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VITELLO GENIC MECHANISMS AND THE ALLOCATION OF
ENERGY TO OFFSPRING IN POLYCHAETES

Kevin J. Eckelbarger

ABSTRACT
Polychaetes show great diversity with respect to ovarian morphology, mechanisms of

vitellogenesis and the types of yolk stored in their eggs. This diversity probably reflects
interspecific differences in the role of yolk during larval development. Because of the limited
num ber of species investigated and the relatively recent use of analytical techniques, little is
known of the origins and chemistry of yolk in polychaete eggs although vitellogenic mech-
anisms are probably very species specific. There is no apparent relationship between vitel-
logenic mechanism and egg size and resulting larval developmental mode and while wide
intraspecific variation in fecundity has been reported, variation in egg volume and larval
mode is uncommon. Ultrastructural studies of vitellogenesis and yolk morphology in the
eggs of sibling species of Capitella and populations of Streblospio having different egg sizes
and developmental modes, have shown quantitative and perhaps qualitative differences which
suggest differences in the energy requirements of the larvae. The significance of interspecific
variation in vitellogenic pathways and egg yolk stores to the larval biology of polychaetes
remains unclear and awaits further investigation.

Polychaetes have played a significant role in the evolution of theories regarding
the origins of life history patterns and larval developmental modes in marine
invertebrates since they are among the most important taxonomic group of mac-
robenthic animals in soft-bottom communities. A considerable amount has been
written about polychaetes regarding spawning patterns, reproductive endocrinol-
ogy and gametogenesis (Clark, 1965; Clark and Olive, 1973; Schroeder and Her-
mans, 1975; Olive and Clark, 1978; Olive, 1983; Eckelbarger, 1983; Fischer and
Pfannenstiel, 1984). Much research on the reproductive ecology and larval de-
velopment of polychaetes has been presented in several symposia (Crisp, 1971;
Hrs-Brenko and Costlow, 1974; Chia and Rice, 1978; Stancyk, 1980; Sulkin,
1981; Fischer and Pfannenstiel, 1984). Recent investigations into the biochemical
pathways and mechanisms of control of yolk production in the eggs of some
nereids have been presented in work reviewed by Porchet (1984), Dhainaut (1984)
and Fischer (1984), and Fischer and Dhainaut (1985).

Despite widespread interest in the reproductive biology of polychaetes and
increased research on vitellogenesis in polychaetes, little attention has been di-
rected at the functional role yolk plays during larval morphogenesis. While nu-
trients in the egg were once considered merely as an energy supply for the embryo,
current research, mainly in the vertebrates, suggests that yolk itself may playa
role in controlling specific events during larval development. Despite the sparsity
of information on the role of yolk in the larval development of polychaetes, a
review of the relevant biochemical, developmental and reproductive literature
would be useful to spotlight the critical areas where research is needed. This review
is intended to point out possible mechanisms controlling allocation of energy to
offspring and the possible correlates between egg size, fecundity and vitellogenic
mechanisms.

Types of Oogenesis in Polychaetes. - To discuss yolk diversity and its possible
role in polychaete larval biology, one must first appreciate the complexity of
polychaete ovaries and vitellogenic mechanisms. Most polychaetes have well-
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defined ovaries and the oocytes undergo development in one of two ways. In
some species, ooctyes undergo extraovarian oogenesis in which the germ cells are
released from the ovary in the previtellogenic phase where they complete vitel-
logenesis while floating freely in the coelomic fluid with or without an association
of accessory cells. In other species, oocytes undergo intraovarian oogenesis in
which most if not all of the vitellogenic phase occurs within the ovary. Oocytes
which develop while free within the coelom may 1)develop without an association
with accessory cells, 2) be accompanied by coelomocytes or "eleocytes" (coelo-
mocytes specialized for triglyceride synthesis) which appear to be involved in yolk
precursor production, or 3) be closely associated with follicle or nurse cells which
may play some nutritive role during oogenesis. Oocytes undergoing intraovarian
oogenesis are suspected of receiving yolk precursors from 1) closely associated
nurse cells (abortive or sibling oocytes), 2) follicle (somatic) cells, 3) the circulatory
system with which the oocytes are closely associated, or 4) a combination of these
sources. Extraovarian oogenesis appears to be more common, having been re-
corded in at least 15 families (see Eckelbarger, 1983, for review). Among these,
about two-thirds appear to depend on coelomocytes or eleocytes for the production
of precursors although little direct evidence is available. Polychaetes known to
have intraovarian oogenesis are presently represented by about eight families
(Eckelbarger, 1983). Significant differences undoubtedly exist between these groups
with respect to the types of yolk precursors utilized during vitellogenesis, their
metabolic pathways and certainly the chemical nature of the yolk bodies them-
selves. However, there is no apparent relationship between the kind of oogenesis
or the type of ovary and egg size or mode of larval development.

