratic). In these assays, embryos from
more than one egg mass were used for cach sample because of the large number of larvae

required to test all fractions for inductive activity.

Gradient sysiem

Lyophilized EMJ was extracted with hexane to remove non-polar compounds;
eluant was discarded and EMJ dried. Residual EMJ was then sonicated in absolute McOH
(1 min) and further extracted with absolute methanol (5 ml wet EMJ/ 10 ml McOH) for 1 h.
The centrifuged (2 min) McOH eluant was injected (100'pl) into a Alltech RPC18 column
(25 cm x 4.6 mm, 10 um particle size) and partitioned on a buffer gradient rrom 100 %
methanol to 100 % water over 30 min. Fractions were collected at | min intervals. All
fractions were tested for inductive activity regardless of the presence of a visible peak (uv-
vis detector set at 254 nm). Fractions from three injections (a total of 300 pl crude extract)
were combined and pooled at 2 min intervals. Solvent was evaporated, and the re-
suspended residue (in fSW) added to Falcon wells and assayed as outlined above. The
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assay tested the activity of: 1) crude extract (50 pl 2 ml fSW); 2) each 2 min interval
(corresponding to 50 pl crude extract/ 2ml {SW); and 3) standard controls.

Two fractions were found o contain activity (min 9-10, 17-18). To determine if
both peaks represent the same or similar compounds, fractions containing the first peak of
activity (min 9-10) were collected for 3 runs (300 pl original crude extract), concentrated in
absolute McOH and re-partitioned at the same gradient conditions. Fractions were collected

and assayed as described above.

Isocratic system

In the final step of the purification procedure, the two active peaks (min 9-10, 17-
18) were collected for 3 runs (300 pl crude extract), pooled, dissolved in MeOH and
subsequently re-run through the same column isocratically in absolute MeOH to remove
additional contaminants. Fractions were collected at intervals corresponding to visual
pcaks on the chromatograph (detected at 254 nm), and both peaks and inter-peak intervals

assayed as outlined above.

E. Activity of metamorphic inducer in egg mass jelly
Activity of metamorphic inducer as a factor of EMJ age

EMJ from masses of different ages were tested for inductive activity. EMJ was
separated and pooled from 5 egg masses at each of the following uevelopmental stages:
gastrula; carly veliger (showing cephalopedal rudiment); mid-veliger (statocysts visible,
growth of larval shell complete); late veliger (eyes and heart well developed); and egg
masses from which hatching was completed. EMJ was frozen for 48 h before it was
assayed. Bioassays were conducted in Falcon wells as detailed above. Data were
analyzed with a onc-way ANOVA using the Schefté procedure for unplanned comparisons

among treatments (Day & Quinn 1989).

Presence of metamorphic inducer in EMJ produced by other opisthobranch species

EMUJ of other opisthobranch species was tested for ability to induce metamorphosis
in Haminaea callidegenita veligers. Embryos were separated from H. callidegenita egg
masses when they were gastrulac. Subgroups of 20 embryos from each of € egg masses
were cultred in the presence of EMJ from one of five opisthobranch species. The
metamorphic inducer from H. callidegenita EMJ was found to be 10 be soluble in methanol,
and therefore a methanol extract of jelly [tom each species was also tested for metamorphic
activity 10 determine if potential acuvity was caused by a chemically similar compound to
that found in the EMJ of H. callidegenita. EMJ was freeze-dried then extracted with



absolute methanol (5 ml jelly in 10 ml methanol) for 1 h. The methanol extract was
centrifuged for 1 min in a microcentrifuge. 100 pl of supernatant was placed in a 2ml
Falcon well, solvent evaporated with a hair dryer and residue re-suspended with fSW.
EM]J was collected from 4 opisthobranch species in addition to Haminaea
callidegenita, including: H. vesicula, a morphologically und ecologically similar congener
that occurs in the same habitat; Melanochlamys diomedea, also a cephalaspidean and also
found in the same habitat; Alderia modesta, an ascoglossan found in association with the
zanthophyte Vaucheria sp. located in the high intertidal zone of the same bays as H.
callidegenita; and Onchidoris bilamellata, a nudibranch found intertidally in association with
barnacles. Egg masses of the first three species were collected from False Bay and
Onchidoris egg masses were collected at Friday Harbor Laboratory, both on San Juan
Island, Washington State. Embryos of all cgg masses were gastrulac at the time of

collection and freczing.

Effects of EMJ as a metamorphic inducer on the larvae of other molluses

Activity of the metamorphic inducer found in Haminaca callidegenita EMJ was
tested on 5 other species of molluse. Species include four opisthobranchs (H. vesicula,
Melanochlamys diomedea, Alderia modesta, Onchidoris bilamellata) and the oysier
Crassostrea gigas. Planktotrophic veligers of all five species were cultured as by Kempl &
Willows (1977) with the exceptions that antibiotics were not generally used.
Phytoplankton supplied as food was a 1:1:1 cocktail of Isochrysis galbana, Paviova lutheri
and Rhodomonas sp.

Larvae were identified as metamorphically competent when the propodium was well
developed and the mantlc was retracted from the shell (Bickell 1978). These larvae were
placed in 100 ml jars (n = 10 larvac/ jar) containing fSW and onc of three substrates:

1) EMJ; 2) a metamorphosis inducing substrate associated with that species; or 3) 19 mMol
K+ in fSW. Assays for metamorphic activity of EMJ used cither picces of Haminaea
callidegenira jelly or an evaporated residue of jelly extracted with methanol. To ensure
metamorphic competence, larvac were also tested with a substrate considered suitable for
each species. Substrates used included diatoms and adult mucus for H. vesicula (Gibson
& Chia 1989b), sand containing nematodes for Melanochlamys (pers. obs.), tie alga
Vaucheria for Alderia (Sceleman 1933), the barnacle Chthamalus dalli for Onchidoris
(Chia & Koss 1988), and adult shell for Crassostrea (Crisp 1°67). All substrates were
collected from the adult habitat of cach species. Compete:. ¢ was also determined using

seawater containing excess potassium (19 mMol K+: Yool et al 1986) known to induce
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metamorphosis in several phyla of marine invertebraies (Todd et al 1991). Percent

metamorphosis was determined after 48 h.

RESULTS

A. Induction of metamorphosis by egg mass jelly

Haminaea callidegenita larvae are induced 1o metamorphose within the embryonic
capsule by cgg mass jelly (EMJ). The majority of embryos cultured in the absence of EMJ
hatched as veligers (X £ S.E. 12 £ 1 % juveniles relcased at hatching, n = 24 cultures)
while those cultred in presence of inucer undergo intracapsular metamorphosis (52 £ 4
% juveniles, n = 24 cultures) at rates expected of intact egg masses (61 % juveniles,
n = 288 cgg masses; Chapter 2).

The activity of inducer in EMJ was not destroyed by boiling, lyophilizing, or
washing EMJ with acid (Figurc 4.1). The activity was also unaffected by the action of two

general proteases, proteinase K and pronase X1V (Figure 4.2).

B. Isolation of metamorphic inducer

The meamorphic inducer was dialyzable at all three pore sizes tested with no
significant differences among tubing pore sizes (Figure 4.3A) indicating that the
metamorphic inducer is smalier than 34(0d in molecular weight. This was confirmed by
estimations achicved with ultrafiltration in which inducer passed through both 5000 Da and
1000 Da ultrafilters (Figure 4.3B). The decrease in activity observed in these two assays
probably reflects the use of an agueous extract of inducer thronghout the dialysis and
filtration procedures; solubility of inducer in water is generally lower than in MeOH.

The only organic solvent w extract significant amounts of inducer from EMJ was
methanol (Figure 4.4). Some inducer was retained by the EMJ as evidenced by subsequent
extraction of inducer with distilled water and the small amount ol activity rcmaining in
extracted EMJ. Metamorphosis was not induced by residues of any of the organic solvents
tested (Cigure 4.4). The MeOH extract showed peak absorbance at 254 and a smaller peak
4i 303 nm, as well as a peak corresponding 1o the absorbance maxima for pure MeOH at

205 nm.

£, Purification of metamorphic inducer (HPLC)

Gradient systen
Metamorphic inducer etuted at 9-10 min (buffer at approximately 70% MeOH) and
at 17-18 min (approximately 40% McOH) after injection (gradient from absolute MeOH 10



H20; Figure 4.5). Fraction 9-10 induced slightly less metamorphosis (60 %) than occured
in response to untreated EMJ (70 %) or the crude McOH extract (93 %). Fraction 17-18
induced metamorphosis at a much lower rate (32 % Figure 4.5).

Fraction 9-10 was pooled over 3 runs and re-injected to determine if the inducer
would elute as one fraction or if the activity would again partition into two {ractions.
Inducer again eluted at two intervals, 7-8 min and 15-18 min, with some spreading of cach
rcak (Figure 4.6). In this zssay, there were aiso high levels of spontancous
metamorphosis (e.g., 20 % metamorphosis accurred in veligers cultured in absence of
inducer).

Despite seme spreading of activity and clution at two peaks, this combination of
solvent and column was ¢hosen for the elution protocol because alternative procedures
(chunging the solvent butfer or column packing) were not as successtul or as casily
repeated. Increasing the butler polarty (ie., starting with water as is more usual in reverse
phase chromatograpty; Quinn 1988) caused rapid clution of the inducer (within 3 min of
injection) and no pastitioning of contaminants. Decreasing initial butfer polarity (with
acctonitrile) caused retention of the inducer on the column (cluted 45 min after injection)
accompanied by increased spread of activity. Isocratic buffer failed to partition the inducer
from crude extarct. A reverse phasc packing for the column was selected because it was
the most successful and consistent in initial experiments testing packing with: Sep Pacs
cartridges. Sep Pacs containing a packing of silica or CN as a functional group did not
retain activity. NH2 Sep Pacs did cause separation of inducer from contaminants, althcugh

these results were inconsistent.

Isocratic system
The combined active fractions isolated above (min 9-10, 17-18) were re-cluted
using isocratic buffer conditions. This resulted in the clution of inducer as a strong single
peak 8 min after injection, as well as the partitioning o “several contaminaats (Figure 4.7).
Peak 8 was accumulaicd over several runs, The dry residue was a very small
amount of a fine, white powder that reacted strongly with vanillin (indicating the presence
of steroids, phenols or essential cils) and had a slight reaction with ninhydrin (indicative of

primary amines).



D. Activity of metamorphic inducer in EMJ

Activity of inducer as a factor of EMJ age
There were no significant differences in inductive activity of EMJ of different ages

(Figure 4.8) indicating that activity of the metamorphic inducer found in EMJ was not
influenced by the age of the jelly.

Presence of metamorphic inducer in the EMJ of other opisthobranch species

EMIJ from other opisthobranch species induced metamorphosis in Haminaea
callidegenita veligers (filled bars; Figure 4.9). Veligers treated with a methanol EMJ extract
showed a similar response (hatched bars; Figure 4.9) suggesting that the inducer present in
the jelly of other species may be chemically similar to that produced by H. callidegenia.

Effects of EMJ as a metamorphic inducer on other species of molluscs

EM] did not induce metamorphosis in any of the other 4 opisthobranch species
tested (Figure 4.10). These larvae metamorphosed in response Lo excess Kt in seawater
as well as to a substrate though: to be a species-specific metamorphic inducer, indicating
that they were competent to metamorphose. The oyster Crassostrea gigas did
metamorphose in response o EMJ picees but did not respond to EM]J extract (Figure 4.10).
As oyster larvac are known to be metamorphically sensitive to primary film (Coon et al.
1985) it is probable that these larvae were induced by a compound associated with the jelly
itself (bacteria, diatoms) and were independent of the inducing compound known to be
active in H. callidegenita. Data shown in Figure 4.10 are the pereent metamorphosis/ total

number larvae tested on cach substrate; the variance among cultures was not estimated.
DISCUSSION

Purification of the metamorphic inducer

Haminaea callidegenira veligers are induced to metamorphose by egg mass jelly.
The inducer isolated from EMJ is a polar (methanol soluble) compound that is smaller than
1000 Da in molecular weight, non-proteinaceous and stable to temperatwre and dilute acid.

Partitioning inducer from crude extract with HPLC produced two peaks of activity.
Re-injection of a single active peak resulted in the inducer separating again into two active
peaks, cluting at approximately the same times as in the initial injection. This suggests that
the inducer cither racemates under polar conditions (i.¢., exists as 2 configurations in
cquilibrium) or is degrading during the clution procedure.  If racemisation is occuring in

this clution protocol, it may indicate that the inducer contains a functional group thatis a



hemi-acetyl or hemi-ketyl (R. Andersen, pers. com.). The inducer also inconsistently
reacted with the NH2 packing in Sep Pac preparatory cartridges which act through fow
capacity ion exchange (Waters Chromatography 1991) suggesting that the inducer may be
charged under purification conditions. Degradation of the inducer is less likely because the
crude extract retains high levels of activity for at least two weeks (9 C).

