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Abstract Early development was examined, under vari-
ous salinities, for two sympatric nereidid polychaetes,
Hediste japonica and H. diadroma, which participated in
a simultaneous reproductive swarming in an estuary of
the Omuta-gawa River in Ariake Sea, Japan. The eggs of
both species were isotonic to the medium of 27.5–30 psu
salinity. The egg diameter in the isotonic salinity was
180–205 lm in H. japonica, and 130–160 lm in H. dia-
droma. Successful development of most embryos was
observed in a salinity range of 22.5–30 psu in both
species, while successful fertilization occurred in wider
ranges of salinity, i.e., 10–34 psu in H. japonica and 10
to 30 psu in H. diadroma. In both species, free-swim-
ming larval life started from the indistinct hatching of
trochophores out of a jelly layer capsule. The lecitho-
trophic development appeared to run to the 4-setiger
nectochaetes in H. japonica, while to 3-setiger necto-
chaetes in H. diadroma, resulting in a shorter pelagic
larval life in H. japonica. In a comparison of larval
morphology among Hediste species, we found a definite
negative correlation between the prostomium width,
which represents the larval size and depends on egg size,
and relative length of chaetae to the prostomium width:
the relative length of chaetae was the longest in
H. diadroma (with the smallest egg size and long pelagic
life), intermediate in H. japonica (intermediate egg size,
short pelagic life), and the shortest in H. atoka (largest
egg size, no true pelagic life). We also examined the
possibility of hybridization between H. japonica and

H. diadroma through cross-insemination experiments.
The gametes of the two species were reciprocally com-
patible, and viable hybrid offspring were produced by
the laboratory crosses. The hybrid larvae expressed
intermediate phenotypes, but with a greater maternal
influence in characteristics such as the relative length of
chaetae and the lecithotrophic larval duration.

Introduction

Hediste species (Nereididae, Polychaeta, Annelida)
dominate in macrobenthic fauna in shallow brackish
waters in the North Temperate Zone (Sato 1999). The
Asian Hediste worms had previously been regarded as a
single species, H. japonica. However, they have recently
been found to be a sibling species complex consisting of
three distinct species (H. japonica sensu stricto,H. dia-
droma, andH. atoka) (Sato and Nakashima 2003; Tosuji
et al. 2004). A comparison of their life histories may be
important to clarify the ecological and evolutionary
significance of sympatric or parapatric distribution of
these closely related species.

H. diadroma and H. atoka, which are commonly
distributed in a wide range of Japanese estuaries, have
contrasting life histories (Sato and Tsuchiya 1987, 1991;
Sato 1999). There have been few studies on the life his-
tory of H. japonica (Izuka 1908; Sato and Nakashima
2003), which is distributed in limited areas, i.e., the inner
part of the Ariake Sea in Japan and the Korean coast of
the Yellow Sea (Sato and Nakashima 2003).

Both H. japonica and H. diadroma inhabit the inter-
tidal flats in an estuary of the Omuta-gawa River, located
at the edge of the geographic range of H. japonica in
Ariake Sea, Kyushu Island, Japan (Sato and Nakashima
2003). Recently, we found that sexually mature adults of
both species participate in simultaneous reproductive
swarming there from December to February (our un-
published data). Previous studies showed that early
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development in H. diadroma is characterized by a small
egg size (130–170 lm in diameter), a long pelagic larval
life (about 1 month) and a high optimum salinity for the
development (19–34 psu) (Kagawa 1955; Inamori and
Kurihara 1979; Sato and Tsuchiya 1987, 1991; Sato
1999). On the contrary, H. japonica has a large egg size
(180–210 lm, Sato and Nakashima 2003) and a short
pelagic larval life (about 10 days, Izuka 1908). Salinity
favorable for the early development of H. japonica was
hitherto unknown.

In the present study, we compare early development
of H. japonica and H. diadroma in their sympatric hab-
itat with special reference to salinity favorable for
development. We also examine the possibility of
hybridization between these two species through cross-
insemination experiments, and discuss a possible mech-
anism for their reproductive isolation.

Materials and methods

Sexually mature worms of H. japonica and H. diadroma
were collected with a scoop net at a site 2.5 km upstream
from the mouth of the Omuta-gawa River in Ariake Sea
(Fukuoka Prefecture, Japan) from reproductive swarms
near the surface in December 2003, January 2004 and
January 2005. The mature adults were preserved in a
refrigerator (ca. 4�C) before experiments.