Polychaete eggs contain variable amounts of yolk which may involve a con-
siderable energetic expenditure by the female during oogenesis. It should be noted
that "yolk" is really a morphological term and its exact meaning varies widely in
the literature. While some authors use the term in reference to specific, chemically
complex inclusion bodies usually composed of protein and carbohydrate, others
include lipid droplets and glycogen deposits. Although yolk serves as an energy
source during embryogenesis, it is also apparent that it may playa role in specific
developmental events by supplying limiting amounts of essential substances, by
serving as storage sites for precursors required for rapid membrane production
during cleavage, or for the storage of cytoplasmic DNA and RNA, enzymes,
informational molecules, templates and/or structural molecules, or tissue inducing
substances (see reviews by Williams, 1967; Schjeide and deVellis, 1970; Balinsky,
1970; Lundquist and Emanuelsson, 1979). Therefore, since yolk probably serves
a greater function than simple energy storage, for the purposes of this paper, I
will apply a broad definition of yolk suggested by Anderson (1974) which is: " ...
yolk may be defined as any substance(s), nutritive or informational, found within
the egg, that is utilized subsequent to the egg's activation for the support of
embryogenesis. "

As Dhainaut (1984) points out, oocyte morphology in any given species reflects
the physiological adaptations it has evolved and the particular type of oogenesis
involved. Polychaetes as a whole have very diverse life history patterns and recent
research has shown that the process of yolk synthesis, or vitellogenesis, is very
complex in some members of the group (Dhainaut, 1984; Porchet, 1984; Fischer,
1984). Generally speaking, however, two processes are involved in yolk synthesis:
1) autosynthesis, in which the oocyte is active in yolk deposition, and 2) hetero-
synthesis, in which yolk is synthesized outside the oocyte. These terms are gen-
erally applied to the synthesis of a unique class of proteins called vitellogenins
which usually comprise 60-90% of the soluble egg yolk proteins (vitellins) in an
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oocyte (Hagedorn and Kunkel, 1979). Although both processes seem to be at work
in the polychaetes intensely studied thus far, their relative importance probably
varies greatly between species. The recent work of Fischer and Dhainaut (1985)
demonstrates how difficult it is to determine the pathways of yolk synthesis par-
ticularly when only ultrastructural approaches are used. As a result, the role of
auto- or heterosynthetic processes in most polychaete eggs is largely unknown.

Vitellogenic Mechanisms and Yolk Precursors. -Energy for yolk production is
presumably derived primarily from the products of digestion although uptake of
free amino acids from sea water may also be a significant source (Monahan et aI.,
1982). However, the means by which this energy is converted into yolk stores
varies widely depending upon the structure of the ovary (e.g., presence or absence
of nurse cells and/or follicle cells), the presence or absence of somatic storage
tissues, and the selective ability of the oocyte to absorb precursors, to name a few
factors. Many polychaetes, particularly those undergoing extraovarian oogenesis
(but not restricted to them), store nutrients in the form of glycogen and lipid in
the gut and the epithelial lining of the coelom (peritoneum) during early sexual
maturation for later use during vitellogenesis. This is common among sabellids,
serpulids, sabellariids, terebellids, and pectinariids, for example. Other polychaete
families whose oocytes undergo development while free-floating in the coelom,
utilize coelomocytes, or in the case of nereids, eleocytes, to store pigments, gly-
cogen or lipids which are depleted during vitellogenesis (see Eckelbarger, 1983,
for review).

There are few data available on the types of yolk precursors involved in vitel-
logenesis in polychaete eggs except in the nereids where recent studies have shed
light on the metabolism of carbohydrate, lipid and protein during oogenesis. The
coelomic fluid of nereids is a rich storehouse of precursors as exemplified by
Perinereis cultrifera in which the macromolecular fractions have been shown to
contain considerable protein (60-70% w/w), carbohydrate (9-10% w/w) (Porchet
et aI., 1979) and lipids (5-10% w/w) (Fontaine, 1982). Radiochemical studies on
Nereis diversicolor, N. virens, and Perinereis cultrifera, have demonstrated that
amino acids, fatty acids and monosaccharides can be absorbed from the coelomic
fluid by developing oocytes and incorporated into yolk bodies after interacting
with the rough endoplasmic reticulum and Golgi complex (Dhainaut, 1967; 1968;
Bertout and Dhainaut, 1971; Porchet et aI., 1977; Dhainaut and Porchet, 1977a;
1977b; Dhainaut et aI., 1984). More recently, the application of immunological
techniques has generated evidence for the existence of a vitellin-like antigen in
the coelomic fluid of maturing female Nereis virens (Fischer, 1979; 1984; Fischer
and Schmitz, 1981) and in Perinereis cultrifera (Dhainaut et aI., 1984). In addition,
studies by Fischer and Dhainaut and their co-workers (Dhainaut et aI., 1984;
Fischer and Dhainaut, 1985) have shown that labelled Nereis-vitellin is incor-
porated into the oocytes of Nereis virens where it combines with developing yolk
bodies synthesized by the Golgi complex (see Dhainaut, 1984). These results are
significant since nereid eggs have been considered models for autosynthetic yolk
production. In Perinereis cultrifera, glycoproteins are produced by the eleocytes,
secreted into the coelomic fluid, and finally incorporated by oocytes into cortical
alveoli.

The incorporation of various yolk precursors in polychaete oocytes is believed
to be accomplished in some cases by diffusion or active transport through the
oolemma or the abundant microvilli which usually adorn the surface of most
oocytes. In other instances, larger molecular weight precursors are believed to
enter the oocytes via specialized pits or invaginations ofthe oolemma in a process
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Table I. Amount of organic constituents in stages of the larvae of Polydora websteri (from Day,
1982)

X total organic x organic matter/individual (jLg)
Xdry wtlindividual matter/dry wt

(~g) (pglmg) Pro· Carb FRS Tot Lip Neu Lip

Egg 0.36 229.56 0.043 0.004 0.003 0.033 O.oI1
3-Setiger 0.48 262.53 0.060 0.006 0.004 0.058 0.019

10-Setiger 0.88 218.76 0.110 0.013 0.012 0.072 0.043
18-Setiger 1.87 284.99 0.303 0.046 0.027 0.181 0.145
Juvenile 2.03 206.42 0.348 0.044 0.028 0.076 0.022
* Pro = protein; Carb = carbohydrate; FRS = free reducing substances; Tot Lip = total lipid; Neu Lip = neutral lipid.

called endocytosis. These endocytotic pits are considered a distinct mechanism
for the incorporation of large molecular weight exogenous yolk proteins (vitel-
logenin) into the oocyte (see Eckelbarger, 1983; 1984, for review). It must be
noted that various aspects of vitellogenesis are known to be or are suspected of
being under the control of or influenced by internal hormones and external en-
vironmental factors (see Fischer and Pfannenstiel, 1984, for review) but discussion
of this complex subject cannot be accommodated in the present review.