A single active peak eluted after re-injection of the combined fractions of partially
purified inducer. After drying, the purified inducer appeared as a tine white powder. The
slight reaction of this powder with ninhydrin may indicate the presence of a primary amine.
The strong reaction with vanillin may indicate the presence of sterols; alternatively, the
strength of the reaction may indicate the presence of a residual contaminant, such as a polar
lipid that may originate from the presence of cggs in the original egg mass extract. To
detect possible contaminants, the pure fraction was re-cluted with HPLC and cach fracuon
scanned with a refractive-index detector o detect the presence of all compounds, regardless
of specific ultraviolet or visual absorbance. The result was a single, sharp peak suggesting
that this fraction may represent pure inducer, although the presence of a contaminant cluting
with the inducer can not be climinated. Attempts to identify the inducer with NMR were
not successful because only small amounts of inducer remained after purification.

Isolation of the metamorphic inducer has been extensively studied in two species of
opisthobranch, but in neither case has the inducer been identificd. The nudibranch Phestilla
sibogae is induced by a water-borne compound released from its prey, the he. it coral
Porites (Hadfield 1977). This compound is small (204)-500 Da), and temperature and pHl
stable (Hadfield & Scheuer 1985). The nudibranch Eubranchus doriae also
metamorphoses in response 1o its prey specics, the hydroid Kirchenpaueria pinnata
(Bahamondes-Rojas 1988). In this case, the inducer is water soluble ard contains
galactosidic residucs. These veligers are also induced by various sugars as long as the
hydroxyl groups attached to carbons 3 and 4 arc in the ¢is position ( Bahamondes-Rojas &
Dherbomez 1990)).

Biological characteristics of the metamorphic inducer

The metamorphic inducer found in EMJ is also found in the cgg masses ol other
opisthobranch species suggesting itis an integral component of these gelatinous cgg
masses. Also, the metamorphic inducer is always present in an active form despite the age
of the EMJ. It is possible that it is bound to a non-soluble component of the cgg mass
(such as the mucopolysaccharide matrix) or if gradually diffusing from the cgg mass, it is

present in large quantities.
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Althouth the same or a similar compound is found in the egg masses of other
species, its effects as a metamorphic inducer are restricted o this species. Competent
veligers of 5 other molluscan specics did not metamorphose in response to the metamorphic
inducer in EMJ in a partially purified condition. This is not surprising as larvae are often
induced to metamorphose by a highly specific substrate characteristic of a suitable juvenile
or adult habitat (Pawlik 1992). Haminaea vesicula and Melanochlamys diomedea cocxist
with H. callidegenita but their larvae metamorphose in response to cues associated with

more general characteristic of the habitat.
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Figure 4.3. Estimation of inducer molecular weight. A. Effects of
dialysis. Data are the percent intracapsular metamorphosis of
Haminaea callidegenita veligers cultured in seawater only (SW),
with untreated inducer (EMJ), with residue of a crude jelly extract
(EXTRACT),with dialyate from the indicated pore sizes (Da), and
with dialysis bag only. B. Effects of ultrafiltration. The methanol
extract was re-suspended (SUSP), centrifuged (both supernatant

C-S) and pellet C-P tested), and filtered.
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Chapter S

Dispersal polymorphism in Hominaea callidegenita larvae (Mollusca:

Opisthobranchia) originates from genetic i -nvironmental factors.
INTRODUCTION

Benthic marine invertebrates show one of three life history patterns that are defined
by larval type (plankiotrophy, lecithotrophy, and direct development; Thorson 1950).
Each pattern is characterized by a suite of phenotypic traits including parental reproductive
traits (e.g., egg size and fecundity) and larval characteristics (¢.g., duration of the
planktonic period and ability to feed). The evolutionary implications of cach mode have
been much discussed with emphasis on the role of the planktonic larva (Mileikovsky 1971,
Vance 1973 a&b; Caswell 1983; Strathmann 1985, 1986). The planktonic larva is the
primary dispersal phasc for most specics and therefore has a me-or influence on population
dynamics (colonization, recruitment, and grovith; Day & McEdward 1984), population
genetics (gene flow among existing populations; Scheliema 1986), and speciation and
extinction events (Jablonski & Lutz 1983).

Understanding the role these traits play in life history evolution requires an
examination of the trait on several levels including phenotypic variability, heritability, and
genetic corzelation between traits (Rofl 1992). Selection acts on phznotypic variability but
unless these results are passed on Lo the next generation, evoluti:aary change will not
occur. Phenotypic descriptions and comparisons of reproductive traits arc common and
create the foundation for life history theory in benthic marine inveriebrates (see summary
by Strathmann 1986). However, heritabilitics and genetic correlations for life history traits
have been largely ignored. These data are necessary Lo predict effects of selection on
individual traits and of trade-offs and constraints among traits. An exception is the work of
Levin er al. (1991) who examined the genetic basis lifee history traits in the pol ychaete
Streblospio benedicti , a specics with variable development in which individuals producc
either nlanktotrophic (feeding larvac with a long plankizae period) or lecithotrophic
offspring (non-feeding larvac with a shorter planktonic period). In this specics, length of
the swimming phase is genetically determined while larval feeding ability 1s not.

Marinc invertebrate specices that have variable development are ideal for examining
life history traits because observations are free of the complications arising from multiple
species comparisons; i.c., observed differences may be caused by morphology,

physivlogy, or phylogeny rather than development mode. The focus of the present study
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was another species with variable development, in this case based on dispersal potential of
offspring. In the mollusc Haminaea callidegenita (Opisthobranchia: Cephalaspidea), both
swimming, non-feeding larvae (veligers) and juveniles are relcased from every egg mass
(Gibson & Chia 1989). The consequence of this developmental patiern is that every
individual produces two types of offspring: one providing a high potential for dispersal and
one allowing immediate recruitment into the parental habitat. All embryos/ egg mass
simultancously pass through the same developmental stages and the difference in hatchling
type arises from time of metamorphosis. At hatching half of the embryos/ egg mass hatch
as veligers, while the other half metamorphose within the embryonic capsule and hatch as
juveniles. Metun. wphosis is induced in siblings undergoing intracapsular metamorphosis
by a compound present in the jelly layers covering the egg mass (Gibson & Chia 1939).
My objective in this study was to determine it several life history traits were
heritable in Haminaea callidegenita. Traits included: 1) reproductive traits (e.g., embryonic
period, hatching period); 2) time of metamorphosis of offspring (before or after hatching),
whizh determine offspring type and dispersal potential: and 3) ability of larvae to delay
mesmoaphosis. 1 ulso examined the role of parental ciivironment in determining time of
metanrphosis and therefore offspring type. - Correlations among these traits were

examined in Chaper 6.

MATERIALS AND METHODS

A. Animal collection and culture

Haminaea callidegenita were colleeted from Padilla Bay (48°30'N, 122°29'W) and
maintained at the University of Washington, Friday Harbor Laboraiory, both in
Washingion, U. S. A. (Figuze 5.1). Padilla Bay is at the head of a large estuarine system
and is dominated by extensive mud flats and scagrass beds composed of both Zostera
marina and Z. japonica. H. callidegenita adults and egg masses werce collected from Z
Jjaponica beds in the upper intertidal zone. Adults and juveniles graze diatoms and detritus
from the grass blades as well as ingesting Ulva sp. (sca lettuce). H. callidegenita are
simultancous hermaphrodites and store allosperm for up to 7 months (pers. obs.). They
grow to approximately 30 mm during their annual lifespan. Oviposition begins at
approximasely
16 mm. but copulation begins in animals of’ 10 mm length, and allosperm may be stored
throughout the intervening period (pers. obs.).

To ensure known parentage of cgg masses, juvenile Huminaea callidegenita were

collected (< 8 mm in length; in October 1991 and September 1992) and maintained in



isolation until reproductively mature (July 1991 and April 1992). Juveniles were
maintained in polypropylene cages lined with 224 um mesh that were approximately 75 ml
in volume (Toby Teaboys TM | Aldridge Plastics Lid.). Cages were held in outdoor tanks
with flowing seawater at ambicnt conditions (in summer, 9-12 C). Ulva sp. was
continuously supplied as food. Ulva was rplaced at two week intervals with sea lettuce
collect:d intertidally at Friday Harbor Laboratory. Zostera was not provided as food
because of its high laboratory mortality. Animals also grazed diatoms and detritus that
accumulated on the inside of the cage walls.

As juveniles grew, they were transferred to larger cages, 1 L Tripour beakars wih
two 70 mm2 500 pm Nitex mesh vents to allow continual scawater flow. Food was

supplied as above. H. callidege:rita were considered mature when approximately 16 mm in

length, at which time a few animals began to produce egg musses. These initial cgg masses

were noi viable and develop:ient stopped after the firse iew cleavage stages, indicating that
the eggs had not been fertilized and therelore the exper imental animals had neither mated
before the onset of the experiment nor had self’ fertilized.  Size was determined as body
length measvred while the animal was actively crawling (mm) and as blotted wet weight
(mg).

Cages were checked daily for @ presence of freshly spawned cpy masses. These
egg masses were removed and cultured in glass jars cont-+ Lag J0mlof | pan filtered
seawater at 17 C. The warm temperature of the culture water was similar o summer
temperatures in Padilla Bay (mcan of 16.5 C; Cassidy & McKeen 1986). Culture water
was replaced and jars cleaned with hot water twice weekly throughout the experimental
period. Throughout the hatching period cgg masses were examined at 24 hintervals o
determine sev-ral life history traits (defined below). Females spawn repeatedly over
several weeks and all cgg masses spawned by cach female were collected (between 6-7
egg masses for most females, ranging from 1 to 14 overall). Most egg masses showed
negligible, i any, cmbryo/ larval mortality. Egg masses with >2-3% mortality were

discarded from the experiment.
B. Genetic analysis

Breeding design and definition of traits

H. callidegenita were mated in a hicrarchical tes.in allowing sib-analysis (Falconer

1960), also known as North Carolina Design | (Lawrence 1984), the most powerful
design possible given the reproductive biology of the animals. Mcasurement of progeny

with this breeding design gives estimates for half-sib (through sire components) and full-
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sib familics (dam components). Eight family groups were maintained in 1991 and 11
groups in 1992,

The design consists of groups composed of one "male” bred to cach of four
"females” (Figure 5.2). Haminaea arc simullancous hermaphrodites and are capable of
storing sperm for several months of ther annual lifespan, thus preventing a reciprocal
mating design. Designation of "male” or "female" was arbitrary and 21l egg masses
produced by "males” were discarded from the experiment. To ensure known paternity,
males were paired individually with cach female by placing the: male (e.g., male A) in the
cage of a particular female for 24 h (female A1), removing the male and placing him in the
cage of the sccond female (A2) for 24 h and so on (for females Al through A4), then
returning the male to his original cage. Mating was repcated at 2 week intervals.
Differences in dorsal pigmentation made identification of paircd individuals straightforward
and prevented accidental mixing of individuals.

" camined several life history traits including female reproductive characteristics
. metamorphosis in offspring. Euch trait was weated as a quantitative character,

: showing continuous variation and probably determined by the combined action of
several genes.  Although time of metamorphosis is expressed phenotypically as an all-or-
none response, it was considered here as a quantitative character. All-or-none traits are
often analyzed as quantitative traits wiii the assumption that they represent a threshold
character imposing discontinuity on an underlying continuously varying wait (Wright 1933;
MacKay & Doyle 1978). One cgg mass (or ORC clutch of eggs) is considered to represent
one progeny in this analysis. Each trait was measurcd on every egg mase produced with
the exception of time of metamorphosis of hatched veligers wheis I was limited by the
number of hatched larvae released/ egg mass. Traits are defined in Table 5.1 and include
reproductive traits (1991 and 1992) and time of metzmorphosis of offspring, both within
the egg mass (both years) and after hatching (1992 only).

The number of hatchlings per cgg mass was determined by counting hatched
veligers and juveniles daily throughout the hatching period then calculating the total per
mass. Embrvo mortality is very low in H. callidegenita; a few egg masses showed a high
embryo mortality (>2 %) and these were discarded from the analysis.

Time of metamorphosis was determined for both the pre-hatching and post-hatching
periods. The pereent of juvenile hatchlings was determined by removing hatchlings daily
throughout the hatching period. Hawchlings were immediately scored as veligers or
juveniles to give the percentage of otal hatchlings that hatched as juveniles; this value was
aresin transtormed prior to statistical analysis (Sokal & Rohlf 1981). Veligers were

identificd by the presence of an intact velum and were cither swimming or crawling when
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counted. Juveniles had lost velar cilia and velar lobes were resorbed. Estimates of time of
metamorphosis may have been inflated by the metamorphosis of hatched veligers within the
24 h intervals between counts; however, this effect was judged to be slight as the mean
time of the first metamorphosis/ clutch after hatching was approximately 3 d post-hatching.