Gametes were obtained by pressing adult worms with
a forceps. Unfertilized eggs were quickly transferred into
Petri dishes containing Jamarin-U artificial seawater
(Jamarin Lab., Osaka, Japan), which was diluted with
distilled water to a series of (12) salinities (5, 7.5 10, 12.5,
15, 17.5, 20, 22.5, 25, 27.5, 30, 34 psu). Salinity was
measured with a handheld salinity, conductivity and
temperature system (Model 30, YSI, OH, USA). The
diameter of 175 unfertilized eggs (25 eggs from each of
four H. japonica and three H. diadroma females) was
measured on enlarged micrographs taken after about
1 h holding in the preceding 12 salinities.

The eggs from six females of H. japonica and three
females of H. diadroma were inseminated with conspe-
cific sperm suspension (final sperm concentration: 10�5–
10�6 dilution of dry sperm) under the series of salinities
to identify the optimum salinity for early development.
Five experiments of cross-insemination in reciprocal
combination (i.e., H. japonica egg versus H. diadroma
sperm, H. diadroma egg versus H. japonica sperm) were
carried out together with control experiments of con-
specific insemination in seawater diluted to 27.5 psu,
which was in the optimum range for early development
of both species (see results). Different parents were used
for each of the experiments. The index used for suc-
cessful fertilization was jelly-layer formation followed by
ooplasmic segregation. The index used for normal
development (progress of cleavage and cilia formation at
proper timing) was presence of cilia movement at about
24 h after insemination.

In each of the three experiments of the cross-
insemination, about 250 successfully fertilized embryos
(a day after insemination) obtained from each of four
gamete combinations (two reciprocal heterospecific
combinations and two conspecific controls) were
transferred to a 24-well tissue culture plate (well size:
15 mm in diameter · 10 mm in depth), each well con-
taining 2 ml of diluted seawater (27.5 psu) and 10–17
embryos. Their survivals were daily examined
throughout 23 days. Developmental stages of the all
survivors were examined 23 days after insemination.

The 3-setiger and later nectochaetes were fed on the
commercial fish food ‘‘Tetramin Flakes’’ (Pfizer, NY,
USA). To compare the nectochaeta morphology among
H. japonica,H. diadroma and their hybrids, the width of
prostomium and the length of the longest chaeta in se-
tiger 2 were measured on enlarged photographs of the 3-
setiger larvae (about 5 days after insemination). To
avoid fixation artifacts, the embryos and larvae were
photographed without fixation or immediately after
weak fixation in 0.5–1% formalin. All experiments were
carried out at controlled room temperature of
15±0.5�C.

Results

Egg size and inferred ooplasmic salinity

The egg diameter varied according to the salinity of the
medium (Fig. 1). The eggs swelled, developing a spher-
ical shape in the hypotonic media (hypotonic relative to
the ooplasm), while they shrank into irregular shapes in
the hypertonic media. The long axis of such eggs was
measured. When depressions on the surface become
barely detectable, the medium surrounding the eggs may
be assumed to be nearly isotonic to the ooplasm.

The eggs of both H. japonica and H. diadroma were
isotonic to the medium of 27.5–30 psu. The egg diameter
in 27.5 psu was 180–205 lm in H. japonica, and 130–
160 lm in H. diadroma.

Effects of salinity on early development

The effects of salinity on fertilization and successful
early development were examined (Fig. 2). In H. japon-
ica, most eggs (>80% average over six experiments)
were fertilizable in a wide range of salinities (10–34 psu),
and developed successfully to embryos with ciliary
movement in 22.5–30 psu. Few embryos (<30%)
developed to swimming larvae in less than 17.5 psu.

In H. diadroma, most eggs (>97% in average in three
experiments) were fertilizable in a range of 10–30 psu.
The upper limit of the range was lower than that in
H. japonica. Many eggs (>60%) developed successfully
to embryos with ciliary movement in a range of 22.5–
30 psu, though the rates of successful development
varied greatly among batches from the different females.
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From these experiments, the optimum salinity for early
development of both species was judged as around
27.5 psu.