Chemistry and Ultrastructure of Yolk. - Polychaete eggs are known to contain
various types of nutritive materials including glycogen granules, lipid droplets
and proteid yolk bodies based mostly on morphological, or less commonly, cy-
tochemical studies (Allen, 1961; Needham, 1969; Huebner and Anderson, 1976;
Raven, 1961; Eckelbarger, 1983; Fischer and Pfannenstiel, 1984). However, Day
(1982) carried out a biochemical analysis of the eggs ofthe polychaete Polydora
websteri indicating that 53% of the organic matter present was protein while 40%
was lipid and 7% carbohydrate (Table 1). Surprisingly, only a single study has
examined yolk protein biochemistry in an annelid, Nereis virens (Fischer and
Schmitz, 1981). Nereis vitellin is reported to be a lipoglycoprotein which makes
up about 40% of the soluble protein of the oocyte. It has a molecular weight of
420,000 daltons and an amino acid composition indicating a similarity to insect
and vertebrate vitellins and vitellogenins. Glycoproteins make up a substantial
portion of ooplasmic constituents both in the yolk bodies and the cortical alveolae
in Perinereis cultrifera. The yolk is rich in hexoses and hexasomines whereas the
cortical alveoli are rich in fucose and in glucuramic acid (Porchet, 1984).

Morphological studies have described many kinds of yolk from the eggs of a
variety of unrelated polychaete species (see reviews by Raven, 1961; Norrevang,
1968; Reverberi, 1971; Huebner and Anderson, 1976; Eckelbarger, 1984). Figure
1 shows the types of nutrient reserves observed in the eggs of Capitella jonesi
including glycogen granules, lipid droplets and large, membrane-bound protein
yolk bodies. Figures 2 through 5 illustrate morphological variation observed in
the protein yolk bodies of other polychaetes. Unfortunately, very little is known
about the nature of yolk in the eggs of closely related species. Reverberi (1971)
noted that although lipid was abundant in the eggs of both Diopatra cuprea and
D. neapo!itana, glycogen was scarce in the former while abundant in the latter.
Interspecific studies of yolk material in the eggs of four sibling species of Capitella
showed the same morphological types of yolk present but differences in their
respective abundance and the relative size of specific yolk granules (Eckelbarger
and Grassle, 1983). Table 2 outlines the differences in the eggs and larvae of five
sibling species of Capitella including qualitative differences in the abundance of
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Figure I. Cortical region of a late vitellogenic oocyte of Capitella jonesi showing three types of
nutritive material including membrane-bound protein yolk granules (Y), lipid droplets (L) and glycogen
granules (GL). G, Golgi complex.

Figures 2-5. Protein yolk bodies from the mature eggs of four polychaete species including Polydora
ligni (Fig. 2), Fabricia sp. (Fig. 3), Phragmatopoma lapidosa (Fig. 4) and Onuphis sp. (Fig. 5).
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Figures 6-10. Representative protein yolk granules from the mature eggs of five sibling species of
Capitella including sp. 1 (Fig. 6), sp. la (Fig. 7), sp. II (Fig. 8), sp. III (Fig. 9) and sp. IIIa (Fig. 10).

Figure II. Cross section through the larval gut of Capitella sp. 1 just prior to settlement showing
remnants of nutritive materials originating from the egg including lipid droplets (L), protein yolk
granules (Y) and glycogen granules (GL). LU, gut lumen; CO, coelom; N, nucleus of peritoneal cell.
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Figures 6-10. Representative protein yolk granules from the mature eggs of five sibling species of
Capitella including sp. I (Fig. 6), sp. Ia (Fig. 7), sp. II (Fig. 8), sp. III (Fig. 9) and sp. IlIa (Fig. 10).

Figure 11. Cross section through the larval gut of Capitella sp_ I just prior to settlement showing
remnants of nutritive materials originating from the egg including lipid droplets (L), protein yolk
granules (Y) and glycogen granules (GL). LU, gut lumen; CO, coelom; N, nucleus of peritoneal cell.
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Table 2. Comparative features of the eggs and larvae of Capitella sibling species (modified from
Eckelbarger and Grassle, 1983)

Diam of pro-
Egg diam Relative abundance of lein yolk gran-

(~m) Larval mode lipid and glycogen in egg ule ()<m)*

Species I 260 by 180 Lecithotrophic Lipid ++ 3.1
Glycogen + + +

tSpecies Ia 75 Planktotrophic Lipid ++ 4.7
Glycogen + + +

Species II 190 Lecithotrophic Lipid ++ 3.1
Glycogen + + +

Species III 50 Planktotrophic Lipid + 4.75
Glycogen + + +

Species IlIa 250 Direct development Lipid +++ 3.7
Glycogen +

'"Based on the mean of 100 of the largest yolk granules.
t Data nOI presented in Eckelbarger and Grassle. 1983.

yolk in the eggs and the average diameter of the proteid yolk bodies. Figures 6
through 10 illustrate the differences in the morphology and relative size of protein
yolk bodies in their respective mature eggs.