Time of metamorphosis after hatching was measured by culturing hatched veligers
continuously in the presence of metamorphic inducer (cgg mass .y; EM)), and counting
newly metamorphosed juveniles at 24 h intervals. Juveniles were removed after
metamorphosis. Up to 30 hatched veligers/ cgg mass were placed in 2 ml Falcon wells
with up to 5 veligers/ well; number of veligers depends on number hatched from cach cgg
mass. Wells contained 1 pm filtered scawat:r and approximately | mm3 EMJ. Culture
waser and jelly were replaced twice weekly and cultures were maintained until all veligers
had metamorphosed. The planktonic period was separated into 3 intervals: minimum
planktonic period/ clutch, median time of metamorphic competence, and maximum time ot
competence (Table 5.1).

The ability of larvae to delay metamorphosis was determined by culwuring hatched
veligers as above, only in absence of me unorphic inducer. Sca water was filtered and
sterilized (microwaved at high powee 1~ 1zin, water boiling for at Jeast | min) Lo prevent
contamination from bacteria and diator » - «! the possible inadvertent induction of
metamorphosis by other sources (Chapter 3). The planktonic period was separated into 3
intervals as outiined above (Table 5.1).

The effects of egg size on time of metamorphosis were also considered. Egg size
was excluded from the overall genetic comparison because eggs were measured in only a
few egg masses preduced/ female. Maximum and minimum dimensions were measured
with an ocular micrometer for 10 eggs from one to four egg masses produced by 27
females (1992). Eggs were measured as soon as possible after spawning and before the
first egg/ mass began to show the elongation associated with the onset of cleavage (within
24 h of spawning; Gibson & Chia 1989). Data were analyzed with a one way Analysis of
Variance (ANOVA) 10 reveal differences in egg size among females. Lincar FCLIESsion wis
used to test for a relationship between egg size/ female and characteristics of offspring,
such as the mean percent of juvenile haichlings or the mean time of metamorphosis for
hatched veligers produced by cach female. As absolute differences in egg size were small

within an egg mass, the fate of individual cggs was not examined.

Statistical analysis
Descriptive statistics on individual traits werce performed with Statview™ SE +

Graphics (Abacus Concepts, 1988) on Maciatosh. Genetic data were analyzed with SPSS-
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X Release 3.0 with a modified nested ANOVA (UANOVA procedure) with males nested
within years and females nested within males and years. Males and females were
designated as random (Lawrence 1984). The results from this UANOVA were used in the
statistical model
Xijk = u+Si+Dij+Eijk

where Xjjt= the record of the kth offspring of the jth femz® mated to the ith male,
p=common mean, Si=effect of ith male, Dij=ef fect of the _ilh female mated to the ith male,
and Ejjk=uncontrolled environmental and genetic deviations attributable to offspring. This
model assumes that individuals are chosen at random from a reference population that is a
non-inbred random mating population (Falconer 1960). As female size may affect certain
traits, weight at the beginning of the spawning season was incorporated in the model.

Nested ANOVA partitioned the phenotypic variance into components determined
by sirc components (625), dam components (624) and progeny components (62w). The

composition of the mean squares is partitioned as:

Source of Variation df MS _ Composition of MS
hetween sires s-1 MSg =0’2w+k62d+dk623
between dams within sires s(d-1) MSd =c$2w+k0'2d
between progeny within dams sd(k-1) MSw =0cw

where senumber of sires, d=number of dams per sire, and k=number of progeny per dam
(= number of egg masses).  Phenotypic variance is the sum of the variance attributable to
cach of the three components (Vp = 621 = (525+0’2d+0’2w).

The genotypic exp - ion of a trait is a composite of differences in the average
effects of underlying alleles (VA . additive genetic variance), allelic interactions,
combinations and dominance (VNA, non-additive genetic variance), as well as
environmenta! cemponents sich as sampling error, nutritional differences, seasonal
differences. cte. Half-sib variance components (625) include 1/4 Va . Full-sib variance
components (62¢) include 1/4 Vo + 1/4 VNa and thus are inflated. The within progeny
variance component (62w) is equal to the total variance minus the covariance among
progeny, and includes 1/2 VA + 3/4 VNa and ali of the environmental effects. .Addiuve
genetic variance (VA) was estimated as four times the covariance attributable to half sibs
(= 4625). Non-additive genetic variance (VNA) was estimated as the covariance of full sibs
minus twice the covariance of half sibs (= ((625 + 0'2d) - 2(0'25)); Rawson & Hilbish

1990).



ioritability was estimated as
h2 = 4(62g)/ 02

or wic additive genetic variance attributable to the sires over the total variance observed
(Becker 1975). This provided an estimate of narrow-sense heritability and expresses the
prope:tion of phenotypic variation (similarity between parent and offspring) upon which
directional selection can act. Heritabilities estimated from the dam components are inflated
by non-additive variance and thus represent broad-sense heritabilities (the overall variance
in the trait attributable to all genetic effects). Estimates of h2 were set to 0 if the variance
compenent was negative. Standard errors were calculated as by Becker (1975) for a
hierarchical design as S.E.(hz) = Jvar.

C. Parental environment

Adult H. callidegenita were reared on one of two feeding regimes: group one (full
rations) had food available continuously throughout a 40 d period, and group 2 (half
rations) had food provided for 24 h alternating with food deprivation for 24 h throughout
the experimental period. Food supplied was {/lva sp. attached to rocks collected from the
mid-intertidal zone at Friday Harbor Laborat ». Althcugh I sllidegeniza ingest Ulva
fragments, this source primarily provided a st-7402 for grazii.,. toth diatoms and bacterial
film. When food was removed, Ulva and rocks av: 2 taken out of the cages and the cages
themselves scrubbed with freshwater to remove accumulated diatoms and bacteria. Cages
were then re-submerged in flowing, un-fillered scawater that did allow water-bormne
diatoms and bacteria to enter the cage. A deprivation interval of 24 h was considered
adequate because slugs left without food for 3-4 d became completely inactive. Therefore,
even though food was not completely excluded during this experiment, animals were
considered 1o be energetically stressed.

Animals were collected from Padilla Bay immediately prior to the onset of the
experiment (July 1990). Eight animals were maintained with full-food rations aind 18 with
half-rations. Every egg mass produced during the 40 d experimental period was collected
and cultured as above. Number of hatchlings, length of the katching period, and the

percentage of juvenile hatchlings were determined.

D. Comparison among populations

Egg masses were collecied from three sites in Washington State in June 1992:
Padilla Bay, Chuckanut Bay, and Spencer Spit (Figure 5.1). Chuckanut Bay is at the
mouth of the same estuarine system as Padilla Bay and is located approximaltcly 21 km
from the Padilla Bay site. It is similar to Padilla Bay in that it is composed of a large
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mudiiat doniii-ated by Zostera marina and Z japonica . Spencer Spit is the more distant
site (approximately 32 km from Padilla Bay). It is a shallow, isolated lagoon with restricted
access to open water, and never exposed at low tide. Dominant flora are Ulva sp. and mats
of the filamentous green alga Chaetamorpha linum. As egg mass size is known to affect
other traits of the mass (Chapter 2), I attempted to select masses that were approximately
the same size, although was restricted at the Spencer Spit site to large masses as smaller
masscs were not available. In the laboratory, 20 egg masses/ site were chosen based on
developmental stage (those selected had not yet undergone the second cleavage) in attempts
to usc masses synchronized in terms of time of spawning. Egg masses were cultured in 50
ml of 1 um filtered seawater at 17 C. Number of hatchlings, lcngth of the hatching period,
and the percent of juvenile hatchlings determined for each egg mass as described above.

RESULTS
A. Life history traits
Description
Individual traits and differenccs between years
Lifc history traits were measured in two groups of animals, one i i taainiaiied

in 1991 (36 females produced a total of 232 egg masses) and one in 1992 (-3 females
produced a total of 236 egg masses). Peak spawning occurred from August to October in
1991 and from May 1o August in 1992, During the course of this experiment, females
produced a mean of 6.98 £ 2.45 egg masses, ranging {rom | 10 14 masses/ fem:!>, The
number of masses/ female was not signilicantly different between the two years (unpaired
two-tail t-test, di=65, 1=-1.2496). Four of the five life history traits ‘neasured showed
significant differences between the two years (Table 5.2), although the actual differences
were not large. Length of the embryonie period was the most conservative trait and
showed least variation overall. In 1992, females spawned earlier in the summer, had a
shorter spawning interval and produced smaller egg masses that hatched over a shorter
period (Table 5.2). The percentage of hatchlings released as juveniles was 85.76% and
90.39% for 1991 and 1992 respectively, iunging from 3391 to 100% overall (Table 5.2).
The mean (£S.E.) percent juveniles produced by individual females runged continuously
from 62.72 + 1.14 10 99.70 £ 0.06 % juveniles over both years.

Influence of female size on individual traits
Females in the 1991 season were 370+ 11 mg (X = S.E., range 210 t0 520 mg) at

the onset of their reproductive period and those of the 1992 season were 361 + 15 mg



(range 212 to 767 mg, or 13 10 26 mm in length}. The eltects of female size on traits of the
first EM produced were examined for both years with a lincar regression. Only the first
egg mass was considered so differences among females in growth rate throughout the
reproductive season would not confound the results. Data were considered separately for
each year if significant year differences were found (Table 5.2). Spawning interval, length
of the embryonic period and the percent of juvenile hatchlings were not affected by female
size (Table 5.3). Both the duration of the hatching period and number hatched/ EM
increased with female size in 1991 but not in 1992 (Table 5.3; Figure 5.3). 1In 1991,
female size accounted for most of the variance observed in number hatched and
approximately half for duration of the hatching period (Figure 5.3).

Seasonal variation

I examined variation in the expression of cach trait throughout an individuals entire
spawning scason by comparing traits of sequentially produced egg masses for cach female
with a linear regression. This analysis provides a broad estimaw of change throughout the
entire spawning season. Most cgg masses were considered but a few masses were
excluded because of a high incidence of embryo mortality (> 2%). A maximum of 16 egg
masses were considered/ female.

The interval between spawning events gradually increased throughout the spawning
period in 1991 although the overall variance was much greater than that accounted for by
this model (r2=0.04; Table 5.4); no significant dilferences were found in 1992.

Embryonic period also increased slightly throughout this period. Hatching period increased
slightly in 1992 but not significantly in 1991. Number hatched increascd in both years
with scquential spawning events, but again, only 4 small portion of the overall variance is
accounted for by the model 2=0.06 in 1991 and 0.11 in 1992; Table 5.4). The percent of
juveniles increased throughout the spawning period in 1992 ( r2=().02; Tablc 5.4); no

significant changes were noted in 1991

Egg size

Egg size was determined for 27 females in 1992. Mecan cgg diameter was
262 + 15 um (n = 466 cggs). Egg size was significantly different among females (Table
5.5). Females producing larger egis did not have u higher pereent of juveniles at hatching

(Table 5.5).
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Genetic determination of life history traits and estimates of heritability

Genetic analysis indicated that the variance for some of the traits examined showed
significant differences among sires (embryonic period and the percent of juvenile
hatchlings) or dams (spawning interval, haiching period, number hatched, and the percent
of juvenile hatchlings; Table 5.6). Variance components associated with each trait indicate
if’ the major genetic effect is additive genetic variance, in which case 62 and 624 will be
similar (e.g., the percent of juvenile hatchlings), or if non-additive effects are also playing a
role in which case the dam component will be inflated (c.g., spawn interval, hatching
period, number hatched; Table 5.6).

Variance components were decompe 3 into addiuve (V) and non-additive
variance (VNa) and indicated a strong non-aaditive contribution to spawning interval and a
iesser contribution 1o length of the hatching period and number of hatchlings/ egg mass
(Table 5.6). This pattern is as expected given the likelinood of a strong matcrnal effect on
spawning frequency and size of the epg mass.s produced. Interestingly, metamorphosis
wiihin the egg mass (or, the percent of juvenile hatchlings) showed additive genetic
variance only, with apparent equal contributions from sire and dam.

Numher hatched was herituble through sires. Spawning interval, hatching period
and number . :ched were heritable through dams (broad sense heritability). Dam
estimates we. .. milated through non-additive variance. The percent of offspring hatching as
juveniles was highly herisable through both sires and dams. High standard eirors
associaicd with these neritability estimates fall within the range of values expected for these
kinds of estimates (Becker 1975). Creater standard errors associated with sire estimates

reflect the fact that this experimental design contained fewer sires than dams.