Early development in optimum salinity

Hediste japonica

Mature eggs were turquoise green in color. The ooplasm
was relatively opaque, and contained 40–50 lipid drop-
lets surrounding a germinal vesicle (Fig. 3a). Within
30 min after insemination, each fertilized egg secreted a
jelly layer (about 150 lm thick). During the period of
polar body formation and cleavage, lipid droplets
gradually migrated to the vegetal pole and fused
(Fig. 3b–f). A band of cilia (prototroch) appeared 18–
24 h after insemination, and the embryos (trochophores)
began to rotate within the jelly layer capsule (Fig. 3g, h).
Several large lipid droplets were situated below the
prototroch. The trochophores began swimming freely
after hatching out (40–48 h after insemination). The
hatching process was not a distinct event, because the
jelly layer gradually collapsed and disappeared. About
3 days (65–70 h) after insemination, the larvae became
metatrochophores, which were slightly elongated pos-
teriorly and had two pairs of bundles of chaetae
(Fig. 3i). Both trochophores and metatrochophores
showed positive phototaxis.

About 4 days after insemination, the larvae became
3-setiger nectochaetes (Fig. 3k). The prototroch re-
mained in the larval prostomium, and lipid droplets
moved to the middle part of the larval body. During
this stage, the prostomial tentacle, the peristomial cirri
and the anal cirri began to grow (Fig. 3l). Necto-
chaetes developed the fourth setiger a week after
insemination, when the lipid droplets disappeared and
the larvae began to feed (Fig. 3m). Thereafter, larval
stage and body size were highly variable probably
depending on available food and individual feeding
ability. Cannibalism was commonly observed. Larval
settlement to the bottom was not a distinct event:
nectochaetes with four or more setigers seem to settle
gradually, showing crawling behavior on the bottom
together with swimming behavior in surface and bot-
tom water. The chronology of early development is
shown in Table 1.

Hediste diadroma

The mature eggs were green or yellow-green in color.
The ooplasm was relatively transparent, and contained

Fig. 1 Hediste spp. Egg diameter in four females of H. japonica
(filled circle) and four females of H. diadroma (filled square) in
various salinities. Average and SD bar from data of 25 eggs from
each female are shown. The arrows indicate the salinity where the
eggs have barely discernable depressions on their surface (i.e. nearly
isotonic to the ooplasm)

Fig. 2 Hediste spp. Rate of successful fertilization (open circle) and
development (cilia movement, filled circle) in various salinities in
conspecific insemination in six batches of H. japonica (a) and three
batches of H. diadroma (b). Averages and SE bars are shown
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20–40 lipid droplets surrounding a germinal vesicle
(Fig. 4a). Within 30 min after insemination, each fertil-
ized egg secreted a jelly layer (about 150 lm thick).
During the period of polar body formation and cleav-
age, lipid droplets migrated to the vegetal pole and fused
(Fig. 4b–g). A band of cilia (prototroch) appeared 24 h
after insemination, and the embryos (trochophores) be-
gan to rotate within the jelly layer capsule (Fig. 4g).
Several large lipid droplets were situated below the
prototroch. The trochophores began swimming freely
after hatching out (36–40 h after insemination)

(Fig. 4h). As in H. japonica, the hatching process was
not a distinct event. About 3 days after insemination,
the larvae became metatrochophores, which were
slightly elongated posteriorly and had two pairs of
bundles of chaetae (Fig. 4i). Both trochophores and
metatrochophores showed positive phototaxis.

About 4 days after insemination, the larvae became
3-setiger nectochaetes (Fig. 4k). The prototroch re-
mained in the larval prostomium, and lipid droplets
migrated to the middle part of the larval body. During
this stage, the prostomial tentacle, the peristomial cirri

Fig. 3 Hediste japonica. Early development of H. japonica in
27.5 psu. a Unfertilized egg. b First polar body formation (90 min
after insemination). c Second polar body formation (120 min).
d Two-cell stage (180 min). e Four-cell stage (210 min).f Cleavage
stage (6 h). g Early trochophore rotating within a jelly layer capsule

(24 h). h Trochophore just before hatching (48 h). i Metatrocho-
phore (lateral view, 70 h). j Anterior view of same stage as i.
k Early stage of 3-setiger nectochaeta (96 h). l Late stage of
3-setiger nectochaeta (110 h). m 4-setiger nectochaeta (8 days).
Scale bar: 100 lm

532



and the anal cirri began to grow, lipid droplets disap-
peared and the larvae began to feed (Fig. 4l). The
period of the 3-setiger nectochaeta stage of H. dia-
droma (>12 days) was much longer than that of H.
japonica (ca. 3 days). Cannibalism was commonly
observed. Nectochaetes developed the fourth setiger
16–30 days after insemination (Fig. 4m). Nectochaetes
with four or more setigers showed crawling behavior

on the bottom together with swimming behavior in
surface and bottom water. As in H. japonica, larval
settlement to the bottom was not a distinct event.

