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Habitat availability determines distribution
patterns of spionid polychaetes (Annelida:
Spionidae) around Tokyo Bay
Hirokazu Abe1,2,3* , Toshimitsu Takeuchi2,4, Masanori Taru3, Waka Sato-Okoshi5 and Kenji Okoshi2,3

Abstract

An investigation of the distribution and habitat utilization of spionid polychaetes in Tokyo Bay revealed eight shell-
boring and 18 non-boring (interstitial, epifaunal, and infaunal) species, of these 11 species were recorded in the area for
the first time. Most of the boring and interstitial species, which are associated with mollusc shells, were mainly distributed
in exposed environments favoured by their host species outside Tokyo Bay. Only two boring species, Polydora websteri
and Polydora haswelli preferred the enclosed waters of Tokyo Bay. Epifaunal and infaunal species were mainly distributed
in the sandy and/or muddy sediment within Tokyo Bay. A widespread or localized distribution pattern within species was
observed corresponding to the larval developmental mode. We concluded that habitat availability determines distribution
patterns of spionid polychaetes around Tokyo Bay. Novel habitats for Boccardiella hamata, Boccardia proboscidea,
Carazziella spongilla, and Polydora cornuta were recorded. Boccardia pseudonatrix, which was recorded for the first time
from Japan with clear locality information, is considered to be a potential alien species.
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Introduction
The family Spionidae, one of the largest and most di-
verse taxa of polychaetous annelids, is a major compo-
nent of marine and estuarine benthic communities all
over the world. The spionids are widely distributed from
deep-sea to freshwaters (e.g. Glasby and Timm 2008;
Paterson et al. 2016). The group is well known to utilize
various substrates such as bottom sediment, sand or
mud deposits in crevices of stones, rocks, shells, and
byssus and to associate with other invertebrates. Some
spionids can bore into various hard calcareous substrates
(Blake and Evans 1972). Shell boring ability is considered
to be species specific (Sato-Okoshi 1999, 2000), although
there are some exceptions (e.g. Radashevsky and Pan-
kova 2013). In addition to the ability to exploit a wide
range of habitats that are not utilized by other inverte-
brates (Blake 1996), the great plasticity in feeding
methods (Dauer et al. 1981) and diverse reproduction

and developmental modes (Blake and Arnofsky 1999)
are presumed to play an important role in the evolution-
ary success of spionids.
Spionid polychaetes, especially in polydorids (the gen-

era: Polydora, Dipolydora, Pseudopolydora, Boccardia,
Polydorella, Tripolydora, Boccardiella, Carazziella, and
Amphipolydora), are well known as invasive polychaetes
worldwide and pose a potential risk of marine biological
invasion (Çinar 2013). In most cases, the invasion path-
way of spionids is considered to be through ship fouling
or ballast water (Carlton 1985; Çinar 2013). Additionally,
anthropogenic translocation of molluscs for aquaculture
is a significant invasive pathway for spionids, which bore
into, or associate with, commercially important molluscs
(Simon and Sato-Okoshi 2015). The rapid globalization
and increasing trends of the living shellfish trade
worldwide in recent decades have accelerated marine
biological invasions of the boring spionid polychaetes
(Radashevsky and Olivares 2005; Sato-Okoshi et al.
2008). Biological invasions are one of the most import-
ant direct drivers of biodiversity loss and a major pres-
sure on several types of ecosystems (Katsanevakis et al.
2014). Nevertheless, little attention has been paid to
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marine biological invasions, especially in unintentionally
transported species including spionids (Sato-Okoshi et
al. 2012). An understanding of basic ecology, including
environmental preference and habitat utilization
patterns of the spionids which pose a potential risk of
marine biological invasion, is useful for the prediction of
their expansion and of the potential ecological impacts
when the species invade a new geographical region. In
particular, such studies in areas which include big inter-
national trading ports and thus susceptible to biological
invasions would provide valuable information in the
context of the real invasion problems.
Tokyo Bay, which is surrounded by Boso Peninsula

and Miura Peninsula (Fig. 1), is one of the biggest ‘melt-
ing pots’ of alien species in Asia as a consequence of the
presence of Tokyo Port, one of the biggest international
trading ports in Japan (Asakura 1992; Iwasaki 2006).
Extensive loss of tidal flats by reclamation has occurred
in the twentieth century (Furukawa and Okada 2006).
Owing to a large population and intensive industrial
activity surrounding the bay, eutrophication often leads
to seasonal hypoxia of bottom waters. Wind-driven
coastal upwelling of the hypoxic water sometimes causes
mass mortality of marine organisms (Takeda et al. 1991).

Although Tokyo Bay connects to open ocean adjacent to
the Sagami Gulf via the Uraga Channel, water exchange
is limited by the narrow width (7 km) of the channel
(Fig. 1; Sukigara and Saino 2005). Huge environmental
differences between the inside (north of the boundary
line from Cape Futtsu on Boso Peninsulato to Cape
Kannonzaki on Miura Peninsula, an enclosed bay) and
outside (Uraga Channel and open ocean) of Tokyo Bay
allow an evaluation of the environmental preferences of
spionid species.
In the present study, to reveal the distribution of the

spionid fauna occurring around Tokyo Bay and the detec-
tion of potentially invasive alien species, a field survey
across a wide variety of habitats was carried out. This was
also intended to indicate environmental preferences and
habitat utilization patterns of the spionids, as well as the
relationships between habitat availability and distribution
pattern especially focused on the polydorid spionids.