Time of metamorphosis

. ixcription of individual traits and effects of female size
Two additional estimates of metamorphosis were considered: time of mewmorphic

competence after hatching, indicated by metamorphosis of larvae in the presence of a
suitable inducing compound (egg mass jelly), and the ability of hatched larvae to delay
metamorphosis if an inducer is withheld. Time of metamorphosis post-hatching ranged
from 1 10 30 d among all clutches (Table 5.7A). The mean response time for the first
veliger/ clutch o metamorphose in the presence of a metamorphic inducer was 3.66 d and
metamorphosis was completed by 13.05 d for all siblings/ clutch (Table 5.7A).
Metamorphosis could be delayed 12 d (10 2 maximum of 42d post-hatching) in the absence
of an inducing compound. Metamorphosis was significantly delayed throughout the
metamorphic period if inducer was withheld (Table 5.7B); the first metamorphosis / clutch



occurred 4.78 d after hatching, the mean time o completion of metamorphosis was 20.63
d (Table 5.7A).

Offspring of larger females had an increased ability to delay metamorphosis carly in
the planktonic period (Table 5.3). Time of metamorphosis in the presence ol a
metamorphic inducer was not affected by female weight (Table 5.3).

Spawn time (cxamined through analysis of sequentially produced cgg masses/
female) did not significantly effect time of metamorphosis of hatched larvae or on their
ability to delay metamorphosis (Table 5.4 B, C). Mean egg size / female had no effect on
mean time of metamorphosis or abilitv to delay metamorphosis of offspring (Table 5.5B).

Genetic basis for time of metamorphosis and estimates of heritability

Only three of the tre*ts examined showed significant differences among cither sires
or dams (Table 5.8). Time ¢ " w.tamorphosis of the first veliger/ clutch showed significant
differences among sires with eatimates of heritability through sire effects of 0.35 (Table
5.8), primarily derived fras: additive gencetic variance. Completion of metamorphosis by
all veligers/ clutch showed significant differences among dams, with a broad sense
heritability of (.76. Non-additive genctic variance had approximately 2.5 times the
contribution of additive genetic variance in determining the expression of this trait.

The ability 10 delay metamorphosis showed significant differences only in dum
components for half of the veligers/ cluich (h2 = (.66) with non-additive genetic variance
having the major le.

It is possible that additional raits are also heritable but this was not evident because
so few sires were used in this study (1992 only, n=11 males). However, this experiment
indicated that the onset of competence after hatching ook place over a relatively long period
of time within any one clutch (up to 30 d), with additive genetic variance affecting the onsel
of competence early in the planktonic period and non-additive genetic variance influencing
the time of competence later in the planktonic period. The ability to delay metamorphosis

was primarily determined through non-additive genctic variance.

C. Effects of parental environment on the percent of juvenile hatchlings
Parental environment was manipulated by culturing animals on two feeding
regimes. Ten H. callidegenita were maintained in the continuous presence of food and
produced a total of 27 egg masses, with a mean response of 2.80 % 118 cgg masses/
female (range 0 - 5 egg masses) over a period of 40 d. Eighteen animals maintined on half
rations of food produced a total of 46 cgg masses with a mean of 2.55 £().78 cgg masses/

female (range 1 - 4). The percent of juvenile hatchlings differed significantly between these



two groups such that animals on half-rations produced fewer juveniles while number of
hatchlings and the length of the hatching period showed no ditferences (Table 5.9). K.
callidegenira on full food rations showed no chonge in the percent of juvenile hatchlings
throughout the experimental period (Figure 5.4A). H. callidegenira fed half ratons showed
an increase in the percent of juveniles produced from an initial value which was slightly
Jower than full-ration animals (Figure 5.4B). There were significant differences between
groups in the percent of juveniles released from egg masses spawned in the first 10d
(unpaircd two-tail t-test, di=26, 1=-2.25, p<0.05) but not in the last 10 d of the

experimental period (df=15, 1=0.16).

D. Inter-population differences in percent of juvenile hatchlings

Egg masses were collected from scagrass heds at three sites: Padilla Bay,
Chuckanut Bay and Spencer Spit (Figure 5.1). Egg masses collected at Padilla Bay
showed the highest incidence of juvenile hatchlings and those from Spencer Spit the lowest
(Figure 5.5). A onc way ANOVA indicated significant differences among the three ficld
sites overall (Table 5.10A). The Schefté procedure for unplanned comparisons of means
(Day & Quinn 1989) revealed significant differences in the pereent of juvenile hatchhings
between Padilla Bay and Spencer Spit, geographically the most widely separated sites.
Egg masses from the Chuckanut Bay population showed proportions of juvenile hatchlings
intermediate between these two populations, but not significantly different from cither
(Table 5.10B).

Egg masses collected from Padilla Bay were also compared with those spawned at
the same time in a laboratory population of animals originally collected from Padilla Bay,
and used in the genetic crosses discussed above. These animals had been collected 9
months previously and were maintained under conditions that were considerably removed
from those of the natural population. An unpaired, two-tailed t-test did not reveal

significant differcnces between these two groups (Figure 5.5).
DISCUSSION

Life history theory in benthic marine invertchrates has relicd on observation of the
phenotypic expression of traits and analysis of variation in these traits cither within or
among species.  The phenotypic expression of a trait is determined genctically and is
additionally modified by environmental effeets and correlations with both morphological
and other life history traits. Heritability describes the extent to which a character is
rransmitted from parent to offspring and therefore provides an estimate of potential



responses of a population in the expression of that character as well as potenual responses
to selection (Nyquist 1991). Life history truits generally have heen thought to have low
heritabilities because natural selection would erode genctic variation in traits closely related
to fitness (Fisher 1958), or alternatively, because the expression of life history traits relics
on the expression of underlying metrie traits (L.e., the effects of female size on fecundity)
and therefore is subject to the environmental effects on both (Price & Schluter 1991).
However, recent heritability studies have estimated values that are mun-h higher than had
been anticipated indicating that life history traits may be hased on sullicient genotypic

variation for rapid action of natural selection (RofT 1992).

Reproductive traits

Life history traits were described for the two laboratory populations of the
opisthobranch Haminaea collidegenita (maintained in 1991 and 1992). Females were
approximately the same size at the onset of their spawning period in both years, although
snawning occurred later in the summer in 1991 than in 1992, This probably reflects
differences in collection time the previous [all as well as differences in growth throughout
the winter, causing 1991 females to attain size of matnrity later in the year.  Traits showed
small absolute differences between the two years, Females maintained in 1992 spawned
more frequently and produced smaller cgg masses that ook less time 1o hatch. The effect
of female weight on the expression of various traits was different between the two years
(i.c.. hatching period, clutch size). These differences may reflect seasonal as well as
individual differences as 1991 females spawned in to the fall, while in 1992 spawning was
completed carlier in the year. These differences cm phasize the importance of multiple year
comparisons in the analysis of life history traits.

Embryonic period was the most conservative trait and showed little variation
overall. no differences between the two years and was not influenced by female size. This
suggests that duration of the embryonic period is possibly subject to internal constraints
through ontogeny or physiology, and may provide little scope for the action of selection.
The duration of the embryonic period did increase slightly as the spawning season of each
female progressed, although the correlation coctficient for this regression was very small
(r2=0.07; calculated for both years).  The source for this increase is not clear but may
suggest a changing reproductive condition of females throaghout the spawning season. It
is unlikely to reflect changes in ambient lemperature throughout the summer as egg masses
were cultured under constant conditions. Length of the embryonic period showed a very
low level of heritability (0.08 £ 0.06) indicating that it would respond very slowly to

selection, and supporting the suggestion that it is a highly conservative trait in this species.
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Length of the hatching period was variable between years, among females, and
seasonally. As hatching period increases with increases in cgg mass size (Chapter 2) the
increase in hatching period throughout the spawning scason of an individual probably
reflects female growth during this period. Hatching period was heritable through sires and
was strongly influenced by non-additive genetic effects. This may provide flexibility to
duration of the benthic, encapsulated period that has been considered as a period of relative
"safety" to the developing larvae (Pechenik 1979; see also Rawlings 1990).

Clutch size (#hatchlings/ cgg mass) changed as did hatching period with both year
and seasonal effects, as might be predicted given the high degree of association beiween the
two traits. Clutch size was also influcnced by female size, as expected because the ability
of larger females to produce larger egg masses has been well established in opisthobranchs
(Todd 1979; Todd & Havenhand 1988). Clutch size was also highly heritable and showed
strong influences of non-additive genetic effects. Fecundity is known to be highly heritable
in the polychacte Streblospio (Levin ct al. 1991; the only such study in benthic marine
invertcbrates) as well as in some insects, such as the flour beetle Tribolinm (Riddle et al.
1986) and the milk weed bug Oncopelrus although in this species it is only detectable
under certain environmental conditions (Groeters & Dingle 1987).

The interval between spawning events showed a slight scasonal increase (1991
only) and was not influenced by female size. Heritability through sires was not detected,
possibly because of the overwhelming variance caused by non-additive genctic effects,
detected through dams. Interclutch interval is known to be heritable at very low levels in

some insects (e.g..0ncopeltus; Hegman & Dingle 1982).

Time of intracapsular metamorphosis

Time of metamorphosis within the egg mass was strongly heritable with almost no
effects from non-additive genctic variance. This may suggest that this trait has a relatively
simple genetic basis, involving few genes (F. Yeh, pers. comm.). The immediate result of
intracapsular metamorphosis is to determine the number of larvae that metamorphose within
the egg mass, but it also influences the genetics of the entire population by determining the
percent of offspring with a potential for dispersal from or recruitment to the parental
population. These data predict genetic differences are likely among populations based on
limited exchange of dispersive propagules (i.c., swimming veligers) (Burton 1983, 1980),
and are supported by inter-population differences in the percent of juvenile hatchlings.

The mean percent juveniles hatching/ egg mass was different for cach of the three
collection sites but only two sites were significantly different (Padilla Bay, Spencer Spit).
This suggests a low level of exchange of propagules hetween Padilla Bay and Chuckanut
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Bay, which is likely given the close proximity of the two sites (Figure 5.1). The similarity
hetween Spencer Spit and Chuckanut Bay may also indicate limited gene flow between
these sites. although a reason for lack of similar exchange with Padilla Bay is not clear. A
more likely explanation is =uggested by the topography Spencer Spit, @ shallow lagoon
appearing to have restricted scawater exchange with open water (connected by a single,
shallow channel less than 1 m wide).  The low level of intracapsular metamorphosis
occurring in the Spencer Spit population could be a result of founder effects, whereby the
original colonizers were planktonic larvae, and possibly were genctically "late” to
metamorphose. Gene frequencics producing low levels of intracapsular metamorphosis
may have remained in the Spencer Spit population if 1) the population was established
relatively recently, or 2) plankionic larvac produced in the population recruit directly into
the parental population, a possibility as veligers may be retained by the dense mats of
Chaetamorpha and Ulva that {ill most of the lagoon.

Time of intracapsular metamorphosis was not altered by parental environment in the
Jong term, as indicated by similaritics between the ficld vs. laboratory populations of
Padilla Bay Haminaea, in which the laboratory population had been maintained under
extremely artificial conditions for at least % months prior to data collection. This suggests
that parental genctics play a much greater role in determining the percent of juvenile
offspring than docs parental environment.

Time of metamorphosis appeared to change over the short werm if parents were
maintained under stressful conditions involving unpredictable food availability. Food
availability may not be an ccologically valid manipulation as it is improbable that food
would be limited in nature (H. callidegenita cat diatoms and detritus, two sources which are
abundant year round in scagrass beds, although doubtless change in composition).
However, food was casily manipulated in the laboratory in these preliminary experiments.
Stressed females produced fewer juveniles initially. then the percent of juveniles gradually
inereased to "control” conditions (Figure 5.6). In nawre, this would result in females
located in unpredictable or "poor” environments producing more dispersive propagules,
and therefore broadeasting offspring to new and possibly better habitats. The subsequent
recovery to a perhaps genetically pre-determined level is supported by the lack of
environmental effect after maintenance of animals in the laboratory over a long period of
time.

Estimates of intracapsular metamorphosis may be confounded by the possibility of
habituation of the veligers to metamorphic inducer because inducer (egg mass jelly) was
continuously present in the culture chambers. This phenomenon has been observed in two

other molluses. Phesrilla sibogae (Hadficld 1980) and Haliotis rufescens (Tradipo-



Rosenthal & Morse 1986) but not in Crepidula fornicata (Pechenik & Gee 1993).
Habituation scems unlikely to affect metamorphosis in Haonwaea callidegenita because cgg
mass jelly is present throughout the entire pre-hatching larval period yet many sibs/ cgg
mass will respond before hatching: also. it is not necessary (o desensitize tarvae before they

will respond.