Gamete compatibility between Hediste japonica
and H. diadroma

Fertilization rates of heterospecific crosses in both re-
ciprocal combinations were variable (50–98%) depend-
ing on which eggs or sperm were used, while high
fertilization rates (88–100%) were always observed in
control experiments of conspecific controls (Fig. 5).
However, the fertilization rates were not significantly
different among them (ANOVA, F3,16=2.7, P=0.08).
Fertilization rates of two crossing experiments (50–64%)
with ‘‘old’’ gametes (4 days after collection of mature
adults) were lower than those of three crossing experi-
ments (64–98%) with ‘‘fresh’’ gametes (within 1 day of
collection).

Early development of the hybrids produced by suc-
cessful cross-fertilization was observed (Figs. 6, 7). The
polar body formation and early cleavage progressed
slower in hybrid embryos (Table 2) than in normal
embryos (Table 1). In hybrid larvae from both combi-
nations of reciprocal crossing, lipid droplets disap-

Table 1 Hediste spp. Time course of the early development of two
Hediste species at 15�C in 27.5 psu

Stage of development Time after insemination

H. japonica H. diadroma

Jelly-layer formation 10–30 min 10–30 min
First polar body formation 90 min 100 min
Second polar body formation 110–120 min 130 min
2-cell stage 170–180 min 210 min
4-cell stage 210 min 250 min
Commencement of cilia movement 18–24 h 18–24 h
Hatching of trochophore 40–48 h 36–40 h
Metatrochophore 65–70 h 3 days
3-setiger nectochaeta 4–5 days 4–5 days
4-setiger nectochaeta 7–8 days 16–30 daysa

5-setiger nectochaeta 10–20 daysa >30 daysa

a Depending on quantity of food available

Fig. 4 Hediste diadroma. Early development of H. diadroma in
27.5 psu. a Unfertilized egg. b First polar body formation (100 min
after insemination). c Second polar body formation (130 min).
d Two-cell stage (210 min). e Four-cell stage (250 min). f Cleavage
stage (6 h). g Early trochophore rotating within a jelly layer capsule

(24 h). h Free-swimming trochophore (48 h). i Metatrochophore
(lateral view, 3 days). j Anterior view of same stage as i. k Early
stage of 3-setiger nectochaeta (4 days). l Late stage of 3-setiger
nectochaeta (22 days). m 4-setiger nectochaeta (27 days). Scale bar:
100 lm
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peared during the 3-setiger nectochaeta and the larvae
began to feed about a week after insemination
(Fig. 6c, 7c).

Survival rates through 23 days after fertilization
were not significantly different among hybrids ob-
tained from two reciprocal crosses and normal off-
spring obtained from two conspecific combinations
(ANOVA, F3,8=1.5, P=0.28 at 10 days after insemi-
nation; F3,8=0.59, P=0.64 at 23 days after insemina-
tion) (Fig. 8). Developmental stages of the survivors
were compared at 23 days after fertilization (Fig. 9).
Though normal offspring of H. japonica reached the 4-
to 10-setiger stages with the highest proportion in the
5-setiger stage (average: 40.4%) (Fig. 9a), hybrids ob-
tained from H. japonica eggs fertilized by H. diadroma
sperm reached the 3- to 7-setiger stages with the

highest proportion in the 4-setiger stage (63.5%)
(Fig. 9b). The difference in proportions of six devel-
opmental stages (3-, 4-, 5-, 6-, 7-, and more setiger
stages), where data from three experiments were
pooled and low individual numbers at the 8- to 10-

Fig. 5 Hediste spp. Fertilization success in 27.5 psu in reciprocal
cross-insemination between H. japonica (J) and H. diadroma sperm
(D). Averages and SD bars from five experiments are shown

Table 2 Hediste spp. Time course of the early development of the
hybrids obtained from reciprocal crossed between H. japonica and
H. diadroma at 15�C in 27.5 psu

Stage of development Time after insemination

H. japonica (egg) ·
H. diadroma (sperm)

H. diadroma (egg) ·
H. japonica (sperm)

Jelly-layer formation 10–30 min 10–30 min
First polar
body formation

2 h 2 h

Second polar
body formation

3 h 3 h

2-cell stage 5 h 5 h
Commencement
of cilia movement

24 h 24 h

Hatching
of trochophore

40–48 h 36–40 h

Metatrochophore 3 days 3 days
3-setiger nectochaeta 4–5 days 4–5 days
4-setiger nectochaeta 9–10 daysa 12–23 daysa