Levin (1984) has shown that some populations of Streblospio benedicti contain
females producing small eggs which undergo planktotrophic development and
others producing larger eggs undergoing lecithotrophic development. Recent ul-
trastructural studies of these two egg types indicate that the kinds of yolk produced
are the same morphologically (Eckelbarger and Levin, unpub1.). However, one
type of yolk body which appears to be formed exclusively by a heterosynthetic
process from precursors sequestered endocytotically from the circulatory system,
is more abundant and considerably larger in the lecithotrophically-developing egg
than in the planktotrophically-developing egg. Table 3 shows the reported differ-
ences in the eggs, yolk granules and larvae of Streblospio having two larval modes.
Figures 12 and 13 illustrate the differences in the relative size of the heterosyn-
thetically-derived yolk bodies in both egg types.

Fate of Yolk in Development. - Nothing is known of the specific nutritive role
played by the various types of yolk reported from polychaete eggs. The fate of
various nutrients has been traced morphologically in the developing embryos of
some species although this tells us little of their function. Allen (1961) reported
that mucoprotein yolk spheres were distributed mainly in the endoderm during
early development in Nereis while glycogen went primarily to the micromeres.
Glycogen was found in high concentrations in the cleavage amphiasters of Ar-
enicola during early development but later concentrated in the newly formed gut
(Allen, 1961). In both Arenicola and Nereis, lipid reserves were transferred to the
mid-gut through the macromeres where they were still detectable in the gastrula
and trochophore (Allen, 1961). Bhup and Marsden (1982) comment on the dis-
tribution and slow disappearance of yolk granules during larval development of
Capitella sp. I, a lecithotrophic species. They report that yolk is nearly depleted
in the competent metatrochophore. A few unpublished ultrastructural observa-
tions on yolk distribution during development have been made by the present
author on the larvae of Phragmatopoma lapidosa, Capitella sp. I and Streblospio
benedicti. In Phragmatopoma, lipid droplets and proteid yolk bodies were abun-
dant both in the ectoderm and endoderm of 12-h trochophores. In Capitella larvae,
glycogen, lipid and proteid yolk bodies are all found in the gut tissue of newly
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Table 3. Egg morphology and contrasting patterns of larval development in Streblospio benedicti
(modified from Levin, 1984)

·Mature egg diameter (/Lm)
t*Protein yold granule diameter ~m)

Larvae broodedlbrood pouch
Total brood size/female
Development time to release (20cC)
Larval stage at release
Larval size at release ~m)
Planktonic feeding
Swimming setae
Duration in the plankton (20cC)
Size at settlement (I'm)

• New data not presented in Levin. 1984.
t Bnsed on the menn of 100 of the In'geS[ yolk grnnules.

Planktotrophic
populations

70-90
3.2
4-14
± = 130, s = 65
6 days
3-7 setigers
200-300
begins at 4 setigers
present
7-45 days
450-550

Lecithotrophic
populations

100-200
5.3
1-2, occasionally 3
± = 20, s = 12
10-12 days
9-12 setigers
500-650
none
reduced or absent
7 days
550-650

hatched larvae (Fig. 11). In Streblospio, glycogen remains scattered throughout
the larval tissues right up to release from the brood sac but proteid yolk bodies,
while initially rather evenly distributed through all tissues, are later observed only
in the gut cells (Fig. 15). During larval development, the protein yolk bodies
undergo degradation which is morphologically indicated by the loss of their ho-
mogeneous texture and the appearance of electron-opaque regions in the yolk
body (Fig. 14).

Effects of Nutrition On Egg and Larval Yolk. -Few reports have been published
on the effects of adult nutrition on fecundity or yolk synthesis in polychaete eggs
despite the interesting implications such studies could have for investigations of
vitellogenesis. However, variations in food supply and temperature are known to
alter fecundity in polychaetes (Tenore, 1977) and some have suggested that they
influence reproductive mode as well (Thorson, 1950; Hannerz, 1~56; Simon,
1968). Southward and Southward (1958) commented that a population of Ar-
enicolides ecaudata contained larger individuals and bred more continuously than
did a neighboring population of the same species which appeared to occupy a
more impoverished habitat. Olive (1970) noted that a continuously breeding
population of Cirratulus cirratus occupied an environment which was rich in
organic debris during winter months. Traut (1969) found that starvation had an
immediate effect on fecundity in Dinophilus gyrociliatus with both the number
of egg masses and the number of oocytes per egg mass decreasing after 2-3 days.
Hauenschild (1966) and Fischer (1984) reported that starved Platynereis dumerilii
females may complete oogenesis with only a few oocytes or perhaps none at all
after starting out with a full complement of germ cells. Surviving oocytes were
found to be functional and fertilizable.

The effects of starvation on polychaete larvae have been examined in Polydora
giardi by Day (1977) and Day and Simon (1984) who demonstrated that larvae
raised with reduced food levels and periods of starvation showed increased de-
velopmental times. Their studies also showed that there is a "critical period"
which occurs during larval development in P. giardi during which they are more
susceptible to low food levels than at other times during development. The critical
period appears to be when the larvae are released from the egg capsule. Presumably
the larvae have utilized most of their stored reserves supplied by the female and
must then feed to survive and continue development. Day (1977) suggests that
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Table 3. Egg morphology and contrasting patterns of larval development in Streblospio benedicti
(modified from Levin, 1984)

'"Mature egg diameter (/Lm)
t*Protein yold granule diameter <lLm)

Larvae broodedlbrood pouch
Total brood size/female
Development time to release (20oq
Larval stage at release
Larval size at release <lLm)
Planktonic feeding
Swimming setae
Duration in the plankton (20oq
Size at settlement (I'm)

• New data not presented in Levin. 1984.
t Bnsed on the menn of 100 of the In'gest yolk grnnules.