Methods
Sampling of spionid polychaetes was conducted at 24
sites around Tokyo Bay (Fig. 1; outside of the bay: A-I,
inside of the bay: J-X) during the period from July 2012
to July 2016 (Table 1). Mollusc species (23 gastropods,

Fig. 1 Localities of sampling sites around Tokyo Bay, Japan. Sampling sites were as follows: (A) Kominato, (B) Chikura, (C) Okinoshima, (D) Tomiura, (E)
Takeoka, (F) Kannonzaki, (G) Ena, (H) Bishamon, and (I) Jogashima outside of Tokyo Bay and (J) Shiomi, (K) Obitsu, (L) Kisarazu, (M) Mitate, (N) Yoro, (O)
Chiba, (P) Inage, (Q) Funabashi, (R) Sanbanze, (S) Kasai, (T) Wakasu, (U) Odaiba, (V) Tama, (W) Kanazawa, and (X) Nojima in Tokyo Bay

Abe et al. Marine Biodiversity Records            (2019) 12:7 Page 2 of 12



Ta
b
le

1
Li
st
of

sa
m
pl
in
g
si
te
s,
lo
ca
lit
y,
sa
m
pl
in
g
da
te
,a
nd

co
lle
ct
ed

sa
m
pl
es

in
th
e
pr
es
en

t
st
ud

y

Si
te

Lo
ca
lit
y

Sa
m
pl
in
g

da
te
s

Su
rv
ey
ed

en
vi
ro
nm

en
t

C
ol
le
ct
ed

sa
m
pl
es

G
as
tr
op

od
a

Bi
va
lv
ia

O
th
er

in
ve
rt
eb

ra
te
s

Su
bs
tr
at
es

O
ut
si
de

of
To
ky
o
Ba
y

A
Ko

m
in
at
o

A
ug

20
13
,O

ct
20
16
,J
ul

20
17

Ro
ck
y
sh
or
e

Ce
lla
na

ni
gr
ol
in
ea
ta
,P
at
el
lo
id
a
sa
cc
ha
rin
a
la
nx
,

Lo
tt
ia
do
rs
uo
sa
,H

al
io
tis

di
ve
rs
ic
ol
or

aq
ua
til
is,

H
al
io
tis

gi
ga
nt
ea
,H

al
io
tis

di
sc
us

di
sc
us
,

O
m
ph
al
iu
s
pf
ei
ffe
ri
pf
ei
ffe
ri,
M
on
od
on
ta

co
nf
us
a,
Tu
rb
o
sa
za
e,
Lu
ne
lla

co
re
en
sis
,

Ly
nc
in
a
vi
te
llu
s,
Th
ai
s
cl
av
ig
er
a

Pi
nc
ta
da

m
ar
te
ns
ii

Is
hn

oc
hi
to
ni
da
e
sp
.,

Li
ol
op
hu

ra
ja
po
ni
ca
,

Cr
yp
to
pl
ax

ja
po
ni
ca
,

H
ym

en
ia
ci
do
n
sin

ap
iu
m
,

D
em

os
po

ng
ia
e
sp
.

