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ABSTRACT

Reproductive cycles of mollusc species have been extensively studied. Many of these

studies that i factors affect the length of the spawning

period and timing of ion. Since duction involves such as storage of
energy and the production, accurnulation and spawning of mature gametes, a close relationship
has been proposed between the gametogenic cycle and food availability.

Species inhabiting unstable environments generally have episodic reproductive cycles

whereas species living in more stable envil generally i ly. Recent
studies suggest that many stable environments, such as the deep sea, are not as stable as
previously thought, since many sublittoral and deep sea areas experience seasonal

phytodetritus sinking which may affect the reproductive activity of some species.

In C Bay. © there is a ition of phy! itus which
reaches the bottom at 240 m depth shortly after the spring and fall phytoplankton blooms.
However. the reproductive response of the benthic community to this seasonal input is
completely unknown

In order to examine the reproductive response to a seasonal input of food in the
benthic community in Conception Bay, two common deposit feeders were selected, Yoldia
mpzrbma and Crenodiscus crispatus. This study provides new data on the role of

in the rep ion of these species and on the ecological significance
ofa sezsona.llv-pulsed food supply on the deposit feeding community inhabiting Conception
Bay
Yoldia hyperborea had a mean egg diameter 120 um, and a maximum apparent
fecundity was of 8 5 x 10 * eggs per individual. Larval development occurred through a
lecithotrophic pericalymma larva that is restricted to protobranch species. Spawning occurred
during the winter-spring period coincident or following phytodetrital deposition.

Laboratory feeding experiments showed that frequent addition of phytodetritus

of eggs, ing field observations suggesting that gamete production



ii
of Y. hyper is on food availability. L Yy i using 'C labelled

of cell contents into the gonad.
Crenodiscus crispatus eggs had a mean diameter of 450 um. The maximum fecundity
was 138 x 10 * eggs per individual Eggs develop through a lecithotrophic larvae
p ion occurred the year, although fecundity was higher in
spring due to seasonal phytodetritus sinking.
The reproductive cycle of both deposit feeders was affected by fluctuations in food
availability. Individual fecundity was maximal coincident with or just following the seasonal

peak in phytodetritus deposition. Energy provided by resuspension events appeared to be
utilized for gametogenesis both in Yoldia hyperborea and Ctenodiscus crispatus.
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CHAPTER I

GENERAL INTRODUCTION

L1. INTRODUCTION

L.L.1. Reproductive cycles in bivalves

A number of studies have examined the and timing of reproductive events

in marine invertebrate species (Ropes and Stickney 1965; Heffernan et al. 1989a,b; Brousseau

1978, Newell et al. 1982; Dibacco et al. 1995; Hooker and Creese 1995, see reviews by Giese
1959; Sastry 1979; Dohmen 1983). As a result of these studies, authors have described

reproductive activity as a cyclic phenomenon which is composed of a number of events

including iplication, growth and ion of gametes, spawning and a resting period.
This cyclical phenomenon can occur either on a seasonal (Sastry 1966; Brousseau 1978; Emmet
etal. 1987, Heffernan and Walker 1989; Heffernan et al. 1989a, b; Paulet and Boucher 1991,
Dibacco et al.1995) or a continuous basis (Malachowski 1988; Hooker and Creese 1995).
Seasonal reproduction is typically annual (once a year) or semiannual (twice a year).

Reproductive cycles have been described as either synchronous, where many
individuals spawn at the same time on a seasonal basis, or asynchronous, where individuals
spawn at different times, typically with many spawning periods for the population spread
throughout the year. Synchronous spawning is thought to be common for species living in
unstable environments (Sastry 1966, 1968, 1970; Emmet et al.1987), whereas asynchronous
spawning is more common in species living in more stable environments (Giese and Pearse
1974, Rokop 1974 Tyler and Young 1992)
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1.1.2. Factors affecting the reproductive cycles of bivalves

Reproductive cycles of intertidal and shallow-water subtidal species have been studied
extensively. Many of these studies suggest that the reproductive cycle of species inhabiting
unstable environments is strongly affected by seasonal fluctuations in environmental factors.
Consequently, these environmental factors may influence both the period and timing of the
cycle. Because environmental factors may fluctuate on a variety of time scales, variables such
as water temperature (Loosanoff 1937; Orton 1920; Thorson 1946; Ropes and Stickney 1965;
Sastry 1966, 1970, Himmelman 1980; Newell et al.1982; Currie 1990), salinity (Loosanoff
1952), food availability (Sastry 1968; Bayne 1975, 1976), photoperiod (Paulet and Boucher
1991), and tides (Lammens 1967) may control the reproductive cycle. Differences in timing

of ion between i separate ions of indivi species may also be
due to latitude (Sastry 1979).

1.1.2.1. Temperature

Temperature has long been considered to be one of the most important factors

influencing the reproductive periodicity of shallow water species. Thus, authors have predicted

that species i ing more stable i such as the deep-sea may reproduce

ly because seasonal ions of are minimal or absent (Orton 1920)
This hypothesis is supported by recent data on reproductive cycles of echinoderms and molluscs
of northeast and western Atlantic deep-sea zones, ing that a

cycle appears to be the dominant pattern in most of these species (Rokop 1974; Tyler et al
1992).



1.1.2.2. Food availability

In spite of evidence ing the effect of on ion, it is also
well known that gametogenic cycles in marine invertebrates are related to the storage of energy
and the production, accumulation and spawning of mature gametes. Thus, there may be a close
relationship between gametogenic cycles and food availability (Ansell 1974; Kautsky 1982;
Bayne 1985, MacDonald and Thompson 1986). Consequently, the onset of the gametogenic

cycle may depend on a positive energy balance, stored energy reserves (Lubet 1986) and
external factors that trigger gametogenesis.

Since Gabbott (1975) demonstrated that glycogen is the main energy reserve utilized
for reproduction in marine molluscs, a number of studies have been carried out to establish the
source of this energy. Depending on the species, the energy for gamete production is derived
from “reserves of glycogen and protein stored in the adductor muscle”, as reported for
Crassostrea virginica (Thompson et al. 1996) and Pectinidae (Mathieu and Lubet 1993), or
from protein and lipids stored in the adductor muscle e.g. Argopecten irradians (Epp et al.
1988), or from new ingested food as in Chlamys sep iata and Baltic ions of
Myilus edulis (Ansell 1974; Kautsky 1982 respectively); or from both stored and ingested food
as in Placopecten magellanicus (Thompson 1977).

It is likely that different energetic strategies represent adaptations of species to the
environment in which they live. Thus, in any species, the available energy for growth and
should reflect fl ions in stored energy and food supply (Sibly and Calow

1989, Calow and Sibly 1990, Olive 1992). C because is requires

energy, species that have a steady input of energy (i.e. in stable environments) should exhibit
a continuous reproductive cycle. On the other hand, species subject to seasonal pulses of food
should exhibit a seasonal reproductive cycle, and those having a mixed strategy to obtain energy
may exhibit a semiannual reproductive cycle.



1.1.2.3. Geographic variation

Some studies have reported differences in the timing of reproduction between
populations of a species in different parts of its geographic range (Sastry 1970; McDonald and
Thompson 1988; Barber et al. 1991). Authors have attribi these

primarily to local environmental factors, especially food supply, which determines the nutrient
reserve and hence the capability to initiate gamete development (Sastry 1970; Crump 1971;
Newell et al. 1982, Bricelj et al. 1987; MacDonald and Thompson 1988). However, genetic
variations in the timing of gametogenesis have been reported for Crassostrea virginica along
the east coast of the United States (Barber et al. 1991).

In general, it is accepted that at the lower latitudinal limit of its geographic range a
temperate species tends to exhibit a more extended reproductive period (continuous
reproductive cycle). In contrast, near the higher latitudinal limit reproduction tends to be

seasonal as a result of seasonal fl ions in food availabili and light (Thorson

1950, Bricelj et al. 1987). However, this generalization does not apply to all species.

Placopecten magellamicus, for example, exhibits a similar reproductive period through its

with no clearly identif itudinal trends (MacDonald and Thompson 1988).
1.1.3. Rep ive cycles in
As in other marine i the ductive cycles of echi are seasonal

in some species and continuous in others (Lessios 1984; Byrne 1991; Tyler and Gage 1984a,b,
Young et al. 1992), and also appear to be affected by fluctuations of environmental factors such
as 3 and food availability (Clarke 1988; Spirlet et al. 1998),




1.1.4. Factors affecting the reproductive cycle of echinoderms

1.1.4.1. Photoperiod

ic control of in echinoids and other echis was
suggested by Giese (1959) and Boolootian (1966). Pearse et al. (1986) demonstrated that the

cycle of purp is sensitive to seasonal
fluctuations in photoperiod. In this species, individuals are either stimulated by short days (<
12 hour light) or suppressed by long days. Similar results have been described for asteroid
species (Pearse et al. 1986). Recent studies of holothurians suggest that although photoperiod
can stimulate the onset of gametogenesis, a synergistic action with other factors, such as
temperature and food availability, may be required to trigger this process (Hamel and Mercier
1996)

i.1.4.2. Food availability

In general. the available data suggest that for unstable environments (intertidal rocky
shore and shallow waters, boreal and polar areas), fluctuations of some environmental factors
drive the reproductive cycles of marine invertebrates by synchronizing both the gamete release
and larval ‘with more g iti There is some evidence
that gametogenic activity in asteroid species depends directly on feeding. Comparative studies
of Odontaster validus (Pearse 1965) and Patiriella regularis (Crump 1971) indicate that
gamete production is related to food availability. Crump (1971) studied three geographically-
separated populations of P. regularis and found that aithough the timing of reproduction was
similar in all cases. marked differences occurred in the gonad index as a consequence of
differences in food availability
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P! ion in stable

It has been that species inhabiting more stable envi (e.g. tropical
and deep sea areas) should exhibit a continuous reproductive cycle (Tyler and Young 1992).
In particular, continuous reproductive cycles may result from the suppression of seasonal
fluctuations in environmental factors such as temperature, food availability and salinity.
Conversely, it would be expected that any fluctuating environmental factor might convert the

pattern of ion in deep sea species into a semiannual or seasonal
cycle, ing on variability in the envi factor

Several studies in coastal and oceanic environments (McCave 1975; Hinga et al. 1979;
Deuser and Ross 1980; Billet et al. 1983; Lampitt 1985; Gage and Tyler 1991; Rice et al. 1986,
1991, Lampitt et al. 1990) have reported seasonal sinking of phytodetritus to the sea bed
following the spring diatom increase in the photic zone. The seasonal input of phytodetritus
is an important source of both energy and essential elements for benthic and cold water
communities and may influence the onset of gametogenic cycles. Clarke (1988) reported that
limitations of reproduction to the summer months in antarctic species are strictly related to the
availability of food. Tyler and Young (1992) reported that whereas many deep-sea species in
the northeast Atlantic reproduce on a continuous basis, a small number of them reproduce
seasonally Consequently. these authors proposed that this reproductive seasonality could be
explained by a seasonal influx of phytodetritus, as suggested by other studies (George and
Menzies 1967. 1968, Schoener 1967. Rokop 1974, 1977, Stockton and Delaca 1982; Tyler and
Gage 1984, Harrison 1988, Tyler 1988; Thiel et al. 1990; Gage and Tyler 1991, Tyler et al
1992: Young et al. 1992. Sumido et al. 2000)

Thus. there is evidence that the seasonal sinking of phytodetritus can modulate the
stable conditions of deeper waters (sublittoral, bathyal and abyssal zones) and cold water
environments (Clarke 1988), and that this seasonal input of food may drive the reproductive
activity of the small number of species that exhibit a seasonal reproductive cycle in the deep-sea,
as well as explain seasonal reproduction in antarctic species (Clarke 1988; Tyler and Young
1992). However. only a few studies have been conducted on the reproductive response of
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deep-sea communities to the input of sinking phytodetritus (Scheltema 1994), and evidence
linking phytodetrital pulses to reproductive activity is still equivocal for most deep-sea,

species (E ger and Watling 1995).

1.L.6. Studying reproduction

To determine the reproductive strategy of any species requires knowledge of three basic

variables

- the number of eggs released annually per individual and during the lifetime of the
individual

the mean size of the eggs produced, and

the frequency of the reproductive cycle (how many times a given individual reproduces each

year and at what times different individuals of a given species reproduce).
1.1.6.1. Reproductive Potential or Fecundity

Fecundity is defined as the potential number of gametes produced during the lifetime
of an individual (Scheltema 1994). Fecundity in species reproducing only once during their
lifetime (semelparous) is usually estimated by counting the total number of eggs within mature
females (Scheltema 1994). In those species having more than one reproductive event during
their lifetime (iteroparous), annual fecundity is estimated by counting the total number of
gametes produced during a year. The lifetime fecundity for an individual may be obtained by
summing the annual fecundity for each year over its lifetime (Scheltema 1994).

Fecundity is difficult to estimate in long-lived species. Consequently, most researchers
assume that the number of gametes within a mature female reflects the actual lifetime fecundity
(Scheitema 1994). This value is the so-called apparent fecundity (AF), because it represents
only the number of eggs observed at one particular moment rather than an annual or lifetime

cumulative gamete production.
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An alternative method for estimating lifetime fecundity is reproductive value, which

is based on average production of offspring expected from a female over her lifetime (Fischer

1930). This concept was modified by Williams (1966), who considered that reproductive value

of two the i i ive value (IRV) or fecundity, and

a second term called the residual reproductive value (RRV), which represents future

reproductive potential (Bayne et al. 1982). This index appeals to life history theorists

because it incorporates fecundity and mortality, both of which likely experience selective

pressure. Thus, RRV is probably a better fitness correlate than other fecundity estimates.

However, a realistic estimate of RRV requires meaningful mortality data which are difficult and

tedious to obtain (Thompson and MacDonald 1991). Consequently, neither IRV nor RRV have
been frequently used in fecundity estimates.

1.1.6.2. Periodicity of Reproduction

Several different techniques have been used to study the frequency of reproduction,
including quantitative measurements of the gonad index, or GI (Sastry 1966, 1970; Beninger
1987, DiBacco et al. 1995), and gamete volume fraction, or GVF (MacDonaid and Thompson
1985,1986; DiBacco et al. 1995). The most incing data for i iodicil
comes from direct observations of cogenesis using histologi ions (Tyler et al. 1981b,

Scheltema 1994). More recently, an accurate and sensitive method to determine reproductive

activity has been developed based on analysis of histological sections using computerized image

analysis. This method provides an oocyte size-frequency distribution (Morvan and Ansell 1988,

Paulet and Boucher 1991; Die et al. 1995; Pazos et al. 1996), which avoids the subjectivity often
i with mi i inations of gonadal tissue.

Periodicity of reproduction has also been inferred from size frequency distributions

of individual animals in the population (Scheltema 1994). This method is based on observations

of seasonal i and ion size structure the year. However, it requires
knowledge of the timing of spawning, which has to be obtained beforehand from gametogenic
studies (Schoener 1967. Lightfoot et al. 1979; Gage and Tyler 1981b). Size frequency
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distributions have been useful for estimating the periodicity of ion in many non-

molluscan species but have not been useful for bivalve molluscs (Scheltema 1994). For
example, the method has been successfully utilized to predict periodicity of reproduction in
brittle star (ophiuroid) species, which exhibit discrete size-classes resulting from successive
reproductive events in a single age-class (Scheltema 1994)
Bivalve molluscs (especially deep-sea bivalves) often exhibit a unimodal size frequency
distribution as a result of heavy predation on spat and rapid growth rates of the survivors,
i i and dif in food i Thus, species iting either
seasonal or continuous modes of reproduction develop high growth rates to avoid predation

(or as a result of differential effects of environmental factors), making it difficult to distinguish

cohorts produced between two i i events. Ci

distribution analysis is not suitable for studying reproduction in these species.
1.1.6.3. Mode of Larval Development

Thorson (1950) classified benthic marine invertebrate larvae into several categories
based largely on nutritional mode and length of the planktonic phase. Planktotrophic larvae are
those that spend most of their development time swimming and feeding in the plankton,
whereas lecithotrophic larvae are those that depend entirely on internal energy reserves. To
distinguish between larval shells of p ic or i Thorson (1950)

stated that “As a general rule in gastropod species, a clumsy large apex points to a non-pelagic
development while a narrowly twisted apex, often with delicate sculpture, points to a pelagic
development.” Within lecithotrophic larvae, Thorson (1950) distinguished forms that develop
in the plankton, called pelagic, from brooded or encapsulated larvae lacking a planktonic stage,
called non-pelagic or benthic larvae.