5-setiger nectochaeta Around 30 daysa Around 21 daysa

a Depending on quantity of food available

Fig. 6 Hediste spp. Hybrid larvae obtained from H. japonica eggs
fertilized by H. diadroma sperm in 27.5 psu. a Trochophore (lateral
view, 3 days after insemination).b Early stage of 3-setiger
nectochaeta (4 days). c Late stage of 3-setiger nectochaeta
(5 days).d 4-setiger nectochaeta (10 days). Scale bar: 100 lm

Fig. 7 Hediste spp. Hybrid larvae obtained from H. diadroma eggs
fertilized by H. japonica sperm in 27.5 psu. a Trochophore (lateral
view, 3 days after insemination). b Early stage of 3-setiger
nectochaeta (4 days). c Late stage of 3-setiger nectochaeta (6 days).
d 4-setiger nectochaeta (23 days). Scale bar: 100 lm
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setiger stages were combined, was significant between
them (v2=189.2, df=5, P<0.0001). Whereas the
hybrids obtained from H. diadroma eggs fertilized by
H. japonica sperm reached the 3- to 4-setiger stages
with the highest proportion in the 3-setiger stage
(94.7%) (Fig. 9c), while normal offspring of H. dia-
droma reached the 3- to 4-setiger stages with the
highest proportion in the 3-setiger stage (99.3%)
(Fig. 9d). The difference in proportions of two devel-
opmental stages (3- and 4-setiger stages) was signifi-
cant between them (v2=11.3, df=1, P=0.0008).

Comparison of morphology of the 3-setiger nectochaetes
among Hediste japonica,H. diadroma and their hybrids

The width of prostomium (an index for the whole
body size of nectochaetes) was significantly greater in
H. japonica than in H. diadroma (ANOVA and post
hoc test of Scheffé’s F, F3,196=199.5, P<0.0001)
(Fig. 10, Table 3), corresponding to the difference in
egg size between them (Fig. 1). The width of prosto-
mium in hybrids obtained from H. japonica eggs fer-
tilized by H. diadroma sperm was not significantly
different from that in H. japonica proper (P=0.46).
The width of prostomium in hybrids obtained from
H. diadroma eggs fertilized by H. japonica sperm was
not significantly different from that in H. diadroma
proper (P=0.17).

The actual length of chaetae was significantly greater
in H. diadroma than in H. japonica (F3,196=27.6,
P<0.0001) (Fig. 10a). The relative length of chaetae
(length of longest chaeta/width of prostomium) was also
significantly greater in H. diadroma than in H. japonica
(F3,196=164.5, P<0.0001) (Fig. 10b). The actual and
relative length of chaetae in hybrids obtained from
H. japonica eggs fertilized by H. diadroma sperm was not
significantly different from those in H. japonica proper
(P=0.35 and 0.15, respectively). Whereas the actual and
relative length of chaetae was significantly smaller in the

hybrids obtained from H. diadroma eggs fertilized by
H. japonica sperm than those in H. diadroma proper
(P=0.0001 and <0.0001, respectively). The actual
length of chaetae in the hybrids obtained from
H. japonica eggs was not significantly different from that
in the hybrids obtained from H. diadroma eggs (P=0.2),
while the relative length of chaetae was significantly
greater in the latter (P<0.0001).

Discussion

Comparison of early development among three Asian
species of the genus Hediste

Salinities isotonic to ooplasm of H. japonica and
H. diadroma in the Omuta-gawa River were similar,
ranging from 27.5 to 30 psu. These values are consistent
with 27–30 psu in H. diadroma (=small-egg type of
Neanthes japonica) collected from Kagoshima, Hiro-
shima, and Miyagi Prefecture, and contrast with much
lower value (around 15 psu) isotonic to ooplasm of
H. atoka (=large-egg type of Neanthes japonica) (Sato
and Tsuchiya 1987).