Planktotrophic
populations

70-90
3.2
4-14
± = 130, s = 65
6 days
3-7 setigers
200-300
begins at 4 setigers
present
7-45 days
450-550

Lecithotrophic
populations

100-200
5.3
1-2, occasionally 3
± = 20, s = 12
10-12 days
9-12 setigers
500-650
none
reduced or absent
7 days
550-650

hatched larvae (Fig. 11). In Streblospio, glycogen remains scattered throughout
the larval tissues right up to release from the brood sac but proteid yolk bodies,
while initially rather evenly distributed through all tissues, are later observed only
in the gut cells (Fig. 15). During larval development, the protein yolk bodies
undergo degradation which is morphologically indicated by the loss of their ho
mogeneous texture and the appearance of electron-opaque regions in the yolk
body (Fig. 14).

Effects ofNutrition On Egg and Larval Yolk. -Few reports have been published
on the effects of adult nutrition on fecundity or yolk synthesis in polychaete eggs
despite the interesting implications such studies could have for investigations of
vitellogenesis. However, variations in food supply and temperature are known to
alter fecundity in polychaetes (Tenore, 1977) and some have suggested that they
influence reproductive mode as well (Thorson, 1950; Hannerz, 1~56; Simon,
1968). Southward and Southward (1958) commented that a population of Ar
enicolides ecaudata contained larger individuals and bred more continuously than
did a neighboring population of the same species which appeared to occupy a
more impoverished habitat. Olive (1970) noted that a continuously breeding
population of Cirratulus cirratus occupied an environment which was rich in
organic debris during winter months. Traut (1969) found that starvation had an
immediate effect on fecundity in Dinophilus gyrociliatus with both the number
of egg masses and the number of oocytes per egg mass decreasing after 2-3 days.
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Figures 12, 13. Representative yolk granules from the mature eggs of two forms of Streblospio
benedicti females which produce small eggs developing planktotrophically (Fig. 12) and large eggs
which develop lecithotrophically (Fig. 13).
Figure 14. A protein yolk granule (Y) undergoing degradation in a larval epidermal cell of the
planktotrophically developing form of Streblospio benedicti. Note the electron opacity of portions of
the yolk body. L, lipid.
Figure 15. Protein yolk bodies (Y) in the larval gut cells of the planktotrophically developing form
of S. benedicti. Notice the sparcity of yolk granules in the larval epidermis (EP). B, overlying maternal
brood pouch,
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larvae of P. giardi seem to store energy during development which they utilize if
they encounter low food levels after their critical period in development. Day
(1982), in nutritional studies of Polydora websteri development, reported that
larvae raised in cultures which contained a combination of salinity, temperature
and food which increased developmental time without significantly affecting sur-
vival, accumulated protein and carbohydrate at approximately the same rates as
larvae which were raised in optimum conditions. However, lipids accumulated
at a significantly (P :5 0.05) slower rate in larvae cultured in such sub-optimum
conditions as compared with larvae raised in optimum conditions. Day (1982)
states that stored lipids are lower in larvae which are forced to develop under
sub-optimal conditions and hypothesized that these lower levels would signifi-
cantly affect the survival rates of the larvae before and after metamorphosis. J.
P. Grassle (unpubl. obs.) has noted that in laboratory studies of inbred strains of
two sibling species of Capitella, there was marked variation in the capacity of the
lecithotrophic larvae to delay settlement in the absence of a suitable substrate
without suffering post-settling mortality. Eckelbarger and Grassle (1983) specu-
lated that these differences might be caused by between-line differences in the
amounts and/or types of nutritive materials incorporated into the eggs.

Regeneration can also place an energetic demand on the adult by affecting
nutrient distribution during sexual reproduction. Hill and Grassle (1981) and Hill
et al. (1982) reported differences in the ability of two co-occurring sibling species
of Capitella to simultaneously undergo oogenesis and regeneration. Both processes
proceeded normally in Capitella sp. I, while in C. sp. II, regeneration significantly
slowed the rate of sexual maturation from the late juvenile stage in developing
males and females. In a separate experiment, regenerating Capitella sp. II females
had a significantly lower fecundity over an 8-week period than nonregenerating
worms. Their results indicate, therefore, that regeneration occurs at the expense
of reproduction, delaying maturation and reducing fecundity. It is unclear at this
point if there are differences in the availability of nutrient reserves in these two
species or fundamental differences as to the controls over nutrient utilization. The
results of this work indicate some potential ecological significance since heavy
field predation produces a high proportion of regenerating worms. The authors
concluded that the observed differential success of these two species in colonizing
new habitats may result from the effects of regeneration on sexual maturation and
fecundity in Capitella sp. II. In contrast, note that in nereids which reproduce
only once, regeneration is increasingly inhibited as individuals approach sexual
maturity (Golding, 1967a; 1967b; 1974; Hofmann, 1976).

Although the precise role of various organic components of polychaete eggs is
unknown at present, Day (1982) concluded that lipid was the main energy source
for the larvae of Polydora websteri. In nereids, lipid biosynthesis is an important
part of the vitellogenic process and represents a substantial portion of the energy
reserves of the egg (reviewed by Porchet, 1984; Fontaine et al., 1984a; 1984b).
In studies of other invertebrates, lipid was the principal energy source for mollusc
and crustacean larvae (Millar and Scott, 1967; Holland and Spenser, 1973; Hol-
land and Walker, 1975; Lucas et al., 1979).