Direct field and y ions of larval

P are difficult, and larval
development has therefore been described only for a small number of marine invertebrate
species (Levin and Bridges 1995). Most evidence on the mode of larval development comes
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from measurements of egg size (Levin and Bridges 1995) but the size of the early shell
(prodissoconch) is a better indicator of development mode (Jablonski and Lutz 1980, 1983).

Ockelmann (1965) was one of the first authors to use this indirect method to describe
the mode of larval development in bivalve mollusc species. He showed that certain quantitative
and qualitative relations exist between egg size (defined as either a small yolk-poor egg, or a

large yolky-egg), the size of the larval shell (prodissoconch I and II) and the type of

( or ic) in marine bivalve species. Consequently, in the

absence of field ions on larval P [o] s method seems to be the most

reliable and most commonly used in studies of bivalve species (Knudsen 1979; Shein 1989;
Allen and Sanders 1973, Sanders and Allen 1973).

L.L7. Study area

Although seasonal deposition of phytodetritus to the deep-sea bed following blooms
has been described in a number of coastal and oceanic environments at various latitudes
(McCave 1975, Hinga et al. 1979; Deuser and Ross 1980; Gage and Tyler 1991; Lampitt 1985,
Rice et al. 1986, 1991; Lampitt et al. 1990), there have been few investigations of the
reproductive response of benthic communities to sinking spring blooms (Tyler and Young
1992). A number of studies have strongly suggested that a seasonal pulse of phytodetritus
reaches the bottom of C ion Bay, an in after the

spring bloom (Thompson et al. 1986, 1999; Deibel et al. 1992; Redden 1994; Redden et al.
1994). Consequently, Conception Bay is a good site to study the reproductive response of the
benthic community to such seasonal input of energy, given that near-bottom and tidal currents
are weak and because temperature is low and stable (-1.5 to 0.5 °C) throughout the year (De
Young and Sanderson 1995). Thus, it is possible to evaluate the importance of seasonal
phytodetrital flux in the absence of the potentially confounding temperature variation observed
in many seasonal environments.

Studies in this area (Conception Bay) suggest that the spring diatom bloom generally
starts in March-April as a response to increasing light and decreasing winds (Deibel et al. 1992).
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The spring diatom bloom seems to be clearly utilized by water column bacteria and zooplankton
(Thompson et al. 1992), so that much of this primary production reaches the bottom between

24 and 51 days after the start of the bloom (Thompson et al. 1999). Consequently, this

phy! itus dy i a i source of energy and essential
nutrients for benthic communities inhabiting the soft bottom. The purpose of this study is to

establish how this seasonal pulse of energy affects ion in these benthic

1.1.8. Study species

In order to evaluate the response of benthic species to the seasonal deposition of
phytodetritus, the protobranch bivalve Yoldia hyperborea (Torell, 1859) and the asteroid
Ctenodiscus crispatus (Retzius) were selected for study. Both are dominant deposit feeding
species living in the soft bottom of the depositional zone at 200 to 270 m depth in Conception
Bay

1.1.8.1. Current knowledge of study species

Despite reports that protobranch bivalves are dominant in many sediments, they have

been little studied. Some data on taxonomy, growth, population structure, size-

survivorship, and lipid ition have been published to date
(Drew 1899; Allen 1978; Warren 1989; Ockelmann 1965; Lewis et al. 1982; Hutchings and
Haedrich 1984; Nakaoka 1996; Parrish et al. 1996), but data on protobranch reproduction are
limited, even for shallow-water species (Tyler et al. 1992). Some data on reproduction of
Nuculana, Yoldiella, Ledella, Maletia and a few Yoldia species have been reported (Scheltema
1972; Rokop 1974; Tyler et al. 1992; Nakaoka 1996). Within protobranch species, Yoldia
hyperborea is one of the least studied and no data related to reproductive cycles or
reproductive strategies have been reported except the lipid composition of individuals (Parrish
etal 1996)
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The reproductive cycles of echinoderms are better known. Both continuously and
seasonally reproducing species have been reported for this group (Tyler and Gage 1984ab;
Tyler et al. 1992; Tyler and Young 1992). Asteroid species have been extensively studied and
all have a reproductive cycle strongly affected by fluctuations in food availability (Crump 1971;
Jangoux and Van Impe 1977, Lowe 1978, Shick et al. 1981b, Falk-Petersen 1982a). However,
information on the reproductive cycle of the mudstar Crenodiscus crispatus is not consistent.
The Damariscove Island (Maine) population reproduces continuously (Shick et al. 1981b),
whereas the Ramfjorden (Norway) population exhibits a seasonal reproductive cycle ( Falk-
Petersen 1982a).

L.L.9. Objectives

Studying the reproductive response of Yoldia hyperborea and Ctenodiscus crispatus
to the seasonal influx of p itus by ining their respecti ive cycles will
provide insight into the i ip between food availability and gamete ion in these
species. However, other variables such as fecundity, egg size and larval shell size will provide

data regarding the mode of development of these species under the environmental conditions
in Conception Bay. This study will therefore examine the three basic aspects of reproduction,
namely the ductive potential, the periodicity of ion and the mode of larval
development for each species. Specific goals will include:

To estimate apparent fecundity by determining the maximum number of eggs
produced by individuals of different sizes.

. To estimate the size at first maturity.

. To establish the of ion by lishing the ic cycle

To estimate mean oocyte diameter.

9

To infer the mode of reproduction from the estimated egg diameter.
To measure the length of the it 1 for Yoldia hypei

-SRI
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7. To determine the reproductive response of Yoldia hyperborea individuals under
laboratory conditions when fed with decaying laboratory-grown microalgae.
8. To examine carbon incorporation into gonads using '“C under controlled

environmental conditions.



CHAPTER II

REPRODUCTIVE POTENTIAL

2.1. INTRODUCTION

2.1.1.Factors affecting fecundity

Many authors have related fecundity in marine invertebrate species with the mode of
larval development, e.g. based on assumptions relating the size of the eggs to the mode of larval
nutrition. Vance (1973ab) proposed that marine invertebrate species exhibiting a
planktotrophic mode of larval development should produce many small eggs, whereas
lecithotrophic species should produce a small number of large eggs. Certainly this general rule
applies for marine invertebrate species. Fecundity, however, like other reproductive characters,
is also affected by indivi ic di and ions of envi factors
(Vance 1973a,b. George et al 1990)

2.1.1.1. Phenotypic differences

The number of eggs produced by a marine invertebrate depends on the size of the
individual (Brousseau 1978,1987; Griffiths and King, 1979; Hughes and Roberts 1980;
Brousseau 1981, Bayne and Newell 1983; Morvan and Ansell 1988; Scheitema 1994).
Consequently, individuals from small species should produce fewer eggs than individuals from
larger species. For example the protobranch Nucula proxima exhibited a fecundity of 4120
eggs for a 6.6 mm shell length individual, whereas N. granulosa exhibited a fecundity of 217
eggs for a 2.2 mm individual (Scheltema 1972). Many deep-sea bivalves produce only a few
eggs per year, which is related to their small size relative to shallow-water species. Differences
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in individual fecundity have also been described within populations, among individuals of the
same size and between two i ings by the same indivi (Lawrence 1975, De
Ridder and Lawrence 1982, Emlet et al. 1987, Jangoux 1982; Morvan and Ansell 1988; George
1996)

Factors other than the size of the individual may also affect egg production. Morvan
and Ansell (1988) reported that gonad volume in Tapes rhomboides was three times greater
before summer spawning than before spring spawning. Furthermore, the gonad contained four

times more oocytes during summer than spring.
2.1.2. Environmental factors
2.1.2.1. Food availability

A number of field studies have demonstrated that bivalves (Sastry 1968, 1970, Bayne
etal 1978, Newell et al 1982, MacDonald and Bourne 1987) and echinoderms (Crump 1971;
Keats et al. 1984, Scheibling and Lawrence 1982, Thompson 1983, 1984; Andrew 1986,
George 1994, 1996) respond to i ing food byi ing their overall size and
thereby increasing gonad size and fecundity. For example, George (1994) demonstrated that
in the sea star. Leptasterias epichlora, somatic growth, egg production and egg size were
greater in areas with an abundance and wide variety of prey. In contrast, a decrease in prey
variety led to reduced growth and fewer and smaller eggs (George 1996) In bivalves,
Thompson (1979) attributed annual differences in fecundity of the mussel Mytilus edulis to

annual variations in the food supply in coastal inlets of Nova Scotia. Laboratory observations
on echinoderms (Dehn 1980; Thompson 1983; Keats et al. 1984, George 1996) and bivalves
(Sastry 1966. 1968, 1970. Bayne et al. 1982; Bayne 1975, 1976) have also demonstrated that
fecundity is size-dependent, but also depends on food availability.



2.1.2.2. Temperature

According to Honkoop and van der Meer (1997, 1998) and Honkoop et al. (1998)
the fecundity of the shallow water bivalve species Macoma balthica and Cerastoderma edule
varies between years, and winter temperature is one of the main factors influencing variation
in individual egg production. Honkoop et al. (1998) reported that water temperatures in winter
influence individual egg production of Macoma balthica (fecundity was negatively correlated

with ing that water explain a large percentage of the
variation in egg production for this species.

2.1.2.3. Depth

The available information on factors affecting fecundity in marine invertebrates is
derived primarily from studies on shallow-water species, although a few studies in deep sea
asteroids (Falk-Petersen 1982b) and some protobranchs (Scheltema 1972; Tyler and Young
1992) have been conducted. Recently, Tyler and Young (1999) have comprehensively
reviewed data for species living at vents and cold seeps. Considering the range of distribution
only for leci ic p species, (1972) proposed that species inhabiting
shallower environments should exhibit higher fecundity than species living in deep-sea waters.
For example Nucula proxima, a continental shelf species, exhibited a fecundity of 4120 eggs
per individual, whereas Malletia cuneata, an abyssal species, exhibited a fecundity of 30 eggs
per individual. According to these results, fecundity is reduced at greater depths.

Conception Bay, Newfoundland, is an ideal site for studying the effects of food
availability on fecundity of benthic species at different sizes since water temperature at 265 m.

depth remains around -0.5°C throughout the year (DeYoung and Sanderson 1995), avoiding
the ing effect of on i

With this objective the gamete volume fraction (meaning the total number of gametes
present in the gonad) was obtained, then oocyte size frequency distribution determined in order
to estimate the apparent fecundity for different sized individuals.



2.2. MATERIALS AND METHODS

2.2.1. Sampling

of Yoldia hype and Cr crispatus were dredged from the
soft-bottom at a station situated at 47° 34' 02" N; 53° 08' 12" W, 265 m depth in Conception
Bay, southeastern Newfoundland, Canada (Fig. 1). Thirty individuals of each species were
collected (randomly selected) at ~ 4-6 week intervals during the winter (weather permitting),

and on a monthly basis for the rest of the year from January 1997 to January 1999.
2.2.2. Histology

The shell length, total weight (including shell) and wet weight of soft tissues were
recorded for individual Y. hyperborea (ranging between 25 mm and 35 mm length shell),
Because the gonad envelops the digestive gland and spreads into the foot, only the part of the
gonad-foot complex closest to the digestive gland was removed, weighed and fixed in Baker’s
fixative for histological purposes.

For C. crispatus. individuals were weighed and the length of the longest arm (R)
recorded (between 24 mm to 32 mm arm length). For apparent fecundity estimations, the wet
weight of the gonad was recorded for 10 individuals each month (randomly selected). For
histological purposes, the portion of the gonad situated beneath the madreporite was removed,
weighed and fixed

After 48 to 96 hrs, hi ical samples were sectioned at 7um
and mounted on slides using standard procedures (Humason, 1979). Sections were dewaxed,

rehydrated in a graded series of ethanol solutions, stained with hematoxylin-eosin (HE),

dehydrated in an ethanol series, cleared in xylene and mounted in Permount (Merck).
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2.2.3. Oocyte frequency distributions

For the analysis of oocyte frequency di i a sub. ple of 5 to 10 i
of each species from each sampling period was examined by image analysis (MOCHA version

1.2,, Jandel Scientific). For each individual, two strips of serial sections (8 to 10 sections per
strip) were mounted on a slide, and a string of 5 serial sections was videotaped completely field
by field. For C. crispatus specimens, one section (containing more than 60 oocytes) was

selected from each slide and videotaped completely field by field.
2.2.4. Image Capture

Optical images of gonad sections of Y. hyperborea obtained from an inverted
microscope (Axiovert 35, Karl Zeiss) were captured and converted into a video signal by means
of a digital video camera (COHU model. 4815-5000). The video signal was recorded on Hi8
video tape (Hi8ME, SONY) with a Hi 8 VCR (model EV $2000, SONY). The video image
was then digitized by a frame grabber (Targa+, Truevision Inc.) and stored as a BMP file.
Images were captured at 10x magnification with a constant field area of 1576 mm*

For C. crispatus, images were obtained from a stereomicroscope (Makroskop 420,
WILD) at 25x magnification with a constant field area of 3507 mm®. Digitized images were

obtained as described for Y. hyperborea.
2.2.5. Apparent fecundity
2.2.5.1. Indirect estimations
Apparent fecundity of ¥. hyperborea and C. crispatus was estimated from oocyte
frequency distributions in histological sections of the gonads of individuals collected throughout

the sampling period. Because the gonad of Y. hyperborea is small and only those oocytes

displaying a full nucleus were considered, the number of measured oocytes in each
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section was small. Consequently, in order to estimate the oocyte number per unit volume of
gonad (Nv), a mean oocyte number was obtained from the 5 videotaped serial sections and
considered as the oocyte number for that individual. For C. crispatus, which has a larger
gonad than Y. hyperborea, the oocyte number for each individual was estimated from all
oocytes present in only one histological section. Later, Nv was estimated according to the
following formula (Williams 1981)

3/2
Nv = 4.664 « 7£Ni) .
D4

where Nv = oocyte number per unit volume of gonad
Na = oocyte number per unit area of gonad
D = mean diameter of the oocyte
Di = diameter of individual oocytes
n = number of measurements

The apparent fecundity was estimated as
AF=Nv*v
where v = the volume of the sampled gonad. Because measurements of volume for

small samples of gonad (less than | g) may produce equivocal results, the volume of the gonad

‘was obtained as ined by volume displ; i d by i ing weighed gonads

in a 10 cc-graduated cylinder (0.1 cc) containing sea water at room temperature (16°C %1).

Results for this gave approxi a 1:1 weight: volume ratio, so, | g
of gonad tissue was assumed to correspond to 1 cc of gonad tissue.

The total volume occupied by the gonad (v) was obtained from the gamete volume
fraction (GVF), as described below. The values for each cell type were summed and the total
volume of the gonad was obtained by subtracting the empty space and values for other tissues.

v = Previ ic Oocytes + V ic Qocytes + Mature Oocytes - free spaces - other
tissues
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Oocytes were ized as i ic, vit ic, or mature cells depending on the size
of the cocyte and its staining affinities for HE. For Y. hyperborea, oocytes less than 40 um in
diameter, i by their ili and large nucleus, were considered as

previtellogenic oocytes, those between 40 »m and 80 um in diameter having an eosinophilic
cytoplasm and yolk platelets were termed vitellogenic oocytes, and those 80 um or larger and
pale biue in colour were termed mature oocytes.

A similar procedure was applied for C. crispatus. Oocytes up to 100 «m diameter were
classified as previtellogenic oocytes, those between 100 um and 200 um diameter as
vitellogenic oocytes, and those greater than 200 um diameter as mature oocytes. Both the
muscle tissue and the connective tissue between gonad septa were considered as “other tissues”
(non-reproductive tissues), and only those free spaces present within gonad tissue were
considered to be part of the gonad

Apparent fecundity for both species was estimated for ripe individuals of various
lengths. As described previously, for each body size the highest estimated apparent fecundity
(EAF) value was i asthe AF ing that size. A ripe indivi was

to be one containing fully-grown oocytes.

Apparent fecundity values throughout the sampling period were obtained from
monthly pooled data. A mean estimated apparent fecundity (MEAF) value was calculated for
each month. To obtain this monthly MEAF, the highest EAF values for each size sampled were
summed and the mean value obtained.

2.2.5.2. Direct estimations

Direct estimates of the AF of Y. hyperborea individuals were obtained by counting the
number of eggs released by spawned individuals (induced). Spontaneous spawning occurred
during February and March 1998, 12 to 24 hrs after individuals were transferred from the field
into the laboratory.
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Individuals brought from the field were washed in filtered sea-water and separately

placed in beakers filled with filtered sea water and maintained at 5°C in a cold room. After

spawning, the egg suspension was diluted to 1 litre with filtered sea-water A number of 1 ml

sub-samples was taken from this egg ion, later vi as il for image

analysis, and a mean number of eggs obtained. Finally, this mean value was corrected to obtain
the total number of eggs spawned.

