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Abstract

Comparative studies on reproductive and developmental features in brackish water nereidid polychaetes of the
genus Hediste (especially two Asian species, a small- and a large-egg form) are reviewed. General characteristics
of the gamete ultrastructures of the two forms are very similar, though some minor differences were detected
between them. The mode ofreproduction, body size of mature adults, egg size, fecundity and mode ofdevelopment
are markedly different between the two forms. Not surprisingly, the two forms have contrasting life histories: the
small-egg form with planktonic development migrates between brackish waters and the sea, while the whole life
history of the large-egg form is usually completed in brackish waters within a river. The different life histories
are reflected in different levels of genetic differentiation between geographically separated populations of the two
forms. The life history characteristics of the above two Asian forms are compared with those ofthree other Hediste

species with special reference to a relationship between developmental pattern and spéciation.

Introduction phthalmus (W estheide & Rieger, 1987), Ophryotrocha
(e.g. Akesson, 1973; Sella et ah, 1995), Chaetozone
(Christie, 1985), Platynereis (e.g. Hauenschild, 1951;

Schneider et ah, 1992) and in a poecilogonous spe-

In polychaetes, reproductive and developmental
modes are conspicuously variable even among mor-
phologically similar congeneric species (Akesson,
1973; Grassle & Grassle, 1976; Levin & Bridges,

1995). Itis an interesting problem why so great a vari-

cies, Streblospio benedicti (e.g. Levin & Creed, 1986;
Levin et ah, 1991).

In this paper, reproductive and developmental fea-

ety exists, i.e. what is the ecological or evolutionary tures in brackish-water nereidid polychaetes of the

significance of the various modes. To clarify this prob- genus Hediste Malmgren, 1867 (especially two Asian

lem, comparisons of various aspects in closely related sibling species, a small- and a large-egg form) are

species with the different modes may be useful. reviewed, with special reference to the relationship

Many examples of poecilogony, defined as in- between developmental pattern and spéciation.

traspecific variability of reproductive and develop-
mental modes, were reported in polychaetes in the
past (e.g. Thorson, 1950). However, most of these Taxonomy and distribution of species of Hediste

seem to represent the existence of sibling species com-

plexes, the members of which have species-specific
modes of reproduction and development (Clark, 1977;
Hoagland & Robertson, 1988).

Important findings have been made in comparative
studies on reproduction or development in sibling-
species groups of Capitella (e.g. Grassle & Grassle,
1976; Eckelbarger & Grassle, 1987a,b), Micro-

Three allopatric species of Hediste Malmgren, 1867
have been described from shallow brackish waters
in the North Temperate Zone. H. diversicolor (O.
F. Miiller, 1776) from both the European and the
North American coast of the Atlantic (Smith, 1977),
H. limnicola (Johnson, 1903) from fresh waters of
the North American Pacific coast (Smith, 1958) and
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H. japonica (Izuka, 1908) from East Asia (Ushakov,
1955; Imajima, 1972; Wu et al., 1985) (Figure 1).
Recently, Kirkegaard (1995) described H. kermadeca
from 4410 m depth in the Kermadec Trench. This
species is only known from a single specimen and is
not considered in the present paper. The most import-
ant characteristic of the genus Hediste is the presence
of heavily fused falcigers in the posterior neuropodia
(Fong & Garthwaite, 1994). The three brackish-water
Hediste species are morphologically very similar to
one another (Smith, 1958).

In Asia, the distributional range of Hediste spe-
cies extends north to Sakhalin in Russia and south to
the Amami-Oshima Island in Japan (Ushakov, 1955;
Imajima, 1972; Wu et ah, 1985; Sato, unpubl.). Pre-
viously, the Asian Hediste worms were regarded to
belong to a single species, H. japonica. However,
we found that 77.japonica’ is a sibling species com-
plex and consists of three distinct species, namely,
true H. japonica and two additional undescribed spe-
cies (Sato & Tsuchiya, 1987, 1991; Sato, 1992; Sato
& Tkeda, 1992; Sato & Masuda, 1997; Sato & Na-
kashima, unpubl.). Here, these three Asian species are
designated as ‘small-cgg form’, ‘large-egg form’ and
‘Ariake form’. Though the three forms are morpholo-
gically very similar to one another, mean numbers of
paragnaths on the proboscis (especially in area II) are
different, and chaetal morphology of the Ariake form
is clearly different from that of the other forms (Sato
& Nakashima, unpubl.). However, morphological dis-
tinction between the large-egg form and the small-egg
form is difficult except for mature adults.