Corresponding to the similar salinity isotonic to oo-
plasm in H. japonica and H. diadroma, salinity favorable
for early development was also similar between them,
ranging from 22.5–30 psu, and roughly consistent with
that of previous report (19–34 psu) in H. diadroma col-
lected from various localities, and contrasting with that
in H. atoka (9–21 psu) (Kagawa 1955; Inamori and
Kurihara 1979; Sato and Tsuchiya 1987). Our result
shows that embryos of H. japonica are more tolerant of
higher salinity (more than 30 psu) than those of H. dia-
droma. This difference may cause the different adult
distributions between the two species in the estuary of
the Omuta-gawa River to some extent: benthic adults
of H. japonica occupy mainly the lower reaches with
higher salinity, and those of H. diadroma usually inhabit
the upper reaches with lower salinity, though their

Fig. 8 Hediste spp. Daily
survival rates of offspring
derived from reciprocal cross-
fertilization between H.
japonica (J) and H. diadroma
(D) throughout 23 days after
fertilization in 27.5 psu.
Averages and SD bars from
three experiments are shown
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distributions are overlapped in a wide range (Hanafiah
et al., in preparation).

Previous studies showed that early development in
H. diadroma is characterized by a small egg size

(130–170 lm in diameter) and a long pelagic larval life
(about 1 month in the field) after hatching out at
trochophore stage (Kagawa 1955; Inamori and Kuri-
hara 1979; Sato and Tsuchiya 1987, 1991; Sato 1999).
Our result on developmental characteristics of H. dia-

Fig. 9 Hediste spp. Percentage of eight developmental stages (3- to
10-setiger stages) of the surviving offspring at 23 days after
insemination. a Normal offspring of H. japonica (J). b Hybrids
obtained from H. japonica eggs fertilized by H. diadroma (D)
sperm. c Hybrids obtained from H. diadroma eggs fertilized by
H. japonica sperm. d Normal offspring of H. diadroma. Averages
and SD bars from three experiments are shown. The number on
each datum indicates pooled number of individuals obtained from
the three experiments

b

Fig. 10 Hediste spp. Relationships between the width of prosto-
mium and the length of the longest chaeta for all individual data (a)
and between the width of prostomium and the relative length of the
longest chaeta (length of the longest chaeta/width of prostomium)
for average data with SD bars (b) in 3-setiger nectochaetes of
H. japonica (J) proper (open circle, n=50), H. diadroma (D) proper
(filled circle, n=50) and the hybrids, which were obtained from
H. japonica eggs fertilized by H. diadroma sperm (open triangle,
n=50), or H. diadroma eggs fertilized by H. japonica sperm (filled
triangle, n=50)
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droma in the Omuta-gawa River is the same as those of
the previous findings.

As for H. japonica, a few previous studies indicated a
large egg size (180–210 lm, Sato and Nakashima 2003)
and a short pelagic larval life (about 10 days, Izuka
1908) after hatching out at trochophore stage. Our
results support these previous findings.

The lecithotrophic larval periods are different
between H. japonica and H. diadroma. The amount of
maternal nutrient (yolks and lipid droplets) contained
in unfertilized eggs is more abundant in H. japonica
than in H. diadroma, corresponding to the different
egg size. Lecithotrophic development runs to the
4-setiger nectochaete stage in H. japonica, and to the
3-setiger nectochaete stage in H. diadroma. In both
species, later larval development (stage and body size)
is strongly affected by the availability of food in the
environment.

The lecithotrophic larval duration and the com-
mencement of larval feeding in the hybrids seem to be
intermediate between those in the two species. Devel-
opment to 4-setiger nectochaetes was completely leci-
thotrophic in H. japonica proper, whereas partially
planktotrophic and therefore somewhat delayed in the
hybrids obtained from H. japonica eggs fertilized by
H. diadroma sperm. Development from 3-setiger to 4-
setiger nectochaetes was planktotrophic in H. diadroma
eggs, and somewhat faster in the hybrids obtained from
H. diadroma eggs fertilized by H. japonica sperm than
H. diadroma proper. Our data on relative length of
chaetae in 3-setiger nectochaete larvae show that the
hybrids (at least those obtained from H. diadroma eggs
fertilized by H. japonica sperm) tended to express phe-
notypes intermediate to conspecific ones, but showing
more of maternal characteristics than paternal ones.
Similar results were obtained in asteroid hybrids (Byrne
and Anderson 1994).

In contrast to H. japonica and H. diadroma in the
present study, H. atoka produce the largest eggs (200–
250 lm in diameter), which develop directly to benthic
juveniles without a true planktonic phase (Sato and
Tsuchiya 1991; Sato 1999). The lecithotrophic develop-

ment seems to run to the 4-setiger nectochaete or further
in H. atoka (Sato and Tsuchiya 1991).