Individuals of ¥. hyperborea maintained in the laboratory were induced to spawn by
thermal shock. Each individual was washed with seawater and placed separately in a beaker
filled with sea water at 10°C. Once spawned, eggs were treated as previously described for
non-induced individuals. Attempts to induce spawning in C. crispatus were unsuccessful, and
no spontaneous spawning was observed in the laboratory

2.2.6. Gamete Volume Fraction

GVF was determined by analyzing S fields of one section per individual with a Weibel
sampling matrix graticule  The maximum number of possible counts on 5 fields observed was
210 Counts were scored for each cell type, and the sum of counts per cell type was determined
and expressed as a percentage of the total possible. The original Weibel graticule was enlarged
2.2 umes and printed on a transparency taped onto the monitor screen. The GVF for each cell
type was obtained from the following equation:

Number of counts per cell type

GVF = - 100
a2




2.3. RESULTS

2.3.1. Yoldia hyperborea

Estimated apparent fecundity (EAF) was calculated for 102 Yoldia hyperborea
individuals, ranging from 25 mm to 35 mm shell length. EAF fluctuated between 2.6 x10° eggs
for a 25 2 mm individual and 1.7 x10° eggs for a 34 mm individual (Fig. 2). A positive
exponential relationship was observed between the EAF and size of Y. hyperborea (y = a. b*
a=34x10" b=206 r=095)

Fluctuations in MEAF were observed throughout the sampling period, but no clear
pattem was observed (Fig. 3). In addition high fluctuation of EAF values resulted in a high SD
inthe MEAF A mean value of 3 x10* eggs per spawn (+ 7.9 x10°, n = 5) was obtained for AF
in individuals of shell length 28 3 mm to 30.5 mm (pooled data for induced and non-induced
spawnings), and no differences were observed between data obtained by induced spawning and
non-induced.

2.3.2. Crenodiscus crispanus

Fluctuations in the MEAF for C. crusparus did not follow a clear pattern (Fig. 4). The
estimated apparent fecundity was obtained for a total of 65 C. crispatus individuals. Values
varied from 6 6 x10* eggs for a 24.5 mm arm length individual to 11 x10° eggs for a 32.5 mm
arm length individual. There was an exponential relationship between EAF and arm length (Fig.
S.y=a*b%a=44x10° b=147,r=091).
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2.4. DISCUSSION
2.4.1. Yoldia hyperborea

It is known that gamete production is not only dependent on a positive energy balance
favouring reproduction, but also on the size of the individual. Bayne and Newell (1983)
suggested that fecundity is an increasing function of size, which has been confirmed for bivalves
by a number of authors (MacDonald and Thompson 1986, Bricelj et al. 1987; MacDonald and
Bourne 1987) Furthermore. larger size is artained in those individuals inhabiting areas with an
abundant food supply. For example, MacDonald and Thompson (1986) reported that
individuals of the sea scallop Pl intained in culture

exhibited greater shell growth rates and produced more gametes than those growing on the
bottom nearby  Similar results have been reported for echinoderm species. Laboratory
experiments (Thompson 1983) showed that all sizes of the sea urchin Strongylocentrotus
droebachiensis grew in diameter at high ration levels with a corresponding increase in
fecundity. Field observations by George (1996) demonstrated that sea urchins and sea stars
from sites with an abundant supply of food were larger and produced large numbers of eggs
than conspecifics from poorer sites. It is therefore to be expected that Yoldia hyperborea being
larger than most other protobranchs studied, should exhibit the highest fecundity value reported
for a protobranch species (8 7 x 10* eggs per individual EAF), since abyssal or bathyal species
rarely produce more than 500 eggs per individual (Scheltema 1972; Allen and Hannah 1986,
Tyler eval 1992) For example the fecundity of Nucula proxima, a protobranch inhabiting the
continental shelf. has been reported as 4120 eggs for 2 6.6 mm shell length individual, whereas
the fecundity of the continental slope species N. gramulosa has been estimated as 217 eggs for
2 22 mm individual ( 1972). G i in the EAF among
protobranch species may be mainly attributable to body size variation, although it is also known
that in a number of species, fecundity varies significantly among individuals of the same size,

on food availability and how

ly indivi utilize energy (Brousseau
1978,1981, 1987; Griffiths and King 1979; Hughes and Roberts 1980; Bayne and Newell 1983;
Morvan and Ansell 1988, Scheitema 1994).
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The influence of food availability on fecundity has been examined in several marine
invertebrate species. In bivalves, for example, MacDonald and Thompson (1985) and
MacDonald (1986) reported that good food quality resulted in greater gamete production in
both natural and cultured i et al (1984) came

to a similar conclusion for Mytilus edulis and suggested that food quantity as well as food
quality may influence gamete production. Studies on echinoderms (Thompson 1983, George
et al. 1990; George 1996, Guillou and Lumingas 1999) have shown that better nutritional
conditions result in greater numbers of large, high quality eggs in sea urchins and sea stars.

Studies in Conception Bay have demonstrated that much of the seasonal primary
production observed during the spring diatom bloom reaches the bottom one or two months
after the start of the bloom (Deibel et al 1992; Thompson et al. 1992, 1999). Large variations
in AF were observed for Y. hyperborea in the present study (e.g. two different individuals of
258 mm shell length during February 1998 exhibited fecundities of 1144 and 497 eggs
respectively), which may have masked any seasonal cycle. However, it is reasonable to
conclude that Y. hyperborea produces gametes continuously rather than seasonally, because
resuspension of bottom sediments creates steady food availability. Bioresuspension is known
10 occur in near-bottom waters (Gardner et al. 1985; Graf and Rosenberg 1997) and is caused
by feeding, locomotion and construction of mounds, pits and tubes by benthic organisms (Graf
and Rosenberg 1997).

Resuspension of bottom sediments is a potentially important mechanism for recycling
organic matter from the benthos to the water column (Wainright 1990). Yoldia hyperborea
may have an important role in bioresuspension given that its feeding activities result in sediment

through Ision of faeces and directly into the water column
(Bender and Davis 1984)  Resuspended particles are associated with high
microbial activity which can convert suspended POM into material of greater nutritional value
for deposit feeders like Y. hyperborea (Smith 1994). However, sporadic episodes of settlement
of dead fishes, whales or wood can also provide fresh nutrients to the benthic community (Gage

and Tyler 1991). Consequently, resuspension or other episodic events may account for the
presence of gametes in the gonad of Y. yperborea at all times of the year, although presumably
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the labile fresh phytodetrital material arriving at the sea bottom seasonally may also contribute

to gamete growth and i L y i with Y. Ayp (see Chapter
V) that indivi iodi supplied with senescent algae produced more and
larger oocytes than control individuals receiving no algal which supports the effect

of the seasonal food deposition.

Methodological differences may also account for variation in fecundity values between
studies. Samples of species inhabiting the slope, bathyal and abyssal zones are difficult to
obtain, and most of the few reports on AF are based on data obtained from only one individual
(Sanders and Allen 1973; Allen and Sanders 1973). In other cases, authors do not report the
number of specil studied (: 1972). C these data, although valuable,

may represent biased values of fecundity in the deep sea given that variations in AF are known

to occur within and among same size individuals. Variation between years may also partially
explain differences in fecundity.

2.4.2 Ctenodiscus crispatus

The EAF of 11x10° eggs reported for Crenodiscus crispatus in this study is much
higher than the value of 10° eggs reported by Falk-Petersen (1982a) for this species from
Balsfjorden (69°31' N; 19°01' E), northern Norway. These differences may be attributable to

the size of the sampled individuals but it is also known that differences in fecundity among

females i iting different ic zones can be explained by variations in the
amount of food available. An i ion for such a di in egg prodi
is that indivi sampled in were not Ci di crispatus i (Tyler,

personal communication). Crump (1971) studied the effect of food availability on three

of the asteroid Patiriella regularis (Verill), and
suggested that both the quantity and quality of available food may be responsible for differences
in potential fecundity among individuals from adjacent areas. Laboratory studies conducted by
Crump (1971) supported these field observations. Scheibling and Lawrence (1982) and George
(1994) demonstrated that females of Echinus spp. and Leptasterias epichlora, inhabiting
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environments with high food quality and quantity, were larger and produced more and bigger
eggs than i from poorer i For example, Leptasterias epichlora
individuals were larger and able to produce more eggs at sites with a wide variety of large
molluscs, and were smaller and produced few small eggs at sites with a variety of small molluscs
(George 1994). Thus under favorable environmental conditions (food quantity and quality) sea
stars are bigger and produce more eggs, which agrees with predictions that the relationship
berween fecundity and food availability varies according 1o the size of the individual. A number
of studies have reported that echinoderms with a rich food supply respond by increasing body
length and consequently body weight, size and weight of the gonad (Menge 1975, Scheibling
and Lawrence 1982, Keats et al. 1984, Thompson 1984; Andrew 1986; Parker and Begon
1986. Mc Ginley 1989, 1994; Venable 1992; Bertram and Strathmann 1998).

The water below the ine of Ci ion Bay is around -0.5°C,

which reduces the rate of pelagic microbial decomposition during the spring bloom and allows
a signi ion of the primary ion to reach the bottom (Pomeroy and Deibel
1986). This flux likely enhances the total production (gametic and somatic) of benthic
organisms. The Balsfjorden area, in contrast, exhibits temperatures between 2 °C and 3 °C
throughout the vear (Eilertsen et al. 1981), which resuits in more rapid pelagic microbial growth
and reduced flux in primary production reaching the bottom. This difference in the quality
(primary production reaching the bottom) and the quantity (little grazing in the water column)
of food observed in Conception Bay may explain differences in EAF from values obtained from
Balsfjorden.

MEAF peaks for C. crisparus exhibited little variation throughout the year, suggesting
that gametes were continuously present in the gonad. Data on the effect of food availability and

reproduction of C. crisparus and asteroid species suggest that the reproductive cycle of this
species is strongly affected by food availability (Shick et al. 1981b; Falk-Petersen 1982a; Chia
and Walker 1991). Consequently a constant food supply would facilitate a continuous transfer
of energy from the gut to the ovary (Shick et al. 1981b) and also could explain the constant
presence of gametes in Ctenodiscus crispatus as proposed by Falk-Petersen (1982a).
Deposit feeder species in general to bi ion of sedi (Davis
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1993). Thus, the deposit feeder i ling Ci di P i iting the
ft-be may be ible for bi ion of sedi and facilitate

increases in the microbial mass associated with the POM. The year-round availability of

resuspended POM may allow the i gamete ion found in Ci

crispatus. However, echinoderms inhabiting polar regions take advantage of the seasonal
vertical flux of primary production occurring during the summer by transferring part of the
energy directly to the gonad and some to the pyloric caeca for storage. Consequently, during
winter months reserves in the pyloric caeca can be used 10 sustain gamete production (Clarke
1988)

Meanwhile, other deposit feeding communities do exhibit strong seasonality in
reproduction because they are capable of responding to seasonal nutrient pulses (Eckelbarger
and Watling 1995). eg in the northeast Atlantic the echinoderms Ophiura ljungmani,
Plutonaster bifrons, Dytaster grandis and Echinus affimis have seasonal reproductive cycles
(Tyler 1988, Tyler et al.. 1992), and the apparent driving force for these seasonal patterns of
reproduction is the seasonal influx derived from surface primary production sinking rapidly to
the deep-sea bed (Tyler 1988). However, not all species subjected to seasonal pulses of food
should exhibit a seasonal reproductive cycle, since species having a mixed strategy to obtain
energy may also exhibit a semi or conti ive cycle

The results presented here for Crenodiscus crispatus reveal a strong correlation
between AF and body size (r = 0.91). This type of relationship berween fecundity and body
size has not been previously described for asteroid species, and consequently it represents a new
approach in understanding fluctuations in AF values

Resuspension is an alternative means by which deposit feeders such as Y. hyperborea
may obtain organic material from the surface sediments. There is evidence that Yoldia ensifera
(Stacek. 1965) and some nuculanid species (Caspers 1940, Owen 1956) have the capacity to
ingest particles suspended in the water. Similar observations have been made on Y. hyperborea
(See Chapter V. Stead 2001, PhD thesis).



CHAPTER Il

REPRODUCTIVE CYCLES

3.1. INTRODUCTION

3.1.1. Classification of reproductive cycles

Since marine invertebrate species are subjected to a number of environmental factors
such as temperature, salinity, light and food availability, the occurrence of daily, monthly or
seasonal fluctuations of any of these factors may affect reproductive activity (Loosanoff 1937;
Sastry 1966, 1970; Newell et al. 1982; Currie 1990; Bayne 1976). Reproductive activity in
marine invertebrates may be continuous or seasonal (annual or semiannual) and is synchronous

if all individuals of a population spawn at the same time (generally for species reproducing

lv) or asy if indivi spawn at different times (Sastry 1979). In general,
reproduction is seasonal or cyclical in species i iti i i but
in species i iting more stable i (Giese and Kanatani 1987)

However, exceptions to this general rule have been observed in species inhabiting the shallow-
non intertidal zone e.g. Placopecten magellanicus exhibits a seasonal reproductive cycle
(MacDonald and Thompson 1988; Parsons et al. 1992, Dibacco et al. 1995).

3.1.2. Reproductive cycles and the environment

In general, it is accepted that near the lower latitudinal limit in the geographic
distribution (closer to tropical or subtropical areas) a marine invertebrate species tends to
exhibit a continuous reproductive cycle as a result of more stable environmental conditions
(little or no ion in €,

period or salinity). In contrast, near the higher
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latitudinal fimit (closer to boreal or polar areas) reproduction tends to be more seasonal as a

result of ions in food availabili iod, etc. (Thorson 1950; Sastry
1979, Giese and Kanatani 1987). According to this concept, invertebrate species living in
shallow waters should exhibit a seasonal reproductive pattern, whilst deeper water species
(species living in the continental slope, bathyal and abyssal zones), submitted to little or no
seasonal fluctuations of environmental factors, should spawn continuously rather than
seasonally (Scheltema 1972). However, recent reports suggest that a seasonal input of sinking
material (Billet et al. 1983, Lampitt 1985; Rice et al. 1986, Lampitt et al 1990) can reach the
bottom of the sea bed and may affect reproduction of benthic invertebrate species (Tyler and
Young 1992). Most tropical species reproduce continuously (although some massive spawns
have been observed in corals), whilst polar species tend to reproduce seasonally (Sastry 1970;
Giese and Kanatani 1987), although there are exceptions e.g. some tropical echinoderm species
reproducing seasonally (Lessios 1984).
Differences in the timing of reproduction have been reported for bivalve and
species iting the same ic area. Dil between i
separated populations of the same species have also been reported (Ropes 1968; Chia and
Walker 1991) as a result of ion to local variations in envil factors such as food
availability (Newell et al. 1982; Bricelj et al. 1987, MacDonald and Thompson 1988). However,
i in the ive cycle of Cr virginica have been attributed to genetic
variation (Barber and Blake 1991).

Some deep-sea bivalve species exhibit seasonal reproductive cycles (e.g. Ledella
pustulosa and Yoldiella jeffreysi (Lightfoot et al 1979; Tyler et al. 1993), and some shallow
water bivalve species such as Modiolus modiolus (Seed and Brown, 1977), Mercenaria
mercenaria, (Heffernan et al. 1989a), and Hinnites i 1988)

continuously. Similar exceptions have been reported for echinoderm species, e.g. the northeast
Atlantic species P daris purp exhibits conti ion whilst Echinus

affinis, E. alexandri and E .acutus reproduce seasonally (Tyler and Gage 1984a, b; Gage et al.

1986). Data on the periodicity of reproductive cycles for deeper water bivalve and echinoderm
species provide evidence for both seasonal and continuous reproductive cycles.



35
3.13. Factors affecting reproductive cycles

Since a number of studies ( Loosanoff 1937; Ropes and Stickney 1965, Sastry 1966,
1970, Machell and DeMartini 1971, Newell et al. 1982; Malachowski 1988; Arsenault and
Himmelman 1998; Currie, 1990) suggest that fluctuations in environmental factors drive the
periodicity of either seasonal or continuous reproductive cycles in shallow water species, it is
reasonable to assume that similar environmental fluctuations should also influence the frequency
of reproduction in bathyal and abyssal species.