The three forms are clearly distinguishable by
complete allele substitutions at several isozyme loci,
which are detectable by electrophoretic analysis (Sato
& Masuda, 1997; Sato & Nakashima, unpubl.).
The electrophoretic pattern of lactate dehydrogenase
(LDH) is available as a diagnostic character for iden-
tification of the three forms.

Figure 1 shows the geographical distributions of
the three forms. The small- and large-egg forms are
often sympatric in Japan. No genetic evidence of hy-
bridization between the two forms has been detected
even in localities where both occur, indicating that
they are reproductively isolated, and that they are
distinct species. The Ariake form, just recently dis-
covered, occurs exclusively in the inner part of the
Ariake Sea, a closed large bay in western Kyushu,
Japan. In the following sections, reproductive and de-
velopmental features are compared mainly between

the small- and large-egg forms.

Gamete morphology and fertilization in the two
Japanese species of Hediste

Sperm morphology of the small- and large-egg forms
was compared utilizing phase-contrast microscopy
and electron microscopy (Figures 2 & 3). The ‘primit-
ive type’ of spermatozoa with cone-shaped acrosome
was observed in both forms. Shape of the sperm head
was slightly different between the two forms: The
sperm head was angular at the base of acrosome in the
small-egg form, and rather round in the large-egg form
(Figures 2 & 3). General characteristics of the sperm
ultrastructure of the small- and large-egg forms were
very similar to each other and to those described in
Hediste diversicolor (Bertout, 1976). In all the three
Hediste species, a prominent acrosomal rod is con-
tained in the axial portion of the subacrosomal space
(anterior half) and the deep central indentation of the
nucleus (posterior half).

Egg morphology is markedly different between the
small- and large-egg forms (Sato & Tsuchiya, 1991).
Fully mature unfertilized eggs are much larger in the
large-egg form than in the small-egg form (see below).
Ooplasm is relatively transparent in the small-egg
form, and opaque in the large-egg form (Figure 4). The
egg surface structure ofthe tw'o forms is generally sim-
ilar, but some differences have been detected between
them (Table 1). In both forms, the egg is surrounded
by a chorion (0.6-0.7 /;m thick) consisting of three
layers, and egg microvilli are inserted into the cavit-
ies of the chorion (Figure 5). A specialized structure,
the microvillus tip vesicle (MTV), is situated on the

Figure I. Distribution and collection sites of three species of the
Hediste japonica group in Japan (A), in Kyushu (B) (Izuka, 1908;
Kagawa, 1955; Sato & Tsuchiya, 1987, 1991; Sato & Ikeda, 1992;
Sato & Masuda, 1997; Sato & Nakashima, unpubl)) and China
(Sun et al.,, 1980). In most cases, species were distinguished by dia-
gnostic characters of electrophoretic patterns of LDH (between the
three forms), reproductive and developmental features (between the
small-egg and the large-egg form) or chaetal morphology (between
the Ariake form and the others). Insome localities”), small-egg and
large-egg form distinguished tentatively by numbers of paragnaths
in the area II of proboscis. Numbers (1-17, a-c) mean localit-
ies for the studies of interpopulational variations in the small-egg
and large-egg form (see below). 1: off the coast of Usujiri; 2:
Obuchinuma Swamp; 3: Shinjogawa River; 4: Niidagawa River;
5: a small creek in Otsuchi; 6: Nanakitagawa River; 7: a small
creek in Yuriage; 8: Tonegawa River; 9: Kyobashigawa River; 10:
Yahatagawa River; 11: Nakagawa River; 12: Omoigavva River; 13:
Kotsukigavva River; 14: Nagatagawa River; 15: Osatogavva River;
16: Kaminokawa River; 17: Beppugawa River; (a) Kominatogawa

River; (b) Kojima Bay; (¢c) Shinmachigawa River.
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Figure 2. Phase-contrast micrographs of spermatozoa of the large-egg form collected from the Kotsukigawa River (A) and of the small-egg

form collected from the Omoigawa River (B). Scale bar: 5 gm .