Metamorphosis after hatching

After hatching, time of metamorphosis determines the fength of the planktonic
period and consequently the potential distance an offspring can disperse from the parent.
Time of metamorphosis after hatching was heritable through size effects throughout the
planktonic period, and through dam effects near the end of the planktonic period,
suggesting the importance of maternal effects late in the planktonic period. Metamorphosis
after hatching was independent of female size, cgg size, and scasonal change.

The ability of larvae to delay metamorphosis was heritable through the dam
component and was detectable only during the mid-planktonic period, again with the
primary basis being non-additive effects. Itis likely that additional waits are heritable but
were undetected with the small number of sires used in this study. Larval ability to delay
was independent of egg size and scasonal change and was slightly affected by [emale size
early in the planktonic period. The potential for larger females o produce offspring with a
slighter greater ability to delay metamorphosis Suggests energetic state ol spawning females
may be involved . determining ability 1o delay metamorphosis. Ability to delay may rely
on energetic differences among Cggs, and hence ultimately on nutritional state of the
spawning female. I was unable to detect this through a preliminary comparison of epge
size, although egg size does not necessarily correlate with organic content in other taxa
(McEdward & Coulter 1987).

Variation in time of metamorphosis within one culture has been noted for many
specics of benthic marine invertehrates, but the species examined have primarily heen
planktotrophic (i.c., producing feeding larvac), so variance is casily atributed to
differences in feeding and growth. There have been a few attempts to deteet heritability for
metamorphosis. In the lecithowrophic opisthobranch Phestifla, no genetic component to
time of competence was detected even after raising this specics through 21 generations
(Hadfield, 1984). In cyprid larvac of the barmacle Balanus amphitrite, scitlement and
metamorphosis were determined by non-additive genetic effects; additive gencetic effects,
and therefore heritability, could not be detected (Holm 1990). Studics on polychacts have
determined a heritable component for duration of the planktonic period (Streblospio

benedicti : Levin et al.. 1991) and for preference ol substrates inducing settlement in the
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polychacte Spirorbis borealis ( including additive and non-additive effects; Mackay & Doyle
1978). Duration of the frec-swimming larval phase has also been found to be heritable in
some vertebrates, such as the anuran Hyla gratiosa (Travis 1980)).

Time of metamorphosis is heritble in Haminaea callidegenita with strongest effects early in
the mewmorphic period (i.c., within the cgg mass). Non-additive genetic effects have the greatest
effeet late in the metamorphic period (o 14 d after haching). The threshold defining time of
metamorphosis appears 1o be complex in origin. A possible mechanism determining length of the
planktonic period is the imposition of energetic restrictions on the underlying genetic sources of
variance described above, although this remains to be ested. These veligers are non-feeding and
arc probably constrained by encrgy resources defining the period through which they are able to

delay feeding and still retain sufficient encrgy reserves Lo complete metamorphosis.

Conclusion

Several life history traits in Haminaea callidegenitaare heritable and are variously
influcnced by environmental factors (female size, spawn season, parental environment;.
There were year differcaces in both the phenotypic expression of these traits as well as in
the effects of female size, emphasizing the importance of analysis of traits over more than
one year. Some traits are highly conservative (¢.g., embryonic period) while others are
variously determined by additive and non-additive effects and influenced by environment
(¢.g.. spawn interval).  Time of metamorphosis is highly heritable, especially carly in the
larval period, and therefore may respond rapidly to sclection. Late metamorphosis and
delayed metamorphosis is influenced by non-additive genctic effects and may be

determined by energetic constraints.
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Table 5.1: Definition of Haminaea callidegenita lile history raits,. EM =cgg mass.

TRAIT

DEFINITON

Reproductive traits and intracapsular metamorphosis (1991 and 1992):

Spawn intervai
Number hatched
Embryonic period
Hatching period

Perzent juveniles

- number of days between spawning events/ femalde

- number of hatchlings (both veligers and juveniles) / EM

- number of days from oviposition to first day of hatching/ EM
- number of days from the onset o completion of hatching/ EM
- the percent of offspring / EM that metamorphosed within the

ege mass and hatched as juveniles (aresin transformed)

Time of metamorphosis of hatched veligers (metamorphic inducer present; 1992 only):

Onsct of
competence

Median time of
metamorphosis

Maximum time of

metamorphosis

- number of days hetween hatching and the first metamorphosis of a
hatched veliger/ EM (= minimum planktonic period)

- number of days between hatching and metamorphosis of hall the
hatched veligers/ EM

- number of days from hatching until metamorphosis was completed by

all veligers/ EM

Time metamorphosis could be delayed by hatched veligers (inducer absent; 1992 only):

Minimum delay
period
Median delay period

Maximum delay
period

- number of days from hatching to the first metamorphosis of a
hatched veliger/ EM in the absence of inducer

- number of days from hatching until half the hatched veligers/
EM had metamorphosed

- numher of days from hatching to completion of all veligers/ EM

culwred in absence of inducer (= maximum planktonic period)
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Table 5.3: Influence of female size on: A) reproductive traits in Haminaed
callidegenita (68 fzmales, 1991 and 1992): B) time of metamorphic
competence (33 females, 1992 only): and C) ability to delay metamorphosis
(33 females, 1992 only) in hatched veligers. Results are from a lincar
regression of effects temale size on cach trait. Data for cach year are
considered separately if a significant difference among, years in expression
of the trait was found (sce Table 5.2). Size 1s female wet weight (mg) at the
onsct of the reproductive period. Traits are defined Table 5.1. Only the
first cgg mass (EM) spawned by cach female was considered in the
cnalysis.  *** p<0.001, ** p<0.01

03

YEAR  df r2 F p
A. Reproductive traits
Spawn interval (d) 1991 1,34 0.02  0.66 ns y= 0.01x+ 5.13
1992 1,32 0.00 (.01 ns y= 0.00x+ 4.16
Embryonic period (d) BOTH 1,66 0.0] 0.92 ns y= 0.00x+13.77
Hatching period (d) 1991 1.34 047 2977  *** y=0.02x- LOS
1992 1,32 008 1.59 ns y=-0.00x+ 2.95
Number hatched/ EM 1991 1,34 0.88 225.17 ook y= | .68x-249.55
1992 1,32 0.04 .13 ns y= (L17x+221.82
Percent juveniles 1991 1,34 0.0l 0.54 ns y= 0.02x+ 55.34

1992 1,32 0.01 1.00 ns y= -0.01x+ 77.49

B. Time of metamorphosis post-hatching (metamorphic inducer present)

15t metamorphosis/ clutch [,32 0.04 122  ns y= .00x+3.947
50% metamorphosed/ clutch i, 32 0004  0.14 ns y= 0.00x+0.375
100% metamorphosed/ cluteh 1,32 0.05 1.75 ns y= 0.01x+8.941

C. Ability to delay metamorphosis post-hatching (inducer absent)

1St metamorphosis/ clutch L3l 0.15 545 % y= 0.01x-0.623
50% metanorphosed/ clutch .31 0.09 3.15 ns y= 0.01x+4.427
100% metamorphosed/ clutch 1,31 0.02 059 ns y= -.01x+24 85
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Table 5.4: Effccts of the order cgg masses were spawned on: A) reproductive
traits; B) time of metamorphic competence, and C) ability of larvac to delay

metamorphosis in Cgg masses produced sequentially throu
spawning period for individual females. Results are from a linear

ghout the

regression of effects of spawn sequence on cach trait . Traits are defined in
Table S.1.  A. Data for 1991 (top value) and 1992 (bottom value); ¢ ta for
cach year are considered separately if significant differences between the

years were noted (sce Table 5.1). B, C: Data for 1992 only.

o001, ** p<0.01, *p<0.05

TRAIT YEAR  df r2 F p

A. Reproductive traits

Spawn interval (d) 1991 1,243 0.04 11.14 *** y= 0.21x+7.51
1922 1,221 0.00 0.06 ns y= 0.03x+5.47

Embryonic period (d) BOTH 1,465 0.07 3382 *** y= 0.15x+13.71

Hatching period (d) 1991 1,243 0.01 3.04 ns y=0.11x+554
1992 1,218 0.05 1093 ** y= 0.12x+3.23

Number haiched/ EM 1991 [.243 0.06 15.59  *** y=14.79x+314.84
1992 1,219 011 2817 X y=16.71x+239.17

Percent juveniles 1991 1,243  0.00 1.09  ns  y=0.17x+62.67
1992 1,216 0.02  4.42 * y=0.40x+68.56

B. Time of metamorphosis (metamorphic inducer present)

[St metamorphosis/ clutch 1,133 0.01 091  ns  y=0.08x+3.44

50% metamorphosed/ clutch I, 133 0.00  0.41 ns  y= 0.08x+5.74

100% metamorphosed/ clutch 1,133 000 046 ns  y= 0.26x+12.87

C. Ability to delay metamorphosis (inducer absent)

ISt metamorphosis/ clueh I, 118 0.00 017 ns y=—0.12x+5.08

500% metamorphosed/ clutch 1,118 000 002 ns y= 0.06x+9.09

ns  y= 0.25x+20.15

100% metamorphosed/ clutch 1,118 0.00  0.14
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Table 5.5: Size of eggs produced by Huminaea callidegenita females. A, Results
of a onc way ANOV A comparing cgg size (as maximum cgg dimension in
gm) among females (n=27 females). B. Results of a lincar regression of
mean cgg size/ female on three estimates of time of metamorphosis of her
offspring. Estimates are the mean pereent of juvenile hatchlings, mean
time of metamorphosis (in days) of all hatched veligers/elutch in the
presence of a metamorphic inducer (cgg mass jelly). and ability of hatched
veligers to delay metamorphosis it an inducer is withheld, also measured in
days. *** p<0.001

A. Results of a 1 way ANOVA comparing cgg size among females

n=466 cggs  cgp size X £ S.E. maximum diameter = 262973071 pm

SOURCE df SS MS F P
between females 26 59309.53 2281.14 19.15 kk
within females 439 52277.20 119.08

total 465 111586.74

B. Results of a lincar regression of mean cgg diameter by mean time of
metamorphosis of offspring/ female

TRAIT df F p r2
Percent juveniles .23 0.26 ns 0.01 y= 0.00x+49.41
Time of metamorphosis 1,23 0.64 ns (.03 y= 0.07x+1.2509

Ability to delay metamorphosis 1,23 017 ns 0.01 y= 0.03x+5.1543
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Table 5.9: Summary of the effects of parental environment on female reproductive
characteristics. Females were maintained on full-food or on half-food
rations (see text). Reproductive characieristics examined are pereent of
juveniles at hatching (as aresin transformed percentages), number of
hatchlings/ cgg mass and hatching period (in days). Data were compared
with an unpaired two-tailed t-iest. **p<0.03

TRAIT n XzS.E. dt { p
Percent juveniles
Full ration 27 32.75%2.10 70 -2.40  **
Half ration 45 26.44£0.03

Number hatched/ EM
Full ration 27 360.33£35.67 70 -0.68 ns
Half rauon 45 332.57£49.560

Hatching period (d)
Full ration 27 4.90+0.23 70 0.59 ns
Half ration 45 5.24%0.32
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Table 5.10: Characteristics of egg masses collected from 3 field sites (P = Padilla
Bay, C = Chuckanut Bay and S = Spencer Spit), as well as from a
laboratory population oniginally collected from Padilla Bay. Traits
considered are the percent of juvenile hatchlings/ egg mass (arcsin
transformed pereentages), number hatched/ cgg mass, and the length of the
hatching period/ cgg mass in days. A, Comparison of each trait among the
three field sites (onc way ANOVA). B. Comparison among individual
sites (Scheffé procedure for unplanned comparisons). C. Comparison of
the Padilla Bay ficld and laboratory populations (unpaired two-tailed t-test).
*xx0n<().001, **p<0.05

A. | way ANOVA among 3 ficld sites

SOURCE dF SS MS F-ratio p
1. Percent juveniles
between sites 2 3749.41 1874.70  7.10 kK
within sites 52 13722.02  263.88
total 54 17471.43
ii. Number hatched/ EM
between sites 2 603551.1 3017755 10.8 *okk
within sites 52 1450144.8 27887.4
total 54 20536959
iii. Hatching period (d)
between sies 2 52 26 7.2 *oAk
within sites 52 187.9 3.6
total 54 2399
B. Comparison of trails among sites
TRAIT SITE F-test p
i. Proportion of juvenile hatchlings P x S 7.10 rok
PxC 2.29 ns
SxC 1.54 ns
ii. Number haiched/ EM PxS 3.40 *k
PxC 1.40 ns
SxC 10.70 ok
iii. Hatching period (d) PxS 4.70 *ok
PxC 0.005 ns
SxC 5.80 *ok

C. Unpaired t-test between two Padilla Bay populations (field and laboratory)

TRAIT dF t p
Proportion of juvenile hatchlings 33 -0.87 ns
Number hatched/ EM 33 -0.83 ns

Hatching period 33 1.99 ns
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Figure 5.3. The effect of female wet weight (mg) on hatching period (A) and
clutch size (B). Curves were estimated with linear regression for 1991
(open boxes) and 1992 (filled triangles) data.
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Figure 5.4. Effects of food availability on the percent juveniles hatching from egg
mass produced by females on half food rations (A) and on continuous

rations (B)
which the mass was spawned. C
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Chapter 6

Phenotypic and genetic correlation between life history traits and time of
metamorphosis in the mollusc Haminaea callidegeniia.