B
C
hi
ku
ra

Ju
l2
01
2,
M
ar

20
13
,J
ul

20
16

Fi
sh
er
y
ha
bo

r
Ba
til
la
ria

at
tr
am

en
ta
ria

Cr
as
so
st
re
a
gi
ga
s,
Sa
cc
os
tr
ea

ke
ga
ki

Li
ol
op
hu

ra
ja
po
ni
ca
,

H
ym

en
ia
ci
do
n
sin

ap
iu
m

C
O
ki
no

sh
im

a
Ju
l2
01
3

Ro
ck
y
sh
or
e

Pa
te
llo
id
a
sa
cc
ha

rin
a
la
nx
,O

m
ph

al
iu
s
pf
ei
ffe
ri

pf
ei
ffe
ri,
Tr
oc
hu

s
sa
ce
llu
s
ro
ta
,M

on
op
le
x

pa
rt
he
no

pe
us
,T
ha

is
cl
av
ig
er
a

Cr
as
so
st
re
a
gi
ga
s,
Sa
cc
os
tr
ea

ke
ga
ki

Li
ol
op
hu

ra
ja
po
ni
ca

D
To
m
iu
ra

A
ug

20
13
,

A
pr

20
16

Fi
sh
er
y
ha
bo

r
Ce
lla
na

ni
gr
ol
in
ea
ta
,P
at
el
lo
id
a
sa
cc
ha

rin
a
la
nx
,

O
m
ph

al
iu
s
pf
ei
ffe
ri
pf
ei
ffe
ri,
Tr
oc
hu

s
sa
ce
llu
s
ro
ta
,

Tu
rb
o
st
en
og
yr
us
,M

on
op
le
x
pa
rt
he
no

pe
us
,T
ha

is
cl
av
ig
er
a

H
yo
tis
sa

in
er
m
is,

Cr
as
so
st
re
a

gi
ga
s,
Cr
os
so
st
re
a
ni
pp
on

a,
Sa
cc
os
tr
ea

ke
ga
ki

E
Ta
ke
ok
a

Ju
n
20
14

Ro
ck
y
sh
or
e,

Fi
sh
er
y
ha
bo

r
Ch

lo
ro
st
om

a
lis
ch
ke
i,
O
m
ph

al
iu
s
ru
st
ic
us
,

Ca
lli
os
to
m
a
un

ic
um

,M
on

op
le
x
pa
rt
he
no

pe
us
,

M
on

od
on

ta
co
nf
us
a,
Th
ai
s
cl
av
ig
er
a

Cr
as
so
st
re
a
gi
ga
s,
Sa
cc
os
tr
ea

ke
ga
ki

Li
ol
op
hu

ra
ja
po
ni
ca

F
Ka
nn

on
za
ki

Ju
l2
01
3

Ro
ck
y
sh
or
e

Pa
te
llo
id
a
sa
cc
ha

rin
a
la
nx
,C
hl
or
os
to
m
a
lis
ch
ke
i,

O
m
ph

al
iu
s
ru
st
ic
us
,M

on
od
on

ta
co
nf
us
a,
Th
ai
s

cl
av
ig
er
a

An
om

ia
ch
in
en
sis
,C

ra
ss
os
tr
ea

gi
ga
s,
Sa
cc
os
tr
ea

ke
ga
ki

Li
ol
op
hu

ra
ja
po
ni
ca

G
En
a

A
ug

20
13
,

Ju
n
20
16

Ti
da
lf
la
t

Cr
as
so
st
re
a
gi
ga
s

Bo
tt
om

se
di
m
en

t

H
Bi
sh
am

on
M
ay

20
14

Ti
da
lf
la
t

Bo
tt
om

se
di
m
en

t

I
Jy
og

as
hi
m
a

A
ug

20
12
,

A
ug

20
13
,

A
ug

20
14

Ro
ck
y
sh
or
e,

Fi
sh
er
y
ha
bo

r
H
al
io
tis

di
ve
rs
ic
ol
or

aq
ua
til
is,

H
al
io
tis

gi
ga
nt
ea
,

H
al
io
tis

di
sc
us

di
sc
us
,C
hl
or
os
to
m
a
lis
ch
ke
i,

O
m
ph

al
iu
s
ru
st
ic
us
,O

m
ph

al
iu
s
pf
ei
ffe
ri
pf
ei
ffe
ri,

Tu
rb
o
sa
za
e,
Tu
rb
o
st
en
og
yr
us
,L
un

el
la
co
re
en
sis
,

Th
ai
s
cl
av
ig
er
a

O
st
re
a
ci
rc
um

pi
ct
a
(D
ea
d
sh
el
l),

Cr
as
so
st
re
a
gi
ga
s,
Cr
os
so
st
re
a

ni
pp
on

a,
Sa
cc
os
tr
ea

ke
ga
ki

In
si
de

of
To
ky
o
Ba
y

J
Sh
io
m
i

A
pr

20
14

Ti
da
lf
la
t

Bo
tt
om

se
di
m
en

t

K
O
bi
ts
u

Se
p,

N
ov

20
12
,J
ul
,

Se
p
20
14
,

A
pr

20
16

Ti
da
lf
la
t

Ba
til
la
ria

at
tr
am

en
ta
ria
,L
ag
un

cu
la
pu
lc
he
lla

Cr
as
so
st
re
a
gi
ga
s,
M
ac
tr
a

qu
ad
ra
ng

ul
ar
is,

Ru
di
ta
pe
s

ph
ili
pp
in
ar
um

,M
er
et
rix

lu
so
ria

Bo
tt
om

se
di
m
en

t

L
Ki
sa
ra
zu

O
ct

20
13
,

O
ct

20
14

Ti
da
lf
la
t,
Su
bt
id
al

Ru
di
ta
pe
s
ph

ili
pp
in
ar
um

,M
ya

ar
en
ar
ia
oo
no

ga
i

Bo
tt
om

se
di
m
en

t
(S
M

gr
ab
)

M
M
ita
te

N
ov

20
14

Fi
sh
er
y
ha
bo

r
Pe
rn
a
vi
rid
is,

Cr
as
so
st
re
a
gi
ga
s

Abe et al. Marine Biodiversity Records            (2019) 12:7 Page 3 of 12



Ta
b
le

1
Li
st
of

sa
m
pl
in
g
si
te
s,
lo
ca
lit
y,
sa
m
pl
in
g
da
te
,a
nd

co
lle
ct
ed

sa
m
pl
es

in
th
e
pr
es
en

t
st
ud

y
(C
on

tin
ue
d)