For many years, areas beyond the continental shelf were considered to be very stable
environments, without temperature, salinity, light or food availability fluctuations. However,
more recent studies (McCave 1975; Hinga et al. 1979; Deuser and Ross 1980; Lampitt 1985;
Rice et al. 1986, 1991. Lampitt et al. 1990; Gage and Tyler 1991) have reported seasonal
sinking of phytodetritus to the sea bed following the spring diatom bloom in the photic zone.
Many of these studies suggest that these phytodetrital particles are a rich food source for

deposit feeding species and that itus input may be ible for the seasonal

reproductive pattern described for some deep-sea species inhabiting the northeast Atlantic
(Tyler and Young 1992). This seasonal phytodetrital puise has been well documented for the
continental slope (Lampitt 1986, Billett et al. 1983) in the northeast Atlantic on the northwest
Atlantic slope (Aller and Aller 1986, Hecker 1990) and in the central equatorial Pacific (Smith
etal 1996, 1997)
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3.1.4. Study area

Available evidence (Thompson et al. 1986, 1992; Deibel et al. 1992; Redden 1994;
Redden et al. 1994) strongly suggests that a seasonal pulse of phytodetritus reaches the bottom
of Conception Bay (where a depositional area exists between 200 and 300 m depth), following
the spring diatom increase. However, to date no research has been conducted to determine
whether this food pulse influences the reproduction of the benthic community inhabiting the
soft-bottom in this area. The benthic macrofauna that inhabits the soft bottom of Conception
Bayis i by molluscs, si ids and echis (Scheibe 1991). Yoldia
hyperborea and Crenodiscus crispatus are prevailing bivalve and echinoderm species
respectively. Both are deposit feeders.

Information on the reproduction of benthic species inhabiting the depositional zone
of Conception Bay is scarce and no data exist on reproduction of Y. hyperborea and C.
crispatus of this region. Because both species share a similar environment and have a similar
feeding strategy, it is of considerable importance to determine how the seasonal input of energy
may affect their reproductive activity. Although studies on the reproduction of C. crispatus
have been carried out in two different geographic areas, Maine, USA and Balsfjorden, Norway,
(Shick et al. 1981a, b and Falk-Petersen 1982a respectively), it would be informative to study
the reproductive strategy for a population inhabiting cold waters, in the sublittoral zone and
which can be easily reached for a long term sampling period

3.5.1. Study species

Studies of protobranch bivalve species are scarce and many of them have emphasized
taxonomy and shell morphology (Drew 1899; Allen 1978; Knudsen 1979; Warren 1989),
although Allen and Sanders (1973, 1982), Sanders and Allen (1973, 1977), Rokop (1979) and
Tyler and Young (1992) have provided details of reproduction for several families. However,
most of these reports refer to deep-sea species (Scheltema 1972; Rokop 1979; Tyler and
Young 1992), and there are few reports on ion in shall (Drew
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1899; Ockelmann 1965, Lewis et al. 1982; Davis and Wilson 1983). Current knowledge for
Yoldia species is limited to reports on taxonomy (Allen 1978; Cowan 1968; Warren 1989),
growth and population structure (Lewis et al. 1982; Hutchings and Haedrich 1984; Nolan and
Clarke 1993; Peck et al 2000), feeding behavior (Stacek 1965; Davenport 1988), size-
dependent survivorship (Nakaoka 1996, 1998) lipid composition (Parrish et al. 1996),
degradation of algal lipids (Sun et al. 1999).
Studies on asteroid species are more numerous (Crump 1971; Jangoux and Van Impe
1977, Nauen and Bohm 1979; Dehn 1980; Shick et al. 1981a; Falk-Petersen 1982a; Chia and
Walker 1991) and some of these studies refer to Crenodiscus crispatus (Grossert et al. 1973;
Walker 1974; Shick et al. 1981a; Falk-Petersen 1982a). However, data for C. crispatus
reproduction are inconsistent. Shick et al. (1981a) reported that the reproductive cycles for the
Damariscove Island and the Cuckolds (Maine, USA) populations are continuous, with

asynchronous oocyte development, but on the other hand Falk-Petersen (1982a) found that the

cycle for indivi living in (northern Norway) exhibited a seasonal
reproductive pattern. In addition, differences have also been observed in egg size; Shick et al.
(1981a) reported 400 m as the maximum egg diameter whilst Falk-Petersen (1982b) reported
650 um.

This chapter will examine the effect of food availability on the multiplication, growth
and maturation of gametes in the gonad of Yoldia hyperborea and Crenodiscus crispatus. An
attempt will then be made to determine the frequency of reproduction in these species. Because
there are no data on the effect of a seasonal pulse of phytodetritus on the reproduction of
Yoldia hyperborea, and data on Crenodiscus crispatus are contradictory, the goal of the present
study is to describe the frequency of reproduction in ¥. Ayperborea and attempts to explain the
inconsistencies in published data for C. crisparus. Conception Bay is an ideal location to

conduct this type of study, because temperature is constant but food availability varies.



3.2 MATERIALS AND METHODS
3.2.1. Sex Ratio

Sex ratios for both species were estimated for the total number of individuals sampled.
The frequency distribution of males and females was compared with a 1:1 ratio with the
Goodness of fit test (G test) for a sample with n > 200 with one degree of freedom (Sokal and
Rohlf 1995)

3.2.2. Gonad Index

As an indicator of the reproductive state of C. crispatus individuals, the total of the
gonad tissue present for each individual was isolated to estimate the Gonad Index as the

following equation

Gonad wet weight
Gl= ————————————— X100
Total body wet weight

Because protobranchs have a divided gonad, with part being embedded in the
digestive gland and part in the foot, the GI of ¥. hyperborea is not easy to determine. An
alternative index, the Gonad Size Index (GSI), was calculated based on quantitative
measurements of the number of gametes present in the ovary (corresponding to GVF values).
This GSI (which corresponds to the GI) was obtained by summing the values for all stages of
gametes observed in the gonad expressed as the percentage of the field occupied by gonad
tissue (GVF results are already expressed as a percentage). This analysis was performed for
both species.
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3.2.3. Gamete volume fraction (GVF)

Procedures for determining GVF for both species have already been described in
Chapter I1.

3.2.4. Size at first maturity

During sampling of individuals for analysis of oocyte frequency distributions, a
number of smaller individuals was obtained (<up to 23 mm in arm length for C. crisparus and
up to <24 mm shell length for Y. hyperborea). The arm length/shell lengths of these individuals
were measured and the gonads fixed separately for histological purposes.

Gonad tissue was processed as described in chapter II, and examined to determine the
gametogenic stage. Those males having mature spermatozoa and those females exhibiting
mature oocytes were considered sexually mature. Size at first maturity was defined as the size
at which 50 % of the individuals sampled in that size group (either male or female) were mature.

3.2.5. Environmental Factors

Salinity, and in situ (to estimate phy

were determined at the sampling site on a regular basis with a SEABIRD 25 CTD equipped
with a SeaTech Fluorometer.

3.2.6. Statistical analysis
3.2.6.1. Anova

A one-way analysis of variance for frequencies (ANOVA type I) was performed to
establish whether monthly mean values during the sampling period were significantly different



(Grant and Tyler 1983a) Assuming that sampled individuals exhibit si

between oocyte size classes, some oocyte size classes should be represented more than others.
3.2.6.2. Contingency analysis

Size-frequency distributions for cocytes were examined by contingency analysis
(Grant and Tyler 1983b). Oocyte size classes and oocyte frequencies were arranged in an (7
x ¢) contingency table, where r is the number of sampled months and ¢ is the number of cocyte
size classes. If each oocyte size class is represented in the same ratio as the other classes, the

expected frequency for each ¢, cell is given by

€ij=(Rix GV £C
Where R is the total number of oocytes in the i* class summed over all months, Ci is the total
number of cocytes measured in theJ*month, and J"Cj is the total number of oocytes measured

during the study period

The statistic G was computed as
G- ,F((°uv°u)z!‘ii)

Where osis the number of observed oocytes for each i " class and e sis the number of €XPected
oocytes. assuming the same ratio (1) for each oocyte size class estimated

If a similar stage of deveiopment is assumed to be attained each month, the G value will
be distributed as x° with (7 - 1 ) (c - 1) degrees of freedom. If the computed value is greater
than the value of ° for the significance level P = 005 we conclude that gonad development is
different berween individuals. Examining standardized residuals makes it possible to determine
which cocyte size classes and which months contribute most to the x° value, and plotting the
positive residual values indicates what type of reproductive pattern is occurring in the species
(Grant and Tyler 1983b)
The residual value is calculated as:

r; =(oii_ei,)/w/e,,~




41

The residual values are then standardized by dividing by the expected variance }"; calculated
as.

[L-R/n]|[1-(c;/m)]

where n is the total number of oocytes measured.

Results of these calculations are reported in a contingency table. Positive residual
values in the table signify that the frequency of cocytes in that particular size class is greater
than the expected frequency (represented by positive and boldfaced values in the table)

Displacement of positive residuals towards greater oocyte size classes represents a
maturation phase, whereas a spawning is indicated by displacement towards smaller oocyte size
classes (Grant and Tyler 1983b).
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3.3. RESULTS

3.3.1. Yoldia hyperborea
3.3.1.1. Sex ratio

The sex ratio was estimated for 269 males and 219 females (470 in total individuals).

There was no significant deviation from a 1:1 ratio of males to females P < 0.05 (Table 1A).
3.2.1.2. Gonad size index (GSI)

The gonad size index (Fig. 6) increased slightly from January-April 1997, followed
by a decrease in May, a short recovery in July, and a further decrease in August. GSI then
increased from September to January when over 50% of each microscope field was occupied
by gonad tissue. GSI decreased slightly in February 1998 and then decreased steadily until May
1998. In June 1998, the GSI exhibited a sharp increase, remaining constant from July to
October followed by a sharp decrease with the lowest GSI value recorded in January 1999.
GSI values observed in July 1997 and June 1998 may be attri to

beginning one month before, although increases in GSI also occurred during fall-winter at a
time that was presumably unrelated to the seasonal input of phytodetritus. A one-way ANOVA
test showed that GSI values for April 1997 and January 1998 (P s 0.025 and 0.021
respectively) were significantly different from other months, suggesting that each one represents
the beginning of a spawning period.

Data for oocyte diameter (Fig. 7) suggested that a main spawning of Y. hyperborea
occurred from early spring to early summer (April-July 1997). However, it is possible that
gamete release may have occurred by January 1997. Another spawning occurred in winter

(February-March 1998), which was b when induced indivi spawned

spontaneously after being transferred from field to laboratory in February-March (non-induced
spawnings were observed only during February and March 1998).



Table 1. Goodness of fit tests for sex ratio estimations of Yoldia hyperborea and Ctenodiscus

crispatus.

A)  Yoldia hyperborea
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o e o-e (0-e) (0o-e)/e
Indvidual  Observed Expected Deviation Deviation
from expected squared
Male 261 pn (0.5%370) = 235 21 441 1876
Female 219 pn (0.5%470) = 235 =21 1 1876
Total 480 [ i 3.752
Goodness of Fit for n > 200
x*=(0-pn) /pqm
= (266-235)°/0.5%0.5*470
(961/117.5)
1= 81787234
X< 008, =3841
B) Ctenodiscus crispatus
o e o-e (o-e)f (0o-efle
Indvidual  Observed Expected Deviation Deviation
from expected squared
Male 235 pn (0.5%480) = 240 -5 25 0.106
Female 245 pn (0.5°480) = 240 5 25 0.102
Toral 480 0 2 0.208

Goodness of Fit forn > 200

xi= \o-pn):.'pqm
5-240)1/0.5 0.5 * 480
= (25/120)
x*= 0.208
XF<AT 0.05,;=3841

where p = probability of male occurrence
q = probability of female occurrence
1 = total number of individuals
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Fig. 6. Yoldia hyperborea. Gonad size index (mean * SD).
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Fig. 7. Yoldia hyperborea. Oocyte diameter (mean * SD) measured
in histological sections. Where no bars are shown, SD is smaller than
the symbol.
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3.3.1.3. Gamete Volume Fraction (GVF)

The ovaries of Yoldia hyperborea were i by vi ic and itell

oocytes, while mature oocytes were less frequently observed throughout the sampling period.
3.3.1.3.1. Previtellogenic oocytes

According to volume fraction estimati the p of previf ic oocytes

dropped steadily from January 1997 to October 1997 (Fig. 8). Frequencies then increased by
January-February 1998 followed by a drop from March to June 1998. A sharp increase
occurred by July-August 1998, ending with a drop in late August to October. Another increase
was recorded in January 1999. This pattern suggests that multiplication of gametes was
initiated shortly after October and this process was extended until January of the next year

(when higher values were reached)
3.3.1.3.2. Vitellogenic oocytes

Vitellogenic oocytes were the most frequent category in every field examined.
Peaks (representing more than 30 % of the field occupied by vitellogenic oocytes) were
observed during April and October 1997 and June and September 1998 (Fig. 8), and were
coincident with higher GSI, but only the June 1998 peak appeared closely related to
phytodetritus sinking, which occurred in June 1998 (see Fig. 9). The effect of food availability
on this peak was expressed as higher percentages of vitellogenic oocytes recorded shortly after
the actual phytodetritus sinking
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Fig. 8. Yoldia hyperborea.Gamete volume fraction (GVF) for
previtellogenic, vitellogenic and mature oocytes. Data from
individuals 25 - 35 mm shell length (mean + SD).
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Fig. 9. Temperature, salinity and chlorophyll a at the sampling site
at 240 m depth in Conception Bay, March 1997-August 1998.
Arrows representing phytodetritus sinking.
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3.3.1.3.3. Mature oocytes

Mature oocyte percentages decreased from January to May 1997 followed by a slight
increase in July 1997 and another decrease from August to October 1997 (Fig. 8). For January
1998 the GVF value for mature oocytes was high, but fell steadily in February 1998, then
remained stable to June 1998 followed by a drop in during July-August 1998. These results
suggest that the main spawning period may have occurred during winter-spring 1997 (January
to May) and perhaps during winter 1998 (January-February). This finding is consistent with
oocyte mean size fluctuations (Fig. 7), higher mean oocyte diameters being observed in the
middle of, or by the end of, these spawning periods (April 1997 and February 1998
respectively). Contingency table analysis (Table 2) showed that oocyte size classes 80 um and
larger prevailed in April 1997 and January-February 1998

3.3.1.3.4. Free spaces

Free space percentages fluctuated between 18 3 % in January 1997 and 39.7 % in
January 1999. the highest frequencies occurring during February 1998 and January 1999 (Fig.
10). However, there were also high values in July 1997 and July 1998. These free spaces
indicate that a spawning had already occurred and that the gonad was entering the post-

spawning phase
3.3.1.3.5. Other tissues

Proliferation of other tissues (primarily connective tissue) fluctuated from January to
August 1997 followed by a sharp drop from August 1997 to January 1998. A sharp increase
occurred from February to May 1998, followed by another drop in September 1998 (Fig. 10).
The percentages for this category fluctuated with variations in gonad maturity, decreasing when
the gonad was ripe and individuals were ready to spawn.



Table 2. Standardized residuals values for oocyte size classes

in Yoldia hyperborea. The positive residuals are in bold type.

Sampiing Oocyte sze classes

Date 60.m | 70.m [ 80.m [ 90.m [100.m]110.m[120.m]130.m[140 .m[ 150 .m [>160 .m)
Jan g7 0.7404( 0.0894 | 0.1236
Aprs7 21493 | 0.8471| 38477
May 97 -1.4016 | -0.6941 | -0.6967
Jul 97 02937 | 0.3478 | 0.2807
fug 7 3.0411 | 0.1882 | 0.1398
pets7 05815 | 0.0631| 0.0212
Jan 98 11184 | 01304 | 0.9788
[Fen 98 33844 | 47743 10489
Mar 38 18406 | 08162 08162
May 98 00354 [ 11656  1.1808
|oun o8 11586 | -0.4769 | -0.4824
Jul 98

Aug 98

Sep 98 13161 -15946 | 0.4407 | 12316 | -1.5801

Octge 18414 | 12834 | 0.4473 | 01207 | 08228

Jan 99 06838 | 07000 | 10442 13307 -25071

G=1018.52, 1= 195
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Fig. 10. Yoldia hyperborea. Volume fraction for other tissues
and "free spaces". Data from individuals 25 - 35 mm shell
length (mean *SD).
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3.3.1.4. Size at first maturity

A total of 99 ¥. Inperborea individuals of shell length < 23 mm was collected during
the sampling period There were 19, 18, 33 and 29 specimens of < 20 21 <22 and < 23 mm
shell length respecuvely and the of mature indivi for each shell range was 15%,
37%, 57% and 63% respectively (Fig. 11). Individuals smaller than 20 mm in shell length
exhibited little or no gonad development. The size at first marturity was estimated at around 21
mm for females and 22 mm for males.