The neutral lipids, or triglycerides, comprise by far the most abundant group
oflipids in nature (White et al., 1964) and lipid appears to be the major metabolic
energy reserve in most marine animals (see Day and McEdward, 1984, for review).
Holland (1978) suggests several reasons for this phenomenon. Lipid is a highly
compact and efficient reserve fuel which can be used by larvae during periods of
food shortage. It has advantages with regard to buoyancy, maintenance of body
structure or thermal insulation. Holland states that adults often use carbohydrate
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(glycogen) as their reserve fuel and speculates that whereas lipid can only be used
aerobically, glycogen can be utilized both aerobically and anaerobically, enabling
these organisms to tolerate exposure at low tides through their ability to metabolize
glycogen. Day (1982) noted in his study of the composition of Polydora websteri
larvae that lipid provides nearly twice as much energy per unit weight as carbo-
hydrate and protein.

Intra- and Interspecific Variation in Egg Size and Fecundity. -Egg production is
a critical part of the life history of any species because as Lawrence et al. (1984)
point out, the egg represents the energetic unit ofthe next generation. The current
literature indicates that great variability occurs in invertebrate eggs with regard
to size, number, organic composition and type of development. In polychaetes,
egg diameter ranges from about 40 ~m to 1.36 mm (Schroeder and Hermans,
1975) and females may produce only one egg at a time in small interstitial species
to many thousands in nereids and other larger-bodied species. Egg size determines
to some extent cleavage pattern, with eggs under about I00 ~m tending to divide
by spiral equal cleavage while larger eggs usually divide unequally. Thorson (1950)
noted that eggs less than about 180 ~m undergo a planktonic larval phase while
larger eggs tend to develop more directly into juveniles. Although no comparative
data are available for polychaetes, it is clear also that organic composition of
other invertebrate eggs varies widely with both inter- and intraspecific differences
occurring (Holland, 1978; Turner and Lawrence, 1979). In a study of various
invertebrate eggs including polychaetes, Strathmann and Vedder (1977) reported
that larger eggs contained more organic matter but that organic matter was not
proportionate to egg volume because smaller eggs have more concentrated organic
matter than larger eggs. Turner and Lawrence (1979) also reported variations in
hydration in large eggs.

Intraspecific egg size within polychaetes and other invertebrates seems to be a
more carefully controlled reproductive parameter (Schroeder and Hermans, 1975).
For example, Fischer (1984) and Schroeder (1967) reported very small variation
within several nereid species studied. In a study of 31 species of Florida opis-
thobranchs, DeFreese and Clark (1983) noted intraspecific variation in egg di-
ameter of about ±5% of mean. On the other hand, Turner and Lawrence (1979)
reported statistically significant differences in intraspecific egg volume and be-
tween eggs in the same specimen. Beyond organic composition, Chia notes (1974)
that small eggs have a greater proportion of nuclear material while large eggs have
a greater proportion of yolk. Lonning (1976) also noted that small echinoderm
eggs tend to have smaller yolk granules than larger eggs although a similar trend
was not observed in comparisons of yolk granule size in sibling species of Capitella
(Eckelbarger and Grassle, 1983). However, larger granules were found in the larger
eggs of Streblospio as reported here (Table 3).

The number of eggs produced per female in polychaetes appears to be variable.
Wide variability has been reported for Platynereis dumerilii by Hauenschild (1966)
and Fischer (1984), and Levin (pers. comm.) reported that enrichment studies
involving Streblospio benedicti indicated planktotrophic individuals can increase
their brood size by a factor of five in response to an increase in available organic
matter. Egg number does not appear to be an intraspecifically conservative re-
productive parameter since it shows substantial variation with population density,
adult nutritional state and adult size in other invertebrates as well (see Turner
and Lawrence, 1979, for review).

A number of theories have been put forward to explain how intraspecific egg
volume and number might be controlled. For populations of Streblospio which
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productive parameter since it shows substantial variation with population density,
adult nutritional state and adult size in other invertebrates as well (see Turner
and Lawrence, 1979, for review).

A number of theories have been put forward to explain how intraspecific egg
volume and number might be controlled. For populations of Streblospio which
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produce two egg sizes and larval developmental modes, Levin (1984) suggests
that the ability of Streblospio eggs to rapidly derive yolk precursors from extrao-
varian sources as reported by Eckelbarger (1980) might allow this polychaete to
adjust oocyte volume and number. However, she reports that interbreeding studies
indicate a strong genetic component to most of the reproductive characters mon-
itored including egg size, number and trophic mode. In opisthobranchs, DeFreese
and Clark (1983) suggest that egg size variation might reflect the nutritional state
of the adult. Clark and Goetzfried (1978) hypothesized that some mechanism
may exist in opisthobranchs by which changes in food supply could directly affect
vitellogenesis and therefore result in different sized eggs and developmental types.