Table I. Comparison ofegg surface structures betw een two
species ofthe Hedistejaponica group, mtv - microvillus tip

vesicles; ca - cortical alveoli; pta- phosphotungstic acid

Small-egg form Large-egg form

Beforefertilization
Thickness of
chorion (jun) o6 o 0.6-0.7

Electron density

of mty low high

Thickness of
ca layer (pm) 10-20 4-5

pta-staining

of ca positive negative
Afterfertilization

Thickness of

jelly layer (/.;in) 100-150 50-60

tip of each microvillus. Electron density of the MTV
is higher in the large-egg form than in the small-egg
form.

In the egg cortex ofboth forms, there are numerous
cortical alveoli which contain a fibrous material. A fter
fertilization, the fibrous material is secreted as jelly
to the outside (Sato & Osanai, 1986). The content of

these cortical alveoli was intensively stained by phos-
photungstic acid in the small-egg form, but not in the
large-egg form, suggesting that the chemical nature
is different in the two forms. The cortical layer filled
with cortical alveoli was thicker in the small-egg form
(10-20 fm ) than in the large-egg form (4-5 fim).

The mode of sperm entry during fertilization was
shown in the small-egg form (Sato & Osanai, 1986).
The MTV is known to function as a sperm receptor,
which induces the acrosome reaction and adheres to
the sperm acrosomal process. Spermatozoa can not
penetrate the chorion proper, but can fuse with the tip
of an egg microvillus, which penetrates the chorion.
At leasttwo other species of Hediste, i.e. the large-egg
form and H. diversicolor (Pasteels, 1966), probably
have the same manner of sperm entry as the small-egg
form, because their eggs have the MTV, and the adhe-
sion ofthe sperm acrosomal process just above an egg
microvillus was also observed in the large-egg form
(Figure 3C). All the MTV disappeared from the egg
surface within 5 min of insemination in the small-egg
form (Sato & Osanai, 1986).

In unfertilized eggs ofthe Hediste small- and large-
egg forms, the available area for sperm fusion was
estimated from the values of mean cross-section area
and density of microvilli: Total area of the microvillus
tips occupies 2-3 ¢ of the whole egg surface in both
of the two forms (Table 2).



Figure 3. Electron micrographs of spermatozoa of two species
of the Hediste japonica group. (A) Spermatozoon of small-egg
form collected from the Kyobashigawa River. (B) Spermatozoon of
large-egg form collected from Niidagawa River. m - mitochondrion;
n - nucleus; v - acrosomal vesicle; r - acrosomal rod. (C) Tip of
acrosome-reacted spermatozoon of large-egg form collected from
Niidagawa River. Specimen fixed 1 min after insemination to eggs
pretreated in 8% acetone in 10% seawater for 15 min in order to
induce polyspermy. Acrosomal process (ap) containing acrosomal
rod (r) adhering to the egg surface just above a microvillus. For
TEM methods see Sato & Osanai (1986). Scale bar: T gm.
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Differentiation of life-history traits in the two
Japanese species of Hediste

Modes ofreproduction

In the small-egg form, simultaneous reproduction oc-
curs as reproductive swarming in the cold season,
winter or early spring (Izuka, 1908; Kagawa, 1955;
Sun et al., 1980; Wu et al., 1985; Sato & Tsuchiya,
1987). During reproductive swarming, mature adults
swim up just after night high tide during spring tides
and are transported downstream by water currents of
the ebb tide (Figure 6). In Kagoshima, southern Ja-
pan, the largest number of adults participate swarming
in late February or early March, and swarming of a
smaller number of adults continues until April. The
body wall of the swimming adults becomes very thin,
so that in females, green colour of ripe eggs can be
seen, and in males, the whitish colour of the sperm.
Epitokous metamorphosis is not so distinct as in the
heteronereid forms of many marine species (Izuka,
1908; Imajima, 1972). Eggs or sperm are shed into
the ambient water around river mouth, and fertilization
occurs there. After spawning, adults die, i.e. this spe-
cies is semelparous (Sato & Tsuchiya, 1987). The life
span (generation time) of the small-egg form seems
to be one year or more, because the reproduction is
restricted to a short period once a year.