Si
te

Lo
ca
lit
y

Sa
m
pl
in
g

da
te
s

Su
rv
ey
ed

en
vi
ro
nm

en
t

C
ol
le
ct
ed

sa
m
pl
es

G
as
tr
op

od
a

Bi
va
lv
ia

O
th
er

in
ve
rt
eb

ra
te
s

Su
bs
tr
at
es

N
Yo

ro
M
ay

20
13

Ti
da
lf
la
t

Th
ai
s
cl
av
ig
er
a

Cr
as
so
st
re
a
gi
ga
s,
M
ac
tr
a

qu
ad
ra
ng

ul
ar
is,

M
er
ce
na

ria
m
er
ce
na

ria
,D

os
in
ia
ja
po
ni
ca
,

Ru
di
ta
pe
s
ph

ili
pp
in
ar
um

,M
er
et
rix

lu
so
ria
,M

ya
ar
en
ar
ia
oo
no

ga
i

Bo
tt
om

se
di
m
en

t

O
C
hi
ba

A
pr

20
16

Fi
sh
er
y
ha
bo

r
Cr
as
so
st
re
a
gi
ga
s

P
In
ag
e

A
pr

20
13

Br
ac
ki
sh
w
at
er

po
nd

Ro
ck

Q
Fu
na
ba
sh
i

Ju
n
20
13
,

N
ov

20
14

Ti
da
lf
la
t

Pe
rn
a
vi
rid
is,

Cr
as
so
st
re
a
gi
ga
s,

M
ac
om

a
in
co
ng

ru
a,
M
er
ce
na

ria
m
er
ce
na

ria
,R
ud
ita
pe
s
ph

ili
pp
in
ar
um

Bo
tt
om

se
di
m
en

t

R
Sa
nb

an
ze

A
ug

20
12
,

A
pr

20
13
,

Ju
n
20
16

Ti
da
lf
la
t

Cr
as
so
st
re
a
gi
ga
s,
M
ac
tr
a
qu
ad
ra
ng

ul
ar
is,

So
le
n
st
ric
tu
s,
D
os
in
ia

ja
po
ni
ca
,R
ud
ita
pe
s

ph
ili
pp
in
ar
um

Bo
tt
om

se
di
m
en

t

S
Ka
sa
i

Ju
l2
01
3,

Ju
l2
01
4

Ti
da
lf
la
t

Cr
as
so
st
re
a
gi
ga
s,
M
er
ce
na

ria
m
er
ce
na

ria
,

D
os
in
ia
ja
po
ni
ca
,R
ud
ita
pe
s
ph

ili
pp
in
ar
um

,
M
er
et
rix

lu
so
ria

Bo
tt
om

se
di
m
en

t

T
W
ak
as
u

O
ct

20
12
,

Ju
l2
01
3

Fi
sh
er
y
ha
bo

r
Li
tt
or
in
a
br
ev
ic
ul
a

M
yt
ilu
s
ga
llo
pr
ov
in
ci
al
is,

Pe
rn
a
vi
rid
is,

Xe
no

st
ro
bu
s
se
cu
ris
,C
ra
ss
os
tr
ea

gi
ga
s

U
O
da
ib
a

Se
p–

D
ec

20
12
,M

ay
20
16

Su
bt
id
al

Li
tt
or
in
a
br
ev
ic
ul
a

Xe
no

st
ro
bu
s
se
cu
ris
,C
ra
ss
os
tr
ea

gi
ga
s,

M
er
ce
na

ria
m
er
ce
na

ria
,R
ud
ita
pe
s

ph
ili
pp
in
ar
um

,M
er
et
rix

lu
so
ria

M
ol
gu
la
m
an

ha
tt
en
sis

Bo
tt
om

se
di
m
en

t
(S
C
U
BA

)

V
Ta
m
a

M
ay

20
13

Ti
da
lf
la
t

Cr
as
so
st
re
a
gi
ga
s

W
Ka
na
za
w
a

Ju
l2
01
2

Ti
da
lf
la
t

G
lo
ss
au
la
x
di
dy
m
a,

Th
ai
s
cl
av
ig
er
a

Cr
as
so
st
re
a
gi
ga
s,
Sa
cc
os
tr
ea

ke
ga
ki
,

Ru
di
ta
pe
s
ph

ili
pp
in
ar
um

Li
ol
op
hu

ra
ja
po
ni
ca
,

Ac
an

th
oc
hi
to
na

ac
ha

te
s

Bo
tt
om

se
di
m
en

t

X
N
oj
im

a
Ju
l2
01
2,

A
pr

20
14

Ti
da
lf
la
t

Li
tt
or
in
a
br
ev
ic
ul
a

Cr
as
so
st
re
a
gi
ga
s

Li
ol
op
hu

ra
ja
po
ni
ca

Bo
tt
om

se
di
m
en

t

Abe et al. Marine Biodiversity Records            (2019) 12:7 Page 4 of 12



18 bivalves, and 4 chiton species) and other invertebrate
species were obtained by sample collection from the
intertidal or the upper part of the subtidal zone, and har-
vested molluscs with origin labels were also purchased
at the sales office of the local fishery cooperatives (Table
1). Spionid individuals that excavated their burrows into
shells of molluscs were extracted by fracturing the shells
with cutting pliers. Individuals that inhabit interstitial
habitats were collected from crevices between adherent
substrates and the shell of oysters, which attached to
rocks, concrete seawalls, and concrete slopes. Individuals
that inhabit the bottom sediment were collected from
the intertidal zone by sieving the sediment through
1-mm mesh, and were collected from subtidal zones in
Odaiba and off-Kisarazu (c.a. 20 m depth) by SCUBA
and Smith-McIntyre grab sampler, respectively (Table 1).
Collected spionids were identified under a stereomicro-
scope (MZ16A, Leica; SZX16, Olympus) and biological
microscope (DM 4000B, Leica). They were classified as
boring and non-boring (interstitial, epifaunal, and
infaunal) species according to their habitat types (Fig. 2;
Sato-Okoshi 1999, 2000).
To compare spionid fauna across study sites and

spatial distribution trend across spionid species, cluster
analysis with the group average linkage method and
two-dimensional non-metric multidimensional scaling
(nMDS: Anderson and Willis 2003) was conducted