INTRODUCTION

Theories of life history evolution in henthic marine invericbrates are based on
analyses of phenotypic traits with a primary focus on larval type. These data give us a
description of variance avaiiable for selection in a particular population and have been used
to generate predictions of the role of various traits in maximizing fitness (Milcikovsky
1971: Vance 1972 a&b; Caswell 1983; Strathmann 1985, 1986). For sclection to produce
evolutionary change, shifts in phenotypic expression must be passed on to the next
generation (Falconer 1960). Change in one trait, both in degree and direction, is limited by
the changé possible in genetically correlated fitness traits. This may not be accurately
reflected in estimates of phenotypic correlation which are often very small in populations
near evolutionary equilibrium (Lande 1982). In benthic marine invertebrates, estimates of
heritability and genetic correlations among life history traits have been largely ignored
(except see Levin et al. 1991).

My objective in the present study was to determine potential genctic correlations
among time of metamorphosis and other life history traits in the opisthobranch Haminaea
callidegenira. This species has an unusual life history mode involving a dispersal
polymorphism based on time of metamorphosis; the result is that both veligers and
juveniles arc released from every cgg mass produced (Gibson & Chia 1989). Time of
metamorphosis (inside the egg mass or after hatching) is highly variable both within and
among clutches. Time of metamorphic competence is heritable and ability 1o delay
metamorphosis is influenced by non-additive genetic effects.  Additional reproductive traits
are also heritable, including development time and clutch size (Chapter 5).

A sib analysis was used to test for genetie correlations among reproductive traits
(interval between spawning events and clutch size), development time (embryonic and
hatching periods) and time of metamorphosis of of{spring (within the egg mass, after
hatching and delayed metamorphosis). Genetic correlations among these raits would affect
the degree to which evolutionary change in one life history trait is influcnced by change in
associated traits through pleiotropic effects or linkage disequilibrium (Lande 1982), and
would indicate the degree to which phenotypic expression of traits and corrclated traits are

shaped by genetic or cnvironmental effects (Becker 1975). Four types of corrclations were
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considered; 1) phenotypic correlation, which is the observed or measured association
between two traits and represents the proportion of covariance subject to the action of
selection; 2) genetic correlation through sire effects. indicating additive genetic covariance
and estimating the underlying inherent genetic mechanism that directs and constrains the
evolution of the traits involved; 3) genctic correlation through dam effects including
additive and non-additive genetic effects (dominance and epistasis); and 4) environmental
correlation which reflects the degree to which phenotypic expression is directed by the
"environment” or everything excluded by the genetic model. In Haminaea callidegeniza,
many traits that appcared phenotypically to be independent were actually correlated
geneucally and environmentally. Intracapsular metamorphosis was positively correlated
genetically with first metamorphosis after hatching, suggesting that selection for increased
intracapsular metamorphosis may also increase the dispersal period for haiched veligers.
Also. time of metamorphosis and ability to delay metamorphosis appeared phenotypically
similar throughout the planktonic period, yet genetic differences suggested that they may

respond differently to selection,
MATERIALS AND METHODS

A. Animal culture and breeding design

The experiment described in Chapter 5 was used for this study; therefore,
procedures for animal culture and bioassays were described. Animals were mated in a
hicrarchical design allowing sib-analysis (Lawrence 1984: Falconer 1960)), that was
composed of groups consisting of onc "male"” bred with each of four "females” for a total
of 10 males in 1991 and 11 in 1992 (Figure 5.2). Haminaea are simultaneous
hermaphrodites and are capable of storing allosperm for scveral months (pers. obs.). To
ensure known parentage. Haminaea were collected as small juveniles and raised in
isolation at ambicnt conditions until reproductively mature. Every egg mass spawned by
cach "female” was collected (6-7 egg masses for most females) and measured for the traits
listed below. Each trait was treated as a quantitative character, or as one showing
continuous variation and determined by the combined action of several genes. For
purposcs of this analysis, one cgg mass (or one clutch of eggs) was considered to represent
one progeny.

Traits included female reproductive characteristics and ume of metamorphosis of
offspring. Traits are summarized here and a complete description of how each was

quantificd is provided in Chapter 5.



Traits included:
A. Reproductive traits (measured in 1991 and 1992):
INT  spawning interval as the number of days between spawning events
HAT number of hatchlings per egg mass
EP length of embryonic period as the number of days from oviposition to hatching
HP length of the hatching periods also in days.
B. Time of metamorphosis, both within the cgg mass (intracapsular)., as:
JUV  the percent of juvenile hatchlings/ egg mass (measured in 1991 and 1992)
and after hatching as the number of days until metamorphosis of hatched veligers in the
presence of a metamorphic inducer (1992 only):
MF  for the first (F) metamorphosis/ clutch (estimating minimum planktonic period)
MH  metamorphosis of hall (H) the hatched veligers/ cluteh
MA  metamorphosis of all (A) hatched veligery/ cluteh (estimating maximum tume of
metamorphic competence)
C. The ability of hatched veligers to delay metamorphosis was determined as the number
of days until metamorphosis in the ahsence of metamorphic inducer (1992 only):
DF for the first metamorphosis (F)/ clutch
DH  metamorphosis of hall (H) of the hatched veligers/ clutch
DA  metamorphosis of all (A) hatched veligers/ cluich (estimating maximum

planktonic period).

B. Statistical and genetic analysis
Statistical model

Statistical analyses were conducted with SPSS-X Release 3.0 for IBM MTS at the
University of Alherta. Data were anal yzed with nested ANOVA (UANQOVA procedure)
with males nested within years and females nested within males and years. Males and
females were designated as random (Lawrence 1984).  As female size can influence the
expression of certain traits (CRE mass size and the duration of the hatching period; Chapter
5), female wet weight (mg) at the onscl of the spawning period was incorporated in the
model statement as:

model = wt + year + wi * year + male (year) + wt * male (year) + female (wi, year,

male) + residual .

The results from this ANOVA were used in the statistical model

Xijk = 1 + Si + Dij + Eijk
where Xijk = the record of the kth offspring of the ith female mated o the ith male,
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g = common mean, S = effect of ith male, Djj = effect of the jth female mated to the ith
male, and Ejjk = uncontrolled environmental and genetic deviations attributable to
offspring. This model assumes that individuals arc chosen at random from a reference

population that is a non-inbred random mating population (Falconer 1960).

Analysis of individual traits
The phenotypic expression of an individual trait can be partitioned into variance
componcents attributable to each parent, and subsequently decomposed into the relative
contributions of genetic and environmental effects that determine the observed expression
(Chapter 5). Variance components are partitioned as follows:
625 = sirc components, or the differences among offspring of particular sires, which
include additive genetic vanance:
024 = dam components, or differences among offspring of dams mated to the same sire,
including additive and non-additive (dominance, cpistasis) genetic variance;
02w = progeny components, or differences hetween individual offspring of the same dam,
including additive genetic variance, non-additive genetic variance, and
environmental effects;
624 = phenotypic variance, or the sum of the variance attributable to cach of the three
components (621 = 623 + 0’2d+ o‘zw).
These components can be used o estimate heritability as
h2 =4 (652) / 0%
or the genetic variance attributable to cither sire (narrow sense heritability) or dam (broad
sense heritability) over the total variance observed (Becker 1975). The heritability of
individual traits may not be detected if the trait of interest is negatively associated with a
second trait (Falconer 1960). The underlying genctic basis for these traits may be
uncovered by examining the degree to which these traits are correlated through additive

genetic covarlance.

Correlations among traits
The covariance between two traits was estimated using the sum of squares Cross
products calculaied by UANOVA. The statistical derivations of estimates of covariance are

as tollows:

Sourge df Mean Cross Products _ Estimation of Mean Cross Products
Sires s-1 MCPg covw + k2 covd + k3 covs
Dams d-s MCPy covw + k! covg

Progeny n-d MCPw COvVw
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where s = sires, d = dams, w = progeny, n = number of observations, k! = k2 = number

of progeny/ dam and k3 = number of progeny/ sire. The genetic model underlying the

components of covariance is the same as for the variance components of individual traits,

so that:

covs = 1/4 additive genetic covariance:

covd = 1/4 additive genetic covariance, 1/4 covariance due 1o dominance effects and their
interactions, and;

covw = 1/2 additive genetic covariance, 1/4 dominance covariance, their interactions, and

all of the environmental covariance (Becker 1975).

Correlations were determined as the ratio of covariance between traits x and y over
the standard deviations of each as an individual trait (Becker 1975). Phenotypic
correlation is the association between two characters that can be directly observed ina
population and is calculated as:

rp = COVw_+ COVg + cov(

N (sz(x) + st(x) + 0"')d(x)) v (62w(y) + 0'zs(y) + 62d(y))
where cov is the covariance and 62 the variance component of traits x and y for progeny
(w), sires (s) and dams (d). This estimate therefore includes the total variance as produced

by sire, dam, and progeny effects for traits x and y as well as all genetic and environmental
effects and conceptually can be abbreviated as

rp= h2 +¢2.
where h2 = heritability and ¢2 = environmental effects.

Genetic correlations occur primarily through pleiotropy which is the effect of a
single gene on two or more characters (Falconer 1960). Some genes will have a positive
effect on both traits and will result in a positive correlation; others will have a positive effect
on one trait and a negative effect on the other, resulting in a negative or un-detectable
correlation. Correlations were examined for all traits observed, even if heritability was not
detected in individual traits to allow for the possibility of traits that might be "hidden” in
this way. Genetic correlations through the sirc components are estimated as

ra(s) = COVs

v 624x) ¥ Ps(y)
Therefore, rg(s) includes additive genetic covariance and indicates if the correlatior 1s

subject to evolutionary change through selection, or, the extent w0 which two measurements
reflect what is genctically the same character (Falconer 1960). Genetic correlations through
dam components are estimated in the sume way using dam covariance and varance

components; these correlations contain non-additive genetic effects as well.



Environmental correlations include covariance due to common environment and
maternal effects and exclude additive and non-additive genetic variance. They are estimated
as the covariance attributable to the progeny minus the covariance attributable to sires and
dams and are derived as:

fe = COVw_=COVs - COVd

v (2w(x) - 625(x) - d2d(x)) v (dzw(y) - 6zs(y) - dzd(y))

Standard errors were calculated as by Becker (1975) for a hierarchical design as
S.E.(r) = Vvarr. Significance of the correlation coctficients was determined using the t-
distribution (Sokal & Rohlf 1981). Degrees of freedom associated with error estimates are
given in each table. Prior to statistical analysis, the phenotypic expression of each trait was
compared with other traits using a scatterplot in the analysis to ensure that correlations

reflect linear relationships rather than a more complex function that would not be detected

by the statistical model outlined here.
RESULTS

A. Correlations among life history traits and intracapsular metamorphosis

Phenotypic values and heritability estimates for life history traits were described in
Chapter 5 and are summarized in Table 6.1. Clutch size was heritable through sires
indicating additive genetic variance. Spawning interval, haiching period and egg mass size
showed genetic variance through dams which was inflated through non-additive genetic
effects. Onset of metamorphic competence within the egg mass (determined as the percent
of juvenile hatchlings) was heritable through both sires and dams and was only slightly
influcnced by non-additive genetie ellects (Table 6.1).

Phenotypic correlations are illustrated in Figure 6.1A using a 3-dimensional plot in
which the x and y axes represent traits x and y, and the z axis the degree to which they are
correlated (positively or negatively). Correlations are repeated in Table 6.2 (including error
estimates and significance levels) o show phenotypic (upper right triangle), genetic (sires
and dams) and environmental correlaions (all three in lower left triangle, listed from top to
bottom).

The phenotypic expressions of these reproductive traits were remarkable primarily
for their apparent lack of correlation (Figure 6.1A). The one exception was the strong
positive correlation between hatching period (HP) and number hatched (HAT; rp = 0.62)
that showed that larger egg masses also took longer to hatch. Genetic correlations revealed
that these two traits were highly correlated through the genetic contributions of both sire
and dam (rg(s) = 0.78 and rg(d) = 0.79; Table 6.2; Figure 6.1B). The apparent equal
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contributions from both parents indicated that these traits were largely determined by the
same additive genetic mechanism and that expression through dam effects was not further
modified by non-additive genetic effects. Environmental components of covariance also
supported the positive correlation between HP and HAT (Figure 6.10).