In contrast, spawning of the large-egg form occurs
within the brackish waters of the adult habitat without
reproductive swarming (Sato & Tsuchiya, 1987). Fe-
males spawn within the burrows. A mature male was
observed swimming near the bottom and releasing
sperm in an aquarium. Therefore, in the large-egg
form, males may release sperm near the openings of
burrows of females, and sperm may be incorporated
into a female burrow by water current made by the
wriggling behaviour of a female. Spawning of the
large-egg form is not as simultaneous as in the small-
egg form. Many mature adults were collected in late
September-October in southern Japan, and in June
in northern Japan (Sato & Tsuchiya, 1987). But a
few mature worms were found throughout almost the
whole year. The life span of the large-egg form seems
to be less than one year, because a male raised from
an egg spawned in an aquarium reached reproductive
maturity three months after fertilization. The large-
egg form is also semelparous. Within sediments, we
can find spent adults which are alive for a while after
spawning (Sato & Tsuchiya, 1987). It is unknown
whether the spent adults brood the young or not.



Figure 4. Mature unfertilized eggs. Small-egg form collected from the Yahatagawa River in 15 %o salinity (A) and in 23 fir salinity (nearly

isotonic to the ooplasm) (B). Large-egg form collected from Niidagawa River in 6 %o salinity (C) and in 15 %c salinity (nearly isotonic to the

ooplasm) (D). Germinal vesicle (g) with nucleolus (n). o - oil drops. Scale bar: 100 fm.

Sex determination and sex ratio

Sato & lkuda (1992) examined karyotypes of the two
sexes by obtaining chromosome samples from regen-
erating tail tips of males and females and from clumps
of spermatogonia in males. Their results showed that
in both the small- and large-egg forms, the diploid
chromosome number is 28 and the karyotype is sim-
ilar, containing heteromorphic sex chromosomes (Sato
& lkeda, 1992). The sex seems to be determined by
a simple system of male heterogamy, i.e. the male
genotype is XY, and the female genotype is XX. It is
characteristic that the Y chromosome is larger than the
X in this case.

According to the chromosomal sex determination,
simple out-crossing should produce a 1:1 sex ratio. In
fact, a sex ratio of almost 1:1 in both forms of Hediste
has been observed in the field. Swimming adults of
the small-egg form were collected at the peak of re-
productive swarming in the Omoigawa River, southern
Japan on Ist March 1991. Their sex was easily de-
termined (male:female = 143:134). Benthic adults of

the large-egg form were collected in the Kotsukigawa

River, southern Japan, in September-October, 1988
just before reproduction, and their sex was examined
by observing mature or immature gametes within the
body cavity (male:female = 117:121).

Body size ofmature adults

In body length of fixed intact specimens collected
from many places in Japan, mature adults of the small-
egg form (28—150 mm, average: 65 mm, «=185)
were significantly larger than those of the large-egg
form (25-100 mm, average: 50 mm, n=73) (Mann-
W hitney’s U-test: p < 0.0001).

The adult body size ofthe two forms was also com-
pared using index of width of anterior body without
parapodia (Figure 7). Though adult size varied among
populations within a form, mean body width of the
small-egg form was significantly larger than that of the
large-egg form in the sympatric populations (Mann-
W hitney’s U-test: p < 0.001). In neither form was
the difference in size between males and females
significant.
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/\ mtv

Figure 5. TEM micrographs of unfertilized egg surface of small-egg form collected from Yuriage (A), and large-egg form collected from
Niidagawa River (B). mtv - microvillus tip vesicle; m - microvillus; ch - chorion consisting of three layers; ca - cortical alveolus. For TEM
methods see Sato & Osanai (1986). Scale bar: 0.5 fj.m.
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Figure 6. Swarming of mature adults of small-egg form at the mouth of the Omoigawa River (25th February, 1986). Females green, males

whitish.
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Figure 7. Body width of mature adults of two species of the Hediste
japonica group. Small-egg form collected from 11 localities, and
large-egg form from 9 localities. Average of the wddth of anterior
body without parapodia and SD bar are show n in each locality. The
locality numbers (1-16, Figure 1) are arranged from north to south.
Number on each datum indicates sample size. Significance of dif-
ferences between the sjmpatric two forms in 3 localities (13, 14,
16) in Kagoshima Prefecture tested by Mann-W hitney U-test; for
all localities, difference is significant (*:p=0.001, :p=0.0001).