based on the Jaccard similarity coefficient matrix
calculated from the presence/absence data matrices
using R3.5.1 statistical software with the R package
vegan (Oksanen et al. 2018). The hierarchical cluster
dendrograms showing the similarity relationship of the
sites and species were generated with colour mapping to
graphically display presence/absence status of the
species. To examine which environmental factors can
explain the spatial pattern of the spionid fauna, correla-
tions between the nMDS ordination by site and location
(outside or inside of Tokyo Bay) and environment (rocky
shore, fishery harbour, tidal flat, subtidal, and brackish
water pond) of the study sites were calculated and
plotted onto the ordination by using envfit function in
the vegan (Oksanen et al. 2018). To examine whether
the species spatial distribution trend can be explained by
the species habitat types, correlations between the
nMDS ordination by species and habitat type (boring,
interstitial, epifaunal, and infaunal) were also calculated
and plotted onto the ordination by using envfit function.
Site T was excluded from these analyses due to inad-
equate data without any spionid species.
To examine host utilization pattern of the shell boring

spionid polydorid species, cluster analysis was conducted
based on the presence/absence data matrices of the
mollusc species in the same manner as described above.
The molluscs which were host to one or more

Fig. 2 Photographs showing various habitat types of spionid polychaetes. a Boring species, Polydora onagawaensis, inhabiting the shell of
Omphalius pfeifferi pfeifferi (arrowed). b Interstitial species, Boccardia pseudonatrix, inhabiting mud in crevices of the oyster, Crassostrea gigas, shell
and substrate (arrowed). c Epifaunal species, Carazziella spongilla, attaching to the rock surface (arrowed). d Infaunal species, Pseudopolydora cf.
reticulata, constructing mud tubes in a tidal flat (arrowed)
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polydorids were graphically displayed as colour mapping
with the hierarchical cluster dendrograms. Sites G, H, J,
L, and P were excluded from the analysis due to inad-
equate data without any mollusc species.

Results
Spionid fauna around Tokyo Bay
In total, 26 spionid species were collected from water
areas around Tokyo Bay, of which eight, four, three, and
11 species were shell boring, interstitial, epifaunal, and in-
faunal spionid species, respectively (Fig. 3). The hierarch-
ical cluster dendrograms calculated from the presence/
absence data showed a clear difference in the spionid

fauna of hard (rocky shore and fishery harbour) and soft
(tidal flat and subtidal) substrates (Fig. 3). Outside Tokyo
Bay, a hard bottom environment is predominant,
while inside Tokyo Bay a soft bottom environment is
most common: This difference is reflected in the
spionid fauna. Two-dimensional nMDS ordination
showed significant correlation between the spatial pat-
tern of the spionid fauna and location (outside and
inside of Tokyo Bay) and environment (rocky shore
and tidal flat) (Fig. 4a). Correlations between spatial
distribution trend of each spionid species and their
habitat types showed little significant relationship ex-
cept for infaunal species (Fig. 4b).

Fig. 3 The black and white colour mapping showing the presence or absence of the spionid species with the hierarchical cluster dendrograms
according spionid fauna showing the similarity relationship across the sites and species. Dendrograms are generated by using group average
linkage clustering method based on Jaccard similarities coefficient calculated on the presence/absence data of spionids at study site A–X.
Location (outside or inside of Tokyo Bay) and environment of the study sites as well as habitat type of the species are indicated by black and
white, or grey-scale colours. Site T is excluded from the analysis due to inadequate data without any spionid species
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Boring species
In total, eight shell boring species of spionid polychaetes
were collected from mollusc shells around Tokyo Bay (Fig.
3). The highest number of boring species was recorded at
Kominato (site A) outside of Boso Peninsula (5 species)
followed by Jogashima (site I) in the southernmost point of
Miura Peninsula (3 species). In Tokyo Bay, the number of
boring species tended to be low and only two boring
species, Polydora haswelli and Polydora websteri, were col-
lected. Polydora onagawaensis was the species collected
from the largest number of sampling sites (6 sampling sites)
at outside of Tokyo Bay.
Excavation of spionid polychaetes was confirmed in 8

gastropod and 3 bivalve species out of 22 gastropod and 10
bivalve species examined (Fig. 5). Spionid excavation of the
shells of Polyplacophora, limpet and infaunal bivalves was
not observed (excluded from analyses). The top shell
Omphalius pfeifferi pfeifferi and the Pacific oyster Crassos-
trea gigas were the most frequently observed host shells
that were bored by spionids. Spionid infestation of the top
shell was observed in 3 spionid species at 4 sampling sites
outside Tokyo Bay. Infestation of the oyster was observed
in 4 spionid species at 1 sampling site outside Tokyo Bay
and 5 sampling sites in Tokyo Bay (Fig. 5). The hierarchical
cluster dendrograms calculated from the presence/absence
data of mollusc species showed a difference of molluscan
fauna between inside and outside Tokyo Bay except

Chikura (site B; Fig. 5). Overall, the diversity of molluscs
was high outside Tokyo Bay and low inside it, while the
number of mollusc species with spionid infestation
tended to be higher outside of the bay and lower inside
the bay.