3.3.1.5. Environmental factors

Temperature and salinity at the sampling site at 240 m depth in Conception Bay varied
little during the sampling period, temperature remaining around -0.5 °C, and salinity 33 %oa.
Fluorescence (representing chiorophyll a values) was the only factor seasonally vaniable, peaks
values being observed in May 1997 and June 1998 (Fig. 9)

331

. Contingency analysis

Positive residual values (Table 2, Figs 12, 13) were observed for oocyte size classes
30 zmto 70 um in January 1997, while oocyte size classes of 90 um to 160 um were present
in April 1997. August 1997 (Fig 12), January - February 1998 and June 1998 (Fig. 13). These
results suggest that a main spawning event occurred in April 1997 (January - May 1997), and
another in January - February 1998. This finding was consistent with observations of induced
and non-induced spawning of Y. hyperborea specimens. A minor spawning event took place
in August 1997 which can be explained as a secondary spawning of gametes not released during
the main spawning.
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Fig. 11. Estimation of size at first maturity for Yoldia hyperborea
in Conception Bay (Newfoundland). Size at first maturity defined
as the size 50% of the individuals sampled in each size class
(either male or female) exhibited any mature gametes.
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Fig. 12. Positive residual values plotted against oocyte
size class frequency data in Yoldia hyperborea (1997).
months witnout histograms signify no data
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Fig. 13. Positive residual values plotted against oocyte
size class in Yoldia hyperborea (1998-1999). months
without histograms signify no data
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3.3.2. Ctenodiscus crispatus

3.3.2.1. Sex ratio

The sex ratio was estimated for a total of 480 C. crispatus individuals (235 males and
235 females). Males and females were presentina 1 : 1 ratio over the study period according
to results of a goodness of fit test (Table 1b) for a sample with n > 200 with one degree of
freedom (P < 0.05)

3.3.2.2. Gonad Index

The mean gonad index was relatively constant during April-September 1997, followed
by a decrease from October 1997 to January 1998 (Fig. 14). Two increases were recorded in
February and June 1998 followed by a sharp drop in March and July 1998 respectively.
Another increase begun in August 1998, reaching a maximum value in October 1998 before
decreasing. High GI values measured recorded in June 1998 were coincident with phytodetritus
sinking to the bottom of Conception Bay (see Fig. 9), but there is no clear explanation for the
peak observed in August 1997
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Fig. 14. Ctenodiscus crispatus. Gonad index (mean * SD).
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3.3.2.3. Gonad size index

Figure 15 shows that the gonad size index for C crispatus varied very little (between
63 % and 75 %) during the sampling period .

3.3.2.4. Gamete Volume Fraction

A full range of oocytes ranging from 50 «m to 550 um in diameter was observed
throughout the sampling period. Oocytes ranging between 100 «m and 150 m were the most
frequently observed. oocytes measuring from 200 um and 500 um were less frequent, and

finally oocytes smaller than 100 um or larger than 500 um were scarce
3.3.2.4.1. Previtellogenic oocytes

The volume fraction for previtellogenic oocytes was relatively constant from January
to August 1997 (Fig. 16), then decreased steadily from August 1997 to January 1998. A
further increase then occurred with a peak value in March 1998. There was little change from
August 1998 to January 1999

3.3.2.4.2. Vitellogenic oocytes

The percentage of vitellogenic oocytes dropped steadily from January to July 1997
(Fig. 16), remaining unchanged from August 1997 to March 1998. A sharp increase occurred
in May 1998 followed by a sudden drop in June 1998. Again, this category increased from July
to September 1998, but dropped by October 1998 and remained constant until January 1999.
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Fig. 15. Ctenodiscus crispatus. Gonad size Index (mean + SD).
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Fig. 16. Ctenodiscus crispatus. Gamete volume fraction (GVF)
for previtelogenic, vitellogenic and mature oocytes. Data from
individuals 28 - 31 mm arm length (mean * SD).
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3.3.2.4.3. Mature Oocytes

Mature oocytes were the dominant stage throughout the sampling period (Fig.16).
The percentage of mature gametes remained constant from January to May 1997, but increased
slowly to July 1997, followed by a sharp drop in August 1997. By October 1997 the
percentage had increased before remaining constant until February 1998 A steady decrease
occurred between March and May 1998. During June-July 1998 the percentage again
increased, but then until 1998 GVF values remained

constant

3.3.2.4.4. Free spaces

Fluctuations in the percentage of free spaces increased slowly from January 1997 to
August 1997 followed by a steady decreases between November 1997 to February 1998 (Fig.
17) Following this period. values fluctuated from month to month. with increases starting in
March 1998 and ending by November 1998 A decrease followed in January 1999. Free spaces
were recorded throughout the sampling period, suggesting that the release of gametes may have
occurred continuously and that no resting period occurred in this C. crispatus population

3.3.2.4.5. Other tissues

The percentage of other tissues present in the gonad of C. crispatus specimens was
zero at almost all times because only gonad tissue was sampled, in contrast to the percentages
observed in ¥. hyperborea. where the gonad is embedded in muscle tissue (Fig. 17). A few
sampling months (January and June 1998) exhibited higher values than zero as a consequence

of increases in the amount of gonad connective tissue.
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Fig. 17. Ctenodiscus crispatus. Volume fraction for other tissues and
"free spaces". Data from individuals 28 - 31 mm arm length (mean * SD).
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3.3.2.5. Size at first maturity

Thirty individuals of Crenodiscus crispatus (< 24 mm longest arm size) were
collected. Frequencies of 2, 3, 6, and 19 individuals were registered for < 21, < 22, < 23, and
< 24 mm longest arm size, respectively. The of mature indivi in these length
classes was 0%, 33 %, 66% and 94%, respectively (Fig. 18). Individuals smaller than 20 mm
with longest arm size <20 mm showed no gonad development. The size at first maturity for
female C. crispatus specimens was estimated to be 22 mm, and for males 23 mm longest arm
size

3.3.2.6. Contingency analysis

A contingency table for oocyte class data showed positive residuals values for oocyte
size classes smaller than 500 xm during almost all the year (Table 3, Figs. 19, 20), while
oocytes in the class 500 um or larger were observed during January to April 1997, July 1997
to March 1998 and July 1998 to January 1999 = These results suggest that mature gametes
were available for spawning during January to April 1997, July 1997 to February 1998, and July
to September 1998 coinciding with high GVF values for mature oocytes as reported above.
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Fig. 18. Estimation of size at first maturity for Ctenodiscus crispatus
in Conception Bay (Newfoundland). Size at first maturity defined as
the size when 50% of the individuals sampled in each size dass
(either male or female) exhibited any mature gametes.
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Table 3. Standardized residual values for cocyte size classes in Ctenodiscus
cnspatus. The positive residual values are in bold type.

Sampiing Oocyte sze class
Oate [ 50.m[100.m 350 .m] 400 _m] 450 m] 500 .m] 550 .m | 600 .m
ang7 30768| 18961 4138|4081
hors? 22015| 95507, pe
Mays7 | -17183| 77151 20411
jus7 15696| 0.2625) -1.1097)
Rogs7 o373 3.a67] 03854
pets? 0.0965| 45544 05382
jang8 47318| -18995 0.002]
4098 13671(  1.3897) 10308
Marse | -13828| 28201 ©.2289)
Mayss 21302| -1.488 04863
uns8 06213| 09661 02203 3, 1
S8 4.1008| 7.0136 34014 86293| 35534| -1.0386| 02716
hugss 3.4508| 74808 24012| 58453| 22302| 0.4363| 04931
Bepos 13338 7.3477 45321 -103658| 43786 -1.4142| 0.1334]
3738 oot 20114 £2159| 41427| -1.0671| 02997,
ang9 2.12| 10608 1 Q73| vazrel 2547l
G=11487 v= 165



66

tum)

Oecyte dlamoter

9920
Frequency ()

Fig. 19. Positive residual values plotted against oocyte
size class frequency in Ctenodiscus crispatus (1997).
months without histograms signify no data.
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Fig. 20. Positive residual values plotted against cocyte
size class frequency in Ctenodiscus crispatus (1998- 1999)
months without histograms signify no data
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3.4. DISCUSSION

3.4. 1. Yoldia hyperborea

G is involves a ion process in which germinal cells develop into
mature gametes either oocytes or sperm. During oogenesis, this process starts with the
multiplication of germinal cells to form oogonia which become previtellogenic oocytes, then
grow into vitellogenic oocytes, and finally become mature oocytes. This morphological

definition of different gamete stages can be ified by izi ized residual

values obtained for each morphological stage with the aid of a contingency table. Thus
displacement of standardized positive residuals values towards greater oocyte size classes
(mature oocytes) indicates a maturation process, whereas displacement of standardized positive
residual values towards smaller oocyte sizes (previtellogenic or vitellogenic oocytes) indicates
a spawning event (Grant and Tyler 1983b; Pazos et al. 1996)

Standardized positive residuals values for Y. hyperborea indicated that oocyte size
classes 100 «m or larger were frequently observed during the sampling period, whereas
displacement of standardized positive residuals towards smaller oocytes occurred from January
to May 1997 and March to May 1998, suggesting spawnings during these periods. Similar
results were observed by GVF, mean oocyte size diameter analysis and oocyte size frequency

istri and by induced i ing during February
and March 1998 These results suggest that a main spawning period occurred during winter-
early spring (January 1997-May 1997 and January - March 1998 in ¥. hyperborea individuals

from Conception Bay. However, decreases in the percentage of mature gametes also occurred

during July to October 1997 and July to August 1998 which may be interpreted as a minor
spawning.

Seasonal patterns of reproduction have been frequently reported for shallow water
species but less frequently for deep sea species. Seasonal reproduction in shallow water species

has been associated with seasonal fluctuations of environmental factors such as temperature,
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salinity, tides, waves, food availability, etc. (Sastry 1966, 1970; Machell and DeMartini 1971;
Newell et al. 1982; Currie 1990; Arsenault and Himmelman 1998; Loosanoff 1937; Ropes and
Stickney 1965, Malachowski 1988). By contrast, for a number of years, sublittoral, bathyal and
abyssal zones were thought to be very stable envi and many biologist

suggested that species inhabiting these areas should exhibit a continuous reproductive cycle
because it was assumed that they were not affected by such environmental fluctuations
occurring near the ocean’s surface. However, seasonal reproduction has been reported for
some deep-sea bivalve and echinoderm species (Lightfoot et al 1979, reviewed by Tyler 1986,
Tyler et al. 1992), and attributed to seasonality in the sinking of phytodetritus reported by
George and Menzies (1967, 1968), Schoener (1967), Rokop (1974, 1977), Stockton and
Delaca (1982), Tyler and Gage (1984), Harrison (1988), Tyler (1988), Thiel et al. (1990), Gage
and Tyler (1991), Tyler et al. (1992). Young et al. (1992) and Smith (1994)

Seasonal sinking of phytodetritus has also been observed in Conception Bay in a

vearly basis (April. May and June; Redden 1994). The observed increase in the gonad

d in Yoldia hype (increased of vitellogenic and/or mature
gametes) which occurred during May - July 1997 and May - June 1998, followed by a late
spring-summer spawning (July - October 1997, June - August 1998) may be a direct result of
this seasonal food pulse which provides deposit feeders (including Yoldia hyperborea) with a
fresh and direct source of nutritive organic carbon, proteins and lipids that can be richer and
more labile than occurs in the typical deep-sea sediments (Billett et al. 1983; Rice et al. 1986;
Smith 1994) Some of this material can be directly assimilated from the water column
(Kristensen et al. 1992). Then the seasonal food pulse can explain minor spawning events that
occurred shortly after phytodetritus sinking, but does not explain spawning occurring during
winter-early spring.

A possible explanation for the presence of vitellogenic and mature gametes during
most of the year (including the spawning period) is that ¥. hyperborea has a steady supply of
material able to sustain this continuous gamete growing phase. The phytodetritus therefore may
be one of several food sources available to deposit feeding species, which may also ingest
bacteria, protozoans etc (Phillips 1984; Jumars et al. 1990). However, deposition of animal
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carcasses and remains of may also il to enri of benthic
(Gage and Tyler 1991)

Turbulence (close to the sea floor) and/or bioresuspension (reworking) may cause
resuspension of organic material as a result of feeding activities or construction of mounds, pits,
or tubes by the benthic i ifying the bottom mi and providing a
source of particulate organic matter (POM). POM can result in increased microbial activity
(Wainright 1990), which represents a constant primary food source ((Newell 1965; Phillips

1984, Jumars et al. 1990). evidence ing the effect of bi ion was
provided by Bender and Davis (1984), who reported that the feeding activity of Yoldia limatula
results in sediment bi ion through Ision of loose directly into the

water column. Consequently, during most of the year Y. hyperborea may obtain energy to
develop gametes either from resuspension or bioresuspension, of bacteria and/or bacterial
degradation of resuspended nutritive material which facilitates gamete maturation. However,
during or shortly after phytodetrital deposition, individuals probably feed directly from a suite
of phytodetritus, compounds of nutritive value obtained directly from primary production
(Phillips 1984; Jumars et al. 1990).

Laboratory feeding experiments (see Chapter V) demonstrated that laboratory-grown,
senescent algae added to an experimental aquarium remained suspended in the water column
for a few days, stimulating siphon activity in ¥. nperborea. Once phytodetrital particles settied
onto the bottom of the aquarium, however siphon activity was reduced and most individuals
kept their siphons buried in the sediment, expelling loose faeces and/or pseudofaeces directly
into the water column i These i ions support
that Y. hyperborea obtains energy from both newly settled phytodetritus and material which has
been incorporated into the sediments for long periods.

3.4.2. Ctenodiscus crispatus

Results from analysis of oocyte frequency distributions, contingency analysis and
histological sections of the ovaries of Ctenodicus crispatus individuals indicated the presence
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of a full range of oocytes throughout the sampling period. Moreover, the percentages of

and mature ies changed little the sampling
period. These results suggest that the gametogenic cycle for C. crispatus in Conception Bay
is I. Oocyte ion was also as i described for C.

crispatus from Damariscove Island, Gulf of Maine (Shick et al. 1981b). The continuous

presence of gametes, including mature oocytes, reported in this study has also been previously
described for Dx i Island i (Shick et al. 1981b). However the presence of

large oocytes does not necessarily mean that spawning is imminent, although intermittent
spawning may be explained by a year round food availability, allowing a constant transfer of
nutrient stored in somatic tissues to the ovary (Shick et al. 1981b; Eckelbarger and Watling
1995). However, as in polar echinoderm species, C. crispatus may transfer some of the energy
available during the seasonal deposition of phytodetritus directly to the gonad, and some to the
pyloric caeca for storage. Consequently, during periods of low food availability, stored reserves
are available for transfer to the ovary for gamete production.

A continuous transfer of energy from gut to ovary is the most likely mechanism to
produce asynchronous gamete maturation in C. crispatus. Studies on the biochemical
composition of gonads of C. crispatus individuals at Damariscove Island have reported no
variations throughout the year (Shick et al. 1981 b), suggesting that there is a steady flow of
nutrients moving from the gut to the ovary via the pyloric caeca as a result of a year round food
supply obtained from organically-rich sediments (Falk-Petersen and Sargent 1982). This may
be explained by the fact that C. crispatus is a non-selective deposit feeder which feeds on bulk
sediment, aithough i tube and bivalve shells have also been
found in the sediment-filled stomachs of many specimens (Shick et al. 1981a). However, these

authors reported that most of the organic detritus at Damariscove Island was refractory and not
directly available to deposit feeders, suggesting that bacteria associated with the POM were the
primary source of energy for deposit feeders (Newell 1965), aithough stored reserves may also
have provided the energy required for gamete production. The availability of POM through

has i been di: ed as a constant source of organic matter and
bacteria associated with POM which could play an important role in providing C. crispatus with
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a primary source of energy (Wainright 1990).
Because a full range of oocytes was observed in female C. crispatus, it is possible that

the year both ion and bil ion activities and storage reserves may
provide enough energy to support the non seasonal maturation of a small number of gametes
(Eckelbarger and Watling 1995). If maturation starts coincidently with, or shortly before, the
arrival of phytodetritus, a greater number of gametes can undergo vitellogenesis, producing a
greater number of mature oocytes for release during spawning. In contrast, during autumn or
winter resuspension regularly provides a steady supply of energy which is sufficient to promote
the maturation of a small number of gametes. Consequently, it is possible that the energy
required to produce a small number of mature gametes may be lower than required to produce
a large number of gametes once a year (Eckelbaxger and Walhng 1995). This low energy
requirement may be met by the ion or ion of sediment by the
soft-bottom benthic community in Conception Bay (Redden 1994) or from stored energy in the
pyloric caeca

Not only does Y. hyperborea play an i role in bil i i in

Conception Bay, but deposit feeding species in general tend to resuspend sediments (Davis
1993). Thus, other deposit feeding species (e.g. C. crispatus, protobranchs, and some
polychaetes) inhabiting the soft bottom of Conception Bay, probably contribute to
bioresuspension of sediment and subsequently facilitate increases in the microbial biomass
associated with POM.