Egg sizes

Egg sizes are conspicuously different between the
small- and large-egg forms (Sato & Tsuchiya, 1991).

Egg diameter of the large-egg form was 200-220 gra,
while that of the small-egg form was 130-170 /zm.
No marked geographic variation in size was observed
in either species (Figure 8). As in many other species
of macrobenthos (Strathmann & Strathmann, 1982),
the species with the larger adult body size produces
smaller eggs, and the species with the smaller adult
body size produces larger eggs. Female body size and
egg sizes in the small-egg form collected from the
Omoigawa River, southern Japan, however, are not
correlated.

Fecundity (clutch size)

Adult females were carefully collected and kept in
individual containers. Fecundity (entire number oi
eggs produced by a female) was calculated by sev-
eral counts of egg number in diluted egg suspension
(Figure 9). Fecundity of the small-egg form was from
more than ten thousand to one million eggs. For the
large-egg form, it is rather difficult to collect fully ma-
ture females without injury. Though only three counts
for the large-egg form are available, it is evident that
fecundity of the large-egg form was several thousand
eggs, i.e. much smaller than that of the small-egg

form.
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Table 2. Density of microvilli (mv) and total area of the micro\illus tips on egg surface in two species

of the Hediste japonica group. Transmission electron micrographs obtained from 11-16 ultrathin

sections of 8-11 eggs were used for measurements and calculations. P. - Prefecture

Species and Density of mv

locality (No.//.iin2) m\ (/rm)

Small-egg form

Hiroshima P. 1.33 £0.17 0.156 £0.019
(n = 14) (n = 91)
Miyagi P. 0.67 £0.12 0.188 £0.022
(n = 14) (n = 76)
Large-egg form
Aomori P. 0.76 £0.10 0.221 £0.023
(n = 16) (n = 108)

+ Small-egg form

300- O Large-egg form

Q 100

it b e e e e e e
34 56 b 9 10 C 11 12 13 14 15 16

Figure 8. Egg sizes of two species of the IHediste japonica’ group.
Range of diameters of mature eggs is shown for each popula-
tion. Living materials measured in media isotonic to the ooplasm
(about 15 Toesalinity in large-egg form, and about 30 Zoosalinity in
small-egg form. Sato & Tsuchiya, 1987) except for four localities
(*, **). For locality numbers Figure 7, except for additional data
of Kominatogawa River (a) (Sato & Tsuchiya, 1991), Kojima Bay
(b) (Izuka, 1908) and Shinmachigawa River (¢) (Okada, 1960) (Fig-
ure 1). Number of females examined shown on each datum. [;, eggs
which had been shed out from several females and fixed in 80cf
ethanol were measured; **, sample size not shown in the literature
cited.

Early development

Developmental patterns are markedly different between
the small- and large-egg forms (Sato & Tsuchiya,

1991). Figure 10 shows a schematic summary of

Diameter of

Mean cross section Percent of area

area of am\ (pm2) occupied by

mv on egg surface

0.019 2.6
0.028 1.9
0.038 2.9

® Small-egg form
O Large-egg form

106"
]

105

I. M

C
104

03

103

Body width of fem ales (mm)

Figure 9. Fecundity of a female in two species of the ‘Hediste
japonica' group. Small-egg form collected from Omoigawa River
(23 inds) and Nanakitagawa River (1 ind.); large-egg form from
Kotsukigawa River (3 ind.).

differences in early development between the two
forms. In both forms, a jelly substance secreted just
after fertilization formed ajelly layer surrounding the
developing embryo.