Our data on the chaetal length and the prostomium
width in 3-setiger nectochaetes of H. japonica and
H. diadroma (populations of the Omuta-gawa River in
Fukuoka Prefecture) in southern Japan were compared
with data from Sato and Tsuchiya (1991) on H. dia-
droma and H. atoka (populations of the Nanakita-gawa
River in Miyagi Prefecture and the Niida-gawa River in
Aomori Prefecture, respectively) in northern Japan
(Table 3, Fig. 11). The width of prostomium was
significantly different between all combinations of the
four populations (ANOVA and post hoc test of Fisher’s
PLSD: F3,130=151.1, P<0.0001), corresponding to the
difference in egg size between them. Populations with
larger egg size produced larger larvae. This result also
shows geographical variation in larval size depending on
egg size in H. diadroma. The Nanakita-gawa River
population produced larger eggs (140–170 lm in diam-
eter, Sato and Tsuchiya 1991) and larger larvae (average
width of prostomium: 110 lm) than the Omuta-gawa
River population (egg diameter: 130–160 lm, average
width of prostomium: 100 lm). We found a tendency

Fig. 11 Hediste spp. Relationship between the width of prosto-
mium and the relative length of the longest chaeta in 3-setiger
nectochaetes of four populations of three Hediste species. Averages
and SD bars are shown based on data of Table 3

Table 3 Hediste spp. Comparison of the width of prostomium and the length of the longest chaeta in 3-setiger nectochaetes of three
Hediste species and hybrids. Average ± SD is shown

Species and locality Width of
prostomium (lm)

Length of
longest chaeta (lm)

Relative length of
longest chaetab

n

H. atoka
Niidagawa River, Aomori Prefecrurea 141.2±11.8 144.3±6.8 1.03±0.12 17
H. diadroma
Nanakitagawa River, Miyagi Prefecrurea 110.3±7.8 182.3±14.2 1.66±0.15 17
Omutagawa River, Fukuoka Prefecture 100.0±9.8 188.7±16.2 1.90±0.18 50
H. japonica
Omutagawa River, Fukuoka Prefecture 129.5±5.5 160.4±10.1 1.24±0.08 50
Hybrids in Omutagawa River
H. japonica (egg) · H. diadroma (sperm) 127.0±8.9 166.4±15.5 1.32±0.18 50
H. diadroma (egg) · H. japonica (sperm) 103.5±5.5 173.5±21.7 1.68±0.21 50

a Calculated from data of Sato and Tsuchiya (1991)
b Relative length of longest chaeta=length of longest chaeta/width of prostomium
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for larger larvae to have shorter chaetae (both in abso-
lute length and relative to the width of the prostomium).
This tendency was very clear when the relative length of
chaetae was considered (Fig. 11). The average relative
length of chaetae (RL) was significantly different be-
tween all combinations of the four populations (ANO-
VA and post hoc test of Fisher’s PLSD: F3,130=263.4,
P<0.0001), and negatively correlated with the average
width of the prostomium (WP) according to the re-
gression formula: RL=�0.021 WP+4.0 (r2=0.998,
P=0.0002). The relative length of chaetae was the
longest in H. diadroma (with a long pelagic life), the
shortest in H. atoka (without a true pelagic life), and
intermediate in H. japonica (with a short pelagic life).
This corresponds with the difference between the larval
types of the spionid polychaete, Streblospio benedicti
found by Levin (1984), in which long chaetae are present
in planktotrophic larvae with a long pelagic life, but
reduced or absent in lecithotrophic larvae with a short
pelagic life. Long chaetae seem to be evolutionarily
adaptive for pelagic larval life due to some function such
as defensive mechanisms against predators (Pennington
and Chia 1984).

Reproductive isolation between Hediste japonica
and H. diadroma

The gametes of H. japonica and H. diadroma were
reciprocally compatible, and hybrids between them were
viable at least until 23 days after fertilization. This result
indicates that neither gamete incompatibility nor hybrid
inviability appears to ensure reproductive isolation be-
tween these species, though sympatric distribution of
these species is not common and at present known only
in the Omuta-gawa River, located at the edge of the
narrow geographic range of H. japonica (Sato and
Nakashima 2003).