There is little convincing evidence that egg size and resulting larval develop-
mental pattern bear any relationship to the vitellogenic mechanism in polychaetes
or in other invertebrates for that matter. In polychaetes, neither the structure of
the ovary, the type of oogenesis (e.g., intra- or extraovarian), the presence or
absence of follicle or nurse cells, nor the type of vitellogenic mechanism dem-
onstrate any pattern which could relate to egg volume or larval trophic mode.
This is particularly evident in Streblospio populations having two egg sizes since
ovarian structure and vitellogenic mechanisms appear to be the same. From the
limited data available, however, there does appear to be a relationship between
the mechanism by which yolk precursors are sequestered by the oocyte and the
length of vitellogenesis (Eckelbarger, 1983), a feature that could greatly influence
fecundity. For example, the length of the vitellogenic phase shows significant
variation from approximately 48 hours in Phragmatopoma lapidosa (Eckelbarger
and Linley, unpubl.) for example, to about 5 months in Nicolea zostericola (Eck-
elbarger, 1974) and over a year in Nereis cultrifera and other nereids (Porchet,
1984). There also may be some correlation between the number of endocytotic
pits generated along the oocyte oolemma per unit time and the length of the
vitellogenic phase in polychaetes (Eckelbarger, 1980; 1983). Endocytotic activity
is conspicuously absent in most nereids having extended vitellogenic periods such
as Nereis diversicolor (Dhainaut, 1967), N. pelagica (Dhainaut, 1970), and Peri-
nereis cultrifera (Dhainaut, 1976) although low levels of activity have been re-
ported for the oocytes of Platynereis dumerilii (Fischer, 1975) and Nereis virens
(Fischer, pers. comm.). On the other hand, high levels of endocytotic activity
have been reported in other polychaetes which undergo rapid vitellogenesis such
as Phragmatopoma lapidosa (Eckelbarger, 1979), Streblospio benedicti (Eckelbar-
ger, 1980), Capitella jonesi (Eckelbarger and Grassle, 1982) and Polydora ligni
(Eckelbarger, unpubl.). The ability of oocytes to rapidly internalize yolk protein
from external sources would explain why some opportunistic polychaetes are able
to produce eggs in an unusually short period oftime when colonizing new habitats.

Species of Phragmatopoma, Capitella, Streblospio and Polydora, which incor-
porate yolk proteins from heterosynthetic sources through intensive endocytotic
activity, do have among the shortest periods of vitellogensis reported. Nutrients
are apparently routed to the developing eggsvery rapidly in contrast to the slower,
controlled production and uptake of yolk precursors observed in nereids. As a
result, observed differences in fecundity that are correlated with the nutritional
state of the adult could be explained by fundamental differences in the mechanisms
by which precursors are synthesized, transported and incorporated by the oocytes.
The enrichment studies of Levin (pers. comm.) indicate that Streblospio can
rapidly increase egg production when additional food is available to the adult.
Species having abbreviated periods of vitellogenesis are probably in a better po-
sition to exploit short term increases in available nutrients whereas species with
extended vitellogenic periods are not likely to respond. In nereids, for example,
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large cohorts of different sized oocytes develop over extended periods. Fischer
(1984) points out that it is of vital importance for monotelic species like nereids
to have the capacity to adapt to available nutrient conditions and particularly low
nutrient conditions. If individuals lacked this capacity, they might be forced to
spawn substantial numbers of immature and unfertilizable oocytes if they were
exposed to low nutrient conditions. Under adverse nutrient conditions, size uni-
formity among oocytes could be brought about by rigid selection mechanisms
that permit one size group of oocytes to develop while weeding out other groups.

Studies by Fischer (1984) on Platynereis dumerilii offer some interesting insights
into the growth kinetics of polychaete oocytes which may help explain the dif-
ferences in the length of the vitellogenic process in different polychaete species.
In Platynereis, oocytes of widely differing sizes grow for some months while
suspended in the coelomic fluid but become uniform in size just prior to spawning.
If the growth rate of all the oocytes were the same, smaller oocytes would not
reach their maximum size at the same time as larger oocytes. Fischer (1984) has
presented a model which explains the control of oocyte growth rate by three
variables operating at the nutritional level: 1) nutrient availability in which bio-
mass transfer from the soma (degradation of body wall musculature) to the oocytes
increases exponentially toward spawning. Oocytes appear to begin rapid growth
as soon as part of the somatic biomass becomes available as nutrient; 2) nutrient
uptake rate which is determined by nutrient concentration. Nutrient availability
could drive the growth rate of the oocytes if the oocytes were capable of adapting
their uptake and growth rates to variable nutrient concentrations. Incorporation
of labelled Nereis vitellin (NY) by Nereis virens oocytes was reported to be linear
with time with the incorporation rate dependent on the concentration of NY in
the medium; 3) growth capacity of the oocyte, defined as the capacity to utilize
excess nutrient from the surrounding medium for growth which, though it is
assumed to be a constant for oocytes of a given diameter, varies as an oocyte
grows. This is evidenced by the fact that Nereis oocytes never fail to cease growth
at the appropriate species-specific size. Therefore, the affinity of the oocytes for
nutrients obviously decreases sometimes in later development. To summarize
then, a particular level of nutrients might lead to different rates of incorporation
in large and small oocytes and oocytes of a particular size class might grow at
different rates when exposed to different nutrient titers. The suggestion that pre-
cursors dissolved in the coelomic fluid might fluctuate in both quantity and quality
as oocyte differentiation progresses is substantially supported by the results of
Porchet (1984) for Perinereis cultrifera and Nereis diversicolor. He and his co-
workers have shown that the somatic tissue of these nereids supports the devel-
oping oocytes by releasing a variety of compounds following a specific time table.
Although it is hazardous to generalize limited research findings on nereids to other
polychaetes, it is reasonable to suggest that similar interactions between yolk
precursors and oocytes are probably carefully programmed in other species. This
is reflected by the wide variation in the length of the vitellogenic cycle observed
between polychaete species.