Decreases in GVF values for mature oocytes occurred in July-August 1997, February
- May 1998 and July - September 1998, shortly after or coincidently with phytodetritus sinking,
which can be interpreted as spawning of mature oocytes. However, the presence of mature
‘gametes continuously throughout the year suggests that several minor spawnings may also have
taken place throughout the year. The absence of seasonal trends for all size classes of oocyte

may suggest that oocyte ion in the ion is Because bioch
composition and the content of the gonad of C crispatus showed little seasonal variation at
D: i Island, ion was interp as i rather than I, and

related more to changes in ion than to (Shick et al., 1981b).
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However In Conception Bay, temperature and salinity remained stable during the sampling
period and food was the only fluctuating factor (phytodetritus sinking). The evidence suggests
that reproduction in C. crispatus is non-seasonal and is more related to changes in food
availability than to any other environmental factor.

Results from the contingency analysis (positive residuals) show a clear trimodal oocyte
size-frequency distribution during the last year of sampling, suggesting that maturation of
gametes may take longer than one year. Long oocyte development times have been observed
in the echinoid and the asteroid O« validus (18-24 months for
both species) (reviewed by Clarke 1988).

Both Conception Bay (present study) and Damariscove Island (Shick et al. 1981b)
populations exhibited similar non seasonal reproductive cycles which were more intense during
late spring and/or summer months. Spawnings occurred during or shortly after phytodetritus

sinking in C ion Bay, ing that late spring pawnings (July

1997 and July 1998) were i by the fresh itus reaching the bottom.
Billett et al. (1983) and Rice et al. (1986) proposed that during phytodetrital deposition (May-
June in Ci ion Bay), high ions of rich and labile POM are available to deposit

feeders and can be immediately absorbed and utilized to increase gamete production. Similar
observations have been reported for other asteroid, echinoid and ophiuroid species inhabiting
the northeast Atlantic, which show elevated vitellogenic activity from June to November
following phytodetrital deposition in late May through August (Tyler 1988; Gage and Tyler
1985)

The Conception Bay and Damariscove Island C. crisparus populations (this work, Shick
et al. 1981b) exhibited a slightly different reproductive cycle than Balfsjorden populations,
which possess an aseasonal reproductive cycle, with spawning during mid-winter coincident
with the highest water temperature in that area (Falk-Petersen and Sargent 1982). This
suggests that spawning in this population can be stimulated by increases in water temperature,

but the timing of gametogenesis may be affected by fluctuations in food availability.
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CHAPTER IV

MODE OF DEVELOPMENT

4.1. INTRODUCTION

The survival of any species depends on successful spawning, fertilization and
sertlement of recruits. Every species has developed a specific reproductive strategy that ensures
the survival of a number of recruits until they reach reproductive maturity. These strategies
include adopting either a seasonal or continuous gametogenic cycle, releasing mature gametes
with enough energy reserves to ensure complete larval development (lecithotrophy), or
releasing smaller eggs that develop into planktotrophic larvae. Other species exhibit a direct

mode of development that permits r of an individual that is effectively a small sized

adult, by eliminating the larval stage completely.
According to Thorson (1950), the mode of larval development depends upon the
environment in which the species lives. Thus species inhabiting higher latitudes (polar or

subpolar areas) should

mainly by a pelagic mode of larval

(lecithotrophy, either with a short pelagic life or through direct development), whereas tropical
and subtropical species should primarily exhibit a pelagic mode of larval development
(planktotrophy). Thorson (1936) demonstrated that a number of crustacean, echinoderm,

bivalve, and g species inhabiting higher latitudinal zones have larger eggs than those

observed at lower latitudes, and these eggs eventually pass through either a lecithotrophic or
direct mode of development. This theory has been questioned, since it has been validated only
for gastropod species. and some polar species known to produce planktotrophic larvae (Menge
1975; Bosch. 1989). Production of a small adult (direct development) or a lecithotrophic larva,
either with a short pelagic stage or a non-pelagic stage, requires more energy reserves in the
egg than production of a planktotrophic larva, and the mode of larval development is closely

related to the size of the egg (Thorson 1950; Clarke 1992)
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It is well-known that marine invertebrates exhibiting a lecithotrophic mode of larval
development produce a small number of large eggs (between 10 and 10 eggs per individual,
(Thorson 1946), which generally develop into either big larvae with a short pelagic stage or
non-pelagic larvae. Neither type of larva requires phytoplankton to survive because it primarily
feeds on volk stored in the egg itself. In contrast, species that produce planktotrophic larvae
release a large number (berween 10° and 10° eggs per individual, Thorson 1946) of smaller eggs
that develop into larvae that generally feed on phytoplankton and possibly on organic detritus
(Thorson 1950; Mileikowsy 1971; Jablonski and Lutz 1983)

Published studies for protobranch species report that egg diameter varies between 100
~m (Nucula proxima, Scheltema 1972) and 240 um (Malletia cuneata, Tyler et al. 1992)
Larval development in protobranchs appears to be restricted to a lecithotrophic pericalymma
larva with a short pelagic life in some species (Drew 1899; Gustaffson and Reid 1986), or direct
development in others (Scheltema 1994). Shelf and abyssal protobranch species exhibit either
a lecithotrophic or direct mode of development (Drew 1899; Lebour 1938; Zardus and Morse
1996). but no data are available for slope protobranchs.

Egg diameter in asteroid species varies from 105 um (Luidia cidaris, Emlet et
al.1987) to 3500 um (Diple and koehleri, Emlet et al.1987)

There is a bimodal distribution of egg diameter among asteroids, with the first group containing
almost exclusively species that develop through a planktotrophic larva (eggs ranging from 100
M 10 230 4m diameter), and the second group mostly containing species that develop through
a lecithotrophic larval stage (eggs ranging between 300 um and 3500 wm). In this iatter group,
however, there are also some brooding species (Emlet et al. 1987, Sewell and Young 1997).
Direct field and laboratory observations of larval development are difficult to obtain,
and conclusions about the mode of larval development of a number of species have therefore

been drawn indirectly from measurements of egg diameter (Levin and Bridges 1995) or from

measurements of the size of the early shells (| I and I for P and
prodissoconch I and II for bivalves) as suggested by Jablonski and Lutz (1980, 1983).
However, the method ped by O (1965) that a relationship exists

berween egg size (small yolk-poor eggs or large yolky-eggs), larval shell size (prodissoconch



76
I or II), and mode of larval p ic or leci i This method,
although helpful, should be applied carefully when inferring the mode of larval development,
because the criteria used are based solely on observations of taxonomically related shallow-
water species (Gustafson and Lutz 1992). The most reliable method for determining mode of

larval development is to include comparisons between closely related species whose
developmental biology is already known (Jablonski and Lutz 1983).

The main objective of this chapter is to determine by indirect methods the mode of
larval development for ¥. hyperborea and C. crispatus inhabiting CB. Measurements of both
the egg diameter and it I length allow iction of the mode of larval development

for Y. hyperborea, and egg diameter measurements are appropriate for C. crisparus because

asteroids develop through either bipinnaria or brachiolaria larvae.



4.2. MATERIAL AND METHODS

4.2.1. Obtaining eggs

4.2.1.1. Yoldia hyperborea eggs

Fresh Y. hyperborea oocytes were obtained by stimulating spawning of mature
individuals (October 1997, February 1998 and March 1998) with temperature increases.
Individuals brought from the field were maintained for two or three days in running sea water
at 0°C, then switched to tanks with sea water at 5°C. Spawning took place after two hours.

Released oocytes were washed in filtered sea water, then observed under a
stereomicroscope (Makroskop 420, Wild). Images of spawned oocytes were obtained by
videotaping, then digitized and analyzed as described in Chapter II for analysis of oocyte
frequency distributions. A total of 526 oocytes was measured, and values for egg diameters

obtained by image analysis were plotted as size-frequency histograms

4.2.1.2. Crenodiscus crispatus eggs

In order to estimate the size of newly spawned eggs, a number of attempts were made
to induce spawning in C. crispatus individuals by injecting 0.5 m NaCl into the body cavity, but
they were unsuccessful. Consequently, fresh eggs were obtained by gonad stripping. Each
month, gonads from two or three individuals, sampled for histological purposes, were stripped
and the eggs pooled and washed with filtered sea water. Later, eggs were observed,

videotaped, digitized and analyzed as previously described for Yoldia specimens.
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4.2.2. Prodissoconch measurements

4.2.2.1 Yoldia hyperborea

Small ¥. hyperborea ranging between 500 «m and 800 um were collected from the
muddy soft bottom of CB using a hyperbenthic sledge fitted with a 50C zm mesh net, sorted
by size and then fixed in 4% formaldehyde to await processing for SEM (Scanning Electron
Microscopy)

Individuals stored in 4% formaldehyde were post-fixed in 1% osmium tetroxide in 0.2
M cacodylate buffer for 30 minutes, then washed twice with 0.1 M cacodylate buffer (10
minutes per wash). Postfixed, rinsed samples were then dehydrated in a graded ethanol series,
ending with two washes in absolute ethanol. The samples were then dried to the critical point
(Polaron Critical Point Dryer), mounted, sputter coated with gold and observed by SEM (S 570
Hitachi)
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4.3. RESULTS
4.3.1. Yoldia hyperborea
4.3.1.1. Egg size

Freshly spawned Y. hyperborea eggs were light brown in color and spherical in shape.
After a few seconds they all settled to the bottom of the beaker. Pooled data for both months
showed that the size of fresh eggs varied between 26 um and 170 um diameter (Fig. 21). The
monthly mean egg diameter was 116 um (15 um SD) for October 1997, 123 um ( 20 um
SD) for February 1998, and for March 1998, with a overall mean of 118 um (= 7 um SD, N=
831).

4.3.1.2. Prodissoconch shell

SEM images of shells of young Yoldia hyperborea individuals revealed that, like other

p they lack a prodi h II stage. A large oval prodissoconch I, extending to
the border of the dissoconch, was observed (Fig. 22). The length of the prodissoconch was
measured as the straight-line distance from the prodissoconch-dissoconch boundary to the

opposite side of the same boundary. The mean length was estimated as 210 um (10 SD).

4.3.2. Ctenodiscus crispatus

4.3.2.1. Egg size

Freshly stripped C. crispatus eggs were bright orange in color and spherical in shape.
Pooled data for all months sampled showed that the stripped eggs varied between 260



80

8 8 2 8§88 8 3% R °

(s66a jo Jaquinu) Aouanbai4

140

180

160

100 120

80

Egg diameter (um)

= 526).

Fig. 21. Distribution of egg size frequencies for Yoldia hyperborea

Data pooled from all sampling periods (N



Fig.22. Photomicrograph at top left: general view of Yoldia
hyperborea young individual shell. Bottom right: prodissoconch
at higher magnification.
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~«m and 982 um in diameter (Fig. 23). The mean oocyte diameter varied from 388 um (+ 40
m SD) in March 1998 to 490 um (+ 69 um SD) in July 1998 with an overall mean of 450 um
(=356 um SD, N = 1413)
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Fig. 23. Distribution of egg size frequencies for
Ctenodiscus crispatus.Data pooled from all sampling
periods (N = 1413).



84

4.4. DISCUSSION

4.4.1. Yoldia hyperborea

Early artempts to predict the mode of larval development were based on the premise
that planktotrophic larvae (with a long pelagic life) originate from very small eggs, whereas
lecithotrophic larvae develop from large eggs (Thorson 1950). This basic tenet has been
considered by many authors to determine the mode of larval development when field or
Iaboratory observations are difficult to make (Levin and Bridges 1995). Consequently, much

of the present data on the mode of larval pi of marine i may be

equivocal, since they have been based on this indirect method (Levin and Bridges, 1995)
Ockelmann (1965) demonstrated that a positive relationship exists between egg size,

larval shell size and the type of larval pment of ds, and this relationship can also

be applied to bivalve species. According to the above criteria a bivalve species with a mean egg
size 40 um to 85um diameter, a prodissoconch I of 70 um to 150 um length, and a
prodissoconch II of 200 um to 600 um in length will exhibit a planktotrophic mode of
development, whereas a bivalve species with mean egg diameter 90 um to 140 um and a
prodissoconch [ 135 zm to 230 um in long will be lecithotrophic (Gustafson and Reid 1986).
Considering that the mean oocyte diameter of protobranch species varies from 90 um diameter
in Nucula proxima (Drew 1899) and Nucula rurgida (Lebour 1938) to 271 um in Solemya reidi
(Gustafson and Reid 1986), the mode of larval development for these species should be either
lecithotrophic or direct. and this has indeed been reported for these protobranchs, including
some brooding examples (e g , Solemya reidi, Gustafson and Reid 1986). According to the egg
size criteria previously cited, protobranch species should not have a planktotrophic larvae
(Drew 1899; Gustafson and Reid 1986). However, one larval characteristic seems to be

in limiting the ic mode of larval development in these species.
P species ping through a p larva lack a feeding organ (Gustafson
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and Lutz 1992), preventing the larva from feeding on plankton or any other seston.

Consequently, larvae must exhibit either

phic or direct as already
described
The second criterion considered in Ockelmann's theory (prodissoconch I and II sizes)

is not applicable to protobranch species, since pericalymma larvae do not exhibit a

prodi: II stage (no i ). Ci y, the total length of the

has been i for it Ilength in order to predict the mode of

larval development in these species.
The data reported in this study show that Yoldia hyperborea in individuals from CB
possesses a mean oocyte diameter of 120 um, lacks a prodissoconch II stage, and has a
prodissoconch 210 um in long, suggesting that the species exhibits a lecithotrophic mode of

larval development

4.4.2. Crenodiscus crispatus

The mode of larval development in asteroid species has been classified into four types:

phy, pelagic-lecithotrophy, demersal p (meaning ing, free-
swimming larvae which remain on or close to the bottom) and brooding (McEdward and Jenies
1993, Sewell and Young 1997). This classification is based on the habitat where the larva
develops and the source of nutrition of the larva. Because Ockelmann’s method is not suitable
for echinoderm species, egg size is the only available predictor of the mode of larval
development.

The eggs of asteroid species vary between 105 um and 3500 um diameter, and all four

P patterns cited are in this oocyte size range. A suggested classification

proposes that all species with egg sizes around 100 um to 250 »m diameter should exhibit a

phic mode of species with a pelagic lecithotrophic mode of
development should possess eges from 300 um to 1460 um diameter, and brooding species
(including those with demersal development) should produce eggs ranging from 300 um to

3500 um diameter (Emlet et al. 1987). According to this egg size ification, it should be
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easy 1o identify a ic mode of because it is i to species with
eggs measuring 250 .m diameter or less. However, because egg size ranges for lecithotrophy
and direct development overlap, they are difficult to separate. Sewell and Young (1997)
contributed to the clarification of this egg size overlapping problem by pointing out that many
brooding species have eggs larger than 650 «m. Consequently, species having an egg diameter
between 300 .m and 650 .m diameter are closer to a pelagic-lecithotrophic mode of larval
development than to brooding. However, additional field observations on brooding behavior
would be helpful in order to clarify the mode of development in species having egg sizes in the
overlapping range (Emlet et al. 1987)

According to results reported here (450 um mean egg diameter), and following the
egg size-based classification discussed above, the CB Crenodiscus crispatus population should

exhibit a pelagic-lecithotrophic mode of larval as for the D:

Island and Balsfiorden populations (Shick et al. 1981a; Falk-Petersen 1982a respectively). All
three of these C p: (CB, D i Island and

exhibit a similar mode of larval development but different egg diameter. Damariscove Island and

CB populations have a mean egg diameter of 400 um and 450 um egg diameter respectively,

whereas, the Balsfiorden population has a mean egg diameter of 650 um egg diameter. These

egg size di might be explained by the close i ip between egg size and the
geographic location demonstrated by Emlet et al. (1987). Thus species inhabiting high
latitudinal zones (polar or subpolar areas) have bigger eggs than similar species that inhabit
temperate areas

A positive correlation berween egg size and latitudinal location among
populations of the same species has not often been reported, but a few examples are given by
West et al. (1984), Levin and Bridges (1995) and Qian and Chia (1991, 1992), who indicated

that geog v p ions of an opi a polychaete, and a g
species respectively exhibit different egg sizes. In addition, different modes of larval
development were observed between these same species populations. Similar relationships

have also been reported for some echinoderm species, e.g. the echinoid species

is and pallidus show increases in egg size
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with increases in latitude along the coast of Norway (Hagstrom and Lonning 1961). Results
from the present study suggest that such a positive correlation between egg size and latitude
may exist among Crenodiscus crispatus populations, a pattern which has not previously been
shown for any asteroid.