Interstitial and epifaunal species
In total, four interstitial species of spionid polychaetes
were collected from crevices between adherent sub-
strates and the shells of oysters, which were attached to
rocks, concrete seawalls, and concrete slopes (Fig. 3).
Two of the interstitial species, Boccardiella hamata and
Boccardia proboscidea, were also observed within the
marine sponge Hymeniacidon sinapium in Kominato
(site A) and Chikura (site B), respectively. Both species
formed their tubes within tissues of the sponge (Fig. 6).
Pseudopolydora tsubaki was collected from crevices be-
tween adherent substrates and the shells of oysters that
had attached to concrete slopes in Tomiura (site D),
while the species was also collected from muddy bottom
sediment of the intertidal area in Ena Bay (site G). Inter-
stitial species were frequently observed outside of Tokyo
Bay, but were rarely observed in Tokyo Bay (Fig. 3). Boc-
cardiella hamata showed a relatively wide distribution
from Kominato (site A) to Kisarazu (site L). Conversely,
the other three interstitial species were only collected
from one or two sites. Boccardia pseudonatrix (Fig. 7) was

Fig. 4 Two-dimensional nMDS ordinations of sites (a) and species (b) based on Jaccard similarities coefficient calculated on the presence/
absence data of spionid fauna. Correlations between the ordination and environmental (a) or habitat type (b) vectors with p value < 0.01, < 0.05,
and≥ 0.05 are indicated by solid, dashed, and dotted lines of arrows, respectively, with the length of the arrows corresponding to the correlation
strength. Complete overlap of the data points in nMDS ordinations are indicated by fisheye symbols. Site T is excluded from the analysis due to
inadequate data without any spionid species. The data points of nMDS ordinations of species (b) are indicated by abbreviated species names: Po.
cal = Polydora calcarea, Po. ona = Polydora onagawaensis, Po. has = Polydora haswelli, Po. hop = Polydora hoplura, Po. web = Polydora websteri, D.
arm = Dipolydora armata, D. gia = Dipolydora giardi, D. bid = Dipolydora bidentata, B. ham = Boccardiella hamata, B. pro = Boccardia proboscidea, B.
pse = Boccardia pseudonatrix, Ps. tsu = Pseudopolydora tsubaki, C. spo = Carazziella spongilla, Po. daw = Polydorella dawydoffi, Po. cor = Polydora
cornuta, Ps. ach = Pseudopolydora achaeta, Ps. kem = Pseudopolydora cf. kempi, Ps. pau = Pseudopolydora paucibranchiata, Ps. ret = Peudopolydora cf.
reticulata, S. fil = Spio aff. Filicornis, R. glu = Rhynchospio glutaea complex sp., S. bom = Spiophanes aff. bombyx, A. oxy = Aonides oxycephala, Pa. pat
= Paraprionospio patiens, Pr. jap = Prionospio japonica, Pr. kru = Prionospio krusadensis
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collected only from crevices between the shells of oysters
and their adherent substrates in Tomiura (site D).
The three epifaunal species, Polydora cornuta, Caraz-

ziella spongilla, and Polydorella dawydoffi, which made
mud or sand tubes on the substrate surface, were ob-
served to attach onto a wide variety of substrates. Poly-
dora cornuta was collected from the shell surface of
Crassostrea gigas in Odaiba (site U) and Yoro (site N),
the surface of exotic solitary ascidians Molgula manhat-
tensis (Odaiba), and also from within mussel beds
(Odaiba). Carazziella spongilla was collected from sur-
face of rocks (Fig. 2C) in an artificial brackish water

pond in Inage (site P) and the shell of oysters in brackish
environments of Kasai (site S). Those epifaunal species
were observed to inhabit only areas within Tokyo Bay
(Fig. 3). Polydorella dawydoffi was only observed on the
surface of a sponge species Demospongiae sp. at a rocky
shore in Kominato (site A) outside of Tokyo Bay.

Infaunal species
In total, 11 infaunal spionid species were collected from
bottom sediment around Tokyo Bay (Fig. 3). Infaunal
species were often observed in Tokyo Bay but were rarely

Fig. 5 The colour mapping showing the host utilization of boring spionid polydorid species with the hierarchical cluster dendrograms according
mollusc fauna showing the similarity relationship across the sites and species. Dendrograms are generated by using group average linkage
clustering method based on Jaccard similarities coefficient calculated on the presence/absence data of molluscs at study site A–X. Presence of
each boring spionid species in the host mollusc shell and presence or absence of the traces of spionid excavation as well as absence of the
mollusc species are indicated by colours. Location (outside or inside of Tokyo Bay) and environment of the study sites as well as taxonomic
group of the host mollusc species are indicated by black and white, or grey-scale colours. Sites G, H, J, L, and P are excluded from the analysis
due to inadequate data without any mollusc species. a: only dead shells were observed
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collected from outside the bay, excluding Ena Bay (site G)
in Miura Peninsula. Pseudopolydora cf. reticulata was the
most frequently observed species (8 sites). Pseudopolydora
cf. kempi and Ps. cf. reticulata, two morphologically similar
species, occurred sympatrically in 4 sites: Ena (site G),
Obitsu (site K), Sanbanze (site R), and Odaiba (site U).
Pseudopolydora achaeta was collected only from sediment
with a depth of 20m off Kisarazu (site L). Pseudopolydora
paucibranchiata was collected from muddy bottom
sediment in 3 sites, below a depth of 5m depth in Odaiba
(site U) and also from the periphery region of a seagrass
(Zostera japonica) bed in the lower intertidal zone in Ena
(site G) and Bishamon (site H).