Based on the growth kinetic studies by Fischer (1984) on the oocytes of Nereis
virens and the detailed biochemical research on yolk precursor production and
uptake in other nereids (Porchet, 1984; Dhainaut, 1984), the vitellogenic process
appears to be a highly regulated process which is probably very species specific.
Although intraspecific variations in egg number are commonly reported, large
variation in egg volume and resulting larval mode are not. Poecilogonous species
(species exhibiting multiple patterns of larval development) have been reported
in polychaetes, notably in the Spionidae (Rasmussen, 1973; Simon, 1968; Blake,
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1969; Blake and Kudenov, 1981; Levin, 1984; Levin and Creed, 1984), but none
of these investigations have shown that a single female can produce both plank-
totrophic and lecithotrophic (non-adelphophagic) larvae. Without interbreeding
experiments, it is impossible to determine if sibling species are involved in these
examples. Poecilogony was initially reported in Capitella and Pholoe. however,
detailed studies by Grassle and Grassle (1976) and Christie (1982), respectively,
demonstrated the existence of sibling species. Levin (1984) conducted crossing
experiments which demonstrated that the planktotrophic and lecithotrophic forms
of Streblospio are not reproductively isolated. Although both reproductive modes
occur at one locality in North Carolina, Levin (pers. comm.) reports that individual
females do not switch modes. She suggests that as an alternative explanation for
the observed pattern, individuals with different genotypes within a single popu-
lation may reproduce at different times.

The adaptive value of small or large eggs and the resulting larval mode has
been disputed for some time. However, studies of the proximate composition of
the eggs of four species of brooding echinoderms (Lawrence et aI., 1984), for
example, showed that the deposition of additional organic material in large eggs
did not involve qualitative differences except for a lower level of NaOH-soluble
protein. The authors suggested that this implies that additional material was not
required for increased energy demands during development because increased
deposition of lipid would have been expected. The authors concluded that the
adaptiveness of the large egg served to produce a larger newly metamorphosed
individual. As Levin points out (1984), clues to the adaptive differences between
planktotrophy and lecithotrophy are more likely to be uncovered through the
study of poecilogonous species. The apparent reprOductive plasticity of poly-
chaetes such as Streblospio offer an unusual opportunity to further examine the
role yolk plays in larval trophic modes. Comparative studies of the ultrastructural
details of vitellogenesis and organic composition of the eggs and larvae of both
larval forms of Streblospio are presently underway (Eckelbarger and Levin, in
prep.) in order to determine if qualitative and quantitative differences exist be-
tween them. Preliminary studies indicate no differences in the kinds of yolk
materials stored in the two eggtypes observed in Streblospio although the quantity
and size of the protein yolk granules differ. Comparative studies of several sibling
species of Capitella exhibiting multiple egg sizes and larval modes also are being
examined for similar reasons (Eckelbarger and Grassle, in prep.). Ultrastructural
studies of the eggs of five sibling species have already revealed quantitative dif-
ferences in the types of yolk material stored during vitellogenesis. Based on this
study alone, no conclusions can be drawn as to the developmental significance of
these differences. However, comparative studies such as these on closely related
co-occurring species offer great promise as models to explain the general role of
yolk in polychaete larval biology.

Much work is needed to understand the role of yolk in the developmental
biology of polychaete larvae. The process of vitellogenesis itself has been inves-
tigated in less than 50 out of an estimated 15,000 described species ofpolychaetes.
The origins of yolk precursors are mostly unknown in polychaetes and the rela-
tionship between diet and yolk synthesis has not been investigated. Even the basic
chemical nature of yolk in polychaetes is known for only a single species. Although
rapid progress is being made in understanding the synthesis of various nutritive
stores in some polychaete eggs, they are confined to a few members of the Nereidae
whose representatives have reproductive patterns not universally shared by poly-
chaetes. It is likely that the reproductive physiology of semelparous species differs
significantly from that of iteroparous species since their respective life history
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co-occurring species offer great promise as models to explain the general role of
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Much work is needed to understand the role of yolk in the developmental
biology of polychaete larvae. The process of vitellogenesis itself has been inves
tigated in less than 50 out ofan estimated 15,000 described species ofpolychaetes.
The origins of yolk precursors are mostly unknown in polychaetes and the rela
tionship between diet and yolk synthesis has not been investigated. Even the basic
chemical nature ofyolk in polychaetes is known for only a single species. Although
rapid progress is being made in understanding the synthesis of various nutritive
stores in some polychaete eggs, they are confined to a few members ofthe Nereidae
whose representatives have reproductive patterns not universally shared by poly
chaetes. It is likely that the reproductive physiology ofsemelparous species differs
significantly from that of iteroparous species since their respective life history
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demands are much different. In addition, the significance and relative contribution
to yolk synthesis of auto- and heterosynthetic processes in the eggs of different
species is largely unclear. Questions remain as to how various pathways of yolk
synthesis and different levels of ovarian complexity have evolved in polychaetes
and what their ultimate adaptive significance might be to the offspring. Also, it
is unclear why there is such morphological diversity in types of yolk bodies in
polychaete eggs and if this variation reflects differences in the physiological and!
or metabolic demands of the larva during development. Lastly, it is uncertain if
the differences in quantity and quality of yolk materials in the eggsof co-occurring
sibling species truly reflect differences in the nutritive and developmental needs
of their respective larvae. Clearly, much research is needed, particularly on a
variety of polychaete species which show more diversity in their reproductive
and developmental patterns. Future research should also attempt to gather and
synthesize information from a variety of areas such as the morphological, devel-
opmental, reproductive, ecological and behavioral aspects of polychaete biology.
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