In the small-egg form, the jelly layer was thick
(Table 1), but relatively soft and disappeared gradu-
ally, and then the trochophores began to swim freely
(Figure 10). During the planktonic phase, the lar-
vae became nectochaetes with long chaetae. It was
often observed that the nectochaetes floated motion-
lessly at the water surface with the chaetae spread out
radially. The nectochaete larvae continue the plank-
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" m

Figure 10. Schematic diagram of early development in two sibling species of the 'Hedistejaponica group. S - Small-egg form: L - Large-egg
form; (I) Unfertilized egg, (2) Two-cell stage, (3) Trochophore, (4) Three-chaetiger nectochaeta, F - Fertilization; H - Hatching from jelly

layer; j - Jelly layer.

tonic life until the 6-chaetiger stage, about one month
after fertilization, and then settle into brackish wa-
ters of the adult habitat, moving upstream on rising
tides (Kagawa, 1955; Sato, unpubl.). For the small-
egg form, salinity approaching full-strength seawater
(at least more than 20 %o) is essential for the early
development, and the 6-chactiger larvae seem to gain
a tolerance to lower salinity (Kagawa, 1955; Sato &
Tsuchiya, 1987).

In the large-egg form, the jelly layer was relatively
solid and did not dissolve and the trochophores never
hatched out of the jelly layer. Hatching occurred at the
3-chaetiger nectochaete stage with short chaetae. The
3-chaetiger nectochaetes did not swim and adhered
to the bottom, so they were regarded as benthic ju-
veniles. In the large-egg form, the early development
can proceed under a wide range of salinity with the
optimal salinity around /57co, which is lethal for the
development of the small-egg form (Sato & Tsuchiya,
1987).

Thus, the most important difference between the
two forms is that the small-egg form has a planktonic
and probably planktotrophic development, while the

large-egg form has a direct development without a true

planktonic phase. The nectochaetes of the small-egg
form have longer chaetae than those of the large-egg
form.

Advanced juveniles of the large-egg form with 4
or more chaetigers can swim. In the Kotsukigawa
River, southern Japan, where the large-egg form is
most common, such swimming juveniles were collec-
ted by hauling a net at the flood tide. Benthic juveniles
of the same stages as the swimming juveniles were
found in the sediment at the ebb tide in the same
place. Thus, it seems that the juveniles are mainly
benthic, and only during flood tide do they float up
and swim into the water. By this behaviour, the young
produced by the direct development within a female
burrow can disperse widely in a brackish-water region

without becoming displaced downstream.

Life cycle and interpopulational genetic differences

Life cycles of the small- and large-egg forms are sum-
marized in Figure 11. The life cycle of the small-egg
form comprises migrations between brackish waters
and the sea, while the life cycle of the large-egg form
is usually restricted to brackish waters within a river.
Adults of both forms show euryhaline distributions
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(Brackish waters)

The sea

Figure 11. Schematic diagram of life cycles of two species of ihe ‘Hedistejaponica’ group, based on Kagawa (1955), Sato & Tsuchiya (1987,

1991). Lile cycle of small-egg form (left) comprises migrations between brackish waters and the sea, characterized by (1) benthic life of adults,

(2) reproductive swarming of mature adults toward the sea, (3) planktonic life of larvae, and (4) moving upstream and settlement of larvae into

brackish waters. Life cycle of large-egg form (right) completed within brackish waters (estuaries), characterized by (1) benthic life of adults,

(2) reproduction in or around adult burrows, (3) direct development, and (4) dispersal of juveniles by swimming behaviour.

in estuaries (Kagawa, 1955; Wu et al., 1985; Sato,
unpubl.) and sometimes occur sympatrically.

The different life histories seem to result in the
different levels of genetic differentiation among geo-
graphically separated populations. It seems that the
planktonic larvae of the small-egg form easily migrate
from river to river through the sea, resulting in fre-
quent gene flow among populations. In contrast, the
gene flow seems to be limited among populations of
the large-egg form, which lacks a planktonic larval
stage, though dispersal from river to river is excep-
tionally probable by swimming juveniles, which may
flow downstream by accidents such as a flood, and
may come back to another brackish-water area. Thus,
higher interpopulational genetic differentiation may be
expected in the large-egg form.

This idea was tested by electrophoretic studies
(Sato & Masuda, 1997). Genetic differentiation among
five populations of the small-egg form and five popu-
lations of the large-egg form was investigated on 14
isozyme loci by electrophoretic analysis (both forms
were obtained from three rivers). As was expec-
ted, the genetic differentiation among populations was
higher in the large-egg form (Figure 12). In the small-

egg form, genetic structure was rather homogeneous

even between populations from northern and southern
Japan.