For many free-spawning marine invertebrates, gam-
ete incompatibility is considered an important mecha-
nism of reproductive isolation among different species
(e.g., Palumbi and Metz 1991; Marsden 1992). However,
instances of complete or near-complete gamete com-
patibility in one or both reciprocal crosses between
sympatric congeners are also known in polychaetes
(Pernet 1999), echinoderms (Strathmann 1981; Lessios
and Cunningham 1990; Byrne and Anderson 1994), and
corals (Wallace and Willis 1994; Miller and Babcock
1997). In these cases, other pre- or postzygotic mecha-
nisms may act as barriers to gene exchange between
species in the field: For example, prezygotic isolation by
ecological or habitat segregation and/or temporal sepa-
ration in breeding was suggested in the asteroids (Pa-
tiriella spp., Byrne and Anderson 1994) and the
polychaetes (Arctonoe spp., Pernet 1999). Postzygotic
isolation by hybrid inviability was shown in the corals
(Montipora spp., Hodgson 1988). Whereas in some
corals (Acropora spp., Wallace and Willis 1994; Platy-

gyra spp., Miller and Babcock 1997), bivalves (Mytilus
spp., Gardner 1994), echinoids (Strongylocentrotus spp.,
Strathmann 1981) and asteroids (Asterias spp., Schopf
and Murphy 1973; Leptasterias spp., Kwast et al. 1990),
gene exchange between closely related species may occur
through production of viable hybrids in the zone where
their distributions overlap.

There is no evidence showing prezygotic isolation
between H. japonica and H. diadroma in the Omuta-
gawa River. Their breeding periods largely overlapped
in a period from December to February, when mature
males and females of both species participate in
simultaneous reproductive swarming just after high-
tide at night during the spring tides, and multiple-
species spawning occurred (Hanafiah et al., in prepa-
ration). In some nereidids which perform reproductive
swarming after a metamorphosis to the typical epito-
kal (heteronereis) form, prezygotic isolation may be
ensured by formation of pairs of conspecific partners
of the opposite sex, which swim rapidly in tight circles
around each other (nuptial dance) prior to the release
of gametes as is well-documented in Nereis succinea
(=N. limbata) (Lillie and Just 1913; Clark 1961),
Platynereis dumerilii (Boilly-Marer 1974) and Perine-
reis nuntia var. brevicirrus (Hardege and Bartels-
Hardege 1995). This behavior is controlled by sex
pheromones (Zeeck et al. 1990; Hardege 1999). Bar-
tels-Hardege et al. (1996) identified a sex pheromone,
which increased the swimming activity of mature
adults, from the coelomic fluid of swarming females of
Asian Hediste species (probably H. diadroma judging
from its locality, Qingdao, China, and reproductive
period, March, Sato and Nakashima 2003). However,
mature adults of both H. japonica and H. diadroma do
not metamorphose to the typical epitokal form, and
their gametes are released in a diffuse group of many
males and females without nuptial dance of pairing
partners (Bartels-Hardege et al. 1996: Sato and
Nakashima 2003). Therefore, potential exists for ga-
metes of the two species to mix in the water column in
the Omuta-gawa River as shown in mass spawning of
corals (Wallace and Willis 1994; Miller and Babcock
1997) and echinoderms (Pearse et al. 1988).

Salinities in bottom water in the Omuta-gawa River,
where mature adults of H. japonica and H. diadroma
were collected during simultaneous reproductive
swarming, were 24–30 psu (Hanafiah et al., in prepara-
tion), which was in the optimum range (around
27.5 psu) for development in both species. Therefore, it
is probable that successful hybridization between
H. japonica and H. diadroma occurs even in the field.
Successful hybridization may be affected by difference of
egg fertilizability between conspecific and heterospecific
sperm when both sperm are mixed in water column. Our
result shows that early developmental processes such as
polar body formation and early cleavage were delayed in
hybrid embryos, suggesting that the first step of fertil-
ization (i.e., sperm penetration and formation of male
pro-nucleus) requires more time in heterospecific crosses
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(Table 2). This suggests that sperm competition may
function as a prezygotic isolation.

Our next objective is to determine whether Hediste
hybrids are produced in the field, and whether they
participate in reproduction. Because H. japonica and
H. diadroma were clearly distinguishable in all mature
adults used in the present study by a morphological
diagnosis in posterior neuropodial ligules (Sato and
Nakashima 2003) without any intermediate forms, few,
if any, hybrids may survive to sexual maturity in the
field. Postzygotic isolation such as hybrid sterility also
should be considered. However, the reproduction of
H. diadroma starts unusually early and lasts long in
the Omuta-gawa River (from December to April),
consequently allowing it overlap considerably the
reproduction of H. japonica (our unpublished data),
while H. diadroma reproduces from February to April
in Kagoshima, Kyushu, where H. japonica is not dis-
tributed (our unpublished data). This fact may suggest
that gene flow through hybridization between the two
Hediste species is not completely prevented in the
Omuta-gawa River.
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