Females that spawned less frequently also produced larger cgg masses although this
correlation was very low (INT and HAT, rp = Q.13 Figure 6.1A); this correlation was
most strongly influenced by environmental effects (re = (1.27; Figure 6.1C) and the genetic
correlations were not significant. Larger egg masses aiso had a longer embryonic period
(HAT and EP, rp = 0.14; Figure 6.1A). The sire correlation for EP and HAT was
significant (rg(s) = 0.69) but the dam correlation was not, suggesting non-additive genetic
mechanisms may be countering additive genetic effects, possibly through dominance of one
allele. The environmental effect was also not significant (Table 6.2). Embryonic period
was genetically corrclated with hatching period (rg(s) = (.57): dum and environmental
correlations were not significant which may have resulied in the lack of phenotypic
correlation (Figure 6.2).

Egg masses releasing a higher percent of juveniles (JUV) also had slightly longer
embryonic periods (EP, rp =0.11) and contained slightly fewer larvae (HAT,
rp= -0.10; Figure 6.1A). Despite the small phenotypic correlations, the genetic covariance
between JUV and other traits was often large and positive (Figure 6.1B). JUV was
positively correlated through additive genctic covariance with development time within the
egg mass (EP, rg(s) = (0.46, and HP, rg(s) = 0.61) through sire components, and less
strongly (not significant) with HAT (rg(s) = ().33; Figure 6.1B). Estimates from the dam
components were not significant (Table 6.2) indicating that the genctic covariance hetween
these traits was modified by non-additive effects. Environmental correlations showed
strong negative correlations hetween JUV and both HP and HAT (Figure 6.1C). Again,
the combination of sire, dam, and environmental effects may account for the observed lack

of phenotypic correlation.

B. Time of extracapsular metamorphosis and ability to delay metamorphosis
Correlations with reproductive traits

In 1992, the time of metamorphosis after hatching was considered in addition to the
reproductive traits discussed ubove for both years. Hatched veligers became competent to
metamorphose within 13 d of hatching; time of competence was heritable and strongly
influenced by non-additive genetic effects Jate in the planktonic period (included in the
estimate of broad-sense heritability; Table 6.1). Metamorphosis could be delayed an
additional week. The ability to delay showed no heritable components through sire effects
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but was influenced by non-additive effects in the mid-planktenic period (Table 6.1). Table
6.3 contains phenotypic, genetic and environmental correlations for 1992.

Reproductive traits were described in the following analysis primarily in association
with time of metamorphosis and the ability of larvae to delay metamorphosis. In some
cases, the correlations among reproductive traits in 1992 differed from those observed
when both years were considered together. The primary difference arose from the
influence of environment on embryonic period (Table 6.3) which showed significant
covariance with HP and JUV but not with HAT, as was observed in 1991. Genetic
correlations between embryonic period and HP or HAT were similar in direction in 1992 to
obscrvations obtaincd when both years were compared, but were not significant. The
genetic correlation between EP and JUV was not significant in 1992 (Table 6.3). Despite
this difference, both years were considered in the analysis described above to increase
sample size. Year differences were partitioncd as the major factor in the ANOVA.

Phcnotypic correlations were not detected for reproductive traits and time of
metamorphosis after hatching, except for a significant correlation between EP and DH
(rp= ().25; Table 6.3). Corrclations from additive genetic and non-additive genetic
covariance were also not significant, although in some cascs the corrclations were relatively
large and showed opposite effects. For example, genetic correlations between HP and DF
(rp(s) = 0.28, rp(d) = -().25) and HP and DH (rg(s) = (.37 and rg(d) = -().23), although
not significant, may be indicative of genetic covariance that would be revealed in a larger
study.

Environmental correlations were significant for several trait pairs, such as clutch
size and time of metamorphosis after hatching (MF, re = -0.64, MH, re =-0.19) or ability
to delay (DH, r¢ = -0.22, DA, ¢ = -0.26: Table 6.3), suggesting that environmental effects
cause hatchlings from larger clutches o reach metamorphic competence sooner and have a
decreased ability 1o delay metamorphosis. These effects were not reflected in phenotypic
correlations, probably bocause of sire cffects which were insignificant statistically but were
large enough to suggest that additive genetic covariance may be creating the opposite effect
in terms of time of metamorphosis for most of the planktonic period (e.g., HAT and MF,
rg(s) = 0.50, MH, rg(s) = 0.39; Table 6.3).

Time of metamorphic competence

Phenotypic correlations showed that veligers hatching from egg masses with a high
pereent of intracapsular metamorphosis (JUV) took longer to begin metamorphosis (MF, rp
=0.31; Figure 6.2A). In contrast, the maximum metamorphic period in these clutches
was relatively short (MA, 1p = -0.28). This pattern was strongly supported by dam
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correlations, and by environmental effects late in the planktonic period; correlations {rom
sire effects were not significant but were of the same direction (Figurc 6.2B&C, Table
6.3).

Time of metamorphic competence throughout the planktonic phase (i.c., after
hatching) followed the same phenotypic pattern in that clutches with the longest period
before the first metamorphosis of a hatched veliger also showed longer planktonic periods
for most veligers/ clutch (MF and MH, p= 0.44); correlation with maximum planktonic
period was insignificant but in the same dircction as occurred in the above correlations
(MF and MA, rp = -00.18; Figure 6.2A). Dam covariance was similar in dircction (Table
6.3) suggesting that the time metamorphosis occurred was largely determined by non-
additive genetic effects (Figure 6.2B). Environmental correlations with MF were positive
throughout the planktonic period (MH, MA) indicating time of metamorphosis outside the
egg mass may be extended by non-genetic cltects (Figure 6.2C).

Ability to delay metamorphosis

Clutches with a high ability o delay metamorphosis immediately after hatching also
showed a longer period of delay for most larvac (DF and DH, rp = 0.62); correlation with
the maximum delay period was not significant (Table 6.3). Phenotypic covariance was
influenced by both genetic and environmental effects carly in the planktonic period (DF and
DH, rg(s) = 0.85, rg(d) = 0.76, re = 0.30). Clutches with a high ability 1o delay for most
veligers also had the greatest ability to delay overall (DH, DA, rp = (.41). Laterinthe
delay period, non-additive genctic (DH, DA, rg(d) = (0.47) and environmental covariance
(re = 0.63) had strong positive effects; sire effects not significant but were in the same

direction (Tablc 6.3).

Correlations between competence and ability to delay metamorphosis

Phenotypic correlations between pereent of juveniles (JUV) and the ability to delay
metamorphosis (Figure 6.3A) were positive carly in the planktonic period (rp = 0.27), as
occurred for time of competence (Figure 6.2A). Environmental correlations were positive
at the beginning (JUV and DF, re = (0.25) and negative at the end of the planktonic period
(JUV and DA, re =-0.30); Figure 6.3), or, occurred in the same direction as for ime of
competence. Sire effects were not significant but were positive throughout the planktonic
period JUV and DF, rg(s) = (0.42, JUV uand DA, rg(s) = 0.48; Figure 6.3B).

Within the planktonic period, carly onscl of metamorphic competence (MF) showed
no phenotypic correlation with the initial ability 10 delay metamorphosis (DF; Table 6.3).
However, clutches with a rapid onset of cempetence showed a decreasing ability to delay
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metamorphosis at the end of the planktonic period (MF and DA, 1p = -0.28; Table 6.3).
Environmental correlations indicated clutches with rapid onset of competence had an
increased initial ability to delay (re = 0.26) but this effect changed at the end of the
planktonic period (re = -0.43). Additive genetic covariance was not significant but
estimates were negative throughout the planktonic period (e.g., MF and DF,

rg(s) =-0.41). Veligers hatching from egg masses with a long absolute period before all
become competent (MA) were not phenotypically correlated with maximum ability to delay

(DA; Table 6.3).

DISCUSSION

Selection acts on phenotypic variance e change the immediate expression of that
trait. Evolutionary change only occurs if the trait is heritable and only within limits defined
by g,cnullc covariance with other traits (Falconer 1960)). These constraints may not be
accurately reflected in phenotypic correlations which are often small for populations in
equilibrium because of contrasting cffects of large genetic and environmental correlations
(Lande 1982). Comparison of the phenotypic correlations between the reproductive traits
examined here suggested that most are independent although a closer examination of
genetic (additive and non-additive) and environmental correlations revealed that this was
not always the case. In this discussion, I have suggested possible mechanisms by which
genetics and environment may act Lo determine the observed phenotypic expression.
Corrclations do not represent causal relationships and mechanisms are proposed only as
further avenues of study.

Genetic and environmental correlations among these traits ofien differed in degree
and direction, creating phenotypic correlations that were very low. A large difference in rg
and re, particularly a difference in sign, indicates that additive genetic and environmental
sources of covariance may be affecting characters through different physiological
mechanisms (Falconer 1960). An example is the correlation between the percent of
juvenile hatchlings (JUV) and hatching period (HP; rp = -0.001, rg(s) = 0.61, re =-0.79;
Figure 6.1). Although genetically similar, time of intracapsular metamorphosis and time of
hatching may be achieved by separate physiological or ontogenetic pathways. This may
allow larvac that develop more slowly to the point of hatching to achieve metamorphic
competence at the same chronological time as their carlier hatching siblings. Therefore,
additive genetic covariance would reflect a higher incidence of juveniles hatching from egg
masses with a longer hatching period. The negative environmental correlation between

JUV and HP suggests the involvement of other mechanisms that promote the opposite
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effect. Possibilities include an independent release of a hatching enzyme causing carlier
release of siblings from the same egg mass than determined by the above mechanism, the
physical disruption of the egg mass by carly hatchlings causing pre-mature release of
siblings, or the involvement of traits other than those examined in this study. Itis
interesting that the process is much more complex than a straightforward phenomenon of
egg masses with longer hatching periods releasing more juveniles simply because they
represent a later ontogenetic stage.

The percent of juvenile hatchlings may be a trait that is sensitive to evolutionary
change because it is highly heritable (h24=0).76), shows little influence of non-additive
genelic variance, and also is responsive o short term changes in parcntal environment
(Chapter 5). Time of metamorphosis was correlated throughout the metamorphic period
(pre- and post-hatching) such that clutches with a high rate of intracapsular metamorphosis
also had a longer planktonic period for most hatched veligers (JUV and MF, rp = 0.31) but
a decreased maximum planktonic period JUV and MA, 1p = -().28). These correlations
were primiu‘ily affected by non-additive genetic covariance; sire effects were in the same
direction but were not significant.

The similarity in direction of additive and non-additive covariance in time of
metamorphosis suggests that selection for an increase in the percent of juveniles may also
increase the duration of the planktonic phase of most of the remaining veliger hatchlings.
A possible result may be that Haminaea callidegenita would continue 10 exploit their
poecilogonous life history paticrn despite potential selection for carly metamorphosis and
more juvenile hatchlings. Most progeny would immediately recruit into the parental habitat
but the majority of dispersive offspring (MF, MH) would have an even longer period in
which to intercept an acceptable, and perhaps more distant, habitat. A negative genetic
correlation between carly competence of hatched veligers and maximum time of competence
in the plankton (MF and MA, rp(s) = -0.34, rp(d) = -().55) may restrict the maximum
planktonic period. A short maximum dispersal period (MA) may be advantageous o
Haminaea because it decreases the risks associated with a long planktonic period, such as
increased advection from favorable habitats (Palmer & Strathmann 1981) and predation of
vulnerable larvae (Rumrill 1986). However, itis not possible to predict long term cffects
of selection on these traits as estimates of genctic correlations are strongly influenced by
gene-frequency and hence may change within a few generations ( Lande & Arold 1983).

Time of metamorphic competence and ability to delay metamorphosis show the
same phenotypic pattern but appear o differ genetically; therefore, they may respond
differently to selection. Early competence (JUV) and time of metamorphosis after hatching
(MF, MA) were correlated through non-additive genetic covariance; correlations through
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additive genetic covariance were not significant. Early competence and ability to delay
(DF, DA) were not influenced by non-additive genetic covariance; although sire estimates
were not significant, they were consistently high and positive throughout the metamorphic
period suggesting their potential importance (rg(s) for JUV and DF = (.42, for DH =0.35,
for DA = 0.48). In this case, lack of significance may reflect the small number of sires
used in the study (n=11). These correlations suggest that different genetic mechanisms
may determine onset of competence and the ability to delay.