Comparison of life histories in Hediste

Table 3 compares life-history traits of five Hediste spe-
cies. In contrast to similarity in adult morphology and
ecology among these species, the modes of their life
history are remarkably variable. The small-egg form
is considered to be the true H. japonica, because the
developmental and reproductive features are identical
with those in the original description of H. japonica
(Izuka, 1908).

The life history of H. diversicolor (Dales, 1950;
Smith, 1964; Bartels-Hardege & Zeeck, 1990) re-
sembles that of the large-egg form in, e.g. egg size,
reproductive behaviour and early development, but
differs in having demersal development with hatching
out at the trochophore stage. Moreover, an aberrant sex
ratio with few males was reported in H. diversicolor
(Dales, 1950; Smith, 1964). High levels of genetic
differentiation between European populations of this
species (Hateley et al.,, 1992; Fong & Garthwaite,
.1994; Abbiati & Maltagliati, 1996) are comparable to
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Nagatagawa (14)
Beppugawa (17)
Omoigawa (12)
Kaminokawa (16)
Nanakitagawa (6)
Nagatagawa (14)
Kotsukigawa (13) h
Kaminokawa (16)
Obuchinuma (2)

Nanakitagawa (6)

0.3 0.4 0.5 0.6

Nei's genetic distance

Figure 12. Dendrogram showing UPGMA clustering by Nci's genetic distances among populations of the small-egg form (S) and large-

form (L). Numbers in parentheses correspond to sites in Figure 1. After Sato & Masuda (1997), partially modified.

Table 3. Life-history traits of five species of Hediste

Species Distribution Egg diameter (/2m)
(development)

H.japonica Japan 130-170

(small-egg form) China (planktonic)

Hediste sp. 1 Japan 200-250

(large-egg form) (direct)

Hediste sp. 2 Japan 200-210

(Ariake form) (Ariake Sea) ?)

ff. diversicolor Europe 195-275

H. limnicola

North American

Atlantic coast

North American

Pacific coast

(demersal)

120-170,210

(viviparous)

those ofthe large-egg form in Japan (Sato & Masuda,
1997).

The life history of H. limnicola, which inhabits
fresh waters, is very specialized in that the species is
hermaphroditic, self fertilizing and viviparous (Smith,
1950). Within the coelom of a parent, the young de-
velop to juveniles. The juveniles emerge by rupturing
of the body wall of the parent when they become 4-
8 mm long with 20-30 segments. Cross-fertilization
isolated

has never been observed in the field, and

Remarks on References
reproduction
swarming Sato & Tsuchiya, 1987, 1991;

towards the sea Wuet al., 1985

female spawning Sato & Tsuchiya, 1987, 1991

within burrows

Sato & Nakashima, unpubl.

female spawning Dales, 1950; Smith, 1964;

w'ithin burrows. Bartels-Hardege & Zeeck, 1990
few males (1-30% )
hermaphrodite, Smith, 1950

self-fertilization Fong & Pearse, 1992a

individuals produced viable offspring in laboratory
1992a,b). the
genetic evidence from allozyme electrophoretic ana-

cultures (Fong & Pearse, However,
lysis suggests that H. limnicola is not entirely self-
fertilizing but outcrosses frequently enough to main-
tain relatively high levels of heterozygosity (Fong &
Garthwaite, 1994).

Since the Ariake form has just recently been dis-
covered, we have only little information about its

life-history traits. M ature eggs ofthe Ariake form were



A
H.japonica
(Small -egg form)

H.sp.1
(Large - egg form)

H.diversicolor

H.limncoia

Ancestor with small eggs and pelagic

development
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B
H. sp. 1
(Large - egg form)

H.diversicolor

H.limnicola

H.japonica

(Small -egg form)

Ancestor with large eggs and direct or
demersal development

Figure 13. Two hypotheses of spéciation in Hediste species group. (A) Hypothesis that the ancestral form had a life history with small egg size

and planktonic development. (B) Hypothesis that the ancestral form had a life history with large egg size and direct or demersal development.

(1) Large egg size and direct or demersal development. (2) Hermaphrodite, self-fertilization and viviparity. (3) Diadromous life history with

swarming and planktonic development.

obtained from only one laboratory-cultured female.
The relatively large egg size (average egg diameter:
205 /im) suggests that the Ariake form may have the
direct development like the large-egg form.