Discussion
Novel species records and potential alien species in
vicinity of Tokyo Bay
In the present study, 11 spionid species, Polydora cal-
carea, Polydora onagawaensis, Dipolydora bidentata,
Dipolydora giardi, Boccardiella hamata, Boccardia
proboscidea, Boccardia pseudonatrix, Pseudopolydora
tsubaki, Carazziella spongilla, Polydorella dawydoffi, and
Pseudopolydora achaeta were recorded for the first time
from the vicinity of Tokyo Bay, including the Boso and
Miura Peninsulas. As almost all of them have been
already recorded within Japan (Sato-Okoshi 1999, 2000;

Sato-Okoshi and Abe 2013; Teramoto et al. 2013; Abe et
al. 2014, 2016; Yamada and Hoshino 2014; Simon et al.
2019), these species were considered to be native to
Japan or questionable in origin. It is noteworthy that
Boccardia pseudonatrix (Fig. 7) was recorded for the
first time from Japan with clear locality information (see
Sato-Okoshi et al. 2015, as extracted from oyster Cras-
sostrea gigas). This species is considered to be a poten-
tial alien species because the species has, until now, only
been recorded from localities distant from Japan: South
Africa (Day 1967; Simon et al. 2010) and Australia
(Blake and Kudenov 1978; Sato-Okoshi et al. 2008, as B.
knoxi: see Sato-Okoshi et al. 2015; Walker 2013), despite
they have relatively low natural dispersal ability due to
adelphophagic development without long planktonic
larval phase (Simon 2015).

Habitat utilization by spionid polychaetes
In the present study, the shell boring spionids usually
inhabited multiple species of mollusc shells (Fig. 5), as re-
ported in previous studies (Sato-Okoshi 1999, Simon and
Sato-Okoshi 2015), while a certain degree of limitation in

Fig. 6 Tubes of spionids protruding from the sponge Hymeniacidon
sinapium. a The sponge collected from Kominato with a lot of tubes
formed by Boccardiella hamata (overview). b The sponge collected
from Chikura and torn to expose a tube formed by Boccardia
proboscidea (cross section). Arrow heads indicate spionid tubes

Fig. 7 Boccardia pseudonatrix collected from mud in crevices of
oyster shells and adherent substrates (concrete slopes) in Tomiura,
Boso Peninsula. a Anterior, dorsal view of living individual. White
bands are present on the palp (arrowed). Palp on right side is
lacking. b Anterior, lateral view of living individual. A mid-dorsal
ridge is present from chaetiger 5 to the middle of chaetiger
8 (arrowed). Scale bars: A, B = 1mm
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host utilization was assumed. Only one third of the mol-
lusc species examined were bored by spionids even
though molluscan species had overlapping distributions
(Fig. 5). The factors responsible for restricting the mollus-
can species bored are unclear, but it should be noted that
boring by spionids has seldom been reported from supra-
littoral and/or upper-intertidal gastropods (e.g. Littorina
brevicula), deep burrowing infaunal bivalves (e.g. Rudi-
tapes philippinarum), and species with iron rich (chitons
and some limpets; Okoshi, unpublished data) or very thin
shells (e.g. Mytilus galloprovincialis). It is also interesting
to note that spionid borings have not been observed on
the shells of Monodonta confusa and Thais clavigera in
the present study and previous studies (e.g. Sato-Okoshi
1999), in spite of their habitat depth (lower intertidal and
subtidal zones) where the spionids occurred in other
sympatric gastropods such as Chlorostoma lischkei and
Omphalius rusticus (Fig. 5).
Non-boring spionids were collected from a wide variety

of substrates and were grouped into three habitat types:
interstitial, epifaunal, and infaunal species (Fig. 2). Non-
polydorid spionids (i.e. species other than polydorids)
were found only in infaunal habitats. In contrast,
polydorid species showed diverse habitats (Fig. 3). Four
polydorid species, Boccardiella hamata, Boccardia probos-
cidea, Boccardia pseudonatrix, and Pseudopolydora
tsubaki utilized interstitial habitats such as mud depos-
ition in crevices between oyster shells and their adherent
substrates. Boccardiella hamata and Boccardia probos-
cidea were also collected from within a sponge, which rep-
resents a novel habitat for the two species (Fig. 6). The
infaunal species, Pseudopolydora cf. kempi and Pseudopo-
lydora cf. reticulata, mainly occurred in intertidal mud/
sand flats. In contrast, other infaunal Pseudopolydora pau-
cibranchiata and Pseudopolydora achaeta were usually
collected from and considered to prefer a muddy subtidal
environment. Pseudopolydora paucibranchiata were occa-
sionally collected from lower intertidal areas, but Pseudo-
polydora achaeta was collected only from muddy
sediment in 20m depth off Kisarazu (site L, Fig. 3). Be-
cause the previous study also reported deep distribution
(at a 20m depth) of Pseudopolydora achaeta (Abe et al.
2016), it appears that the species prefers the deepest envir-
onment of the six known Japanese Pseudopolydora
species.
In the epifaunal spionids, Carazziella spongilla was

considered to be a brackish species because it was col-
lected only from low salinity environments. Carazziella
spongilla was originally described as inhabiting brackish
Lake Shinji, Japan, where the salinity ranged from 0.7 to
2.0‰ (Sato-Okoshi 1998). In the present study, C. spon-
gilla made a mud tube and attached it to rocks or oys-
ters (Fig. 2c), so habitat selectivity of the species was
different from the original description, which reported

that this species forms mud tubes in the freshwater
sponge Spongilla alba (Sato-Okoshi 1998). Thus, we
concluded that this species is not host specific but
utilizes a variety of substrates as epifaunal habitat in
brackish environments. Another epifaunal species, Poly-
dora cornuta, was collected for the first time from the
surface of the exotic solitary ascidians Molgula manhat-
tensis, which represents a novel habitat of the species.