Variations in egg size of echinoderm species between sites have also been attributed
to differences in food quantity; echinoderms from sites with a wide variety of food produce
larger eggs than those from sites with a poor variety of food (George et al. 1990). Variations
between two successive reproductive periods at the same site may also be explained by

in both the food availability and the food quality available (Scheibling and Lawrence
1982; George et al. 1990; George 1994, 1996). Thus observed differences among Crenodiscus

crispatus populations may also be explained by differences in both food quantity and quality
between sites. Since there are insufficient data to distinguish between any of the given
explanations, further research is needed to determine whether differences in egg size between

C. crispatus populations are a result of cither geographical location or food availability.
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CHAPTER V

LABORATORY EXPERIMENTS

5.1. INTRODUCTION

5.1.1. General overview

As previously described, a gametogenic cycle involves a number of events which
depend on the energy available for reproduction, and the main energy reserve used for
reproduction in adult bivalves is glycogen (Gabbott 1975). The gametogenic cycle will depend
on the energy reserve stored by individuals (Lubet 1986), the amount of energy obtained

directly from the environment and finally on the proportion of energy allocated to

Although indivi may have the required energy for reproduction, the
influence of some environmental factors may also be required for triggering the onset of

gametogenesis.
5.1.2. Factors influencing gametogenesis
5.1.2.1 Shallow water species
A number of studies in shallow water mollusc species suggest that differentiation of

gametes begins at certain critical threshold temperatures, but the onset of both growth and

maturation of gametes requires higher temperatures. Sastry (1966, 1968) demonstrated that

of the scallop 4 irradians ped oogonia at 15°C, but the oogonia
failed to develop into oocytes even when the animals were fed. When food was available and
temperature increased, however, oocytes started growing immediately. Consequently, once

initiated, is can be by i the , since increases in
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facilitate nutrient ilization and the

P! of gametes (Sastry
1968; Sastry and Blake 1971). Nutrient mobilization occurs only if the basic metabolic needs
of the individual have been satisfied (Sastry 1979). Consequently, mobilization of energy
compounds, either from stored reserves or directly from ingested food, is required to start
gamete development. Shallow water species inhabit very unstable environments and are

exposed to fluctuating environmental factors such as temperature, salinity, light and food

(Sastry 1979; and Watling 1995). Variation in these factors can

10 di ductive cycles in some species (Pearse et al. 1986;

MacDonald and Thompson 1986, 1988).

5.1.2.2. Deeper waters

Because deeper water species live in an environment less variable, they were once

thought to be by variability in surface itions (Tyler and Young 1992; Smith
1994), and most species were assumed to reproduce continuously. More recently, however,
evidence has been found for a seasonal phytodetrital pulses reaching the deep-sea floor in some
areas following the spring phytoplankton bloom in surface waters. This phenomenon may
account in part for the seasonal reproductive cycle observed in some deeper water species
(George and Menzies 1967, 1968; Schoener 1967; Rokop 1974, 1977; Stockton and Delaca
1982; Tyler and Gage 1984a; Harrison 1988; Tyler 1988, Thiel et al. 1990; Gage and Tyler
1991, Tyler et al. 1992; Young et al. 1992 ). Seasonal reproduction is well documented among
echinoderm and bivalve species,. Several deep-sea studies (Tyler 1988, Tyler and Gage 1984

b, Tyler and Young 1992) reported that a few northeast Atlantic species clearly exhibited a

seasonal pattern of reproduction, which is probably iated with seasonal
deposition (Tyler 1988, Tyler and Gage 1984 b, Tyler and Young 1992; Sun 1999). To date,

evidence suggests that the phytodetrital pulse stimulates the rapid growth of bacteria,

and mei (Gooday and Turley 1990), but there is no direct

evidence to support the is that seasonal ition of itus can stimulate an
immediate reproductive response in benthic macrofauna, despite the existence of seasonal

reproductive cycles among some benthic invertebrates (Eckelbarger and Watling 1995).
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To date, only northeast Atlantic echinoderm species (asteroids, echinoids and

ophiuroids) have been shown to exhibit active vi is following
(Tyler 1988; Gage and Tyler 1991). For example, Echinus affinis exhibited maximal

vitellogenesis activity during the later phases of i and i

afterwards (Tyler and Gage 1984a). These results suggest that although the reproductive
response is not immediate, vitellogenesis may be initiated by an influx of phytodetritus
(Eckelbarger and Watling, 1995). Consequently, a study of the effects of the seasonal influx
of phytodetritus on the reproductive activity of deeper- water species other than echinoderms
could i to a better ing of the i ip between duction and food

availability in these species.

5.1.2.3. Conception Bay as an example

Results reported in previous chapters for Yoldia hyperborea inhabiting Conception

Bay support the hypothesis that reproduction of some bivalve species living in deeper waters

are affected by pl itus pulses. P i ition was reflected in an increase in the
ge of 4 ping oocytes in Y. hyperb: and then ion, which
takes place two or three months after pl ition. However, these d

events may occur as a consequence of either a seasonal input of energy after the spring
phytoplankton bloom, (Deuser and Ross 1980; Gage and Tyler 1991; Hinga et al. 1979;
Lampitt 1985; Lampitt et al. 1990; McCave 1975; Rice et al. 1986, 1991), or after periodic
resuspension of surface sediments (Redden et al. 1994, Graf and Rosenberg 1997). In Y.
hyperborea from Conception Bay, an influence of the seasonal pulse of phytodetritus was
observed during or shortly after the spring months, although gamete maturation during the fall
and winter may be induced by resuspension of surface sediment (see chapter ITI)

Field observations suggest that at 240 m in Conception Bay factors such as

temperature and salinity do not change seasonally and therefore are unlikely to have a

effect on the ductive cycle of ¥. Aypy . Food availability, however, varies
seasonally, and experiments were carried out in the laboratory using a simulated pulse of algae,

to ine whether the i of Yoldia observed in the field can be
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and whether organic nutrients in the algae are
incorporated in:o the gonad. The main purpose of these experiments was to establish whether
phytodetritus is utilized for gamete production. No experiments were undertaken with C.

crispatus since this species is much more difficult to keep in the laboratory than Y. hyperborea.



5.2 MATERIAL AND METHODS

5.2.1. Feeding experiments

5.2.1.1. Experiment one

5.2.1. Sediment

Sediment collected in epibenthic sled samples with Yoldia hyperborea individuals
during the sampling period was brought into the laboratory, separated from macrofauna, and
then kept frozen for at least one week. A few days before starting the experiment, the sediment
was thawed at room temperature and allowed to settle to the bottom of an experimental and
a control aquarium to form a bottom layer 4-cm. thick. Aquaria were maintained inside a
refrigerated tank with running sea water (0.8 Vhour) at 0°C . Each aquarium was provided with
both outflow and inflow pipes in order to ensure a constant water flow. A low airflow into the
aquarium provided oxygenation, but flows were kept low enough to prevent sediment

resuspension.

5.2.1

Animals

Yoldia hyperborea indivi collected in C ion Bay were maintained for four
months under the conditions described above (running sea water at 0°C ) before starting the
experiments. Twelve individuals ranging between 28.0 mm and 33.0 mm shell length were
selected and allowed to burrow in the sediment of each of the experimental and the control
aquaria (30 L capacity each, 12 individuals per aquarium).

After 65 days animals were opened and the gonad tissue removed and processed for
histology as described in Chapter II. Oocyte size and oocyte frequency distributions were

obtained as described in Chapter II.



5.2.1 1.3. Senescent algae

A concentrate of a very dense slury of senescent algae (a mixture of [sochrysis
galbana, Terraselmis suecica and Chaetoceros affinis), obtained from the bottom of algal
culture vessels, was carefully layered onto the sediment surface of the experimental aquarium
with a pipette at 0, 10, 37 and 51 days. Animals in the control aquarium did not receive any

food other than that available through the running water system (not quantified).

5.2.1.1.4. Carbon/Nitrogen quantification

Carbon and nitrogen in both the algal concentrate and the sediments were estimated
with a Perkin-Elmer CHN analyzer model 240A calibrated with acetanilide. For this purpose,
three samples (1 cc per sample) were taken from the senescent algae concentrate shortly before
each addition to the tank. For sediment C/N estimate, nine samples (1 cc sediment each
sample) were obtained from the sediment surface at 0, 16, 37 and 65 days. Samples were taken

from the edges and the center of each aquarium.

5.2.1.2. Experiment two

Preliminary observations suggested that siphon activity is related to the presence of
particulate material suspended in the water column of the aquarium. Therefore, an experiment
was also carried out in which particular artention was paid to the activity of the inhalant siphon.

Animals, food and sediment utilized in this experiment were obtained as previously described.
5.2.1.2.1. Suspended particles
Shortly after the addition of senescent algae, replicate water samples were taken 0.5

cm and 2.5 cm above the sediment. The numbers of suspended particles present in the

experimental and control aquaria were determined with a Coulter Multisizer IT.
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5.2.1.2.2. Siphon activity

Daily observations of the activity of the exhalant siphon were made from the first
addition of algae until completion of the experiment 50 days later. The presence or absence of
the exhalant siphon and either the vertical (ES) and/or horizontal position of this siphon (HS)
were also recorded for each animal. During the ES condition the siphon was oriented vertically
in the water column, whereas during the HS behavior the siphon was observed either in a
horizontal position or swirling around. Procedures for gonad sampling, histological processing

and estimations of oocyte size were as previously described.

5.2.1.2.3. Oocyte size and number

Procedures for gonad sampling, histologi ing and estimations of cocyte size
were previously describe on Chapter II. The gonad for each experimental individual was
sampled and y. After estimating the number of eggs per individual, data
were pooled and rep! in an oocyte freq y distribution histogram.

5.2.1.2.4. Statistical analysis

A one way ANOVA was performed in order to compare the mean size of oocytes
between experimental and control individuals. The data were normally distributed according

to a normal distribution test.

£.2.2. Radioactive tracer experiment

Given that the results from the feeding experiments suggested that addition of
laboratory-grown senescent algae affected gamete development, an experiment was carried out
to determine whether the cell contents of senescent algae are incorporated into the gonad tissue.

For this purpose, a dual marker experiment using "*C and ®*Ge radiolabelled algae was carried
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out. This technique has been used to ine the i iency of the
cold water i ian Oikop. feeding on the lab Y diatom
Th (Bochy ky et. al. 1999). The method is based on the fact that

some bivalves (e.g. Mercenaria mercenaria) have separate pathways for processing cell and
cell wall (meaning the outer rigid structure present in diatoms which helps the cell keep its
shape and gives the cell strength) contents of microalgae. The cell contents (**C labelled) are
incorporated into the digestive gland and they remain there for intracellular digestion. Thus “C
is retained for a longer period of time than cell wall constituents, resulting in greater exposure
10 #Ge artached to the cell surface. A dual labelling technique (using either ®*Ge or 'Cras a
marker) is more sensitive and more useful for small samples and has already been applied by
several investigators (Calow and Fletcher 1972, Bricelj et. al. 1984; Bochdansky et. al. 1999).

5.2.2.1. Animals

For each experiment (3 in total) 12 to 18 Yoldia hyperborea individuals ranging
between 28.0 and 33.0 mm total length were individually placed on a small plastic stand
immersed in a beaker containing 200 mL filtered (GF/C) seawater and senescent radiolabelled
algae at concentrations of 10 cell*ul". Beakers were placed on a cold stirrer plate to provide
a constant suspension of particles in the water. Experimental individuals were kept at 0°C for
60 to 80 hours.

5.2.2.2. Radiolabelled food sources

Thalassiosira nordenskioldii was grown at 5°C under continuous light in 2 medium
containing 1004Ci liter" *C (NaH "“CO,) and 80xCi liter *Ge ( #Ge (OH), New England
Nuclear Corp.). After 10 to 12 days of culture the unincorporated label was removed from the
radiolabelled algae by reverse flow filtration using a 7 um Nitex mesh. The concentrate of
senescent radiolabelled algae was diluted in (1um) GF/C-filtered seawater and added to the

culture flasks until a concentration of approximately 10 cell*suI" was reached.
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5.2.2.3. Radionuclide counting

After incubation for periods varying between 66 to 83 hours, experimental Y.
hyperborea individuals were opened and part of the gonad tissue, adjacent to the digestive
gland, was excised and placed on a 25 mm GF/C filter paper disk. Free *C was removed from
the filter by washing with 0.25 mL of 0.2 N perchloric acid and placed individually in a 7-mL
glass scintillation vials that were left loosely capped. Twelve hours later, 5 mL of BioLume
(ICN Biomedical), a liquid scintillation cocktail, was added to the vials. Radioactivity of
samples was measured with a Packard TriCarb Liquid Scintillation Analyzer (model TR 2500)

48 forty eight hours later. ining tissues for ividuals were taken for

phisiological analysis
The maximum B energy for **Ge is 1.9 MeV and 156 KeV for'*C. The ratio of these

maximum energies (12 2) is high enough for complete separation of the two isotopes. For each

isotope, standard quench curves were using internal , with as
the quenching agent. In addition, radioactive counts were corrected for background radiation

(background radiation fluctuated between 10 and 20 dpm for '“C and zero for #Ge)
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5.3. RESULTS

5.3.1. Feeding experiments

5.3.1.1. Experiment one

5.3.1.1.1. Carbon and Nitrogen levels in sediment

Carbon concentrations increased after the addition of senescent algae. Whereas in the
experimental aquarium, carbon increased from 87 ug™ * mg" (= 1.86 SD) at the beginning of
the experiment to 95 ug" * mg" sediment (= 6.05 SD) by the end of the experiment (Fig 25a),
in the control aquarium carbon concentrations decreased from 82 g™ * mg™ (= 1.89 SD) to
76 ug" * mg" (= 2.13 SD) during the same period.

Nitrogen concentrations in the control aquarium decreased from 10.6 ug" * mg™ (=
031 SD) at the beginning of the experiment to 7.9 ug” * mg™ sediment (= 1.14 SD)by the end
of the experiment whereas nitrogen concentrations in the experimental aquarium increased from
113 ug* * mg? (= 0.15 SD) to 11.9 (= 0.77 SD) during the same period (Fig 25b)

5.3.L.1.2. Oocyte diameter

Differences in both the mean oocyte size and the frequency of distributions produced
per individual were observed between experimental and control individuals. A total of 77
ocytes with a mean size of 61 m (% 23.1 SD) in diameter was obtained from experimental
individuals, whereas control individuals exhibited a mean oocyte size of 57 um (= 27 SD)
diameter and a total of 62 oocytes were counted. A frequency polygon (Fig. 24) showed that

the most frequently observed oocyte size class among control individuals was 40 um diameter,

whereas the oocyte size class 60 um was the most freq observed among
individuals.
A one-way ANOVA demonstrated that differences in the mean oocyte size between

control and i indivig were signi (P < 0.004 for experiment one and P<
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0.001 for experiment two, Table 4). A ity G-test that the freq Y

of cocyte size classes was dependent on the treatment (P < 0.01 for experiment one and P <

0.001 for experiment two).