Environmental correlations were similar in direction for early competence (JUV)
and both competence after hatching and the ability to delay metamorphosis suggesting that
cnvironmental mechanisms have a similar effect on both time of competence and the ability
to delay. Veligers released from egg masses with a high percent of juvenile hatchlings
may be genctically able to delay metamorphosis longer, but environmental constraints on
their development may trigger a pre-determined threshold instigating metamorphosis in the
absence of the expected cue (e.g., the metamorphic inducer). The source of the
environmental variance is not known but as these are non-feeding larvae, a possibility is
that larvae reach a state of yoik depletion where larvac must metamorphose or risk not
having the energetic reserves 1o successfully complete the transformation from larva to
juvenile.

Several pairs of traits were most strongly influenced by environmental effects.
Environmental covariance was positive for fecundity such that females that spawned at
greater intervals also produced larger clutches (re = 0.64). This may reflect maternal
effects, such as female size or reproductive condition, that may allow females that spawn
less frequently to put more effort into each spawning event. Environmental correlations
also showed that larvae hatching from larger cluiches had a decreased maximum ability to
delay metamorphosis (DA, te = -0.26). This suggests the potential for an energetic trade-
off between number of eggs produced and organic content/ egg. An influence of egg size
on ability to delay metamorphosis was not detected (Chapter 5) but egg size does not
necessarily reflect organic content in all taxa (McEdward & Coulter 1987). Genetic
correlation between clutch size and ability to delay was not detected; therefore, the
evolutionary significance of this correlation, i any, is not apparent.

Another consequence of deviations caused by environment was the difference in
expression of some traits between years. The environmental correlations that were most
affected included embryonic period such that correlations observed in both years (EP and
HAT) were not detected in 1992, but additional correlations (EP and HP, JUV) were
found in 1992. Phenotypic correlations, although small, were also modified presumably

because of the influence of environment. The strong effect of environmental influence on



correlations with embryonic period was interesting because embryonic period had the most
conservative expression of all individual traits considered in that there was little overall
variance, the mean expression did not differ between the two years, and expression was
not influenced by female size (Chapter 5). Genetic correlations invalving embryonic period
also differed between the two years such that correlations detected in both years (EP and
HP, HAT. JUV) were not significant in 1992 . although two of these correlations were in
the same direction (HP and HAT). This may be a result of the small number of sires used
in the 1992 analysis, but may additionally reflect genotype-environment interactions which
may produce different estimates of genetic correlation in different environments (Falconer
1960, Via & Lande 1985). Although the same "common garden” was used o maintain
adults in both years, many uncontrolled cnvironmental factors may have ditfered between
the two years with unknown elfects (e.g . the effeets of winter conditions on juveniles,

ambient water temperature, or diatom growth within the cages).

Conclusion

This study demonstrated that the scemingly independent expression of several life
history traits was actually based on a complex interaction hetween gencetic and
environmental components, potentially active through opposing mechanisms. Year
differences were also noted emphasizing the importance of consideration of traits in more
than year. That the phenotypic expression of most of these traits was fairly plastic is
supported by the large eflcet of environmentally mediated covariance, and the influence of
the reproductive condition of females, such as female size and changes occurring
throughout the spawning scason (Chapter 5). Time of metamorphosis was based on
several factors. It appeared to be polygenic and may be variously influenced by dominance
and environmental effects. Similar observations have heen made on life history traits in
other species (Falconer 1960); Hegmann & Dingle 1982; Kelly 1993) and similar
correlations are undoubtedly widespread in henthic marine invertebrates. Evolutionary
theories and models considering the advantages attributed to various life history "strategics”
must also consider whether evolutionary change is likely in the traits considered, through

estimates of heritability and genetic correlation ( Rott 1992).
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Table 6.1: Overall means (% standard deviations) and heritabilities (£ standard errors)
caleulated for sire (h2g) and dam (h2q) variance components for life history
parameters of Haminaea callidegenita . Traits are defined in the text. n = number of

cgg masses examined for cach trait.

Trait Abbreviation  n Meun h2g h2g
Spawn interval (d) INT 468  6.97+0.26 0 0.53%0.16
Embryonic period (d) EP 468 14.352£0.07 0.08%0.06 0
Hatching period (d) HP 468  4.91%0.10 0.19+0.21 0.9810.19
Egg mass sizce HAT 468 345.40+6.43 0.34+0.06 1.11x0.18
Percentage of juvenile hawchlings  JUV 468 88.71%12.26 0.76:0.45 0.85+0.25
Time of metamorphic competence

15t metamorphosis MIF 137  3.66£0.13 0.35%0.21 0

50% metamorphosed MIH 137 5.95£0.18 0.15%0.19 0

1(X)% metamorphosed MIA 137 13.65+0.55 0.22+0.33 0.7610.31
Ability to delay metamorphosis

18t meamorphosis SWF 123 4.78+0.35 0 0

5()9% metamorphosed SWH 123 9.22+0.49 0.06£0.28 0.66%0.37

100% mclamm‘p'hoscd SWA 123 20.63+0.76 0 0.01+0.29
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Table 6.2: Correlations of Haminaea callidegenita life history traits calculated for 1991 and

INT

EP

HP

HAT

JUV

1992. Correlations are listed for each trait such that the upper right triangle of the
table contains phenotypic correlations (rp) between traits x and y and the lower left
triangle contains genotypic correlation for siresES.E.(rp(s): top value), genotypic
correlation for dams%S.E. (rg(d); mid value) and environmental correlation (re:
bottom value). Self correlations (r=1) are included along the center line. Traits
listed are: INT- interval between spawning events (d); EP- embryonic period (d).
HP- hatching period (d); HAT- number of hatchlings/ cgg mass; and JUV- the
percent of hatchlings released as juveniles/ cgg mass. dff = 18 for sires, 48 for
dams, 400 for progeny. **p<(.01, *p<t.05

INT EP HP HAT Juv
| 0.09 0.07 * (.11 (.09
0.15£0.34 1 (.00 *k (). 14 (01
0.15%0.11
0.08
-0.06£0.39] ** 0.57+0.47 1 ** (.62 -0.001
20.05£0.03]  -0.14%0.13
*k ().21 -0.08
011074 ** 0.69£0.48 | ** (1.7830.62 ! * 0.0
0.0350.01]  -0.1420.04] ** 0.7920.09
** (.27 ** ().15 * ().40)
0.26£0.43]  * 0.46x0.41[ ** 0.6120.51] 0333022 1
0.06£0.07| 0212035 0142007} -0.16£0.07
0.02 -0.06 ** ()79 ** -().64




Table 6.3: Corrclations for Haminaea callidegenita life history traits and time of
metamorphosis for 1992, Correlations are listed for each trait such that upper right
triangle of the table contains phenotypic correlations between traits x and y (rp) and
the lower left triangle contains genotypic correlations for sires £ S.E.(rg(s); top
value) , genotypic correlations for dams £ S.E. (rg(d) mid value) , and
environmental correlations (re; lower value). Traits included are: INT interval
between spawning events, EP embryonic period (d), HP hatching period (d), HAT
number of hatchlings/ cgg mass, JUV percentage of juvenile hatchlings/ egg
mass, MF time of metamorphosis in the presence of metamorphic inducer by
the first veliger/ clutch, MH time of metamorphosis of 50% hatched veligers/
clutch, MA time of metamorphosis of all veligers/ clutch, DF time metamorphosis
can be delayed by the tirst, DH by 50% and DA by all hatched veligers/ clutch.
df = 10 for sires, 22 for dams, and 77 for progeny. **p<0.01, *p<(.05
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Chapter 7

Poecilogony in Haminaea: General conclusion

The opisthobranch Haminaea callidegenita has variable development based on the
dispersal potential of offspring. Both lecithotrophic veligers and juveniles hatch from
every egg mass. Hatchlings pass through the same developmental stages at the same time,
and the difference arises from the time of metamorphic competence. Half of the larvae per
egg mass become competent inside the egg mass and are induced to metamorphose by a
small, polar compound found in cgg mass jelly. The other half hatch as veligers and
subsequently become competent over a 14 d planktonic period. Time of competence 18
heritable and is little affected by culture conditions (both ficld and laboratory observations),
parental reproductive traits, or ime of spawning.

Time of competence after hatching is initially rapid, and then continues at low rates
throughout the rest of the planktonic period. As a conseguence, most swimming larvac
have a short dispersal period that may result in their retention within or near the parental
habitat. The number of "long range” dispersers rapidly decreases with time. This may be
advantageous as the benefits of dispersal are thought to be reduced with increascd
advection from favorable habitats (Palmer & Strathmann 1981) or increased exposure
planktonic predators (Rumrill 1986). Throughout this period, hatched veligers will
respond 10 an increasing variety of inductive substrates (although maintaining some
discrimination) and will undergo "spontancous” metamorphosis as well. This decrease in
larval "choosiness” is important ecologically because it may allow larvac to locate a suitable
habitat. The mechanism by which this may oceur is not known but possibilitics include
late development of external receptor organs in addition 1o an organ receptive to the inducer
found in egg mass jelly, or the activation of receptor sites in the original receptor organ.

This type of poccilogony is advantageous hecause every individual produces both
swimming larvac and crawl-away juveniles; therefore each parent produces hoth dispersive
propagules and recruits that may settle immediately in the parental population. This patiern
may be advantageous in habitats that arc regionally stable but locally cphemeral, such as
scagrass beds. Two processes are thought to influence life history evolution in
opisthobranchs: availability of food and stability of habitat (Clark 1978). If these two
factors are continually available to a species, direct development is commonly observed: if
they are unpredictable, patchy, or ephemeral, planktotrophy or planktonic development is
common (Clark 1978; Hadficld & Miller 1987). Members of an existing Haminaeu
callidegenita population would have a constant supply of food. Food resources ( diatoms
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and detritus) are not likely to be limiting in seagrass beds because of the high productivity
of this habitat (Zieman & Wetzel 1980); also, these resources are known to support a
population of adults and juveniles throughout the year (Gibson & Chia 1991). However,
scagrass beds change unpredictably from year to year. Freshwater run-off and winter
storms rearrange the topography of thuse beds, either moving the drainage channels in
which H. callidegenita concentrate at low tide (pers. obs.), or completely removing entire
heds of grass. Winter conditions are occasionally severe and can cause adults to
disappear, as has occurred in Spencer's Spit. In this population, H. callidegenita are
known 1o be abundant and reproductively active year-round; in one unusually cold winter,
animals disappeared only to re-appear in the late spring (Gibson & Chia 1991). Therefore,
local conditions would favor retention of most offspring and the release of some dispersive
veligers would counter the risk of local extinction.

How did this development pattern arise in Haminaea callidegenita? Possibly an
ancestor produced lecithotrophic larvace that metamorphosed soon after hatching (within
hours to days). Larvae that hecame competent carlier than their siblings may have
metamorphosed within the egg mass. There may have been rapid selection for early
metamorphosis if time of competence was as highly heritable as observed in the present
population. Early metamorphosis would provide these offspring with the advantages of an
carly onset of juvenile feeding, faster growth, and carlier maturity. The development of
swimming larvac would be set back chronologically but perhaps more importantly, would
he set back energetically as well. These are non-feeding larvae that are unable to replenish
energy reserves while planktonic. A late metamorphosis may have consequences similar to
those known to occur in other species for competent larvae that delay metamorphosis (such
as higher mortality, slower juvenile growth and delayed onset of maturity; Pechenik 1990).
The retention of dispersive offspring in this life history would allow colonization of new
populations, gene [low among existing populations, and perhaps short range dispersal
from the parental locality but still within the Padilla Bay estuarine system.

Is poecilogony in Haminaea callidegenita evolutionarily stable or is it evolving
towards direct development? Developmental and genetic data support the hypothesis that
poccilogony in H. callidegenita may be a stable life history pattern. Developmentally, A.
callidegenita veligers have a long swimming phase before they become competent to
metamorphose (10 30 d). If poccilogony is evolving towards direct development, one
might expect the dispersive phase to be much shorter. However, genetic correlations
indicate that selection for intracapsular metamorphosis may increase the time to first
competence of hatched larvae from the same clutch, at Jeast in the short term. Therefore, the



proportion of direct developers may increase. but duration of the planktonic period would
increase as well, preserving the pocecilogonous life history.

Game theory also suggests that development patierns such as poccilogony may be
an evolutionarily stable strategy (ESS: Maynard Smith 1982). ESS suggests that a genetic
polymorphism may create a mixed strategy that is stable if the fitness payott to an
individual playing one strategy is the same as as the payof! resulting from the second
strategy (Maynard Smith 1989). Therefore, a mixed development pattern involving the
production of both dispersive and non-dispersive offspring may be the most successful
development mode 10 a specics living in 2 habitat that is not resource limited but may be
seasonally unpredictable. This mode of development would involve spreading the risk, by
combining immediate recruitment of juveniles to a "good" habitat with continual food and
an existing population of prospective matcs, with dispersal to habitats or existing

populations potentially removed from the same environmental pressures.

‘>
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