Distribution of spionid polychaetes around Tokyo Bay
The distribution of boring spionids is assumed to be
greatly influenced by both the distribution of their
potential host molluscs and their own environmental
preferences. In the present study, almost all boring spio-
nids except for Polydora haswelli, Polydora websteri, and
Dipolydora bidentata were collected only from relatively
open environments outside of Tokyo Bay. These spio-
nids excavated into the host shells, which were mainly
distributed in the open environment and rarely distrib-
uted in Tokyo Bay. In the eutrophic Tokyo Bay, the
anoxic blue tide that often occurs in summer and/or au-
tumn seriously damages marine organisms, especially
subtidal benthic species (Takeda et al. 1991). Such dam-
age precludes the existence of the molluscan hosts espe-
cially in the most inner part of the bay. This in turn
limits the distribution of boring spionids, especially sub-
tidal species, Dipolydora giardi and Polydora hoplura
(previously recorded as Polydora uncinata in Japan: see
Sato-Okoshi et al. 2017; Radashevsky and Migotto
2017), which were collected mostly from subtidal gastro-
pods in the present and previous studies (Sato-Okoshi
1999; Sato-Okoshi and Abe 2012). Large molluscs such
as the scallop Patinopecten yessoensis, subtidal limpet
Niveotectura pallida (as Acmaea pallida), and abalone,
which spionids had often infested in the previous study
(Sato-Okoshi 1999), do not distribute in or rarely inhabit
Tokyo Bay. Absence of available host shells in the bay
may be one reason why there are few boring spionid
species in Tokyo Bay. Even Polydora onagawaensis,
which is known to bore into Crassostrea gigas (Tera-
moto et al. 2013), was not collected from the inner part
of Tokyo Bay in the present study. Therefore, this spe-
cies is assumed to prefer the open sea environment.
Polydora haswelli and Polydora websteri were collected

only from the shells of Crassostrea gigas in the inner
part of Tokyo Bay (Fig. 3). Polydora websteri is a
well-known, presumably cosmopolitan species, known to
bore into the shells of various mollusc species worldwide
(Blake 1996; Sato-Okoshi 1999; Read 2010). This species
inhabits hosts associated with muddy environments, par-
ticularly oyster beds (Sato-Okoshi and Abe 2013). It is
considered to prefer enclosed embayment and not to
have a specific preference for the host shell oysters. It is
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also suggested that Polydora haswelli, the sister species
of Polydora websteri (Sato-Okoshi and Abe 2013), have
similar habitat preferences.
The distribution trends of four interstitial spionids

(Boccardiella hamata, Boccardia proboscidea, Boccar-
dia pseudonatrix, and Pseudopolydora tsubaki) were
somewhat variable: Boccardiella hamata was distrib-
uted widely outside of Tokyo Bay: Kominato (site A),
Chikura (site B), Tomiura (site D), Takeoka (site E),
Kannonzaki (site F), Ena (site G), and Jogashima (I) and
only one site in Tokyo Bay: Mitate (site M), while Boc-
cardia proboscidea, Boccardia pseudonatrix, and Pseu-
dopolydora tsubaki were collected from a small number
of sites outside Tokyo Bay: Chikura (site B), Tomiura
(site D), Ena (site G), and Jogashima (site I) (Fig. 3).
These results indicate that the interstitial species pre-
fers relatively open environments; a highly enclosed en-
vironment may not be suitable as they have never been
collected from the innermost part of Tokyo Bay despite
an abundance their preferred host, Pacific oysters.
Furthermore, the distribution of interstitial species is
may well be influenced by their mode of reproduction.
The widely distributed Boccardiella hamata has
long-term planktonic larval development (Dean and
Blake 1966), while the more patchy Boccardia probos-
cidea and Boccardia pseudonatrix have adelphophagic
development with short or no planktonic larval stages
(Sato-Okoshi 2000; Simon 2015). Although Boccardia
proboscidea is well known as a poecilogonous species
(Gibson 1997), only direct development has been re-
ported in this species in Japan (Sato-Okoshi 2000).
Different distribution trends among congeneric in-

faunal species was found in the genus Pseudopolydora.
In Tokyo Bay, Pseudopolydora cf. kempi had been
known as one of the most dominant species inhabiting
soft-bottom habitats in estuaries and tidal flats (e.g.,
Nishi et al. 2007, 2009, 2010). However, it was recently
reported that the morphologically similar species,
Pseudopolydora cf. reticulata, had been confused as
Pseudopolydora cf. kempi in Japan (Abe et al. 2016). In
the present study, it was revealed that Pseudopolydora
cf. reticulata was widely distributed in Tokyo Bay,
while Pseudopolydora cf. kempi was distributed in a
relatively limited area in Tokyo Bay (Fig. 3). This ob-
servation indicates the possibility that Pseudopolydora
cf. reticulata is more common and abundant in Tokyo
Bay than Pseudopolydora cf. kempi. The distribution
pattern of these two infaunal species may be related to
their reproductive features: that is, the widely distrib-
uted Pseudopolydora cf. reticulata has long-term
planktonic larval development while the more locally
distributed Pseudopolydora cf. kempi shows short-
term planktonic larval or direct development (Kondoh
et al. 2017).
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