5.3.1.2. Experiment two

5.3.1.2.1. Siphon behaviour

Increases in both ES and HS activity were observed among experimental individuals
immediately after addition of laboratory-grown senescent algae to the aquarium (Fig 27b). A
few days later, when the suspended particles had been cleared by Yoldia hyperborea and/or had
settled to the bottom, the water column became clear and ES activity decreased with, around
~20% of the individuals remaining in this state. HS activity remained for a longer period than
ES then decreased, with around ~20% of the individuals exhibiting this activity (Fig 27 b).
Control individuals exhibited only ES activity (Fig. 28b). Concentrations higher than about 200
x 10° particles mi™ resulted in ES activity by Yoldia hyperborea in the control aquarium. Thus,
ES and HS activities appeared closely related to higher amounts of suspended particles in the
water column. Most of the experimental individuals developed a thin layer of gonad tissue

adjacent to the digestive gland, which was removed for counting radiolabels

5.3.1.2.2. Oocyte size and number

Di between i I and control indivi in both the mean oocyte size
and the total number of oocytes produced were also observed in this experiment. A total of 48
control animal oocytes was compared with 171 experimental animal oocytes. The mean cocyte

diameter was 29 um (= 7.4 SD) and 54 um (+ 21.8 SD) diameter for control and
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observed in Yoldia hyperborea after experiment 1.
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Table 4. Comparative one-way ANOVA to test for differences in oocyte
diameter between experimental and control Yoldia hyperborea individuals

Analys:s of Vanance:

One Way

eriment 1 N Sum Mean diameter Variance
Control 62.000 3582.811 57.787  757.849
Expenmental 77.000 4707.987 61.143  534.523

Analysis of Vanance

Source of Varaton

Ss df MS F P-value
Control vs Expenmental 9099.499 1.000 9099.499 8.733 0.004"
Within groups. 162547.929 156.000 1041.974
Total 171647.427 157.000

eriment 2 N Sum Mean diameter Variance

Controt 48.000 1393.621 29.034 55.147
Expenmental 171.000 9269.876 54210 461.860
Analys:s of Vanance
Source of Vanation

SS af Ms o P-value
Control vs Expenmental  181390.054 1.000 181390.054 559.580 0.000™
Within groups. 110212.370 340.000 324.154

Total 291602.424 341.000
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livi pecti (Fig 26). Control individuals produced oocytes with a
narrower range of classes (between 20 and 50um in diameter) than did experimental individuals
oocytes (berween 20 um and 120 um in diameter). The size class 30 um size class diameter
was the most frequent among control individuals whereas 40 um was the most frequent class
in the experimental group (Fig 26).

Once placed on the sediment surface, Y. myperborea started burrowing into the
sediment, and after a few hours the individuals were completely buried with their siphons
extended above the sediment surface. After the addition of phytodetritus, the water column
became cloudy as a result of the high concentrations of suspended particles (Fig 27a), and
experimental individuals began to hold their siphons straight up in the water column (ES

activity).
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5.3.2. Radiotracer experiments

Results from absorption efficiency studies (Stead, Thesis submitted) revealed that

Yoldia hype fed on radi d Th ii during the i
period. After 66.5 hours of incubation, a mean of 141 dpm *C per gonad was detected. This
value increased to 279 dpm 'C after 82.5 hours of incubation (Table 5). No evidence of

incorporation of Ge was detected
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Table 5. Incorporation of "*C into the gonad of Yoldia hyperborea individuals.
Animals were fed with the radiolabelled laboratory-grown diatom Thalasiossira

nordenskioldii
B Ambient. Duration of Expenmental Density (cellsw.i') € (1otals dpmy gonad)
e
temperature *C | experment () | amumals [x.(SD.m)] [mean. SDn|
130599 0 825 16 8.69 (1.29, 20) 2789 (1101, %)
150699 o 740 19 994 (2.48.20) 14743 (124013
070799 o 665 19 7542.43.29) 1410 (9135,3)
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5.4. DISCUSSION

Higher C and N concentrations in the experimental aquaria provided a better diet for
Y. hyperborea, which may represent an increase in the total amount of energy available for
reproduction (Libes 1992). The data reported here demonstrate significant increases in both

the number of oocytes produced and the frequency of oocyte size class 60 um (experiment 1)

and size class 40 .m and above 2)in i ivi In contrast, the
control aquarium exhibited decreases in C and N concentrations by the end of the experiment,
possibly as a consequence of the feeding activity of animals. In this case, degradation of organic
compounds without the addition of phytodetrital particles resulted in a decrease in the amount
of POM

Results in the mean oocyte size and total number of oocytes produced per individual
in experiment one can be explained by the fact that both gonad development and timing of
reproduction are energy-driven processes (Sastry 1979). Thus the amount of energy available
in the aquaria at the beginning of the experiment was sufficient to sustain gametogenesis in both
the experimental and the control group. This statement is supported by field observations for
¥. hyperborea in Conception Bay (present study) which show that phytodetrital deposition
promoted increases in the percentage of developing oocytes as well as their maturation. As the
experiment proceeded. the energy available in the sediment of the control aquarium decreased,
reducing the transfer of nutrients to the gonad, so that gametogenesis ceased and only a few
oocytes in a narrow size range were produced, few or no gametes reached maturity in these
individuals

For experiment two, experimental individuals periodically supplied with senescent
algae concentrate also produced more and larger oocytes than control individuals, perhaps as

a result of a continuous energy mobilization. Since no fl

occurred during

experiments one and two, it can be that gamete ion and

p depend

mainly on food availability. Many field and laboratory studies have considered food availability
to be an important factor driving reproduction in mollusc species (Sastry 1966, 1970; Newell
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et al. 1982; MacDonald et al. 1987; George et al. 1990; George 1996). Unlike the present
work however, the studies could not distinguish unequivocally between the effect of food and
temperature. These authors suggest that increases in food availability stimulates production of

a large number of larger eggs. These observations on the effect of food supply on gamete

under i itions are i with field observations reporting that
shallow-water deposit feeding species respond to seasonal fluctuations of organic matter
(Olaffson 1986. Lopez and Levinton 1978). Gamete production is sustained by energy- rich
particles obtained from phytodetritus (Smith 1994).

Yoldia hyperborea, like other protobranchs, has two long fused siphons (exhalant and
inhalant), which actively participate in the acquisition and rejection of particles. Regardless of
the source of the sediment, only a fraction is ingested, and the remainder is expelled as
pseudofaeces (Bender and Davis 1984). This expelling activity, which they described for Yoldia
limatula, allows pseudofeces to be ejected through the exhalant siphon as a cloud of loose
sediment and cylindrical faecal pellets (Bender and Davis 1984, Davis 1993).

Field observations on feeding activity of Macoma balthica (Olaffson 1986; Lopez and
Levinton 1987, Kamermans 1994) demonstrated that during spring blooms the stomach of this
shallow water facultative deposit feeder contains large amounts of algal particles collected

mostly from the water column by ion feeding. ion feeding individuals hold their

siphons straight up in the water column (ES) or swirling them around (HS) in the water column
in a circular fashion (Olaffson 1986). During this activity, Macoma acquires suspended
particles from the water column by pumping large amounts of water through the inhalant
siphons (Kamermans 1994). The ES activity observed in both control and experimental Y.
hyperborea appeared to correspond to the suspension feeding activity previously described for
Macoma individuals; consequently, this ES activity in Y. Ayperborea may correspond to a
suspension feeding mode of nutrition. Suspension feeding behavior has also been reported in
other protobranch species such as Nucu/a sp (Caspers 1940; Owen 1956) and Yoldia ensifera
(Stasek 1965)

¥. hype indivi 3 with control indivi , exhibited

increased HS and ES activities the i period. ing that both HS

and ES activities normally occur during suspension feeding, the additions of senescent algae
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stimulated these activities as a result of greater amounts of suspended particles in the aquarium
water column. Thus the inhalant siphon collected and transported suspended particles to the
Iabial palps, and later the remaining particles were expelled as faeces or pseudofaeces through
the exhalant siphon (Bender and Davis 1984). After settlement of the phytodetrital particles
added to the aquarium, ES and HS activities were reduced and individuals started deposit
feeding by extending the appendages of the labial palps and subsequently transporting sediment
to the labial palps (Bender and Davis 1984). Since Yoldia also feeds on subsurface deposits,
no records of labial palp activity were obtained.

ES activity was observed in both control and experimental individuals, suggesting that
this activity is related to the water i ion process (i ing inhaling particles in
the water column), but it is aiso related to the ejection of faeces and pseudofaeces by means of
the exhalant siphon. This water inhalation process may explain ES activity in control individuals

which were not fed but resuspension of sediment particles occurred Thus, in a facultative

deposit feeder, suspension feeding is a response to increased amounts of suspended particles
present in the water column, whereas deposit feeding is a response to decreases in the
concentration of these suspended particles (Olaffson 1986).
The data suggest that Yoldia hyperborea is a deposit feeder species like the tellinid
clams Macoma balthica and Scrobicularia plana (Bradfield and Newell 1961; Hughes 1969;
Thompson and Nichols 1988) and as other protobranchs such as e. g Nucula sp. (Caspers
1940, Owen 1956) and Foldia ensifera (Stasek 1965), which also may behave as a facultative
feeder. Ci y, Yoldia hyperb may switch from deposit feeding to

suspension feeding as a response to increased amounts of suspended organic particles in the
water column. This suggestion is supported by differences recorded between fluorescence and
i during field ions in Ce ion Bay. Occasi when

fluorescence was nearly zero at 240 m depth, higher values of transmittance were recorded,
indicating that a resuspension of sediment but not chlorophyll was occurring. Such
resuspension events may supply Y. hyperborea with suspended organic particles to stimulate
suspension feeding. Sun et al. (1999) reported that Y. limatula uses a selective ingestion
strategy, and one way to ingest sediment particles is to sort them on the labial palps, selectively
ingesting and retaining certain particles (Lopez and Levinton 1987). However, although ¥.
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hyperborea exhibits suspension feeding, the small size of the gills suggests that this mode of
energy acquisition may not be important. The remaining question is whether suspension feeding
may significantly influence the reproductive output of this species.

Yoldia hyperborea in the control aquarium exhibited ES activity, suggesting that

sediment ion occurred. C , they could feed on bacteria associated with
POM. as they almost certainly do in the field, and they produce a limited number of gametes.
Since individuals under environmental stress (decrease in food ration) produce gametes only
when sufficient resources are available beyond the maintenance requirements of the adult
(Thompson 1977, Newell et al. 1982, Thompson 1983), conditions in the control aquarium
apparently did not represent starvation stress. Consequently, differences in the number of

gametes produced between control and i ivi can be attri to the food

supplement.

Individuals in the control aquarium developed gametes by obtaining energy from the
fresh sediment present in the bottom of the aquarium. Later, resuspension of particles caused
by Foldia hyperborea individuals expelling facces and pseudofaeces provided an additional
source of energy for these individuals. However, it is probable that a shortage of energy
eventually occurred, inhibiting subsequent gametogenesis. Similar results were observed in field
observations conducted in this study. Since Y. hyperborea exhibited early and developing
oacytes for most of the year the seasonal food pulse can explain the presence of mature gametes
and the subsequent minor spawning occurred shortly after phytodetrital deposition

This effect of food supply on gamete production may be explained by the fact that
some species develop gametes from energy either absorbed directly from the environment
(Ansell 1974; Kautsky 1982) or from both stored and ingested food (Thompson 1977), as
appears to occur in Yoldia hyperborea. Miller et al. (2000) reported that deposit-feeding
species feed selectively on particles recently settled on the sea floor, as suggested by Smith et
al. (1993). Parrish et al. (1996) fourd that ¥. hyp indivi from C: ion Bay

exhibited high levels of triacylglycerols (TAG), usually utilized for long-term energy storage.

These TAG are stored in the digestive gland and may serve as an energy source during
conditions of food shortage and during gametogenesis (Parrish et al. 1996). TAG stored in the
digestive glands of Y. hyperborea in the control aquarium, together with a reduced amount of
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energy available in the sediment, may account for the weak reproductive response observed in
these individuals. In contrast, experimental individuals provided with a supplementary food
source (senescent algae) exhibited a stronger response.

Experimental results in this study showed that Y. hyperbarea individuals respond to

seasonal ions of phy itus by i ion, and field results

suggest that a similar response occurs in this species. However, direct evidence of the
incorporation of phytodetrital particles into the gonad tissue has not yet been reported.
Evidence of nutrient transfer to gonads at the initiation of gametogenesis was obtained
by Sastry (1979) in Argopecten irradians by injecting [*C] leucine into the digestive gland of
scallops with inactive gonads. Radiotracer experiments with Mjytilus edulis have also
demonstrated that the digestive gland controls the distribution of assimilated food (Bayne 1975,
1976: Gabbott 1975) Incorporation of **C isotope into the gonad and digestive gland of Y.
hyperborea individuals indicates that algal food was ingested, assimilated and utilized to
produce gametes. Similar results were reported for an in situ radiolabelled experiment
conducted by Cahet and Sibuet (1986) showing that the benthic communities (bacteria and

meiofauna) responded in less than three hours when '“C labelled glucose solution and

organic mixed with *C labelled algae) were injected into
the sediment-water interface A large amount of the “C radioactivity was incorporated into the
benthic biota after 24 hours incubation. According to Eckelbarger and Watling (1995),
nutrients must be mobilized from the gut to the storage tissue (the digestive gland) before being
transferred to the gonad. However, incorporation of nutrients directly from gut to gonad is also
possible (Ansell 1974; Kautsky 1982)

The experimental results of the current study demonstrated that some of the
phytodetrital particles are ingested and mcorparated into the gonadal tissue. Since both field

and experimental results report that Y. p

to ions of

phytodetritus by i i i ion it is that the rain of phytodetritus

represents a fresh and direct source of nutrition which is directly assimilated and transformed

into gonad tissue.
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CHAPTER VI

6.1. General conclusions

Three aspects of the reproductive strategy of Yoldia hyperborea and Crenodiscus

crispatus, namely the ive potential, the periodicity of ion and the mode of

larval development were studied. The estimated apparent fecundity (reproductive potential)

for Yoldia hyperb: and Ci iscus crispatus i iting C ion Bay,

were estimated as 8.5 x 10 and 11x10° eggs per i . These

fecundity values were higher than values reported for other protobranch species and other

Ci di: i pectively. While in pi the variation in the number of
produced gametes differences can be explained by differences the body size of compared
species, variations in the size of sampled individuals account for differences in fecundity
between Crenodiscus populations. However, it is known that gamete production is not only
dependent on the size of the individual but also on a positive energy balance favoring
reproduction. Consequently, larger size (more eggs) is attained in those individuals inhabiting
areas with an abundant food supply.

Yoldia hyperborea releases light brown, spherical eggs of 120 «m diameter. As in

other protobranchs, there is a pericalymma larvae lacking a feeding organ, limiting these species

ato ic mode of Pericaly larvae do not exhibit a

prodissoconch II stage, therefore the length of prodissoconch I has been utilized to predict the

mode of development in these species. The prodi: h I of Yoldia hyperb reaches a

maximum length of 210 um and, as in other the larva is pl
Freshly stripped eggs from Crenodiscus crispatus are bright orange and spherical with
a mean diameter 450 um. Estimation of the mode of deveiopment for asteroid species is

normally based on the egg sizes, and acccrdmg this method the CB Ctenodiscus crispatus

should exhibit a pelagi ic mode of
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Reproduction in Yoldia hyperborea occurred on a seasonal basis with a main

spawning period occurring during winter-early spring (January-May 1997 and January-March

1998) shortly before the sinking of phytodetritus. However, other minor spawnings occurred
throughout the year (July-October 1997 and July-August 1998).

Ctenodiscus crispatus individuals exhibited a full range of oocyte sizes throughout the

year, ing that the ic cycle in this ion was and

asynchronic with several minor spawnings throughout the year.

In general, the reproductive cycle of both deposit feeders appeared to be affected by
food availability. Since ¥. hyperborea and C. crispatus exhibited mature gamete most of the
wvear it is possible that a steady food supply is able to sustain continuous gametogenesis. A
constant primary food source may be obtained by a increased microbial activity stimulated by

POM from and i ing) of organic material caused by the

deposit feeding ity C the year both turbulence and

bioresuspension may provide enough energy to support the continuous maturation of a small
number of gametes. This energy requirement may be lower than that required to produce a
large number of gametes once a year. The occurrence of minor spawnings shortly after
phytodetritus sinking, may be a direct result of the seasonal food pulse which occurs in CB.
This seasonal phytodetrital deposition contributes with a fresh and rich food source which can
be directly assimilated from suspended particles in the water column.

Experimental evidence revealed that ¥. hyperborea responded to an increased number
of phytodetrital particles suspended in the water column as a suspension feeder (individuals kept
their siphons straight up into the water column). After settlement of particles individuals began
to feed on deposits. Evidence obtained from a study using radiolabelled (*C) laboratory-grown

senescent algae (Th that the sinking algal material was
incorporated into the gonad tissue of Y. Ayperborea ,after a few hours. Additional evidence was
provided by experimental individuals fed with a sludge of laboratory-grown, senescent algae
producing more and bigger eggs (mean size 61 um) than control individuals (mean size 57 um).

The results suggest that ¥. hyperborea, like some other protobranch species studied,
may behave as a facultative deposit feeder. This ability allows these species to switch from
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deposit feeding to ion feeding ding on the availability of food. Such behaviour
would have an important ecological impact, since during the absence of fresh phytodetritus ¥.
hyperborea may feed on bacteria associated with POM, whereas when the seasonal
phytodetritus pulse reaches the bottom the species may compete with bacteria and other benthic

biota such as meiofauna and infaunal macrofauna for the fresh organic material.
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