Conclusion

Smith (1958) first discussed the direction of spéciation
in Hediste. He suggested that life history of the small-
egg form with reproductive swarming might be the
plesiomorphic situation. According to his hypothesis,
species with direct or demersal development should be
derived from an ancestor v,ith planktonic development
(Figure 13A).

Indeed, many marine nereidid species show
reproductive swarming accompanied by epitokous
metamorphosis of adults to the heteronereid form
(Schroeder & Hermans, 1975). However, mature
adults of the small-egg form do not metamorphose to
the typical heteronereid form: they lack the character-
istic paddle-shaped epitokous chaetae, though many
homogomph spinigers are added (Smith, 1958; Sato,
unpubl.).

Large egg size and direct development are not ne-
cessarily derivative characteristics for adaptation in
brackish waters of rivers, but commonly occur also in
marine species of polychaetes and other macrobenthos
(Thorson, 1950; Mileikovsky, 1971; Schroeder &
Hermans, 1975; M. E. Petersen, personal commmu-
nication). Contrasting life histories with direct or

planktonic development are known in marine poly-
chaetes such as Nereididae (Hauenschild, 1951 ;Reish,
1957; Clark, 1977), Hesionidae (Westheide, 1967),
Capitellidae (Grassle & Grassle, 1976), Sabellidae
(McEuen et al., 1983) and Lumbrineridae (Sato et ah,
1982). In many polychaete taxa, it appears to be the
rule rather than the exception that reproduction and
developmental patterns are variable. Therefore, either
direct or planktonic development could be ancestral
for the life history of a brackish-water species.

In Hediste, another hypothesis of spéciation is
proposed here: Life history with direct or demersal de-
velopment may be primitive, and life history with the
reproductive swarming and planktonic development
may be derived (Figure 13B). Electrophoretic stud-
ies (Fong & Garthwaite, 1994; Abbiati & Maltagliati,
1996; Sato & Masuda, 1997) suggested that greater
genetic differentiation between populations can oc-
cur in species with direct or demersal development,
as generally expected (Scheltema, 1971; Burton &
Feldman, 1982; Hoskin, 1997). If such a form is
ancestral, allopatric spéciation and establishment of
sibling-species groups seem to be easy.

In the genus Hediste, only H. limnicola inhabits
freshwaters. Its specialized life-history traits such as
hermaphroditism, self-fertilization and viviparity may
be considered as adaptation to the freshwater habitats.

The other Hediste species inhabit brackish wa-
ters in North Temperate Zone. Establishment of the

diadromous life-history of the small-egg form may be



142

related to the higher primary productivity in temper-
ate latitudes. In general, oceans are more productive
than freshwaters in temperate latitudes, while freshwa-
ters are much more productive than oceans in tropical
latitudes (Gross et al., 1988). One of the most im-
portant benefits of planktonic development for benthic
animals is that their larvae can use the phytoplankton
for food. In a temperate region with high oceanic pro-
ductivity, rich resources of phytoplankton in seawater
may cause the evolution even for a brackish-water or
freshwater species to yield a life history with plank-
tonic larval life in the sea. This idea can illustrate
establishment of the diadromy in fishes (Gross, 1987).
Thus, it is probable that the small-egg form with
planktonic development evolved from an ancestral
form like the large-egg form with direct development.
According to this hypothesis, polychaetes with
planktonic development and a diadromous life history
should be rare in tropical brackish waters or freshwa-
ters. The following facts seem to support this predic-
tion, though life-history studies of tropical brackish-
water or freshwater species are not enough: 1. There
is no report of planktonic development, reproductive
swarming and any other characteristic of the diadromy
in brackish-water or freshwater polychaetes inhabit-
ing tropical latitudes. 2. Nondiadromous life history
with direct development was found in a subtrop-
ical brackish-water nereidid, Neanthes glandicincta,
which is morphologically very similar to Hediste spp.
(Sato, unpubl.). 3. In temperate latitudes of Japan, a
diadromous life history with reproductive swarming
and planktonic development, as in the Hediste small-
egg form, is known in another brackish-water nereidid,
Tylorrhynchus heterochaetus (Izuka, 1903; Osanai,
1978), which is not closely related to Hediste spp.
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